QUANTIFYING ESCHERICHIA COLI RELEASE
FROM SOIL UNDER HIGH-INTENSITY RAINFALL
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ABSTRACT. Bacterial loading in surface runoff can only be reasonably assessed or predicted with quantitative knowledge of
the release of bacteria from the soil under different rainfall conditions. Most studies of bacterial movement were conducted
under rainfall intensities of less than 44 mm h-1. However, in the tropics, intensities higher than 44 mm h-! are frequent. In
this study, Escherichia coli release from the soil into surface runoff and its distribution in the soil under the impact of heavy
rainfall (95 mm h-1) of different durations were investigated. Results of simulated heavy rainfall of different durations on
gently sloping grass plots with spray-applied E. coli indicated that E. coli was released with relative ease, resulting in
contaminated runoff. Runoff E. coli concentrations ranged from 2.09 log(CFU) mL~! in 5 min simulated rainfall events to
4.45 log(CFU) mL~! in 15 min simulated rainfall events. The first simulated rainfall events after spray applications produced
the highest concentration of E. coli in the runoff. Runoff loss accounted for 0.001% of the total applied E. coli in 5 min rainfall
events and 2.1% in 15 min rainfall events. Total solids explained 28% of the variation in the concentrations and 14% of the
total loadings. E. coli concentration in the surface centimeter of the soil explained 80% to 89% of the variations in runoff
concentrations and loadings with regression slope of less than unity. Such quantitative relationships have the potential to

predict runoff E. coli concentrations under high-intensity rainfall events.
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ecal contamination of soil and surface water is a con-

cern to the public, as livestock can be infected with

numerous bacterial, viral, protozoan, and helminth-

ic pathogens that are also infectious to humans (Pell,
1997; Hill, 2003). Runoff from farm sites and manure-
applied fields was suspected to be a source of several human
disease outbreaks (Smith and Perdek, 2004). Bacterial load-
ing from agricultural waste is identified as the main cause of
impairment of rivers in the U.S. (USEPA, 2000). Agricultural
practices that potentially contribute to bacterial contamina-
tion of surface water include waste deposited by grazing ani-
mals in the fields and in the streams, animal waste from
concentrated animal feeding operations applied as fertilizer
or disposed of on land, and effluent from lagoons (Hooda et
al., 2000). Ling et al. (2006a) found the tributary of Serin Riv-
er that received lagoon effluent and the river downstream of
animal farms to have elevated Escherichia coli concentra-
tions (0.6 to 4.0 log(CFU) mL-1). To reduce bacterial pollu-
tion of rivers, there is a need for further treatment of lagoon
wastewater. An alternative could be a soil-based or land-
treatment system, which is a natural treatment method with
the advantage of microorganism removal through die-off,
straining, sedimentation, entrapment, predation, radiation,
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desiccation, and adsorption (Metcalf and Eddy, 1991). The
above would require knowledge of the extent or quantity of
bacteria transported to surface water during rainfall events
before any recommendation can be made to farm operators.

Bacteria from animal farm wastewater or lagoon effluent
are transferred directly to the soil system, whereas those in
slurry and solid waste are transferred to the soil system pre-
dominantly during rainfall events (Ogden et al., 2001, Joy et
al., 1998). Once in the soil, further movement of the bacteria
to water bodies depends on the hydrologic conditions
(McDowell et al., 2006) through pathways of surface runoff
and leaching (Reddy et al., 1981). Ogden et al. (2001) re-
ported that leaching losses accounted for 0.2% to 10% of the
total E. coli applied to plots and were dependent on natural
rainfall. According to Hattori (1970) and Ling et al. (2002a),
E. coli adsorb onto soil particles and the extent of adsorption
depends on clay content. Rain can, thus, transport the
bacteria by way of eroded soil particles. Tyrrel and Quinton
(2003) postulated that the concentration of microorganisms
on the soil surface and the kinetic energy of the rainfall are
two of the factors that contribute to the quantity of microor-
ganisms detached from the soil. Therefore, quantitative
knowledge of the release of E. coli from the soil to the runoff
for rainfalls of different intensities and durations is important
in assessing or making predictions about the quantity of
bacteria transported in the surface runoff pathway. In an at-
tempt to develop a model to continuously simulate E. coli
density on land and concentration in surface runoff, our pre-
vious study (Ling et al., 2006b) indicated the need for a quan-
titative relationship between E. coli concentrations in surface
runoff and the concentration in the soil during rainfall-runoff
events for predicting the movement of E. coli.

