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 The prevalence of Salmonella in waterways of the southeastern U.S. and elsewhere raises 

questions about the potential role of contaminated agricultural irrigation water in foodborne illness. This 

thesis provides background on Salmonella as a bacterial pathogen and its role in human illness and the 

environment, and the current status of food safety and related concerns for fresh produce in the U.S. We 

evaluate the influence of storm precipitation events on Salmonella transport through crop fields, forests, 

and streams in vegetable farm landscapes, and compare Salmonella levels in irrigation ponds across 

southern Georgia in the context of watershed and landscape characteristics. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

This thesis explores the impacts of storm-driven surface runoff and land cover on Salmonella in 

ponds used to irrigate fruits and vegetables in the southeastern Coastal Plain of the United States. The 

first chapter provides background on the basic understanding of Salmonella as a bacterial pathogen and 

its role in human illness, as well as the current status of food safety and related concerns for fresh 

produce in the U.S. and worldwide. The second chapter, “Salmonella and Escherichia coli in storm-driven 

surface runoff, streams, and farm irrigation ponds in south Georgia, USA,” reports a study of precipitation 

runoff from agricultural fields and non-agricultural areas into farm ponds. The third chapter, “Impacts of 

land cover on Salmonella concentrations in farm irrigation ponds in rural south Georgia, USA,” examines 

potential correlations between Salmonella and the extent of natural or developed land uses at various 

spatial scales around irrigation ponds. The concluding chapter of this thesis briefly ties together findings 

and recommendations from both studies.  

Foodborne illness in the United States 

An estimated one in six people become ill from foodborne illnesses each year in the United States 

(1, 2). From 1998-2008, approximately 46% of foodborne illnesses were acquired from raw or processed 

produce, and the rest from meat, poultry, dairy, eggs, fish, or shellfish (3). Half of all foodborne illnesses 

were attributed to simple products containing ingredients from only one commodity (e.g. fish) and the 

other half to complex products (e.g. mixed salad) (3).  

The pathogens involved in foodborne illnesses are only verified for about 20% of cases. Of these, 

more than half are caused by viruses, more than a third by bacteria, and the rest by other organisms (1). 

In 2011, Salmonella caused the largest number of bacterial foodborne illnesses, as well as deaths related 
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to any foodborne illness (1). Salmonella was responsible for over one million foodborne illnesses (1) with 

an estimated economic cost of $2.7 billion (4). Approximately 1 in every 2,700 foodborne Salmonella 

infections acquired in the United States resulted in death (1).   

Other major bacterial pathogens responsible for foodborne illnesses in 2011 (the most recent 

year for which data are available) in descending order of significance were Clostridium perfringens, 

Campylobacter spp., Escherichia coli, Staphylococcus aureus, Shigella spp., and Yersinia enterocolitica (1). 

Listeria monocytogenes accounted for less than 0.02% of all foodborne illnesses but resulted in a 

disproportionate 255 deaths (1). In comparison, 378 deaths were attributed to Salmonella and 149 to the 

most common foodborne virus, Norovirus (1). In 2012, foodborne illnesses attributed to bacterial 

Campylobacter spp. (primarily from poultry and dairy) and Vibrio spp. (primarily from oysters) were on 

the rise, while foodborne illnesses from all other causes remained similar to 2006-2011 levels without any 

statistically significant increase or decrease (5).  

 Some cases of foodborne illness are connected outbreaks, or situations where more than two 

people are infected by the same pathogen from the same food or drink. In 2013, the Centers for Disease 

Control and Prevention (CDC) confirmed 50 multistate outbreaks of foodborne illness (6). Of these, 

important outbreaks caused by fresh produce in 2013 included Cyclospora cayetanensis, a protozoan 

parasite, in salad mix and fresh cilantro infecting over 630 people in 25 states; hepatitis A virus in 

pomegranate seeds infecting 162 people; Salmonella enterica serotype Saintpaul in cucumbers infecting 

84 people; and Shiga toxin-producing E. coli O157:H7 in ready-to-eat salads infecting 33 people. Since 

2006, major outbreaks of Salmonella from fresh produce have included alfalfa sprouts, cantaloupes, 

mangoes, papayas, and tomatoes. Other major Salmonella outbreaks have been attributed to chicken, 

ground beef, ground turkey, ground tuna, eggs, various frozen products, peanut butter, other nuts, raw 

cheese, and processed cereals and snacks (6). 
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Taxonomy of Salmonella 

 Salmonella is a rod-shaped, gram-negative, facultative-anaerobic enteric bacteria. The genus 

Salmonella consists of two species, S. enterica and S. bongori. Genetic analyses estimate Salmonella and 

its nearest relative, Escherichia coli, diverged from a common ancestor 100 million years ago (7), and S. 

enterica and S. bongori diverged between 40 and 63 million years ago (8). S. enterica is divided into six 

subspecies (or seven, according to some) based on genetic relatedness (8–10). These six subspecies, as 

well as S. bongori, are traditionally identified in the laboratory by biochemical testing (11).  

Salmonella is further divided into serotypes, which are defined by particular combinations of 

structures known as antigens on the surface of the cell, including portions of the bacterial cell wall, 

flagella, and capsule. Antigens are structures that induce an immune response in a host. Serotyping is 

especially important for epidemiological work and can be used to preliminarily identify whether multiple 

cases of salmonellosis may have come from the same source. Researchers have recognized at least 2,579 

unique serotypes of Salmonella, defined primarily by combinations of lipopolysaccharide “O” antigens 

found on the cell wall and flagellar “H” antigens (11). Serotypes of S. enterica subsp. enterica are given 

descriptive or geography-themed names (e.g. Typhimurium or Tennessee) while all other serotypes are 

written by their antigenic formula (11). Following important advances in genetic sequencing methods, 

additional labels are now given to different strains within serotypes to identify clusters of genetic 

relatedness, e.g. S. enterica ser. Typhimurium DT104 (12, 13).  

Characteristics of Salmonella serotypes 

Most Salmonella serotypes are considered potentially pathogenic to humans, although the 

symptoms and severity of infection vary greatly between serotypes as well as between individual people 

(14, 15). From 2001-2011, over one thousand serotypes among the 2,579 known Salmonella serotypes 

were reported to the CDC as the cause of laboratory-confirmed human illness. Over 300 of these 
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serotypes were reported in 2011 (16). Overall, however, fewer than 100 serotypes cause the vast 

majority of human infections (16).  

Some Salmonella serotypes are host-specific, meaning they only infect a certain type of animal.  

Typhi infects only humans and causes typhoid fever; Paratyphi A, B, and C primarily infect humans or 

domestic pets and cause paratyphoid fever (17). A few other notorious serotypes are host-specific, 

including certain strains of Gallinarum in poultry (“fowl typhoid”), Typhisuis in pigs, Abortusovis in sheep, 

and Abortusequi in horses (18).  

Foodborne salmonellosis, however, is usually caused by nontyphoidal Salmonella serotypes. 

Infections caused by nontyphoidal Salmonella serotypes are sometimes zoonotic, meaning the disease is 

passed between animals and humans. Nontyphoidal Salmonella serotypes are often capable of infecting 

multiple types of animal hosts, including reptiles, amphibians, and birds, as well as humans and other 

mammals. For Salmonella, the path of transmission between animals and humans is often indirect, and 

the bacteria sometimes survives for considerable amounts of time in water or soil and on other surfaces 

including food products (19). The long-term survival capabilities of Salmonella in environmental and 

animal reservoirs and the host non-specificity of many serotypes make zoonotic nontyphoidal Salmonella 

difficult to control (19). Typhoid fever, a non-zoonotic and human-specific disease, has become rare in 

the United States with the advent of ready access to clean water and sanitation systems, while zoonotic 

foodborne nontyphoidal salmonellosis remains a larger concern (15).  

Although most nontyphoidal Salmonella serotypes are not host-specific, some common serotype-

host associations have been observed. For example, Dublin is primarily associated with cattle and 

Choleraesuis is primarily associated with pigs, but both are also known to infect humans (18). The 

majority of human nontyphoidal Salmonella infections are caused by serotypes within S. enterica 

subspecies enterica, while cold-blooded animals are more commonly associated serotypes within the 

other five Salmonella subspecies. Around 40% of all known Salmonella serotypes are considered primarily 
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associated with reptiles or amphibians and less than 1% of human cases of Salmonella infection are 

caused by those serotypes (20).  

The most common Salmonella serotypes responsible for human cases of foodborne illness in the 

U.S. from 2001-2011 were Enteritidis, Typhimurium, Newport, Javiana, Heidelberg, Montevideo, I 

4,5,12:i-, Muenchen, Saintpaul, and Oranienburg, with several other serotypes not far behind (16). A 

study of Salmonella outbreaks from 1998-2008 noted some associations between certain serotypes and 

specific food commodities (21). Enteritidis and Heidelberg caused outbreaks primarily associated with 

animal-derived foods, especially eggs and poultry, and about 80% of Montevideo outbreaks were also 

associated with animal-derived foods. Javiana and Saintpaul caused outbreaks more often associated with 

plant-derived foods. Newport and Typhimurium were associated with a very wide range of food 

commodities.  

Additionally, antibiotic resistance among Salmonella is an area of increasing concern. The CDC has 

identified five serotypes most commonly exhibiting antibiotic resistance to five or more antibiotics 

commonly used to treat Salmonella infections: Enteritidis, Typhimurium, Newport, Heidelberg, and I 

4,[5],12:i:- (22).   

Transmission of nontyphoidal Salmonella: the fecal-oral route 

Salmonella cells are typically shed in a host’s feces, or other body fluids in severe cases, after 

successful invasion and replication inside an animal. Some of these bacterial cells may manage to adjust 

and survive under whatever environmental conditions they encounter outside the host. These conditions 

include water or soil of varying temperature and pH, plant surfaces or industrial surfaces colonized with 

competing bacteria, or even suspension in air and exposure to UV rays.  

Some Salmonella cells eventually manage to enter the mouth of a new host, often carried by 

some type of contaminated food. Contamination with Salmonella may occur at any point in the supply 

chain through direct or indirect contact with contaminated feces, water, soil, compost, processing 
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equipment, storage containers, or commercial surfaces. Insects, wildlife, workers, or end consumers may 

also serve as vectors of Salmonella (23). Even the seat of a shopping cart, where shoppers sometimes 

place fresh produce or raw meat and where young children with non-hermetically sealed diapers may sit, 

could serve as a two-way transfer point for contamination (24). Various non-food sources of Salmonella 

and other pathogenic fecal bacteria have also been documented, from pet reptiles to holy water (20, 25).  

Once inside a host, Salmonella cells must withstand acidic conditions in the host’s stomach and 

maintain an intracellular pH around 7.6-7.8 to avoid damage (26, 27). Salmonella has mechanisms to cope 

with moderately low pH environments, but human stomachs may have a pH as low as 1.5, which is severe 

even for Salmonella (28). Salmonella cells may have a better chance of surviving passage through the 

human stomach when protected by foods with a high lipid content or other clumps of other Salmonella 

cells (29). When Salmonella cells reach the intestine, they must contend with bile salts, low oxygen 

conditions, and the host’s immune response (26). The surviving cells must also compete with the existing 

gut flora for nutrients and space. Some successful Salmonella cells manage to replicate and are shed in 

the feces of the host to begin the process anew. The host may not necessarily show any symptoms of 

infection. 

In some cases of salmonellosis, especially those involving more host-specific Salmonella 

serotypes, some cells may be ingested by a host’s macrophages (18, 30). Activated macrophages are 

normally part of a host’s immune response and help seek and kill invasive organisms, but Salmonella 

inside an inactivated macrophage is protected from the host’s immune response and able to multiply. A 

macrophage may then travel to other parts of the body and spread the infection. The immune status and 

condition of a host (whether a host has encountered this type of Salmonella before and how quickly it can 

respond) are factors in determining the outcomes of this type of infection (18).  

In a study using data from 38 past outbreaks of foodborne Salmonella, average ingested doses of 

36.3 colony-forming-units (CFU) caused illness with outward symptoms in 50% of the exposed human 
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population. Less than 7 CFU of Salmonella were estimated to cause asymptomatic bacterial replication 

and shedding in 50% of the exposed human population during the same outbreaks. Higher ingested doses 

of Salmonella tend to increase the likelihood of infection or illness, but the particular condition of an 

individual person is very important in determining whether the person will become sick. Interestingly, for 

many Salmonella serotypes, the study’s models also estimated that a small portion of the exposed 

population does not develop symptoms of illness even at very high doses (31).  

Although Salmonella must overcome many substantial barriers in order to cause an infection and 

many Salmonella cells die along the way, it remains a very successful and constantly evolving pathogen. 

The fecal-oral route, by far the most common transmission route for nontyphoidal Salmonella as well as 

E. coli, Norovirus, and many other foodborne pathogens, highlights the need for effective hygiene and 

safe food preparation. 

Global concerns related to Salmonella 

 Widespread complicating health conditions including malnutrition, HIV, and malaria can leave 

people more susceptible to infection by Salmonella and other pathogens. Large highly susceptible 

populations provide Salmonella and other pathogens with ample opportunities to develop increased 

host-specificity and antibiotic resistance (32). S. enterica ser. Typhimurium and S. enterica ser. Enteritidis 

are frequent causes of severe illness and death in parts of sub-Saharan Africa, more than anywhere else 

in the world (33).  

The same serotypes are responsible for about 50% of nontyphodial Salmonella infections 

worldwide, but worldwide Typhimurium and Enteritidis strains are genetically distinct from the most 

common strains in Africa (34, 35). One of the most common causes of human Salmonella infections 

worldwide since the 1990s is S. enterica ser. Typhimurium DT104, which is thought to have emerged in 

cattle in Europe before its spread to other animals used for intensive food production. In the early 2000s, 

DT104 also began showing resistance to multiple important antibiotics, now up to seven (33).  
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Antibiotic resistance will continue to cross international borders by travel and trade. Researchers 

in Canada recently noticed that an increasing percentage of human isolates of S. enterica ser. Kentucky, a 

relatively rare Salmonella serotype, were resistant to ciprofloxacin, an important antibiotic. All Canadian 

patients infected with serotype Kentucky had actually visited Africa shortly before their symptoms began 

(36). Canada had previously halted its use of cephalosporin antibiotics, including ciprofloxacin, in livestock 

to preserve the efficacy of this class of antibiotics in treating humans.  

Studies have also linked nontyphoidal salmonellosis with malaria infections, in epidemic 

proportions (37, 38). Malaria appears to dramatically increase the likelihood of subsequent infection with 

nontyphoidal salmonellosis. For many people, especially children, overcoming nontyphoidal salmonellosis 

while also recovering from malaria is a very difficult process with poor survival rates (37, 38). In this way, 

the global burden of malaria exacerbates the global burden of Salmonella.  

Efforts toward global health and global economic security are extremely relevant to food safety. 

The U.S. Food Safety Modernization Act signed into law in 2011 will establish new regulations for imports, 

but to significantly reduce the burden of foodborne illness in a world with global food trade and travel, 

producers and consumers everywhere must be able to afford to care about food safety. Ultimately there 

is no substitute for the effort, time, and expense of food producers intimately understanding their own 

fields, crops, and packing processes, and for every person involved in the food production chain, including 

consumers, to be vigilant in carrying out hygiene measures to limit the transmission of our own diseases.  

