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Comparatively few studies of the survival of enteric bacteria
in cow pats on pasture have been reported. Coliforms and fecal
coliforms survived for up to 18 weeks in cattle feces in hot, dry
summers (5), and release of fecal coliforms and Escherichia
coli from cattle feces has been recorded for up to 30 days (29,
38) and 100 days (24). Campylobacter spp. have been detected
in cattle feces after incubation for 1 to 3 weeks at 5°C and after
incubation for 1 week at 30°C, and Salmonella spp. have been
detected for 12 to 28 weeks after incubation at 5°C and for 4
weeks after incubation at 30°C (30).
More recent survival studies have focused primarily on E.
coli O157 and related strains in recognition of the importance
of bovine feces as a major source of these pathogens (12). Most
of these studies either have involved manure and slurries (16,
25) or have been laboratory based and have produced extinction times ranging from 24 h to 100 days, with faster inactivation generally associated with higher temperatures (13, 17, 21,
25, 27, 41). There appear to have been few field-based studies
of survival in cow pats, although a 4- to 5-log10 decrease in E.
coli O157:H7 within 50 days was recorded in inoculated cow
pats placed on grassland (3).
This paper describes a field study of the comparative survival
of bacterial indicators and pathogens in bovine feces on pasture over four seasons. The selected indicators were E. coli,
fecal streptococci, and enterococci. Fecal streptococci were
included in addition to enterococci because a previous survey
showed that Streptococcus bovis (a non-Enterococcus species)
comprised over one-half of the fecal streptococci in local cattle
feces (32). The selected pathogens were Salmonella enterica
and Campylobacter jejuni. New Zealand has reported annual
incidences of salmonellosis and campylobacteriosis of 39 and
432 per 100,000, respectively (1), and the latter rate is very high
compared to the rates in other developed countries. Both in-

New Zealand has a population of around 4 million people,
but there are far higher numbers of farm animals. For example,
in July 2006 the number of sheep was estimated to be 39.8
million, the number of beef cattle was estimated to be 4.5
million, and the number of dairy cattle was estimated to be
5.1 million (28). Because these animals graze on open land
throughout the year, they constitute a far greater potential
source of fecal pollution than human effluents. Cattle farming,
in particular, has been linked with degradation of the microbial
quality of surface waters in New Zealand (7, 9, 43).
Management and mitigation strategies for animal pollution
of water, as well as zoonotic pathogen risk assessments, would
benefit from the ability to gauge the size of the enteric microbe
“reservoir” in feces deposited on a given area of pasture. Thus,
reliable data are needed for microbial outputs from each livestock category, survival rates in deposited feces, and leaching
rates under different irrigation and rainfall regimens.
Reviews of the survival of fecal indicators and pathogens
from animal (mostly bovine) feces have focused primarily on
studies of manure and slurries applied to soil (14, 19, 37, 40).
However, composting and spreading procedures are not widely
practiced in New Zealand. Furthermore, these procedures may
not represent conditions inside naturally deposited cow pats,
because they are designed to enhance feces breakdown and
increase the inactivation of enteric bacteria by subjecting them
to elevated composting temperatures or the antagonistic microbiota, pH changes, and desiccation associated with mixing
with soil.
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The survival of enteric bacteria was measured in bovine feces on pasture. In each season, 11 cow pats were
prepared from a mixture of fresh dairy cattle feces and sampled for up to 150 days. Four pats were analyzed
for Escherichia coli, fecal streptococci, and enterococci, and four inoculated pats were analyzed for Campylobacter jejuni and Salmonella enterica. Two pats were placed on drainage collectors, and another pat was fitted
with a temperature probe. In the first 1 to 3 weeks, there were increases (up to 1.5 orders of magnitude) in the
counts of enterococci (in four seasons), E. coli (three seasons), fecal streptococci (three seasons), and S. enterica
(two seasons), but there was no increase in the counts of C. jejuni. Thereafter, the counts decreased, giving an
average ranking of the times necessary for 90% inactivation of C. jejuni (6.2 days from deposition) < fecal
streptococci (35 days) < S. enterica (38 days) < E. coli (48 days) < enterococci (56 days). The pat temperature
probably influenced bacterial growth, but the pattern of increases and decreases was primarily determined by
desiccation; growth occurred when the water content was greater than 80%, but at a water content of 70 to 75%
counts decreased. E. coli and enterococcus regrowth appeared to result from pat rehydration. Of 20 monthly
leaching losses of E. coli, 16 were <10% of the total counts in the pat, and 12 were <1%. Drainage losses of C.
jejuni (generally <1%) were detected for only 1 to 2 months. Although enterococci exhibited the best survival
rate, higher final counts suggested that E. coli is the more practical indicator of bovine fecal pollution.
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ternationally and in New Zealand, cattle are widely regarded
as important reservoirs for Salmonella and Campylobacter genotypes pathogenic to humans (10, 23, 26, 39).

