
A b s t r a c t. The objective of this work was to compare and

simulate transport and fate of microorganisms from wastewater for

surface and subsurface irrigation methods. Adsorption isotherms

and water-content dependent survival were measured for fecal

coliforms, somatic coliphages and F-specific RNA phages in batch

experiments with treated wastewater and clay loam soil. Column

experiments with surface and subsurface trickle irrigation were

carried out for the same soil. Results of the column experiments

were simulated with a combination of Richards equation for water

transport and advective-dispersive model with the first-order

nonlinear adsorption and moisture-dependent first-order die-off.

Simulations showed that die-off rates in column experiments were

much higher than in batch experiments for all three organisms.

Somatic coliphages were the most persistent organisms probably

because of lower adsorption and die-off. The subsurface irrigation

appeared to be efficient in decreasing the number of pathogens in

irrigated water and preventing their appearance on soil surface that

could lead to produce contamination.

K e y w o r d s: bacteriophage, fecal coliforms, irrigation, soil,

wastewater

INTRODUCTION

Availability of water for irrigation is one of the most

important factors in arid and semiarid regions, and treated

domestic wastewater becomes an important source. More

than 365 x 10
6
m

3
per year of wastewater is used for

irrigation in the US (Rose and Gerba, 1991). More than 70%

of Israel sewage is treated and reused in agriculture

irrigation. Even after treatment, wastewater may contain

a great variety of microorganisms that are pathogenic for

humans. Therefore the potential transmission of

diseases is a principal concern associated with the

agricultural use of treated wastewater (Crook, 1998).

Various irrigation techniques can be used to supply treated

wastewater to crops (Oron et al., 1991), and different

pathways may be available to microorganisms to travel

because the transport of water in soils depends on the

irrigation method (Huysman and Verstraete, 1993).

The objective of this work was to compare and simulate

transport and fate of microorganisms from wastewater for

surface and subsurface irrigation methods. We selected

fecal coliforms as a common indicator of bacterial

contamination, and somatic coliphages and F-specific RNA

phages that were proposed as indicators of viral

contamination (Morinigo et al., 1992; Havelaar et al., 1993).

Batch data on adsorption and survival of the organisms in

soil were obtained and used in a model to simulate transport

of the organisms in soil columns irrigated with wastewater.

MATERIALS AND METHODS

Experimental

Wastewater

Treated wastewater was from the treatment system in

Sde-Boker (Israel). The treatment system consists of two

connected ponds lined by compressed clay and plastic foil.

The effluent is applied for irrigation. The total area of the

system is 3650 m
2
, the average pond depth is 150 cm, the

sludge holding and the stabilization pond volumes are 3500

and 4250 m
3
, respectively, the influent and the effluent daily

volumes are about 400 and 350 m
3
, the retention time is 8 to

12 days. The chemical composition of the wastewater used
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in experiments is given in Table 1. Electrical conductivity of

the influent and the effluent was 2.1 DS m
-1

and 1.7 DS m
-1

,

respectively. The influent pH value was 8.1 and did not

change during the treatment. Concentrations of fecal

coliforms, somatic coliphages and F-specific RNA phages

were 5.1 10
3

CFU cm
-3

, 1.3 10
3

PFU cm
-3,

and 6.1 10
2

PFU

cm
-3

, respectively.

Soil

The loess clay loam soil was sampled at a commercial

field near the city of Arad (Israel). The field had been

irrigated for several years with treated wastewater. Clay,

silt, and sand contents were 29, 45, and 26%, respectively,

the organic matter content was 0.8%.

Microorganism contents

Somatic coliphages and F-specific RNA phages were

determined using standard procedures (ISO 1995; ISO

1996) with E. coli CN (ATCC 700078) and E. coli HS

(pFamp)R respectively as host strains. The double layer agar

technique was used for both types of bacteriophage.

