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Increasing amounts of livestock manure are being applied to agricultural soil, but it is unknown to what
extent this may be associated with contamination of aquatic recipients and groundwater if microorganisms are
transported through the soil under natural weather conditions. The objective of this study was therefore to
evaluate how injection and surface application of pig slurry on intact sandy clay loam soil cores influenced the
leaching of Salmonella enterica serovar Typhimurium bacteriophage 28B, Escherichia coli, and Cryptosporidium
parvum oocysts. All three microbial tracers were detected in the leachate on day 1, and the highest relative
concentration was detected on the fourth day (0.1 pore volume). Although the concentration of the phage 28B
declined over time, the phage was still found in leachate at day 148. C. parvum oocysts and chloride had an
additional rise in the relative concentration at a 0.5 pore volume, corresponding to the exchange of the total
pore volume. The leaching of E. coli was delayed compared with that of the added microbial tracers, indicating
a stronger attachment to slurry particles, but E. coli could be detected up to 3 months. Significantly enhanced
leaching of phage 28B and oocysts by the injection method was seen, whereas leaching of the indigenous E. coli
was not affected by the application method. Preferential flow was the primary transport vehicle, and the
diameter of the fractures in the intact soil cores facilitated transport of all sizes of microbial tracers under
natural weather conditions.

Livestock production is increasing worldwide (28), and so is
the volume of manure applied to agricultural soil. Fertilization
of agricultural land with livestock waste can lead to fecal con-
tamination of waterways through surface water runoff, drain-
age systems, and groundwater if microorganisms are trans-
ported through the soil to groundwater reservoirs (23, 53).
Groundwater contamination by microorganisms of fecal origin
has been reported over many years (1, 77), and waterborne
disease outbreaks have been associated with zoonotic patho-
gens like Cryptosporidium (29), Escherichia coli O157:H7, and
Campylobacter (52, 76), as well as norovirus (12). However,
little documentation is available to what extent such contami-
nation was caused by actual transport of pathogens through
soil or fecal contamination through boreholes, intruding sur-
face water, etc. Knowledge on transport of bio-colloids (e.g.,
viruses, bacteria, and protozoa) through soil is therefore im-
portant when groundwater supplies are to be protected from
contamination with pathogenic microorganisms. Colloids in
the subsurface are characterized as mobile abiotic or biotic

particles with a diameter less than 10 �m and that possess an
electric charge on their surfaces (56).

Livestock waste contains a variety of zoonotic pathogens,
including Salmonella, Campylobacter, pathogenic E. coli, en-
teric viruses, and protozoan parasites (50, 53). Livestock waste
is typically applied by injection or surface application on agri-
cultural fields, and the application method may affect transport
and survival of pathogens in soil (17, 35). Application of the
livestock wastes on the soil surface exposes pathogens to des-
iccation and UV light, hereby reducing the concentration of
fecal microorganisms before the livestock waste is incorpo-
rated into the soil, whereas injection directly into the soil
protects the microorganisms against these factors and there-
fore potentially increases the survival of pathogens (40). How-
ever, the survival of pathogens in soil depends on many pa-
rameters, such as temperature, moisture, pH, soil composition,
and competition from indigenous microflora (2, 53). E. coli in
manure and slurry-amended soil kept at 16°C was estimated to
survive for 14 to 27 days in a greenhouse (72), whereas Avery
et al. (8) detected E. coli for 162 days in soil samples contam-
inated with livestock feces collected from an outdoor pen ex-
posed to natural weather conditions during winter and spring.
Survival of E. coli has been reported for at least 40 days in
drainage water and feces-amended drainage water (64).
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Leaching of E. coli from manure-applied intact silt loam soil
cores was estimated to continue up to 28 days (31), whereas E.
coli was still recovered after 100 days in drainage water from a
clay loam field fertilized with slurry (57). The viability of pro-
tozoan parasites (e.g., Cryptosporidium parvum oocysts) in lea-
chate after passage through soil is limited. Viable oocysts have
been detected in water at 4°C for more than 42 days (14), and
in soil chambers, approximately 60% of the oocysts were still
viable after 156 days (42). Poliovirus, echovirus, and hepatitis
A virus seeded in groundwater showed little inactivation of any
of the viruses at 5°C over 8 weeks (75). Gordon and Toze (32)
found coxsackievirus survived in unfiltered groundwater at
15°C for at least 35 days. During a normal Danish winter,
coxsackievirus was detectable for 23 weeks in soil samples
taken from lysimeters amended with sludge (26). During these
23 weeks, air temperatures between �12°C and 26°C were
recorded.

