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a b s t r a c t

HYDRUS-1D was used to simulate water flow and leaching of fecal coliforms and bromide

(Br) through six undisturbed soil lysimeters (70 cm depth by 50 cm diameter) under field

conditions. Dairy shed effluent (DSE) spiked with Br was applied to the lysimeters, which

contained fine sandy loam layers. This application was followed by fortnightly spray or

flood water irrigation. Soil water contents were measured at four soil depths over 171 days,

and leachate was collected from the bottom. The post-DSE period simulations yielded

a generally decreased saturated water content compared to the pre-DSE period, and an

increased saturated hydraulic conductivity and air-entry index, suggesting that changes in

soil hydraulic properties (e.g. via changes in structure) can be induced by irrigation and

seasonal effects. The single-porosity flow model was successful in simulating water flow

under natural climatic conditions and spray irrigation. However, for lysimeters under flood

irrigation, when the effect of preferential flow paths becomes more significant, the good

agreement between predicted and observed water contents could only be achieved by

using a dual-porosity flow model. Results derived from a mobile-immobile transport model

suggest that compared to Br, bacteria were transported through a narrower pore-network

with less mass exchange between mobile and immobile water zones. Our study suggests

that soils with higher topsoil clay content and soils under flood irrigation are at a high risk

of bacteria leaching through preferential flow paths. Irrigation management strategies

must minimize the effect of preferential flow to reduce bacterial leaching from land

applications of effluent.

ª 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Applying dairy shed effluent (DSE) onto land to fertilize

pasture and dispose of effluent is a permitted activity in New

Zealand. However, the use of inappropriate irrigation

practices could result in an increased risk of contaminating

waterways and groundwater with DSE. For example, high

fecal coliforms were detected in the groundwater underlying

soils treated with DSE and pasturing dairy cows plus flood

irrigation at an area in South Canterbury (Close et al., 2008).
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Knowledge of the fate and transport of bacteria in struc-

tured soils is crucial for assessing the risks for groundwater

quality of land-applied animal effluent and wastes. Contam-

inant transport models can be very useful tools for the

quantitative assessment of microbial transport in soils and to

elucidate the important factors and processes that control

microbial transport. With some assumptions, complex

processes are reduced to a set of mathematical equations with

parameters characterizing the system.

Although bacterial transport in intact soils has been

investigated (Smith et al., 1985; Hekman et al., 1995; McMurry

et al., 1998; Aislabie et al., 2001; McLeod et al., 2001, 2003, 2004;

Guber et al., 2005), most of these studies do not include

modeling work. Most reported studies on modeling bacterial

transport are with repacked homogenous porous media

(Hijnen et al., 2005; Bradford et al., 2006; Gargiulo et al., 2008;

Torkzaban et al., 2008). Comparatively fewer studies (Shelton

et al., 2003; McGechan and Vinten, 2003; Pang et al., 2008) have

carried out modeling of bacterial transport through undis-

turbed soils. However, data used for modeling in these studies

were largely obtained from experiments carried out indoors

under simulated rainfall (Shelton et al., 2003; Pang et al., 2008).

This may not be fully representative of behavior under natural

climatic conditions and irrigation.

Classically, water flow through variably-saturated soils is

described by the Richards’ equation with a uniform flow domain

(Šimůnek and van Genuchten, 2008). Recently, efforts have been

made at simulating contaminant transport under the influence

of preferential flow using dual-porosity models (Gerke and van

Genuchten, 1993, 1996; Šimůnek et al., 2001, 2003; Jarvis, 2007;

van Genuchten and Šimůnek, 2004; Šimůnek and van

Genuchten, 2008). These dual-porosity models assume the

coexistence of two separate pore domains: fractures (or inter-

aggregate pores, cracks and macropores); and matrix pores,

with water exchange between the two domains. A few types of

dual-porosity model have been incorporated into HYDRUS-1D

(Šimůnek et al., 1998, 2005), the most extensively used model for

simulating water and contaminant transport in variably-satu-

rated porous media.

Our objective in this paper is, using HYDRUS-1D as a tool, to

develop our understanding of (a) the dynamic changes of soil

Table 1 – Soil properties of the lysimeters.

