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Abstract
Runoff from open-lot animal feeding areas contains 
microorganisms that may adversely affect human and animal 
health if not properly managed. One alternative to full manure 
containment systems is a vegetative treatment system (VTS) 
that collects runoff in a sediment basin and then applies it to a 
perennial vegetation (grass) treatment area that is harvested 
for hay. Little is known regarding the efficacy of large-scale 
commercial VTSs for the removal of microbial contaminants. 
In this study, an active, pump-based VTS designed and built 
for a 1200-head beef cattle feedlot operation was examined 
to determine the effects of repeated feedlot runoff application 
on fecal indicator microorganisms and pathogens over short-
term (2 wk) and long-term (3 yr) operations and whether fecal 
bacteria were infiltrating into deeper soils within the treatment 
area. In a short-term study, fecal bacteria and pathogen numbers 
declined over time in soil. Measurements of total coliforms and 
Enterococcus counts taken on control soils were not effective as 
fecal indicators. The repeated application of manure-impacted 
runoff as irrigation water did not enrich the pathogens or fecal 
indicators in the soil, and no evidence was seen to indicate that 
pathogens were moving into the deeper soil at this site. These 
results indicate that large-scale, active VTSs reduce the potential 
for environmental contamination by manure-associated bacteria. 
Also, this study has implications to full-containment systems that 
apply runoff water to land application areas (cropland) and the 
fate of pathogens in the soils of land application sites.
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Feedlot runoff has been identified as a vehicle by which 
manure-borne microorganisms, including zoonotic patho-
gens, can contaminate waterways (Venglovsky et al., 2009), 

with the potential for both environmental and public health risks 
(Berry et al., 2007; Blaustein et al., 2015). Feedlots and other con-
centrated animal feeding operations (CAFOs) in the United States 
are required by the Clean Water Act to get a permit from the state 
or federal National Pollutant Discharge Elimination System if they 
meet the regulatory definition of CAFOs (Koelsch et al., 2006). The 
USEPA requires that CAFOs contain all the wastewater and runoff 
produced from a 25-yr, 24-h design storm, which means that they 
can hold the rain from a once-in-25-years storm as defined by the 
National Weather Service. For this location, that means 4.7 inches 
of rain. The design storm is determined from Miller (1964) for a 
geographic site, and this precipitation amount is used as criteria to 
determine the largest event that manure management systems are 
expected to manage. The probability of a storm exceeding a 25-yr, 
24-h design storm event is 4% in any given year. Typically, CAFOs 
use full containment systems, such as holding ponds or runoff 
retention basins, to contain feedlot runoff. Although the focus of 
the National Pollutant Discharge Elimination System regulatory 
guidelines is predominantly on the nutrient components of animal 
manures, it is increasingly being recognized that sustainable manure 
management involves more than just a focus on nutrients and now 
includes assessment of zoonotic pathogens and veterinary pharma-
ceuticals in animal manures (Leytem et al., 2013). Additional regu-
lations apply to recreational surface waters, which are monitored for 
fecal indicator bacteria, as a proxy for the presence of fecal patho-
gens, and there are health concerns when contaminated water is used 
to irrigate or process crops used for food production (Blaustein et al., 
2015). The USEPA clarified the agricultural storm water exemption 
by stating that when there is a discharge of manure from land appli-
cation areas, it is exempt if the manure was applied at agronomic 
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•	 Repeated application of runoff did not enrich pathogens or in-
dicators in the soil.
•	 No evidence of vertical migration of pathogens in the soil pro-
file was found.
•	 Pathogens were reduced via infiltration and cell death over 
time in the soil.
•	 Total coliform and Enterococcus counts are not reliable for envi-
ronmental samples.
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rates (Davis, 2003). Therefore, although most CAFOs do not allow 
manure to leave the manure management system, once the manure 
is land applied, it can become a nonpoint source of pathogens. Thus, 
understanding the fate of pathogens after land application events 
was the purpose of this study.

