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REVIEWS AND ANALYSES

Behavior and Transport of Microbial Pathogens and Indicator Organisms
in Soils Treated with Organic WastesI

K. R. REDDY, R. KHALEEL, AND M. R. OVERCASH2

ABSTRACT

In a critical review of pathogen and indicator-organism transforma-
tions and transport from land areas receiving organic wastes, microbial
die-off was described assuming first-order kinetics. First-order die-off
rate constants (k) were calculated from the literature data for various
pathogens and indicator organisms. For indicator organisms average
die-off.rates were 1.14 day-’ (0.08-9.1) for fecal coliforms, and 0.41
day-’ (0.05-3.87 day-’) for fecal streptococci. For pathogens, the aver-
age die-off rates were 1.33 day-’ (0.21-6.93) for Salmonella, 0.68
day-’ (0.62-0.74 day-~) for Shigella sp., and 1.45 day-’ (0.04-3.69
day-’) for viruses, respectively. Die-off rates increased approximately
two times with a 10°C rise in temperature ($-30°C). Microbial die-off
increased with decrease in soil moisture and was minimum in a pH
range of 6-7. Correction factors were presented to adjust the k values
for the changes in temperature, moisture, and pH. Retention of
pathogens and indicator organisms by soil particles was described as.
suming a linear isotherm. Retention of microorganisms increased with
an increase in clay content of the soil.

Major transport processes reviewed were leaching and surface run-
off for land areas receiving animal wastes, and pastures and rangeland
watersheds where animals distribute waste directly on the land. Some
of the important research needs identified include (i) mechanisms in-
volved in the retention of bacteria and viruses by the soil; (ii) measure-
ment of retention coefficients for some important pathogens and in-
dicator organisms, as a function of physico-chemical properties of
soil; (iii) processes involved in the transport of bacteria and viruses
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along with the percolating water or in runoff water; and (iv) extensive
testing of available models.

Additional Index Words: Microbial die-off, pathogens, viruses, soil
retention, nonpoint source, animal wastes, runoff water quality.
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Nonpoint source pollution of surface waters is a con-
tribution of several land-use activities. The major pollu-
tants include soluble N, P, and C; pesticides; sediment
and sediment-associated N, P, and C; and pathogens.
The quality of surface waters is dependent on the avail-
ability of these pollutants at the soil surface during a
rainfall event. Often the constituents in animal wastes
that most frequently violate stream quality standards
during runoff are bacterial indicators. This phenom-
enon is somewhat artificial since the stream standards
are established relative to bacteria of human, rather
than animal, origin.

Pathogenic organisms have long been associated
with animals and animal wastes. A number of patho-
genic organisms are known to be involved in transmit-
ting diseases through animal waste. These include mem-
bers of the Salmonella, Mycobacterium, Erysipelothrix,
Leptospira, and Clostridium genera, as well as Bacillus
anthracis, FMD virus, enteroviruses, helminths, etc.
(Ellis and McCalla, 1976). There are approximately 100
diseases that can be transmitted from animals to man
(Diesch, 1970). Recently, several review papers have ap-
peared describing the disease hazards, and bacterial and
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viral pathogens associated with the land application of
organic wastes (Elliott and Ellis, 1977; Burge and
Marsh, 1978; Menzies, 1977; Morrison and Martin,
1976). These reviews, however, do not evaluate the
pathogen transformations in the soil in relation to non-
point source pollution of surface waters.

The availability of pathogens and indicator organisms
at the soil surface during a rainfall event is dependent on
several processes and factors. The most important pro-
cess is the die-off rate (or survival rate) of the pathogens
in the soil-waste system. Fecal contamination of the soil
and subsequent entry of pathogens into a water supply
is dependent on survival of the organisms during resi-
dence time in the soil and likelihood of’ being washed
out by storm water runoff. A schematic presentation of
the pathogen cycle in the land areas receiving organic
wastes is shown in Fig. 1.

Comprehensive information on survival periods of
several pathogens in the soil-plant-waste water system
is presented by Parson et al. (1975) and Morrison and
Martin (1976). The survival periods for these organisms
range from 30 min to several years. A number of factors
are known to influence the survival of pathogens and in-
dicator organisms in a soil-waste system: waste pretreat-
ment, moisture, temperature, sunlight, pH, antibiotics,
toxic substances, competitive organisms, available
nutrients, organic matter, method and time of applica-
tion of waste, and soil type. Another important process
that controls the availability of the organisms in the soil-
waste system is the soil adsorption or retention of or-
ganisms. Retention of the organisms is enhanced when
clay is present in the soil.

The most widely accepted bacterial indicators of fecal
pollution in water have been the coliform group (Am.
Public Health Assoc., 1971). Fecal streptococci, have
also been used as indicators. The ratio of fecal coliforms
to fecal streptococci (FC/FS) was suggested as a possi-
ble tool for evaluating waste voided by man and lower
animals. A FC/FS ratio > 4.0 indicates a human waste
source; <0.7, a lower animal source; and between 0.7
and 4.0, a mixed source (Table 1).