Fecal coliforms were quantified using the membrane

filtration technique after various dilutions in peptone water

(1 g l
-1

peptone, pH 7.2) as described in the Difco manual

(Difco, 1984). Wastewater or soil suspension was filtered

through a 0.45 �m membrane. The filters were placed on

mFC agar and incubated for 24 h at 44.5°C (Britton and

Greeson, 1987). Colonies were counted for each dilution

after incubation.

Adsorption isotherms

The wastewater used in this experiments contained 5.4

10
3

CFU cm
-3

fecal coliforms, 1.2 10
3

PFU cm
-3

somatic

coliphages, and 5.4 10
2

PFU cm
-3

F-specific RNA phages.

Three, 10 and 40 g of air-dry soil were placed in 200 ml

sterile glass vials, and 100 ml of wastewater or wastewater

diluted with autoclaved wastewater was added. The

suspension was agitated with a magnetic stirrer for 30 min

and then allowed to settle for 30 min at room temperature.

Thirty minutes each for stirring and settling was found to be

sufficient to achieve adsorption equilibrium and to allow the

soil to settle (data not shown). Contents of fecal coliforms,

somatic coliphages and F-specific RNA phages were

determined in the suspension after 30 min stirring and in

supernatant after 30 min settling. The adsorbed amount of

microorganisms was calculated as the difference between

the total number of microorganisms present in the suspen-

sion and that in the supernatant. The concentration in solu-

tion was equal to that in supernatant. A control with 40 g soil

and 100 ml autoclaved wastewater was included to deter-

mine the initial concentration of the microorganisms in soil.

Survival of microorganisms

Survival in soil was assessed with wastewater

containing 3.5 10
3

CFU cm
-3

fecal coliforms, 1.5 10
3

PFU

cm
-3

somatic coliphages, and 10
3

PFU cm
-3

F-specific RNA

phages. Ten g of air-dry soil was placed in one hundred

sterile plastic vials. Wastewater was added to reach moisture

content of 15% (20 vials), 25% (60 vials) or 35% (20 vials).

Contents of microorganisms were measured daily for ten

days. To assess survival rates in wastewater, 500 ml of

wastewater was agitated with a magnetic stirrer for 30 min at

20°C. Then 10 ml aliquots were transferred to three hundred

capped sterile plastic vials. Ten vials were incubated at

22±2°C. Contents of microorganisms were measured daily

for ten days. Data for other temperatures are published

elsewhere (Gantzer et al., 2001).

Column experiments

Eight PVC columns, 50 cm high, 18 cm in dia, were

filled with air-dry loess clay loam soil. The average bulk

density value was 1.51 g cm
-3

. The columns were slowly

saturated with autoclaved wastewater. Then they were

leached with the same water until constant flow regime was

achieved. The saturated hydraulic conductivity was 36±4

cm day
-1

. The columns were subsequently allowed to drain

for 10 days.

Three of the eight columns were randomly selected to

estimate soil hydraulic properties. The first of those columns

was destroyed immediately after cessation of drainage. The

second and the third columns were irrigated with autoclaved

wastewater for 13 h with the application rate of 50 ml h
-1

.

The second and the third columns were disassembled after 1

and 3 days after cessation of irrigation, respectively, and soil

moisture content was measured at 10 cm depth increments.

The five remaining columns were used for experiments

with microorganisms. One column was used to determine

initial microorganism and soil moisture content. Two
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Flow
BOD COD TSS Inorganic cations

Total Filtered Total Filtered Cl- SO4
2- NH4

+ NO3
- PO4

2-

Inflow

Outflow

438

54

42

24

2500

190

140

140

460

120

330

289

32.4

56.0

36.4

9.9

-

-

10.0

8.8

BOD – Biochemical Oxygen Demand, COD – Chemical Oxygen Demand, TSS – Total Suspended Solids.

