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Transport of Cryptosporidium parvum through macroporous 
soils is poorly understood yet critical for assessing the risk of 
groundwater contamination. We developed a conceptual model 
of the physics of flow and transport in packed, tilted, and 
vegetated soilboxes during and immediately after a simulated 
rainfall event and applied it to 54 experiments implemented with 
different soils, slopes, and rainfall rates. Using a parsimonious 
inverse modeling procedure, we show that a significant amount 
of subsurface outflow from the soilboxes is due to macropore 
flow. The effective hydraulic properties of the macropore space 
were obtained by calibration of a simple two-domain flow 
and transport model that accounts for coupled flow in the 
matrix and in the macropores of the soils. Using linear mixed-
effects analysis, macropore hydraulic properties and oocyst 
attenuation were shown to be associated with soil bulk density 
and rainfall rate. Macropore flow was shown to be responsible 
for bromide and C. parvum transport through the soil into the 
underlying pore space observed during the 4-h experiments. 
We confirmed this finding by conducting a pair of saturated 
soil column studies under homogeneously repacked conditions 
with no macropores in which no C. parvum transport was 
observed in the effluent. The linear mixed-effects and logistic 
regression models developed from the soilbox experiments 
provide a basis for estimating macropore hydraulic properties 
and the risk of C. parvum transport through shallow soils 
from bulk density, precipitation, and total shallow subsurface 
flow rate. The risk assessment is consistent with the reported 
occurrence of oocysts in springs or groundwater from fractured 
or karstic rocks protected only by shallow overlying soils.
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The occurrence of the protozoal pathogen Cryptosporidium 
parvum in drinking water sources is recognized as a 

significant threat to private and public water supplies throughout 
the world (Rose et al., 1991; Lisle and Rose, 1995; Messner and 
Wolpert, 2000). Cryptosporidium parvum can be isolated from 
animal and human sources, with this species of Cryptosporidium 
along with C. hominis functioning as the primary etiologic agents 
of human cryptosporidiosis. The oocyst, which is the infectious 
and environmentally disseminated stage of C. parvum, is 
relatively resistant to a variety of commonly used water treatment 
procedures, such as chlorination. Hence, understanding the 
occurrence, fate, and transport of C. parvum in watersheds, surface 
water, and groundwater is critical in developing control strategies 
that reduce the risk of C. parvum in drinking water sources.

Environmental pathways for transporting a terrestrial load of C. 
parvum oocysts to drinking water sources include the runoff-surface 
water route, the infiltration-interflow-surface water route, the infiltra-
tion-groundwater-tile drain-surface water route, and the infiltration-
groundwater-drinking water well route (Atwill, 1996; Walker et al., 
1998; Harter et al., 2000). One of the least understood hydrologic 
pathways of C. parvum is the transmission through soils and the un-
saturated zone immediately after infiltration (Bradford and Schijven, 
2002). Soil transmission occurs from the land surface to groundwater 
(recharge) or from the land surface via lateral flow in the unsaturated 
zone to low-order streams or back to the land surface (interflow). Soil 
passage is generally considered an insignificant component of the total 
oocyst transport through a watershed (e.g., Walker and Stedinger, 
1999). The occurrence of C. parvum in tile drain discharge and in 
groundwater of highly fractured consolidated formations or coarse-
grained unconsolidated formations, however, indicates that the un-
saturated zone plays a potentially significant role in assessing the risk 
of C. parvum transmission to tile drains, groundwater resources, and 
potentially in hillslope flow processes (Amirtharajah et al., 2002; Bicu-
do and Goyal, 2003; De Carvalho et al., 2000; Moulton-Hancock et 
al., 2000; Morris and Foster, 2000; Svoboda et al., 1999).

For saturated transport in packed sandy soils or in glass bead 
porous media, the conceptual framework of transport by advec-
tion-dispersion, dynamic sorption, and permanent filtration due to 
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settling, interception, and oocyst-surface interaction has provided 
an excellent tool to explain experimentally observed transport 
behavior of C. parvum oocysts (Brush et al., 1999; Harter et al., 
2000; Marly et al., 2001). The fate of the 4- to 6-µm diameter 
oocysts is shown to be similar to that of other colloids of com-
parable geometry and surface properties. The framework also 
suggests that in fine-textured soils, oocyst transport in the soil 
matrix is extremely limited due to straining (Bradford et al., 
2003; Bradford and Bettahar, 2005). Straining is the process of 
colloid immobilization between pore throats that are smaller than 
the colloid itself. Straining is the dominant removal process when 
the effective grain size diameter of the porous matrix is less than 
20 times the size of the colloid (McDowell-Boyer et al., 1986). 
Given that the effective pore geometry in soils with nonuniform 
textural composition is determined by the finer grained elements, 
soils with more than 10% of clay or silt are not suitable for ma-
trix transport of Cryptosporidium oocysts. The work by Bradford 
et al. (2003) suggests that straining may be a significant process 
for oocyst removal even in sand at grain size diameters exceeding 
100 times the size of the colloid.

In a handful of C. parvum experiments that have been imple-
mented with disturbed and undisturbed soils, significant and 
rapid transport of the oocysts through structured clay-loam, silt-
loam, and loam soils was observed (Albrecht, 1996; Mawdsley 
et al., 1996a, 1996b; Atwill et al., 2002; Darnault et al., 2003, 
2004). Similar observations have been made for the transport of 
other biocolloids and abiotic colloidal matter (e.g., McGechan 
and Lewis, 2002). In those cases, transport was attributed to flow 
in macropores due to soil structure, root canals, and biotic activ-
ity in the soils, but no further analysis of the flow processes was 
provided. In undisturbed soils with macropores and to a much 
lesser degree also in homogeneous sand columns, oocysts and 
other colloids have been observed to travel significantly faster 
than inert tracers due to size exclusion (e.g., Harter et al., 2000; 
Ginn et al., 2002; Poulsen et al., 2006).

This study examines the macropore-flow dominated trans-
port dynamics of C. parvum in the shallow subsurface of 
vegetated, sloped soils during and after a rainstorm event. Our 
objectives were to estimate macropore properties relevant to C. 
parvum transport from precipitation data, static soil properties, 
and bromide breakthrough curves and to ascertain whether 
static soil properties and conservative tracer data are useful 
indicators to quantify the risk of C. parvum transport through 
shallow soils to such systems as tile drains; highly fractured bed-
rock; or shallow sandy, gravelly groundwater aquifers. We also 
tested some of our model assumptions by conducting a pair of 
saturated soil column studies to determine whether C. parvum 
transport was possible in the absence of macropores.

