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Abstract

Understanding bacterial transportation in unsaturated soil is helpful for reducing and avoiding pathogenic contamination
that may be induced by irrigation with reclaimed waste water and for developing better irrigation management practic-
es. Experiments were conducted to study the transport of a typical bacterium, Escherichia coli (E. coli), in a sandy and
a sandy loam soil under different application rates and input concentrations. A 30° wedge-shaped plexiglass container
was used to represent one twelfth of the complete cylinder in the experiments. The apparent cylindrical application rate
varied from 1.05 to 5.76 L h~' and the input concentration of E. coli from magnitude of 10? to 107 colony-forming unit (CFU)
mL-". For a given volume of water applied, an increase in application rate resulted in an increase in the wetted radius and
a decrease in the wetted depth. In the sandy loam soil, the water spread out in a circular-arc shaped saturated zone on
the surface, and the ultimate saturated entry radius increased with the application rate. An increasing application rate of
water suspended bacteria allowed a more rapid transport of bacteria, thus accelerating E. coli transport rate and resulting
in a larger distributed volume of E. coli for both soil types. For the sandy soil, more than 70% of the E. coli that was de-
tected within the entire wetted volume concentrated in the range of 10 cm from the point source, and the concentration of
E. coli decreased greatly as the distance from the point source increased. More than 98% of the E. coli was detected in
a range of 5 cm around the saturated wetted zone for the sandy loam soil. For both soil types tested, an extremely high
concentration of E. coli was observed in the proximity of the point source, and the peak value increased with an increased
input concentration. In principle, using an emitter with relative lower application rate would be effective to restrict E. coli
transport. To reduce bacterial concentration in the sewage effluent during wastewater treatment is important to decrease
the risk of soil contamination caused by irrigation with sewage effluent.
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shortages and new environmental policies and regulations
have stimulated significant development in reuse programs
(UNDP 2006). Reuse of wastewater for agricultural irrigation
is practiced not only in dry and water deficient areas, but in
water abundant regions as well (USEPA 2004). Because
of the increase of reclaimed water irrigation, its health and
environmental impacts cause wide concerns.

The structure of soil and microbial community might be
changed after irrigating by the sewage. Liu and Haynes
(2011) studied the influence of land application of dairy
factory effluent on catabolic capability of the soil microbial
community and found that effluent irrigation substantially
changed soil chemical properties, while the metabolic quo-
tient and decomposition functions of the soil microorganisms
and the structure and diversity of the bacterial community
have remained unaffected by dairy factory effluent irrigation.
Tian et al. (2015) worked on responses of microbial activity,
abundance, and community in soil after three years of heavy
fertilization with manure-based compost and inorganic
nitrogen and found that the size and activity of the micro-
bial community increased due to regular inputs of soluble
organic matter, and the most abundant taxa were found to
be correlated with the moisture content, pH, organic C, total
N, and available P.

When used for irrigation, the toxic chemicals and mi-
crobes in wastewaters or recycled water usually pose
threats to human health and environment. Bacteria including
pathogenic Escherichia coli (E. coli), Salmonella enterica,
Shigella, Staphylococcus, and fungi in irrigation water may
stay in soil or on the surface of crops, transmit to people
and cause disease (Crook and Rao 1996). E. coli are one
of the most common pathogenic bacteria that cause disease
in human. Due to its simple detection and high numbers
in agricultural wastes, E. coli are consistently used as an
indicator microorganism for the risk assessment of microbial
contamination (Foppen and Schijven 2006).

Bacteria transport is mostly passive (Unc and Goss
2004). Their transport and fate are affected by cell proper-
ties, characteristics of the porous medium and transporting
solution (Beven and Germann 1982; Abu-Ashour et al. 1994;
Powelson and Mills 1998; Becker et al. 2004; Mosaddeghi
et al. 2009, 2010). Governing soil characteristics include
texture, especially the clay content, structure, pore space,
and pore size distribution. The physical and chemical com-
position, like organic matter content, solution ionic strength,
pH and metal oxide coatings also impact the behaviors of
E. coli in soil (Fontes et al. 1991; Abu-Ashour et al. 1994;
Wan and Wilson 1994; Naclerio 2009; Safadoust et al.
2012).

