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Abstract
Poultry litter is a valuable nutrient resource for agricultural production but is also
a potential source for introducing antibiotic resistance genes (ARGs) and litterassociated bacteria (LAB) to the environment. Prairie strips have been demonstrated
as an effective conservation practice to improve environmental quality in agroecosys-
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tems. This research aims to assess prairie strips’ potential for reducing the transport of
LAB and ARGs in runoff after litter application. Plot-scale rainfall simulations were
performed using a replicated block design, with soil and surface runoff samples taken
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detected in runoff, with very low detection in soils. Detection of ARGs in runoff,
irrespective of strip installations, is consistent with previous observations of litter as
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during the rainfall event. Microbial taxa and ARGs were characterized in the litter,
soil, and water samples. In plots with litter application, LAB and ARGs were mainly

a source of antimicrobial resistance (AMR) risks. The effectiveness of prairie strips
to remove LAB and ARGs varied. In two of the three prairie strip plots, fewer AMR
indicators were detected relative to control plots, suggesting that the prairie strips can
potentially reduce these risks. In one plot, which was also associated with increased
flow rate, we observed increased AMR indicators despite the installation of a prairie
strip. Our observations highlight the need to prioritize understanding of soil properties even within the same site. Although we show that prairie strips can potentially
reduce AMR risks, further research is needed to better understand the influence of
rainfall timing, soil, and litter characteristics.

1

INTRODUCTION

Antibiotics are crucial for fighting infectious diseases caused
by bacteria. In animal production, antibiotics are used freAbbreviations: AMR, antimicrobial resistance; ARG, antibiotic resistance
gene; CL, crop and litter; CS, crop and strips; CSL, crop with strips and
litter; LAB, litter-associated bacteria.

quently to prevent and treat disease and were formerly
used for growth promotion (Allen et al., 2010; Landers
et al., 2012; Lima et al., 2020; Mann et al., 2021; Zaman
et al., 2017). Chicken and turkey production in the United
States uses significant amounts of antibiotics, representing 14% of medically important antibiotic use in animal
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agriculture in 2020 (FDA, 2020). Even low rates of antibiotic use in animal production can contribute to the occurrence of antibiotic resistance because low concentrations of
antibiotics can select for resistant organisms (Lima et al.,
2020; Manyi-Loh et al., 2018). Poultry litter has previously
been found to harbor genes conferring resistance to several
antibiotic classes, including aminoglycosides, β-lactamases,
macrolides, lincosamides, sulfonamides, tetracyclines, and
vancomycins (Zhang et al., 2017). Additionally, poultry litter is often land applied, both as a method of disposal and at
agronomic rates for crop production, and has been observed to
result in enrichment of antibiotic resistance genes (ARGs) and
litter-associated bacteria (LAB) in soils (Heuer et al., 2011;
Hubbard et al., 2020). Generally, litters are recognized as a
reservoir for ARGs and as a potential vector for the transport
or ARGs to the broader environment (Brooks et al., 2016;
Chee-Sanford et al., 2009; Lopatto et al., 2019). Fecal indicator bacteria from poultry litter have also been shown to
be transported to surface waters through attachment to soil
and sediment particles (Soupir et al., 2006, 2010), and this
pathway is also a risk for the transport of antibiotic-resistant
bacteria. Litter-associated ARGs can also persist in soil for
extended periods after litter application, with studies showing a range of 120–130 d after application (Han et al., 2018;
Zhang et al., 2017).
Land management at the edge of crop fields has shown
promise to influence the fate and spread of indicators of antibiotic resistance. In Nebraska, the presence of narrow switchgrass (Panicum virgatum L.) buffers reduced the abundance
of 16S rRNA and erm(B) genes in runoff water after application of swine manure (Soni et al., 2015). Similar to buffers,
prairie strips are a conservation practice that can be installed
at the edge of field and have been shown to provide environmental benefits, including biodiversity, sediment loss, and
water quality, when installed at the edge of a field (Helmers
et al., 2012; Kordbacheh et al., 2020; Schulte et al., 2016).
These narrow strips of native grasses and forbs are strategically planted in row crop fields to replace 5–25% of the
total area (Schulte et al., 2017). The effects of prairie strips
on the transport of indicators of antibiotic microbial resistance have not been studied, but we predict that these strips
could provide a mechanism for the mitigation of antimicrobial resistance (AMR) associated with manure or litter applications. The potential for strips to attenuate LAB and gene
transport would contribute to their use as a best management
practice for manure and litter management, adding another
benefit of installing prairie strips to improve agricultural
sustainability.
In this study, we characterize the effects of prairie strips on
the transport of poultry litter–associated indicators of antibiotic resistance. The objective of this study is to better understand the distribution of poultry litter–associated ARGs and
LAB and their movement from litter to soils after a simulated

