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Incidences of produce-related foodborne illness have increased for several 

decades.  Good agricultural practices (GAPs) and the upcoming Food Safety 

Modernization Act (FSMA) attempt to stem this increase using preventative rather than 

reactive measures, including field management.  Manure is one potential source for 

foodborne pathogens, but research regarding manure-borne pathogen persistence in 

the field is minimal.  The goal of this research is to determine the persistence of 

manure-borne generic E. coli in controlled laboratory and field conditions. 

Manure was applied at varying rates to fields in North and Central Florida during 

the fall and summer seasons, while microcosms of the manure and soil were prepared 

and maintained at 30ºC and 20ºC.  The initial manure E. coli population density was 

approximately 4.2 log10 CFU/g.  The population density was not significantly different 

between application rates after incorporation into the soil on day 0, but differences were 

seen later in the trials.  The persistence of E. coli, water content, and pH were 

monitored until consecutive samples were devoid of recoverable E. coli. 
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While the summer season fields and 30ºC microcosms concluded with 

consecutive negative samples on days 112 and 210, respectively, the fall season fields 

and 20ºC microcosms persisted until the end of the experiment, on days 280 and 420.  

Several samplings during the fall trial suggest that contamination events are responsible 

for the appearance of increased persistence in the fields.   

The results of these experiments show that E. coli populations initially decay at 

similar rates across all manure application rates, seasons, and locations in this 

experiment, between 0.02 and 0.04 log10 CFU/day.  Additionally, the risk of E. coli 

associated with new contamination events, such as wild life intrusion, run-off, or other 

vectors, may be greater than the risk associated with its long-term survival in the field 

from manure used for soil amendments.  Lastly, the increased persistence in the 

microcosms suggests that survival under laboratory conditions do not mimic real-world 

survival and may not be adequate for predicting E. coli population persistence in field 

conditions.  
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CHAPTER 1 
INTRODUCTION 

Foodborne illness is a serious and growing issue in the United States (US).  

From 1998 to 2014 the Centers for Disease Control and Prevention (CDC) estimates of 

foodborne illness increased from 9.6 million incidences to 48 million, 57,462 

hospitalizations to 128,000, and 1,451 deaths to 3,000, in the US (8, 45).  These 

illnesses result in an economic burden of between $51 billion to $77.7 billion annually, 

increasing as the prevalence of foodborne illness increases (46).  Similarly, the rate of 

foodborne outbreaks has also increased.  This is especially true of fresh produce 

related outbreaks, which have increased from 0.7% of all foodborne outbreaks between 

1973-1997 to 14.5% between 1998-2008 (44, 49).  The most recent data implicates 

leafy vegetables, vine-stalk vegetables, root vegetables, and sprouts as the most 

common cause of produce related foodborne outbreaks (44).  The most common 

pathogens implicated in produce outbreaks include Shigella, E. coli, Salmonella spp., 

Listeria monocytogenes, Campylobacter spp. and others (3). 

Many reservoirs of foodborne pathogens exist from the farm to fork.  One of 

these reservoirs for fresh produce is manure used as a soil amendment.  In the US, 5% 

of all cropland was fertilized with manure in 2006 (37).  There are many reasons a 

conventional farmer may utilize manure to fertilize crops, but organic farmers are 

restricted to non-synthetic fertilizers, which may increase their use of manure (54).  

There are a variety of pathogenic microorganisms that are native to manure, including 

Salmonella spp., E. coli, Campylobacter spp., and others (41).  There are many different 

factors that may influence the persistence of these pathogens in manure and manure 

amended soils. 
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Due to the presence of pathogens in manure, the US Food and Drug 

Administration (FDA) strongly encouraged the use of passive or active treatments such 

as composting, pasteurization, and others, to limit the viability of these microorganisms 

before application to the soil.  However, the use of raw manure was still permissible and 

practiced, but it was suggested that the manure be incorporated into the soil prior to the 

planting of crops (15).  Still, there were no legal obligations to ensure these practices.  

The US Department of Agriculture’s (USDA) National Organic Program (NOP) however, 

requires a waiting period of 90 to 120 days between manure application and crop 

harvest, depending on the amount of contact between the edible portion of the plant and 

manure, for organic farmers (57).  In 2011, the Food Safety Modernization Act (FSMA) 

proposed a Produce Safety Rule that initially proposed regulations for both conventional 

and organic farmers was a waiting period of nine months between application of manure 

and harvesting of the crop (15).  Recently, however, due to a lack of scientific data, the 

FDA opted to apply the current NOP standards of 90 and 120 days until more research 

is conducted (17).  

The goal of this research was to determine the persistence of manure-borne 

E. coli and total coliforms under temperature controlled laboratory conditions and field 

conditions in Central and North Florida.  The current data regarding pathogen 

persistence in manure is largely derived from laboratory studies.  The survival of 

manure-borne E. coli under field conditions may suggest a waiting period that results in 

maximum pathogen extinction while being conducive to realistic farming practices. 
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CHAPTER 2 

LITERATURE REVIEW 

An Introduction to Foodborne Illness 

 Despite the increasing knowledge of food safety and processing technology, 

foodborne illness continues to be concern in the US.  According to data collected 

between 1998 and 2008, there are approximately 9.6 million incidences of foodborne 

illnesses annually.  In 2011 the Centers for Disease Control and Prevention (CDC) 

estimated there were 9.4 million incidences, 55,916 hospitalizations and 1,351 deaths 

associated with the consumption of food (44).  Painter and others (44) examined 57,462 

hospitalizations and 1,451 deaths associated with known causes and found 46% to be 

associated with produce consumption.  However, the estimates from both studies only 

consider the illnesses that occur from the 31 known foodborne pathogens and do not 

include illnesses from unknown agents, such as undiscovered microbes, chemicals, or 

toxins that have not been proven to cause foodborne illness, or known agents that were 

not conclusively implicated (44, 45).  As of 2014, the CDC estimated that one in six 

Americans, approximately 48 million people will become ill from a foodborne illness, 

resulting in 128,000 hospitalizations and 3,000 deaths (8).  Estimating the occurrence of 

foodborne illnesses can be difficult since many incidences are not reported, and the 

CDC’s foodborne illness surveillance system only includes 15% of the US population 

(6).  The incidences of foodborne illness are both a health-related and economic 

concern.  Foodborne illness is estimated to cost between $1,068 and $1,686 per 

individual from lost wages, medical expenses, and other costs.  This translates to 

between $51 billion and $77.7 billion annually (46).  These costs do not include the 

impact to an industry when the foodborne illnesses result in a publicized outbreak. 
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 Foodborne illnesses constitute an outbreak when two or more people contract 

similar illnesses from the same food product.  In 2009 there were 675 foodborne 

outbreaks and 852 in 2010.  Of these outbreaks, 38 were multi-state.  Bacteria were 

responsible for 52% of the outbreaks, followed by viruses at 42%, chemicals and toxins 

at 5%, and parasites at 0.2% (7).  The top five pathogens responsible for foodborne 

illness incidences, hospitalizations, or deaths vary.  Norovirus, Salmonella spp., 

Clostridium perfringens, Campylobacter spp. and Staphylococcus aureus are most often 

implicated in foodborne illness incidences, respectively.  Most often the pathogens 

Salmonella spp., Norovirus, Campylobacter spp., Toxoplasma gondii, and E. coli O157 

are responsible for foodborne illness hospitalizations.  Lastly, Salmonella spp., 

Toxoplasma gondii, Listeria monocytogenes, Norovirus, and Campylobacter spp. are 

the most likely to result in death (44).  Regardless of the pathogen, there are several 

factors that potentially play a role in the increase of foodborne illness.  Large-scale 

production and wide distribution of food, globalization of the food supply, an increase in 

food consumption outside of the home, genetic changes in foodborne pathogens, and 

an increasing population of at-risk consumers could all play a role in the trend (40).   

Fresh Produce Consumption and Safety 

 Several programs have been initiated on a federal level to raise awareness of the 

importance of a healthy diet and lifestyle, such as ChooseMyPlate (58).  As the public 

became more concerned with health, the consumption of fresh fruits and vegetables 

has increased.  Between 1980 and 2009, fresh fruit consumption had increased by 20% 

and fresh vegetables by 22% (59).  Also, the consumption of organic produce has 

increased by 7.7% in 2010, totaling to nearly 4% of all produce consumed (41).  The 

prevalence of fresh produce related foodborne illness has also increased.  From data 
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collected between 1973 and 1997, produce-implicated foodborne outbreaks had 

increased from 0.7% to 6% of all reported foodborne outbreaks.  At that time, the most 

often implicated products were salads, lettuce, juice, melon, sprouts, and berries (49).  

This trend has continued, with data from 1998-2008 confirming that 14.5% of foodborne 

illness outbreaks were associated with produce.  The most often implicated products at 

this time were leafy vegetables, vine-stalk vegetables, root vegetables, and sprouts, 

respectively (44).  Pathogens associated with raw produce include Shigella, 

enterotoxigenic and enterohemorrhagic E. coli, Salmonella spp., Listeria 

monocytogenes, Campylobacter spp. and others (4). 

 Although there are several methods to reduce the populations of pathogens in 

fresh produce, there is no elimination method (27).  This stresses the importance of 

hygienic growing conditions in the field.  With the ratification of the FSMA, new rules to 

improve food safety were developed.  One such rule is the Produce Safety Rule, which 

attempts to improve the microbiological safety of produce in the field.  Areas included in 

this rule are irrigation water quality, health and hygiene of employees, domestic and wild 

animal proximity, use of biological soil amendments, and standards for equipment, 

buildings, and tools (15).    

Manure 

 Manure is animal excrement intended for use as an agricultural soil amendment.  

As of 2006, 5% of all cropland in the US was fertilized using manure.  The decision to 

use manure as a fertilizer is based on several factors, such as the farms’ proximity to 

livestock, regional specialization, commodity, geographical location, agronomic 

requirements, and size of the farm (37).  In the case of organic agriculture, the use of 

manure is one of the non-synthetic fertilization methods approved for crops (57).  With 
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the increase of organic produce consumption, it may be suggested that organic farming, 

and therefore manure use, may also increase.  From 2006 data analyzed by MacDonald 

and others (37), the most commonly used manures as agricultural soil amendments are 

dairy cattle, beef cattle, swine, and poultry, respectively.  Excrement from other animals, 

such as horse and sheep, are also useable but are less frequently applied.  

Manure-borne Pathogens 

The most common manure-borne pathogens include Salmonella spp., E. coli, 

Campylobacter spp., Yersinia enterocolitica, Listeria monocytogenes, Cryptosporidium 

parvum, and Giardia (42).  The ability of pathogens in manure to contaminate produce 

in the field has been documented with varying results.  Islam and others (33) 

demonstrated the ability of leaf lettuce and parsley to become contaminated with E. coli 

from inoculated manure, and persist for 77 and 177 days, respectively.  Furthermore, an 

experiment conducted by Solomon and others (52) showed that pathogens may be 

internalized by lettuce when grown in inoculated manure and irrigation water.  

Conversely, Johannessen and others (34) reported sporadic contamination of lettuce 

when grown in inoculated manure.  Ingham and others (31) reported contamination of 

carrots, radishes, and lettuce with indigenous E. coli when non-composted manure was 

applied, persisting for a minimum of 69, 56, and 46 days, respectively.  Animal-borne 

isolates of E. coli O157 survive for a shorter period of time than human isolates under 

similar conditions in soil and manure, which stresses the importance of considering the 

origin of pathogens in a food system (18). 

While manure may be used in its raw state, there are several treatment methods 

that may reduce the presence of pathogens.  Manure treatments may be categorized 

into two methods, passive or active.  Passive treatments utilize time and environmental 
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factors such as temperature, UV radiation, and moisture to kill indigenous bacteria in 

the manure.  Active treatments include methods such as pasteurization, heat drying, 

alkali stabilization, anaerobic or aerobic digestion, or a combination of these.  In the 

case of raw manure application, it is suggested that the manure be incorporated into the 

soil prior to the growing season.  Those that use treated manure are also suggested to 

follow these protocols, along with additional practices to limit the possibility of 

recontamination or regrowth of pathogens (15).  With or without the use of treatments, 

pathogens may persist in manure. 

Pathogen persistence in manure 

There are many factors to consider when discussing pathogen persistence in 

manure.  When manure is applied to the field, these factors form a complex relationship 

that hinders the ability to determine an individual pathogen’s persistence.  Studies have 

been conducted to understand various factors’ impact on pathogen persistence.  Many 

studies have been conducted in a controlled laboratory setting, but others have been 

conducted in the field.   

There are many types of soil which commonly vary based on geographical 

location.  The types of soil are classified based on the ratio of sand:clay:silt.  For 

instance, a 90% ratio or greater of sand and 10% ratio or less of clay constitutes sand, 

while a shift to 85%-70% sand and 10%-15% clay constitutes loamy sand.  Minor 

changes in soil composition may change the ability of the soil to retain moisture and 

nutrients and subsequently the classification (47). 