Irrigation methods influenced bacterial transportation.
Oliveira et al. (2012) have proved that E. coli O157:H7 sur-
vived in soil and lettuce leaves while applying surface and

sprinkler irrigation with contaminated water. Drip irrigation
has the priority in reducing the risk of bacterial contamination
compared to furrow irrigation (Fonseca et al. 2011), since no
surface runoff of sewage effluent occurred during irrigation.

Soil columns are routinely used to evaluate bacterial
transport in experimental settings. Flow conditions, includ-
ing water content, the path taken by water and water fluxes,
affect the fate of the bacteria (Powelson and Mills 2001).
Smith et al. (1985) and Tan et al. (1994) reported that the
breakthrough bacteria increased with the increase of water
flow velocity. Tan et al. (1994) also found that bacterial
transport was enhanced at higher cell concentrations. While
Jiang et al. (2007) pointed out that percent adsorption (P,)
of E. coli to silica sands was not related to the input E. coli
concentration, and the main controlling mechanisms for
bacterial retention in soil are attachment and detachment
at particle surfaces (Ginn et al. 2002; Banks et al. 2003).
Smith et al. (1985) reported that the activity and penetration
of E. coli strains were influenced by pore size. Their result
is consistent with the hypothesis that small pore throats
restrict microbial activity and penetration. Hassan et al.
(2005) studied the influences of irrigation rates (mL d-') and
dosing frequencies (doses d-') on coliforms’ transport when
applying subsurface drip irrigation systems, and gave the
result that the number of coliforms in leachates increased
significantly at the highest rate of application (2.071 mL d").

Most researches regarding the E. coli transport in soil
focused on breakthrough experiments in which the trans-
port and fate of the E. coli were investigated by detecting
extraction and leaching of soil solution. Few researches
were conducted on the transport of E. coliin an unsaturated
soil that is frequently a common situation for the promising
efficient irrigation method of drip irrigation while applying
sewage effluent. The objectives of the study were to quan-
tify the effects of the technical parameters of surface drip
irrigation on water and E. coli distribution in different soils
through laboratory experiments and to give recommenda-
tions for management of surface drip irrigation systems
applying sewage effluent.

2. Materials and methods

2.1. Experimental setup for E. coli suspension
transport

A 30° wedge-shaped plexiglass container, which was 60 cm
high and 40 cm radius (Fig. 1), was used to conduct the
experiments. It was assumed that each container rep-
resented one twelfth of the complete cylinder. Lv (2000)
investigated the influence of the angle of the wedge-shaped
container on water and solute movement, and found that
there was no significant difference between the 15° wedge-
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shaped container and a 90° one. Such devices had been
successfully used for investigating the transport of water
and nitrogen in different soils (Li et al. 2004). Prior to each
experiment, the container was sterilized by an ultraviolet
germicidal lamp for 1 h.

2.2. Soil properties

Asandy and a sandy loam soil were used in the experiments.
Soil was air-dried and homogenized by passing through a
2-mm sieve. The air-dried soil was packed in the container
with 5 cm increments to obtain a constant bulk density of
1.43 and 1.4 g cm™2 for the sandy soil and the sandy loam
soil, respectively. Particle size analysis yielded an average
value of 95.46% sand, 4.52% silt, and 0.02% clay for the
sandy soil and 33.88% sand, 52.38% silt, and 13.74% clay
for the sandy loam soil. The organic matter content for
the sandy and sandy loam soil was 1.32 and 8.59 g kg™,
respectively. In this research, both soils were not sterilized
in order to simulate the actual soil environments.

