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Abstract
Land application of manure, while beneficial to soil health and plant growth, can lead

to an overabundance of nutrients and introduction of emerging contaminants into

agricultural fields. Compared with surface application of manure, subsurface injec-

tion has been shown to reduce nutrients and antibiotics in surface runoff. However,

less is known about the influence of subsurface injection on the transport and persis-

tence of antibiotic-resistant microorganisms. We simulated rainfall to field plots at

two sites (one in Virginia and one in Pennsylvania) 1 or 7 d after liquid dairy manure

surface and subsurface application (56 Mg ha–1) and monitored the abundance of

culturable antibiotic-resistant fecal coliform bacteria (ARFCB) in surface runoff and

soils for 45 d. We performed these tests at both sites in spring 2018 and repeated

the test at the Virginia site in fall 2019. Manure subsurface injection, compared with

surface application, resulted in less ARFCB in surface runoff, and this reduction was

greater at Day 1 after application compared with Day 7. The reductions of ARFCB in

surface runoff because of manure subsurface injection were 2.5–593 times at the Vir-

ginia site in spring 2018 and fall 2019 and 4–5 times at the Pennsylvania site in spring

2018. The ARFCB were only detectable in the 0-to-5-cm soil depth within 14 d of

manure surface application but remained detectable in the injection slits of manure

subsurface-injected plots even at Day 45. This study demonstrated that subsurface

injection can significantly reduce surface runoff of ARFCB from manure-applied

fields.

Abbreviations: ARB, antibiotic-resistant bacteria; ARFCB, antibiotic-resistant fecal coliform bacteria; ARG, antibiotic resistance gene; CFU,

colony-forming units; ERY, erythromycin; FCB, fecal coliform bacteria; SMZ, sulfamethazine; TET, tetracycline.
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1 INTRODUCTION

Antibiotic-resistant infections have been recognized as a

global health care concern (WHO, 2014). An estimated 2.8

million antibiotic-resistant infections occur in the United

States each year, and more than 35,000 Americans die each

year from these infections (CDC, 2019). Antibiotic overuse in

health care and animal production is an important contribut-

ing factor to widespread antibiotic resistance (Martin et al.,

2015; Shallcross, 2014). For example, up to 50–90% of the

antibiotic mass administered to animals is excreted via urine

and feces as parent compounds or their metabolites (Kumar

et al., 2005). Previous experiments have shown that gut and

fecal samples have elevated levels of antibiotic-resistant bac-

teria (ARB) and antibiotic resistance genes (ARGs) within

a week of antibiotic application (Aarestrup & Carstensen,

1998) and that concentrations of these compounds increase

with subsequent treatments. Ruminant digestive tracts con-

tain ARGs that can even be enhanced by antibiotic application

(Cameron & McAllister, 2016). As a result, many researchers

have linked animal production and manure use in agriculture

with the spread of antibiotic resistance elements in the envi-

ronment (Chang et al., 2015; Heuer et al., 2011; Marti et al.,

2013), although the mechanisms of environmental transport

are not entirely resolved.

In the United States alone, >106 t of animal manure (wet

weight) are produced each year (Zhang & Schroder, 2014),

and about 6.4 million ha of cropland receive livestock manure

(Eghball & Power, 1999; MacDonald et al., 2010). Agricul-

tural soils amended with manure generally have elevated con-

centrations of antibiotics, antibiotic resistance microorgan-

isms (including pathogens), and antibiotic resistance genes

(Cook et al., 2014; Hilaire et al., 2020; Liu et al., 2016;

Marti et al., 2013; Yang et al., 2016). These conditions

raise the potential for spread and dissemination of antibiotic

residues, ARB, and ARGs. For example, storm-driven sur-

face runoff to streams from livestock manure–applied areas

is a source of fecal contamination in water (Crowther et al.,

2002; Edwards et al., 2001; Tian et al., 2002). Field trials

(Sistani et al., 2009; Soupir et al., 2006) and greenhouse

studies (Brooks et al., 2009) have identified bacteria trans-

port in runoff from manure-amended soils. Other studies have

detected high concentrations of resistant fecal coliform bacte-

ria (FCB) in amended soils, raising concerns of crop contam-

ination and subsequent environmental transport (Geldreich &

Bordner, 1971; Gerba & Smith, 2005). However, there has

been limited research investigating the effect of these manure

application methods on antibiotic-resistant FCB (ARFCB) in

surface runoff and their spatial and temporal distribution in

soil.

The traditional method of broadcast applying manure onto

the surface of field soils is cost effective and time efficient

but can leave the manure susceptible to being transported

Core Ideas
∙ Antibiotic-resistant fecal coliform bacteria

(ARFCB) were detectable in dairy manure.

∙ ARFCB in runoff decreased 5–30 times 7 d after

manure application.

∙ Less ARFCB in runoff from manure subsurface-

injected plots than from surface-applied plots.

∙ ARFCB persisted up to 45 d in injection slits of

manure subsurface-injected plots.