Lysimeter Depth (cm) Clay (%) Silt (%) Sand (%) Bulk density
(g cm-3)

Porosity Texture classa Organic matter (%) pH

A 0–20 20 50 30 1.09 0.58 Silt loam 6.72 4.41

20–35 17 50 33 1.19 0.55 Silt loam

35–50 10 58 32 1.42 0.46 Silt loam

50–70 6 47 48 1.46 0.45 Sandy loam

B 0–20 7 56 37 1.27 0.51 Silt loam 6.21 4.97

20–35 8 52 40 1.23 0.53 Silt loam

35–50 6 40 54 1.44 0.46 Sandy loam

50–70 3 33 64 1.45 0.45 Sandy loam

C 0–20 20 55 25 1.22 0.53 Silt loam 7.24 5.75

20–35 9 56 35 1.28 0.52 Silt loam

35–50 9 56 35 1.43 0.46 Silt loam

50–70 5 33 62 1.54 0.42 Sandy loam

D 0–20 9 57 33 1.19 0.54 Silt loam 7.18 4.72

20–35 14 66 20 1.20 0.55 Silt loam

35–50 10 55 35 1.59 0.40 Silt loam

50–70 10 49 41 1.53 0.42 Loam

E 0–20 10 57 33 1.17 0.55 Silt loam 6.30 4.66

20–35 9 56 35 1.16 0.56 Silt loam

35–50 6 42 52 1.40 0.47 Sandy loam

50–70 6 48 46 1.32 0.50 Sandy loam

F 0–20 9 55 36 1.03 0.60 Silt loam 6.07 4.11

20–35 8 54 38 1.25 0.53 Silt loam

35–50 10 55 36 1.54 0.42 Silt loam

50–70 7 46 47 1.48 0.44 Sandy loam

a McLaren and Cameron (1996). The organic matter and pH are for the top 10 cm only.
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Fig. 1 – Comparison of rainfall, evapotranspiration (ET) and

irrigation between pre- and post-DSE application periods.
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structure (as reflected inparameters of soil hydraulic properties)

under different irrigation regimes and climatic conditions, and

(b) the effect of preferential flow on water flow and bacterial

transport. Based on our findings, recommendations were also

provided for management strategies to minimize the risk of

bacterial leaching through soils into groundwater.

2. Materials and methods

2.1. Leaching experiments and experimental data

The six lysimeters (50 cm diameter by 70 cm depth) used in

this study were originally collected in 1996 from a dairy farm

near Lincoln. The soil is an alluvial Templeton fine sandy loam

with lithologic units of silt loam and sandy loam, with texture

mostly coarser towards the lysimeter base (Table 1). Soil

properties determined from destructive sampling at the end

of this study are also listed in Table 1. These lysimeters were

previously used for a study of nitrogen leaching from DSE until

2002. The lysimeters were located outdoors in the ground

alongside an open trench at Lincoln University’s Centre for

Soil and Environmental Quality site. The lysimeters had

a typical New Zealand pasture mix of ryegrass and white

clover. Pasture was cut periodically to simulate typical grazing

practice.

Rainfall was recorded automatically at the site using

a tipping bucket gauge connected to a datalogger (Campbell
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Fig. 2 – Comparison of water contents observed during the pre-DSE application period and predicted using the single-

porosity flow model. Predicted values are in solid lines and observed values in empty circles. Black-depth 10 cm, red-depth

25 cm, green-depth 45 cm, and yellow-depth 60 cm. Same for Figs. 3–5. Note that a large portion of data was missing for

lysimeter B due to instrument failure.
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Scientific, USA). Potential evapotranspiration data were

obtained from the Broadfield climate station, located about

2 km north of the lysimeter site. In this study each lysimeter

had a single soil moisture (TDR) sensor and temperature

sensor at each of four depths (10, 25, 45 and 60 cm). Sensor

data were collected with a datalogger and monitoring under

natural climatic conditions commenced on 14 August 2005.

More detailed information is contained in Jiang et al. (2008).

On 30 September 2005, 25 mm of DSE (spiked with NaBr)

collected on the same day was applied to all lysimeters in

5 min (Jiang et al., 2008). The chemical characteristics of the

DSE were Br 312 mg L�1, fecal coliform 1.65� 104 cfu mL�1,

total N 220 mg L�1, total C 1612 mg L�1, electric conductivity

1.56 mS cm�1 and pH 8.5. Fecal coliforms were not detected in

the leachate collected prior to the leaching experiments. The

lysimeters were irrigated with water on the 6th day after DSE

application and every two weeks afterwards. The experiments

were carried out for a period of 124 days. Flood irrigation

(100 mm applied in 0.5 h on a 14-day cycle, extreme case) was

applied to lysimeters B and E, which had very similar soil

properties (Table 1) with sandy loam appearing at much

shallower depth (35 cm) than in other lysimeters (50 cm

depth). Spray irrigation (50 mm applied in 1.5 h on a 14-day

cycle, a typical practice used in the region) was applied to the

other four lysimeters. Irrigation and climatic data are given in

Fig. 1.