The objectives of this study were (i) to develop a con-
ceptual model for nonpoint source contributions of bac-
teria based on the state-of-the-art approach; (ii) to esti-
mate kinetic rate coefficients for die-off from the data
reported in the literature; (iii) to evaluate mechanisms 
pathogen-retention in soil particles; (iv) to discuss the
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Fig. 1--Pathogen transformations and transport from the land areas
receiving organic wastes.

influence of environmental factors on die-off and ad-
sorption of pathogenic and indicator organisms in soil-
waste systems; and (v) to review the literature on trans-
port of pathogens and indicator organisms in leaching
and runoff. The conceptual model developed in this
study, along with the other submodels reported earlier
for N (Reddy et al., 1979a, b), C (Reddy et al., 1980),
and sediments (Khaleel et al., 1979), were integrated
with a hydrologic model (Reddy et al., 19813) to de-
scribe the quality of surface runoff from land areas re-
ceiving organic wastes.

MICROBIAL DIE-OFF

Microbial survival in the soil after application of
wastes is one of the controlling factors in determining
the number of organisms available for rainfall-runoff
transport. Assuming the bacterial die-off follows first
order kinetics, the number of organisms remaining in
the soil at the end of any given period can be described
as

at - kaM- kz~A/ = (kB - kD)M.
[1]

Equation [ 1] can be integrated to obtain

’K. R. Reddy, R. Khaleel, and M. R. Overcash. 1981. Modeling of
nonpoint pollution due to animal wastes with ARM-II. p. 000-000. In
Proc. Int. Symp. Rainfall-Runoff Modeling. Mississippi State Univ.
(in press).

Table l--Es~mated per capita contribution of indicator microorganisms from some animals.~

Average weight
of feces day-’ Moisture Fecal

Animals wet state content coliforms

Average indicator density
per gram of feces

Average contribution
per capita per day

Fecal Fecal Fecal FC/FS
stxeptacocci coliforms streptococci raUo

g %

Man 150 77.0
Cow 23,600 83.3
Chicken 182 71.6
Turkey 448 62.0
Pig 2,700 66.7
Sheep 1,130 74.4
Duck 336 61.0
Wild animals~ -

in millions

13.0 3.0 2,000 450 4.4
0.23 1.3 5,400 31,000 0.2
1.3 3.4 240 620 0.4
0.29 2.8 130 1,300 0.1
3.3 84.0 8,900 230,000 0.04

16.0 38.0 18,000 43,000 0.4
33.0 54.0 11,000 18,000 0.6

- - - 0.04-0.0004

"[" Compiled from the data reported by Geldreich et al. (1962) and Kenner et aL (1961).
~: Geldreich (1976).
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Mt = Moexp{(ks - kn) [2]

where
Mt = microbial concentration at time, t;
Mo = initial microbial concentration after applica-

tion of waste;
ks = rate coefficient for rate of division of the

microorganism, day-’;
kn = rate coefficient for the die-off rate of the

microorganisms, day-’; and
t = time, in days.

The kinetic rate coefficients estimated from the litera-
ture include the regrowth of these organisms. Hence,
the die-off rates measured by researchers are the net die-
off rates, which indicate that if kn > ks then

kB -- kn = - k, [3]

where k = first-order rate coefficient for the net die-off
rate of the organism, day-’.

Equation [2] reduces to

Mt = Mo exp( - kt). [41

Data from several sources were used to estimate the
first-order die-off rates (Eq. 4) for the organisms
applied to soil or water. Estimated k values are pre-
sented in Table 2. These values represent microbial die-
off in a soil, waste, and water system for various soil
and environmental conditions. Half-lives for the sur-
vival of fecal coliforms range from 2 to 150 hours; for
Salmonella, 2 to 185 hours; and for poliovirus, 7 to 416
hours. Table 3 presents average k values for selected
microorganisms. These values were obtained from vari-
ous experiments and represent an average value of
several soil and environmental variables. These average
values will be useful to researchers in developing a man-
agement type of model where the effect of environment-
al factors can be ignored by allowing some variation in
the predicted values.

Factors Influencing Rate of Die-off

The most important factors considered to be con-
trolling the rate of die-off were found to be tempera-
ture, moisture, pH, and method of waste application.
First-order die-off rate constants can be adjusted in a
model for the changes in these variables.

TEMPERATURE (Fr)

Increase in temperature was shown to lower the sur-
vival rate or increase the die-off rate (Table 2). How-
ever, some organisms are more sensitive than others to
changes in temperature. The data presented by several
workers (Table 4) indicates that die-off rate approxi-
mately doubled ~ith a 10°C rise in temperature
(5-30°C). Die-off r~tte coefficients can be adjusted for
changes in temperature using the following equation:

kr, = kr, ¯ Fr [51

where
Fr or2- r,.

kr~ = die-off rate adjusted for temperature, T,;
kr, = die-off rate measured at temperature, T,;

0 = temperature correction coefficient; and
T = temperature, °C.

The temperature correction coefficient (0) ranged from
1.02 to 1.17, with an average value of 1.07 + 0.05.
Equation [5] is the simplified form of the Arrhenius
equation (Reddy et al., 1980) in the temperature range
at which most of the biological reactions occur.

MOISTURE (Fro)

Soil moisture appears to be a predominant factor
controlling microbial survival in the soil. Boyd et al.
(1969) showed an increase in die-off rate with a decrease
in soil moisture content from 50 to 10°70 on a fine sandy
loam soil. Young and Greenfield (1923) and Beard
(1940) reported that moisture was a primary factor 
survival of both Salmonella and Escherichia coli.
Studies reported in the literature express soil moisture
content as percent moisture or percent water-holding
capacity, or soil moisture tension. Utilization of these
different approaches makes it difficult to compare
results. Very limited data are available that describe the
changes in die-off rates of organisms with changes in
soil moisture content. Utilizing the data presented by
Boyd et al. (1969) for loam soil, the following empirical
expression was derived to adjust the E. coli die-off rate
constants for moisture changes:

Fm = 1.00 - (0.9)MC; < MC<_ 0.5[6]

where Fm = factor for moisture content, and MC =
moisture content of the soil, g/g.