Preferential water movement (e.g., through root channels,
earthworm channels, and naturally occurring cracks) is proba-
bly the primary route for rapid transport of microorganisms
through soil (6, 59, 81). Increased transport of microorganisms
has been observed in soil with high clay content because water
flow in clay-rich soils is usually concentrated in the fractures (3,
11). The ability of microorganisms of different sizes (e.g., vi-
ruses, bacteria, or protozoan parasites) to travel quickly
through soil fractures has been recognized. Carlander et al.
(15) observed a rapid transport of Salmonella bacteriophage
28B in clay soils, with breakthrough (i.e., from the time of
application to the detection in the leachate) at a depth of 1.2 m
after 2 to 24 h, probably due to the presence of macropores
and bypass flow. Salmonella enterica serovar Typhimurium was
detected in leachate from intact clay monoliths 24 h after
manure application (9), and fecal coliforms originating from
dairy shed effluent readily penetrated through 700-mm-deep
soil columns within 2 days (43). C. parvum oocysts applied to
soil blocks that were subsequently irrigated with artificial rain-
water on alternate days were transported within a silty loam
soil and detected for up to 9 days in leachate, whereas the
oocysts added to clay loam soil blocks could be detected over
21 days in the leachate (54). There is a need to determine the
relative leaching potential of microorganisms of different sizes
in fractured soil (24, 82) as the infective doses of viruses (one
virus particle) and protozoan parasites (ten infective oocysts)
are low compared to those of many pathogenic bacteria (27,
47, 80). Leaching of small amounts of pathogenic bacteria
would therefore not constitute as great a risk for the public
health as would small amounts of virus particles and oocysts of
protozoan parasites.

Microbial transport in intact soils has been studied under
simulated rain conditions (58, 59, 65) or with a combination of
rainfall and irrigation (43, 44), whereas little information is
available about microbial transport under natural climate con-
ditions (57, 62). Studies have shown that leaching of bio-col-
loids such as E. coli is strongly influenced by soil wetness
conditions at the time of animal slurry application as well as
the time between slurry application and rainfall occurring after
spreading: i.e., the wetter the soil, the higher the leaching of
bacteria (43, 57). Correspondently, a significant leaching of
bacteriophage PRD1 has been observed in connection with
rainfall (62).

The main objective of this study was to evaluate how injec-
tion and surface application of pig slurry on intact sandy clay
loam soil cores influenced the leaching of Salmonella Typhi-
murium bacteriophage 28B (phage 28B), E. coli, and C. par-
vum oocysts under natural weather conditions. Differences in
the leaching of the different sized microbial tracers were de-
termined, as were the breakthrough and survival time for the
tracers in the leachate.

MATERIALS AND METHODS

Soil core excavation. The soil cores were excavated from the field site Slaeg-
gerup, near the city of Roskilde, Denmark, as described by Bech et al. (10).
Briefly, the soil cores were randomly taken within a square of 4 m by 16 m.
Fifteen soil cores were collected from the Ap horizon by applying steady-state
weight pressure on the top of stainless steel cylinders (15 cm in diameter, 30 cm
in height). The steel cylinder was carefully excavated, and the soil core height in
the cylinder ranged from 22 cm to 29 cm. The variance in height was due to
difficulties in collecting the soil cores. No attempt was made to adjust the soil
cores to equal heights in order to avoid the risk of destroying the soil structure
or creating a void between the soil core and steel cylinder. The soil is a sandy clay
loam (20.1% clay, 19.9% silt, 57.6% sand, and 2.4% organic matter) from glacier
deposit classified as Typic Argiudoll with a porosity of 0.37 cm3 cm�3 (49). One
pore volume is the amount of space in the soil core occupied by soil pores or
fractures. The pore volume for each soil core was determined as the porosity
multiplied by the total volume of soil, taking into account the differences in
height of the soil cores. A single soil core was destroyed, and the soil revealed no
indigenous bacteriophages capable of lysing the Salmonella Typhimurium type 5
host strain. Similarly, E. coli and C. parvum oocysts were not detected.

Experimental setup of soil cores. Soil cores were prepared 2 days before the
start of the experiment. The lower 2 cm of soil was replaced with acid-washed
filter sand (2 to 3 mm), and an acid-proof steel net was placed at the bottom of
each soil core. A total of 14 soil cores were placed randomly in a multicolumn
lysimeter together with an additional steel cylinder that contained 2 cm of
acid-washed sand. The soil cores were positioned as three rows each containing
five soil cores, and the distance between the soil cores was 9 cm. The multicol-
umn lysimeter was placed outdoor on a roof and therefore exposed to natural
variations in temperature and precipitation. A 0.7-m PVC tube was connected to
each soil core to give hydraulic suction. The tubes were attached to sterile glass
bottles placed in a refrigerator (5°C). The soil cores were equilibrated with tap
water to field capacity the day before slurry application. Natural precipitation
was the only water applied, except on day 3, when 5 mm distilled water was added
to each soil core. The experiment was conducted during the cold season from 31
October 2006 to 28 March 2007. On-site daily logging of precipitation (Fig. 1)
and temperature (Fig. 2) data was performed by a TGPR-1201 data logger
(Germini, Chichester, United Kingdom) connected to a Rain-O-Matic Profes-
sional gauge (Pronamic, Silkeborg, Denmark) and a TGP-4520 with two PT-100
temperature probes for measuring aerial and refrigerator temperatures, respec-
tively.