MATERIALS AND METHODS

For each microbiological analysis, 2 g (wet weight) of fecal sample was added
to 18 ml of sterile water, blended, and processed as follows.
(i) E. coli. Samples were analyzed using the Colilert Quanti Tray system
(IDEXX Laboratories) according to the manufacturer’s instructions.
(ii) Fecal streptococci and enterococci. Following tests with selective Pfizer
enterococcus agar (6) and the Enterolert system (IDEXX Laboratories), the
procedure of Bordner et al. (4) was adopted because it was found to give better
separation of Enterococcus and non-Enterococcus species in bovine feces.
Blended samples were dispensed into 5 ⫻ 5 most-probable-number (MPN)
dilution series of azide dextrose broth (Difco) and incubated at 35°C for 48 h.
The contents of all tubes were (i) streaked onto plates of KF streptococcus (KFS)
agar (Difco) and incubated at 35°C for 24 to 48 h and (ii) inoculated into vials of
brain heart infusion broth (BBL) containing 6.5% NaCl and incubated at 45°C
for 24 h. All red colonies growing on KFS agar were counted as fecal streptococci. Red colonies surrounded by yellow zones of KFS agar that corresponded
to growth in brain heart infusion broth containing 6.5% NaCl were counted as
enterococci. This procedure was calibrated using cultures of Enterococcus faecium ATCC 19434, Enterococcus faecalis ATCC 19433, Enterococcus durans
ATCC 19432, and S. bovis ATCC 33317.
(iii) C. jejuni. For each experiment, the six C. jejuni strains were cultured in 250
ml of modified Exeter broth at 42°C for 48 h. Tests showed that there were large
losses of C. jejuni with washing steps, so the broth culture was centrifuged once
and the pellet was resuspended in 40 ml of modified Exeter broth. The suspension was stored overnight at 6°C and mixed into the composite cow feces as
described above.
The fecal material was analyzed for C. jejuni using the method described by
Hudson et al. (22). Samples were dispensed into 5 ⫻ 5 MPN dilution series of
modified Exeter broth prepared from Oxoid media and supplements and incubated at 42°C for 48 h. The contents of all tubes were streaked onto plates of
modified Exeter agar and incubated at 42°C for 48 h. All pink or brown colonies
were counted as C. jejuni, and randomly selected colonies were confirmed to be
this species by the PCR method of Eyers et al. (15).
(iv) S. enterica. For each experiment, the S. enterica inoculum was cultured in
40 ml of selenite cysteine broth at 35°C for 24 h. The culture was washed and
resuspended twice in a sterile saline solution, stored overnight at 6°C, and then
mixed into the composite cow feces as described above.
The fecal material was analyzed for salmonellae using the method described by
Cook (8). Samples were dispensed into 5 ⫻ 5 MPN dilution series of selenite
cysteine broth (Merck) and incubated at 35°C for 18 to 24 h. The contents of all
tubes were streaked onto XLD agar (Oxoid) containing novobiocin (Appli
Chem) and incubated at 35°C for 18 to 24 h. Deep red colonies with a black
center were counted as S. enterica. In preliminary tests, randomly selected colonies were confirmed to be salmonellae by streaking on triple sugar iron agar
(Merck) and lysine decarboxylase agar (Oxoid) and were confirmed to be urease
negative by using the procedures described in the Compendium of Methods for the
Microbiological Examination of Foods (11). After this, since no naturally occurring salmonellae were found in the pats prior to inoculation, no further confirmatory steps were used.
Meteorological data. Data for the following meteorological parameters were
obtained from a weather station that was 200 m from the site in order to
determine their influence on microbial survival in each experiment: rainfall (in
millimeters), air temperature (in degrees centigrade), hourly solar radiation
(in megajoules per square meter), soil temperature at 10 cm, daily wind run (a
measure of the average wind speed over the previous 24 h [in kilometers]), and
Penman evapotranspiration (in millimeters per day).