In a recent study, Kibbey et al. (1978) found that the
survival rate of Streptococcus faecalis was maximum
when soil was saturated (0 bar soil-water suction), com-
pared with a minimum survival period in air-dry soil (30
bar soil-water suction). The following empirical equa-
tion was derived to adjust the k value for moisture
changes presented as soil-water suction:

Fm = 0.0241 MT + 0.303; 0 -< MT <- 30.0 [7]

where MT = soil-water suction, bars.
The die-off rate constant can be adjusted using the

following equation:

k2 = k, "fm [81

where
Fm = Fm/Fm,,
k, = die-off rate constant measured at moisture con-

tent of m~ day-~, and
k2 = die-off rate constant adjusted to the desired

moisture content of m~ day-~.

SOIL pH (FpH)

Several organisms are known to survive better in a pH
range of 6-7, dying quickly under acid soil conditions.
The pathogens included in this range are Erysipelothrix,
Salmonella, E. coli, S. faecalis, and Mycobacterium
(Ellis and McCalla, 1976). Cuthbert et al. (1950) 
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Table 2--First-order die-off rate constants for some of the organisms found in soil-waste systems.

First.order Half-life
Season or dle-off rate (t,,~),

Microorganism temp., °C (k), day-’ hours Remarks Reference

E$chericI~ co// 5 0.15 110.9 In water McFeters & Stuart (1972)
10 0.23 72.3 Estimated from half-Hves
15 0.50 33.8
20 0.99 16.8
25 1.39 12.0

pH = 2.5 10 6.39 2.6
4.0 0.58 28.7
5.0 0.40 41.6
6.0 0.30 55.4
7.0 0.32 52.0

10.0 0.71 23.4
12.0 6.39 2.6

E. ¢o// 28 0.30 55.4
0.32 52.0

28 0.24 69.3
0.23 72.3

K co//
Soft moisture content, %

10
20
40
50

E. co~~
Soft moisture content, %

10
20
40
50

Fecal col/forms

Fecal col/forms

Fecal col/forms

Fecal col/forms

Total col/forms
Fecal col/forms
Fecal col/forms
Fecal col/forms
Fecal col/forms

Enterococci
Coliforms from raw sewage
Fecal col/forms

Fecal col/forms

Fecal coliforms

Fecal col/forms

28

28

0.44 37.8
0.33 50.4
0.36 46.2
0.29 57.4

0.46 36,2
0.34 48.9
0.37 45.0
0.28 59.4

Summer 0.67 24.8
0.30 55.4

Fall 0.37 44.9
0.58 28.7

Winter 0.44 37.8
0.18 92.4

Spring 0.23 72.3
0.23 72.3

Summer 0.67 24.8
Fall 0.12 138.6
22

24.5

0.46 36.2
0.41 40.6
0.28 59.4
0.16 103.9

0.07 237.6
0.78 21.3

0.55 30.2
0.64 26.0

- 0.40 41.6
- 0.40 41.6
- 0.64 26.0

20 0.22 75.6
9-12.5 0.98 17.0

0.76 21.9
0.95 17.5

i0 0.25 66.7

0.18 92.4
0.18 92.4
0.25 66.5
0.08 207.9

0.16 104.0
21 6.0 2.8
17 5.5 3.0
15 3.8 4.4

10-17.8 1.3-9.1 12.8-1.8

In water, at several pH levels

20% moisture
Weld fine sandy loam soil and sewage
20% moisture
Greeley fine sandy loam soil and

sewage

Weld fine sandy loam

Greeley fine sandy loam

Soft system, exposed field site
Shaded field site
Exposed field site
Shaded field site
Exposed field site
Shaded field site
Exposed field site
Shaded field site
Spoil system field plot

Lab study, soil receiving manure
slurry at 0 cm week-~

1.27 cm week-’
2.54 cm week-~
5.08 cm week-~

Davidson clay loam treated with
poultry manure at
36.5 metric tons ha-I
1520 metric tens ha-I

Norfolk sand treated with poultry
manure at
36.5 metric tens ha-~
176.0 metric tuns ha-’

In water medium

In water medium

rates calculated from ahlf-l/vce, die
off rates measured in water mediurrL

In storm water samples containing
bacteria stered at varying
temperatures.

Sewage sludge applied at rates of
14,16, and 20 t/ha

Poultry waste applied on the soil
surface

Waste incorporated
On alfalfa leaf surfaces

Boyd et al. {1969}

VanDonsel et al. (1967}

Smallbeck and Bromell {1975}

Dazzo et aL (1973)

Crane et aL (1980)

Maldoch (1974)

Canale et al. (1973)
Bhagat et aL (1972)
McFeters et al. (1974)

Geldreich et al. (1968)

Dick (1967)

Giddens et al. {1973)

Bell {1976)
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Table 2--Contlnued.