A number of rainfall simulation studies with rainfall inten-
sities of 16 to 44 mm h-! have been conducted to investigate
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the transport of E. coli from pasture, cowpats, cow manure,
poultry litters, and mixture of fecal material with soils (Col-
lins et al., 2005; Muirhead et al., 2005; McDowell et al.,
2006; Muirhead et al., 2006; Soupir et al., 2006). In the trop-
ics, rainfall intensities higher than the above range frequently
occur. According to the Malaysian Meteorological Depart-
ment, the classification of rain showers is as follows: slight
(<2.0 mm h-1), moderate (2.0 to 10.0 mm h-1), heavy (10.1
to 50.0 mm h-1), and violent (>50.0 mm h-1). Therefore, in
this study, E. coli release from the soil and distribution in the
soil for different rainfall durations were investigated. The ob-
jectives of this study were to determine the concentrations
and loadings of E. coli in surface runoff under violent show-
ers and their relationship to the concentration in the soil, the
proportion of the applied E. coli lost in surface runoff, and the
distribution of E. coli in the soil after rainfall events.

MATERIALS AND METHODS
INOCULUM PREPARATION

Fecal bacteria used in this study were wild strains of
E. coli isolated from fresh pig waste from a commercial farm
in Siburan, Sarawak, Malaysia. E. coli isolation was per-
formed using spread plate technique on eosin methylene blue
(EMB) agar and nutrient agar (Oxoid, Basingstoke, U.K.). A
series of biochemical tests including carbohydrate utiliza-
tion, methyl red, Voges-Proskauer, citrate utilization, and in-
dole was conducted to determine if the isolates were E. coli.
Analytical profile index (API) 20 E test kit (BioMerieux,
Marcy I’Etoile, France) was also used as a final confirmation
of the purity of the E. coli isolates.

E. coli cultures from nutrient slant agar were grown on
lauryl broth (LB) (Fluka, Buchs, Switzerland) in an incubator
shaker (New Brunswick Scientific, Edison, N.J.) at 37°C,
200 rpm for 24 h. The 24 h cultures were then grown on LB
broth in the same incubator shaker at 37°C, 200 rpm for 18 h.
The bacterial suspension was diluted with LB broth to the
concentration of 108 to 10° CFU mL-! as determined by a
standard growth curve based on optical density reading using
a spectrophotometer (Jenway 6300, Dunmow, U.K.).

SoIL AND CLIMATIC DATA

Soil properties considered relevant to the study included
pH, organic matter content, and particle size distribution.
Three samples of soil were collected from the study site for
analysis. The pH of each soil sample was measured using a
pH meter (Waterproof CyberScan pH 300, Eutech Instru-
ments, Singapore) after diluting to 1:2 soil to water ratio. The
soil organic matter content of the soils was determined by
loss-on-ignition (Nelson and Sommers, 1996), and particle
size distribution was performed by the pipette method (Gee
and Bauder, 1986). Daily soil temperature, moisture, and so-
lar radiation were monitored continuously by using tempera-
ture, solar radiation, and moisture probes (WatchDog model
400, Spectrum Technologies, Plainfield, Ill.) placed at a
depth of 2 cm, and the readings were recorded with a data log-
ger.

SIMULATED RAINFALL EXPERIMENT

This rainfall simulation study used nine field plots that in-
cluded three replicates of plots receiving a tropical-intensity
storm for three different rainfall durations. A total of three
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spray applications of E. coli were conducted, and each spray
application was followed by two or three simulated rainfall
events at 24 h intervals.

The field plots (3 X 3 m) of 3% slope were set up at the
University of Malaysia Sarawak Campus, Kota Samarahan.
The plots were separated by 20 cm height plywood borders
partially driven into the ground to prevent cross-
contamination and overland flow entering neighboring plots.
At the downslope end of each plot, there was a 1 m width zone
that was not spray-applied with E. coli and where a plastic
drain was installed to direct surface runoff to a bucket. All
plots were planted with turf grass (Axonopus compressus)
five months prior to the experiment. During the experiments,
the grass height ranged from 5 to 10 cm. Prior to the first spray
application, no E. coli was detected in the runoff from simu-
lated rainfall on the plots.

The E. coli inocula for spray applications were prepared
by diluting concentrated inocula (108 to 10 CFU mL-1) using
0.1% peptone water. Nine liters of the diluted inocula (10° to
107 CFU mL-1) were sprayed on each plot using a 16 L capac-
ity, 800 to 896 kPa knapsack sprayer (model B16-2, Teong
Hin Plastic Industries Sdn. Bhd., Johore, Malaysia). Before
and after each simulated rainfall event, the top 1 cm of the soil
was sampled at four random points in each plot and compos-
ited for E. coli enumeration. The first spray application was
followed by two simulated rainfalls, while the second and
third spray applications were followed, in each case, by three
simulated rainfall events. The first of the simulated rainfalls
was meant to represent the worst-case scenario of rain occur-
ring right after spraying of waste or wastewater in the field.
At night, the plots were covered with canvas to prevent natu-
ral rainfall from washing away the E. coli. In the morning, the
canvas was removed to expose the plots to natural conditions.
The plots were also covered whenever it rained during day
time.