RESULTS
The initial E. coli and fecal streptococcal counts in the cow
pats (Table 1) were all around 105 or 106 CFU g⫺1. In contrast,
the initial enterococcus counts were highly variable, ranging
from over 105 CFU g⫺1 in the spring to 99 CFU g⫺1 in the
autumn experiment. As previously noted, preliminary sampling
showed that the natural counts of C. jejuni in individual pats
were highly variable, ranging from ⬍1 to 1.8 ⫻ 107 CFU g⫺1.
This necessitated inoculation of the pats to consistently provide the initial counts in the composite samples shown in Table
1. The natural S. enterica counts were low, ranging from 0 to 8
CFU g⫺1, which again necessitated inoculation.
C. jejuni became undetectable before the end of each sea-
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Field site. This study was conducted at a unshaded experimental site (10 by
7 m) at Lincoln, 10 km south of Christchurch, New Zealand. The site pasture,
which was a typical New Zealand sward of ryegrass and white clover, was hand
mown throughout the study.
General approach and preparatory work. The study involved the use of simulated, composite cow pats, each 30 cm in diameter and weighing 2.1 kg (the
mean parameters for 20 fresh cow pats collected from local dairy farms). Preliminary sampling indicated that the counts of Salmonella spp. and Campylobacter spp. were too low and/or variable to provide reliable survival curves.
Accordingly, one-half of the pats in each experiment were inoculated with both
pathogens (see below).
A composite of the collected cow pats was gently mixed using a modified,
hand-operated clothes tumbler/washer. The mixing efficiency was tested using
five pats inoculated with S. enterica by comparing the counts for five samples
from the center and perimeter of each pat. The results showed that 10 min of
tumbler operation completely mixed the S. enterica with the fecal material (P ⫽
0.001, chi-square test).
Experimental setup. Four experiments were conducted, starting in the middle
month of each (Southern Hemisphere) season, in January, April, July, and
October. Although designated summer, autumn, winter, and spring experiments,
respectively, each experiment extended over two or three seasons.
About 24 kg of feces was collected from up to 15 different cows within 30 s of
deposition onto the concrete pad outside the milking shed on a dairy farm at Te
Pirita, 30 km south of Christchurch. The material was then either transported
directly to the field site for setup or stored overnight in the dark at 5 to 6°C (see
below).
For each experiment, 11 replicate pats were placed on the pasture in separate,
pegged plots. Ten pats were set out 1.5 m apart in two rows of five. Two fecal
mixtures were prepared (one for each row), as follows. (i) Approximately 11 kg
of the composite sample of fresh feces (direct from the farm) was mixed for 10
min, and 2.1-kg portions were weighed and poured into a 30-cm-diameter circular mold, which was then removed, giving a pat depth of approximately 2 cm.
These pats were used for measuring indicator survival. (ii) The following day,
using feces stored overnight, the procedure was repeated but with addition of a
mixture of S. enterica serovar Typhimurium and C. jejuni, each cultured from a
mixture of six strains isolated from New Zealand rivers, as described by Sinton et
al. (31). This set of pats was used to measure the survival of these pathogens (the
mixtures of six strains were used to obtain a better average inactivation rate for
each pathogen).
One pat in each row of five pats was placed on a removable drainage collector,
a pad of natural turf (diameter, 350 mm; depth, 20 mm) from the site sitting on
a buried funnel and discharging into a collection vessel. This pat (not sampled)
was used to gauge bacterial leaching losses. The eleventh pat (also not sampled)
was placed nearby and fitted with a temperature probe connected to an Onset
HOBO data logger.
Sample collection. Immediately after the mold was removed, a 12- to 15-g (wet
weight) sample was scooped from each pat using a sterile spatula. After several
days, a hard crust formed on the pats, so they were sampled using a set of four
sharp, bent knives. These knives were inserted to delineate a fecal plug (20 by 20
mm), which was removed with a spatula down to soil level. A numbered wooden
peg was placed in the delineated square and carefully hammered down to the pat
surface. This procedure identified all sample locations and reduced any artificial
increase in pat disintegration from rainfall entry. Samples were collected in
sterile plastic pots and transported to the laboratory in a cooled, dark container.
Sampling of the pats continued until they had disintegrated and/or were
indistinguishable from the underlying soil, a period ranging from 5 to 6 months.
The sampling frequency varied from daily for C. jejuni in fresh pats to monthly
for the fecal indicators at the end of each season. Immediately after rainfall, the
volume of water collected in the drainage collectors was measured, and samples
were analyzed for only E. coli and C. jejuni. At the end of each experiment, the
remains of the undisturbed pat on the top of each collection funnel were removed, weighed, and analyzed for indicators or pathogens.
Laboratory methods. The moisture content of each fecal sample was determined by drying 2 g at 103 to 105°C for 18 h (6). All microbial counts were then
expressed per gram of dry weight.
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TABLE 1. Initial, peak, and final counts of indicators and pathogens in cow pats placed on pasture in each season
Concn (CFU/g 关dry wt兴 of feces)a

Measurement
E. coli

C. jejuni

S. enterica

Fecal streptococci

Enterococci

3.2 ⫻ 102
1.3 ⫻ 103 (21)
4.7 ⫻ 102 (149)

6.7 ⫻ 106

91 (149)

6.9 ⫻ 105
1.0 ⫻ 106 (21)
1.3 ⫻ 103 (149)

3.1 ⫻ 102 (76)b

1.1 ⫻ 107
2.4 ⫻ 107 (7)
5.0 ⫻ 102 (140)

Spring
Initial
Peak
Final

3.3 ⫻ 105
5.0 ⫻ 105 (7)
1.4 ⫻ 103 (148)

7.2 ⫻ 106
3.4 ⫻ 107 (7)
1.4 ⫻ 103 (148)

1.3 ⫻ 105
3.5 ⫻ 106 (7)
71 (148)