Materials and Methods
Soilbox Experiments

Details of the experimental design that generated the C. par-
vum transport data in shallow soils have been described previously 
(Atwill et al., 2002). Briefly, soilboxes were constructed of wood, 
sealed against leaks, and measured 15 cm wide × 100 cm long × 20 
cm deep. Soils were air-dried, gently crushed, and passed through a 
2-mm-pore-diameter sieve to remove coarse fragments. Soils were 
then dry-packed in 1- to 2-cm layers and hand-compacted before 
seeding. Perennial fescue seed was used to vegetate the soil. The 
grass cover was grown to >85% vegetative cover, using sprinkler 
irrigation, for at least 60 days before the experiment. Subsurface 
flow was captured through a slot at the bottom of the seepage 
face. Soils were selected to represent a wide range of soil textures 
present at animal husbandry locations in California (Table 1). The 
Hanford fine sandy loam, a Typic Xerorthent, was selected as a 
sandy soil with massive to weak fine granular structure and many 
very fine and fine interstitial pores. The Argonaut loam, a Mollic 
Haploxeralf, was selected as a loamy soil with weak fine subangular 
blocky structure and common very fine and fine but few medium 
pores. The Capay silty clay, a Typic Haploxerert, was selected as a 
clayey soil with moderate to very coarse prismatic structure and 
with common microtubular pores. All soils contained many very 
fine random roots due to the grass cover. Although roots were most 
dense in the upper 10 cm, many roots penetrated to a soil depth of 
20 cm. Subsurface transport of C. parvum was evaluated for these 
three soils at three different slopes (5, 10, and 20%) for two simu-
lated rainfall intensities (15 and 40 mm h−1, referred to hereafter as 
“low” and “high” intensity, respectively), with three replicates per 
treatment, for a total of 54 trials. Mean vegetative cover (%) and 
mean vegetative height for each box were measured the day before 
the experiment. Two to four randomized boxes were irrigated si-
multaneously by a rainfall emitter, and a peristaltic pump delivered 
an oocyst suspension of 5 × 104 oocysts mL−1 for 60 min, initiating 
the start of the 4-h experiment. Each box received 10 mL min−1 
from the pump, or 5 × 105 oocysts min−1. After 60 min, the pump 
was switched back to water with no oocysts, and the simulated 
rain and peristaltic pump were continued for 180 min to quantify 
unbound or desorbed oocysts moving in the subsurface flow. The 
total number of oocysts that were collected in the outflow (surface 
runoff and subsurface outflow) ranged from 0.01 to 65% of the 
applied oocyst load. The median percentage of oocysts transported 
in the subsurface flow was 0.2% of the overland runoff.

Matrix Transport of Oocysts: Column Experiments
Samples of the three soils were sieved through a #35 mesh and 

dried at 70°C overnight. Dry soils were packed into Plexiglas col-

Table 1. Soil physical properties measured from particle-size analysis (PSA) (Atwill et al., 2002) and estimated from the particle-size distribution 
using the NeuroMultistep transfer function (Minasny et al., 2004).

Soil PSA Sand PSA Silt PSA Clay NeuroMultistep θr NeuroMultistep θs NeuroMultistep α NeuroMultistep n NeuroMultistep KD

––––––––––––%–––––––––––– cm−� cm d−�

Sandy loam 70 25 5 0.063 0.328 0.0069 2.63 5.3
Loam 45 37 �8 0.�07 0.402 0.0�38 �.66 2.5
Clay �9 47 34 0.227 0.447 0.0��3 �.53 0.52
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umns that were 5 cm in inner diameter and 10 cm in length. Both 
ends were covered by a layer of brass screen (#40 mesh or 380 µm) 
and a layer of stainless steel screen (0.5-mm holes). Both ends were 
sealed with a Plexiglas cap fitted with a flow port. Repacked bulk 
densities ranged from 1.5 g cm−3 for the fine-textured soils to 1.8 g 
cm−3 for the coarser-textured soil. Three columns, one of each soil 
type, were injected with CO2 for 4 h at 6.89 kPa (1 psi). Next, 0.5 
to 1 pore volume of sterile degassed deionized (SDDI) water with 
50 mg L−1 of NaBr was injected using a peristaltic pump (Master-
flex L/S; Cole and Palmer Instrument Company, Vernon Hills, 
IL), followed by 2 pore volumes of SDDI water and then 1 pore 
volume of SDDI water with 0.1 mM CaCl2. Next, we injected 1 
pore volume of microbial stock solution (degassed deionized water 
containing 0.1 mM CaCl2, 106 oocysts mL−1 of C. parvum). The 
microbial stock solution was surrounded by an ice bath and kept in 
suspension on a stir plate during the hour-long injection. The soil 
columns were then injected with up to 13 pore volumes of SDDI 
water with 0.1 mM CaCl2 to elute any unfiltered or detached 
oocysts. The microbial suspension was continually mixed on a stir 
plate during injection into the column. Flow rates were limited 
by the saturated hydraulic conductivity of the fine-textured soils 
and ranged from 1.5 to 5 cm d−1. Column effluents for each soil 
series were continuously collected as 2-h composite samples using 
a fraction collector (CF-1 Fraction Collector; Spectrum Chro-
matography, Houston, TX) and held at 4°C until processed for 
protozoa enumeration.

Microbial Analysis
Details of the analytical procedures used to enumerate C. par-

vum in subsurface water samples have been described previously 
(Atwill et al., 2002). Briefly, naturally infected dairy calves from 
two local commercial dairies were the source of wild-type C. par-
vum oocysts. Oocysts were purified using discontinuous sucrose 
gradients, with the final oocyst concentration determined using a 
phase contrast hemacytometer. Quantitative immunofluorescent 
microscopy, using commercially prepared well slides (Meridian 
Diagnostics, Inc., Cincinnati, OH), and a fluorescein isothiocya-
nate-labeled anti-Cryptosporidium immunoglobulin M antibody 
(Waterborne, Inc., New Orleans, LA) were used to enumerate C. 
parvum oocysts. All enumerations were adjusted for the percent 
recovery of the assay (63–81% depending on soil type).

Modeling Analysis
The soils in the soilbox experiments are assumed to represent 

two coupled porous continua: a matrix pore space and a macro-
pore space (dual porosity model). The matrix pore space represents 
the pores between tightly packed individual soil grains within soil 
aggregates. The macropore space is the interaggregate pore space 
created by soil maturation, shrinking and swelling, root growth and 
decay, and other biological activities in the root zone of the grass 
cover. Pore sizes associated with either pore space are highly vari-
able, but the mean pore size of the macropore space is significantly 
higher than that of the matrix pore space (e.g., Beven and Ger-
mann, 1982). Some authors have suggested a continuum of pore 
sizes and divided the pore space into three domains specifically as a 

function of pore size and associated capillary pressure (Shirmoham-
madi et al., 2005): micropores (conducting water flow below the 
field capacity of the soils), mesopores (conducting water flow when 
the moisture content exceeds field capacity), and macropores (con-
ducting flow only when soil is near saturation).

Here, we do not distinguish between meso- and macroporos-
ity. Furthermore, the matrix pore space and the macropore space 
are considered to be mutually continuous throughout the soilbox. 
Flow in both pore continua is considered to be Darcian. Transport 
in both pore continua is considered to be governed by an advec-
tion-dispersion-reaction type equation (see below). A numeri-
cal model of saturated matrix flow and transport in the soilbox 
experiments is constructed to compute the maximum possible 
contributions of the soil matrix (excluding the macropores) to total 
subsurface outflow and transport. Under saturated conditions, ma-
trix flow rates are highest (relative to unsaturated flow). The model 
results are used to determine whether the observed 4-h break-
through curves (BTCs) reflect matrix transport contributions or are 
solely due to macropore flow and transport. The dynamics of the 
measured breakthrough curves are used to infer the bulk hydraulic 
and transport characteristics of the macropore space (hydraulic 
conductivity, porosity, pathogen attenuation) through a simplified 
inverse solution of the dual porosity flow and transport equations. 
Although it is an approximation, this simplified, parsimonious 
model structure reflects the limited amount of hydraulic and trans-
port property data available for these experiments.

Matrix Flow
To understand the processes affecting C. parvum transport, 

we determine the fractions of the subsurface outflow that can 
be attributed to macropore flow and to matrix flow. No direct 
measurements of either flow component or of the unsaturated 
hydraulic properties were performed during the experiment. 
Hence, the two flow components need to be estimated from 
corollary data, as is typically the case in field studies.

An upper limit for the amount of matrix flow in the 
uniformly packed soilboxes can be obtained by considering 
steady-state saturated flow under ponding conditions with 
homogeneous, isotropic hydraulic conductivity, K (cm d−1). 
The flux vector, q (cm d−1), is obtained from Darcy’s law:

K h= Ñq  [1]

where h (cm) is the pressure potential. Applying mass 
conservation, the distribution of the steady-state pressure 
potential is then governed by the Laplace equation:

2 0hÑ =  [2]

subject to the boundary conditions of the tilted soilbox 
experiment: At the surface of the soilboxes, shallow ponding 
is considered by setting a constant head boundary condition 
equal to the elevation of the surface of the soilbox. The 
subsurface outflow lip is also a constant head boundary 
condition with hydraulic head equal to its elevation. The 
remainder of the soilbox boundaries are no-flow boundaries. 
The solution to Eq. [2] and [1] is obtained by numerical 
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modeling using an implicit finite difference method 
(McDonald and Harbaugh, 1988).

