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The indiscriminate release of fecal bacteria to the environment

can present a public health hazard when pathogenic species gain access

to drinking and recreational water sources. The extent of bacterial

contamination of surface and ground waters associated with animal

production units and waste application areas seems largely dependent

on the production and waste management practices utilized by the

individual livestock operation. Best management practices must be

developed that will reduce to a small percentage the indicator and

pathogenic bacteria lost from these sites.

Animal production under confined conditions poses a significant

threat as a source of large quantities of enteric bacteria and

possibly pathogenic bacteria due to the massive quantities of manure

generated by these operations. Manure storage is an integral

component of waste management planning because it is used in almost

all waste collection schemes and provides a time period where

bacterial densities in the manure can be reduced either naturally or

through some artificially induced treatment method. Extended manure

storage allows greater flexibility as to when and where manure will be

land applied and thus application during climatically optimal periods

when surface bacterial die-off is maximized and losses through runoff

or percolation are minimized.

The die-off of fecal coliform and fecal streptococcus bacteria in

batch and repetitively loaded bovine manure storage systems was

investigated. Some of the critical factors affecting bacterial die-



off during storage are: (1) temperature, (2) organic matter content,

(3) the initial bacterial population density, (4) the species of

bacteria present, (5) pH, and (6) the existence or production of

bacterially toxic or beneficial compounds in the manure storage unit.

The addition of urine to stored feces had a profound but opposite

effect on these indicator bacteria causing increased die-off of fecal

coliform while enhancing the survival of fecal streptococcus.

Two patterns of bacterial regrowth were observed during storage.

An initial "aftergrowth" for 3 to 6 days following manure storage and

a "delayed regrowth", where bacterial densities began to increase

slowly, following 10 days of manure storage. At present it is

impossible to predict when regrowth will occur or the extent to which

it will progress where it does develop.

A first order kinetic model successfully described the die-off of

fecal bacteria in batch manure storage. Extension of this model to

repetitively loaded storages proved less promising because of the

strong influence of manure heterogeneity on bacterial die-off rates.

The results of this investigation indicate that minimal die-off of

bacteria is expected under typical storage temperature of 5°C to 15°C

for extended dairy manure storage systems.
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THE CONTROL AND FATE OF ENTERIC BACTERIA IN THE ENVIRONMENT

WITH PARTICULAR EMPHASIS ON THE FACTORS INFLUENCING FECAL

INDICATOR SURVIVAL IN WASTE STORAGE FACILITIES.

CHAPTER 1

INTRODUCTION

Animal manures and sludges have the potential to cause massive

pollution and present a health hazard from the enteric bacteria in the

wastes. This situation is most critical when wastes are land applied

at high rates or on sites having soils that are hydrologically or

geomophically unsuitable. In these situations high levels of bacteria

can be introduced into surface waters via runoff and contaminate

groundwater through infiltration.

Much research has been undertaken in the past to determine the

effects of various environmental parameters on the die-off of enteric

bacteria in streams, water impoundments, soils and through various

waste treatment processes. Other research has centered on the

transport processes involved in the movement of bacteria from the

point of deposition to groundwater or surface water sources.

Consolidation of this research information is greatly needed to

elucidate and quantify the effects of environmental factors on the

die-off and transport of these bacteria. Review of livestock waste

management systems is also essential for the identification of

conditions and circumstances that exhibit the greatest potential for

excessive environmental contamination. A natural outgrowth of the

integration of past experimental results is the development of

descriptive mechanisms and mathematical models to predict the fate of

pathogenic bacteria following their release to the environment.

Through these efforts improved waste management and land application

practices can be developed so that risks of bacterially related

disease transmission can be minimized.

Federal, State and local government agencies must coordinate

efforts to provide satisfactory solutions in situations where

bacterial pollution is identified and produces a significant
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human health risk. A primary example where these conditions exist has

been demonstrated at estuarine oyster production sites. Watershed

drainage into such estuary locations is all to often contaminated with

fecal wastes introduced upriver by animal production operations,

inadequate or faulty septic waste disposal systems and/or

malfunctioning sewage treatment plants. The cooperative effort of all

affected parties is critical to the development of sound land and

waste management practices that enable safe and continued use of these

presently endangered resource areas.

Confinement animal production units pose a significant threat as

originators of large quantities of enteric and possibly pathogenic

microorganisms due to the massive quantities of fecal wastes produced

by these operations. Animal wastes from diseased or disease carrying

livestock have the capability of spreading a large number host of

bacteria caused diseases, including salmonellosis, brucellosis,

anthrax and leptospirosis, to other animals as well as the human

sector (Azevado and Stout, 1974). Several extensive 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, 1978; 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

matter or by ingestion of airborne. 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 slurry tank overflow. Rankin and Taylor

(1969) studying dairy manure slurry found several different species of

bacterial pathogens in samples from various farms. Beef feedlot

runoff has been shown to contain Salmonella infantis in an

investigation by Miner et.al., 1967.
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A final route that is presently 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 to the consumer for human

consumption. Two options are available with respect to manure

management in confinement animal production operations following waste

excretion. Manure may be collected, hauled and land applied on a

daily basis or it may be collected and stored with or without

treatment in a variety of manure storage facilities. Manure storage

is an integral component of waste management planning because it is

both common to almost all waste collection schemes and allows a time

period where bacterial densities in the manure can be reduced either

naturally or through some artificially induced treatment method. It

is also at this time that the farm operator has final control as to

the fate of the enteric bacteria in the waste, before they are

released into the environment and natural factors predominate.

Extended manure storage allows greater flexibility as to when and

where manure will be land applied and thus application during

climatically optimal periods when surface bacterial die-off is

maximized and losses through runoff or percolation are minimized.

These factors should be considered when determining the economic

feasibility of a storage option to alleviate microbial contamination

problems.

Some of the critical factors affecting bacterial die-off during

storage are: (1) temperature, (2) organic matter content, (3) the

initial bacterial population density, (4) the species of bacteria

present, (5) pH, and (6) the existence or production of toxic or

beneficial compounds in the manure storage unit (Jones, 1976; Kovacs

and Tamasi, 1979). Studies on the survival of enteric bacteria in

animal wastes has previously been restricted primarily to Salmonella

sp. inoculated into the waste materials prior to storage. Strauch et.

al. (1964), utilizing poultry waste incubated at 8°C and 17°C, found

Salmonella eliminated in 5 to 25 days. Similar results were

determined with this waste material by Berkowitz et.al. (1974), where
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a 79% reduction of Salmonella sp. were shown in 19, 11 and 3 days at

10°C, 20°C and 30°C, respectively. Results are less consistent for

storage studies employing swine manure. Kovacs and Tamasi (1979)

estimated Salmonella extinction in three months due to rising pH

levels in the manure during storage, with greater survival at 20°C

than at 4°C. Temperature had the opposite effect on Salmonella

survival in a study by Thunegard (1975) where bacteria survived up to

52 weeks at 4°C white only 28 days at 20°C.

The die-off of Salmonella sp. in cattle manure slurry has

received greater attention due to the prevalence of Salmonellosis

problems in dairy production activities. Table 1.1 presents a summary

for past investigations involving cattle manure and slurry storage.

Several trends are evident from the results in the table: (1)

increasing incubation temperature reduces the survival time for

Salmonella, (2) the species of Salmonella involved has a major effect

on the survival period exhibited in storage, (3) survival in urine is

greatly inhibited, and (4) the effect of manure solids content on

bacterial die-off is equivocal. In general, the initial inoculated

population of Salmonella present in the waste was reduced by 90 to 95%

during the first 1 to 2 weeks of manure storage (Jones, 1976; Burrows

and Rankin, 1970; Thunegard, 1975).

Investigation of the die-off characteristics of other enteric

bacterial species during storage has been limited to Escherichia coli

(Rankin and Taylor, 1969; Burrows and Rankin, 1970; Kovacs and Tamasi,

1979; Tamasi and Lantos, 1983). In all studies, except those

performed by Kovacs and Tamasi (1979), E. coli die-off was similar to

or slower than Salmonella reduction. Kovacs and Tamasi (1979) found

the rate of E. coli die-off in swine manure slurry to be significantly

greater when compared to the Salmonella species tested.

Bacterial regrowth or aftergrowth is also an important factor in

determining the effectiveness of this option in reducing enteric

bacterial die-off. High levels of bacterial aftergrowth effectively

reduce the efficiency of the storage option as a means of bacterial

reduction and control. The possibility of enteric bacterial
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aftergrowth in water, soil or water treatment systems is a

controversial topic. It would seem, however, that a concentrated

manure storage unit presents a near ideal condition for aftergrowth,

second only to the intestinal tract. Aftergrowth of Salmonella and

fecal coliform in feces and manure slurries has been shown, but not

necessarily reported, by Jordan (1926), Clem (1977), Jones (1971),

Kovacs and Tamasi (1979), Berkowitz et. al. (1974), and Blum (1968).

In a study utilizing poultry slurry, Berkowitz et. al. (1979) found

that increasing temperatures inhibited Salmonella aftergrowth.

Additional research information is required on the factors controlling

this phenomenon to accurately predict the behavior of enteric

organisms in a manure storage environment.

The effects of the presence or absence of urine in stored manure

has received much less attention. The addition of urine should affect

the survival of enteric bacteria in stored manure due to the high

concentration of soluble nutrients it contains as well as the strong

influence it exerts on the pH of the manure. Best et.al. (1971) and

Gudding (1975) have reported increased die-off of Salmonella sp. in

urine when compared to manure slurries. Little research has been

conducted to ascertain the effect of urine addition to fecal matter

with respect to subsequent enteric bacterial survival.

Previous research on the survival of pathogenic and fecal

indicator bacteria in animal waste storages has been restricted to

static, batch loaded experiments where bacterial populations have been

monitored, under various environment and physical conditions, over

time. In actual storage situations, manure is usually repetitively

loaded into the storage facility on a daily basis. This periodic

addition of fresh waste may have several important consequences with

respect to the behavior of the fecal bacteria present. Introduction

of fresh, available nutrients in the manure could stimulate additional

growth of the bacteria present in the stored waste. The indigenous

bacterial population would also change the competitive environment to

which the newly added fecal bacteria must acclimate. The effects of

repetitive loading of manure must be determined to assess the validity
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of previous batch storage bacterial die-off experiments.

An accurate estimate of the die-off of enteric bacteria in

storage facilities is critical to the prediction of the quantity of

bacteria, released through land application, that will subsequently

enter the soil, groundwater and surface waters. Development of

mathematical models or other descriptive tools for this process is

therefore crucial if a quantitative and realistic description of the

overall fate of enteric bacteria in the environment is to be achieved.
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Table 1.1 Summary Of Die-off Time For Salmonella sp. In Dairy
Manure.

Waste TS Inoculuma Temper-Die-off b Reference
Type Level ature time

(%) log (#/ml) °C (days)

Liquid 10.7 5.7 10 140 Gudding
Semi-solid 17.3 5.7 10 84 (1975)
Solid 25.5 5.7 10 49
Urine 1.5 5.7 10 35

Slurry 4.7 6.0 5 132 Jones
4.7 6.0 10 132 (1976)
4.7 6.0 20 57
4.7 6.0 30 13

1.0 6.3 10 93
2.9 6.3 10 118
4.8 6.3 10 142
1.0 5.0 10 86
2.9 5.0 10 111
4.8 5.0 10 114
0.9 5.2 10 83
5.0 5.2 10 97
7.0 5.2 10 97
9.0 5.2 10 97

Slurry 6.0-8.0 9-10 49-210c Best et.al.
Urine 57-84c (1971)
Calf slurry 12-33c
Slurry 8.7 7.0 5 217-231c Findlay

9.3 7.0 15 126-133c (1972)
Slurry 0.2 6.0-7.0 Winter 35 Burrows &

0.4 6.0-7.0 11 63 Rankin
2.0 6.0-7.0 .. 63 (1970)
2.6 6.0-7.0 .. 49
4.5 6.0-7.0 11 63

Slurry 7.0 Winter 84d Rankin &
Taylor(1969)

Slurry 9.3 6.7 1-6 135-160c Thunegard
6.7 18-20 14-30c (1975)

8.4 7.5 1-6 74-196c
7.5 18-20 14-22c

a-Inoculum level defined as log (initial bacteria number/ml).
b-Die-off time defined as time when no bacteria are recovered.
c-Range values for various Salmonella sp.
d-Final bacterial population < 100/ml.
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CHAPTER 2

OBJECTIVES

The objectives of this investigation are briefly expressed as

follows:

1). Consolidate and summarize literature on the environmental

risks created by agricultural practices and land application of wastes

with respect to bacterial contamination of water resources.

2). Determine from the literature review the circumstances and

situations most critically responsible for bacterial pollution of

subsurface waters and groundwater.

3). Evaluate the effectiveness of modeling efforts in predicting

the fate of enteric bacteria in soil, water and waste treatment

systems.

4). Report on a case study showing how multilevel governmental

cooperation and integrated planning can achieve reduced bacterial

pollution and improved economic welfare on a watershed basis.

5). Determine the affects of temperature and dilution on the

die-off of enteric indicator bacteria in dairy waste storage systems.

6). Conduct laboratory research to investigate the relationship

between urine addition and other important environmental factors and

bacterial regrowth following waste collection and storage.

7). Generate and use results of batch bacterial die-off studies

to model the behavior of fecal bacteria under repetitive manure

loading conditions.

8). Examine and evaluate the accuracy and sources of variation

involved in the sampling and analysis of fecal bacteria in stored

bovine manure.
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CHAPTER 3

BACTERIAL POLLUTION FROM

AGRICULTURAL SOURCES: A REVIEW

S. R. Crane, J. A. Moore, M. E. Grismer, J. R. Miners

3.1 ABSTRACT

The potential for environmental contamination through the

indiscriminate handling of agricultural wastes has been a topic of

intensive research during the past two decades. Most of this activity

has been directed toward studying nutrient pathways and

transformations with little attention given to studying the

bacteriological aspects of these wastes. The purpose of this paper is

to review and summarize the reports of research conducted on bacterial

pollution emanating from agricultural sources. This review should be

helpful to others who plan to initiate studies in this subject area.

The summary concludes with recommended best management practices that

both minimize bacterial transport and reduce the potential for disease

transmission from agricultural lands.

Key words: Agricultural Pollution, Bacterial Pollution, Enteric

Bacteria, Best management Practices, Buffer Strips, Runoff.

a The authors are: S.R. Crane, Research Assistant, J.A. Moore,
Professor, M.E. Grismer, Former Graduate Research Assistant, and J.R.
Miner, Professor and Former Head, Agricultural Engineering Department,
Oregon State University, Corvallis, Oregon, 97331. Journal paper No.
6446, Oregon Agricultural Experiment Station, Corvallis, Oregon.
Project 907. This work was supported in part by a grant from Tillamook
Soil and Water Conservation District-- USEPA.
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BACTERIAL POLLUTION FROM

AGRICULTURAL SOURCES: A REVIEW

S. R. Crane, J. A. Moore, M. E. Grismer, J. R. Miner

3.2 HEALTH RISKS ASSOCIATED WITH AGRICULTURAL WASTE DISPOSAL

The potential for disease transmission from agricultural waste

disposal 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,

1979). The diseases are potentially spread by animal manures are

shown in Table 3.1.

Several extensive 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, 1978; Strauch, 1976; Rankin and Taylor, 1969). Land

application of wastes can 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 matter or by airborne

ingestion. Bacterial contamination of surface and ground waters by

runoff and seepage from agricultural sites is also possible. Few

disease outbreaks have been caused by bacteria of livestock origin but

this possibility was shown by Jack and Hepper (1969) where

salmonellosis mortality was traced to seepage from a slurry tank

overflow. Rankin and Taylor (1969) studying dairy manure slurry found

several different species of bacterial pathogens in samples from

various farms. Beef feedlot runoff has been shown to contain

Salmonella infantis in an investigation by Miner et.al., 1967.

A final route that is presently receiving study is transmission

of disease through vegetative matter that has been irrigated with

liquid manure or other waste effluents. Bacterial ingestion can be
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from direct feeding of livestock on these areas or by harvested crops

used as forage materials or sold to the consumer for human

consumption.

The potential for disease transmission from land applied waste

materials is apparent. Land application, however, may be the best

method of re-cycling organic wastes if precautions are taken to

protect the surface and groundwater and waste management practices are

followed so as not to overload the assimilatory capacity of the soil.

3.3 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 bacterial indicator are that

they:

1). exist 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). the indicator should only be found in association with the

particular waste source and its presence is, therefore, a

positive indication of contamination.

The use of indicator bacteria is common for economic and

methodological reasons. To monitor actual pathogenic bacteria and

other pathogenic organisms would require the use of a huge number of

complex, expensive and not fully proven techniques, as well as highly

trained laboratory personnel to perform these analyses. In addition,

techniques have not been developed 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 be present. These indicators, for the reasons stated above, must

be easy to quantify with testing methods applicable to a wide variety

of sample mediums and methodology should be simple enough to be
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carried out on a routine basis in the laboratory. These techniques

must also be reliable so 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 coliform, fecal coliform and fecal

streptococci.

Many questions have been raised as to which indicator is the best

for use in bacterial monitoring for fecal pollution. Total coliform

have historically 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 coliform sp. of natural origin (non-enteric) can be introduced so

as to make this organism ineffective as a true sign of fecal

contamination. Fecal coliform eliminate this problem because they are

only produced in the intestine of warm blooded animals. Fecal

streptococci are less specific in nature but are also predominantly

isolated only from enteric sources. Problems in identification and

specificity of testing methods for elimination of non-enteric fecal

streptococci sp. native to vegetation, soil, and insects have been

reported (Kibbey et.al., 1978; Hunt et.al., 1979; Geldreich,1976).

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; Geldreich, 1976; Feachem, 1975; Geldreich and Kenner,

1969). These factors should be assessed at the outset of the

investigation in order to avoid conflicting results or needless

expense.

Little information is presently available on the factors

controlling the persistence of these bacterial indicators from

agricultural sources or how well these organisms indicate the presence

of pathogenic species. Several studies have shown that high levels of

total coliform 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, 1979; Kunkle, 1979). These same investigators
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have found that fecal coliform seem the most sensitive to actual

levels of fecal contamination of soil when measured in runoff from

these areas. Research is needed on the parameters affecting indicator

and pathogenic bacterial populations in surface runoff, groundwater

seepage and soil to determine which indicator could be most

efficiently monitored under any particular set of environmental

conditions. At present, the most persistent organism should be chosen

to be conservative on the side of public safety.

3.4 BACTERIAL INDICATOR POPULATIONS IN ANIMAL MANURES

The initial concentration, or more generally the quantity, of

bacteria in animal manures, deposited on land directly or applied to

the land after collection and possible treatment at a confined animal

production site, is of major importance. These values determine the

upper potential or maximum quantity of bacteria available to pollute

surface and groundwater. They are also important for determining the

effectiveness of land treatment systems for the removal of fecal and

pathogenic bacteria. Initial values are also needed when determining

or modeling the die-off of these organisms in storage facilities or in

soil. The average daily bacterial output for many animal classes can

be determined using Tables 3.2 and 3.3. These tables, summarizing the

literature, present bacterial indicator populations and waste

generation rates for many animal types. The word "average" should be

stressed because as can be seen, fecal bacteria concentrations vary

widely between studies. Reasons for this variability are many and

include animal age, ration, housing type and manure management system.

Factors specifically influencing the bacterial composition of manure

are animal health, use of antibiotics or other inhibitory substances

in the feed, environmental stresses on the animal and the amount of

cleaning and disinfection used in the livestock operation. Also of

methodological importance is the plating media, technique and sample

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
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et.al., 1972; Kenner et.al., 1960; Rose et.al., 1975; Croft, 1959;

Hallman and Seligmann, 1950). Reviews summarizing these problems and

their effects were written by Hendricks (1978) and Kenner (1978).

Pathogen populations in animal manures are highly variable,

changing with time at rates greater than other enteric organisms.

Their density is 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 pathogenic organisms in their fecal

discharge at any time unless disease is in epidemic proportions. In

this case, special precautions should be taken in manure treatment and

disposal. Of special concern are disease "carriers" who defecate

pathogens in significant numbers but exhibit minimal or no disease

symptoms. The generally low level of pathogen contamination in animal

manures is the major reason for utilizing indicator bacterial

populations.

An investigation by Jones (1971) studied the effects of housing

type and feed ration on bacterial concentrations in manure. She

reported that bacterial counts 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

streptococci were undertaken by Geldreich et.al. (1962), Kenner et.al.

(1960, 1961) and Pavlova et.al. (1972). 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 type. These

data may be useful for determining the source of fecal contamination

in water and soil (Geldreich, 1978; Geldreich and Kenner, 1969;

Geldreich, 1976; Feachem, 1975).

3.5 VEGETATIVE TRANSFER OF BACTERIA

Burrows and Taylor (1971) found that Escherichia coli survived 7

to 8 days while Salmonella dublin persisted up to 18 days on growing

pastures. Cutting the pastures reduced bacterial survival times for

the above species on the grasses, probably through its effects on
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drying rates and increased exposure to solar radiation. Brown et.al.

(1980) reported that environmental factors such as temperature,

humidity, precipitation and exposure to sunlight are the dominant

parameters involved in influencing the bacterial die-off rate on

foliage. In a greenhouse study these investigators found that a

period of 2 to 3 weeks was 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 5 days of

sunlight were needed to reduce populations of E. coli and S. typi to

non-detectable levels (Kovacs and Tamasi, 1979). In several studies

with municipal sewage lagoon effluent (Bell, 1976; Bell and Bole,

1976) it was found that die-off of fecal coliform was dependent 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 from splashing of soil particles caused by raindrop

impact. 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 et.al., 1973; Tanock and Smith,

1971).

3.6 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 highly pollutional nature of runoff from feedlots has

been quantified by many investigators and 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
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municipal type designs to simpler and more economical methods such as

settling, gravity filtration or lagooning. Roofed and confinement

operations also face a similar problem since wastes generated in these

units are more concentrated. The end product of treatment for all

systems, however, must still be applied to the land for final

treatment and disposal because the effluent will normally be too

polluted for direct stream discharge.

Once manure is land applied it becomes a potential non-point

source of pollution from the agricultural sector. Pasturing

operations of medium to low 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 of this waste have been

largely ignored. The results in Table 3.4 summarize studies that have

investigated the bacterial runoff quality from agricultural sources

and small agriculturally oriented watersheds.

Several important conclusions are readily drawn from these data.

First, in many investigations there is little difference in the

bacterial concentrations in runoff between areas used as pastures and

control areas where manure has not been applied (Doran and Linn, 1979;

Kunkle, 1979; McCaskey et.al., 1971; Robbins et.al., 1971). This has

been attributed to contamination from wild animals (Schepers and

Doran, 1980) or to the build-up of stable bacterial populations in the

soil (Smallbeck and 8romel, 1975; Faust, 1982). These results suggest

that the low manure loading associated with tow density pasture

systems present a minimal contribution of microorganisms to surface

runoff from these areas.

As a rule, recommended standards for recreational use of the

water are exceeded by agricultural runoff (Table 3.5). Harms et.al.

(1975) found that the criteria of 1000 organisms/100 ml was never met

at any time for snowmelt runoff on cultivated areas or rainfall runoff

on pasture areas. This is primarily due to an abundant and stable

native population of total coliform and difficulty in determining and

differentiating fecal streptococci species of enteric origin in the



17

soil environment (Faust, 1982; Kibbey et.al., 1978). Other

researchers have shown similar results (Kunkle, 1979; Schepers and

Doran, 1980). Kunkle (1979) stated that fecal coliform populations

appear to be more responsive to waste application than the fecal

streptococci or total coliform groups, probably caused by a greater

susceptibility to die-off in terrestrial systems for these bacteria.

The data of Harms (1975) also seems to reflect this phenomenon. It is

suggested that a closer took into the bacterial composition of

agricultural runoff be made to determine if this trend toward high

bacteria populations is actually indicative of a health hazard or is

just naturally caused by indigenous soil species. If the latter is

true, standards adopted for point source discharges can never be met

and new recommendations should be adjusted accordingly.

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 safety 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 density. 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 availability

and transport of surface materials were sufficient to cause greatest

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.
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3.7 DETERMINATION OF THE QUANTITY OF BACTERIA TRANSPORTED FROM ANIMAL

WASTE APPLICATION SITES

Research completed on bacterial pollution within the environment

has generally centered on the various parameters involved in bacterial

die-off and movement. It must be recognized that actual quantities of

bacteria transported from land application sites are dependent on the

complex interaction of many factors (Tables 3.6 and 3.7).

Investigation of this problem by several researchers on a macro scale

has been attempted 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 is also utilized to

estimate the relative effectiveness of various management practices,

such as the use of buffer areas or different application methods, for

reducing bacterial losses. Robbins et.al. (1971) studying various

livestock operations in North Carolina determined that 3% to 23% of

the fecal coliform on fields by manure application or defecated

directly by animals were lost in runoff from these areas on an annual

basis. The actual quantity was dependent on the individual livestock

operation presumably because of differences in or lack of manure

management techniques. These percentage losses seem very high in

comparison to other research results and are probably 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 per year.

Using their data, it was determined that the maximum annual removal of

applied total coliform, fecal coliform and fecal streptococci was

0.06%, 0.007%, and 0.008%, respectively, of those applied, by

analyzing runoff from these areas. Bacterial losses were highest for

the solids spreading technique (above) and lowest for the liquid
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manure application method (0.0005% - 0.00012%). This study was

performed on a minimally sloped sandy loam soil with bermuda grass

cover. These results indicate that manure can indeed be spread with

little potential of bacterial pollution under optimal conditions.

In a recent pilot study by Kunkle (1979), under summer conditions

(25-30°C) utilizing surface spread liquid dairy manure at 8 mt (wet

weight) per acre on a Cabot silt loam soil with grass cover, it was

observed that only fecal coliform populations in runoff declined with

time after manure application. Total coliform, fecal streptococci,

and enterococci runoff population densities remained constant through

out the study at Levels similar to those prior to application. This

was attributed to extremely high background contamination from these

organisms. Total losses of fecal coliform in runoff from simulated

rainfall totaled 6.73% 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 following manure

application. After the initial irrigation, all subsequent events

removed only 0.061% of the remaining applied fecal coliform. Emphasis

is placed on how critical the first runoff event seems to be in

removal of bacteria by surface runoff. A similar finding was

expressed by Dunigan and Dick (1980) when sewage sludge was land

applied at excessive rates. They reported that high fecal coliform

counts were found in runoff until a dry weather period had elapsed and

the sludge was thoroughly dried. In a study by Crane et.al. (1978),

applying 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 run off. If

runoff occurred during the day of application, 58% to 90% of the fecal

coliform and 20% to 32% of the fecal streptococci applied with the

manure were removed. If residence time was increased to 1 to 3 days,

the percentage removal was dramatically reduced (0.22% to 0.1% and

0.14% to 0.32% ,respectively). This decline was not due to die-off

because bacterial counts in the surface soil revealed that a constant

population of these organisms were present during the three day

period. These observations indicate that time dependent processes are
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involved in the transfer of bacteria from soil to liquid runoff.

Marshall (1980), Marshall (1971), and Daniels (1980) have presented

comprehensive reviews of research on bacterial-solid interactions and

adsorption processes. From these reviews it is suggested that the

increased residence time allows greater contact between soil materials

and applied microorganisms. This increases adsorption and fixation by

ion exchange, surface charge attractive forces, and polymer bridging

between solids and bacterial surfaces. Since the kinetics of these

mechanisms are controlled by diffusional processes, the above results

seem feasible. In general there has been little study of the

mechanisms involved in bacterial transfer from the solid (soil) to

liquid phase prior to transport in runoff and to the factors

controlling these processes. This information is critical for

estimating the potential for bacterial pollution via surface runoff.

Bacterial losses in sub-surface drainage water from fields used

for animal manure application have been reported by Evans and Owens

(1972) and Korkman (1971). Total enterococci losses from swine waste

application on a silty clay soil at 50 mt/ha wet weight, followed by

100 mm irrigation, were 3% of those applied (Korkman, 1971). 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 the manure and soil.

Evans and Owens (1972) applied dilute liquid swine waste to a

pasture 3 times during the winter and monitored the drainage

discharge. They found that E. coli and enterococci counts increased

substantially less than 2 hours following application and then

declined to initial levels (prior to application) after 2 to 3 days.

The bacteria loss in this time period ranged between 0.03% and 0.05%

of that applied on the surface. These investigators suggest that

bacterial losses were influenced by three main factors: (1) the flow

rate of the drainage discharge, (2) the number of bacteria in or on

the soil profile, and (3) 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.
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The surface soil zone appears to be more effective than

subsurface soil layers in bacterial removal or immobilization. This

phenomenon was reported by Edmonds (1976) where it was concluded that

the surface soil and organic material acted as a biofilter to enteric

bacteria. Several processes seem important to increased bacterial

removal in this layer. First, is the biological interaction and

competition from indigenous species that reside in greatest

populations near the soil surface (Romero, 1970). A biological "mat"

can be formed in this surface zone similar to that experienced near

septic tank drainage tiles for effective removal of enteric bacteria

(McCoy and Hagedorn, 1979). Secondly, the greater quantity of organic

matter in this layer should increase the effectiveness of both

filtration and adsorption mechanisms for bacterial removal (Gerber

et.al., 1975; Marshall, 1971).

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 prior to a precipitation or irrigation event. If

runoff or leaching occurs before a residence time of one day,

substantial losses of bacteria can be expected. Other important

variables 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 vs. liquid) may also be important factors. Sub-

surface injection would tend to completely remove bacterial tosses via

surface runoff, however, the probability of movement with drainage

water is greatly increased due to 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
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is not caused by the irrigation event itself. Minimal loss of

bacteria would be expected in drainage water as long as irrigation

rates (volume) were not excessive.

3.8 RECOMMENDED PRACTICES TO REDUCE HEALTH RISKS

In their review of health aspects of waste application to land,

Morrison and Martin (1977) suggested the following areas should be

considered:

1). manure, sludges and slurries should not be applied to crops

to be directly grazed (eaten raw) unless adequate time is

allowed for bacterial die-off on the vegetation,

2). quantities of waste applied at 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 via wind, insects, rodents or flowing waters,

and

4). treat and isolate infected animals to reduce the potential of

elevated pathogenic bacterial densities in the waste

material.

3.9 MANAGEMENT PRACTICES TO MINIMIZE BACTERIAL LOSSES

3.9.1 Buffer Areas And Vegetative Filters

The use of pasture or forest buffer areas surrounding waste

application sites that act as overland flow treatment systems during

runoff, has proven very effective in removal of nutrients in runoff

originating from these sources (Vanderholm and Dickey, 1978; Bingham

et.al., 1978; Thomas, 1974; Thomas et.al., 1974; Johnson and Moore,

1978). The important mechanisms involved in this process were

summarized by Johnson and Moore (1978) as:

1). a reduction in runoff volume by increased infiltration,
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2). a decrease in runoff velocity due to 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

the influence of 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 which determined runoff contact time and buffer

area which influences overall infiltration. Bingham et.al. (1978)

also reported several other factors having direct influence on

pollutant removal during overland flow. 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 suggests conflicting results. Jenkins et.al. (1978)

using an overland flow system for treatment of primary and secondary

wastewater effluents found that 96% to 99% of fecal coliform in these

effluents were removed in the summer. This was reduced, however, to

less than 65% during the winter and was attributed to decreased

infiltration by frozen soil. Opposite results were implied in an

investigation by Peters and Lee (1978) utilizing overland flow on a

reed-canary grass-fescue cover treating municipal waste water. Fecal

coliform densities increased with overland treatment during summer

months, which was thought to result from bacterial regrowth at warmer

temperatures. Maximum removal during the winter period was only 60%

on a concentration basis. Hunt et.al. (1979) reporting on this same

investigation found that total coliform and fecal streptococci

concentrations in effluents following overland flow treatment were

always higher than in the initial wastewater applied, regardless of

season.
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In all 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.