Preparation of pig slurry. Pig slurry used in the study was collected from a
manure storage tank at a pig farm. Initial analyses of the pig slurry showed no
indigenous Cryptosporidium oocysts or phages present that could infect the bac-
terial host strain (Salmonella Typhimurium type 5). The concentration of
indigenous E. coli in the slurry was 9.7 � 104 CFU ml�1. The chloride concen-
tration in the pig slurry was initially measured to 28 ppm before additional
chloride was added as a tracer. A slurry mixture was prepared for each of the 10
soil cores. Approximately 44 ml of slurry with 8.8% dry matter content was
inoculated with phage 28B (48) and C. parvum oocysts. C. parvum oocysts were
isolated from a dead calf. The final concentrations of the phage 28B and C.
parvum oocysts in the pig slurry were 1.8 � 109 PFU ml�1 and 4.0 � 104 oocysts
ml�1, respectively. In addition, chloride was added to the slurry sample as a
chemical tracer with a final concentration of 3.14 mg Cl� ml�1. On five replicate
soil cores (SA-1 to SA-5), the slurry mixture was applied to the soil surface. To
simulate the injection of slurry as applied by farmers, a triangle trench (length,
8 cm; width, 5 cm; depth, 8 cm) was made in five replicate soil cores (IA-1 to
IA-5). The thickness of the slurry layer in the triangle trench was approximately
4 cm immediately after slurry application. Three soil cores used as controls (C-1
to C-3) were spiked with 44 ml distilled water with chloride added. One soil core
and the steel cylinder with 2 cm of sand were left untouched.

Sample collection. Leachate was collected in 500-ml sterile glass bottles. Back-
ground levels of phage 28B, C. parvum oocysts, and E. coli in leachate collected
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at the end of the equilibration period (day 0) were below the detection level of
1 PFU ml�1, 1 CFU ml�1, and 1 oocyst per 50 ml, respectively. The chloride
concentration in this leachate was 10.4 ppm. Leachate was analyzed on days 1, 4,
6, 9, 13, 20, 26, 36, 49, 72, 106, and 148, totaling 12 sampling times. The days of
analysis were chosen during the study when sufficient volumes of leachate were
available for the microbial and chemical tracer analyses. A new sterile glass
bottle was connected to the PVC tube at each day of analysis and left to collect
leachate until the next sampling day. (For example, leachate samples consisted of
all percolated water from the soil cores between two successive sampling times.)
The leaching periods for microorganisms in intact soil cores were 148 days for
phage 28B and E. coli and 36 days for chloride. At day 36, approximately 90% of
the chloride had leached, and the analysis therefore ended. Due to sudden
changes in trained laboratory staff, concentrations of C. parvum oocysts in lea-
chate were only analyzed during the first 20 days, and viability testing was done
on days 1, 4, and 6.

Preparation and enumeration of microbial and chemical tracers. The phage
28B was used in the study as a model for virus transport as bacteriophages have
been suggested as model organisms to predict human enteric viral behaviors and
risks for their environmental transmission (37). Phage 28B has a documented
resistance toward high temperatures, changes in pH, and high NH3 levels and has
not been reported to occur naturally in the environment nor in fecal material
(39). Propagation of phage 28B was done according to Höglund et al. (39). Slurry
and leachate samples were 10-fold serially diluted in maximum recovery diluent
(MRD) (Oxoid, Hampshire, United Kingdom) before phage 28B was enumer-
ated by a double-agar layer method (4). Samples of 10 g of soil were added to 90
ml MRD and treated in an ultrasound bath (Struers, Copenhagen, Denmark) for
30 s to remove microorganisms from the surface of the soil particles. The soil
solution was subsequently serially diluted before enumeration. The host strain S.
Typhimurium type 5 was grown in nutrient broth at 37°C for 4 h. From the
10-fold-diluted samples, 1 ml was taken and mixed with 1 ml of broth culture of

FIG. 1. Accumulated leachate from soil cores with pig slurry applied to the surface or by injection and daily precipitation during the study
period.

FIG. 2. Air temperature variation during the study period.
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the host strain and 3 ml of soft agar consisting of 70% blood agar base (Oxoid)
and 30% nutrient broth (Oxoid). The mixture was spread on a well-dried blood
agar base plate (Oxoid), which was incubated at 37°C for 18 h. For each diluted
sample, the analysis was done in triplicate. Clear zones (plaques measured in
PFU) were counted. When a high level of bacterial background flora was ex-
pected (mainly at the lower dilutions), the samples were filtered through 0.45-
�m-pore-size filters before being mixed with the soft agar.

E. coli in slurry, soil, and leachate was enumerated on Brilliance E. coli/
coliform selective agar (Oxoid), where colonies appear as typical indigo blue
colonies after incubation at 37°C for 21 � 3 h. Samples of 10 g of soil was treated
in an ultrasound bath as described for phage 28B. Soil solution, slurry, and
leachate were serially diluted in MRD and enumerated for viable E. coli.