Simulated rainfalls of were 5, 10, and 15 min durations
and were produced using a Tlaloc 3000 rainfall simulator
(Joern’s Inc., West Lafayette, Ind.; Franklin et al., 2006). The
simulator consists of a TeeJet 1/2 HH-SS 50WSQ nozzle and
solenoid, pressure gauge, and pressure regulator. The nozzle
of the rainfall simulator was located 3 m from the ground to
achieve terminal velocity of 7.0 to 7.4 m s-! in the raindrops
(Miller, 1987). A submersible pump (JS Pump RS-400, East
Riding Koi Co., East Yorkshire, U.K.) was used to deliver
water from the tank to the rainfall simulator. The pressure of
the water flow was fixed at 20.7 kPa, and the design rainfall
intensity was 95 mm h-1, simulating a heavy downpour typi-
cal of the humid tropics. This value corresponds to the rain-
fall intensity occurring in 1 h for a 6-year return period in the
study area. However, the intensities calculated from the wa-
ter used in the experiment and duration of rainfall yielded a
range of 89 to 110 mm h-! (table 1). The area of the plot cov-
ered by the simulated rainfall was 2 X 3 m. Tap water used
to simulate rainfall events was stored in a 520 L fiberglass
tank for two days prior to the experiment. No significant dif-
ference between decay of E. coli in tap water stored for two
days and distilled water was observed in the laboratory. There
was a slight difference between the pH of rain water (pH 6.2)
and that of stored tap water (pH 6.6). This difference was not
likely to have had much impact on the die-off rates, as pre-
vious studies showed that E. coli die-off rates between pH 6
and pH 7 experimental conditions in a sandy soil were not sig-
nificantly different (Ling et al., 2005). The runoff produced
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Table 1. Spray application dates, total E. coli applied, simulated rainfall dates, simulated rainfall durations, amount of
water used in simulated rainfall, rainfall intensity, and volume of runoff collected during the rainfall simulation study.

Spray E. coli Simulated Rainfall Water Rainfall Runoff
Application Applied Rainfall Duration Used Intensity Collected
Date (CFU plot1) Date (min) @) (mm h'1) @)

5 46.3+1.2 927423 6.5+1.0
21 Sept. 2005 10 97.7+2.5 97.7+2.5 29.4+4.3
15 150.7 £3.2 100.4 £2.1 61.5 +4.1
21 Sept. 2005 9.18 x 1010
5 45325 90.7 £5.0 37418
22 Sept. 2005 10 94.7 £1.5 94.7 £1.5 21.6 £2.6
15 150.0 £3.5 100.0 £2.3 61.145.1
5 443429 88.7+45.8 10.7 2.2
27 Sept. 2005 10 953 45.0 953 45.0 40.5 2.6
15 150.3 +4.2 100.2 £2.8 78.142.9
5 46.742.9 933458 92421
27 Sept. 2005 1.26 x 1011 28 Sept. 2005 10 93.7 +4.6 93.7 4.6 33.0475
15 149.3 £1.2 99.6 0.8 70.249.2
5 433429 88.7+45.8 10.2£3.6
29 Sept. 2005 10 94.3+2.9 94.3+2.9 50.6 0.5
15 152.7+2.3 101.8 £1.5 76.5£12.3
5 49.7+1.2 993423 8.242.6
25 Oct. 2005 10 98.0 £3.5 98.0 £3.5 352429
15 1413 £5.5 942 £3.7 80.9 8.6
5 50.0 £3.5 100.0 £6.9 9.6+1.2
25 Oct. 2005 9.00 x 1010 26 Oct. 2005 10 100.7 £2.9 100.7 £2.9 39.8+3.3
15 149.0 £3.5 99.3+2.3 733425
5 503423 100.7 +4.6 9.0+2.6
27 Oct. 2005 10 97.0 £6.9 97.0£6.9 39.5+2.5
15 147.0 £6.0 98.0 +4.0 76.0 +4.6

(table 1) by the simulated rainfall events was collected in
50 L plastic containers and sampled for E. coli enumeration
and total solids analysis.

To study the distribution of E. coli in the soil, core samples
were collected to a depth of 4 cm using 5 cm diameter alumi-
num cores at four random points on each plot following the
first simulated rainfall events of the first and the second spray
applications. The soil cores were then divided into 1 cm
slices, and the four samples for each depth were composited
for E. coli analysis. Following the third spray application,
distribution of E. coli in the soil of the 10 min duration plots
was monitored for three days of consecutive simulated rain-
fall events by core sampling before and after each of the daily
simulated rainfalls. Thereafter, samples were taken daily un-
til E. coli was no longer detected.

E. CoL1 ENUMERATION AND TOTAL SOLIDS ANALYSIS

E. coli in the soil and runoff samples were analyzed using
the spread plate technique (APHA, 1998). Each soil sample
consisted of 1 g of soil transferred to a test tube, diluted with
0.1% buffered peptone solution and stirred. A plate contain-
ing solidified EMB agar was inoculated with 0.1 mL diluted
sample and was incubated at 37°C for 24 h. Replicates of
three plates were set up at each dilution level for each sample.
Since the magnitude of the concentration of E. coli in runoff
was unknown, we had to use different dilution levels so that
colonies between 30 and 300 CFU could be obtained for enu-
meration. For the runoff sample, 1 mL of the sample was pi-
petted to a test tube and the dilution and plating proceeded as
with the soil samples. Total solids were analyzed according
to standard methods (APHA, 1998) by drying a runoff vol-
ume of 25 mL to constant weight.