Bacterial removal was 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

coliform in runoff from pasture areas where the chemical make-up 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

overland flow bacteria at high concentrations (>10
5 organisms/100 ml).

The bacterial populations in runoff from these buffer areas seems to

equilibrate at about 10 4 to 10
5 organisms per 100 ml, regardless of

environmental conditions. The research reported by Doyle (1975) and

Young et.al. (1980) seem to contradict the above conclusions, but with

closer examination these differences could be explained. Doyle (1975)

applied fresh dairy waste to pasture plots utilizing a forested strip

as a buffer area. He found fecal coliform and fecal streptococci were

effectively removed (99%) from the runoff within 4 meters from the

edge of the application site. Bacterial concentrations in the order

of 10 4/100 ml, however, were still determined in the effluent from the

buffer area. 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 coliform x 10
6 /100 ml = 67.34 1.90 L (r

2 = 0.77)

where L is the length of buffer strip (flow distance) in meters.

Utilizing this relationship they suggested that a 36 m length of

buffer would reduce bacterial densities in the runoff below 10
3 /100

ml. The buffer lengths in this study were only 27 m in length and at

this distance total and fecal coliform concentrations were still in

the order of 10 5 to 10
6 /100 ml. Therefore, extrapolation of the

statistical relationship to much greater removal efficiencies is
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highly suspect.

It seems that buffer areas can be used to advantage in removing

bacteria from wastes or effluents containing greater than 10
5

organisms/ml but further reductions are dependent on season, soil

infiltration rates and other factors that need further quantification.

3.9.2 Application Method

The effect of application method on bacterial losses from waste

application sites has received little attention. McCaskey et.al.

(1971) studied bacterial losses in runoff from grassed plots following

dairy manure application in liquid, semi-liquid, and solid forms. No

clear advantage was shown between manure application methods or rates

with respect to bacterial densities of total coliform, fecal coliform

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

tend to indicate that the lowest bacterial losses were attained by

applying liquid manure, while greatest bacterial losses occurred using

the solid spreading technique.

Sub-surface injection or plow under application of wastes should

virtually eliminate bacterial losses in runoff as long as the method

employed effectively places manure below the soil surface. Sub-

surface injection could, however, lead to increased bacterial losses

via ground water movement due to less contact of bacteria with the

more active soil surface zone. This relationship and its effects

deserve further study. Sweeten and Reddell (1976) also suggest that

uniformity of application on the soil is important in reducing the

pollutional potential of the waste.

3.9.3 Application Time And Use Of Storage Facilities

Waste application on frozen ground or snow cover should be
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avoided (Robbins et.al., 1971). The cooler temperatures increase both

bacteria survival time and availability of bacteria to runoff by

restricted infiltration into frozen soil.

Application should also be avoided for a minimal time period of

24 to 72 hours prior to a runoff event, with the longer time interval

preferred. This procedure, although obviously limited by the ability

to accurately predict the weather as well as 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 contamination 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 prior to application on the land.

More work is needed to assess the economic feasibility of this option

in regards to reducing environmental pollution.

3.10 SITE SELECTION CRITERIA FOR WASTE APPLICATION SITES AND

LIVESTOCK OPERATIONS

The recommended parameters to consider when selecting a site for

applying waste materials to land were summarized by Sweeten and

Reddell (1976), Morrison and Martin (1976) and Robbins et.al. (1971).

Application areas should be of low erosion potential and on soils

of medium to good permeability where water tables do not fluctuate

near the surface seasonally. Flood plains, grassed waterways or

natural drainage paths should usually be avoided. Adequate knowledge

of the geology and hydrology of the receiving area is also essential

so that ground water, particularly nearby wells, is protected and

runoff directly to surface water sources is minimized.

Concentrated livestock operations must locate dry lots, exercise

areas and manure storages away from hillsides and all sites with

direct access to streams or drainage ditches. All runoff or leachate
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from these sources should be collected and applied on the land to

reduce the possibility of strong bacterial point source contamination

of nearby waterways. Livestock should also be restrained from direct

defecation into streams and other natural water sources.

3.11 SUMMARY

The extent of bacterial contamination of surface and ground

waters associated with animal production units and waste application

areas seems largely dependent on the production and waste management

practices utilized by the individual livestock operation. Best

management practices must be developed and proven both technologically

and economically feasible, that will reduce to a small percentage the

indicator and pathogenic bacteria lost from these sites. It must be

recognized, however, that even with implementation of best management

practices, that indicator bacterial densities in runoff will probably

range from 10 3 to 10 5 organisms/100 ml as has been shown previously to

be the base or background levet from agriculturally oriented Land use

areas.
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Table 3.1 Diseases And Organisms Potentially Spread By Animal

Manures.
a

Diseases Responsible Organism

Bacteria

Salmonellosis
Leptospirosis
Anthrax
Tuberculosis

Johnes Disease
Brucellosis

Listeriosis
Tetanus
Tularemia
Erysipelas
Colibacilosis
Coliform mastitis-

metritis

Rickettsia)

Q Fever

Viral

New Castle
Hog Cholera
Foot and Mouth
Psittacosis

Fungal_

Coccidioidomycosis
Histoplasmosis
Ringworm

Protozoal

Coccidiosis
Balantidiasis
Toxoplasmosis

Parasitic

Salmonella sp.
Leptospira pomona
Bacillus anthracis
Mycobacterium tuberculosis
Mycobacterium avium
Mycobacterium bovis
Mycobacterium paratuberculosis
Brucella abortus Brucella melitensis
Brucella suis
Listeria monocytogenes
Clostridum tetani
Pasturella tularensis
Erysipelothrix rhusiopathiae
E. coli (some serotypes)

E. coli (some serotypes)

Coxiella burneti

Virus
Virus
Virus
Virus

Coccidoides immitus
Histoplasma capsulatum
Various Microsporum

and Trichophyton

Eimeria sp.
Balatidium coli
Toxoplasma sp.

Ascariasis Ascaris lumbricoides
Sarcocystiasis Sarcocystis sp.

a From Azevedo and Stout (1974), p. 60.



Table 3.2 Bacterial indicator concentrations in animal manures.*

Animal Type Total Coliforms Fecal Coliforms
Fecal

Streptococci
Total

Enterococci Reference

Cow (f.w.) 1.3x106/g 1.6x105/g Kenner et al. (1960)
Dairy (f.w.) 4.67x10' /gdw 2.70x107/gdw Doyle eiaT: (1975)
Dairy cow (r.w.) 8.7x105/9 8.5x105/9 107/g McCoy TT917)
Cattle slurry ( @12.5XTS) 105-106/g Jones and Matthews (1975)
Cow 2.3x105/g Geldreich et al. (1962)
Cattle manure 6x105/9 3.1x105/g Maki and PiTaFd (1965)
Cattle manure 104-106/g 105 -108 /g Nuru at al. (1967)
Cattle manure 3.4-.6x105/g 3.2-5.1x105/9 3.5-17x106/g WitzeT-et al. (1966)
Cattle feedlot waste 5x10'/gdw 4.5x10'/gdw Hrubantet-il. (1972)
Beef cow (r.w.) 3.3x106/g 7.1x101/9 Hrubant at T. (1972)

(confined) 3.9x106/9 1.8x10"/g Hrubant et 1T. (1972)
(unconfined) 1.40x10r6 /g 2.6x104/g Hrubant at T. (1972)

Cow 2.89x105/g 1.65x106/g Slanetz 1Bartley (1957)
Cattle (f.w.) 1.0x105/g Pavlova at al. (1972)
Cow (r.w.) @17.9%TS 1.0x107/gdw 9.7x105/gdw Jones (1g71T-
Beef feedlot solids 1-4x107/gdw Rhodes & Hrubant (1972)
Swine (f.w.) 6.5x105/ml 3.4x106/m1 Crane et al. (1978)
Pig (f.w.) 8.4x107/g 8.4x106/g Kenner at al. (1960)
Hog 3.3x106/9 Geldrei1 et al. (1962)
Sheep (f.w.) 3.8x107/g 9.42x106/g Kenner et T.- (1960)
Sheep 1.6x107/9 Geldreici et al. (1962)
Sheep 9.7x105/9 6.28x105/g Slanetz & Biriley (1957)
Sheep (f.w.) 6.6x105/9 Pavlova et al. (1972)
Sheep (r.w.) @26.3%TS 7.4x100/gdw 6.0x106 /gdw Jones (1§71T

(.77- 650x105 /gdw) (.092-60x105/gdw) Jones (1971)
Chicken (f.w.) 3.4x106/g 2.10x106/g Kenner et al. (1960)
Chicken 1.3x106/g GeldreiZE et al. (1962)
Poultry (r.w.) 1.4x101/9 1.9x106/g Crane at at T-080)
Chicken (f.w.) 6.2x105/9 Pavolyiet al. (1972)
Duck 3.3x107/g Geldrela-el-al. (1962)
Turkey 2.9x105/9 Geldreich if T. (1962)
Geese (f.w.) 8.4x105/g Pavlova at al .(1972)
Horse 1.4x105/9 1.5x104/9 Slanetz 1Bartley (1957)
Horse (f.w.) 5.8x105/9 Pavlova at al. (1972)
Horse (r.w.) @25.6%TS 1.0x105/gdw 9.4x104/gdw Jones (1571T-
Horse 1.26x104/9 6.3x106/g Geldreich (1978)
Dog 4.46x10P/g 2.75x107/11 Slanetz 6 Bartley (1957)
Rabbit (f.w.) 8.5x105/9 Pavlova at al. (1972)
Rat (f.w.) 3.9x106/g Pavlova et T. (1972)
Cat 7.9x10!/9 2.7x107/g GeldreicE-(1978)
Dog 2.3x10'/g 9.8x108/9 Geldreich (1978)
Mice 5.3.<105/9 7.78106/9 Geldreich (1978)
Rabbit 20/g 4.7x104/g Geldreich (1978)
Chipmunk 1.48x105/9 6.0x106/9 Geldreich (1978)

*all values expressed per gram wet waste (as is) unless otherwise noted
gdw - per gram dry solids
f.w. = fresh waste as defecated
r.w. = raw waste as collected, may include a short storage period
%TS = % total solids



30

Table 3.3 Daily Manure Production For Various Animal Types.a

Animal Total Manure Production % Total
Weight Water Solids

Animal Type (lb) (lb/day) (cu ft/day) (%) (lb/day)

Dairy cattle 150 12 0.19 87.3 1.60
250 20 0.32 87.3 2.60
500 41 0.66 87.3 5.20
1000 82 1.32 87.3 10.40
1400 115 1.85 87.3 14.60

Beef cattle 500 30 0.50 88.4 3.50
750 45 0.75 88.4 5.20

1000 60 1.00 88.4 6.90
1250 75 1.20 88.4 8.70

Swine
Nursery pig 35 2.3 0.038 90.8 0.20
Growing pig 65 4.2 0.070 90.8 0.39
Finishing pig 150 9.8 0.100 90.8 0.90

200 13.0 0.220 90.8 1.20
Gestate sow 275 8.9 0.150 90.8 0.82
Sow and litter 375 33.0 0.540 90.8 3.00
Boar 350 11.0 0.190 90.8 1.00

Sheep 100 4.0 0.062 75.0 1.00

Poultry
Layers 4 0.21 0.0035 74.8 0.053
Broilers 2 0.14 0.0024 74.8 0.036

Horse 1000 45.0 0.75 79.5 9.40

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



Table 3.4 Sunmmry of agricultural bacterial runoff quality from previous investigations.

Bacterial Numbers in Runoff

Number/100 ml
Description of Study Organism* (unless stated otherwise) Reference

I. Pasture and Grazing Systems Runoff

(1) Cow pasture (runoff taken from grazed, un- F.C.
grazed and control areas, South Central F.S.
Nebraska) F.C.

F.S.

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

T.C.

(3) Grazed and ungrazed pasture (runoff measured F.C.
on yearly average and base flow in drainage F.S.
water, Washington) T.C.

(4) Grazed and ungrazed pastures (snowmen F.C.
runoff, Nebraska) F.S.

T.C.

(5) Lightly grazed pasture area F.C.

T.C.

(6) Animal production area drainage water F.C.
taken by season for two years

T.C.

(7) a. Pasture areas with snow melt and rain-
fall measured (South Dakota)

b. Snow melt and rainfall runoff from
cultivated areas (South Dakota)

Grazed Ungrazed Control
Pasture Pasture Area

1.21 x 10
5

5
1.10 x 10

4

7
Schepers and Doran, 1980

3.6 x 10
3

1.06 x 10
3

1.16 x 10
4

1.39 x 10
4.90 x 10 7.90 x 10

40 Head/ha 10 head/ha 0 head/ha

4
12.98 x 10

4
1.28 x 10

3
5.8 x 10 3 Dixon et al. 1977

2.57 x 10
3

1.60 x 10
3

1.45 x 10
4

7.27 x 10 7.96 x 10 1.27 x 10

Grazed Ungrazed

Average Base Flow Average Base Flow

1.1 x 10
3

3
1.5 x 10

2

2
6 x 101 3 1 x 1612 Saxton and Elliott, 1980

1.6 x 10
4

4.2 x 104 x 10 5 1.2 x 10
4

5.9 x 10 2.3 x 10 1.07 x 10 4.1 x 10

Grazed Ungrazed
2

0 -1.1 x 10
3

2
0 -2.2 x 10 4

0 -6.0 x 10
4

0.75 -1.62 x 10
4

0.79-33 x 10 0.7 -170 x 10

Lightly Grazed Pasture

4.46 x 10
3
(2 3-140 x 103 )

2.94 x 10
4

(2.6- 80 x 10
3

)

Season

Fall Winter Spring Summer

((1 2.15 x 10
2

5.56 x 10
2

2.38 x 10
4

31.50 x 10
2 2

2) 2.85 x 10
4

1.33 x 10
4

0.15 x 103
5

1031.30 x
il) 6.2 x 10 4 2.3 x 10 4 1.85 x 105 x 104
(2) 3.1 x 10 1.9 x 10 4.98 x 10 8.40 x 104

Snow Melt Runoff Rainfall Runoff

(% of time counts exceed 1000/100 ml)

F.C. 50% 50%
F.S. 75% 100%
T.C. 95% 100%
F.C. 50% 20%
F.S. 100% 90%
T.C. 100% 90%

Doran and Lin, 1979

Kunkle, 1970

Jones, 1971

Harms et al. 1975



Table 3.4 (continued)

Description of Study

Bacterial Numbers in Runoff

Number /100 ml
Organism* (unless stated otherwise) Reference

(8) Dairy resting pasture runoff
(Tennessee)

Resting Pasture

F.C. (1) 8.9 x 10
4

Barker and Sewell, 1973
2.0 x 10

T.C. Ili1.8 x 10 4
(2) 7.6 x 10

II. Manure Application Area Runoff

F.C.

F.S.

T.C.

F.C.

T.C.

F.C.

F.C.

F.C.

F.S.

T.C.

F.C.

F.S.

T.C.
F.C.

F.S.

T.C.

Treated Control

Kunkle, 1979

Barker and Sewell, 1973

Janzen et al., 1974

McCaskey et al., 1971

0.1- 1.0 x 10
2

4
0.1- 1.0 x 10

4

5
1.0-5.0 x 10

4
0.5-2.0 x 10

4
1.0-9.0 x 10 1.0-9.0 x 10

Treated Area Runoff

(1) Surface applied manure on grass pasture
(Vermont) with control area runoff measured

(2) Dairy manure slurry on cropland (Tennessee)

(3) a. Manure solids application (South Carolina)

b. Liquid manure application (South Carolina)

(4) Dairy waste application to pasture plots
applied as (Alabama):

a. Sprinkler irrigated effluent

b. Slurry spread by tank wagon

c. Solids application

(1)

2

(3)

Treated Area Runoff

1.2 x
4

10
3

9.2 x 10
4

2.9 x 10
4

3.9 x 10
4

4.3 x 10
4

6.0 x 10

3.0 x 10
4

5.0 x 10
4

Control Area Runoff

6
1.1- 4.0 x 106
4.5-8.6 x 10

63.5-40 x 10 6

1.4-21.7 x 10
62.5-92 x 10 7

1.1- 2.2 x 10
6

1.1- 38.5 x 10
7

1.4- 16.3 x 10
7

1.8-24 x 10

5
x 10 6

1.1 x 10
6

2.0 x 10
5

9.9 x 10
6

1.1 x 10
6

2.0 x 10
9.9 x 106

6
1.1 x 10

6
2.0 x 10



Table 3.4 (continued)

Description of Study Organism*

Bacterial Numbers in Runoff

Number/100 ml
(unless stated otherwise)

Reference

(5) Runoff from land disposal areas for 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

111. feedlot Runoff

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

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

F.C.

F.S.

T.C.

T.C.

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

1

2

1

1

2

2

1

2

Treated Area Runoff

Robbins et al., 1971

Young et al., 1980

Rhodes and Hrubant. 1972

Miner et al.. 1966

1.9 x 10
5

5

3.7 x 10
5

4.2 x 10
6

1.0 x 10
1.7 a 10

3
9.6 x 10
2.0 A 105
3.1 A 10

4
1.0 A 10

Runoff

(1) Feedlot pens (Minnesota)

(2) Feedlot pens (Illinois)

(3) Feedlot runoff from (Kansas):

a. Concrete lot

b. Dirt lot

9.9 A 106
5.3 x 10
5.0 A 10
4.2 x 10
1.1 a 10
1.3 A 10

1- 1000

1.3 a 10
8

7.9 x 10
1.3 a 10
3.3 x 10

7

7

2.4 x 10
7

7.9 x 10

7

8
7

x 105

0.4-2.4 a 10 )
0.1-2.4 x 10 1
0.3-3.5 x 10

as

0.8- 7.9 x 1071
0.8- 1.9 x 10

7i

0.2-3.4 x 10 )

1-DTPW(sm abbreviations: FC fecal coliforms; FS . fecal- streptococcus; TC total coliforms.



Table 3.5 Recommended Limits Of Bacteriological Indicators In

Surface Waters.
a

Beneficial use

Public Water Supply
(minimal treatment)

Total Coliform

50/100 ml

Fecal Coliform

Public Water Supply
(conventional 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

Irrigation 5,000/100 ml 1,000/100 m1

a From Harms et.al., 1975, p. 71.

34
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Table 3.6 Important Variables Affecting The Survival Of Pathogens In

Soil.

1. 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
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Table 3.7 Soil Factors Affecting 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
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 make-up 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)



CHAPTER 4

THE POTENTIAL FOR BACTERIAL POLLUTION OF

GROUNDWATER RESOURCES: A REVIEW AND SUMMARY

Stuart R. Crane and James A. Moorea

4.1 ABSTRACT

37

Contamination of groundwater resources from bacterial laden waste

and wastewater effluents poses a great threat to the potability and

use of these water sources. Future planning, development and

management schemes must consider this topic to avoid costly and

sometimes untested corrective actions. Major factors affecting the

quantity and velocity at which bacteria are able to migrate through

soil can be classified as (1) soil factors including particle size

distribution, structure, clay content, pore size distribution and

moisture regime and (2) biological factors responsible for bacterial

die-off including pH, temperature, moisture content and nutrient

supply. Past bacterial pollution problems have been shown to be

localized and restricted to wells utilizing near-surface waters. The

following problem areas exist and must be given special consideration

in planning and development: (1) use of septic disposal systems in

unsuitable soils, (2) drainage waters from wastewater application

areas utilizing artificial drainage systems, (3) waste application in

areas underlain by fractured crystalline rock or channelized bedrock,

and (4) bacterial contamination induced over great distances by

groundwater pumping.

Key Words: groundwater pollution, bacterial pollution, wastewater

disposal, bacterial transport, bacterial die-off.

a The authors are Research Assistant and Professor, respectively;
Department of Agricultural Engineering, Oregon State University,
Corvallis, Oregon 97331. Journal Paper No. 6718 , Oregon Agricultural
Experiment Station, Corvallis, Oregon; Project 907. This work was
supported in part by a grant from Tillamook Soil and Water
Conservation District and USEPA.
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During the past decade it has become painfully evident that

protection and efficient use of water resources must become a top

national priority in the future if continued economic and

technological growth is expected. The southwest is already feeling

the effects of dwindling water supplies caused by development and

dependence on very slowly recharging (possibly non-recharging) aquifer

systems. Even in areas of abundant water resources, demands sometimes

exceed supplies during drought years, due to over-development by

irrigation and industrial users. Past contamination of groundwater

sources from landfills, chemical dumps and well injection of waste

effluents is now becoming a problem of considerable magnitude. Yet

great gains can be made against water pollution through treatment and

recycling techniques. This can range from in-house recycling of

wastewater by certain industries to deep well injection to recharge

aquifers for future uses. Since many effluents contain considerable

quantities of bacteria, including some pathogenic species, it is

highly desirable to know their fate in the environment and their

potential to contaminate both surface and subsurface water supplies

(Allen and Geldreich, 1975).

The purpose of this paper is to review what is currently known

about bacterial movement in soil and subsoil (geologic) materials.

With this knowledge, reasonable predictions can be made as to the

potential bacterial hazard presented by wastewater treatment systems

involving surface application or subsurface injection and groundwater

recharge of treated effluent by infiltration basins or deep-well

injection. The remainder of this report will deal with situations

that have been identified in the past, by both research and

experience, where the potential for bacterial contamination of water
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sources is great or has already occurred.

4.3 FACTORS AFFECTING THE MOVEMENT OF BACTERIA IN SURFACE SOILS

Many factors affect the quantity and velocity at which bacteria

are able to migrate through soil, as shown in Table 4.1. Butler

et.al. (1954) investigated the effect of soil texture, structure, and

pore sizes on bacterial removal for several different soils and

concluded that the removal of bacteria from liquid percolating through

soil is inversely proportional to the particle size distribution in

the soil. These investigators also found that a "limiting" zone

restricting bacterial movement was formed in some soils at a depth of

10 to 50 cm. The position of the zone seemed independent of the soil

textural class but contained a steep hydraulic gradient when measured

by tensions which was thought responsible for this phenomenon.

The most prominent processes in the soil that have an effect on

bacterial removal and reduction are filtration, adsorption and die-

off. Krone et.al. (1958) found the surface soil to be of major

importance in reducing 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, Weaver et.al. (1978) showed that 60% to 98% of the

bacteria in a liquid effluent could be adsorbed on a soil composed of

particles greater than 1 um in diameter by using a differential

centrifugation technique. They also found the adsorption was related

to clay content and the bacterial species involved, probably due to

differential electrical surface charges characteristic of each

species.

The mechanics of filtration of bacteria by an undisturbed soil

matrix were explained theoretically by Krone (1968). He claimed that

three processes were acting independently or synergistically,

depending on the soil particle size distribution and average pore

volume size in the soil. These processes were: (1) actual filtration

by the solid matrix; (2) sedimentation of bacteria in the soil pores;
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and (3) "bridging", whereby previously filtered bacteria acted to

reduce effective pore diameters with a subsequent increase in the

filtering action of the soil. Co-flocculation of bacteria with

colloidal material could also increase their filterability and

sedimentation rates. Regarding the effectiveness of filtration and

adsorption processes, Gerba et.al. (1975) reported that where 92% to

97% of the bacteria applied in an effluent were removed in the first

cm of soil and that almost total removal was accomplished in the first

5 cm of soil. Similarly, McCoy (1969) found almost total removal of

bacteria from a waste effluent applied at different rates, within the

first 35cm of soil. She noted that sand was much less effective than

clays in immobilizing the bacteria. Total and fecal coliform

migrating into the soil from a heavy surface application of sewage

sludge on a gravely glacial outwash soil in a forest clearcut were

effectively removed from drainage in the upper 5 cm of soil (Edmonds,

1976). Due to the extremely high gravel content of this soil (80%),

it was felt that the thin surface "forest litter" layer acted as a

biological filter in deterring the movement of bacteria through the

soil profile. Butler et.al. (1954) obtained similar results when

applying sewage to a fine sandy loam soil. Bacterial numbers were

drastically reduced in the 0.5 cm mat of organic solids that had

formed on the surface. Greater than 90% of the bacteria were removed

in this surface layer.

Fine particles (filter-aid) applied with an effluent solution

will also improve the filtering ability of the soil (Gerba et.al.,

1975) probably through the bridging effect already noted. In a soil

column study using a sand and clay, Glotzbecker and Novello (1975)

showed that more than 99% of the applied bacteria were trapped in the

soil, with clays giving the most efficient removal. A second column

study was reported by Weaver et.al. (1978) using four soil types with

various column depths. They found an average reduction of 95% of the

applied bacteria for a column depth of 5 cm with this removal

increasing to 99.5% with a column depth of 15 cm. Figures 4.1 and 4.2

give a more detailed account of their findings, showing the large

differences in filtration efficiency for different soil types.
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The rate and extent of bacterial migration in the soil is highly

dependent on the soil water flow regime. The predominating effect of

saturated versus unsaturated flow conditions were reported and

explained by Griffin and Quail (1968), Wong and Griffin (1976) and

Bitton et.al. (1974). They theorized that at low soil water

potentials bacterial movement was reduced because travel was

restricted to the surface water films on the soil particles and

smaller soil pores, while at higher soil water potentials the vast

majority of bacteria travel through the soil macropores. Where

thinner layers of soil water existed, at low matric potentials (-50 to

-150 cm of water), Wong and Griffin (1976) reported that bacteria were

also more likely to be adsorbed to charged particles in the soil

because of their close proximity. Bitton et.al. (1974) studying

bacterial movement in both saturated and dry soil columns stated that

bacterial migration should be insignificant below field capacity

moisture levels in soil. Under saturated flow conditions, zones of

turbulent flow in the pores may also increase bacterial travel through

dislodgment mechanisms.

Bacterial die-off is important with respect to its influence on

the residence time of bacteria in the soil or subsoil regions. The

die-off rate of enteric bacteria in the environment is controlled by

many variables. A partial list of those identified is shown in Table

4.2. In general, the factors of temperature, pH, moisture and

nutrient supply seem to have the greatest impact on enteric bacterial

survival. Lower temperatures appear to increase survival time as

noted by Klein and Casida (1967), Kibbey et.al. (1978), Zibilski and

Weaver (1978), Mitchell and Starzyk (1975) and McFeters et.al. (1972).

These investigators also noted that temperature extremes seem to be

most harmful to bacteria. Elevated temperatures, especially combined

with dry conditions, will effectively increase die-off rates (Van

Donsel et.al., 1967). Freezing and thawing will also reduce bacterial

populations as noted by Calcott et.al. (1976) and Kibbey et.al.

(1978).

Extremes in pH are detrimental to organism survival. Acidic
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conditions in soil or water can greatly increase die-off rates (Kibbey

et.al., 1978; Cuthbert et.al., 1950). Basic conditions were also

shown to be adverse by Kovacs and Tamasi (1979). Generally, a neutral

pH environment favors extended bacterial survival (McFeters et.al.,

1972).

Moisture effects in soil systems are of major importance. Kibbey

et.al. (1978) found that bacterial survival rates for Streptococcus

faecalis and Salmonella typhimurium increased with increasing moisture

content of the soil at several different temperatures. The effect of

soil moisture is probably minimized when liquid wastes are added to a

soil as in an irrigated form. It is over a longer time frame 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 undergo a sharp reduction

in bacterial numbers caused by the dramatic change in environment

experienced by the microorganisms.

The nutrient supply and organic matter contained in the soil and

water will also effect the rate of bacterial die-off. Klein and

Casida (1967) stated that a major reason for enteric bacterial die-off

in a foreign environment was due to an inability of these organisms to

lower their metabolic requirements in a situation of lower nutrient

availability. This is probably why many studies have shown 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 increased survival of fecal organisms to nutrient

content of the water. Similar results were shown by Hendricks (1968),

Savage and Hanes (1971) and Dutka and Kwan (1980). This might also

account for the prolonged bacterial survival that is found in

concentrated waste storages. In studies on the fate of fecal

organisms in soil, increased organic matter can extended survival time

(Tate, 1978; Hellmann and Litsky, 1951). Addition of organic waste

materials will have the same effect (Zibilski and Weaver, 1978; Klein

and Casida, 1967). This may also be responsible for the increase in

die-off shown with increasing inoculation density of organisms. Both

Klein and Casida (1967) and Tate (1978) found that initial bacterial
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die-off was dramatically increased when the inoculum size was on the

order of 10 7 organisms g -1 soil as compared to one of 10
2 to 10 3

g
-1

soil. Increased competition for nutrients rendered least available by

soil interaction may account for this observation.

In summary, any of the factors presented in Table 4.2 can cause a

reduction in enteric indicator organism populations when it becomes

the limiting or excessive variable in the bacterial micro-environment.

The predominating factor may also change with time by the actions of

diurnal effects of tight and temperature, drying of soil with time

after application, increased soil moisture due to precipitation and

many changes due to seasonal variations in all important parameters.

Van Donsel et.al. (1967), Edmonds (1976), Kunkle (1970) and Jones

(1971) have all shown that seasonal changes have a large influence on

the die-off and transport rates of indicator organisms. This is

probably the major reason for the many seemingly contradictory results

found in the literature. Table 4.3 gives an indication of the

potential survival times of several enteric bacteria in soil as

reported from past investigations.

4.4 BACTERIAL TRAVEL IN SURFACE AND SUBSURFACE ZONES

The potential distance of bacterial travel in soil and subsoil

that has received wastewater effluents can be greater than reported in

the studies cited previously, as summarized in Table 4.4.

Romero (1970) summarized the results of many of the early studies

on bacterial movement at infiltration basin-groundwater recharge

projects in a comprehensive review. In surface application

experiments at Whittier and Azuza, California, water meeting drinking

standards was obtained by filtration through 1 to 2 m of sandy soil.

In the Whittier study, coliform counts in secondary sewage effluent

were reduced from 110,000 per 100 ml to 0 with a filtering distance of

1.2 m. At Azuza, effluent containing 120,000 coliform per 100 ml was

filtered through a depth of 2 m emerging with a bacterial density of

6,000/100 ml. Butler et.al. (1954) reported on infiltration studies

at Lodi, California, and concluded that percolation through a 1.5 m
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depth of soil would generally remove potentially harmful levels of

bacteria from sewage effluents in a sandy loam soil. However,

coliform bacteria were observed to travel the entire depth of the

infiltration basin (4 m) in some cases. An inverse relationship was

shown by their data between bacterial density in the effluent and

travel distance. This was probably due to the lower percolation rates

for soils receiving highly polluted effluents and caused by clogging

of the surface soil pores by organic materials.

At Santee, California, secondary sewage given tertiary treatment

in oxidation ponds was placed in percolation beds above a shallow

stratum of sand and gravel from an old riverbed (Merrell, 1967).

Indicator bacteria were found to migrate to shallow observation wells

down-gradient to flow at distances of 60 to 120 m. Most of the

bacteria were removed in the first 60 m of travel but bacteria at low

densities could still be detected in seepage at an interceptor ditch

located 450 m from the beds.

At the Flushing Meadows Wastewater Renovation Project near

Phoenix, Arizona, Gilbert et.al. (1976) reported that 99.9% of total

and enteric indicator bacteria could be removed from sewage effluent

by filtration through a surface layer of fine sand (60-90 cm)

underlain by a succession of course sand and gravel layers. Total

bacterial counts were still 10 5 /100 ml and fecal coliform 10 2 /100 ml

in the renovated water from a well 27 m from the leaching basin. In a

similar study at Fort Devens, Massachusetts, fecal streptococci were

shown to travel distances of 183 m as measured in observation wells in

the direction of groundwater flow (Schaub and Sorber, 1977).

