
Influence of Concentrated Animal Feeding
Operations on Antimicrobial Resistance in Ambient

Waters in High-Income Countries:
Evidence from a Systematic Review

By

Allen Bailiff

Submitted to the Graduate Faculty of

North Carolina State University

in partial fulfillment of the

requirements for the Degree of

Master of Environmental Assessment

Raleigh, North Carolina

2022

Approved by advisory committee:

Dr. Tamara Pandolfo

7/28/2022

mailto:tjpandol@ncsu.edu


ACKNOWLEDGEMENTS

I would like to thank Dr. , my advisor, for providing her guidance,Ayse Ercumen
knowledge, and assistance throughout this process. I learned so much from her, and

could not have done it without her.

mailto:aercume@ncsu.edu


TABLE OF CONTENTS

1. List of Tables…………………………………………………………………………….5

2. Introduction………………………………………………………………….…………..6

3. Materials and Methods…………………………………………………………….…..7

4. Results…………………………………………………………………………….….....7

3.1 Surface Water……………………..…………………………………….……….…8

3.2 Groundwater………………………………………..……………….…………….15

3.3 Combination of Both…………………………………………...…………………19

5. Discussion………………………………………………………..…………………….23

6. References…………………………………………………………..…………………24



LIST OF TABLES

1. Characteristics of Surface Water Studies…………………………………...11

2. Characteristics of Groundwater Studies…………………………………….16

3. Characteristics of Studies using Surface and Groundwater Sampling…..20



1. Introduction

One of the most concerning threats to the human population is the ever increasing
health risk from antibiotic resistant bacteria (ARB). The medical profession’s cornerstone
defense against disease is becoming less effective with each passing year. Antibiotic resistance
can be acquired through gene mutation or by introducing new DNA (Hawkey, 1998), allowing
bacteria to transfer resistance to additional species through processes such as horizontal gene
transfer. Whether due to mutation or transfer, these genes are the key to organisms’ ability to
survive contact with antibiotics, so they are referred to as antibiotic resistance genes (ARGs). As
a result, increasing dosage of antibiotics or alternative antibiotics are required to treat resistant
bacterial infections.

As recently 2000, waterborne diseases were a prominent cause of mortality and
morbidity around the globe (WHO/UNICEF et al., 2000). Waterborne diseases are highly
prevalent in developing countries that lack public health information and infrastructure. However,
they also occur in the more developed and advanced countries around the world, albeit to a
lesser degree (Graciaa et al., 2018). Many species of ARB are responsible for outbreaks of
waterborne diseases in both low- and high-income countries (Graciaa et al., 2018).

ARB can be found in concentrated animal feeding operations (CAFOs) in high-income
countries. Researchers have, in recent years, considered that CAFOs could be a potential
source of spread of ARB into the surroundings, and have begun to examine whether antibiotics
used in animal husbandry operations have caused a trickle-down effect in the environment.
CAFOs are large scale animal husbandry operations that supply food for populations both local
and abroad. These operations often have animals packed in close quarters in facilities, which
make optimal breeding grounds for diseases (Sarmah et al., 2006). Coupled with demand to
produce the best supply of animals, many CAFOs use antibiotics to promote faster and larger
growth, prevent disease, and treat ailments (Sarmah et al., 2006). The amount of antimicrobials
used in CAFOs is four times greater than human use in the US (Maron et al., 2013). At least
58%, and under certain circumstances almost 90%, of antibiotics administered to livestock are
excreted as unchanged metabolites in animal waste (Halling-Sorensen et al., 1998; Xie et al.,
2017). Continuous exposure to antibiotics may cause the development of resistance genes and
resistant bacteria inside livestock, or the unused antibiotics may pass through the animal and be
excreted into the environment. Increased exposure to antibiotics can influence the natural
selection process of bacteria in the environment and aid the development of resistance as well.

CAFOs use a variety of waste management practices. Among the most popular are
repurposing manure as fertilizer for crops and waste lagoons. Waste lagoons are areas where
animal waste is washed into and stored from facility cleanings for anaerobic decomposition.
Leaching of contaminated lagoon waters or manure into the groundwater is a concern. Once in
the soil, resistant bacteria can be transported to groundwater reservoirs and contaminate them.
These groundwater reservoirs are often used for drinking water sources. Furthermore the
majority of these are sourced by private wells that may not be regularly maintained or tested,
thereby leading to the risk of exposure to human populations. Runoff due to flooding or
precipitation may wash contaminated manure or lagoon water into nearby surface waters. If
surface waters become contaminated from CAFO runoff, there is risk of human exposure to
ARB as many metropolitan areas use surface water for drinking sources, and while they use



water treatment plants, ARB may be resistant to conventional water treatment. Many of the
classes of antibiotics used in animal production are also used in human medicine, which
increases the threat of outbreaks to human populations (WHO, 2014). This review is focused on
the impact of CAFOs on antibiotic resistance in surface water and groundwater sources since
they influence one another and are both used for human and animal drinking water sources.

2. Materials and Methods

2.1 Article Inclusion and Exclusion Criteria
This systematic literature review was conducted to analyze the effect of CAFOs on the

contamination of ambient waters in high income countries with respect to the prevalence and
abundance of ARB and ARGs in surrounding bodies of water. An initial search had been
previously conducted and provided a selection of 47 articles to be evaluated for inclusion. In the
evaluation process five criteria were used to analyze each article. Studies first and foremost had
to focus on the subject of antimicrobial resistance in bacteria, which was mostly satisfied in the
initial search. Second, the media studied had to include some kind of ambient water, whether
surface or groundwater. Third, an animal husbandry operation of some kind must be part of the
focus of the study. Fourth, there must be a control site or reference site without animal influence
for comparison against animal-influenced sites. Finally, the area of study must be in a country
that is categorized as “high income” by the World Bank.

2.2 Data Extraction and Organization
All data that were deemed pertinent were extracted and recorded in Google Sheets for

easy sharing and communication between student and advisor. In this database, extracted data
were qualitatively synthesized into 15 main sections including: study location; study setting;
subject animal species; specific media sampled, sampling location in relation to CAFOs;
analytical methods used; what bacteria species were targeted, and why; what ARGs were
targeted, and why; potential sources of exposure; how exposure was quantified; whether the
study examined ARB/ARG prevalence, relative abundance, or absolute abundance; limitations
of study design; along with pertinent findings and results of interest.

3. Results

A total of 34 articles were included in this review based on the inclusion/exclusion criteria
in the methods section. The studies comprised a wide variety of environments and methods
throughout many years across the world. While the earliest study was published in 1972, 30 of
the 34 studies were published between 2006 and 2020. All 34 studies were conducted in
countries classified as “high-income” by the World Bank including the United States (n=21) and,
Canada (n=5), followed by Netherlands, Portugal, France, Belgium, South Korea, and Taiwan.