 The texture, nutrient content, and moisture of soil to which the manure is applied 

may favor specific pathogens.  Cools and others (10) demonstrated that E. coli 

persistence was significantly greater in sandy soil than loamy sand at both 5ºC and 
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25ºC when inoculated manure was applied.  However, Enterococcus spp. persisted 

significantly longer in loamy sand than sandy soil at 25ºC.  Furthermore, Ingham and 

others (31) determined that there was no significant difference in time from manure 

application to the need for enrichment analysis for indigenous E. coli in loamy sand, silt 

loam, and silty clay loam soils.  Nicholson and others (39) conducted an experiment that 

showed Salmonella spp., Listeria monocytogenes, Campylobacter jejuni, and E. coli 

O157 all persist longer in clay loam grassland soils than in sandy arable soils, though 

meteorological conditions may have influenced this field study.  Franz and others (20) 

observed a difference in the initial decline of inoculated E. coli O157:H7 in sandy and 

loamy soil, but saw no difference in the persistence of the pathogen over time.  The type 

of soil should be considered when studying any pathogen persistence in manure 

applied to the field, since a different preference for soil conditions may exist for various 

pathogens.  

The species of animal from which the manure is collected may impact the 

survival of pathogens.  Also, indigenous pathogens may vary by animal.  For instance, 

chickens do not naturally shed E. coli O157:H7 in their feces (9, 14, 28).  In the 

Nicholson and others (39) study, E. coli O157, Salmonella spp., Campylobacter jejuni, 

and Listeria monocytogenes persisted for almost nine months when inoculated into 

dairy cattle manure and applied to land, as opposed to approximately one month or less 

in sheep, pig, beef cattle, and chicken manures.  Hutchison and others (30) stated that 

the age of the animal is also a factor.  They reported a higher prevalence of E. coli 

O157:H7 and Campylobacter jejuni in manure from calves, piglets, and lambs as 

opposed to mature animals.  However, they found this only applied to young animals 
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who were weaned.  This study also showed a difference in the pathogens present in 

feces based on the animals’ diet.  Furthermore, Franz and others (19) reported that high 

quality manure and fertilizer, such as pure manure and compost, resulted in a 

decreased persistence of E. coli O157:H7, as opposed to low quality sources like 

slurries or artificial fertilizers.  These findings clearly show the importance of the animal 

in the indigenous populations of bacteria and pathogen persistence in manure. 

While the source of manure can affect the persistence of pathogens, the use of 

composting methods and other treatments also play a role.  Nicholson and others (39) 

indicated that E. coli O157, Salmonella spp., and Campylobacter jejuni survived for 

three months in stored slurries, while Listeria monocytogenes persisted for up to six 

months in the same conditions.  Fremaux and others (21) reported similar findings for E. 

coli O26, a different strain of shiga-toxin producing E. coli.  Kudva and others (36) found 

that non-aerated pig manure supported the persistence of E. coli O157:H7 for over one 

year, while the same manure, when aerated, supported persistence for only four 

months.  From this research it is understood that the methods of composting, if any are 

used, impact the ability of pathogens to persist in manure.   

Competitive inhibition is a common theme in pathogen persistence that applies to 

many areas of study, including manure.  Kim and others (35) observed the role of 

competitive inhibition in E. coli O157:H7 survival and regrowth in manure by autoclaving 

samples of manure and comparing the growth of the pathogen.  Non-autoclaved 

manure showed no growth, and autoclaved manure saw a 4.4-5.0 log CFU/g increase 

of the pathogen in the same conditions after inoculation.  Also, the application rate of 

the manure and subsequent concentration of pathogens may factor into the ability of 
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pathogens to persist.  Zhai and others (61) and Crane and others (12) observed no 

relationship between application rates of manure and survival of fecal coliforms in 

poultry manure.  Gessel and others (23) tested the effect of the application rate of liquid 

pig manure on pathogen persistence.  They found no correlation between application 

rate and S. Anatum, but suggested a potential positive correlation to enteric viruses.  

There are many field conditions that can impact the survival of pathogens.  The 

season and subsequent temperatures and meteorological events are uncontrollable 

factors that can affect the pathogen persistence in manure.  Sinton and others (48) 

observed that E. coli maintained populations of 103 to 104 CFU/g in spring, summer, and 

fall in fresh cow manure.  However, S. enterica only reached these concentrations in 

summer and fall.  Campylobacter jejuni’s maximum population at the end of the study 

was in winter, reaching 102 CFU/g.  Furthermore, this study showed that water content 

of the manure was the defining factor related to growth of pathogens, and that rainfall 

events added moisture to desiccating manure.  In the study conducted by Gessel and 

others (23), they cited an unusually fast decline of S. Anatum in liquid pig manure.  They 

hypothesized that the lack of rain during the study resulted in dry conditions that were 

not conducive to Salmonella survival.  Cools and others (10) also tested the effect of 

temperature on pathogen persistence in various soils, and found that 5ºC resulted in 

greater persistence than 25ºC for E. coli and Enterococcus spp., regardless of soil type.  

Franz and others (20) reported no difference in the persistence of E. coli O157:H7 

under conventional or organic field management practices. 

Regulations 

Currently the regulations regarding manure use as a soil amendment are limited.  

In 1998, the FDA released a guide entitled Guidance for Industry: Guide to Minimize 
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Microbial Food Safety Hazards in Fresh Fruits and Vegetables (15).  This guide 

includes aspects of hygienic and sanitary practices in the field, such as worker hygiene, 

equipment and facility sanitation, water quality, animal proximity to the field, and manure 

use as soil amendments.  According to this document, farmers should maximize the 

time between manure application to the field and planting, but no specific amount of 

time is given.  These practices are commonly referred to as good agricultural practices 

(GAPs).  The National Organic Program (NOP), however, dictated a time frame for 

manure application in 2000.  As stated in the Code of Federal Regulations (CFR), when 

using raw manure, the time between manure application and harvest of a plant that has 

edible portions in contact with the soil must be no fewer than 120 days.  This timeframe 

is reduced to 90 days for plants that have edible portions that do not come into contact 

with the soil (57).  At this time, GAPs were not a mandatory regulation and the rules 

dictated by the NOP only applied to farmers who were labeled organic. 

 In 2011, FSMA changed the regulations of field conditions for fresh produce.  

The Produce Safety Rule, included under FSMA, applied a time interval for all farmers 

intending to use raw manure on their fields.  In the previously proposed rule 

§ 112.56(a)(1)(i), farmers must wait for nine months between manure application to 

harvesting when the edible portion of the crop comes into contact with the soil.  This 

rule would not be applied to crops that do not have an edible portion in contact with soil.  

For organic producers, the NOP regulations would run concurrently to the FSMA 

regulations (16).  Recently, however, the FDA opted to change this rule to follow the 

current NOP regulations until additional research in this area was made available (17). 

The final Produce Safety Rule is scheduled for release on October 31st, 2015. 
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Analysis of Current Research 

As previously outlined, there are many complex factors to consider when 

reducing the microbiological hazards posed by the use of raw and composted manures.  

When proposing a time interval between manure application and harvesting, these 

factors must be considered.  A study by Ingham and others (31) has challenged the 

NOP interval of 120 days.  Their research suggests that a 100 day interval would not 

greatly increase the risk that the 120 day interval reduces for produce grown in 

Wisconsin.  They further explained that the greatest reduction in pathogenic 

microorganisms noted in this experiment occur prior to this period.  More recently, 

Pagadala and others (43) analyzed the presence of generic and enterotoxigenic E. coli 

and Salmonella spp. on farms in the mid-Atlantic region.  Collecting samples of 

tomatoes, soil, compost, irrigation water, and other locations ensured a thorough 

observation of E. coli and Salmonella spp. in real farm practices.  While the scientists 

were able to detect InvA, stx1 and stx2 genes, they were unable to recover isolates with 

these genes.  Furthermore, a portion of all samples taken contained generic E. coli with 

exception to the compost samples.  

 The relationships between factors that affect pathogen persistence in manure 

when applied to the field increase the need for further research.  The various factors 

mentioned previously, such as the animal the manure is collected from, the season the 

manure is applied, the temperatures and meteorological conditions during the interval, 

the soil type the manure is applied to, indigenous microflora and competitive inhibition, 

and other factors may vary by geographical location.  Further field research must be 

conducted in a variety of locations in order to ascertain a broad understanding of 
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pathogen persistence in all agricultural locations.  Future regulations should be guided 

based on these findings.  

Research Hypothesis and Objectives 

Understanding the persistence of pathogenic microorganisms in manure and 

manure amended soil is a critical factor to preventing foodborne illness.  This is 

especially true for raw produce, which has no kill-step in processing.  The many 

variables that impact pathogen persistence in field conditions are constantly in flux and 

are difficult to reproduce in laboratory conditions.  There has not been sufficient 

research conducted in field settings to reliably state the survival of manure borne 

pathogens. 

The goal of this research was to determine the persistence of indigenous E. coli 

and total coliforms in dairy bovine manure applied to soil and held in both laboratory 

conditions and field conditions in north/central Florida.  The laboratory study will 

examine the effects of temperature on persistence of E. coli and total coliforms in a 

controlled environment.  The field study will give a realistic perspective on the effects of 

meteorological events, soil depth, solar radiation, temperature, soil type, and application 

rate on these coliforms in dairy bovine manure as they occur in north/central Florida.  

While several of these variables are uncontrollable in field studies, they better represent 

the actual conditions in which pathogen persistence may occur in agriculture. 

It is hypothesized that E. coli will survive longer under fall weather conditions after 

heavy application of dairy bovine manure. 

 Specifically, the objectives of this research were to: 
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1. Determine indigenous populations of generic E. coli and total coliforms in dairy 

bovine manure and soils.  Additionally, quantify the nutritive content of the 

manure and soils. 

2. Determine the survival time of manure-borne generic E. coli and total coliforms 

in dairy bovine manure and soil microcosms under heavy application rates in 

laboratory conditions at 30ºC and 20ºC. 

3. Determine the survival time of manure borne generic E. coli and total coliforms 

in dairy bovine manure applied to fields in north/central Florida under light, 

medium, and heavy application rates during the spring and fall seasons. 
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CHAPTER 3 
MATERIALS AND METHODS 

Presence of Indigenous E. coli and Total Coliforms in Dairy Bovine Manure and 
Soil 

E. coli and total coliform populations were determined using standard plate count 

methods.  Three random samples of three types of dairy bovine manure weighing 

approximately 1 kg were collected using a sanitized shovel from Shenandoah Dairy 

(Live Oak, FL).  Pre-screened manure, post-screened manure, and manure from a 

drying pile samples were collected.  Similarly, three random soil samples were collected 

using a sanitized shovel, weighing approximately 1 kg each, from the fields intended for 

the field trials at the North Florida Research and Education Center in Live Oak, FL and 

the Plant Science Research and Education Unit in Citra, FL before manure was applied.  

Three samples from each site were composited.  A 10 g sample was taken from the 

composite samples and added to 90 mL of phosphate buffered saline (PBS) (Thermo 

Fisher Scientific Inc, Pittsburg, PA) in a filtered Stomacher® bag and macerated in a 

Smasher Lab BlenderTM (Microbiology International, Frederick, MD) for 30 s.  From the 

Stomacher® bag, serial dilutions were performed using PBS and spread plated on ECC 

CHROMagarTM (CHROMagar Microbiology, Paris, France) in 1 mL and 0.1 mL aliquots 

to obtain appropriate serial dilutions.  ECC CHROMagarTM was incubated at 30ºC for 24 

h.  When the population of E. coli was below the limit of detection, (i.e., no growth on 

the plate) samples were enriched.  These samples were prepared by the addition of 10 

g of soil in 90 ml lactose broth and macerated in a Smasher Lab BlenderTM for 30 s.  

These bags were incubated at 37ºC for 24 h.  After 24 h, all bags were transferred to 9 

mL of EC broth with Durham tubes in 1 mL aliquots and incubated at 42ºC for 24 h.  

After 24 h, all EC tubes were plated on L-EMB agar to confirm E. coli, and the presence 
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of gas was noted.  The L-EMB plates were incubated at 37ºC for 24 h and the growth of 

metallic green colonies was noted as a positive enrichment.  All other growth was 

recorded as negative for E. coli. 

Soil and Manure Nutrient Analyses 

In order to determine the nutrient content of the soil, soil samples were taken and 

submitted to the Extension Soil Testing Laboratory at the University of Florida for 

standard soil fertility tests.  Soil was collected from the North Florida Research and 

Education Center in Live Oak, FL and the Plant Science Research and Education Unit 

in Citra, FL.  These locations will be referred to as “Live Oak” and “Citra” for the 

remainder of this thesis (Figure 3-2).  The samples sent for analysis were taken from 

the aforementioned soil samples collected for indigenous E. coli testing in 50 g aliquots. 

In order to determine the nutrient content of the manure, manure samples were 

taken from the Shenandoah Dairy in Live Oak, FL.  The previously mentioned manure 

samples were also submitted to the Extension Soil Testing Laboratory at the University 

of Florida for standard manure nutrient tests. 

Meteorological Monitoring and Action Levels 

Meteorological parameters were monitored for each field location using the 

Florida Automated Weather Network (FAWN).  The weather stations monitored soil 

temperature, air temperature, relative humidity, rainfall, average solar radiation, and 

wind speed and direction for the entirety of the field trials.  Averages, minimums, and 

maximums for the previously mentioned parameters were documented in the event of 

rainfall, in addition to the date and day of the field trial.  In the event of two inches of 

rainfall in a 48 h period, an additional sampling day was executed within seven days, 

barring extenuating circumstances or a scheduled sampling day within seven days.  
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PCR and Gel Electrophoresis protocols  

Polymerase Chain Reaction (PCR) procedures were utilized throughout these 

experiments under varying circumstances, but the protocols remained constant.  All 

PCR reactions were conducted using an Eppendorf™ Mastercycler™ Gradient thermal 

cycler (Eppendorf, Hauppauge, NY).  DNA samples were extracted using a MO BIO 

PowerSoil extraction kit (MO BIO, Plainview, NY).  The Master Mix was prepared using 

25 uL AmpliTaq Gold® Fast PCR Master Mix (Applied Biosystems, Foster City, CA), 21 

uL distilled water, 1 uL each of forward and reverse primers (Table 3-1), and 2 uL of the 

DNA extract per reaction.  These volumes were pipetted into 96-well iCycler iQ® PCR 

Plates (BIO RAD Laboratories Inc., Hercules, CA).  The PCR conditions were standard, 

with an annealing temperature of 53ºC (Table 3-2). 