Food Safety Modernization Act of 2011 

 Under the Food Safety Modernization Act (FSMA), the U.S. Food and Drug Administration (FDA) 

will be issuing science-based minimum standards for the growing, harvesting, packing, and holding of 

fruits and vegetables (39), including provisions to ensure the safety of imported food and food during 

transport. The law aims to reduce the incidence of foodborne illnesses associated with produce 
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consumption, through the prevention of “reasonably foreseeable” contamination events. Many specific 

provisions of the law are expected to be finalized in 2015-2016, and will go into effect afterward.  

The proposed (not finalized) rules require many growers to monitor irrigation water for microbial 

contamination, keep records of the results, and ensure the “safe and sanitary quality” of all agricultural 

water for its intended use. Irrigation water monitoring includes testing for Escherichia coli, considered an 

indicator of fecal pollution. The water testing schedule depends on the type of crop grown, the irrigation 

method, and the water source. For example, for fruits or vegetables intended for uncooked consumption 

and grown in direct contact with irrigation water from a pond receiving surface runoff, growers will need 

to test water once every seven days during the growing season. If the water used is solely ground water, 

growers will only need to test at the beginning of the season and once every three months. If E. coli levels 

above 235 CFU are present in any 100 mL sample, water use should be discontinued until the grower re-

evaluates and re-tests the water source, or unless the grower treats the water to remove contamination.  

One concern regarding the water testing portion of FSMA is whether standard E. coli tests may 

adequately predict the likelihood of gastrointestinal illness associated with water usage. Researchers have 

reported that generic E. coli levels poorly predict the presence of more dangerous E. coli strains such as E. 

coli O157:H7 in agricultural watersheds (40), and the second chapter of this thesis includes a description 

of the lack of correlation between E. coli levels and Salmonella presence in irrigation ponds. Other types 

of indicators, including total and fecal coliforms, enterococci, Clostridium perfringens, and certain 

bacteriophages, likewise have not been shown to adequately predict the presence of more dangerous 

pathogens when simply tested alone (41). Overall, a reliance on water testing could provide growers with 

a false sense of security or unnecessary alarm, yet the implied requirement that growers must physically 

visit and observe water sources on a regular basis could prove helpful. Another concern regarding FSMA 

water requirements is insufficient supporting evidence for the use of irrigation water treatment methods 

including chlorine to improve the microbial quality of water, and the limited availability of other 
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affordable, efficient, and sustainable water treatment options for agricultural settings (42).  Lastly, the 

time, labor, and costs associated with frequent water testing could discourage growers from using 

surface water in favor of potentially more limited groundwater resources. 

Growers will also be required to ensure the safety, visual quality, and temperature of water 

sources in contact with produce after harvest. Water for post-harvest use must not contain any 

detectable E. coli. For harvesting, packing, or holding produce, FSMA will require all equipment and 

materials to be single-use or easy-to-clean. FSMA also sets standards for the use of compost and 

untreated animal waste. Compost must be treated with appropriate time and temperature measures. 

Untreated animal waste, if used, must be applied to cropland at least nine months before crop harvest 

and all direct contact with produce avoided. Growers will be required to monitor fields for animals before 

and during the growing season, but not required to exclude animals from fields or document their 

monitoring activities. If a pet or wild animal has been in a field, an unspecified suitable time period must 

pass before harvest. The law is intended to be compatible with existing natural resource and wildlife 

conservation practices, and does not recommend the destruction of habitat or the clearing of farm 

borders around outdoor growing areas or drainages. However, another concern regarding FSMA as 

currently written is that it does not sufficiently emphasize the need for continued usage of good soil 

conservation practices, water conservation practices, and wildlife habitat preservation in agricultural 

settings. The law does not outline the potential environmental impacts of changes in growing practices or 

long-term effects of disinfectant usage in irrigation water for crops, soil, or the atmosphere.  

Many growers have already begun compliance with food safety measures similar to FSMA 

provisions through voluntary third-party audits (43). For individual farms, the costs of implementing the 

law are expected to be around $4,000 to $30,000 per year depending on the size of the farm (39). The 

entirety of the FSMA law is very substantial, and among other education initiatives the FDA and USDA will 

issue updated guidance manuals for good agricultural practices (44). The FDA estimates 1.75 million of 
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the total estimated 48 million foodborne illnesses occurring in the U.S. each year will be prevented by the 

law (39). 

Connections between Salmonella, animals, and fresh produce production 

The global human population has more than doubled in the past 50 years, from 3 billion in the 

1960s to over 7 billion today. We live with about 1 billion pigs, 1.5 billion cattle, 2 billion sheep/goats, and 

24 billion poultry (45). Massive changes have occurred in global land use as well as the intensity of crop 

and livestock production, and changes in zoonotic disease transmission have occurred as well. 

Salmonella and other pathogens can be transferred between areas of livestock and produce 

production by a variety of means (46). Salmonella may be transported into downstream waterways used 

for crop irrigation by storm runoff, either through flow paths in soil or surface runoff (47, 48). Pathogens 

may survive in manure or compost applied to cropland soil (49), and Salmonella and other pathogens can 

also be picked up by wind to travel through the air as bioaerosols (50). A wide variety of wildlife including 

insects, especially flies, can carry pathogens long distances, as can vehicles, farm equipment, or even 

workers’ boots. The importance of separating produce production from livestock production has been 

well documented and put into practice by US food producers (51).  

Field studies have shown that some pathogens from irrigation water can persist on crop surfaces 

for several weeks, and other studies have observed Salmonella or E. coli entrance into plant tissues 

through wounds or stomata (52, 53). Studies have reported Salmonella survival times in soil ranging from 

a few days to more than 300 days, but studies of root uptake of Salmonella or E. coli from contaminated 

soil have produced conflicting results (54). 

Humans can also cause contamination at any step in the food supply chain. From planting, 

harvesting, packing, all the way to the grocery store and consumers’ homes, awareness of appropriate 

hygienic measures is essential. In the pre-harvest environment, there is also potential for human waste to 

contaminate downstream water sources, especially inadequate sewer and septic systems from nearby 
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commercial or residential areas, or from landfills or areas where trash is stored (55, 56). Domestic pets 

including cats, dogs, horses, and backyard chickens are a smaller but recognized risk when in close 

proximity to food production (57).  

While wildlife may certainly transport and spread Salmonella and other pathogens, the actual 

risks are extremely difficult to quantify. Salmonella has been isolated from a wide variety of wildlife, with 

much geographic and seasonal variation, as well as variation in patterns between different Salmonella 

serotypes (58–63). It is difficult to identify actual incidences of animal-human Salmonella transmission vs. 

incidences of human-human transmission, especially when foodborne (64). A survey of California produce 

growers suggested many have recently felt pressure to implement extreme or even scientifically unsound 

measures to reduce wildlife presence on farms (65). Wildlife habitat disruption and wild animal exclusion 

on farms have not been recommended by the U.S. Food and Drug Administration or U.S. Department of 

Agriculture (39). In some landscapes dominated by agricultural production, the relatively small natural 

areas that food producers keep on their land are sometimes the only habitats available for wildlife in the 

area including migratory birds. Natural areas may also provide larger ecosystem services far beyond the 

context of food safety or wildlife habitat, including flood control, soil conservation, water purification, and 

even resistance to climate change, in addition to recreational and many intangible benefits (65–67). 

Many species of animals and plants have sharply declined amid natural habitat loss. Others, 

including some considered “nuisance” species by many produce growers and landowners, are thriving in 

the changed landscapes, accidentally or purposely assisted by us. Those wishing to manage natural areas 

for particular species of wildlife face a difficult task with often unforeseeable outcomes. For example, 

well-meaning people led the introduction of Canadian geese to Georgia reservoirs and farm ponds in the 

1960s for hunting, and the goose population has since exploded in numbers (68). Geese are now a major 

concern for some farmers, prompting research into foliar sprays and other methods to deter geese from 

grazing on crops (69). Geese are one of many species capable of serving as vectors for Salmonella, E. coli, 
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and antimicrobial resistance genes (70, 71). The overall importance of wildlife relative to other pathogen 

sources including livestock waste and human sewage systems is an area requiring more research.  

Assessing microbial risks and tracking outbreaks for fresh produce 

 Quantitative microbial risk assessment (QMRA) is the estimation of public health risk from 

pathogen exposure. For irrigation water, the purpose of a QMRA would be to determine the relationship 

between pathogen concentrations in irrigation water and the associated probability of consumers 

ingesting those pathogens and becoming ill. QMRA, used in reverse, can also be used to determine 

appropriate standards for water quality. Many variables can be included in a QMRA model - as many 

variables as researchers are willing/able to measure. At a minimum, the estimates required for an 

irrigation-related QMRA would be the pathogen concentration in irrigation water, the amount of water 

applied to a certain amount of produce, the pathogen fraction actually transferred to produce, the 

fraction surviving until harvest, the fraction surviving until consumption, the amount of produce 

consumed by a person, the pathogen dose required to infect a certain proportion of the consumer 

population, and the probability of those consumers becoming ill from a given dose (72, 73).  

For Salmonella, one study used worst-case-scenario values for QMRA variables to generally 

estimate the Salmonella concentrations required in irrigation water to cause infection in consumers of 

cantaloupe, lettuce, and bell peppers irrigated by furrow or subsurface drip methods (73). The Salmonella 

concentration required to cause a 1:10,000 rate of illness, the US EPA drinking water standard for 

contamination, was 2.5 CFU per 100 ml for produce harvested and consumed one day after the last 

irrigation event, or 5.7 × 103 CFU per 100 ml due to bacterial die-off for produce harvested and consumed 

14 days after the last irrigation event (73). The study used a Salmonella surrogate, rather than actual 

Salmonella. Considerations involved in specific irrigation QMRAs include the particular pathogens, crops, 

water source, irrigation method, agricultural practices, environmental conditions, processing/transport 

conditions, consumer demographics, and much more (72).  
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 Although very difficult, determining QMRAs for various pathogens, crops, and irrigation 

conditions is possible and could prove to be a useful tool for efficiently and effectively reducing 

foodborne illness from fresh produce.  

Salmonella and other pathogens in surface water used for irrigation 

Irrigation and surface water sampling studies in North America have reported Salmonella 

prevalence anywhere from 6% to 100% (48, 71, 74–77). It is not clear whether some regions have 

consistently greater Salmonella prevalence than others; comparisons between regional studies are 

difficult due to differences in sample volumes and analysis methods. In some regions, including the 

southeastern US, higher Salmonella concentrations have been observed during rainy seasons or warmer 

months, but the reasons for this seasonality are unclear (72, 78). At smaller spatial scales, higher 

pathogen concentrations have been associated with sediment and algae, especially near the banks of 

waterways (79, 80). Salmonella and other pathogens are damaged by UV light, and sediment and algae 

may provide bacteria with nutrients and carbon sources as well as some protection from sunlight. The 

water management implications of small-scale spatial variations in Salmonella concentrations have not 

been well investigated.  

Irrigation water is widely recognized as a potential source of pathogens including Salmonella, but 

only a few outbreaks of foodborne illness in the U.S. have been clearly attributed to contaminated 

irrigation water (72). The lack of many clear links between foodborne outbreaks and irrigation water may 

be due to the difficulty of investigating such situations. By the time a particular foodborne outbreak has 

been recognized, and in the rare situations where the outbreak has been traced to a particular farm 

rather than another point in the food supply chain, a substantial amount of time has already passed since 

the crop was potentially irrigated with contaminated water. The presence of particular pathogens in 

waterways can be temporary and is influenced by flow rates, weather, seasonal patterns, land use, water 
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management, other human or wildlife activities, and the biology and ecology of different pathogens and 

the microbial community (72, 75, 78).  

Of the outbreaks that have been traced to contaminated irrigation water, an outbreak of E. coli 

O157:H7 from lettuce sold by a popular Midwestern taco chain was likely caused by irrigating with well 

water mixed with water from a dairy lagoon (81), and another outbreak of lettuce-borne E. coli in Sweden 

was likely caused by irrigating with water downstream from a cattle farm (82). In both cases, the specific 

outbreak strain, more specific than simply the same serotype, was subsequently isolated from these 

bovine sources as well as consumers who had been infected. After outbreaks in 2002 and 2005 of 

Salmonella enterica serotype Newport from tomatoes, the outbreak strain was isolated in both years 

from ponds in Virginia used to irrigate the tomato fields (83).  

A few other foodborne outbreaks have been indirectly attributed to contaminated irrigation 

water. After an outbreak of S. enterica ser. Saintpaul from jalapeño peppers and serrano peppers grown 

by a farm in Mexico, the specific outbreak strain was not isolated from that farm but was isolated from 

irrigation water at a different farm which provided produce to the same packing facility, perhaps 

highlighting the importance of packing facility sanitation (84). In an E. coli O157:H7 outbreak from baby 

spinach, the specific outbreak strain was isolated from nearby river water, but the spinach field had been 

irrigated with well water from a shallow aquifer which did not contain the outbreak strain at the time of 

sampling, and it is unclear whether river water seeped into the well or another vehicle such as a wild 

animal transported the pathogen to the field (85).  

Several studies have surveyed Salmonella in base flow or storm flow in natural waterways in 

agricultural regions (71, 74, 77, 78, 86), and others have similarly surveyed other pathogens (74, 85, 87, 

88). The concentrations of pathogens and indicator organisms in waterways may be elevated following 

rainstorms, due to surface runoff or subsurface flow into waterways and re-suspension of bacteria from 

bottom sediments (89). Conversely, depending on land use and sources of bacteria in the landscape, 
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heavy storms or series of storms may instead dilute pathogen concentrations in waterways (90). Several 

studies have also addressed the impacts of watershed land-use characteristics on Salmonella or other 

pathogens in irrigation water or natural waterways (71, 74, 77, 87, 88, 91). Some have found higher 

Salmonella prevalence associated with urban land use or areas where livestock is present (71, 74). To our 

knowledge, however, no previous studies have directly addressed the fate and transport of Salmonella in 

storm runoff into irrigation ponds, especially in rural agricultural settings without major livestock 

operations nearby. The next chapters of this thesis will focus more narrowly on Salmonella in relation to 

storm runoff and watershed land use surrounding surface water irrigation sources for fruit and vegetable 

farms in southern Georgia.  
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CHAPTER 2 

SALMONELLA AND ESCHERICHIA COLI IN STORM-DRIVEN SURFACE RUNOFF, STREAMS, AND FARM 

IRRIGATION PONDS IN SOUTH GEORGIA, USA1 

  

                                                 
1 Harris, C.S., K. Levy, S. Rajeev, C. Pringle, and G. Vellidis.  To be submitted to Applied and Environmental 
Microbiology. 
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Abstract 

 
The prevalence of Salmonella in waterways of the southeastern U.S. and elsewhere raises 

questions about the potential role of contaminated agricultural irrigation water in foodborne illness. To 

better understand the influence of precipitation events on Salmonella transport in vegetable farm 

environments, surface runoff samples from produce fields and forests surrounding two irrigation ponds in 

southern Georgia, USA, were collected during twelve storms of varying intensity. Water samples were 

also collected from the ponds before and after storms, and from streams flowing into the ponds. A total 

of 127 samples over eight months were analyzed for Salmonella, Escherichia coli, and total solids (TS). 