First~rder Half-life
Season or di~off rate

Microorganism temp., °C (k), day-’ hours Remarks Reference

Fecal coliforms Winter 0.32 52 Lagoon, pH 7.67 Flock (1971)
0.19 87.5 Lagoon, pH 8.03

Spring 0.38 43.8 Lagoon, pH 7.65
0.22 75.6 Lagoon, pH 8.16

Summer 0.69 24.1 Lagoon, pH 7.36
0.36 40.2 Lagoon, pH 8.40

95 1.55 10.7 Anaerobic digestion, pH 7.5
65 0.38 43.8 Waste water lagoon, pH 7.5
67 0.29 57.4 Polluted river, pH 7.5
65 0.18 92.4 Clean river, pH 7.5

Fecal streptococci Summer 0.83 20.0 Soil system--exposed field site VanDonsel et eL (1967)
0.44 37.8 Shaded field site

Fall 0.16 103.9 Exposed field site
0.16 108.9 Sha&gi field site

Winter 0.35 47.5 Exposed field site
0.18 92.4 Shaded field site

Spring 0.12 138.6 Exposed field site
0.12 138.6 Shaded field site

Fecal streptococci 24.5 Davidson clay loam--treated Crane et al. (1980)
0.18 92.4 46.5 metric tons ha-’
0.39 42.6 152.5 metric tons ha-’

Norfolk sand treated with poultry
manure

0.25 66.5 36.5 metric tons ha-’
0.14 118.8 176.0 matri¢ tons ha-’

Fecal streptococci 9-12.5 0.85 19.6 Raw sewage McFeters et eL (1974}
Streptococcus equimus 1.66 i0.0
Streptococcus boris 3.87 4.3
Streptococcus faecalis Flbhay et al. (1978)

Soil-water suction, bars
0 4 0.03 520
0.3 0.05 333
7.5 0.009 193

30.0 0.13 128
0 I0 0.04 460
0.3 0.07 238
7.5 0.i0 160

30.0 0.17 100
0 25 0.16 292
0.3 0.08 211
7.6 0.14 122

30.0 0.33 50
0 37 0.10 161
0.3 0.19 89
7.5 0.37 44

30.0 0.60 28
Streptococcus faecalis N.A. 0.10 166
S. fuscalis 10 0.05 333

20 0.14 119

Aerobacter aerogenes I0 0.29 57.4
20 0.37 45.0

Shigella dysenteriae 9-12.5 0.74 22.5
Shigella sonnei 0.68 24.5
Shigella flexneri 0.62 26.8
Vibrio choleras 2.31 7.2
Staphylococcus aureus 12 0.17 97.8

S. aureus 12 0.14 118.8
Echovirus 11 1.20 13.8

Pollovirus 1 2.21 7.5
Coxsackievirus B-4 2.30 7.2
Coliphaga MS-2 2.53 6.6
Coxsackievirus A-9 3.51 4.7
Poliovirus 0.10 166.3

0.09 184.8
Back coil Type I 0.15 110.9
Pollovirus 4 0.04 415.8

20 0.16 103.9
Salmonella ~yp~osa N.A. 2.30 7.2

0.77 21.6

Average values of five soil types.
Die-off rates measured at different
soil temperatures and moisture levels.

In soil
Storm water sample~ containing

bacteria stored at varying
temperatures.

Di~off ratos in well water medium

Well water medium
In waste water with pH 6.8

7.9 x lO’eeilsml-’
In waste water
Inactivation of virus during

anaerobic digestion

Soil flooded with inoculated, non-
chlorinated secondary effluent

Soil treated with sewage sludge
In soil
In forest soil

Cuthbert et al. (1950}
Geldreich et eL (1968)

McFeters et eL (1974)

McFeters et al. (1974)
Sotiracopopulos and Dondero

(1974)

Bertucci et eL (1974)

Lark-ln et eL (1976)

Cuthbert et eL (1950)
Dubeise et aL (1974)

Bears (1940)

(continued on next page)
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Table 2--Continued.

First-order Half-life
Season or die-off rate

Microorganism temp., °C (h), day-’ hours Remarks Reference

S. typhosa N.A.

Salmonella entedtidis, ser. N.A.
Paratyphi A

S. enteritidi$ set. Paratyphi D. N.A. 0.87 19.1
S. enteritidis, ser. Typhimurium N.A. 1.04 16.0
Salmonella typhi N.A. 2.77 6.0
S. enteritidis, set. Paratyphi B N.A. 6.93 2.4
Salmonella typhimurium 12 0.44 37.8

0.46 36.1 Wet season, in sand medium
0.90 184.8 Dry season, in loam soft
0.77 21.6 Sewage-enriched muck
2.30 7.2 Untreated sand and loam
1.04 16.0 Well water medium

S. typhimurium - 0.62 26.8
0.26 64.0

S. typhivnurium 10 0.21 79.2
20 0.35 47.5

In poultry waste water, pH = 6.8

Clay soil first application of lagoon
effluent, applied in September.
Second application of lagoon
effluent on same soll applied in
October.

Storm water samples containing
bacteria stored at varying
temperatures.

Mal]man and Litsky (1951)

McFeters et aL (1974)

Sotiracopouloa and Dondero
(1974)

Smallbeck & Bromel (1975)

Geldreich et al. (1968)

McFeters and Stuart (1972) recorded greater survival 
a pH range of 6-7 for Bact. coli type I and E. coli, re-
spectively. Lambert (1974) showed that the survival rate
was adversely affected outside the pH range of 5.8-8.4.
From the data reported by Cuthbert et al. (1950) and
McFeters and Stuart (1972), relative rates of die-off
were estimated by assuming a maximum die-off rate of
pH 3.0. The following functional relationship was cal-
culated:

FpH = 1.69 --0.26 pH; 3.0 -< pH _< 6.0

= 0.25; 6.0 _< pH _< 7.0,

= 0.21 pH - 1.22; 7.0 _< pH _< 8.0.

