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ABSTRACT
This report describes the development of a computer model,
called MWASTE, designed to follow organisms from the time they
leave an animal until they are carried from the operation in
surface runoff. A literature review examines the influence of
environmental factors on die-off rates and the transport of
organisms from livestock facilities and land-spreading operations. The effect of all of these factors is included in the
model as it evaluates beef, dairy, horse, poultry, sheep, and
swine operations.
The hydrology component of the CREAMS model, a field scale
model for Chemicals, Runoff and Erosion from Agricultural
Management Systems developed by USDA-ARS scientists, is used to
generate the runoff component. The operator inputs local weather
data, soil characteristics, topography information, and specifics
about the operation such as animal numbers, housing system,
generation of wastewater and used bedding, and waste system
components and their management. The model then generates the
numbers of fecal coliform and fecal streptococcus that leave the
livestock operation in runoff. The model was developed to be
used with conditions found across the United States.
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1. SUMMARY
Non-point sources of pollution make a major contribution
toward degrading the nation's surface waters. Efforts in the
past have focused on point sources, since they were easier to
identify, monitor, and regulate. Much progress has been made
with these sources and attention has now been shifted to
non-point sources. In the recent past, the contributions of
organic matter and nutrients to water has been the center of
non-point activity. Now some concern has been addressed to
public health issues as impacted by bacteria coming from
livestock enterprises.
The objective of this project was to develop a computer
program to monitor bacteria movement from livestock sources. The
program, called MWASTE, follows fecal coliform and fecal streptococci as they move from the livestock in manure through the
various collection, storage, treatment, and land-spreading
components of an operator's waste management system. The final
count is taken as the bacteria move from the land-receiver system
in runoff.
The SCS users of this program are familiar with and have at
their disposal the program CREAMS. This is a field scale model
developed to evaluate Chemicals, Runoff, and Erosion from
Agricultural Management Systems. The hydrology component of
CREAMS is used to generate the runoff values. Local soil
characteristics, topography, and weather conditions are input to
determine the runoff frequency, magnitude, and duration. The
user also inputs site specific data such as animal numbers,
housing system, collection frequency, temperature, method of
manure application, spread area, volume, and frequency. The use
of a buffer strip is also possible as a method of reducing the
quantity of organisms in the runoff.
The program can be utilized to evaluate the bacterial
contribution of a farmstead or ranch and compare it to other
operations in the watershed. It can also be used to evaluate
individual components or best management practices which the
operator is considering when selecting something to improve the
manure management system. The program also keeps track of the
volume of the storage unit utilized with any given set of
management decisions, and in this way can assist in the
identification of the required storage volume for a management
system.
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2. INTRODUCTION
Animal production in the United States is practiced in every
state and poses a huge potential pollution threat to the nation's
water. With over two billion tons of manure produced by confinement, pasture, and range animals annually, the opportunity for
mismanagement and natural losses certainly exist. Starting over
two decades ago, tremendous effort has been directed at
identifying and improving the level of treatment provided to
point sources of pollution. During the past decade the attention
has rightly begun to focus on identifying, measuring, and
reducing the huge contribution of pollutants from non-point
sources.
The production of animals and the management of their manures
and waste waters is one of the larger potential sources of nonpoint source pollution. During the past much effort has been
directed to understanding the sources, pathways, and movement of
nutrients from animal manures as a non-point source pollution.
This effort has been effective and progress in the proper
management of nutrients from manure has reduced their loss from
livestock units and land-spreading operations.
Unfortunately, little attention or effort has been directed
to the fate of bacteria in the management of animal manures.
Microbiologists have a good understanding of the basic response
of micro-organisms to temperature, pH, and other major
environmental parameters. Some research has described the fate
and movement of organisms in the soil environment. Only
recently, however, have scientists begun to assemble these bits
of knowledge and try to put together a complete understanding of
organism movement from livestock operations all the way through
to loss with surface runoff. The many different components and
manure management systems offer a wide range of challenges in the
study of organism movement and fate. This challenge must be met
to identify the role of animal agriculture in the discussions of
water quality in the streams and lakes of the United States.
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3. Literature Review
3.1 Bacterial Pollution from Agricultural Sources
3.1.1 Health Aspects
The potential for disease transmission is the major bacteriological problem where public health is concerned. Bacterial
pollution of the soil through land application of manures and
sludges can also affect the indigenous soil populations and
change the decomposition and nutrient recycling rates (Doran and
Linn, 1974). The diseases that potentially can be spread through
animal manures are shown in table 1.
Several reviews have been written dealing with the health
aspects of waste application (Sagik and Sorber, 1978; Menzies,
1977; Burge and Marsh, 1978; Diesch, 1970; Weaver et al., 1978;
Dunlop, 1968; Strauch, 1976; Rankin and Taylor, 1969). Land
application of wastes may spread disease via several pathways.
Direct contact with manure is largely responsible for transmission of diseases between animals at the same site. The contact
may be through contamination of feeding materials with fecal
material or by ingestion of airborne transmitted organisms.
Bacterial contamination of surface and ground waters by runoff
and seepage from agricultural sites is also possible. Few
reported disease outbreaks have been implicated as caused by this
source of bacteria, but the possibility was shown by Jack and
Hepper (1969) where salmonellosis mortality was traced to seepage
from a slurries tank overflow. Rankin and Taylor (1969), studying dairy manure slurry, found several different species of
bacterial pathogens in samples from various farms. In an investigation by Miner et al. (1967), beef feedlot runoff was shown to
contain Salmonella infantis.
A final route receiving study is transmission of disease
through vegetative matter that has been irrigated with liquid
manure or other waste effluents. Bacterial ingestion can be from
direct feeding of livestock on these areas or by harvested crops
used as forage materials or sold for human consumption. Burrows
and Taylor (1972) found that Escherichia coli survived 7 to 8
days while Salmonella dublin persisted up to 18 days on growing
pastures. Cutting the pastures reduced all bacterial survival
times on the grasses. Brown et al. (1980) reported that
environmental factors such as temperature, humidity, exposure to
sunlight, and rainfall are the dominant parameters involved in
influencing the bacterial die-off rate on foliage. In a
greenhouse study these investigators found that two to three
weeks were needed to eliminate fecal coliform from grasses and
that grass species, percentage of solids in the manure, and
rainfall had little effect on die-off rate. In another
greenhouse study, sprinkling swine slurry on pasture grasses,
less than five days of sunlight were needed to reduce populations
of E. Coll and S. typi to nondetectable levels (Kovacs and
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Human illnesses and their etiological agents
potentially transmitted by animal manure*
Responsible organism
Disease
Bacteria
Salmonella sp.
Salmonellosis
Leptospira pomona
Leptospirosis
Bacillus anthraces
Anthrax
M.
avium
Tuberculosis
M. bovis
M. paratuberculosis
Johnes Disease
Brucella abortus
Brucellosis
Brucella meitensis
Brucella suis
Listeria monocytogenes
Listeriosis
Clostridium tetani
Tetanus
Pasturella tuleransis
Tularemia
Erysipelothrix rhusiopathiae
Erysipelas
Escherichia coli (some serotypes)
Colibacilosis
Coliform mastitis-metritis Escherichia coli (some serotypes)

Table 1.

Rickettsia)
Q Fever
Viral
New Castle
Hog Cholera
Foot and Mouth
Psittacosis
Fungal
Coccidioidomycosis
Histoplasmosis
Ringworm

Coxiella burneti
Virus
Virus
Virus
Virus
Coccidioides immitus
Histoplasma capsulatum
Various Microsporum and
Trichophyton

Protozoal
Coccidiosis
Balantidiasis
Toxoplasmosis

Eimeria sp.
Balantidium coli
Toxoplasma sp.

Parasitic
Ascariasis
Sarcocystiasis

Ascaris lumbricoides
Sarcocystis sp.

*Adapted from Azevedo and Stout (1974), p. 60.
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Tamasi, 1979). In several studies involving municipal sewage
lagoon effluent (Bell, 1976; Bell and Bole, 1976), it was found
that die-off of fecal coliforms depends on plant species. For
alfalfa, 10 hours of bright sunlight were needed to destroy all
organisms on the vegetation; however, for Reed Canary grass,
50 hours of bright sunlight were needed for this result. These
differences were attributed to leaf sheaths, present only in the
canary grass, that protected the bacteria from exposure to sunlight. It was also found that recontamination of foliage was
possible during precipitation as raindrop impact caused splashing
of soil particles. It is suggested in several other studies that
10 to 30 days, depending on weather, should elapse to ensure
destruction of Salmonella sp. (Findlay, 1972; Dazzo gt al., 1973
(1973A)); Tannock and Smith (1972).
In summary, it seems that the potential for disease transmission from land-applied waste materials is present. Precautions must be taken to protect the surface and ground waters by
utilizing procedures that do not overload the assimilatory
capacity of the land. With proper management, land application
may be the best method of recycling organic wastes.
3.1.2 Bacterial Indicators Used for Monitoring Agricultural
Pollution
Historically, bacterial indicators have been used to monitor
the pollution of surface and ground waters from domestic and animal sources. Characteristics of an ideal indicator are that:
(1) it exists in large numbers in the contributing source and
at levels far greater than pathogens associated with the
waste;
(2) the die-off or regrowth of the indicator in the environment should parallel that of the fecal pathogen;
(3) it should be found only in association with the particular waste source and its presence, therefore, is a
positive indication of contamination.
The use of indicator bacteria has become common for economic
as well as methodological reasons. To monitor actual pathogenic
bacteria and other pathogenic organisms requires a huge number of
complex, expensive, and not fully proved techniques, as well as
highly trained laboratory personnel for these analyses. In
addition, techniques do not exist for testing of some pathogenic
organisms in the types of medium (water, soil, manures) of
interest. Under these constraints, bacterial indicators have
been chosen that "indicate" or give reasonable evidence that
pathogenic organisms may also exist. For the reasons stated
above, these indicators must be easy to quantify with testing
methods applicable to a wide variety of samples from different
sources, and methodology should be simple enough to be carried
out on a routine basis in the laboratory.
-4-

Also, these testing methods should be reliable enough that
false positive results from possible interfering flora are
essentially eliminated. Of the many bacterial indicators proposed in the past, the organisms that best fit these requirements
are total coliforms (TC), fecal coliforms (FC), and fecal
streptococci (FS).
Many questions have been raised as to which indicator is the
best for use in bacterial monitoring for fecal pollution. Historically, total coliforms have been used to monitor treated
water to determine post-treatment contamination and are very
efficient in this respect. However, in systems involving pollution from land areas and runoff, many coliforms of natural origin
(non-enteric) can be introduced so as to make this organism
ineffective as a true sign of fecal contamination. Fecal
coliforms eliminate this problem because they are produced only
in the intestines of warm-blooded animals. Fecal streptococci
are less specific in nature but also are predominantly isolated
only from enteric sources. Reviewing the literature, it seems
that the "best" choice of indicator for any particular study
depends on the sample source, environmental conditions, and
geographic location, as well as the use to be made of the data
obtained (Kenner, 1978; Geldreich, 1978). These factors should
be assessed at the outset of the investigation to avoid conflicting results or useless information.
Little information is directly available on bacterial indicators from agricultural sources and the factors controlling
their persistence in the environment. Still fewer data have been
generated on how well these organisms actually represent the
possibility of pathogenic presence. Several studies have shown
that high levels of total coliforms and fecal streptococci are
contained in agricultural runoff regardless of whether the land
has been contaminated with animal fecal materials (Doran and
Linn, 1979; Harms et al., 1975; Schepers and Doran, 1980; Kunkle,
1979). These same investigators have found that fecal coliforms
seem the most sensitive to actual levels of fecal contamination
of land when measured in runoff from these areas. More research
is needed to determine the conditions that affect indicator and
pathogen populations in surface runoff, groundwater seepage, and
soil in agricultural lands to determine which indicator should be
monitored in a particular situation. At present, in the interest
of public safety, the most persistent organism should be
selected.
3.1.3.

Agricultural Runoff

The runoff from agricultural lands has become a great concern
in efforts to reduce pollution of surface waters. Large confined
animal operations are treated as point sources and require permits to ensure that wastes are handled properly and do not
directly enter surface waters. The pollutional nature of runoff
from feedlots has been quantified by many investigations, and
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bacterial concentrations for this waste source were presented by
Miner et al., (1966), Rhodes and Hrubant (1972) and Young et al.
(1980). Feedlot runoff can be handled by any number of proposed
treatment techniques, from sophisticated municipal-type designs
to simpler and more economical methods such as settling, gravity
filtration, or lagooning. The resulting effluent, however, still
must be applied to the land for final treatment and disposal
because it will normally be too polluted for direct stream
discharge.
Roof confinement operations also pose a similar problem since
wastes generated in these units are more concentrated. Land
spreading of this manure is generally the only economical option.
Once manure is land applied, it becomes a potential non-point
source of pollution from the agricultural sector. Pasturing
operations of medium to high density produce a similar situation
on an annual basis. Much research has been conducted on the
chemical and physical (sediment) properties of runoff from
agricultural areas; however, the bacteriological properties have
been largely ignored. Table 2 gives a summary of results of
several studies that have investigated the bacterial quality of
runoff from small agriculturally oriented watershed.
Several important conclusions can be drawn from these data.
First, in many studies little difference is seen between areas
used as pastures and control areas where manure has not been
spread (Doran and Linn, 1980; Kunkle, 1980; McCaskey et al. 1971;
Robbins, et al. 1971). This has been attributed to contamination
from wild animals (Schepers and Doran, 1980) and/or to a somewhat
stable bacterial background population in the soil. As a rule,
recommended water quality standards for recreational use of the
water are exceeded by agricultural runoff (Table 3). Harms et
al. (1975) found that the criterion of 1,000 organisms/100
milliliters was never met at any time for snowmelt runoff on
cultivated areas or rainfall runoff on pasture areas. This is
primarily because of large and stable populations of total
coliforms and fecal streptococci that seem to be present in the
soil. Other researchers have shown similar results (Kunkle,
1980; Schepers and Doran, 1980). Kunkle (1980) stated that fecal
coliform populations appear to be more responsive to waste
application than the fecal streptococci or total coliforms, which
is probably because of greater susceptibility to die-off in the
natural system for these bacteria. The data of Harms (1975) also
seem to reflect this phenomenon. It is suggested that a closer
look into the bacterial composition of agricultural runoff be
made to determine whether the trend toward higher bacteria
populations in this waste source actually is indicative of a
health hazard or if this phenomenon is just naturally caused. If
it is naturally caused, standards adopted for non-point source
discharges can never be met and new recommendations should be
adjusted accordingly.
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Table 2. Summary of agricultural runoff quality from previous investigations.
Bacterial Numbers in Runoff

Description of Study

Number/100 ml
(unless stated otherwise)

Organism*

I. Pasture and Grazing Systems Runoff
1) Cow pasture (runoff taken from
grazed, ungrazed and control
areas, South Central Nebraska)

1.21x105
3.60x10

F.C.
F.S.
F.C.
F.S.