Core Ideas
∙ The transport of AMR indicators in runoff is potentially reduced by prairie strips.
∙ The removal of AMR indicators in runoff water
varied within replicated prairie strip plots.
∙ AMR indicators were mainly observed in runoff
water and not in soils.

rainfall. Additionally, we aim to understand the role of prairie
strips, when appended to row crops, in attenuating the transfer
of poultry ARGs and LAB to surface water. To evaluate the
potential spread of these antibiotic resistance indicators after
litter application, we performed a rainfall simulation on agricultural plots with and without the installation of prairie strips.
We hypothesized that prairie strips will reduce the spread of
LAB and ARGs into soil and runoff water after litter application and simulated rainfall.

2
2.1

MATERIALS AND METHODS
Study sites

The Iowa State University WOR research site with prairie
strips installed as an in-field conservation practice was used
for field experiments. The WOR site was chosen because it
does not have a history of litter usage, and thus this study represents the first known litter application. The WOR prairie
strips were established in spring 2015 and sampled in fall
2017 for this study. The site is situated on Clarion loam soils
with a slope of 3.9%. In 2017, WOR was under a no-till, corn
(Zea mays L.)–soybean [Glycine max (L.) Merr.] rotation that
is typical of the area. The experiment was performed after harvest of soybeans and prior to any tillage.

2.2

Experiment treatments and samples

We compared antibiotic resistance indicators in soils and surface runoff between plots with and without a prairie strip and
with and without a layer hen litter application. Specifically,
we focus on the identification of ARGs and bacteria that are
associated with the poultry litter. Litter was obtained from
an accumulator that collects litters from a mixture of conventionally raised high rise and belt poultry barns and generally from layer hens. In litter treatment plots, litter was surface broadcast 30 min before simulated rainfall was applied
at a rate of 7.85 Mg ha −1 , a typical rate for corn production in Iowa (described in Supplemental Methods). Prior to
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land-applying litter from layer hens, litter was characterized
for antibiotic resistance indicators, including concentrations
of antibiotics, microbial community structure, and abundance
of ARGs.
In total, the experimental setup consisted of three treatments (crop with strips and litter [CSL], crop and strips [CS],
and crop and litter [CL]) (Supplemental Figure S1). The
experimental site consisted of three blocks, with three plots
per block used for each treatment, totaling in nine experimental plots. For plots with no prairie strip installations (CL),
three sampling plots were selected in cropland with no prairie
strips (∼10 m away from the prairie strip installations). For
prairie strip treatment plots (CSL and CS), six plots were
selected along the existing border between strip and crop sections at WOR. At the time of the experiment, the crop portion
of the plot consisted of soybean residue. These crop-adjacent
prairie strip plots included three receiving litter (CSL) and
three with no litter (CS). Sampling plots with prairie strips
(CS, CSL) were 3 m by 1.5 m with the long axis perpendicular to the strip/crop interface, whereas plots with no prairie
strips (CL) were 2 m by 1.5 m. The prairie strip occupied 1 m
of the plot length, and the crop occupied 2 m of the plot in the
CS and CSL treatments. Rainfall simulation was performed on
the three replicated blocks between 25 and 31 Oct. 2017. Each
plot was independently subject to simulated rainfall at a rate of
65 mm h−1 (2- to 5-yr return period storm) until surface runoff
was observed, with an additional 30 min of rainfall following
as previously described (Kovar et al., 2011). Briefly, rainfall
was applied using two nozzles that were located above each
plot. Nozzles were suspended from a portable metal framework, and the framework was covered in tarps to prevent wind
disturbance. Rainfall was applied to plots bordered with vertical metal sheets to prevent lateral flow. Runoff was collected
from the downslope side of the plot, where a metal collector channeled runoff into a receiving bucket placed below the
soil surface. When runoff reached a steady stream, 2.5 min
were allowed to pass to ensure steady state conditions. Rainfall was then collected every 5 min for 30 min resulting in
six runoff samples from each plot. At the beginning of each
5-min collection period, 1,000 ml was collected. The time to
collect 1,000 ml was recorded in addition to the mass of the
bottle. All runoff not collected as sample was collected into
an overflow bucket, where the mass of water was measured
after rainfall simulation, allowing for a complete accounting
of surface runoff.
Soil samples were collected at six timepoints beginning
with baseline samples taken before rainfall simulation and
before litter application. Samples taken ∼30 min after rainfall and litter application are referred to as Time 0 samples in
this study. Subsequent soil samples were taken on Days 2, 14,
21, and 42 after rainfall. At each sampling event, soil samples
were taken along the long axis of each plot, resulting in six
soil transects evenly spaced through the plot (Supplemental
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Figure S1). Soil samples are described in additional detail in
the Supplemental Methods.