The studies used a variety of methods to assess antimicrobial resistance, including
culture-based methods, molecular-based methods, or a combination of both. Of the 34 studies,
18 studies used both culture and molecular-based methods, usually in the form of culturing
samples for use in polymerase chain reaction (PCR) analysis. Culture-based methods that
entailed incubating samples in various broths containing selected antibiotics to enumerate



colonies of resistant bacteria were solely used in nine studies. Molecular methods based on
various PCR methods, such as quantitative-PCR, real-time PCR, multiplex PCR, or
Enterobacterial Repetitive Intergenic Consensus (ERIC) PCR, were solely used in seven
studies. These methods were used to determine the prevalence, relative abundance, absolute
abundance, or some combination of the three for the target ARGs. The most common bacteria
species targeted in these studies were E. coli and Enterococci followed closely by Salmonella.
These species were targeted for their widespread use as fecal contamination indicators, which
is the primary exposure route in these studies, and their potential impact on human health. The
ARGs targeted in the most studies were as follows in descending order: tetracycline resistance
genes (tet(W), tet(M), tet(O)), sulfonamide resistance genes (sul1), class 1 integrons, and
macrolide resistance genes (ermB). The antibiotics tested most frequently in descending order
were tetracycline, chloramphenicol, gentamicin, ampicillin, and ciprofloxacin. Studies sampled
both surface- and groundwaters. Therefore, the results section has been categorized by the
type of sample media in each study including surface water, groundwater, or both.

3.1 Surface Water Sampling
Of the 34 eligible articles, 23 focused on surface waters. Of these, 14 were conducted in

the U.S. and the remaining nine studies were spread relatively evenly among Canada, France,
Netherlands, Portugal, South Korea, and Taiwan. Of the various types of bodies of surface
water, rivers were the dominant sampling environment. The majority of sampling locations were
sites not adjacent to farms (i.e., off-site) with some onsite sampling locations to compare
against. Studies typically compared samples collected downstream vs. upstream of agricultural
inputs or compared sites impacted by animals to unimpacted control sites, such as waters within
a national park, the headwaters of a river, or waters in a different watershed/basin with little to
no agricultural impact. Of the 23 surface water studies, 14 used a combination of both cultural
and molecular methods. These methods entailed culturing samples and extracting DNA from
the cultured isolates for molecular analysis such as PCR. Five studies used culture-based
methods and four used molecular-based methods. In studies that targeted specific bacteria
species, Enterococci and E. coli were the most common as they were both detected in seven
studies, with Salmonella detected in five studies. The most commonly discovered ARG was
tet(W) in seven studies, followed closely by tet(M), sul1, and class one integrons found in five
studies each. The most common antibiotic tested was tetracycline, which was used in 18
studies. The next closest antibiotic was gentamicin, which was investigated in 11 studies,
followed by ciprofloxacin in 10 studies. Over half, 16 out of 23 studies, tested antibiotic
susceptibility. The methods used included modified agar dilution, broth microdilution, and disk
diffusion, with disk diffusion used in seven out of 16 studies. Animal presence was quantified in
a variety of ways throughout these studies: 16 studies used upstream and downstream sites
throughout a target length of a water system, six studies reported the number of animals
present at CAFOs, nine studies reported the number of CAFOs sampled, three studies reported
the distance of sampling sites from target CAFOs, and six studies used seasonal sampling.
Some studies used a combination of these, such as reporting the number of CAFOs targeted
and the number of animals at each CAFO, or distance from the target CAFO and whether it was
located upstream or downstream.



A predominant finding for surface waters was the detection of most, if not all, of target
ARB or ARGs at all sites to some extent (Agga et al., 2015; Dungan & Bjorneberg, 2020; Esiobu
et al., 2002; Keen et al., 2018; Neher et al., 2020b; Teixeira et al., 2020; West et al., 2011).
These findings indicate varying resistance at all sites, and depending on the specific findings
and parameters, this widespread resistance could be the result of CAFOs or just be intrinsic to
the area due to other sources of contamination. There were also patterns specific to certain
ARGs, ARB, or antibiotics that were supported by multiple studies. For instance, one of most
prevalent and abundant ARGs was tet(W) along with tet(M) and sul1 (Keen et al., 2018; Neher
et al., 2020a; Neher et al., 2020b; Yang et al., 2010b). Corresponding antibiotics such as
penicillin, tetracycline, and sulfonamides are the most commonly used antibiotics used for
preventative measures against diseases in livestock (Franco et al., 1990). The trends of ARGs
are consistent with the trends of detected antibiotic resistance. Tetracycline resistance was
found to be one of the most prevalent, and in some studies the most prevalent, types of
resistance (Esiobu et al., 2002; Feary et al., 1972; Yang et al., 2010a; Zaheer et al., 2020). The
high prevalence of resistance to tetracyclines is most likely due to its overwhelming use as one
of the more common antibiotics employed in CAFOs. Such widespread use stems from the
availability and supply of tetracycline. Tetracycline sales single handedly made up the majority
(65%) of antibiotics sales in the US, according to an FDA report in 2019 (Dall, 2020). In other
studies, tetracycline resistance was not the highest resistance (Garner et al., 2016; West et al.,
2011). Of the vast variety of antibiotics tested, few were found to be fully effective with no
resistance in multiple studies, such as ciprofloxacin and tigecycline, followed by
chloramphenicol (Feary et al., 1972; Kim et al., 2018; Teixeira et al., 2020; Yang et al., 2010a).
In contrast, amikacin and gentamicin were completely ineffective and showed resistance in all
samples (Kim et al., 2018; Teixeira et al., 2020). Some studies were able to establish a link
between antibiotic resistance and ARGs not associated with the antibiotic. For instance, in a
study in Colorado, all isolates showed resistance to tetracycline and ceftiofur, and they tested
positive for class 1 integrons (Yang et al., 2010a). Target ARGs were also found to have
significant correlation with a certain antibiotic they do not have an associated resistance to in a
U.S. study (Garner et al., 2016). These patterns suggest that there may be a potential for
co-selection as a mechanism of transferring resistance (Garner et al., 2016). Another study
discovered sulfonamide ARGs were more likely to pervade and persist in environments longer
than erm ARGs (Neher et al. 2020b). A study from the U.S. found that habitats rich in
Pseudomonas bacteria displayed the most resistance, including single and multiple drug
resistance (Esiobu et al., 2002). This study posited that Pseudomonas bacteria may be an
important reservoir or shuttle of resistance. In regards to public health, a study in Portugal
identified Enterobacter isolates with the blaNDM-1 carbapenemase gene (Teixeira et al., 2020).
This is clinically significant because it has become widely distributed in recent years and poses
a high risk of transmission to the public.