Feedlot runoff consists of ground-deposited cattle fecal mate-
rial that is carried off of the immediate feedlot pen surface via rain 
water or snowmelt. The microbial components of the manure can 
be mobilized in the liquid portion of the runoff or be adsorbed to 
suspended or settled particulates (Blaustein et al., 2015). The rate 
and means by which pathogens are transported through the envi-
ronment is a key component of risk assessments (Blaustein et al., 
2015; USEPA, 2012). One strategy that has been evaluated for its 
ability to reduce the transport of manure-associated pathogens and 
fecal indicator bacteria from runoff into surface and ground waters 
is the use of vegetative filters and grass buffer strips. These are used 
to reduce the impact of runoff from manure-amended fields and 
have been shown to be effective at reducing the transport of nutri-
ents such as phosphorus (Gilley et al., 2011). However, the trans-
port dynamics of microbes differ from that of nutrients. The results 
examining the efficacy of vegetation for removal of microbes are 
mixed, with some researchers finding the vegetative strips to be effec-
tive at reducing microbe numbers (Mankin et al., 2006; Sullivan et 
al., 2007; Tate et al., 2006) and others concluding that the transport 
of manure-impacted runoff through vegetation either does not sig-
nificantly reduce the concentration of the target bacteria (Durso et 
al., 2011) or may even increase the number of fecal indicator bacte-
ria exiting the system (Beck et al., 2013; Entry et al., 2000a; Fajardo 
et al., 2001). The primary mechanism of removal is thought to be 
from the infiltrating effect and storage capacity of soils as opposed 
to sedimentation and tortuous flow that occurs when manures are 
applied across vegetation (Powers et al., 2010). Additional informa-
tion about season-long water balance and nutrient performance of 
this VTS system is presented in Powers et al. (2010).

A VTS is an alternative to the traditional full containment 
system and should not be confused with vegetative filters. A VTS 
is an engineered manure management system that collects open-lot 
runoff in sediment or settling basins for temporary storage after a 
precipitation event. The runoff is then applied to a vegetated area 
when the soil has the capacity to infiltrate the collected runoff, using 
a dedicated irrigation system. Vegetative treatment areas (VTAs) are 
only used for the runoff from the feedlot area, and no additional 
commercial fertilizers or other manure nutrients are applied to 
VTAs. Conceptually, a VTS replaces the need for a long-term runoff 
retention pond. The primary mechanism of operation is infiltration 
into land planted with perennial grasses that utilize the nutrients 
in the runoff (Koelsch et al., 2006). Thus, VTSs are used as part of 
long-term manure management systems based on their ability to 
recycle nutrients into plant matter that can be fed back to livestock.

There are a variety of VTS designs, all meant to replace the need for 
large, lined, long-term runoff retention ponds. The VTS for open lot 
control is comprised of a sediment basin, an outlet structure or pump, 
and an area of perennial vegetation (i.e., a VTA). The VTS couples 
livestock and crop systems by quickly applying feedlot runoff to fields 
and is designed to comply with USEPA National Pollutant Discharge 
Elimination System requirements for CAFOs (Bond et al., 2011; 
Koelsch et al., 2006). Federal guidelines allow for the use and evalu-
ation of VTS as an alternative to runoff retention ponds (Bond et al., 
2010; Khanijo et al., 2007; Moody et al., 2006; Ostrem et al., 2010). 

Passive, gravity-based systems have been proposed as a cost-effective 
alternative for larger feedlots (Woodbury et al., 2003). Active systems 
have also been proposed and evaluated that include valves, pumps, or 
sprinkler systems to manage and apply runoff to the vegetated areas 
(Bond et al., 2010; Gross and Henry, 2007, 2010; Koelsch et al., 2006; 
Melvin and Lorimor, 2007; Moody et al., 2006; Ostrem et al., 2010; 
Powers et al., 2010) Berry et al. (2007) evaluated a passive, gravity-fed 
brome grass VTS and found that bacterial and protozoal pathogen 
numbers generally declined over time, although some manure-borne 
bacteria were able to survive in the soil for extended periods. Andersen 
et al. (2013) evaluated the performance of six commercial VTS in 
Iowa for nutrient parameters; however, microbial data were not col-
lected in that study. In general, the efficacy of VTS for fecal coliform 
removal is not clear, and few studies have been conducted to study 
large-scale VTS performance (Koelsch et al., 2006).

The objectives of this study were (i) to evaluate the fate and 
transport of fecal indicators and microbial pathogens over time 
in the soil of these active VTS systems and (ii) to determine if 
the microbial dynamics in these active systems mirror the results 
found by Berry et al. (2007) for the passive VTS, particularly 
because there was more frequent application of runoff in the 
active system. We examined the dynamics of particular patho-
gens and fecal indicators in the soil over the course of 2 wk after a 
single application event, evaluated the impact of precipitation on 
the mobility of bacteria after a feedlot runoff application to the 
vegetative area, and collected annual soil cores to determine ver-
tical transport of fecal bacteria in VTS soil during a 3-yr period.