2.3
DNA extraction and 16S rRNA
sequencing
DNA was extracted from 0.25 g of soil and litter samples, each
of which was well mixed, with a Qiagen MagAttract PowerSoil DNA EP kit (Qiagen GmbH). Water DNA was extracted
from runoff water samples after filtering through a 0.22-μm
filter. Filters were used for DNA extraction with the Qiagen MagAttract PowerWater DNA/RNA kit (Qiagen GmbH).
Extracted DNA was quantified with Synergy HT fluorescent
plate reader (Bio-Tek Instruments), and final DNA concentrations were diluted to a concentration of 10 ng ml−1 in samples with concentrations >10 ng ml−1 . Samples with DNA
concentrations <10 ng ml−1 were not adjusted. For DNA
sequencing, we targeted a 390-bp V4 region of the 16S rRNA
gene, with the forward primer 515F (GTGYCAGCMGCCGCGGTAA) and the reverse primer 806R (GGACTACNVGGGTWTCTAAT). The specific protocol is described
at https://earthmicrobiome.org/protocols-and-standards/16s/.
Sequencing of bacterial amplicons was performed on Illumina
Miseq with Miseq Reagent Kit V2 (Illumina) at the USDA
National Animal Disease Center, and sequencing libraries
comprised of 150-bp paired-end reads.

2.4

Detection of ARGs

DNA from poultry litter and soils without litter was initially
screened against a select suite of 384 known ARGs using
high-throughput quantitative polymerase chain reaction, with
primers previously described in Stedtfeld et al. (2018). Based
on initial detection of genes, 15 ARG primers were selected
due to their detection in poultry litter (see Supplemental
Methods).

2.5

Bioinformatic analysis

Sequencing libraries were processed using DADA2 and the
R statistical language (version 3.5.2). DADA2 was performed
with default parameters as described in the DADA2 Pipeline
Tutorial (version 1.14) (Callahan et al., 2016). The standard
quality filtering of sequencing reads by DADA2 includes filtering read length by base pair quality scores, the removal of
reads with “N” in sequences, and removal of reads that do
not pass an error threshold. Reads that passed quality filtering
were then assigned to amplicon sequence variants to describe
the taxa identified in each sample. Amplicon sequence variants were assigned taxonomy by alignment with the SILVA
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16S rRNA gene database v124 (Pruesse et al., 2007). Taxa
were assigned with The Ribosomal Database Project’s naive
Bayesian classifier using the assignTaxonomy() function in
DADA2 with a default boot strapping value of 50 (Wang et al.,
2007). Abundances of each observed amplicon sequence variant in samples were estimated using Phyloseq, and the most
closely related taxa in the database were identified (McMurdie
& Holmes, 2013). Similar to previous studies (Rieke et al.,
2018; Smith et al., 2019; Udikovic-Kolic et al., 2014), we
selected ARGs and bacteria most likely originating from litter
amendment based on their detection in the microbial communities of litter samples and their absence in unamended soil
samples. This selection purposefully excludes LAB that are
detected in both soils and litters to more specifically identify
litter effects.

2.6

Statistics

The difference between ARG abundances in experimental
treatments was evaluated using a nonparametric Kruskal–
Wallis test to account for the varying sample sizes between
grouping comparisons. When significant treatment effects
were detected between more than two groups, pairwise comparisons were evaluated using Dunn’s test, with Hochberg
correction to determine which groups were significantly different. Statistical tests were performed using the R package
ggpubr (Kassambara, 2017).