2.3. Source of E. coli

The E. coli (DH5a-3C-GFP, a gift from Dr. Cong Haolong,
Institute of Microbiology, Chinese Academy of Sciences, Bei-
jing), which possess penicillin resistant gene, was propagat-
ed and maintained in Luria Broth (Helbling and Vanbriesen
2008) liquid medium (Thermo Fisher Scientific Inc., USA)
supplemented with penicillin (50 pg mL™") at 37°C for 16 h.
E. coliliquid was then suspended in sterile deionized water.
A plate count approach (Goldman and Green 2009) was
used to determinate E. coli concentrations. The supernate
was ten-fold serially diluted in order to obtain at least one
plate with a countable number of bacteria. The serially
dilutions were cultivated in Luria Broth solid medium sup-
plemented with penicillin (50 ug mL™"), at 37°C for 24 h. The
results were reported as colony-forming units (CFU) per
milliliter (mL). The property of the colony, which randomly
selected from the plates, was determined by Gram staining
(Holt et al. 1994) and this procedure confirmed that the bac-
teria counted by the plate approach were Gram-negative.
The E. coli suspension with designed concentration was
added to the soil through a no. 7 needle connected to a per-
istaltic pump (Tianli Industrial Equipment Co., Ltd., China)
with a flow rate ranging from 0.06 to 30 mL min~" through
a sterile flexible hose. The outlet needle was located on
the soil surface at the corner of the soil container (Fig. 1).
To maintain zero evaporation, the soil was covered with a
polyethylene sheet. In each experiment, the positions of the
moving wetting front on the soil surface and in the vertical
plane were recorded visually at several times. After a pre-
determined volume of solution had been applied, the vertical
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Fig. 1 Schematic descriptions of the experimental device and
soil sampling positions.

plane of the container was placed on a horizontal surface
to avoid redistribution of water and solute in the soil. The
container was then opened and immediately sampled. The
sampling layout was radial intervals of 2.5 cm and a vertical
interval of 5 cm (Fig. 1). All experiments were conducted in
aroom with an approximately constant temperature of 20°C.

2.4. Isolation and characterization of E. coli

Soil sample for E. coli test was extracted with a sterile test
tube (inside diameter 2 cm). For each sample, 10 g of soll
was added to 100 mL sterile deionized water, and mixed
evenly in a shaker for 15 min. Then the solution was homog-
enized for 2 min to obtain the supernate. The plate count
approach was used to determinate E. coli concentrations in
the supernate. The serially dilutions were also cultivated in
Luria Broth (Helbling and Vanbriesen 2008) solid medium
supplemented with penicillin (50 ug mL-"), at 37°C for 24 h.
Similarly, the Gram-negative property of the counted bacteria
was confirmed by the Gram staining.

For each experiment by applying sandy soil, three soil
samples were taken outside of the wetted volume to estab-
lish the initial conditions of water content and initial bacteria
concentrations in the soil. In order to further confirm the
detected Gram-negative bacteria were from the input E. coli
suspension, the polymerase chain reaction (PCR) experi-
ment was conducted using a PCR thermocycle instrument
(DL-2000; Shine Gene Molecular Biotech, Shanghai, China).
The soil samples showed a similar primer amplification
fragment to the added E. coli sample (data not shown).
This confirmed that the bacteria detected in the soil were
the species of E. coli that had been added during the ex-
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periments. The total E. coli and the proportion of penicillin
resistant E. coli were then determined as described above.

For experiments using sandy loam soil, similarly, three
soil samples were also collected outside of the wetted vol-
ume to establish the initial conditions of water and bacteria.
As the sandy loam soil was collected from 0-30 cm depth of
a field just after the harvest of lettuce, the soil activity was
stronger and probably more bacteria existed. Two extra
experiments were conducted to detect the distribution of
background penicillin resistant bacteria in the sandy loam
soil and to confirm that the E. coli detected in the wetted
soil volume were the added indicator E. coli.

2.5. Application rate and input E. coli concentration

Two variables, application rate and input E. coli concentra-
tion, which may affect the water flow and E. coli’s transport,
were considered. The experiments using sandy soil were
referred to as group A, and those using sandy loam soil
were referred to as group B. In total, 17 experiments were
conducted. Table 1 summarizes the apparent application
rates, initial water contents, and input E. coli concentrations
of all the experiments. The variables are presented on the
basis of completely cylindrical system in the article based
on the verified assumptions that the 30° wedge-shaped
container can represent one twelfth of the complete cylinder,
and the shape of test device has negligible impact on flow
patterns (Lv 2000). In order to compare with actual drip
irrigation, the apparent application rates were reported by
multiplying the actual variables by 12 in the article. Different

Table 1 Summary of the apparent application rate (q), initial
volumetric water content (8,) and input Escherichia coli
concentration (C,) for each of the 17 experiments