Materials and Methods
Vegetative Treatment System

The VTS was installed next to a 1200-head beef cattle CAFO in 
central Nebraska (Fig. 1). Beef cattle are typically weaned between 7 
and 8 mo of age and raised by a backgrounder or stocker until they 
are sent to a feedlot, typically at 12 to 16 mo of age. There were no 
young cattle at this feedlot. The estimated weight for animals pres-
ent during spring and summer rain events is 225 to 500 kg. This site 
was located on silty loam/sandy loam soil that had been graded and 
planted to cool-season grasses 3 yr before the beginning of this inves-
tigation. Feedlot pen runoff accumulated in unlined settling basins 
on the downslope end of each pen, where solids were allowed to 
settle; runoff was then pumped using a vertical turbine pump to one 
of eight 244 m by 20 m treatment cells. Collected feedlot pen runoff 

Fig. 1. Satellite photograph of the feedlot and vegetative treatment 
system with specific elements of the feedlot runoff management 
system highlighted. Sites A through E in the treatment cells indicate 
the location where soil samples were taken.
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was retained in the basins for several hours to several days depending 
on the precipitation event, so that the VTA had time to dry and infil-
trate the applied runoff. An intake structure screened large particles, 
but most solids that would settle did so within a few hours. Coarse 
screening prevented larger particles from entering the pump. Each 
pen had its own settling basin, and the basins were interconnected 
to a single pump station that transferred the open lot runoff water 
to the vegetative area by way of underground pipe. The producer 
could apply the runoff water to one of eight treatment cells at a time. 
Runoff water was applied to the uppermost end of each treatment 
cell. Within each treatment cell, the water was uniformly distributed 
across the treatment cell using a gated pipe, and the vegetative area 
was border irrigated so each cell was separated by a small berm. Each 
treatment cell had been land leveled for uniform cross slope and 1% 
down slope, with each treatment cell being 250 m by 20 m, for a total 
of 4.5 ha. Vegetation from the VTA is harvested as hay by the feedlot 
owner. Any remaining applied runoff or tail water from a treatment 
cell was returned to the pump station by way of an intake structure 
and underground pipe (Andersen et al., 2013; Powers et al., 2010). 
This VTS was permitted under the National Pollutant Discharge 
Elimination System permitting program (Gustafson et al., 2006; 
USEPA, 2008) using an alternative performance criteria specified in 
Section 40, part 412 of the Code of Federal Regulations document-
ing that it was functionally equivalent for regulatory purposes to 
conventional runoff retention ponds (Bond et al., 2011). The system 
was unique in that it was instrumented to measure the volume of 
runoff water applied to the treatment areas with a propeller-style 
flow meter (Mccrometer). The return volume was measured with an 
area-velocity sensor (ISCO-teledyne) so that total volume of applied 
runoff water and tail water could be measured from each application 
event and from precipitation events.

The feedlot operator had a mix of spring and fall calves, and thus 
there was a mix of lightweight (500 lbs) to near fat cattle (1000–
1200 lbs) in the feedlot at all times during the study. Generally, there 
were younger cattle in the feedlot in the autumn sample events than 
during the spring and summer events. Thus, there would have been 
a range of diets based on the growth stage of cattle, generally more 
roughage to grain in younger cattle diets than in older animal diets. 
The rations were corn and distillers based.

Sample Types
Four types of samples were collected as part of this study: 

VTA rain runoff, applied feedlot runoff, tailwater, and soil 

(Table 1). Vegetative treatment area rain runoff consisted of rain 
water that fell on the treatment cells, ran off, and was collected 
at the lower end of the vegetative area. This sample was used to 
evaluate whether fecal indicators and pathogens were mobilized 
from the vegetative area by the rain. The VTA rain runoff was 
pumped from the bottom of the cells and applied to the treat-
ment cells before wastewater application. Applied feedlot runoff 
was cattle feedlot pen runoff that had been screened to remove 
solids, was pumped to the top of the treatment cells, and distrib-
uted via irrigation pipe directly onto the treatment cell. Samples 
were collected at the up-slope end of the cells because the runoff 
was applied from the gated pipe to the treatment cells. Tailwater 
was the applied feedlot runoff that did not infiltrate into the 
treatment cell soil and was collected from the bottom of the cells.

Under normal operating conditions, the feedlot operator 
would wait a few hours or days until the soil in the VTA dried on 
the surface and could accept applied feedlot runoff. Thus, during 
high-precipitation events the soil may be near field capacity at the 
surface as water percolates through the soil profile. Application 
consists of monitoring the advance of the wetting front until it 
is near the end and then moving to another treatment cell. Some 
application events would result in small tailwater volumes; other 
event would result in no tailwater. In extreme cases, a large tailwa-
ter volume may be experienced, but this would be expected under 
a chronic wet period or events near the design storm and when 
less than 50% of the available water-holding capacity was available.

For the purpose of these experiments, dates were chosen 
where large volumes of feedlot runoff were available (large 
storm events had taken place) and the antecedent moisture 
conditions of the VTA would have been high. Unlike normal 
operation, the research conditions were designed to simulate 
the worst-case conditions that may be experienced by VTAs 
during large storm events by applying runoff until large tail-
water volumes were generated. Although some feedlot owners 
might subject their systems to large tailwater volumes, it is 
counterproductive for them to do so because it takes more 
labor and energy to apply the Applied Feedlot Runoff. Here, 
the overapplication of large tailwater volumes simulated the 
conditions where more runoff is applied than the VTA can 
assimilate. The applied runoff could be seen as a front of water 
moving down the length of the cells. Under normal operating 
conditions, when the front reached the bottom third of the 

Table 1. Descriptions of experimental sample types and sample collection parameters.