Of the 23 surface water studies, 18 discovered some kind of impact on surface waters
from nearby CAFOs, and five studies did not find any impact or results were inconclusive.
Multiple studies found little to no numbers ARB or ARGs at control sites or low impact sites
(Agga et al., 2015; Dungan & Bjorneberg, 2020; Keen et al., 2018; Yang et al., 2010a). Manured
sites had a significantly higher relative abundance of ARB than agriculturally unimpaired sites
like nonmanured sites. (Neher et al., 2020a; West et al., 2011). Other studies also found ARB



and ARGs only present at or more prevalent at sites downstream of animal input when
compared to upstream or control sites (Casanova et al., 2020; Kim et al., 2018; Petit et al.,
2017). However, there was one study in the U.S., specifically Alabama, that constitutes an
outlier as it discovered a site upstream of a feedlot had higher resistant fecal coliform counts to
most antibiotics tested than a site downstream of the feedlot even though the downstream site
had exponentially higher counts of total coliforms (Feary et al., 1972).

Some studies were able to establish patterns in the prevalence and abundance of
ARGs. A study in Iowa used the varying resistances detected, specifically the prevalence of
target ARGs, to determine a temporal relationship to manure application and antibiotic
resistance (Neher et al., 2020b). They found that the growing season or summer months carried
the highest risk to the public in terms of exposure to ARGs. In two studies that examined poultry
operations, the highest ARG concentrations were found in broiler farms partially due to
increased runoff from more frequent cleanings (Blaak et al., 2015; Schijven et al., 2015).
Another study found that sites with high impact separately from cattle and swine had similar
ARGs (Agga et al., 2015). A study in Colorado found that fresh drinking water at dairy farms
from city sources had the lowest number of ARB colonies, even lower than the pristine control
sites, and the fresh drinking water at beef farms from groundwater (Yang et al., 2010b). In
contrast, animal drinking water at both dairy and beef farms, in this same study, had the highest
number of ARB colonies, which were most similar to each other (Yang et al., 2010b). No
statistically significant relationship between the degree of impact from a CAFO and the size of
the CAFO was found in a separate study (Beattie et al., 2018). In South Korea, a study found no
correlation between the presence of ARB and the types of antimicrobials used at the farm (Kim
et al., 2018). A finding from a study in the Netherlands sums up the overarching conclusion that
the majority of studies indicate that farms are a significant source of contamination, but not the
sole source (Schijven et al., 2015). This is further supported by the finding that there was a
positive spatial correlation between the distance to the nearest upstream CAFO and ARG
abundance in one study (Beattie et al., 2018). This correlation indicates non-point source
pollution, such as manure application, as a major source of contamination rather than a point
source, such as individual CAFOs (Beattie et al., 2018).

Physical environmental factors can also impact resistance. Environmental factors such
as land use, rainfall, erosion, and stream order were all found to increase the prevalence and
abundance of ARGs, while flooding caused a decrease (Garner et al., 2016; Keen et al., 2018;
Petit et al., 2017). AMR was higher in freshwater sites than saltwater sites in one study (Feary et
al., 1972). A study found ARG abundance was lowest during the dry season and highest during
the wet season (Keen et al., 2018). Floods seemed to reduce ARG presence by diluting them.
Total ARGs per mL were observed to decrease after a flood but ARG prevalence seemed to
recover after ten months (Garner et al., 2016). However, the ARG profile did not return to its
pre-flood state. This suggests that flooding may have disseminated new sources of ARGs
(Garner et al., 2016). Environmental influences on resistance may also include regional
environmental laws and policies. A study in France discovered a low abundance of ARB might
be due to the low number of cattle at upstream sites receiving antibiotic therapy due to regional
environmental policies (Petit et al., 2017). Furthermore, a study in Portugal explained the low
percentage of imipenem resistant Enterobacteriaceae by national restrictions on carbapenems
(Teixeira et al., 2020).



Table 1. Characteristics of Surface Water Studies
Author and Year Location Exposure Quantification Methods Prevalence,

Relative
Abundance,

Absolute
Abundance

Bacteria Antibiotics ARGs Results

Agga 2015 USA 9 High Impact sites
vs

2 Low Impact sites

Both Prevalence
&

Relative
Abundance

E.coli, Salmonella,
Enterococci

N/A 84 grouped by
class of

antibiotic
resistance

1. Aminoglycoside, MLSb, and tetracycline in all
environments regardless of impact

2. Cattle and swine had similar ARGs
3. ARB was found at extremely low prevalence or below

detection limits at low impact sites

Beattie 2018 USA 1)20 High impact sites
vs

3 Low impact sites
2)Seasonal sampling

3)distance from nearest
upstream CAFO

Molecular Absolute
abundance

&
Relative

Abundance

N/A N/A tet(W), erm(B),
sul1, qnrA,

intI1

1. No difference between the degree of impact from the
operations studied

2. No conclusive evidence of a temporal relation between
manure application and presence of ARGs

3. Positive spatial correlation between upstream distance of
livestock operations and ARG abundance.

Blaak 2015 Netherlands Broilers Farms (3)
vs

Laying Hen Farms
vs

Control Sites
AND

Samples near (<50m)
vs

far (50m-1km) from farms.

Cultured
&

Disk Diffusion
&

Broth Microdilution

Prevalence ESBL- producing
E.coli

ampicillin, co-amoxiclav, cefotaxime, ceftazidime,
tetracycline, ciprofloxacin, nalidixic acid,

gentamicin, streptomycin, sulfamethoxazole,
trimethoprim, chloramphenicol, imipenem,

meropenem

N/A 1. Surface water near farms often contained
ESBL-producing E.coli

2. Higher ESBL-producing E.coli close to broiler farms than
laying hen farms or remote control sites.

3. ESBL-producing E.coli much higher after cleaning than
when flocks were present

4. May be due to more frequent facility cleanings in broiler
farms

Casanova 2020 USA Upstream
vs downstream sites of 2

farms.
Farm 1 (2600-head) Farm 3

(800-head)

Culture
&

Broth Microdilution

Prevalence Salmonella trimethoprim, sulfamethoxazole, chloramphenicol,
ciprofloxacin, gentamicin, ampicillin and

ceftriaxone

N/A 1. Not many ARB were discovered
2. Isolates had resistance to sulfamethoxazole and

chloramphenicol.
3. Downstream samples contained higher concentrations of

resistant isolates

Duff 2019 USA 3 Agriculture sites (livestock
and manured cropland)

vs
3 Reference sites

Culture
&

antibiotic
susceptibility tested

by adding
tetracycline to MI

agar plate

Prevalence &
Abundance

E.coli tetracycline N/A 1. land use does not affect either prevalence nor abundance
of ARB