Storm flow in streams had significantly higher Salmonella concentrations than surface runoff or pond 

water before storms, and higher Salmonella presence (100%, n=12) than all other locations. TS and E. coli 

were not correlated with Salmonella concentrations. The E. coli cut-off value of 235 MPN per 100 ml, the 

proposed limit under the 2011 Food Safety Modernization Act, was a poor predictor of Salmonella 

presence. Salmonella was present in 33% (n=24) of pond water samples before storms and 58% (n=24) 

after storms, and in 38% (n=21) of surface runoff samples from produce fields and 40% (n=30) from 

forests. At least 18 Salmonella serotypes were present, including several commonly implicated in human 

illness, with the highest diversity observed in samples from streams. Trends in human and wildlife activity 

during the study are reported. These findings highlight the need for closer evaluation of in-field crop 

contamination risk factors associated with irrigation water, as well as design and management of 

irrigation ponds to adequately reduce microbiological hazards.  

  



 

19 

 

Introduction 

 
An estimated one in six people become ill from foodborne illnesses each year in the United States 

(1, 2). Nearly half of all foodborne illnesses are likely acquired from raw or processed produce, and the 

rest from animal products (3). In fruit and vegetable production environments, irrigation water from 

surface freshwater sources is recognized as a potential reservoir of pathogens, and a potential vehicle for 

the transmission of pathogens to plants and soil (72, 92). A few outbreaks of foodborne illness in the U.S. 

have been linked to contaminated irrigation water from surface freshwater sources, including outbreaks 

of Salmonella enterica serotype Newport from tomatoes grown in Virginia in 2002 and 2005 (81–85).  

In recent years, Salmonella has caused the largest number of bacterial foodborne illnesses as well 

as deaths related to any foodborne illness in the U.S. (1). Salmonella is commonly present in surface 

freshwater sources; studies from several agricultural regions of the U.S. have reported detectable 

Salmonella levels in 6% to 100% of surface water samples, although comparisons between studies are 

complicated due to differences in sample volumes and analysis methods (48, 71, 74–77). A study of ten 

ponds used for irrigation in south Georgia found Salmonella in 11% to 50% of three-liter samples 

collected monthly from each pond for one year, and the study used sensitive methods capable of 

detecting Salmonella levels as low as 0.055 MPN per 100 ml (93). Salmonella levels in irrigation ponds in 

south Georgia and elsewhere in the U.S. may occasionally exceed thresholds likely to contribute to illness 

in consumers of fresh produce; a quantitative microbial risk assessment conducted in Arizona using 

Salmonella surrogates in water used to irrigate cantaloupe, lettuce, and bell peppers by furrow or 

subsurface drip irrigation estimated that Salmonella levels of 2.5 MPN per 100 ml in irrigation water could 

cause illness in 1 per 10,000 consumers, when produce is harvested one day after the last irrigation event 

followed by typical produce processing procedures (73). 

Some Salmonella serotypes found in studies of waterways and irrigation ponds in south Georgia 

and elsewhere in the U.S. are also commonly found in cases of foodborne illness, raising questions about 
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possible connections between irrigation water and human health (59, 75, 94). The genus Salmonella 

includes more than 2,579 serotypes defined by antigens on the cell surface (11). Most Salmonella 

serotypes infect multiple species of animals, but some serotypes are much more commonly associated 

with human illness than others (20, 21, 95).  

Surface freshwater sources, including irrigation ponds, are critically important for U.S. crop 

production. An estimated 75 billion gallons of water per day are withdrawn from ponds and streams to 

irrigate cropland in the U.S. (96). In the southeastern coastal plain of the U.S., the landscape includes 

hundreds of thousands of small ponds, many of which are used to collect and store surface freshwater for 

crop irrigation (97, 98). In south Georgia alone, an estimated 160,000 natural or man-made ponds exist 

along perennial and intermittent streams, and one-fourth of these ponds are located immediately 

adjacent to farmland (99) (Jim Hook, personal communication). Proposed requirements under the U.S. 

Food and Drug Administration’s Food Safety Modernization Act (FSMA) will hold growers responsible for 

ensuring the microbial safety of water used for irrigation, necessitating the use of water testing (39, 100). 

Escherichia coli levels above 235 MPN per 100 ml are currently used by growers of fresh produce as a 

proxy indicator of Salmonella (101, 102), but it is far from clear whether E. coli levels reliably predict 

Salmonella levels in waterways, especially in the southeast U.S. (74, 103). Unless the proposed 

requirements are changed, growers using any surface water for irrigation in direct contact with produce 

intended for raw consumption will be required to test water for E. coli once every seven days during the 

growing season, and discontinue water use if levels exceed 235 MPN per 100 ml in any sample (39).  

Some microbes, including Salmonella, are capable of persisting in the environment outside 

animal hosts, and some even live in stable, dividing populations while contending with variations in 

nutrient availability, temperature, pH, humidity, exposure to UV rays, competing bacteria, and other 

conditions encountered in the environment (19, 104). Microbes may enter streams and ponds carried by 

surface runoff during storms or through sub-surface flow paths in soil, although only a few studies have 
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investigated these pathways specifically for Salmonella, and rarely in relation to irrigation ponds (47, 94, 

105). Besides direct contact with contaminated irrigation water, potential routes of Salmonella 

introduction to plant surfaces may include improperly composted animal manure, fecal deposition by 

wild animals, insect contact, or unclean farm equipment (23). Soil splash from rainfall or overhead 

irrigation may also deposit Salmonella from soil onto plant surfaces where Salmonella may be capable of 

adhering (47, 106).  

Maintaining vegetated areas around ponds and waterways has long been viewed as a good 

agricultural practice contributing to soil conservation and improved water quality (107, 108), but some 

growers of fresh produce have recently converted these areas to bare ground due to concerns about 

wildlife presence or potentially contaminated runoff from areas of perceived wildlife habitat such as 

forests adjacent to irrigation ponds (65, 67). We undertook a study to examine storm runoff from 

agricultural fields and nearby forests as a potential route of Salmonella transport into irrigation ponds. 

We compared the levels of Salmonella in surface runoff with levels in storm flow in streams, as well as the 

levels found in irrigation ponds before and after storms. Additionally, we examined the serotypes found in 

water samples and monitored wildlife activity at the study sites. 

Materials and Methods 

 
The southeastern coastal plain and Little River watershed 

The southeastern coastal plain (SECP) is an ecoregion spanning parts of the southeastern U.S. 

from Louisiana to Virginia (109). The area is important for vegetable crop production, with a long growing 

season usually allowing two crops per year (110). In the heart of the region, the Little River watershed 

(LRW) (U.S. Geological Survey HUC-8 03110204) (Figure 2.1) is a 2,311 km2 area of low topographic relief 

with broad alluvial floodplains, natural terraces, and gently sloping uplands (111). Soils are primarily sand 

and sandy loam, shallowly underlain by the near-impermeable Hawthorne formation. The Hawthorne 

formation results in a dense network of low-gradient stream channels bordered by riparian forest 
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wetlands (111–113). These riparian areas collect storm runoff and lateral groundwater flow, and serve as 

buffers to reduce downstream pollution from agricultural runoff (114). Water from the LRW enters the 

Withlacoochee River, which flows into the Suwannee River and drains into the Gulf of Mexico. The 

climate of the LRW is humid subtropical, with uneven yearly rainfall distribution often occurring as high-

intensity short-duration thunderstorms (110, 115). Federal agencies and researchers have identified the 

LRW as representative of agricultural practices, climates, and water resources of the SECP (116, 117).  

We determined land use statistics for the LRW for this study using QGIS 2.0.1 and publicly 

available data layers (118–120). In summer 2013, approximately 18% of the watershed’s land cover was 

row crop agriculture including the production of fruits, vegetables, or nuts potentially intended for raw 

sale. Corn and soybeans together accounted for 46% of row crop acreage, while other crops accounted 

for the remainder. Data were not available for winter crops.  

Study sites 

The two ponds in this study were located within the LRW on commercial produce farms. Both 

ponds were part of a previous 10-pond study of Salmonella as well as Campylobacter jejuni and 

Escherichia coli O157:H7 in fruit and vegetable irrigation water sources of the SECP (103, 121, 122). Maps 

of the watersheds and land cover surrounding both ponds were created using QGIS 2.0.1 and the data 

layers used for the LRW above. The ponds were originally built by damming small, heavily vegetated, 

slow-moving streams typical of the southeastern coastal plain. Pond 1 drained a 2.8 km2 watershed and 

Pond 2 drained a 0.7 km2 watershed, both heavily agricultural (Table 2.1, Figures 2.2-2.3), and Pond 1 

received additional groundwater pumped into the pond to increase irrigation system capacity. Between 

spring 2012 and summer 2013, crop fields within 250 m of Pond 1 included tomatoes, eggplants, 

watermelons, jalapeño peppers, and peanuts. Fields within 250 m of Pond 2 included cantaloupes, 

peanuts, cotton, and a biofuel grass, Miscanthus giganteus. 
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Samples 

A total of 127 water samples were collected before, during, and after six storms at each of the 

two study sites approximately once per month between January and August 2013 (12 total storms) (Table 

2.2). Storms were anticipated by following local weather forecasts and weather radars. Only one pond 

was sampled per storm. Pond water samples were collected before and after each storm to assess any 

changes in pathogen concentrations occurring as a result of surface runoff, and surface runoff samples 

from areas of different land uses surrounding the ponds were collected during each storm for 

comparison. Samples were also collected from streams and ditches entering the ponds.  

Pond water samples 

Less than 24 hours before each storm, two samples of pond water were collected from the pond 

edges. Each sample consisted of three sterile disposable 2-L Whirl Pak grab bags (Nasco, Fort Atkinson, 

WI) totaling 6 L. One sample was collected from the pond edge near the intake pipe for the irrigation 

system, and the other sample was a composite collected from three separate edges of the pond including 

the intake pipe location to help characterize the pond as a whole.  The same locations were sampled 

again immediately after each storm or before sunrise the next morning if the storm occurred overnight.  

Pond water monthly samples 

Additional samples of pond water were collected at the same locations described above. Rather 

than before or after storms, samples were collected at pre-determined times, usually the second Monday 

morning of each month. The sampling strategy (one edge vs. three edges) alternated every other month. 

These samples were collected for a related study and are reported here simply for comparison purposes.   

Storm runoff samples 

Storm-driven surface runoff was collected during storms from areas surrounding the ponds. 

Storm runoff collection bags were set up less than 24 hours before each storm. Sampling locations were 

chosen to represent runoff from each type of land use surrounding the ponds. For each sample, four to 
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six 2-L Whirl Pak bags were spread out relatively evenly across a 50 to 100 m area parallel to the pond 

(Figure 2.2-2.3). The bags were propped open with Whirl Pak’s built-in wire and pinned securely to the 

ground with autoclaved nails. The bags were collected immediately after each storm or before sunrise the 

next morning for overnight storms. The bags were rarely filled completely by storm runoff, and final 

sample composites totaled 5-7 L per sampling location, depending on the intensity of the storm.  

Descriptions of storm runoff sampling locations 

At Pond 1, storm runoff sampling locations included three forested areas and two fields. The 

forested areas included a dam, a mature pine forest bordered by mowed grass, and a forested residential 

yard also bordered by mowed grass, all sloping toward the pond. Of note, the forested dam doubled as a 

popular fishing spot for many visitors and the mature pine forest was clear-cut in April. The fields at Pond 

1 included a peanut field and tomato field. The peanut field was not planted until July. Plastic mulch and 

drip tape were installed at the tomato field in January, seedlings were planted in March, tomatoes were 

harvested in July, and the remaining plant material decomposed in the field in August.  

At Pond 2, storm runoff sampling locations included two field areas and two forests. One field 

area included peanuts and cotton, both planted in June. The other field was a perennial biofuel grass, 

Miscanthus giganteus, harvested in March and allowed to regrow from rhizomes. One forest was a 

mature pine forest bordered by a wet buffer of sedges and rushes sloping toward the pond. The other 

forest included young pines (~3-5 years) and shrubs, and was a more upland area that dropped abruptly 

at the pond edge.  

Sampling bags for all runoff locations were set up as close to the pond as possible. The forested 

sampling locations and peanut field at Pond 1, as well as the Miscanthus field at Pond 2, included narrow 

shrubby/grassy buffer zones 1-3 meters wide at the pond edges. The two forested sampling locations at 

Pond 2 extended all the way to the edge of the pond. The cotton field at Pond 1 and the tomato field at 

Pond 2 were farther from the pond edges. Cotton field sample bags were set up on a grassy buffer at the 
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edge of the field sloping toward the pond. Tomato field samples were collected directly from furrows. We 

did not initially intend to sample the tomato field, but began collecting samples in April as the downslope 

forested area was being clear-cut.   

Inflow stream samples 

Samples were also collected from a major inflow stream and a roadside ditch entering Pond 1, 

and an intermittent stream entering Pond 2. The ditch and intermittent stream were dry before storms, 

and samples were collected by pinning Whirl Pak bags to the stream bed or collecting grab samples 

immediately after storms. An automated sampler was set up at the inflow stream at Pond 1 to collect 

water at regular intervals from the stream when it rose above base flow. Samples from each location 

totaled 5-7 L per stream or ditch. We did not initially intend to sample the ditch at Pond 1 or the 

intermittent stream at Pond 2; sampling began in April-May after witnessing a few storms and recognizing 

the importance of those locations.  

Sample transport and preparation 

All samples were collected with sterile materials and techniques and stored on ice in coolers 

during transport back to the laboratory. In the laboratory, samples were refrigerated and analyses began 

as soon as possible within 24 hours of sample collection. The multiple Whirl Pak bags collected for each 

sample were shaken thoroughly and poured into sterile 10-L glass jars to create composite samples. 

These composite jars were again shaken thoroughly to mix the contents before pouring for further 

analyses. 

Salmonella analysis 

The Most Probable Number (MPN) enumeration protocol used in this study was developed by Luo 

(publication under review) and is a variation on standard methods from the U.S. Food and Drug 

Administration Bacteriological Analytical Manual and method 1682 from U.S. Environmental Protection 

Agency, using nonselective primary enrichment broth followed by a selective secondary enrichment broth 
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and plating on a selective indicator agar (123, 124). MPN protocols usually involve serial dilutions of a 

sample, but the very low amounts of Salmonella present in our water samples did not require dilution. 

Instead we analyzed three replicates of three undiluted sample volumes (500 ml, 100 ml, and 10 ml) for 

each sample, resulting in a total of nine replicates per composited water sample. These sample volumes 

were transferred into sterile containers with equal volumes of lactose broth for primary enrichment. 

After incubation for 24 h at 36°C, each container was shaken thoroughly and 1 ml was transferred into 10 

ml of tetrathionate broth for selective enrichment. The inoculated tetrathionate tubes were incubated for 

24 h at 36°C, then streaked onto XLT4 agar. After 24 h of incubation again at 36°C, presumptive positive 

colonies on XLT4 plates were transferred to CHROMagar Salmonella Plus agar and incubated for a final 

20-24 h at 36 °C.  

To confirm the species identity of presumptive Salmonella isolates grown on agar plates, one 

isolated presumptive positive colony per replicate was chosen preferably from a CHROMagar plate and 

stored in Luria broth at ambient air temperature for at least 24 h, then analyzed by PCR to confirm 

Salmonella with primers targeting the invA gene (125). To prepare isolates for PCR, 1 ml from the Luria 

tube was concentrated by centrifuging at ≥14000 × g for 3 min. The pellet was then resuspended in 500 

µl of sterile molecular grade water, mixed well, and boiled for 10 min before centrifuging again as above. 