Vol. 52(3): 785-792

EQUATIONS FOR COMPUTATIONS
Loading of E. coli was computed according to equation 1:

Lr =Vg Cg €))

where Ly is loading (CFU), Vi is the volume of runoff col-
lected (mL), and Cy is the E. coli concentration in the runoff
(log(CFU) mL-1). Total solids were computed according to
equation 2:

@)

where T is the amount of total solids in runoff (mg), and Cs
is the concentration of total solids (mg L-1). Rainfall intensity
was computed according to equation 3:

V,
=W 3

T ®)
where I is the rainfall intensity (mm h-1), V,, is the volume of
water used (mL), A is the area of the plot rained on (m?), and
T is the duration of simulated rainfall (h). Proportion of the
applied E. coli lost in runoff was computed according to
equation 4:

Ts = VR Cs

1

_ CrVR
CaVa

P 4)
where P is the proportion of E. coli lost in runoff (%), C4 is

the E. coli concentration spray applied (CFU mL-1), and Vj
is the volume of E. coli spray applied (mL).

STATISTICAL ANALYSIS

E. coli enumeration data were log-transformed for statisti-
cal analysis. Data were analyzed using SPSS (SPSS, 2002).
Differences in E. coli concentrations at different soil depths
after the first simulated rainfall event were analyzed using
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univariate analysis of variance (ANOVA) where depth and
rainfall durations were the fixed factors and spray application
was treated as the block. To compare the decay of E. coli be-
tween different soil depths after 10 min rainfalls during the
third spray application, univariate ANOVA was used where
day and depth were the fixed factors. Differences in E. coli
concentrations and loadings of surface runoff among simu-
lated rainfall durations for each simulated rainfall day were
analyzed using one-way ANOVA. Simple linear regression
was performed to investigate the significance of the relation-
ship between E. coli concentrations/loadings in runoff and to-
tal solids. Similarly, the significance of the relationship
between E. coli concentrations/loadings in runoff and con-
centrations at the soil surface was determined by simple lin-
ear regression. Slopes of the regression of the runoff
concentrations or loadings versus soil surface concentrations
were compared among the three rainfall durations according
to Zar (1996). In all the statistical analyses, the level of signif-
icance was 5% (0.05).

RESULTS

The soil of the experimental plots was of sandy clay loam
texture (58% sand and 27% clay) with pH of 4.3 and organic
matter of 2.2% (table 2). Daily temperature ranged from
23°C to 35°C, water tension ranged from O to 21 kPa, and so-
lar radiation ranged from 0 to 1131 W m-2 (table 3). The high-
est daily temperature and solar radiation were recorded at
1:00 p.m., whereas the highest water tension was recorded at
about 4:00 p.m. The lowest daily temperature was recorded
at 4:00 a.m.

Mean E. coli concentration in the soil surface decreased
as a function of time after each spray application and with in-
creasing rainfall duration (fig. 1). Simulated rainfalls re-
sulted in E. coli concentration in the soil surface dropping in
increasing order of rainfall duration (5 min < 10 min <
15 min), as indicated by the increasing magnitude of the
slope of the regression line. After three days, E. coli was no
longer detected in the 15 min rainfall plots, whereas E. coli
persisted for four days in the 5 min plots.

After the first simulated rainfall following each spray ap-
plication, concentration of E. coli in the soil decreased with
increasing depth (fig. 2) significantly (Tukey’s test, P <

Table 2. Properties of the soil at the experimental plots.

Properties Value
pH 4.32 £0.05
Clay (%) 269 +1.4
Fine silt (%) 52405
Coarse silt (%) 9.7+1.2
Sand (%) 582429
Organic matter (%) 2.20 £0.05

Table 3. Mean (and range) of soil temperature, water tension, and
solar radiation during the experimental period following the
three spray applications in simulated rainfall plots.[al

Spray Temperature Water Tension  Solar Radiation
Application () (kPa) (Wm?2)
1 28.6 (25.4-34.5) 8.5 (0-15.0) 394 (0-778)
2 28.8 (25.2-35.1) 7.6 (0-14.0) 449 (0-973)
3 29.9 (23.4-34.8) 14.8 (0-20.8) 512 (0-1131)

[a] Values are means of 24 hourly values.
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0.001) (Zar, 1996). The concentration drop with soil depth
was most apparent for the 5 min duration and least for the
15 min duration, as indicated by the slopes of the respective
regression lines. However, there was no significant differ-
ence in mean concentrations among the three simulated rain-
fall durations (P = 0.44).