Exp. no." g (Lh)?2 6, (cm®cm=)2 C, (CFU mL™)
A1 1.05 0.034 6.7x10°
A2 1.76 0.033 6.8x10°
A3 2.88 0.031 7.3x10°
Ad 3.60 0.031 4.7x10°
A5 5.76 0.034 5.4x10°
A6 1.75 0.036 9.5%x102
A7 1.75 0.036 4.6x10*
A8 1.74 0.034 2.1x108
BO 1.76 0.155 0

B1 1.05 0.159 3.6%x107
B2 1.79 0.158 3.6%x107
B3 3.51 0.156 9.0x107
B4 5.76 0.149 9.2x107
B5 1.76 0.147 8.1x10*
B6 1.76 0.156 4.1x10°
B7 1.76 0.150 3.6%x107
B+ 1.78 0.159 6.3x107

"YExp. no. means experiment numner.
? Actual value multiplied by 12. The same as below.

application rates were obtained by regulating the peristaltic
pump speed. For all the experiments, no dripper (needle)
blockage caused by E. coli was detected possibly due to
the relatively short application duration.

For group A, the application rates of irrigation varied from
1.05 to 5.76 L h~' that almost covered the current range of
emitter discharges for commercial products (experiment
numbers (Exp. nos.) A1-A5). The concentrations magnitude
of E. coliwas 10%to 108 CFU mL-" for sandy soil experiment
(Exp. nos. A6-A8). For group B, the application rates of
irrigation also varied from 1.05 to 5.76 L h-' (Exp. nos. B1—
B4). In order to avoid the possible background bacterial
influence and stronger attachment of the sandy loam sail,
a greater E. coli concentration magnitude of 10* to 107 CFU
mL-" was used for the sandy loam soil (Exp. nos. B5-B7).
An approximately similar apparent volume of 7.2 L was used
for all experiments.

In order to detect the distribution of background penicillin
resistant bacteria in the sandy loam soil, an extra experiment
without indicator E. coli addition (Exp. no. BO) was conduct-
ed. Another extra experiment (Exp. no. B+) was conducted
to confirm the transport of indicator E. coli under condition of
without background penicillin resistant bacteria. The sandy
loam soil that was disinfected by an autoclave sterilizer was
used for this experiment.

3. Results
3.1. Wetting front movement

Wetting patterns were characterized by the radial and
vertical distance of the wetting front from the point source.
Figs. 2 and 3 illustrate the surface wetted radius and the
vertical wetted depth as a function of time for different ap-
plication rates in the sandy soil (Exp. nos. A1-A5) and the
sandy loam soil (Exp. nos. B1-B4), respectively. For alarger
application rate, the wetting front moved faster both in the
radial and vertical directions. For a given volume applied,
the final wetted radius increased with the application rate
while the wetted depth decreased with the rate. This influ-
ence is more obvious for sandy loam soil. For example, the
surface wetted radii are approximately 27.1, 29.3, 30.0 and
30.4 cm while the wetted depths are 26.0, 25.3, 20.3, and
16.3 cmfor 1.05, 1.79, 3.51 and 5.76 L h~" application rates,
respectively. This suggest that increasing application rate
allows more water to distribute in the horizontal direction,
while decreasing the rate allows more water to distribute in
the vertical direction.

Power equations shown in egs. 1 and 2 were fitted to
estimate the movement of the wetting front:

R,=bt (1)

R =b t (2)
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Where, R, is the surface wetted radius (cm); R, is the
vertical wetted depth (cm); tis the elapsed time (min); b and
b, are regression coefficients; and d and d, are regression
power value. The fitted parameters of the equations describ-
ing the movement of the wetting front in the radial and vertical
directions are summarized in Table 2. The average power
value (dand d,) is 0.29 and 0.37 for the sandy soil, and 0.33
and 0.41 for the sandy loam soil, respectively. The average
fitted parameter of surface wetted radius is 0.31, which is
similar to the findings of Li et al. (2004). The b values shows
an increasing trend with application rate, especially for the
sandy loam soil, suggesting that the surface wetted radius is
controlled by both elapsed time and application rate.

It was also found that the water spread out in a circu-
lar-arc shaped saturated zone on the sandy loam soil sur-
face. This saturated zone through which the water entry into
the soil was initially small, but its radius became larger as
time increased and then reached almost a constant value for
a unique application rate (Fig. 4). The greater the application
rate was, the faster the constant surface-saturated wetted
radius reached. Li et al. (2003) reported the similar result
and given the function of application rate and the ultimate
radius of the saturated zone on the surface.