C. parvum oocysts were isolated from fecal material of a dead calf by the
method described by Maddox-Hyttel et al. (50). Slurry and soil samples were
analyzed correspondently. Briefly, 1.1-g sample was added to 11 ml 0.01% Tween
20 (Sigma), mixed and left standing for 5 min for sedimentation of large particles.
Ten milliliters of the supernatant was transferred to 40 ml sucrose solution
(density, 0.001 g ml�1) and centrifuged for 10 min at 350 � g. The top 20 ml was
mixed with 30 ml distilled water and centrifuged at 1,550 � g for 10 min. The
supernatant was removed leaving 2 ml. The oocysts were further concentrated by
immunomagnetic separation using Dynabeads GC-Combo kit (Genera Technol-
ogies, Newmarket, United Kingdom). The concentration and viability of isolated
oocysts were determined by adding fluorescein isothiocyanate (FITC)-conju-
gated anti-Cryptosporidium monoclonal antibody (Cellabs Pty. Ltd., Australia)
and 4�,6�-diamidino-2-phenylindole–propidium iodide (DAPI-PI) (Sigma-Al-
drich, Denmark), respectively. The stained oocysts were visualized in a fluores-
cence microscope. Oocysts to be used in the soil core study were further treated
with 70% ethanol for 10 min, washed three times in distilled water, and distrib-
uted in 10 Eppendorf tubes each containing 2.2 � 106 oocysts. Approximately 50
ml of leachate was analyzed for oocysts at each sampling time. Concentration of
the leachate was done by centrifugation at 3,000 � g for 15 min, carefully
removing the supernatant, leaving approximately 2 ml in the tube. The concen-
tration and viability of oocysts in the reduced leachate sample were determined
by FITC and DAPI/PI staining.

Chloride concentration in slurry and leachate was determined by ion chroma-
tography (Dionex LC20).

Size determination of E. coli cells. Analysis of microscope images of E. coli
cells was carried out to characterize the variability in size within a population of
cells obtained from a pure culture of E. coli originally isolated from the pig slurry
used in this study. The E. coli cells were grown on a blood agar plate (Blood Agar
Base [Oxoid] with 5% calf blood added) at 37°C for 24 h prior to size determi-
nation. Cells were mounted on a microscope slide suspended in MRD at pH 7.0.
The size of E. coli cells was determined by analyzing digital images taken in an
inverted fluorescence microscope (Zeiss Axioplan2; Germany) operating in
phase contrast mode at 1,000� using a DFC340 FX camera (Leica, Germany).
The image processing program, ImageJ 1.43 (20), was used to determine the
length and diameter of at least 50 cells. A micrometer (2 mm, interval of 0.01
mm; Leica) converted the number of pixels to length in �m. The size of the E.
coli cells would represents a maximum size due to the optimal growth conditions.

Statistical methods. This study is based upon repeated measurements of the
same 10 soil cores for a period of 148 days. On day 0, soil cores received pig slurry
containing phage 28B, C. parvum oocysts, E. coli, and chloride either applied on
the surface (n � 5) or injected (n � 5). The response variable for the study
(outcome) was the relative concentration (C/C0) of the microbial and chemical
tracers. Here C is the concentration of the tracer in leachate detected at a
sampling time and C0 is the concentration of the tracer applied to the slurry
sample at the start of the study. The normal distribution of the log-transformed
relative concentrations was validated by quantile-quantile plots, and variance
homogeneity was validated by residual plots. A model for repeated measurement
was selected as results from the same soil cores tend to be positively correlated
and that independence between results should not be assumed. Soil cores were
set as a random factor. The percentage of soil core variation was used to estimate
how large the variation between soil cores was compared to the total variation.
If this variation was high, then there would be a large difference between the soil
cores.

A statistical analysis of the significance of microbial and chemical tracers and
application methods on recovery rate, average run-through time, and removal
rate of the tracers was done by analysis of covariance with square root transfor-
mation for normalization. The square root transformation was selected based on
validation by quantile-quantile and residual plots.

Linear regression analysis was used to find the best-fit slope (i.e., inactivation
rate for the phage 28B). Linearity of the inactivation rate was tested within soil
cores for each application method as well as between the two application meth-

ods. The relative concentration of the phage was normalized by a square root
transformation. The soil core was set as a factor, and day and application method
were covariates in the model.

All statistical analyses were done in SAS, version 9.2 (SAS Institute, Inc.,
Cary, NC).

RESULTS

Climate conditions. A total of 300-mm rain was measured
during the 5-month study period (Fig. 1). Rain intensity was
highest during the first 20 days of the experiment and in Jan-
uary 2007 with 52% of the water received during these periods.
The temperature showed high variations ranging from �14°C
during the last part of January to 21°C at the end of the study
period (Fig. 2). The mean temperature during the study period
was 5°C. On average, a total of 65% of the precipitation
leached through soil cores treated by surface application of the
slurry, which was similar to soil cores with slurry injected,
where 60% of the rainwater was recovered. Some variation was
observed in the amount of water leaching through the soil
cores as the pore volume was replaced between 1.2 to 2.6 times
after 148 days (Fig. 3).

Sizes of microbial tracers. The E. coli cells originally iso-
lated from the pig slurry used in this present study were rod
shaped, with a mean length of 2.3 �m and mean diameter of
0.9 �m. C. parvum oocysts are spherical, with a mean diameter
of 4.9 �m (60), and phage 28B is a double-stranded DNA
bacteriophage with a diameter of 60 nm (39). The three mi-
crobial tracers used therefore represent organisms with differ-
ent sizes.