6.3 ⫻ 106

1.7 ⫻ 107

Summer
Initial
Peak
Final

3.0 ⫻ 106
4.8 ⫻ 107 (7)
2.9 ⫻ 104 (141)

1.4 ⫻ 106
5.0 ⫻ 107 (7)
1.3 ⫻ 104 (141)

2.8 ⫻ 104
1.3 ⫻ 105 (7)
1.5 ⫻ 103 (141)

2.7 ⫻ 107

Autumn
Initial
Peak
Final

2.2 ⫻ 105
1.9 ⫻ 106 (14)
1.7 ⫻ 103 (155)

4.0 ⫻ 106

99
9.6 ⫻ 102 (7)
1 (155)

6.1 ⫻ 106

Winter
Initial
Peak
Final

2.2 ⫻ 106

4 (10)b

54 (27)b

40 (153)
1.7 ⫻ 107
1.5 ⫻ 104 (146)
3.2 ⫻ 107
6.5 ⫻ 107 (5)
1.6 ⫻ 103 (153)

a
Each count is the mean for four samples (one sample from each cow pat). Peak counts are given only where they were greater than the initial count. The number
in parentheses is the day on which the count was recorded.
b
Last day on which C. jejuni was detected.

sonal experiment, and the final enterococcal counts were as
low as 1 CFU g⫺1 (autumn experiment). In contrast, E. coli
and fecal streptococci persisted to the end of all of the experiments, with counts ranging from 102 to 104 CFU g⫺1, and the
final S. enterica counts ranged from 40 to 104 CFU g⫺1.
The percent survival curves for the winter, spring, summer,
and autumn experiments are shown in Fig. 1 to 4, respectively,
together with water content curves and rainfall data. In all
seasons, there was an initial increase in most of the indicator
counts, followed by a decrease. To characterize and compare
these phases, regression analyses were performed on the logetransformed data (Table 2). One regression line (for the increase phase, where present) was fitted to the data up to and
including the peak count, and a second line (for the decrease
phase) was fitted to the data after and including the peak
count. These regressions were used to derive increase and
decrease coefficients (in day⫺1) (Table 2). In addition, the
times necessary for 90% inactivation (T90) were calculated
both for the decrease phase only and for all data points from
the time of deposition (Table 2).
Enterococci exhibited an increase phase in all four seasons,
and increases were also recorded for E. coli and fecal streptococci (three seasons) and for S. enterica (two seasons). Although increases of around 1.5 orders of magnitude were recorded (in the spring and summer), most increases were
around 1 order of magnitude. The increases usually occurred
between the first and second sampling times (7 days apart),
although peak counts in the winter were not recorded for fecal
streptococci and enterococci until the fourth sampling time (21
days). The concentrations of S. enterica increased slightly
within the first 7 days in two seasons but fell below the initial
counts thereafter. No increases in C. jejuni counts were recorded. Peak counts (where present) are shown in Table 1.
The overall decrease phase ranking (from the greatest inactivation to the least inactivation), based on averages for the

FIG. 1. Survival of E. coli (E), fecal streptococci (F), enterococci
(f), S. enterica (‚), and C. jejuni (Œ) in cow pats deposited on pasture
in the winter, as well as the water contents of the indicator (E) and
pathogen (F) pats and rainfall (columns).
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1.6 ⫻ 102 (155)

46 (16)b
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FIG. 3. Survival of E. coli (E), fecal streptococci (F), enterococci
(f), S. enterica (‚), and C. jejuni (Œ) in cow pats deposited on pasture
in the summer, as well as the water contents of the indicator (E) and
pathogen (F) pats and rainfall (columns).

decrease coefficient values in Table 2, was C. jejuni (0.853
day⫺1) ⬎ S. enterica (0.068 day⫺1) ⱖ fecal streptococci (0.070
day⫺1) ⬎ E. coli (0.055 day⫺1) ⬎ enterococci (0.045 day⫺1).
The equivalent T90 ranking was C. jejuni (6.2 days from deposition) ⬍ fecal streptococci (35 days) ⬍ S enterica (38 days)
⬍ E. coli (48 days) ⬍ enterococci (56 days).
In all seasons, the initial water content of the cow pats was
around 90%. Figures 1 to 4 show that periods of rainfall appeared to decrease desiccation and sometimes rehydrated the
pats. The final water contents varied from 15 to 60%, depending on the season and the elapsed time since the last rainfall.
The initial pat desiccation rate (i.e., the rate in the first 30
days) was highest in the summer, followed by the spring, autumn, and winter (Fig. 3, 2, 4, and 1, respectively). This ranking
broadly corresponded to the average daily wind run for the
month in which the experiment started: 365 km in January
2005 (summer), 380 km in October 2004 (spring), 343 km in
April 2005 (autumn), and 291 km in July 2004 (winter). There
was better correspondence between the initial desiccation rate
and the average daily Penman evapotranspiration for the
month: 4.9 mm in January 2005 (summer), 2.9 mm in October
2004 (spring), 1.8 mm in April 2005 (autumn), and 0.73 mm in
July 2004 (winter).
Rainfall, drainage, and percent leaching losses for E. coli are
shown in Table 3. The monthly drainage was for the most part

