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Vegetated filter strips (VFS) are commonly recommended as a best management practice to prevent
manure-borne microorganisms from reaching surface water resources. However, relatively little is
known about the efficacy of VFS in mitigating bacterial runoff from land-applied swine manure. A field
lysimeter study was designed to evaluate the effect of surface soil hydrologic conditions and vegetation
on the retention of swine manure-borne Escherichia coli and Salmonella under simulated rainfall
conditions. Experimental plots (6.5 m � 3.9 m) were set on a 5% slope lysimeter with loamy topsoil, clay
loam or loam subsoil and a controllable groundwater level. Three small flow-intercepting miniflumes
were installed 4.5 m from the plot’s top, while all remaining runoff was collected in a gutter at the
bottom. Plots were divided into bare soil and grass vegetation and upper surface soil moisture before
rainfall events was controlled by the subsurface groundwater level. Swine manure slurry inoculated with
E. coli and Salmonella, and with added bromide tracer, was applied on the top of the plots and
simultaneously initiated the simulated rainfall. Runoff was collected and analyzed every 5 min. No
substantial differences between retention of E. coli and Salmonellawere found. In initially wet soil surface
conditions, there was limited infiltration both in bare and in vegetated plots; almost all bromide and
about 30% of bacteria were recovered in runoff water. In initially dry soil surface conditions, there were
substantial discrepancies between bare and vegetated plots. In bare plots, recoveries of runoff water,
bromide and bacteria under dry conditions were comparable to wet conditions. However, in dry
vegetated plots, from 50% to 75% of water was lost to infiltration, while bromide recoveries ranged from
14 to 36% and bacteria recovery was only 5%. Substantial intraplot heterogeneity was revealed by the
data from miniflumes. GIS analysis of the plot microtopography showed that miniflumes located in the
zones of flow convergence collected the majority of bacteria. Overall, the efficiency of VFS, with respect
to the retention of swine manure bacteria, varied dramatically depending upon the hydrologic soil
surface condition. Consequently, VFS recommendations should account for expected amounts of surface
soil water saturation as well as the relative soil water storage capacity of the VFS.

Published by Elsevier Ltd.
1. Introduction

Contamination of drinking, irrigation and recreational water
supplies with gastrointestinal pathogenic bacteria is a serious
public health concern since exposure to these microorganisms can
result in severe, and occasionally lethal, illnesses (Bitton and
Harvey, 1992; Mead et al., 1999). A primary source of water-borne
pathogens (e.g., Salmonella, pathogenic Escherichia coli) is animal
manures, including poultry, cattle, and swine. A substantial threat
ghi).
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to surface waters is runoff from agricultural fields receiving land
applications of manure and/or direct fecal deposition (Patni et al.,
1985; USEPA, 2000; Collins et al., 2005). In particular, the risk of
surface water contamination is exacerbated where high rates of
manure are applied to relatively small agricultural areas, such as
occurs in the vicinity of confined animal feeding operations
(CAFOs). Recent reports of water-borne E. coli 0157:H7 (0157) and
Salmonella outbreaks (Haley et al., 2009; Nwachuku and Gerba,
2008) illustrate the need to develop mitigation strategies for
microbial transport from fields to water resources.

Numerous studies have been conducted to investigate the effi-
cacy of vegetated filter strips (VFS) as a best management practice
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Fig. 1. Schematic diagram of lysimeter plots.

F. Cardoso et al. / Journal of Environmental Management 110 (2012) 1e72
(BMP) for mitigating bacterial transport from land-applied bovine
manure to surface waters (Dillaha et al., 1989; Edwards et al., 1996;
Coyne et al., 1995; Fajardo et al., 2001; Mankin et al., 2006; Sullivan
et al., 2007). By comparison, much less is known about VFS efficacy
in retention of microorganisms originating from swine manure
applications to agricultural fields (Koelsch et al., 2006). Given the
differences in the consistency and organic matter composition of
cattle and swine manures resulting from digestion and diet (Miller
and Varel, 2003), it is unclear if the results from bovine manure are
directly applicable to swine manure. In addition, there are incon-
sistencies in the available data for swine manure. Roodsari et al.
(2005) reported virtually complete removal of E. coli and Salmo-
nella cholerasuis, inoculated into a liquid swine slurry, from runoff
after transport over a VFS (20% slope) with sandy loam soil texture.
Conversely, Entry et al. (2000) reported that riparian filter strips,
consisting of three different types of vegetation (grass, forest and
maidencane), did not reduce fecal coliform numbers in runoff from
areas treated with swine wastewater. In both studies, however, the
impacts of detailed hydrological settings on bacteria transport were
not fully evaluated.