Leachate samples were collected intensively in the first

12 h after DSE application. After 12 h, samples were taken

once a day if available. During heavy rain, leachate was

sampled as it became available. Leachate was collected under

sterilized conditions. The bacterial samples were analyzed

within 12 h of sampling using the Membrane Filtration Tech-

nique (APHA, 1998) with mFC agar (Difco�). The Br samples

were analyzed using a Bromide Ion-Selective Electrode (ISE,

Orion 250A 96-35 BN, Thermo Scientific, Inc.).

2.2. HYDRUS-1D model simulations

2.2.1. Boundary conditions and root water uptake
For Hydrus-1D model input, measured potential evapotrans-

piration (PET) was converted to potential evaporation rate (PE)

and potential transpiration rate (PT) based on the following

equation (Ritchie, 1972):

PE ¼ PET� exp ð�rExtinct� LAIÞ (1)

PT ¼ PET� PE (2)

Here rExtinct is a canopy extinction coefficient. A rExtinct

value of 0.6 is adopted from Ludlow (1985) for ryegrass, which

was the predominant vegetation for our lysimeters. Similarly,

Hay and Porter (2006) reported a rExtinct value of 0.59–0.60 for

wheat. LAI is leaf area index, generally LAI¼ 3 for grassland,

adopting from Hay and Porter (2006) and Ludlow (1985).

However the LAI value was adjusted according to the health

status of the grass. For example, we used LAI¼ 2 for lysimeter

F because there was some vegetation loss due to grass grub.

A time-variable upper boundary condition was applied at the

plant-atmosphere interface, with irrigation incorporated into

rainfall data.

The bottom of each lysimeter had an added 20–30 mm thick

layer of gravel. The base was sealed except for a central drainage

hole, open to the atmosphere, for collecting drainage samples.

No suction was applied to the base when samples were taken.

Waterdrained fromthebottomonlywhenitwassaturated, thus

mathematically it was a seepage face at the lower boundary

Table 2 – Hydraulic parameters optimized from observed water contents using the single-porosity flow model.

Lysimeter Pre-application Post-application

qr (v v�1) qs (v v�1) a (m�1) n Ks (m d�1) SSRs R2 qr (v v�1) qs (v v�1) a (m�1) n Ks (m d�1) SSRs R2

A 0.147 0.361a 0.080 1.942 7.119 0.023 0.978 0.042 0.308 1.340 1.300 6.339 0.435 0.565

0.056 0.440 0.210 1.176 7.000 0.103 0.348 0.800 1.305 7.128

0.007 0.457 0.274 1.123 0.252 0.000 0.349 0.286 1.415 1.993

B 0.003 0.465a 0.783 2.831 0.014 0.124 0.938

0.088 0.466 2.672 1.352 0.199

0.158 0.439 4.203 1.241 0.507

C 0.076 0.452a 2.479 1.697 0.121 0.165 0.836 0.058 0.382 0.634 1.788 1.168 0.377 0.626

0.051 0.415 5.623 1.338 0.223 0.065 0.366 0.600 1.829 7.000

0.001 0.375 5.512 2.423 0.000 0.128 0.350 0.267 1.606 3.370

D 0.010 0.424a 0.682 1.596 0.008 0.084 0.916 0.027 0.418 0.601 1.788 7.000 0.288 0.728

0.004 0.415 0.118 1.641 2.672 0.173 0.430 0.343 1.959 0.268

0.085 0.395 0.189 1.909 1.414 0.202 0.404 0.617 1.654 0.313

E 0.133 0.415a 0.114 1.243 0.160 0.075 0.929

0.150 0.377 0.112 1.221 0.565

0.000 0.402 0.011 2.120 0.000

F 0.001 0.380a 0.771 3.125 0.006 0.037 0.965 0.049 0.358 1.428 2.638 1.405 0.202 0.803

0.039 0.418 0.691 2.280 1.316 0.007 0.368 1.045 2.298 1.989

0.025 0.485 0.928 1.872 0.006 0.014 0.393 1.255 3.714 0.484

SSRs and R2 values are for the whole lysimeter. Calibration of the single-porosity flow model was failed for post-application of lysimeters B and E.

a is not optimized but use maximum observed value.
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(Flury et al., 1999). The saturated depth at the bottom, a few mm,

was effectively the depth of the capillary fringe. The root zone

depth observed, during destructive sampling at the end of the

study, was about 40 cm, with most roots between 5 and 10 cm

depths. During destructive sampling at the end of the study, we

observed that more roots were distributed near the top and root

density gradually reduced with depth. Therefore we assumed

a linear distribution of root water uptake (from 1 to 0 from top to

bottom of the root zone), with uptake decreasing linearly with

depth. This allows more loss at the surface and no root uptake at

the bottom of the root zone. The function of Feddes et al. (1978)

was employed for root water uptake in HYDRUS-1D (Šimůnek

et al., 1998, 2005).