3.2. E. coli distribution in the sandy soil

For the experiments of group A, the amounts of initial bac-
teria measured from the three samples collected outside of
the wetted sandy soil volume in cultivation environment with
penicillin and without penicillin are compared in Table 3. For
the sandy soil, in the LB solid medium plate without penicillin,
the total bacteria were up to 1.4x102 to 8.6x10% CFU mL-".
However, in the cultivation environment with penicillin added,
only samples from Exp. no. A1 had bacteria been detected,
and the value was less than 1% of the total bacterium. This
means the resistance screening was effective to eliminate
the interference from the background bacteria in the sandy
soil on the distribution of E. coli detected in the wetted soil
volume since the cells injected during the experiments were
penicillin resistant.

The detected E. coli within the total wetted volume were
summed up, the ratio of E. coliin each 10 cm layer was es-
timated for each of the 8 experiments conducted with sandy
soil. Itwas found that more than 70% of the detected E. coli
was located in the top 10 cm layer (Table 4). This result is
similar to the findings of Jiang et al. (2005) who reported that
bacterial deposition was concentrated in the top 10 cm soil

Table 2 Estimation of parameters for wetted distance of sandy and sandy loam soil in horizontal (R,=bt?, cm) and vertical direction
(R=b.t, cm) and corresponding determination coefficient R? value

RZ
-1
Exp. no. g(Lh) b b, d a Horizontal Vertical
A1 1.05 3.26 3.52 0.32 0.39 0.993 0.998
A2 1.76 4.74 5.29 0.26 0.34 0.992 0.970
A3 2.88 5.08 5.09 0.28 0.37 0.998 0.995
A4 3.60 4.63 5.17 0.31 0.38 0.996 0.997
A5 5.76 6.24 5.97 0.28 0.38 0.998 0.994
B1 1.05 4.04 2.33 0.31 0.40 0.991 0.986
B2 1.79 4.34 2.81 0.34 0.41 0.990 0.997
B3 3.51 6.19 2.74 0.32 0.41 0.996 0.986
B4 5.76 7.44 2.59 0.35 0.42 0.920 0.983
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Fig. 2 Surface wetted radius (A) and vertical wetted depth (B) as a function of elapsed time for apparent application rates (q)

ranging from 1.05 to 5.76 L h-" for the sandy soil.
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Fig. 3 Surface wetted radius (A) and vertical wetted depth (B) as a function of elapsed time for apparent application rates ranging

from 1.05 to 5.76 L h~" for the sandy loam soil.
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Fig. 4 The saturated wetted radius on the surface as a function
of elapsed time for apparent application rates ranging from 1.05
to 5.76 L h™' for the sandy loam soil.

and then decreased abruptly with depth. Mosaddeghi et al.
(2010) also found that E. coli concentrations were greater
at the first sampling depth (i.e., 20 cm). The concentration
decreased greatly as the distance from the point source
increased. Fig. 5illustrates the bubble diagram of the E. coli
concentrations in the sandy soil for different apparent ap-
plication rates ranging from 1.05 to 5.76 L h='. The r and
z represent the radial distance from the point source and
the depth from the surface, respectively. A bigger bubble
represents a higher E. coli concentration. There existed an
extremely high E. coli concentration (Table 4) in the proximity
of the point source (about 0—5 cm from the source) and the
concentration decreased greatly as the distance from the

Table 3 Background bacteria under cultivation environment with and without penicillin for the sandy and the sandy loam soil, and
the ratio between the indicator E. coli within the top 5 cm layer and the E. coli detected within the entire wetted volume

Background bacteria in soil (CFU mL™")

Exp.no. No penicillin added Penicillin added E. coljratio in 5 cm surface layer (%)"
Al 3.8x10° 12