The main objective of this study was to investigate the effects of
initial soil moisture, caused by differences in subsurface water table
fluctuations, on surface transport of the indicator microorganism,
E. coli and Salmonella enterica Typhimurium, from land-applied
liquid swine manure under simulated rainfall. Lysimeter experi-
ments were conducted on bare and vegetated plots. In addition, the
transport of bacteria was compared with transport characteristics
of bromide-ion to help determine whether bacteria and inert tracer
have different transport and retention properties.
Table 1
Surface (<20 cm) and sub-surface soil texture classification of the four plots at the
lysimeter site.

Location % Clay % Silt % Sand Soil texture class

Plot 1 surfacea 17.0 39.0 44.0 Loam
Plot 1 20 cm depth 23.0 33.0 44.0 Loam
Plot 2 surfaceb 24.0 42.0 34.0 Loam
Plot 2 20 cm depth 30.0 34.0 36.0 Clay loam
Plot 3 surfacea 18.5 37.1 44.4 Loam
Plot 3 20 cm depth 29.0 35.0 36.0 Clay loam
Plot 4 surfaceb 22.0 38.0 40.0 Loam
Plot 4 20 cm depth 34.0 40.0 26.0 Clay loam

a Vegetated plots.
b Bare plots.
2. Materials and methods

2.1. Site characteristics

The experimental site was located at the Patuxent Wildlife
Research Refuge (US Department of Interior) at Beltsville, MD. A
relatively large lysimeter (12.5 m wide by 18.7 m long) was
instrumented tomonitor surfacewater flow (Fig.1). Specifically, the
bottom and walls of the lysimeter were enclosed/lined with heavy-
duty plastic. The average depth of the lysimeter was approximately
3 m and contained electric pumps which allowed for groundwater
to be removed from the lysimeter. The lysimeter had a collection
gutter around the bottomsection to collect surface runoff. AV-notch
weir was installed at the end of the gutter, prior to thewater storage
tank, to measure total surface runoff and to develop hydrographs.

One year prior to the initiation of these experiments, the orig-
inal lysimeter soil was removed to a depth of approximately 20 cm,
replaced with about 20 cm of loamy soil, and the surface graded to
a slope of approximately 5%. The lower half portion of the lysimeter
was partitioned into four adjacent and equal-sized 3.9 m
(width) � 6.5 m (length) plots. Plots were delineated with thin
metal sheets (10 cm � 85 cm) inserted into the soil, creating a 5 cm
highwall around each plot. Plots were located approximately 60 cm
apart from each other, creating buffer zones to facilitate plot access
without disturbing the adjacent plots. Four slotted PVC wells
(10 cm in diameter and 85 cm in length) were installed in the lower
portion of the buffer zones next to the gutter to a depth of 50 cm, to
monitor subsurface water level fluctuations. The first and third
plots from the left side of the lysimeter were sowed with fescue
grass seeds (vegetated plots) and designated as Plot 1 and Plot 3,
respectively. The second and fourth plots from the left side of the
lysimeter were kept devoid of vegetation (bare plots) and desig-
nated as Plot 2 and Plot 4, respectively. A 30 cm strip across the top
of all plots was kept bare and designated as the manure application
area. The soil textural analysis was performed for both the topsoil
(top 20 cm) and the subsoil (20 cm depth) using the hydrometer
method, on composite soil samples collected from five auger holes
(Table 1). Results showed that the surface (top 20 cm) horizons of
all four plots consisted of similar soil type, mostly loam soils.

Prior to rainfall experiments three portable miniflumes (more
detail is provided by Roodsari et al., 2005) were installed along
transversal transects located approximately 4.2 m from the bottom
edge of the manure slurry application area (at about 2/3 of the plot
length down the slope) in plots 1 and 3. Miniflumes were posi-
tioned (by visual inspection) at the lowest points (to grab most of
the flow passing) along the horizontal transects and were con-
nected to buried food-grade Tygon tubing that ran to the edge of
plots and into sample containers.