4.90x10

1.10x10 4
1.06x10 3
9x100
71..390x1
5.8 x103
1.45x104

2.98x10 431.28x1031
1.60x10
2.57x10
7.96x10
7.27x103

F.C.
F.S.
T.C.

Schepers and Doran, 1979

0 head/ha

10 head/ha

40 head/ha

2) Cow pasture (runoff from pastures
stocked at 40, 10 and 0 head/ha
over winter, Idaho)

Control
Area

Ungrazed
Pasture

Grazed
Pasture

Reference

Dixon et al. (1977)

Grazed
Avg
3) Grazed and ungrazed pasture (runoff
measured on yearly average and base
flow in drainage water, Washington)

F.C.
F.S.
T.C.

4) Grazed and ungrazed pastures (snowmelt runoff, Nebraska)

F.C.
F.S.
T.C.

Base Flow

Base Flow

Avg.

1.5x1022 6 x10 31 x10 2
1.1x10 33
1 ' 2x10 4
4.2x104 2 x10 5
1.6x10 4
1.07x10 4.1x10
5.9x10 2.3x10

Saxton and Elliott, 1980

Ungrazed

Grazed

z
-2.2x10 2 4
-1.1x100
0
-6.0x10 30.75-1.62x10 4
0
4
0.79-33 x10 0.7 -170 x10

Doran and Lin, 1979

Lightly Grazed Pasture
5) Lightly grazed pasture area

Kunkle, 1970

4.46x10 4 (2.3-140x103)
2.94x10 (2.6-80 x10)

F .C.

T.C.

Season
Fall

4) Animal production area drainage
water taken by season for two years

Winter

Spring

Summer

2
2
1 ' 50x1033
P.C. (1) 2.15x10 25.56x10 22.38x1043
(2) 2.85x10 41.33x10 40.15x10 s1 . 30x10 4
9.60x10A
1.85x10c
T.C. (1) 6.2 x10 42.3 x10 4
8.40x10'
1.9 x10 4.98x10"
(2) 3.1 x10

Jones, 1971

Snow Melt. Runoff Rainfall Runoff

5) a. Pasture areas with snow melt and
rainfall measured (South Dakota)
b. Snow melt and rainfall runoff
from cultivated areas (South
Dakota)

(% of time counts exceed 1000/100 ml)
50%
50%
100%
75%
100%
95%
20%
50%
90%
100%
90%
100%

F.C.
F.S.
T.C.
F.C.
F.S.
T.C.

Harms et al. (1975)

Resting Pasture
6) Dairy resting pasture runoff
(Tennessee)

F.C.
T.C.

(1)

8.9x103
2.0x10
1.8x10

7.6x104

Barker and Sewell, 1973

Table 2 (continued)
Bacterial Numbers in Runoff
Description of Study

Organism*

II. Manure Application Area Runoff

Number/100 ml
(unless stated otherwise)
Control

Treated

0.1-1.0x104
0.1-1.0x10i
0.5-2.0x104
1.0-5.0x10
4
1.0-9.0x10

F.C.
1) Surface applied manure on grass pasture
(Vermont) with control area runoff measured F.S.
T.C.

Reference

Kunkle, 1979

Treated Area Runoff
2) Dairy manure slurry on cropland
(Tennessee)

F.C.

(1)

T.C.

(2)
(3)
(1)
(2)
(3)

Barker and Sewell, 1973

1.2x10i
9.2x10J
2.9x104
3.9x104
4.3x104
6.0x104

Treated Area Runoff
3) a. Manure solids application

F.C.

3.0x104

F.C.

5.0x104

Janzen et al., 1974

(South Carolina)
b. Liquid manure application
(South Carolina)

Treated Area Runoff Control Area Runoff
4) Dairy waste application to pasture plots

McCaskey et al., 1971

applied as (Alabama):
a. Sprinkler irrigated effluent
b. Slurry spread by tank wagon
c. Solids application

9.9x105
1.1x106
2.0x106
9.9x105
1.1x106
2.0x10 6
9.9x105
1.1x1(4
2.0x1Ou

1.1-4.0x106
4.5-8.6x106
6.5-40 x106
1.4-21.7x106
2.5-92 x10 6
1.1-2.2x10'
1.1-38.5x106
1.4-16.3x107
1.8-24x107

P.C.
F .S.
T .C.
F .C.
F .S.

T.C.
F.C.

F.S.
T .C.

Treated Area Runoff
5) Runoff from land disposal areas for

Robbins et al., 1971

different animal types (North Carolina)
a. swine waste application
b. Swine lagoon effluent application
c. Poultry waste application
d. Beef waste application
e. Control area runoff

F.C.

(1)

F.C.

(2)

F.C.

(1)

F.C.
F.C.
F.C.
F.C.
F.C.
F.C.

(2)
(3)
(1)
(2)
(1)
(1)

1.9x105
5
3.7x10 ,
4.2x10'
1.0x106
1.7x105
9.6x103
2.0x105
3.1x105
1.0x104

Table 2 (continued)

Description of Study

Bacterial Numbers in Runoff
Organism*

III. Feedlot Runoff

1) Feedlot (Minnesota)

Number/100 ml
(unless stated otherwise)

Reference

Runoff
F .C.

F .S.
T .C.

(1)
(2)
(1)
(2)
(1)
(2)

9.9x106
5.3x10.67
5.0x1
4.2x107
1.1x1087
7.3x1

Young et al., 1980

Runoff
2) Feedlot pens (Illinois)

T.C.

1-1000x105

Rhodes and Hrubant, 1972

Runoff
Miner et al., 1966
3) Feedlot runoff from (Kansas):
a. Concrete lot
b. Dirt lot

P .C.

F.S.
T .C.
F .C.
F .S.
T .C.

1.3x10

8

7.9x10
3.3x10
7.9x10 7

(0.4-2.4x108)
(0.1-2.4x108)
(0.3-3.5x10.1)
(0.8-7.9x10')
(0.8-7.9x107)
(0.2-3.4x108)

*Organism abbreviations: FC = fecal coliforms; FS = fecal streptococcus; T.C. = total coliforms.

Table 3. Recommended limits of bacterial indicators concentrations in surface waters*
Beneficial Use
Fecal Coliforms
Total Coliforms
Public Water Supply
50/100 ml
(minimal treatment)
10,000/100 ml

2,000/100 ml

Recreation
(limited contact)

1,000/100 ml

200/100 ml

Recreation
(primary contact)

240/100 ml

Public Water Supply
(conventional treatment)

Irrigation

5,000/100 ml

1,000/100 ml

*From Harms et al., 1975, p. 71.
The potential for excess (significantly above background
levels) bacterial pollution in runoff from agricultural areas was
shown in the studies of Janzen, (1974); Robbins et al. (1971) and
McCaskey et al. (1971). Land-applied wastes can significantly
increase bacterial runoff if precautions, wise management, and
thoughtful layout of the waste disposal area are not followed.
There seems to be a trend in the data of McCaskey et al. (1971)
toward minimal bacterial losses from irrigated waste systems and
greatest losses for solid spread methods, although differences
are not significant.
One quality of agricultural runoff noted by several investigators is a relationship between runoff volume and bacterial
concentrations in runoff. Dudley and Karr (1979) noted that
bacterial concentrations of TC, FC, and FS were 5, 3, and 17
times greater, respectively, during high-flow periods as compared
with base flow. They suggested that even with higher dilution
rates resulting from peak runoff, the increased transport of
surface materials was sufficient to cause increased bacterial
contamination. The research of Kunkle (1970) on pasture areas
and Robbins et al. (1971) for land disposal of manure from
confinement operations seem to confirm this trend.
3.2 Bacterial Indicator Populations in Animal Manures
The initial concentration or, more generally, the quantity of
bacteria in animal manures applied to the land after collection
and possible storage and treatment or deposited on land directly
is of major importance. These values determine the maximum
quantity of bacteria available to pollute surface and ground
waters. They are also important for determining the effectiveness of land treatment systems for the removal of fecal bacteria.
Initial values are also needed when determining or modeling the
die-off of these organisms in storage facilities or in soil.
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Table 4. Bacterial indicator concentrations in animal manures.*
Animal Type
Swine (fresh waste)
Chicken (fresh waste)
Cow (fresh waste)
Sheep (fresh waste)
Pig (fresh waste)
Dairy waste (fresh)
(A3.%TS)
Cattle slurry (@12.5%TS)
Cow
Hog
Sheep
Duck
Turkey
Chicken
Cattle manure
Cattle manure
Cattle manure
Cattle feedlot waste
Beef cow (raw waste confinement)
(unconfined)
Dairy cow raw waste
Poultry (r.w.)
Cow
Sheep
Horse
Dog
Cattle (fresh wastes)
Sheep (fresh wastes)
Horse (fresh wastes)
Chicken (fresh wastes)
Geese (fresh wastes)
Rabbit (fresh wastes)
Rat (fresh wastes)
Cow R.W.@17.9%TS
Sheep R.W.@26.3%TS
Horse R.W.@25.6%TS
Beef feedlot solids
Horse
Cat
Dog
Mice
Rabbit
Chipmunk

Total Coliforms

Fecal Coliforms
6.5x10 5 /ml

4.67x107/gdw
7.3x106/gdw
10 5-10 6/gram ww

3.4-M.6x105/g
5x10'/gdw

8.7x105/g
(1.1-37x103/g)

2.3x105/g
3.3x10 6 /g
1.6x107/g
3.3x107/g
2.9x105/g
1.3x106/g
6x105/g
104-10b/g
3.2-5.3x105/g
4.5x107/gdw
3.3x10°/g
3.9x106/g
1.40x106/g
8.5x105/9
(1-37x105/g)
1.4x108/g

2.89x105/g
9.7x105/g
1.4x104/g
4.46x108/g

1.0x107/gdw
(.27-35x106/gdw)
7.4x10°/gdwr
(.77-650x10'/gdw)
1.0x10'/gdw
.74-864104/gdw
1-4x10'/gdw

Fecal
Streptococci
6
3.4x10 6 /m1
3.4x10 /g
1.3x106/g
3.8x107/g
8.4x107/g
2.70x107/gdw
1.014x107/gdw

7.1x104/g
1.8x10//g
2.6x10'/g
1.9x108/g

9.7x105/gdv
P
(.18-24x1/gdw)
6.0x10°/gdw
(.092-§0x105/gdW)
9.4x10'/gdw
(.58-45x104/gdw)

*All values expressed as % wet weight basis unless otherwise noted.

2.10x106/g
1.6x105/g
9.42x106/g
8.4x106/g

6.3x106/g
2.7x107/g
9.8x10°/g
7.7x106/g
4.7x104/g
6.0x106/g

Reference
Crane et al. (1978)
Kenner et al. (1960)

Doyle et al. (1975
Jones and Matthews (1975)
Geldreich et al. (1962)

Maki and Picard (1965)
Nuru et al. (1967)
Witzer- et al. (1966)
Hrubant et al. (1972)

3.1x105/g
105-108/g
3.5-17x106/g

1.0x10 5 /g
6.6x10 5 /g
5.8x10 /g
6.2x105/g
8.4x105/g
8.5x105/g
3.9x10°/g

1.26x194/g
7.9x10b/g
2.3x107/g
3.3x105/g
20/g
1.48x105/g

Total
Enterococci

10 7 /g
(3-16x107/g)
1.65x106/g
6.28x105/g
1.5x1054g
2.75x10 /g

McCoy (1967)
Crane et al. (1980)
Slanetz an Bartley (1957)

Pavlova et al. (1972)

Jones (1971)

Rhodes and Hrubant (1972)
Geldreich (1978)

Table 5.

Daily manure production for various animal types

Animal Type

Animal
Weight
(lb)

Total Manure Production
(lbs/day)

(cu ft/day)

Water
(%)

Total
Solids
(lb/day)

Dairy cattle

150
250
500
1,000
1,400

12
20
41
82
115

0.19
0.32
0.66
1.32
1.85

87.3
87.3
87.3
87.3
87.3

1.60
2.6
5.2
10.4
14.6

Beef cattle

500
750
1,000
1,250

30
45
60
75

0.50
0.75
1.00
1.20

88.4
88.4
88.4
88.4

3.5
5.2
6.9
8.7

35
65
150
200
275
375
350

2.3
4.2
9.8
13.0
8.9
33
11

0.038
0.070
0.10
0.22
0.15
0.54
0.19

90.8
90.8
90.8
90.8
90.8
90.8
90.8

0.20
0.39
0.90
1.20
0.82
3.00
1.00

100

4.0

0.062

75.0

1.00

0.21
0.14

0.0035
0.0024

74.8
74.8

0.053
0.036

0.75

79.5

9.40

Swine
Nursery pig
Growing pig
Finishing pig
Gestate sow
Sow and litter
Boar
Sheep
Poultry
Layers
Broilers
Horse

4
2
1,000

45

*From: Livestock Waste Facilities Handbook, 1975, MWPS Pub. No. 18.