less than 45 mm. The average drainage was 22% of the rainfall
in the winter experiment, 45% of the rainfall in the spring
experiment, 50% of the rainfall in the summer experiment, and
49% of the rainfall in the autumn experiment (excluding February 2005, when the site was flooded to a depth of around 10
mm for several hours by an overflow from a nearby water tank,
causing drainage to exceed rainfall). The total monthly leaching losses of E. coli from each pat ranged from 105 to 106 CFU,
decreasing to 102 to 103 CFU toward the end of the experiment. However, the percent losses remained relatively constant; of the 20 monthly E. coli leaching losses measured, 16
were ⬍10% of the total counts in the pat and 12 were ⬍1% of
the total counts. C. jejuni (data not shown) was detected (generally accounting for ⬍1% of the estimated counts in the pat)
for only 2 months in the winter and 1 month in the summer and
autumn and was not detected at all in the spring.
The average final weight of the undisturbed pats on the
leachate collectors was 214 g (wet weight) (around 1/10 of
the initial wet weight); the average water content was 57%, and
the diameters were around 20 cm (around two-thirds of the
initial diameter). The final bacterial counts in these pats were
broadly the same as those in the fragments of the sampled pats.
The continuous internal cow pat temperature record (11,104
measurements) (data not shown) was compared with the
equivalent weather station records for air temperature, soil
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FIG. 2. Survival of E. coli (E), fecal streptococci (F), enterococci
(f), S. enterica (‚), and C. jejuni (Œ) in cow pats deposited on pasture
in the spring, as well as the water contents of the indicator (E) and
pathogen (F) pats and rainfall (columns).
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DISCUSSION

FIG. 4. Survival of E. coli (E), fecal streptococci (F), enterococci (f),
S. enterica (‚), and C. jejuni (Œ) in cow pats deposited on pasture in the
autumn, as well as the water contents of the indicator (E) and pathogen
(F) pats and rainfall (columns).

Increase phase. A major finding of this study was the initial
increases (up to 1.5 orders of magnitude) in the indicator and
S. enterica counts in many of the cow pats. Water content
appeared to be the critical factor determining the growth period and magnitude. As long as the water content remained
above 80%, a period of 7 to 30 days depending on the season
and weather, there was growth of enterococci, usually growth

TABLE 2. Growth and decrease phase coefficients and T90 values (calculated for both the total survival curve and for the decrease phase
only) for indicator and pathogenic bacteria in cow patsa
Season

Winter

Indicator or
pathogen

E. coli
Fecal streptococci
Enterococci
C. jejuni
S. enterica

Increase coefficient
Value (day

⫺1

)

Decrease coefficient
R

2

0.03
0.06

0.80
0.85

0.11

(1)c

T90 for deposition
(days)

Value (day⫺1)