A topographic map of each vegetated plot (Plots 1 and 3) was
constructed by measuring the elevation at each pre-designated
grids of 50 cm � 50 cm within each plot using a transit level.
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2.2. Rainfall simulations

A four-nozzle portable rainfall simulator (Roodsari et al., 2005)
was utilized for rainfall simulations. The bars that the nozzles were
mounted on were adjusted to be parallel with the plot surface (5%
slopes) and the height of the nozzles were also adjusted to be 3 m
above the ground so that raindrops would reach terminal velocity
(Hirschi et al., 1990). The rain simulator was calibrated to deliver
a rainfall intensity of approximately 80 mm h�1 (10-year average
return period storm) with a uniformity coefficient of 90%.

Rainfall experiments were conducted under two different ante-
cedent soil moisture conditions, wet and dry. For wet conditions,
water from natural rainfall (between experiments) was allowed to
accumulate inside the lysimeter. Additional water was added prior
to experiments to ensure that the water table inside the lysimeter
was near the level of the gutter (the lowest point in all plots). For dry
conditions, water inside the lysimeter was regularly pumped out to
maintain thewater table 50 cmbelow the level of gutter. In addition,
dry plots were covered with a tarp during natural rainfall events.

2.3. Manure slurry preparation

Swine manure was collected from a swine waste lagoon located
ona farm inGermantown,MD.Due to settling in the lagoon, solids (at
the bottom of the lagoon) and overlying water were collected inde-
pendently and mixed just prior to experiments to achieve a solids
content of ca. 4%. The slurry had no detectable E. coli or Salmonella.

The E. coli strain used in this study was isolated from fresh
bovine manure collected at Beltsville Agricultural Research Center
(BARC) Dairy Research, Beltsville, MD. The nonpathogenic S.
enterica Typhimurium strain used in this study was purchased from
the American Type Culture Collection� in Manassas, VA (ATCC�

number 53648). Naladixic acid-resistant isolates were obtained by
selection on naladixic acid amended growth medium. E. coli and
S. enterica strains were grown to stationary phase overnight prior to
experiments. Appropriate volumes of culture were added to the
manure slurry to give 13 L of inoculated slurry containing
approximately 106 cfu of each bacterium mL�1.

Forty grams of potassium bromide, KBr, (i.e., 26 g of bromide e

Br) were added to the 13 L of slurry, giving a bromide concentration
of 2000 ppm.

2.4. Experimental procedures

Initial soil water content was determined gravimetrically by
taking 6 soil core samples to a depth of 10 cm (3 samples from each
side of each plot) and weighing the samples before and after drying
at 105 �C for 24 h.

Thirteen liters of liquid swine manure (slurry) was applied
uniformly throughout the application area above all four plots
(approximating an application rate of 10.9 L m�2 or
10.9 � 104 L ha�1). Just before slurry application, duplicate samples
were taken to measure initial bacteria concentrations (C0). Rainfall
simulations were initiated immediately after slurry application.

Runoff volume collected in the gutter was measured and
sampled (using 20 mL glass vials) at designated time intervals.
Runoff volume collected by the three miniflumes was measured
on-site and sampled at 5 min intervals after the onset of flow. All
manure and runoff samples were stored on ice prior to being
transferred to the lab for analysis.

2.5. Analytical procedures

E. coli and S. enterica in manure and runoff samples were diluted
(as necessary to obtain individual colonies) and three 50 mL
replicate sub-samples plated onto naladixic acid-amended Mac-
Conkey (for E. coli) and BG (for S. enterica) agar plates using a Spiral
BioTech autoplater. MacConkey and BG plates were subsequently
incubated at 44 �C and at 37 �C, respectively, for 18e20 h overnight.
Bacterial colonies were counted using two methods. For samples
with low background bacterial contamination (most E. coli),
plates were counted using a Synoptic Limited Protocol Colony
Counter. For samples with high background bacterial
contamination (a few E. coli and all S. enterica), colonies were
counted manually. To confirm correct identification of S. enterica,
selected colonies of presumptive S. enterica were characterized
using the BBL Enterotube II assay; the final count was adjusted
based on the percentage of correct identifications. Bromide (Br)
concentration (ppm) in runoff samples was measured using an
ion-specific electrode Model-525 (Thermo Orion).