2. Average resistant E.coli numbers present at agricultural
sites were considerably low

Dungan 2020 USA 1) 8 IRF sites
vs

1 control site

2)seasonal and multi-year
sampling

Molecular Prevalence
&

Relative
Abundance &

Absolute
Abundance

N/A N/A blaCTX-M-1,
erm(B), sul1,
tet(B), tet(M),
tet(X), class 1

integrons
(intI1), and
plasmids
(IncP-1 &
IncQ-1 )

1. All ARGs, integrons, and plasmids tested for were
detected at all sites

2. Absolute and relative gene abundances were the least at
the reference site, except for IncP-1 and IncQ-1 plasmids.

3. Relative abundances were higher at the agricultural sites
during the winter, lowest in April, and then gradually
increased

4. Absolute abundances at agricultural sites were the lowest
from Jan to Mar, then increased in April, and plateaued
until Oct.

5. No strong correlations were found between IncQ-1 and
ARGs, however many had significant relationships.



Author and Year Location Exposure Quantification Methods Prevalence,
Relative

Abundance,
Absolute

Abundance

Bacteria Antibiotics ARGs Results

Esiobu 2002 USA Dairy farm canal site
vs

Residential lake site
vs

Public park water canal site

Culture
&

Modified agar dilution
method.

Prevalence &
Abundance

Pseudomonas,
Burkholderia,
Salmonella,

Enterobacter species,
E.coli, Enterococci,

Kingella,
Sphingobacterium,

and others

penicillin, ampicillin, vancomycin, chlortetracycline,
oxytetracycline, kanamycin, and streptomycin

N/A 1. Widespread resistance to all antibiotics in all
environments except for kanamycin

2. TET resistance was the most prevalent among all sites
3. Dairy farm canal water showed higher counts of resistant

bacteria
4. Habitats rich in Pseudomonas sp. expressed high levels

of single and multiple drug resistance.
5. Pseudomonas sp. was the dominant resistant bacteria

species

Feary 1972 US 20 freshwater sites
vs

16 saltwater sites
AND

1 downstream CAFO site
vs

1 upstream CAFO site

Culture
&

Disk Diffusion

Prevalence Fecal coliforms ampicillin, chloramphenicol, cephalothin,
dihydrostreptomycin

sulfate, gentamicin, kanamycin sulfate, nalidixic
acid, sulfachloropyridazine, and tetracycline

N/A 1. Streptomycin showed the most resistance
2. Tetracycline the second most
3. Chloramphenicol showed the least in both fresh and

saltwater
4. Resistance  was higher at freshwater sites in general
5. Upstream CAFO site had higher numbers of resistant

coliforms than site Downstream CAFO site

Garner 2016 USA 1 is a pristine site
vs

3 agriculturally impacted sites
AND

Pre-flood
vs

Post-flood

Molecular Relative
Abundance

&
Absolute

Abundance

N/A aminocoumarin, aminoglycoside, beta-lactam,
chloramphenicol, fluoroquinolone, fosfomycin,

glycopeptide, MLS, peptide, polymyxin, rifampin,
streptogramin, sulfonamide, tetracycline,

trimethoprim

sul1, sul2,
tet(O), tet(W),
ermF, and 277

subtypes of
ARGs

1. Total ARGs decreased from pre- to post-flood
2. Total ARGs increased to near pre-flood abundances by

10 months post-flood
3. ARG profile did not return to a pre-flood state
4. All ARGs identified were found to significantly correlate

with certain antibiotics they do not have resistance to
5. Most common resistance was to trimethoprim

Givens 2016 USA 1) 5 impacted sites
vs

1 reference site 2)seasonal
sampling

Both Prevalence Salmonella, E.coli,
Enterococci, C. jejuni,

Staphylococcus
aureus

N/A vanB, vanA,
mecA

1. vanA was not detected
2. vanB was only detected at the control site outside of the

river basin
3. mecA was only detected in water samples after manure

application

Hsin-Chi 2018 Taiwan Upstream sites
vs

Downstream sites impacted by
agriculture

Both
&

Disk Diffusion

Prevalence Acinetobacter
baumannii

ciprofloxacin, cefepime, gentamicin, imipenem,
ampicillin/sulbactam,

sulfamethoxazole/trimethoprim, and tetracycline

N/A 1. Majority of strains were susceptible to tetracycline,
sulfamethoxazole/trimethoprim.

2. Ciprofloxacin, cefepime, gentamicin, imipenem, and
ampicillin-sulbactam were 100% effective

3. No MDR was observed
4. Environmental strains showed a lower antibiotic

resistance compared with clinical strains

Jokinen 2015 Canada Multiple impacted sites over 4
watersheds

vs
3 reference sites each in a

different watershed

Both
&

Broth Microdilution

Prevalence Salmonella amikacin, ampicillin, amoxicillin/clavulanic acid,
cefoxitin, ceftiofur, ceftriaxone, chloramphenicol,
ciprofloxacin, gentamicin, kanamycin, nalidixic
acid, streptomycin, sulfisoxazole, tetracycline,

trimethoprim/sulfamet-hoxazole

1. Only serotype Typhimurium showed antibiotic resistance
2. Resistance and MDR was present in all watersheds, but

from a low number of isolates
3. Highest number of resistant isolates was from Bras

d'Henri watershed.

Keen 2018 Canada 1 reference site
vs

8 impacted river sampling
sites

Molecular Prevalence
&

Relative
Abundance

N/A Tetracycline tet(M), tet(O),
tet(Q), and

tet(W)

1. All four target ARGsin all sampling locations during every
month sampled

2. ARGs were also detected at the control site at a much
lower abundance

3. The lowest gene abundance was in the dry season and
vice versa

4. tet(O) abundance was much smaller compared with the
other three ARGs



5. Land use and rainfall likely contributed to runoff and
erosion, which led to higher ARG abundance.

Author and Year Location Exposure Quantification Methods Prevalence,
Relative

Abundance,
Absolute

Abundance

Bacteria Antibiotics ARGs Results

Kim 2018 South Korea Farm A (8000 pigs)
Farm B (3100 pigs)
Farm C (5000 pigs)

1 site upstream vs
1 site downstream of each

farm

Both
&

Agar Dilution Method

Prevalence Stenotrophomonas
maltophilia

ticarcillin/clavulanic acid, ceftazidime ,
ciprofloxacin, minocycline,

trimethoprim/sulfamet-hoxazole,
ampicillin/sulbactam, piperacillin,

piperacillin/tazobacta-m, cefotaxime, cefepime,
aztreonam, imipenem, meropenem, amikacin,

gentamicin, tigecycline, and colistin

blaSPM,
blaIMP,
blaVIM,
blaKPC,
blaNDM,

blaOXA-48,
mcr-1, spgM,

rmlA, rpfF,
class 1

integrons, and
class 2

integrons

1. target ARB was only detected in the downstream samples
of one farm

2. ARB resistant to ceftazidime, ampicillin/sulbactam,
piperacillin, piperacillin/tazobactam, cefotaxime,
cefepime, aztreonam, imipenem, amikacin, gentamicin,
and colistin.