After the PCR product was formed, samples were run on a 1% agarose gel, 

consisting of 100 mL of TAE Electrophoresis Buffer (Fermentas Life Sciences, 

Lithuania), 1 g agarose (Thermo Fisher Scientific Inc., Pittsburg, PA), and 2 uL ethidium 

bromide (Alfa Aesar, Ward Hill, MA).  Each gel was run with a 1 kb DNA ladder (BIO 

RAD Laboratories Inc., Hercules, CA), one positive control of E. coli K12, and one 

negative control of Salmonella spp.  The first gel using these primers was also run with 

a water blank negative control.  The gels were run at 80 v for 45 min in an HE-PLUS 

electrophoresis system (Hoefer Inc., Holliston, MA) using TAE buffer and analyzed on a 

Gel Doc EZ imager (BIO RAD Laboratories Inc., Hercules, CA).   

Soil and Manure Microcosm Preparations and Sampling 

In order to analyze the survival of E. coli and total coliforms under laboratory 

conditions, 12 microcosms of soil and manure were prepared.  Six microcosms were 

prepared using soil collected from Live Oak using a sanitized shovel, and six 
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microcosms were prepared using soil collected from Citra similarly.  Three microcosms 

from each location were stored in an incubator at 20ºC, the remaining three were stored 

at 30ºC.  Samples were collected on days 0, 3, 5, 7, 10, 15, 30, and every 30 days 

thereafter, until extinction.   

To prepare the microcosms, manure was added to the soil in 250 g manure: 

600 g of soil ratio, imitating a heavy application rate of 224.2 kg N/ha in a space of 6.5 

cm at 17.8 cm depth.  This rate mimics the depth of incorporation that the rototillers 

used in the field trials would provide.  The soil and manure was added to 25.4 cm x 35.6 

cm sterile sampling bags (Thermo Fisher Scientific, Pittsburg, PA) and manually mixed 

for 1.5 min.  

During each sampling event, 10 g of mixture was weighed from the microcosms 

and diluted in 90 mL PBS and stomached for 30 s, as previously described.  Serial 

dilutions were prepared using 1 mL soil and PBS mixture into 9 mL of PBS, and 1 mL 

and 0.1 mL aliquots were pipetted on ECC CHROMagarTM plates.  The plates were 

incubated at 30ºC for 24 h and subsequently counted.  As the plate counts decreased, 

the dilutions decreased respectively.  Once E. coli was no longer countable, the 

samples were enriched at the subsequent sampling times.  Ten g of mixture was diluted 

in 90 mL lactose broth and stomached for 30 s.  After incubation at 37ºC for 24 h, a 

1 mL aliquot was transferred to 9 mL of EC broth with Durham tubes and incubated for 

24 h at 42ºC.  The presence of gas and/or cloudiness was noted.  The broth was then 

streaked onto L-EMB and incubated at 37ºC for 24 h and the growth of metallic green 

colonies was considered a positive enrichment; any other growth was considered a 

negative enrichment.  After all microcosms held at the same temperature enriched 
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negative in two consecutive sampling events, DNA was extracted from the microcosms 

using the MO BIO PowerSoil extraction kit.  The subsequent DNA samples were 

analyzed using PCR and gel electrophoresis protocols described previously.  The 

absence of bands after gel electrophoresis indicated a true negative sample, at which 

time the trial was considered completed.  When all enrichments from the same 

temperature were negative in two consecutive sampling events and the PCR was also 

negative, the trial was considered complete. 

Field Trial Preparations and Sampling 

Fields were prepared in Live Oak and Citra during two seasons.  The spring trial 

was prepared in May 2014 at both locations and consisted of one 15.2 m x 45.7 m block 

per location.  The summer/fall trial was prepared in August 2014 at both locations with 

one block per location, identical to those of the spring trial.  These blocks consisted of 

four rows of 3.1 m x 9.1 m plots in three replications, totaling 12 plots with 3.1 m walking 

spaces between them (Figure 3-1).  The locations of the fields were within North and 

Central Florida, respectively (Figure 3-2). 

Each plot was delineated with wooden stakes and twine.  Post-screening manure 

was collected from the dairy farm previously mentioned and applied to the soil at three 

rates, defined as heavy, medium and light.  The application rates were identical in both 

locations, during both seasons, and were determined by the nutrient content of the 

manure and soil.  The agronomic rate of application for tomato crops, henceforth termed 

as medium, was 112.1 kg N/ha.  Light and heavy applications were 56.0 kg N/ha and 

224.2 kg N/ha, respectively.  This translated to 50.4 Mg manure/ha, 100.9 Mg manure/ 

ha, and 201.8 Mg manure/ha for light, medium, and heavy applications, respectively.  

The manure application methods used varied by location.  In Live Oak, the manure was 
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applied by filling and weighing 18.9 L buckets with manure and spreading it uniformly 

across each plot via dumping of the buckets and raking until the proper application rate 

was achieved.  A 1.5 m Maletti rototiller (Kverneland Group Modena S.p.A, Modena, 

Italy) was then used to amend the manure into the soil at a depth of approximately 18.0 

cm, moving from light application to medium and lastly heavy, in order to minimize 

contamination between plots.  In Citra, the manure was weighed in five gallon buckets, 

similarly to Live Oak, but was then dumped into a John Deere front loader model no. 

426 (Deere & Co., Moline, IL) to spread into each plot.  The manure was spread 

beginning with the light application rate, followed by medium and heavy to prevent 

contamination.  The manure was further spread uniformly throughout each plot using 

rakes.  A 1.8 m Maletti rototiller (Kverneland Group Modena S.p.A, Modena, Italy) 

amended the manure into the soil at a depth of approximately 18.0 cm, moving from the 

light application plots into the medium, then lastly heavy, to prevent contamination.  

These blocks were treated with Round Up® (Monsanto, St. Louis, MO) herbicide as 

needed throughout both trials, in both locations. 

Once the manure was applied the fields were sampled.  Sampling occurred on 

days 0, 1, 3, 7, 14, 28, 56, 84, and every four weeks thereafter until all samples taken 

were negative after enrichments and confirmed negative via PCR for two consecutive 

sampling periods.  Additional sampling events were scheduled within seven days of a 

heavy rainfall event (5.1 cm or more in 48 h), barring extenuating circumstances.  Soil 

samples were collected from each plot and consisted of three surface samples and 

three 25.4 cm core samples collected at random and compiled respective of plot and 

soil location (i.e., surface or core).  Surface samples were collected using sterile 
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specimen containers (Thermo Fisher Scientific Inc., Pittsburg, PA) that were dragged 

across the surface of the plot for approximately 10.2 cm and deposited in a labeled 17.8 

cm x 30.5 cm sampling bag (Thermo Fisher Scientific Inc., Pittsburg, PA).  One 

specimen container was used per plot.  Core samples were collected using a Model HC 

45.7 cm Soil Sampler (Spectrum Technologies Inc., Aurora, IL), driven 25.4 cm into the 

soil and deposited in a labeled 17.8 cm x 30.5 cm sampling bag using a sterile tongue 

depressor.  The soil sampler was sanitized between each plot by first rinsing in a 18.9 L 

bucket of water, then placed in a 18.9 L bucket of diluted peroxyacetic acid (PAA) at a 

concentration of 80-90 ppm, as determined by a Peracetic Acid Kit (LaMotte Company, 

Chestertown, MA), and lastly dried using paper towels.  Gloves were refreshed between 

application rates and booties were refreshed between each plot.  At the time of 

sampling the moisture of each plot was determined using a TDR 100 soil moisture 

meter (Spectrum Technologies, Pomona Park, FL).  The moisture was averaged from 

three readings taken at random within each plot.  All sampling procedures were 

conducted beginning with control plots one, two, and three, respectively, followed by 

application rates light, medium, and lastly heavily, similarly, to prevent cross 

contamination.  Samples were transported to the laboratory and processed within 24 h.  

Processing procedures were identical to those outlined previously, including plating 

methods, enrichment methods, and PCR technique.  Once all samples from one field 

location were enriched negatively for two consecutive sampling periods and confirmed 

negative with PCR, that field trial was considered complete. 

Statistical Analyses 

 The statistical analysis software SAS 9.4 (SAS Institute Inc., Cary, NC) was 

utilized to analyze the data collected from the aforementioned experiments.  Tukey-
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Kramer least square means, Tukey least square means, multivariate ANOVA, student 

T-tests, and Tukey-Kramer multiple comparisons methods were used in the program in 

order to determine the significance of E. coli population persistence across countable 

and uncountable variables.  The initial rates of decay for the microcosms were 

determined by plotting the best fit linear model of the first 90 days of the experiment, 

due to the increased significance of that time frame.  The initial rates of decay for the 

field trials were determined by plotting the best fit linear model of the first 112 days of 

the experiment, due to this time frame being the common time frame between all trials 

and locations.  For comparison of the microcosm initial decay rates to the field initial 

decay rates, the time frame plotted for the field trials was changed to day 84, in order to 

minimize the difference between microcosm and field trial time points for a more 

accurate comparison.  Analysis of covariance (ANCOVA) was utilized to determine 

significance between initial death rates.  The level of confidence for all statistical 

analyses in this project is α=0.05.  



 

34 

 

Table 3-1. Primers (38) utilized for PCR protocols for presence/absence test of E. coli in 
soil and manure samples (Integrated DNA Technologies, Coralville, IA). 

Primer Sequence(5’-3’) Tm Band 
mw 

(kDa) 

UAL1939b ATG GAA TTT CGC CGA TTT TGC 54.7ºC 
140 

UAL2105b ATT GTT TGC CTC CCT GCT GC 58.8ºC 

 
 
Table 3-2. PCR conditions utilized for all PCR conducted over the course of this project. 
 

Temperature Time Cycles 

95ºC 1 m 1 
95ºC 15 s 

30 53ºC 15 s 
72ºC 30 s 
72ºC 7 m 1 

 

Heavy 

(3.1m x 

9.1m) 

3.1 m 

Medium 

3.1 m 

Light 

3.1 m 

Control 

Walking space (3.1 m x 45.7 m) 

Heavy  Medium  Light  Control 

Walking space (3.1 m X 45.7 m) 

Heavy  Medium  Light  Control 

Figure 3-1. Diagram of field layout with manure application rates, not to scale. 
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Figure 3-2. A map of Florida indicating the Live Oak field site (9) and the Citra field site 

(12) (11).  
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CHAPTER 4 
RESULTS 

Presence of Indigenous E. coli and Total Coliforms in Dairy Bovine Manure and 
Soil 

 The presence and concentration of indigenous E. coli (log10 CFU/g soil) and total 

coliforms in dairy bovine manure and the soil of both field locations were determined.  

Triplicate samples (n=3) of three varieties of dairy bovine manure were composited, 

respectively, and plated to determine the population density of indigenous E. coli (log10 

CFU/g soil) in those manures.  The manure types varied by processing step, i.e., before 

screening, after screening, and drying pile manures from the same dairy operation. 

Manure collected before screening had the highest density of E. coli, 6.20 log10 CFU/g 

manure, while the drying pile manure had the lowest density, 2.40 log10 CFU/g manure.  

The soil of both locations, however, was devoid of indigenous E. coli.  The manure 

collected after screening, containing an E. coli population density of approximately 4.41 

log10 CFU/g, was utilized for the following experiments due to feasibility of collection and 

application, and microbial load (Table 4-1).  Additionally, a soil texture analysis was 

performed to determine the ratio of sand, silt, and clay in the Live Oak and Citra soils 

(Table 4-2).  There was no significant difference between soil locations. 

Laboratory Condition Microcosm Studies 

 The microcosm experiments allowed for a more controlled experiment than the 

field, limiting the number of extrinsic factors.  The sampling day was the most significant 

factor contributing to E. coli population density, followed by the combined effects of 

temperature and day (P-value <0.0001).  The effect of temperature was nearly as 

significant to that of the combined effects of temperature and day (P-value =0.0015).  

The location of the soil collected for the microcosms was significant on one occasion, as 
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was the effect of temperature and location (P-value <0.05).  However, neither the 

combined effect of temperature and location nor the combined effect of temperature, 

location, and day were significant (P-value ≥0.05).  At the beginning of both temperature 

trials, there was no significant difference in E. coli population density at day 0, although 

significant differences were observed later in the trial (Table 4-3). 