∙ Lateral movement of ARFCB away from manure

injection slits was limited.

via surface runoff processes. Incorporation of manure via

tillage promotes its mixing into the soil and reduces concen-

trations at the surface. However, tillage can result in unde-

sired outcomes, including soil structure disturbance, com-

paction, and residue removal, which can increase erosion

and carbon loss (López-Garrido et al., 2012; West & Mar-

land, 2002). Therefore, manure injection techniques have

been developed to apply manure below the soil surface with-

out inducing the level of disturbance associated with typi-

cal tillage practices (Maguire, Kleinman, & Beegle, 2011;

Maguire, Kleinman, Dell, Beegle, Brandt, et al., 2011). Pre-

vious studies have shown that manure injection can reduce

nutrient leaching and hormone transport in surface runoff

(Adeli et al., 2013; Kibet et al., 2011) and increase nutri-

ent and water use efficiency (Maguire, Kleinman, & Beegle,

2011; Maguire, Kleinman, Dell, Beegle, Brandt, et al., 2011;

Mina et al., 2016). When compared with surface application,

manure injection has been shown to reduce pirlimycin con-

centrations by 21 times in transported sediment and by 32

times in runoff water (Kulesza et al., 2016). Another study

showed that using manure injection compared with surface

application reduced surface runoff losses of four antibiotics

(sulfamerazine, chlortetracycline, pirlimycin, and tylosin) by

47–88% (Le et al., 2018). It is unclear, however, whether simi-

lar reductions of runoff-transported antibiotics could be trans-

lated to other cropping systems, to a wider range of antibiotics,

or for culturable ARFCB.

To contribute to the development of best management prac-

tices to minimize output of ARFCB from manure-applied

fields and their subsequent proliferation in the environment,

we investigated (a) how manure application methods (surface

application vs. subsurface injection) affect the total counts

of culturable ARFCB in surface runoff, (b) how ARFCB

move away from manure injection slits via lateral and ver-

tical transport, (c) how the time gap between manure appli-

cation and rainfall (1 vs. 7 d) affects ARFCB surface runoff

and fate in soil, and (d) how differences in time of manure
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application (spring vs. fall) and antecedent moisture condi-

tions affect ARFCB surface runoff and fate in soil.

2 MATERIALS AND METHODS

2.1 Study sites and experimental design

Two study site locations were used to contrast the roles of soils

on ARFCB fate with alternative manure management prac-

tices (Supplemental Figure S1). The first set of field plots was

located at the Rock Springs Agronomy Farm in Rock Springs,

PA. The field had Hagerstown (fine, mixed, semiactive, mesic

Typic Hapludalfs; silt loam) soil with an average slope of

3–5% and no history of manure applications.

The second set of plots was located in Whitehorne, VA, in

a no-till field with Braddock loam (clayey, parasesquic, mesic

Typic Hapludults; 46% sand, 44% silt, and 10% clay) and an

average slope of 9–11% (Kulesza et al., 2016). The site had

been previously harvested for corn (Zea mays L.), and manure

had not been applied for at least 5 yr prior to the start of the

study.

To better understand how the timing of manure applica-

tion influences ARFCB transport, the Virginia site was used

in spring 2018 and again in fall 2019. In the 2018 cam-

paign, the site had 15 plots installed with three replicates of

five treatments, including two manure application methods

(surface application and subsurface injection), two manure–

rainfall time gaps (1 and 7 d), and a no-manure control. For

the fall 2019 study, a different side of the same field was

used (Supplemental Figure S2). This part of the study used 18

plots installed with three replicates of the same six treatments

that were used in the Pennsylvania campaign. During both

campaigns, field plots were arranged in randomized complete

block designs; additional details can be found in the supple-

mental information.

The Pennsylvania site was only used in spring 2018. There

were 18 plots with six treatments, each with three replicates,

including two manure application methods (surface applica-

tion and subsurface injection), two manure–rainfall time gaps

(1 and 7 d), and two sets of no-manure controls. Field plots

were arranged in block design so that each treatment block

had one representative of the rainfall time gaps for a total of

nine blocks with 18 plots (Supplemental Figure S3).

For the Pennsylvania site, fresh liquid dairy manure was

collected from a local dairy farm in Pennsylvania. For the Vir-

ginia studies, fresh liquid dairy manure was collected from a

local dairy farm in Virginia 3 d prior to the first application

day for each season. The liquid dairy manure was applied at

the typical agronomic N application rate for Virginia (56 Mg

ha−1 wet weight).

Rainfall was simulated rainfall on each experimental plot.

Details on the rainfall simulator used in Pennsylvania and

Virginia can be found in the supplemental information. The

runoff generated was collected for 30 min after a continu-

ous stream of surface runoff formed and reached the collec-

tion carboys. The time taken for continuous stream of surface

runoff to form, the volume of runoff collected during the 30

min from each plot, and the total volume of water applied to

each plot were recorded (Supplemental Table S1). Time to

runoff was not measured in the Pennsylvania study. After 30

min of runoff generation, a 1-L subsample was taken from the

collected water using a sterile 1-L amber glass bottle.