Leaching of chloride. The leaching of chloride from the soil
cores is shown on a linear concentration scale versus the num-
ber of pore volumes passed through the soil cores (Fig. 3). A
small increase in the concentration of chloride was detected on
day 4, while the highest relative concentration was found on
day 13, corresponding to approximately 0.5 pore volume.
Therefore, leaching of chloride showed both fast transport
through macropores as well as transport following the ex-
change of water in the soil cores. The detection of chloride
already at 0.5 pore volume indicated heterogeneity of pore
sizes within the soil cores and also that chloride was trans-
ported in the smaller pores. The tailing of the breakthrough
curve (BTC) showed that zones of immobile water were pres-
ent in the soil cores and exchange of chloride by diffusion was
taking place. The maximum concentration of chloride in lea-
chate varied between 0.086 mg ml�1 and 0.25 mg ml�1, which
implies that chloride was diluted 11 to 35 times by the rainwa-
ter. Chloride was measured in the leachate for 36 days, and
during this period, 51% to 90% of the chloride was recovered.
A significant difference in leachate of chloride was seen be-
tween injected and surface-applied slurry (P � 0.0034). The
largest amount of chloride leached through soil cores where
slurry was applied through injection. Variation in chloride
leaching could not be attributed to variation between soil cores
(0%).

Leaching of phage 28B. Phage 28B leaching was expressed in
the breakthrough curve (BTC) as the logarithmic relative con-
centration log10 (C/C0) versus the number of replaced pore
volumes (Fig. 3). Phage 28B was detected in the first leachate
sample with both application techniques. The average maxi-
mum concentrations (Cmax � standard deviation [SD]) of

8132 FORSLUND ET AL. APPL. ENVIRON. MICROBIOL.



leached phage 28B for injected and surface applications were
9.4 � 107 � 6.4 � 107 PFU ml�1 and 6.3 � 107 � 2.6 � 107

PFU ml�1, respectively. Cmax was found on day 4 to corre-
spond to 0.1 pore volume. Slurry-injected soil cores leached

significantly more phage 28B than soil cores with slurry applied
to the surface during the study (P � 0.0055). Phage 28B
leached from one of the five control soil cores. In this partic-
ular soil core, phage 28B was detected on the first day at a

FIG. 3. Breakthrough curves of Salmonella bacteriophage 28B, E. coli, C. parvum oocysts, and chloride for surface (SA) and injection application (IA)
of slurry shown relative to the volume of pore water leached. C is the concentration of tracer in leachate, and C0 is the concentration of tracers in slurry
added to the soil cores. In leachate samples, where the tracer concentration was below the detection limit, the value was set at �8.
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concentration of 2.8 � 104 PFU ml�1 with a rapid decline in
concentration found during the following sampling times.
Phage 28B showed a rapid breakthrough at a pore volume less
than 0.1, indicating primarily macropore flow during the first 4
days. A long tailing of the BTC demonstrated inactivation and
slow detachment of the phage from manure and soil particles.
The inactivation rate of the phage, �s, was expressed as the
slope of the tail in the BTC from day 36 to day 148 (Fig. 3). The
inactivation rate of the phage was not significantly different
within soil cores with slurry applied to the surface (P � 0.79)
as well as within the five slurry-injected soil cores (P � 0.42).
Thus, our data do not indicate any difference in the inactiva-
tion rate of the phage within soil cores that received slurry by
the same application method. In addition, the inactivation rate
was not affected by application method (P � 0.26). The inac-
tivation rate for phage 28B in soil was estimated to 0.016 day�1

for both soil cores with the slurry surface applied and those
with the slurry injected.

A variance in the leaching pattern of phage 28B was found
between the soil cores (39%), indicating that the phage was to
some extent affected by the natural heterogeneity within the
soil cores as the other, larger, microbial tracers. After 148 days,
it was still possible to detect the phage 28B at a concentration
of approximately 100 PFU ml�1. The total recovery of phage
28B in leachate ranged from 4% to 38% after 148 days (Fig. 4).

Leaching of E. coli. Indigenous E. coli in slurry leached
through the soil cores with some variation (7%) between soil
cores. E. coli leached at approximately 0.1 pore volume and
were detected sporadic at larger pore volumes from three soil
cores with surface and injected slurry, respectively. One soil
core showed no leaching of E. coli, and another soil core
leached E. coli at approximately 0.6 pore volume (Fig. 3). After
106 days, E. coli could no longer be detected in the leachate,
and it was not detected in the leachate from the control soil
cores. The two slurry application methods were not associated
with any significant difference in the leaching of E. coli (P �
0.85). The recovery rates of E. coli in the leachate from soil

cores with the slurry injected and surface applied were 0.1%
and 0.06%, respectively (Fig. 4).

Recovery of C. parvum oocysts. Similar to E. coli, C. parvum
oocysts leached from the soil cores at approximately 0.1 pore
volume but high variation (73%) was seen in the leaching of
oocyst between soil cores (Fig. 3). From nine soil cores, a
second breakthrough of oocysts was found at 0.3 to 0.6 pore
volume, whereas one soil core retained all oocysts (IA-5; Fig.
3). Significantly more oocysts leached from slurry-injected soil
cores (P � 0.037) with 10 times more oocysts recovered from
injected slurry (0.05%) than from surface-applied slurry
(0.66%). The average viability rates for oocysts leached from
soil cores injected with slurry were 34%, 52%, and 50% on days
1, 4, and 6, respectively. Mean oocyst viability rates from sur-
face-applied slurry were 83%, 18% and 50% on day 1, 4 and 6,
respectively. The viability of the oocysts varied between the soil
cores and ranged from no viable oocysts to 100% viability.