Table 4 presents several literature values of bacterial indicator
concentrations in animal manures. Table 5 summarizes the daily
waste generation rates of different animals for various livestock
systems. Data from these tables can be used to calculate the
average daily bacterial output for many animal classes. The word
"average" should be stressed because, as can be seen, fecal
bacteria concentrations vary widely between studies. Reasons for
this variability are many, including animal age, ration, housing
system, and manure management system. Factors specifically
affecting the bacteria composition of manure are animal health,
use of antibiotics or other inhibitory substances in the feed,
environmental stresses in the animal, and the amount of cleaning
and disinfection used in the livestock operation. Also of
importance are the plating media, technique, sample collection,
and preparation used in bacterial enumeration. Highly variable
results have been reported by many investigators when determining
indicator populations in waste water and manure samples using
different testing methods or media preparations (Slanetz and
Bartley, 1957; Pavlova et al. 1972; Kenner et al. 1961; Rose et
al. 1975; Croft, 1959; Mailman and Seligmann, 1950). Reviews
summarizing these problems and their effects were written by
Hendricks (1979) and Kenner (1978).
Pathogen populations in animal manures are expected to be
highly variable, changing with time at rates greater than other
enteric organisms and being dependent on the stage of infection
in the host and the host's ability to resist disease. Only a
small percentage of the livestock population would exhibit these
organisms in fecal matter at any one time unless the disease was
of epidemic proportions. If that is the case, special precautions should be taken in disposal of the manure. Of special
concern are "carriers" of disease who defecate pathogens in
significant numbers but show no disease symptoms. This low level
of pathogen contamination is the major reason for studying
indicator bacterial populations.
Only the investigation by Jones (1971) looked into the
effects of housing type and feed ration on bacterial concentrations of manure. She reported that bacterial counts in the
manure on a day-to-day basis were too variable to establish any
relationship between these factors.
Studies of the type distribution of fecal coliform and fecal
streptococcus have been made (Geldreich et al., 1962). This
research has shown that the distribution of FC types and FS
species, as well as the ratio of FC to FS in fecal materials, is
different for each animal species. These data may be helpful in
determining the source of fecal contamination in water and soil
(Geldreich, 1978; Geldreich and Kenner, 1969; Feacham, 1975).
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3.3

Reduction and Transport of Bacteria in the Environment

3.3.1

Introduction

The introduction and transport of enteric bacteria in the
natural environment can be looked at as consisting of several
unique pathways outlined in Figure 1. Common to all these cycles
is the die-off of bacteria, in storage units before land application, on and in the soil after application, and in runoff or
groundwater after transport from the soil surface. A second
pathway for bacterial loss, at least in the sense of being
removed from the transport cycle into other segments of the
environment, is by filtration and adsorption in the first several
inches of the soil profile. Here, viable bacteria are either
detained, usually until death, or they may be transported in
coarse soil or fractured rock to ground water. The number of
enteric bacteria lost from the soil system which cause pollution in other sectors of the environment, therefore, is a
function of a) die-off; b) infiltration and "fixation"; and c)
pickup and transport mechanisms from the soil surface. A review
of these three areas is appropriate.
3.3.2

Enteric Bacterial Die-off

The die-off rate of enteric bacteria in the environment is
controlled by many factors. A partial list of those identified
is shown in Table 6. To summarize the literature on the effect
of these parameters is beyond the scope of this review and would
only duplicate the efforts of many previous investigators.
Reviews on this topic have been written by Burge and Marsh
(1978), Dunlop (1968), Ellis and McCalla (1978), Gerba et al.
(1975), Krone (1968), Lance (1976), Van Donsel et al. (1967),
Rudolfs et al. (1950), Reddy et al. (1981), Mitchell and Starzyk
(1975). In general, the factors of temperature, pH, moisture,
nutrient supply, and solar radiation seem to have the greatest
effect on enteric bacterial survival. Wallis et al. (1984)
stated that the primary factors conributing to bacterial decay
were temperature and moisture content of the soil. Lower
temperatures appear to increase survival time, as noted by Klein
and Casida (1967), Kibbey et al. (1978), Zimbilski and Weaver
(1978), Mitchell and Starzyk (1975), McFeters and Stuart (1972).
These investigators also noted that temperature extremes seem to
be most harmful to bacteria. Elevated temperatures, especially
with dry conditions, effectively increase die-off rates (Van
Donsel et al. 1967). Freezing and thawing also reduce
bacterial populations as noted by Calcott et al. (1976) and
Kibbey et al. (1978).
Extremes in pH are detrimental to organism survival. Acid
conditions in soil or water can greatly increase die-off rates
(Kibbey et al. 1978; Cuthbert et al. 1955A, 1955B; Reddy et al.
1981). Basic conditions were also shown to be adverse by Kovacs
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Figure 1. Pathways for Transport and Removal of Bacteria in the Environment.

Table 6. Factors affecting the survival of enteric organisms in soil
I.
The organism and its physiological state
II.
The physical and chemical nature of the receiving soil
a. pH
b. porosity
c. organic matter content
d. texture and particle size distribution
e. elemental composition
f. temperature
g. moisture content
h. adsorption and filtration properties
i. availability of nutrients
III.
Atmospheric conditions
a. sunlight
b. moisture (humidity and precipitation)
c. temperature
IV.
Biological interaction of organisms
a. competition from indigenous microflora
b. antibiotics
c. toxic substances
V.
Application method
a. technique (surface or incorporated)
b. frequency of application
c. organism density in waste material
and Tamasi (1979) while incubating swine manure at several
temperatures. Generally, a neutral pH environment favors
extended bacterial survival (McFeters et al. 1972; Reddy et al.
1981).
Moisture effects in aquatic systems are of little consequence; however, in soil systems they are of major importance.
Kibbey et al. (1978) found that bacterial survival rates of
Streptococcus faecilis and Salmonella typhimurium increased with
increasing moisture content of the soil at several temperatures.
Parker and Mee (1982) noted that soil moisture is probably a
factor only when it is significantly lowered. The effect of soil
moisture is probably minimized when liquid wastes are added to
soil, as in an irrigated form. It is over a longer time that
this variable has an effect, when soils are drying through
evaporation, transpiration, and drainage of free water. Solid
and semi-solid wastes added to a dry soil might have a sharp
reduction in bacterial numbers because of the dramatic change in
environment experienced by the microorganisms.
The nutrient supply and organic matter in soil and water also
affect the rate of bacterial die-off. Klein and Casida (1967)
stated that a major reason for enteric bacterial die-off was an
inability of microorganisms to lower their metabolic requirements
in a situation of lower nutrient availability. This is probably
why many studies have sown a lag period between time of application or release of bacteria and the onset of die-off. In an
aquatic environment, Slanetz and Bartley (1965) attributed
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increased survival of fecal organisms to nutrient content of the
water. Similar results were shown by Hendricks (1972), Savage
and Hanes (1971), and Dutka and Kwan (1980). This might also
account for the extended bacterial survival in concentrated waste
storages. Several researchers have indicated that temperature
was the major factor influencing die-off rates of organisms in
storage units (Miner et al. 1980; Bishop et al. 1980; Farrah et
al. 1981; and Slanetz and Bartlett, 1965). In studies of fecal
organism survival in the soil, increased organic matter can
extend survival time (Tate, 1978; Maliman and Litsky, 1951).
Addition of organic waste materials will have the same effect
(Zimbilske and Weaver, 1978; Klein and Casida, 1967). This may
also be responsible for the increase in die-off shown with
increasing inoculation population of organisms. Both Klein and
Casida (1967) and Tate (1978) found that initial bacterial
die-off was dramatically increased when the inoculum concentration was on the order of 10 7 organisms per gram soil as
compared to one of 10 2 or 10 3 per gram soil.
Solar radiation was shown effective in reducing bacterial
numbers on vegetation sprayed with liquid manures and sludges by
Brown et al. (1980), Bell (1976), Bell and Bole (1976). The
decreased solar radiation found in laboratory experiments with
surface-applied manures was suggested to be responsible for
reduced bacterial die-off rates by Crane et al. (1980). In
aquatic systems, solar radiation has been shown to be an important parameter in studies by Gameson et al. (1973), Gameson and
Gould (1974), and Pike et al. (1970).
In general, any factor in Table 6 can cause a reduction in
enteric indicator populations when it becomes the limiting or
excessive variable in the bacterial environment. The predominating factor may also change with time because of the action of
diurnal effects of light and temperature, drying of soil with
time after application, increased soil moisture from precipitation, and many changes from seasonal variations in important
parameters. Van Donsel et al. (1967), Edmonds (1976), Wallis et
al. (1984), Reddy et al. (1981), Kunkle (1970), and Jones (1971)
have all shown that seasonal changes have a large influence on
die-off and transport rates of indicator organisms. This is
probably a major reason for the many seemingly contradictory
results found in the literature.
The use of the predominating factor approach also gives insight into the phenomenon of "after growth" that has been experienced in many investigations (Van Donsel et al. 1967; Cuthbert
et al. 1955A; Crane et al. 1980; Guy and Small, 1976; Kovacs and
Tamasi, 1979), and for regrowth of organisms after chlorination
and release to watercourses (Rudolfs and Gehm, 1936; Ellison,
1968; and Shuval et al. 1973). With this idea in mind, it is
easy to see that a reduction in what was the predominant variable
in bacterial die-off could lead to a stabilization or even
increase in the bacterial population if the next closer predominant variable is of much less influence or at a much lower level.
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3.3.3 Modeling Enteric Bacterial Die-off in the Environment
The use of models is helpful in efforts to predict enteric
organism populations in soil, water, or waste managment systems
without the need of expensive and time-intensive field activities. If models can be developed to accurately predict bacterial
die-off after defecation of manure from its source, then the
number of bacteria available to contaminate the soil, groundwater, and surface waters can be estimated. Observing data
reported from many studies in the literature, it can be seen that
several typical patterns are followed during enteric bacterial
die-off. A recent review by Crane and Moore (1985) provides a
complete summary of data and the foundation for this section.
The first is shown in Figure 2 as Curve 1. Here, bacterial decay
is immediate and steady until the entire population is depleted.
This was the proposed model of Chick (1908) known as Chick's Law,
which is also the model of a simple first-order reaction in
chemical kinetics:
Nt - 10 -kt

(1)

FT

where N t = number of bacteria at time t
N o = number of bacteria at time o
t = time in days
k = first order or die-off rate constant
This curve would be observed where the environment is totally
unsuited for the indicator bacteria and die-off is constant with
time. A modification of this pattern is shown as Curve 2. Here,
a lag period exists before the beginning of logarithmic decay
where the population increases to some extent. This increase may
be caused by several factors, including a reduction of environmental stresses on the bacteria because of dilution, lowered
levels of toxic compounds in the growth medium also from
dilution, increased nutrient supply, fewer antagonistic effects
from other organisms, and increased oxygen supply in the new
environment. The logarithmic die-off in this situation can be
modeled by:
Nt

= 10 -k(t-t 1)

(2)

N
where t 1 = time at end of lag period
t = time at any point after lag period t1
and the other terms as previously noted.
A second common pattern of die-off is shown by Curve 3.
Here, there is a constant reduction in the death rate coefficient
with time. This can best be visualized by assuming the bacterial
population is composed of many individual or small groups of
organisms, each with a different susceptibility to death, and
therefore different die-off constants, which is a reasonable
-18-
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Figure 2. Typical bacteria die-off curves from in the literature.

assumption when considering a large population. Frost and
Streeter (1924) proposed a modification of Chick's Law of the
form:
Nt

= a10

-k a t

+ b10

-kb t

(3)

No

where a and b are the percentage of the bacterial population that
have corresponding death rates of ka and kb . Their model
assumed that the total population consists of two separate subgroups each with a separate die-off rate. It is easy to see how
this may be expanded to more accurately model the system by
adding more subgroupings:
Nt
. -kit
= a 10 -k a t + b 10 -kb t + c 10 -k c t + —.110
...110
(4)
N
Streeter (1934) extended this theory and developed the following
model as reported by Orlob (1956).
Nt

1 - 10 -k't
N0(2.3)k't

(5)

where k' is the die-off rate coefficient and the other terms have
the same meaning. Several other equations, developed to fit the
constantly decreasing rate Curve 3, were reported by Phelps
(1944) and Fair and Geyer (1954). They suggested a retardant
type formula that could be fit empirically to data of the form:
Nt
N
where k0
n

1
= (l+nk o t)n

(6)

= initial die-off rate of bacteria and

= coefficient of retardation or non-uniformity greater
than O.

This equation was used by Marlina and Yousef (1964) to estimate
bacterial die-off in a series of wastewater lagoons with good
success by assuming a non-uniformity coefficient of 1.
A final model for a type of Curve 3 was suggested by Fair and
Geyer (1954) in the following form:
N

t = 10 - kt(.1)
(7)

where n = dimensionless non-uniformity constant greater than 1.
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A curve of similar but opposite nature to Curve 3 is Curve 4.
Here, the death rate coefficient is constantly increasing with
time. An example where this occurs is during the chlorination
process where die-off of the bacteria increases with chlorine
contact time in a non-linear and increasing rate. This may also
be experienced if a toxic compound enters the bacterial environment in constantly increasing concentration. Equations 6 and 7
can be used to model this type of curve (4) by making the constant
of non-uniformity (n) a value less than 0 or 1, respectively. It
can be seen by inspection that if the values of n are replaced by
0 and 1 identically, these equations reduce to simple first-order
die-off kinetics. All of the above equations can be adjusted for
an initial lag period if the need arises by substituting t-t1
for t where t 1 is the length of the lag period. If this
procedure is employed, modeling begins at time tl.
Modeling of the more complex Curve 5, which includes an
initial stationary or growth period, has been attempted by Frost
and Streeter (1924) with a more empirical approach. They
suggested an equation of the form:
N tb
(8)
kt
N o1 + (ct + d) 10
where a, b, c, and k are constants empirically fit to the data.
Streeter (1934) expanded this equation to:
-kt x (b-c) 10 -k 1 t + c 10 -k 2 t(9)
N t = (N o -b) 10
where:
b, c = constants empirically fit to the curve
k, k 1 , k2 = differential die-off rate constants dependent on
curve shape
n = constant that determined the shape of the increasing
growth phase of the curve
Use of this more complex equation to model bacterial die-off,
however, has not been shown to be practical.
Curve 6 in Figure 2 is that of a composite of two different
first-order equations that give a high initial death rate followed
by a slower, long-term die-off. This type curve, although artificial in nature, has been seen by Crane and Moore (85) to
accurately fit much of the data in the literature. It could be
visualized as what happens when bacteria are introduced into a new
environment, such as soil or water, after defecation. The intial
shock causes exaggerated die-off for a short acclimation period.
Then a long-term, slower rate of death follows because of
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environmental stresses. This may also be seen when one strongly
inhibiting factor is removed from the bacterial environment with
the passage of time. Curve 6 may best be modeled in a stepwise
manner as follows:
Nt
No

= 10 -k 1 t

t = 10-(kl+k2)t

for t = t1

(10)

for ta = t

where t o = point in time where influence of the second death rate
constant k2 begins
Several other modeling approaches to bacterial die-off in water
have been undertaken and should be mentioned in this review. A
statistical model was developed by Kelch and Lee (1978) to model
the bacterial contamination entering Tillamook Bay, Oregon. They
used a simple, multiple-linear regression technique to compare 135
independent variables with bacterial counts in the bay. Fecal
indicator populations were shown to be highly correlated with river
flow, salmon in upstream areas, and antibiotic resistance patterns
of the fecal bacteria.
Klock (1971), working with wastewater treatment lagoons, found
die-off of coliforms could be related to pH, temperature, and eh
(oxidation potential as compared to a hydrogen electrode) by the
following equation:
Ln k = - E
- a eh + RT (pH) 4. b
RT
nF
where k = death rate coefficient
T = temperature
R = ideal gas constant
F = faraday, constant
n = number of elections transferred
E, a, b = empirically fit constants
He was able to use this model to predict the death rate of coliforms for stabilization ponds, trickling filters, sedimentation
basins, and activated sludge processes.
An interesting effort was made by Mancini (1978) to integrate
data from other studies into a model for coliform mortality in
river and estuary waters, considering the parameters of temperature, solar radiation, and salt content of the water. He presented a model based on first-order die-off kinetics with the death
rate constant k modified by terms for solar radiation and salt
concentration. This final proposal was that:

k
kt

= 0.8 + 0.006 (% seawater) x 1.07 (T-20)

I
keH
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1-e -k e h

(12)

where k t = Corrected death rate coefficient to use in firstorder die-off model
=
temperature
in 0C
T
=
average
daily
surface
solar radiation (Langley/ha)
IA
=
light
extinction
coefficient
in water (m-1)
ke
=
completely
mixed
depth
of
water
(m)
H
Mancini (1978) found this model fit the data from many investigations but suggested that care must be taken in testing the model
before it is used in a particular situation because of variability
in the data base.
A new approach to modeling bacterial die-off in surface
reservoirs has recently been advanced by Kay and McDonald (1980).
They proposed a first-order model based on distance of flow rather
than time and claimed that this should more accurately estimate
the die-off of enteric bacteria in impounded waters. Their model
in terms of those previously discussed is:
N t = a - 10id

where

a

(13)

= a constant

d = distance in meters from the reservoir input
i = distance dependent decay coefficient.
They found moderate success with this model in describing
bacterial die-off in reservoirs, but because of sampling problems
and the uniqueness of this approach suggest further research be
done before adapting their results to different geographic
locations or environmental conditions.
In both parts of this study, the simplest model, that of
first-order die-off kinetics, was used for several reasons. First
was the lack of data in the literature on correlation of other
models to die-off in soil and water systems. The first-order
model proposed by Chick (1908) has been used in soil die-off of
enteric organisms with moderate success by Crane et al. (1980),
Smallbeck and Brommel (1975), Dazzo et al. (1973), and Kehr and
Butterfield (1943). This model was also successful in modeling
aquatic systems in studies by Hanes and Fragala (1967), Klock
(1971), and Orlob (1956). Reviews on factors affecting the
accuracy of this model in aquatic environments have also been
written by Orlob (1956) and Kittrel and Furfari (1963).
A second and more important reason is the ease with which this
model can be adapted to data from other researchers in either
tabular or graphical form. Rearranging equation (1) leads to the
following equations:
N
log ( t )
No

= - kit

(14)

or:
N
Ln (t) = -k 2 t
No
if natural logarithms are used.