3. No resistance to ciprofloxacin, minocycline,
trimethoprim/sulfamethoxazole, and tigecycline

4. No sample contained rpfF
5. All samples contained the spgM and rmlA
6. Carbapenemase and colistin resistance genes were not

detected in any isolates
7. No isolate carried horizontally transmissible antibiotic

resistance determinants, genes, or integrons.

Neher 2020 a USA 5 catchment sites of varying
agricultural impact

Vs
1 control site

Both
&

Disk Diffusion
Method

Prevalence
&

Relative
Abundance

Enterococci tetracycline and tylosin ermB, ermF,
tetA, tetM,
tetO, tetW,
sul1, sul2,

aadA2, vgaA,
and vgaB

1. Macrolides and sulfonamides were detected in all
samples analyzed

2. Most frequently detected ARG was tetW
3. VgaB was not detected at all in 2018

Neher 2020 b USA 1)8 catchment sites of varying
agricultural impact

Vs
1 control

2)seasonal sampling

Both
Disk Diffusion

Method

Prevalence
&

Relative
Abundance

Enterococci tetracycline and tylosin ermB, ermF,
tetA, tetM,
tetO, tetW,
sul1, sul2,

aadA2, vgaA,
and vgaB

1. ARG trends align with manure applications
2. ermF was detected the least
3. tetM had the highest number of gene copies
4. sul resistance genes had the highest detection frequency
5. sul1 and tetW had the highest relative abundances
6. sul ARGs are more likely to pervade and persist in the

environment longer than erm ARGs.

Petit 2017 France 1 upstream site
vs

3 agriculturally impacted
downstream sites in 3 different

tributaries

Both
&

Agar diffusion
Method

Prevalence
&

Relative
Abundance

E. coli and
Enterococcus

amoxicillin, amoxicillin clavulanic acid, ticarcillin,
ticarcillin clavulanic acid, imipenem, cephalothin,
ceftazidime, cefotaxime, gentamicin, kanamycin,

streptomycin, chloramphenicol, tetracycline,
trimethoprim-sulfamethoxazole, nalidixic acid,

ciprofloxacin, and chloramphenicol

N/A 1. Multi-resistant E. coli isolates were higher in downstream
sites

2. Low abundance of antibiotic resistant bacteria at
upstream site could be explained by the low number of
cattle receiving antibiotic therapy

3. Limiting regional environmental policies and laws
4. Changes in the structure and antibiotic resistance of the

E. coli population, reflecting land use and stream order.

Schijven 2015 Netherlands 3 broiler farms vs
2 conventional laying hen

farms
vs

3 free range laying hen farms

Culture
&

Disk Diffusion.

Prevalence ESBL-Producing
bacteria

cefotaxime, ceftazidime, and cefoxitin N/A 1. Broiler farms had higher ARB concentrations after
cleaning than with the flocks present

2. Most likely due to runoff
3. Results indicate that the farms are a major source of

contamination, but not the sole source to adjacent
surface water



Author and Year Location Exposure Quantification Methods Prevalence,
Relative

Abundance,
Absolute

Abundance

Bacteria Antibiotics ARGs Results

Teixeira 2020 Portugal 1 upstream site
vs

1 downstream site

Both
&

Disk Diffusion.

Prevalence
&

Relative
Abundance

Enterobacteriaceae Amikacin, Aztreonam, Cefepime, Cefotaxime,
Ceftazidime, Ciprofloxacin, Ertapenem,

Gentamicin, Imipenem, Meropenem, Piperacillin,
Piperacillin/tazobacta-m, Ticarcillin,

Ticarcillin/clavulanic acid, Tigecycline and
Trimethoprim/sulfamethoxazole

blaKPC,
blaNDM,
blaVIM,
blaGES,

blaOXA-48,
blaCTX-M,

mcr-1, IncX,
IncI2, and

IncR

1. Carbapenem (imipenem)-resistant Enterobacteriaceae
were found in all samples.

2. All enterobacter isolates were resistant to amikacin and
gentamicin

3. No isolate was resistant to tigecycline
4. blaCTX-M and mcr-1 were not detected at all
5. Plasmids were present in all isolates
6. Low percentage of imipenem-resistant

Enterobacteriaceae might be explained by the nation
policies restricting carbapenem use

West 2011 Michigan, USA 3 agriculturally impaired sites
(AI)
Vs

3 agriculturally unimpaired
sites (AUI)

Both
&

Disk Diffusion
Method

Prevalence Fecal coliforms ampicillin, kanamycin, streptomycin,
chlortetracycline, and oxytetracycline

tet (B), tet (C),
tet (E), tet (H),
tet (Y), tet (Z),
tet (M), tet(W),
tet(K), tet(L),
and class I

and II
integrons

1. High proportion of isolates able to transfer resistance.
These isolates did not differ significantly between either
the AI and AUI sites

2. Antibiotic-resistant fecal coliforms were found in all water
samples

3. Ampicillin resistance was the most prevalent
4. AI sites had a significantly higher proportion of MDR ARB

than AUI sites
5. Multiple-resistance genes may coexist on one plasmid, a

single conjugative transposon, or an integron.