Cell size and leaching of microbial tracers. A significant
difference in the recovery rates of the four tracers was found
(P � 0.001). The highest recovery rate was found for chloride,
followed by phage 28B, E. coli, and C. parvum oocysts. The
recovery rate for the phage 28B was significantly higher than
those for E. coli and C. parvum oocysts, whereas the recovery
rates of E. coli were similar to those of C. parvum oocysts (P �
0.43). There was a 7-cm difference between the longest and
shortest soil cores, but the recovery rate was not affected by
this difference in height (P � 0.20).

An average run-through time was estimated based on the
day that the mean number of the microbial tracer leached
through the soil cores compared to the total number of micro-
bial tracer leached during the study period. For chloride, this
time was based on the amount of chloride. The average run-
through times of tracers leached through the soil cores were
4.4 days for phage 28B, 5.4 days for C. parvum oocysts, 15 days
for chloride, and 25 days for E. coli. Soil core height (P � 0.78)
did not influence the average run-through time. Phage 28B had
a significantly faster run-through time compared to E. coli (P �

FIG. 4. Recovery rate of the microbial tracers and chloride in each soil core during the study period. Slurry was applied to the surface of SA-1
to SA-5, and IA-1 to IA-5 had slurry injected. The control soil cores C-1 to C-3 only received chloride. The y axis is in the logarithmic scale.
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0.0054) and chloride (P � 0.0001), but the time was similar to
that of C. parvum oocysts (P � 0.70). The average run-through
times for E. coli and chloride were not significantly different
(P � 0.25).

The microbial removal rate based on mass balance of total
amount of microbial tracer leached through the soil cores was
estimated. The removal rate was 3.9 log m�1 for phage 28B in
surface-applied soil cores and 3.2 log m�1 when slurry was
injected. The microbial removal rates for E. coli and C. parvum
oocysts were significantly higher than those of phage 28B (P �
0.0001). The mean microbial removal rates for E. coli and C.
parvum oocysts were 13.6 and 14.5 log m�1, respectively, and
these removal rates were not significantly different (P � 0.81).

DISCUSSION

Flow pattern of tracers. The transport of microbial tracers is
facilitated by attachment to particles, or the microorganisms
may themselves act as mobile colloids through the subsurface
environment (2, 56). Colloid transport in fractured porous
media is typically characterized by fast preferential flow result-
ing in an early breakthrough (16, 65). The importance of cell
size and shape has been highlighted in studies on transport of
microorganisms in soil (24, 38, 82). We observed early break-
through for all tracers within 1 day, indicating preferential flow
through macropores (e.g., naturally occurring cracks, fractures,
or earthworm channels). The BTC of chloride showed a rapid
water flow through large connective pores resulting in the first
peak and additional flow through the fine-grained portion of
the soil cores indicated by the second peak at a 0.5 pore
volume. The tailing of the BTC indicated diffusive exchange of
chloride with immobile water regions. Immobile water has
typically been related to thin liquid films around soil particles,
dead-end pores, nonmoving intra-aggregate water, or relatively
isolated regions associated with unsaturated flow (63). Exper-
iments with transport of tritium in soils with clay content
higher than 18% have shown similar double peaks and tailing
of BTC (46) corresponding to the 20.1% clay content in the
soil cores used in the present study. A second peak in leaching
of oocysts corresponding to maximum leaching of chloride at a
0.3 to 0.6 pore volume was observed. The second peak would
be a contribution from the fine-grained portion of the soil
cores which would be expected to retain microorganisms like
the oocysts. An almost similar level of larger-sized bacteria
leaching with same double-peaked pattern was explained by an
enhanced dispersion of cells to the central canal of coarse sand
in the center of a bed of fine sand (30). Increased pH in river
water applied to soil columns resulted in an enhanced electro-
static repulsion between attached C. parvum oocysts and soil
particles leading to enhanced leaching (38). Furthermore,
long-term, low-level elution may also be a potential source of
secondary breakthrough of oocysts due to detachment (36).
Phage 28B showed correspondingly pronounced tailing of the
BTC and colloids with similar sizes as viruses can diffuse into
the fine pores of the soil matrix (24). McLeod et al. (58)
detected the same preferential flow in intact soil columns for
the phage 28B and fecal coliforms, while the bromide lacked
the early peak.

Laboratory strains versus indigenous strains. We found E.
coli in leachate during the first sampling and thereafter spo-