Matrix Transport
Solute transport in the matrix is governed by the reactive 

advection-dispersion equation:
2

2

c C cD c
t

¶ ¶ ¶
= q - -ql

¶ ¶ ¶
q

x x  [3]

where t is time (d); x is a three-dimensional position vector (cm); θ 
is the volumetric water content (-); D is the dispersion coefficient 
(cm2 d−1); and λ is a first-order attenuation factor (cm−1) that 
accounts for degradation, deactivation, and filtration, as applicable 
(e.g., oocysts; Harter et al., 2000). Time and location dependency 
of the solute concentration, c(x,t) (mg L−1), is implied.

The matrix transport Eq. [3] is solved using a hybrid meth-
od of characteristics (Zheng and Wang, 1999). To imitate ex-
perimental conditions, a constant unit concentration of tracer is 
applied to the entire surface for the first 2 h of the experiment, 
followed by 2 h of clean infiltration. This condition is based on 
the observation of the bromide BTCs: Elevated concentrations 
(main breakthrough) were observed in the surface runoff for 
approximately 2 h (Atwill et al., 2002), although the injection 
at the top end of the soilbox ended after 1 h. Due to the loca-
tion of the subsurface flow outlet, soil water and solute flux 
through the soilbox is highest near the surface runoff boundary 
at the downgradient end of the soilbox (see Results). Hence, we 
used the 2-h step-input function as a worst-case (conservative) 
approximation of solute flux into the surface of the soilbox.

Macropore Flow and Transport: Conceptual Model
The macropore flow domain is considered to be superimposed 

over the matrix flow domain (dual porosity media). The macro-
pore flow domain consists of large interaggregate pores and root 
canals of unknown size and frequency, a situation commonly en-
countered in the analysis of field conditions. Under steady-state 
conditions and assuming relatively uniform macropore saturation 
throughout the soilbox, Eq. [1] and [2] provide a reasonable 
approximation of the flow field in the macropore domain, with 
the effective macropore hydraulic conductivity (Ko) replacing 
the matrix hydraulic conductivity (K) and the macropore flux 
(qo) replacing the matrix flux (q) (Shirmohammadi et al., 2005). 
Transport in the macropore domain is governed by

2
o o o o

o o o o o2

c c cD c
t

¶ ¶ ¶
= q - -q l

¶ ¶ ¶
q

x x  [4]

where the subscript o indicates transport properties specific to 
the macropore domain. The pressure distributions between the 
matrix- and macropore domains are coupled. Hence, under 
steady-state conditions, the pressure head profiles in the macropore 
domain and in the matrix domain are approximately identical. We 
therefore assume that the advective water flux exchange between 
the two domains is negligible and that the normalized flux field 
is identical for both domains, qo Ko

−1 = q K−1. Solute transport in 

the two domains is coupled through diffusive exchange of solutes. 
However, during the 4-h experiment, macropore fluxes dominate 
the transport (see below), and the contribution of diffusive fluxes 
between the two domains is considered to be negligible. Therefore, 
diffusive exchange need therefore not be included in Eq. [4].

The parameters controlling nonreactive and reactive trans-
port in the macropore domain are the macropore water con-
tent (θo) and the macropore flow rate (qo), which in turn are 
controlled by Ko. The filtration of the oocyst in the macropore 
space is controlled through the filtration rate (λo).

Macropore Flow and Transport: Parameter Estimation
Here, we use the experimental data collected at the surface and 

subsurface outlets of each tilted soilbox to estimate qo, Ko, θo, and 
net oocyst attenuation over the 20-cm depth through a simple 
inverse solution of Eq. [2] and [4]. Let us denote the observed peak 
bromide and C. parvum concentration in the surface outflow BTC 
as cBr-in and cCp-in and the peak bromide and C. parvum concentra-
tion in the subsurface outflow BTC as cBr-out and cCp-out. The dif-
ference in arrival time between the peak concentration in the soil 
surface BTC and the peak concentration in the subsurface BTC is 
denoted ∆tBr and ∆tCp for bromide and C. parvum, respectively.

Owing to the sustained input of bromide at the soil surface 
over a 2-h period, the peak concentration of bromide trans-
ported through the macropore domain is not significantly 
affected (reduced) by diffusion into the matrix domain or by 
hydrodynamic dispersion. Hence, the subsurface outflow peak 
bromide concentration is a mixed aqueous solution of mac-
ropore outflow with macropore concentration co − cBr-in and 
matrix outflow with matrix concentration c − 0 before t = 3 h 
(see flow modeling results below):

( )o BR out o BR in 0q q c q c q- -+ = + ´  [5]

The sum (qo + q) is the total subsurface outflow rate, which 
has been measured. The qo can, therefore, be obtained by 
solving Eq. [5]:

( ) BR out
o o

BR in

cq q q
c

-

-

= +
 [6]

Assuming relatively uniform moisture distribution, the 
average θo can be determined from the ratio of the macropore 
flux rate and the average linear macropore velocity (vo):

o
o

out o

1
A
q

v
q =

 [7]

where Aout is the surface area (cm2) of the subsurface outflow 
interface. A lower-bound estimate of the average vo (cm d−1) 
in the macropore domain is obtained by considering that the 
bulk of the bromide transport occurs from the soilbox surface 
directly above the subsurface outflow lip to the lip itself, a 
distance of slightly more than 20 cm (see flow modeling results 
below). Dividing that distance by the travel time for the peak 
concentration (∆tBr) we obtain an approximation of vo.

The macropore (unsaturated) effective hydraulic conductivi-
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ty can be obtained from qo and the flow solution of the numeri-
cal model of Eq. [2]: If q′ is the reference outflow rate obtained 
for K′ = 1 cm d−1 (different at different soil slopes), then

o
o

qK K
q

¢=
¢  [8]

The filtration factor in Eq. [4], λo, depends on the local pore 
velocity and generally varies throughout the soilbox due to the 
non-uniform pore velocity conditions, which increase substantially 
in the immediate vicinity of the subsurface outflow lip. Noting that 
the area contributing most to solute transport is the vertical flow 
field region near the lower end of the soilbox, we assume a quasi–
one-dimensional solution with a constant effective filtration factor, 
Λeff20 (dimensionless), that is representative for the total filtration 
in the 20-cm thick soil, Hence, the total reduction of C. parvum 
oocyst concentration due to filtration can be approximated by:

( )Cp out o
eff 20

Cp in o

exp
c q
c q q

-

-

= -L
+  [9]

where the first term on the right-hand side reflects the 
dilution due to mixing of matrix and macropore outflow in 
the captured subsurface outflow sample. Using Eq. [6], we 
obtain from Eq. [9] after rearranging:

Br out

Br in
eff 20

Cp out

Cp in

ln

c
c
c
c

-

-

-

-

æ ö÷ç ÷ç ÷ç ÷ç ÷ç ÷L = ç ÷ç ÷÷ç ÷ç ÷ç ÷çè ø [10]

Statistical Analyses
A linear mixed effect (LME) model (Pinheiro and Bates, 2000) 

was used to quantify the association between the estimated effective 
macroporosity characteristics (dependent variables) and the experi-
mental covariates or independent variables (soil type, bulk density, 
slope, rainfall intensity, and grass maturity). Linear mixed-effects 
regression was chosen as the statistical model due to the fact that 
our data structure included fixed effects (the experimental covari-
ates) and a group or random effect (irrigation trial) in which two 
to four soilboxes were irrigated simultaneously by a rainfall emitter 
to generate the overland- and subsurface flow conditions (Atwill 
et al., 2002). Due to subtle experimental differences between each 
irrigation trial, the dependent data generated from each trial of two 
to four boxes was slightly correlated within trial, requiring that the 
statistical model properly adjust the fixed-effect coefficients and 
their estimated variances for this lack of independence (Pinheiro 
and Bates, 2000). The resulting statistical models provide predic-
tive tools for site-specific macropore flow and C. parvum transport 
properties. We used a forward stepping algorithm to build the 
model, with significance for inclusion of the experimental covari-
ates in the regression model set at P ≤ 0.10.