3

RESULTS

3.1
Identification of litter-associated
indicators of AMR
We first characterized indicators of AMR in poultry litter, including the concentration of antibiotic compounds and
degradation products, LAB, and ARGs. The antibiotic compounds and degradation products detected in poultry litter included chlortetracycline, sulfonamide sulfachloropyrazidine, and the ionophore monensin at concentrations of 3,958,
261, and 16 ng g−1 of litter, respectively. The poultry litter was
rich in taxa associated with Firmicutes, Proteobacteria, Bacteroidetes, Actinobacteria, and Deinococcus-Thermus, with
these five most abundant phyla representing relative abundances of 44.1–67.8, 12.4–29.4, 7.1–19.1, 6.7–10.5, and 0.6–
2.6%, respectively, of the total bacterial community across
the replicated poultry litter samples (Figure 1). Next, we
identified ARGs in poultry litter samples and found that the
majority of ARGs in litter were similar to genes conferring
resistance to tetracyclines, sulfonamides, and erythromycins
(Supplemental Table S2).

Taxa and ARGs specific to poultry litter and absent in soil
and water were used to distinguish litter influence. We defined
these LAB as taxa observed only in poultry litter and not
detected in crop or strip soils not receiving litter (i.e., baseline samples and CS samples) (Supplemental Figure S2) and
identified 1,017 such taxa. We also identified litter-associated
ARGs as genes present in litter but not detected in soils not
receiving poultry litter. A total of seven ARGs unique to litter were identified and include erm(C), tet(X), tet(W), tet(T),
tet(M), tet(H), and tetB(P) (Supplemental Table S2). Together,
these selected ARGs and LAB were used to characterize the
influence derived from litter in soil and water samples.

3.2

Litter indicators in soil

Generally, we found that LAB and ARGs were not readily
detectible in soils receiving poultry litter. The mean relative
abundance of LAB in the crop portion of each plot was <1%,
with a mean of 0.228 and a minimum of 0 and maximum of
0.82% in the CL treatment and mean of 0.174 with a minimum of 0 and a maximum of 0.72% in the CSL treatment. The
abundance of LAB between the crop soil of CL and CSL was
not significant (Dunn’s test, p > .05). To evaluate if LAB was
transported through the cropped portion of the plot into the
strip portion, we compared the abundance of LAB between
the crop and strip soil of the CSL treatment. We found that
the mean relative abundance of LAB in the strip soil was significantly smaller than that of the corresponding crop soil in
the same plot. In the strip portion, the mean abundance was
0.004% with a minimum of 0 and a maximum of 0.03% for all
sampling days, compared with a mean of 0.174% and a minimum of 0 and a maximum of 0.72% in the crop soil (Dunn’s
test, p < .001).
Like LAB, we observed very limited detection of poultry litter–associated ARGs in soil. No litter-associated ARGs
were detected in CL plots. Tet(G) was the only ARG detected
in soil and was detected 14 d after rainfall simulation in CS
Plot 2 and in the baseline sample of CSL Plot 4 (Supplemental
Figure S3). Tet(G) was detected in the soil prior to litter application and therefore was not used distinguish litter effects.

3.3

Litter indicators in runoff water

In runoff waters, we observed that LAB and ARGs were
transported in the runoff from plots receiving poultry litter after rainfall. The mean relative abundance of LAB in
runoff from littered plots ranged from 0.30 to 55.20% over
the 30-min collection event, with LAB in runoff consistently
observed from plots receiving poultry litter without strip
installations (Figure 2). The application of poultry litter had a
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F I G U R E 1 Relative abundance of phyla detected in poultry litter samples (n = 6). Inset (b) provided to show phyla with relative abundance
<1%, the last 15 phyla of panel (a)

significant effect on the mean abundance of LAB in runoff
waters [χ2 (2) = 33.47, n = 51, p < .0001, Kruskal–Wallis
followed by Dunn’s test with Hochberg correction], with
increased abundances of LAB observed between CS and CSL
(p < .0001) and CS and CL (p < .0001). In two of three CSL
plots, we observed decreased relative abundance of LAB in
runoff waters. The exception was in CSL Plot 4, which was
observed to be rich in LAB, with relative abundance values
ranging between 45 and 65% across the six runoff samples.
Comparing the flow rate of runoff in all plots, this specific
plot was twofold higher than the average flow of other CSL
plots and up to ninefold higher than the three plots of the CL
treatment in this study (Supplemental Figure S4; Supplemental Table S1). Our findings showed that CL Plot 9 was associated with higher flow rates than other CL plots and was also
rich in LAB relative to other CL plots.
We compared the specific LAB observed in runoff from
littered plots with and without strips and found varying distributions of phyla depending on both the specific plot and
the strips treatment (Figure 3). In runoff CL, the five most
abundant LAB phyla and their relative abundances (mean ±
SD) were Firmicutes (10.28 ± 9.13%), Actinobacteria (4.38
± 1.64%), Proteobacteria (0.69 ± 0.49%), Chloroflexi (0.37 ±
0.23%), and Planctomycetes (0.37 ± 0.30%). In runoff from
CSL, four of the five most abundant LAB phyla included