T a b l e 1. Chemical composition of the wastewater (�g cm-3)



columns were irrigated from the surface and two were

irrigated with the subsurface emitter buried at the depth of

25 cm in the middle of the columns. A total of 1000 ml of

wastewater was applied at the rate of 50 ml h
-1

to each of the

columns. Initial concentrations of fecal coliforms, somatic

coliphages and F-specific RNA phages were 6.65 10
3

CFU

cm
-3

, 6.5 10
2

PFU cm
-3

, and 2.05 10
2

PFU cm
-3

, respectively.

One column from each pair was disassembled after 24 h

and another was disassembled after 72 h after the beginning

of irrigation to determine the microorganism contents.

Column experiments were carried out at 22±2°C. Soil

samples were taken every 10 cm for determination of soil

moisture content and every 5 cm for determination of

microorganism distributions in soil profile.

Microbial transport modeling

Governing equations

The Darcian water flow in variably saturated soil was

considered. The governing flow equation in a rigid porous

medium is given by a form of Richards’s equations:

� � � ���

�

�

�

�

� �
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K h
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h x F� �
�
	


�
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where: � is the volumetric water content (cm
3
cm

-3
), h is the

capillary pressure (cm), K(h) is the hydraulic conductivity

(cm day
-1

), x is the vertical coordinate measured downward

(cm), t is the time (day), F� is the volumetric rate of water

influx from subsurface drip emitter (cm
3
cm

-3
day

-1
). Van

Genuchten - Mualem (van Genuchten, 1980) equations for

soil hydraulic properties were used:
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Here Se is the relative saturation, S e r s r� � �( ) / ( ),� � � �
� �s rand are saturated and residual water content

(cm
3
cm

-3
), Ks is the saturated hydraulic conductivity (cm

day
-1

), �, m and n are parameters, m=1-1/n.

Transport of bacteria and viruses in the unsaturated soil

can be simulated as a result of a combination of advection

and dispersion affected by growth, die-off, attachment and

detachment of microorganisms (Peterson and Ward, 1989;

Tan et al., 1992; Schafer et al., 1998; Corapcioglu and Choi,

1996; Yates and Ouyang, 1992). The model was chosen in

the following form (Shelton et al., 2003):

� ��

�
� �

�

�
�

�

�t
c s

x
D

c

x
J ca a w� � �

�

�
�

�

�
��

� � � � �l a s wc s F c� � . (3)

Here c is the volume-averaged microorganism concentra-

tion in the soil solution, CFU or PFU cm
-3

, �a is the porosity

available for microorganism transport in soil (cm
3
cm

-3
), �is

soil bulk density (g cm
-3

), s is the adsorbed amount of

microorganisms, CFU or PFU g
-1

, D is the dispersion

coefficient (cm
2

day
-1

), Jw is the volumetric water flux

density (cm day
-1

), � l and � s (day
-1

), are first-order die-off

coefficients to simulate removal of microorganisms from

solution and solid phase due to deposition and entrainment

(Hornberger et al., 1992). Values of � l and � s include also

growth rate constants with negative signs if re-growth

occurs, cw is the microorganisms concentration in the

irrigation water, CFU or PFU cm
-3

.

The change of the adsorbed amount of microorganisms

was simulated as:

� �� �

�
� � � �

s

t
k c k s ss a

N
s� � �1 2� , (4)

where: k1 and k2 are microbial adsorption and desorption

rate constants (day
-1

), N is the exponent in Freundlich

isotherm equation:

s K cF
N� ,

� s is the relative retention capacity of soil defined as

(Corapcioglu and Choi, 1996):

� s s s� �1 / max ,

where: smax is the maximum retention capacity of soil (cells

g
-1

), the rate constant k2 is related to k1 and � s as:

k k Ks a F s2 1� �� � �/ ,

where: KF is the Freundlich isotherm coefficient.

The microorganisms in irrigation water were subject to

die-off:

�

�
�

c

t
c

w
w w�� , (5)

where: �w is the die-off rate constant.