Logistic regression (Agresti, 2002; Haan, 2002) was used 
to calculate the probability of observing C. parvum in macro-
pore flow as a function of subsurface flow, soil static proper-
ties, and the rate of precipitation. We used a forward stepping 

algorithm to build the model, with significance for inclusion 
of the experimental covariates in the model set at P ≤ 0.10.

Results and Discussion
Matrix Flow and Transport in the Tilted Soilboxes: 
Theoretical Limits

Theoretical pressure head solutions of Eq. [2] subject to the 
tilted soilbox boundary conditions are shown in Fig. 1 for the 5 
and 20% slope. Also shown is the normalized flux field, q K−1, 
obtained from Eq. [1] (indicated as arrows). Neither the pressure 
head, h, nor q K−1 depend on the actual magnitude of K. The 
cross-section indicates that the majority of the subsurface outflow 
is generated by water infiltrating near the lower end of the tilted 
soilboxes. The fastest and most significant flow path is an ap-
proximately straight vertical path from the soilbox surface to the 
subsurface outlet. Due to the continuity in the hydraulic pressure 
distribution, the macropore flow field is thought to effectively 
follow the same pattern as the computed matrix flow field.

From the model, a normalized outflow rate q′ for a unit hy-
draulic conductivity (1 cm d−1) is obtained after integrating across 
the outflow interface (q′ = 31, 32, and 34 mL in 4 h for slopes of 
5, 10, and 20%, respectively). The slope of the tilted soilboxes is 
found to have little effect on the subsurface flow rate. This is con-
sistent with the observation that almost all simulated flow occurs 
near the lower end of the box, where the flow distance through the 
soil and the hydraulic gradient are nearly unchanged at different 
slopes. Estimated saturated matrix flow rates are obtained by multi-
plying q′ with the hydraulic conductivity for the specific soil (in cm 
d−1) because the outflow rate scales linearly with the hydraulic con-
ductivity (Eq. [1]). The specific soil hydraulic conductivities were 
estimated using a soil texture–based transfer function approach 
(Minasny et al., 2004). The mean estimates of K are 0.5, 2.5, and 
5 cm d−1 for the clay silt loam, loam, and sandy loam, respectively 
(Table 1). The estimation is approximate and has a significant mar-
gin of error (± half an order of magnitude, higher for the clay silt 
loam). Hence, the maximum expected subsurface outflow contri-
bution from matrix flow in the soilbox over the 4-h sampling pe-
riod ranges from approximately 15 mL (5–50 mL) in the 5% slope 
Capay silty clay loam soilboxes to approximately 170 mL (50–500 
mL) in the 20% slope Hanford sandy loam soilboxes.

Theoretical concentration profiles at the end of the 4-h ex-
periment and the hypothetical subsurface outlet BTCs are also 
shown in Fig. 1 for three different values of K. These BTCs, 
representing bromide transport in the matrix domain, were 
computed by solving Eq. [4] for the two-dimensional, saturated 
matrix flow system (Fig. 1) with λ = 0 (nonreactive transport). 
The bromide that first arrives at the subsurface outlet originates 
from the soilbox surface directly above the subsurface outflow 
lip just upstream of the surface outflow lip.

In our experiments, the maximum hydraulic conductivity 
(in the range of 2–20 cm d−1) is associated with the sandy loam. 
The theoretical computations show that even for high K values, 
bromide breakthrough from matrix transport is insignificant until 
very late in the 4-h experiment. Consequently, any bromide break-
through before t = 3 h must be attributed to macropore transport.
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Cryptosporidium parvum during transport in porous me-

dia is subject to sorption–desorption, filtration and straining 
(Brush et al., 1999; Harter et al., 2000; Bradford and Bet-
tahar, 2005). Straining (i.e., removal of the oocyst due to 
trapping in pore-throats that are smaller than the diameter of 
the oocyst) is the most significant removal mechanism in po-
rous media with an effective grain size less than approximately 
100 µm to 1 mm (20–200× the oocyst diameter) (McDowell-
Boyer et al., 1986; Bradford et al., 2003). The latter condition 
dominates all three soils tested: although highly non-uniform, 
d10 values for clay and loam are less than 2 µm and for the 
sandy loam are between 2 and 50 µm, well below the strain-
ing threshold. The 10th percentile passing grade, d10, is the 
particle size representing the smallest 10th percentile in the 
grain size distribution and is used as a measure for the effec-
tive grain size with respect to colloid transport. Therefore, C. 
parvum is not expected to be transported through the matrix 
of the packed soilboxes.

Two replicate column experiments were conduct-
ed to ascertain that no C. parvum transport occurred 
through the soil matrix, with each experiment ex-
amining the ability of the three different soil types to 
completely retain C. parvum under saturated, matrix 
flow conditions (i.e., no macropores present; flow 
limited to micropore spaces between soil grains). 
None of the effluent water samples tested from 
either of the columns from each of the three soils 
had detectable levels of C. parvum oocysts, indicat-
ing that this protozoal parasite was removed during 
subsurface transport under matrix flow conditions. 
Hence, the observed C. parvum transport must be 
attributed to macropore flow.

Observed Subsurface Flow and Transport
The total amount of observed subsurface outflow 

over the 4-h soilbox experiment, Qtot, varied from 
less than 10 to over 10,000 mL. The geometric 
mean outflow rate was 672 mL for the entire da-
taset, 249 mL for the low-intensity rainstorm cases 
(Rainstorm 1), and 1954 mL for the high-intensity 
rainstorm (Rainstorm 2). The median percentage of 
total effluent collected from subsurface outflow was 
4%. The subsurface outflow is highly variable and 
log-normally distributed (Fig. 2). The amount of 
subsurface outflow in many experiments is signifi-
cantly larger than the highest estimated matrix out-
flow rate for even the coarsest soil (50–500 mL per 4 
h), which is further indication that macropore flow 
constitutes a significant fraction of the subsurface 
outflow in many of the experiments. The significant 
difference in subsurface outflow between the two 
rainfall events also suggests that the soilboxes were 
not completely saturated, at least not under low-
intensity rainfall conditions. Increasing saturation 
of the macropore domain under the higher rainfall 
rate allowed for a significant increase in infiltration 
and subsurface outflow. At least for the low intensity 

rainfall, the matrix flow rate is, therefore, thought to be much 
lower than the saturated-flow-based upper-bounds stated previ-
ously. These findings substantiate the significant role of macropore 
flow in the experiments and provide justification for the use of the 
inverse modeling procedure described here to estimate macropore 
properties from the subsurface outflow and transport data.