Microcosms Held at 30ºC 

 All microcosms held at 30ºC were completed on day 240 (Table 4-3).  The 

microcosms held at 30ºC had statistically similar population densities of E. coli as those 

held at 20ºC, initially.  However, after day 15 the 30ºC microcosms consisting of Live 

Oak soil were no longer comparable to their 20ºC counterparts.  This discrepancy was 

seen in the Citra soil microcosms at day 30.  At these sampling days the 30ºC 

microcosms contained E. coli population densities similar to those recovered several 

months later in the 20ºC microcosms.  With locational differences excluded, the 30ºC 

microcosms decreased in E. coli population density significantly throughout the course 

of the experiment (P-value <0.05).  When considering soil location, Citra soil 

microcosms initially increased significantly between days zero and three, followed by a 

plateau on days three, five, and seven.  The initial population density decrease, from 

day zero through 90, occurred at a rate of 0.05 log10 CFU/ day (r2=0.88), followed by an 

insignificant decline between days 90 and 180, at which time the E. coli was 

recoverable solely by enrichment.  Days 210 and 240 produced consecutive negative 

results, indicating the extinction of E. coli in the microcosms.  The Live Oak soil 

microcosms saw a similar trend, increasing significantly from days zero to three, 

followed by a plateau from day three to seven.  Day 10 decreased significantly from day 

seven and the decrease in E. coli population density continued significantly until day 90.  
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The initial rate of decay, from day zero to day 90, occurred at a rate of 0.05 log10 CFU/ 

day (r2=0.87).  After which E. coli were recoverable only by enrichment until all samples 

were negative for E. coli at day 210.  Days 210 and 240 were both negative for E. coli, 

indicating the completion of the microcosms.  Upon conclusion of the experiment, it was 

determined that the Live Oak microcosms had a significantly higher E. coli population 

density, on average, than the Citra microcosms at 30ºC.  Moisture and pH did not 

correlate with E. coli population density (Figure 4-1, 4-2).   

 
Microcosms Held at 20ºC 

 No microcosms held at 20ºC were completed, the experiment concluding on day 

420.  These microcosms had a significantly higher E. coli population density, on 

average, than that of the 30ºC microcosms (P-value <0.05).  As previously described, 

the 20ºC Live Oak and Citra soil microcosms were, on average, higher in E. coli 

population density than their 30ºC counterparts after days 10 and 15, respectively.  With 

locational differences excluded, the 20ºC microcosms decreased in E. coli population 

density significantly from day zero to day 270, after which the decrease was not 

significant (P-value <0.05).  When considering soil location, Live Oak soil microcosms 

increased significantly from day zero to day three, followed by a plateau on day five.  

The decrease between days five and seven was not significant, although the decrease 

at day seven was significant compared to day three.  This step-wise decline continued 

similarly until day 90 at a rate of 0.03 log10 CFU/day (r2=0.53), after which the E. coli 

population increased significantly from day 90 to day 120.  An insignificant decrease 

occurred from day 120 to 180, and day 180 to 420.  Days 210 through 420 were 

dominated by enrichment procedures, the latter of which resulted in all negative 
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samples.  The Citra soil microcosms saw a similar trend, increasing significantly from 

day zero to day three.  A plateau occurred between days three through seven, followed 

by a decrease on day 10 that was significant to day five, but not to day seven.  The 

initial decrease in E. coli population density occurred from day zero to day 90 at a rate 

of 0.03 log10 CFU/day (r2=0.80), continuing until day 120, after which an insignificant 

increase in E. coli population density occurred between day 120 and 150.  From day 

150 to 270, significant decreases occurred every two to three sampling periods, at 

which time E. coli was only recoverable by enrichment until day 420, when all samples 

were negative for E. coli (Table 4-3).  Upon conclusion of the experiment, it was 

determined that the Live Oak and Citra microcosms held at 20ºC were not significantly 

different in average E. coli population density, and similar levels of E. coli  as the Citra 

microcosms at 30ºC. 

Field Trial Studies 

The field trial studies allowed for a realistic view of E. coli population density 

persistence, and many variables were monitored.  The most significant factor affecting 

E. coli population density was sampling day followed by the sample type and application 

rate, which were similarly significant (P-value <0.0001).  When averaged across 

locations and trials, the heavy application rate had the highest E. coli population density, 

significantly, followed by medium and light rates, respectively, as was expected.  The 

surface soil samples were significantly higher in E. coli population density than their 

core counterparts.  The combined effects of trial by day, location by day, and trial by 

location by day were all similarly significant (P-value <0.0001).  Trial and location alone 

were also significant contributors to E. coli population density (P-value <0.05), as was 

their combined effects, the latter of which was more significant (P-value =0.0017).  The 
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combined effects of treatment and type were not significant, nor were: trial and 

treatment, location and treatment, trial and type, location and type, or any other 

combination not yet mentioned (P-value ≥0.05).  Neither pH nor moisture level 

correlated significantly with E. coli population density (Figures 4-3, 4-4, 4-5, 4-6, 4-7,  

4-8, 4-9, 4-10). 

There was a significant difference in multiple weather and temperature parameters 

between the seasonal trials.  The average air temperature (ºC), including average 

minimum and maximum temperatures, were significantly different between fall and 

summer seasons by location (P-value <0.05) (Table 4-4).  Additionally, the average soil 

temperature (ºC), including average minimum and maximum temperatures, were also 

significantly different by location (P-value <0.05) (Table 4-5).  Upon monitoring the 

relative humidity (pct), average total rainfall (cm), and solar radiation (w/m^2) during 

both trials, only solar radiation was significantly different by location (P-value <0.05) 

(Table 4-6). 

In order to compare the rate of decay between seasons and trials, the rate for each 

location was determined using the greatest common sampling day as the final plot 

point, day 112.  During trial one, in Live Oak, the rates of decay for E. coli population 

density in surface samples were 0.02 log10 CFU/day (r2=0.53), 0.02 log10 CFU/day 

(r2=0.68), and 0.03 log10 CFU/day (r2=0.65) for light, medium, and heavy application 

rates, respectively.  The rates of decay for the corresponding core samples were 0.02 

log10 CFU/day (r2=0.54), 0.02 log10 CFU/day (r2=0.69), 0.03 log10 CFU/day (r2=0.66), 

respectively.  During trial one, in Citra, the rates of decay for E. coli population density in 

surface samples were 0.03 log10 CFU/day (r2=0.74), 0.03 log10 CFU/day (r2=0.84), and 
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0.04 log10 CFU/day (r2=0.79) for light, medium, and heavy application rates, 

respectively.  The rates of decay for the corresponding core samples were 0.03 log10 

CFU/day (r2=0.53), 0.03 log10 CFU/day (r2=0.62), and 0.03 log10 CFU/day (r2=0.55), 

respectively.  During trial two, in Live Oak, the rates of decay for E. coli population 

density in surface samples were 0.04 log10 CFU/day (r2=0.68), 0.04 log10 CFU/day 

(r2=0.77), and 0.04 log10 CFU/day (r2=0.68) for light, medium, and heavy application 

rates, respectively.  The rates of decay for the corresponding core samples were 0.03 

log10 CFU/day (r2=0.71), 0.04 log10 CFU/day (r2=0.74), and 0.04 log10 CFU/day 

(r2=0.75), respectively.  During trial two, in Citra, the rates of decay for E. coli population 

density in surface samples were 0.04 log10 CFU/day (r2=0.71), 0.03 log10 CFU/day 

(r2=0.77), and 0.04 log10 CFU/day (r2=0.70) for light, medium, and heavy application 

rates, respectively.  The rates of decay for the corresponding core samples were 0.03 

log10 CFU/day (r2=0.67), 0.03 log10 CFU/day (r2=0.78), 0.04 log10 CFU/day (r2=0.73), 

respectively.   

 
Field Trial One, Summer Season 

Observing only the effect of trial season, the decrease in E. coli population 

density during the summer season was significant from day zero to day 28, after which 

the decrease was not significant until the conclusion of the trial on days 127 and 140.  

Within trial one, there was no significant difference between the average E. coli 

population density of the Live Oak field trial and the Citra field trial. 

Over the course of trial one (summer season) several temperature parameters 

were significantly different between the Live Oak and Citra field locations.  The average 

minimum air temperature (ºC) was statistically different between locations (P-value 
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<0.05), 20.7 ºC in Live Oak and 18.8 ºC in Citra, although average temperature and 

average maximum temperatures were not (Table 4-4).  Similarly, the average minimum 

soil temperature (ºC) was statistically different between locations (P-value <0.05), 27.1 

ºC in Live Oak and 24.3 ºC in Citra, while the average temperature and average 

maximum soil temperatures were not (Table 4-5).  Between Live Oak and Citra during 

trial one, there were no significant differences in relative humidity (pct), total rainfall 

(cm), and solar radiation (w/m^2) (Table 4-6). 

The light application rate surface samples in Live Oak decreased insignificantly 

from day zero to one, significantly from day one to three, insignificantly from days three 

to seven, significantly from day seven to 14, and this pattern continues until day 56, 

when all light application rate surface samples were negative for E. coli.  The medium 

application rate surface samples follow a similar progression, decreasing insignificantly 

from day zero to day three and significantly from day three to seven.  On day 14, the 

samples increased significantly in E. coli population density from day seven, containing 

a statistically similar level of E. coli as day three.  Following this spike was a significant 

decrease on day 28, followed by negative enrichments from day 56 to 127.  The heavy 

surface samples differed from the others in that they increased, although insignificantly, 

from day zero to day one, followed by an insignificant decrease on day three.  A 

significant decrease occurred from day 14 to day 56, which was characterized by 

negative enrichments that continued to day 127.  When observing all surface samples 

across application rates, they were not statistically different from each other on days 

zero and one.  However, on day three, heavy surface samples were significantly higher 

in E. coli than the light and medium surface samples, which were not statistically 
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different.  This trend continued on day seven, but changed on day fourteen, where the 

medium and heavy application rates were significantly higher than the light.  Through 

days 28 to 127 all application rates were not significantly different (Table 4-7).  The rate 

of decay for E. coli population density from day zero until the earliest common day of 

extinction, day 84, was 0.03 log10 CFU/ day (r2=0.58), 0.03 log10 CFU/day (r2=0.73), and 

0.04 log10 CFU per day (r2=0.68), for light, medium, and heavy surface samples, 

respectively. 

The light core samples in Live Oak decreased insignificantly from day zero to day 

three, decreasing significantly from day three to seven, and then maintaining an 

insignificant decrease until day 56, after which all samples were negative.  The medium 

core samples were similarly not significantly different from days zero to three, despite a 

small increase on day one.  A significant decrease occurred from day three to day 

seven, after which there was no significant change until day 28, which decreased 

significantly from day 14 and was characterized by enrichments.  On day 84 all samples 

were negatively enriched until day 127.  The heavy core samples did not follow the 

same trends as the other application rates, in that there was a significant increase from 

day zero to day one, after which there was a significant decrease on day three, bringing 

the E. coli population density back to day zero levels.  A significant decrease occurred 

from day 14 to 28, bringing the population density back to day seven levels.  There was 

an insignificant decrease from day 28 to day 56, after which all samples were enriched 

negative until day 127.  When observing all core samples across application rates, there 

was no significant difference in E. coli population density on day zero.  However, on day 

one, the heavy application rate was significantly higher than the others.  On day three 
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all application rates were statistically similar.  On day seven the medium application rate 

was significantly higher than the light.  On day 14 the heavy application rate was 

significantly higher than the light application rate.  From day 28 to day 127 there was no 

significant difference between application rate core samples (Table 4-8).  The rate of 

decay for E. coli population density from day zero until the earliest common day of 

extinction, day 84, was 0.03 log10 CFU/ day (r2=0.55), 0.03 log10 CFU/day (r2=0.73), and 

0.04 log10 CFU per day (r2=0.68), for light, medium, and heavy core samples, 

respectively. 

During the summer season in Live Oak, when averaging sample type, the heavy 

application rate plots were significantly higher in E. coli population density than the other 

application rates (P-value <0.05).  When averaging application rates, surface samples 

were significantly higher in E. coli population density than the core samples at this 

location (P-value <0.05).  When sample types were averaged, there was a very 

significant difference in E. coli population density from day zero to day 28 in all 

application rates (P-value <0.0001).  On days seven, 14, and 112 one control plot was 

positive for E. coli (Table 4-9).  Upon statistical analysis of all samples, there was no 

significant difference between positively or negatively enriched samples. 

The light surface samples in Citra increased significantly from day zero to day 

one, followed by a significant decrease on day three that brought the E. coli population 

density back to day zero levels.  There was a significant decrease on day 28, bringing 

the population density back to day seven levels.  Another significant decrease occurred 

on day 56, which was characterized by enrichments, and was followed by negative 

enrichments on day 72 until day 140.  The medium surface samples trended similarly, 
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having a significant increase from day zero to day one.  From day seven until day 28 the 

decrease in E. coli population density was insignificant, with day 56 characterized by 

negative enrichments which continued until day 140.  The heavy surface samples also 

underwent a significant increase from day zero to day one.  The following decreases 

were not significant until day 28.  On day 56 there was a significant decrease from day 

28, characterized by enrichments that continued until day 84, after which all heavy 

surface samples were negative (Table 4-10).  When observing all surface samples 

across application rates, there was no significant difference on day zero.  On day one, 

the heavy application E. coli population density was significantly higher than the 

medium rate.  On day three, the heavy application rate was significantly higher than the 

light rate.  On day seven, the light application rate was lower than both the medium and 

heavy rates, which continued into day 14.  On day 28, the medium rate was significantly 

higher than the others.  From day 56 to day 140 there was no difference in E. coli 

population density between application rates (Table 4-9).  The rate of decay for E. coli 

population density from day zero until the earliest common day of extinction, day 112, 

was 0.03 log10 CFU/ day (r2=0.74), 0.03 log10 CFU/day (r2=0.84), and 0.04 log10 CFU 

per day (r2=0.79), for light, medium, and heavy surface samples, respectively. 

The light core samples in Citra increased significantly from day zero to day one, 

followed by a significant decrease on day three.  The significant decrease continued into 

day seven, at which time the E. coli population density was similar to that on day zero. 