[9]

METHODS OF APPLICATION (Fma)

Very limited data are available on the effects of appli-
cation method on die-off rate. Oiddens et al. (1973) ob-
served that application of poultry waste on the soil sur-
face lowered the die-off rate of coliform by one-half, as
compared with incorporated waste. By assuming the
maximum die-off rate (Fma = 1.00) when waste is in-
corporated into the soil, Fma for surface-applied waste
will be 0.5.

INFLUENCE OF OTHER FACTORS

Sunlight was shown to influence the die-off rate of
some organisms, such as Leptospira, Brucella, Myco-

Table 3--Average die-off rate constants (day-’) for selected
microorganisms in a soil-water-plant system.

No. of
SD, CoV., obser-

Microorganism Avg. Max. Min. ± % vations

Eschevichia coli 0.92 6.39 0.15 0.64 179 26
Fecal coliforms 1.53 9.10 0.07 4.35 283 46
Fecal streptococci0.37 3.87 0.05 0.69 188 34
8~/mone~ sp. 1.33 6.93 0.21 1.70 128 16
Shigella sp. 0.68 0.62 0.74 0.06 9 3
Staphylococcus sp. 0.16 0.17 0.14 0.02 14 2
Viruses 1.45 3.69 0.04 1.44 99 11

bacterium, Salmonella, E. coli, and others (Ellis and
McCalla, 1976; Gerba et al., 1975). The die-off rate de-
creased when organisms were kept in the shade, as com-
pared with those exposed to sunlight (VanDonsel et al.,
1967; Tannock and Smith, 1971). One reason for poor
survival of organisms in soil is an inability to adapt
metabolism to a condition of low nutrient availability.
This was shown to be true for E. coil (Klein and Casida,
1967). Also, several soil organisms produce antibiotics
or toxic substances that inhibit the growth of pathogenic
microorganisms (Grossard, 1952). The antibiotics
produced by organisms are strongly adsorbed to clay
minerals. Both illite and montmorillonite types of clay
strongly adsorb basic antibiotics (Pinck et al., 1961;
Soulides et al., 1961). Adequate data are not available
to include the influence of some of these variables in the
model on survival of the organisms in the soil-waste sys-
tem.

Obtaining factors from Eq. [5], [7], [8], [9], and Fma,
the die-off rate constant k can thus be adjusted as

k2 = k, ¯ Fr ¯ Fm ̄  Fpn ¯ Fma; t,/z = 0.693/kz [10]

where t,/z = half-life for the survival of organisms.

Table 4--Temperature correction coeffidents for the survival of
pathogens and indicator organisms in soil and water systems.

Tempera- Temperature
ture correction

Type of organism range, °C coefficient References

Fecul coliforms 15-21 1.08 Be11(1976)
Fecal collforms 10-20 1.05 Geldreich et al. (1976)
Eschevichia coli 5-10 1.09 McFeters & Stuart

10-15 1.17 (1972)
15-20 1.15
20-25 1.07

Aerobacter aerogenes 10-20 1.02 Geldreich et al. (1968)
Streptococcusfnecalis 10-20 1.11
Salmonella typhimuvium 10-20 1.05
Enterobacteraerogenes10-20 1.03
Poliovirus 4-20 1.09 Duboise et al. (1950)
S. fnecalis 4-10 1.02 Kibbey et aL (1978)

10-25 1.03
25-37 1.06

Average 4-37 1.07 ± 0.05
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Table 5--Effect of soll and environmental var/ables on rate of
d/e-oH of fecal coliforms in soil system.~

Environment of First-order die-off Half-life
soft variable rate, hour-’ tu=, hours

T~mperature (TI, °C
0 0.004 173
5 0.007 99

10 0.010 69
20 0.024~ 29~
30 0.057 12
40 0.134 5

Moisture content (MC) 
0.15 0,021 26
0.30 0.024:~ 29:~
0.40 0.015 36
0.50 0.013 46

5.0 0.011 63
6.0 0.024 29
7.0 0.024~ 29~
8.0 0.011 63

Method of application
Incorporated 0.024~ ~d~
Surface-applied 0.012 58

Reference h -- 0.024 hour-’; T - 20°C; MC = 0.3 g g-’; and pH = 7.0.
Waste is incorporated into soil system.
Reference k value for Die-off rate.

Using Eq. [10], the influence of several soil and en-
vironmental variables on die-off rates of E. coli are pre-
sented in Table 5. The rate coefficients account for the
variety of animal waste application techniques and the
climatic conditions present in regions of the United
States.

RETENTION BY SOIL PARTICLES

Bacteria are rarely free in the liquid phase of soil be-
cause most cells adhere to clay particles. The adsorption
results in a diminution in the number of organisms pass-
ing through a soil column associated with movement of
soil-water at a land application site. Another process for
removal of bacteria from water percolating through a
soil column is the filtration process (Krone, 1968). Due
to lack of data available at the present time, it is
difficult to separate quantitatively the adsorption and
filtration processes. Instead, bacteria removal will be
expressed in terms of retention by soil particles.