2.2.2. Water content simulations using the single-porosity
flow model
Measured soil moisture contents were simulated using the

modified form of the Richards’ equation (Šimůnek et al., 1998,

2005) for water movement in unsaturated soils under one-

dimensional uniform flow:

vq

vt
¼ v

vz

�
KðhÞ

�
vh
vz
þ 1

��
� S (3)

Here q is volumetric water content [�], h is the soil water

pressure head [L], t is time [T], z is the soil depth [L], and S is the

sink term for root water uptake [T�1]. The unsaturated

hydraulic conductivity K [LT�1], as a function of h, is given in

the van Genuchten Equation (van Genuchten, 1980)
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qðhÞ ¼

(
qr þ

qs � qr�
1þ jahjn

�m h < 0

qs h � 0
(4)

KðhÞ ¼ KsS
l
e

h
1�

�
1� S1=m

e

	mi2

(5)

and

m ¼ 1� 1=n ðn > 1Þ (6)

qr and qs denote the residual and saturated volumetric water

contents, respectively; Ks is the saturated hydraulic conduc-

tivity [LT�1]; Se is effective saturation; l is the pore connectivity

parameter and is about 0.5 on average for many soils (Mualem,

1976); n is an empirical parameter related to the pore-size

distribution, that is reflected in the slope of water retention

curve; and a is an empirical parameter, often assumed to be

related to the inverse of the air-entry suction (L�1). Water

retention curves of coarse-textured soils are generally sharp

with steep slopes, thus high n values. A high a value (e.g. for

sands and gravels) implies that soils de-saturate quickly at

small suctions, while a low a value (e.g. for clays) indicates

a slow de-saturation with increasing suctions.

Values of qr, qs, a, n and Ks were optimized by inverse

modeling of water contents measured at four depths using the

van Genuchten-Mualem single-porosity model from HYDRUS-

1D. As HYDRUS allows a maximum of 15 parameters to be

optimized, we reduced four soil layers (Table 1) to three layers

by combining two soil layers that had similar textural

compositions and water content patterns. The combined layer

varied for different lysimeters. The initial inputs of qr, qs, a, n

and Ks were estimated from measured water retention data

(i.e. h vs. q) using RETC (van Genuchten et al., 1991), or from the

pedotransfer functions (PTFs) based on soil texture (% of sand,

silt and clay) and bulk density using the Rosetta package

(Schaap et al., 2001), which is embedded in HYDRUS-1D. Initial

water contents measured were used as the inputs for initial

water contents in the model. Values of qr, qs, a, n and Ks opti-

mized from the pre-DSE application model were used as initial

inputs for the post-DSE application model. To reduce the

uncertainty of fitted parameters, we fixed saturated water

contents using measured maximum water contents for the

topsoil for the pre-DSE period simulations, reducing to a total

of 14 parameters to be optimized.

2.2.3. Water content simulations using the dual-porosity
flow model
For lysimeters B and E, the above single-porosity flow model

failed to simulate the water contents measured during the
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Fig. 5 – Comparison of observed soil water contents with those predicted from the dual-porosity flow model during the post-

DSE application period, for lysimeters B and E (flood irrigation).

Table 3 – Hydraulic parameters optimized from water contents observed during the post-DSE application period using the
dual-porosity flow model for lysimeters B and E (flood irrigaiton).

Lysimeter Layer qs (v v�1) Ks (m d�1) a (m�1) n u (d�1 m�1) SSRs R2

B L1 0.255 2.659 0.367 1.168 0.014 0.403 0.627

L2 0.160 2.963 0.085 1.173 0.003

L3 0.039 2.028 0.002 1.526 0.000

E L1 0.069 1.768 0.988 1.591 0.008 0.293 0.730

L2 0.093 1.428 1.007 1.294 0.003

L3 0.048 5.462 0.367 1.797 0.001

SSRs and R2 values are for the whole lysimeter.
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post-DSE application period. During destructive sampling at

the end of the field study, we observed that these two lysim-

eters contained much larger macropores than the other

lysimeters. To consider the significant effect of preferential

flow on these two lysimeters, a dual-porosity flow model

(based on mass transfer driven by differences in soil water

pressure head) was selected from HYDRUS-1D.