Following this decrease, an insignificant increase occurred on day 14.  A significant 

decrease on day 56 brought the samples to negative enrichments.  Day 72 resulted in 

positive enrichments.  From day 84 until day 140 all enrichments were negative.  The 
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medium core samples also increased significantly from day zero to day one, which was 

also followed by a significant decrease on day three.  A significant decrease on day 28 

brought the population density down to day seven levels.  A significant decrease 

occurred on day 56, which was characterized by negative enrichments that continued 

until day 140.  The heavy core samples also increased significantly from day zero to day 

one, however, the decrease on day three was insignificant.  Day seven underwent a 

significant decrease from day three.  An insignificant decreased continued through days 

14 and 56, with day 56 characterized by negative enrichments that continued until day 

140.  When observing core samples across all application rates, both the light and 

medium rates were significantly higher in E. coli population density than the heavy rate 

on day zero.  On day one, however, all application rates were similar.  On day three the 

heavy rate was significantly higher than the light rate, while on day seven both the 

medium and heavy rates were significantly higher than the light.  This trend continued 

on day 14.  On day 28 the medium rate was significantly higher than both light and 

heavy application rates.  From day 56 until day 140 there was no significant difference 

between application rates (Table 4-11).  The rate of decay for E. coli population density 

from day zero until the earliest common day of extinction, day 112, was 0.03 log10 CFU/ 

day (r2=0.53), 0.03 log10 CFU/day (r2=0.62), and 0.03 log10 CFU per day (r2=0.55), for 

light, medium, and heavy core samples, respectively. 

During the summer season in Citra, when averaging sample type, the light 

application rate samples were significantly lower in E. coli population density than the 

other application rates (P-value <0.05).  When averaging all application rates, the 

surface samples were significantly higher in E. coli population density than the core 
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samples (P-value <0.05).  When sample types were averaged, there was a very 

significant difference in E. coli population density across all application types from days 

zero to 28 (P-value <0.0001).  The control plots were not positive for E. coli at any time 

during this trial.  Upon statistical analysis, there was no significant difference between 

samples that were positively or negatively enriched (Table 4-12).  

Field Trial Two, Fall Season 

Observing only the effect of trial season, the decrease in E. coli population 

density during the fall season was significant from day zero to day 55.  After which there 

was a similar step-wise decrease as seen in the 20ºC microcosms, having significant 

decreases every other sampling period until day 140.  After day 140 significant 

decreases in E. coli population density were only observed every two sampling periods 

until the experiment concluded without E. coli extinction on day 280.  Furthermore, the 

E. coli population density was greater, on average, in trial two than trial one (P-value 

<0.05).  During the course of trial two, the average E. coli population density was 

significantly greater in the Live Oak field trial than the Citra field trial.  

Over the course of trial two, fall season, several temperature parameters were 

significantly different between the Live Oak and Citra field locations.  The average air 

temperature (ºC) was statistically different between locations (P-value <0.05), although 

average minimum and maximum temperatures were not (Table 4-4).  Similarly, the 

average soil temperature (ºC) was statistically different between locations (P-value 

<0.05), while the average maximum and minimum soil temperatures were not (Table 4-

5).  Between Live Oak and Citra during trial two, there were no significant differences in 

relative humidity (pct), total rainfall (cm), and solar radiation (w/m^2) (Table 4-6). 
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The light surface samples in Live Oak increased significantly from day zero to 

day one, followed by a significant decrease on day three.  An insignificant increase 

occurred on day seven and day 14, followed by a significant decrease on day 22.  An 

insignificant decrease occurred on day 28 that was characterized by enrichments.  Day 

55 until day 168 were characterized by all negative enrichments, with day 196 seeing a 

return to positive enrichments.  Day 252 resulted in all negative enrichments, but on the 

final sampling day, day 280, there was a reemergence of E. coli in the light plots.  The 

medium surface samples saw an insignificant increase from day zero to day one, 

followed by an insignificant decrease on day three.  The decrease on day seven was 

significant, but was followed by an insignificant increase on day 14.  The decrease on 

day 22 was insignificant.  Day 28 decreased significantly from day 22, with an 

insignificant decrease on day 55 characterized by all negative enrichments.  From day 

55 to day 112 all enrichments were negative, with a return to plate counts on day 140.  

Days 168 and 196 saw an insignificant decrease characterized by a reduction in 

positive enrichments, until days 224 through 280 when all enrichments were negative.  

The heavy surface samples follow a similar trend, with a significant increase from day 

zero to day one, followed by an insignificant decrease on day three.  A significant 

decrease occurred on day seven, but a significant increase returned the E. coli 

population density to day three levels on day 14.  A significant decrease occurred from 

day 28 to 55, the latter of which was characterized by enrichments.  On day 84 all 

enrichments were negative, but a return to positive enrichments occurred from day 112 

to day 224, with all negative enrichments returning on day 252.  However, one heavy 

surface sample enriched positive for E. coli on day 280.  When observing surface 
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samples across all application rates, day zero had similar E. coli population densities.  

Day one saw a heavy application rate that was significantly higher than the medium 

rate.  On day three the light rate was significantly lower than the others, but on day 

seven there was no significant difference between them.  This changed again on day 

14, where the heavy rate was higher than the light.  On day 22 the medium application 

rate was significantly higher than the heavy, which was in turn significantly higher than 

the light.  From day 28 through day 252 there was no significant difference between 

application rates (Table 4-13).  The rate of decay for E. coli population density from day 

zero until the earliest common day of extinction, day 84, was 0.05 log10 CFU/ day 

(r2=0.72), 0.06 log10 CFU/day (r2=0.81), and 0.06 log10 CFU per day (r2=0.75), for light, 

medium, and heavy surface samples, respectively. 

The light core samples in Live Oak increased insignificantly from day zero to day 

one, followed by a significant decrease on days three and seven.  On day 14 there was 

a significant increase that brought the E. coli population density back to day one levels.  

A significant decrease occurred on days 22, 28, and 55, the latter of which was 

characterized by enrichments.  Days 84 through 252 were all negative enrichments, 

followed by a reemergence of E. coli on day 280.  The medium application rate followed 

a similar progression, with an insignificant increase from day zero until day three, after 

which the E. coli population density decreased significantly on day seven.  A significant 

decrease occurred on day 22, which continued into day 28 and 55, both of which were 

characterized by enrichments.  Days 84 through 168 obtained all negative enrichments, 

followed by day 196 which returned to positive enrichments.  The two remaining 

sampling periods were all negative enrichments.  The heavy application rate increased 
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significantly from day zero to day one.  Day three decreased insignificantly, followed by 

a significant decrease on day seven.  The E. coli population density decreased 

significantly on day 28, and was characterized by both plate counts and enrichments.  

Day 55 was characterized by all enrichments, with day 84 obtaining all negative 

enrichments.  While day 112 was also characterized by all negative enrichments, 

positive enrichment results returned on day 140, and returned to negative on day 168.  

Both day 196 and 224 had one positive enrichment result, which returned to negative on 

days 252 and 280.  When observing core samples across all application rates there was 

no significant difference between rates on day zero.  On day one, however, the heavy 

application rate was significantly higher than the others.  On day three this significance 

decreased, where the light rate was significantly lower than both the medium and heavy 

rates, this trend continuing on day seven.  From day 14 onward, all application rates 

were statistically similar by day for E. coli population density (Table 4-14).  The rate of 

decay for E. coli population density from day zero until the earliest common day of 

extinction, day 84, was 0.04 log10 CFU/ day (r2=0.73), 0.05 log10 CFU/day (r2=0.78), and 

0.06 log10 CFU per day (r2=0.79), for light, medium, and heavy core samples, 

respectively. 

During the fall season in Live Oak, when averaging sample type, the light 

application rate samples were significantly lower in E. coli population density than the 

other application rates (P-value <0.05).  When averaging all application rates, the 

surface samples were significantly higher in E. coli population density than the core 

samples (P-value <0.05).  When sample types were averaged, there was a very 

significant difference in E. coli population density across all application types from days 
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zero to 28 (P-value <0.0001).  On days 140 one control plot was positive for E. coli, on 

day 196 two control plots were positive, and on day 280 all control plots were positive.  

Upon statistical analysis, there was no significant difference between samples that were 

positively or negatively enriched (Table 4-15).  

The light surface samples in Citra increased significantly from day zero to day 

one, followed by a small fluctuation of insignificant decreases and increases on days 

three and seven.  The first significant decrease occurred on day 14 and continued into 

day 28.  The E. coli population density increased insignificantly on day 44, and 

decreased insignificantly on day 55.  Day 84 was significantly lower than day 55 and 

was characterized by all negative enrichments.  An insignificant fluctuation occurred 

thereafter, with positive enrichments on days 105, 154, 196, and 224, the remaining 

days consisting of all negative enrichments.  The medium surface samples also 

increased from day zero to day one, but it was not significant.  An insignificant decrease 

and increase occurred on days three and seven, respectively.  The first significant 

decrease was seen on day 14, and continued into day 28.  An insignificant decrease 

occurred through days 44, 55, and 105, the latter two of which were characterized by 

enrichments.  An insignificant increase occurred on days 112 and 140, followed by a 

decrease on day 154.  The E. coli population density increased insignificantly on day 

168 and plateaued on day 196, after which all samples were negative.  The heavy 

application rate samples progressed similarly, beginning with a significant increase from 

day zero to one.  An insignificant increase continued into day three, followed by an 

insignificant decrease on day seven.  The first significant decrease occurred on day 14 

and continued into day 28.  Days 44, 55, and 84 decreased insignificantly, the latter two 
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of which were characterized by enrichments.  Day 105 increased slightly, and then 

decreased through days 112 and 140.  A significant increase occurred on day 196, 

followed by a decrease and plateau on days 224 and 252, respectively.  All surface 

samples were negative for E. coli on day 280.  When observing surface samples across 

all application rates, there was no significant difference in E. coli population density 

between rates on day zero.  On day one the heavy rate was significantly higher than the 

medium rate, and significantly higher than both the light and medium rates on day three.  

From day seven until day 252 there was no significant difference in E. coli population 

density between surface sample application rates, by day (Table 4-16).  The rate of 

decay for E. coli population density from day zero until the final sampling day 280, was 

0.013 log10 CFU/ day (r2=0.50), 0.013 log10 CFU/day (r2=0.60), and 0.012 log10 CFU per 

day (r2=0.51), for light, medium, and heavy surface samples, respectively. 

The light core samples on Citra increased significantly from day zero to day one, 

followed by an insignificant decrease on days three and seven.  The first significant 

decrease occurred on day 14, after which there was an insignificant decrease through 

days 28, 44, and 54, all of which were characterized by enrichments.  Days 84 through 

112 were all negative enrichments, with a return to positive enrichments on day 140.  

The light core samples were dominated by negative enrichments thereafter until day 

252, when positive enrichments returned.  On day 280 all light core samples were 

negative for E. coli.  The medium core samples also increased from day zero to one, but 

insignificantly.  A fluctuation of insignificant decreases then increases occurred on days 

three and seven, respectively.  The first significant decrease occurred on day 28.  Days 

44 through 140 were characterized by insignificant fluctuations caused by positive and 
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negative enrichments until day 154, when all enrichments were negative.  Positive 

enrichments returned on days 168, 196, and 224, followed by all negative enrichments 

on day 252 and 280.  The heavy core samples increased insignificantly from day zero 

until day three, after which they decreased insignificantly on day seven.  The first 

significant decrease in E. coli population density occurred on day 14 and continued on 

day 28.  Days 44 through 140 fluctuated insignificantly due to positive and negative 

enrichments, followed by all negative enrichments on day 154.  There was a return to 

positive enrichments from day 168 until day 252 and 280.  When observing core 

samples across all application types, the heavy rate was significantly higher than the 

light on day zero.  However, there was no significant difference between the rates on 

day one.  On day three the heavy rate was significantly higher than the others.  The 

heavy rate was then significantly higher than the light rate on day seven and 14.  From 

day 28 until day 280 there was no significant difference in E. coli population density 

between core sample application rates, by day (Table 4-17).  The rate of decay for 

E. coli population density from day zero until the latest common negative sampling, day 

280, was 0.009 log10 CFU/ day (r2=0.45), 0.011 log10 CFU/day (r2=0.59), and 0.012 log10 

CFU per day (r2=0.51), for light, medium, and heavy surface samples, respectively  

During the fall season in Citra, when averaging sample type, the heavy 

application rate samples were significantly higher in E. coli population density than the 

other application rates (P-value <0.05).  When averaging all application rates, the 

surface samples were significantly higher in E. coli population density than the core 

samples (P-value <0.05).  When sample types were averaged, there was a significant 

difference in E. coli population density across all application types from days zero to 55 
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(P-value <0.05).  On days 105 and 168 one control plot was positive for E. coli.  Upon 

statistical analysis, there was no significant difference between samples that were 

positively or negatively enriched (Table 4-18).  Over the course of all trials, positive PCR 

results for the presence of E. coli were obtained from samples that were previously 

enriched negative for E. coli only during the Citra summer trial, trial 2.  These results 

were obtained from a heavy top sample on day 84 (Figure 4-11) and a control top 

sample on day 105 (Figure 4-12). 
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Table 4-1.  Average E. coli (log10 CFU/g medium) population density recovered from 

three manure types varying by processing step and soil varying by location. 
Population Density of E. coli (log10 CFU/g soil)a 

Manure Type  Soil Location 
Pre-screening Post-Screening Drying  Live Oak Citra 

6.20 ± 0.42 4.41 ± 0.55 2.40b  0.00 ± 0.00 0.00 ± 0.00 
aValues are mean ± standard deviation of counts taken from duplicate experiments (n=2). 
bValue obtained from one experiment consisting of three compiled samples. 