2.6. Microrelief analysis

Geostatistical interpolation techniques and GIS hydrologic tools
were used to determine the location of surface flow pathways on
plots 1 and 3. Elevation data from the experimental field sites were
collected on a 50 cm � 50 cm grid in order to develop digital
elevation models (DEMs) of their surface topography. The ArcGIS
Geostatistical Analyst software package (ESRI Redlands, CA) was
used to interpolate the elevation data in order to create a contin-
uous map of surface elevations at a higher spatial resolution. As
expected, the elevation data exhibited a high degree of trend which
was removed by fitting the trend surface with a second-order
polynomial that subsequently was subtracted from the original
data values. Once trend removal assured the stationarity of the
data, ordinary kriging was performed on the residuals. The resid-
uals were best fit with a spherical model which was used to
interpolate the surface elevations to a 10 cm � 10 cm raster grid.

Two ArcGIS (ESRI Redlands, CA) hydrologic tools were used to
determine the location of the convergent surface flow pathways
from the interpolated surface elevation raster grid map. The Flow
Direction command was used to determine the direction of flow
from each grid cell by identifying the neighboring cell with the
steepest downslope value. The Flow Accumulation command was
applied to the Flow Direction output to create a raster grid of the
accumulated flow at each grid cell. This was accomplished by
calculating the total accumulated flow at each grid cell from the
surrounding upslope cells.

3. Results and discussion

3.1. Hydrographs

3.1.1. Bare plots
Runoffwasobservedwithin2minafter initiationof rainfall under

both wet and dry conditions in bare plots (Fig. 2). Under dry condi-
tions, several additional minutes were required to reach maximum
runoff, consistent with the volume of water required to saturate the
soil surface. In all experiments>95%ofwaterwas recovered in runoff
(Table 2), due to surface compaction and sealing resulting from the
mechanical action of raindrops impacting exposed soil surface
aggregates (Ward, 1995). Because of the small amount of infiltration
(<5%), the distance to the water table was inconsequential.

3.1.2. Vegetated plots
There were substantial differences in hydrographs between wet

and dry conditions in vegetated plots (Fig. 2). Under wet conditions,
runoff was first observed within 3e4 min after initiation of
rainfall while maximum runoff was reached after approximately
12e16min. The volume of water recovered (>95%) was comparable



Fig. 2. Hydrographs of bare and vegetated plots under dry and wet conditions.
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to bare plots (Table 2). However, initiation of runoff occurred
substantially later under dry conditions; it took 13min in Plot 1 and
10 min in Plot 3. These lag periods reflect the fact that, at the early
stages of simulation, infiltration rates were equal to or exceeded
rainfall rates. As rainfall simulations progressed and soils became
wetter, infiltration rates decreased as rainfall either ponded in
surface depressions or was discharged as runoff. Runoff rates
eventually reached approximately 100% of maximum in Plot 3, but
only approximately 75% of maximum in Plot 1; total water mass
recoveries were approximately 52% and 75% for Plots 1 and 3,
respectively.

It has long been recognized that vegetation attenuates surface
runoff and favors infiltration processes. Mechanisms by which
vegetation enhances infiltration include: (1) interception and
dissipation of raindrops, thereby minimizing surface sealing; (2)
resistance to overland flow, thus decreasing flow velocity; (3)
increased soil hydraulic conductivity by plant root systems; (4)
increased numbers of macropores from invertebrate activity; and
(5) enhanced permeability of soil surfaces from accumulated
organic matter residues (Shirmohammadi and Skaggs, 1984; Davies
et al., 2004; Roodsari et al., 2005).
Table 2
Percent cumulative recoveries of rainfall and bromide from plots.

Wet Dry

Water Br Water Br

Bare 98 114 98 96
Vegetated 98 96 52/75a 14/36a

a Individual results for plot 1/plot 2.
The discrepancies in runoff rates and percent recoveries
between Plots 1 and 3 can be explained (at least partially) by
differences in soils. Due to lysimeter anomalies, Plot 1 consisted of
loam soil throughout the soil profile, while Plot 3 consisted of loam
soil above 20 cm and clay loam soil below 20 cm (Table 1).
Consequently, Plot 1 probably had a higher permeability
throughout the soil column than Plot 3. This discrepancy was not
manifested under wet conditions when the water table was only
a few centimeters below the surface, but apparently was a major
factor under dry conditions when the water table was approxi-
mately 50 cm below the surface.