Yang 2010 a USA 1 agriculturally impacted area
with unknown number of

CAFOs
vs

1 pristine control area

Both
&

Broth Microdilution

Prevalence N/A tetracycline, ceftiofur, chloramphenicol,
ciprofloxacin, clindamycin, daptomycin,

erythromycin, gemifloxacin,linezolid, moxifloxacin,
nitrofurantoin, oxacillin+2% NaCl, penicillin,

quinupristin/dalfoprist-in, rifampin, streptomycin,
telithromycin, vancomycin, amikacin,

ampicillin/sulbactam, aztreonam, cefazolin,
cefepime, cefoxitin, cefpodoxime, ceftazidime,

ceftriaxone, cefuroxime, cephalothin, ertapenem,
meropenem, piperacillin/tazobacta-m, ticarcillin/

clavulanic acid, tobramycin, ampicillin, gentamicin,
tigecycline, and trimethoprim/sulfamethoxazole

Class 1
integrons

1. Only 3 isolates, all from a beef ranch, out of a total of 254
showed resistance and tested positive for class 1
integrons

2. All 3 isolates showed resistance to tetracycline and
ceftiofur

3. 2 were gram negative and 1 was gram positive.
4. Integrons were not detected in the pristine national park

area

Yang 2010 b USA 1 agriculturally impacted area
with unknown number of

CAFOs
vs

1 pristine control area

Both. Prevalence
&

Absolute
Abundance

N/A tetracycline and ceftiofur blaCMY-2,
tet(B), tet(C),
tet(W), and

tet(O)

1. blaCMY-2 was not detectable in any of the samples
2. Fresh drinking water at dairy farms from city sources had

the lowest number of colonies of ARB
3. Animal drinking water at both beef and dairy facilities

were the highest and quite similar
4. tet(O) and tet(W) had a slightly higher number of gene

copies at all sites than tet(B) and tet(C)

Zaheer 2020 Canada 1 ephemeral
creek next to manured field

Vs
1 upstream and 1 downstream
site from another ephemeral

creek next to a feedlot

Both
&

Disk Diffusion.

Prevalence Enterococci levofloxacin, linezolid, quinupristin/dalfoprist-in,
teicoplanin, vancomycin, erythromycin, ampicillin,

gentamicin, streptomycin, nitrofurantoin,
tetracycline, and tigecycline.

N/A 1. Tetracycline and macrolide resistance were the most
prevalent in downstream sites

2. E. hirae had a high prevalence of tetracycline (79%)
resistance

3. Most resistance was to tetracycline and erythromycin
4. Findings from this study suggest that dissemination of

Enterococcus species beyond feedlots is minimal



3.2 Groundwater Sampling
Of the 34 eligible articles, six focused on groundwater only. Only two studies were

conducted outside the United States. Monitoring wells were installed for sampling in five studies,
while the remaining study used established residential wells for drinking water. Molecular
methods were solely used in three studies, culture methods were employed in two studies and
one study used both. Antimicrobial susceptibility was assessed by broth microdilution in all six
studies. There was a small variety of bacteria targeted, but only E.coli was targeted in multiple
studies. Half of the six studies did not target specific bacteria, but targeted specific ARGs. Of
those three studies, two targeted tetracycline resistance genes, while one targeted
macrolide-lincosamide-streptogramin B (MLSb) resistance genes. Animal presence was
quantified by reporting the number of CAFOs in four studies, the sampling distance from CAFOs
in two studies, the number of animals in two studies, and seasonal sampling in one study. Some
studies used multiple ways to quantify animal presence instead of one singular method.

Tetracycline resistance was the most widespread type of resistance in groundwater. Both
studies that targeted tetracycline resistance genes found all tet genes at all sampling sites
(Koike et al., 2007; Mackie et al., 2006). Furthermore, the most common resistance found in
target ARB was tetracycline (Coleman et al., 2013). A study in California also found that all
E.coli and Enterococci samples showed resistance to at least one antibiotic, and most displayed
multiple drug resistance (MDR) (Li et al., 2015). Another study in Illinois found that tet(W) had
one of the highest detection rates at one site, which supports the trend of the most widespread
target ARGs in the general results, but they also found tet(Q) at one of the highest detection
rates at the same site (Koike et al., 2007).

All six groundwater studies found that CAFOs had some degree of impact on nearby
groundwater resources.These studies demonstrated animal impact by comparing the
prevalence and abundance of ARB and ARGs in groundwater on-site and down gradient to
groundwater off-site or up gradient of the farm as it pertained to groundwater flow. The studies
concluded that the presence of livestock, manure application, and proximity to waste lagoons
increased the risk of groundwater contamination (Coleman et al., 2013; Koike et al., 2010; Li et
al., 2015; Mackie et al., 2006). Studies found no overall temporal trends in the prevalence or
abundance of ARB or ARG (Koike et al., 2007; Li et al., 2015; Mackie et al., 2006). In contrast, a
study in Illinois compared two farms with varying capacities, soil compositions, waste
management systems, and antibiotic treatments to examine the prevalence and relative
abundance of target ARGs. They found both spatial and temporal patterns that correlate with
specific target ARGs. These patterns indicated that lagon leakage was the primary source of
contamination (Koike et al., 2010). Another study in California compared what they termed
“antibiotic resistance patterns” of target ARB in groundwater and waste lagoon samples from
eight different CAFOs and hundreds of wells throughout the region. They found a similarity
between the samples that indicated a significant risk of contamination regardless of the type of
subsurface environment present (Li et al., 2015).



Table 2. Characteristics of Groundwater Studies

Author and Year Location
Exposure

Quantification
Methods

Prevalence,

Absolute

Abundance,

or Relative

Abundance

Bacteria Antibiotics ARGs Results

Coleman 2013 Canada

Alberta    (11,379

samples)

vs Ontario

(342,009 samples)

Culture

&

Broth

microdilution

Prevalence E.coli

tetracycline,

sulphonamides,

beta-lactams,

aminoglycosides,

chloramphenicol,

quinolones

N/A

1. Resistant E.coli was higher in Alberta

2. Manure application and livestock presence

increased the likelihood of the presence of

MDR E.coli

3. Most common resistance was to

tetracyclines.

Huysman 1993 Belgium

4 manured fields
(80-160 t/ha/yr of

manure)
vs

3 unmanured
fields (>100m from

nearest cattle)

Culture Prevalence

Sulphite-
Reducing
Clostidia
(SRC)

chloramphenicol,
ampicillin,

kanamycin,
novobiocin,
spiramycin,
olaquindox,

erythromycin,
penicillin,

tetracycline,
oleandomycin

N/A

1. No difference of number of SRC between
manured and unmanured fields

2. SRC cannot indicate the degree of fecal
contamination only the presence

3. Oleandomycin-resistant SRC is a more
reliable indicator of fecal contamination than
conventional fecal bacteria.

4. Presence of E. coli and fecal streptococci not
due to contamination.

Koike 2007 USA

Control wells
vs

Farm A: 4000 pigs,
2 stage waste

system, 2 shallow
sand layers

vs
Farm C: 2500 pigs,

single stage
lagoon, silty loam

Molecular.