Five microliters of the supernatant was used for PCR, using a commercially available master mix (TaKaRa 

Ex Taq, Takara Bio Inc., or Promega PCR Master Mix). Thermal cycling was performed at 95°C for 90 s, 

then 30 cycles of 95°C for 90 s, 50°C for 30 s, and 72°C for 60 s, followed by 72°C for 5 min and holding at 

4°C until analysis. The samples were subjected to agarose gel electrophoresis on a 1% gel containing 

ethidium bromide. Positive Salmonella isolates displayed an amplicon of 244 bp. All positive samples were 

saved in tubes containing a 50/50 mixture of glycerol and Luria broth and kept at -80°C for long-term 

storage.  
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All broths and media were prepared from powdered stocks (Difco, Becton Dickinson, Sparks, MD; 

Remel, Thermo Fisher Scientific, Lenexa, KS; CHROMagar, Paris, France). Positive and negative controls 

were included throughout the Salmonella analysis protocol as appropriate. Salmonella enterica ser. 

Newport was used as a positive control. Estimates of MPN were calculated based on the 

presence/absence of confirmed Salmonella in each of the nine replicates analyzed per composited water 

sample (126, 127). The lower and upper limits of detection were 0.0548 and 10.99 MPN/100 ml, 

respectively.  

Salmonella serotyping 

Two stages were involved in the serotyping process. The first stage was a “preliminary 

serogrouping” where frozen Salmonella isolates were revived and tested with BD Difco brand Salmonella 

O poly antisera. Up to nine isolates had been frozen per sample, one for each PCR-confirmed positive 

replicate tube in the MPN analysis. In the second stage, up to three isolates from every different O poly 

group found in each sample were chosen at random and sent to the National Veterinary Services 

Laboratory (NVSL) in Ames, Iowa, for serotype identification. The “preliminary serogrouping” strategy 

allowed us to maximize the diversity of isolates sent to the NVSL. However, preliminary serogrouping was 

only completed for 132 of the 183 isolates frozen in this study; upon attempting to order necessary 

additional Salmonella O poly antisera during the study, we found that all suppliers were experiencing 

extreme production delays. Fortunately, the preliminary serogroup for one or more isolates in 54 out of 

the 56 Salmonella-positive samples in this study had already been identified, still providing a reasonable 

overview of the serotypes present.   

 To revive frozen Salmonella isolates, bacteria from each cryotube were transferred to tubes 

containing 7 ml tetrathionate broth and incubated for 24 h at 36°C followed by 24-48 hours at room 

temperature. Bacteria from the tetrathionate broth tubes were streaked onto CHROMagar Salmonella 

Plus agar and incubated for an additional 24 h at 36°C. Single, typical, isolated, presumptive-positive 



 

28 

 

colonies from each CHROMagar plate were streaked onto Luria agar and incubated overnight to prepare 

for preliminary serogrouping.  

Preliminary serogrouping involved testing each isolate with progressively less common O antigen 

poly groups until a positive agglutination reaction was observed. We used seven vials of O poly antisera in 

the following order: Poly B (which contained O antigens for groups C1, C2, F, G, H), Poly A (O antigen 

groups A, B, D, E1, E2, E3, E4, L), Poly D (O antigen groups P, Q, R, S, T, U), Poly G (O antigen groups 56-61), 

Poly C (O antigen groups I, J, K, M, N, O), Poly E (O antigen groups V, W, X, Y, Z), and Poly F (O antigen 

groups 51-55). For these tests, a single drop of antiserum was placed on a sterile glass slide, and a sterile 

loop was used to mix a small amount of Salmonella with the antiserum. After a positive agglutination 

reaction was observed for a given isolate with a particular antiserum, the isolate was not tested with 

additional antisera. 

 After the preliminary serogrouping process, up to three isolates belonging to every O poly group 

found in each sample were chosen at random. These isolates were restreaked on CHROMagar Salmonella 

Plus agar and incubated for 24 h at 36°C. Single, typical, isolated, presumptive-positive colonies from each 

CHROMagar plate were streaked onto tryptic soy broth (TSB) agar slants and promptly sent to the NVSL 

for final serotyping. A total of 112 isolates were serotyped.  

Other parameters and analyses 

Escherichia coli MPN/100 ml for each composited water sample was identified using 24-hour 

Colilert with Quanti-Tray/2000 (IDEXX Laboratories, Westbrook, ME) according to the manufacturer’s 

instructions, currently an approved method under EPA guidelines (128). Total solids (TS) were measured 

by filtering known volumes of water through 1.5 um filters (Hach, Whatman, Loveland, CO) and baking, 

desiccating, and weighing according to standard methods (129). Rainfall at each pond was recorded with 

tipping bucket rain gauges and data loggers (HOBO, Onset, Bourne, MA) installed at each pond for the 

duration of the project. Water temperature, turbidity, pH, dissolved oxygen, and conductivity were 
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measured in-pond with a multiparameter sonde (YSI, Xylem, Yellow Springs, OH) at the time of sample 

collection, only for pond water samples. Other weather data was obtained from the Georgia Automated 

Environmental Monitoring Network (130). 

Statistical analyses 

Samples containing no detectable Salmonella were assigned a value of 0.0274 MPN/100 ml (half 

the lower limit of detection) and samples containing Salmonella above the upper limit of detection were 

assigned a value of 10.99 MPN/100 ml (131). Samples containing no detectable E. coli were assigned a 

value of 0.5 MPN/100 ml (half the lower limit of detection for the E. coli analysis). Replicates of samples 

analyzed for E. coli were also diluted by known volumes but sometimes exceeded the upper limit of 

detection even when diluted; these samples were assigned values equal to the upper limit of detection 

for the method used. Salmonella, E. coli, and TS values were natural log-transformed to approximate a 

normal distribution prior to further analyses. 

Mixed-effects models are capable of accounting for multiple levels of non-independence in a 

dataset (132, 133). In our dataset, sources of non-independence between samples included pond, 

sampling location, and month of collection (Table 2.3). To determine reasonable confidence intervals for 

differences between each sample type listed in Table 2.2, we evaluated a linear mixed-effects model 

using the lmer program from the lme4 package (version 1.0-5) for the R Language and Environment for 

Statistical Computing (version 3.0.2) (134, 135). The model was fit by restricted maximum likelihood, and 

the lmer notation used for the model statement was Outcome = Type + (1|Pond) + (1|Month) + 

(1|Location). “Type” was defined as a fixed factor and the rest of the variables were defined as random 

factors with random intercepts (denoted by “1|”) but not random slopes. After evaluating the model, 

95% confidence intervals for estimates of each sample type were determined using the profile confidence 

intervals option included in the lme4 package.  
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The dataset was evaluated for outliers using the R package Influence.ME (136). The most 

influential data points in the dataset were from the forest on the dam of Pond 1. Two samples from this 

location exceeded 10.99 MPN/100 ml, the upper limit of detection, and were the only two samples to do 

so in this study. When this forest was included in our mixed-effects model for Salmonella, the model 

estimates shifted but their significant relationships did not change. The inclusion or exclusion of any other 

data point or particular sampling location also did not change the outcomes of the model. Salmonella, E. 

coli, and TS values for individual samples, organized by sample type prior to the mixed-effects model 

analyses, are shown in Figures 2.4-2.7. 

Wildlife observations 

A total of six cameras were installed around the two irrigation ponds in late January 2013 and 

recorded animal sightings until late August 2013. The cameras were Bushnell brand (Overland Park, MS) 

“Trophy Cam” models with motion sensors and infrared flash. The cameras were programmed to take a 

photo every hour and record timestamps, as well as whenever the motion sensor was tripped. Cameras 

were located at the inflow streams entering each pond, the downstream dams at each pond, and fields or 

forests near each pond. The dams at both ponds were travel routes for workers and wildlife, as well as 

popular spots for fishermen and wading birds.  

Human and other mammal sightings were defined as individual animals recorded per camera per 

day. Wading birds sightings were defined as individuals per pond per day. Whenever humans or other 

mammals were individually identifiable, e.g. bucks vs. does, they were counted as separate individuals. If 

multiple photos showing the same species were not distinguishable as separate individuals, they were 

counted conservatively as a single sighting per camera per day. Compared to humans and other 

mammals, wading birds of the same species were rarely individually identifiable except when multiple 

birds were present in a photo.  
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Cameras operated for different numbers of days each month, due to unpredictable differences in 

battery life and occasionally water or insect damage, and eventually three of the cameras were stolen. To 

account for these differences in camera operation, animal sightings were reported per “camera effort”, 

with camera effort defined as the total number of days the relevant cameras operated in a given month. 

Camera effort for wading bird sightings was defined as the number of days at least one camera was 

operational at each pond. The number of animal sightings per camera effort is reported as animal 

“activity”. Estimating animal activity this way avoids much of the bias caused by cameras operating less 

consistently in some months than others.  

Because most of the camera locations only received certain types of animal traffic, only within-

group comparisons of the results are valid; for example, the total number of bird sightings cannot be 

accurately compared to the total number of human sightings, but the sightings of humans per camera 

effort in February can be accurately compared to the sightings of humans per camera effort in March. 

Results 

Presence/absence data 

Salmonella was found in every sampling location during at least one storm occurring between 

January and August 2013. Forty-six percent (58 of 127) of samples collected overall contained detectable 

Salmonella. The two ponds had equal Salmonella detection rates for pond water samples, but Pond 1 had 

higher detection rates than Pond 2 for surface runoff samples. For the twelve storms sampled (six per 

study site), the 95% confidence interval (based on standard error of proportion) for the proportion of 

pond water samples testing positive for Salmonella was 0.33 ± 0.21 before storms and 0.58 ± 0.22 after 

storms. The proportion of surface runoff samples testing positive for Salmonella was 0.38 ± 0.23 for 

agricultural fields and 0.40 ± 0.19 for forested areas. At Pond 1, 0.56 ± 0.38 from fields and 0.56 ± 0.27 

from forested areas were positive. At Pond 2, 0.25 ± 0.29 from fields and 0.21 ± 0.25 from forests were 

positive. The proportion of inflow samples testing positive for Salmonella at both ponds was 1 ± 0.04, or 
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100%. The detection rates per storm (rather than per sample, as some locations were occasionally 

sampled more than once per storm) are shown in Figures 2.2-2.3. 

 E. coli was detected in 98% of all samples (122 of 125) analyzed for E. coli. The three samples 

without detectable E. coli were pond water collected at Pond 2 before and after a storm in May, and 

pond water collected at Pond 1 before a storm in June. The two samples from Pond 2 without E. coli 

contained detectable Salmonella, while the sample from Pond 1 did not. 

Concentration data 

Two-tailed 95% profile confidence intervals (α=.05) for Salmonella concentrations ranged from 

0.02-0.08 MPN/100 ml in pond water before storms, 0.05-0.24 MPN/100 ml in pond water after storms, 

0.02-0.14 MPN/100 ml in surface runoff from fields and forests, and 0.22-1.24 MPN/100 ml in inflow 

storm flows (Figure 2.7). E. coli ranged from 2-92 MPN/100 ml in pond water, 265-3955 MPN/100 ml in 

surface runoff, and 284-4279 MPN/100 ml in inflows (Figure 2.8).   

Salmonella levels in surface runoff from fields and forests were not significantly different (i.e. the 

model confidence intervals overlapped) from levels found in pond water before or after storms, but 

Salmonella levels in a river, intermittent stream, and ditch flowing into the ponds (“inflows”) during 

storms were significantly higher than levels found in surface runoff. Salmonella levels in the inflows were 

also significantly higher than levels found in pond water before storms. On average, Salmonella levels in 

the inflows were higher than levels found in pond water after storms, but the difference was not quite 

significant, i.e. the confidence intervals overlapped slightly. Salmonella levels were near the lower limit of 

detection, 0.0548 MPN/100 ml, in pond water prior to storm events as well as in surface runoff. On 

average, Salmonella was higher in pond water after storms, though not significantly.  

E. coli levels in surface runoff and inflows were significantly higher than levels found in pond 

water before and after storms, and also significantly higher than 245 MPN/100ml (p < 0.05). E. coli levels 

in pond water were significantly lower and below 235 MPN/100 ml (p < 0.05), both before and after 
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storms. No significant differences were seen between Salmonella concentrations before vs. after storms 

or for fields vs. forests. No significant differences were seen between E. coli concentrations before vs. 

after storms or for fields vs. forests, either. 

E. coli as an indicator of Salmonella 

E. coli levels above 235 MPN/100 ml did not predict Salmonella presence in pond water or storm 

runoff samples. Twenty-six out of 60 pond water samples contained detectable Salmonella but none of 

those 26 samples had E. coli levels exceeding 235 MPN/100 ml. Four of the 60 pond water samples did 

have E. coli levels exceeding 235 MPN/100 ml, but none of those four contained detectable Salmonella 

(Table 2.4). Overall, E. coli levels above 235 MPN/100 ml correctly predicted Salmonella presence or 

absence in only 53% of pond samples and only 56% of surface runoff or inflow stream samples (Table 

2.5).  

Physiochemical data 

Total solids (TS) ranged from 4-50 mg/L in pond water, 165-2962 mg/L in surface runoff, and 28-

415 mg/L in inflows (Figure 2.9). While TS in surface runoff was higher than TS in pond water, TS in 

inflows was not. No significant difference was seen for TS before vs. after storms, or for fields vs. forests. 

Water temperatures of pond samples ranged from 12°C to 34°C, increasing steadily from winter 

to summer months. The pH ranged from 5.8 (February) to 10.0 (May) before storms, and from 5.9 

(February) to 10.1 (May) after storms. Conductivity ranged from 0.10 to 0.15 mS/cm at Pond 1 and from 

0.05 to 0.08 mS/cm at Pond 2, with little or no differences in water samples collected before or after 

storms. Dissolved oxygen concentrations at Pond 1 ranged from 8.7 to 11.8 mg/L before storms and 5.3 

to 9.9 mg/L after storms, and dissolved oxygen concentrations at Pond 2 ranged from 9.3 to 13.7 mg/L 

before storms and 7.3 to 14.1 mg/L after storms. For storms occurring overnight, after-storm samples 

were collected before dawn to avoid possible UV damage to Salmonella; dissolved oxygen concentrations 

usually increase due to algal photosynthesis during the day. 
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Seasonality and rainfall 

Samples collected in January through March at Pond 1 tended to have lower Salmonella levels 

than samples collected in June through August, but the significance of this was not tested and Pond 2 did 

not appear to have a similar trend (Figure 2.10).  

Log-transformed Salmonella, E. coli, and TS concentrations were not correlated with total rainfall 

occurring within two or seven days prior to sample collection; none of the Pearson’s r values for any 

sample types exceeded 0.80 (Figures 2.11-2.12). Pearson’s r values close to 1 or -1 would have indicated 

strong linear relationships either positive or negative, respectively, between the variables. Three of the 

twelve sampled storm events did not have rainfall within seven days prior to “before-storm” sampling; for 

the rest of the storm events, total local rainfall amounts for the seven days prior ranged from 0.01 to 1.84 

inches. Seven of the twelve sampled storm events did not have rainfall within five days prior (five of these 

were at Pond 2), and eight did not have rainfall within two days prior. Rainfall within two days prior to 

before-storm sampling ranged from 0.01 to 0.34 inches.  