3.2. Bromide and bacteria mass recovery

3.2.1. Bromide
Bromide recovery as a percentage of the applied mass is pre-

sented in Table 2. In bare plots, nearly all bromide was recovered
under wet conditions while slightly less than 100% of Br was
recovered under dry conditions. This is consistent with hydro-
graphs shown in Fig. 2 where a small time interval was observed
before runoff rate stabilized under dry conditions.

In vegetated plots, bromide was almost fully recovered under
wet conditions (Table 2). This again is consistent with hydrographs
shown in Fig. 2, where only a short period of time was available for
infiltration. Much more interesting are data from the dry vegetated
plots where bromide recovery was low and substantially less than
the mass recovery of water. The most likely explanation for this
discrepancy is the development of subsurface lateralflowwithin the
soil and the seepage of this water to the runoff collector. In this case,
a substantial portion of water coming to the runoff collector was the
original soil water that did not contain bromide. This explains why
percent bromide recovery was less than percent water recovery.

The development of subsurface lateral flow in runoff plots, and
its effect on the mobilization of surface applied chemicals, has been
previously noted experimentally (Nash et al., 2002) and in
modeling (Kouznetsov et al., 2007). Sharpley and Kleinman (2003)
described small plot studies in which overland flow tended to be
produced at the lower end of the plots, where subsurface lateral
flow accumulated. Given the low slope gradient, subsurface lateral
flow might be intercepted by the lower plot boundary. As that
water accumulates in the surface soil of the lower plot area,
“infiltration” or “saturation excess” overland flow ensues. Under
this process of overland flow generation, areas producing overland
flow would be expected to expand upslope as rainfall continues.
This description is consistent with the continuing growth of runoff
rate observed in Fig. 2 for dry plots. The different recoveries of
water and bromide in plots 1 and 3 are also consistent with this
explanation. Soil texture in Plot 1 was uniformly loamy in the upper
40 cm soil profile, whereas plot 3 had a layer of clay loam as subsoil
below the top 20 cm loamy topsoil. The presence of finer material
below the coarser material should have resulted in formation of
subsurface lateral flow, and subsequent overland flow in excess of
saturation, much earlier at plot 3 than at plot 1. Gburek et al. (2006)
indicated that saturation excess is a dominant mechanism of runoff
in settings where vertical discontinuities in soil properties coincide
with lower landscape positions where lateral flow can accumulate
leading to saturated soil conditions. The textural discontinuity in
plot 3 did not manifest itself when plot 1 and plot 3 were under wet
conditions. The runoff in this case was generated almost exclusively
by the infiltration excess; the subsoil had little effect on bromide
transport which occurred almost exclusively in overland flow.

3.2.2. Bacteria
Cumulative recoveries of E. coli and Samonella in runoff are

shown for all experimental conditions in Fig. 3. To facilitate



Fig. 3. Recovery of E. coli and Salmonella in runoff water from bare and vegetated plots
under dry and wet conditions.

Fig. 4. Relative concentrations of E. coli as compared to relative bromide concentra-
tions. Closed (dark) circles and white (open) circles indicate concentrations measured
at 413 cm and 620 cm from the slurry application area, respectively.
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treatment comparisons, data for replicate plots have been averaged.
In bare plots, E. coli and Salmonellawere detected in the initial runoff
from both wet and dry plots. Bacteria were rapidly transported
across the bare plots; themajority of bacteriawere recoveredwithin
thefirst 10min (Fig. 3). Cumulative recoveries frombarewet anddry
plots were approximately 32e33% and 26e27%, respectively. This
discrepancy is presumably due to bacteria moving with infiltrating
water into dry soil, and is consistent with hydrographs shown in
Fig. 2 where a small time interval of infiltration can be observed
before the runoff rate stabilizes under dry conditions. Note that the
cumulative recoveries in runoff underestimate the total number of
bacteria transported across the plots, since these values do not
represent the bacteria attached to sediment particles in runoff. Our
previous studies (unpublished data) indicated that� 50% of bacteria
were attached to the clay/silt sediments; consequently adjusted
cumulative recoverieswere�64% forwet and�52% fordryplots.We
note that the attachment rate estimate we determined is slightly
higher than the recent estimates of 28%e49% by Soupir et al. (2010)
who experimented with bovine manure.