radically for up to 31⁄2 months thereafter. This could indicate
the presence of a mixture of planktonic cells as well as cells
attached to slurry particles and a subsequent slow detachment
of a fraction of these microorganisms into the leachate. Guber
et al. (33) concluded based on the kinetic release of indigenous
E. coli that E. coli also resided in the liquid part of the manure
and was released as the liquid manure fraction was diluted and
replaced by rainwater. In addition, the presence of manure
colloids reduced the attachment of bacterial cells to clay and
silt particles, leading to free-cell transport of manure-borne
fecal coliforms (34). E. coli cells present in slurry have been
found in drains very rapidly after slurry application on fields
and were detectable for 1 to 3 months in low concentrations in
the drainage water (79), corresponding well with the observa-
tions seen in our study. The microbial elimination rate (MER;
i.e., the total log reduction of microorganisms during the study
time) for indigenous E. coli (MER, 2.8 log units) from river
water in columns was lower than that for spiked E. coli (MER,
4.8 log units), resulting in increased leaching of indigenous E.
coli compared to spiked E. coli. This could lead to an overes-
timation of the elimination of indigenous microorganisms un-
der field conditions if leaching results are based on spiked
microorganisms (38). The MER estimated for the indigenous
E. coli from slurry in the present study (MER, 3.1 log units)
corresponds well with MER values for indigenous E. coli from
river water as reported by Hijnen et al. (38). In addition, they
reported the sequence of the MER values for Cryptosporidium
oocysts � E. coli � phage 28B corresponded to the decrease in
size of the organisms with the least elimination of the phage. In
our study, the MERs for E. coli and oocysts were similar. This
could have been due to the short time oocysts were analyzed in
the leachate as well as the use of indigenous E. coli that was
adapted to the slurry environment.

Microbial tracers in leachate. The duration of the study
revealed an extended leaching time and a long survival time for
both phage 28B and E. coli. The bacteriophage could still be
detected in the leachate after 5 months and were able to infect
the Salmonella Typhimurium host strain, indicating that infec-
tivity was maintained. E. coli originating from the slurry sur-
vived and could be detected in the leachate for 31⁄2 months. E.
coli derived from pig slurry has been shown to survive for 30 to
68 days in soils of different textures at low temperatures (22).
E. coli originating from livestock feces deposited directly onto
pasture survived up to 162 days during the cold season (8).
Fecal coliforms from dairy shed effluent were detected in lea-
chate from flood- or spray-irrigated sandy loam soil columns
for up to 124 days (44). The extended leaching time for fecal
coliforms could have been due to the irrigation practice as
preferential flow is more likely to occur under irrigation com-
pared to rainfall (18). McLeod et al. (58) showed the possibility
of fast transport of microbial tracers (both bacteria and bac-
teriophage) through large soil columns, while the survival time
was much shorter than that found in the present study.

Breakthrough of bacteriophages MS2 and PRD1 was mea-
sured in recharge water for 120 days in an artificial recharge
area with an inactivation rate of 0.07 to 0.09 day�1. A 3-log-
unit reduction was seen within the first 2.4 m, and an additional
5-log-unit reduction was seen within the following 27 m (71).
The inactivation rate for viruses in groundwater has been re-
viewed by John and Rose (45) to vary from 0.02 to 0.1 log10
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day�1. Inactivation of viruses has been shown to be tempera-
ture dependent, with greater inactivation at increasing temper-
atures, but this occurs mainly at temperatures higher than
20°C. We found a similar inactivation rate for phage 28B, as
reported for hepatitis A virus and coxsackievirus, despite the
fluctuating temperatures recorded during the study period.

C. parvum oocysts leached during the first 20 days, and the
recovery rate for surface-applied slurry was significant lower
(0.05%) than that found in the soil cores where slurry had been
injected. Mawdsley et al. (54) added 108 oocysts on the surface
of intact clay loam soil cores and irrigated with 11 mm artificial
rainwater on alternate days for a period of 21 days. They
recovered 0.045% of the oocysts, which is similar to the result
observed in the present study. Ramirez et al. (67) added sim-
ilar concentrations of oocysts to 1 liter of slurry that was de-
posited on intact soil blocks, but were able to recover 0.16% of
the oocysts in the leachate. This could have been due to a large
number of macropores wider than 2 mm, as they also observed
undiluted slurry leaching through the soil immediately after
application of slurry and before any rain was applied. Crypto-
sporidium oocysts added to soil blocks following intermitted
irrigation under laboratory conditions could move through
some soils for more than 70 days (55).

Molecular markers, provided that they are designed to de-
tect viable cells, could have been used to monitor microbial
cells in the leachate: e.g., the hsp70 gene encoding heat shock
protein 70 in C. parvum oocysts (66). Prolonged exposure to
the soil environment for bacteria can induce the viable but
nonculturable (VBNC) stage. The bacterial cells cannot be
cultured by traditional culture-based methods but only be iden-
tified by direct detection, including molecularly based methods
(21). VBNC cells introduced to the soil environment did not
display enhanced persistence compared to culturable cells
(51), and the presence of equal numbers of total and culturable
Salmonella cells in the leachate from soil monoliths indicated
that most cells leaching were viable (9).

Thus, even under fluctuating temperatures and with natural
precipitation, viable microbial tracers leached through intact
soil cores with a survival/inactivation time similar to or higher
than that reported previously.