Soil samples were collected after the rainfall simulations

had been completed at depths of 0–5, 5–15, and 15–25 cm

to observe any movement of antibiotics throughout the soil

profile. Soil moisture was calculated using the freeze-drying

method. Samples were weighed, frozen, and then placed on

a freeze drier at −40 ˚C for 2 d. After all moisture had been

removed, samples were weighed again, and moisture content

was calculated by subtracting the freeze-dried weight from the

initial weight. Additional details on soil sample collection can

be found in the supplemental files (Supplemental Information

S2). All soil and water samples collected from the Pennsylva-

nia site were shipped overnight on ice to Virginia Tech for

analysis.

2.2 ARFCB (Escherichia coli) sample
analysis

The number of FCB resistant to sulfamethazine (SMZ),

tetracycline (TET), and erythromycin (ERY) was deter-

mined using the colony-forming units (CFU) count method

described in Marti et al. (2013) with minor modifications.

Briefly, 0.1 ml taken from a collected runoff sample (Supple-

mental Information S2) was diluted stepwise by ten-fold (100,

10−1, 10−2, and 10−3). Each solution was then spread onto a

MacConkey agar (Difco Laboratories) on Gosselin Corning

Gosselin 100 mm by 15 mm Polystyrene Petri Dishes (Fisher)

containing selected concentrations of antibiotics (100 mg L−1

of SMZ, 8 mg L−1 of TET, and 40 mg L−1 of ERY) using ster-

ile polypropylene cell spreaders (VWR). Antibiotic concen-

trations were added to the MaConkey agar once it had cooled

to 45–50 ˚C to ensure antibiotic potency was not reduced by

the temperature of the medium. The concentrations of antibi-

otics selected were adapted from a similar study (Wind et al.,

2018). Their concentrations were selected based on compar-

isons to known European Committee on Antimicrobial Sus-

ceptibility Testing (EUCAST) minimum inhibitory concen-

trations where available (EUCAST, 2016) and trial enumera-

tions of bacterial colonies on MacConkey agar supplemented

with differing antibiotic concentrations when not available

(Williams, 2016). For soil, 1.00 g of subsample was taken

from a collected wet soil, mixed with 10 ml sterile saline

solution (0.85% NaCl), and vortexed vigorously for 5 min to
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create a uniform suspension. Then, 0.1 ml of 10-fold dilutions

(10−1, 10−2, 10−3, and 10−4) for each suspension was spread

onto the MacConkey agar plates. All plates were incubated

for 24 h at 37 ˚C, and colonies that appeared dark pink or red

were counted.

2.3 Statistical analysis

Data were processed using JMP Pro 15 (SAS Institute, 2019)

with a significance level (α) of .1. All soil ARFCB concentra-

tions, expressed as CFU g−1, were log10 transformed before

applying statistical analyses. For soil samples below detec-

tion limits, absolute abundance (CFU g−1 of wet soil) was

assigned a value equal the method detection limit (10 CFU

g−1 of wet soil, 1 log10 CFUg−1 of wet soil) for statistical

analyses. The log10–transformed data were next tested for nor-

mality. If the data were normally distributed (tested using

the Anderson–Darling Test Hypothesis), one-way ANOVA

with Dunnett’s test (all samples compared with background)

was performed. If the data were non-normally distributed, the

Wilcoxon/Kruskal–Wallis test (rank sums) with χ
2 approxi-

mation was conducted to compare data of different treatments.

For runoff samples, the percentage of manure-associated

ARFCB initially applied to each plot that ended up in the sur-

face runoff was calculated by

Percent transported =

ARFCBrunoff
(
CFU ml−1

)
× 𝑉runoff (ml)

ARFCBmanure
(
CFU ml−1

)
× 𝑉manure (ml)

× 100%

where ARFCBrunoff and ARFCBmanure are the respective

ARFCB concentrations (CFU ml−1) in the runoff and manure,

and Vrunoff and Vmanure are the respective total volume of

runoff collected during the rainfall simulation period and

the volume of liquid manure applied to a plot. These per-

centages were tested for normality (using the same meth-

ods used with the soil samples). If normally distributed,

a generalized regression fit to a beta distribution was per-

formed; if non-normally distributed, treatments were com-

pared using the same method used for the soil samples (i.e.,

Wilcoxon/Kruskal–Wallis test [rank sums]). The effect of

individual treatment factors (e.g., manure application meth-

ods, soil depth, manure–rainfall time gaps, and the rain event)

was analyzed using a generalized regression model with maxi-

mum likelihood estimation. These comparisons were between

treatments within each of the three field sites (surface appli-

cation vs. subsurface injection, surface application 1 d vs. sur-

face application 7 d, and subsurface injection 1 d vs. subsur-

face injection 7 d).

Details from surface runoff (time to runoff [min], volume

of water collected [L], and volume of water applied [L]) col-

lected for all treatment plots at Virginia sites were compared

with each other within seasons as well as with averages across

seasons using ANOVA (Supplemental Table S1). Analysis

of variance was also used to compare soil water content (%)

based on treatments within and across seasons (Supplemental

Table S5).