Equations of the model were solved numerically using

the 2DSOIL code (Timlin and Pachepsky, 1997) that used

the finite-element method to solve equations of water and

solute transport. A microbial transport routine was added.

The numerical solution of the microorganism transport

equations was obtained by employing the two-point

backward difference approximation for time derivatives in

Eq. (3) and the Runge-Kutta method for Eq. (4). Equations
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(3) and (4) were solved sequentially for each time step (Kim

and Corapcioglu, 1996), and iterations continued while the

maximum relative change in concentration of interest was

larger than 10
-6

.

Parameter estimation

Parameters of water transport model included van

Genuchten parameters � � �, ,n s rand , and the saturated

hydraulic conductivity Ks. The latter was estimated from the

values of the steady state flux in columns. Van Genuchten

parameters � �, ,n rand were estimated from water content

distributions in column profiles 24 and 72 h after the

irrigation ended. The Marquardt algorithm (van Genuchten,

1981) was used to minimize the mean-root- square error of

calculated water content. The initial estimates of � = 0.0261

cm
-1

, n = 1.754, and � r = 0.208 cm
3
cm

-3
were derived

from data of Mualem (1976), � s was 0.43 cm
3
cm

-3
.

The parameters of the microbial transport model

include the dispersion coefficient D, the porosity available

for microorganisms transport in soil, �a , soil bulk density �,

the maximum retention capacity of soil smax, the microbial

deposition rate constant k1, parameters of the Freundlich

isotherm KF and N, first-order die-off coefficients �l and �s,

and the die-off rate constant for the irrigation water �w. The

dispersion coefficient reflects Brownian diffusion, motility,

and mechanical dispersion (Gerba and Bitton, 1984):

D D DB disp� � , (6)

where: DB is Brownian diffusion and motility coefficient,

and Ddisp is the mechanical dispersion coefficient. The value

of DB was calculated as (Corapcioglu and Haridas, 1984):

D DB b� � , (7)

where: Db is the diffusion coefficient of microorganisms in

free solution and � is the tortuosity factor. Values Db of 10
-9

cm
2
day

-1
and 5 10

-10
cm

2
day

-1
were taken from Characklis

(1990) for bacteria and viruses, respectively. The tortuosity

factor was estimated as (Pachepsky, 1990):

��
� ��

��

�
�
�

071 0133 2

067 2

10. . log ,

. ,

h h Pa

h Pa
. (8)

The dispersion coefficient was calculated as Ddisp=� �J

where � is the dispersivity. The value of � = 10 cm was

estimated from the soil clay content (Pachepsky, 1990).

Parameters �a and k1 were estimated from data from

columns with surface irrigation for each of the three

microorganisms separately. The Marquardt algorithm was

used to optimize the values of these parameters. Freundlich

isotherm parameters were estimated from adsorption

experiments as shown below. The die-off rate coefficients

� l and � s were separately estimated for each of the three

organisms as:

� � �s l sb f� � , (9)

where: bs is the specific inactivation rate in soil, f� is the

moisture correction factor:

f
s

�
� �

�
� �

�
1

*

. (10)

The linear equation was used because the range of water

contents in the experiment was relatively narrow (see

below).

No temperature corrections were applied because

temperature was the same during both batch and laboratory

experiments. The values of bs and �* and h were first

estimated from data from survival experiments; then the

values of bs and �* were re-estimated as shown below.

The subsurface irrigation data were not used in

parameter estimation and served as a testing data set.

RESULTS

Adsorption isotherms

The soil did not contain fecal coliforms and

bacteriophages of interest before the experiment. The results

of the adsorption experiments are shown in Fig. 1,

parameters of the Freundlich isotherm equation are in Table

2. The Freundlich equation provided a good fit to the data.

Slopes on the isotherms did not differ from one another

significantly at the 0.05 significance level. Ranges of the soil

partition coefficient Kd were similar for the two

bacteriophages, and range limits were about three times less

for bacteriophages than for the fecal coliforms.