Shallow injection of wastewater effluents in the soil includes

all releases into unsaturated soil or saturated zones at the surface

of groundwater or perched aquifers. Systems presently utilized for

release of such effluents include septic tanks (and associated

absorption pits or fields), latrines and privies of various types,

cesspools, leakage from sewer lines and other disposal methods

utilizing subsurface injection of effluents through tile drainage

systems.
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Baars (1957), studying the migration of bacteria and chemicals

from campground privies in the Netherlands that were dug to a depth of

1 m in a sandy soil, observed that coliform bacteria could not be

detected at a depth of 1.5 m below the privy pit. In an earlier privy

study, Stiles and Crohurst (1927) found Bacillus coti to travel for

distances of up to 20 m with the prevailing groundwater movement in an

area of fine sandy surface soil. This progression was attained in 27

weeks. They determined that the bacterial contamination was

restricted to a thin layer at the surface of the zone of saturation by

finding no bacterial pollution in nearby deep cased wells. They

postulated that bacteria became stranded in the capillary fringe upon

recession of the water table and therefore bacterial diffusion and

travel was restricted to periods of high groundwater levels. It was

concluded that the distance of bacterial travel at the surface of the

water table will depend on a number of complex and dependent factors:

(1) the length of wet and dry periods and their intensity as related

to the rise and fall of the water table, (2) the rate of groundwater

flow which is a function of head and thus also related to

precipitation, and (3) the variables affecting the organisms viability

such as moisture, temperature, food supply and indigenous species

competition or inhibition.

Extensive studies were reported by Caldwell (1937, 1938) and

Caldwell and Parr (1937) on bacterial migration beneath several types

of latrines. For pit latrines, established on a permeable strata 3.5

to 6 m above the prevailing water table, colon bacteria were found at

a maximum distance of 1.5 to 2 m in either a lateral or vertical

direction from the pits. These experiments were contrasted by

studying several latrines built on sandy and gravely soils that

intercepted the surface of the water table where it was determined

that Bacillus coti could be detected in shallow wells drilled in the

direction of groundwater flow at distances of 7.5 to 24.5 m from the

latrine pits. During the experimental period, however, bacterial

contamination retreated toward the latrine pit significantly and this

phenomenon was attributed to the soil "defense mechanisms". This
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could include seasonal effects on flow and competitive effects of

other indigenous soil microorganisms.

More recently, much research has been centered on septic tank

systems to develop design parameters in areas of marginal suitability.

Bouma et.al. (1972), in an extensive series of experiments utilizing

19 subsurface disposal systems, found that properly hydraulically

functioning systems exhibited little potential hazard with respect to

contamination of groundwater. They determined that a biological mat

that formed between the drain-field trench and the soil was

responsible for the greater reductions of fecal bacteria found in the

septic tank effluent. Few indicator organisms were found at distances

greater than 0.6 m from the trench. They cautioned, however, that if

the bacterial mat became too thick and reduced percolation rates away

from the trench, the effluent would frequently spill out onto the soil

surface creating a bacterial hazard to surface waters. These results

were substantiated by Ziebell et.al. (1974), Viraraghavan and Warnock

(1976) and Brown et.al. (1979). These authors concluded that as long

as the drainage field remained unsaturated, bacterial quality in

drainage could be assured within 1 m both laterally and vertically

from the sewage discharge tile. These studies seem to indicate that

the standard recommendation of up to 2 m of depth between an

absorption field and water table for acceptable septic tank

performance is adequate.

The use of septic tanks on marginally suited soils such as those

overlying a seasonal water table that fluctuates near the surface or

in areas having perched water tables near the surface, present a

source of bacterial pollution to groundwater. Hagedorn and McCoy

(1979) presented the following conclusions drawn from research to date

with respect to groundwater contamination of soil-applied effluents.

1). Bacteria generally move less than 1 m when unsaturated flow

conditions prevail in a soil, with increases to 30 to 60 m

under saturated conditions.

2). Under all soil conditions, bacterial retention is inversely

proportional to the particle size distribution in the soil
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profile.

3). Filtration of organisms at the soil surface appears to be the

main limitation to bacterial flux in the soil for surface

applied effluents, while sedimentation of bacterial clusters

in the soil pores occur during saturated flow conditions.

4). Adsorption of bacteria to soil surfaces can become a factor

in restricting bacterial travel with effectiveness increasing

as soils become less structured and clay content increases.

5). Microbial die-off only becomes an important factor during

long soil retention periods, such as those found in soils

experiencing alternating periods of saturated and unsaturated

flow.

Little research has been conducted on bacterial pollution from

injection of wastes into confined or unconfined aquifers. Gerba

et.al. (1975) reported on a study in Israel where surface waters were

recharged during the rainy season and pumped during the dryer weather.

It was observed that water removed from the wells was highly

contaminated with coliform bacteria (10 5
-10

6 /100 ml). This was

attributed to an organic "slime" layer that formed on the well screens

between recharge and discharge periods. Gerba et.al. (1975) also

reported on a study on Long Island where tertiarily-treated,

unchlorinated water containing high levels of coliform organisms were

injected into a sandy aquifer formation. Few bacteria were found in

wells located 6 m from the injection point. McGauhey and Krone (1967)

found little migration of bacteria to observation wells 30 m from the

injection well when primary sewage was recharged into an aquifer. The

build-up of a biological mat on the well screens with time seemed to

further reduce bacterial flux from the discharge point. In another

study where primary sewage was injected into a confined aquifer for a

period of 38 days, maximal travel distances were also measured as 30 m

from the injection point (Romero, 1970).

4.5 IDENTIFIED SITUATIONS WHERE POTENTIAL HAZARDS EXISTED FOR

BACTERIAL POLLUTION OF GROUNDWATER RESOURCES
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4.5.1 Septic Tanks or Similar Disposal Systems in Marginally Suited

Areas

As reported earlier, little hazard to groundwater contamination

is presented by septic tank disposal systems discharging to

unsaturated soils that have a reasonable clearance above the water

table (1-2 m). There are, however, an increasing number of reports of

shallow groundwater supplies being contaminated due to construction of

treatment systems in soils or situations unsuited for this purpose

(Maynard, 1969; Robeck, 1969; Sandhu et.al., 1979). Two possibilities

exist for bacterial contamination of the environment under these

circumstances; first, by surface discharge of effluents during periods

of high water table fluctuations with a subsequent loss to surface

waters. This situation was studied by Reneau and Pettry (1975) in a

small watershed in Virginia where they found total and fecal coliform

counts in excess of 10 7 /100 ml in surface runoff from areas with

malfunctioning septic tanks. The second possibility for bacterial

pollution is subsurface escape of bacteria to the groundwater.

Saturated flow conditions predominate from drainage tile lines in

soils that 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 (200-300 m), at

faster rates and in higher concentrations under these conditions. A

shallow or perched water table is usually associated with these

unacceptable systems. In a recent investigation by Hagedorn and McCoy

(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 cm per minute for travel distances of more than

20 m. Significant levels of E. coil (10 3 -10
4 organisms ml 1) were

still found in the drainage water at this distance. Viraraghavan

(1978) studied the effect of high seasonal water tables on septic tank

functioning. He found fecal bacteria traveled distances greater than

15 m at significant densities (102- 103/100 ml) under these conditions

and could easily cause contamination of nearby shallow wells.

The results of these investigations indicate the need for more

research on this topic as well as the need to exercise caution when



49

designing or attempting to employ this type of treatment system where

there is a possibility of malfunction due to topographic or geologic

setting.

4.5.2 Artificial Drainage From Waste Application Sites

Several investigators have 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) showed that the quantity of bacteria removed in drainage

water was affected both by application rate of manure and by soil

water flux. They observed that maximal bacterial concentrations (E_

coli), on the order of 10 4 /100 ml, were attained several hours after

applying large volumes of liquid animal wastes on a saturated sandy

clay loam soil. The bacterial concentrations in the drainage water

declined with time reaching background levels (initial) after two to

three days. In another drainage study where swine manure was surface

applied and followed immediately by irrigation, Korkman (1971) found

that 3% of the bacteria applied with the manure were lost in the

drainage from tiles located at 1 m depth.

The practice of artificial drainage to improve the hydraulic

functioning of septic tank flow fields is suspect for similar reasons.

Reneau (1978) reported that interceptor tiles at 11 to 19 m from a

septic tank disposal trench received a significant quantity of fecal

bacteria. The author indicated that these bacteria could probably

pollute shallow wells at a considerable distance from the absorption

field.

In each situation discussed above, a bacterial hazard is caused

by the water leaving the drainage tile system. This leachate can

substantially degrade surface water quality if released directly to

local streams or impoundments.

4.5.3 Waste Application in Areas Underlain by Fractured Metamorphic

or Igneous Bedrock or Channelized Sedimentary Deposits
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In many areas underlain by fractured, crystallized metamorphic or

igneous bedrock, a complex flow network exists that is largely

controlled by the directions of the fractures present. If thin soils

also exist, as in mountainous topographic relief, there is an

increased likelihood of bacterial pollution of local and possibly

distant water supplies. This is caused by the decreased ability of

bedrock to filter bacteria from effluents. Prediction of the

direction of flow in these materials is also complicated by the

randomness and size of the existing fracture system at any particular

location. At two test sites, one underlain by granite (igneous) and

the second by amphibolite (metamorphic), Allen and Morrison (1973)

reported that bacteria were transported rapidly for great distances

when wastes were introduced into shallow holes piercing bedrock.

Their results are summarized below.

1). Bedrock fractures can readily accept and convey contaminated

percolating water to shallow groundwater supplies.

2). The direction and rate of movement of bacterial laden

effluent is largely affected by anisotrophy of the bedrock

fracture patterns.

3). The distances traversed by percolating effluent through

fractured bedrock were observed to exceed 30 m (horizontal),

and it is suspected that distances may exceed 100 m.

4). Insufficient microbial filtration of leach-field effluent

occurs in or along the fractures or joints in crystalline

rocks.

5). Moderate percolation rates and large distances between water

wells and conventional waste disposal units cannot insure

continued potability of groundwater in mountainous areas

having crystalline bedrock.

Similar results can be expected in sedimentary, carst terrains

where much dissolution and channelization has occurred. Effluents

introduced into solution channels are expected to travel for long

distances and at rapid rates. Care and foresight must be used before

wastes are disposed of in these geological settings.
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4.5.4 Bacterial Contamination of Shallow Wells Induced by Pumping of

Aquifers Under Large Hydraulic Gradients and Groundwater Flows

Under saturated conditions, any increase in the flow of

groundwater should effectively increase the potential distance

traversed by bacteria. It also follows that bacterial migration will

be greater when effluents are introduced into aquifers under rapid

flow conditions than in more static situations. In the Perm region of

Russia, Vaisman (1964) observed massive bacterial pollution at a

pumping well located in an alluvial, sandy aquifer. Under further

investigation the source of bacteria was determined to be a set of

poorly constructed cesspools 850 m away from the well, that leached

into the same geologic formation. It was shown that the combined

effect of well pumping and high horizontal aquifer permeability were

sufficient to induce bacterial transfer from recharge points at great

distances. The implications of this are obvious when considering the

practice of simultaneous recharge of effluents and discharge pumping

of drinking water supplies in the same general area or for wells

pumping at an assumed "safe" distance from waste infiltration areas

that are geologically connected.

Another possibility for bacterial pollution of groundwater

supplies was detected by Randall (1970) in New York. He observed the

sudden fecal bacterial contamination of a municipal supply well

occurred, where there were no previous pollution problems during a

period of 20 years, adjacent to a river (fed mainly by streambank

infiltration). After intensive study, it was determined that recent

dredging of the river exposed the infiltration area of the well and

allowed bacteria to travel more easily to the uptake. This situation

is a good example of the great foresight needed to avoid groundwater

problems caused by seemingly unrelated activities that actually have

great interaction.

4.6 SUMMARY

It has been shown that bacterial contamination of groundwater

resources is generally not a problem because of the ability of soils
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and unconsolidated geologic formations to adsorb and filter bacteria

from percolating effluents. Bacterial pollution problems are usually

localized and restricted to wells utilizing near-surface waters.

Several problem areas where bacterial contamination can be significant

have also been explored. These include the use of septic disposal

systems in unsuitable soils, drainage waters from application areas

utilizing artificial drainage systems, waste application in areas

underlain by fractured, crystalline rock or channelized bedrock and

bacterial pollution induced over great distances by groundwater

pumping.

It may generally be concluded that with the knowledge presently

available and a good deal of foresight used in the planning of waste

utilization or disposal, much of the future bacterial contamination of

groundwater resources can be avoided.



53

Table 4.1 Soil Factors Affecting 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
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 make-up 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)
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Table 4.2 Important Variables Affecting the Survival of Pathogens
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 microftora
b. Antibiotics
c. Toxic substances

V. Application Method

a. Technique (surface or incorporated)
b. Frequency of application
c. Organism density in waste material



55

Table 4.3 A Summary of Bacterial Die-off in Soila

Organism
Type

Soil
Conditions

Die-off
Time Reference

Brucella
abort us

Escherichia
coli

Leptospira

Mycobacterium
tuberculosis

Salmonella sp.

Streptococcus
faecalis

Manure & soil (26 deg C) 29 days Cameron (1932)
Manure & soil (frozen) 800 days Blood &

Summer 30 days Henderson
Winter 100 day (1968)

Inoculated soil
pH 5.8-7.7
pH 3.8-4.5

Clay soil
Sandy soil
Inoculated loam soil

Summer
Winter

Inoculated waste on
pasture

45-50 days
10 days
42 days

4-7 days

3.3 days
13.4 days

7.8 days

Clay soil 30 days

Air dry soil
Wet soil
Manured garden soil
Manured pasture

Fall
Winter
Spring
Summer

Dry weather
Clay soil
Sandy soil

Sprinkled domestic
sewage
soil

Inoculated on
pasture

Infected feces
Semi-liquid manure

Bovine manure
Bovine manure

Manure slurry
Poultry manure

9-12 deg C
13-20 deg C
30 deg C

Clay soil

Inoculated soil
pH 7.7-7.8
pH 2.9-3.3

Loam soil
Summer
Winter

30 mins
5 days

213 days

4 months
5 months
2 months
2 months

42 days
4-7 days

4 days
159-180 days

12 weeks
74 days

27-281 days

24 weeks
6 weeks

76 days

19 days
11 days
3 days

30 days

45-62 days
10 days

2.7 days
30.1 days

Cuthbert (1950)

Okazaki &
Ringen (1957)

Van Donsel et.
al. (1967)

Taylor &
Burrows (1971)

Smallbeck &
Bromel (1975)

Okazaki &
Ringen (1957)

Briscoe (1912)

Williams &
Hay (1930)

Beard (1940)

Muller (1957)

Stewart (1961)
Taylor &
Burrows (1971)

Mellick (1971)
Best et.al.

(1971)
Findlay (1972)
Tannock & Smith

(1972)
Taylor (1973)

Berkowitz et.
al. (1974)

Smallbeck &
Bromel (1974)

Cuthbert (1950)

Van Donsel et.
al. (1967)

a Adapted from Crane (1978), unpublished thesis. Die-off defined as
the time period to reach the point of no detection or else not
defined by study.

b - Time for 90% of reduction in organism population.



Table 4.4 A summary of studies on bacterial transport through soils."

Nature of Pollution Organisms Medium
Measured Time of

Distance Traveled. Travel Reference

Sewage trenches inter-
secting groundwater

Sewage trenches inter-
secting groundwater

Sewage in pit latrine
intersecting ground-
water

Sewage in pit latrine
intersecting ground-
water

Sewage in pit latrine
intersecting ground-
water

Primary and treated sewage
in infiltration basins

Diluted primary sewage
injected subsurface

Canal water in infiltra-
tion basins

Subsurface injection

Secondary sewage in
infiltration basins

Tertiary treated wastewater
in percolation beds

Primary sewage injected
subsurface

Secondary sewage injected
subsurface

Tertiary treated wastewater
in percolation beds

Inoculated water and diluted
sewage injected subsurface

Tertiary treated wastewater
in infiltration basins

Secondary sewage in
infiltration basins

Primary sewage in infil-
tration basins

Secondary sewage effluent
in infiltration basin

Septic tank tile effluent

Inoculated effluent in
tile line

Bacillus coli

Coliforms

Bacillus coli

Bacillus coli

Bacillus coli

Coliforms

Coliforms

Escherichia coli

Enterococci

Conforms

Fecal coliforms and
fecal streptococci

Conforms

Fecal coliforms

Coliforms

Bacillus
stearothermophilis

Coliforms

Fecal coliforms

Fecal streptococci

Fecal coliforms and
fecal streptococci

Total coliforms
Fecal coliforms

E. coli

Fine sand

fine and coarse

Sand and sandy

Fine and medium

Fine sandy loam

Aquifer

Sand dunes

Sandy gravels

Coarse gravels

Sand and pea
gravel aquifer

Fine to coarse
sand aquifer

Sand and gravel

Crystalline bedrock

Fine to medium
sand

Fine loamy sand
to gravel

Silty sand and
gravel

Fine loamy sand

Fine loamy soil
Fine loamy soil

Silty clay loam

19.8 m (65 ft)

70.7 m (232 ft)

24.4 m (80 ft)

10.7 m (35 ft)

3.1 m (10 ft)

0.6-4 m (2-13 ft)

30 m (98 ft)

3.1 m (10 ft)

15 m (44 ft)

0.9 m (3 ft)

27 wks Stiles and Crohurst (1923)

Warrick and Muegge (1930)

Caldwell (1937)

8 wks Caldwell and Parr (1937)

Caldwell (1938)

Butler et al. (1954)

33 hrs McGauhey and Krone (1954)

Baars (1957)

Fournelle (1957)

McMichael and McKee (1956)

457.2 m (1500 ft) 15 da Merrell (1967)

30.5 m (100 ft)

30.5 m (100 ft)

830 m (2723 ft)

28.7 m (94 ft)

6.1 m (20 ft)

9.1 m (30 ft)

183 m (600 ft)

9 m (29 ft)

6.1 m (20 ft)
13.5 m (50 ft)

20 m (66 ft)

35 hr Krone et al. (1958)

Wesner and Baier (1970)

Anan'ev and Dwain (1971)

24-30 hr Allen and Morrison (1973)

Young (1973)

Boower et al. (1974)

Schaub and Sorber (1977)

Gilbert et al. (1976)

Rencau and Pettry (1975)

hr McCoy and Hagedorn (1979)

Table adapted from Hagedorn and McCoy, 1979 with several additions.
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CHAPTER 5

MODELING ENTERIC BACTERIAL DIE-OFF: A REVIEW

S. R. Crane and J. A. Moorea

5.1 ABSTRACT

59

To protect surface and groundwater resources from enteric

bacterial pollution, management practices must be devised based on a

sound knowledge of the fate of these organisms in the environment.

Since the rate of bacterial die-off is a key factor in this process,

this paper has attempted to review, summarize and integrate the

pertinent literature. Areas covered include the effects of

environmental and physical parameters on bacterial die-off in storage

systems, soil and aquatic environments, modeling techniques employed

in the past for bacterial die-off and a summary of past investigations

in these areas assuming a first order kinetic model for bacterial

death. The greatest need for future research efforts was shown to be

in determination of the relationships of environmental and physical

parameters to bacterial survival so that the literature data could be

unified.

Key words: modeling, bacteria, enteric bacteria, bacterial die-off,

die-off rate, bacteria pathways, first order die-off.
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Agricultural Engineering, Oregon State University, Corvallis, OR
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Contamination of surface and groundwater resources by pathogenic

bacteria and viruses poses a potential health hazard where waste

materials are applied to the land or discharged to water courses.

Determination of the die-off or inactivation of these organisms in the

environment is therefore of critical concern if management practices

are to be developed to minimize the contamination. The transport and

reduction of enteric bacteria can be viewed as consisting of several

unique pathways outlined in Figure 5.1. Common to all these cycles is

the die-off of bacteria in storage units prior to treatment or land

application, on and in soil or water following application or

discharge and in runoff or groundwater following dislocation from the

soil surface. The number of enteric bacteria lost from the soil

system into the aquatic environment is therefore a function of (1)

die-off, (2) infiltration and (3) pickup and transport mechanisms from

the soil surface. The purpose of this review is to investigate the

die-off of enteric bacteria and propose a model to unify the data

reported by many past studies.

5.3 FACTORS AFFECTING ENTERIC BACTERIAL SURVIVAL

The die-off of enteric bacteria in the environment is controlled

by many factors, a partial list of which is presented in Table 5.1.

To summarize the literature as to 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), Menzies

(1977), Mitchell and Starzyk (1975), Morrison and Martin (1977), Van

Donsel et.al. (1967), Rudolfs et.al. (1950), and Reddy et.al. (1981).

In general the factors temperature, pH, moisture, nutrient supply and
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solar radiation seem to have the greatest effect on enteric bacterial

survival. Lower temperatures appear to increase survival time as

noted by Klein and Casida (1967), Kibbey et.al. (1978), Zibilski and

Weaver (1978), Mitchell and Starzyk (1975), McFeters et.al. (1974),

Hirn et.al. (1981), and Post (1970). These investigators also

indicated that temperature extremes seem to be most disruptive to

bacterial survival. Elevated temperatures, especially combined with

drying conditions, will effectively increase die-off rates (Van Donsel

et.al., 1967). Freeze-thaw cycles will 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., 1975). Alkaline conditions were also

shown to be adverse by Kovacs and Tamasi (1979) while incubating swine

manure at several temperatures. Generally a neutral pH environment

favors extended bacterial survival (McFeters and Stuart, 1972).

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 faecalis

and Salmonella typhimurium increased with increasing moisture content

of the soil at several different temperatures. 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 frame 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 experience a sharp reduction in bacterial

numbers due to the dramatic change in environment experienced by the

microorganisms.

Bacterial die-off in fresh and brackish water was studied by

Fujioka et.al. (1981) and Yanagita and Takagi (1980) with conflicting

results. It would seem that higher dissolved solids in aquatic

systems can be both bactericidal or stimulatory to enteric organisms.
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The nutrient supply and organic matter contained in soil and

water will also affect the rate of bacterial die-off. Klein and

Casida (1967) stated that a major reason for enteric bacterial die-off

was the inability of these microorganisms to lower their metabolic

requirements in a situation of lower nutrient availability. This is

probably why many studies have shown 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 increased

survival of fecal organisms to nutrient content of the water. Similar

results were shown by Hendricks (1972), Savage and Hanes (1971), Dutka

and Kwan (1980), Yanagita and Takagi (1980) and Hirn et.al. (1980).

This might also account for the prolonged bacterial survival that is

found in concentrated waste storages. In studies on the fate of fecal

organisms in soil, increased organic matter extended survival time

(Tate, 1978; Mailman and Litsky, 1951). Addition of organic waste

materials will have the same effect (Zibilski and Weaver, 1978; Klein

and Casida, 1967). This may be responsible for the increase in die-

off shown with increasing inoculation density of organisms. Both

Klein and Casida (1967) and Tate (1978) found that initial bacterial

die-off was dramatically increased when the inoculum size was on the

order of 10 7 organisms g -1 soil as compared to one of 10 2 or 10 3
g
-1

soil. Increased competition for nutrients rendered least available by

soil interaction ma be responsible for this phenomenon.

Solar radiation is effective in reducing bacterial numbers on

vegetation sprayed with liquid manures and sludges (Brown et.al.,

1980; Bell, 1976; Bell and Bole, 1976). The decreased solar radiation

found in laboratory experiments with surface applied manures was

suggested as 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), Pike et.al. (1970), Fujioka et.al. (1981), and Toms

et.al. (1975).

In general, any of the factors in Table 5.1 can cause a reduction

in enteric indicator populations when it becomes the limiting or

excessive variable in the bacterial environment. The predominating
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factor may also change with time due to: (1) the action of diurnal

effects of light and temperature, (2) drying of soil with time after

application, (3) increased soil moisture from precipitation, and (4)

many changes induced by seasonal variations in all important

parameters. Van Donsel et.al. (1967), Edmonds (1976), Kunkle (1970),

Geldreich et.al. (1980), Hirn et.al. (1980), Post (1970), Canale

(1973), Toms et.al.(1975), 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 this predominating factor approach also gives insight

into the phenomenon of "aftergrowth" that has been experienced in many

investigations (Van Donsel et.al., 1967; Cuthbert et.al., 1950; Crane

et.al., 1980; Guy and Small, 1976; Kovacs and Tamasi, 1979) and for

regrowth of organisms following chlorination and release to

watercourses (Rudolfs and Gehm, 1936; Ellison, 1968; Shuval et.al.,

1973). With this idea in mind, it is easy to see that a reduction or

change in what was the predominant variable responsible for bacterial

die-off could lead to a stabilization or even increase in the

bacterial population if the next closer predominant variable has less

influence on die-off or is present at a much lower level.

5.4 MODELING ENTERIC BACTERIAL DIE-OFF IN THE ENVIRONMENT

The use of models is helpful in organizing large quantities of

data from diverse sources to predict enteric organism populations in

soil or water systems. If models can be developed to accurately

predict bacterial die-off following defecation of manure, the number

of bacteria that are 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. The first is

shown in Figure 5.2 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
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a simple first order reaction in chemical kinetics:

N
t -kt

= 10
N
o

where: Nt = number of bacteria at time t,

No = number of bacteria at time 0,

t = time in days, and

k = first order or die-off rate constant.

(1)

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 due to dilution, lowered levels of toxic compounds in the

growth medium also from dilution, increased nutrient supply, fewer

antagonistic effects from other organisms and change in oxygen level

in the new environment. The logarithmic die-off in this situation can

be modeled by:

N
t

= 10
-k(t-t

1
)

No

where: t1 = time at end of lag period,

t = time at any point after lag period tL,

and the other terms are as previously noted.

(2)

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

rate constants which is a reasonable assumption when considering a

large population. Frost and Streeter (1924) proposed a modification
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of Chick's law of the form:

N
t

= a 10
-(k

a
t)

+ b 10 -(k
b
t)

No
(3)

where a and b are the percentage of the bacterial population that have

corresponding death rates of ka and kb. Their model assumes 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

a complex model by adding more sub-groupings:

N.
1

N
o

a 10
-(k

a
t)

+ b 10 -(k
b
t)

+ c 10
-(k

c
t)

+ . i 10-(kit) (4)

Streeter (1934) extended this theory and developed the following

model as reported by Orlob (1956).

N
t

1 - 10
-k't

N
o

(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 the data of the form:

N
t

-(-)
-- = (I + n k

o
t)

n

N
0

where: k
o

= initial die-off rate of bacteria and

n = coefficient of retardation or non-uniformity greater

than O.

This equation was used by Martina and Yousef (1964) to estimate

(6)

bacterial die-off in a series of wastewater lagoons with good success
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by assuming a non-uniformity coefficient of 1.

A final model for a curve of type 3 was suggested by Fair et.al.

(1971) in the following form:

Nt

No

(--kt n )

= 10 (7)

where n is a dimensionless non-uniformity constant greater than 1.

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 of this occurrence 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 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 or zero 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 t1 is the length of the lag period.

If this procedure is employed modeling begins at time t1.

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:

Nt b

N
o

1 + (ct + d)10 kt

where a, b, c and k are constants empirically fit to the data.

Streeter (1934) expanded this equation to:

(8)
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= (No b) 10-ktn x (b-c) 10-(k1t) + c 10-(k2t) (9)N
t

where: b, c = constants empirically fit to the curve,

k, k1, k2 = differential die-off rate constants

dependent on curve shape, and

n = constant that determines 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 at the present time.

Curve 6 in Figure 5.2 is 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 the authors to fit accurately 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, following

defecation. The initial shock causes exaggerated die-off for a short

acclimation period. Then a tong term, slower rate of death follows

due to 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 is best modeled in a step-wise

manner as follows:

N
t -k t

= 10 1

No
for 0 < t < t

a

N
t

= 10-(k1 + k
2
)t for t > t

a
N
o

(10)

where t
a

is the point in time where influence of the second death

rate constant, k2, begins.

Several other modeling approaches for bacterial die-off in water

have been undertaken and should be mentioned in this review. A
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statistical model was developed by Ketch and Lee (1978) to predict 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.

A modified first order model was developed by Canale et.al.

(1973) and Reddy et.al (1981). Canale et.al. (1973) found that

bacterial die-off in the Great Lakes was highly dependent on water

temperature and suggested that the first order rate coefficient, k, be

modified as:

k' = 0.2 + 0.0223(T) (12)

where T was the Temperature in °C. This relation indicates that

summer die-off rates are approximately 3 times that of the winter

season.

For organic wastes spread on soil, Reddy et.al. (1981) chose to

alter the first order rate constant as follows:

*
10 = k x Ft x Fm x F

pH
x F ma (13)

where Ft, F
m'

F
pH

and F ma
are correction factors for temperature, soil

moisture, soil pH and application method, respectively. The

usefulness of this change is limited because of a lack of literature

data needed to estimate these coefficients. An example was presented

to show the effects that the changes in these environmental factors

might have on the die-off rate constant.

Klock (1971), working with waste water treatment lagoons, found

die-off of fecal coliform could be related to pH, temperature and eh

(oxidation potential as compared to a hydrogen electrode) by the

following equation:
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E RT
In k = - -- a (eh) + (pH) + b (14)

RT nF

where: k = death rate coefficient (first order),

I = temperature,

R = ideal gas constant,

F = faraday, constant,

n = number of elections transferred, and

E, a, b = empirically fit constants.

He was able to use this model to predict the death rate of coliform

bacteria in stabilization ponds, trickling filters, sedimentation

basins and activated sludge processes.

An interesting effort developed by Mancini (1978), to integrate

the data found from other studies into a model for coliform mortality

in river and estuary waters, considered the parameters 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. His

final proposal was that:

k

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

_a
-[1 exp(-k

e
H)] (15)

k
t

k
e
H

where: k
t

corrected death rate coefficient to use in first order

die-off model,

= temperature in 0C,

I
a

= average daily surface solar radiation (Langley/ha),

k
e

= light extinction coefficient in water (m -1
), and

H = completely mixed depth of water (m).

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 due to variability in the data base.
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An alternate 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 - 10 -(id)

where: a = a constant,

(16)

d = distance in meters from the reservoir input, and

i = distance dependent decay coefficient.

They experienced moderate success in describing bacterial die-off in

reservoirs with this model, but due to sampling problems and the

uniqueness of the approach suggest further research be done before

adapting their results to different geographic locations or

environmental conditions.

5.5 SUMMARY OF LITERATURE DATA ASSUMING FIRST ORDER DIE-OFF KINETICS

For purposes of this review, it was felt that the simplest model,

that of first order die-off kinetics was most advantageous 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), Reddy (1981), and

Kehr and Butterfield (1943). This model was also successful in

modeling aquatic systems in studies by Hanes and Fragala (1967), Klock

(1971), Canale (1973), and Orlob (1956). Reviews on the factors

affecting the accuracy of this model in aquatic environments have also

been written by Orlob (1956) and Kittrell and Furfari (1963).

A second and more important reason for this choice was the ease

with which this model can be adapted to the data from other

researchers presented in either tabular or graphical form.

Rearranging equation (1) leads to the following equations:
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N

log (--) = -kt
No

N
t

In (--) = -k
*

t

No
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(17)

(18)

if natural logarithms are used. The constant, k, in the above

equations are readily calculated by linear regression techniques.

Interpreting graphical results is equally simple because k is the

slope of the classically presented log N vs. time curve (see Figure

5.3). The results presented in the following tables (2-4) have been

determined from literature data assuming the first order model
*

presented in equation 18. Rate constant, k can be converted to base
*

10 logarithmic form by multiplying k by 0.4343 to fit the classic

form presented in equations 1 and 17. All rate constants calculated

from the literature, where possible, were determined during the

logarithmic die-off period following any lag phase exhibited by the

data. The die-off rates therefore assume no initial regrowth or

stationary period prior to die-off. It should be noted that in many

of the investigations used as a data base, bacterial die-off was not

complete and residual populations at low levels were observed for time

periods much longer than would be determined by use of a first order

model. Therefore, care is advised in extrapolating these results to

situations of low bacterial densities (< 10
3 /100 ml).