The capacity of a soil to remove organisms increases
with decrease in soil-water content. Laboratory and
field experiments have shown that many soils have a
high retention capacity for bacteria and viruses (Drewey
and Eliassen, 1968; Gerba et al., 1975; Burge and
Enkiri, 1978). In general, retention of bacteria and
viruses increased with an increase in clay content, cation
exchange .capacity of the soil, and specific surface area
(Marshall, 1971; Burge and Enkiri, 1978). The equilib-
rium concentration of bacteria and viruses in the soil
solution is sensitive to pH and cation concentration of
the solution. As pH is increased above 7, the fraction of
bacteria or viruses retained by the soil decreases
markedly, whereas an increase in cation concentration
of the water increases the retention capacity of the soil
for bacteria and viruses. Very limited data are available
on the retention of organisms by soil particles upon
application of wastes, and their subsequent release
during rainfall-runoff events. Recently, Burge and

Table B--Retention coefficients for bacteria and viruses
in different soils.

Ret~_mfion
coefficient, Refer-

Soil type Organism ml g-~ Remarks ences

River sediment Total coliforms 863 Average of 50 Matson
samples et al.

Fecal coliforms 1,909 Values calculated (1978)
Fecal assuming sedi-

streptococci 261 ment bulk density
of 1.326 g cm"=

Aastadcl ~x-174bao 72.5 Laboratory study; Burgs&
teriophaga virus grown on Enkiri

its host (1978)Escherichia coli

Kranzburg sil 161
Palouse sil 45.7
Parshall sfl 4.6

Enkiri 0978) measured retention (adsorption)
characteristics of a virus in a soil system. Their studies
related retention of viruses by soil to the soil physico-
chemical properties.

Retention of bacteria and viruses by a soil may be de-
scribed by using a chemical isotherm approach such as
Freundlich or Langmuir isotherms. If we assume that
retention of organisms follows a linear isotherm, then
the following relationship exists between organisms re-
tained by soil particles and organisms present in soil
solution:

MORT = K ¯ MOSOL [11]

where
MORT = organisms retained qn soil, no. g-i of soil;

MOSOL = organisms present in soil solution, no.
m1-1 of soil solution; and

K = retention coefficient, ml
Retention coefficients calculated from limited sources

available in the literature are presented in Table 6 for
sediment and some soil types. Equation [11] is a
simplification of the Freundlich adsorption isotherm,
by assuming the exponent 1/n = 1. The data presented
by Burge and Enkiri (1978) indicate that the exponent
values of the Freundlich isotherm range from 0.91 to
1.24. The total number of organisms present in the soil-
waste system is the sum of

MORT + MOSOL = M. [12]

Combining Eq. [11] and [12] we obtain

M = (K + 1) MOSOL. [13]

Microorganisms remaining in solution at any given time
can be described by combining Eq. [4] and [13]. We ob-
tain

MOSOL = {Mo exp(- kt)}/(K 1) [14

where MOSOL = organisms remaining in solution at
time, t.

There are several problems involved in the measure-
ment of retention coefficients for bacteria and viruses in
soils. Die-off and regrowth of organisms interfere with

J. Environ. Qual., Vol. 10, no. 3, 1981 261



the measurement of retention coefficients. Burge and
Enkiri (1978) showed a significant relationship between
retention coefficients for viruses and the specific surface
areas of the soils. Utilizing their data, the following em-
perical equation was obtained:

K = 2.445(SS)- 72.7
[15!

r=0.97;n =4

where K = retention coefficient, ml g-’, and SS = sur-
face area, m2 g-’.

The data on surface area of the soils are not generally
available and measurement of this parameter involves
tedious procedure. The following empirical equation
was obtained from the data reported by Enfield et al.
(1976) and Zantua et al. (1977).

SS = 3.786(% clay)-9.84

R=0.93;n=44
[16]

Equation [15] has very limited applicability. It is
based on one data set and is specific for viruses.

Equations [15] and [16] are applicable only when soil
has clay content >18%. For soils with clay content
< 180/0 these equations assume zero retention by soil
particles. So, Eq. [15] and [16] should be used with
some caution until this phenomenon is further evaluated.
As first approximations, however, these equations will
serve to describe approximate concentrations of
organisms in soil solutions or desorption of pathogens
into runoff waters (Reddy et al., 1981~).

It is evident from the literature that appreciable in-
formation is available on the die-off rates of pathogens
and indicator organisms. However, data on factors con-
trolling pathogen survival in soils are limited. Future re-
search should be oriented toward developing data on
survival rates of pathogens, as related to soil physico-
chemical properties and environmental variables.
Understanding the mechanisms involved in the transfer
of organism from solid to liquid phase becomes very im-
portant in describing surface water quality with respect
to pathogen pollution. Further research should be
planned to develop retention coefficients for some of
the important pathogens and indicator organisms as
functions of physico-chemical properties of soil.

TRANSPORT OF PATHOGENS

Major transport modes of pathogens and indicator
organisms in soils treated with waste include movement
downward with infiltrating water, movement with
surface runoff water, and transport on sediment and
waste particles. There are a number of factors which
control the movement of pathogens and indicator
organisms in soils. Among these are filtration, soil
capacity to retain bacteria or virus, soil water content,
soil water flux, rainfall-runoff intensity, and several soil
and management factors (Bitton et al., 1974; Griffin
and Quail, 1968; Hattori and Hattori, 1976; Reneau et
al., 1975; Wong and Griffin, 1976). These pathways are
reviewed separately in the following discussion.