Sample type Description Timing of collection n
VTA† rain 

runoff
Rain water that fell on the treatment cells and did not infiltrate. 

Collected at the bottom of the paired cells (i.e., Cells 1 and 2 had 
common runoff collection, as did Cells 3 and 4, 5 and 6, and 7 and 8).

Runoff samples were collected on arrival at the 
site, before wastewater application.

37

Applied 
feedlot 
runoff

Feedlot pen runoff accumulated in unlined basins at the bottom of 
the pens. Most solids settled out, and coarse screens in the settling 
basin prevented larger particles from being included. This liquid was 
applied to the tops of treatment cells.

For each treatment cell, wastewater samples 
were taken at 10, 20, and 30 min during 
application.

121

Tail water Liquid that was collected near the bottom of the VTS‡ cells directly 
after application of wastewater. Used to measure the filtering 
capacity of the vegetation.

Collected when the wastewater front traveled 
at least 4/5 of the treatment cell length (times 
ranged from 45–90 min per cell).

62

Soil Soil cores collected along transects in four cells: Sites A through E in 
treatment cells 2 through 5, (Fig. 1).

Short-term soil study: Days 0, 1, 3, 7, and 14. 
Annual 50-cm-deep cores in the fall of each 
year. Sectioned into 5- and 10-cm increments.

80 short-term; 60 
composites; 420 
total sections

† Vegetative treatment area.

‡ Vegetative treatment system.
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cell, the producer would close the valve for that cell and start 
applying the runoff to a new cell.

Soil samples consisted of composites (three cores) of either 
surface cores (0–6 cm) collected with a hand probe (short-term 
soil study) or 50-cm-deep cores collected with a truck-mounted 
hydraulic probe (2010, 2011). A pneumatic probe was used to 
collect 50-cm-deep cores in 2012 because the surface soil was too 
hard for the hydraulic probe to work.

Sample Collection: Liquid Samples
Liquid samples (VTA rain runoff, applied feedlot runoff, 

and tailwater) were collected in the spring and summer for 3 
yr. Because there was insufficient rainfall in autumn to produce 
runoff, no liquid samples were collected. Within 48 h of a rain 
event, samples were collected, stored on ice, and processed within 
12 h. All samples were collected in 500-mL Nalgene screw-topped 
plastic bottles. Upon arrival at the site, VTA rain runoff was col-
lected first from standing water at the bottom of the cells. Each 
VTA rain runoff sample was a composite of rainwater runoff 
from two cells due to the configuration of berms and gates. Next, 
three applied feedlot runoff samples were collected directly from 
the outflow pipes 10, 20, and 30 min after beginning application 
to a particular cell. Typically, feedlot runoff was applied for 30 to 
45 min to a particular cell. Finally, excess tail water, which had 
been intentionally overapplied (45–60 min of application), was 
collected from the liquid front near the bottom of the cells. On 
average, this wetting front reached the bottom of the cell 50 min 
after beginning application. Flow data were downloaded from an 
automated sampler and an area-velocity sensor located at the tail-
water return pipe, and the applied runoff volume was measured 
by reading the totalizer values on the flow meter between treat-
ment cell changes. The valves were then switched between treat-
ment cells, and feedlot runoff was applied to the next cell, with 
sample collection representing the concentration and volume of 
what was entering and exiting treatment cells as described above.

Sample Collection: Soil Samples
The short-term soil study examined changes in the surface soil 

over 2 wk after a summer wastewater application event (2011). 
Four replicate cells were chosen for sampling, and samples were 
taken at five locations in each cell along a transect (Fig. 1) on 
Days 0, 1, 3, 7, and 14. For the fall deep soil study, three 50-cm-
deep cores were taken from the same five locations in four cells 
described in the short-term soil study, subdivided into six different 
depths (0–5, 5–10, 10–20, 20–30, 30–40, and 40–50 cm), and 
then pooled by depth. For the soil survival study (Event 8), soil 
samples were also collected from the berms between the vegeta-
tive cells. The berm did not receive runoff, and berm samples were 
used to provide information on background levels of the measured 
parameters. Cores were cut and pooled in the field, stored in cool-
ers with ice, and processed within 12 h of collection.