The dual-porosity formulation for water flow is based on

a mixed formulation of the Richards equation to describe

water flow in the macropores (mobile water region) and

a mass balance equation to describe moisture dynamics in the

matrix (immobile water region), as follows (Šimůnek

et al., 2003):

vqm

vt
¼ v

vz

�
KðhÞ

�
vh
vz
þ 1

��
� Sm � Gw (7)

vqim

vt
¼ �Sim þ Gw (8)

Here subscripts m and im refer to the mobile and immobile

water regions, respectively; q¼ qmþ qim is the volumetric

moisture content [�], Sim and Sm are sink terms (root water

uptake) for both regions [T�1], and Gw is the transfer rate for

water exchange between macropores and matrix [T�1]. We

assume that root water uptake is preferentially from macro-

pores, thus Sim¼ 0.

In the dual porosity flow model based on mass transfer

driven by differences in soil water pressure head, the

exchange rate of water between the macropores and matrix

regions, Gw, is assumed to be proportional to the difference in

pressure heads between the two pore regions (Gerke and van

Genuchten, 1993; Šimůnek et al., 2003):

Gw ¼ uðhm � himÞ (9)

Here u is a first-order mass transfer coefficient (L�1T�1). Since

pressure heads are now needed for both regions, this

approach requires estimating retention curves for both pore

regions. That means each region has its own values of qr, qs, a,

and n. As a result, soil hydraulic properties are now described

by six parameters for macropores (qr, qs, a, n, Ks, l ), four

parameters for the matrix (qr-im, qs-im, aim, nim), and a param-

eter (u) for mass transfer between the two zones (Šimůnek

et al., 2003). Note that the soil total saturated water content

(e.g. qsþ qs�im) can be obtained from measurement. To reduce

the number of parameters optimized (maximum 15), we

assumed that there is no residual water in macropores and

matrix (i.e. qr¼ 0, qr-im¼ 0) and that the matrix is made of less

permeable media with known values of qs-im, aim, and nim,

which were determined from soil texture and bulk density

using Rosetta package. Therefore five parameters (qs, Ks, a, n,

and u) were optimized for each soil layer (total 15 parameters).

Sometimes, qs or Ks were set at their measured values, or as

reference values, as a constraint to reduce the simulation

uncertainty.

2.2.4. Simulations of bacteria and Br transport using the
mobile-immobile contaminant transport model (MIM)
Regardless of whether a single- or dual-porosity model is

chosen for the water flow, HYDRUS-1D allows simulation of

contaminant transport using a two-region mobile–immobile

model, MIM (van Genuchten & Wagenet, 1989), The MIM

assumes that contaminant transport is limited to the mobile

water region and that water in the immobile water region is

stagnant, with a first-order diffusive exchange process

between the two regions (Šimůnek et al., 2003, 2005).

As there was no instantaneous sorption of bacteria in our

data and Br is non-reactive, the following simplified MIM

(Šimůnek and van Genuchten, 2006, 2008) was used in this

study for simulating bacteria and Br transport:

vqmCm

vt
¼ v

vz

�
qmDm

vCm

vz

�
� vqCm

vz
� fm � Gs (10)

qim
vCim

vt
¼ �fim þ Gs (11)

Here C is the concentration in the liquid phase [ML�3]; D is the

dispersion coefficient [L2T�1], which is the product of dis-

persivity x[L] and pore-water velocity V (LT�1), i.e. D¼ x v; q is

the water flux [LT�1]; 4m and 4im are reaction terms in the
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Fig. 6 – Br concentrations observed and predicted from the

MIM transport model and the single-porosity flow model,

in drainage from lysimeters A, C, D and F (spray irrigation).
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mobile and immobile domains [ML�3T�1], respectively

(4m¼ 4im¼ 0 for Br), and Gs is the term for mass transfer

between the two regions [ML�3T�1].

The reaction terms (4m and 4im), which represent any

mechanisms responsible for removal of bacteria from the

liquid phase (i.e. inactivation, or sorption to the solid phase or

air-water interfaces), are defined as follows:

fm ¼ kaqmCm þ kaaqmCm þ mqmCm ¼ ðka þ kaa þ mÞqmCm ¼ lqmCm

(12)

fim ¼ kaqimCim þ kaaqimCim þ mqimCim ¼ ðka þ kaa þ mÞqimCim

¼ lqimCim ð13Þ

Here ka is the attachment coefficient to the solid phase (T�1),

kaa is the attachment coefficient to the air-water interfaces

(T�1), m is the inactivation rate (T�1), and l¼ kaþ kaaþ m is the

lumped total removal rate (T�1). Note that kaa is equal to zero

when a single-porosity flow model is used with MIM since in

this case there is no air-phase present in the immobile zone.