3 RESULTS AND DISCUSSION

3.1 Culturable ARFCB in surface runoff

3.1.1 Injecting manure reduces transport of
ARFCB in surface runoff

The concentrations of FCB resistant to SMZ, TET, and ERY

in the liquid dairy manure used for the rainfall simulation

studies are listed in Supplemental Table S2. The cultur-

able ARFCB concentrations in the control runoff and well

water used for rainfall simulation were below detection limits

(1 CFU ml−1 runoff or well water).

For the Pennsylvania plots, 1.1 ± 1.2% of SMZ-resistant

FCB, 0.7 ± 0.9% of TET-resistant FCB, and 0.9 ± 1.1% of

ERY-resistant FCB initially applied to the plots via subsur-

face injection entered surface runoff when simulated rainfall

was applied 1 d after manure application (Figure 1; Supple-

mental Table S3). In comparison, the surface-applied manure

plots had relative transport percentages of 5.1 ± 3.8% (SMZ-

resistant FCB), 2.7 ± 0.7% (TET-resistant FCB), and 4.5 ±
1.8% (ERY-resistant FCB). The surface-applied manure plots

therefore had significantly higher amounts of transported FCB

than the subsurface-injection plots (p < .05), with relative

differences of 4.6 (SMZ-resistant FCB), 3.9 (TET-resistant

FCB), and 5.0 times (ERY-resistant FCB). When the manure

application–rainfall time gap was 7 d, these three ARFCBs

were transported in statistically similar quantities in surface

runoff from manure-injected plots and surface-applied plots

(p > .05) (Supplemental Table S3).

In spring 2018, the Virginia plots had similar trends as the

Pennsylvania plots. Specifically, when rainfall was simulated

1 d after manure application, surface runoff from subsurface-

injection plots had 0.06 ± 0.07% (SMZ-resistant FCB),

0.07 ± 0.1% (TET-resistant FCB), and 0.08 ± 0.1% (ERY-

resistant FCB) of the initially applied quantities (Figure 1;

Supplemental Table S3). Runoff from surface applica-

tion plots had significantly higher quantities of transported

ARFCBs, with relative percentages that were 593 (SMZ-

resistant FCB), 227 (TET-resistant FCB), and 279 times

(ERY-resistant FCB) higher than the subsurface-injection

samples (Supplemental Table S3). This result demonstrated

that subsurface injection can be the preferred method of

manure application for reducing target ARFCB leaving agri-

cultural fields via surface runoff. As with the Pennsylvania
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F I G U R E 1 Culturable fecal coliform bacteria

resistant to sulfamethazine (SMZ), tetracycline

(TET) and erythromycin (ERY) detected in surface

runoff. The manure was either surface applied or

subsurface injected at two test locations

(Pennsylvania and Virginia) in spring 2018.

Simulated rainfall was applied at 1 and 7 d after

manure application. Data are presented as mean

colony-forming units (CFU) detected in surface

runoff relative to the initial input with manure

application. Standard deviations for each treatment

are listed in Supplemental Table S3

plots, differences in runoff water quality were not significantly

different (p > .05) between subsurface injection and surface

application in the 7-d rainfall event (Supplemental Table S3).

Surface runoff in the Virginia site had substantially more

ARCFB than in the Pennsylvania site, particularly in plots in

which manure was surface applied and rainfall occurred 1 d

after application. These differences likely result from several

factors, including initial soil moisture, soil type, and topogra-

phy, that encouraged more rapid and greater surface runoff in

Virginia. For instance, the Virginia plots had slopes of 8–11%,

compared with 3–5% in Pennsylvania. The Braddock soil at

the Virginia site is capable of producing very high runoff

when the slope is steep (USDA-NRCS, 2021). Therefore, even

though there was no statistical difference for surface runoff

volumes and time to runoff in the Pennsylvania site compared

with the Virginia site (Supplemental Table S1), it is possible

that more water infiltrated before runoff in Pennsylvania

compared with Virginia. This process likely moved more

ARFCB into the soil, making less available for loss due to

runoff.

The manner of manure application can also influence infil-

tration and surface runoff processes. Previous work has shown

that surface broadcast of manure can reduce the infiltration

rate of soils having high clay content (Pote et al., 2001), and

others reported reduced infiltration and increased runoff rates

after manure application, which they attributed to pore clog-

ging (Bottom et al., 1986; Khaleel et al., 1981). Researchers

have also previously observed that when orchardgrass fields

were not aerated before receiving broadcast liquid dairy or

swine manures, the runoff volume generated was 47–81%

higher compared with similar fields that were aerated (van

Vliet et al., 2006). In this study, the subsurface injection of

manure may have worked to similarly aerate the soils. The

injection slits also likely created more preferential flow oppor-

tunities through the slits in the field plots. Practices such as

incorporating compost into clay soil can enhance preferential

flow pathways, leading to delayed and less total runoff gener-

ation (Maguire, Kleinman, Dell, Beegle, Brandt, et al., 2011;

van Vliet et al., 2006).