similar membership to CL (Firmicutes, 10.91 ± 15.6%; Actinobacteria, 3.66 ± 4.95%; Proteobacteria, 1.56 ± 2.20%; and
Planctomycetes, 0.44 ± 0.65%), but Bacteroidetes were also
observed as the fourth most abundant phylum (1.23 ± 2.15%).
Like total relative abundances of LAB, we also observed plotspecific differences in the specific phyla that were more abundant in CSL and CL treatments. Plots with high flow rates
(i.e., CSL Plot 4 and CL Plot 9) were associated with larger
detections of these taxa than other plots within similar treatments. For example, CSL Plot 4 was observed to have the
highest relative abundance of LAB and was especially high
with Bacteroidetes at higher levels compared with any other
plot receiving poultry litter (3.6% in CSL Plot 4 vs. 0.001–
0.03% in other CSL plots and 0.19–0.26% in CL plots).
We observed that total 16S rRNA gene copies were
significantly more abundant in runoff from poultry litter treatments up to 17.5 min after rainfall compared with no treatments (Supplemental Figure S5). To account for this difference, the abundance of ARGs was normalized by total 16S
rRNA copies to compare the total ARG concentrations per
estimated bacterial cell copy. Based on normalized concentrations, the most abundant ARGs detected in runoff were the
tetracycline genes tetB(P), tet(T), tet(W), tet(x), tet(H), and
tet(M). These ARGs were mainly detected in CL plots and in
CSL Plot 4 (Figure 4). Among the 15 ARGs in runoff water,
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F I G U R E 2 Relative abundance of litter-associated bacteria (LAB) taxa in runoff waters from in crop with strip (CS), crop with strip and litter
application (CSL), and crop and litter application (CL). Sample time is shown as minutes after initial runoff was observed. Three Plot 1 runoff
samples had too few reads for analysis and were excluded

seven were identified as specifically detected in litter, and the
remaining eight ARGs were detected in baseline and soil samples not receiving litter. Among tetracycline genes, tet(M) was
the most abundant litter-associated ARG detected in the most
runoff samples. Additionally, tet(L) was highly abundant but
was not distinguished as a litter-associated ARG because it
was also detected in the nonlittered CS runoff. There were no
significant treatment effects between CL and CSL for ARGs
in runoff. Similar to LAB abundances in both CSL and CL
treatments, plots with the most litter-associated ARGs were
also associated with higher runoff rates.
To further analyze the effects of flow rate, we examined the
observation of LAB as a function of overall flow rate. These
results suggest that the runoff of CL plots has greater abundances of LAB relative to that of CSL up to a specific flow
rate. After that flow rate, CSL runoff can be greater than CL.
Based on a linear model, this flow rate was estimated to be
∼7.37 ml s−1 . Similar results were obtained for analysis of
litter-associated ARGs (data not shown).

4

DISCUSSION

Our results are the first to demonstrate that litter-associated
AMR indicators in runoff water have the potential to be
reduced with prairie strip installations. This result is consistent with observations that significant reductions of sediment
loss are observed after prairie strip installations (Helmers
et al., 2012) and with observations of reductions of ARGs in
runoff by narrow grass hedges (Soni et al., 2015). In this study,
we specifically focused on antibiotics, LAB, and ARGs associated with poultry litter. The similarity of antibiotics, bacteria, and ARGs in our poultry litter to other studies suggests
that the poultry litter used in this study is broadly representative. The antibiotics observed in our litter are consistent with
previous studies and antibiotic usage in poultry production
(Campagnolo et al., 2002; Hubbard et al., 2020). Like previous studies, LAB identified in this study are dominated by
Firmicutes, Proteobacteria, Bacteroidetes, and Actinobacteria
(Pedroso et al., 2013; Zainudin et al., 2020). These taxa are
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F I G U R E 3 Mean relative abundance of eight most abundant litter-associated bacteria (LAB) in runoff water samples from crop with strip and
litter application (CSL) and crop with litter application (CL)