Total rainfall during the twelve sampled storm events ranged from 0.10 to 3.13 inches. None of 

these storms were extreme; similar storms usually occur every year in south Georgia (137). The heaviest 

storm, sampled at Pond 1 in August, had a maximum 5-minute intensity of 0.25 inches and a 60-minute 

intensity of 0.77 inches. Storms more than twice as large occur every other year in south Georgia; storms 

with a 5-minute intensity of 0.55 inches and a 60-minute intensity of 2.2 inches have a two-year return 

interval (137).  

Serotyping 

Preliminary serogrouping revealed high diversity among isolates, even within samples; some 

individual water samples, especially those from streams, contained Salmonella serotypes from up to four 

different serogroups. Serotyping conducted by the NVSL revealed 18 different serotypes across the 112 

isolates sent for testing. Lists of the Salmonella serotypes found in each pond and sample type are shown 
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in Tables 2.6-2.7 along with the months the serotype appeared. Some of the more persistent Salmonella 

serotypes found in repeated months at these two ponds appeared in every sample type (fields, forests, 

streams, ponds before and after storms). Some Salmonella serotypes associated with human illness (such 

as var. Muenchen and Saintpaul) did appear in these two vegetable farm environments. However, some 

of the most common Salmonella serotypes associated with human illness (including var. Javiana, 

Enteritidis, Typhimurium, Montevideo, Heidelberg) were not detected at all (Table 2.8). Salmonella 

serotypes detected nation-wide in 2011 in humans, livestock, and other animals, in comparison to 

serotype strains found in this study, are shown in Table 2.9.  

 Simpson’s index of diversity is defined here as 1 − ∑ (
𝑝𝑖

𝑝𝑡𝑜𝑡𝑎𝑙⁄ )2∞
𝑖=1 , where pi is the number of 

isolates of serotype i and ptotal is the total number of isolates of all serotypes found in the category (138). 

This value reflects the number of serotypes found in a category and the number of isolates of each 

serotype. Stream samples had the highest Simpson’s indices at both ponds. At Pond 1, 77% of serotypes 

were found in stream samples. At Pond 2, 50% of serotypes were found in stream samples. Overall, 

serotype diversity per positive sample (S/N) was almost twice as high at Pond 2 compared to Pond 1. This 

reflects only the isolates we analyzed (Tables 2.6-2.7). 

Human and wildlife activity 

 The wildlife counts and lists presented in this section are far from exhaustive and are by no 

means official. The information is provided here to generally illustrate the importance of agricultural 

landscapes as wildlife habitats and often recreational areas for people. These species were not observed 

in crop fields, but rather nearby or in irrigation ponds (Table 2.10). We believe that the wildlife 

communities observed at these ponds can be considered typical of south Georgia farms. 

Human activity at the ponds rose from March to August, with a sharp temporary drop in July. In 

August, the cameras recorded an average of 1.7 unique human visitors near the ponds per day, compared 

to only 0.25 per day in March and 0.07 per day in July (Table 2.11, Figures 2.13a-2.13b). Workers 
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responsible for irrigation system maintenance frequently visited the ponds, but a large portion of visitors 

were actually individuals and families visiting the ponds for recreation (fishing, boating, and occasionally 

hunting) on evenings and weekends. In July, fields near the ponds were fumigated and field gates were 

locked with signs posted warning visitors to stay out of the area.  

Mammal activity at the ponds was higher in February through June compared to July and August. 

Mammal activity was highest in May, when the cameras recorded an average of 0.86 unique mammals 

near the ponds per day. In July and August, the cameras recorded only 0.13 unique mammals per day 

(Figure 2.13c). Common mammals observed included white-tailed deer (Odocoileus virginianus), 

armadillos (Dasypus novemcinctus), red foxes (Vulpes vulpes), domestic dogs (Canis lupis familiaris), 

raccoons (Procyon lotor), and bobcats (Lynx rufus) (Table 2.12). Mammals less commonly observed in 

photographs included coyotes, hogs, skunks, and domestic cats. The trail cameras were better-suited to 

capturing relatively large mammals; small mammals including opossums, rabbits, squirrels, mice, rats, and 

bats were rarely captured in photographs even though such animals were spotted at both ponds during 

our water sampling visits.  

Wading bird activity increased sharply from February to March, and declined from March to 

August. In March, the cameras recorded an average of 1.77 wading birds per day compared to 0.32 in 

February and 0.36 in August (Figure 2.13d). The most common bird species observed in direct contact 

with pond water throughout the study period were herons (especially Ardea herodias and Ardea alba), 

anhingas (Anhinga anhinga), cattle egrets (Bubulcus ibis), ducks (Anas platyrhynchos and Aix sponsa), and 

geese (Branta canadensis) (Table 2.13). Wading birds seen on single or rare occasions in photographs or 

in person included a white ibis, glossy ibis, roseate spoonbill, and wood storks. Smaller birds were rarely 

captured in photographs. Numerous other bird species were observed near the ponds and can be 

expected to sometimes defecate near the pond, although they were not observed in direct contact with 

pond water during our water sampling visits.  
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Reptiles and amphibians including snakes (Elaphe obsoleta, Elaphe guttata, Nerodia 

erythrogaster, Lampropeltis getula, Agkistrodon piscivorus, and once a Crotalus sp.), turtles (especially 

Trachemys scripta), gopher tortoises (Gopherus polyphemus), frogs, toads, and lizards were seen during 

water sampling visits.  

Discussion 

 The goal of this study was to investigate the transport of Salmonella in storm-driven surface 

runoff through typical southeastern U.S. vegetable farm landscapes, and to investigate Salmonella in farm 

irrigation ponds receiving surface runoff. Numerous other studies have examined Salmonella in 

waterways at base flow and storm flow in rural areas or in irrigation ponds and other surface water in 

general (60, 71, 74, 75, 77, 78, 86, 93, 94, 103), but none have examined Salmonella in surface runoff 

especially in fresh produce production landscapes. Proposed regulations under the U.S. Food and Drug 

Administration’s Food Safety Modernization Act (FSMA) are aimed at reducing the incidence of 

foodborne illness, of which Salmonella is the most common bacterial cause in the U.S (1, 39). The law will 

place special emphasis on the safety of water used in fresh produce production, but does not specifically 

address Salmonella in irrigation water.  

Contaminated irrigation water has been responsible for some outbreaks of foodborne illness, 

including Salmonella, from fresh produce (83, 139). Wildlife may contribute to the contamination of 

irrigation water, and some growers of fresh produce have considered removing forested areas or 

vegetated buffers adjacent to irrigation ponds even though this is not recommended under FSMA (23, 65, 

67). Forests and vegetated buffers do provide habitat for wildlife, but also filter and trap contaminated 

runoff and erosion (107, 108), and the importance of contamination from wildlife sources relative to 

human-related sources is not known. In this study, the concentrations of Salmonella measured in surface 

runoff from crop fields and forested areas were not significantly different from one another, suggesting 
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that replacing forested areas with crop fields would not reduce the concentrations of Salmonella in 

surface runoff entering these irrigation ponds. 

Salmonella concentrations were elevated in ponds after storm events, although the difference 

was not statistically significant. Previous studies of waterways in rural south Georgia, upstate New York, 

and Ontario observed positive correlations between rainfall and elevated concentrations of Salmonella in 

surface water (60, 75, 94), while a study in central Florida noted a lack of correlation (74). Another study 

in Puerto Rico observed that storms may sometimes result in reduced concentrations of pathogens in 

surface water (a dilution effect), although the study did not specifically measure Salmonella (140). The 

lack of a strong difference between Salmonella concentrations before and after storm events in the 

present study may have been due to frequent and unusually high rainfall; from January to August 2013, 

rain in our study area occurred on 101 days and totaled approximately 52 in., compared with 18-37 in. 

observed for the same months in 2010-2012 (130). It is possible that some samples collected before 

storm events may have been affected by previous storms; some studies have suggested that bacterial 

pathogen concentrations in waterways may remain elevated for as many as 5 days following rainfall 

(141). Additionally, both ponds were located near irrigated crop fields, which drained into the ponds and 

may have provided a small but steady subsurface flow of excess water and microbes during the growing 

season.  

Storm flow samples from streams and ditches draining into the ponds contained significantly 

higher Salmonella concentrations than surface runoff or pond water before storms, and likely contributed 

to the higher Salmonella concentrations measured in ponds after storms. Storm runoff transports 

Salmonella to streams and ditches, which can serve as a reservoir for Salmonella between storm events, 

and Salmonella may also replicate in streams when conditions are favorable (19). Previous studies in 

south Georgia and central Florida have noted persistent populations of Salmonella in streams even at 

base flow (74, 94, 105). The streams in this study were intermittent or very slow-moving, and often did 
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not appear to be flowing between storm events. Between storm events, wildlife activity and human-

related activity may contribute additional Salmonella to these waterways and ponds.  

No livestock operations were located in either watershed, but other potential human-related 

sources of Salmonella were present. Numerous studies have documented increased fecal pollution and 

even increased Salmonella concentrations in areas with greater human populations (57, 60, 86, 91, 142–

145). Although this study was conducted in a rural area, some of the same human-related factors may 

affect water quality. In the watershed of Pond 1, some families owned small numbers of domestic pets 

(dogs, yard chickens, horses), which in larger numbers have been documented to affect water quality 

(57). Septic tanks were present in the watershed of Pond 1 but were not investigated; previous studies 

have suggested nutrient-rich effluent from inadequate septic tanks may increase Salmonella survival in 

soil (56, 146). No buildings, residential or commercial, were present in the watershed of Pond 2. Proper 

bathroom facilities (portable self-contained toilets and wash stations) were brought to the crop fields 

near both Ponds 1 and 2 whenever groups of workers were present, but other regular visitors to the 

ponds (primarily recreational fishermen) may have occasionally used the woods outside of the ponds’ 

watersheds. Flies or other wildlife that come into contact with fecal material have the potential to spread 

any pathogens present (23). Samples from the dam of Pond 1, a popular fishing spot and a well-traveled 

area for wildlife, had higher Salmonella concentrations than any other forested sampling locations in this 

study.  

Frequent testing of irrigation water for E. coli is a major requirement proposed under FSMA, but 

E. coli may not be a good indicator of Salmonella levels in irrigation water. The combined correct positive 

+ correct negative rate, 53%, for Salmonella presence or absence in water samples based on E. coli levels 

above or below 235 MPN/100 ml in this study, was hardly above a rate that might be achieved by random 

chance. Conclusions of other studies of southeastern waterways have also been uncertain about the 

suitability of E. coli levels as a proxy indicator for Salmonella (74, 93).  
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Salmonella concentrations present in water samples were not correlated with total solids, even 

though a high prevalence of Salmonella can be found in stream and pond bottom sediments, and wind 

and water turbulence during storms may re-suspend sediments and associated bacteria (19, 88, 93). Both 

ponds may have been deep enough to avoid major sediment re-suspension during storms. High levels of 

total solids do not appear to be a requirement for the presence of Salmonella in the water column; a 

study of ponds, creeks, rivers, and canals in central Florida found Salmonella in 100% of 202 concentrated 

10-L water samples collected over 12 months, all from rural areas away from animal agriculture, all 

collected without disturbing bottom sediments, and all with low levels of total solids (74). 

The diversity of serotypes found in our study, 18 serotypes among 57 positive samples, was 

similar to the diversity on a per-sample basis found by studies of waterways in other regions, although the 

most common serotypes differed. These differences may reflect different environmental adaptations 

among serotypes in different climates, an area of study that has not yet been investigated. The most 

common serotypes found in this study were Muenchen, Bareilly, Saintpaul, Rubislaw, III 60:r:e,n,x,z15, 

Gaminara, and I 38:k:-. A study of a fresh produce production region in California found 16 serotypes 

among 55 positive samples, most commonly Typhimurium and Give (77). A study of fresh produce 

production landscapes in New York found 7 serotypes among 26 positive samples, most commonly Cerro, 

Newport, and Thompson (75). A study of urban and rural waterways Ontario found 38 serotypes among 

91 positive samples, most commonly Heidelberg and Typhimurium (60).  

Within geographic regions, some Salmonella serotypes may be persistent in the environment. In 

2005, a study of streams in south Georgia found 13 serotypes, most commonly Muenchen, Rubislaw, and 

subspecies III serotypes (71). In 2007, another study of streams in south Georgia found 15 serotypes, 

most commonly Braenderup, Bareilly, Muenchen, Kentucky, and subspecies III (94). A sampling of wildlife 

and pond water in south Georgia a few years prior to our study found 14 serotypes, most commonly 
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Muenchen and Montevideo (147). In our study, Muenchen, Bareilly, Rubislaw, Braenderup, and 

subspecies III were also found, although Montevideo and Kentucky were not found at all.  

Many Salmonella serotypes found in waterways are commonly isolated from cases of human 

illness, but it remains unclear to what extent these waterways contribute to the incidence of foodborne 

illness rather than illness acquired through other environmental exposures. Some of the serotypes most 

commonly isolated from cases of human and animal illness, including Typhimurium, Heidelberg, 

Enteritidis, and I 4,[5],12:i- were not found at all in our study and have rarely been found in previous 

studies of south Georgia waterways (71). Other serotypes commonly isolated from cases of human and 

animal illness were found in our study and in previous studies in south Georgia. Muenchen, Bareilly, 

Saintpaul, Rubislaw, and Gaminara were isolated in our study and during previous studies in south 

Georgia; all five of these serotypes are commonly isolated from cases of human and animal illness in the 

U.S. and have occasionally been associated with Salmonella outbreaks, sometimes from fresh produce 

and sometimes from animal products or even pet reptiles (148–151).  

Conclusions 

Salmonella seems to be nearly ubiquitous in environmental waters, although usually in low 

concentrations. Salmonella presence can be expected in irrigation ponds connected to natural 

waterways, transported to ponds by stream flow or storm-driven surface runoff and remaining in pond 

bottom sediments for extended time periods. Important questions now facing farmers, regulators, and 

consumers of fresh produce are related to how, exactly, Salmonella is transferred between waterways 

and various crops, and what risk this carries for consumers. The potential for crop contamination caused 

by Salmonella from waterways is thought to be concentration-dependent, at least in part (73). Future 

studies may determine minimum Salmonella concentrations likely to lead to consumer illness for various 

crops, regions, and irrigation regimes (73). This type of information is essential for regulators wishing to 

establish reasonable targets for irrigation water quality, especially if existing water quality standards 
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based on E. coli concentrations do not adequately identify Salmonella risks. In the meantime, it is 

important to avoid pressuring farmers to adopt excessive contamination-prevention strategies that have 

not been supported by science-based evidence or that conflict with long-standing and well-researched 

conservation practices, such as removing vegetated buffers around waterways, vegetated borders around 

fields, or forested areas near ponds.   
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Tables 

 
Table 2.1  
Pond size, watershed size, and land cover characteristics. Percent cover by various land use types was 
calculated for land within a 250 m radius of each pond edge.  
 
 

Pond 
Pond 
Area 
(m2) 

Pond 
Area 
(ac) 

Watershed 
Area 
(m2) 

Watershed 
Area 
(ac) 

Cropland 
(%) 

Forest / 
Wetland 

(%) 

Other/ 
Mowed 

(%) 
Water 

(%) 
Paved 

(%) 

Pond 1 79,935 20.0 2,745,691 686.4 42.9 40.4 15.9 0.0 0.8 

Pond 2 46,722 11.7 658,244 164.6 36.8 53.8 9.4 0.0 0.0 
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Table 2.2  
Descriptions of sample types and sample locations. Occasionally more than one sample was collected per 
location per month.  
 