R2

T90 for decrease
phase (days)b

0.06
0.08
0.04
0.14
0.09

0.89
0.91
0.98
0.97
0.99

38
29
58
16
26

38
34
62
16
26

Spring

E. coli
Fecal streptococci
Enterococci
C. jejuni
S. enterica

0.06
0.23
0.48

(1)c
(1)c
(1)c

0.06
0.07
0.06
0.87
0.08

0.89
0.92
0.83
0.97
0.96

38
33
38
2.7
29

39
30
37
2.7
29

Summer

E. coli
Fecal streptococci
Enterococci
C. jejuni
S. enterica

0.40
0.53
0.25

(1)c
(1)c
(1)c

0.05
0.06
0.03
1.91
0.04

0.74
0.77
0.82
0.99
0.87

46
38
77
1.2
58

48
42
69
1.2
58

Autumn

E. coli
Fecal streptococci
Enterococci
C. jejuni
S. enterica

0.15

0.98

0.33

(1)c

0.15

(1)c

0.05
0.07
0.05
0.49
0.06

0.93
0.98
0.94
0.99
0.95

46
33
46
4.7
38

66
33
57
4.7
38

The coefficients (k) were derived from a regression of the natural logarithms: N ⫽ ekt, where N is the count and t is time. T90 values were calculated from T90 ⫽ 2.303/k.
Same as the T90 for deposition when there was no increase phase.
c
There were only two data points.
a
b
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temperature (at 10 cm), and hourly global solar radiation
(GSR). The temperature of the pats, soil, and air was governed
by solar radiation and exhibited diurnal oscillations. The pats
appeared to be directly warmed by sunlight, and the pat temperatures were generally higher than those of the air or soil.
This effect was more marked during the spring and summer.
A multiple regression analysis on the complete data set (all
seasons) suggested that: pat temperature ⫽ 3.4 ⫻ GSR ⫹ 0.9 ⫻
soil temperature ⫹ 0.13 ⫻ air temperature (R2 ⫽ 0.94; P ⬍
0.0001), the where temperature is expressed in degrees centigrade
and the GSR is expressed in megajoules per square meter.
The average, minimum, and maximum pat temperatures for
each experiment were as follows: in the summer, 19.5, 6.2, and
46.9°C, respectively; in the autumn, 6.2, 0, and 27.5°C, respectively; in the winter, 10.1, 0.3, and 41.5°C, respectively; and in
the spring, 18.4, 4.2, and 46.9°C, respectively. The spring and
summer experiments shared the same maximum temperature,
and because of a data logger failure in the autumn, the true
minimum temperature (probably around ⫺2.0°C) was not recorded.
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TABLE 3. Monthly rainfall, drainage, and the percent loss of E. coli from undisturbed cow pat on the leachate collectora
Winter
Rainfall
(mm)

July 2004
August 2004
September 2004
October 2004
November 2004
December 2004
January 2005
February 2005
March 2005
April 2005
May 2005
June 2005
July 2005
August 2005

40.4
136.8
34.2
25.4
45
131.6
33.6
18.6
36.6
52.4
61
19
18.2
13.8

a
b

Spring

Drainage
(mm)

% E. coli loss
from pat

13.1
31.3
7.6
3.1
9.6

0.39
0.43
0.03
0.13
4.71

Summer

Drainage
(mm)

% E. coli loss
from pat

0.1
28.2
84.3
17.3
32.5b

0.002
16.6
57.8
11.4
6.13

Autumn

Drainage
(mm)

% E. coli loss
from pat

35.7b
10.3
30.1
47.3
7.0

26.5
0.13
5.95
7.79
1.74

Drainage
(mm)

% E. coli loss
from pat

32.4
41.2
5.7
7.0
6.0

0.25
0.03
0.005
0.001
0.92

The total number of E. coli CFU in the pat was estimated from the geometric mean of the counts in the other four pats.
Site flooded (drainage exceeded rainfall).

of E. coli and fecal streptococci, and sometimes growth of S.
enterica.
Temperature appeared to have a secondary role in determining the growth rate and duration. Growth was slower in the
cooler winter experiment, but there were no marked growth
rate differences between the other seasons, when pat temperatures regularly exceeded 20°C. In controlled laboratory experiments, Wang et al. (42) also recorded initial increases of up
to 2.5 orders of magnitude for E. coli and fecal streptococci in
dairy cow manure but demonstrated a survival-enhancing
moisture level effect only for fecal streptococci.
Freshly deposited feces contain the nutrients required by
enteric bacteria, so replication presumably depends on the cow
pat retaining water and attaining suitable temperatures for
growth (the optimum temperature is around 35°C for most
enteric bacteria, although growth occurs at higher and lower
temperatures). Thus, counts for fresh cow pats are likely to
underestimate the loads on pastures during this period.
When exposed to sunlight, the pats quickly formed a skin,
which thickened to a well-defined crust within about 48 h. As
noted by Haynes and Williams (20), this crust helps to keep the
interior of the pat moist and thus assists bacterial growth.
Rainfall appeared to rehydrate the pats, particularly in the
spring experiment (November to December 2004), when it was
associated with a small increase in E. coli and enterococcus
counts, although the water content remained below 45%. The
February 2005 flooding event appeared to increase the water
content of the pats by at least 20% to around 60% (Fig. 3) and
was followed by a small but sustained increase in enterococcus
counts. The possibility that pat rehydration causes regrowth of
enteric bacteria may warrant further investigation.
Decrease phase. The most marked feature of the decrease
phase was the rapid inactivation of C. jejuni (Table 2 and Fig.
1 to 4). In contrast to the data for the indicators, there was no
evidence of a C. jejuni increase phase. Instead, in all seasons,
C. jejuni counts were reduced by 3 orders of magnitude while
the pat water content was greater than 80%, and there was a
further reduction by 1 to 3 orders of magnitude while water
content remained between 70 and 80%. There were also