(15)

The constant k in the above equations can be readily found by
linear regression techniques. Recently work has been done correlating k to environmental factors and a base die-off rate. Reddy et
al. (1981) listed several values for factors affecting organism
decay rates. Tetra Tech (1982) also related the die-off coefficient k to environmental factors in an aquatic environment. Reddy's
et al. (1981) general equation appears as
k = k 1 *F T *F ap *F pH *Fm

(16)

where
k1 = base die-off rate
Ft = temperature
Fm = soil moisture factor
FpH = soil pH factor
Fap = method of application factor
where Ft = C (t 2 -t)
with t 2 = new temp.
E = base temp
C = correction coefficient
FpH also varies with pH ranges as listed in Table 7.
Table 7. Values of FpH for various ranges of pH.
pH
FpH
3.0-6.0
1.69-(.26*pH)
6.0-7.0
.25
7.0-8.0
(0.21*pH)-1.22
If soil moisture is considered to be a negligible factor for
small changes and the method of application factors is considered a
constant for surface application, the result can be easily applied
to any soil type. The modification of these factors can be readily
justified by the fact that the exact impact of the method of
application factor is 0.5 if the waste is surface-applied (Reddy et
al. 1981), and the role of soil moisture is not clearly defined.
The resulting equation, at a base temperature of 20°C, is:
k = FpH*0.5*(1.0675 (t-20)).

(17)

Results of k generated from Reddy's et al. (1981) equation with
simplifying assumptions show how k increases with increasing
temperatures for three different pH values (Figure 3). The rate of
die-off also increases at higher temperatures.
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Interpreting graphical results is equally simple because k is
the slope of the classically presented log N versus time curve.
The results presented in the following tables (8, 9, and 10) have
been calculated from data in the literature, assuming the firstorder model presented in equation (15). Rate constants k can be
converted to base 10 logarithmic form by multiplying k by 0.4343
to fit the classical form presented in equations (1) and (14).
All rate constants calculated from the literature were determined,
where possible, during the logarithmic die-off period following
any lag period shown by the data. The die-off rates, therefore,
assume no initial regrowth or stationary period before die-off.
It should be noted that in the results in many of the investigations used to provide a data base, bacterial die-off was not
complete and residual populations at low levels were observed for
periods much longer than would be determined by use of a firstorder model. However, for this study it was decided that die-off
would be essentially in this logarithmic stage because of high
densities of enteric bacteria encountered in soils used for land
application of animal wastes.
Table 8 is a summary pertaining to die-off rates of enteric
bacteria in livestock manure and sludge facilities. These include
lagoon and liquid manure storages as well as data pertaining to
solid storage with and without composting. Table 9 summarizes the
data on fecal bacterial die-off in soil systems, listing many of
the environmental and chemical factors involved in these studies
when they were conducted. The results of modeling die-off by a
first-order model in aquatic systems of both fresh and salt water
are summarized in Table 10. Under these conditions several
investigators have attempted to discern the effects of temperature
and pH on enteric bacterial die-off.
3.3.4 Bacterial Infiltration and Movement Through Soil
Movement of bacteria through the soil profile and into groundwater sources, or by lateral movement in the soil with a reemergence at the surface some point distant from the initial application site, represents another mode of polluting water resources.
Many factors affect the quantity and speed at which bacteria are
able to migrate through soil, as shown in Table 11. Butler et al.
(1954) investigated the effect of soil texture and pore sizes in
several different soils on bacterial removal. They concluded that
the removal of bacteria from a liquid percolating through soil is
inversely proportional to the particle size distribution in the
soil.
The processes in the soil that have the most effect on
bacterial removal are filtration and adsorption. Krone et al.
(1958) found the surface soil to be very effective in reducing the
concentrations of bacteria in infiltrating liquids. Adsorption of
microorganisms onto clay particles and organic materials was shown
to effectively remove bacteria from liquids (McGauhey and Krone,
1967; Brady, 1974; Garcia and McKay, 1970). In a recent study,
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Figure 3. Bacterial die-off rates with varied pH using modified Reddy et al (1981) model.

Table 8.

Bacterial die-off in manure and sludge facilities
Season or
Temperature
Organism Type

• Description of Process

pH

(°C)

Type of
Study

Length of
Study

Die-off
Rate, k
(days-I)

Manure pile (dairy)
(Jones. 1971)

T.C.
F.C.

Oct. - Feb. (2-8)

Field

0.051
0.066

Manure pile covered from rain
(Jones, 1971)

T.C.
F.C.

Oct. - Feb. (2-8)

Field

0.015
0.028

Primary sedimentation effluent
in holding basin (Klock, 1911)

T.C.
T.C.
T.C.
T.C.
T.C.
T.C.

Sludge and garbage composting
(Cooper and Gold, 1979)

T.C.
F.C.
F.S.

composting
Digested sludge
(Kawata et al.. 1977)
stockpiled, noncomposting

T.C.
F.C.
T.C.
F.C.
T.C.
F.C.
Salmonella
T.C.
F.C.

Dewatered raw sludge
(Kawata et al., 1971)

composting

stockpiled. noncomposting

Stored dairy manure slurry
(inoculated)
(Burrows and Rankin. 1970)

7.7
8.0
7.7
8.2
7.4
8.4

W
W
Sp
Sp
Su
Su

12.7)
7.9
17.9
14.4
25.2
25.5)

0- 7 days
7-18 days
0-8 days
8- 18 days
0-5 days
0- 10 days

0.310
0.200
0.370
0.200
0.100
0.380

Lab

40 days

0.378
0.345
0.215

Lab

14 days

Field

30 days
Lab

14 days

30 days

Feb.

S. Dublin

Y. IiiikTiurium

E :Lour'

Lab
anaerobic
storage

11 weeks

F. abortus

Swine manure slurry storage
(sterilized and inoculated)
(Kovacs and Tamasi, 1979)

E. cola
S. typhi •
S. anatum
E. colt

7.0
8.0
9.0
7.0
8.0
9.0

4
20
4
20
4
20
4

20

Lab

5 weeks

0.687
0.678-1.150
8.000
8.000
. 0.358-0.858
0.608- 1.180
0.368
0.000
0.000
0.107-0.428
0.106-0.246
0.153
0.102-0.287
0.410- 1.090
6.220
7.300
0.890
0.000
1.042
0.000
0.686
0.867
0.931
0.588
0.816
1.079

Table 8.

(continued)

Description of Process

Organism Type

Beef manure lagoon
(Coles, 1979)

aerobic

aerobic

F.C.
F.S.
F.C.
F.S.
F.C.
F.S.
F.C.

anaerobic

F.S.
F.C.

anaerobic

Swine lagoon effluent
(Krieger et al., 1976)

anaerobic

pH

Season or
Temperature
(°C)
25
25
7
7
25
25
21-33

F.S.

21-33

T.C.

23-28

Type of
Study
Lab

Length of
Study
10 days

Field

Lab

S. cholerae

Dairy manure storage
(exposed to outside enrivonment but
covered) inoculated
(Rankin and Taylor, 1969)

typhi

S.
rdalin
ST aureus
—
gi: -

r Tar
. i5kus

7.0
Jan. - Apr.

Lab

0.829-1.760
1.110-2.180
0.557
0.143
0.368
0.385
1.350
0.691
0.375
0.921
0.415
0.277
0.326-0.350
0.364-0.558

F.C.
37

Die-off
Rate, k
(days_I)

12 weeks

0.134
0.142
0.042-0.198
0.109
0.070-1.160

Table 9. Indicator bacteria die-off rates in soil
Season or
Temperature
Organism Type

Description of Study

Soil Moisture

Swine manure surface applied to grass field
plots (Crane et al., 1978)

F.C.
F.S.

24% w/w

Poultry manure surface applied to bare soil
plots and allowed to dry (Crane et al., 1980)

F .C.
F .S.
F .C.

field capacity
to dryness

Soil pH
6.4

4.5-6.5

(°C)

Soil Type
or Texture

Length of
Study

Die-off
rate,. k
(days I)

fsl

28 days

0.47
0.20

25

cl

7 days
30 days
7 days
30 days

0.342
0.093
0.257
0.093

scl

7 days

0.896
0.491
0.659
0.625
0.835
0.195
0.342
0.697

0-25

F.S.
lnoculant Level
(org/ml)
Cell suspension (pure
culture added to soil
in laboratory study
(Klein and Casida.
1967)

107
106
105
10"
103
107

Dairy slurry inoculated w/bacteria and
applied to pasture area (Taylor and
Burrows, 1971)
Anaerobically digested sewage sludge
plowed under on field plots
(Hagedorn, 1980)
Digested sludge applied to pasture plots
(Watson, 1980)

E. coli

50- 70% of
field capacity

7.4

26

E. coli

50- 70% of
field capacity

7.4

10
26
37

E. coli

moist
moist
dry

7.4

45-65

Et -EETT
ETEFfin

F.C.

NG

5.8-7.1

W (2-12)

and mixed
Soils inoculated with pure cultures
with organic matter (sterile sludge) on
weight percentage in laboratory containers
(Hallman and Litsky, 1951)

NG

Average for
4 soil types

Su (13-35)
Salmonella sue.

NG

5.9

Su (10-20)

F.C.
F.C.

E. coli

S. faecalis

50-10% w/w

NG

s

12 days

0.659
0.816
0.735

2 weeks
7 weeks
13 weeks

0.304
0.093
0.126
0.091
0.322
0.380
0.214

6 weeks

organic

4.8
surface:
Surface and subsurface
applied swine manure on subsurface:
field plots (Korkman, 1971)

22 days

NG

7-15

NG

NG

scl

6 weeks

0.286
0.306

sl
sl +2% OM
sl +5% OM
s1+10% OM
s1+20% OM
sl
sl +2% OM
sl +5% OM
s1+10% OM
s1-20% OM

11 weeks

0.115
0.097
0.071
0.062
0.064
0.341
0.311
0.306
0.207
0.189

Table

9.

(continued)

Description of Study

Soils Inoculated with pure cultures and mixed
w/o organic matter addition in laboratory
containers (Mailman and Lasky, 1951)

Organism Type

E. col,

Soil Moisture

Season or
Temperature

(oc)

Soil pH

NG

NG

Soil Type
or Texture

NG

Lengtht of
Study

11 weeks
1
cl

S. faecalis

NG

NG

nuck
NG
1
1
:1

S. faecalis

muck

NG

NG

NG
1
c

S. typhosa

NG

NG

muck
NG
1
ci

muck
Soil inoculated with pure cultures
and
Incubated in laboratory containers
(Tate, 1978)

Soil inoculated in lab containers
with pure cultures (Kibbey et al..
1 978)

E. coil

S. faecalis

1/3 bar
saturated
field cap
flooded
air dry (ad)

6.16
6.64
6.16

NG

•
50% of fld cap

field cap

saturated

50% of fld cap

6.8
6.6
6.0
5.2
4. 5
6.8
6.6
6.0
5.2
4.5

30

muck

NG

fs

muck
muck
4
10
25
37
4
10
25
37
4
10
25
37
4
10
25
37
25

5 different
soils (avg)

sl
scl
sl
scl
gr
sl
scl
sl
scl

140 days

04e-off
k
(days I)

0.143
0.117
0.115
0.094
0.092
0.320
0.264
0.31d
0.191
0
0.286
0..269
0.149
0.341
0.497
>2.570
>1.100
>0.741
>0.772
0.473
0.839
0.796
0.382
0.130
0.166
0.332
0.599
0.086
0.103
0.136
0.374
0.050
0.010
0.079
0.187
0.032
0.037
0.056
0 .103
0.046
0.030
0.046
0.095
0.165
0.226
0.072
0.110
0.226

Table

9.

(continued)
Season or
Temperature

Description of Study

Beef manure inoculated with pure cultures
added to soil in lab containers
(limbilske and Weaver, 1978)

Organism Type

Soil Moisture

S. thyphimurlum

flooded @
(0 ATM)

Soil pH

7.6

(0.5 ATM)

air dry @
(22 ATM)
flooded @
(0 ATM)
(0.5 ATM)

air dry @
(22 ATM)

Soil inoculated with pure cultures
(Limbilske and Weaver, 1978)

S. typhimurium

flooded 0
(0 ATM)

7.6

(0.5 ATM)

air dry @
(22 ATM)
flooded @
(0 ATM)
(0.5 ATM)

air dry @
(22 ATM)
Surface application of anaerobically
digested sludge on field plots
(Edmonds, 1976)

F.C.

NG

NG

Soil inoculated with bacteria in dark
laboratory containers (Dazzo et al., 1973)

,F.C.

10.2% w/w

5.6
5.5
5.7
6.1
5.6
5.5
5.7
6.1

S. typhimurium

10.2% w/w

(oc)

5
22
39
5
22
39
5
22
39
5
22
39
5
22
39
5
22
39
5
22
39
5
22
39
5
22
39
5
22
39
5
22
39
5
22
39
W
Su

22

22

Soil Type
or Texture

c

Length of
Study

84 days

fsl

c

84 days

fsl

NG

fs

6 months

8 weeks

Die-off
rate, k
(days-1)

1.960
0.412
1.370
0.166
0.297
1.370
3.200
3.200
3.200
0.531
0.191
0.262
1.370
0.324
0.656
0.886
0.805
1.370
0.149
0.550
1.210
0.536
0.253
0.536
2.970
1.430
1.270
0.143
0.437
0.129
0.237
1.126
1.270
0.972
1.270

0.053
0.024-0.028

0.526
0.431
0.338
0.179
0.640
0.390
0.345
0.224

Table . 9.