When a single-porosity flow model is used with MIM, mass

transfer between the two regions is through diffusion

Gs ¼ asðCm � CimÞ (14)

where as is the first-order solute mass transfer coefficient

(T�1). When a dual-porosity flow model is used with MIM,

contaminant is assumed to be able to move in and out of the

matrix domain by diffusive and convective fluxes, and the

term for mass transfer between the two regions, Gs, is written

as (Šimůnek and van Genuchten, 2008):

Gs ¼ asðCm � CimÞ þ GwC� (15)

where C* is equal to Cm for Gw> 0 and Cim for Gw< 0.

The observed patterns of Br and bacterial transport were

distinctively different (Figs. 6 and 7), due to size-exclusion in

bacterial transport. Therefore transport parameters for

bacteria were estimated independently from those for Br.

Values of x, qim and as were optimized for Br data, while x, qim, l

and as were optimized for bacterial data. The values of

hydraulic property parameters optimized from water flow

were fixed during simulations of Br and bacteria. As their

concentrations for model calibration were obtained from only

one sampling location (i.e. the column base), we assumed that

parameter values were the same for all soil layers. We also

assumed when using the MIM model that while the immobile

water content, qim, could differ for different soil layers, the

porosity of the mobile domain was the same in all layers.

HYDRUS-1D code was modified in this study to include these

assumptions.

For lysimeters B and E, the dual-porosity flow model was

used and properties of mobile and immobile water domains

have been already defined from water content simulations.

Thus we no longer needed to optimize qim for Br and bacterial

transport. Therefore values of x and as were optimized for Br

data, while x, l and as were optimized for bacterial data.

3. Results and discussion

3.1. Water contents

3.1.1. Pre-DSE application period
Fig. 2 shows that soil water contents predicted from the single-

porosity flow model fit well with those observed during the pre-

DSE application period for all lysimeters. This is reflected in the

very low values of SSRs (the Sum of Squared Residuals) (0.02–

0.17) and very high values of R2 (0.84–0.99) as shown in Table 2.

Although 15 parameters were optimized simultaneously, there

was little correlation between parameters, indicating they are

relatively independent. The dual-porosity model was also

applied for the pre-DSE application period but the results (not

shown) were much worse. During this period, no irrigation was

applied and lysimeters received only natural precipitation.

Minor preferential flow is expected without irrigation (Chen

et al., 2002). These results suggest that the effect of preferential

flow was not significant for water movement during the pre-

DSE application period and a single-porosity flow model is
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Fig. 7 – Fecal coliform concentrations observed and

predicted from the MIM transport model and the single-

porosity flow model, in drainage from lysimeters A, C, D

and F (spray irrigation).
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adequate for describing water movement in the absence of

irrigation for the soils investigated.

3.1.2. Post-DSE application period
Using parameter values obtained from the pre-DSE application

period for the post-DSE application period, the predicted water

contents (without any calibrations) from the single-porosity

model are all significantly higher than those observed.

An example is given in Fig. 3 for lysimeter A. The discrepancies

indicate that soil hydraulic properties had significantly

changed and soils did not hold as much water as they did in the

pre-DSE application period. If soil hydraulic properties had

remained the same, irrigation should have resulted in a much

wetter soil profile, which is opposite to what was observed.

Compared to the pre-DSE application period, the major

changes in the post-DSE application period (refer to Fig. 1)

were fortnightly irrigation events (100 mm for flood irrigation

and 50 mm for spray irrigation) and drier and hotter climate

conditions (spring and summer) than the pre-DSE application

period (winter). Irrigation is more likely to generate prefer-

ential flow compared to rainfall (Chen et al., 2002). When

applied in dry conditions (especially on the surface) and

before the soil can wet up and swell, irrigation makes soil

prone to have more preferential flow due to prior shrinkage

and water repellence (Edwards et al., 1993; Jarvis, 2007; Lin and

Zhou, 2008). Thus when irrigation water is applied, especially

flood irrigation, much of the water could go through prefer-

ential flow, bypassing the matrix and draining deeper into the

profile. Hotter and drier weather would promote the forma-

tion of macropores (Brown et al., 2000; Jarvis, 2007). This is

especially true for soils with higher topsoil clay content (Jiang

et al., 2008; Lin and Zhou, 2008) as clay may shrink and crack.

All these facts would reduce the effective soil water holding

capacity.

The single-porosity flow model was also successful for

simulating water contents for the post-DSE application for

lysimeters A, C, D, and F. Although it gave greater SSRs values

(0.20–0.44) and lower R2 values (0.57–0.80) than those from the

pre-DSE application period (SSRs¼ 0.02–0.17, R2¼ 0.84–0.99),

the post-DSE application period (124 days) was much longer

than the pre-DSE application period (47 days). Statistically the

goodness-of-fit for both data series has the same significance

(P¼ 0.000).