marked seasonal differences in C. jejuni inactivation coefficients (Table 2), with a decrease coefficient ranking of summer
(1.91 day⫺1) ⬎ spring (0.87 day⫺1) ⬎ autumn (0.49 day⫺1) ⬎
winter (0.14 day⫺1). These values corresponded to the ranking
of average pat temperatures, summer (23.1°C) ⬎ spring
(13.2°C) ⬎ autumn (11.3°C) ⬎ winter (5.9°C), during the relatively short periods (Table 1) in which C. jejuni was detectable. This suggests that temperature, rather than desiccation,
most strongly influenced C. jejuni survival. Postexcretion exposure to oxygen diffusing into the pat may also increase the
inactivation of this oxygen-sensitive bacterium. Factors determining the rapid inactivation of C. jejuni in cow pats, such as
oxygen diffusion and temperature, may warrant further study
in controlled laboratory microcosms.
In each season, the decreases in counts of the indicators and
S. enterica to values below the initial concentrations appeared
to be associated with a decrease in pat water content to 70 to
75%. In contrast to the data for C. jejuni, there was relatively
little difference in the slopes for the decrease phase between
the three indicators, regardless of the season. Comparisons
with average seasonal temperatures were not considered
meaningful for these organisms, because their inactivation
curves extended over two or three seasons.
The counts for fecal streptococci did not initially increase as
often as or to the same extent as the counts for enterococci
except in the summer, and the fecal streptococci were inactivated more rapidly in all seasons. Unlike enterococci, they also
showed no regrowth following the site flooding event. These
results probably reflect well-recognized differences in species
composition. The fecal streptococci include S. bovis, which
comprised over one-half the fecal streptococci in fresh cow
pats on nearby farms (32). Studies reviewed by Sinton et al.
(33, 34) have shown that the S. bovis-S. equinus group is more
rapidly inactivated in the environment than the enterococcal
species E. faecium and E. faecalis.
Although enterococci have largely superseded fecal streptococci as an alternative to E. coli as an indicator, particularly in
marine waters, low enterococcus counts at the end of each
season (as low as 1 CFU g⫺1 [Table 1]) suggest that these
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drainage matched the decreases in the counts in the overlying
pats. The percent losses (Table 3) remained reasonably consistent; of the 20 monthly E. coli leaching losses measured, 16
were ⬍10% of the total counts in the pat and 12 were ⬍1% of
the total counts. The only significant percent loss of E. coli
(57.8% in December; spring experiment) occurred during the
time when there was the highest recorded monthly drainage
(84.3 mm). The short period of recovery of C. jejuni in the
drainage reflects rapid inactivation in the pat.
The results suggest that once a crust has formed, leaching
losses tend be low if subsequent rainfall is ⬍50 mm per month,
although intense rainfall events within this regimen may erode
the pat surface. In our study, no rainfall was recorded prior to
crust formation, whereas other studies have shown that heavy
rain or irrigation on a fresh cow pat is likely to result in far
greater microbial mobilization and leaching (24, 36).
Although the drainage collectors provided a useful estimate
of microbial leaching losses, the results should be treated with
caution. Only one collector was used for each row of replicate
pats, and considerable variation between some collectors was
likely. For example, although the drainage volumes from the
two indicator organism collectors for the summer-autumn
overlap period in April to June 2005 were very similar (Table
3), the drainage volumes were substantially different in the
winter-spring overlap period (October to November 2004).
This variability may also have contributed to the far lower
drainage (excluding the flooding event) per millimeter of rainfall in winter-spring than in summer-autumn, an average from
all the collectors of 30% versus 60%, which is the opposite of
what would be expected. However, three other factors may
have contributed to this difference: (i) increased drainage
through cracking of the dry turf pads in the summer, (ii) the
summer-autumn rainfall occurring in more intense events, and
(iii) an atypically dry winter in 2005.
The drainage losses (22 to 50%) were likely to be higher
than those for normal pasture, because the 20-mm-deep turf
pads on the collection funnels allowed only limited evapotranspiration. Some bacterial retention in the turf pads was likely,
although it would be unlikely to represent losses from filtration
in deeper soil profiles. Drainage losses were not included in the
decrease phase or T90 parameters in Table 2, but are currently
under more detailed investigation in our laboratory using cow
pats placed on 700-mm-deep soil cores in a lysimeter facility.
Artifacts. The use of standardized, composite cow pats was
assumed to have introduced artifacts that would both increase
and decrease bacterial survival. The principal survival-enhancing factor was likely to be the protection of the pats from
trampling by cattle. However, this was probably offset by pat
disintegration due to the destructive sampling approach. The
mixing procedure did not appear to alter the physical composition of the fecal material. Kress and Gifford (24) similarly
concluded that manipulation did not change the structure of
bovine feces and found no difference in fecal coliform release
rates between naturally deposited cattle feces and constructed
“cowpies”.
Low S. enterica counts and highly variable C. jejuni counts in
fresh cow pats necessitated inoculation of the pats with higher
concentrations than would naturally be encountered. This allowed reliable establishment of inactivation rates but may have
extended the period over which these pathogens would nor-