Leaching

Butler et al. (1954) concluded that removal of bacteria
from liquid percolating through a given depth of soil is
inversely proportional to the particle size of soil. Data
reported by Bouwer et al. (1974) indicate that fecal coli-
forms at original concentrations of 10’ cells per 100 ml
of sewage effluent were removed in the first 60 cm of
soil depth. Aulenbach et al. (1974) reported that 99°7o 
the coliforms were removed by movement of secondary
effluent through 3 m of sand. Lance et al. (1976) found
that reduction of fecal coliforms by filtration through
250-cm long columns filled with loamy sand was pro-
portional to the concentration of fecal coliforms applied
at the soil surface. The columns reduced fecal coliform
concentration by about 3 log during 9-day flooding
periods at infiltration rates of 40-50 cm day-t. Dazzo et
al. (1973) found a 90% removal of fecal coliforms in the
surface 13 cm of soil percolated with fresh dairy ma-
nure. No coliforms were detected below a depth of 48
cm.

Jones (1968) concluded that the coliform bacteria
were not likely to travel more than 31 m in the fine sand
of the aquifer. Reneau et al. (1975) also concluded from
their studies that coliform bacteria would probably not
move into the groundwater system because of restrictive
layers of soil, and that the drainage water from the
watershed would improve with distance from the pollu-
tion source as a result of dilution, sedimentation, and
bacterial die-off.

Evans and Owens (1972, 1973) observed that addition
of pig manure increased the concentrations of E. coli
and enterococci in the drainage water. The flow-rate of
the discharge also affected the concentration of bacteria
in drainage water. In a recent study, Weaver et al.
(1978) observed that the concentration of Salmonella
typhimurium and Salmonella enteriditis in the leachate
from a 3-cm soil column was reduced by more than
90%, and the population of E. coli was reduced by
99.9°?0. Very little evidence of Salmonellae movement in
soils was observed, probably because of a low popula-
tion of Salmonellae in wastes (Krone, 1968; Moore,
1971).

Adsorption is probably one of the dominant factors
in controlling virus movement in soils. Thus, factors in-
fluencing adsorption phenomena will not only
determine the efficiency of virus removal, but also their
long-term behavior in the soil. Gerba et al. (1975) and
Bitton (1975) have summarized data from a number 
laboratory experiments showing varying degrees of ad-
sorption and virus movement in several soils. All these
studies show a limited movement of virus in the soil.
Experiments conducted by Drewry and Eliassen (1968)
indicated >99% removal of viruses when viruses
suspended in distilled water were passed through
columns of 40-50 cm of sterile soil. Tracer experiments
indicated that most of the viruses were retained in the
top 2 cm of the column. Lance et al. (1976) observed re-
tention of poliovirus at the 2-cm level in a 250-cm long
loamy sand column. Viruses were detected in one-ml
samples on only three of 43 sampling dates at the 160-
cm depth while none were detected at the 240-cm depth.
The pattern of removal was not changed when a column
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was continuously flooded for 27 days. Appreciable
numbers of viruses were desorbed from the soil upon
application of distilled water to the soil column
(Duboise et al., 1974; Cooper et al., 1975).

Runoff

It is evident from published data that pathogenic or-
ganisms are largely retained at or near the soil surface,
thus creating greater potential for pollution of surface
runoff water. Transport of organisms in surface runoff
water depends on survival periods of pathogens after
waste application, and release of pathogens from the
soil particles into runoff water. Pathogen contamina-
tion of runoff water is usually determined by estimating
the number of indicator organisms such as fecal coli-
forms, fecal streptococci, or enterococci. In this review,
runoff water quality with respect to pathogen con-
tamination will be considered for (i) land areas receiving
direct application of animal wastes either for plant nu-
trient supply or disposal purposes, and (ii) pastures and
rangeland watersheds where animals distribute manure
directly on the land. Some of the available data on the
quality of runoff water from land application sites,
pastures, and rangelands, with respect to fecal
coliforms, has been summarized in a review by Khaleel
et al. (1980).

Transport of indicator organisms in runoff water was
demonstrated by VanDonsel et al. (1967), where soft
contamination was simulated by periodically introduc-
ing "tracer" strains of coliform bacteria to outdoor
plots and measuring losses of the indicator bacteria in
runoff resulting from natural rainfall. Organisms iso-
lated from runoff were in direct relation to counts in the
soils. Generally, counts in soil below 10,000 gram-1 re-
sulted in no isolation of coliform bacteria in runoff
water. Winter application of liquid dairy manure
resulted in high concentrations of fecal coliforms and
fecal streptococci in runoff water as compared wi~h
spring or fall application (Phillips et al., 1975). This was
due to longer survival periods for fecal coliforms and
fecal streptococci in winter, than in spring or fall (see
Table 5 for temperature dependency of die-off rate).
Other studies reported by McCaskey et al. (1971) and
Reddell et al. (197i) showed ele~,ated levels of fecal coli-
forms and fecal streptococci in surface runoff water, as
compared with runoff water from control plots. Con-
centration of fecal coliforms and fecal streptococci in
feedlot runoff is about 10’ times the concentration in
runoff from land application sites.