With repeated simulated rainfalls after the third spray ap-
plication, concentration of E. coli at all soil depths decreased
with time (fig. 3). Right after the spray application, E. coli
concentrations in the top 3 cm were similar, but that of the
3-4 cm was about one order of magnitude lower. However,

ys = -1.098x 5 + 5.789
R2=0.956

A Simulated rainfall application day
O 5 min

6 10 min
o ! Yio= -1.192x,, + 5.473
0O 15 min 10 10
5 R2=0.919
4 Y45 = -1.402x 5+ 5.378
R2=0.919

E. coli Concentration (log(CFU) g™')
w

Time (d)

Figure 1. Mean E. coli concentrations (three replicates) in the top 1 cm of
soil for the second spray application under different simulated rainfall
durations.

3l Vs=-0.746x 5 + 5475

E. coli Concentration (log(CFU)g™)

R2 =0.999
2 y,,=-0.545x, + 5.005
R = 0.991 O 5 min
il @ 10 min
Y15 = -0.258x ;5 + 4.569 0O 15 min
R? = 0.975
0 w ‘ ’ 1
0 1 2 8 ¢

Soil Depth (cm)

Figure 2. E. coli distribution in the soil after the first simulated rainfalls
of different durations following the first and second spray applications.

Yoq = -1.204x o4 + 5.257

A Simulated rainfall application day

o00dcm e 12cm R2 = 0.961

5 O23cm  m34cm Vio = 1.760x | 5 + 5.144
R? = 0.930

¢ Vo3 = 2.020x 55 + 4.930
R? = 0.962

Y34 = -1.607x 4, +4.204

R? = 0.992

E. coli Concentration (log(CFU) g7)
w

Time (d)

Figure 3. Mean E. coli concentrations (three replicates) at different soil
depths for the 10 min simulated rainfalls after the third spray application.
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Table 4. Mean E. coli concentrations, loadings, and proportions lost in surface runoff
in three different durations of simulated rainfalls following the three spray applications.

Runoff Concentration Runoff Loading Proportion Lost in Runoff
(log(CFU) mL-1)lal (log(CFU))lal (%)
Spray Rainfall 5 min 10 min 15 min 5 min 10 min 15 min 5 min 10 min 15 min
1 317a 3.84b 4.02b 6.98 a 8.31b 8.81c 0.011 0.223 0.701
+0.15 +0.06 +0.08 +0.22 +0.08 +0.06 +0.005 +0.042 +0.100
1
2 224 a 2.64a 337b 579a 6.97b 8.15¢ 0.001 0.011 0.177
+0.18 +0.14 +0.33 +0.03 +0.12 +0.29 +0.000 +0.003 +0.098
1 370 a 421b 4.45b 772 a 8.82b 934 c 0.047 0.526 1.828
+0.19 +0.04 +0.17 +0.26 +0.06 +0.18 +0.030 +0.074 +0.683
2 350a 372a 3.68 a 7.46 a 8.23b 8.53b 0.026 0.144 0.307
2 +0.21 +0.15 +0.24 +0.29 +0.18 +0.27 +0.014 +0.061 +0.209
3 2.09a 2.46a 327b 6.08 a 717b 8.09 ¢ 0.001 0.012 0.104
+0.20 +0.07 +0.15 +0.14 +0.07 +0.21 +0.000 +0.002 +0.048
1 375a 4.47b 437b 7.65a 9.02b 9.27b 0.053 1.185 2.148
+0.08 +0.07 +0.10 +0.17 +0.11 +0.13 +0.018 +0.289 +0.662
2 2.87a 3.64b 3.83b 6.85a 8.24b 8.69 ¢ 0.008 0.200 0.571
3 +0.11 +0.14 +0.14 +0.13 +0.18 +0.16 +0.002 +0.080 +0.182
3 2.16a 2.58a 339b 6.10 a 7.18b 825¢ 0.001 0.018 0.205
+0.15 +0.21 +0.19 +0.07 +0.23 +0.17 +0.000 +0.009 +0.077

[a] Means within a row followed by the same letter are not significantly different at 5% level.

after the first simulated rainfall event, E. coli concentrations
were more or less uniformly distributed among the layers. In
the 3-4 cm layer, E. coli in all the 10 min simulated rainfall
plots was not detectable prior to the final simulated rainfall.
Persistence of E. coli was in the decreasing order of 0-1 cm
> 1-2 cm > 2-3 cm > 3-4 cm. Decay coefficients at different
depths between simulated rainfalls ranged from 0.74 to
1.52 d-1, and there was no significant difference (P = 0.068).