Microbial Analysis
Coliforms, Escherichia coli, and Enterococcus counts were per-

formed using IDEXX Quanti-tray (IDEXX Laboratories, Inc.), 
which is based on the Standard Methods Most Probable Number 
model. These are standard methods approved by the USEPA and 
documented in the US Federal Register (40 CFR Parts 136 and 

503, Vol 72, No. 157, March 26, 2007). Shiga-toxigenic E. coli 
O157 was detected using previously published methods (Durso, 
2013). Briefly, 10 g of sample were combined with 90 mL of 1.5´ 
Brilliant Green Bile Broth, incubated for 6 h at 37°C, and plated 
on CHROMagar O157 (CHROMagar). Mauve colonies were 
confirmed using a multiplex PCR procedure to detect stx1, stx2, 
rfbO157, eae, hly, and fliCH7 as previously described (Hu et al., 1999; 
Paton and Paton, 1998). For Salmonella detection, 10 g of sample 
was mixed with 90 mL of Difco Trypticase soy broth (Becton 
Dickinson) and processed as previously described (Brichta-Harhay 
et al., 2011), including confirmation via PCR of the invA gene. A 
subset of the samples was evaluated for the presence of parasites 
Cryptosporidium (Santín and Zarlenga, 2009), Giardia (Santín et 
al., 2009), and Enterocytozoon bieneusi (Santín and Fayer, 2009), 
as previously described. Each sample was sieved, and parasite 
forms were concentrated by CsCl density centrifugation followed 
by DNA extraction using a modification of the DNeasy Tissue 
Kit (Qiagen, Valencia, CA) as previously described (Santín et al., 
2004). The PCR protocols for amplifying gene fragments from 
Cryptosporidium (SSU rRNA), G. duodenalis (SSU rRNA), and E. 
bieneusi (SSU rRNA, ITS, and LSU rRNA) have been described 
(Buckholt et al., 2002; Hopkins et al., 1997; Xiao et al., 1999). The 
PCR products were analyzed on 1% agarose gel and visualized by 
ethidium bromide staining. All PCR products were purified with 
Exonuclease I/Shrimp Alkaline Phosphatase (Exo-SAP-IT) (USB 
Corp.) and sequenced in both directions using Big Dye chemis-
tries and an ABI3130 sequencer analyzer (Applied Biosystems). 
All sequences were subjected to BLAST searches in the GenBank 
database to confirm their identity.

Statistics
Microbial abundance data were log transformed before statis-

tical analysis using the repeated-measures ANOVA available in 
the SAS statistical package (version 9.2, SAS Inst. Inc.). Multiple 
covariance structures were evaluated to select the model with the 
lowest Akaike information criterion.

Results
A total of 720 liquid and soil samples were evaluated for fecal 

indicators and zoonotic foodborne pathogens over 3 yr, includ-
ing enumeration of total coliforms, E. coli, and Enterococcus and 
detection of STEC O157 and Salmonella. The feedlot runoff 
source material was rich in fecal-associated bacteria (E. coli, coli-
forms, and Enterococcus) and included specific zoonotic patho-
gens E. coli O157:H7 and Salmonella (Supplemental Table S1). 
The tailwater was also rich in all three fecal indicators; however, 
their numbers were reduced by 2 to 4 logs in rainwater runoff. 
Escherichia coli O157:H7 was detected at all eight runoff events 
in the applied feedlot runoff and in excess tailwater from the 
treatment cells in five of the six events where treatment cells 
were purposely overapplied with feedlot runoff. Salmonella was 
detected only in the first three events, which were all in 2010. 
For two of those 2010 events, feedlot runoff was purposely over-
applied, and Salmonella was detected in the tailwater for those 
particular events. Protozoan pathogens were also detected in 
applied feedlot runoff and tailwater in all events during 2011 
and 2012 (Table 2). These included Cryptosporidium, occasion-
ally Giardia, and Microsporidia (E. bieneusi). “Clean” VTA rain 
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runoff was negative for Cryptosporidium and Giardia but positive 
in one case for Microsporidia during spring of 2012.

The 2-wk soil-survival studies conducted concurrently with 
Event 8 (summer of 2011) showed that the microbes initially 
remain viable on the surface of the VTS cells at concentra-
tions of 104 total coliforms, 103 E. coli, and 103 Enterococcus 
per gram of soil (Table 3). Pathogens were undetectable by the 
third day, and E. coli numbers in soil dropped by an order of 
magnitude over the 14-d study period. Salmonella were not 
detected in feedlot runoff or soil samples.

In soil cores collected during the fall for three consecutive 
years, fecal bacteria were found predominantly in the surface 
soil. There did not appear to be substantial downward move-
ment of fecal indicators or pathogens at this location during 
the 3-yr time frame (Table 4).