A2 1.4%102 0

A3 1.8x108 0

A4 1.0%10° 0

A5 8.6x10° 0

A6 9.4x102 0

A7 6.8x10? 0

A8 1.8x102 0

B1 1.4%102 6 98
B2 2.4%x108 3 99
B3 6.7%10? 2 99
B4 7.7%10¢ 66 99
B5 5.4x10° 0

B6 7.5%10¢ 3

B7 7.8x102 0

""The E. coli ratio in 5 cm surface layer for the sandy soil (Exp. nos. A1-A8) was not calculated as more detailed distribution of the
E. coil was provided in Table 4. Besides, no meaningful values of the E. coli ratio in 5 cm surface layer for the sandy loam soil (Exp.
nos. B5-B7) was obtained due to the significant effects of the background bacteria on the E. coil distribution when the input E. coli

concentration was lower.
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Table 4 E. coli distribution characteristics and ratio in the different vertical layers for the sandy soil
E. coli concentration in a given soil layer (CFU mL"")
0-10 cm 10-20 cm 20-30 cm 30—40 cm
Exp. no. Ratio Ratio Ratio Ratio
Max Sum (%)" Max Sum (%)" Max Sum (%)" Max Sum (%)"
A1 2.4x10°5  4.1x10° 73 1.5x10* 1.1x10% 19 5.7x10%  3.8x10* 7 1.0x10% 3.0x10° 1
A2 1.8x10°  3.5x10° 91 5.6x10° 3.0x104 8 7.5%x102  3.6x10° 1 40 1.3x102 0
A3 9.9x10*  1.9x10° 76 6.5x10° 4.4x10* 17 5.9x10°  1.6x10* 6 1.8x102 57x102 0
A4 6.7x10*  3.0x10° 72 1.0x10* 8.3x10* 20 7.2x10%  3.2x10* 8 93 1.5x102 0
A5 5.8x10*  3.3x10° 74 1.6x10* 8.5x10* 19 6.9x10°  3.0x10* 7 0 0 0
A6 8.8x10%  2.3x10° 83 1.3x102 3.4x10%2 16 0 0 0 0 0 0
A7 3.6x10*  7.1x10* 72 2.2x10°3 1.7x10* 19 1.5x10° 9.7x10° 10 0 0 0
A8 2.7x10%  7.0x10° 89 2.1x10° 8.8x10° 11 3.1x10*  6.0x10* 0 27 73 0

It means the ratio between the E. coli detected in a given 10 cm layer and the E. coli detected within the entire wetted volume.
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Fig. 5 Distribution of the E. coli concentration and wetting
front in the sandy soil when 7.2 L solutions with an E. coli
concentration magnitude around 10> CFU mL-" were applied
at apparent application rates ranging from 1.05 to 5.76 L h™".
The rand z represent the radial and vertical distance from the
point source, respectively. The same as below.
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Fig. 6 Distribution of E. coli concentration and wetting front in
the sandy soil when 7.2 L solutions with E. coli concentration
magnitudes ranging from 102 to 106 CFU mL~" applied at an
approximate apparent application rate of 1.75 L h-".

point source increased. Generally, a greater application
rate resulted in a larger distributed volume of E. coli. For
example, an obviously larger distributed volume of E. coli
was observed for the Exp. nos. A4 and A5 with greater
application rates of 3.6 and 5.76 L h~".

Fig. 6 compares the distributions of E. coli in the sandy
soil when input concentration magnitude was 102, 104, 10°
and 10 CFU mL-" at an approximately similar apparent
rate of 1.75 L h='. The E. coli concentration in the soil was
highly dependent on input concentration. For example, the
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peak value was 8.8x102 CFU mL~" when the input E. coli
concentration was 9.5x102 CFU mL~", while it reached 2.7
x10® CFU mL-" when the input concentration was 2.1x10°%
CFU mL™" (Table 4).

The input concentration also influenced the transport
distance of E. coli. For example, the maximum transport
depth of the E. coli was less than 20 cm for a low input
concentrations of 9.5%x102 CFU mL~" (Exp. no. A6), while
the depth exceeded 30 cm when the input concentration
reached 2.1x108 CFU mL~" (Exp. no. A8).

3.3. E. coli distribution in the sandy loam soil

The initial bacteria in the sandy loam soil under cultivation
environment with and without penicillin are also indicated in
Table 3. The total bacterium ranged from 1.4x10?to 7.7x10*
CFU mL-", while the penicillin-resistant bacteria were less
than 1% of the total bacteria. Again, the result confirmed
that the resultant screening was effective in controlling the
influence of initial bacteria in the sandy loam soil.