Die-off rates for enteric bacteria in various storage devices are

listed in Table 5.2. These include municipal and agricultural

lagoons, holding ponds, liquid manure storages and solid storages with

and without composting. Table 5.3 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 given.

The results of modeling die-off by a first order model in fresh and

salt water aquatic systems are summarized in Table 5.4. Under these

conditions several investigations have been attempted to discern the

effects of temperature and pH on enteric bacterial die-off.
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The first order model appears to accurately describe the die-off

of bacteria under all conditions, however, the die-off rate

coefficient is a highly variable parameter spanning several orders of

magnitude for any given bacterial type. This variability is due to

the interaction of environmental factors on bacterial die-off and

subsequently the die-off rate coefficient. The effect of these

environmental factors on the die-off rate coefficient were tested by

multiple regression techniques using the tabulated data with little

success. Several reasons for the lack of correlation between

environmental parameters and die-off rate coefficient can be

summarized from examination of the data. First, the effects of many

factors, such as temperature and system pH are non-linear, and

increase die-off only under low and high extremes. Secondly, the

experimental conditions reported by many investigators are incomplete

with respect to the important variables effecting bacterial die-off.

This leads to a situation where the die-off rates determined are

actually controlled by parameters not measured by the investigator

causing highly variable results. For these reasons it is impossible,

using the current data base, to quantitatively define the effects of

physical and climatic factors on bacterial die-off rates.
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5.6 SUMMARY

The data summarized in the tables presented in this paper may be

useful for first estimates of die-off coefficients if similar

conditions can be found as well as to compare the efficiency between

various waste treatment methods. Although it would be convenient to

condense these tables into a more usable form such as the

determination of "average" die-off rates for individual organism

types, this is presently impractical for the reasons stated above.

These tables do, however, emphasize and direct the needs of future

research in this area. Close attention must be given to the

measurement and effects of all critical physical and climatic factors

involved with bacterial survival in the environment. The most

important of these being pH, temperature, exposure to solar radiation,

moisture regime, method of application and application medium. In

this way meaningful, quantitative relationships can be developed

between these factors and bacterial die-off rates. It is hoped that

this review will help to that end.
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Table 5.1 Important Variables Affecting the Survival of Enteric
Organisms in the Environment.

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



Table 5.2 Bacteria die-off rates for manure and sludge treatment and storage facilities.

Description of Process Organism Type pH

Season or
Temperature

(t)
Type of
study

Length of
study

Die-off
rate.1c
(days )

Manure pile (dairy) T.C. Oct.-Feb. (2-8) Field 0.051
(Janes, 1971) F.C. 0.066

Manure pile covered from rain T.C. Oct. -Feb. (2-8) Field 0.015
(Jones, 1971) P.C. 0.028

Primary sedimentation effluent T.C. 7.7 W (12.7) Field 0-7 days 0.310
in holding basin (Klock, 1971) T.C. 8.0 W ( 7.9) 7-18 days 0.200

T.C. 7.7 SP (17.9) 0-8 days 0.370
T.C. 8.2 Sp (14.4) 8 -18 days 0.200
T.C. 7.4 Su (25.2) 0-5 days 0.700
T.C. 8.4 Su (15.5) 0-10 days 0.380

Sludge and garbage composting T.C. Lab 40 days 0.378
(Cooper and Golueke, 1979) F.C. 0.345

F.S. 0.275

Digested sludge carpcsting T.C. Lab 14 days 0.687
( Kawata et al., 1977) F.C. 0.678-1.150

stockpiled, noncomposting T.C. Lab 30 days 8.000
P.C. 8.000

Dewatered raw sludge conccating T.C. Lab 14 days 0.358 -0.858
(Kawata et al., 1977) F.C. 0.608-1.180

Salncmella 0.368
stockpiled, noncomposting T.C. 30 days 0.000

F.C. 0.000

Stored dairy manure slurry O. Dublin Feb. Lab 11 weeks 0.107-0.428
(inoculated) S. typhimurium anaerobic 0.106-0.246
(Burrows and Rankin, 1970) iL aureus storage 0.153

I. Mr- 0.102-0.287
Sr. abortus 0.410-1.090

Swine manure slurry storage E. ooli 4 Lab 5 weeks 6.220
(sterilized and inoculated) 20 7.300
(Kovacs and Tamest, 1979) 4 0.890

S. typhimurium 20 0.000
4 1.042

S. anatum 20 0.000

E. colt 7.0 4 0.686
8.0 0.867
9.0 0.931
7.0 20 0.588
8.0 1.079



Table 5.2 (continued)

Description of Process Organism Type pH

Season or
Temperature

(cC)

Type of
study

Length of
study

Die-off
rate, lc

(days )

Beef manure lagoons aerobic F.C. 25 Lab 10 days 0.829-1.760

(Coles, 1973) F.S. 25 1.110-2.180

F.C. 7 0.557

F.S. 7 0.143

(Coles, 1973) cont. F.C. 25 0.368

F.S. 25 0.385

aerobic F.C. 21-33 Field 1.350

F.S. 0.691

anaerobic F.C. 21-33 0.375

F.S. 0.921

Swine lagoon effluent T.C. 23-28 Lab 0.415

(Krieger et al., 1976) anaerobic F.C. 0.277

S. cholerae 0.326-0.350
S, tvotaimirium 7.0 0.364-0.558

Dairy manure storage S. tvphimurium Jan.-Apr. Lab 12 weeks 0.134

(exposed to outside environ- anaerobic S. Dublin 0.142

ment but covered) inoculated S. aureus 0.042-0.198

(Rankin and Taylor, 1969) I. Ear- 0.109

Br. abortis 0.070-1.160

Waste stabilization pond T.C. 20 Lab 15.2 days 0.566

(Marlin and Yousef, 1964)

T.C. 8.0 Winter Field 73 days 0.629

(Kott at al., 1978) F.C. (8cC) 0.316

F.S. 0.321

T.C. 18-20 Field 42 days 0.610

F.S. 0.497

Facultative lagoons raw sewage F.C. 25-27 Field 0.4943

(Mara and Silva, 1979) 0.3936
0.4058
0.2596

F.S. 25-27 Field 0.5577
0.4174
0.4519
0.2716



Table 5.2 (continued)

Description of Process Organism Type pH

Season or
Temperature

(PC)

Type of
study

Die-off
Length of rate, I:

study (days )

Series lagoon raw sewage F.C. 25-27 Field 0.5312

(Mara and Silva, 1979) F.S.
0.4568

Anaerobic lagoonraw sewage F.C. 25-27 Field 1.171

(Mara and Silva, 1979) 2.172
1.700

F.S. 25-27 1.694
3.547
2.571

PoLlishing ponds--municipal sewage E. ooli 7.3 W Field 0.1370

(Toms et al., 1975) Sp South aspect 0.774
Su 1.188

F 0.3336

W Field 0.1715

Sp North aspect 0.287
Su 0.362
F 0.076

F.S. 7.3 W Field 0.2971

Sp South aspect 1.109

Su 1.731

F 0.666

W Field 0.354

Sp North aspect 0.832

Su 1.279

F 0.303

Key to abbreviations in Tables 5.2, 5.3, 5.4

I. Organism type: T.C. = total conforms; P.C. = fecal conforms; F.S. = fecal streptococci; E. coli = Escherichia colt;
S. dublin = Salmonella dublin; S. faecalis = Streptococcus faecalis; S. typhosa = Salmonella typhosa; S. typhimurium =

Salmonella typhimurium; B. coli Bacterium colt; S. aureus = Staphylococcus aureus; Br. abortus = Brucella abortus;
S. anatum = Salmonella anatum; S. FE5Ii7i=IirmonelliFialerae; A. aerogenes = Aeraicter aerogens; S. bovis =
Streptococcus bovis; S. bern = Salmonella bern.



Table 5.3 Bacterial indicator die-off in the soil environment.

Description of Study

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

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

Cell suspension (pure
culture added to
soil in laboratory
study (Klein and
Casida, 1967)

Inoculant level
(or1g/ml)

57
106
105
104

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)

Surface and subsurface surfaces
applied swine manure on subsurfaces
field plots (Korkman, 1971)

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

Organism
Type

P.C.
F.S.

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

E. coli

E. coll.

Soil
Moisture

24% w/w

field capacity
to dryness

50-70% of
field capacity

50-70% of
field capacity

E. coli moist
E. aur mist
S. 3-6-Tin dry

F.C. NG

Salmonella sp. NG

F.C.
F.C.

E. coli

S. faecalis

50-10% w/w

NG

Soil pH

Season or
Temperature

(oc)
Soil Type
or Texture

Length of
Study

Die-off
rate,
(days-1)

6.4 0-25 fsl 28 days 0.47
0.20

4.5-6.5 25 cl 7 days 0.342
30 days 0.093
7 days 0.257

30 days 0.093

7.4 26 scl 7 days 0.896
0.491
0.659
0.625
0.835

7.4 10 22 days 0.195
26 0.342
37 0.697

7.4 45-65 NG 12 days 0.659
0.816
0.735

5.8-7.1 N (2-12) Averaged for 2 weeks 0.304
4 soil 7 weeks 0.093

Su (13-35) types 13 weeks 0.126
0.091

5.9 Su (10-20) 8 6 weeks 0.322
0.380

4.8 organic 0.214

NG 7-15 scl 6 weeks 0.286
0.306

NG NG sl 11 weeks 0.115
sl +2% OM 0.097
el +5% OM 0.071
s1+10% OM 0.062
91+208 OM 0.064

sl 0.341
sl +2% OM 0.311
sl +5% OM 0.306
01+10% OM 0.207
81+20% OM 0.189



Table 5.3 (continued)

Description of Study
Organism

Type
Soil

Moisture Soil pH

Season or
Temperature

( °C)

Soil Type
or Texture

Length of
Study

Die-off
rate, k
(days-!)

Soils inoculated with pure cultures B. coli NG NG NG s 11 weeks 0.143
and mixed w/o organic matter 1 0.117
addition in laboratory containers 1 0.115
(Hallman and Litsky, 1951) cl 0.094

muck 0.092
S. faecalis NG NG NG a 0.320

1 0.269
1 0.318
cl 0.191
muck 0.286

S. faecalis NG NG NG s 0.269
1 0.149
c 0.341
m uck 0.497

S. typhosa NG NG NG >2.570
1 >1.100
cl >0.741
muck >0.772

Soil inoculated with pure cultures and E. coli 1/3 bar 6.16 30 muck NG 0.473
incubated in laboratory containers saturated 6.64 fa 0.839
(Tate, 1978) field cap 6.16 muck 0.796

flooded muck 0.382

Soil inoculated in lab containers S. faecalis air dry (ad) NG 4 5 different 140 days 0.130
with pure cultures (Kibbey et al., 10 soils (avg) 0.166
1978) 25 0.332

37 0.599
50% of fld cap 4 0.086

10 0.103
25 0.136
37 0.374

field cap 4 0.050
10 0.070
25 0.079
37 0.187

saturated 4 0.032
10 0.037
25 0.056
37 0.103

6.8 25 sl 0.046
6.6 scl 0.030
6.0 sl 0.046
5.2 scl 0.095 4
4.5 gr 0.165 v0

50% of fld cap 6.8 sl 0.226
6.6 scl 0.072
6.0 sl 0.110
5.2 scl 0.226
4.5 gr 0.411



Table 5.3 (continued)

Description of Study
Organism

Type
Soil

Moisture Soil pH

Season or
Temperature

(oc)
Soil Type
or Texture

Length of
Study

Die-off
rate, k
(days-1)

Beef manure inoculated with pure cultures S. typhimurium flooded@ 7.6 5 c 84 days 1.960
added to soil in lab containers (0 ATM) 22 0.412
(Zimbilske and Weaver, 1978) 39 1.370

(0.5 ATM) 5 0.166
22 0.297
39 1.370

air dry@ 5 3.200
( 22 ATM) 22 3.200

39 3.200
flooded@ 5 fel 0.531
(0 ATM) 22 0.191

39 0.262
(0.5 ATM) 5 1.370

22 0.324
39 0.656

air dry@ 5 0.886
( 22 ATM) 22 0.805

39 1.370

Soil inoculated with pure cultures S. typhimurium flooded@ 7.6 5 c 84 days 0.149
(Zimbilske and Weaver, 1978) (0 ATM) 22 0.550

39 1.270
(0.5 ATM) 5 0.536

22 0.253
39 0.536

air dry@ 5 2.970
( 22 ATM) 22 1.430

39 1.270
flooded@ 5 fal 0.143
(0 ATM) 22 0.437

39 0.129
(0.5 ATM) 5 0.237

22 1.126
39 1.270

air dry@ 5 0.972
( 22 ATM) 22 1.270

39

Surface application of anaerobically F.C. NG NG W NG 6 months 0.053
digested sludge on field plots Su 0.024-0.028
(Edmonds, 1976)

Soil inoculated with bacteria in F.C. 10.2% w/w 5.6 22 fa 8 weeks 0.526
dark laboratory containers
(Dazzo et al., 1973)

5.5
5.7

0.431
0.338

Co
CD

6.1 0.179
S. typhimurium 10.2% w/w 5.6 22 0.640

5.5 0.390
5.7 0.345
6.1 0.224



Table 5.3 (continued)

Season or Die-off
Organism Soil Temperature Soil Type Length of rate,

Description of Study Type Moisture Soil pH (°C) or Texture Study (days- I)

Grass field plots inoculated sun S. coil NG 7-8 Sp c 8 weeks 0.371
with pure cultures Su 0.667
(Von Donsel et al., 1967) F 0.439

N 0.223
shade Sp col 0.575

Su 0.303
F 0.172
N 0.227

sun S. faecalis Sp c 0.178
Su 0.882
F 0.347

shade
N
Sp col

0.117

Su 0.426
F 0.187
N 0.115

Soil inoculated with pure B. colt moist 5.8 Is limestone 100 days 0.345
cultures in dark laboratory Type I 7.7 0.276
containers (Cuthbert at al., 6.0 0.000
1955) 2.9 peat 3.450

3.3 1.730
3.7 0.727

S. faecalis 7.7 limestone 0.350
7.8 0.106
2.9 peat 1.727
3.3 0.921

Soil surface irrigation with F.C. NO NO F 5 weeks 0.230
lagoon effluent (field plots) F.8. 0.184
(Smallbeck and Broome', 1975)

Surface soil inoculated lst application B. colt NG NG F c 5 weeks 0.669
with pure cultures W. EYPELmurium 0.384
(Smallbeck and 2nd application ff. ooli 8 5 weeks 0.214
Drommell, 1975) I. WiEimurium 0.209

In snow layer--dairy manure T.C. W act 6 yearn 6.239
(Culley and Phillips, 1982) F.C. 0.281

Key to abbreviations in Table 5.3

I. Organism type: F.C. -fecal coliforms; F.B. -fecal streptoccoois E. ooliEscherichia colis S. Dublin.Salmonella dublin;
S. faecalis- Streptococcus faecalis, S. typhosaSalmonella tvphoie; S. typhimurium.Salmonella IWErmurium, B. coil Bacterium

II. Soil moistures ATN.soil moisture tension in atmospheres, w/w -wet weight basis.

III. Season and temperatures Su- summer, Fmfall; Sp- spring, N- winter.

IV. Soil type or textures slsandy loam; felfine sandy loam, fsfine sand: ifs -loamy fine sands s -sands c=clays cl.clay loamy
scl.sandy clay loam; lloam, col- course loam; gr.gravels lime - limestone soils peat, muck, organic -high organic matter soils,

OM- organic matter.

NG not specified.



Table 5.4 Bacterial die-off in fresh and seawater environments.

Aquatic System Description Organism Type PH

Season or
Temperature

(°C)

Length of
Study

Die-off
rate, k
(days-1)

Well water inoculated conforms 7.48 10-12 4 days 0.285
with pure cultures Enterococci 0.221
(field, membrane filter) Coliform 0.277
(Mcreters et al., 1974) Streptococci 0.249

Streptococcus equinus 0.485
Streptococcus bovis 1.128
Rhigella dysentiffie 0.217
Streptococcus sonnei 0.198
Streptococcus TrilaWri 0.181
Salmonella paratyphi A 0.303
Streptococcus paratyphi D 0.253
Streptococcus typhimurium 0.303
Streptococcus typili 0.809
Vlbrio choleric 0.673
SIFiRococcus paratyphi 0 2.022

Stream water field study Escherichi colt 8.37 4-6 5 days 1.970
(membrane filter) 8.10 3.140
(McFeters and Stuart, lab study E. colt 8.10 5 0.151
1972) 10 0.231

15 0.495
20 0.990
25 1.386

2.50 10 6.930
4.00 0.630
5.00 0.433
5.50 0.330
7.30 0.347

10.00 0.770
12.00 6.930

Inoculated river water R. coil NO 0 20 days 0.192
(lab study in flasks) 5 0.144
(Mitchell and Starsyk, 10 0.256
1975) 20 0.288

Enterobaoter aerogenes NO 0 0.256
5 0.288

10 0.383
20 0.461

Salmonella typhimurium NO 0 0.177
5 0.144

10 0.288
20 0.329

Streptococcus faecalis NO 0 <0.115
5 0.192

10 0.192
20 0.177

Streptococcus faecium NO 0 <0.115
5 0.121

10 <0.115
20 <0.115

S. bootie NO 0 2.310
5 1.150

10 2.310
20 2.310



Table 5.14 (continued)

Aquatic System Description Organism Type PH

Season or
Temperature

(°C
Length of

Study

Die-off
rate,
(days- )

Storm water runoff (lab study) P.C. NO Su (20) 14 days 1.450

(Geldreich et al.. 1968) Aerobacter serogenes 0.649

h. faecalia 1.690

X. typhimurium
. <0.164

E.C. NO 8 (10) 0.246

A. aerogenes 0.397

X. faecal!' 0.307

P. byphimurium <0.164

Storm water runoff (lab study) 8. faecal!' NO ell (20) <0.164

(Geldreich and Renner, X. reiErriti var <0.164

1969) X. otr-iiW
4.605

X. Rarc_mDtes 0,404

T.C. 0.227

8. typhimuriurs 0.324

X. faecalls NO 11 (10) <0.164

I. lie-cirilii var
0.354

X. bovis 2.303

X. ltrostueir
0.649

V.C. 1.354

8. typhimurlum 1.508

DOD dilution water 0% seawater T.C. 6.8 20 10 days 0.219

flab flask study) 8. col! 0.217

planes and ?regale, Inter000cca 0.339

1967) 338 seawater T.C. 7.0 0.431

I. colt 0.274

Enterococoll 0.366

67% aaaaa ter T.C. 7.2 0.543

R. colt 0.774

IntillW000t 0.426

100% seawater T.C. 7.6 1.102

8. coli 1.332

EntirriZocci 0.526

Seawater mortality lab study A. typhosa NO 10 12 days 2.000

studies from many 28 days 1.670

sources (Orlob. 8. colt NO 35 days 0.320

1956) Su (25) NG 0.960
N 0.520
Sp 0.850
Su 1.000
14 0.670

field study T.C. NO 14 NO 1.330

lab study 20 1.790
5 0.690
21 0.800
30 1.670

Neter supply Reservoir 2 1211.!

membrane filter study "office
with pure cultures 20 ft.

8. berm 20
10

24 days
24 days

0.743
0.368

(Geldreich et al., 1980)
surface IS. colt

20 24 days 0.768

20 ft. I. Z5II 10 24 days 0.209
CO

surface P.S. 20 24 days 2.424 LO

20 ft. P.S. 10 24 days 0.475



Table 5.11 (continued)

Aquatic System Description Organism Type pH

Season or
Temperature

(oo
Length of
Study

Die-off
rate, k
(days-I)

Sea water in aquarium lab study B. coli NG 10.7 6 days 1.727
(Vasconcelos with membrane 14.5 2.520
and Swartz, filter chamber 13.0 2.239
1976) 10.7 0.708

8.9 0.512
Salmonella enteriditis 14.5 0.586

Fresh water bay E. coli NG 18.5 28 days 1.100
(membrane Lake Ontario 18.0 1.417
chamber in bay S. faecalie NG 18.0 1.317
field)(Dutka Lake Ontario 18.0 0.847
and Kwan, 1980) bay Salmonella thompson NG 18.5 1.256

Lake Ontario 17.8 0.834

Bay seawater sewage effluent T.C. 6.8-7.6 18.0 7 days 0.429
F.C. 0.358

bags (Slanetz F.S. 0.210
and Bartley, pure cultures S. faecalie 0.306-1.970
1965) 0.357-1.454

S. faecium 0.291-0.863

S. bovie
L. cola
Salmonella sp.

2.760
0.710
0.447

T.C.=total coliforms; F.C.=fecal coliforms; F.S.=fecal streptococci; Su=summer; F=fall; Sp=spring; W=winter;
NG=not given
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CHAPTER 6

A MANAGEMENT STRATEGY TO REDUCE BACTERIAL

POLLUTION IN SHELLFISH AREAS: A CASE STUDY

Stuart R. Crane and James A. Moorea

6.1 ABSTRACT

88

The problem of bacterial pollution in shellfishing areas is not

uncommon in the coastal regions of the United States. Bacterial

contamination from man's activities can effectively reduce our natural

shellfish resource areas by forcing their closure because of high

potential risk of diseases being spread by shellfish harvested in

these areas. Tillamook Bay presents an excellent study area for

observing this problem, being a relatively small, enclosed drainage

basin of non-urban character. The high population density of animals,

raised on a relatively small flood plain area represents one of the

major sources of pollution in the bay. This paper summarizes the

history of the agencies involved with the problem and presents the

approach currently being implemented to alleviate bacterial pollution

in the bay without unduly penalizing other industries in the Tillamook

Basin. The paper also presents some of the legal aspects involved in

reducing water pollution in shellfish harvesting areas and the

jurisdiction of federal agencies in these matters. Finally,

recommendations are given to reduce bacterial output by the major

source categories in the basin and criteria for bay closure to

shellfish harvest are developed to protect the public from bacterially

contaminated shellfish.

Keywords: bacterial pollution, oyster contamination, shellfish

pollution control, National Seafood Sanitation Program (NSSP), fecal

bacteria.

a Research Assistant and Associate Professor, respectively, Department
of Agricultural Engineering, Oregon State University, Corvallis, OR
97331. Oregon Agricultural Experiment Station Technical Paper Number
6593.



A MANAGEMENT STRATEGY TO REDUCE BACTERIAL

POLLUTION IN SHELLFISH AREAS: A CASE STUDY

Stuart R. Crane and James A. Moore

6.2 Introduction

89

Estuarine pollution by bacteria and viruses generated from fecal

sources has become an increasing problem in many areas of the world

through coastal and upriver development. Shellfish inhabiting these

areas have the ability to remove and concentrate bacteria because of

the large volume of water that they filter during their feeding

process. If the shellfish is growing in polluted waters, the chances

of ingesting pathogenic bacteria are elevated. If these shellfish are

subsequently harvested and eaten raw, the possibility of contraction

of disease is also increased proportionately. The National Shellfish

Sanitation Program (NSSP) was formed to reduce the possibility of

contaminated shellfish reaching the public by the use of an extensive

monitoring program on all shellfish waters.

The problem of fecal pollution in estuarine areas can be defined

by two questions. (1). Where do all these bacteria come from? (2). How

can their numbers be reduced so that our natural shellfish resource

areas will not continue to diminish? Much research has been conducted

on determining the sources of fecal pollution in rivers and estuaries.

Lin and Evans (1974) showed that bacterial pollution in an Illinois

waterway was above state standards with bacteria emanating from

several sewage treatment plants. Runoff from pasture and agricultural

land has been implicated as a major bacteriological source by many

researchers (Carney et.al., 1975; Doran and Linn, 1979; Dudley and

Karr, 1979; Faust and Goff, 1978; Feachem, 1974). McDonald and Kay

(1981) hypothesized that bacteria are flushed by runoff from the

surface where they collect between rainfall events. Recreational

areas of primitive nature (containing no sanitary facilities) have

also been shown to increase the levels of fecal bacteria in adjacent

streams (Varness et.al., 1978).
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Bacterial pollution of estuaries and the oyster beds themselves

have been studied directly and found to be caused by urban area

flooding (Mackowiak et.al., 1976), marinas and pleasure boats (Mack

and D'Itri, 1973), upstream activities (Sayler et.al. 1975), and duck

production areas (Davis et.al., 1966; Gates, 1963). The magnitude of

this problem was clearly shown in the Newport River in North Carolina

where all shellfish beds showed unacceptable levels of bacteria (EPA,

1972). Here bacteria were generated from wildlife, sewage treatment

plants, agricultural runoff and faulty septic tank systems.

The major thrust in research has been to identify the sources of

bacteria, with far less emphasis placed on reducing their amount. Any

solution to the problem must consider both the reduction in magnitude

of the bacterial source responsible for the pollution as well as

determination of when shellfish harvesting from an impacted area can

become a public health hazard.

This paper describes a strategy proposed for alleviating the

problem in Tillamook Bay, Oregon. Tillamook Bay faced closure to

shellfish harvest unless significant steps were taken to improve the

bacteriological quality of the bay. For this reason it provides an

excellent example of how the issue may be approached and hopefully

solved in the future. Several other factors increasing the

desirability of this area as a case study are: (1) it is a small,

enclosed river basin, (2) it is not predominantly urbanized and

contains within its boundaries all the bacterial sources noted above,

(3) it has a seasonally distributed, high (2286 mm) annual rainfall

which tends to increase the incidence of bacterial pollution in the

bay via runoff, and (4) due to the shallow depth of the bay there is

great interaction between fresh water inflows and tidal flushing.

6.3 DESCRIPTION OF STUDY AREA

The Tillamook watershed is located on the northwest coast of

Oregon approximately 80 km (50 mi) west of Portland. Figure 6.1

illustrates the drainage basin which is 1425 sq km (550 sq mi) in

area. Tillamook Bay is approximately 15 km (6 mi) in length and eight
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kilometers (3 mi) wide, with a surface area of roughly thirty-one sq

kilometers (12 sq mi) at high tide.

6.3.1 Topography

Surrounding the bay to the southeast is an area of tidal

floodplains and river terraces. The floodplains have been created by

the Tillamook, Wilson, Trask and Kilchis rivers where they enter the

bay. The fifth river entering the bay, the Miami, joins the bay along

the narrow floodplain much nearer the mouth of the bay. Flood plains

in the basin (100 sq km) are utilized for urban development and

agriculture, predominantly dairy farming. Steep forested uplands,

covering an area of 1265 sq km (488 sq mi) surround the entire bay,

floodplain, and river terraces.

6.3.2 Climate and Hydrology

The climate of the Tillamook area is dominated by a strong marine

influence from the Pacific Ocean. This leads to wet winters and dry

summers with a comparatively narrow range of seasonal temperatures.

Frequent intense winter storms account for the major amount of

rainfall in the area which annually averages from 3810 mm (150 in) on

forested uplands to 2286 mm (90 in) in the city of Tillamook.

Freezing temperatures infrequently occur near the bay with average

temperatures of 5.5°C (42°F) in January and 14.4°C (58°F) in July.

River discharge into the bay varies considerably with season.

Average summer flows of the five rivers total approximately 12.0 cms

(455 cfs). Average winter flows total 800 cms (28,300 cfs). The

estimated 50-year flood would produce a combined average flow of 2270

cms (80,200 cfs) (Jackson and Glendening, 1982). These high flows are

attributed to rapid runoff characteristics of the basin caused by

previous fires in the wooded surrounding areas, the steep topography,

and the high intensity of rainfall experienced in this area. Rapid

runoff has caused severe erosion-sedimentation problems in the basin.

It has been estimated that the five rivers contribute 122,500 mt

(135,000 tons) of sediment to the bay annually (Oster, 1975).
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Circulation in the bay is predominantly counterclockwise.

Incoming tidewaters flow at greatest velocity along the south jetty

and parallel to the bay-ocean peninsula (see Figure 6.2). Outgoing

tide velocities are most rapid along the north jetty. Circulation in

the southern-most part of the bay (lower bay area) is complex and

dominated by the influence of the four rivers entering the bay in that

area. Tidal influence extends several miles up the rivers and local

sloughs.

A major hazard in the area is flooding, an annual winter

occurrence. The causes include heavy rainfall, rapid surface runoff,

high tides, strong winds, and poor permeability of the fine textured

alluvial soils in the flood plain. This flooding is responsible for

increased bacterial transport from waste materials on the surface into

the bay.

6.3.3 Economics

The dominant exporting industries in the Tillamook Basin consist

of silviculture and wood processing industries, cheese manufacturing

and associated dairying industries, a seafood and seafood processing

industry, and recreation and tourism. Table 6.1 gives a summary of

the total dollars generated in the area for each of the sources of

income and shows their relative magnitude as well as their

relationship to the total economic resources produced in the basin.

It is noted that the seafood industry, especially oyster industry,

contribute a notably insignificant amount to the total economic

picture in the area.

6.4 FEDERAL AND STATE SHELLFISH LEGISLATION

Several areas of legal concern are present that may potentially

effect all industries in the Tillamook Basin. First are the Food and

Drug Administration (FDA) and Oregon Department of Environmental

Quality (DEQ) standards approved for shellfish growing waters (Table

6.2). Because these standards cannot be complied with during many
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periods of the year in Tillamook Bay, the shellfish industry has tried

to obtain conditional status from the Oregon Seafood Sanitation

Program (OSSP) for shellfish harvesting in this area. In order to be

classified as a "conditionally approved" area, basic controls,

guidelines, notification procedures, understandings of pollutional

source relationships with the bay waters and cooperation among

governmental agencies and industry must be established. Exact

criteria for compliance is determined by the FDA under the NSSP. The

alternative to compliance is the closure of the area to shellfish

harvest or loss of state control over their shellfish program, with

subsequent compliance forced under federal jurisdiction. This

situation is not desired by either the state or local industry

A second legal consideration is Public Law 90.500, section 504

which states:

"notwithstanding any other provision of this act, the
administration, upon request of evidence that a
pollution source or combination of sources is
presenting an eminent and substantial endangerment to
the health of persons or the welfare of persons where
such endangerment is to the livelihood of such persons,
such as the inability to market shellfish, may bring
suit on behalf of the United States in the appropriate
District Court to immediately restrain any person
causing or contributing to the alleged pollution, to
stop the discharge of pollutants causing or
contributing to such a problem, or take any other
action as may be necessary".

This act has left the door open to legal confrontation between

the shellfish industry and the sources of fecal pollution in the bay

area. To date, the shellfish industry has refrained from this

approach and has chosen to follow a path of cooperation and "good

faith" in working with local industry and the state agencies to reduce

bay pollution. In the fall of 1977, however, after extensive

flooding, the bay was closed by the state to shellfishing (Lewis and

Clark College, 1978). If repeated episodes occur it is foreseeable

that the shellfish industry could use this option to alleviate the

economic burden they would undergo during these periods.

6.5 HISTORICAL DEVELOPMENT OF BACTERIAL PROBLEMS IN TILLAMOOK BAY

Monitoring the quality of growing waters as well as inspection of
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seafood processing facilities and implementation of the Oregon

Shellfish Sanitation Program (OSSP) was administered by the Oregon

State Department of Health, General Sanitation Section, prior to 1969.

In 1969 the state legislature created the Health Division (HD) and the

Department of Environmental Quality (DEQ). The newly formed DEQ then

took responsibility for the functions mentioned above except for

seafood processing inspection which was delegated to the HD.