In all the spray applications, the first simulated rainfalls
immediately after spray applications produced the highest
concentration of E. coli in the runoff, in the order of 3 to
4 1og(CFU) mL-L. The concentration decreased with succes-
sive simulated rainfalls (table 4). For the first and second sim-
ulated rainfalls following spray applications of E. coli, there
was no significant difference in E. coli concentrations be-
tween the 10 and 15 min duration rainfall events (0.163 <P <
0.966). For the last simulated rainfalls, there was no signifi-
cant difference between the 5 and 10 min duration rainfall
events (0.054 < P < 0.163). Loadings of E. coli decreased in
the order of 1st rainfall > 2nd rainfall > 3rd rainfall after spray
applications of E. coli (table 4). Loadings were the highest for
the 15 min duration and lowest for the 5 min duration. Multi-
ple comparisons indicated that differences in E. coli loading
between all pairs of durations of rainfall events were signifi-
cant (P < 0.032) except that between the 10 and 15 min dura-
tions for the second simulated rainfall of the second spray
applications (P = 0.389) and for the first simulated rainfall of
the third spray applications (P = 0.144). The runoff con-
centrations and loadings were found to be significantly corre-
lated with total solids (P < 0.0005 and P = 0.001,
respectively), where total solids explained 28% of the varia-
tions in concentration and 14% of the variations in loading
(fig. 4).

The proportion of the total applied E. coli lost in surface
runoff was dependent on the simulated rainfall duration and
the number of rainfall simulations (table 4). The first simu-
lated rainfall after spray application resulted in the highest
loss, ranging from 0.01% for the 5 min rainfall to 2.1% for the
15 min rainfall, and the third rainfall resulted in the least lost,
ranging from 0.001% for the 5 min rainfall to 0.2% for the
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15 min rainfall. As the rainfall duration increased, the per-
centage of E. coli lost increased.

The 5 min rainfall produced the lowest runoff E. coli con-
centrations, and the 15 min rainfall produced the highest run-
off E. coli concentrations (fig. 5). At high soil E. coli
concentrations, the 10 and 15 min rainfalls produced similar
E. coli concentrations in runoff. However, at low soil E. coli
concentrations, the 15 min rainfalls produced E. coli con-
centrations of about one order of magnitude higher than the
10 min rainfall. E. coli concentrations in surface runoff were
highly correlated with the concentration in the surface centi-
meter of the soil. For event mean concentration, the relation-
ships between E. coli concentration in the surface runoff and
E. coli in the surface of the soil for the 5, 10, and 15 min rain-
fall durations are expressed as:

Crs = 0.633C; (5)
Crio = 0.771Cy (6)
10 4
& Y [ ]
°
o® tede ¥ *
8| & %o
2 [ ] A 0.0005x + 6.8774
3 ° ’{ i~ RZ=0.143
< 5/ [}
g %e
8
t D
Q y = 0.0005x + 2.4387
% o 2 R2 = 0.280
° 24 D oy
w @ Loading (log(CFU))
O Conc. (log(CFU) mL")
0 T T T 1
0 1000 2000 3000 4000

Total Solids Concentration (mg L)
Figure 4. Mean E. coli concentrations/loadings as a function of mean total

solids concentrations (mg L-1) in runoff for all simulated rainfalls of all
spray applications.
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T 4]
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w
Q 3]
g ys = 0.633x
2

£ R?=0.829
5 2
0 Y10 = 0.772X 49
£ R? = 0.880 O 5min
= 4 | @ 10 min
8 1 yis=0295x5 + 2567 o 15 min
w R2?=0.863

0 : ; . : ; ,

0 1 2 3 4 5 6 7

E. coli in Soil (log(CFU) g-)

Figure 5. Mean E. coli concentrations in runoff as a function of mean E.
coli concentrations in the top 1 cm of soil for all simulated rainfalls of all
spray applications.

CR15 = 0295(:3 +2.57 (7)

where Cg; is the rainfall event mean concentration of E. coli
in surface runoff (log(CFU) mL-1); i = 5, 10, and 15 for the
5, 10, and 15 min rainfall durations, respectively; and C; is
the soil surface E. coli concentration (log(CFU) g-1 dw).
Since regression analysis indicated that the y-intercepts of the
regression for the 5 and 10 min rainfalls were not significant-
ly different from zero (P = 0.701, P = 0.349), equations 5 and
6 were developed by setting the intercept to zero. However,
for the 15 min rainfall events, the constant of the regression
was significantly different from zero. Therefore, the inter-
cept is retained, as shown in equation 7. Regression analysis
indicated that all three regressions slopes were significantly
different from zero (P < 0.001) and that E. coli concentration
on the soil surface explained 82.9%, 88.0%, and 86.3% of the
variation in E. coli in runoff concentration for the 5, 10 and
15 min simulated rainfalls, respectively. The 15 min rainfall
regression line showed the lowest slope and the highest inter-
cept. Tukey’s test indicated that the regression slopes of the
15 min rainfalls were significantly different from those of the
5 min (P < 0.05) and 10 min (P < 0.005) rainfalls. However,
the regression slopes of the 5 and 10 min rainfalls were not
significantly different (0.2 < P < 0.5).