Results from the current study are consistent with

other studies pointing to the benefits of manure injection

in curtailing runoff losses of manure constituents. For

instance, researchers reported that using the surface appli-

cation method caused 6.81% of fecal coliform–associated

Escherichia coli from manure to enter runoff from simulated

rainfall (Blaustein et al., 2015). Elsewhere, others monitored

tile- and groundwater quality after land application of

dewatered biosolids using both spreading and subsurface

injection application methods but found no significant differ-

ences these methods of spreading biosolids (Gottschall et al.,

2009). Another study performed in a tall fescue [Schedonorus
arundinaceus (Schreb.) Dumort., nom. cons.] pastureland on

a sandy loam soil in Crossville, AL, showed that subsurface

injection of poultry litter resulted in >99% reduction of E. coli
in surface runoff compared with manure surface application

(Sistani et al., 2009). With our study, we show the benefit

that injecting manure vs. surface application has on reducing

ARFCB runoff from two distinct study sites. To the best of our
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knowledge, this is the first study examining this direct com-

parison of these manure application strategies on runoff of

ARFCB.

3.1.2 Greater time between manure
application and rainfall reduces ARFCB losses
in surface-applied plots

Comparing surface-applied manure in the Pennsylvania

plots, waiting 7 d before simulating rainfall caused significant

reduction in the ARFCB leaving via surface runoff vs. waiting

1 d (p < .05) (Figure 1). For these plots, 0.9 ± 1.5% of SMZ-

resistant FCB, 0.6 ± 0.9% of TET-resistant FCB, and 0.6 ±
0.9% of ERY-resistant FCB that were initially applied to the

plots left via surface runoff due to rainfall that was simulated

7 d later (Supplemental Table S3). Transported ARFCBs from

7-d plots had relative percentages that were, respectively, 5.7,

4.5, and 7.5 times lower than the 1-d plots. When manure was

subsurface injected, waiting 7 d before simulating rainfall did

not reduce total counts of ARFCB in surface runoff, in con-

trast to results from the surface-applied plots. In both cases

(1- and 7-d gaps), reduced ARFCB left the subsurface injec-

tion plots via surface runoff compared with surface-applied

plots. This finding showed that, if rainfall is expected within

1 d of manure application, subsurface injection can reduce

ARFCB leaving plots via surface runoff. Although manure

subsurface injection can be the preferred application method,

when not feasible, our data suggest that surface applying

manure somewhere between 1 and 7 d before a possible

storm event can also help to reduce ARFCB entering surface

runoff.

For the Virginia plots in spring, having a 7-d time gap

before simulating rainfall caused a significant reduction in

ARFCB leaving surface-applied manure plots via runoff

compared with the 1-d gap before rainfall plots (Figure 1). Of

the initial ARFCB applied to the surface-manured plots, only

1.2 ± 1.6% of SMZ-resistant, 0.9 ± 0.8% of TET-resistant,

and 2.4 ± 3.2% of ERY-resistant FCB left via surface runoff

when rainfall was simulated 7 d later (Supplemental Table

S3). These ARFCB counts were, respectively, 29.7, 17.7,

and 9.3 times lower than those associated with the 1-d

gap rainfall simulations (p < .001). In contrast, ARFCB

transport from injected-manure plots was statistically

similar when rainfall was applied 1 vs. 7 d after manure

application (p > .1). The Pennsylvania site had similar

trends.

For the Virginia plots in fall, when manure was surface-

applied with a 7-d time gap before simulated rainfall, the data

showed ARFCB reduction entering runoff, just like the spring

study. For the fall plots, 0.03± 0.02, 0, and 0.7± 0.2%, respec-

tively, of SMZ-, TET-, and ERY-resistant FCB total counts

initially applied to the plots via manure surface application

were transported with surface runoff generated by rainfall

7 d later (Supplemental Table S4). These ARFCB percent-

ages were, respectively, 23.3 times lower, 100%, and 3.7 times

lower (Figure 2). When the manure was subsurface injected in

the spring experiments, no benefit in applying 1 or 7 d before

rainfall was observed. This was not the case for the fall exper-

iment. In fall, total counts of SMZ- and TET-resistant FCB

initially applied to the plots via manure subsurface injection

were 2.3 times and 100% lower in runoff from the 7-d vs. 1-d

treatments (Supplemental Table S4). In this season, increas-

ing the time between manure application and rainfall was just

as beneficial for both application methods.

Researchers found that, after conducting three consecu-

tive simulated rainfall events separated by 24 h, fecal indi-

cator E. coli loads were released in rainfall runoff from plots

treated with fresh and aged cattle manure (Thurston-Enriquez

et al., 2005). The treatment results ranged from 9.92 × 106 to

1.44 × 109 CFU per plot for fresh manure and from 2.68 × 107

to 1.10 × 108 CFU per plot for aged manure. Therefore, the

aged manure caused a 10-fold reduction in E. coli entering

runoff after the first event. Although our study was not exactly

a replica of theirs, aging manure prior to application, if likened

to ageing of manure after application to soil, shows a simi-

lar result. The outcome of both methods is reduction of FCB

entering surface runoff after rainfall. Researchers found that

increasing the lag time between manure slurry application

reduced ARB concentrations in leachate and in the top 1 cm

of soil in their columns (Bolster et al., 2018). Other studies

showed that increasing time between manure application and

runoff events decreases the amount of E. coli in surface runoff

(Sistani et al., 2009; Wallace et al., 2013).