Similar to subsurface outflow, the observed BTCs of bromide 
and C. parvum varied widely in their characteristics. Given the 
bounds determined from the matrix flow and transport model-
ing, we grouped the individual BTCs into two categories: bro-
mide BTCs that indicated significant macropore flow (i.e., with a 
BTC that had a clear increase, saddle, and decrease in concentra-
tion before the completion of the 4-h experiment [BrBTC = 1]) 
and bromide BTCs that did not indicate macropore flow (i.e., 
those with no or relatively small amounts of bromide or those 
with bromide concentrations increasing only very late in the ex-
periment [after t = 3 h, BrBTC = 0]). Similarly, C. parvum BTCs 

Fig. 1. Results from the numerical modeling analysis of matrix flow and transport in the 
soilbox experiments: Distribution of equipotential lines, velocity field, and tracer 
concentration (gray-scale) for three different hydraulic conductivities at 5% slope 
(top left) and 20% slope (top right). Resulting breakthrough curves at the lower right 
hand outflow lip over a 4-h period (bottom). Due to the steady-state conditions, the 
equipotential lines are assumed identical for the matrix and macropore domain. 
Hence, the orientation of the velocity field is representative of both domains.
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were grouped into BTCs that had a distinct saddle or at least a 
continuous, if only relatively flat, breakthrough of C. parvum 
(CpBTC = 1) and experiments with no confirmed detections of 
C. parvum (CpBTC = 0). “Confirmed detections” are defined as 
BTCs with at least three detections at levels significantly above 
the detection limit. Average bromide and C. parvum BTCs for 
each of the two indicator classes are shown in Fig. 3. The mean 
oocyst concentration for CpBTC = 0 is computed from very few 
values of BTCs, with at most two detections at random times. 
For comparison, average surface runoff BTCs, which represent 
the source term for subsurface transport (see Fig. 1), are shown. 
As expected, concentrations of bromide and C. parvum for 
BrBTC = 0 and CpBTC = 0 do not show a breakthrough (ran-
dom low values). For BrBTC = 1 and CpBTC = 1, the average 
BTCs have a significant attenuation in peak concentration rela-
tive to the BTC at the surface of the box, but there is no signifi-
cant delay in the location of the peak time between the surface 
and subsurface BTCs, indicating relatively fast transport through 
the soil macropore space. The total number of oocysts captured 
from subsurface outflow represents a median of 0.2% of the total 
oocysts collected in surface outflow. Overall, the total number of 
oocysts collected in surface and subsurface outflow ranged from 
0.01 to 65% of the initial oocyst load (Atwill et al., 2002).

Estimated (Fitted) Parameters of Macropore Flow  
and Transport

Using the bromide data as input to the simplified inverse solu-
tion of the dual domain flow system, bulk hydraulic properties of 
the soilbox macropore domain (Ko, θo, vo) were obtained for each 
experiment that exhibited significant early bromide breakthrough 
(BrBTC = 1). Net oocyst attenuation (Λeff20) obtained from the C. 
parvum data was computed for those experiments that also had C. 
parvum breakthrough (BrBTC = 1 and CpBTC = 1).

Estimated values of θo, Ko, and Λeff20 of C. parvum vary signifi-
cantly among the individual experiments (Table 2). Water content 
and hydraulic conductivity of the macropore domain are approxi-
mately lognormally distributed. Macropore water content values 
obtained from C. parvum data (CpBTC = 1) are slightly higher 
than, but strongly correlated to, those obtained from bromide data 
(log10θo

Cp = 0.067 + 0.88 log10θo
Br; r2 = 0.80). In contrast, the linear 

pore velocities, vo, obtained from the oocyst and bromide break-
through (both based on first significant arrival) are uncorrelated. 
Linear pore velocities larger than 20 cm per 10 min = 2 cm min−1 
could not be measured (20 cm: shortest possible subsurface travel 
path; 10 min: sample collection interval). In most experiments, ve-
locities are estimated to fall within the three fastest measuring bins: 
0.67, 1, or 2 cm min−1. The lack of resolution at an early time may 
explain the lack of correlation between pore velocities estimated for 
C. parvum and those estimated for bromide.

The simple inverse model to derive macropore properties 
does not always yield physically reasonable results. In 5 of 42 
experiments, the observed linear pore velocity (obtained from 
the travel time of bromide) was on the same order or smaller 
than the observed qo, leading to unreasonably large water con-
tent estimates for the macropore domain. In 6 out of 34 experi-

ments, C. parvum concentrations in the subsurface outflow 
were less diluted (relative to surface runoff concentrations) than 
bromide, leading to negative attenuation factors. In those cases, 
distinct heterogeneous patterns in the hydraulic field of the 
soilboxes may have dominated and are not accounted for by the 
simple conceptual-mathematical model used here.

Predicting Macropore Flow and Transport Parameters 
from Site Conditions: LME Modeling

The LME modeling was used to determine the amount of vari-
ability in Ko, θo, and vo that can be statistically explained by soil 
type, slope, grass height, bulk density, and rainfall intensity. Soil 
type, slope, and grass height are readily measurable site properties, 
often available from maps or field measurement. Rainfall intensity 
controls the amount of water available for infiltration and, hence, 
the saturation of the soil matrix and macropore domain. Bulk den-
sity is a readily measured soil property in watershed studies and has 
been shown to be directly related to macroporosity (e.g., Messing 
et al., 1997; Mori et al., 1999a,b). For the LME modeling, we in-
cluded only those experiments with physically plausible parameter 
estimates (i.e., with 0 < θo < 1 and with Λeff20 ≥ 0).

A significant association was found between macropore prop-
erties (Ko, θo) and bulk density and rainfall intensity (Table 3). 
For example, for each 0.1 g cm−3 increase in bulk density, the 

Fig. 2. Normal probability plot (top) and quantiles (bottom) of 
measured subsurface outflow rates for each of the two rainstorms 
(15 and 40 mm h−1, respectively). Qtot: total outflow volume (mL).
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effective θo decreases by a factor of 0.75 (10−1.256 × 0.1 = 0.75). At 
the high rainfall rate, θo is about 3.7 times larger (100.574 = 3.7) 
compared with θo at the lower rainfall rate. At the lower rainfall 
rate, significant moisture (>2% by volume, θo > 0.02) is found in 
the macropore space only at bulk densities of 1.3 g cm−3 or less, 

whereas the high rainfall rate creates significant macropore mois-
ture at much higher bulk densities (1.7 g cm−3 or less), according 
to this model (Fig. 4a). Similarly, for each 0.1 g cm−3 increase in 
bulk density, the Ko decreases by a factor of 0.81 (10−0.899 × 0.1 = 
0.81). At the higher rainfall rate, the Ko is about 6.5 times larger 

(100.816 = 6.5) compared with Ko at 
the lower rainfall rate (Fig. 4b).

The significantly higher θo at 
the higher rainfall rate is thought 
to be due to increased saturation 
of the macropore domain and 
due to a significant increase in the 
number of macropores partici-
pating in subsurface flow at the 
higher rainfall rate (Shirmoham-
madi et al., 2005). The increase in 
macropore hydraulic conductivity 
at the high rainfall rate is consis-
tent with our conceptual under-
standing of unsaturated hydraulic 
conductivity (Shirmohammadi et 
al., 2005; Hillel, 2004).

Slope did not significantly affect 
the effective macropore domain 
properties, which is consistent with 
the findings from the numerical 
model (Fig. 1). Soil type also did 
not serve as a significant indicator 
of macropore domain properties. 
We found no significant asso-
ciations between the linear pore 
velocity estimates (vo), and abiotic 
factors in the experiment, possibly 
due to poor resolution of pore 
velocity measurements.