The first indication of problems from fecal bacteria

contamination were revealed through routine monitoring of bay waters

in 1969-71. These data implied a problem might exist at times of

heavy rainfall in the Tillamook Basin. The threat of federal

intervention by the FDA and a possible loss of endorsement of the

State Shellfish Sanitation Program led to a concerted effort by the

DEQ during 1972 to 1974 to upgrade the program. In 1972, state

monitoring was intensified at sewage treatment plant discharges and in

the oyster beds themselves during wet weather periods. These

activities revealed high levels of total and fecal coliform bacteria

in the oyster beds under flooding conditions.

Following FDA recommendations, the state conducted a second

survey study during the fall and winter of 1973. This study indicated

that the area did not meet the NSSP guidelines and standards and that

a potential hazard situation existed unless further research could

demonstrate that the high bacterial counts were not of direct fecal

origin and therefore not indicative of a public health hazard.

The FDA, in cooperation with the state of Oregon, conducted

further comprehensive monitoring studies in November of 1974, May of

1976 and again in November of 1977 (Public Health Service, 1975; Carr

et.al., 1976; Carr et.al., 1978). The purpose of these studies was to

quantify the seasonal affect of bay pollution as well as to identify

major contributing sources of fecal bacteria. The DEQ also wished to

have bay oyster harvest areas designated as "conditionally approved".

Several of the more significant conclusions of these investigations

follow.
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1). Tillamook Bay and its tributary streams are contaminated by

fecal waste regardless of weather and tidal conditions.

2). Field observations and bacterial tests indicate that a

substantial percentage of the total and fecal coliform

organisms recovered from the water samples were of human

and bovine origin.

3). The recovery of salmonella organisms at two sampling

stations in the proposed conditionally approved area for

oyster harvest indicated fecal contamination and a potential

health hazard.

4). The sewage treatment plants discharging to the bay

tributaries are not designed for continuous protection of

shellfish growing waters. There is no continuous effluent

quality monitoring, no alarms to warn of system malfunction

and no performance standards, all being necessary for

utilization of the conditionally approved shellfish growing

area concept.

5). Levels of indicator organisms found in shellfish harvested

from conditionally approved areas in the bay exceed NSSP

wholesale market bacteriological standards.

6). In order to utilize shellfish directly from Tillamook Bay

for fresh or frozen use, the lower part of the bay must be

classified as conditionally approved according to criteria

of NSSP.

7). The water quality in the lower part of Tillamook Bay is good

under conditions of little rainfall induced runoff and ideal

sewage treatment plant operation in the area. This

combination, however, has not been shown as typical in the

bay area.

As can be seen from the conclusions, the "conditionally approved"

concept of the area is of great importance because it allows the

utilization of shellfish for fresh or frozen use from areas that would

have to otherwise be classified as prohibiting to shellfishing.

Final recommendations of the FDA studies (Public Health Service,
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1975; Carr et.al., 1976, Carr et.al. 1978) were that Tillamook Bay

should be temporarily closed to shellfishing until appropriate

controls and procedures to reduce bay contamination were developed.

The FDA also threatened again to withdraw endorsement of the state

program. This caused the formation of the Oregon Shellfish Sanitation

Task Force by the Oregon HD and DEQ to deal with the problem.

The major recommendations reported by this task force (Jackson

and Gtendening, 1982), of interest to this paper were:

1). Sewage treatment facilities must be upgraded and performance

standards established;

2). Additional bay and tributary monitoring must be undertaken

to qualify bacterial sources and the times they present

bacterial hazards to harvest areas;

3). Best management practices must be developed to reduce input

to the bay from non-point bacterial source areas;

4). Criteria for the closure of the bay to shellfish harvesting

activities must be developed that comply with the

conditionally approved concept of the NSSP.

6.6 CURRENT MANAGEMENT STRATEGY IMPLEMENTED TO REDUCE BACTERIAL

POLLUTION PROBLEMS IN TILLAMOOK BAY

The current approach to resolving conflicts caused by bacterial

pollution in Tillamook Bay was devised by the DEQ under funding by a

section 208 EPA Grant (Oregon DEQ, 1979). The goal was to establish a

comprehensive Tillamook Bay bacterial management plan for the

protection of bay shellfish resources (Oregon DEQ, 1981). The basic

intent of this plan is to preserve and protect the natural shellfish

resources while at the same time allowing activities identified as

bacterial sources to continue to operate in a "sensible sanitary

manner." This assumption recognizes that management will not achieve

"zero" bacterial discharge from these sources, but proposed, among

other things, criteria for determining when the bay should be closed

and open to shellfish harvesting.

Thus the proposed management strategy defines two major
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components: (1) to minimize bacterial discharge into the bay by use of

technical and institutional options such as best management practices

for dairy waste disposal and septic waste treatment facilities, buffer

strips, improved municipal waste treatment, land zoning and surcharge

assessment, and (2) to develop a plan to designate when the bay should

be closed to harvesting since fecal pollution in the bay may continue

to be a problem, as experienced in the past during breakdowns or

uncommon weather conditions. This plan must be based upon physical

criteria (such as alarm systems to warn of treatment plant

malfunctions or statistically based rainfall-runoff relationships

proven indicative of elevated bacterial levels in the oyster harvest

areas) due to the inherent time tag between direct bay sampling and

enumeration of bacteria in the samples. These criteria must also be

consistent with the guidelines for conditionally approved shellfish

areas as determined by the NSSP.

6.7 COMPREHENSIVE BACTERIAL MONITORING STUDY AND BACTERIAL SOURCE

IDENTIFICATION

Following the recommendation of the Oregon Shellfish Sanitation

Task Force and with funding by a 208 EPA Grant a comprehensive

bacterial monitoring study was performed in Tillamook Bay and its

tributaries during 1979 and 1980 to determine the sources and extent

of bacterial pollution in the drainage basin. This was accomplished

by intensive water sampling of the bay and tributaries under selected

weather conditions to ascertain the fecal contribution from various

land uses or fecal sources on bay water quality (Jackson and

Glendening, 1982). A summary of the results of this study for

bacterial levels in tributaries and in the bay over the oyster beds is

shown in Table 6.3. As noted, weather conditions were chosen to show

the hydrologic extremes encountered in the bay and drainage basin.

These results reveal that water samples exceed fecal coliform

standards (14/100 ml) during heavy winter storms in both the bay and

tributaries, probably due to the large freshwater influx and slow bay

flushing during these weather conditions.
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Under more moderate rainfall conditions and lower tributary flows

for the March storm, both the bay and tributaries exceed standards,

but because of lower bay inflow, dilution affects act to significantly

reduce bacterial densities in the bay. During the summer dry period,

tributaries still exceed bacterial standards but bay water quality is

acceptable for shellfish harvest due to the low volume of freshwater

input. The results of bacterial pollution caused by the first freshet

storm after a prolonged dry period are inconclusive. Bay and

tributary bacterial densities are elevated but their level is probably

greatly dependent on rain fall intensity and amount. This "first

flush" storm has the potential to deposit in the bay a large quantity

of highly pollutional material that has accumulated on the soil and

vegetative surfaces of the basin during the rainless period.

6.8 IDENTIFIABLE SOURCES OF FECAL POLLUTION

From the comprehensive bacterial monitoring study (Jackson and

Glendening, 1981) and other studies previously mentioned, several

sources of bacterial pollution have been identified. These include:

(1) five sewage treatment plants, (2) failing or nonexistent domestic

septic waste systems, (3) heavy recreational use of the upper

watersheds, (4) dairy farm animal waste management practices, (5)

forest management activities, (6) industrial waste management, and (7)

boat basins (Jackson and Glendening, 1982). A detailed description

and an assessment of the relative importance of these sources is

presented in Table 6.4. A more meaningful expression of the

proportional contribution of each source type to tributary and bay

fecal pollution is inappropriate because the temporal and spatial

nature of the source input. The major potential contributors are

sewage treatment plants, on-site septic treatment facilities and

animal waste materials.

The five sewage treatment plants, when working properly, have

been shown to contribute less than 0.1% of the fecal bacteria entering

the bay (Jackson and Glendening, 1982), but, they may be the major

input source during malfunctions. The same is true on a smaller scale

for on-site domestic subsurface waste treatment systems. Bacterial
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contribution from properly designed and installed systems are

insignificant but improperly installed or malfunctioning systems can

be a major local source of fecal bacteria. Typically, these sources

are located in areas of high water tables and on poorly drained soils,

where malfunctions occur under saturated soil conditions when

untreated sewage is forced to the surface. A significant number of

failed subsurface systems were also shown to be chronic bacterial

sources because corrective measures consisted of bypassing wastes

directly (by pipe) to ditches or sloughs (Jackson and Glendening,

1982). Sanitary survey and on-site evaluations of several "high risk"

areas revealed that at least 20% of the subsurface treatment systems

may be malfunctioning or inadequate.

Agricultural land use areas, specifically those associated with

dairy operations, have been implicated as the major source of fecal

bacteria in the bay, especially at low tributary flow. This was shown

directly by the increase in tributary bacterial densities as rivers

traveled past agricultural banks (Jackson and Glendening, 1982) and

indirectly by a bacterial transport model developed for land areas

receiving animal manures (Moore et.al., 1981). Bacterial

contributions from agricultural land can be categorized as three

distinct types (Jackson and Glendening, 1982): (1) direct or

continual, occurring where animals have direct stream access or manure

is dumped or applied directly to stream surfaces; (2) storm

propagated, where bacterial laden runoff enters streams and drainage

ditches with each storm event (these areas consist of hard surface

barnyards and feedlots that show immediate runoff response with

precipitation and fecal materials deposited adjacent to streams or

field ditches); and (3) soil propagated, which is caused when soils

are saturated and surface runoff prevails during rainfall (pastures

and manure disposal sites can be classed under this heading).

6.9 PROPOSED RECOMMENDATIONS TO MINIMIZE POLLUTION FROM MAJOR SOURCES

6.9.1 Sewage Treatment Plants
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Five sewage treatment plants (SIP) are located in the basin and

discharge into tributaries or directly into the bay (Figure 6.1).

Because of the shallow bay depths, dilution of incoming fecal bacteria

is minimized with the potential consequence of higher than expected

bacterial counts from these sources in the bay. Several

recommendations accepted to protect shellfish waters and improve

discharges from these facilities during stress periods are listed

below (Oregon DEQ, 1981).

1). Improved chlorination techniques to ensure consistent

chlorination of all effluent prior to discharge.

2). Increased in-plant monitoring of treatment devices and

installation of alarm systems to immediately notify

operators of equipment malfunctions.

3). Development of a notification plan to inform interested

parties of STP malfunctions with minimal lag time.

4). Enlargement of treatment or storage facilities to

accommodate the increased flows encountered during times of

heavy precipitation.

5). Improvement in sewage collections systems to reduce excess

inflow of flood waters into the treatment plant; this

reduction will lower the susceptibility to overload during

these high water periods.

6). Upgrade treatment facilities to a more advanced treatment

level and/or pretreat wastes to insure a more consistent

effluent.

6.9.2 On-site Subsurface Sewage Disposal

The Tillamook drainage basin contains many rural dwellings and

housing developments that rely of subsurface sewage treatment. When

these systems are improperly designed or installed for the site, they

can produce health hazards identified by sewage "back-up" in the

sanitary facility, surfacing of sewage on the ground or in roadside

ditches, ground water pollution and/or direct release to surface

waters. The DEQ and Tillamook County Health Department have

identified areas of potential or known on-site sewage problems (Oregon
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DEG, 1981; Jackson and Glendening, 1982). This has been accomplished

by considering the following factors.

1). Potential or known problems creating public health risks.

2). Aerial distribution of problems with respect to their

possible impact on bay waters.

3). Discharge magnitude and effect on tributary water quality.

4). Public complaints.

"Critical areas" have now been established as those that through

system malfunction could present an impact on the quality of Tillamook

Bay waters. These areas are generally located near streams and have

short travel times from their source to the bay. Proposed

recommendations to reduce bay fecal pollution from on-site, subsurface

sewage systems are summarized below.

1). On-site inspection, following complaints. Corrective

actions in compliance with on-site rules must then be

initiated within a specific time period until compliance is

attained at the site.

2). Installation only of systems meeting Oregon on-site sewage

disposal criteria.

3). All areas determined as "critical" to bay water quality

should receive on site inspection as soon as physically and

economically feasible to identify and correct malfunctioning

and non-functioning subsurface systems.

6.9.3 Dairy Waste Production and Disposal Practices

The Tillamook Basin contains a large concentration of dairy cows

to support the local manufacture of cheese. It is estimated that 135

farms containing some 17,000 head of livestock (14,700 dairy cows) are

located in the watershed (Public Health Service, 1975). Disposal of

manure is, therefore, a prime concern and presents a major potential

hazard for bacterial pollution in the bay. Pollution is derived from

several sources. Probably of least significance is manure deposited
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directly on pastureland during summer grazing and later available to

losses during winter runoff. Manure defecated in this manner is

exposed to adverse environmental conditions for a period that is

sufficient to minimize the population of fecal bacteria it contains.

Of greater concern is the manure collected during the winter in dairy

confinement facilities when cows are not pastured due to wet field

conditions. This manure must be spread daily or stored for later

disposal. Winter spread manure is immediately available to runoff

losses, due to frequently saturated soil conditions. Stored manure is

susceptible to overflow from undersized liquid waste facilities and

leaching from uncovered solid manure storages into nearby streams.

These represent highly concentrated point sources of bacterial

pollution for the bay.

A third source of fecal contamination is by direct defecation of

manure into surface streams and drainage ditches or solid manure

stacking in areas directly accessed by these water sources. These can

be major contributors of fecal bacteria during periods of low flow

when dilution effects are minimal. Best management practices for

minimizing bacterial pollution from dairy operations have been

developed and approved (Tillamook SWCD, 1981) with initial compliance

by dairy operations being voluntary (Oregon DEQ, 1981). Accepted best

management Practices for reducing fecal pollution from dairying

operations include the following.

1). Relocation of dairy confinement and/or open water sources to

reduce the probability that runoff from will reach open

water courses or flood these areas during heavy winter rainy

periods.

2). Regrading of confinement areas and diversion of "clean"

water away from confinement surfaces to minimize the volume

of waste to be land applied.

3). Improvement and expansion of manure storage facilities that

reduce leakage and drainage from manure directly into

streams. This may include roofed solid manure storage with

seepage collection or liquid manure storage tank. Added

advantages of this option, if storage capacity is
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sufficient, are disposal of manure at the most

climatologically optimal time as well as probable die-off of

fecal bacteria during the storage period.

4). Injection of manure into the soil during disposal and

increased use of tile drainage systems in disposal areas to

reduce contact with and volume of surface runoff water.

Transport of bacteria entering the soil surface is generally

restricted by adsorption and filtration to the top few

inches of soil.

5). Improved management of manure disposal techniques and design

of disposal areas. This should include: (1) use of grass

filter or buffer strips between application sites and open

water sources to reduce manure in runoff, (2) removal of

open ditches in application areas, (3) inspection and

maintenance of irrigation systems to ensure manure-tight

operations, (4) placement of manure guns away from open

water, (5) minimize manure spreading under conditions

conducive to runoff (saturated soils or surface channeling),

and (6) apply manure to most hydrologically optimal areas

during stress periods.

6). Reduce direct animal contact with surface streams and

ditches. This may be accomplished by fencing stream bank

tops and the use of stream bank entrance ramps to allow

watering while minimizing manure defecation directly into

surface water.

6.10 PROPOSED BAY CLOSURE CRITERIA

The second part of the management strategy as previously

explained, was the development of criteria to close the bay to

shellfishing when a strong probability exists that shellfish contain

above standard levels of fecal bacteria. Following the Oregon

Shellfish Sanitation Task Force report (Jackson and Glendening, 1981),

interim measures were adapted until further study could be performed.

These measures stated that Tillamook Bay will be closed to shellfish

harvest for 5 days following either: (1) sewage treatment plant
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malfunction or (2) any rainfall event greater than 5 cm (2 in) in a

24-hour period.

Upon completion of the Comprehensive Bacteriological Monitoring

Study (Jackson and Glendening, 1982) and using results of past

bacteriological studies of bay water quality (Public Health Service,

1975; Carr et.al., 1976, Carr et.al. 1978), an attempt was made to

develop rational and reliable criteria for bay closure. The data in

these studies were analyzed to determine: (1) whether a relationship

exists between physical factors influencing Tillamook Bay and

shellfish growing water quality, and (2) if there are times of the

year when water quality is such that shellfish have a high probability

of being bacterially contaminated.

To accomplish the first of these goals, linear regression

techniques were used to correlate the physical parameters salinity,

river flow, and water temperature with total and fecal coliform

densities in the bay. Results of this analysis revealed that none of

these parameters could reliably reflect bay water quality conditions

because of the complex interaction of these variables in the bay.

These interactions include differences in bacterial loading in the

hydrographic profile of rainfall events, variation in the amount of

fresh water input from various storm events, the differences in tidal

stage with storm input rate acting to effectively alter salinity

gradients, and dilution of fresh water in the bay.

The effect of bay water quality, salinity and oyster pumping

activity on oyster meat quality was also examined. On the basis of

these analyses, certain conditions and times of year emerged when

oyster meats have a high probability of bacterial contamination. The

conclusions of this study were are presented below (Glendening and

Jackson, 1981).

1). During winter periods of high tributary flow the bay can

greatly exceed bacterial standards for shellfish growing

waters. Oysters meats may exceed market standards during

these periods but oyster meat bacterial concentrations are
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not in proportion to bacterial densities in the bay water

because salinities and temperatures are unfavorable to

active pumping by the oysters.

2). During late spring, summer and early fall any abrupt

increase in tributary inflow, causing flows to quadruple,

can cause substandard bay bacterial water quality. Oyster

meats at these times may exceed market standards in numbers

equal to or greater than bay water bacterial densities

because salinity and temperature in the oyster beds may

favor active pumping and bacterial concentration by the

oysters.

3). During dry summer periods when tributary inflow is

minimized, both bay water quality and oyster meats generally

meet standards with bay conditions favoring active oyster

pumping. It appears during these periods that tidal

dilution can effectively overcome the effects of bacterial

concentration by the pumping oysters.

From these studies and observations, new bay closure criteria

have been proposed for shellfish harvest in Tillamook Bay (Glendening

and Jackson, 1981). These new criteria close the bay during STP

malfunction or bypass at any of the plants in the drainage basin and

during various times of the year when tributary flow increases have

shown high probability for oyster meat contamination. The formation

of a coordinated, year-round bay water and oyster meat sampling

program is also recommended to further investigate the relationship

between water quality, time of year, climatic conditions, bay

hydrology and oyster meat quality. This information is needed to

improve the accuracy of bay closure criteria and consequently minimize

any public health hazard.

6.11 SUMMARY

Contamination of shellfish harvest areas by fecal bacteria is an

inevitable problem since this resource is usually located where waste

sources are concentrated (i.e. the bay-ocean interface). The public

must be protected from any health hazard that may be encountered by
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harvesting of shellfish from these areas. Also of concern is the

economic stress that is placed on both the shellfish industry and the

industries implicated as being sources of bacterial production.

This paper has attempted to review in detail the legal, economic

and historic problems encountered with bacterial pollution of oyster

harvest areas in Tillamook Bay, Oregon. A management strategy has

been developed whose goals involve minimum impact to industries

contributing the major bacterial load to the bay while ensuring the

continued production and protection of the shellfishing industry.

This management plan stresses federal, state and local governmental

agency cooperation and is basically composed of two major components:

(1) bacterial discharge is to be reduced by implementation of

recommended practices, and (2) closure of the bay to shellfish

harvesting on the basis of physical criteria and climatic conditions

that favor bacterial contamination of the shellfish. Under these

guidelines recommendations have been proposed to reduce bacterial

loading to the bay for the major industries which have been identified

as the principle bacterial sources. Recommended bay closure criteria

have also been presented.

It is hoped that this example of cooperative effort by all

involved parties can inspire and be a guide to all areas presently

facing similar shellfish and other aquatic pollution problems.
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Table 6.1 Gross Annual Economic Production of the Major

Industries in the Tillamook Bay Area (1973)a

Gross Economic
Production ($000)

1. Silviculture 28,830

2. Logging and Log Hauling 4,224

3. Sawmills 19,281

Total Production
In Basin

(% of Total)

4. Other Wood Processing 30,097

Total of Wood Products 82,432 26.5

5. Commercial Agriculture
(mostly dairy) 12,844

6. Manufacturing
(mostly cheese) 18,656

Total of Agricultural Products 31,500 10.62

7. Commercial Fisheries 837

8. Oyster Aquaculture 231

9. Seafood Processing 1,286

Total Marine Resources 2,354 0.8

10. Recreation and Tourism 13,784 4.6

TOTAL 130,070

a - Adapted from Youmans et.al., 1977.
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Table 6.2 Existing Federal and State Standards for Shellfish
Growing Waters

Marketed
Oyster Meats
(per 100 g meat)

Shellfish Growing
Waters

(per 100 ml water)

Total Coliform Fecal Coliform

60,000 (FDA)a

median: 70 (FDA)

230 (FDA)

median: 14 (DEQ) b

10% samples: 30 10% samples: 43

a - Federal Drug Administration.
b - Oregon Department of Environmental Quality
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TABLE 6.3 Water Sampling Results for Fecal Coliform Bacteria in Tillamook Baya

Water
. b

SamplIng

Period December 2-7, 1979 March 10-14, 1980 July 28-30, 1980 October 25-29, 1980

Tributary
Sampling
Stations Median Min. Max.

BACTERIAL DENSITIES (Bacteria/100 ml)

Median Min. Max. Median Min. Max. Median Min. Max.

5a 430 91 1100 240 94 1100 24 9 75 32 9 240

9 150 23 930 62 4 240 7 < 3 23 51 < 3 460

3 430 230 2400 150 23 240 24 < 3 43 57 < 3 93

4 240 150 2400 240 43 460 29 9 150 43 4 93

12 97 150 4600 690 150 > 1100 24 9 39 84 4 460

Average 270 272 22 53

Bay

Sampling
Stations

2 430 73 2400 43 15 1100 4 < 3 43 19 < 3 43

7 335 < 30 1100 33 9 240 5 < 3 9 16 7 43

8 267 36 930 23 < 3 93 7 < 3 23 6 < 3 15

10 36 < 30 460 43 3 506 4 < 3 9 3 < 3 7

11 91 < 30 930 43 9 240 4 < 3 43 9 < 3 43

13 110 < 30 240 43 9 150 4 < 3 15 6 < 3 9

14 240 < 30 1100 93 9 240 4 < 3 15 43 4 93

Average 215 46 5 15

a -Adapted from Jackson and Glendening (1982).

b -Sampling Periods were chosen to show minimum and maximum bay polution conditions as follows:

December 2-7: Heavy winter storm (6.25

March 10-14: Moderate winter storm (4.

to rain,

July 28-30: Summer Period no storms,

October 25-29: First fall freshet - first

following summer low flow

cm) under previously saturated soil conditions,
1 cm over 3 days) where soils were not saturated prior

land runoff and low tributary flows,

storm to saturate soils with subsequent land runoff
period.
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Table 6.4 Potential Source Evaluation of Fecal Pollution in

Tillamook Baya

Sources of Estimated Contribution
Bacterial Pollution to Bay Pollution

1. Septic Tanks (non-sewered and urban areas)

Areas of failing septic tanks or nonexistent
facilities caused by poor soils, high
concentration in small areas or failing
equipment.

Slight to
Moderate

2. Recreational Areas Insignificant

Areas of heavy recreational use by fishermen,
campers, swimmers, picnickers, and off-road
vehicle rallies where, due to unimproved
nature of these areas, sanitation facilities
are unavailable.

3. Forest Areas Insignificant

Areas of recreational uses on forested lands
and uncontrollable sources such as from large
herds of elk. These areas seem to contribute
a minimal or background level of bacteria for
use in comparing other sources.

4. Animal Wastes (agricultural areas) Major

Areas used for disposal of domesticated
animal wastes, predominantly dairy wastes,
on the floodplain. This also includes
direct and indirect discharge of animal
wastes from storage and production
facilities such as leachate from manure
storage areas.

5. Industrial (point sources) Insignificant

Areas of point discharges from industrial
complexes. Heavy metals, as well as fecal
bacteria, are of concern from this source
because of the possibility that heavy metals
may affect bacterial enumeration from this,
as well as other source areas and thus mask
a potential hazard.

6. Sewage Treatment Plants (point sources) Insignificant
to Major

Areas of point discharge of municipal treated
waste. Amounts of bacteria can vary widely
depending on operating efficiency as dictated
by inflow and equipment failure in the plants.
These facilities can be major sources of human
fecal bacteria in times of plant overload.

a - Adapted from Oregon DEO, 1979 and Jackson and Glendening, 1982.
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CHAPTER 7

ENTERIC BACTERIAL DIE-OFF IN BOVINE MANURE STORAGE

I. THE EFFECT OF TEMPERATURE AND DILUTION

ON FECAL BACTERIA DIE-OFF IN BOVINE FECES

Stuart R. Crane and James A. Moorea

7.1 ABSTRACT
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Bacterial pollution of surface waters by runoff from agricultural

lands utilized for manure disposal is a serious problem in coastal

drainage basins where shellfish harvesting is practiced. Under

typical winter and spring conditions, flooding of animal waste

disposal areas increases the likelihood of high densities of bacteria

in runoff water if waste is land applied. An option to field

application under these circumstances is to store the manure for later

disposal. Storage offers two possible advantages; first, a greater

flexibility for application during more climatologically optimal

periods, and second, the opportunity for fecal bacterial die-off in

the manure storage facility prior to application.

This study investigated the "die-off" of fecal coliform and fecal

streptococcus under simulated storage conditions. Bovine feces

diluted to 7.6% and 1.3% total solids was stored at 5°C, 15°C and 25°C

with bacterial densities determined in the manure during 12 and 40 day

incubation periods. Results of these experiments indicate that

bacterial aftergrowth in storage can significantly increase

microorganism densities, especially at low temperatures and in more

dilute slurry conditions. In general, overall bacterial die-off was

minimal due to this initial bacterial regrowth. Trends were shown

toward increased bacterial die-off at higher temperatures and

decreasing fecal solids contents. Additional research is needed in

a Research Assistant and Professor, respectively, Department of
Agricultural Engineering, Oregon State University, Corvallis, OR
97331, (503) 754-2041. Oregon State Experiment Station Technical Paper
Number 8166.
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the areas of bacterial "aftergrowth" and the effects of repetitive

manure addition if the die-off of enteric bacteria during manure

storage is to be more accurately predicted.

Key Words: Fecal Bacteria, Bacterial Die-off, Bacterial Modeling,

Waste Storage, Dairy Manure, Public Health Risk
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7.2 INTRODUCTION
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Dairy manure has the potential to cause massive pollution via

surface runoff if applied to the land at high rates or on soils that

are hydrologically or geomorphologically unsuitable. These two

conditions occur simultaneously in the Tillamook river basin in Oregon

during the winter season. The oyster beds, located in Tillamook bay,

have been closed to harvesting by the Oregon Department of

Environmental Quality several times in recent years because of high

levels of fecal coliform in the bay waters. This measure was taken

under the assumption that high fecal coliform counts indicate an

increased probability of human pathogenic bacteria in the bay. These

closures have coincided with flooding conditions and high surface

runoff flows in the drainage basin. The large dairy population

located in the watershed has been implicated as a major contributor of

this microbial contamination from manure application on the land prior

to and during these sub-optimal conditions. One alternative to

frequent manure application is the use of enlarged storage facilities.

This will reduce microbial pollution of the bay in two ways. The

first is through better waste management schemes that allow greater

flexibility as to when manure will be applied and thus application

during more climatologically optimal periods. Extended storage

periods may also be beneficial by lowering the number of fecal

bacteria in the manure applied, through die-off in the storage

facility, prior to application. These two factors must be considered

when determining the economic feasibility of an extended storage

option for alleviating microbial contamination in the bay. Studies on

the survival of enteric bacteria in animal waste have previously been

restricted, primarily to Salmonella sp., that have been inoculated

into the waste materials prior to storage. Strauch et.al. (1964),
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utilizing poultry waste incubated at 8°C and 17°C, found Salmonella

eliminated in 5 to 25 days. Similar results were determined with this

waste material by Berkowitz et.al. (1974), where a 79% reduction of

Salmonella sp. were shown in 19, 11 and 3 days at 10°C, 20°C and 30°C,

respectively.

Results are less consistent for storage studies employing swine

manure. Kovacs and Tamasi (1979) estimated Salmonella extinction in

three months due to rising pH levels in the manure during storage,

with greater survival at 20°C than at 4°C. Temperature had the

opposite effect on Salmonella survival in a study by Thunegard (1975)

where bacteria survived up to 52 weeks at 4°C while only 28 days at

20°C.

The die-off of Salmonella sp. in cattle manure slurry has

received greater attention due to the prevalence of Salmonellosis

problems in dairy production activities. The critical factors

affecting bacterial die-off during storage were summarized by Jones

(1976) and Kovacs and Tamasi (1979) as temperature, organic matter

content, the initial population of bacteria present in the manure and

pH, when highly basic conditions prevail. Table 7.1 presents a

summary for past investigations involving cattle manure and slurry

storage. Several trends are evident from the results in the table;

(1) increasing incubation temperature reduces the survival time for

Salmonella, (2) the species of Salmonella involved has a major effect

on the survival period exhibited in storage, (3) survival in urine is

greatly inhibited, and (4) the effect of manure solids content on

bacterial die-off is equivocal. In general, the initial inoculated

population of Salmonella present in the waste was reduced by 90% to

95% during the first 1 to 2 weeks of manure storage (Jones, 1976;

Burrows and Rankin, 1970; Thunegard, 1975).

Investigation of the die-off characteristics of other enteric

bacterial species during storage has been limited to Escherichia coli

(Rankin and Taylor, 1969; Burrows and Rankin, 1970; Kovacs and Tamasi,

1979; Tamasi and Lantos, 1983). In all studies, except those

performed by Kovacs and Tamasi (1979), E. coli die-off was similar to
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or slower than Salmonella reduction. Kovacs and Tamasi (1979) found

the rate of E. coli die-off in swine manure slurry to be significantly

greater when compared to the Salmonella species tested.

The objectives of this investigation were to ascertain the gross

effects of storage temperature and waste dilution on the survival of

enteric bacteria in bovine fecal slurry. The enteric bacteria chosen

for study were fecal coliform and fecal streptococcus because of their

acceptance as the standard indicator bacteria for fecal pollution.

7.3 MATERIALS AND METHODS

This investigation consisted of two independent experiments on

enteric bacterial die-off under conditions simulating the storage of

bovine feces.

7.3.1 Experiment 1

Fresh bovine feces (less than 5 minutes old) was collected from

the milking herd at the Oregon State University dairy farm. The feces

were mixed with distilled water by high speed blender at a ratio of

1:1 by weight to form a liquid manure slurry of composition comparable

to that normally scraped from alleys and stored in a liquid manure

storage tank. Solids content of the feces and fecal slurry were

determined gravimetrically by the methods outlined in Standard Methods

(1985) immediately after mixing and at several times during the

incubation period.

Three equal portions of the homogenized slurry were placed in 1

liter mason jars and incubated at constant temperatures of 5°C, 15°C

and 25°C for a period of 12 days. An initial sample of the feces,

slurry and well-mixed subsamples of slurry from each temperature

treatment were collected at three day intervals for analysis of fecal

coliform. Fecal coliform populations were determined by the standard

millipore filter technique, in triplicate, following the procedural

details outlined in Standard Methods (1985).
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7.3.2 Experiment 2

Fresh bovine feces were collected as in experiment 1. The feces

were then mixed at feces:distilled water ratios of 1:1 and 1:8 by

weight. One titer portions of each dilution were stored in mason jars

and incubated in the same manner and temperatures as in experiment 1.