In pastures and rangeland watersheds, animal manure
is distributed directly by animals during defecation.
Pathogen and indicator organism concentrations at the
soil surface essentially depend upon livestock intensity
on these watersheds. Colthrap and Darling (1975)
studied three mountain streams to determine the im-
pacts of grazing cattle and sheep on rangeland water-
sheds. The results indicate that grazing cattle and sheep
significantly increased the total coliforms, fecal
coliforms, and fecal streptococci in streams draining
grazed areas. The FC/FS ratio ranged from 0.15 to
0.38. Milne (1976) also observed significant bacterio-
logical counts in the stream located near greatest live-

stock activity, as compared with counts taken upstream.
The average total coliform and fecal coliform counts
per 100 ml of stream water before entering the wintering
area were 7. and 18, respectively, whereas just down-
stream from the wintering area the respective average
counts were 1,431 and 997 per 100 ml. Similarly, Khare
et al. (1975) observed greater concentration of fecal coli-
forms and fecal streptococci downstream than upstream
from cattle pens. Coliform bacteria levels were highest
in ponds having livestock on the watersheds. Mean fecal
coliform counts were 15 per 100 ml on grassed water-
sheds, 145 per 100 ml on cultivated watersheds, and 982
per I00 ml on livestock watersheds. However, after ma-
nure was applied to cultivated watersheds, counts in-
creased to as high as 7200 per 100 ml. Fecal streptococci
counts essentially paralled the fecal coliform counts
(Dickey and Mitchell, 1975). Stephenson and Street
(1978) also observed that presence of cattle on the
rangelands increased fecal coliform concentration from
0 to 2,500 counts per 100 ml at several sites. Correlation
over annual and 3-year periods were very low (< 0.45)
between total and fecal coliform and stream flow. Total
coliform concentrations in runoff from a hay field not
exposed to livestock waste was found similar to runoff
from an area grazed by livestock (Kunkle, 1970). How-
ever, fecal coliform concentration in runoff from a
grazed area were greater than from an ungrazed area.
These results indicate that the fecal coliform group is a
much better indicator of animal pollution than are total
coliforms. Doran and Linn (1979) also concluded that
fecal coliforms were the best indicators in evaluating the
impact of grazing on runoff quality. Runoff from the
grazed area contained 5-10 times more fecal coliforms
than that from the fenced, ungrazed area. These work-
ers used FC/FS ratio in pasture runoff in identifying the
relative contributions of cattle and wildlife. Ratios
<0.05 were indicative of wildlife sources, and ratios
> 0.1 were characteristic of grazing cattle.

In a recent study, Reddy et al. (1981)3 integrated the
submodel described in this paper with hydrological
model to describe the transport of fecal coliforms in
soils treated with swine waste. The hydrologic model
(Donigan et al., 1977) was tested for its reliability on 
small watershed (1.3 ha) in Watkinsville, Ga., for which
soil, hydrologic, and nutrient output data were avail-
able. Using this data and superimposing swine waste
application on these watersheds, Reddy et al. simulated
fecal coliform transport in runoff water.3 Some of the
simulated values on the effects of summer, fall, and
winter appIications of swine waste (incorporated into
soil) on runoff water quality are presented in Table 7.
The results indicate more fecal coliforms transported in
runoff water during winter than summer application of
waste. There are no experimental data available at this
time to verify these values, however the simulated values
are in approximately the same range as reported in the
literature (McCaskey et al., 1971; Phillips et al., 1975;
Reddell et al., 1971).

The literature presents evidence that an increase in
fecal coliform and fecal streptococci counts in surface
soil results in elevated levels of these organisms in
runoff waters. However, it is still not clear how these or-
ganisms are transferred from soil to runoff water during
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Table 7—Simulated values for the transport of fecal colif orms
in surface runoff from a 1.3-ha watershed (Watkinsville,

_________Ga.) treated with swine waste, t_________
Fecal coliforms transported

Month
In runoff

water

no. 100 ml'1

Sediment-
associated

no. g" of
sediment

Runoff
water

cm
Sediment

kg ha-'

May
June
July
September
November
December

January
February

128
1
0

87
82

309

149
90

1973
12,400
8,310
4,830

17,300
15,400
26,600

1974
24,800
23,000

6.98
2.31
0.84
1.71
0.03
2.96

0.25
0.79

5,309
571
299
314

1
359

8
55

t Swine waste applied at 200 kg N ha'1 on 20 May, 3 Aug., and 6 Dec.
1973, respectively. Die-off rate = 1.92 day' (at 35°C); retention coef-
ficient = 1909 ml g'1; 3.4 x 10" counts ha"1 fecal coliforms added to the
soil at each application of waste.

a rainfall event. The question still remains whether
pathogens are transported along with manure and sedi-
ment particles in an adsorbed phase, or whether they are
transported in runoff upon desorption from the manure
and soil particles. Future research should be oriented
toward resolving this problem and quantitatively de-
scribing the mode of pathogens transport during
rainfall-runoff events.

SUMMARY AND CONCLUSIONS
A simple conceptual model based on the current state

of the art was developed to describe pathogen and indi-
cator organism behavior in land areas receiving animal
wastes. The processes considered in the model were die-
off rate and retention by soil particles. Microbial die-off
was described assuming first-order kinetics. First order
die-off rate constants were calculated from the literature
for various pathogens and indicator organisms in soil-
water systems. Correction factors were presented to
adjust rate constants for changes in temperature,
moisture, and pH of the soil. Die-off rates of organisms
were found to double with a 10°C rise in temperature,
and to increase with decrease in soil moisture. Die-off
rate was slow in soils with pH between 6 and 7. Reten-
tion of pathogens and indicator organisms by soil parti-
cles was described assuming a linear isotherm, retention
coefficients were calculated from literature data, and re-
tention of viruses was further related to the soil surface
area and clay content. Retention of viruses was found to
increase with increase in soil surface area and clay con-
tent.

Major transport processes considered were leaching
and surface runoff for (i) land areas receiving direct ap-
plication of animal wastes either for plant nutrient sup-
ply or disposal purposes, and (ii) pastures and rangeland
watersheds where animals distribute waste directly on
the land. The state of the art presented in this paper re-
vealed several areas of future research needs with re-
spect to pathogen behavior in soils treated with organic
wastes.
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