Sample Type 
Pond 1 Pond 2 

Location 
Months 
sampled 

Location 
Months 
sampled 

Pond before 
storms 

Pond water 
collected during dry 
periods, a few hours 

before expected 
storms 

Near intake 6 Near intake 6 

Pond edges 6 Pond edges 6 

Pond after 
storms 

Pond water 
collected 

immediately 
following storms 

Near intake 6 Near intake 6 

Pond edges 6 Pond edges 6 

Pond monthly 

Pond water 
collected at regular 
monthly intervals, 

regardless of rainfall 

Near intake 
(alternate months) 

4 
Near intake 

(alternate months) 
4 

Pond edges 
(alternate months) 

4 
Pond edges 

(alternate months) 
4 

Inflow 
streams 

Water collected 
from streams or 

ditches flowing into 
ponds during storms 

Primary stream 6 Stream 3 

Large ditch next to 
paved road 

3 - - 

Fields 

Runoff collected at 
the interface 

between agricultural 
fields and ponds 

during storms 

Peanut field 6 Biofuel field 6 

Tomato field 3 Peanut/Cotton fields 4 

Forests 

Runoff collected at 
the interface 

between non-
agricultural land and 

ponds 

Residential home 
with pines 

5 Shrubland 6 

Forest 6 Forest 6 

Forested pond 
dam 

5 - - 
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Table 2.3  
Linear mixed-effect model specification for the lme4 package. The model was fit by a restricted maximum 
likelihood method. Model statement for lmer: Salmonella = Type + (1|Pond) + (1|Month) + (1|Location). 
 

Variable Variable type Levels Transformation Description of variable 

Type Fixed factor 6 - 
Identifies the sample type (Fields, Forests, 
etc.) 

Pond 
Random 
factor* 

2 - Identifies sample from Pond 1 or Pond 2 

Month 
Random 
factor* 

6 - 
Date range (out of 6 full sampling cycles) of 
sample collection 

Location 
Random 
factor* 

24 - 
Identifies specific locations of repeated 
sampling 

Salmonella, 
E. coli, or TS 

Outcome  natural log Salmonella, E. coli, or TS present in each 
sample 

*Random factors were defined with random intercepts [(1|…) in lmer notation], but not random slopes. 
 
 
Table 2.4  
Using E. coli samples above 235 MPN/100mL to predict Salmonella presence. 
 

E. coli Threshold 
(235 MPN/100mL) 

Salmonella 

Present Absent Total 

Runoff Samples (includes fields, forests, and inflow streams) 

Above 26 22 48 

Below 5 8 13 

Pond Samples (includes before/after precip. and monthly) 

Above 0 4 4 

Below 26 34 60 

 
 
 
Table 2.5  
Using E. coli samples above 235 MPN/100 ML to predict Salmonella presence – percentages. 
 

E. coli Prediction of 
Salmonella Presence 

Sample Type 
All 
(%) 

Pond 
(%) 

Runoff 
(%) 

Correctly positive 0 43 21 

Correctly negative 53 13 34 

Incorrectly positive 6 36 21 

Incorrectly negative 41 8 25 
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Table 2.6    Serotyping results for Pond 1. S/N is the number of serotypes divided by the 
number of positive samples in each category. The Simpson’s index reflects the likelihood of 
finding two different serotypes in a random sample of two isolates. 

  Storm flow samples   Pond samples    

 Fields Forests Streams1  Before After Total  
Samples 9 16 11  12 12 60  
Positive samples (N) 5 9 11  4 7 35  
Isolates 11 39 47  6 26 129  
Isolates serotyped 10 22 31  6 8 77 Prop. of 

isolates Serotypes (S) 5 6 10   5 5 13 

 Anatum     Mar         0.03 

 Bareilly Aug Apr Jul Feb Apr   Jul     0.10 

 Braenderup     Jun         0.04 

 I_38:k:- Apr Feb Mar Aug   Jun Mar   0.09 

 I_6,7:-:e,n,z15     Aug         0.01 

 III_16:z10:e,n,x,z15     May         0.01 

 III_60:r:-         Apr     0.01 

 III_60:r:e,n,x,z15     Feb Apr 
Jul Aug 

    Aug   0.08 

 Inverness   Jul Aug           0.08 

 Muenchen Aug Aug(3) Feb Apr 
Aug 

    Jul   0.16 

 Newport Aug             0.01 

 Rubislaw   Jul Feb Mar 
Jun Jul 

  Aug Apr   0.14 

 Saintpaul Jun 
Jul 

Mar 
Aug(2) 

Apr May 
Jun Aug 

  Aug Jun(2) 
Aug 

  0.23 

S/N 1.00 0.67 1.00  1.25 0.71 0.37  
Prop. total serotypes 0.38 0.46 0.77  0.38 0.38   
Simpson’s index 0.68 0.80 0.87  0.75 0.78   
1Includes two stream samples collected at base flow in May that were not included in the rest of this 
study – these samples included two isolates of serotypes Saintpaul and III_16:z10:e,n,x,,z15. 
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Table 2.7  
Serotyping results for Pond 2. S/N is the number of serotypes divided by the number of 
positive samples in each category. The Simpson’s index reflects the likelihood of finding 
two different serotypes in a random sample of two isolates. 
 
 

 Storm flow samples  Pond samples    

 Fields Forests Stream  Before After Total  
Samples 12 14 3  12 12 53  
Positive samples (N) 3 2 3  4 7 19  
Isolates 3 9 14  7 20 53  
Isolates serotyped 3 4 11  6 11 35 Prop. of 

isolates Serotypes (S) 3 2 6   4 5 12 

 Bareilly Jun         Jun   0.09 

 Braenderup   Jun           0.03 

 Gaminara   Jun Jul   Jun May(2)   0.29 

 Give_var._15+     May         0.03 

 I_38:k:-         Jan     0.03 

 III_50:nonmotile           Jul   0.03 

 III_50:r:-     May         0.06 

 III_60:r:e,n,x,z15         Apr Apr(2)   0.17 

 Meleagridis May             0.03 

 Muenchen Jul   Jun   May Jan 
May 

  0.17 

 Rubislaw     Jun         0.03 

 Saintpaul     Jun         0.06 

S/N 1.00 1.00 2.00  1.00 0.71 0.63  
Prop. total serotypes 0.25 0.17 0.50  0.33 0.42   
Simpson’s index 0.67 0.38 0.81  0.78 0.67   
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Table 2.8  
Comparison of study serotypes with Salmonella serotypes found in human clinical cases. Serotypes found 
in the present study (denoted in bold) are shown alongside Salmonella serotypes reported from human 
clinical cases in Georgia, USA, in 2011 (the most recent year of data available – this study was conducted 
in 2013). Numbers of clinical cases were summarized from CDC data (16). 
 

 Number of human  
clinical cases in Georgia, 2011 

Javiana 497   

Newport 452   

Enteritidis 215  

Typhimurium 135  

I 13,23:b:- 116  

Muenchen 111  

Typhimurium var. 5- 75  

Montevideo 67  

I 4,[5],12:i:- 65   

Saintpaul 51   

Bareilly 45  Serotypes causing more 
than 20 human clinical cases 
in Georgia in 2011. 

Braenderup 40  

Mississippi 31  

Rubislaw 28  

Heidelberg 27  

Oranienburg 24  

Agona 20  

Infantis 20     

Anatum 11   

Inverness 11  Rarer serotypes found in the 
present study. Gaminara 6  

Meleagridis 1  

IIIb 60:r:e,n,x,z15 0  

I 38:k:- 0  

Give var. 15+ 0  

I 6,7:-:e,n,z15 0  

III 60:r:- 0   
III 50:nonmotile 14 (general category for all rough, 

mucoid, and/or nonmotile) III 50:r:- 0 
IIIb 16:z10:e,n,z15 0   
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Table 2.9  
Types of animals known to carry the Salmonella serotypes found in this study. Animal data is 
summarized from 2011 CDC data from National Veterinary Serotyping Laboratories (NVSL), and should 
not be considered a complete list of all animals susceptible to each serotype (16). Hum.=Human, 
Rep.=Reptile, Dom.=Domestic. 
 
 

 Hum. Rep. 
Birds/
Wild Chicken Turkey Dom. Bovine Porcine Equine 

Saintpaul x   x x x x x x x 

Muenchen x  x x x x x x x 

Bareilly x     x x x x   x 

Rubislaw x  x x  x   x 

IIIb 60:r:e,n,x,z15 x                 

I 38:k:- x         

Gaminara x x   x   x     x 

Braenderup x  x x  x x x x 

Inverness x     x         x 

Newport x x x x x x x x x 

Give var. 15+ x   x x     x x x 

I 6,7:-:e,n,z15 x   x x     

Meleagridis x   x     x x x x 

Anatum x x x x x x x x x 

III 60:r:- --none tested by NVSL-- 

III 50:nonmotile --none tested by NVSL-- 

III 50:r:- --none tested by NVSL-- 

IIIb 16:z10:e,n,z15    x      
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Table 2.10  
Descriptions of wildlife camera locations. 
 

 
_____________________________________________________________________________ 
 
 
Table 2.11  
Wildlife activity by month. Sightings (number of days animals were recorded), camera effort (number of 
days cameras were actually working), and total activity (sightings divided by camera effort) are shown per 
month for each animal category. Number of sightings can exceed camera effort when multiple 
individually identifiable animals were recorded per day. 
 

 
______________________________________________________________________________  

Humans Mammals Wading birds

Pond 1 dam x x x operated throughout study

Pond 1 forest x x x
damaged in April, then 

fixed

Pond 1 inflow x x lost around mid-May

Pond 2 dam x x x operated throughout study

Pond 2 forest/field x
damaged in April, lost 

around July

Pond 2 inflow x
damaged in June, lost 

around July

Camera locations Working condition

types of animals observed

Sightings
Camera 

effort

Total 

activity
Sightings

Camera 

effort

Total 

activity
Sightings

Camera 

effort

Total 

activity

Feb 36 68 0.53 31 62 0.50 13 41 0.32

Mar 29 52 0.56 15 60 0.25 62 35 1.77

Apr 42 66 0.47 49 90 0.54 65 60 1.08

May 87 101 0.86 71 86 0.83 59 62 0.95

Jun 36 81 0.44 73 74 0.99 39 60 0.65

Jul 6 45 0.13 3 45 0.07 24 34 0.71

Aug 6 47 0.13 80 47 1.70 15 42 0.36

Mammals Humans Wading birds
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Table 2.12  
Common types of waterfowl recorded by month. Wading birds which could not be specifically identified 
but appeared different from other birds seen the same day were listed as “other wading”. 
 

 
_____________________________________________________________________________________ 
 
 
 
 
Table 2.13  
Common types of mammals recorded by month. Any mammal with 5 or fewer total sightings is listed as 
“other”, along with any mammals that could not be specifically identified but were distinguishable from 
other mammals seen on the same day. 
 

 
_____________________________________________________________________________________ 

Sightings Activity Sightings Activity Sightings Activity Sightings Activity Sightings Activity Sightings Activity Sightings Activity

Feb 41 5 0.12 8 0.20 0 0.00 5 0.12 0 0.00 21 0.51 0 0.00

Mar 35 10 0.29 15 0.43 3 0.09 6 0.17 0 0.00 21 0.60 2 0.06

Apr 60 17 0.28 28 0.47 2 0.03 4 0.07 0 0.00 4 0.07 9 0.15

May 62 13 0.21 28 0.45 0 0.00 2 0.03 9 0.15 0 0.00 0 0.00

Jun 60 26 0.43 8 0.13 0 0.00 4 0.07 0 0.00 0 0.00 2 0.03

Jul 34 23 0.68 0 0.00 0 0.00 1 0.03 0 0.00 0 0.00 0 0.00

Aug 42 4 0.10 4 0.10 3 0.07 4 0.10 0 0.00 0 0.00 0 0.00

Cattle Egret Ducks Geese
Camera 

effort

Great Blue Heron Great Egret Anhinga Other Wading

Sightings Activity Sightings Activity Sightings Activity Sightings Activity Sightings Activity Sightings Activity Sightings Activity

Feb 68 8 0.12 4 0.06 6 0.09 0 0.00 5 0.07 5 0.07 8 0.12

Mar 52 5 0.10 3 0.06 7 0.13 2 0.04 1 0.02 3 0.06 8 0.15

Apr 66 13 0.20 14 0.21 8 0.12 3 0.05 0 0.00 0 0.00 4 0.06

May 101 61 0.60 7 0.07 2 0.02 6 0.06 3 0.03 0 0.00 8 0.08

Jun 81 18 0.22 1 0.01 0 0.00 8 0.10 1 0.01 0 0.00 8 0.10

Jul 45 1 0.02 2 0.04 0 0.00 1 0.02 1 0.02 0 0.00 1 0.02

Aug 47 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 6 0.13

Bobcat Other

Camera 

effort

Deer Armadillo Fox Dog Raccoon
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Figures 

 
 
Figure 2.1  
Location of Little River watershed. Little River flows into the Withlacoochee River, which flows into the 
Suwannee River.  
 
 

 
 

 
  



 

53 

 

Figure 2.2  
Salmonella presence in pond water, streams, and surface runoff at Pond 1. Shown with the percentage 
and number of storms events during which each location tested positive for Salmonella.  
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Figure 2.3  
Salmonella presence in pond water, streams, and surface runoff at Pond 2. Shown with the percentage 
and number of storms events during which each location tested positive for Salmonella.  
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Figure 2.4  
Log-transformed Salmonella concentrations in individual samples. Note that the data were natural log 
transformed after adding 0.0274 (half the lower limit of detection) to samples without detectable 
Salmonella, and log 0.0274 was subtracted from all transformed values to shift the scale to a more 
readable minimum value of 0.  
 

 
Figure 2.5  
Log-transformed E. coli concentrations in individual samples.  
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Figure 2.6  
Log-transformed total solids in individual samples. 
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Figure 2.7  
Model-estimated Salmonella concentrations by sample type. The data were transformed as in Figure 2.4. 
See results section for actual Salmonella concentrations. Statistically significant differences between 
sample types are indicated by non-overlapping 95% confidence intervals.  

 
Figure 2.8  
Model-estimated E. coli concentrations by sample type. The data were log-transformed; see results 
section for actual E. coli concentrations. Statistically significant differences between sample types are 
indicated by non-overlapping 95% confidence intervals. 
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Figure 2.9  
Model-estimated total solids by sample type. Statistically significant differences between sample types 
are indicated by non-overlapping 95% confidence intervals. 
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Figure 2.10  
Salmonella concentrations in individual samples by date and sample type. Note that the data have been 
natural log transformed as in Figure 2.4. 
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Figure 2.11  
Concentrations of Salmonella, E. coli, and total solids vs. total rainfall within 48 hours prior to sample 
collection. Shown with Pearson’s r values.  
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Figure 2.12  
Concentrations of Salmonella, E. coli, and total solids vs. total rainfall within seven days prior to sample 
collection. Shown with Pearson’s r values.  
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Figure 2.13  
Animal activity by month. Values are for both Ponds 1 and 2 combined. 
 
a)       b) 

  
 
 
c)       d) 
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CHAPTER 3 

IMPACTS OF LAND COVER ON SALMONELLA CONCENTRATIONS IN FARM IRRIGATION PONDS IN RURAL 

SOUTH GEORGIA, USA1 

  

                                                 
1 Harris, C.S., K. Levy, and G. Vellidis.  To be submitted to Applied and Environmental Microbiology. 
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Abstract 

 

Storm-driven surface runoff from land surfaces transports pathogens into waterways, where the 

presence of human pathogens is a growing concern. To examine the effects of different types of land 

cover on Salmonella concentrations in farm irrigation water, the landscapes surrounding ten irrigation 

ponds on commercial produce farms across rural southern Georgia, USA, were compared with the 

concentrations and prevalence of Salmonella in samples collected from the ponds monthly for one year. 