 
 
 
Table 4-2.  Soil particle analysis of Live Oak and Citra soils. 

  Soil Texture (%) 

Location Soil Name Clay Silt Loam 

Live Oak Gainesville Sandy Loam 2.67 2.00 95.33 
Citra Candler Sand 2.67 3.00 94.33 
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Table 4-3.  Average E. coli population density (log10 CFU/g soil) and enrichments recovered from samples taken from both 

Live Oak and Citra microcosms held at 20ºC and 30ºC.  

 Population Density of E. coli (log10 CFU/g soil)a 

Temperature 

20ºC 30ºC 

Location 
Day Live Oak Enrch Citra Enrch Live Oak Enrch Citra Enrch 

0 3.73 ± 0.07hij 0,0 3.77 ± 0.26ghij 0,0 3.69 ± 0.17hij 0,0 3.55 ± 0.05ij 0,0 
3 5.13 ± 0.31ab 0,0 4.94 ± 0.42abc 0,0 5.27 ± 0.14a 0,0 4.67 ± 0.38bcd 0,0 
5 4.85 ± 0.27abc 0,0 4.89 ± 0.73abc 0,0 5.21 ± 0.18a 0,0 4.76 ± 0.26abcd 0,0 
7 4.62 ± 0.36bcde 0,0 4.28 ± 0.08defg 0,0 4.98 ± 0.07abc 0,0 4.50 ± 0.44cdef 0,0 
10 4.10 ± 0.18efgh 0,0 4.05 ± 0.36fghi 0,0 4.30 ± 0.22defg 0,0 3.86 ± 0.47ghij 0,0 
15 2.51 ± 0.23lmno 0,0 3.49 ± 0.07jk 0,0 3.67 ± 0.11hij 0,0 3.35 ± 0.16jk 0,0 
30 2.59 ± 0.11lmn 0,0 3.34 ± 0.65jk 0,0 3.00 ± 0.22lk 0,0 2.75 ± 0.25lm 0,0 
60 2.69 ± 0.25lm 0,0 2.05 ± 0.52on 0,0 1.26 ± 0.20qr 0,0 0.67 ± 0.24stu 2,2 
90 2.26 ± 0.39mno 0,0 1.99 ± 0.77op 0,0 0.67 ± 0.24stu 2,2 0.50 ± 0.00tuv 3,3 
120 1.49 ± 0.16qp 0,0 1.40 ± 0.17q 0,0 0.33 ± 0.24tuv 2,3 0.50 ± 0.00tuv 3,3 
150 1.33 ± 0.35qp 0,0 1.20 ± 0.17qrs 0,0 0.33 ± 0.24tuv 2,3 0.50 ± 0.00tuv 3,3 
180 1.06 ± 0.60qrs 1,1 1.32 ± 0.55q 0,0 0.33 ± 0.24tuv 2,3 0.50 ± 0.00tuv 3,3 
210 0.77 ± 0.46rst 2,2 0.50 ± 0.00tuv 3,3 0.00 ± 0.00v 0,3 0.00 ± 0.00v 0,0 
240 0.77 ± 0.46rst 2,2 0.67 ± 0.29stu 2,2 0.00 ± 0.00v 0,3 0.00 ± 0.00v 0,0 
270 0.50 ± 0.00tuv 3,3 0.50 ± 0.00tuv 3,3 b b

 b b
 

300 0.33 ± 0.24tuv 2,3 0.17 ± 0.24uv 1,3 b b
 b b

 

330 0.33 ± 0.24tuv 2,3 0.50 ± 0.00tuv 3,3 b b
 b b

 

360 0.33 ± 0.24tuv 2,3 0.50 ± 0.00tuv 3,3 b b
 b b

 

390 0.33 ± 0.24tuv 2,3 0.33 ± 0.24tuv 1,3 b b
 b b

 

420 0.00 ± 0.00v 0,3 0.00 ± 0.00v 0,3 b b
 b b

 

aValues are mean ± standard deviation of counts taken from triplicate samples (n=3). 
bNot measured 

a-vDenote significant differences between counts across all rows and columns. α=0.05, P-value ≥ 0.05 
Enrichment column denotes positive enrichments, total number of enrichments 
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A  

B  
Figure 4-1.  Moisture level, measured as percentage volumetric water content, of 

microcosms by location and temperature during A) the first thirty days of the 
experiment and B) the entirety of the experiment. 

Error bars represent standard deviation of triplicate samples (n=3). 
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A  

B  
 
Figure 4-2.  pH levels of microcosms by location and temperature over A) the first thirty 

days of the experiment and B) the entirety of the experiment. 

Error bars represent standard deviation of triplicate samples (n=3). 

6

6.5

7

7.5

8

0 5 10 15 20 25 30

p
H

Day

Live
Oak
30°C

Citra
30°C

Live
Oak
20°C

Citra
20°C

6

6.5

7

7.5

8

0 100 200 300 400 500

p
H

Day

Live
Oak
30°C

Citra
30°C

Live
Oak
20°C

Citra
20°C



 

59 

A  
 

B  
Figure 4-3.  Moisture level, measured as percentage volumetric water content, of plots 

by application rate in Live Oak during the summer season, trial one over the 
first A) 28 days and B) the entirety of the trial.  

Error bars represent standard deviation of triplicate samples (n=3). 
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A  

B  

 
Figure 4-4.  pH levels of plots by application rate and sample type in Live Oak during 

the summer season, trial one over A) the first 28 days and B) the entirety of 
the trial 

Error bars represent standard deviation of triplicate samples (n=3). 
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A  

 

B  
 
 
Figure 4-5.  Moisture level, measured as percentage volumetric water content, of plots 

by application rate in Citra during the summer season, trial one over A) the 
first 28 days and B) the entirety of the trial.  

Error bars represent standard deviation of triplicate samples (n=3). 
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A  

B 
Figure 4-6.  pH levels of plots by application rate and sample type in Citra during the 
summer season, trial one over A) the first 28 days and B) the entirety of the trial. 

Error bars represent standard deviation of triplicate samples (n=3). 
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A  

B  
Figure 4-7.  Moisture level, measured as percentage volumetric water content, of plots 

by application rate in Live Oak during the fall season, trial two over A) the first 
28 days and B) the entirety of the trial.  

Error bars represent standard deviation of triplicate samples (n=3). 

  

0

2

4

6

8

10

12

14

16

0 5 10 15 20 25

V
W

C
 (

%
)

Day

Light

Medium

Heavy

0

2

4

6

8

10

12

14

16

0 50 100 150 200 250 300

V
W

C
 (

%
)

Day

Light

Medium

Heavy



 

64 

A  

 

B  
Figure 4-8.  pH levels of plots by application rate and sample type in Live Oak during 

the fall season, trial two over A) the first 28 days and B) the entirety of the 
trial. 

Error bars represent standard deviation of triplicate samples (n=3). 
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A  

B  
Figure 4-9.  Moisture level, measured as percentage volumetric water content, of plots 

by application rate in Citra during the fall season, trial two over A) the first 28 
days and B) the entirety of the trial.  

Error bars represent standard deviation of triplicate samples (n=3). 
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A

B 
Figure 4-10.  pH levels of plots by application rate and sample type in Citra during the 

fall season, trial two over A) the first 28 days and B) the entirety of the trial. 

Error bars represent standard deviation of triplicate samples (n=3). 
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Table 4-4.  Average air temperature parameters (ºC) in Citra, FL and Live Oak, FL field 

locations over the duration of Trials 1 and 2, i.e., summer and fall, 
respectively. 

  Air Temperature Parameters 
Trial Location Temp avg (ºC) Temp min avg 

(ºC) 
Temp max avg 

(ºC) 

Summer 
(one) 

LO 26.13 ± 1.94a 20.66 ± 2.57a 33.30 ± 2.31a 

CA 26.04 ± 1.81a 18.79 ± 6.04b 33.11 ± 2.23a 

     
Fall 

(two) 
LO 17.97 ± 6.54b 12.08 ± 7.38c 25.21 ± 6.70b 

CA 19.13 ± 5.94c 12.42± 7.27c 26.29± 5.95b 

a-c,Values are not significantly different within columns α=0.05, P-value ≥ 0.05 
LO and CA signify locations Live Oak and Citra, respectively 

 
 
Table 4-5.  Average soil temperature parameters (ºC) in Citra, FL and Live Oak, FL field 

locations over the duration of Trials 1 and 2, i.e., summer and fall, 
respectively. 

  Soil Temperature Parameters 

Trial Location 
Soil Temp avg 

(ºC) 
Soil Temp min 

avg (ºC) 
Soil Temp max 

avg (ºC) 

Summer 
(one) 

LO 30.06 ± 2.21a 27.13 ± 2.31a 33.49 ± 2.43a 

CA 29.60 ± 1.56a 24.32 ± 7.36b 33.02 ± 1.93a 

     
Fall 
(two) 

LO 20.94 ± 6.48b 18.41 ± 6.47c 23.88 ± 6.68b 

CA 22.44 ± 5.42b 19.31 ± 6.73c 24.54 ± 5.78b 

a-c,Values are not significantly different within columns α=0.05, P-value ≥ 0.05 
LO and CA signify locations Live Oak and Citra, respectively 

 
 
Table 4-6.  Average weather parameters in Citra, FL and Live Oak, FL field locations 

over the duration of Trials 1 and 2, i.e., summer and fall, respectively. 

  Weather Parameters 

Trial Location 
Relative 
Humidity 
avg (pct) 

Rainfall total 
avg (cm) 

Solar Radiation 
avg (w/m^2) 

Summer 
(one) 

LO 80.70 ± 7.77a 0.57 ± 1.45a 229.78 ± 52.87a 

CA 81.07 ± 7.53a 0.36 ± 0.90a 224.22 ± 56.90a 

     
Fall 
(two) 

LO 80.63 ± 10.58a 0.35 ± 1.09a 163.69 ± 69.89b 

CA 79.70 ± 9.63a 0.26 ± 0.86a 163.22 ± 71.02b 

a,bValues are not significantly different within columns α=0.05, P-value ≥ 0.05 
LO and CA signify locations Live Oak and Citra, respectively 
 

  



 

68 

 
Table 4-7.  Average E. coli population density (log10 CFU/g soil) and enrichments 

recovered from surface soil samples over time, taken from the summer 
season field in Live Oak, FL.  

 Population Density of E. coli (log10 CFU/g soil)a 
 Application Rate 

Day Light Enrch Medium Enrch Heavy Enrch 

0 3.63 ± 0.27ab 0,0 3.17 ± 0.41abc 0,0 3.87 ± 0.01a 0,0 
1 3.17 ± 0.17abc 0,0 2.96 ± 0.40bcd 0,0 3.51 ± 0.07ab 0,0 
3 1.92 ± 0.79fg 0,0 2.24 ± 0.41def 0,0 3.14 ± 0.21abc 0,0 
7 1.17 ± 0.29ghij 1,1 1.18 ± 0.49ghij 1,1 2.17 ± 0.28ef 0,0 
14 1.10 ± 0.14hijk 2,2 2.12 ± 0.59ef 0,0 2.60 ± 0.37cdef 0,0 
28 0.50 ± 0.00jkl 3,3 1.09 ± 1.21hijk 1,2 1.26 ± 1.07ghij 2,2 

56 0.00 ± 0.00l 0,3 0.00 ± 0.00l 0,3 0.00 ± 0.00l 0,3 

84 0.00 ± 0.00l 0,3 0.00 ± 0.00l 0,3 0.00 ± 0.00l 0,3 
112 0.17 ± 0.24l 1,3 0.00 ± 0.00l 0,3 0.00 ± 0.00l 0,3 
127 0.00 ± 0.00l 0,3 0.00 ± 0.00l 0,3 0.00 ± 0.00l 0,3 

aValues are mean ± standard deviation of counts taken from triplicate samples (n=3). 

a-lValues are not significantly different across all rows and columns. α=0.05, P-value ≥ 0.05 
Enrichment column denotes positive enrichments, total number of enrichments. 0.00 ± 0.00 values 
indicate all samples are enriched, and all enrichments are negative with PCR confirmation. 

 
Table 4-8.  Average E. coli population density (log10 CFU/g soil) and enrichments 

recovered from core soil samples over time, taken from the summer season 
field in Live Oak, FL. 