Specific zoonotic pathogens were only rarely detected in the 
soil core samples. Out of 420 soil samples collected at the end of 
each year, only a single sample was positive for E. coli O157:H7, 
and only two samples were positive for Salmonella. All three detec-
tions occurred during the 2010 sample coring, with no detections 
in 2011 or 2012. During the Event 8 study where soils were sam-
pled immediately after wastewater application and periodically for 
2 wk, only two of the samples were positive for E. coli O157:H7; 
one soil sample immediately after wastewater application and one 
soil sample on the following day. All other soils collected on the 

following days were negative for E. coli O157:H7. Salmonella was 
not detected in any wastewater or soil samples (Fig. 2).

Discussion
In this study we evaluated the performance of a pump-based 

VTS designed and built to serve a 1200-head beef cattle opera-
tion. Immediate reductions in total bacterial numbers, as the 
runoff moved down the vegetated cell, were due to infiltration 
by the microbes into and onto the soil, effectively immobilizing 
them in the short-term. In addition to having been immobilized, 
short-term reductions likely resulted from loss of cell viability 
and bacterial cell death. Bacterial numbers were highest for all 
three fecal indicators in the top 5 cm of the soil. These VTS 
results were similar to results collected from riparian filter strips, 
which also saw the highest coliform numbers in the top 0 to 5 cm 
of soil (Entry et al., 2000b). Under normal operating conditions, 
the wastewater front would not have been allowed to reach the 
bottom of the individual cells, and thus the microbes would have 
been contained within the VTS. In this VTS design, runoff that 
accumulated at the bottom of treatment cell was subsequently 
reapplied and resulted in 100% containment of these pathogens 
within the treatment cells.

It is likely that the soil within the vegetative cells was saturated 
immediately after heavy rainfall. Over 24 to 48 h, evapotraspiration 
would move water out of the soil. Runoff application likely brought 

Table 2. Protozoal pathogens detected in applied feedlot runoff and tailwater in 2011 and 2012. Detection of specific zoonotic parasites in vegetative 
treatment area (VTA) rain runoff, applied feedlot runoff, and tailwater within the vegetative treatment system. 

Event (date) Sample type Samples (n) Cryptosporidium (Y/N) Giardia (Y/N) Microsporidium (Y/N)
Event 6 (18 Apr. 2011) VTA rain runoff 1 N N N

applied feedlot runoff 4 Y (100%) N Y (100%)
tailwater 1 Y N Y

Event 8 (6 June 2011) manure 10 Y (80%) Y (70%) Y (30%)
VTA rain runoff –† – – –

applied feedlot runoff 3 Y (100%) N Y (100%)
tailwater 3 Y (100%) Y (33%) Y (100%)

Event 10 (17 Apr. 2012) VTA rain runoff 2 N N Y (50%)
applied feedlot runoff 4 Y (100%) N Y (75%)

tailwater 1 Y Y Y
Event 11 (29 May 2012) VTA rain runoff – – – –

applied feedlot runoff 4 Y (100%) Y (25%) Y (100%)
tailwater 1 Y N Y

† No samples tested.

Table 3. Survival of fecal indicators and pathogens in soil over a 2-wk time course. Fecal indicators initially remain viable on the surface of the 
vegetative treatment system cells and slowly declined over the 14-d study period. Salmonella were not detected in feedlot runoff or soil samples; 
Escherichia coli O157:H7 were undetectable by the third day.

Day Source
Escherichia coli Total coliform Enterococcus E. coli O157:H7 

(Y/N) Salmonella (Y/N)
Log cfu† SD Log cfu SD Log cfu SD

0 manure 6.64 0.50 6.67 0.46 4.25 0.67 Y N
0 runoff 3.04 0.36 3.45 0.20 3.35 0.19 Y N
0 soil 3.17 0.93 4.69 0.65 3.05 0.23 Y N
1 soil 3.20 0.50 4.18 0.55 3.20 0.41 Y N
3 soil 3.22 0.46 4.50 0.55 3.34 0.33 N N
7 soil 2.88 0.81 4.25 0.74 3.18 0.54 N N
14 soil 2.18 0.56 4.52 0.61 3.31 0.54 N N
3 berm −0.40 1.34 3.17 0.77 2.83 0.48 N N
3 hay 0.25 1.72 5.34 0.94 0.86 1.77 N N

† Values for manure, soil, berm, and hay are per gram. Values for runoff are per milliliter.
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soils back up to saturation because the soils would have absorbed 
water as the runoff front moved down the vegetative cell. Excess 
water would move off the vegetative cell and collect in the basin 
at the bottom. Because of the sloped design of the treatment cells, 
runoff did not collect or pool on the surface of the vegetative cells.