Furthermore, the loadings of E. coli under different rain-
fall durations were also highly correlated with the surface
concentrations of the soil with coefficients of determination
80.3%, 89.0%, 83.4% for the 5, 10, and 15 min rainfall dura-
tions, respectively (fig. 6). Equations for the event mean run-
off E. coli load for the three durations are expressed as:

Ls = 0.633C, + 3.903 (8)
Lio = 0.682C; + 4.960 9)

Lis = 0.306C, + 7.367 (10)

where L; is the event mean load of E. coli in surface runoff
(log(CFU)), and i = 5, 10, and 15 for the 5, 10, and 15 min
rainfall durations, respectively. The regression slopes and in-
tercepts were all significantly different from zero (P < 0.003,
P < 0.001). Similar to the concentration regression lines, the
slope for the 15 min rainfall regression line was the lowest.
The slope for the 15 min regression line of E. coli loading was
significantly different from those of the 5 and 10 min rainfalls
(P < 0.05 and P < 0.005, respectively). There was no signifi-
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Figure 6. Mean E. coli loadings in runoff as a function of mean E. coli con-
centrations in the top 1 cm of soil for all simulated rainfalls of all spray
applications.

cant difference between slopes for the 5 and 10 min rainfalls
(P > 0.5).

DISCUSSION

E. coli in the soil surface was no longer detectable after
only four days following two or three simulated rainfall
events. Factors that contributed to such a drop in population
included losses due to surface runoff, decay, and leaching.
Runoff was found to contribute only a small percentage of the
total E. coli applied. The other key loss is most likely due to
die-off, as the loss of E. coli in the soil surface between con-
secutive simulated rainfall events was high. This is based on
the large decrease in the E. coli concentrations in the soil im-
mediately after a simulated rainfall event and immediately
before the next simulated rainfall event, and the fact that most
of the applied E. coli was concentrated in the top 1 cm. This
conclusion is further supported by the unpublished results of
two previous experiments: (1) an experiment conducted
without simulated rain (soil temperature of 26°C to 34°C) to
study the die-off of E. coli in the same location indicated high
die-off rates and persistence of only four days; (2) an experi-
ment on the plot soil under controlled conditions in the labo-
ratory at 100% saturated condition indicated persistence of
five days at 30°C and four days at 35°C. Leaching also ac-
counts for a proportion of the loss, as not all the water used
in the rainfall simulations was accounted for in runoff. In fact,
for the 5 and 10 min duration rainfall events, runoff ac-
counted for less than 50% of the water used for simulated
rainfall, indicating substantial infiltration through the soil
surface, which would facilitate leaching of E. coli. For the
15 min duration rainfall event, although proportionately
smaller, the total volume infiltrated was larger than that of the
shorter duration events.

Rapid decline of fecal coliform has been reported for
swine manure in the soil-runoff mixing zone with persistence
of only six to ten days (Gessel et al., 2004). The decay process
was mainly attributed to the inability of the E. coli to reduce
its metabolic rate to meet the low availability of usable organ-
ic carbon (Klein and Casida, 1967). In the weakened state of
nutrient shortage, the organism is also stressed by other envi-
ronmental factors (Hill, 2003), such as high soil temperatures
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of up to 35°C, strong solar radiation, and the acidic soil (pH
4.32) in the present study. According to Ling et al. (2002b),
E. coli die-off rate in a clay loam in dry, moist, and wet condi-
tions increased as temperature increased from 25 to 35°C. In
a study of die-off of E. coli in a sandy soil under different pH
values, it was reported that the first order die-off rate of
E. coli at pH 4.4 was much higher than that at pH 6.4 and for
temperatures of 20°C and 30°C (Ling et al., 2005).

E. coli concentrations in the soil decreased gradually from
the top 1 cm to 3-4 cm after the first simulated rainfalls, indi-
cating continuous downward movement and retention of
E. coli through the soil depths. Retention occurred due to
filtration of E. coli in the soil and adsorption of E. coli cells
to soil particles. Since the size of bacteria ranged from 0.2 to
5 um compared to the fine to medium pore size of 10 nm to
10 wm, mechanical filtration of bacteria should occur, but it
would be incomplete (Matthess et al., 1988). Adsorption has
been reported to occur between E. coli and soil particles. Pre-
vious studies of two strains of E. coli indicated that cells ad-
hered rapidly to clay particles and formed -cell-clay
complexes, which adhere to each other or to other clay par-
ticles and form cell-clay aggregates at a much lower rate
(Hattori, 1970). E. coli was also found to establish equilibri-
um in the soil-water system, and the percentage of E. coli ad-
sorbed depended on the clay content (Ling et al., 2002a).
Studies of bacteria movement through a loam soil indicated
that only 0.01% to 15% passed through a 5 cm column (Gan-
non et al., 1991). Therefore, E. coli could be both filtered as
individual cells or adhered to soil particles while adsorption
could occur at all depths.