Solids contents of the initial slurry dilutions and subsamples of the

well-mixed slurry treatments were determined at the same intervals as

bacterial analysis. The duration of experiment 2 was 40 days, a

typical field storage period for liquid manure systems. Fecal

coliform and fecal streptococci densities were determined by the

standard millipore filter technique, from subsamples of each

treatment, at approximately 4 day intervals following the procedural

details outlined in Standard Methods (1985).

7.4 RESULTS

7.4.1 Experiment 1

The results of solids analysis for the fecal slurry are shown in

Table 7.2. Little change in solids content of the manure slurry is

observed with time for any incubation temperature. For this reason,

all bacterial counts expressed on a dry weight basis were calculated

using a bovine fecal slurry solids content of 7.41%, the average

value found during the experimental period. The density of the manure

slurry was determined as 1.001 g/cm3 which was approximated as 1.0

g/cm 3 to simplify calculations.

The results of fecal coliform analysis for each sampling period

are displayed graphically in Figures 7.1 and 7.2, on a count per ml

slurry and count per gram manure solids basis, utilizing a semi-

logarithmic scale. These figures reveal a distinct temperature effect

on bacterial die-off. Incubation at 5°C led to little die-off for the

first three days. This was followed by a rapid decline in fecal

coliform number during the next three days and then a stabilization in

the population for the rest of the incubation period. The 15°C and

25°C treatment experienced an initial increase or "regrowth" in fecal



119

coliform population over the first three days. A gradual decline in

numbers was then shown for both treatments during the remainder of the

investigation.

15°C.

At 25°C this decline was more significant than at

7.4.2 Experiment 2

The solids content of each treatment remained relatively constant

throughout the 40 day experimental period (Table 7.2) so that the

average total solids percentage for each dilution was utilized when

determining bacterial number per gram of solids (Figures 7.4 and 7.6).

Slurry densities were also assumed to be 1.0 g/cm 3 as noted in

experiment 1.

The results of fecal coliform analysis for experiment 2 are shown

in Figures 7.3 and 7.4. At a 1:8 manure dilution ratio all

temperature treatments exhibited a pronounced regrowth of

approximately 1.5 log units during the first 3 days incubation.

Following this initial growth stage, a steady decline in fecal

coliform counts was only shown for the 15°C treatment. At 5°C and

25°C little die-off occurred which resulted in final bacterial

populations that were greater than initial counts.

The 1:1 manure dilution treatments displayed less initial

regrowth. At 5°C the fecal coliform population remained relatively

constant throughout the experiment. The rate of bacterial die-off

increased with temperature on the 15°C and 25°C treatments with final

reductions of 0.5 and 2.5 log units, respectively, when compared to

the initial bacterial populations (Figures 7.3 and 7.4).

In Figure 7.5 and 7.6 the results of fecal streptococcus analysis

are displayed for experiment 2. In the more dilute slurry (1:8), a

temperature dependent regrowth occurred during the first 3 days

incubation, with greatest increase (1 log unit) shown at 5°C. A

steady die-off then ensued at both 15°C (0.8 log units) and 25°C (1.8

log units) during the remainder of the experimental period.

Fecal streptococcus regrowth for the 1:1 manure dilution
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treatment was only significant at 5°C and lasted for a duration of 14

days. Following this rise, the bacterial population remained steady

for the rest of the experiment. At 15°C and 25°C little change and a

steady decline in fecal streptococcus counts, respectively, were shown

during the experimental period.

7.5 DISCUSSION

The effect of storage temperature on fecal coliform die-off was

inconsistent. In experiment 1 bacterial survival was greatest at 15°C

and 25°C, due primarily to the initial regrowth shown at these

temperatures. At 5°C viable fecal coliform bacteria were reduced by

90% during the first six days and the population stabilized over the

last six days. The results of experiment 2 reveal conflicting trends

in comparison to experiment 1. Fecal coliform survival was enhanced

at 5°C for both slurry dilutions. The only treatments showing

significant bacterial reduction during the 40 day storage period were

the 1:8 manure slurry at 15°C (95%) and the 1:1 manure slurry at 25°C

(99.5%). In general, survival was enhanced by lower storage

temperatures, with the one exception being the 1:8 manure dilution at

25°C.

A more consistent trend was exhibited for the survival of fecal

streptococcus with storage temperature (Figures 7.5 and 7.6). Higher

temperatures increased the die-off rate of bacteria and decreased the

magnitude of the initial bacterial regrowth for both slurry dilutions.

Generally, lower storage temperatures should enhance survival of

bacteria through decreased metabolic activity, diminished nutrient

consumption, decreased production of exocellular toxic compounds and

reduced predatory activities from competing microorganisms. Many

previous studies with manure slurry have indicated that increasing

storage temperatures decrease fecal coliform and Salmonella sp.

survival time (Thunegard, 1975; Jones, 1976; Findlay, 1972; Kovacs and

Tamasi, 1979), however, it has also been reported that Salmonella

survival is greater at 20°C than at 4°C (Kovacs and Tamasi, 1979; Hess

and Breer, 1975). These conflicting results on the rote of



121

temperature in the reduction of fecal bacteria in storage imply that

fecal coliform may be able to multiply and remain at high densities

with increasing temperature whereas fecal streptococcus are unable to

survive under these conditions. A rationale for this phenomenon can

only be speculated with one possibility being that at warmer

temperatures fecal coliform bacteria may have an increased competitive

advantage over other bacteria in waste materials containing specific

nutrients or growth factors. These constituents, existing in variable

concentrations depending on waste composition, could control the

extent of bacterial reproduction and stability. The erratic nature of

fecal coliform survival with temperature suggest that fecal

streptococcus may be a more advantageous indicator organism in

concentrated organic wastes.

Manure slurry dilution had a pronounced effect on the level of

both fecal coliform and streptococcus survival. At higher dilution

(1:8) the initial regrowth of bacteria was greatly enhanced on all

treatments (Figures 7.3,7.4,7.5 and 7.6). The solids content of the

manure did not, however, seem to influence the ensuing bacterial die-

off following this regrowth period. Figure 7.4 reveals that a greater

number of fecal coliform were sustained, per gram solids, at the 1:8

manure dilution and therefore the total quantity of bacteria would be

greater in the more dilute slurry treatment. The results of fecal

streptococcus analysis presented in Figure 7.6 for the two manure

slurries yields some interesting observations. It would appear that

the bacterial density, after the initial regrowth period, is directly

related to the solids content of the manure slurry. This causes the

data to be roughly grouped into three separate temperature treatments.

In effect, there is no significant difference in the total quantity of

stored bacteria for either manure dilution.

The effect of bovine manure solids content on Salmonella sp. die-

off was investigated by Jones (1979) and Gudding (1975). Bacterial

die-off rates increased with increasing manure slurry solids over the

range of 10.9% to 25.5% total solids (Gudding, 1975). In more dilute

slurries (1.0% to 4.8% TS) Jones (1979) found die-off rates to

decrease with increasing slurry solids contents. The results of
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Burrows and Rankin (1970) were in agreement with these findings for E.

coli over a similar range of slurry solids (0.2% to 4.5% TS). These

preliminary observations indicate that an optimum manure solids

content, with respect to enteric bacterial survival, may exist in the

range of 5% to 10% total solids. This tendency was not exhibited by

fecal coliform in experiment 2 but in all treatments for fecal

streptococcus (Figures 7.5 and 7.6) final bacterial counts were higher

at the 1:1 dilution (7.8% TS) than at the 1:8 dilution (1.34% TS).

The initial levels of fecal coliform, fecal streptococcus and

moisture content of the bovine manure used in this investigation are

compared in Table 7.3 with those reported by other investigators.

Values for these parameters are in close agreement with those

established in other studies and give more validity to these data as

well as to the use of reference values to estimate fecal bacterial

production for the bovine species. An important finding in this

investigation, that could have a major impact on these parameters, is

the initial regrowth of fecal bacteria following defecation. If rapid

bacterial growth continues in the manure following excretion, the

initial counts determined would be a function of manure age. As shown

in both experiments this regrowth, or better termed "aftergrowth",

has a significant effect on the actual bacterial level in the stored

manure. This can lead to, as observed in many treatments, bacterial

levels following storage that are greater than those initially

introduced when the manure was collected.

The possibility of enteric bacterial aftergrowth in water, soil

or water treatment systems is a controversial topic. It would seem,

however, that a concentrated manure storage presents the most ideal

conditions for aftergrowth, second only to the intestinal tract.

Aftergrowth of Salmonella and fecal coliform in feces and manure

slurries has been shown, but not necessarily reported, by Jordan

(1926), Clem (1977), Jones (1971), Kovacs and Tamasi (1979), Berkowitz

et.al. (1974), and Blum (1968). It is apparent from this

investigation that the magnitude of bacterial aftergrowth is at least

a function of both temperature (decreasing with increasing
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temperature) and manure solids content (decreasing with increasing

TS). In a study utilizing poultry slurry, Berkowitz et.al. (1979)

also found that increasing temperatures inhibited Salmonella

aftergrowth. Additional research information is required on the

factors controlling this phenomenon to accurately predict the behavior

of enteric organisms in a manure storage environment.

It was hoped at the outset of this study that the results

obtained for enteric bacterial die-off could be simulated assuming a

simple logarithmic death rate model (Crane and Moore, 1986):

where:

log (Nt/No) = -kt (1)

N
o'

N
t

= Number of fecal bacteria at times 0 and t;
respectively,

t = time, and

k = log death rate coefficient.

This was impossible due to the unconventional nature of the die-off

curves generated in this study. This type of model has proven very

useful in describing the die-off of fecal indicator organisms that

have been introduced into aquatic (McFeters et.al., 1974; Kittrell and

Furfari, 1963; Orlob, 1956) and soil environments (Crane et.al., 1980;

Korkman, 1971; Dazzo et.al., 1973) that are substantially different

from the fecal material where these organisms originated. A simple

logarithmic model is not as useful for describing die-off in solid or

semi-solid manures where bacterial aftergrowth is displayed. If the

magnitude and duration of this initial growth phase can be estimated,

the following time lag dependent model would better simulate bacterial

die-off in storage:

log (Nt/Nti) = -k(t-t1) for t > t1 (2)

where:

N
t1

= maximum population of bacteria in aftergrowth phase, and

t1 = lag time to maximum bacterial population.
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A final consideration must be expressed in regard to

extrapolation of these experimental results to actual field storage

conditions. The experiments in this investigation consider the fate

of bacteria in an isolated batch of manure, far different from field

conditions where fresh manure is added, at least daily, to the storage

facility. The periodic addition of fresh manure could have several

important consequences with respect to the behavior of the fecal

bacteria present. Introduction of fresh, available nutrients with the

manure could stimulate additional growth of the fecal bacteria present

in the stored waste. The indigenous bacteria would also change the

competitive climate to which the newly added fecal bacteria must

acclimate. An inherent extension of this investigation would be to

compare the effects of more realistic field loading conditions on

fecal bacterial kinetics. In this way the value of information

gleaned from past studies can be more accurately assessed.

7.6 SUMMARY AND CONCLUSIONS

The salient conclusions that can be drawn from this investigation

are as follows:

1). Indicator bacteria generally die-off more quickly at

increasing storage temperatures.

2). Increasing fecal slurry dilution increases initial

bacterial aftergrowth but also tends to increase bacterial

die-off rates following this growth period.

3). Fecal streptococcus die-off seems to be more reliable, or

at least more predictable, under the influence of both

storage temperature and slurry solids concentration when

compared to fecal cotiform.

4). In general, the die-off of bacterial indicator organisms

was minimal in the 5°C to 15°C temperature range expected

in most dairy manure storage facilities.
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5). Bacterial aftergrowth is an important factor in determining

the quantity of bacteria in a manure storage. Aftergrowth

was exhibited to greatest extent at lower temperatures and

higher manure slurry dilution.

6). Prediction of the die-off of bacteria in a storage facility

is a complex problem and not amendable to a simple first

order kinetic description as previously shown possible for

aquatic and soil environments. Additional research is

needed to characterize the magnitude and length of the

bacterial aftergrowth period if an accurate description of

the process is forthcoming.

7). Further research is needed to study the effect of

repetitive manure addition on fecal bacterial kinetics. In

this way the accuracy of past and present results utilizing

batch manure studies can be assessed.



126

Table 7.1 Summary Of Die-off Time For Salmonella sp. In Dairy
Manure.

Waste TS Inoculum a Temper-Die-off b Reference
Type Level ature time

(%) log (#/ml) °C (days)

Liquid 10.7 5.7 10 140 Gudding
Semi-solid 17.3 5.7 10 84 (1975)
Solid 25.5 5.7 10 49
Urine 1.5 5.7 10 35

Slurry 4.7 6.0 5 132 Jones
4.7 6.0 10 132 (1976)
4.7 6.0 20 57
4.7 6.0 30 13

1.0 6.3 10 93
2.9 6.3 10 118
4.8 6.3 10 142
1.0 5.0 10 86
2.9 5.0 10 111
4.8 5.0 10 114
0.9 5.2 10 83
5.0 5.2 10 97
7.0 5.2 10 97
9.0 5.2 10 97

Slurry 6.0-8.0 9-10 49-210c Best et.al.
Urine 57-84c (1971)
Calf slurry 12-33c
Slurry 8.7 7.0 5 217-231c Findlay

9.3 7.0 15 126-133c (1972)
Slurry 0.2 6.0-7.0 Winter 35 Burrows &

0.4 6.0-7.0 II 63 Rankin
2.0 6.0-7.0 11 63 (1970)
2.6 6.0-7.0 11 49
4.5 6.0-7.0 11 63

Slurry 7.0 Winter 84d Rankin &
Taylor(1969)

Slurry 9.3 6.7 1-6 135-160c Thunegard
6.7 18-20 14-30c (1975)

8.4 7.5 1-6 74-196c
7.5 18-20 14-22c

a-Inoculum level defined as log (initial bacteria number/ml).
b-Die-off time defined as time when no bacteria are recovered.
c-Range values for various Salmonella sp.
d-Final bacterial population < 100/ml.
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Table 7.2 Summary Of Total Solids Analysis For Manure Slurriesa.

Day
Sampled

Manure Dilution Ratio

1:1 1:8

Incubation Temperature
(0C

5 15 25 5 15 25

Experiment 1

0 7.361 7.361 7.361
3 7.184 7.212 7.300
6 7.631 8.209 7.066

Treatment
Average 7.391 7.594 7.242

Overall
Average 7.409

Experiment 2

0 7.640 7.640 7.640 1.150 1.150 1.150
3 7.785 7.745 7.775 1.120 1.135 1.305
6 ND ND ND ND ND ND

10 7.450 7.410 7.161 1.410 1.420 1.428
14 8.200 7.895 7.580 1.476 1.475 1.517
18 8.144 7.815 7.765 1.347 1.209 1.180
22 8.076 7.649 7.357 1.380 1.382 1.523
26 8.068 7.921 7.219 1.432 1.390 1.442
30 7.716 7.708 7.292 1.202 1.248 1.476
35 8.457 8.292 7.604 1.439 1.407 1.413
40 7.927 8.373 7.843 1.343 1.271 1.359

Treatment
Average 7.946 7.845 7.524 1.330 1.309 1.380

Overall
Average 7.772 1.340

a All individual solids values determined as (g solids/g slurry)
x 100 from triplicate analysis.

ND - Not determined.
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Table 7.3 Moisture And Microbial Characteristics Of Fresh Bovine
Manure.

Fecal
Coliform

Fecal
Streptococcus

Moisture
Content Reference

(bacteria/g total solids x 106)

7.85 --- 86.6 This study Exp.1
18.70 25.0 83.8 This study Exp.2
10.0 --- 81.1 Jones (1971)
1.37 7.78 83.3 Geldreich (1978)

15.0 19.0 86.4 Overcash et. al.
(1983)
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CHAPTER 8

ENTERIC BACTERIAL DIE-OFF IN BOVINE MANURE STORAGE

II. THE EFFECT OF URINE ON BACTERIAL SURVIVAL AND REGROWTH.

Stuart R. Crane and James A. Moore a

8.1 ABSTRACT

The utilization of extended animal waste storage systems reduce

the possibility of bacterial pollution of surface and groundwater

sources through bacterial die-off in the storage unit prior to land

application and subsequent environmental exposure. The combining of

urine and fecal matter in a single storage area is commonly practiced

where alley flushing or manure scraping management techniques are

employed. The purpose of this investigation was to determine the

effect of urine addition, temperature and manure dilution on the

survival of fecal bacteria in storage. Three batch storage

experiments were undertaken. In the first study, fresh bovine feces

and 3 dilutions of freshly scraped alley waste (SAW) were incubated

for 30 days at temperatures of 5°C and 25°C. The second batch storage

experiment consisted of six treatments at temperatures of 5°C and

15°C. In this study fresh bovine feces were mixed with distilled

water (FW) or freshly collected bovine urine (FU) to form a slurry.

Portions of the slurry mixtures were further diluted by weight with

distilled water at 1:1 and 1:7 (FW or FU:distilled water) ratios and

these dilutions were incubated for 50 days. The third experiment was

conducted to replicate the effects of urine addition and to determine

the accuracy of the sampling and analysis techniques employed. In

this experiment fresh feces and urine were combined by weight at a 2:1

feces-urine (FU) ratio. A portion of this mixture was then diluted

with distilled water at a 1:7 FU-distilled water ratio. Three storage

a Research Assistant and Professor, respectively , Department of
Agricultural Engineering, Oregon State University, Corvallis, OR.,
97331, (503) 754-2041. Oregon Agricultural Experiment Station
Technical Paper No.
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vessels were filled with each manure mixture and incubated at 5°C and

25°C.

The results of fecal coliform and fecal streptococcus analysis

from manure samples taken intermittently during incubation for each

experiment revealed that temperature and urine amendment strongly

influenced the survival of the fecal bacteria. Increasing

temperatures generally decreased survival for both bacteria types.

Urine addition increased the die-off of fecal coliform while enhancing

the survival of fecal streptococcus. Reasons for this contrary

behavior were explored.

The regrowth of fecal bacteria during storage is a complex issue.

Two types of regrowth patterns were identified in this investigation.

The first, denoted bacterial aftergrowth, is the continued

multiplication of bacteria following defecation, collection and

storage which can persist 3 to 6 days into the storage period. The

probability aftergrowth is enhanced by increased temperatures and

urine addition. The second regrowth pattern, designated delayed

regrowth, is characterized by a slow but continuous rise in bacterial

density after 6 to 10 days storage. This type regrowth was only

exhibited by fecal streptococcus at low temperatures in dilute manure

slurries. At present the prediction of when bacterial regrowth will

occur or to what magnitude it will progress is impossible.

Describing the experimental results with a logarithmic die-off

model gave a good fit to the data on most treatments. Die-off rate

coefficients (k), were insignificant at 5°C but ranged from 0.047 to

0.095 days 1 for scraped alley waste and 0.020 to 0.263 days -1
for

feces-urine mixtures at 25 °C for the fecal bacteria studied. The

major source of variation identified when studying the die-off of

fecal bacteria was the temporal non-homogeneity of the manure

collected. This change in manure composition suggests that a range of

die-off coefficients must be developed for the various storage

conditions presently in existence.
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ENTERIC BACTERIAL DIE-OFF IN BOVINE MANURE STORAGE
II. THE EFFECT OF URINE ON BACTERIAL SURVIVAL AND REGROWTH.

Stuart R. Crane and James A. Moore

8.2 INTRODUCTION

Animal wastes from diseased or carrier livestock have the

capability of spreading a host of bacteria caused diseases including

salmonellosis, brucellosis, anthrax and leptospirosis to other animals

as well as the human sector (Azevado and Stout, 1974). Exposure to

these bacteria is usually associated with improper disinfection and

waste handling techniques or through poorly managed land application

activities that allow animal exposure to viable bacteria on the

application site. The public is exposed to these disease agents when

runoff or percolation carry pathogenic bacteria to drinking or

recreational contact water sources.

The extended storage of animal manure prior to land application

offers two distinct advantages in reducing the potential for bacterial

pollution of surface and groundwater when compared to the application

of freshly voided wastes. First, manure may be applied during more

climatotogically optimal periods when surface bacterial die-off is

enhanced and runoff and percolation of bacteria to water supplies is

minimized. Secondly, the possibility of bacterial die-off within the

storage unit is increased, thereby reducing the quantity of bacteria

and associated disease hazard when the manure is subsequently applied

to the land.

Some of the critical factors affecting bacterial die-off during

storage are: (1) temperature, (2) organic matter content, (3) the

initial bacterial population density, (4) the species of bacteria

present, (5) pH, and (6) the existence or production of toxic or

beneficial compounds in the manure storage unit (Jones, 1976; Kovacs

and Tamasi, 1979; Crane and Moore, 1987).

Bacterial regrowth or aftergrowth is also an important factor in

determining the effectiveness of this option for reducing enteric
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bacterial densities in storage. Crane and Moore (1987) determined

that the initial bacterial aftergrowth in storage was enhanced by

lower temperatures and increasing manure slurry dilution. Under these

conditions, fecal coliform and fecal streptococcus densities in bovine

manure slurries were significantly greater following a 40-day

incubation period then when initially collected. Other investigators

have also reported this phenomenon in association with stored animal

feces and manure slurries (Jordan, 1926; Clem, 1977; Jones, 1971;

Berkowitz et.al., 1974; and Blum, 1968). High levels of bacterial

aftergrowth effectively reduce the efficiency of the storage option as

a means of bacterial reduction and control.

The effect of the presence or absence of urine in stored manure

has received much less attention. The addition of urine should affect

the survival of enteric bacteria in stored manure because of the high

concentration of soluble nutrients it contains as well as the strong

influence it exerts on the pH of the manure. Best et.al. (1971) and

Gudding (1975) have reported increased die-off of Salmonella sp. in

urine when compared to manure slurries. Little research has been

conducted to ascertain the effect of urine addition to fecal matter

with respect to subsequent enteric bacterial survival.

The objectives of this investigation were to, (1) determine the

effect of urine addition, temperature and dilution on fecal bacterial

die-off in batch stored manure, (2) ascertain the influence of these

factors on bacterial regrowth, and (3) assess the proficiency of a

mathematical model to describe the bacterial die-off process. Fecal

coliform and fecal streptococcus were the bacteria chosen for study

because of their acceptance as standard indicators of the presence of

fecal pathogenic bacteria.

8.3 MATERIALS AND METHODS

Three independent experiments were conducted in this

investigation to determine the effects of temperature, dilution and

urine addition on fecal bacterial die-off in storage. The first two

experiments were used to evaluate the effects of those factors over a
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wide range of experimental conditions. The third experiment explored

the repeatability of bacterial die-off under a more limited set of

experimental conditions.

8.3.1 Experiment 1

Fresh bovine feces (<1 hour old) and scraped alley waste (SAW)

consisting of a mixture of feces and urine were collected off a

concrete alley floor at the Oregon State University dairy farm. The

scraped alley waste was well mixed and diluted by weight with

distilled water at SAW:water ratios of 1:3 and 1:7. The feces, SAW

and two dilutions of SAW were divided in half and placed in 4 liter

jugs. These jugs were then incubated at constant temperatures of 5°C

and 25°C (see Table 8.1) for a period of 30 days. Samples of the well

mixed contents of each container were taken at various time intervals

for analysis.

8.3.2 Experiment 2

Fresh bovine feces were collected as in experiment 1 and urine,

excreted from several cows, was gathered in a bucket prior to contact

with the concrete alley. The feces were well mixed and divided in

half. One portion of feces was then mixed by weight with distilled

water at a 2:1 (feces:water) ratio while the other half was combined

with urine at the same ratio (2:1, feces:urine). These mixtures,

feces:water (FW) and feces:urine (FU), were further diluted by weight

with distilled water at ratios of 1:1 and 1:7 (FW or FU:water).

Portions at each dilution were placed in separate 4 liter jars and

incubated at 5°C and 15°C (see Table 8.1) for a period of 50 days.

Samples of the well mixed contents of each treatment were collected

intermittently for analysis.

8.3.3 Experiment 3

Experiment 3 was designed to study the dominant factors and to

statistically verify the experimental results and trends determined in

experiments 1 and 2. It was also used to assess the errors involved
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in the sampling methods and experimental techniques employed. Fresh

bovine feces and urine were collected as in experiment 2. These

components were mixed by weight at a 2:1 (feces:urine) ratio and a

portion of this mixture (FU) was further diluted with distilled water

at a ratio of 1:7 (FU:distilled water). Three portions of each

dilution were placed in separate 4 liter jars and incubated at

constant temperatures of 5°C and 25°C for a total of 12 individual

treatments (see Table 8.2). Samples from each container were

intermittently collected for analysis during the 50 day incubation

period. Three sub-samples were taken from these samples on two

treatments (F and L) and independent bacterial analysis was performed

for each sub-sample to estimate sample variability and the accuracy of

sampling and analysis techniques.

Total solids were determined in duplicate on all samples by

gravimetric analysis techniques and pH by combination electrode as

outlined in Standard Methods (1985). Fecal coliform and fecal

streptococcus in the feces and manure slurry samples were determined

in triplicate, following serial dilution in phosphate buffer solution,

by the millipore filtration techniques described for each bacteria in

Standard Methods (1985).

8.4 RESULTS

8.4.1 Experiment 1

The results of analysis of the feces and scraped alley waste used

in experiment 1 are listed in Table 8.3. The SAW had a higher pH and

significantly higher fecal streptococcus density than the fresh feces.

Total solids and pH analysis results for all treatments are shown in

Table 8.1 and Figure 8.1, respectively. The total solids values were

determined as the average of all samples taken on an individual

treatment because there were no significant changes in total solids

(drying) during the 30 day incubation period. These average total

solids values were used to compute bacterial densities on a per gram

solids basis as reported later. The pH of all 5°C treatments remained

relatively constant during incubation except for the feces only
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treatment where the pH steadily rose. At 25°C the pH initially

declined rapidly on all treatments, stabilized and began to increase

after 20 days. The initial and final pH tended to be related to

manure dilution with highest values observed in the more dilute

treatments.

The results of bacterial analysis for fecal coliform and fecal

streptococcus are displayed in Figures 8.2 and 8.3. These results are

presented on a per gram of solids basis to remove the direct effect of

dilution from the data and therefore make any trends due to

temperature or dilution more observable. Storage temperature was a

significant factor in the die-off of both types of bacteria at 25°C.

No direct effects of dilution were discernible on any treatment at

either storage temperature. Fecal coliform densities were reduced

more than 90% on all treatments at 25°C but showed little overall

change in bacterial population at 5°C. Regrowth of fecal coliform was

displayed (1 log unit) during the first five days for the feces only

treatment at 25°C, with a significant bacterial die-off ensuing this

regrowth period.

Fecal streptococcus behaved in a similar manner with greater than

99% bacterial die-off at 25°C. In the feces only treatment at 25°C a

small regrowth of bacteria was observed by day 5. This regrowth was

followed by the most rapid die-off rate for any treatment. At 5°C

bacterial densities increased slightly, then declined slightly, with

little overall effect, accept on the feces only treatment where the

bacterial population increased slowly throughout the storage period.

8.4.2 Experiment 2

The average and range of total solids determined for each

treatment during the 50 day incubation period is listed in Table 8.1.

On all treatments employing urine addition, the total solids content

was effectively increased. The physical and bacteriological

properties of the feces and urine used in experiment 2 are displayed

in Table 8.3. The low bacterial counts found in the urine were

presumably caused by the slight but unavoidable contamination of the
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urine with fecal residue during collection. The fecal streptococcus

density in the feces utilized in this experiment were an order of

magnitude higher than both the fecal coliform density in experiment 2

and that of the fecal streptococcus density for the feces used in

experiment 1.

The pH profiles for the 5°C and 15°C treatments are compared in

Figures 8.4 and 8.5, respectively. Urine addition substantially

increased the initial pH at all dilution levels. The pH of urine

treated feces declined most rapidly at 15°C and equilibrated at

approximately 7.3 after 10 days. The pH dropped at a much slower rate

on the 5°C treatments reaching an equilibrium pH of approximately 7.6

after 30 days storage. The pH on the non-urine amended treatments

remained fairly constant throughout storage with highest pH at

greatest dilution for both temperatures.

The die-off of fecal coliform on the 5°C treatments is displayed

in Figure 8.6 and at 15°C in Figure 8.7. Little change in bacterial

densities occurred during storage on all non-urine amended treatments

except at greatest dilution (TRTS C and I). On treatment C (5°C)

fecal coliform numbers declined quickly after 30 days and treatment I

(15°C) showed initial regrowth of bacteria during the first 10 days of

storage. Urine addition caused rapid bacterial die-off on all

treatments at 5°C without any obvious dependence on waste dilution.

At 15 °C fecal coliform die-off appeared to be entirely related to

waste dilution with significantly greater die-off rates at lower waste

dilution levels. At highest dilution (TRT K) initial bacterial

regrowth occurred with little overall change in bacterial densities

during the incubation period.

The response of fecal streptococcus to urine addition was

significantly different than the reaction of fecal coliform as shown

for the 5°C and 15°C treatments in Figures 8.8 and 8.9, respectively.

Addition of urine to the feces caused substantial fecal streptococcus

regrowth on all treatments. At 5°C regrowth was most rapid at lowest

dilution during the first week, then a steady decline in bacteria

ensued. On the higher dilution treatments regrowth was slower but
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continued throughout the storage period. The fecal streptococcus

densities on the 15°C treatments increased rapidly during the first 10

days incubation, then slowly declined to approximately initial levels

after 50 days storage. Response of the non-urine amended treatments

to temperature was more typical with little change in bacterial

population at 5°C except at lowest dilution where regrowth occurred.

At 15°C a slight regrowth with subsequent bacterial die-off was shown

on the more diluted treatments while no change in bacterial density

was observed at lowest dilution.

8.4.3 Experiment 3

The average and range of total solids determined for the

replicated treatments in experiment 3 are displayed in Table 8.3. The

higher total solids content of these materials was responsible for the

increased total solids content for the four treatments in experiment 3

when compared to similar treatments in experiment 2. Fecal bacterial

densities were lower in the feces and much elevated in the urine for

both bacterial types when compared to values of these parameters from

the previous experiments (Table 8.3). The high counts of bacteria in

the urine were probably a result of fecal contamination during

urination as evidenced by residue left in the urine collection

containers.

The change in pH during storage for each treatment is displayed

for the 5°C treatments in Figure 8.10 and the 25°C treatments in

Figure 8.11. At 5°C, the pH tended to increase slightly for the first

three days incubation then decreased slowly for the remainder of the

incubation period. For the 25°C treatments, a dramatic decrease in pH

was shown during the first 10 days of storage followed by a slowly

increasing pH for the duration of the experiment. The above trends

were most pronounced on the 1:7 FU-water treatments.

The die-off of fecal coliform during storage for the 5°C and 25°C

treatments during storage are shown in Figures 8.12 and 8.13,

respectively. In the less dilute FU treatments (2:1) fecal bacteria

densities decreased below detection limits before 25 days at 25°C and
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before 50 days at 5°C. This trend was not followed by the more dilute

1:7 treatments. As exhibited in Figure 8.13, fecal coliform densities

decreased slowly at 5°C but the 25°C treatments showed an initial

period of bacterial regrowth (approximately 1 log unit) followed by a

gradual decline in bacterial densities during the rest of the

experimental period. Final bacterial densities on these treatments

were roughly equivalent to their initial values prior to manure

storage.

The results of fecal streptococcus analysis during incubation

for the 5°C treatments are presented in Figure 8.14 and for the 25°C

treatments in Figure 8.15. Fecal streptococcus populations remained

relatively constant at 5°C but a significant bacterial regrowth (1.5

log units) followed by a slow decline in bacteria was displayed at

25°C. In the more dilute FU mixture (1:7) at 5°C, fecal streptococcus

populations first declined slightly then increased slowly for the

duration of the experiment. The opposite trend was shown at 25°C,

where fecal bacterial densities increased during the first 3 days

incubation, then slowly diminished during the remainder of the 50 day

storage period.