In vegetated plots, cumulative recoveries of E. coli and Salmo-
nellawere substantially reduced relative to bare plots (Fig. 3). Note
that since no sediment was lost fromvegetated plots, the values are
indicative of actual bacterial transport across the plots. Cumulative
recoveries of bacteria from wet plots were approximately 28e30%
after 1 h (Fig. 3). Since bacteria were still being recovered in
runoff after 1 h of rainfall, it is difficult to predict the total number
of bacteria that would have eventually been transported across the
plots. The hydrographs of wet vegetated plots (Fig. 3) indicate that
most of the collected water came in overland flow. The relatively
slow transport of bacteria across the vegetated plots, as compared
to bare plots, suggests some type of adherence to either grass/root
tissue or surface organic matter with subsequent release to runoff.
Such amechanism has been successfully used in amodel developed
to simulate transport of manure-borne microorganisms in vege-
tated filter strips (Guber et al., 2009). Recoveries of bacteria in dry
vegetated plots were only 5e6%. It is likely that the majority of
unaccounted bacteria were lost to infiltration. This is based on the
observations that 1) initial runoff was not observed in plots until
10 min after rainfall initiation, 2) based on data from bare plots,
10 min was an adequate time for the majority of bacteria to be
transported from themanure application area onto the plots, and 3)
substantial infiltration occurred as judged from data on bromide
recovery (Table 2) and hydrograph (Fig. 2).

The differences in cumulative recoveries between E. coli and
Salmonella were relatively minor (Fig. 3). Although cell surface
properties for these specific strains were not determined, the
results suggest that differences were inconsequential.

3.3. Relative Br and bacteria concentrations in runoff

A comparison of bromide and bacteria concentrations in runoff
provides additional insight into the mechanisms responsible for the
observed transport. Relative concentrations, i.e. concentrations of
bromide and E. coli normalized to their initial concentrations in
manure, are shown inFig. 4. In thebareplots, at theearlystagesof the
simulation, when concentrations of both bromide and E. coli were
highest, relative bromide concentrations were substantially larger
that relativeE. coli (datapointsbelow the line). This is an indicationof
E. coli transport not only in the free-floating formbut also attached to
sediment. At the later stages, when concentrations of both bromide
and E. coliwere low, therewas notmuch difference between the two
relative concentrations (data points near or on the line).

In vegetated plots, relative concentrations of bromide remained
larger than those of E. coli at all times. This is an indication of
retention of E. coli on soil or plant surfaces.
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3.4. Small-scale heterogeneity of bacteria transport

Plot microtopography was responsible for causing substantial
differences in the transport of bacteria within plots. In plot 1,
miniflume 1 collected far more bacteria than miniflumes 2 or 3
(Fig. 5). Miniflume 1 intercepted 96% of the total intercepted
bacteria during wet conditions, whereas during dry conditions,
miniflume 1 intercepted about 70% of the total intercepted bacteria.
The differences can be attributed to the intraplot heterogeneity of
the flow and bacteria transport caused by the microtopography. As
shown in Fig. 6, miniflume 1 was installed at the location where
flow converged, whereas no flow convergence was expected to
occur at the locations of miniflumes 2 and 3.

In plot 3, miniflume 1 collected no bacteria, while miniflume 3
collected approximately four times more than miniflume 2 (Fig. 5).
An analysis of the plot 3 miniflume locations (Fig. 6) showed that
the relative amounts of bacteria intercepted were in agreement
with the locations of theminiflumeswith respect to their proximity
to the convergent flow pathways. Miniflume 3 was in the most
active flow area of the plot, whereas miniflume 1 was in an area of
flow divergence where intercepted rain was directed to other areas
of the plot.
Fig. 6. Flow convergence zones and locations of miniflumes in vegetated plots 1 and 3;
the lightest grid cells indicate areas where the accumulated flow was the highest.
Plot 1 miniflume collections during dry and wet conditions
show that collection in miniflume 1 was less dominant in dry
conditions than in wet conditions. This can be explained by the
development of saturation excess runoff which affects all three
miniflume locations in the same way e as the saturated zone
expands uphill, the role of microtopography becomes inconse-
quential as the contribution from the subsurface flow becomes
increasingly dominant under wet conditions.