E. coli in runoff was found to be dependent on the duration
of rainfall, amount of runoff, and the time elapsed between
rainfall events. For the first simulated rainfalls, the 5 min
rainfall produced runoff E. coli concentrations that were low-
er than those of the 10 and 15 min rainfall events. During this
short-duration rainfall, infiltration was much larger than run-
off. The smaller runoff volume as well as the shorter duration
were probably insufficient to allow a more extensive release
(desorption) of the E. coli. The short-duration rainfall also
produced a slower runoff velocity whereby some E. coli at-
tached to soil particles could be redeposited along the flow
path. Evidence of attachment to particles was shown by the
significant relationship between E. coli concentrations and
total solids in runoff, where total solids explained 28% of the
variation in concentrations and 14% of the loadings.

For the two simulated rainfalls after the first spray applica-
tion, the E. coli concentrations and loadings in runoff were
found to be lower than those of the corresponding simulated
rainfalls after the second and third spray applications. This is
most likely related to the lower volumes and velocity of run-
off in the two simulated rainfalls, leading to lower releasing
and carrying capacity in terms of the E. coli. The proportion
of E. coli lost in runoff for the third spray application were
higher than that of the second spray application due to more
E. coli being applied in the second spray application
compared to the third application.

In spite of the short duration rainfall of 5 min, the con-
centration of E. coli in runoff was in the order of 2 to
3 1og(CFU) mL-1, which exceeded the standard established
for primary contact recreation (USEPA, 1976). This indicates
the relative ease with which E. coli moved with runoff. Muir-
head et al. (2005) also reported low attachment of <25% from
totally feces and feces mixed with soil cowpats. The physical
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filtration of bacteria at the soil surface also increased the
chance of losses during runoff (Crane et al., 1983). In storm-
water, it was reported that more than 50% of bacteria were not
settled or filtered (Schillinger and Gannon, 1985). The signif-
icant correlation between E. coli concentrations and total sol-
ids obtained in the present study was not observed in the study
of cowpats (Muirhead et al., 2006), most likely due to the dif-
ference between fecal material and turf-grown soil as the
source of E. coli, where solids in cowpats are basically organ-
ic materials.

In the present study, a significant relationship between
E. coli concentrations in runoff and loadings with that of the
source was observed. Such a relationship was also reported
by Muirhead et al. (2005, 2006). However, the source materi-
als studied were fresh and aged feces and feces-soil mixture
(Muirhead et al., 2005) and fresh feces (Muirhead et al.,
2006), and the studies were conducted under a lower rainfall
intensity of 25 mm h-1. For the same source concentration of
5 log(CFU) g1, lower runoff E. coli concentrations (1 to
3 1og(CFU) mL-1) were recorded by the above authors than
those in the present study at 2 to 4 log(CFU) mL-!. The higher
intensity rainfall in the present study would have imparted
more energy to release more E. coli and consequently higher
runoff E. coli concentration. In terms of regression slope, the
slope of the 10 min simulated rainfall is comparable to that
of Muirhead et al. (2005) but smaller than that of Muirhead
et al. (2006), which was close to unity. This is most likely due
to the difference in the source of E. coli. The mechanism of
release from fecal material in the form of cowpats placed in
metal trays is likely to be different from a soil surface with
grass growing on it. Fecal material contained mostly organic
materials with low density and was therefore more erodible
than grass-covered soil (Khaleel et al., 1979).

When E. coli concentration at the soil surface was low, the
15 min rainfall produced higher E. coli concentration in run-
off compared to the 5 and 10 min rainfalls. Furthermore, the
concentration and loading regression lines for the 15 min
rainfall have the least slope and highest intercept. These ob-
servations indicate that at lower concentration, the 15 min
rainfall was able to extract more E. coli than the 5 and 10 min
rainfalls. This is possibly due to greater detachment and en-
trainment associated with the longer-duration rainfall event
and higher-volume of runoff.

CONCLUSIONS AND RECOMMENDATIONS

High-intensity rainfalls of different durations, especially
rainfall events occurring right after spray application, re-
leased E. coli with relative ease, contaminating surface run-
off with high E. coli concentrations (2 to 4 log(CFU) mL-1).
When rainfall duration increased, there was an increase in the
E. coli concentration in runoff. Runoff loss accounted for
only a small percentage of the total spray-applied E. coli.
Die-off under the tropical intense solar radiation, high tem-
perature, and the acidic nature of the soil most likely elimi-
nated most of the E. coli. After the simulated rainfall events,
the distribution of E. coli in the soil depths indicated decreas-
ing concentrations with depth. Linear regression indicated
that the relationships between surface runoff E. coli con-
centrations/loadings and soil surface E. coli concentrations
were strong, with R2 > 80%. Total solids explained a small
percentage of the variation in E. coli concentrations and load-
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ings in surface runoff. Since the worst-case scenario for
E. coli contamination would be high-intensity rainfall events
occurring right after spray application, it is recommended
that lagoon effluent be treated by land application instead of
direct discharge into rivers, especially during the dry season.
Further research is recommended to study the impacts of oth-
er factors on the movement of E. coli during rainfall events,
such as different rainfall intensities, longer-duration rain-
falls, different types of waste applied, different types of soil,
and different vegetative covers.
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