also abundant in swine (Looft et al., 2012; Rieke et al., 2018)
and cattle (Resende et al., 2016) manures. The ARGs identified in our poultry litter have also been previously identified
in poultry litters (Chen et al., 2016; Han et al., 2018; Hubbard
et al., 2020; Lima et al., 2020).
After litter amendment, we examined AMR indicators
(LAB and ARGs) in soil and runoff samples. In surface soils
(at a depth of <15 cm), we did not observe increases of either
LAB or ARGs, suggesting that these indicators are moving
over the soil and into the surface runoff water or potentially
through the soil profile. These results are inconsistent with
other studies that have observed increases of ARGs in soils
after poultry litter application (Han et al., 2018) and in swine
studies (Luby, 2014; Zhang et al., 2017). A potential reason
for this may be the characteristics of poultry litter, especially
compared with other manures. Specifically, the storage conditions of poultry litter generally results in relatively lower
moisture content because it is often collected with dry bedding. In contrast, swine manure is collected in storage pits
and is more liquid in nature, which influences its subsequent
ability to be transported in soils. In addition to moisture con-

tent, variations in litter characteristics can contribute to different environmental conditions between litter and soil and the
selection of different microbes.
Depending on the litter and soil characteristics, native soil
bacteria can attenuate the establishment and persistence of
foreign bacteria (Pérez-Valera et al., 2019). Further, soil characteristics such as pH, clay content, and vegetative cover can
influence the diversity of the soil microbiome and interactions
with the soil matrix and litter microbiome as well as DNA
yield (Sagova-Mareckova et al., 2008). Soil depth also can
affect soil and microbiome properties, and it is possible that,
with our soil sampling depth, we may not have detected AMR
indicators that may be present deeper in the soil (Yang & van
Elsas, 2018). Another potential cause for the low detection
of ARGs in our soil samples is the presence of inhibitors for
DNA amplification (Bustin et al., 2009; Opel et al., 2010);
however, we note that 16S rRNA genes could be amplified
and detected in our soil samples, suggesting that inhibition
was not present or specific to ARGs.
In runoff waters from litter-amended soils, we observed
increases of LAB, and this result is consistent with
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F I G U R E 4 Abundance of antibiotic resistance gene (ARG) copies normalized by 16S rRNA gene copies in water samples (ratio of ARG
copies/16S rRNA copies). Panels indicate treatment and plot; six individual tiles across columns represent the six runoff water samples (from left to
right, 2.5, 7.5, 12.5, 17.5, 22.5, and 27.5 min after runoff). Treatments are crop with strip (CS), crop with strip and litter application (CSL), and crop
and litter application (CL). Antibiotic resistance genes unique to litter are denoted with an asterisk

previously identified risks of litter application to downstream
water resources (Amato et al., 2020; Hoover et al., 2019; Hubbard et al., 2020). To evaluate if prairie strip installations
could attenuate these indicators, we compared the reduction of
LAB and ARGs in littered plots with and without strips. In two
of the three plots with a prairie strip installation, we detected
very few LAB and ARGs relative to control no-strip plots,
suggesting that the prairie strips could reduce AMR indicators. However, in runoff from one prairie strip plot (Plot 4), we
did observe significantly high abundances of both LAB and
ARGs, and the average abundances of both LAB and ARGs