Microorganism survival data

The survival characteristics of each type of

microorganism in soil as a function of moisture are given in

Table 3. At a temperature of 22°C, the moisture content of
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Fig. 1. Adsorption isotherms of three microorganisms on clay loam

soil in this work.
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the soil had a significant effect on the survival of fecal

coliforms and somatic coliphages (P-value < 0.05). The

values of t90, defined as time of population decimation,

generally decreased for somatic coliphages and fecal

coliforms as moisture increased. At all moisture contents,

the die-off rate of somatic coliphages was significantly

higher (1.5 to 4 times higher) than that of fecal coliforms

(P-value < 0.05). For the F-specific RNA phages moisture

content had no significant effect (P-value > 0.1), and values

were lower then those for the other two types of micro-

organism. Of the three microorganisms, somatic coliphages

were the most persistent microorganisms in soil.

The values of the die-off rates k were found from the

zero-intercept linear regressions:

ln
N

N
kt

0

�� , (11)

where: N0 and N are the initial count of microorganisms and

the count for the time t, respectively. Values of the

determination coefficients of regressions in Table 3 show

that the regressions have reproduced the shape of the

‘N-on-t’ dependencies.

Column experiment data

Figure 2a shows the distribution of water contents after

one and three days after irrigation in the columns used to

estimate soil hydraulic properties. A gradual redistribution

of water content occurred within the top 40 cm while the

40-50 cm layer was left unaffected. Figures 2b and 2c show

the distribution of water contents in the columns where the

microorganisms were introduced with the wastewater. The

pattern of redistribution of surface-applied water in Fig. 2b

is quite typical. In subsurface irrigated columns, the ma-

ximum contents were observed in the vicinity of the emitters
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Microorganisms
Number of

samples
N KF

Determina-

tion coefficient

(R2)

Kd (cm3 g-1)

Max Min

Fecal coliforms

Somatic coliphages

F-specific RNA phages

20

20

13

1.066±0.086

1.253±0.128

0.897±0.156

55.3±26.7

4.33±2.55

40.7±23.3

0.884

0.922

0.792

174.6

50.7

68.0

27.5

6.4

7.5

Ta b l e 2. Parameters of the Freundlich isotherm equation for concentrations in PFU or CFU cm-3 and adsorbed amounts in PFU or CFU

(g soil)-1

Microorganisms Gravimetric water

content (%)

Number of data

points

Average die-off

rate, k (day-1)

t90 R2

Fecal coliforms

Somatic coliphages

F-specific RNA phages

15

25

35

15

25

35

15

25

35

6

6

6

6

6

6

7

7

8

0.043

0.083

0.152

0.027

0.040

0.048

0.141

0.121

0.154

23.4

12.0

6.6

37.7

25.2

20.7

7.1

8.3

6.5

0.757

0.903

0.922

0.624

0.723

0.960

0.980

0.922

0.828

T a b l e 3. Survival of fecal coliforms, somatic coliphages, and F-specific RNA phages in soil
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after 24 h of the end of irrigation (Fig. 2c). After 72 h the

moisture distribution became more uniform and maximum

water content was observed at the bottom of the columns.

Measured distributions of microorganisms in the soil

columns are shown in Figs 3-5. A substantial die-off is

observed during the second and third days of experiment

with surface irrigation (Table 4). The die-off of fecal

coliforms and somatic coliphages was similar, the F-specific

RNA phages disappeared four times faster than fecal

coliforms and somatic phages. Somatic coliphages were

present whereas fecal coliforms and F-specific RNA phages

were absent at depths of 10-20 cm three days after surface

irrigation. The F-specific RNA phages and fecal coliforms

were detected only close to the emitter 24 h after the sub-

surface irrigation. Seventy two hours after the subsurface

irrigation, F-specific RNA phages were no longer

detectable. Somatic coliphages and fecal coliforms persisted

in soil after 72 h.