(continued)

Description of Study

Organism Type

Grass field plots inoculated with pure
cultures (von Donsel et al., 1967)

Soil Moisture

sun E. coli

NG

Soil pH

Season or
Temperature
("C)

Soil Type
or Texture

Sp
Su

7-8

length of
Study
8 weeks

F
w

shade

Sp
Su

c ol

F

sun

S. faecalis

Sp
Su

C

F
w

shade

Soil inoculated with pore culture,: in
dark laboratory containers (Cuthbert
et al., 1955)

Sp
Su
F
B. coil

Type -T

moist

5.8

18

7.7
6.0

S. faecalis

co l

Die-off
rate, k
(days-1)
0.371
0.667
0.439
0.223
0.575
0.303
0.172
0.227
0.178
0.882
0.347
0.117
0.426
0.187
0.115

linestone

2.9
3.3
3.7

peat

7.7
7.8

limestone

2.9
3.3

peat

100 days

0.345
0.276
0.000

3.450
1.730
0.727
0.350
0.106
1.727
0.921

Soil surface irrigation with lagoon
effluent (field plots) (Smallbeck and
Brommell, 1975)

F.C.
F.S.

NG

NG

F

5 weeks

0.230
0.184

Surfp ce soil inoculated
with pure cultures
(Smallbeck and
Hromnell, 1975)

E. coli
T.-172T6imurium

NG

NG

F

5 weeks

0.669
0.384
0.214
0.209

1st application
2nd application

ET coil

typhimurium

C

5 weeks

Key to abbreviations in Table 8:
1. Organism type: F.C. - fecal conforms; F.S. = fecal streptococci; E. col' = Escherichia coli; S. dublin n ial
monella dublin; S. faecalis
Streptococcus faecalis; S. typhosa = Salmonella typhosa; S. typhimuFrum = Salmonella typhliiiiIum;
BT-EcTri Bacterium FOTE
Soil moisture: ATM . soil moisture tension In atmospheres; w/w . wet weight basis.
IV.

Season and temperature: Su = sunmer; F = fall; Sp = spring; W = winter.
Soil type or texture: SI = sandy loam; fsl
fine sandy loam; fs = fine sand; Ifs = loamy fine sand; s = sand; c = clay; cl
scl = sandy clay loam; I . loam; col
clay loam;
coarse
loam; gr = gravel; lime = limestone soil; peat, muck, organic . high organic matter soils;
OM = organic matter.
NG = not specified.

Table 10.

Bacterial die-off in aquatic environments
Season or
Temperature

Aquatic System Description

Organism Type

pH

(oc)

Well water inoculated with pure
cultures (field, membrane
filter) (McFeters et al., 1974)

Coliforms
Enterococci
Col iforms
Streptococci
Streptococcus eouinus
3treotococcus bovis
Shi ella dysenteric!
tre p tococcus sonnei
Stre p tococcus Tri7Weri
SalmonelTa paratypni A
Stre p tococcus oaratychi D
Stre p tococcus typnimurium
Streotococcus typni
Vibrib cholerae
Streptococcus paratyphi 8

7.48

10-12

Stream water
(membrane filter)
(McFeters and
Stuart, 1972)

Escherichia coil

8.37
8.10
8.10

4-6

field study
lab study

E. coli

2.50
4.00
5.00
5.30
7.30
10.00
12.00
Inoculated river water (lab study
in flasks) (Mitchell and
Starzyk, 1975)

coil

NG

Enterobacter aerogenes

NG

Salmonella typhimurium

NG

Stre p tococcus faecal is

NG

Stre p tococcus faecium

NG

S. bovis

NG

-33-

Length of
Study
4 days

0.283
0.221
0.277
0.249
0.485
1.128
0.217
0.198
0.181
0.303
0.253
0.303
0.809
0.673
2.022

5 days

1.970
3.140
0.151
0.231
0.495
0.990
1.386
6.930
0.630
0.433
0.330
0.347
0.770
6.930

20 days

0.192
0.144
0.255
0.238
0.256
0.288
0.383
0.461
0.177
0.144
0.288
0.329
<0.115
0.192
0.192
0.177
<0.115
0.121
<0.115
<0.115
2.310
1.150
2.310
2.310

5
10
15
20
25
10

0
5
10
20
0
5
10
20
0
5
10
20
0
5
10
20
0
5
10
20
0
5
10
20

Die-o
rate,
(days"

Table 10.

(continued)

Aquatic System Description
Storm water runoff (lab study)
(Geldreich et al.. 1968)

Season or
Temperature
(°C)

Organism Type

pH

F.C.
Aerobacter aeroqenes
S. faecalis

NG

Su (20)

F7C.
A. aerogres
faecaiis
typnimurium

NG

W (10)

S. faecalis

NG

Su (20)

ET-f,,Tar
37- 70
17 aerovenes
77C.
S.. tatlaYLLEE

NG

W (10)

T.C.
E. cola
gterococci
T.C.
E. cola
Iliterococci
T.C.
E. coil

6.8

T.C.
E. coil

7.6

Length of
Study
14 days

17. 1717iFF7Wgium

Storm water runoff (lab study)
(Geldreich and Kenner, 1969

rr
r

1-777iaTTFvar
bowls
A. a .. r.o n•n•s

7Tc.

S. IKILITJA°1

0% seawater
800 dilution water
(lab flask study)
(Hanes and Fragola,
1967)
33% seawater
67% seawater

EFterococci

100% seawater

20

10 days

10

12 days
28 days
35 days
NG

7.0
7.2

EFterococci
Seawater mortality
studies from many
sources (Orlob,
1956)

lab study

E. typhosa.

NG

E. cola

NG
Su (25)
Sp
Su

field study
lab study

NG

T.C.
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14
14
20
5
21
30

NG

Die-a
rate.
(days
1.45
0.64
1.69
<0.16
0.24
0.39
0.30
<0.16.
<0.16.
<0.16.
4.6C
0.40.
0.22
0.32
<0.16
0.35
2.30
0.6'1
1.35.
1.5K
0.21
0.21
0.33
0.43
0.27
0.36
0.54
0.77
0.4Z
1.10
1.33
0.52
2.0C
1.6;
0.3i
0.9(
0.5i
0.8.5
1.0C
0.64
1.3:
1.75
0.65
0.8(
1.6:

Weaver et al. (1978) showed that 60 to 98 percent of the bacteria
in a liquid effluent could be adsorbed on soil particles greater
than one millimeter in size. They found the percentage removal
was related to clay content and the bacteria species involved,
probably because of differential electrical surface charges
characteristic of each species.
Table 11. Soil factors that affect infiltration and movement
(leaching ) of bacteria in soil
I. Soil physical characteristics
a. texture
b. particle size distribution
c. clay type and content
d. organic matter type and content
e. pH
f. cation exchange capacity (CEC)
g. pore size distribution
II. Soil environmental and chemical factors
a. temperature
b. moisture content
c. soil water flux (saturated vs. unsaturated flow)
d. chemical makeup of ions in the soil solution and their
concentrations
e. bacterial density and dimensions
f. nature of organic matter in waste effluent solution
(concentration and size)

The mechanics involved in filtration of bacteria by the soil
matrix was explained theoretically by Krone (1968). He claimed
three physical processes in the soil were acting singularly or
synergistically, depending on the soil particle size distribution
and pore size distribution. These processes were actual filtration by the solid matrix, sedimentation of bacteria in the soil
pores, and a bridging effect whereby previously filtered bacteria
acted to reduce pore dimensions, causing a subsequent increase in
the filtering action of the soil. The combined effectiveness of
both filtration and adsorption was reported by Gerba et al. (1975)
where 92 to 97 percent of bacteria applied in an effluent were
removed in the first centimeter of soil and almost total removal
was accomplished in the upper five centimeters of soil.
Similarly, Hagedorn et al. (1981) noted that 30 to 90
centimeters of soil in a drainfield was sufficient for complete
bacterial removal from septic tank effluent. He also noted that
under unsaturated flow conditions, fecal coliforms and total
coliforms were reduced to background levels.
Fine materials applied with the effluent solution also improve
the filtering ability of soil (Gerba et al., 1975), probably
through the bridging effect already noted. In a soil column study
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using sand and clay, Glotzbechan and Novelle (1975) showed that
more than 99 percent of the applied bacteria were trapped: in the
soil, with clay giving the most efficient removal. Hagedorn et
al. (1981) noted that clay soils were most effective in retention
of bacteria, while Cogger et al. (1984) observed that finetextured soils acted to retain bacteria better than coarse soils.
In another soil column study by Weaver et al. (1978) utilizing
four soil types and various column depths, an average reduction of
95 percent of the applied bacteria was reported for a column depth
of five centimeters with removal increasing to 99.5 percent at a
15-centimeter column depth. Figures 4 and 5 give a more detailed
account of their findings, showing the large differences
encountered in removal efficiency for several soil types.
However, other studies have found the distance of bacterial
travel in soil can be much greater than reported in these previous
studies. Sinton (1986) measured the movement of E. coli from
septic tank effluent in two systems in glacial outwash gravels.
The tracer bacteria were measured to move 15m day -1 in
unconfined groundwater and 151 m day -1 in a confined groundwater
aquifer. Table 12 gives the findings for many studies of landapplication of wastewater effluents where bacteria have migrated
substantial distances from the application site. Hagedorn and
McCoy (1979), summarizing the literature, ascertained that the
following conclusions could be drawn:
(1) bacteria generally move only a few feet when unsaturated
flow conditions prevail in a soil, with this increasing to
a few hundred feet under saturated flow conditions;
(2) under all soil conditions, bacterial retention is
inversely proportional to the particle size distribution
of the soil matrix;
(3) filtration of organisms at the soil surface appears to be
the main limitation to bacterial flux in the soil for
surface-applied effluents; sedimentation of bacteria
occurs throughout the zone of saturated flow;
(4) adsorption of bacteria is a factor in reducing the
distance traveled by bacteria in unsaturated soils with
increasing effectiveness as soils contain greater clay
contents; and
(5) microbial die-off becomes an important factor only during
long soil retention periods such as those found in soils
experiencing alternating periods of saturated and
unsaturated flow.
The predominating effect of saturated versus unsaturated flow
conditions was reported and explained by Griffin and Quail, 1968;
Wong and Griffin, 1976; Bitton et al., 1974; Hamdi, 1971; Hamdi,
1974; Cogger and Carlyle 1984; and Overman and Legeman 1982.
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Figure 4. E. coli removal from effluent as a function of soil column depth
(Weaver et al., 1978).

o
o
o
•

ARENOSA SAND
SAN ANGELO SANDY CLAY LOAM
HOUSTON BLACK CLAY
BEAUMONT CLAY

0

2 3

4 5 6 7 8 9 10
CM OF SOIL DEPTH IN COLUMN

15

Figure 5. S. faecalis removal as a function of soil column depth (Weaver et al.,
1978).

Table 12.

A summary of data on bacterial

transport through soils*

Nature of Pollution

Organisms

Sewage trenches intersetting groundwater

Bacillus coil

Sewage trenches intersetting groundwater

Coliforms

Sewage in pit latrine
intersecting groundwater

Bacillus toll

Sewage in pit latrine
intersecting groundwater

Medium
Fine sand

Measured
Distance Traveled
19.8 m (65 ft)

Time of
Travel
27 weeks

Reference
Stiles and Crohurst (1923)

70.7 m (232 ft)

Warrick and Muegge (193Q)

Fine and coarse

24.4 m (80 ft)

Caldwell (1937)

Bacillus toll

Sand and sandy

10.7 m (35 ft)

Sewage in pit latrine
intersecting groundwater

Bacillus cola

Fine and medium

Primary and treated sewage
in infiltration basins

Coliforms

Fine sandy loam

in-

Coliforms

Aquifer

Canal water in infiltration
basins

Escherichia cola

Sand dunes

Subsurface injection

Enterococci

Secondary sewage in infiltration basins

Coliforms

Sandy gravels

Tertiary treated wastewater
in percolation beds

Fecal coliforms and
fecal streptococci

Coarse gravels

Primary sewage injected
subsurface

Fecal coliforms

Sand and pea
gravel

Diluted primary sewage
Jetted subsurface

8 weeks

Caldwell (1938)

3.1 m (10 ft)

Butler et al. (1954)

0.6-4 m (2-13 ft)

30 m (98 ft)

33 hours

Fournelle (1957)

15 m (44 ft)

McMichael and McKee (1956)

0.9 m (3 ft)

30.5 m (100 ft)

McGauhey and Krone (1954)

Boars (1957)

3.1 m (10 ft)

457.2 m (1,500 ft)

Caldwell and Parr (1937)

15 days

Merrell (1967)

35 hr

Krone et al. (1958)

Table 12. (continued)
Measured
Distance Traveled

Time of
Travel

Nature of Problem

Organisms

Secondary sewage injected
subsurface

Fecal coliforms

Fine to coarse
and aquifer

Tertiary treated wastewater
in percolation beds

Coliforms

Sand and gravel

Inoculated water and diluted
sewage injected subsurface

Bacillus
stearolFermophilis

Crystalline bedrock

Tertiary treated wastewater
in infiltration basins

Coliforms

Fine to medium
sand

6.1 m (20 ft)

Young (1973)

Secondary sewage in
infiltration basins

Fecal coliforms

Fine loamy sand
to gravel

9.1 m (30 ft)

Bower et al. (1974)

Primary sewage in infiltration basins

Fcca! streptococci

Silly sand and
gravel

Secondary seuage effluent
in infiltration basin

Fecal coliforms and
fecal streptococci

Fine loamy sand

Septic tank tile effluent

Total conforms
Fecal conforms

Fine loamy soil
Fine loamy soil

6.1 m (20 ft)
13.5 m (
ft)

Inoculated effluent in
tile line

Bcherichia con

Silty clay loam

20 m (

Medium

'Table adapted from Hagedorn and McCoy (1979) with several additions.