in this plot were even greater than in runoff from littered plots
with no strips.
To provide insight into the differences observed in these
plots, we compared the flow rate of runoff in these plots and
found that the two plots with the highest abundance of AMR
indicators (one CSL, one CL) had the greatest flow rates compared with other plots of similar treatment. Based on these
high flow rates, we conducted an additional analysis with
flow-weighted adjustments but observed similar results. We
observed patterns related to flow rates, in which CSL plots
with >7.5 ml s–1 of flow were associated with more abundant
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LAB and litter-associated ARGs than CL plots. Overall, these
results indicate that flow rate likely influences the effectiveness of strip installations and that these plots may have different landscape or soil characteristics than other replicated
plots. Except for the high-flow plots, our results support our
hypothesis that prairie strips can decrease the transport of both
LAB and ARGs into runoff water after rainfall.
Overall, our findings indicate that poultry litter application in agricultural soils results in the transport of AMR indicators through runoff water and that this transport can be
variable, even within the same soil type. Considering that
water flow from fields will connect to other waterways, this
work emphasizes the need for continued research on the risks
these AMR indicators pose to the larger watershed and public health. Our observation that indicator ARGs from poultry litters move through water suggests that it is a potential
and important pathway for future study regarding the spread
of antibiotic resistance and is supported by observations of
litter-associated AMR indicator transport in waters from other
studies (Rieke et al., 2018; Smith et al., 2019). Additionally,
more research is needed to understand the effects of variations
in poultry litter (e.g., varying chemical compositions, storage
conditions, and management conditions) on both water flow
and the transport of AMR indicators. A limitation of this study
is its focus on the effects of prairie strip installations with only
one representative poultry litter, and future studies investigating how broadly representative these results are between
varying litters, farm management, and soil types would be
beneficial. Further, our study emphasizes the need for largescale field studies that can account for the natural variations of
our agricultural ecosystems. Because our experiment focused
on similar soil conditions, future research would also benefit
from integrating broad soils characterization to better understand how factors such as soil moisture or aggregate distribution would affect water flow and/or AMR indicator transport.
Among AMR indicators, tetracycline resistance genes were
detected widely in litter-associated ARGs in our samples, and
this result is consistent with previous poultry litter studies
(Awasthi et al., 2019). Tetracycline resistance is of particular concern because of its importance to human medicine,
where it is used to treat bacterial respiratory and other infections (Smilack, 1999). Despite reduced use in many human
medicine applications (FDA, 2015), tetracyclines remain
commonly used in developing countries and remain on the
FDA’s list of medically important antibiotics. Further, its
continued use for agricultural purposes, with a 4% increase
in domestic sales from 2018 to 2019, suggests that tetracyclines will remain an important environmental antibiotic
(FDA, 2020).
An important consideration for interpreting the results of
this study is that this study was limited to the effect of
litter application on surface water flows. Water also flows
through the soil matrix through macropores, which have been
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shown to facilitate bacterial transport through undisturbed
soils (Jamieson et al., 2002). Macropores in grassland soils,
which are similar to prairie strips, form a varied soil matrix
due to high abundances of earthworms and their burrows in
combination with undisturbed soil structure (Zachmann et al.,
1987). These macropores offer an avenue for water to bypass
surface flow and instead move into the vadose zone. The
undisturbed nature of prairie strips can allow for macropores
to remain open for large periods of time, creating channels
into the soil profile. We thus acknowledge that the characterization of runoff water is only a single lens into possible transport of AMR indicators and suggest that subsurface water is
an important area for future research. The observation of the
variability of plots and hydrology in this study provide further
evidence of the need for a more systematic characterization of
the water budget and the effects of soil depth.
The rate of rainfall is another important factor to consider
in the interpretation of our results. In dry soils, active movement of bacteria is limited, and therefore less transport of bacteria would be expected without rainfall. With the addition of
rainfall, percolating water can allow for significant movement
of bacteria in the soil matrix. The effect of this rainfall can
be influenced by its rate, the moisture conditions of the soil
and litter, and the time of sampling after the rainfall event.
The rainfall rate in this experiment was based on estimating
the representative rates of 2- and 5-yr 30-min rainfalls of this
region. In this study, we observed that rainfall can transport
litter AMR risks to surface waters and that prairie strips as
a conservation practice can potentially decrease these risks;
however, future research is needed to understand this complex system and the effect of litter application management,
wetting events, and soil depth properties further. For example,
our study represents best practices for litter application in the
fall (dry time of year). However, more frequent and significant rainfall events are more likely under climate change, and
the effects of the number and magnitude of these events will
be important to consider for AMR risks of litter and manure
management.
Prairie strips provide many benefits, improving water quality while supporting native species and improving biodiversity. The effectiveness of prairie strips as a conservation
practice is well recognized, and their inclusion as a conservation practice in the most recent U.S. farm bill will further
incentivize farmers to try prairie strips on their lands (USDA
Economic Research Service, 2018). These initial results suggest that prairie strips can mitigate AMR indicators, although
much more work is needed to truly understand the mechanisms of how the reduction of litter-associated AMR occurs
and their variability across agroecosystems. The observed
ability to reduce litter indicators extends the benefits strips
provide for environmental quality and human health while
supporting efficient and economic production of commodity
crops.
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