 Population Density of E. coli (log10 CFU/g soil)a 
 Application Rate 

Day Light Enrch Medium Enrch Heavy Enrch 

0 2.97 ± 0.47b 0,0 2.47 ± 0.47bc 0,0 2.81 ± 0.24b 0,0 
1 2.54 ± 1.31bc 0,0 2.87 ± 0.37b 0,0 3.80 ± 0.93a 0,0 
3 2.22 ± 0.88bc 0,0 2.40 ± 0.07bc 0,0 2.59 ± 0.14bc 0,0 
7 0.50 ± 0.00fgh 3,3 1.42 ± 0.59de 0,0 1.14 ± 0.91def 2,2 
14 0.67 ± 0.70efgh 2,2 1.25 ± 0.55def 0,0 1.83 ± 0.26cd 0,0 
28 0.77 ± 0.43efgh 0,1 0.33 ± 0.24gh 2,3 0.67 ± 0.24efgh 2,2 

56 0.00 ± 0.00h 0,3 0.17 ± 0.24h 1,3 0.17 ± 0.24h 1,3 

84 0.00 ± 0.00h 0,3 0.00 ± 0.00h 0,0 0.00 ± 0.00h 0,0 
112 0.00 ± 0.00h 0,3 0.00 ± 0.00h 0,0 0.00 ± 0.00h 0,0 
127 0.00 ± 0.00h 0,3 0.00 ± 0.00h 0,0 0.00 ± 0.00h 0,0 

aValues are mean ± standard deviation of counts taken from triplicate samples (n=3). 

a-hValues are not significantly different across all rows and columns. α=0.05,  
P-value ≥ 0.05 
Enrichment column denotes positive enrichments, total number of enrichments. 
0.00 ± 0.00 values indicate all samples are enriched, and all enrichments are negative with PCR 
confirmation.
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aValues are mean ± standard deviation of counts taken from triplicate samples (n=3). 

a-nValues are not significantly different across all rows and columns. α=0.05, P-value ≥ 0.05. 
0.00 ± 0.00 values indicate all samples are enriched, and all enrichments are negative with PCR confirmation. 
 

 
 

Table 4-9.  Average E. coli population density (log10 CFU/g soil) recovered from surface and core soil samples over 
time, taken from the summer season field, trial one, in Live Oak, FL. 

 Population Density of E. coli (log10 CFU/g soil)a 
 Sample Type 
 Surface Core 
 Application Rates 
Day Light Medium Heavy Light Medium Heavy 

0 3.63 ± 0.27ab 3.17 ± 0.41abcd 3.87 ± 0.01a 2.97 ± 0.47bcde 2.47 ± 0.47defg 2.81 ± 0.24cdef 

1 3.17 ± 0.17abcd 2.96 ± 0.40bcde 3.50 ± 0.07abc 2.54 ± 1.31defg 2.87 ± 0.37bcdef 3.80 ± 0.93a 

3 1.92 ± 0.79ghi 2.24 ± 0.41efg 3.14 ± 0.21abcd 2.22 ± 0.88efg 2.40 ± 0.07defg 2.59 ± 0.14defg 

7 1.17 ± 0.29ijkl 1.18 ± 0.49ijkl 2.17 ± 0.28fgh 1.52 ± 1.11lmn 1.42 ± 0.59hijk 1.14 ± 0.91ijkl 

14 1.10 ± 0.14jklm 2.12 ± 0.59fgh 2.60 ± 0.37defg 0.67 ± 0.70klmn 1.25 ± 0.55ijkl 1.83 ± 0.26ghij 

28 0.50 ± 0.00lmn 1.09 ± 1.21jklm 1.26 ± 1.07ijkl 0.77 ± 0.43klmn 0.33 ± 0.24mn 0.67 ± 0.24klmn 

56 0.00 ± 0.00n 0.00 ± 0.00n 0.00 ± 0.00n 0.00 ± 0.00n 0.17 ± 0.24n 0.17 ± 0.24n 

84 0.00 ± 0.00n 0.00 ± 0.00n 0.00 ± 0.00n 0.00 ± 0.00n 0.00 ± 0.00n 0.00 ± 0.00n 

112 0.17 ± 0.24n 0.00 ± 0.00n 0.00 ± 0.00n 0.00 ± 0.00n 0.00 ± 0.00n 0.00 ± 0.00n 

127 0.00 ± 0.00n 0.00 ± 0.00n 0.00 ± 0.00n 0.00 ± 0.00n 0.00 ± 0.00n 0.00 ± 0.00n 
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Table 4-10.  Average E. coli population density (log10 CFU/g soil) and enrichments 

recovered from surface soil samples over time, taken from the summer 
season field in Citra, FL. 

 Population Density of E. coli (log10 CFU/g soil)a 

Application Rate 
Day Light Enrch Medium Enrch Heavy Enrch 

0 2.13 ± 0.47def 0,0 2.47 ± 0.15d 0,0 2.26 ± 0.20de 0,0 
1 3.91 ± 1.31ab 0,0 3.60 ± 0.85bc 0,0 4.61 ± 0.08a 0,0 
3 2.22 ± 0.88de 0,0 2.76 ± 0.67cd 0,0 3.58 ± 0.71bc 0,0 
7 1.52 ± 1.11ef 1,1 2.42 ± 0.27d 0,0 2.93 ± 0.33cd 0,0 
14 2.24 ± 0.70de 0,0 1.95 ± 0.57def 0,0 2.81 ± 0.85cd 0,0 
28 1.35 ± 0.43f 1,1 1.95 ± 0.47def 0,0 2.36 ± 0.38de 0,0 

56 0.17 ± 0.24g 1,3 0.00 ± 0.00g 0,3 0.17 ± 0.24g 1,3 

72 0.00 ± 0.00g 0,3 0.00 ± 0.00g 0,3 0.17 ± 0.24g 1,3 

84 0.00 ± 0.00g 0,3 0.00 ± 0.00g 0,3 0.17 ± 0.24g 1,3 
112 0.00 ± 0.00g 0,3 0.00 ± 0.00g 0,3 0.00 ± 0.00g 0,3 
140 0.00 ± 0.00g 0,3 0.00 ± 0.00g 0,3 0.00 ± 0.00g 0,3 

aValues are mean ± standard deviation of counts taken from triplicate samples (n=3). 

a-gValues are not significantly different across all rows and columns. α=0.05, P-value ≥ 0.05 
Enrichment column denotes positive enrichments, total number of enrichments 
0.00 ± 0.00 values indicate all samples are enriched, and all enrichments are negative with PCR 
confirmation. 
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Table 4-11.  Average E. coli population density (log10 CFU/g soil) and enrichments 

recovered from core soil samples over time, taken from the summer season 
field in Citra, FL. 

 Population Density of E. coli (log10 CFU/g soil)a 

Application Rate 
Day Light Enrch Medium Enrch Heavy Enrch 

0 0.93 ± 0.56e 1,1 0.93 ± 0.56e 1,1 0.50 ± 0.00f 3,3 
1 3.70 ± 0.23ab 0,0 4.06 ± 0.53a 0,0 4.40 ± 0.41a 0,0 
3 2.63 ± 0.21c 0,0 2.93 ± 0.21bc 0,0 3.71 ± 0.63ab 0,0 
7 0.99 ± 0.40e 1,1 2.10 ± 0.48cd 0,0 2.62 ± 0.46c 0,0 
14 1.44 ± 0.75de 1,1 2.47 ± 0.63c 0,0 2.56 ± 0.33c 0,0 
28 0.84 ± 0.86e 1,2 1.56 ± 1.26d 0,0 0.83 ± 0.24e 1,1 

56 0.00 ± 0.00f 0,3 0.00 ± 0.00f 0,3 0.00 ± 0.00f 0,3 

72 0.17 ± 0.24f 1,3 0.00 ± 0.00f 0,3 0.00 ± 0.00f 0,3 

84 0.00 ± 0.00f 0,3 0.00 ± 0.00f 0,3 0.00 ± 0.00f 0,3 
112 0.00 ± 0.00f 0,3 0.00 ± 0.00f 0,3 0.00 ± 0.00f 0,3 
140 0.00 ± 0.00f 0,3 0.00 ± 0.00f 0,3 0.00 ± 0.00f 0,3 

aValues are mean ± standard deviation of counts taken from triplicate samples (n=3). 

a-fValues are not significantly different across all rows and columns. α=0.05, P-value ≥ 0.05. 
Enrichment column denotes positive enrichments, total number of enrichments 
0.00 ± 0.00 values indicate all samples are enriched, and all enrichments are negative with PCR 
confirmation. 
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Table 4-12.  Average E. coli population density (log10 CFU/g soil) recovered from surface and core soil samples over time, 
taken from the summer season field, trial one, in Citra, FL. 

 Population Density of E. coli (log10 CFU/g soil)a 

Sample Type 

Surface Core 

Application Rates 
Day Light Medium Heavy Light Medium Heavy 

0 2.13 ± 0.47efghi 2.47 ± 0.15egf 2.26 ± 0.20efghi 0.93 ± 0.56klm 0.93 ± 0.56klm 0.50 ± 0.00lmn 
1 3.91 ± 1.31ab 3.59 ± 0.85bcd 4.61 ± 0.08a 3.70 ± 0.23bc 4.06 ± 0.53ab 4.40 ± 0.4ab 

3 2.22 ± 0.88efghi 2.76 ± 0.67defg 3.58 ± 0.71bcd 2.63 ± 0.21efg 2.93 ± 0.21cde 3.71 ± 0.63bc 

7 1.52 ± 1.11hijk 2.42 ± 0.27efg 2.93 ± 0.33cdd 0.99 ± 0.40klm 2.10 ± 0.48efghij 2.62 ± 0.46efg 

14 2.24 ± 0.70efghi 1.95 ± 0.57ghij 2.81 ± 0.85def 1.44 ± 0.75ijk 2.47 ± 0.63egf 2.56 ± 0.33egf 

28 1.35 ± 0.43jkl 1.95 ± 0.47fghij 2.36 ± 0.38efgh 0.84 ± 0.86klmn 1.56 ± 1.26hijk 0.83 ± 0.24klmn 

56 0.17 ± 0.24mn 0.00 ± 0.00n 0.17 ± 0.24mn 0.00 ± 0.00n 0.00 ± 0.00n 0.00 ± 0.00n 

72 0.00 ± 0.00n 0.00 ± 0.00n 0.17 ± 0.24mn 0.17 ± 0.24mn 0.00 ± 0.00n 0.00 ± 0.00n 

84 0.00 ± 0.00n 0.00 ± 0.00n 0.17 ± 0.24mn 0.00 ± 0.00n 0.00 ± 0.00n 0.00 ± 0.00n 

112 0.00 ± 0.00n 0.00 ± 0.00n 0.00 ± 0.00n 0.00 ± 0.00n 0.00 ± 0.00n 0.00 ± 0.00n 

140 0.00 ± 0.00n 0.00 ± 0.00n 0.00 ± 0.00n 0.00 ± 0.00n 0.00 ± 0.00n 0.00 ± 0.00n 
aValues are mean ± standard deviation of counts taken from triplicate samples (n=3). 

a-nValues are not significantly different across all rows and columns. α=0.05, P-value ≥ 0.05. 
0.00 ± 0.00 values indicate all samples are enriched, and all enrichments are negative with PCR confirmation. 

 
 



 

73 

 
Table 4-13.  Average E. coli population density (log10 CFU/g soil) and enrichments 

recovered from surface soil samples over time, taken from the fall season 
field in Live Oak, FL. 

 Population Density of E. coli (log10 CFU/g soil)a 

Application Rate 
Day Light Enrch Medium Enrch Heavy Enrch 

0 3.22 ± 0.34fg 0,0 3.84 ± 0.29cdef 0,0 3.88 ± 0.80cdef 0,0 
1 4.66 ± 0.08abc 0,0 4.30 ± 0.31bcde

 0,0 5.28 ± 0.24a 0,0 
3 3.08 ± 0.84fg 0,0 4.95 ± 0.25ab 0,0 4.76 ± 0.74abc 0,0 
7 3.15 ± 0.68fg 0,0 3.18 ± 0.17fg 0,0 3.36 ± 0.30fg 0,0 
14 3.58 ± 0.15ef 0,0 3.72 ± 0.60def 0,0 4.60 ± 0.49abcd 0,0 
22 1.36 ± 1.29h 0,1 3.56 ± 0.97ef 0,0 2.49 ± 0.46g 0,0 
28 0.50 ± 0.00hi 3,3 0.89 ± 0.93hi 1,2 0.67 ± 0.47hi 0,1 

55 0.00 ± 0.00i 0,3 0.17 ± 0.24i 1,3 0.17 ± 0.24i 1,3 

84 0.00 ± 0.00i 0,3 0.00 ± 0.00i 0,3 0.00 ± 0.00i 0,3 
112 0.00 ± 0.00i 0,3 0.00 ± 0.00i 0,3 0.33 ± 0.24i 2,3 
140 0.00 ± 0.00i 0,3 0.93 ± 0.06hi 2,2 0.33 ± 0.24i 2,3 
168 0.00 ± 0.00i 0,3 0.33 ± 0.24i 2,3 0.33 ± 0.24i 2,3 
196 0.33 ± 0.24i 2,3 0.17 ± 0.24i 1,3 0.17 ± 0.24i 1,3 
224 0.00 ± 0.00i 0,3 0.00 ± 0.00i 0,3 0.17 ± 0.24i 1,3 
252 0.00 ± 0.00i 0,3 0.00 ± 0.00i 0,3 0.00 ± 0.00i 0,3 
280 0.17 ± 0.24i 1,3 0.00 ± 0.00i 0,3 0.43 ± 0.75i 0,2 

aValues are mean ± standard deviation of counts taken from triplicate samples (n=3). 

a-iValues are not significantly different across all rows and columns. α=0.05, P-value ≥ 0.05. 
Enrichment column denotes positive enrichments, total number of enrichments. 
0.00 ± 0.00 values indicate all samples are enriched, and all enrichments are negative with PCR 
confirmation. 
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Table 4-14.  Average E. coli population density (log10 CFU/g soil) and enrichments 
recovered from core soil samples over time, taken from the fall season field in 
Live Oak, FL. 