Bulk density is a proxy measure 
of total available macropore space 
(θo at saturation), whereas the 
estimated θo represents only the 
amount of active macropore space 
(macropore space participating in 
flow): As bulk density increases, the 
maximum macropore space avail-
able for flow and transport decreas-
es. Bulk density in the ensemble of 
the tilted soilboxes is significantly 
associated with soil type and root 
growth as expressed by grass height 
(Table 4), although a direct associa-
tion between logKo (or logθo) and 
soil type or grass height was not 
found using LME. Bulk density is 
predicted to be highest in the sandy 
loam (less macropore space and 
smaller macropore size) and lowest 
in the clay (more macropore space 

Fig. 3. Bromide breakthrough curves (BrBTC) (top panel) and Cryptosporidium BTC (CpBTC) (bottom 
panel) in surface runoff (first row of each of the two panels) and in subsurface outflow (second row 
of each of the two panels). Left: Mean, minimum, maximum, and 95% confidence interval of the 
mean concentration for experiments with BrBTC = 0 (bromide BTCs) or CpBTC = 0. Right: As on the 
left side, but for BrBTC = 1 and CpBTC = 1, respectively.
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and larger macropore size due to stronger shrinking-swelling). 
Increasing grass height and associated root growth also results in 
lower bulk density (more macropore space). Grass height is directly 
related to root density (Kirkham, 2005), which in turn affects total 
macropore space.

The Λeff20 varies from just above 0 to nearly 2, with an average 
attenuation of 0.6. In other words, the 20-cm-thick soil achieves 
an average attenuation of slightly more than half an order of mag-
nitude. The Λeff20 was found to 
be associated with macropore 
properties obtained from the C. 
parvum BTCs logθo

CP and logKo 
(only experiments with CpBTC 
= 1; Table 5 and Fig. 5). The 
attenuation decreases by 1.03 for 
each order of magnitude increase 
in effective unsaturated Ko and 
increases by 1.13 for each order 
of magnitude increase in effec-
tive θo.

The model suggests that 
higher θo yields larger effective 
attenuation. This is consistent 
with the alternative LME 
model association between at-
tenuation, bulk density, and 
rainfall intensity (Table 3). For 
example, for each 0.1 g cm−3 
decrease in bulk density (and 
by corollary an increase in total 
macropore content), there is an 
associated increase in Λeff20 by 
0.027 at low rainfall intensity 
but a much higher increase of 
0.14 at high rainfall intensity. 
At high bulk densities (1.5–1.7 
g cm−3), the attenuation rate is 
similar between the two rainfall 
intensities. For bulk densities of 
1.5 g cm−3 or less, the attenu-
ation is significantly higher at 
the high rainfall intensity than 

at the low rainfall intensity (Fig. 4e). This pattern is consistent 
with the findings of Atwill et al. (2002) who showed that, given 
a specific subsurface outflow rate, the total amount of nonfiltered 
oocysts was higher at the low rainfall intensity.

The decrease in attenuation with increasing bulk density and 
less attenuation at lower rainfall intensity at lower bulk density is 
surprising at first glance: Higher bulk density is synonymous with 
less macropore volume and lower θo. Common intuition may sug-

Table 2. Descriptive statistics of those parameters that were determined from the simplified inverse solution to dual porosity flow.

Valid N Mean Median Minimum Maximum Lower quartile Upper quartile Variance SD SE

BrBTC = �
Vo

BR 42 �.6�7 �.000 0.�43 4.000 0.500 2.000 �.9�7 �.385 0.2�4
log�0THo

BR 42 −�.�96 −�.252 −2.907 0.63� −2.072 −0.4�2 0.855 0.924 0.�43
log�0Ko 42 �.�50 �.�07 −0.522 2.5�4 0.373 �.906 0.802 0.896 0.�38
CpBTC = �
Aeff20 34 0.578 0.720 −�.869 �.888 0.228 0.939 0.520 0.72� 0.�24
Vo

CP 36 0.883 0.667 0.222 2.000 0.667 �.333 0.�89 0.435 0.072
log�0THo

CP 36 −�.089 −�.055 −3.505 0.330 −�.704 −0.283 0.990 0.995 0.�66
† BrBTC: bromide breakthrough curve quality (exists: �; no breakthrough: 0); CpBTC: C. parvum breakthrough curve quality (exists: �; no breakthrough: 0); 
Vo

BR: macropore velocity (cm min−�) obtained from the bromide BTC; log�0θo
BR: macropore water content (cm3 cm−3) obtained from the bromide BTC; log�0Ko

BR: 
macropore hydraulic conductivity (cm d−�) obtained from the bromide BTC; Λeff20: attenuation coefficient (dimensionless) for oocyst transport (filtration 
factor); Vo

CP: macropore velocity (cm min−�) obtained from the oocyst BTC; log�0θo
CP: macropore water content (cm3 cm−3) obtained from the oocyst BTC.

Table 3. Final linear mixed effects regression models† for abiotic factors associated with macropore 
hydraulic conductivity (cm d−1), macropore water content (cm3 cm−3), and C. parvum effective 
attenuation rate (dimensionless). The maximum absolute standardized within-group residuals for 
these three models are 1.83, 2.05, and 2.87, respectively (see Fig. 4).

Abiotic factors Mean{logKo}‡ (SD)
Regression coefficient for Log{macropore hydraulic 

conductivity}‡ (SE) P value§

Rain storm
 Low intensity¶ 0.65 (0.79) 0.0 (–) –
 High intensity �.33 (0.77) 0.8�6 (0.294) 0.0�7
Bulk density (BD)# �.00 (0.84) −0.899 (0.482) 0.076
Intercept – �.733 (0.606) 0.009

Mean{logθο}‡ (SD) Regression coefficient for Log{macropore water content}‡ (SE) P value§
Rain storm
 Low intensity¶ −�.59 (0.80) 0.0 (–) –
 High intensity −�.20 (0.78) 0.574 (0.304) 0.084
BD# −�.39 (0.80) −�.256 (0.454) 0.0��
Intercept – −0.075 (0.577) 0.90

Mean{Λeff20 }‡ (SD) Regression coefficient for effective attenuation rate‡ (SE) P value§
Rainstorm
 Low intensity¶ 0.72 (0.27) 0.0 (–) –
 High intensity 0.87 (0.47) �.743 (0.766) 0.046
BD# 0.8� (0.40) −0.267 (0.376) 0.49
Rainfall × BD interaction
low intensity×BD¶ – 0.0 (–) –
high intensity×BD – −�.�06 (0.57�) 0.082
Intercept – �.040 (0.470) 0.05�
† Abiotic factors (e.g., soil series, slope, rainfall, bulk density) were modeled as fixed-effects; experiment (�5 
randomized sets of two to four soilboxes per experiment) was modeled as a random effect; outcome variable 
was the decadal logarithm of the macropore hydraulic conductivity (Ko), the decadal logarithm of macropore 
water content (θo), and the effective attenuation rate (Λeff20).
‡ As estimated from the inverse model. To obtain the regression coefficients for logKo and for logθo we considered 
only experiments for which logθo < 0 and for which the bromide breakthrough curve (BTC) existed (37 experiments). 
To obtain the regression coefficients for Λeff20, we considered only experiments for which logθo

CP < 0, for which the 
oocyst BTC existed, and for which Λeff20 not less than zero (24 experiments).
§ P value determined from conditional t test.
¶ Referent category.
# Bulk density: g cm−3 of oven-dried soil.
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gest higher attenuation in the smaller pore space (i.e., larger oocyst 
attenuation at higher bulk density). Lower rainfall rates mean less 
subsurface flow, suggesting more attenuation.

Physico-chemical processes may also explain the observed op-
posite effect: First, the higher pH (6.7) of the sandy loam soil, 
which exhibited the highest bulk density, is less favorable for oocyst 
attachment than the lower pH  of the other two finer-textured soils 
with the lower bulk density (6.0 and 5.5). The reason is that the 
zeta-potential of the oocysts is more negative at higher pH, lead-

ing to less attachment onto soil particles 
(Searcy et al., 2005). Second, and more 
importantly, it has been shown that oocysts 
become attached to the air–water interface 
when pores are unsaturated, thus increas-
ing significantly the retention and retarda-
tion of the oocysts (Darnault et al., 2004; 
Zevi et al., 2005). The overall macropore 
size in the sandy loam soil is likely smaller 
than in the shrink-swell affected loam and 
clay-loam soils. Under variably saturated 
conditions, the smaller macropores of the 
sandy loam soil may become saturated at 
significantly lower water content, provid-
ing less air–water interface area for at-
tenuation than the larger macropores of 
the finer-textured, structured soils. The 
latter remain unsaturated with significant 
air-pockets within the macropore system. 
Third, at the higher rainfall intensity, in-
creased swelling of the structured clayey 
soils may contribute to a significant de-
crease in the available pore space, thus 
effectively increasing the attenuation in the 
lower bulk density soils.