The proportions of different types of land cover (cropland, forest/wetland, developed, mowed, roads, 

pasture, and open water) were calculated for several different spatial extents surrounding each pond, 

including each pond’s immediate watershed, a 250 m zone extending outward from the pond edges, a 

250 m zone within the watershed only, and a 30.5 m zone buffering the pond edges. Simple linear 

regression was used to evaluate the relationships between developed, mowed, and forest/wetland land 

cover proportions and Salmonella prevalence or concentrations. Higher proportions of developed land 

cover (defined as residential or commercial buildings and adjacent maintained yards) across every spatial 

extent were significantly (p < 0.05) associated with higher Salmonella concentrations in irrigation ponds. 

Proportions of mowed land cover (primarily vegetated buffers) or forest/wetland land cover were not 

significantly associated with Salmonella prevalence or concentrations in irrigation ponds, except the 

proportion of mowed land cover within a 30.5 m zone buffering the pond edges which was significantly 

associated with lower Salmonella concentrations in ponds. Although only a small number of ponds were 

examined in this study, the results point to developed areas and associated human activities as possible 

important sources of Salmonella even in rural agricultural landscapes.  
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Introduction 

One of the proposed requirements under the U.S. Food and Drug Administration’s Food Safety 

Modernization Act (FSMA), the first major reform of U.S. food safety laws in over 70 years, is that many 

growers of fresh produce will be required to frequently test irrigation water for Escherichia coli or other 

fecal indicator bacteria (39, 100). This reflects a long-standing concern that fecal pollution affects 

waterways and by extension potentially our food supply. An estimated one in six people become ill from 

foodborne illnesses each year in the U.S., and nearly half these illnesses are likely acquired from raw or 

processed produce (1, 3). It is still unclear what the most important sources or pathways causing produce 

contamination may be, however. Irrigation water from surface freshwater sources is recognized as a 

potential reservoir of pathogens and a potential vehicle for the transmission of pathogens to plants and 

soil (72, 92), although only a few outbreaks of foodborne illness in the U.S. have been linked to 

contaminated irrigation water from surface freshwater sources (81–85). More than 60 million acres of 

cropland in the U.S. are irrigated by surface freshwater, requiring approximately 75 billion gallons of 

water withdrawals per day and highlighting the potential importance of water quality in food production 

(96).  

Salmonella is the most common bacterial cause of foodborne illness in the U.S. (1). Outbreaks of 

Salmonella from tomatoes in 2002 and 2005 were linked to contaminated irrigation water in Virginia (81–

85). Some Salmonella strains causing disease in humans have been shown to stick to plant surfaces and 

resist disinfectants, and to colonize seeds, sprouted seeds, leaves, and fruits (152–154). This makes 

contaminated irrigation water a concern in fruit/vegetable production, although Salmonella 

contamination may also occur during produce packing, processing, or distribution (155–157). Salmonella 

is commonly present in surface freshwater, and may enter waterways from a variety of sources and 

pathways. Studies from several agricultural regions of the U.S. have reported detectable Salmonella levels 

in 6% to 100% of surface water samples, although comparisons between studies are complicated due to 
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differences in sample volumes and analysis methods (48, 71, 74–77). Humans, domestic animals, 

livestock, and wildlife are all capable of carrying and spreading Salmonella (23, 156). Sewer system 

leakage, septic tanks, fecal deposition by domestic animals and wildlife, livestock, and manure use are all 

possible sources of Salmonella (47). Direct fecal deposition, surface runoff during storms, or subsurface 

flows through soils all may transport Salmonella to waterways (47, 94, 105), where it capable of surviving 

for many years in bottom sediments (19).  

In this study, we sought to identify landscape-level land cover factors affecting Salmonella in farm 

ponds, and the spatial scales at which these factors matter. A few other studies have identified 

correlations between land cover and Salmonella concentrations or presence in waterways, but rarely 

specifically for irrigation ponds and never with fine-resolution land cover data (75, 86). Some potential 

Salmonella risks, such direct fecal deposition by wild animals into ponds, might be related to landscape 

characteristics such as habitat availability but not transported by storm runoff or subsurface flows 

through watersheds, so we evaluated land cover characteristics both at the watershed level and within 

various proximities to irrigation ponds where water samples were collected. We measured Salmonella in 

monthly pond water samples collected from irrigation ponds across southern Georgia, and used bivariate 

analysis to evaluate relationships between land cover and Salmonella in these ponds.  

Materials and Methods 

The Southeastern Plains and Southern Coastal Plain 

 The ten vegetable farm irrigation ponds in this study were located in the Southeastern Plains and 

Southern Coastal Plain ecoregions in inland southern Georgia, USA. These ecoregions span parts of the 

southeastern United States from Louisiana to Maryland, with a mild humid subtropical climate and a long 

growing season usually allowing two crops per year. Major crops include corn, soybeans, cotton, peanuts, 

onions, and a wide variety of fruits and vegetables. Land cover in this area consists of an uneven mosaic 

of cropland, pasture, successional pine-hardwood woodlands, large pine plantations, and woody 
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wetlands. The topography is mainly smooth and rolling plains, with lower relief and mostly flat plains 

toward the coast. The numerous streams in the region are generally slow-moving with sandy substrates. 

Larger rivers, wetlands, and increasingly wet soils are found toward the coast (109). Relatively few major 

lakes are present but many small man-made reservoirs and natural ponds are present along streams. An 

estimated 275,000 small (<2,000 ha) reservoirs and ponds exist across the state of Alabama, and a similar 

density is present in southern Georgia (98). Many of these ponds are used to collect and store surface 

freshwater for crop irrigation.  

All ten irrigation ponds in this study were located on commercial mixed-produce farms within the 

Suwannee and Ochlockonee river basins, both of which drain into the Gulf of Mexico. Within the 

Suwannee and Ochlockonee river basins, ponds were located across seven subbasins (Figure 3.1). During 

periods of irrigation, some ponds were supplemented with groundwater. 

Salmonella sample collection and analysis 

Sampling of each pond was conducted once per month between January and December 2011, 

not necessarily on the same days at all ponds. In January and February, one water and one sediment 

sample were collected per pond. In March through July, two water samples and one sediment sample 

were collected per pond. In August through December, two water samples and two sediment samples 

were collected per pond. Water samples were collected near the irrigation pipe intake at the water’s 

surface, and from a depth of about 0.5 m below the water’s surface when an additional water sample was 

collected. Sediment samples were collected from the benthos below the irrigation pipe intake, and from 

the pond perimeter just below the water’s surface when a second sediment sample was collected. 

Sediment samples were collected with a Wildco Mighty dredge grab sampler (Ben Meadows Co., 

Janesville, WI). Samples were collected with the aid of a boat, because many of the ponds’ irrigation 

intake pipes were located a few meters from the shoreline. Samples were collected with sterile 

techniques and kept in dark coolers with ice during transport back to the laboratory.  
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Salmonella in water and sediment samples was identified using the same three-replicate, three-

step (500, 100, and 10 ml for water; 100, 10, and 1 g for sediment) Most Probable Number (MPN) 

procedure and PCR confirmation previously described in detail in Chapter 2, with enrichment in non-

selective broth followed by selective broth and plating on selective agars.  

Land cover classification 

The immediate watersheds surrounding each pond were determined using BASINS 4.1, a publicly 

available watershed mapping tool provided by the U.S. Environmental Protection Agency (available at 

water.epa.gov/scitech/datait/models/basins). Watersheds were calculated based on publicly available 

elevation data from the USGS National Elevation Dataset (available at nationalmap.gov). The watershed 

boundaries encompassed all of the land draining into each pond and did not include downstream areas. 

Watershed boundaries were examined for accuracy; areas in question were visited and watersheds were 

adjusted according to visual observations. Watershed size and pond size were calculated using tools 

available in QGIS 2.0.1, a free and open source mapping software (available at qgis.org).  

Land cover within each watershed and within a 250 m radius surrounding each pond were 

visually classified and hand-digitized in QGIS 2.0.1 based on 2011 orthoimagery publicly available from the 

National Aerial Imagery Program (NAIP, nationalmap.gov) (Figure 3.2a-j). Publicly available land cover 

datasets including Georgia Land Use Trends (GLUT, narsal.uga.edu/glut) and the National Land Cover 

Dataset (NLCD, nationalmap.gov) did not classify land at high enough resolutions for the smaller spatial 

scales involved in this study, but these data layers were used as guides for areas of orthoimagery that 

were difficult to visually classify. Land cover was hand-digitized down to a very fine spatial resolution 

(more precise and more accurate) than GLUT or NLCD, although this resolution was not specifically 

defined.  

Seven classifications were specified for land cover: cropland, forest or wetland, developed areas, 

mowed areas, open water, pasture, and public roads. Cropland consisted of agricultural row crops as well 
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as edible tree or shrub crops such as pecans or blueberries. Forests and wetlands consisted of natural, 

minimally disturbed areas as well as planted or managed pines. Mowed areas consisted of herbaceous 

non-wetland cover, including grass on roadsides, areas beneath power line right-of-ways, and numerous 

mowed field borders and filter strips associated with cropland. Developed areas consisted of rural homes 

and commercial buildings, as well as any maintained yard spaces immediately adjacent to those buildings. 

Roads included paved and unpaved public roads. Unpaved roads serving only agricultural fields were 

considered part of cropland. A few pastures (areas with recent livestock presence) were identified, but in 

general it was not possible to definitively identify active pastures, especially forested areas potentially 

used for grazing. Hay fields without visible cow paths were counted as cropland.  

Land cover calculations 

Digitized land cover layers were “clipped” to several different spatial extents using QGIS 2.0.1. 

These spatial extents of interest were the full watershed of each pond as calculated from BASINS 4.1, land 

within a 250 m radius of each pond edge, land within a 250 m radius of each pond edge only within each 

pond’s watershed, and land within a 30.5 m radius of each pond edge. Ponds themselves were not 

considered part of the land cover layer. Geoprocessing tools in QGIS were used to outline the relevant 

spatial extents, and a geometry calculator in QGIS was used to determine the areas of land cover parcels 

digitized from orthoimagery within each spatial extent of interest. To normalize land cover data, we 

converted the areas of each land cover type present within each spatial extent of interest to the 

proportion (percent) of total area (Tables 3.2-3.3).  

Statistical analysis 

All data was natural log-transformed prior to analysis to achieve a normal distribution (evaluated 

using Q-Q plots). A value of 0.0274, half the lower limit of detection for the MPN method used, was 

assigned to samples with no detectable Salmonella. Mean Salmonella concentration and prevalence were 

used as indices of Salmonella at each pond. Mean Salmonella concentration for each pond was calculated 
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by first determining the average concentration of water samples collected in each month, then averaging 

all twelve months together (n=12). Salmonella prevalence at each pond was defined as the number of 

positive samples out of the total number of sediment + water samples (n=39) collected at each pond. 

Bivariate linear regression analyses were performed for Salmonella indices and three land cover types of 

interest: forest/wetland, mowed areas, and developed areas within each of the four spatial extents. 

Pearson’s r was used to compare bivariate correlations, and p-values were determined to evaluate the 

significance of these correlations. A positive or negative Pearson’s r-value indicates a positive or negative 

relationship, respectively, between variables. An r-value closer to 1 or -1 indicates a steeper slope and 

closer fit of a linear regression line, while a value closer to 0 indicates a flat regression line or no 

relationship. Corrections for multiple comparisons were not used, although it should be noted that a total 

of 34 tests were performed. A paired t-test was used to compare samples collected during summer 

months with samples collected during winter months at each pond (n=10).  

Ponds A and B were eliminated from statistical analyses related to land cover and 

watershed/pond size. These two ponds had unusual topological and hydrological conditions compared to 

ponds C through J. Pond A had an extremely large watershed encompassing a large recreational lake 

draining into two subbasins, and the surrounding topography appeared more similar to the karst 

topography of Florida with frequent circular sinkholes than to the typical topography of the Tifton-Vidalia 

Upland of southern Georgia which is dominated by dense dendritic networks of streams. Pond B was 

isolated from its watershed by raised berms constructed to increase its water holding capacity. It was 

recharged primarily by pumped groundwater rather than surface runoff. 

Results 

 

Salmonella 

Thirty-nine sediment and water samples were collected from each of the ten ponds during 2011. 

All of the ponds had detectable levels of Salmonella during at least one month. For convenience, the 
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letters A through J were assigned to the ponds to reflect decreasing Salmonella prevalence. The 

percentage of Salmonella-positive samples collected from each pond during 2011 ranged from 10 ± 9% 

(standard error of proportion) to 51 ± 14% (Table 3.1, Figure 3.3a). Summer samples, collected from April 

through September, had significantly higher Salmonella prevalence than samples collected in winter 

months from the same ponds (p = .002) (Figure 3.3c and 3.3e).  

The mean concentrations of Salmonella in water samples ranged from 0.028 MPN per 100 ml to 

0.144 MPN per 100 ml, with large standard deviations of at least 1 MPN per 100 ml back-calculated from 

log standard deviations (Table 3.1, Figure 3.3b). For comparison, the lower limit of detection for the MPN 

method used was 0 .0548 MPN per 100 ml. Summer samples collected from April through September had 

significantly higher Salmonella concentrations than samples collected in winter months from the same 

ponds (p = .010) (Figure 3.3d and 3.3f).  

Land cover analysis 

No land cover types were highly cross-correlated with one another within any spatial extent (r did 

not exceed 0.8). The dominant proportion of land cover at all spatial scales was cropland or 

forest/wetland, except at pond B which had an extremely small watershed comprised almost entirely of 

mowed berms (Tables 3.2-3.3). Cropland surrounding the rest of the ponds was primarily fruit/vegetables 

or row crops (corn, cotton, or soybeans). Cropland characteristics of note included a large plantation of 

blueberry shrubs near Pond J, and a large plantation of pecan trees near Pond C. No developed areas 

were located at pond B or I within the pond watersheds or within 250 m of the pond edges. The 

watersheds of ponds D and G contained recognizable cattle pastures, although it was not known how 

intensively or how recently these pastures had been used.  

Mean Salmonella concentrations in pond water consistently and significantly (p < 0.05) increased 

with the percentage of developed areas in the pond watersheds or closer to the ponds (Table 3.5, Figure 

3.5a-b), although this relationship appeared to be particularly influenced by Pond C. Inconsistent and 
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non-significant relationships were observed for mean Salmonella concentrations and mowed or 

forest/wetland land cover (Figures 3.6a-b and 3.7a-b). None of the bivariate correlations between 

Salmonella prevalence and various land cover proportions were statistically significant, although some 

weak trends appeared (Table 3.4). Salmonella prevalence seemed to consistently increase with the 

percentage of developed areas in the pond watersheds or closer to the ponds. Inconsistent relationships 

were observed for Salmonella prevalence and mowed or forest/wetland land cover.  