In all simulations, the total number of bacteria cells intercepted
byminiflumes was less than 1% of the total number of bacteria cells
recovered in runoff that reached the gutter.

4. Conclusions

Consistent with previous studies, these results demonstrate the
potential efficacy of VFS in mitigating bacterial runoff from swine
organic waste sources. No substantial differences in retention of
E. coli and Salmonella were observed. Very low bacterial retention
was observed in bare plots whereas vegetated plots showed high
retention capacity. Since the predominant factor minimizing
bacterial runoff is infiltration into the soil column, the relative
efficacy is dependent on the degree of soil saturation and distance
to water table. Efficacy can vary dramatically depending on the
amount of rainfall required to saturate the VFS, time required for
runoff initiation from manured fields, and development of the
subsurface flow in VFS. Consequently, VFS recommendations
should account for expected amounts of water in runoff as well as
the relative soil storage capacity of the VFS. For future research on
testing the environmental fate of pathogens at a larger scale under
natural conditions with VFS at the edge of fields, we recommend
the following considerations:

1. Conduct similar investigations on environmental fate of path-
ogen at larger field scales under natural climatic conditions.
This will permit accounting for different storms on the fate of
pathogens through different pathways (e.g., surface runoff and
infiltration).

2. Develop or modify existing field and watershed scale hydro-
logic and water quality models to account for the impact of VFS
on attenuating pathogens under diverse land use and climatic
conditions.

References

Bitton, G., Harvey, R.W., 1992. Transport of pathogens through soils and aquifers. In:
Environmental Microbiology. Wiley-Liss, Inc., pp. 103e124.

Collins, R., Elliott, S., Adams, R., 2005. Overland flow delivery of faecal bacteria
to a headwater pastoral stream. Journal of Applied Microbiology 99,
126e132.

Coyne, M.S., Gilfillen, R.A., Rhodes, R.W., Blevins, R.L., 1995. Soil and fecal coliform
trapping by grass filter strips during simulated rain. Journal of Soil and Water
Conservation 50 (4), 405e408.

Davies, C.M., Ferguson, C.M., Kaucner, C., Krogh, M., Altavilla, N., Deere, D.A.,
Ashbolt, N.J., 2004. Dispersion and transport of Cryptosporidium oocysts from
fecal pats under simulated rainfall conditions. Applied and Environmental
Microbiology 70 (2), 1151e1159.

Dillaha, T.A., Reneau, R.B., Mostaghimi, S., Lee, D., 1989. Vegetative filter strips for
agricultural nonpoint source pollution control. Transactions of the ASAE 32,
513e519.

Edwards, D.R., Daniel, T.C., Moore Jr., P.A., 1996. Vegetative filter strip design for
grassed areas treated with animal manures. Applied Engineering in Agriculture
12 (1), 31e38.

Entry, J.A., Hubbard, R.K., Thies, J.E.J., Fuhrmann, J.J., 2000. The influence of vege-
tation in riparian filterstrips on coliform bacteria: I. Movement and survival in
water. Journal of Environmental Quality 29 (4), 1206e1214.

Fajardo, J.J., Bauder, J.W., Cash, S.D., 2001. Managing nitrate and bacteria in runoff
from livestock confinement areas with vegetative filter strips. Journal of Soil
and Water Conservation 56 (3), 185e191.

Gburek, W.J., Needelman, B.A., Srinivasan, M.S., 2006. Fragipan controls on runoff
generation: hydropedological implications at landscape and watershed scales.
Geoderma 131, 330e344.



F. Cardoso et al. / Journal of Environmental Management 110 (2012) 1e7 7
Guber, A.K., Yakirevich, A.M., Sadeghi, A.M., Pachepsky, Y.A., Shelton, D.R., 2009.
Uncertainty in coliform bacteria removal from overland flow in vegetated filter
strips. Journal of Environmental Quality 38, 1636e1644.

Haley, B.J., Cole, D.J., Lipp, E.K., 2009. Distribution, diversity, and seasonality of
waterborne Salmonellae in a rural watershed. Applied and Environmental
Microbiology 75, 1248e1255.

Hirschi, M.C., Mitchell, J.K., Feezor, D.R., Lesikar, B.J., 1990. Microcomputer-controlled
laboratory rainfall simulator. Transactions of the ASAE 33 (6), 1950e1953.