Downloaded from http://aem.asm.org/ on April 10, 2021 by guest

organisms may have limited value as indicators of the presence
of bovine feces. Notwithstanding the more rapid inactivation of
streptococci, the final fecal streptococcus counts exceeded
those of enterococci by 1 to 2 orders of magnitude. However,
these values were matched or exceeded by the final E. coli
counts in three seasons, suggesting that E. coli may be the more
useful indicator of bacterial pollution from bovine feces.
Except for the winter experiment, E. coli counts remained
high in the dried cow pat remnants after 150 days on pasture
(103 to 104 CFU g⫺1 [Table 1]). Thelin and Gifford (38) also
found high fecal coliform counts in a cow pat long after it had
been thoroughly dried. The E. coli results in our study are
assumed to be applicable to verotoxigenic E. coli, including E.
coli O157:H7, because the survival rates of naturally occurring
indicator and O157 strains in cattle manure are very similar
(2). Of the various laboratory and field methods used to study
extinction times in bovine feces, our procedures are most comparable to those of Bolton et al. (3), who inoculated E. coli
O157 into cattle fecal material placed outdoors on grassland.
These authors recorded T90s ranging from 10 to 12.5 days,
which are significantly lower (i.e., faster inactivation) than the
E. coli T90s in Table 2 (average, 47 days). However, they used
a modified (nontoxigenic) NTCC O157 strain, and small (100ml) fecal samples, which may have desiccated more rapidly
than the 2,100-ml pats used in our study.
Overall, S. enterica was inactivated only slightly more rapidly
than E. coli and the other indicators. Himathongkham et al.
(21) similarly found that E. coli and Salmonella spp. survival
rates were similar in cow manure. Although this implies that
cow pats are a potentially greater reservoir for S. enterica than
for the rapidly inactivated organism C. jejuni, no Salmonella
spp. were detected in a recent survey of 155 fresh cow pats on
four New Zealand dairy farms (ESR, Christchurch, New Zealand, unpublished data).
Desiccation was more rapid in the spring and summer, when
pat temperatures were higher and when direct warming of the
pats by sunlight was more marked. Thus, the effects of sunlight
on bacterial survival in cow pats are complex. Our study suggests that sunlight is likely to initially enhance survival rates in
the pat interior by helping to form a protective crust and by
warming the moist pats to near-optimum growth temperatures.
However, sunlight is likely to inactivate bacteria on the pat
surface, as demonstrated for natural waters (35), and eventually contributes to pat desiccation through heating.
Although there was only a broad relationship between initial
pat desiccation and wind run, there was a better correlation
with evapotranspiration. Wind run is an input to the PenmanMonteith equation, on which the weather station evapotranspiration data are based. Other inputs include solar radiation,
soil temperature, and vapor pressure. This equation is designed around living plants, but the correlation with the initial
rate of water loss in the pats shown in Fig. 1 to 4 suggests that
it may also predict pat desiccation rates. The evapotranspiration ranking (summer ⬎ spring ⬎ autumn ⬎ winter) reflects
the predominant Canterbury weather pattern of warm summer
winds and calmer, cool winters.
Drainage and leaching. No consistent bacterial leaching patterns were found when individual rainfall events were compared. However, in each experiment, the monthly data showed
that reductions in the numbers of E. coli recorded in the
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mally be detected. The possibility that laboratory-cultured inocula exhibited decreased environmental resistance (18) was
reduced by selection of strains isolated from natural waters and
by minimizing subculturing.
The herd was grazed on turnips shortly before the summer
experiment, resulting in pats that were less viscous and lighter
in color. However, the initial water content was similar to the
initial water contents in the other seasons, and there was no
obvious effect of this feed change on initial bacterial counts or
survival rates.
Conclusions. Counts of E. coli, fecal streptococci, enterococci, and possibly S. enterica in fresh cow pats are likely to
underestimate loads on pasture for 1 to 3 weeks after deposition. Increases of up to 1.5 orders of magnitude may occur
depending on the season and as long as the pat water content
remains above 80%.
When the pat water content falls below 70 to 75%, the
counts of enteric bacteria are likely to fall, and the order of the
overall rate of decrease from the date of deposition (i.e., including the increase phase) is C. jejuni ⬎ S. enterica ⱖ fecal
streptococci ⬎ E. coli ⬎ enterococci. However, the E. coli
counts in the dried pat remnants are likely to be higher than
those of enterococci, suggesting that E. coli may be the more
useful indicator of bovine fecal pollution.
C. jejuni appears to be very rapidly inactivated in cow pats on
pasture, and the rate apparently is determined by the average
seasonal temperature, even when the water content remains
above 80%. Thus, although C. jejuni has been detected at high
concentrations in cow pats (ESR, Christchurch, New Zealand,
unpublished data), only freshly deposited pats are likely to be
a significant reservoir for this pathogen.
The effect of sunlight on cow pats is complex. It initially
assists bacterial replication by warming the pats to optimum
growth temperatures and by assisting in the formation of a
moisture-retaining crust on the pat. Thereafter, sunlight contributes to bacterial inactivation through pat dehydration.
The effect of rainfall is also complex. It leaches bacteria from
cow pats, but once a crust has formed, under the rainfall
regimen encountered in this study, leaching rates are likely to
be low (mostly ⬍1%). Conversely, rainfall rehydrates pats,
slowing inactivation rates and possibly causing some bacterial
regrowth.
The results of this study, in combination with those of an
associated survey of dairy farms, are currently being incorporated into a “fecal microbe reservoir” model to help ascertain
microbial loads from cow pats on New Zealand pastures.
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