Simulation results

Simulated and measured water soil water contents

compared reasonably well (Fig. 6), the mean simulation

error and the root-mean-square error were 0.002 cm
3

cm
-3

and 0.008 cm
3

cm
-3

, respectively. Optimized parameters of
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Fig. 3. Measured (symbols) and simulated (lines) fecal coliform

contents in soil after surface and subsurface irrigation; solid line -

simulations with die-off rates from batch experiments, dashed line

- simulations with optimized die-off rates from surface irrigation

experiments.
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Fig. 5. Measured (symbols) and simulated (lines) somatic coliform

contents in soil after surface and subsurface irrigation; solid line -

simulations with die-off rates from batch experiments, dashed line

- simulations with optimized die-off rates from surface irrigation

experiments.

Surface, 24 h

100 101 102

0

5

10

15

20

25

Surface, 72 h

F-specific RNA phages, PFU cm
-3

100 101 102 103

Subsurface, 24 h

100 101 102

20

30

40

50

Subsufrace, 72 h

100 101 102 103

Fig. 4. Measured (symbols) and simulated (lines) contents of

F-specific RNA phages in soil after surface and subsurface

irrigation; solid line - simulations with die-off rates from batch

experiments, dashed line - simulations with optimized die-off rates

from surface irrigation experiments.



soil water retention Eq. (1) were � =0.0276 cm
-1

, n=1.19,

� r =0.01 cm
3

cm
-3

.

Microbial transport simulations were run first with the

parameters of Eq. (11) found from laboratory die-off

experiments in Table 3. Values of porosity available for

microorganisms transport in soil, �a , in Eq. (3) and

microbial adsorption rate constant, k1 in Eq. (4) were

optimized to have the smallest value of mean-root-square

errors with the surface irrigation data. Figures 3-5 show that

the results were mostly unsatisfactory. Varying the available

porosity and deposition rate changed the position of

simulated microbial distributions in the columns but did not

provide right shapes of those distributions. Die-off rates

were too low with fecal coliforms, and simulated fecal

coliform contents were substantially higher that measured.

The same was true for F-specific RNA phages. Simulated

contents of somatic coliphages were too high in 24 h and too

low in 72 h after surface irrigation compared with measured

values.

The parameters of the die-off rate Eq. (11) were then

optimized along with values of �a and k1 with data from

columns with surface irrigation. The results are shown in

Fig. 3. Optimized parameters provided better fit of data from

surface irrigation (Figs 3-5). More important, those

parameters provided much better fit in the testing data set

from subsurface-irrigated columns (Figs 3-5). This was

reflected in the values of all the model performance statistics

(Table 6).

DISCUSSION

All three organisms demonstrated substantial adsorption

in this work. Values of the bacteriophage soil partition

coefficient Kd were significantly lower than values in the

range of 10
4

- 10
5

often found in virus adsorption studies on

clay minerals (ie Chattopadhyay and Puls, 1999), but larger

than values in the range of 0.1-10 found in experiments with

some coarse-textured soils (ie Dowd et al., 1998).

The observed rates of microorganism die-off in soil

after irrigation were comparable with data from other

studies on irrigation with municipal sewage lagoon effluent.

Percentages of surviving fecal coliforms were 28 and 7 after

24 and 72 h periods after irrigation (Table 4). These values

corresponded to the values of daily die-off rates k=1.15 and

0.81 day
-1

, respectively. Bell and Bole (1978) reported 10%

fecal coliform survival after 48 h period (k=1.15 day
-1

) in

loamy sand soil irrigated with effluent from the municipal

lagoon. Dazzo et al. (1973) found similar rates of 1.07 day
-1

in fine sandy soil irrigated with manure slurry. Such values

are less than FC die-off rate values observed after the

manure application ie 0.29 day
-1

(Crane et al., 1980),

possibly because of the nutrition availability.
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Microorganisms 24 h after surface

irrigation

72 h after surface

irrigation

24 h after subsurface

irrigation

72 h after subsurface

irrigation

Fecal coliforms

Somatic coliphages

F-specific RNA phages

0.236

0.285

0.078

0.088

0.099

0.025

0.017

0.054

0.065

0.004

0.078

0.0166

T a b l e 4. Proportion of microorganisms from irrigation water that remained in soil
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Fig. 6. Comparison of measured and simulated water contents in

soil columns; - - - one-to-one line.