Viability of oocysts in leachate. Little information is avail-
able on the viability of the oocysts after passage through soil. A
50% viability of C. parvum oocysts in leachate from both sur-
face-applied and injected slurry was found on day 6 in the
present study. In these first 6 days, the temperature ranged
from �3.5°C to 13°C. The viability of the oocysts varied be-
tween the soil cores and ranged from 33% to 63%. After 156
days at 4°C, 72% of oocysts were viable in a silt loam soil and
27% in distilled water (control), but at 20°C, 59.2% of oocysts
were viable in the soil and no viable oocysts could be detected
in the water (42). Cool temperatures (10°C) appear to increase
viability and maintain infectivity of oocysts (61) as well as
increasing the release of oocysts from manure and leaching
through karst soil (13). The correlation between methods used
to detect viable oocysts and infective oocysts has been ques-
tioned, and divergent results have been described in the liter-
ature (66, 69). Application of vital dye staining or in vitro
excystation provides information on oocyst viability, but the
results do not always correlate with the outcome of in vitro and
in vivo infectivity assays. Only infectious oocysts are a potential

health risk. Based on the few studies reported and results
shown here, it seems possible for viable C. parvum oocysts to
leach through soil. Whether the oocysts also could be consid-
ered infective and thereby able to cause disease in humans is
currently unclear.

Effect of rainwater. Soil cores in this study received primarily
rainwater, and all of the microbial tracers were able to leach
through the soil cores. Even though the soil cores were placed
close together in the multicolumn lysimeter, variation in the
amount of leachate was observed. This may indicate variation
in soil structure between each of the soil cores and also vari-
ation in the amount of rain within the very small area where
the soil cores were placed. The variation in the amount and
intensity of natural rain could differ compared to artificial
irrigation where the amount and intensity of irrigation water
can be controlled. Natural raindrops would have reach termi-
nal velocities when hitting the ground, and the kinetic energy
of the drops would be high, with a greater chance to erode the
manure compared to drops from irrigation (13). Schijven et al.
(70) observed that drops exerted greater mechanical forces on
manure than mist did, resulting in higher oocyst release rates
from manure under simulated rain conditions. The oocyst re-
covery rates of Boyer et al. (13) from surface-applied manure
were greater (0.12 to 0.27%) than those of the present study
(0.05%), but that might have been a result of rainfall intensities
of 2.8 cm h�1, as opposed to this study’s maximum rainfall
intensity of 0.48 cm h�1. The greater finding of oocysts from
the injected soil cores in leachate could have been the result of
lower exposure to inactivation factors such as desiccation or
UV light (40). One control soil core in the study leached phage
28B. This contamination could have been the result of splash-
ing from soil cores with surface-applied slurry onto this control
soil core due to raindrop intensity as the soil cores were situ-
ated close together (9 cm apart) to maintain similar climate
conditions for all soil cores.

Method of slurry application. Injection of slurry is practiced
on both grasslands and arable fields to reduce ammonia emis-
sion and odor as well as limiting the direct contamination of
crops and the external environment with fecal microorganisms
(19, 41). This practice is associated with risks of percolation
and survival of enteric pathogens in soil (53) as compared to
surface-applied slurry, where pathogens are exposure to high
temperatures, desiccation, and UV light (40). Semenov et al.
(72) suggested that surface application of slurry can decrease
the risk of groundwater contamination as this led to shorter
survival times for Salmonella Typhimurium in soil, which were
in contrast to the results for E. coli O157:H7, for which no
difference in the survival time was observed. In addition, higher
concentrations of E. coli O157:H7 and Salmonella Typhimu-
rium were detected in soil sampled at depth of 10 to 40 cm
after 21 days when slurry was injected. On the contrary, Avery
et al. (7) reported a higher concentration of E. coli O157:H7 in
soil cores with surface-spread slurry compared to slurry in-
jected at a depth of 25 cm after 8 weeks. Cryptosporidium
oocysts were isolated at all depths (0 to 90 cm) without a clear
pattern of distribution (0 to 640 oocysts g�1) in a surface- and
subsurface-irrigated field study (5). Slurry broadcasting can
lead to higher contamination with fecal coliforms and somatic
coliphages in surface runoff waters, and injection of slurry only
partially prevented microbial losses of runoff waters compared
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with broadcasting (78). We observed a significantly higher re-
covery rate of phage 28B and C. parvum oocysts in the leachate
when slurry was injected, whereas the difference was insignif-
icant for E. coli. This supports the conclusion made by Se-
menov et al. (72) that there could be higher risk for contami-
nation of groundwater by injection of slurry.

In feces, concentrations as high as 1011 virus particles g�1

(68) and 1010 oocysts g�1 (73) can be excreted, but concentra-
tions of 10 enterovirus particles ml�1 (25) and 1 oocyst ml�1

(74) have been reported in different wastes. In the present
study, the slurry that was applied had 1.8 � 109 phage ml�1

and 4.0 � 104 oocysts ml�1, so the study is illustrating a worst
case scenario in relation to virus and oocyst contamination.
With the recovery and removal rates found in the present
study, there would be a possible health risk, especially related
to leaching of viruses, while infective oocysts and bacteria with
low infective dose (e.g., E. coli O157:H7) had a low recovery,
and a very large removal rate may constitute a minor health
risk. Further epidemiological risk factor studies are needed for
drinking-waterborne-associated diseases to assess whether
such potential risks for pathogen breakthrough to groundwater
represent actual human health risks.

Overall, this study showed that the risk of groundwater con-
tamination was especially related to viruses and protozoan
parasites by injection of slurry. The transport through intact
soil does not seem to be related only to the sizes of the micro-
organisms but also initially adaptation to the organic waste
environment and possible attachment to slurry particles may
play an important role.
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