The LME analysis suggests that al-
though the macropores are larger and θo is 
higher in the finer-textured soils with lower 
bulk density, oocysts are more efficiently 
transported in the narrower, less abun-
dant, non-swelling, and more saturated 
macropores (defined as “mesopores” by 
Shirmohammadi et al., 2005) of the less 
acidic and denser sandy loam soils, at least 
under our experimental conditions. Con-
sistent with this hypothesis, we find a weak 
positive correlation between the travel 
time of the oocysts and the amount of 
oocyst attenuation. It seems that the linear 
pore velocities in the macropore space are 
greatly accelerated at the higher bulk den-
sity (lower θo, narrower macropores), lead-
ing to the rapid transport of the oocysts 
through the soilbox. Further research is 
needed to rigorously test these hypotheses.

In summary, the overall consistency 
of these statistical models with funda-
mental principles of soil physics and 

the consistency of the estimated magnitudes in unsaturated θo 
and hydraulic conductivity with field measurements demon-
strate that the simple inverse modeling approach applied here 
provides useful estimates of the upscaled, effective flow and 
transport properties of the macropore space. Furthermore, these 
LME models suggest that the amount of C. parvum attenuation 
in the tested agricultural soils is highly dependent on the distri-
bution of macropore structures and their level of saturation.

Fig. 4. Linear mixed effects (LME) model predictions (left side) for (a) macropore water content, θo 
(cm3 cm−3), (c) macropore hydraulic conductivity, Ko (cm d−1), and (e) oocyst attenuation, Λeff20 
(dimensionless), as a function of bulk density. The LME model predicted values are compared 
with measured (observed) values (right side). Comparing observed and predicted values of the 
three variables, the SEs are 0.67, 0.59, and 0.34, respectively. Further statistical evaluation of the 
LME model is given in Table 3.
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Predicting the Risk of C. parvum Transport from Flow 
and Tracer Observations

Vegetated buffers are widely advocated as a practical and effec-
tive means to reduce the transport of C. parvum from terrestrial 
to aquatic systems. Implicit in this recommendation is that wa-
terborne C. parvum oocysts that infiltrate into the soil profile are 
filtered or otherwise retained before entering shallow groundwater, 
tile drains, or some form of return flow. Substantial amounts of C. 
parvum breakthrough in subsurface flow via macropores suggests 
that shallow groundwater and surface water under the influence of 
return flow are at risk of C. parvum contamination (Svoboda et al., 
1999; De Carvalho et al., 2000; Moulton-Hancock et al., 2000; 
Morris and Foster, 2000; Bicudo and Goyal, 2003). This motivat-
ed us to determine if there are practicable measurements other than 
direct oocyst analysis that may be useful predictors of significant C. 
parvum transport through the soil zone.

The dataset generated from the box experiments yielded 
two indicators associated with the relative magnitude of mac-
ropore flow: the macropore flux ratio (QR′), defined as the 
ratio of the total subsurface flow rate to the estimated mean 
matrix flow rate (at K = 0.5, 2.5, and 5 m d−1 for the three soils, 
respectively) and the occurrence of significant early bromide 
breakthrough in subsurface flow (BrBTC = 1). Because the oc-
currence of C. parvum in the subsurface is intrinsically linked 
to the occurrence of macropore flow, we questioned whether 
these two indicators are capable of predicting the probability of 
significant C. parvum transport through the soil zone.

Significant C. parvum breakthrough (CpBTC = 1) was ob-
served in 37 of 56 experiments, and early bromide breakthrough 
(BrBTC = 1) was observed in 42 of 56 experiments. In nine 
experiments (16%), bromide indicated macropore flow, although 
no C. parvum was detected. In only four experiments (7%), bro-
mide falsely indicated no macropore flow given that C. parvum 
was detected. The conditional probability of significant subsur-
face transport of C. parvum (CpBTC = 1) given that the bromide 
BTC indicated macropore flow (BrBTC = 1) is 78%. Similarly, 
the conditional probability of observing no significant C. parvum 
(CpBTC = 0) given that the bromide BTC did not indicate mac-
ropore flow (BrBTC = 0) is 71%. Therefore, it seems that early 
breakthrough of a conservative tracer under field conditions is a 

strong but not perfect indicator of C. parvum transport, at least 
through relatively shallow soil profiles.

The accuracy of BrBTC as indicator is limited because its clas-
sification based on the bromide BTC is subject to estimating ma-
trix flow rates. This estimation depends on knowing the saturated 
hydraulic conductivity of the soil matrix. The latter is subject 

Table 4. Final linear mixed-effects regression model† for soil series and 
grass height associated with bulk density.

Fixed effects
Mean bulk 

density‡ (SD)
Regression coefficient 
for bulk density‡ (SE) P value§

Soil series
 Silty clay loam§ �.06 (0.23) 0.0 (–) –
 Loam �.25 (0.20) 0.�44 (0.043) 0.00�8
 Sandy loam �.49 (0.�6) 0.444 (0.040)  <0.000�
 Grass height (cm) �.27 (0.27) −0.0�0 (0.003) 0.0037
 Intercept – �.279 (0.09�)  <0.000�
† Grass height and soil type were modeled as fixed-effect; experiment 
(�5 randomized sets of two to four soilboxes per experiment) was 
modeled as a random effect; outcome variable was bulk density.
‡ Bulk density (g cm−3) obtained from measurements at each of  
56 experiments.
§ P value determined from a conditional t test.

Table 5. Final linear mixed-effects regression models† for macropore 
properties obtained from inverse modeling associated with C. 
parvum effective attenuation rate.

Macropore properties
Regression coefficient 

for Λeff20‡ (SE) P value§

logKo −�.032 (0.256) 0.0024
logθo

CP �.�38 (0.265) 0.00�6
Intercept 3.230 (0.576) 0.0002
† Macropore properties were modeled as fixed-effects; experiment (�5 
randomized sets of two to four soilboxes per experiment) was modeled 
as a random effect; outcome variable was Λeff20.
‡ Λeff20 obtained from inverse model applied to each experiment. 
To obtain the regression coefficients for Λeff20, we considered only 
experiments for which logθo

CP < 0 and for which the oocyst breakthrough 
curve (BTC) existed (24 experiments). See Fig. 5b for model validation, 
and see Table 2 for definition of variables. Ko: macropore hydraulic 
conductivity. θo

CP: macropore water content obtained from oocyst BTC.
§ P value determined from a conditional t test.

Fig. 5. Linear mixed effects (LME) model predicted oocyst attenuation, 
Λeff20 (dimensionless), as a function of macropore water content, 
θo (cm3 cm−3), and macropore hydraulic conductivity, Ko (cm d−1). 
Higher Ko leads to less attenuation (top). Predicted values are 
compared with measured values (bottom), yielding a SE of 0.32. 
Further statistical evaluation of the LME model is given in Table 5.
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to spatial variability (between and within soilboxes) and hence 
uncertainty. Also, estimating matrix flow based on saturated hy-
draulic conductivity provides only an upper bound (maximum 
possible rate) for matrix flow and only a conservative estimate 
of the earliest expected bromide arrival. Hence, classification of 
BrBTC = 1 indicates a high likelihood of macropore flow (matrix 
transport cannot explain the early observed BTC), but BrBTC 
= 0 does not necessarily indicate a low likelihood of macropore 
flow; it only indicates an absence of fast macropore flow.