When postapplication rain events were examined and enough 
rain fell on the VTS cells to yield runoff from the treatment cells, 
fecal-associated bacteria remained predominantly in the soil 
because the abundance of fecal bacteria in the VTA rain runoff 
was only a small fraction of the fecal microbes that had been 
loaded onto the treatment cell during previous events. The total 
number of bacteria in tailwater was 2 to 4 logs lower in concen-
tration than the applied feedlot runoff numbers. More impor-
tantly, when total abundance or mass of fecal-associate bacteria 
in the VTA rain runoff was compared with total abundance or 
mass previously applied to the treatment cell, then the overall 
efficiency of removal was 3 to 5 logs (up to 99.999% removal). 
This was an important finding because these results showed that 
if the soil had time to assimilate feedlot runoff after an applica-
tion event, then very little potential existed for off-site transport 

of the measured fecal-associated bacteria. It should be noted that 
the scenario with the VTS was a worst-case because the treat-
ment cells received more frequent application events than would 
be expected from typical land application events with conven-
tional full containment systems.

Comparing surface soils collected in Event 8 where feedlot 
runoff was applied and monitored over 2 wk with surface soils 
collected annually in the fall, the concentrations of E. coli and 
total coliforms per gram of soil were reduced by 2 to 3 logs from 
June to September 2011, indicating that the fecal-associated 
microorganisms naturally declined over time. Interestingly, in 
2012, fecal-associated microbes in the soil cores were reduced 
even further (3–5 logs) when compared with the previous year, 
which was likely due to the harsh conditions of extreme drought 
from that year on these particular microorganisms.

An important set of control samples collected from the berm 
area between treatment cells indicated that selected groups of bac-
teria that were measured in the soil were not necessarily related to 
feedlot runoff because the abundances of total coliforms were simi-
lar between berm and treatment cells (and even sometimes more 

Table 4. Detection of fecal indicators and pathogens at multiple soil depths, 2010–2012. There did not appear to be substantial downward movement 
of fecal indicators or pathogens at this location during the 3-yr time frame. Dashed line indicates no sample collected.

Escherichia coli Total coliform Enterococcus E. coli 157:H7 (Y/N) Salmonella (Y/N)
Treatment Berm Treatment Berm Treatment Berm Treatment Berm Treatment Berm

———————————— log cfu g-1 soil ————————————
Event 5 (2010)
  0–5 cm 0.59 – 4.21 – 4.16 – Y – N –
  5–10 cm −0.16 – 3.38 – 3.91 – N – N –
  10–20 cm −0.51 – 3.01 – 3.72 – N – N –
  20–30 cm −0.85 – 2.36 – 3.76 – N – Y –
  30–40 cm −0.58 – 1.75 – 3.86 – N – Y –
  40–50 cm −0.88 – 1.40 – 3.58 – N – N –
Event 9 (2011)
  0–5 cm −0.21 −0.24 2.97 3.42 2.44 2.29 N N N N
  5–10 cm 0.37 0.12 2.49 2.12 2.20 2.53 N N N N
  10–20 cm 0.01 −0.15 2.52 1.73 2.11 2.26 N N N N
  20–30 cm −0.45 −0.80 2.24 1.00 2.06 1.66 N N N N
  30–40 cm −0.41 −1.00 2.08 0.71 2.12 2.36 N N N N
  40–50 cm −0.78 −0.80 1.98 0.64 2.18 2.91 N N N N
Event 12 (2012)
  0–5 cm −0.93 −0.64 1.80 2.84 2.53 2.73 N N N N
  5–10 cm −1.00 −1.00 0.55 2.24 2.43 3.01 N N N N
  10–20 cm −1.00 -0.74 0.42 1.79 2.39 2.65 N N N N
  20–30 cm −1.00 −0.59 -0.27 1.22 2.44 2.95 N N N N
  30–40 cm −0.95 −1.00 0.11 2.10 2.40 3.17 N N N N
  40–50 cm −0.95 −1.00 0.28 2.57 2.47 3.22 N N N N

Fig. 2. Human pathogens in soil at 
selected depth intervals. Percent of 
samples that were culture positive 
for Shiga toxigenic Escherichia coli 
O157:H7 and Salmonella.
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numerous in berm samples). For the total coliform group, this may 
have been due to the presence of plant-associated coliform bacteria 
in the berm samples (Leclerc et al., 2001). Enterococcus numbers 
remained stable at 103 g−1 when the two soils were compared (fresh 
runoff applied to surface soil vs. end-of-season soil samples) and 
when compared across the years. These data suggest it was likely 
that native populations of Enterococcus were present in these soils. 
Although the general premise was that the fecal indicator bacteria 
were associated exclusively with feces, there are instances where these 
bacteria have been isolated or enumerated from soil with no or lim-
ited fecal inputs. For example, in Illinois, a field experiment found 
high numbers of fecal coliforms and E. coli in control soils neighbor-
ing the treatment plots (Beck et al., 2013), and a study of ungrazed 
native Nebraskan prairies found mean levels of total coliforms and 
Enterococcus occurred naturally in soil at 1.60E+04 and 3.39E+03 
cfu g−1 dry soil, respectively (Durso et al., 2016). Data from the cur-
rent study reinforce these previous results and highlight the utility 
of taking background or control samples when measuring microbial 
parameters in manure-impacted soils. Additionally, these data sup-
port criticisms of the use of these indicator organisms as definitive 
markers of the microbiological safety of water due to the common 
appearance of coliforms in the environment (Leclerc et al., 2001). 
Also of note is that this was an open field site, accessible to birds, 
rodents, and other wildlife that may have contributed fecal inputs. 
Although these inputs are not expected to influence the coliform 
numbers of the applied feedlot runoff and tailwater, there is the pos-
sibility that they contribute to the coliform counts in the rainfall 
runoff and berm control samples.