Reference

30.5 m (100 ft)

Wesner and Baler (1970)

830 m (2,723 ft)

Ana'ev and Demin (1971)

28.7 m (94 ft)

24-30 hr

183 m (600 ft)

Schaub and Sorber (1977)

9 m (29 ft)

ft)

Allen and Morrison (1973)

Gilbert et al. (1976)

Renlow and Pettry (1975)

5 hours

McCoy and Hagedorn (1979)

These researchers theorized that at low soil water potentials,
bacterial movement was reduced because travel was restricted to
surface water films on the soil particles and smaller soil pores,
at high water potentials the vast majority of bacteria traveled
through the soil macropores.
This effect seems to be the major reason for the acceptability
or unacceptability of soils for use as septic tank drainage
fields. Septic tanks in well-drained soils having predominantly
unsaturated conditions show the largest bacterial reduction in the
biological mat formed on the bottom and side walls of the drain
field trench. Bacterial travel in these soils was restricted to
only a few meters from the tiles (Zeibell et al., 1974;
Viraraghavan and Warnack, 1976A and 1976B; Brown et al., 1979).
Flow from the tile lines is in a saturated mode through soils
which are poor or of marginal acceptance for septic tank systems.
Reneau and Pettry (1975), Reneau (1978), and Hagedorn et al.
(1978) showed that bacteria can travel greater distances (200 to
300 meters) at faster rates and in larger concentrations under
these conditions. A shallow or perched water table is usually
associated with these unacceptable systems. In a recent
investigation by McCoy and Hagedorn (1979), following bacterial
travel from drainage tile by saturated flow above a shallow,
perched water table, it was shown that bacterial flux could be as
high as 17 centimeters per minute over travel distances of more
than 20 meters. Significant levels of E. coli (10 3 to 104
organisms/milliliter) were still found in the drainage water at
this distance. They modeled the change in the maximum E. coli
population in the leachate with distance from the tile line by
linear regression with the following results:
For injection at a depth of 12 centimeters (A Horizon):
log (cells/milliliter) = 8.57 - 11.91 log (centimeter travel
(18)
distance) (r = 0.93).
In addition to reporting large travel distances, Mulcock et
al. (1973) found that once in the soil profile, microorganisms can
persist for long periods (more than two months).
Several investigations have been attempted to ascertain the
relationship between land application of animal wastes and the
bacterial quality of tile drainage water from these sites. Evans
and Owens (1972) found that the quantity of bacteria removed in
the drainage water was affected by both application rate of the
manure and soil water flow rate. They observed that maximal
bacterial concentrations (E. coli) in the order of 10 4 cells/100
milliliters were attained several hours after applying a large
volume of liquid animal wastes on sandy clay loam soil. Bacterial
concentrations in drainage water declined with time, reaching
background (initial) levels after two to three days. In another
drainage study, Korkman (1971) observed that when swine manure was
surface-applied and followed immediately by irrigation, that
drainage water from tiles located at one meter depth contained 3
percent of the bacteria applied with the manure. This level of
microbial loss can be considered a maximum because of the
unusually high level of irrigation water applied and the small
surface contact time between manure and soil.

3.4 Recommended Practices for Controlling and Minimizing
Bacterial Losses from Agricultural Areas
3.4.1 Buffer Areas and Vegetative Filters
The use of pasture or forest buffer areas that act as overland
flow treatment systems below waste application sites has proven
very effective in removal of nutrients and sediment in runoff
(Vanderholm and Dickey, 1978; Bingham et al. 1978; Thomas, 1974;
Thomas et al. 1974; Johnson and Moore, 1978; Dickey and
Vanderholm, 1981; Dorn et al. 1981; Vanderholm gt al. 1979). The
important mechanisms involved in this nutrient concentration
reduction were shown by Johnson and Moore (1978) to be:
(1) a reduction in volume of runoff from increased
infiltration;
(2) a decrease in runoff velocity caused by the vegetative
cover with a resultant increase in sedimentation of
pollutants that are adsorbed to particulate matter; and
(3) increased adsorption of pollutants by soil particles under
a lower ionic concentration regime than found on the waste
application site.
Vanderholm and Dickey (1978) and Bingham et al. (1978) suggested
design criteria for these systems. The major parameters of
importance were buffer length and slope, which determined runoff
contact time, and buffer area which influences overall infiltration. Bingham et al. (1978) suggested further that other factors
had a direct influence on pollutant removal during overland flow
through buffer areas. These include vegetative type, topography,
rainfall intensity, overall storm volume (and thus, runoff
dilution), and the change in availability of nutrients to runoff
with time after application on the disposal site. It was found
that buffer areas were least effective for small runoff events,
especially when infiltration was restricted, because of the small
amount of dilution provided by the precipitation.
Research on the use of buffer strips and vegetative filters
for bacterial removal has brought about conflicting results.
Jenkins et al. (1978), using an overland flow system for treatment
of primary and secondary wastewater effluents, found that 96 to 99
percent of fecal coliforms in the effluents were removed in the
summer. This was reduced, however, to less than 65 percent during
the winter and was thought to occur because of decreased infiltration into the frozen soil. Opposite results were shown in an
investigation by Peters and Lee (1978) utilizing overland flow on
a reed-canary grass-fescue cover treating municipal wastewater.
Fecal coliform concentrations were increased after overland treatment during summer months and were attributed to bacterial
regrowth at warmer temperatures. Maximum removal during the
winter period was only 60 percent on a concentration basis. Hunt
et al. (1979) reported from this same investigation that coliforms

-42-

and fecal streptococci concentrations in effluent after overland
flow treatment were always higher than the initial wastewater
applied, regardless of season.
In all these studies (Jenkins et al. 1978; Peters and Lee,
1978; Hunt et al. 1979), the investigators suggest that removal of
chemical constituents from the effluents was unrelated to bacterial removal, being much less efficient as well as unpredictable.
This conclusion is substantiated by Reese et al. (1980) and Barker
and Sewell (1973) who found high concentrations of total and fecal
coliforms in runoff from pasture areas where the chemical makeup
of the runoff was similar to that from uncontaminated "background"
sites. Summarizing work of Johnson and Moore (1978), it would
seem that vegetative filters are only reliably effective in
removing from waste effluents bacteria at high concentrations
(10 organisms/100 milliliters). The bacterial populations in
runofg from these buffer areas seem to equilibrate at about 104
to 10 organisms per 100 milliliters, regardless of experimental
conditions. The work of Doyle (1975) and Young et al. (1980)
seems to contradict the above conclusions, but under closer
examination it was found that these differences could be
explained. Doyle (1975) applied fresh dairy waste to pasture
plots and used a forested strip as a buffer area. He found fecal
coliforms and fecal streptococci were effectively removed from the
runoff (99 percent) within four meters from the edge of the
application site. Bacterial concentrations in the order of
10 4 /100 milliliters, however, were still found in the runoff
from the buffer area in most samples. Young et al. (1980),
investigating the effectiveness of vegetated buffer strips in
controlling pollution from feedlot runoff, predicted that total
coliform removal from this effluent followed the following
statistical relationship:
Total coliforms x 10-6/100 ml = 67.34 - 1.90L (r2= 0.77)

(19)

where L = length of buffer strip (flow distance) in meters.
They suggested from this relationship that a 36-meter length of
buffer area would be sufficient to reduce bacterial concentrations
in the runoff below 1,000 organisms/100 milliliters. The buffer
lengths used in this study were only 27 meters and at this
distance total and fecal coliform concentrations were still in the
order of 10 to 10 6 milliliters. Therefore, the extrapolation
of these results to much greater removal efficiencies is highly
questionable.
In a study of three Utah watersheds, Glenne (1984) found that
percent reduction of bacteria could be correlated to the buffer
strip length and slope. As expected, the flatter slopes and
longer lengths are more effective in removing bacteria (Figure
6). However, at steep slopes (15-20 percent) the effect of length
is almost eliminated. Glenne (1984) also proposed an equation for
the daily background generation of coliforms in pristine western
watersheds:
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27C [ -•092 (T-20) ) 14p N/ft 2 of area/day

(20)

where T is temperature in centigrade.
In summary, it would seem that buffer areas can be used to
advantage in removing bacteria from wastes or effluents containing
more than 10 5 organisms/100 milliliters. Reductions below 10
organisms/100 ml seem to depend on season, soil infiltration
rates, and other factors that need investigation. Data reported
as percent removal can be misleading when applying data to low
numbers of organisms. For the same reasons extrapolation of data
below background levels is highly questionable.
3.4.2 Application Method
The effect of application method on bacterial losses from
waste application sites has received little attention. McCaskey
et al. (1971) related bacterial losses in runoff from grassed
plots after dairy manure application in liquid, semi-liquid, and
solid forms. No clear advantage was shown between methods or
manure application rates with respect to bacterial concentrations
of total coliforms, fecal coliforms, and fecal streptococci in
runoff. The major effects of manure application were to increase
the concentrations of bacteria in the runoff while decreasing the
total quantity of runoff from the grassed plots as compared to a
control area. Determination of the total quantities of bacteria
lost from the grassed plots over a year's time seemed to indicate
that the lowest bacterial losses were attained by applying liquid
manure, while greatest bacterial losses occurred using the solid
spreading technique.
Khaleel et al. (1979) noted that wastes incorporated into the
soil with a moldboard plow or other physical means can be considered negligible in effect of added manure in runoff events.
Subsurface injection, however, could lead to increased bacterial
losses via groundwater movement because of the lower contact of
the bacteria with the more active soil surface zone. This
relationship and its effects deserve further research. Sweeten
and Redell (1976) also suggest that uniformity of application on
the soil is important in reducing the pollutional potential of the
waste.
3.4.3 Application Time and Use of Storage Facilities
Waste application on frozen ground or snow cover should be
avoided (Robbins et al., 1971). This practice reduces bacterial
die-off because of increased survival at colder temperatures and
increases their availability to runoff by restricting infiltration
into the frozen soil.
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Figure 6. Effectiveness of filter strips for bacterial removal with varying slope and strip width.

Application should also be avoided during a minimum period of
24 hours before a runoff event and more preferably 74 hours before
runoff. This procedure, although obviously limited by the ability
to accurately predict the weather and by the physical constraints
of the operation, can result in a substantial decrease of
bacterial losses in runoff (Crane et al., 1978; Bingham, 1978).
The use of larger storage facilities for waste materials will
reduce bacterial pollution of the environment if operated under a
conscientious management scheme. The advantages of extended
storage can be two-fold; first, manure may be spread at the most
climatically optimal period and, secondly, indicator bacterial
quantities may be reduced from die-off in the storage facility
before application on the land. However, Moore and Baker (1985)
have shown that proper management of large storage units is
critical to reducing bacterial concentration in runoff. Emptying
a large storage unit just before or during a heavy rainfall can
cause an increase in the number of organisms in the runoff.
3.4.4 Site Selection Criteria for Waste Application Sites and
Livestock Operations
The recommended parameters to consider when selecting a site
for applying waste materials to the land were summarized by
Sweeten and Reddell (1976), Morrison and Martin (1977), and
Robbins et al. (1971). Application areas should be of low erosion
potential and on soils of medium to good permeability where water
tables are not near the surface. Flood plains, grassed waterways,
or natural drainage paths usually should be avoided. Adequate
knowledge of the geology and hydrology of the receiving area is
also essential so that ground waters, particularly nearby wells,
are protected and direct runoff to surface waters is minimized.
Concentrated livestock operations should locate dry lots,
exercise areas, and manure storages away from all sites with
direct access to streams or drainage ditches. All runoff or
leachate from these sources should be collected and applied on the
land to reduce the possibility of high-concentration bacterial
point-source contamination of nearby waterways. Livestock should
also be restrained to stop or limit direct contact with streams
and other natural water sources.
3.4.5 Determination of the Quantity of Bacteria Transported from
Animal Waste Application Sites
Most research on bacterial pollution, as discussed to this
point, has centered on various factors involved in bacterial dieoff and movement within the environment. It must be recognized
that the actual quantity of bacteria that is transported from a
land application site depends on the interaction of many factors
(Tables 6 and 11) and therefore is very complex in nature.
Investigation of this problem on a more macro scale has been
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attempted by several researchers by determining a "bacterial numbers balance" between the total organisms applied to a site and
their subsequent removal with rainfall or irrigation water. This
macro approach tends to ignore the individual processes involved
(i.e., die-off, adsorption, infiltration, etc.) but is useful in
determining or estimating the quantity of bacteria that might
leave the disposal site and enter the water resources of an area.
This approach may also be useful in estimating the relative
effectiveness of various management practices, such as the use of
buffer areas or different application rates and methods utilized
to reduce the pollutional load. Robbins et al. (1971), studying
various livestock operations in North Carolina, determined that
between 3 and 23 percent of the fecal coliforms deposited on
fields by manure application or directly by the animals themselves
was lost in runoff from these areas, when averaged over the year.
The actual quantity depended on the individual livestock operation, presumably because of differences in manure management
techniques or lack of them. These percentage losses seem very
high compared to other research results and probably are the
reason why waterways draining these watersheds were substantially
below water quality standards. McCaskey et al. (1971) investigated the quality of runoff from dairy application sites where
manure was applied frequently in liquid, semi-liquid, or solid
form at annual application rates averaging between 20 and 300
metric tons of dry matter/ha per year. Using this author's data,
it was shown that the maximum removal of applied total coliforms,
fecal coliforms, and fecal streptococci was 0.06 percent, 0.007
percent, and 0.008 percent, respectively, of those applied, when
analyzing the runoff from these areas for a year's duration.
Bacterial losses were greatest for the solids-spreading technique
(above results) and smallest for the liquid manure application
method (0.0005 to 0.00012 percent). This study was performed on a
minimally sloped sandy loam soil with bermuda grass cover. These
results tend to indicate that manure can indeed be spread with
little probability of bacterial pollution under optimal
conditions.
In a recent plot study by Kunkle (1979), utilizing surface
spread liquid dairy manure at eight metric tons (wet weight) per
acre on a cabot silt loam soil with grass cover, it was observed
that only the fecal coliform population in runoff declined with
time after manure application. Total coliforms, fecal streptococci, and enterococci concentrations remained constant throughout
the study at population densities similar to those before application. This was attributed to extremely high background levels of
these organisms. Total losses of fecal coliforms in runoff from
simulated rainfall totaled 6.73 percent of those applied during
the 23-day period after application. However, most of this loss
was recorded in the first irrigation event which was initiated
several hours after manure application. After the initial
irrigation, all subsequent events removed only 0.061 percent of
the applied fecal coliforms. This study was performed during
summer conditions at temperatures between 25 and 30°C. It is
noted how critical the first runoff event seems to be in removal
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of bacteria with the surface runoff. A similar finding was noted
by Dunigan and Dick (1980) when sewage sludge was land-applied at
high rates. They reported that high fecal coliform counts were
found in the runoff until a period of dry weather occurred and the
sludge was thoroughly dried. In a study by Crane et J. (1978),
that involved application of liquid swine wastes to pasture plots,
it was shown that residence time of manure on the surface seemed
to be a controlling factor in the number of bacteria that were
transported in the runoff. If runoff occurred during the day of
application, 58 to 90 percent of the fecal coliform and 20 to 32
percent of the fecal streptococci applied with the manure were
removed. If residence time was increased from one to three days,
the percentage removal was reduced by 10 to 22 percent of the
fecal coliforms and by 14 to 32 percent of the fecal streptococci
applied. This decline was not caused by die-off because bacterial
counts in the surface soil indicated a constant population of
these organisms was present at the surface during this three-day
period. These observations indicate that time-dependent processes
are involved in the transfer of bacteria from soil to liquid
runoff, such as an adsorption or fixation type mechanism. No
additional information in this area was gleaned from the literature, indicating a need for future research. In general, there
has been little study of the mechanisms involved in bacterial
transfer from the solid (soil) to liquid phase before transport in
runoff and to the factors controlling these processes. This
information is critical for estimating the potential for bacterial
pollution via surface runoff.
Evans and Owens (1972) applied dilute liquid swine waste to a
pasture three times during the winter and monitored the drainage
discharge. They found that E. coli and enterococci counts increased substantially less than two hours after application and
then declined to initial levels (before application) after two to
three days. The bacteria loss in this period ranged between 0.03
and 0.05 percent of that applied on the surface. These investigators suggested that bacterial losses were affected by three main
factors: the flow rate of the drain discharge, the number of bacteria in or on the soils, and the application of large volumes of
diluted, semi-liquid animal excrement during short time periods.
Additionally, the soil type, texture, and water flow regime are
also determining factors in the total discharge of bacteria in
drainage water.
Khaleel et al. (1979) stated that transport of manure
particles closely follows the erosion process during runoff
events. In a model simulating manure and sediment transport,
Khaleel et al. (1979) related manure erosion to particle size,
density, intensity of the precipitation, and total area covered by
manure. In summary, it seems that several variables are extremely
important in controlling the transport of microorganisms from
waste application areas. First, and foremost, is the contact time
of the manure with the soil before a hydrologic event. If runoff
or leaching occurs before one day's residence time, substantial
losses of bacteria can be expected. Other important variables