Figures 8.16 and 8.17 present the results obtained for fecal

coliform and fecal streptococcus analysis from repeated sampling of

treatments F and L. The purpose of the replicated sampling was to

estimate the accuracy of the sampling and analysis techniques

employed. Observing the close correlation between curves associated

with each treatment, these results indicate that little of the

variation in the results of fecal bacterial analysis was caused by the

sampling and dilution techniques involved in these studies.

8.5 DISCUSSION

The composite storage of urine and fecal residue is a common

practice in dairy facilities that employ flushing or scrape cleaning

methods. The effects of urine addition on fecal bacterial behavior in

a batch storage environment have been explored in this investigation.

The results of experiment 1 show that bacterial regrowth was possible
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in the feces alone but not in the scraped alley waste for both fecal

coliform and fecal streptococcus bacteria. Among the treatments

employing scraped alley waste, temperature increased bacterial die-off

while pH and dilution rate had no discernible effect. In experiment 2

where fresh feces and urine were mixed directly (at a rate comparable

to the actual elimination rate found for dairy cows) and compared to

similar treatments without urine addition, many contradictory results

were displayed. The most obvious was in the reaction of the indicator

bacteria. Fecal coliform die-off was increased substantially,

especially at 5°C, while the population of fecal streptococcus

generally increased on all treatments. Reasons for this discrepancy

in behavior are not readily discerned. It would appear that fresh

urine addition either directly effects or indirectly effects the

bacterial environment in a way that is conducive to the maintenance

and multiplication of fecal streptococcus while being destructive to

fecal coliform. A significant rise in pH is the most conspicuous

result of urine amendment. Observing Figures 8.4 and 8.5 it is noted

that at 5°C the reduction of pH with time is gradual and continuous

over the first 40 days incubation while at 15°C the fall in pH is much

more abrupt and occurs during the first 10 days of storage. The final

pH on all treatments is also generally higher at 5°C. These

observations seem to be reflected in the behavior of the fecal

bacteria. At 5°C fecal coliform die-off is steady and continuous

while fecal streptococcus densities increased at higher dilution

levels. The 15°C treatments responded differently with fecal coliform

die-off seemingly dependent on manure dilution and fecal streptococcus

showing either a population stabilization or die-off after the initial

10 day pH change.

A major objective of experiment 3 was to confirm the existence of

these trends through duplication of the conditions employed in

experiment 2. Observing the pH changes in Figures 8.10 and 8.11, it

is noted that at 25°C the pH decreased even more rapidly upon

incubation than than it did in the comparable treatments (at 15°C) in

experiment 2. Similarly, the trends for fecal bacterial die-off are

in agreement with those determined in experiment 2 but are more
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pronounced due to the increased temperature of incubation (25°C).

Die-off of fecal coliform proceeded at both manure dilutions at 5°C

where the pH remained high. At 25°C however, bacterial die-off was

rapid and complete for the 2:1 FU manure mixture but regrowth and

little overall bacterial die-off was exhibited in the more diluted 1:7

FU-water mixture (Figures 8.11 and 8.12). This indicated that where

the pH declined rapidly, manure dilution was an influential factor in

fecal coliform die-off, as noted previously. Fecal streptococcus

behavior was also in agreement with the results of experiment 2. At

5°C, marginal die-off was shown at the 2:1 dilution and bacterial

populations increased (following a 6 to 10 day lag interval)

throughout the storage period in the more dilute 1:7 treatments

(Figures 8.14 and 8.15). When the initial pH decreased rapidly at

25°C, fecal streptococcus displayed significant regrowth followed by a

slowly declining bacterial density. Survival was substantially

enhanced in the more concentrated (2:1) manure mixture. It appears pH

directly or through its effects on other environmental parameters

plays a significant and opposite role in the survival of these

bacteria when it remains high enough (approximately pH 8.0) to

influence their behavior. At lower pH's other system variables have a

more predominant effect on the viability of fecal bacteria. Gudding

(1975) and Jones (1976) have suggested that changes in pH during

storage cause the formation of antimicrobial compounds that may be

responsible for reduced Salmonella sp. survival. In this study it

would seem that the reverse may also be possible, that nutrient

availability and the production of pro-microbial compounds may be

enhanced by the changes in pH during storage.

The results of these experiments imply that fecal

streptococcus, because of their contradictory behavior as compared to

fecal coliform bacteria, may not be a reliable indicator bacteria in

situations similar to those simulated in this investigation. Before

this conclusion is accepted, however, research must be performed with

pathogenic bacteria under analogous conditions to establish their

actual behavior. Best et.al. (1971) determined that cattle urine had

an inhibitory effect on the survival of many Salmonella species.
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A major objective of this investigation was to better define the

environmental conditions that are conducive or responsible for fecal

bacterial regrowth. To that end this research was not wholly

successful. Two patterns of bacterial regrowth are evident from the

data obtained in these experiments. The first can be described as an

initial aftergrowth phase, where fecal bacterial densities increase up

to 1.5 log units for a 3 to 6 day period immediately following

storage. This initial regrowth period is then followed by bacterial

die-off at a rate determined by manure dilution and the existing

environmental conditions. In these experiments bacterial aftergrowth

for fecal coliform occurred only at 25°C in the fresh feces in

experiment 1 and in the more dilute manure mixtures in experiments 2

and 3 at 15°C and 25°C, respectively. The addition of urine did not

influence this regrowth when it occurred as shown in Figure 8.7. The

aftergrowth of fecal streptococcus was far more common in these

experiments. The factors that seemed to regulate this phenomenon, in

order of influence, were the addition of urine, temperature and waste

dilution level. Urine amended treatments all exhibited a significant

bacterial aftergrowth period during storage. On all treatments

displaying aftergrowth, increasing temperatures increased the rate and

magnitude of fecal streptococcus regrowth. At higher incubation

temperatures, decreased manure dilution also seemed to favor bacterial

aftergrowth (Figures 8.14, 8.9, 8.15). These trends were the opposite

of those noted previously by Crane and Moore (1987) studying fecal

bacterial survival in various dilutions of bovine feces. This

discrepancy in the survival of fecal streptococcus must be related to

the addition of urine but a viable explanation for this behavior is

not apparent.

A mechanism for bacterial aftergrowth in fresh fecal residue was

previously proposed by Thelin and Gifford (1983). They theorized that

fecal bacteria continue to multiply following excretion because they

leave the intestinal tract while in an exponential growth phase. This

phase ends and the bacterial population stabilizes after several days

due to a depletion of available nutrients or adverse environmental

conditions. Their theory explains why an initial (1-3 day)
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aftergrowth would be found in freshly voided feces and probably in

dilutions of this fecal material. An initial aftergrowth period has

been shown in past research utilizing bovine feces (Crane and Moore,

1987; Blum, 1968; Clem, 1977; Jones, 1971), poultry excreta

(Berkowitz, 1974) and human feces (Jordan, 1926). The results of this

study reveal that the addition of urine to feces may not inhibit

bacterial aftergrowth for fecal coliform and can actually promote

increased aftergrowth for fecal streptococcus.

A second pattern of fecal bacterial regrowth is shown in Figures

8.3, 8.8 and 8.14. This can be characterized as a delayed regrowth

event where minimal bacterial aftergrowth is demonstrated but

following 8 to 10 days storage the fecal bacteria population increases

slowly with time for the duration of the study period. This

phenomenon could be called actual bacterial regrowth because it is

unrelated and independent of the continued bacterial multiplication

following defecation explained above. It would ensue where the

chemical and physical environment were conducive to bacterial

reproduction. In this study, delayed regrowth only occurred at 5°C

for fecal streptococcus and was encouraged by urine addition and

greater manure dilution. In related experiments it was shown that

fecal streptococcus are capable of regrowth in urine alone at 5°C

(unreported data). The combination of low temperature and elevated

pH, resulting from urine addition, seems to produce an environment

that enhances the replication of fecal streptococcus. This phenomenon

of actual regrowth could be of prime importance if pathogenic

bacterial species display similar behavior under comparable

conditions.

The above discussion suggests that while some of the conditions

that contribute to bacterial regrowth have now been established, it is

still impossible to predict whether aftergrowth will actually occur

under any given set of circumstances or to what magnitude it will

reach when it does transpire. Additional research is needed to more

intensively study the chemical, physical and biological parameters

involved and their possible synergistic and antagonistic interactions
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in situations where regrowth arises. Only in this way can an accurate

explication of the regrowth process be developed.

Describing the bacterial die-off process mathematically has been

attempted, with varying degrees of success, in aquatic and soil

environments. Crane and Moore (1986) after reviewing this topic have

suggested that a simple logarithmic die-off model may be the best

choice to predict the die-off of bacteria where extensive knowledge of

the physical and environmental parameters involved is unavailable.

The logarithmic model is depicted below:

where:

log(Nt/No) = -kt (1)

t = time (days),

N
o'

N
t
= number of viable fecal bacteria present at time 0 and t,

respectively, and

k = log death rate coefficient (days -1
).

The use of this model assumes that one or several predominant

environmental factors, which are expressed in the magnitude of the log

death rate coefficient (k), are responsible for bacterial reduction.

It further assumes that the influence of these factors remain constant

over time. This is an overly simplistic view for a waste storage

system where chemical and biological changes may rapidly alter the

bacterial environment causing the predominant variables inducing die-

off to vary with time. A second shortcoming of the model lies in its

inability to describe the initial period of bacterial regrowth that is

often present following defecation. Despite these drawbacks the

logarithmic model can generally give a good prediction of bacterial

die-off if the death rate coefficient can be estimated accurately.

Determination of the die-off rate coefficient is accomplished by

simple linear regression techniques comparing the log of bacterial

density versus time of storage. A listing of the rate coefficients

calculated for all treatments in these experiments is presented in

Table 8.4. This model describes bacterial reduction well in most

cases, except for those treatments that displayed little bacterial
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die-off during storage (k = approximately 0) or where bacterial

regrowth was an ascendant factor. The rate coefficients (k) also

reflect the strong influence of both temperature and urine addition on

bacterial die-off as previously discussed.

With the results obtained in experiment 3 and by comparison of

die-off coefficients determined in Table 8.4, several pertinent

conclusions can be expressed in regard to bacterial die-off and the

bacterial analysis techniques employed. Figure 8.16 and 8.17 show

that minimal variability exists in the number of bacteria determined

for samples taken from the same storage vessel. This indicates that

the sampling techniques and analysis procedures accurately determined

the bacterial densities present at both high and low manure dilutions.

The four major treatments in experiment 3, replicated in triplicate,

give an estimate of the variation that might be determined for an

individual experiment that was not replicated. As shown in Figures

8.12 to 8.15, the variation in bacterial densities between replicated

storage containers is greater than between sub-samples from the same

container. In 3 out of 4 treatments, however, the regression curves

among the replicated storage containers proved to be statistically

equivalent (Table 8.4) allowing for a pooled estimate of bacterial

die-off on those treatments. Visual observations of the bacterial

die-off curves for these treatments would lead to similar conclusions.

The final comparison of interest is between bacterial die-off from

similar experimental treatments utilizing different batches of feces

and urine. In these cases, as illustrated in Table 8.4, the magnitude

of the die-off constant can be significantly different between

experiments. Differences in bacterial die-off coefficients would be

expected in a non-homogeneous substrate such as manure because of the

interdependence between bacterial survival and the chemical and

biological environment present. While the differences in manure and

urine composition preclude determination of a "defined" die-off rate

for a particular set of storage conditions, they are not of sufficient

magnitude to override the trends in bacterial die-off caused by the

effects of other significant factors such as temperature and urine

addition. The differences found in fecal bacteria die-off rates in
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this study were between batches of manure from the same source that

were collected and treated in a similar manner. Extending this

concept, it is easy to understand why different investigators using

different manure sources and collection schemes would get divergent if

not contradictory results with respect to fecal bacterial behavior in

manure storage systems. This seems to be the rule rather than the

exception when comparing fecal bacteria die-off results from

literature sources. For these reasons the die-off coefficients

determined in Table 8.4 should be viewed only as point estimates in a

range of possible coefficients for the particular storage conditions

investigated. Additional research is needed to more accurately

quantify this range of die-off coefficients for the many different

types of manure treatment and storage facilities presently in

existence.

To compare the results of these experiments with past research,

the logarithmic model was applied to data from other investigations

and the computed die-off coefficients are shown in Table 8.5. The

die-off coefficients determined in this study were generally lower

than those calculated from previous research, indicating that fecal

coliform and streptococcus species are probably more resistant to

death than many Salmonella sp. and therefore act as conservative

indicators of the presence of pathogenic bacteria.

8.6 SUMMARY AND CONCLUSIONS

The significant conclusions of this investigation can best be

summarized as follows:

1). Fecal bacterial die-off in bovine feces is minimized at waste

storage temperatures below 15°C but increases substantially

above this temperature. Fecal coliform bacteria however,seem

to resist die-off under warm storage conditions when feces

are extensively diluted (1% TS).

2). The addition of urine to feces in storage increased the die-

off of fecal coliform but caused significant increases in the
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population of fecal streptococcus at incubation temperatures

of 5°C, 15°C and 25°C. The use of fecal streptococcus as an

indicator of pathogenic bacteria is therefore suspect until

further research proves that pathogenic species can also

exhibit such behavior under similar storage conditions.

3). The effects of pH and dilution on bacterial survival were

inconsistent, but these parameters significantly influence

die-off under circumstances where they are the predominant

factor affecting bacterial survival.

4). Fecal bacteria regrowth during storage can be categorized

into two unique types depending on the growth pattern

displayed. The first type is bacterial aftergrowth, where

bacteria continue to multiply after defecation, collection

and introduction into the storage facility. Aftergrowth of

bacteria generally continues for 3 to 6 days with bacterial

densities increasing up to 1.5 log units. The second pattern

of bacterial regrowth, denoted as actual or delayed regrowth,

begins 6 to 10 days after the start of manure storage and is

characterized by a slow but steady increase in bacterial

density throughout the storage period. This delayed regrowth

is due to the development of environmental conditions

suitable for bacterial replication in the storage unit.

Aftergrowth of bacteria in storage is favored by urine

addition and increasing storage temperatures. Delayed

regrowth was only shown at 5°C for fecal streptococcus and

was enhanced by increased manure dilution. However, it is

presently impossible to predict when regrowth may occur as

well as to what extent it will progress in situations where

it develops. Additional research is needed to assess the

chemical and biological interactions involved if these

regrowth phenomenon are to be more accurately defined.

5). The sources of variation in the results obtained from

bacterial analysis of manure storage treatments were

investigated. Repeated samples from the same storage

container undergoing identical treatment produced die-off

curves that were statistically equivalent. This implied that
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the sampling and analysis techniques employed were accurate

and that the major source of variation was associated with

differences in the chemical and biological make-up of the

manure source itself. Because of the non-homogeneity of the

manure source, significant differences in the die-off of

fecal bacteria should be expected between different batches

of manure even from the same source. It is suggested that

continued research focus on the development of a range of

fecal bacterial die-off coefficients for the many storage

conditions presently in existence.

6) Under most circumstances a simple logarithmic die-off model

provides a good description of fecal bacterial behavior in

batch manure storage systems. Die-off rate coefficients, k,

determined at 25 °C ranged from 0.047 to 0.076 days
1 for

fecal coliform and from 0.059 to 0.095 days -1 for fecal

streptococcus utilizing scraped alley waste. For mixtures of

feces and urine diluted with water and stored at 25°C, die-

off coefficients ranged from 0.045 to 0.263 days -1 and 0.020

to 0.046 days 1 for fecal coliform and fecal streptococcus,

respectively. Comparison to past research utilizing

Salmonella sp. suggests that these die-off coefficients give

a conservative estimate with regard to pathogenic bacterial

survival in animal waste storage systems.
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TABLE 8.1 Treatment Description and Physical Characteristics for the
Manure Storage Experiments 1 and 2.

Experiment 1 Experiment 2

TRT Treatment Avg. a Treatment Avg. a

Description Temp. %TS Description Temp. %TS

A Fresh feces 50c 16.46 Feces:water mix 5
o
C 11.22

(15.7-17.8) (FW) at 2:1 ratio (10.3-12.1)

B Scraped alley 5 °C 14.34 1:1 (FW:water 5 °C 4.77
waste (SAW) (13.7-15.1) dilution) (4.65-4.96)

C 1:3 (SAW:water 5 °C 3.16 1:7 (FS:water 5 °C 0.74
dilution) (3.06-3.37) dilution) (0.66-0.80)

D 1:7 (SAW:water 5 °C 1.40 Feces:urine mix 5 °C 12.10
dilution) (1.34-1.50) (FU) at 2:1 ratio (11.5-13.1)

E See treatment 25 °C 15.91 1:1 (FU:water 5 °C 5.48
A (15.1-17.8) dilution) (5.32-5.69)

F See treatment 25 °C 14.11 1:7 (FU:water 5 °C 0.91
B (13.4-14.7) dilution) (0.88-0.94)

G See treatment 25 °C 2.97 See treatment 15°C 10.94
C (2.73-3.08) A (10.2-12.0)

H See treatment 25 °C 1.35 See treatment 15 °C 4.76
D (1.21-1.50) B (4.71-4.86)

I See treatment 15°C 0.76
C (0.66-0.86)

J See treatment 15°C 12.36
D (11.4-13.4)

K See treatment 15°C 5.35
E (5.24-5.58)

L See treatment 15°C 0.95
F (0.86-1.34)

a - Upper value is treatment average % Total solids, bracketed values
give the range of total solids determined for each treatment.
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TABLE 8.2 Treatment Description and Physical Characteristics for the
Manure Storage Experiment 3.

Experiment 1

Treatment Treatment
Description Temperature

5 °CA,B,C Feces:urine mix(FU) 5

Avg.
a

%TS

13.40
at 2:1 ratio (11.93-14.25)

D,E,Fa,Fb,Fc Same as treatments 25°C 13.00
A,B,C (11.84-13.93)

G,H,I FU:water mix at 55 °C 1.36
1:7 ratio (1.17-1.47)

J,K,La,Lb,Lc Same as treatments 25°C 1.27
G,H,I (1.05-1.50)

a Upper value is treatment average % Total solids, bracketed values
give the range of total solids determined for each treatment.
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TABLE 8.3 Average Analysis Results for Bovine Feces, Urine and
Scraped Alley Waste.

Fecal coliform Fecal streptococcus

PH %TS (bacteria #19 solids) x 10
-6

Experiment 1

Feces 6.65 17.81 25.82 33.41
SAW 7.10 14.67 25.46 129.0

Experiment 2

Feces 6.33 16.20 33.95 191.0
Urine 8.32 6.82 0.0022 0.041

Experiment 3

Feces 6.38 17.43 12.84 9.65
Urine 8.48 7.47 2.443 0.145
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TABLE 8.4 Die-off Rate Coefficients Determined for All Experimental

Treatments a

Treatment FC FS Treatment FC FS

Experiment 1 5 °C 25°C

A 0.0094b -0.0105b E 0.0762 0.0950
B 0.0091 0.0166b F 0.0469 0.0730
C 0.0144 0.0170 G 0.0564 0.0585
D 0.0113 0.0183b H 0.0518 0.0691

Experiment 2 5 °C 15°C

A 0.0114 .0034b G 0.0152 0.0052b
B 0.0109 .0043b H 0.0144 0.0326
C 0.0461 .0003b I 0.0317 0.0485
D 0.0629 .0261 J 0.1114 0.0070b
E 0.0655 .0162 K 0.0460 0.0277
F 0.1067 .0086b L 0.0366 0.0320

Experiment 3 5 °C 25°C

A 0.1221 0.0093bd D 0.2516 0.0150b
B 0.1240 0.0086 d E 0.2565 0.0226b
C 0.1133 0.0161 d Fa 0.3307 0.0219b

Fb 0.3286 0.0236b
Pooled for A,B,Cc Fc 0.3278 0.0216b

0.1195 Pooled for D,E,Fac

G 0.0731 -0.0189 0.2634 0.0198b
H 0.0765 -0.0146b
I 0.0801 -0.0195 Pooled for Fa,Fb,Fcc

Pooled for G,H,Ic 0.3290 0.0224b

0.0766 -0.0177 J 0.0427 0.0367
K 0.0433 0.0508
La 0.0490 0.0499
Lb 0.0470 0.0476
Lc 0.0473 0.0505

Pooled for J,K,Lac

0.0450 0.0458

Pooled for La,Lb,Lcc

0.0477 0.0493

a Die-off rate coefficients in units days
-1

b Indicates treatment data poorly fit logarithmic die-off model

(r
2 for linear regression < 0.6).

c Pooled regression containing all data from the three associated
treatments. Statistical testing determined no difference between
individual regression curves at a 0.01 significance level, except
as noted.

d - Individual regression curves were statistically different at a
0.01 significance level so pooled estimate was invalid.

.pa
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TABLE 8.5 Die-off Rate Constants For Various Bacteria Species In Previous Batch Waste

Storage Experimentsa

Waste Bacteria Initial

type type Population Temperature %TS pH k Reference

(#/ml x 10
-6

) (°C) (days
-1

)

Dairy liquid S. dublin 5.5 winter 0.057 Rankin &

S. typhimurium 8.8 0.054 Taylor, 1969

E. coli 6.6 0.045

Swine liquid E .coli 1.4 6.0 0.095 Tamasi &
Lantos, 1983

Cattle slurry S. dublin winter 0.2 0.102 Burrows &

0.4 0.084 Rankin, 1970

2.0 0.186

2.6 0.064

4.5 0.046

S. typhimurium 0.2 0.107
0.4 0.078

2.0 0.066

2.6 0.054

4.5 0.046

E. coli 0.2 0.125

0.4 0.102

2.0 0.069

2.6 0.063

4.5 0.044

Cattle slurry S. dublin 1.0 5-10 4.7 7.4 0.045 Jones, 1976

20 0.105

30 0.462

10 1.0 7.4 0.144

10 2.9 0.114

10 4.8 0.102

Cattle slurry S. dublin 1-6 0.84 6.7 0.033 Thunegard, 1975

18-20 0.583

S. typhimurium 1-6 0.083

18-20 0.350

Swine slurry S. dublin 1-6 1.15 7.1 0.019

18-20 0.250

S. typhimurium 1-6 0.019

18-20 0.250

Urine S. typhimurium 0.50 10 1.5 7.5 0.164 Gudding, 1975

Liquid manure 10.9 6.8 0.041

Semi-liquid 17.3 7.6 0.068

Solid 10 25.5 8.5 0.117

20 0.273

45 0.442

Poultry manure S. sp. 0.016- 9-12 20 6.1- 0.105 Berkowitz, 1974

2.4 8.1

18-26 0.182

a All experiments conducted with pure culture inoculated bacteria. S.- Salmonella,

E.- Escherichia.
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CHAPTER 9

ENTERIC BACTERIAL DIE-OFF IN BOVINE MANURE STORAGE

III. THE EFFECT OF REPETITIVE LOADING CONDITIONS

ON FECAL BACTERIAL SURVIVAL

Stuart R. Crane and James A. Moorea

9.1 ABSTRACT

176

Extended manure storage provides several advantages with respect

to bacterial pollution of the environment when compared to land

application of freshly voided manure. Stored wastes can be applied to

the land during climatic periods that ensure maximal surface bacterial

die-off as well as minimal loss to surface and groundwater through

runoff or percolation. Storage also provides a time buffer where

enteric bacterial populations can be reduced prior to environmental

exposure. This study investigated the effect of repetitive manure

loading on the die-off of fecal coliform and fecal streptococcus

bacteria in simulated waste storage tanks. Two storage periods were

utilized with average temperatures of 13°C and 17°C. Scraped alley

waste (SAW) from the university dairy was collected and diluted at 1:3

and 1:9 (SAW:distilled water) by weight for the first storage period

and 1:1 and 1:7 (SAW:DW) during the second storage period. The SAW

and two dilutions of SAW were added to three storage units at six day

intervals for periods of 30 and 24 days (loading phase) and then

stored without additional manure loading for 47 and 26 days

(incubation phase), respectively. Bacterial analysis of samples taken

during both loading and incubation phases of the experiments indicated

that pH and dilution of SAW had no discernible effect on bacterial

die-off. Combined bacterial reductions for both experimental phases

ranged 90% to 99% of the total viable bacteria added to the storage

units. Modeling of experimental data employing a logarithmic batch

a Research Assistant and Professor, respectively, Department of
Agricultural Engineering, Oregon State University, Corvallis, OR.,
97331, (503)754-2041. Oregon Agricultural Experiment Station
Technical Paper No.
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loaded model provided evidence that temperature of storage and

organism type were significant factors in the die-off rates of fecal

coliform and streptococcus. Increasing temperature increased the die-

off rates for both bacteria, however, fecal coliform bacteria survived

to a greater degree than fecal streptococcus at each temperature. The

logarithmic model was unsuccessful in estimating die-off during the

manure Loading phase of these experiments because die-off rates varied

considerably between individual loading events. Additional research

is needed on the interaction of biological, physical and chemical

factors with respect to their effects on bacterial viability before a

more accurate model describing bacterial die-off in storage can be

proposed.

Key Words: bacterial die-off, fecal coliform, fecal streptococcus,

manure storage, bacterial modeling
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9.2 INTRODUCTION
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The livestock production industry provides a major source of

income to the agricultural sector of the United States economy. A by-

product of this industry, especially where large confinement feeding

techniques are practiced, is the production of immense quantities of

manure and associated animal wastes. These waste materials are

generally stored for varying periods of time and recycled through land

application on pasture or crop producing lands.

Associated with these waste materials are large and diverse

populations of intestinal bacteria, some capable of causing disease

transmission to humans or other animals. The bacterial hazard is

increased where land application techniques allow the escape of

bacteria to surface or groundwater sources. Circumstances for

bacterial pollution of surface waters are maximized when fresh,

untreated animal wastes are land applied during sub-optimal climatic

conditions when soils are saturated and flooding conditions prevail.

Groundwater is most likely contaminated through application of large

quantities of dilute wastewater to shallow soils underlain by

fractured crystalline rock or channelized bedrock that allow the

travel of polluted drainage over long distances with little filtering

action.

An option to land application of fresh waste materials is the use

of storage facilities to contain the manure for extended time periods.

The advantages of such an approach are two-fold; first, storage

provides a time buffer, where the bacterial population in the manure

can be reduced by natural die-off, prior to land application, and
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second, retention of the manure allows for the application of waste

during climatic conditions when surface bacterial die-off is

maximized.

Previous research on the survival of pathogenic and fecal

indicator bacteria in animal waste storages has been restricted to

static, batch loaded experiments where bacterial populations have been

monitored, under various environment and physical conditions, with

time. Under these circumstances, Salmonella sp. introduced by

inoculation into cattle slurry were significantly reduced during

storage periods of 10 to 20 weeks (Jones, 1976; Burrows and Rankin,

1970; Rankin and Taylor, 1969). Berkowitz et.al. (1974), storing

salmonella inoculated poultry excreta found greater than 99% reduction

in these bacteria in 3 to 19 days depending on incubation temperature.

Utilizing the indicator bacteria fecal coliform and fecal

streptococcus, Crane and Moore (1987) have shown that these bacteria

can both multiply or die-off in batch storage of dairy feces with

their behavior dependent on on manure dilution and temperature of

incubation.

In actual storage situations, manure is usually repetitively

loaded into the storage facility on at least a daily basis. This

periodic addition of fresh waste may have several important

consequences with respect to the behavior of the fecal bacteria

present. Introduction of fresh, available nutrients in the manure

could stimulate additional growth of the bacteria present in the

stored waste. The indigenous bacterial population would also change

the competitive environment to which the newly added fecal bacteria

must acclimate. The objectives of this investigation were to (1)

study the effect of repetitive manure addition on fecal bacteria

populations in a simulated dairy waste storage facility and (2)

determine if previously developed bacterial die-off models from batch

incubation studies could be utilized in estimating the population

dynamics in these situations.

9.3 MATERIALS AND METHODS
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This investigation consisted of two independent simulated storage

experiments. A brief description of the experimental conditions for

each treatment is displayed in Table 9.1. In both experiments, fresh

bovine waste (less than 4 hours old) including both feces and urine

were scraped and collected from the surface of a concrete alley at the

Oregon State University dairy farm. This scraped alley waste (SAW)

was brought to the laboratory and diluted by weight with distilled

water at a 1:3 and 1:9 (SAW:distilled water) ratio in the first

experiment and at ratios of 1:1 and 1:7 in the second experiment. A

six kilogram portion of the scraped alley waste and each waste

dilution were then loaded into three separate 130 liter tanks located

in an enclosed, temperature buffered storage area. Fresh waste was

collected, diluted and loaded to these tanks at 6 day intervals, being

well mixed with the tank contents.

Samples for analyses were taken from the well-mixed contents of

the tanks just prior to manure loading and midway between loading's (3

day intervals). Samples of the freshly scraped alley waste loaded to

the reactors were also taken for analysis. The storage tanks were

loaded a total of 6 times in experiment 1 over a period of 30 days and

sampling continued for an additional 47 days (total storage time 77

days). In experiment 2 the tanks were loaded 5 times over a 24 day

period with additional samples taken during the following 26 days

(total storage time 50 days).

Manure samples were analyzed for pH, temperature, total solids,

fecal coliform and fecal streptococcus within 4 hours of sampling.

Total solids were determined gravimetrically by the methods detailed

in Standard Methods (1985). Fecal coliform and fecal streptococcus

densities were determined by the standard millipore filter technique,

in triplicate, following the procedural details outlined in Standard

Methods (1985).

9.4 RESULTS

A description of the physical and environmental conditions

employed in the experimental storage experiments is shown in Table
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9.1. The storage temperature for all treatments averaged 13.0°C

during the spring period (March-May) and 17.0°C during the summer

period (June-July). Diurnal temperature variations were minimized by

the enclosed storage area but a slow warming trend was noted during

each experimental period.

The physical and bacteriological characteristics of the scraped

alley waste used for dilution and addition to the storage units for

each loading period is presented in Table 9.2. Total solids content

of the SAW were relatively consistent and ranged from 12.9% to 19.3%

while the pH for all samples remained between 7.0 and 8.0. Fecal

coliform densities were very consistent ranging from 1 X 10
6 to 5 X

10
6 FC/ml SAW. Fecal streptococcus counts showed greater variability

with a low of 0.82 X 10
7 FS/ml to a high of 10.55 X 10

7 FS/ml SAW.

The pH monitored for each treatment during the study is displayed

in Figures 9.1 and 9.2 for experiments 1 and 2, respectively. The pH

in the storage units initially declined rapidly and continued to

decrease slowly while SAW was loaded to the storages. Following the

cessation of manure addition the pH began to increase slowly in

experiment 1 and a similar trend seems evident at the end of the

shorter duration experiment 2. In both experiments, the most dilute

treatment (C) seemed most susceptible to pH changes and remained

constantly at higher pH values.

The results of total solids measurements and bacterial analysis

for fecal coliform and fecal streptococcus are presented in Table 9.3

for experiment 1 and Table 9.4 for experiment 2. Total solids

remained relatively constant for all treatments indicating a minimal

loss of moisture from the storage vessels. The percent bacterial

reductions shown in these tables were determined as the difference

between the total number of bacteria added to the storage vessel with

manure loading and the estimated number of viable bacteria contained

in each tank from well-mixed samples taken periodically during the

storage period. Negative values for this parameter indicate that

either the input quantity of bacteria loaded into the storage was

underestimated or that regrowth of fecal bacteria in the tanks was
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achieved following the addition of fresh SAW. Overall reduction of

fecal bacteria during both phases of the experimental studies was

greater than 90% for all treatments and greater than 99% for most

treatments.