The fecal-indicator bacteria and specific zoonotic pathogens 
measured over the 3 yr of the study remained suspended in the 
feedlot runoff as it was applied to the treatment areas. The VTS 
grasses did not physically remove these microbes or prevent them 
from traveling further along the treatment cell (i.e., “straining”). 
These results support conclusions from laboratory-scale experi-
ments demonstrating no reduction in E. coli concentrations in 
the vegetative filter strips (Fox et al., 2010). In plot-based stud-
ies of grass filter strips, the flow rate was reported to influence 
entrapment of bacteria. Collins et al. (2004) reported 0 to 5% 
entrapment of E. coli under high flow rates, compared with 
95% entrapment at the slowest flow rate. Of note is the differ-
ence in interpretation of microbial numbers by concentration, 
typical of microbiological reports, or by mass (concentration 
times volume), typical of engineering reports. One point of 
view evaluates concentration of microbial numbers per unit of 
volume, whereas some interpret results by mass reductions. Thus, 
researchers and end users should consider which method is being 
reported or used to evaluate performance or efficacy.

The specific transport of the different indicator bacteria groups 
is thought to differ due to underlying physical and chemical param-
eters of the species measured (Blaustein et al., 2015). Escherichia 
coli is thought to be more frequently associated with the liquid 
portions of runoff compared with enterococci, and enterococci are 
thought to be more likely to attach to particulate matter compared 
with E. coli (Blaustein et al., 2015; Guber et al., 2007; Muirhead et 
al., 2006; Soupir et al., 2010). In the VTS measured for this study, 
we did not observe any reduction in Enterococcus concentration 
when comparing the feedlot runoff that was initially applied to the 
tailwater that was collected at the bottom of the VTS cells after 
transport through 800 feet of vegetation. If there was preferential 

attachment of Enterococcus to particulate matter, it was not 
to the larger particles that settled out during the passage of the 
wastewater from the top to the bottom of the VTS cell. Due to 
infiltration of the applied feedlot runoff, the total number or mass 
of Enterococcus cells in the tailwater was reduced by 99% when 
compared with the total number or mass of Enterococcus cells in 
the applied feedlot runoff.

In comparing the microbial performance of the active, pump-
based VTS here with the passive, gravity-fed system evaluated by 
Berry et al. (2007), we observed the same general trends for bacte-
rial and protozoan numbers to decline over time. The numbers of 
E. coli in the passive system ranged between 104 and 106 cfu per 
gram of soil or milliliter of liquid, whereas the E. coli in the active 
system were generally less concentrated and displayed a larger range 
of values. Immediately after application of the applied feedlot runoff 
in the active system, there were only 103 cfu E. coli g−1 dry soil, declin-
ing to 3.8 cfu E. coli g−1 dry soil at the end of the season. In the liquid 
samples, the highest E. coli numbers were associated with the applied 
feedlot runoff (105), declining to 101 in the VTA rain runoff. When 
comparing these numbers, the current analysis was based on gram 
dry weight of soil, whereas Berry et al. (2007) used wet weight of 
soil without drying. Per gram, the Berry et al. (2007) samples con-
tained proportionately less soil, and their reported E. coli concen-
trations would likely be higher had they used dry weight. Despite 
these differences in starting concentrations, both systems resulted in 
a decline of target organisms during field operations.

Applied feedlot runoff and tailwater that was purposely over-
applied contained high concentrations of fecal-associated bac-
teria, and pathogens such as E. coli O157:H7, Cryptosporidium, 
and Microsporidium were routinely detected. Fecal bacteria and 
pathogen numbers declined over time in the soil. Short-term 
(2-wk) reductions were observed with many fecal-associated 
bacteria, and E. coli O157:H7 in the soil was reduced within a 
few days to undetectable levels. No evidence was seen to indicate 
that pathogens were moving into the deeper soil at this site. Total 
coliform and Enterococcus counts on control berm samples rein-
force previous work suggesting that these two fecal indicators are 
not reliable for environmental samples. Results from this study 
suggest that VTSs for CAFOs can be effectively used with mini-
mal risk of soil and water contamination.
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