Watershed and pond size 

Watershed sizes for the ten ponds ranged from 0.01 km2 to 9.21 km2. Pond sizes ranged from 

5,799 m2 to 79,255 m2 (Table 3.1). Neither watershed size nor pond size were significantly correlated with 

either Salmonella prevalence or concentrations (Tables 3.4-3.5, Figures 3.4a-b).  

Discussion 

This study measured Salmonella prevalence and concentrations in irrigation ponds surrounded by 

the range of landscapes typically found in agricultural areas in the southeastern coastal plain of the U.S., 

and used detailed land cover data to identify relationships between Salmonella and land uses within 

various proximities to the ponds. Examining landscape metrics at various spatial scales has been identified 

as a useful strategy for landscape analyses (158). Other studies have examined land use characteristics in 

relation to Salmonella or other pathogens in waterways, but have used coarser-resolution land cover data 

and have not focused specifically on irrigation ponds (75, 86, 159). Other studies have focused on single 

types of land use (145), or comparisons between watersheds with different dominant land cover types 

(60, 91).  

Mean Salmonella concentrations were higher in ponds surrounded by greater proportions of 

developed land cover. This relationship was consistently significant at the watershed scale and at closer 

proximities to the ponds, although it appeared to be influenced by Pond C. Sources of Salmonella in areas 

of residential and commercial development may include leaky septic tanks, domestic animals, small 
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numbers of backyard livestock, and wildlife adapted to living in close proximity to humans (57, 60, 146, 

160). Many households in this region use septic tanks, which have been linked to improved Salmonella 

survival rates in soils (71, 146). A study of waterways in central California noted higher concentrations of 

Salmonella in streams within primarily urban watersheds compared to forested watersheds (86), and 

within urban stream reaches compared to forested stream reaches (145). Other studies in Canada and 

Australia have also noted high concentrations of Salmonella in urban waterways (60, 144). Although the 

present study was conducted exclusively in rural watersheds rather than urban watersheds, these 

findings suggest that some of the same human-related factors leading to increased Salmonella 

concentrations in urban watersheds may be present to a lesser degree, but still important, in rural 

watersheds.  

Proportions of forest/wetland or mowed land cover did not show clear or consistent relationships 

with Salmonella concentrations or prevalence. Wildlife is a potential source of Salmonella in these types 

of areas. A study in California identified Salmonella occasionally in birds, coyotes, deer, pigs, and skunks, 

all of which are present in south Georgia as well, and other studies have identified Salmonella in reptiles 

and small rodents (59, 161, 162). Forest/wetland and mowed areas in southeastern agricultural 

landscapes can harbor significant populations of reptiles and small rodents (author, personal 

observation), but these vegetated zones also serve to trap and filter waterborne contaminants before 

they reach irrigation ponds (163). To some extent, vegetated areas may be a source as well as a sink for 

Salmonella.  

Higher proportions of mowed land cover within 30.5 m of ponds appeared to be related to lower 

Salmonella concentrations. Maintaining vegetated areas around ponds and waterways has long been 

viewed as a good agricultural practice for soil conservation and improved water quality (107, 108). The 

National Resources Conservation Service recommends using riparian herbaceous buffers at least 10 m 

wide between cropland and water sources (108, 164). Mowed areas, when managed correctly to ensure 
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evenly distributed storm flow percolation, can reduce the levels of nutrients, pesticides, sediments, and 

pathogens in runoff entering downstream waterways (165–167). However, some growers of fresh 

produce have recently converted vegetated buffers to bare ground due to concerns about wildlife 

presence (65, 67). In an unpublished study of rodent populations near ponds involved in the present 

study, mice and rats were trapped frequently in forested areas adjacent to ponds as well as in mowed 

vegetated buffers and very narrow (<1 m) sparsely vegetated strips between ponds and dirt roads.   

In the present study, Salmonella concentrations in individual water samples never exceeded 1 

MPN per 100 ml. A quantitative microbial risk assessment using Salmonella surrogates in irrigation water 

in Arizona suggested that Salmonella levels above 2.5 MPN per 100 ml in irrigation water could cause 

illness in 1 per 10,000 consumers, under the worst-case scenario that produce is harvested, processed, 

packaged, and consumed only one day after the last irrigation event (73). It remains unclear whether 

Salmonella is in fact a likely contributor, rather than a potential or rare contributor, to foodborne illness 

through contaminated irrigation water.  

Identifying the specific factors associated with increased Salmonella concentrations in proximity 

to developed areas in agricultural watersheds is an important area for future research. Many fruit and 

vegetable growers are well aware of the microbiological risks of having livestock upstream from irrigation 

water sources, especially after multiple outbreaks of highly pathogenic E. coli were reported from lettuce 

irrigated with water contaminated by cattle feces (81, 82), but it is unclear which human-related factors 

may be most relevant to the contamination of irrigation water. Future studies could move upstream to 

sample particular sources of Salmonella in developed environments, and use genetic sequencing to 

compare Salmonella strains from developed environments and irrigation water. Improving riparian buffer 

zones and storm water flow paths will also be important for reducing pathogen inputs to irrigation ponds 

and limiting the potential for contamination. 
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Tables 

 
Table 3.1  
Summary of Salmonella data by pond, with watershed and pond sizes.  
 

Pond Percent of samples 
(water and sediment) 

positive for 
Salmonella 

Avg monthly 
Salmonella 

concentration 
(MPN per 100 ml) 

Watershed area 
(km2) 

Pond area 
(m2) 

A 51% 0.144 9.21 18490 

B 44% 0.074 0.01 5799 

C 33% 0.073 0.20 10955 

D 33% 0.050 0.88 21637 

E 26% 0.035 0.23 46421 

F 23% 0.037 2.75 79225 

G 21% 0.050 3.27 35518 

H 18% 0.044 0.22 16148 

I 15% 0.035 0.92 38914 

J 10% 0.028 0.66 46010 
_____________________________________________________________________ 
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Table 3.2 
Proportion of total land cover by type for each pond watershed, and for each pond watershed within 250 
m of the pond edge. Dominant cover types for each pond and extent are shown in bold. Crop=cropland, 
Dev=developed, Mow=mowed herbaceous, Nat=forest and wetland, Other=open water, public roads, and 
identifiable pastureland.  
 

 Watershed  Watershed within 250 m 

Pond Crop  Dev  Mow  Nat  Other    Crop  Dev  Mow  Nat  Other  

A 0.11 0.21 0.07 0.36 0.26  0.71 0.00 0.06 0.17 0.06 

B 0.00 0.00 0.91 0.09 0.00  0.00 0.00 0.91 0.09 0.00 

C 0.36 0.23 0.13 0.28 0.00  0.35 0.25 0.15 0.25 0.00 

D 0.44 0.02 0.06 0.37 0.11  0.53 0.02 0.02 0.41 0.02 

E 0.77 0.00 0.09 0.13 0.01  0.70 0.00 0.11 0.17 0.01 

F 0.60 0.03 0.06 0.26 0.05  0.33 0.05 0.20 0.40 0.01 

G 0.45 0.06 0.02 0.38 0.09  0.45 0.00 0.01 0.41 0.14 

H 0.83 0.02 0.03 0.08 0.04  0.76 0.03 0.05 0.11 0.06 

I 0.21 0.09 0.10 0.58 0.02  0.28 0.12 0.14 0.46 0.00 

J 0.63 0.00 0.03 0.34 0.00  0.49 0.00 0.07 0.45 0.00 

 

Table 3.3  
Proportion of total land cover by type within 250 m and 30.5 m radii of each pond’s outer edge. 
Dominant cover types for each pond and extent are shown in bold. Crop=cropland, Dev=developed, 
Mow=mowed herbaceous, Nat=forest and wetland, Other=open water, public roads, and identifiable 
pastureland.  
 

 Within 250 m of pond  Within 30.5 m of pond 

Pond Crop  Dev  Mow  Nat  Other    Crop  Dev  Mow  Nat  Other  

A 0.49 0.00 0.03 0.45 0.03  1.00 0.00 0.00 0.00 0.00 

B 0.80 0.00 0.04 0.15 0.01  0.41 0.00 0.42 0.17 0.00 

C 0.29 0.18 0.21 0.32 0.00  0.00 0.25 0.32 0.42 0.00 

D 0.57 0.01 0.02 0.34 0.06  0.07 0.00 0.00 0.91 0.02 

E 0.51 0.02 0.11 0.35 0.01  0.22 0.00 0.29 0.46 0.03 

F 0.43 0.03 0.13 0.40 0.01  0.01 0.00 0.82 0.16 0.01 

G 0.33 0.02 0.04 0.51 0.10  0.00 0.00 0.05 0.90 0.05 

H 0.76 0.03 0.02 0.15 0.04  0.39 0.00 0.18 0.43 0.00 

I 0.29 0.07 0.10 0.53 0.01  0.00 0.16 0.51 0.33 0.00 

J 0.37 0.00 0.09 0.54 0.00  0.22 0.00 0.52 0.26 0.00 
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Table 3.4  

Land cover predictors vs. the proportion of Salmonella-positive samples collected at each pond, for ponds 

C through J only. Based on simple linear regression analysis. No correlations were statistically significant. 

Degrees of freedom for F tests were 1 (numerator) and 6 (denominator, number of ponds - 2) for each 

regression. 

 

Simple linear regression analysis: 

Land cover vs. Salmonella-positive sample proportion per pond 
 

Predictors Pearson's r R2 Regression slope F Significance (p) 

Watershed area -0.11 0.01 -0.01 0.07 0.80 

Pond area -0.34 0.11 0.00 0.77 0.41 

       

Percent Land Cover      

 Watershed      

 Developed 0.44 0.19 0.46 1.41 0.28 

 Mowed 0.49 0.24 1.06 1.92 0.21 

 Forest/Wetland -0.20 0.04 -0.10 0.24 0.64 

 Watershed 
 within 250 m of ponds      

 Developed 0.41 0.17 0.38 1.20 0.31 

 Mowed 0.09 0.01 0.11 0.05 0.83 

 Forest/Wetland -0.25 0.06 -0.15 0.41 0.54 

 Within 250 m of ponds      

 Developed 0.45 0.21 0.62 1.56 0.26 

 Mowed 0.26 0.07 0.33 0.43 0.54 

 Forest/Wetland -0.45 0.21 -0.28 1.56 0.26 

 Within 30.5 m of ponds      

 Developed 0.29 0.08 0.24 0.55 0.49 

 Mowed -0.37 0.14 -0.11 0.95 0.37 

 Forest/Wetland 0.44 0.19 0.13 1.40 0.28 
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Table 3.5 
Land cover predictors vs. the average monthly Salmonella concentrations of water samples collected at 
each pond, for ponds C through J only. Based on simple linear regression analysis. No correlations were 
statistically significant. Degrees of freedom for F tests were 1 (numerator) and 6 (denominator, number 
of ponds - 2) for each regression. Significant correlations (p ˂ 0.05) are shown in bold. 
 
 

Simple linear regression analysis: 

Land cover vs. average monthly Salmonella concentration per pond 
 

Predictors Pearson's r R2 Regression slope F Significance (p) 

Watershed area -0.01 0.00 0.00 0.00 0.974 

Pond area -0.65 0.42 0.00 5.14 0.064 

       

Percent Land Cover      

 Watershed      

 Developed 0.75 0.56 2.84 10.11 0.019 

 Mowed 0.34 0.12 2.65 1.20 0.315 

 Forest/Wetland -0.09 0.01 -0.17 0.08 0.782 

 Watershed 
 within 250 m of ponds      

 Developed 0.62 0.39 2.09 7.01 0.038 

 Mowed -0.09 0.01 -0.37 0.09 0.772 

 Forest/Wetland -0.28 0.08 -0.61 1.11 0.333 

Within 250 m of ponds      

 Developed 0.71 0.51 3.50 14.52 0.009 

 Mowed 0.23 0.05 1.06 0.87 0.388 

 Forest/Wetland -0.43 0.18 -0.95 3.57 0.108 

Within 30.5 m of ponds      

 Developed 0.53 0.28 1.58 6.69 0.041 

 Mowed -0.50 0.25 -0.54 5.98 0.050 

 Forest/Wetland 0.48 0.23 0.51 5.69 0.054 
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Figures 

 
Figure 3.1  

Map of the study area. The ponds were located in the Upper Ochlockonee, Withlacoochee, Alapaha, 
Lower Ocmulgee, and Upper Suwannee subbasins (one pond each), the Lower Ochlockonee subbasin 
(two ponds), and the Little subbasin (three ponds).  
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Figure 3.2a-j 
Map of pond landscapes. Ponds A through J (highest proportion (A) to lowest proportion (J) of samples 
positive for Salmonella). Land cover is shown for the watershed extent and within 250 m of the pond. 
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3.2c Pond C 
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Figure 3.3a-f 
Seasonal proportions of positive samples and concentrations of Salmonella by pond. Year-round, 
summer-only, and winter-only averages are shown. Proportions of positive samples are based on water 
and sediment samples (shown with the standard error of proportion). Concentrations are based on 
average log-adjusted water samples per month per pond (shown with standard error). The lower limit of 
detection on the adjusted log scale is 0.69 adj. log MPN per 100 ml.  
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Figure 3.4a-b 
Watershed and pond area vs. Salmonella concentrations. Trendlines are based on data from ponds C 
through J. Ponds A and B are shown for comparison. 
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Figure 3.5a-b 
Developed land cover vs. Salmonella concentrations. Shown for several spatial extents, ponds C through J 
only.  
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Figure 3.6a-b 
Forested land cover vs. Salmonella concentrations. Shown for several spatial extents, ponds C through J 
only.  
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Figure 3.7a-b 
Mowed land cover vs. Salmonella concentrations. Shown for several spatial extents, ponds C through J 
only.  
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CHAPTER 4 

SUMMARY AND RECOMMENDATIONS 

Salmonella is frequently found in agricultural irrigation ponds, although usually in low 

concentrations. Salmonella presence can be expected in irrigation ponds connected to natural 

waterways, transported to ponds by stream flow or storm-driven surface runoff. The most significant 

findings of our studies suggest that 1) storm flow in streams may have significantly higher Salmonella 

concentrations than storm-driven surface runoff from crop fields or forested areas, 2) Escherichia coli 

concentrations are not an adequate predictor of Salmonella concentrations in irrigation ponds, 3) 

irrigation ponds may regularly contain Salmonella serotypes commonly implicated in human illness, and 

4) Salmonella concentrations appear to be higher in irrigations ponds surrounded by higher proportions 

of developed (residential and commercial) land cover, also suggesting the importance of human-related 

sources of Salmonella in agricultural irrigation ponds even in rural watersheds.   

Important questions now facing farmers, regulators, and consumers of fresh produce are related 

to how, exactly, Salmonella is transferred between waterways and various crops, and what risk this 

carries for consumers. The potential for crop contamination caused by Salmonella from waterways is 

thought to be concentration-dependent, at least in part, and future studies may determine minimum 

Salmonella concentrations likely to lead to consumer illness for various crops, regions, and irrigation 

regimes (73). In the meantime, it is important to avoid pressuring farmers to use ground water instead of 

surface water or to adopt excessive contamination-prevention strategies that have not been supported 

by science-based evidence. Removing vegetated buffers around waterways, vegetated borders around 

fields, or forested areas near ponds may conflict with long-standing and well-research conservation 

practices and may prove detrimental to water quality in the long-term.  
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