The general reduction in ARFCB transport via surface

runoff with increased time between manure application and

subsequent rainfall could have a few explanations. Increas-

ing contact time between bacteria and soil could increase the

sorption of bacteria to the soil surface. Most of the sorption

would have occurred within the first day (most bacterial sorp-

tion studies make this assumption, e.g., Bolster & Abit, 2012;

Mills et al., 1994; Zhao et al., 2012), so this may not be solely

responsible. Another possibility is that as the ARFCB pres-

ence in soil increases, they become more actively involved

in attaching to the soil surfaces by making biofilms and thus

reducing their availability for transport (Bolster et al., 2018;

Donlan, 2002). Lastly, some of the reduction in surface runoff

could be due to die-off or inactivation of ARFCB in the soil.

These results support another potential for reducing ARFCB

runoff in situations where injecting manure might not be pos-

sible. Although it is not possible to predict rainfall events with

100% accuracy, surface application of manure can be sched-

uled with weather patterns in mind so that there is a time

lapse before the next rainfall event, when possible. This will

help reduce the potential for ARFCB when manure cannot be

injected, as seen with our results.
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F I G U R E 2 Culturable fecal coliform bacteria

resistant to sulfamethazine (SMZ), tetracycline

(TET), and erythromycin (ERY) detected in surface

runoff. The manure was either surface applied or

subsurface injected at one test location in spring

2018 and another in fall 2019, both in Virginia.

Simulated rainfall was applied at 1 and 7 d after

manure application. Data are presented as mean

colony-forming units (CFU) detected in surface

runoff relative to the initial input with manure

application. Standard deviations for each treatment

are listed in Supplemental Table S4

3.1.3 Spring application of manure causes
greater ARFCB loss in surface runoff

The fall season was expected to be drier than the spring sea-

son, and the runoff and soil moisture data collected supported

this (Supplemental Tables S1 and S5). On average, the fall

plots had 1,068.2 L of water applied (p = .02), took 43 min

(p = .25) to generate runoff, and had lower soil moisture

(17.2% during the fall; p = .004) (Supplemental Table S5). In

the spring season, less water was applied to generate runoff.

When the experiment was repeated in the Virginia plots in

the fall, the results differed in many ways from those collected

in the spring (Figure 2). For example, when simulated rain-

fall was applied 1 d after manure application, relatively more

TET-resistant FCB were transported, compared with SMZ-

resistant and ERY-resistant FCB, even though TET-resistant

FCB were the least transported in the spring. Furthermore,

only the SMZ-resistant FCB were transported in significantly

lower quantities from subsurface-injected vs. surface-applied

plots (2.5 times reduction) (Supplemental Table S4), whereas

ARFCB transport was significantly reduced for all three com-

pounds in the spring (p < .001) (Supplemental Table S3).

When the simulated rainfall occurred on Day 7 after manure

application in the fall experiments, subsurface manure injec-

tion led to more SMZ-resistant FCB entering surface runoff

(p < .05) than surface application (0.13 ± 0.05 vs. 0.03 ±
0.02%) (Supplemental Table S4). In contrast, the 7-d rainfall

simulations in the spring did not produce any differences in

ARFCB transport (Supplemental Table S3).

These contrasting results could be related to the differ-

ence in moisture concentrations in the soils during the dif-

ferent seasons: mean soil moisture was 17.2% during the fall

vs. 24.5% during the spring (p = .004) (Supplemental Table

S5). Lower moisture in the fall led to significantly less sur-

face runoff being produced compared with the spring (Sup-

plemental Table S1), which likely led to lower ARFCB trans-

port. At the same time, the lower soil moisture in the fall

may have encouraged greater ARFCB survival in the injec-

tion slits, where moisture content was greater (p = .004) (Sup-

plemental Table S5). Altogether, manure injection was more

effective for reducing ARFCB in spring 2018 compared with

fall 2019.

There are many factors that can affect soil bacteria sur-

vival, such as pH, temperature, and soil moisture. Increased

soil moisture, barring long-term saturation, can improve FCB

survival rate (Bagdasaryan, 1964; Desmarais et al., 2002; Van

Donsel et al., 1967). Additionally, drier soil could promote

infiltration of liquid manure deeper into the soil profile after

surface application, making less of the manure susceptible

to surface runoff after heavy rainfall. Drier conditions, evi-

denced by differences in soil moisture, similar to the effect of

rainfall timing, implied more potential migration into the soil

matrix and could have reduced the amount of ARFCB avail-

able for transport so that less would move with surface runoff.

Manure treatment and rainfall timing combinations showed

only one difference for ARFCB in runoff between spring and

fall. Here we observed that the surface-application treatment

had 4–50 times greater ARFCB counts in runoff with 1-d



HILAIRE ET AL. 295

F I G U R E 3 Average concentrations (log10 colony-forming units g−1 wet soil) of culturable fecal coliform bacteria resistant to sulfamethazine

(SMZ), tetracycline (TET), and erythromycin (ERY) in soils where manure was surface applied or subsurface injected in (a) spring 2018 and (b) fall

2019 at the Virginia site. The soil samples were collected one hour before simulated rainfall on the first (1d) and seventh (7d) day after manure

application. SI, SA, and C represent subsurface injection slit, surface application, and control without manure application, respectively; S and SS

represent the 0-to-5- and 5-to-15-cm soil depths, respectively; 10 cm/15cm represents combined horizontal sampling distances of 10 and 15 cm from

an injection slit

rainfall timing in spring compared with the fall experiment.