The experiment BO which was conducted without in-
dicator E. coli addition is compared with the experiments
B1-B7 with E. coli additions in Fig. 7. In Fig. 7, the bacterial
distributions below 5 cm depth for the experiments B1-B7
are illustrated. The bacteria were distributed randomly in
the soil for both experiments BO and B1-B7, and an approx-
imately similar magnitude of peak bacterial value (10>-10°
CFU mL-") was detected for all experiments.

Experiment B+, which aimed at confirming the transport
of the indicator bacterial when the disinfected sandy loam
soil was used, showed that more than 99.9% of the detected
E. coli was located in the 5 cm layer around the saturated
wetted zone, and the largest concentration is labeled in Fig. 8.
These results suggested that the bacteria detected below
5 cm depth were not the intendedly added E. coli.

Fig. 9 illustrates the distributions of E. coli in the sandy
loam soil for apparent application rates ranging from 1.05 to
5.76 L h~" with an input E. coli concentration magnitude of
10" CFU mL-". An extremely high E. coli concentration area
was observed around the saturated zone, and E. coli that
were concentrated in the zone accounted for more than 98%
of the total bacteria detected in the entire soil volume (Ta-
ble 3). The maximum concentrations were 9.0x10°%, 1.0%108,
6.0x10° and 9.0%x10%5 CFU mL-" for different apparent
application rates ranging from 1.05 to 5.76 L h-'. A greater
application rate that produced a larger saturated zone on
the soil surface (Fig. 4) resulted in an increased distribution
volume of E. coliin the soil. Also, a greater application rate
also drove the peak position to move farther from the point
source. A maximum distance of 17 cm between the peak
E. coli concentration and the emitter was observed for the

largest application rate of 5.76 L h~". It is worth pointing out
that, as a result of strong attachment, E. coli distribution in
sandy loam soil was almost irrelevant with the wetting front.

In order to eliminate soil background bacteria’s influence,
Fig. 10 compares the distributions of E. coli in the 5 cm
surface layer with input concentrations ranging from 10* to
10”7 CFU mL-" at an approximately similar apparent rate of
1.75 L h~'. One noticeable result was that the E. coli con-
centration in the first layer was highly dependent on input
concentration. For example, the value closest to the point
source was 1.09x10% CFU mL~" when the input E. coli con-
centration was 8.1x10* CFU mL™", while it reached 8.2x108
CFU mL~" for the input concentration of 3.6x10” CFU mL-".

The result shows similar trend comparing with the con-
centration influence experiment in the sandy soil. E. coli
concentration in the 5 cm surface layer was also highly
dependent on input concentration. For example, the value
closest to the point source was 1.09x10° CFU mL-" when
the input E. coli concentration was 8.1x10* CFU mL™", while
it reached 8.2x10° CFU mL~" when the input concentration
is 3.6x107 CFU mL".

3.4. Effects of soil types on E. coli distribution

In order to compare the effect of soil types on E. coli distri-
bution, the relative concentration was defined as the ratio of
E. coli detected in the soil to the input concentration of E. coli
in this study. Fig. 11 compares the relative concentrations
in the top surface layer of the sandy and the sandy loam
soil at 2.5, 5, 7.5 and 10 cm radial distances from the point
source. The reason to choose these positions was that the
E. coli distribution around the emitter was much larger than
other positions. Agreater relative E. coli concentration in the
sandy soil was observed than that in the sandy loam soil.
At 2.5 cm from the point source, for example, the relative
E. coli concentration ranged from 0.1 to 1.4 for the sandy
soil, while a considerably smaller value of 0.017 to 0.024 for
the sandy loam soil was found. The relative concentration
decreased greatly as the distance from the emitter increased
for both soils due to attachment.

4. Discussion

Experiments were conducted using a sandy and a sandy
loam soil to study the influence of irrigation strategies on
water and E. coli distributions from a surface point source.
The results showed that the increase in the surface wetted
radius and in the vertical wetted depth with the increase of
volume applied can be represented by a power function with
power values of about 0.3 and 0.35, respectively. Increas-
ing application rate allows more water to distribute in the
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Fig. 7 Distribution of penicillin-resistant bacteria concentration (CFU mL") in the sandy loam soil without indicator E. coli addition
(Exp. no. BO) and with indicator E. coli addition (Exp. nos. B1-B7).
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Fig. 8 Distribution of E. coli concentration and wetting front in
the sandy loam soil which was autoclave-sterilized when 7.2 L
solutions with E. coli concentration magnitudes 10” CFU mL~"
were applied at an apparent application rate of 1.78 L h-".

horizontal direction, while decreasing the rate allows more
water to distribute in the vertical direction. The phenom-
enon is more obvious in the sandy loam soil experiments.
The reason is that a higher application rate produced a
larger saturated zone on the sandy loam soil surface, which
increases the water transport in the radial direction. The
findings is similar to the results of Li et al. (2004).