The dynamics of the fecal bacterial populations at each dilution

during storage are illustrated for fecal coliform in Figures 9.3 and

9.4 and for fecal streptococcus in Figures 9.5 and 9.6. Bacterial

densities were determined on a per gram solids basis to remove the

direct effect of waste dilution from the plotted data, thus allowing a

more accurate comparison between treatments. Fecal coliform bacteria

generally declined in numbers throughout both the loading and

incubation stages in each experiment except at the mid and highest

dilution treatment (TRT 2B and TRT 2C) in experiment 2. In these

treatments die-off was initially rapid during the SAW loading period

but bacterial populations then stabilized and increased during the

last manure loading's with this trend continuing into the incubation

period. Fecal coliform density then decreased at highest dilution

(TRT 1C) but remained constant at mid-dilution (TRT 1B). In

experiment 2, fecal coliform densities declined for all treatments

throughout the study period.

Fecal streptococcus populations (Figures 9.5 and 9.6) generally

declined with time during the loading and incubation stages of storage

except for a small initial bacterial regrowth period demonstrated on

all but one treatment. The SAW without dilution (TRT A), displayed

the greatest regrowth bacterial densities in experiment 1 and

sustained the highest population of fecal streptococcus during the

loading segment of experiment 2.

9.5 DISCUSSION

The results of these experiments indicate that dilution of

scraped alley waste has little consistent effect on the die-off of

fecal coliform or streptococcus. Observing the results shown in

Figures 9.3 and 9.4, it would appear that the die-off rate of fecal

coliform bacteria increased in the non-diluted SAW. Over the duration
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of the experiments fecal coliform survival was greatest in treatment

B (2.79%TS) in experiment 1 and treatment C (1.24%TS) in experiment 2.

Fecal streptococcus survival indicated an opposite trend (Figures 9.5

and 9.6) where bacterial survival was enhanced in the non-diluted SAW.

Previous research by Jones (1979) and Gudding (1975) utilizing batch

storage of cattle slurry inoculated with Salmonella sp. suggested

increasing bacterial die-off with increasing slurry solids contents

over the range of 10.9% to 25.5% total solids. In more dilute

slurries (1.0% to 4.8% TS) this trend was reversed, resulting in

increased bacterial die-off with decreasing slurry solids content.

The outcome of the present experiments do not support these findings

and generally manure solids content had no consistent, discernible

effect on fecal bacterial die-off. The trends previously displayed in

batch study of bacterial die-off may have been masked by the

repetitive manure loading employed in this investigation.

The pH of the storage units declined in both experiments (as

shown in Figures 9.1 and 9.2) throughout the loading phase of the

study reaching a minimum pH of approximately 6.0. Following this

decline, the pH then began to rise and stabilize at a more neutral

value. Final pH values seemed dependent on solids content of the

waste, being greatest in more dilute systems. The initial rapid

decline in pH is caused by the combined effects of the volatile loss

of nitrogen as ammonia and the production of acidic compounds as the

manure begins to degrade. This parameter should not have a major

impact on fecal bacterial die-off within the limited pH range

experienced in these storage experiments (6.0-7.5), because this range

is close to that found in the near neutral environment of the

intestines. The role of pH in fecal bacterial survival has not been

defined by past research. It was suggested by Jones (1976) that

changes in pH of the storage environment are not directly responsible

for increased bacterial die-off; however, these changes can lead to

the production of anti-microbial substances that do effect the

survival of intestinal bacteria. Under circumstances where the pH is

less than 6.0 or greater than 8.0, such as urine-rich waste or where

chemicals have been amended to the manure, pH should have a more
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critical influence on bacterial behavior.

The qualitative effect of temperature on fecal bacteria survival,

within a realistic storage temperature range (4°C-30°C), has been

shown in many manure batch storage investigations. It is generally

accepted that increasing storage temperature will decrease Salmonella

sp. and coliform bacteria survival time (Berkowitz et.al., 1974;

Findlay, 1972; Jones, 1976; Kovacs and Tamasi, 1979; Thunegard, 1975)

however, exceptions to this trend have been reported (Crane and Moore,

1987; Kovacs and Tamasi, 1979; Hess and Breer, 1975). In this

investigation the die-off rates of both fecal coliform and

streptococcus increased significantly during the warmer storage period

in experiment 2 (17.0°C) when compared with experiment 1 (13.0°C).

This trend is not obvious in the previously illustrated figures but

will be demonstrated in the following discussion.

The possibility of mathematically modeling the die-off of enteric

bacteria has been previously reviewed by Crane and Moore (1986). A

logarithmic death rate model was proposed because of its simplicity

and ability to be adapted to past research results.

where:

log(Nt/N1) = -kt (1)

N1, N
t
= number of fecal bacteria at times 0 and t,

respectively,

t = time (days), and

k = log death rate coefficient (days 1).

This model successfully described the die-off of fecal indicator

organisms introduced into aquatic (McFeters et.al. 1974; Kittrell and

Furfari, 1963; Orlob, 1956) and soil environments (Crane et.al., 1980;

Dazzo et.al., 1973; Korkman, 1971). The above model can be adapted to

describe repetitively loaded storage conditions by re-evaluation of

the parameters Nt and N
o

with each subsequent manure loading.

Die-off is described following the initial manure loading as:
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log(Nt) = log (N1) (kt) (1a)

and for the second and subsequent loading's as:

log(Nt) = log(N1(10-kt) + N2) k(t-t1) (2)

where:

N
2
= number of fecal bacteria loaded to storage in the second

and subsequent additions of manure and

t
1
= time (days) when new manure is added to the storage

vessel.

This equation is then evaluated iteratively following each new

addition of manure to the storage vessel. The results of modeling

fecal coliform die-off for the three treatments in experiment 2 are

displayed in Figures 9.7, 9.8 and 9.9. Similar results were obtained

for other treatments in the investigation and are not presented here.

The upper curve in these figures represents the total quantity of

bacteria loaded to the storage units during the study. The lower

curve shows the total number of viable fecal coliform in the storage

vessel as estimated by sample analysis. The dashed family of curves

were determined utilizing the model above, adjusting the die-off

coefficient, k, from 0.05 (uppermost curve) to 0.20 (lowermost curve)

in equal increments. Several observations can be noted from these

figures. First, the die-off rate between individual manure loading

events is not consistent but varies over a wide range. This is

especially apparent in figure 9 where the die-off rate is large

following the first few manure loading events but an increase in

bacteria with no die-off was observed following the fourth manure

loading event. No temporal trends were distinguishable from the data

as to when die-off rates would increase or decrease.

The second discernible trend is the relative consistency in slope

of the die-off curves during the incubation phase of the experiment.

The die-off rates during this period were not related to those found

between manure loading's but represent a batch die-off rate similar to

those determined in previous research utilizing batch incubation

techniques. Table 9.5 lists the estimated die-off rate coefficients
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for all treatments during this phase of study. The rate coefficients

reveal that temperature and bacterial type were significant factors in

bacterial die-off. Fecal coliform survived to a greater degree than

fecal streptococcus in both temperature ranges whereas both bacterial

indicators showed increased die-off under warmer conditions. No

consistent pattern in die-off rates was evident between individual

experimental treatments further denoting the lack of influence of

manure dilution on bacterial die-off.

The major assumption of the logarithmic model (eqn 1) is that

bacterial die-off is caused by a combination of physical, chemical and

biological factors that remain constant, or at least their combined

influence remain constant, with time of incubation. Extending this

assumption to the multiple batch model (eqn 2) would mean that each

new addition of manure to the storage vessel could not change this

internal balance of influencing parameters. It is obvious from model

results that this assumption is not realistic. Addition of fresh

manure to the storage system provides a supply of readily available

nutrients that could increase survival and perhaps cause regrowth in

the indigenous bacterial population present. The production of anti-

microbial compounds in the manure storage or toxic substances

introduced with the fresh manure would tend to increase bacterial die-

off for the newly added bacteria or the indigenous bacterial

population, respectively. Since the many factors affecting bacterial

die-off and their synergistic effects are not presently defined or

even readily discernible under manure storage conditions, accurate

quantitative predictions of bacterial die-off rates are tenuous at

best. Additional research is needed on the interaction of the

biological, physical and chemical parameters that influence the

viability of fecal indicator bacteria, as well as the pathogenic

bacteria they are indicative of, before an accurate and

environmentally sensitive model is forthcoming to describe bacterial

die-off in repetitively loaded waste storage systems.
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TABLE 9.1 Treatment Description and Conditions in Storage Experiments.

Treatment Treatment Average % Average Storage Experiment
Number Description Total Solids Temperature Duration

( °C) (days)

1A Scraped alley
waste (SAW) 13.91 13.0 77

1B 1:3(SAW:Water
dilution) 2.79 13.0 77

1C 1:9(SAW:Water
dilution) 0.96 13.0 77

2A Scraped alley
waste (SAW) 13.41 17.0 50

2B 1:1(SAW:Water
dilution) 5.87 17.0 50

2C 1:7(SAW:Water
dilution) 1.24 17.0 50
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TABLE 9.2 Physical and Bacteriological Characteristics of Scraped
Alley Waste Loaded to Storage Units.

Experiment Day
Loaded

pH Total Solids

( % )

FC FS

(#/ml slurry X 10
-6

)

1 0 7.10 14.67 2.55 20.50
6 7.27 13.41 4.15 12.25

12 7.05 13.66 2.22 11.40
18 7.15 19.28 1.25 8.20
24 7.27 14.91 4.50 26.00
30 7.23 14.32 3.60 31.00

Averages 15.04

2

Average a

2.79 16.32

0 7.23 14.10 3.65 38.00
6 7.83 13.87 3.30 18.83

12 7.99 14.00 3.75 15.35
18 7.42 13.97 2.85 15.58
24 6.97 12.89 4.00 105.50

13.77 3.48 28.27

a - Averages determined are the arithmetic mean for total solids and
geometric mean for bacteria.
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Table

Day

9.3 Analysis Results of

Storage Total
Volume Solids Log

(ml) (%) (FC/ml)

Storage Experiment 1.

Log Log Log

(FC/g) (FS/ml) (FS/g)

Treatment 1A

% Bacteriala
Reduction

FC FS

0.00 5000 14.67 6.407 7.240 7.312 8.145 0.00 0.00
3.04 5000 14.02 6.190 7.044 7.462 8.316 39.22 -41.46
6.08 11000 14.79 6.006 6.836 7.462 8.292 20.39 -24.15
9.04 11000 14.70 6.312 7.144 7.242 8.074 40.11 9.06

12.04 17000 13.76 6.290 7.152 7.192 8.053 31.78 2.03
15.00 17000 14.86 6,243 7.071 7.667 8.496 41.63 -223.45
17.90 23000 18.02 6.389 7.134 7.061 7.805 15.94 16.66
20.80 23000 12.87 6.243 7.133 7.312 8.202 31.16 -60.59
23.83 29000 12.11 6.172 7.089 7.009 7.926 28.45 13.12
26.03 29000 13.63 6.129 6.994 6.886 7.752 54.36 50.33
30.21 35000 12.71 6.000 6.896 6.816 7.712 52.75 40.85
33.06 35000 13.87 5.842 6.700 7.045 7.903 77.29 38.88
36.15 35000 13.97 5.415 6.270 6.648 7.503 91.50 75.50
38.88 35000 13.34 5.352 6.227 6.690 7.565 92.65 73.02
41.80 35000 14.49 5.204 6.043 6.380 7.219 94.77 86.78
45.02 35000 13.93 5.161 6.017 6.407 7.262 95.26 85.96
53.88 35000 13.22 5.006 5.885 5.949 6.828 96.68 95.10
65.83 35000 13.10 4.845 5.728 5.699 6.828 96.68 97.25
76.90 35000 12.32 4.362 5.271 5.171 6.080 99.25 99.18

Treatment 18

0.00 5000 3.07 5.796 7.228 6.724 8.156 1.96 -3.41
3.04 5000 3.01 5.720 7.241 6.875 8.396 17.65 46.34
6.08 11000 2.78 5.217 6.774 6.638 8.195 25.07 8.80
9.04 11000 2.89 5.290 6.830 6.439 7.979 77.21 31.25
12.04 17000 2.91 4.740 6.277 6.447 7.984 69.12 21.60
15.00 17000 2.52 5.130 6.728 6.290 7.888 81.99 45.74
17.90 23000 2.64 4.973 6.551 5.872 7.450 76.24 84.83
20.80 23000 2.65 5.017 6.594 6.014 7.591 83.64 67.63
23.83 29000 2.52 4.947 6.546 5.857 7.456 58.88 50.57
26.83 29000 2.80 5.225 6.778 5.940 7.492 77.20 77.55
30.21 35000 2.81 5.145 6.696 5.806 7.357 64.72 59.06
33.06 35000 2.69 5.423 6.994 6.021 7.592 65.36 76.87
36.15 35000 2.88 5.342 6.883 5.686 7.226 71.24 89.32
38.88 35000 2.66 5.333 6.908 5.607 7.182 71.83 91.08
41.80 35000 2.71 5.258 6.825 5.505 7.073 76.34 92.95
45.02 35000 2.85 5.322 6.877 5.234 6.779 71.90 96.22
53.88 35000 2.91 5.244 6.780 4.716 6.252 77.08 98.85
65.83 35000 2.87 5.025 6.568 4.667 6.210 86.14 98.98
76.90 35000 2.86 4.857 6.401 4.204 5.748 90.59 99.65
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Table 9.3 Analysis Results of Storage Experiment 1 (continued).

Day Storage Total % Bacteriala
Volume Solids Log Log Log Log Reduction

(ml) (%) (FC/ml) (FC/g) (FS/ml) (FS/g) FC FS

Treatment 1C

0.00 5000 1.12 5.491 7.440 6.352 8.301 21.57 -9.76
3.04 5000 1.02 5.512 7.501 6.602 8.592 27.45 95.12
6.08 11000 1.03 5.290 7.278 6.352 8.340 7.97 -5.68
9.04 11000 0.93 4.954 6.986 6.130 8.162 73.71 15.63

12.04 17000 0.98 4.602 6.609 5.982 7.989 65.23 28.81
15.00 17000 0.85 4.875 6.946 5.886 7.957 74.99 46.44
17.90 23000 0.88 4.462 6.518 5.556 7.612 78.74 88.42
20.80 23000 0.97 4.562 6.575 5.562 7.575 85.64 71.41
23.83 29000 0.82 4.477 6.563 5.352 7.438 60.34 53.79
26.83 29000 0.96 4.934 6.953 5.820 7.838 70.82 57.43
30.21 35000 1.08 4.886 6.854 5.820 7.787 58.98 40.62
33.06 35000 0.89 5.243 7.294 5.836 7.887 42.81 62.28
36.15 35000 1.03 4.906 6.894 5.439 7.428 73.69 84.86
38.88 35000 0.87 4.699 6.761 5.117 7.180 83.66 92.79
41.80 35000 0.90 4.763 6.811 5.006 7.054 81.05 94.41
45.02 35000 0.96 4.736 6.753 4.993 7.011 82.19 94.58
53.88 35000 1.03 4.556 6.544 4.371 6.358 88.24 98.71
65.83 35000 0.90 3.736 5.784 3.778 5.826 98.22 99.67
76.90 35000 0.94 3.322 5.350 3.342 5.370 99.31 99.88

a - % Bacterial reduction determined as the difference between the
total number of bacteria loaded to the storage units and the
number of viable bacteria estimated by sample analysis from each
treatment during the storage period.
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Table

Day

9.4 Analysis Results of

Storage Total
Volume Solids Log

(ml) (%) (FC/ml)

Storage Experiment 2.

Log Log Log

(FC/g) (FS/ml) (FS/g)

Treatment 2A

% Bacteriala
Reduction

FC FS

0.00 6000 14.098 6.562 7.413 7.580 8.431 0.00 0.00
2.92 6000 15.099 6.498 7.319 7.889 8.710 13.70 -103.95
6.15 12000 14.278 6.290 7.135 7.826 8.671 24.46 -43.85
9.00 12000 13.532 6.176 7.045 7.677 8.545 56.83 -59.22
11.85 18000 13.662 6.050 6.915 7.322 8.187 43.97 23.55
14.96 18000 13.460 6.130 7.001 7.423 8.294 62.15 -5.98
18.00 24000 12.743 5.848 6.743 7.123 8.018 63.36 38.85
20.94 24000 13.531 5.906 6.774 7.063 7.931 76.24 49.01
23.00 30000 12.376 5.663 6.570 7.122 8.030 66.72 19.20
26.96 30000 13.567 5.968 6.836 7.352 8.220 73.50 42.65
31.88 30000 13.045 5.602 6.487 6.708 7.592 88.60 87.00
38.02 30000 12.697 5.217 6.114 5.975 6.872 95.30 97.59
49.21 30000 12.346 4.407 5.315 4.924 5.833 99.27 99.79

Treatment 2B

0.00 6000 6.439 6.312 7.503 7.183 8.374 12.33 19.74
2.92 6000 6.058 6.190 7.408 7.456 8.674 15.07 50.53
6.15 12000 6.538 5.845 7.030 6.934 8.119 32.37 39.61
9.00 12000 5.762 5.431 6.671 6.607 7.847 84.46 72.85
11.85 18000 5.908 5.568 6.797 6.312 7.540 51.12 68.61
14.96 18000 6.155 5.607 6.818 6.785 7.996 77.29 51.21
18.00 24000 5.573 5.439 6.693 6.153 7.407 66.79 73.38
20.94 24000 5.889 5.525 6.755 6.462 7.692 80.22 74.39
23.88 30000 5.546 5.470 6.726 6.242 7.498 63.76 39.10
26.96 30000 5.562 5.531 6.786 6.512 7.767 80.63 83.43
31.88 30000 5.744 5.252 6.493 6.113 7.354 89.81 93.39
38.02 30000 5.680 5.161 6.407 5.959 7.205 91.74 95.36
49.21 30000 5.477 4.498 5.760 4.712 5.973 98.21 99.74

Treatment 2C

0.00 6000 1.257 5.677 7.577 6.720 8.621 -4.11 10.53
2.92 6000 1.319 5.491 7.371 6.562 8.442 32.05 23.16
6.15 12000 1.443 5.161 7.002 6.218 8.059 35.83 46.28
9.00 12000 1.257 5.000 6.901 6.033 7.934 76.98 71.04
11.85 18000 1.250 5.415 7.318 5.531 7.435 26.07 72.28
14.96 18000 1.290 5.176 7.066 5.882 7.772 66.36 75.61
18.00 24000 1.191 4.854 6.778 5.491 7.415 66.30 74.59
20.94 24000 1.231 5.312 7.221 5.690 7.600 51.59 82.69
23.88 30000 1.199 5.031 6.952 5.389 7.310 57.61 42.21
26.96 30000 1.186 5.244 7.170 5.998 7.924 60.06 79.71
31.88 30000 1.179 5.062 6.990 5.470 7.398 73.73 93.98
38.02 30000 1.130 4.916 6.864 4.813 6.760 81.20 98.67
49.21 30000 1.163 4.053 5.988 3.971 5.905 97.42 99.81

a % Bacterial reduction determined as the difference between the
total number of bacteria loaded to the storage units and the
number of viable bacteria estimated by sample analysis from each
treatment during the storage period.
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Table 9.5. Die-off Coefficient (k) Values for the Incubation Phase of
Experiments as Estimated from Model Results.

Treatment Temperature Fecal Coliform Fecal Streptococcus

(
o
C)

1
(k days ) (k days -1

)

1A 13.0 0.043 0.043
2A 13.0 0.013 0.056
3A 13.0 0.039 0.065
18 17.0 0.065 0.095
28 17.0 0.065 0.099
38 17.0 0.043 0.095
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CHAPTER 10

SUMMARY AND RECOMMENDATIONS

The indiscriminate release of fecal bacteria to the environment

can present a public health hazard when pathogenic species gain access

to drinking and recreational water sources. The extent of bacterial

contamination of surface and ground waters associated with animal

production units and waste application areas seems largely dependent

on the production and waste management practices utilized by the

individual livestock operation. Best management practices must be

developed and proven both technologically and economically feasible,

that will reduce to a small percentage the indicator and pathogenic

bacteria lost from these sites. It must be recognized, however, that

even with implementation of best management practices, that indicator

bacterial densities in runoff will probably range from 10 3 to 10 5

organisms/100 ml as has been shown previously to be the base or

background level from agriculturally oriented land use areas.

Bacterial contamination of groundwater resources is generally not

a problem because of the ability of soils and unconsolidated geologic

formations to adsorb and filter bacteria from percolating effluents.

Bacterial pollution problems are usually localized and restricted to

wells utilizing near-surface waters. Several problem areas where

bacterial contamination can be significant include the use of septic

disposal systems in unsuitable soils, drainage waters from application

areas utilizing artificial drainage systems, waste application in

areas underlain by fractured, crystalline rock or channelized bedrock

and bacterial pollution induced over great distances by groundwater

pumping. It may generally be concluded that with the knowledge

presently available and a good deal of foresight used in the planning

of waste utilization or disposal, much of the future bacterial

contamination of groundwater resources can be avoided.

Development of models to accurately describe bacterial die-off,

following defecation of manure, is important if the number of bacteria

that are available to contaminate the soil, groundwater and surface
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water are to be estimated. Many types of models, varying in

complexity, have been developed to estimate fecal bacterial die-off in

aquatic and soil environments. The simplest, a logarithmic model,

seems to well describe the die-off of fecal bacteria in previous

research. The bacterial die-off rate, however, is a highly variable

parameter that can span several orders of magnitude for any given set

of environmental conditions or bacterial species. A major reason for

this variability, as well as the inability to characterize the effects

of dominant environmental factors on bacterial die-off, is due to the

incomplete reporting of experimental conditions by past investigators.

This has led to the determination of die-off rates that are controlled

by parameters not measured and subsequently to conflicting results.

For these reasons determination of "average" die-off rates for

individual bacterial species is presently impossible with the the data

base available. In the future close attention must be given to the

measurement and effects of all critical physical and climatic factors

involved with bacterial survival in the environment. The most

important of these being pH, temperature, exposure to solar radiation,

moisture regime, method of application and application medium. In

this way meaningful, quantitative relationships can be developed

between these factors and fecal bacterial die-off rates.

Fecal bacterial pollution has been identified as a major problem

in the estuarine environment. Contamination of shellfish harvest

areas by fecal bacteria is an inevitable problem since this resource

is usually located where waste sources are concentrated (i.e. the bay-

ocean interface). The public must be protected from any health hazard

that may be encountered by harvesting of shellfish from these areas.

Also of concern is the economic stress that is placed on both the

shellfish industry and the industries implicated as being sources of

bacterial production. A management strategy has been developed, in

Tillamook Bay, Oregon, whose goals involve minimum impact to

industries contributing the major bacterial load to the bay while

ensuring the continued production and protection of the shellfishing

industry. This management plan stresses federal, state and local

governmental agency cooperation and is composed of two major
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components: (1) bacterial discharge is to be reduced by

implementation of recommended practices, and (2) closure of the bay to

shellfish harvesting on the basis of physical criteria and climatic

conditions that favor bacterial contamination of the shellfish. Under

these guidelines recommendations have been proposed to reduce

bacterial loading to the bay for the major industries which have been

identified as the principle bacterial sources. Recommended bay

closure criteria have also been presented.

Animal production under confined conditions poses a significant

threat as a source of large quantities of enteric bacteria and

possibly pathogenic bacteria due to the massive quantities of manure

generated by these operations. Two options are available with respect

to manure management in confinement animal production operations

following waste excretion. Manure may be collected, hauled and land

applied on a daily basis or it may be collected and stored with or

without treatment in a variety of manure storage facilities. Manure

storage is an integral component of waste management planning because

it is both common to almost all waste collection schemes and allows a

time period where bacterial densities in the manure can be reduced

either naturally or through some artificially induced treatment

method. It is also at this time that the farm operator has final

control as to the fate of the enteric bacteria in the waste, before

they are released into the environment and natural factors

predominate. Extended manure storage allows greater flexibility as to

when and where manure will be land applied and thus application during

climatically optimal periods when surface bacterial die-off is

maximized and losses through runoff or percolation are minimized

These factors should be considered when determining the economic

feasibility of a storage option to alleviate microbial contamination

problems.

The behavior of the fecal indicator organisms, fecal coliform and

fecal streptococcus, was studied in three separate manure storage

investigations. The first involved the determination of the die-off

characteristics of these bacteria in dilutions of bovine feces at 5°C,
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15°C and 25°C for storage times of 12 and 40 days. The salient

conclusions drawn from this investigation are presented below.

1). Indicator bacteria generally die-off more quickly at

increasing storage temperatures.

2). Fecal streptococcus die-off seems to be more reliable, or at

least more predictable, under the influence of both storage

temperature and slurry solids concentration when compared to

fecal coliform.

3). In general, a minimal die-off of bacterial indicator

organisms can be expected in the 5°C to 15°C temperature

range found in most dairy manure storage facilities.

4). Bacterial aftergrowth is an important factor in determining

the quantity of bacteria in a manure storage. Aftergrowth

was exhibited to greatest extent at lower temperatures and

higher manure slurry dilution. While increased dilution

increased bacterial aftergrowth, it also tended to increase

die-off rates following this initial regrowth period.

5). Prediction of the die-off of bacteria in a manure storage

facility is a complex problem and may not be depicted by a

simple first order kinetic description as previously shown

possible for aquatic and soil environments. The primary

reason for this inconsistency is due to the unpredictability

of the initial bacterial regrowth following storage of bovine

feces. Additional research is needed to characterize the

magnitude and length of this bacterial aftergrowth period if

an accurate description of the process is forthcoming.

The second manure storage investigation involved determination of

the effects of urine addition to bovine feces on subsequent fecal

bacterial survival. Three experiments were undertaken in this study.

The first, lasting 30 days, employed bovine feces and dilutions of

freshly scraped alley waste containing both fecal matter and urine.

The second and third experiments lasted 50 days and utilized fresh

feces and urine, collected separately, that were mixed and diluted at

predetermined rates. All experiments in the second investigation were

incubated at constant temperatures of 5°C, 15°C or 25°C. The third
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experimental series, composed of replicate treatments, was designed to

estimate the reliability of the experimental results obtained in these

studies and determine the magnitude of the variation in bacterial die-

off rates attributable to the sampling and analysis techniques

employed and the fecal source materials utilized. The following is a

summary of the pertinent results obtained from these experiments.

1). Bacterial die-off in bovine feces is minimized at waste

storage temperatures below 15°C, but increases substantially

above this temperature. Fecal coliform bacteria,

however,seem to resist die-off in warm storage conditions

(25°C) when feces are extensively diluted (1% TS).

2). The addition of urine to feces in storage increased the die-

off of fecal coliform but caused significant increases in the

population of fecal streptococcus at 5°C, 15°C and 25°C

incubation temperatures. The use of fecal streptococcus as

an indicator of pathogenic bacteria behavior is therefore

suspect until further research proves that pathogenic species

can also exhibit such behavior under similar storage

conditions.

3). The effect of pH and dilution on bacterial survival were

inconsistent but these parameters significantly influence

die-off under circumstances where they are the dominant

factor affecting bacterial survival.

4). Fecal bacteria regrowth during storage can be categorized

into two unique types depending on the growth pattern

displayed. The first type is bacterial aftergrowth, where

bacteria continue to multiply after defecation, collection

and introduction into the storage facility. Aftergrowth of

bacteria generally continues for 3 to 6 days with bacterial

densities increasing up to 1.5 log units. The second pattern

of bacterial regrowth, denoted as actual or delayed regrowth,

begins 6 to 10 days after the start of manure storage and is

characterized by a slow but steady increase in bacterial

density throughout the storage period. This delayed regrowth

is due to the development of environmental conditions



207

suitable for bacterial replication in the storage unit.

Aftergrowth of bacteria in storage is favored by urine

addition and increasing storage temperatures. Delayed

regrowth was only shown at 5°C for fecal streptococcus and

was enhanced by increased manure dilution. However, it is

presently impossible to predict when regrowth may occur as

well as to what extent it will progress in situations where

it develops. Additional research is needed to assess the

chemical and biological interactions involved if the regrowth

phenomenon is to be more accurately defined.

5). The sources of variation in the results obtained for

bacterial analysis of manure storage treatments were

investigated. Repeated samples from the same storage

container undergoing identical treatment produced die-off

curves that were statistically equivalent. This implied that

the sampling and analysis techniques employed were accurate

and that the major source of variation was associated with

differences in the chemical and biological make-up of the

manure source itself. Because of the non-homogeneity of

manure, significant differences in the die-off of fecal

bacteria should be expected between different batches of

manure even from the same source. It is suggested that

continued research focus on the development of a range of

fecal bacterial die-off coefficients for the many storage

conditions presently in existence.

6). Under most circumstances a simple logarithmic die-off model

provides a good description of fecal bacterial behavior in

batch manure storage systems. Die-off rate coefficients, k,

determined at 25 °C ranged from 0.047 to 0.076 days for

fecal coliform and from 0.059 to 0.095 days 1 for fecal

streptococcus utilizing scraped alley waste. For mixtures of

feces and urine diluted with water and stored at 25°C, die-

off coefficients ranged from 0.045 to 0.263 days -1 and 0.020

to 0.046 days for fecal coliform and fecal streptococcus,

respectively. Comparison to past research utilizing
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Salmonella sp. suggests that these die-off coefficients give

a conservative estimate with regard to pathogenic bacterial

survival in animal waste storage systems.

The purpose of the third manure storage investigation was to

determine the validity of using the results of batch storage bacterial

studies for modeling the die-off of fecal bacteria in situations were

manure is repetitively loaded to the storage facility. The results

were also used to develop a mathematical model to describe bacterial

die-off in this situation. In this study fresh bovine scraped alley

waste was collected and diluted with water at three predetermined

ratios. These dilutions were added to similarly treated manure in the

storage vessels at 6 day intervals. Fecal bacterial analysis of the

well mixed contents and manure additions were used to monitor the

bacterial die-off in the storage containers. Two experiments were

performed at average storage temperatures of 130C and 17°C. A summary

of the important findings from this investigation are listed below.

1). No consistent or discernible effect was shown between manure

dilution and subsequent bacterial die-off of fecal bacterial.

2). Increasing temperatures increased the die-off rates of both

bacterial types. Fecal coliform bacteria exhibited greater

survival characteristics when compared fecal streptococcus at

both storage temperatures.

3). The pH of the stored manure slowly declined to approximately

6.0 during the period when manure was repetitively loaded to

the storage containers. This drop in pH was attributed to

the volatile loss of ammonia and the production of volatile

acids derived through fermentation processes. The pH did not

have a dominant effect on bacterial die-off in the limited

range displayed in these experiments (6.0 7.5).

4). The die-off rate of fecal bacteria in the storage vessels

between manure loading events was highly variable and

therefore not well estimated utilizing the extended batch

storage model developed. Several reasons for this variation

can be identified. First, as in batch studies of fecal

bacteria die-off, the manure source and its chemical and
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physical characteristics change with time. These deviations

influence the parameters important to bacterial die-off.

This effectively changes the survival behavior of the fecal

bacteria involved with each manure loading.

Addition of fresh manure to the storage system provides a

supply of readily available nutrients that could increase

survival and perhaps cause regrowth in the indigenous

bacterial population present. The production of anti-

microbial compounds in the stored manure or toxic substances

introduced with the fresh manure would tend to increase

bacterial die-off for the newly added bacteria or the

indigenous bacterial population, respectively. Since the

many factors affecting bacterial die-off and their

synergistic effects are not presently defined or even readily

discernible under manure storage conditions, accurate

quantitative predictions of bacterial die-off rates are

tenuous at best. Additional research is needed on the

interaction of the biological, physical and chemical

parameters that influence the viability of fecal indicator

bacteria, as well as the pathogenic bacteria they are

indicative of, before an accurate and environmentally

sensitive model is forthcoming to describe bacterial die-off

in repetitively loaded waste storage systems.
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