Prevalence
&

Relative
Abundance

N/A

bacitracin,
chlortetracycline,

penicillin,
tylosin

tet(M), tet(O), tet(Q),
tet(W), tet(C), tet(H),

and tet(Z)

1. Farm A: tet(Q) and tet(W) most often detected
2. Farm C: ARGs lower than quantification limit
3. All 7 tetracycline resistance genes were

detected at both sites at all sampling dates
4. Avg. concentration of tet(C) in groundwater

was much greater than the in waste lagoons
5. Avg. concentration of tet(C) in groundwater

was significantly higher than other target
ARGs in groundwater

6. No clear temporal pattern was detected from
any ARG.



Author and

Year
Location

Exposure

Quantification
Methods

Prevalence,

Absolute

Abundance

, or

Relative

Abundance

Bacteria Antibiotics ARGs Results

Koike 2010 USA

Control wells
vs

Farm A: 4000 pigs,
2 stage waste

system, 2 shallow
sand layers

vs
Farm C: 2500 pigs,

single stage
lagoon, silty loam

Molecular
Prevalence &

Relative
Abundance

N/A chlortetracycline
and tylosin

erm(A), erm(B),
erm(C), erm(F),

erm(G), erm(Q), tlr(B),
and tlr(D)

1. Most samples contained erm(B) and erm(C)
2. Neither erm(A) or erm(F) was found outside of

the lagoons or impacted wells
3. Erm A, B, C, and F were the most commonly

detected
4. Spatial and temporal correlations implicate

lagoon leakage as the principal source
5. Lack of strong associations between erm and

tet genes suggests that coselection is not a
likely explanation for patterns

6. Suggests that the distribution of genes in
these systems reflects the individual ecological
limitations of host species and differences in
transmissibility

Lil 2015 USA

On-site dairy wells
vs

Near-dairy wells
vs

Nondairy wells

Both
&

Broth
Microdilution

Prevalence

Salmonella, E.
coli,

Enterococcus,
and

Campylobacter

azithromycin,
chloramphenicol,
trimethoprim/sulfa

methoxazole,
tetracycline,
tigecycline,

quinupristin/dalfo-
pristin, linezolid,
chloramphenicol,
erythromycin, and

ciprofloxacin

N/A

1. All isolates of E.coli and Enterococcus showed
resistance to at least one antibiotic, mostly
MDR, regardless of well type or location

2. No temporal patterns from lack of strong
seasonal signatures

3. Antibiotic resistance patterns of E. coli in
groundwater were similar to E. coli in
wastewater from CAFOs. Indicates a
significant potential risk of groundwater
contamination.



Author and

Year
Location

Exposure

Quantification
Methods

Prevalence,

Absolute

Abundance

, or

Relative

Abundance

Bacteria Antibiotics ARGs Results

Mackie 2006 USA

Control wells
vs

Farm A: 4000 pigs,
operates a 2 stage
waste system, on
glacial outwash
soil, 2 shallow
sand layers

vs
Farm C: 2500 pigs,
single stage lagoon

and on glacial till
soils, mostly silty

loams.

Molecular

Prevalence
&

Relative
Abundance

N/A

tetracycline,
oxytetracycline,

and
chlortetracycline

tet(M), tet(O), tet(Q),
tet(W)

1. No spatial or temporal trends of antibiotic
occurrence

2. Tetracyclines do not readily migrate from
manure seepage into groundwater

3. All four tet genes were found in samples from
farm A, but no clear pattern was observed

4. Wells in shallower sand layers or located
closer to waste lagoons had a higher risk of
contamination



3.3 Combination of Both
Five studies investigated both surface waters and groundwater. Two of these studies

were conducted outside of the United States. In four studies, groundwater was sampled from
preexisting private wells, and the remaining study did not describe well location or placement.
All surface water was sampled from flowing water bodies except one that was not specified.
Two studies used only culture methods, while the other three used both culture and molecular
methods. A wide variety of bacteria and antibiotics were targeted. The only bacteria targeted in
multiple (two) studies were E.coli and Enterococci. One study targeted sulfonamide resistance
genes, while another targeted tetracycline resistance genes. Three studies tested for antibiotic
susceptibility that using broth microdilution, while another study used disk diffusion. Four studies
quantified animal presence from upstream and downstream sampling sites, one study used
seasonal sampling, while two studies reported the number of CAFOs, and two studies reported
the number of animals. Some studies used a combination of ways to quantify animal presence.

One finding that supports overall patterns of the review was that tetracycline was the
least effective antibiotic, and tet genes were among the most common ARGs discovered (Stine
et al., 2007). Sul1 and sul2 were also among the major ARGs detected in one study (Hsu et al.,
2014). A Canadian study discovered indications of the development of cross-resistance of
different antibiotics within the same classes of antibiotics (Furtula et al., 2013). Matching
sequences of sul1 genes between downstream sites and clinical isolates from previous studies
implies horizontal gene transfer between bacteria species, most likely via class 1 integrons (Hsu
et al., 2014). A study in Taiwan that examined various ARB found the most prevalent ARB
species, of the 39 discovered, was Pseudomonas (Hsu et al., 2014). However, none of the most
commonly targeted ARB species, such as E.coli, were used in this study. In a study in Canada,
all groundwater and most surface water samples displayed MDR in such high numbers this
finding is an outlier compared with other studies showing MDR (Furtula et al., 2013).

Of the five studies, three studies discovered some degree of influence of CAFOs on
resistance in surface and groundwaters, and the remaining two found no impact. In a study in
Taiwan, ARB occurrence was significantly higher at downstream sites than upstream, and
on-site wells had the highest proportion of ARB among all sites (Hsu et al., 2014). In contrast, a
study found no relationship between the number of livestock and ARB prevalence since the
ARB species targeted were either absent or present in extremely low numbers in groundwater
(Casanova & Sobsey, 2016). This study in eastern North Carolina also found similar ARB
densities in both counties examined regardless of CAFO density (Casanova & Sobsey, 2016).
Another U.S. study discovered no difference in prevalence or abundance of ARGs or ARB
between upstream and downstream isolates (Stine et al., 2007). The only deepwater on-site
well present in the study was negative for ARB resistant to tetracycline and there was no
mention of any other target ARB and ARGs in connection with groundwater (Stine et al., 2007).
This study also found no evidence of dissemination of tet genes from the CAFO. A Canadian
study characterized the risk of ambient water contamination from farms and manure application
as low using their uniquely developed multiple antibiotic resistant (MAR) indices (Furtula et al.,
2013). One of the most unique studies verified that using antibiotic resistance profiles from fecal
samples can be used to source fecal pollution in streams and wells by matching the fecal
sample profiles to profiles sampled from ambient water (Hagedorn et al., 1999).