-48-

include the soil type, especially the surface soil, because of the
strong effect this layer seems to have in immobilizing bacteria to
a state where they are no longer available to losses from leaching
or surface runoff. Application procedure and the type of waste
applied (solids versus liquid) may reduce bacterial losses via
surface runoff; however, the probability of movement with drainage
water is greatly increased because of reduced contact with the
surface soil. The form of waste applied should also prove
important. Solid wastes applied on the surface are readily
exposed to rainfall, increasing the potential for their movement
with runoff. Liquid wastes applied via irrigation could be a way
to minimize bacterial losses. Irrigated wastes come into intimate
contact with the surface soil and present a much lower hazard to
surface loss as long as runoff is not caused by the irrigation
application rate or total volume of the event itself. Also,
minimal loss of bacteria would be expected in drainage water as
long as irrigation rates (volume) were not excessive.
3.4.6 General Recommendations to Reduce Potential Health Problems
From Application Sites
In their review of the health aspects of waste application to
the land, Morrison and Martin (1977) suggest the following areas
should be considered:
(1) manure, sludges, and slurries should not be applied to
crops to be eaten raw or directly grazed unless adequate
time is allowed for bacterial die-off on the produce;
(2) quantities of waste applied to a single site should be
limited to reduce the probability of pathogenic bacteria
build-up;
(3) high-density population areas should be avoided as
application sites to reduce the possibility of disease
transmittance by factors such as wind, insects, rodents,
or flowing waters; and
(4) infected animals should be isolated and treated to reduce
the potential for high levels of pathogenic bacteria in
the waste material.
The extent of bacterial contamination of surface and groundwaters caused by animal production units and waste application
areas seem largely dependent on production and waste management
practices of the livestock operation. Best management practices
must be developed and tested, both technologically and economically, so that the smallest possible percentage of indicator and
pathogenic bacteria is lost from these sites. It should be
realized, however, that even with adoption of best management
practices, indicator bacteria concentrations in runoff from
aggicultural-oriented land use areas will range from 10' to
10 organisms/100 milliliters.
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4. PROBLEM STATEMENT
Much has been done in the past two decades to improve the
quality of surface water in the United States. Efforts were first
directed to point sources and then toward non-point contributions.
Most non-point attention has been focused on removal of organic
matter and nutrients. In part because of the successes in learning to manage and reduce the impact of these pollutants, some
interest is now being focused on attempts to understand the
inter-relationship of runoff from agricultual land and bacteria.
The greatest concentration of bacteria from agricultural
sources result from the land-spreading of livestock manures.
Animal operations utilizing range, pasture, and confinement facilities are common throughout the United States and pose a potential
source of bacterial pollution to surface waters. Rainfall and
snowmelt can move organisms into streams and threaten public health
in drinking water, recreational water, and shellfish production in bays and estuaries.
Modeling livestock waste management systems, including
collection, storage, treatment, and land-spreading, allows the
monitoring of bacteria numbers in the various pathways from the
animal through the management network to surface water. Only with
the ability to model the whole system can managers evaluate on-farm
waste management system components and select the most efficient
system. The impact of individual farmsteads and whole watersheds
can be evaluated for their bacterial contribution to surface
waters. The objective of this project is to develop such a tool a computer model to evaluate the bacterial contribution to surface
waters from various animal waste management systems.
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5. MWASTE Users' Guide
MWASTE was designed to simulate waste generation and calculate
bacterial concentrations in runoff from land-applied waste from a
variety of animal species and management techniques. MWASTE was
created to be used interactively, or with input from data files,
or a combination of these options. The program may be used to
calculate the expected waste production from various animal management systems. A simulation of waste generation, collection,
land spreading and runoff of indicator bacteria (Fecal coliform,
Fecal strep) may be executed by drawing data from a hydrologic
data file. The hydrologic data file is created using the CREAMS
hydrology model and is a CREAMS hydrology pass file. The name
HYDPAS.DAT is recognized by the MWASTE program.
If a comparison of the resulting runoff water quality between
random spreading events (i.e. spreading occurs whenever the
storage is full or the operator has time) and spreading on a set
schedule (i.e. twice a week) is desirable, the program MSPRED can
be utilized. After CREAMS has been used to generate a hydrology
pass file, MSPRED can be used to specify spreading dates and
volumes. This data is stored in a file called SPRED.DAT. This
file can then be used in execution of MWASTE to generate
comparison of bacterial run-off values using the same weather data
and various spreading dates. Other model results can be generated
through interactive program execution when spreading dates and
volumes are entered from the keyboard.
Figure 7 illustrates some of the options available with
MWASTE. The first branch demonstrates the use of the program for
estimation of total animal waste production for a system. This
shows that no weather data is required for this option. If the
influence of weather (CREAMS HYDROLOGY PASS FILE) is desired,
other options of MWASTE are available as shown on the other
branches to calculate the concentration of bacteria in runoff.
MWASTE Options

Weather Influence ?

CREAMS file required

yes

no

no

System Waste Generation

Figure 7.

Scheduled Spreading ?
MSPRED
yes

Bacteria Runoff

Bacteria Runoff

Available uses for MWASTE as influenced by weather
and manure spreading schedule.

5.1 Program Notes
MWASTE is designed to operate on the time basis of up to a
single year. The program will allow the time span to include
dates from two separate consecutive years, but will only access a
total of 365 days of data per run from the specified starting
date. If multiple years are being considered, multiple runs of
MWASTE are required. For multiple runs, each should have a unique
hydrology pass file.
In accessing data files, the program MWASTE will use the first
hydrologic pass file and MSPRED output file it encounters with the
specified name regardless of year or time specification.
Therefore it becomes necessary to organize the data files by name
to distinguish different yearly data.
Both MWASTE and MSPRED are designed to function on Julian year
basis, in accordance with CREAMS output files. As shown in Table
13, this type calendar establishes January 1 as day 1, and
December 31 as day 365 (leap years are not included). All dates
used in program execution must be entered as Julian dates.
Table 13. Julian Base and Calendar Months.
Month
Julian Base
Month
January 1
1
July 1
February 1
32
August 1
March 1
60
September 1
April 1
91
October 1
May 1
121
November 1
June 1
152
December 1

Julian Base
182
213
244
274
305
335

Execution of MWASTE
is:

To run the waste management evaluation, the default command
MWASTE

which utilizes either no data files or the default named data
files (HYDPAS.DAT, SPRED.DAT). Typing the default command
(MWASTE) is equivalent to typing:
MWASTE HYDPAS.DAT SPRED.DAT
The file HYDPAS.DAT, if it exists, will be used for climatic
and runoff information. This file is created using the CREAMS
series. The file name HYDPAS.DAT is a MWASTE default name and not
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a CREAMS default file name. The file SPRED.DAT is the default
file name for the output data file from MSPRED. Neither file is
required for program execution.
The user may specify one or both of the input file names.
Drive designators and alternate file names may also be used as
required to access user's data.
For example:
MWASTE B:HY1 C:SPRED.DAT
will instruct MWASTE to look for the hydrologic input file HY1 on
drive B, and the spreading file SPRED.DAT on drive C. If drive
designators are not specified, MWASTE will attempt to use files on
the default drive.
5.2 Implementation of MWASTE
As noted in the introduction, MWASTE may be executed interactively; with data files created by CREAMS and/or MSPRED; independently; or as a combination of these. Figure 8 is a flow chart
illustrating the process of the MWASTE simulation. A complete
list of program inputs and outputs is shown in Table 14.
The decision of how MWASTE will be executed is specified by
entering the command MWASTE (or one of its acceptable forms) thus
entering the name of the data files that will be accessed. If the
files do not exist as specified, MWASTE will run interactively.
After starting the execution of MWASTE, the data file names that
the program will use are displayed in the lower left (weather
file) and lower right (spreading file) corners.
The first screen displayed will outline MWASTE's features and
options. Pressing any key will advance the program to the next
screen. As previously noted, a printer is not required for operation of this program; however, if a detailed printed output is
desired, press P instead of any other key to advance to the next
screen. It should be noted that the detailed output requested by
pressing the P key is voluminous. It gives summaries of daily
accounting of waste generation, spreading, die-off, infiltration,
and runoff, as well as the overall summary. The summarized output
includes only totaled results for the specified time span. Table
14 shows the different detail in the output.
The next screen displayed asks for the percentage of waste
production to be considered. MWASTE makes two distinctions:
solid/semi-solid or liquid waste portions. If the waste is
handled as separate components, it would be desirable to operate
the waste management program separately for each component. The
estimated waste portion refers to what portion of the entire
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INPUTS

STEPS
Animal wastes defecated,
additional wastes produced
and collected

Species, type, bedding,
lot size, housing,
collection frequency

Bacteria die-off occurs
in storage and in field
applied wastes

Time since defecation,
temperature; soil p1-1,
method of application

Wastes withdrawn and
spread

Spread area, spread
volume, spread frequency,
MSPRED

Precipitation

yes
Infiltration of bacteria

no

Runoff occurs

yes
Runoff of bacteria

yes

Quantity of
bacteria in
run-off reduced

4 —__

Slope and
buffer strip
width

no
Quantity of bacteria
in runoff unchanged

Figure 8. Flowchart of MWASTE Simulation

Table 14. MWASTE in put and output.
Output
Inputs
Summary: System Description
Animal species
(Species, type, number)
Spreading duration & frequency
Animal types & numbers
Collection duration & frequency
Operation duration
Waste type/portion
Housing type
Total waste collected
Collection frequency
Remaining waste in storage
Lot size/type
Total waste spread
Pasture size
Total bacterial runoff
Spread duration
Spread volume
Field/pasture pH
Buffer strip width
Buffer strip slope
CREAMS hydrology pass file

Detailed (daily):
Date
Temperature
Precipitation
Runoff
Infiltration
Waste added to storage
Waste spread on pasture
Pasture/field bacterial runoff
Pasture/field bacterial runoff
after buffer
Pasture/field bacteria remaining
Spread volume

system production is handled as specified (liquid or solid/semisolid). No detail is required at this point as to the number of
animals in a specified type of collection system. Pressing the
return enters the default value for the waste portion (100%).
The following screen asks for the waste type. For solid/semisolid enter S, and for liquid, L. Pressing return at this point
accepts the default value of solid/semi-solid.
If incorrect information has been supplied, the user will
have an easy opportunity to halt program execution in the next
section.

5.3 Waste Production
MWASTE is designed to simulate the total waste produced by a
system. The total waste is defined as a sum of animal manure and
additional waste. Animal manure is that produced only directly
by the animal. Additional wastes include bedding, wash-water,
and lot runoff. MWASTE assumes that all additions to the animal
manure are accounted for as additional wastes. Therefore if the
WASTE is handled as solid and bedding is used as an absorbant,
bedding must be identified here. If the waste is handled as a
liquid, the flush-water must be identified as an additional
waste. Likewise with lot runoff.
5.3.1 Additional Wastes
Additional wastes created by the system are detailed at
various places in the simulation. For convenience, they will all
be described here.
Bedding values are detailed by animal types (i.e. cow,
calf). Default values as volumes (cubic feet) are included in
the program. It is recommended that actual values be entered if
known to make the simulation descriptive of your operation. To
accept the default value, press, return. It is important to note
that default values are not always zero. Zero values must be
entered as new values. Table 15 lists the default daily bedding
values.
Table 15. Default Daily Bedding Values.
Species
Beef
Dairy
Sheep
Horse
Swine
Layers
*

Amount (lb/HD)
1.5
8.0
2.0
3.0
1.0
0

Vol ( t /hd)*
0.09
0.50
0.20
0.19
0.06
0.00

Bedding density assumed as 16 lb/ft 3 (USDA-SCS Ag Waste
Management Field Manual)
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Wash-water is defined as any additional water added to the
system, except runoff from a lot. The volume of water must be
entered for each animal type. After specification of housing
system, the volume of wash-water will be requested. Default
values are zero. Any water used will need to be entered in cubic
feet.
Lot runoff is treated as an additional waste as it is not
generated by CREAMS. The runoff is produced when a lot is used
and the runoff from a storm-event is collected. To produce lot
runoff, the total area of lots used must be entered as one
value. The surface type (paved or dirt) must be consistent for
the entire lot area. Equation 21 is used to generate lot
runoff. If animals are kept on a lot but runoff is not collected, enter a zero lot area for runoff purposes. This does not
affect the animal waste produced on the lot.
Governing Equation:
RO = (P-F)/12*A
where:

RO = Runoff volume (FT3)
= Precipitation (inches)
P
= Surface factor
F
= Area (FT')
A
= 0.1 for paved lots
F
= 0.5 for dirt lots
F

(21)