Moreover, the surface-application plots had the highest ratio

of ARFCB from applied manure leaving plots via surface

runoff for both seasons (i.e., compared with subsurface injec-

tion). A soil column study to simulate fall and spring manure

applications found that increased application rate of manure

caused bacterial densities in leachate that were often signif-

icantly higher in the spring treatments compared with fall

treatments (Warnemuende & Kanwar, 2002). Another study

found that, generally, there was greater bacterial leaching from

spring manure applications vs. fall manure applications (Stod-

dard et al., 1998). Fecal coliform mortality was significantly

affected by the season. The greater percentage of ARFCB in

runoff from spring compared with fall in our study is most

likely due to the survival rate of the ARFCB being improved

due to the higher soil moisture in spring. The increased time

gap between manure application and subsequent rainfall was

again seen as a good practice in both seasons but was more

effective in the fall. The manure subsurface-injection method

is beneficial in both seasons as well but is more effective in

the spring.

3.2 Spatial and temporal distribution of
ARFCB in manure-applied soil in Virginia

For the spring 2018 experiment data (Figure 3a; Supplemen-

tal Tables S6 and S7), the background ARFCB concentrations

were below the detection limit of the instrument. Soil sam-

ples collected from the 0-to-5-cm depth had detected ARFCB

concentrations when taken from the surface-applied plots, as

well as when taken from injection slits in subsurface-injected

plots (Figure 3a). In contrast, samples taken at the same soil

depth but at 10–15 cm from the injection slit before rain-

fall did not have detectable ARFCB concentrations, indicat-

ing negligible movement of ARFCB away from the injec-

tion slit prior to simulated rainfall. We also observed that

the ARFCB remained above background concentrations in

the 0-to-5-cm soil depth of surface-applied plots up to 7 d

after manure application (Supplemental Table S6) but were

not significantly different than background in the 5-to-15-cm

depth samples (Supplemental Table S7). These results indi-

cated that, even after 7 d, there was still potential for ARFCB

transport via surface runoff in areas where manure was sur-

face applied (Figure 3a).

The data showed no downward movement of ARFCB out-

side of the injection slit and no horizontal movement of these

bacteria outside of the injection slit (Figure 4a,b). Elevated

target ARFCB concentrations in manure soil surface–applied

plots had returned to the background concentration by Day 14

after manure application and rainfall (Figure 4a; Supplemen-

tal Tables S6 and S7). On Day 14 after manure application and

rainfall, target ARFCB in the 0-to-5-cm soil layer were above

the background concentration at 5–10 cm away from the injec-

tion slit (Figure 4a), but by Day 45 they had returned to the
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F I G U R E 4 Average concentration (log10 colony-forming units g−1 wet soil) of culturable fecal coliform bacteria resistant to sulfamethazine

(SMZ), tetracycline (TET), and erythromycin (ERY) where manure was surface applied or subsurface injected in the Virginia site. The soil samples

were collected 1 h before simulated rainfall on the first (1d) and seventh (7d) day after manure application, as well as 14 d (14d) and 45 d (45d) after

the simulated rainfall. (a) Spring 2018, 0-to-5-cm soil depth. (b) Spring 2018, 5-to-15-cm soil depth. (c) Fall 2019, 0-to-5-cm soil depth. (d) Fall

2019, 5-to-15-cm soil depth. SI, SA, and BG represent subsurface injection slit, surface application, and control without manure application,

respectively; BR represents samples collected before simulated rainfall and AR represents samples collected after simulated rainfall; −10cm

represents sampling locations that were 10 cm from an injection slit

background concentration. This indicates limited movement

of ARFCB outside of the injection slit even after simulated

rainfall; they were localized mostly to the injection slit (Sup-

plemental Tables S6 and S7). This shows injected manure-

associated ARFCB of concern are not transported as far over

the soil surface as when manure is surface applied. The target

ARFCB found within the injection slit persisted up to 45 d

after manure application and simulated rainfall.

When the experiment was repeated in Virginia in fall

2019, ARFCB were more widely detected throughout the soil

profile. First, the background concentration of ∼1.3 log10

CFU g−1 wet soil was not below detection. In the 0-to-5-

cm soil depth, the soil samples from the manure injection

slits and surface-applied plots also had ARFCB concentra-

tions that were higher than the background (Figure 3b; Sup-

plemental Tables S8 and S9) prior to rainfall. This time, there

were slightly elevated concentrations of ARFCB away from

the injection slit (Figure 3b). At 7 d after manure application

on the surface-applied plots, there were still elevated ARFCB

concentrations, which could be susceptible to surface runoff.
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This trend was seen with the spring study also, revealing that

7 d may not be enough time for ARFCB in manure-applied

soil to return to pre-application concentrations.