Table 3. Characteristics of Studies using Surface and Groundwater Sampling

Author and

Year
Location

Exposure

Quantification
Methods

Prevalence,

Absolute

Abundance,

or Relative

Abundance

Bacteria Antibiotics ARGs Results

Casanova
2016 USA

Wayne County

(1,400,000

head, 92 CAFOs,

577sq mi)

vs

Craven County

(446,000 head,

20 CAFOs,

744sq mi)

Culture

&

Broth

microdilution

Prevalence

E.coli,

Salmonella,

Enterococci,

Yersinia

Enterocolitica

trimethoprim,

sulfamethoxazole,

chloramphenicol,

gentamicin,

ampicillin,

ciprofloxacin,

ceftriaxone,

vancomycin, and

streptomycin

N/A

1. No correlation between the number of

head present and the prevalence of ARB

2. Overall densities of ARB found to be

similar in each county regardless of

CAFO density

Furtula 2013 Canada

12 surface water
sites
vs
28 groundwater
sites
vs
1 reference site

Both
&
Broth
microdilution

Prevalence Enterococci

chloramphenicol,
ciprofloxacin,
daptomycin,
erythromycin,
gentamicin,
kanamycin,
lincomycin, linezolid,
nitrofurantoin,
penicillin,
streptomycin,
quinupristin/dalfo-pris
tin, tetracycline,
tigecycline, tylosin,
and vancomycin

N/A

1. All samples were susceptible to linezolid,
tigecycline, and gentamicin

2. All groundwater isolates, and most of
surface water isolates were MDR

3. Indicates inputs from poultry operations
as no other wastewater sources were
observed in the area

4. Risk from contamination might be low
5. Resistance to antibiotics not used in

poultry farms was detected



Author and

Year
Location

Exposure

Quantification
Methods

Prevalence,

Absolute

Abundance,

or Relative

Abundance

Bacteria Antibiotics ARGs Results

Hagedorn
1999 USA

Surface &
groundwater
samples
compared to
database to
source ARB

Culture
&
Broth
microdilution

Prevalence
fecal
streptococci and
fecal coliforms

chlortetracycline,
halofuginone,
oxytetracycline,
salinomycin,
streptomycin,
amoxicillin, ampicillin,
chloramphenicol,
erythromycin,
neomycin sulfate,
rifampin, tetracycline,
and vancomycin
hydrochloride

N/A

1. Correct identification rate of watershed
samples against database AMR profiles
averaged 88%

2. No chicken or dairy cow sources of
resistance detected

3. >78% of the fecal streptococci from the
stream are from cattle.

Hsu 2014 Taiwan

Upstream sites
vs
On-farm sites
vs
Downstream
sites

Both

Prevalence
&
Relative
Abundance

39 species

sulfamerazine,
sulfadimethazine,
sulfamethoxazole,
sulfamonomethoxine,
sulfadimethoxine,
sulfadiazine,
sulfathiazole,
sulfaquinoxaline

sul1,
sul2,sul3
and sulA

1. Sulfadimethazine was the only
detectable antibiotic in downstream river
water

2. On-site well had the highest proportion
of resistant bacteria

3. Sul1 and sul2 were the major ARGs
detected

4. Antibiotic concentrations were similar in
upstream and downstreams waters, but
the occurrence of ARB was higher in
downstream water

5. Pseudomonas was the dominant
resistant bacteria species



Author and

Year
Location

Exposure

Quantification
Methods

Prevalence,

Absolute

Abundance,

or Relative

Abundance

Bacteria Antibiotics ARGs Results

Stine 2007 USA

Upstream sites
vs
On-farm sites
vs
Downstream
sites

Both
&
Disk diffusion

Prevalence
&
Relative
Abundance

E.coli and
Enterococci

tetracycline,
chloramphenicol,
ciprofloxacin,
streptomycin,
gentamicin,
vancomycin,
quinupristin/dalfopris-
tin

tetA,
tetB,
tetC,
tetE,
tetH,
tetL,
tetM,
tetS, tetT
and
rumB

1. No differences between upstream or
downstream isolates

2. Tetracycline was the least effective
antibiotic

3. tet resistance genes were the most
common among sites.

4. No evidence of wide dissemination of tet
resistance genes from the CAFO



Discussion
The results of 34 studies on the prevalence and abundance of ARB and ARGs in

ambient waters in proximity of CAFOs are summarized in this review. These results overall
support a causal relationship between the presence of livestock/manure application and an
increase in the presence and abundance of ARB/ARG in surface and groundwaters. At least 17
of 34 reviewed studies (50%) support this conclusion, while at least 3 studies found no evidence
to support this conclusion and one study contradicted it. Our findings suggest that while CAFOs
may be a major source of contamination of ambient water they are not the only source. This is
supported by 8 studies in our review that found ARGs or ARB present at all sampling sites, even
the control sites with no animal impact.The remaining studies focused on specific ARGs or ARB
and their degree of resistance to specific antibiotics, or influence of environmental factors on the
prevalence and abundance of ARB and ARGs in proximity to CAFOs. Tetracycline was
consistently found to be the least, or close to the least effective antibiotic. Similarly, of the
various classes of ARGs, tet genes were consistently the most, or close to the most prevalent
and abundant ARG discovered.

The studies reviewed provide an indication of the impact CAFOs have on ARGs and
ARB in ambient waters, which provides a foundation for a more comprehensive and in depth
exploration into the rising threat to human health from ARB. While this review does include a
variety of studies using a variety of settings, designs, and methods, there are remaining areas of
research to provide a more complete understanding. For example, an overwhelming majority
(21/34) of studies were conducted in the U.S. In the future, more studies in other high-income
countries could diversify a review and give a more global representation of the current state of
this issue. Additionally, 23 out of 34 articles solely sampled surface water. More studies that
focus on groundwater are needed. Another area for research is ARB and ARG presence in
brackish water, such as estuaries, or wetlands as these environments often function as
nurseries for aquatic life that may act as carriers of ARB and ARGs.

Future studies should explore the specific biological processes, such as horizontal gene
transfer, that are responsible for the development and spread of resistance and if there are
correlations between specific microbes, antibiotics, or environments. Future research could also
gather a more complete picture of potential livestock exposure to ARB and ARGs from livestock
drinking sources, since only two studies in our review considered this potential source. There is
also a need for more human health studies that characterize and quantify the risk of exposure to
ARB/ARG contamination by humans as the few studies that did mention a risk of human
exposure only referred to the potential presence of that risk. Another area that needs further
research is the development of more effective waste management practices since
contamination due to poor management of CAFO waste is a pattern found throughout this
review. The effect of any such improved waste management practices on ARB/ARGs in ambient
water bodies should be assessed. Risks could also be reduced through different management
practices such as free range farms instead of CAFOs, or a reduction of antibiotic use since
anywhere from 58-90% of these compounds are not metabolized  by livestock. However, steps
like these require regulatory change supported by scientific evidence.
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