The calibrated model for the post-DSE application period

yielded generally decreased values of qs but increased values

of a and Ks (Table 2) compared to those calibrated from the

pre-DSE application period. This further supports the above

evaluation on the change of soil hydraulic properties. As more

macropores are developed, soil conductivity increases (higher

Ks), more air-entry (greater a) is allowed, and less water is held

(smaller qs).
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The changes in soil hydraulic properties appear to have

occurred over a period of time during the post-DSE application

period. This is reflected in the fact that predicted soil water

contents do not fit observations equally well for the post-DSE

application data and are commonly under-predicted in the

initial stage (Figs. 4 and 5). If the soil hydraulic properties were

constant, the model should fit all data equally well as it does

for the pre-DSE application data (Fig. 2).

While the single-porosity flow model failed to simulate

water contents for the post-DSE application period for lysim-

eters B and E, application of the dual-porosity model to these

data was successful. Unlike the other four lysimeters under

spray irrigation, these two were under flood irrigation, thus

preferential flow is expected to be more significant. A dye

tracer experiment and destructive sampling at the end of the

field experiments (Jiang et al., 2008) revealed that there were

more macropores in these two lysimeters than in other

lysimeters. The dual-porosity model also yielded decreased

values of qs and increased values of Ks for the post-DSE

application period (Table 3) than those predicted from the pre-

DSE application period (Table 2). This is in consistent with the

findings for other lysimeters, as discussed earlier. For Ks it is

appropriate to compare results from both flow models as Ks

applies to the macropore domain only. However, it is difficult

to compare other parameters derived from two different

models. Unfortunately, the dual-porosity model failed to

simulate water contents obtained from pre-DSE application

for lysimeters B and E. Thus apart from Ks, we are unable to

directly compare model results for assessing the changes in

soil hydraulic properties of lysimeters B and E during the post-

DSE application period. Nevertheless the success vs. failure in

using different flow models for the pre- and post-DSE appli-

cation periods suggests a significant change in soil hydraulic

properties.

3.2. Br and fecal coliform transport

MIM-predicted Br and bacterial concentrations match well

with most of those observed (Figs. 6–9). However the predicted

peak bacterial concentrations for all lysimeters are signifi-

cantly lower than those observed. This is because an equal

weight was assigned in the model for all observed data during

optimization. As there were many more data with low

concentrations, modeling results are very much affected by

the data with lower concentrations.

Bacterial breakthrough was either earlier than or at the

same time as Br concentrations. The time for the peak Br and

bacterial concentrations is 20 min (same time as DSE appli-

cation) for lysimeter C and 6 days (same time as 1st irrigation)

for lysimeters A and D. For lysimeters B, E and F, the time for

the peak bacterial concentration is 6–7 days while for Br it is

18–20 days, about three times slower. This suggests that

bacteria were not retarded in the soils and our assumption of

negligible instantaneous sorption made in MIM is reasonable.

Instead, bacterial transport could be faster than Br as a result

of pore-size exclusion.

We believe that the rapid leaching of Br and bacteria in

lysimeter C immediately (20 min) after DSE application and

before any water irrigation is through a preferential flow path

that penetrated most or all of the lysimeter depth. At that

time, bacterial concentration in the leachate was 85% of the

DSE applied (see C/Co in Fig. 7). This indicates that applied DSE

leached through preferential flow paths with little or no

dilution. The topsoil of this lysimeter had a higher clay

content, which readily forms preferential flow paths by

shrinking and cracking. The greater risk of microbial leaching

through structured clayey soils is also highlighted in Pang

et al. (2008) and Pang (2009) who analyzed studies carried out

both in New Zealand and overseas on microbial transport

through intact soils.

For all lysimeters, bacterial leaching occurred at the start of

the first irrigation event and their concentrations dropped

rapidly as irrigation continued. In contrast, Br leaching had

a relatively slower response to irrigation events. The MIM

simulated well these different leaching patterns. The expla-

nation for these distinct patterns is that the initial part of the

flow event is dominated by drainage from large pores

(Hallberg et al. 1986), which were followed by both Br and

Table 4 – Transport parameters optimized from observed Br and bacterial concentrations using the mobile-immobile
transport model and single-porosity flow model for lysimeters A, C, D and F.

Lysimeter Br Fecal coliform

x(m) qim (v v�1) as (d�1) SSRs R2 x(m) qim (v v�1) l (day�1) as (d�1) SSRs R2

A 0.016 0.245 0.026 0.437 0.581 0.006 0.181 0.753 0.026 0.470 0.530

C 0.547 0.335 0.037 0.501 0.559 0.254 0.330 0.359 0.013 0.518 0.498

D 0.179 0.316 0.014 0.537 0.468 0.005 0.353 0.300 0.001 0.508 0.493

F 0.031 0.254 0.403 0.324 0.892 0.042 0.100 0.715 0.027 0.567 0.436

Table 5 – Transport parameters optimized from observed Br and bacterial concentrations using the mobile-immobile
transport model and dual-porosity flow model for lysimeters B and E.