The transport of E. coli in two different soils was inves-
tigated under unsaturated condition of surface drip irriga-
tion. For both sandy and sandy loam soil types, E. coli
were mainly concentrated in the top layer and decreased
greatly with the increase of distance from the point source.
Differing from saturated breakthrough experiment which
had greater water flux and no significant air-water interface,
more bacteria concentrated above the wetting front under
unsaturated condition. These results were agreed with the
findings of Powelson and Mills (2001) who reported that
the transport of hydrophilic bacteria was drastically reduced
under unsaturated conditions.

The mechanism of pollutant migration in medium mainly
includes convection, molecular diffusion and mechanical
dispersion (Wang 2008). For both soil types, a greater
application rate resulted in a larger distributed volume of
E. coli. The possible reason is that the increasing application
rate enhances convection, thus promoting the E. coli trans-
portation. Several studies have reported that increasing flow
velocity resulted from increasing application rate of water
suspended bacteria allowed a more rapid transport of bac-
teria to the depth where these macrospores are continuous,
thus accelerating E. coli transport rate (Smith et al. 1985;
Garbrecht et al. 2009).

For the sandy loam soil, a substantially shorter moving
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Fig. 9 Distribution of the E. coli concentration and wetting front
in the sandy loam soil when 7.2 L solutions with an approximate
input E. coli concentration magnitudes of 10’ CFU mL-" were
applied at apparent application rates ranging from 1.05to 5.76
L h'.
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Fig. 10 Distributions of the E. coli concentration in 5 cm surface
layer of the sandy loam soil with input E. coli concentrations
ranging from 10* to 10" CFU mL"".

distance of E. coli was observed than that in the sandy
soil. Different behaviors of E. coli are possibly due to the
smaller particle size in the sandy loam soil, which creates
smaller pores and greater staining within the medium and
restricts the mechanical dispersion. These results were also
supported by the breakthrough experiments conducted by
Garbrecht et al. (2009). They demonstrated a significant
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Fig. 11 The relative E. coli concentrations at different radial distances from the point source in the 5 cm surface soil layer for the

sandy soil and the sandy loam soil with varying application rates.

influence of soil texture on transport of E. coli and reported
that the final effluent concentrations were approximately
80—-100% of the influent concentration in coarse sand, while
in loamy sand, the final effluent concentrations were only
approximately 12% of the influent concentration. Li and Li
(2003, 2006) studied the transport of E. coli through satu-
rated sandy and sandy loam soils. They reported that the
decreased outflow of E. coli in sandy soil was mainly due to
retention, while in sandy loam was due to absorption. The
greater clay and organic matter content in the sandy loam
soil might be the possible reason of the strong attachment
since E. coli cells are significantly adsorbed to the clay
fraction of the soil (Naclerio et al. 2009) and organic matter
flocks may obstruct soil pores, thus resulting in a reduced
water flow through macropores under unsaturated condition
(Mosaddeghi et al. 2010).

5. Conclusion

The research demonstrated that soil texture, especially
the smaller particles played a significant role on migration
of E. coli cells. A substantially smaller distributed volume
of E. coli in the sandy loam soil was observed than that in
the sandy soil. An increasing application rate of water sus-
pended bacteria accelerated E. coli transport rate, resulting
in a larger distributed volume of E. coli for both soil types.
In the proximity of the point source, an extremely high con-

centration of E. coli was observed and the value increased
with an increased input concentration.

The results obtained from this study will be useful for
the management of surface drip irrigation with effluent. In
principle, using an emitter with relative lower application
rate would be effective to restrict E. coli transport. What
is more, to reduce bacterial concentration in the sewage
effluent during wastewater treatment is important to de-
crease the risk of soil contamination caused by irrigation
with sewage effluent.
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