The injection slit and the “hotzone” observed in spring

were not as clear in the fall experiment. In the fall, ARFCB

persisted up to Day 14 in the injection slit in the 0-to-5-cm

soil depth; however, by Day 45, ARFCB concentrations were

below detection. This could be attributed to the overall lower

soil moisture observed during this study, making less favor-

able conditions in the injection slit at that depth. However,

ARFCB also persisted in the injection slit of the 5-to-15-cm

soil depth up to 45 d (Figure 4c,d), as seen with the spring

study. When comparing movement of the ARFCB outside of

the injection slit, there was increased movement up to Day

14 in the 0-to-5-cm soil layer, but by Day 45 ARFCB had

returned to the background concentration. As mentioned pre-

viously, for the 5-to-15-cm soil layer, elevated ARFCB con-

centrations were seen for the 5-to-10-cm distance outside of

the injection slit tested. This is different from the spring exper-

iment, when very limited horizontal and vertical movement

of ARFCB outside of the injection slits was observed. For the

surface-applied plots, in the VA spring experiment by Day 14,

the ARFCB had returned to the background concentration.

In the VA fall experiment, surface-applied plot ARFCB

concentrations only returned to the background concentration

in the 0-to-5-cm-soil layer by Day 45. For the 5-to-15-cm soil

layer, elevated concentrations of ARFCB were mostly seen

for ERY-resistant FCB (Supplemental Tables S8 and S9).

The environment created by the injection slit (moisture,

nutrients, presence of antibiotics, potential transfer of antibi-

otic resistance genes, and presence of antibiotic resistant bac-

teria) induced a “hotzone” where these bacteria were able to

persist. Although the injection method is beneficial for reduc-

ing the ARFCB entering runoff, it also appears to slow down

degradation processes for ARFCB compared with surface

applications. This phenomenon could encourage greater pro-

liferation of antibiotic resistance in the environment (Berkner

et al., 2014), which future work could consider in more detail.

The injection method helps with protecting surface water

from elevated ARFCB; however, the surface-applied method

allows for quicker degradation of the ARFCB on the surface

of soil. Stocker et al. (2015) found that concentrations of E.
coli decreased with increasing soil depth in their rainfall study.

In their study, E. coli was found to persist in soil layers up

to 10 cm deep, and most of bacteria stayed in the top 1-cm

soil depth after rainfall/runoff events (Stocker et al., 2015).

In a study comparing the effect of manure fertilization and

inorganic fertilization on ARB, soil populations of culturable

ARB remained higher in the manure-treated soil for up to 94 d

(Udikovic-Kolic et al., 2014). As seen with our study and oth-

ers (Bolster et al., 2018; Ogden et al., 2001), after simulated

rainfall, the majority of ARFCB remained in the uppermost

layer of soil tested. These findings, combined with those of

our current study, suggest that many ARFCB will only enter

the subsurface when introduced via a process such as subsur-

face injection.

The spring data suggest limited transport; however, the fall

data show that ARFCB can move if the conditions are right.

This increased movement of ARFCB downward and later-

ally could be due to water movement (within the manure

added) from high-potential to low-potential areas, carrying

the ARFCB with it. It could also be attributed to the start-

ing levels of ARFCB in manure applied. Fall manure had

less TET-resistant FCB, which could explain the lower counts

seen in soil. Conversely, the fall manure had higher con-

centrations of SMZ-resistant FCB, which could explain the

increased transport. A drier soil profile would encourage more

seepage of liquid manure into lower soil profiles after appli-

cation as well, potentially explaining why the 5-to-15-cm

layer had more instances of concentrations above the back-

ground in the fall study. Also of note is that in both seasons,

even after a week of exposure, there were elevated concentra-

tions of ARFCB in the 0-to-5-cm layer of the soil. Therefore,

although increasing the time gap between surface applications

and expected rainfall can be encouraged when manure injec-

tion is not possible, manure injection remains the best scenario

whenever it is feasible.

4 CONCLUSIONS

Results from this study show that subsurface injection of

manure significantly reduced surface runoff of culturable

ARFCB.

The resounding outcome was that subsurface injection is

highly effective for reducing transport of ARFCB via surface

runoff. Data collected showed that there was limited move-

ment in spring applications; by Day 14, any ARFCB outside of

the injection slit had returned to background concentrations.

However, fall data show that the ARFCB can move if condi-

tions are right. One unexpected finding was the ability of the

ARFCB to persist in the injection slit for up to 45 d after sim-

ulated rainfall. This result was seen more in the spring appli-

cation but was evident in the fall application as well, which

could be a concern warranting more study.

Our data showed that increasing the time gap between

manure application and subsequent rainfall was most ben-

eficial when manure was surface applied in the spring.

However, overall ARFCB counts in surface runoff were

much lower when manure was applied in the fall. Altogether,

these study results are particularly important for areas where

water quality is affected by agricultural runoff and fecal

pathogens are of concern. Ideally, manure injection should

be encouraged along with no application before expected

rainfall.
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