Koelsch, R.K., Lorimor, J.C., Mankin, K.R., 2006. Vegetative treatment systems for
management of open lot runoff: review of literature. Applied Engineering in
Agriculture 22 (1), 141e153.

Kouznetsov, M.Y., Roodsari, R., Pachepsky, Y.A., Shelton, D.R., Sadeghi, A.M.,
Shirmohammadi, A., Starr, J.L., 2007. Two-dimensional representation and
modeling of bromide and fecal coliform transport with runoff and infiltration.
Journal of Environmental Management 84, 336e346.

Mankin, K.R., Barnes, P.L., Harner, J.P., Kalita, P.K., Boyer, J.E., 2006. Field evaluation
of vegetative filter effectiveness and runoff quality from unstocked feedlots.
Journal of Soil and Water Conservation 61 (4), 209e217.

Mead, P.S., Slutsker, L., Dietz, V., McCaig, L.F., Bresee, J.S., Shapiro, C., Griffin, P.M.,
Tauxe, R.V., 1999. Food-related illness and death in the United States. Emerging
Infectious Diseases 5, 1e32.

Miller, D.N., Varel, V.H., 2003. Swine manure composition affects the biochemical
origins, composition, and accumulation of odorous compounds. Journal of
Animal Science 81, 2131e2138.

Nash, D., Halliwell, D., Cox, J., 2002. Hydrological mobilization of pollutants at the
field/slope scale. In: Haygarth, P.M., Jarvis, S.C. (Eds.), Agriculture, Hydrology
and Water Quality. CABI Publ., Wallingford, UK, pp. 225e242.
Nwachuku, N., Gerba, C.P., 2008. Occurrence and persistence of Escherichia coli
O157:H7 in water. Reviews in Environmental Science and Biotechnology 7,
267e273.

Patni, N.K., Toxopeus, H.R., Jui, P.Y., 1985. Bacterial quality of runoff from
manured and non-manured cropland. Transactions of the ASAE 28 (6),
1871e1878.

Roodsari, R.M., Shelton, D.R., Shirmohammadi, A., Pachepsky, Y.A., Sadeghi, A.M.,
Starr, J.L., 2005. Fecal coliform transport as affected by surface condition.
Transactions of the ASAE 48, 1055e1061.

Sharpley, A., Kleinman, P., 2003. Effect of rainfall simulator and plot scale on
overland flow and phosphorus transport. Journal of Environmental Quality 32,
2172e2179.

Shirmohammadi, A., Skaggs, R.W., 1984. Effect of soil surface conditions on
infiltration for shallow water table soils. Transactions of the ASAE vol. 26 (7),
1780e1787.

Soupir, M.L., Mostaghimi, S., Dillaha, T., 2010. Attachment of Escherichia coli and
Enterococci to particles in runoff. Journal of Environmental Quality 39 (3),
1019e1027.

Sullivan, T.J., Moore, J.A., Thomas, D.R., Mallery, E., Snyder, K.U., Wustenberg, M.,
Wustenberg, J., Mackey, S.D., Moore, D.L., 2007. Efficacy of vegetated buffers in
preventing transport of fecal coliform bacteria from pasturelands.
Environmental Management 40 (6), 958e965.

USEPA, 2000. National Water Quality Inventory. USEPA, Office of Water,
Washington, D.C.

Ward, A.D., 1995. Surface runoff and subsurface drainage. In: Ward, A.D.,
Elliot, W.J. (Eds.), Environmental Hydrology. CRC Press, Inc., New York,
pp. 133e175.


	Effectiveness of vegetated filter strips in retention of Escherichia coli and Salmonella from swine manure slurry
	1. Introduction
	2. Materials and methods
	2.1. Site characteristics
	2.2. Rainfall simulations
	2.3. Manure slurry preparation
	2.4. Experimental procedures
	2.5. Analytical procedures
	2.6. Microrelief analysis

	3. Results and discussion
	3.1. Hydrographs
	3.1.1. Bare plots
	3.1.2. Vegetated plots

	3.2. Bromide and bacteria mass recovery
	3.2.1. Bromide
	3.2.2. Bacteria

	3.3. Relative Br and bacteria concentrations in runoff
	3.4. Small-scale heterogeneity of bacteria transport

	4. Conclusions
	References