Microorganisms

Die-off parameters

from batch experiments

Die-off parameters

optimized from the column

experiment data

Available

porosity

Adsorption

rate

bs (day-1) �* (cm3cm-3) bs (day-1) �* (cm3cm-3) �a (cm3cm-3) k1 (day-1)

Fecal coliforms

Somatic coliphages

F-specific RNA phages

0.124

0.047

0.124

0.285

-0.584

1.555

9.089

2.990

1.135

0.072

-0.082

1.532

0.182

0.146

0.168

3.16

21.06

44.41

T a b l e 5. Parameters of microbial transport model
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Compared with the surface irrigation, the subsurface

irrigation caused much faster die-off of the three organisms

studied in this work (Table 4). This was possibly related to

higher soil water content in the water application zone.

Increasing die-off with the increase of moisture content was

observed in batch laboratory experiments (Table 2), and the

same presumably happened in the column experiments.

Somatic coliphages were the most persistent and mobile

organisms. That suggested that somatic coliphages could be

used as primary indicators of fecal contamination in the

environment of this study.

Parameter estimation from the surface irrigation data

provided similar accuracy levels in simulations of surface

and subsurface irrigation. The parameter values were

sufficiently robust.

Simulations were useful to show that batch survival data

were not applicable to transient soil conditions. Much faster

die-off occurred in column soil. Bitton et al. (1983) found

a close agreement between laboratory and field experiments

with regard to survival of microorganisms in groundwater.

Possible reason for the survival rate differences in this work

could be the presence of air-water interfaces in soil columns

that have been shown to affect virus survival during

transport (Wan et al., 1994). Inactivation by entrainment

during transport could be another factor of enhanced die-off.

Finally, predation in aerobic columns might be the factor

absent in soil pastes.

Fecal coliforms and F-specific phages had the

experimental vertical distributions steeper than the simula-

ted ones. One of the reasons for that could be overestimation

of dispersivity values. Shelton et al. (2003) observed a very

low longitudinal dispersion of fecal coliforms in soil

monolyths, and hypothesized pore water velocities

obviously did not have substantial variability in the pore

space available for bacteria transport. Our estimates of the

dispersivity were based on data on transport of chloride-ion

(Pachepsky et al., 1990). This tracer could experience much

larger variation of pore velocities compared with large

bacterial cells. Unfortunately we did not have enough data

for the estimation of dispersivity along with other

parameters of the microorganism transport models.

The estimated adsorption rates (Table 5) were lower

than values reported in studies with coarse soils (Dowd et

al., 1998; Powelson and Mills, 1998). The available water

content values were in the range from 0.14 to 0.18 cm
3
cm

-3
.

That left about 0.25 cm
3

cm
-3

of soil water unavailable for

microorganisms. We used equations from Rawls et al.

(1982) and our data on soil texture to estimate soil matric

potential P that corresponds to this water content. The values

of P were obtained in the range from 1000 to 10000 cm. The

Laplace capillary law equation P=2�/r was then inverted to

obtain the pore radius. The values of pore radii were in the

range from 0.0003 to 0.003 mm and corresponded to the size

of microorganisms in this study.

CONCLUSION

Subsurface irrigation appeared to be efficient in

decreasing the number of pathogens in irrigated water and

preventing their appearance on soil surface that could lead to

produce contamination. This implied that this type of

irrigation was safer than surface drip irrigation as previously

suggested.
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