Lysimeter Br Fecal coliform

x(m) as SSRs R2 x(m) l (day�1) as SSRs R2

B 0.049 0.051 0.403 0.561 0.151 0.589 0.040 0.288 0.713

E 0.017 0.077 0.421 0.680 4.88E-04 0.706 0.729 0.908 0.187
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bacteria. As drainage slows down, much of the water being

delivered to the lysimeter base is from smaller pores, and

dominated by Br as the bacteria would be excluded or

removed by the small pores. Compared to other lysimeters, Br

leaching from lysimeters B and E responded well to irrigation

events as more macropores were developed, and MIM simu-

lated well these individual responses (Fig. 8).

Unlike in other lysimeters in which bacteria concentra-

tions declined over time, there were abnormal rises of bacte-

rial concentration in lysimeter E with irrigation events (Fig. 9).

The reason is unclear but the possible explanations are (a) an

external fecal source (e.g. from bird faeces), (b) release of

entrapped bacteria due to soil structure change, and (c) under

suitable nutrient state, bacteria growth during summer. The

MIM is unable to simulate these abnormal increases of

bacterial concentrations. As a result, the goodness of fit

parameters (SSRs and R2) for modeling of bacterial transport in

lysimeter E is poor (Table 5). In trying to simulate these

abnormal rises in bacterial concentrations, MIM produced

a very high and probably unrealistic value of mass exchange

coefficient (as).

Similar to the situation for water contents mentioned in

Section 3.1.2, there are some under-predictions of Br and

bacterial concentrations (Figs. 6–9) for the initial-stage simu-

lations. Again we believe this discrepancy is a result of

changes in soil structure, while the MIM assumes constant

mobile and immobile regions for the whole simulated process

(Mitchell and van Genuchten, 1991).

Compared to Br, values of dipersivity (x), immobile water

content (qim), and mass exchange coefficient (as) determined

from bacterial data are generally smaller (Table 4), indicating

a significantly narrow pore-network and less mass exchange

between mobile and immobile water zones in bacterial

transport. This suggests that bacteria took short-circuit paths

by preferential flow, consistent with pore-size exclusion

theory (Ginn, 2002; Sinton et al., 2005).

4. Conclusions and recommendations

Our modeling results suggest that the single-porosity flow

model is sufficient and adequate for simulating water move-

ment through structured sandy loam soils under natural

climatic conditions and spray irrigation (50 mm fortnightly in

this study). However, a dual-porosity flow model is more

appropriate for simulating water movement under flood irri-

gation (100 mm fortnightly in this study) as the effect of

preferential flow paths becomes more significant under flood

irrigation.

This study has demonstrated that soil structure and thus

soil hydraulic properties can change with irrigation (especially

under high hydraulic loading like flood irrigation), and with

climate conditions. Thus parameter values that best describe

water flow and contaminant transport under one set of

conditions may not be applicable for another set of conditions.

This dynamic change of soil structure needs to be considered.

Compared to soils with less topsoil clay and soils under

spray irrigation, soils with higher topsoil clay content and

soils under flood irrigation have a greater risk of bacterial

leaching through preferential flow paths, potentially

impairing groundwater quality. Management strategies to

reduce bacterial leaching from land application of effluent

must aim to minimize the effect of preferential flow by

adopting appropriate irrigation schemes, e.g. using spray

instead of flood irrigation and decreasing DSE application

depth but increasing irrigation frequency. Special attention is

needed to use of a low irrigation rate at the beginning of each

irrigation event (particularly if the soils are very dry) to allow

sufficient time for soil to wet up and swell for more effective

water retention so that bacterial leaching can be minimized.
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van Genuchten, M.T., Šimůnek, J., 2004. Unsaturated-Zone
modeling; Progress, Challenges and applications, Wageningen
UR frontis series. In: Feddes, R.A., de Rooij, G.H., van Dam, J.C.
(Eds.). Kluwer Academic Publishers, Dordrecht, The
Netherlands, pp. 37–69. x–xi.

van Genuchten, M.T., Wagenet, R.J., 1989. Two-site/two-region
models for pesticide transport and degradation: theoretical
development and analytical solutions. Soil Science Society of
America Journal 53 (5), 1303–1310.

w a t e r r e s e a r c h 4 4 ( 2 0 1 0 ) 1 0 5 0 – 1 0 6 1 1061