The association between CpBTC (a binary indicator) and the 
measured outflow rate, expressed as QR′ (a continuous variable), 
was investigated using logistic regression (e.g., Agresti, 2002; 
Haan, 2002). We found that the probability of macropore flow 
with C. parvum oocysts, p(CpBTC = 1), was significantly associ-
ated with QR′ at each of the two rainfall intensities (Fig. 6). The 
logistic regression indicates that the probability of significant 
oocyst transport through the soil root zone is 58 and 81% during 
low rainfall (15 mm h−1) and 81 and 90% during high rainfall 

(40 mm h−1) at QR′ of 10 and 100, respectively. In contrast, 
when subsurface outflow rates are equal to the expected saturated 
matrix flow rate (QR′ = 1), the probability that macropore flow 
contains C. parvum oocysts is less (32% for low rainfall and 67% 
for high rainfall). More importantly, the logistic regression model 
suggests that the likelihood of macropore flow with oocysts re-
duces to insignificant levels (<5%) only when QR′ <  < 1% (i.e., 
only at very low rainfall and infiltration rates).

Application to Watershed Risk Assessment
Wild and domestic mammalian species have been shown to 

shed in excess of 106 oocysts per individual per day during the 
course of an infection (Kuchzynska and Shelton, 1999; Uga et al., 
2000; Atwill et al., 2001). As a result, at the source, oocysts are 
released from manure into the aqueous solution of soil recharge or 
runoff at concentrations of 102 to 103 oocysts mL−1 (Bradford and 
Schijven, 2002). On the other hand, in humans, the 50% infec-
tious dose of livestock-derived C. parvum ranges from 10 to 1000 
oocysts (Okhuysen et al., 1999). Considering a typical human 
consumption of 2 L d−1 and a safety/error factor of 300 to 1000, 
which is typically used for public health standards, a safe water 
supply is considered to have less than 10−5 oocysts mL−1 (<1 oocyst 
in 100 L). Hence, any buffers between the manure source and the 
drinking water source must provide an attenuation of at least eight 
orders of magnitude. In regions with a surficial coarse sand or grav-
elly aquifer or with a surficial fractured bedrock aquifer, the overly-
ing soil is effectively the main buffer between the oocyst source 
and the drinking water supply well. To determine how much soil 
thickness is needed to provide the necessary buffering capacity, we 
use the LME model of oocyst attenuation, Λeff20 (Table 3, Fig. 4c) 
to compute the soil thickness, Z, needed to obtain 8 orders of mag-
nitude in oocyst attenuation:

Z [m] = (8/Λeff20) × 0.2 [m]   [11]

With Eq. [11], it can be shown that soil thicknesses on the order 
of 2 to 5 m are required across a wide range of bulk density to 
effectively remove oocysts before recharge into groundwater, 
discharge to surface water, or discharge into tile drains (Fig. 
7), even at high-intensity rainfall rates (which seem to be more 
effective here in removing oocysts; see discussion above). For tile 
drains, which are typically placed at depths of 1 to 2 m, most 
soils may therefore provide inadequate protection for C. parvum 
transmission to the tile drain line. In vegetative buffer strips, the 
soil pathway on hillslopes underneath vegetative buffer strips 
provides somewhat more protection than the overland flow 
route, which requires a distance of at least 3 to 10 m for safe 
removal of oocysts (Fig. 3–5 in Atwill et al., 2002).

In most of the temperate-climate USA, upland and hillslope 
soils have thicknesses of 0.3 to 2 m and rarely exceed 3 m. By 
extension of the above analysis, it is, therefore, not unreasonable 
to argue that, in general, domestic and public water supplies that 
draw groundwater from surficial fractured, karstic, or gravelly aqui-
fers are at risk for C. parvum contamination if some of the pumped 
water is sufficiently young to allow C. parvum oocysts to remain 
infective. Potentially vulnerable areas include extensive regions in 

Fig. 6. Logistic regression model showing the risk for oocyst contamination 
at the 20-cm depth as a function of the ratio of actual subsurface 
outflow to maximum matrix domain outflow rate.

Fig. 7. Soil thickness needed to achieve at least eight orders of 
magnitude oocyst attenuation. The necessary thickness 
increases with soil bulk density. At the experimental settings, 
more soil thickness is needed for protection in low intensity 
precipitation than in high intensity precipitation.
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the mountainous Western USA, in the Appalachian System, in the 
karstic regions of the Southern and Southeastern United States, 
and in the formerly glaciated Midwest. Figure 8 shows areas in 
California with a depth to bedrock of less than 1.52 m (60 inches). 
Areas vulnerable for C. parvum contamination include most of the 
mountainous areas of California, which typically overlay fractured 
bedrock often tapped by shallow domestic and small community 
supply wells. Although such an extension of our laboratory based 
results must be viewed with caution, it is consistent with watershed 
studies (e.g., Amirtharajah et al., 2002) and with the significant 
amount of groundwater samples that have been found contaminat-
ed with oocysts, not only in the USA but also in Europe (Lisle and 
Rose, 1995; Hancock et al., 1998; Moulton-Hancock et al., 2000; 
Svoboda et al., 1999). Field reconnaissance supports our findings 
that fractured and dual porosity aquifers, shallow groundwater, and 
springs are particularly vulnerable to Cryptosporidium contamina-
tion because soil cover is insufficiently thick for complete removal 
while it acts as the main attenuation factor (Hancock et al., 1998; 
Morris and Foster, 2000; Svoboda et al., 1999).

Our results further indicate that aquifers with thick overly-
ing unsaturated zones that contain at least 5 m of loamy sand 
to loamy clay materials seem to be sufficiently protected from 
C. parvum contamination. Primarily alluvial aquifers with 
water table depths of 5 to 10 m or more in, for example, the 
central, southwestern, and western USA are, therefore, less 
vulnerable to C. parvum contamination (e.g., areas in white 
in Fig. 8). This is consistent with field reconnaissance of C. 
parvum oocysts (e.g., Hancock et al., 1998).

Conclusions
A physically based simple conceptual model of flow and 

transport in soilbox experiments demonstrates that macropores 
significantly contribute to soil water flow and the transport of C. 
parvum oocysts. Although oocysts are too large to be transported 
in the matrix pore space of soils with significant (>10%) fraction 
of silts and clays, the macropore network in a wide range of soils 
is sufficiently well developed to transport measurable amounts 
of oocysts into the subsurface. Understanding macropore flow 
in soils is therefore critical to assessing the environmental risk of 
oocyst transport, especially given the very low infectious dose of 
C. parvum needed to initiate human cryptosporidiosis.

This article begins the process of identifying readily measured 
properties that signal an elevated risk of excessive subsurface 
transport of pathogens like C. parvum. Linear mixed estima-
tion models serve to estimate upscaled macropore properties 
(hydraulic conductivity, saturation, oocyst attenuation) from 
readily available soil properties (bulk density) and climate data 
(rainfall intensity). These can be applied in an upscaled flow and 
transport model (Eq. [2]–[4]) that may serve as a risk assessment 
tool. Where direct observation of conservative tracer transport 
indicates significant macropore flow, a 6 to 90% chance exists 
that oocysts are transported across a 20-cm-thick soil horizon. 
Even where macropore flow contributes only a fraction of the 
total flow, a significant and quantifiable risk for oocyst transport 
exists. Soils with thicknesses of less than 2 to 3 m are shown to 

potentially transmit infectious doses of C. parvum oocysts into 
groundwater supplies. Hence, gravelly, karstic, and fractured rock 
aquifers may be vulnerable to C. parvum contamination across 
large regions of the USA. More field research is needed to ascer-
tain these field-scale projections of our laboratory findings.
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