Equation 21 - Lot Runoff Equation (MWPS-18, 1985)
5.3.2 Animal Waste Generator
Following the designation of the waste type, a screen will be
displayed with selections of animal species. Choices include
beef, dairy (cattle), chicken, sheep, horse, and turkey. To move
the cursor to different species, press the space bar. To select
a choice, press the return key. It is important to note that for
each execution of MWASTE, only one animal species is allowed.
Therefore, if results for more than one species of animal are
desired, MWASTE must be executed individually for each species.
To obtain overall results (multiple species) the output can
simply be superimposed for fields which have manure spread from
various species during the same time period.
Under each species choice, various types of the species which
an operator might have in a management system are displayed. A
complete summary of both species and types available in MWASTE is
shown in Table 16. The program prompts the user for the number
of animals in each type. The return key is used to advance the
cursor. After the initial entry, a second chance to enter values
for animal types is made for confirmation. At this point, the
user may exit the program by simply not entering any number
types.
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Table 16. Animal Species and Types
Type
Species
Cow/calf, Feeder, Finisher
Beef
Milk, Dry/heifer, Young calf
Dairy
(Holstein, Jersey, other)
Farrowing, Weaner, Grower,
Swine
Finisher, Gestating
Ewes/dry, Ewes/lambs, Lambs
Sheep
Layers, Broilers
Chicken
Turkeys
Turkeys
Horses
Horses

Next, the starting and ending dates of program simulation
must be specified in Julian form. As noted before, the MWASTE
calendar operates for up to 365 days. The minimum operation is
for two days. Figure 10 illustrates the various durations which
are specified during simulation.
The waste generation screen is shown in Figure 11. The time
span of generation is identified on the upper corners of the
screen with starting dates and ending Julian dates. On the right
hand side of the screen is the current volume of waste in the
storage tank. Initially the amount of waste in storage is
assumed to be zero (the tank is empty). As waste is collected,
the maximum volume which is collected over the time span is
displayed above the tank in cubic feet. The net volume in
storage at any time (collected minus spread waste) is
continuously displayed in the tank. This value is updated
whenever collection or spreading occurs.
Period of Interest

Confinement Durations
2

1

Spread Durations
2

1

*

Note: MWASTE utilizes Julian calendar
dates (1= Jan 1, 365 = Dec 31)
Figure 9. Duration of various activities that are specified
during simulation.
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Before the animal waste generator begins its simulation, the
kind of confinement for each animal type must be selected. This
is done by entering the number corresponding to the type of
housing (1 = roofed/solid, 2 = roofed semi-solid, 3 = roofed
liquid, 4 = open, 5 = pasture). Default confinement types are
highlighted and selected by pressing Return.
The volume of waste produced changes for each type of
confinement. Table 17 summarizes the volume per head of waste
for each type of animal and confinement. Semi-solid and liquid
options include the total fresh manure volume produced by the
animal. For solid confinement this volume is modified to include
only the solid portion. The pasture and open housing options
also include only the solids portion of fresh waste.
'Open' housing is defined as animals kept on a lot. If lot
runoff is collected, the total lot area and surface type must be
input. See section 5.3.1 for more detail. The 'pasture' option
assumes that the waste is uniformly distributed over the pasture
area. The liquid portion is assumed to be infiltrated into the
soil profile.
The microbial contents of manure for the animal species that
MWASTE uses are listed in Table 18. Table 19 lists the nutrient
value of waste for animal types. Values from both of these
tables are used in program simulation.
ANIMAL WASTE GENERATOR
STOP
START
<10
1>1
cow/calf: confinement/collection type (1-5) <5>?(1 = roofed, solid, 2 = roofed, semi-solid, 3 = roofed,
liquid, 4 = open, s = pasture)
S
T
0
R
A-

G
E
V
0
L
U
M
E
EMPTY
Figure 10. MWASTE waste generation screen.
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Table 17. Manure production for different confinement systems and animal
type.
GENERATED WASTE: VOL(CU.FT)
Roofed
Solid

Roofed
Semi-Solid

Roofed
Liquid

Cow/Calf

.21

Feeder
Finisher

.15
.20

1.05
.75
.01

1.05
.75
.01

.85
.61
.81

Dairy
Holstein

Milk
Dry/Heifer
Young
Calf

.63
.50
.31
.08

1.85
1.48
0.926
0.246

1.85
1.48
0.926
0.246

.57
.46
.29
.07

Dairy
Jersey

Milk
Dry/Heifer
Young

.45
.36
.23

Calf

.06

1.32
1.06
0.68
0.17

1.32
1.06
0.68
0.17

.41
.33
.21
.05

Milk
Dry/Heifer
Young
Calf

.51
.41
.07

1.51
1.21
0.76
0.20

1.51
1.21
0.76
0.20

.47
.37
.24
.06

Horse

Horses

.41

0.75

0.75

.41

Chicken

Layers/4 lb
Broilers/2 lb

.0013
.0009

Turkeys

Turkeys/10 lb

.31

LaMb

Lambs
Ewes/Lamb
Ewes/Dry

.027
.035
.04

Swine

Farrowing
Weaner
Grower
Finisher
Gestating

.13
.009
.017
.038
.036

Beef

Dairy
Other

.26

.0035
.0024
0.48
.062
.08
.09
0.54
0.04
0.07
0.16
0.15
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.0035
.0024
0.48
.062
.08
.09
0.54
0.04
0.07
0.16
0.15

Open Lot
& Pasture

.0013
.0009
.31
.027
.035
.04
.13
.009
.017
.038
.036

The duration (days) in the specified confinement type for
each animal type is then entered. The duration specified may be
less than, equal to, or greater than the initial time span
entered for the program execution. MWASTE will use the least
time span encountered to simulate waste generation before
requesting further user input.
Table 18. Microbial contents of fresh wastes per cubic foot.
F. Strep
F. Coliform
(x 10 9)
(x 10 9)
Species
Beef
Dairy
Swine
Poultry
Lamb
Horse

*

59.6
68.0
96.3
92.7
1030.0
736.0

34.5
53.7
18.4
37.1
436.0
215.0

* CRC Livestock Waste Management, Vol. 1, 1983, Overcash, et
al.
5.3.3 Waste Spreading and Collection
MWASTE requires that waste is spread on one area per
execution. This means that if more than one area is used, they
are combined and entered as a sum.
The question will ask for spreading frequency, and the duration over which this spreading occurs. Entering these numbers
will result in the division of spreading duration (days) by
spreading frequency. This will equal the number of days between
spreading events. If MSPRED has been used to create a spreading
file, press F at this point. This will tell MWASTE to look for a
spreading file by the name which was specified earlier.
If a spreading frequency is entered, MWASTE will then ask for
a volume to be spread. It should be noted that the spreading
duration must be at least as long as the spreading frequency in
order to have a spreading event occur. Obviously, if the
duration of spreading is five days while the spreading frequency
is every seven days no spreading will occur in the duration.
Further user input will be requested when a spread duration is
exhausted.
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Table 19.

Macronutrient Components (lbianimal.daY1*
N
P

K

Beef

Cow/Calf
Feeder
Finisher

.36
.26
.43

.12
.084
.14

.26
.19
.31

Dairy
Holstein

Milk
Dry/Heifer
Young
Calf

.57
.46
.29
.080

.10
.080
.050
.010

.37
.30
.19
.050

Dairy
Jersey

Milk
Dry/Heifer
Young
Calf

.41
.33
.21
.050

.070
.060
.040
.010

.27
.22
.14
.040

Dairy
Other

Milk
Dry/Heifer
Young
Calf

.47
.38
.24
.060

.080
.070
.040
.010

.31
.25
.16
.040

Horse

Horses

.27

.046

.17

Chicken

Layers/4 lb
Broilers/2 lb

.0029
.0024

.0011
.00054

.0012
.0075

Lamb

Lambs
Ewes/Lamb
Ewes/Dry

.045
.058
.067

.0066
.0086
.0099

.032
.042
.048

Swine

Farrowing
Weaner
Grower
Finisher
Gestating

.23
.016
.029
.068
.067

.076
.0052
.0098
.022
.021

.15
.010
.020
.045
.040

w Overcash, et Al., Livestock Waste Management, CRC Press, 1983.
5.3.4 Bacterial Die-off
A summary of collection information, including animal type,
number, confinement type/duration, and spreading frequency/
duration, will be briefly displayed. The program will then ask
for the size of the field where spreading will occur. The pH of
the soil will also be requested because it influences the
bacterial die-off rate. The area of the open lot (for runoff
volume calculation) and area and pH of the pasture will also be
asked at this point. If the pH of these areas is not known, it is
suggested to choose a neutral pH of seven (supplied by default).
To review the influence of pH on bacterial die-off, refer to
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Figure 3 on page 26 in the literature review section of this
report.
In both stored and field-spread waste, die-off of bacteria
occurs daily. The method of calculating the quantity of bacteria
which are removed from the system through die-off is a firstorder decay equation. This equation (number 1, section 3.3.3) is
commonly referred to as Chicks Law.
In storage, die-off (the decay rate) is assumed as a constant
rate of 0.3. There is a wide range of die-off rates found in the
literature (see section 3.3.3). The value used is simply an
average of the storage data reported in the literature. The
waste is also assumed to be well-mixed. This allows a proportional number of bacteria to be removed daily.
For waste on the field, the die-off rate is determined using
a modified form of equation 16 presented in section 3.3.2. This
modified version considers the influence of temperature, application method, and soil pH. Equation 22 presents the field
die-off relationship used in MWASTE and the coefficient values.
5.3.5 Runoff and Infiltration
The calculation of numbers of bacteria which are removed from
the soil surface due to hydrologic events (infiltration and
runoff) are determined using the percent reduction method
(Equation 23). The coefficients used in the calculation are
shown with Equation 23.
The determination of parameter "r", the depth of water
infiltrated or in runoff, is determined by CREAMS. All of the
environmental parameters which MWASTE uses in the simulation are
derived from the CREAMS hydrologic output file. These include
temperature and precipitation (including snow).
(22)

k = kl * Ft * Fap * Fph
where: k1 = base die-off rate (0.50)
Ft = temperature correction factor (1.0675".20))
Fap = method of application factor (0.50 for surface)
Fph = soil pH factor
p1-1

equation

3-6
6-7
7-8

1.69 -(0.26 pH)
0.25
(0.21 * pH)-1.22

Note: Modified form of equation found in Reddy et al, 1981,
J. Environ. Qual., Vol. 10
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F = FO (1-p )r

(23)

where: F = Bacteria number remaining on soil
FO = Original bacteria number on soil
r = Runoff or infiltration water depth
p = Percent reduction factor, of
infiltration, runoff
waste type

spreading

infiltration

runoff

solid
1 iquid
liquid

day 1
dayl

0.05
0.20
0.05

0.40
1.00
0.40

Equation 23

The p ercent-reduction method equation and
coefficients (Moore, et al, 1982)

5.3.6 Buffer-strip Reduction
MWASTE will also ask for a "buffer-strip" width and slope
percentage. Buffer strips act to decrease the number of bacteria
in the runoff. For a detailed discussion of the effect of
buffer strips refer to section 3.4.1 of the literature review.
The limits for the minimum value of effective width of the buffer
strip is ten feet. The slope percentage must be greater than
zero and no more than 15 percent. The reduction can be no more
than 75 percent of the total bacteria number entering the strip.
If the specified parameters do not meet the above specifications,
the buffer strip will be ignored and the program will warn the
user that the entry does not constitute an effective runoff
buffer. The buffer-strip reduction equation used and its
parameter limits are shown in Equation 24.
5.4 Output

The resulting output from the simulation will vary depending
on whether detailed or summarized output was specified initially.
Both types of output are shown in Figure 3.
The nutrient information is provided only to allow the
operator to estimate the quantity of nitrogen, phosphorous, and
potassium in the fresh manure. It is not intended that this
program be used for calculating chemical (nutrient) land-applied
and infiltrated into the soil profile or runoff concentrations.
Detailed output includes date, temperature, precipitation,
runoff, infiltration, animal inventories, duration specifications, and waste allocations. Bacterial information for pasture
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and field-spread waste, including infiltrated and runoff waste
concentrations, are also in the output. This detailed output is
printed for each day over the program simulation period.
(24)

PR=11.77+ 4.26*S

where: PR = Percent removal of bacteria
S = Buffer width /slope clo
Note: 0< PR<75
0%< slope<15%
10ft < buffer strip width
Summarized output is screen-displayed. If a printed copy is
desired, use the Print Screen key. This form of output includes
only the totaled values for waste generation, precipitation, and
bacterial information over the entire period. In both forms of
output the total microbial concentrations (number per cubic foot)
are displayed.
5.5 Execution of MSPRED
MSPRED is a companion program to MWASTE and is used to create
a schedule of spreading events on specific dates. The file
created by MSPRED is named SPRED.DAT by default, and can be
renamed by specifying an alternate name when executing MSPRED, or
by using the DOS command REName after execution of MSPRED. Drive
designators may also be specified for the location of the output
file. It is important to note that typing MSPRED will delete any
existing file called SPRED.DAT. For example, the command to
create a spreading or schedule may be:
MSPRED
or: MSPRED SR2
or: MSPRED B:SR2
The command MSPRED starts execution of the waste spread
scheduling program and creates an output file named SPRED.DAT (by
default) on the default drive. Optionally, typing MSPRED SR2
starts program execution and establishes an output file named SR2
on the default drive. The final example, MSPRED B:SR2, starts
MSPRED and creates the file SR2 on drive B.
5.5.1 Running MSPRED
Following the command, MSPRED, or one of its acceptable forms,
the program will begin execution.

-65-

To start the creation of a spreading schedule, a starting
date in Julian format must be specified. This is done simply by
entering a number from 1 to 365 (1=January 1; 365=December 31),
and pressing the return key. (Optionally, sequential date
generation by the program may be used by pressing RETURN for each
daily increment.)
The volume of waste spread on that day is then entered in
either cubic feet or gallons with the volume measurement
designated by entering C for cubic feet or G for gallons
following the number entry.
If the volume of waste to be spread is not known, the user
may request MSPRED to calculate the volume. To select this
option enter an asterisk (*) in place of a number when the spread
volume is requested.
The program will respond by asking if the waste will be:
(1) hauled - includes all waste types
or: (2) pumped - includes only liquid types (solids: 15% or less)
If option 1 is selected (waste is hauled) MSPRED will ask for
the tanker/spreader capacity. The capacity is entered in either
gallons or cubic feet, with the volume type designated by G
(gallons) or C (cubic feet). The distance the manure is hauled,
in miles, followed by the speed of the hauling vehicle in miles
per hour is entered. The time in hours of hauling per day is
then entered to complete the data required for calculation of the
spreading capacity. This value is then automatically entered as
the spreading volume for that day.
If option 2 is selected (waste is pumped), MSPRED will ask
for the pumping capacity of the waste distribution system. The
pumping capacity can be entered in either gallons per minute
(type G) or cubic feet per minute (type C). The number of
pumping hours per day (as specified by the user) then establishes
the volume of liquid waste spread that day and is automatically
entered on the spreading schedule.
To enter the spread volume for the next spread date, enter
new spread volume, calculate a new spread volume, or press Return
again to spread the same volume as the previous spread date.
to stop the waste spreading scheduling program, enter S when a
date is asked for.
MSPRED will then display a summary of spreading events, the
name of the spreading schedule file that was created, and the
volume and dates of spreading events. This file can be printed
by using the DOS command Type.
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