 Population Density of E. coli (log10 CFU/g soil)a 
 Application Rate 

Day Light Enrch Medium Enrch Heavy Enrch 

0 2.96 ± 0.16cdefg 0,0 3.14 ± 1.25cdef 0,0 3.75 ± 0.43bcd 0,0 
1 3.42 ± 1.17bcde 0,0 3.74 ± 0.60bcd 0,0 4.95 ± 0.47a 0,0 
3 2.66 ± 0.32efg 0,0 3.79 ± 0.71bc 0,0 4.24 ± 0.13ab 0,0 
7 1.30 ± 1.48ijk 0,1 2.91 ± 1.01defg 0,0 2.86 ± 0.21defg 0,0 
14 3.01 ± 0.71cdef 0,0 2.87 ± 0.57defg 0,0 3.29 ± 0.18cdef 0,0 
22 2.08 ± 0.77ghi 0,0 1.54 ± 0.23hij 0,0 2.45 ± 0.40fgh 0,0 
28 0.93 ± 0.33jkl 1,1 0.50 ± 0.41kl 1,2 0.74 ± 1.05jkl 0,2 

55 0.17 ± 0.24lm 1,3 0.33 ± 0.24lm 2,3 0.33 ± 0.24lm 2,3 

84 0.00 ± 0.00m 0,3 0.00 ± 0.00m 0,3 0.00 ± 0.00m 0,3 
112 0.00 ± 0.00m 0,3 0.00 ± 0.00m 0,3 0.00 ± 0.00m 0,3 
140 0.00 ± 0.00m 0,3 0.00 ± 0.00m 0,3 0.33 ± 0.47lm 0,2 
168 0.00 ± 0.00m 0,3 0.00 ± 0.00m 0,3 0.00 ± 0.00m 0,3 
196 0.00 ± 0.00m 0,3 0.17 ± 0.24lm 1,3 0.17 ± 0.24lm 1,3 
224 0.00 ± 0.00m 0,3 0.00 ± 0.00m 0,3 0.17 ± 0.24lm 1,3 
252 0.00 ± 0.00m 0,3 0.00 ± 0.00m 0,3 0.00 ± 0.00m 0,3 
280 0.67 ± 0.47kl 0,1 0.00 ± 0.00m 0,3 0.00 ± 0.00m 0,3 

aValues are mean ± standard deviation of counts taken from triplicate samples (n=3). 

a-mValues are not significantly different across all rows and columns. α=0.05, P-value ≥ 0.05. 
Enrichment column denotes positive enrichments, total number of enrichments. 
0.00 ± 0.00 values indicate all samples are enriched, and all enrichments are negative with PCR 
confirmation. 
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Table 4-15.  Average E. coli population density (log10 CFU/g soil) recovered from surface and core soil samples 
over time, taken from the fall season field, trial two, in Live Oak, FL. 

 Population Density of E. coli (log10 CFU/g soil)a 

Sample Type 

Surface Core 

Application Rates 
Day Light Medium Heavy Light Medium Heavy 

0 3.22 ± 0.34hijklm 3.84 ± 0.29cdefgh 3.88 ± 0.80cdefgh 2.96 ± 0.16hijklmn 3.14 ± 1.25hijklm 3.75 ± 0.43defghij 
1 4.66 ± 0.08abcd 4.30 ± 0.31bcdef 5.28 ± 0.24a 3.42 ± 1.17fghijkl 3.74 ± 0.60defghij 4.95 ± 0.47ab 

3 3.08 ± 0.84hijklm 4.95 ± 0.25defghi 4.76 ± 0.74abc 2.66 ± 0.32klmn 3.79 ± 0.71defghi 4.24 ± 0.13bcdefg 

7 3.15 ± 0.68hijklm 3.18 ± 0.17hijklm 3.36 ± 0.30ghijklm 1.30 ± 1.48pqr 2.91 ± 1.01ijklmn 2.86 ± 0.21jklmn 

14 3.58 ± 0.15fghijk 3.72 ± 0.60efghij 4.60 ± 0.49abcde 3.01 ± 0.71hijklm 2.87 ± 0.57ijklmn 3.29 ± 0.18hijklm 

22 1.36 ± 1.29pqr 3.56 ± 0.97fghijk 2.49 ± 0.46lmn 2.08 ± 0.77nop 1.54 ± 0.23opq 2.45 ± 0.40mno 

28 0.50 ± 0.00rst 0.89 ± 0.93qrst 0.67 ± 0.47qrst 0.93 ± 0.33qrs 0.50 ± 0.41rst 0.74 ± 1.05qrst 

55 0.00 ± 0.00t 0.17 ± 0.24t 0.17 ± 0.24st 0.17 ± 0.24st 0.33 ± 0.24st 0.33 ± 0.24st 

84 0.00 ± 0.00t 0.00 ± 0.00t 0.00 ± 0.00t 0.00 ± 0.00t 0.00 ± 0.00t 0.00 ± 0.00t 

112 0.00 ± 0.00t 0.00 ± 0.00t 0.33 ± 0.24st 0.00 ± 0.00t 0.00 ± 0.00t 0.00 ± 0.00t 

140 0.00 ± 0.00t 0.93 ± 0.06qrst 0.33 ± 0.24st 0.00 ± 0.00t 0.00 ± 0.00t 0.33 ± 0.47st 

168 0.00 ± 0.00t 0.33 ± 0.24st 0.33 ± 0.24st 0.00 ± 0.00t 0.00 ± 0.00t 0.00 ± 0.00t 
196 0.33 ± 0.24st 0.17 ± 0.24st 0.17 ± 0.24st 0.00 ± 0.00t 0.17 ± 0.47st 0.17 ± 0.24st 
224 0.00 ± 0.00t 0.00 ± 0.00t 0.17 ± 0.24st 0.00 ± 0.00t 0.00 ± 0.00t 0.17 ± 0.24st 
252 0.00 ± 0.00t 0.00 ± 0.00t 0.00 ± 0.00t 0.00 ± 0.00t 0.00 ± 0.00t 0.00 ± 0.00t 
280 0.17 ± 0.24st 0.00 ± 0.00t 0.43 ± 0.75st 0.67 ± 0.47qrst 0.00 ± 0.00t 0.00 ± 0.00t 
aValues are mean ± standard deviation of counts taken from triplicate samples (n=3). 

a-tValues are not significantly different across all rows and columns. α=0.05, P-value ≥ 0.05. 
0.00 ± 0.00 values indicate all samples are enriched, and all enrichments are negative with PCR confirmation. 
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Table 4-16. Average E. coli population density (log10 CFU/g soil) and enrichments 

recovered from surface soil samples over time, taken from the fall season 
field in Citra, FL. 

 Population Density of E. coli (log10 CFU/g soil)a 
 Application Rate 

Day Light Enrch Medium Enrch Heavy Enrch 

0 3.22 ± 0.26de 0,0 3.69 ± 0.07cd 0,0 3.82 ± 0.08cd 0,0 
1 4.45 ± 0.65abc 0,0 3.88 ± 0.07cd 0,0 4.84 ± 0.10ab 0,0 
3 4.23 ± 0.65bc 0,0 3.68 ± 0.95cd 0,0 5.25 ± 0.33a 0,0 
7 4.34 ± 0.60bc 0,0 4.20 ± 0.40bc 0,0 4.88 ± 0.47ab 0,0 
14 1.82 ± 0.54fg 0,0 2.48 ± 0.73ef 0,0 2.49 ± 0.39ef 0,0 
28 0.83 ± 0.46hijk 2,2 1.35± 0.65ghij 1,1 1.50 ± 1.11gh 1,1 
44 1.00 ± 0.71ghijk 2,2 0.93 ± 0.33ghijk 1,1 1.07 ± 0.76ghijk 0,1 
55 0.67 ± 0.24hijk 2,2 0.49 ± 0.70jk 0,2 0.83 ± 0.62hijk 0,1 

84 0.00 ± 0.00l 0,3 0.33 ± 0.47kl 0,2 0.33 ± 0.47kl 0,2 
105 0.33 ± 0.24kl 2,3 0.00 ± 0.00l 0,3 0.93 ± 0.40ghijk 1,1 
112 0.00 ± 0.00l 0,3 0.50 ± 0.50jk 1,2 0.50 ± 0.50jkl 1,2 
140 0.00 ± 0.00l 0,3 0.87 ± 0.33hijkl 2,2 0.17 ± 0.24kl 1,3 
154 0.33 ± 0.24kl 2,3 0.17 ± 0.24kl 1,3 0.17 ± 0.24kl 1,3 
168 0.00 ± 0.00l 0,3 0.50 ± 0.00jkl 3,3 0.57 ± 0.98ijkl 2,2 
196 0.85 ± 0.87hijkl 1,2 0.50 ± 0.50jkl 1,2 0.33 ± 0.24kl 2,3 
224 0.33 ± 0.47kl 2,2 0.00 ± 0.00l 0,3 0.17 ± 0.24kl 1,3 
252 0.00 ± 0.00l 0,3 0.00 ± 0.00l 0,3 0.17 ± 0.24kl 1,3 
280 0.00 ± 0.00l 0,3 0.00 ± 0.00l 0,3 0.00 ± 0.00l 0,3 

aValues are mean ± standard deviation of counts taken from triplicate samples (n=3). 

a-lValues are not significantly different across all rows and columns. α=0.05, P-value ≥ 0.05. 
Enrichment column denotes positive enrichments, total number of enrichments. 
0.00 ± 0.00 values indicate all samples are enriched, and all enrichments are negative with PCR 
confirmation. 
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Table 4-17.  Average E. coli population density (log10 CFU/g soil) and enrichments 
recovered from core soil samples over time, taken from the fall season field in 
Citra, FL. 

 Population Density of E. coli (log10 CFU/g soil)a 
 Application Rate 

Day Light Enrch Medium Enrch Heavy Enrch 

0 2.11 ± 0.62ef 0,0 2.78 ± 0.51cde 0,0 3.03 ± 0.46cd 0,0 
1 3.48 ± 0.72abc 0,0 3.49 ± 0.22abc 0,0 3.59 ± 0.32abc 0,0 
3 3.37 ± 0.64bc 0,0 3.37 ± 0.35bc 0,0 4.36 ± 0.45a 0,0 
7 3.14 ± 0.94c 0,0 3.64 ± 0.23abcd 0,0 4.13 ± 0.48ab 0,0 
14 1.47 ± 1.09fg 0,1 2.35 ± 0.92de 0,0 2.79 ± 0.33cde 0,0 
28 0.66 ± 0.75hi 1,2 1.22 ± 0.55fgh 1,1 1.12 ± 0.56gh 1,1 
44 0.33 ± 0.24hi 2,3 0.43 ± 0.61hi 0,2 0.50 ± 0.00hi 3,3 

55 0.33 ± 0.24hi 2,3 0.66 ± 0.61ghi 1,2 0.60 ± 0.54ghi 1,2 

84 0.00 ± 0.00i 0,3 0.33 ± 0.47hi 0,2 0.17 ± 0.24i 1,3 
105 0.00 ± 0.00i 0,3 0.17 ± 0.24i 1,3 0.33 ± 0.24hi 2,3 
112 0.00 ± 0.00i

 0,3 0.17 ± 0.24i 1,3 0.17 ± 0.24i 1,3 
140 0.17 ± 0.24i

 1,3 0.73 ± 0.33ghi 1,2 0.66 ± 0.61ghi 1,2 
154 0.00 ± 0.00i

 0,3 0.00 ± 0.00i 0,3 0.00 ± 0.00i 0,3 
168 0.00 ± 0.00i

 0,3 0.17 ± 0.24i 1,3 0.17 ± 0.24i 1,3 
196 0.00 ± 0.00i

 0,3 0.17 ± 0.24i 1,3 0.33 ± 0.24hi 2,3 
224 0.00 ± 0.00i

 0,3 0.17 ± 0.24i 1,3 0.17 ± 0.24i 1,3 
252 0.43 ± 0.61hi 0,2 0.00 ± 0.00i 0,3 0.77 ± 1.34ghi 0,2 
280 0.00 ± 0.00i 0,3 0.00 ± 0.00i 0,3 0.00 ± 0.00i 0,3 

aValues are mean ± standard deviation of counts taken from triplicate samples (n=3). 

a-iValues are not significantly different across all rows and columns. α=0.05, P-value ≥ 0.05. 
Enrichment column denotes positive enrichments, total number of enrichments. 
0.00 ± 0.00 values indicate all samples are enriched, and all enrichments are negative with PCR 
confirmation. 
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Table 4-18.  Average E. coli population density (log10 CFU/g soil) recovered from surface and core soil samples 
over time, taken from the fall season field, trial two, Citra, FL 

 Population Density of E. coli (log10 CFU/g soil)a 

Sample Type 

Surface Core 

Application Rates 
Day Light Medium Heavy Light Medium Heavy 

0 3.22 ± 0.26fghij 3.69 ± 0.07cdefg 3.82 ± 0.08cdef 2.11 ± 0.62klmn 2.78 ± 0.51hijk 3.02 ± 0.46fghij 
1 4.45 ± 0.65abc 3.88 ± 0.07cdef 4.84 ± 0.10ab 3.48 ± 0.72defgh 3.49 ± 0.22defgh 3.59 ± 0.32cdefgh 

3 4.23 ± 0.65bcde 3.68 ± 0.95cdefg 5.25 ± 0.33a 3.37 ± 0.64efghi 3.37 ± 0.35efghi 4.35 ± 0.45abcd 

7 4.34 ± 0.60bcd 4.20 ± 0.40bcde 4.88 ± 0.47ab 3.14 ± 0.94fghij 3.65 ± 0.23cdefgh 4.13 ± 0.48bcde 

14 1.82 ± 0.54lmno 2.48 ± 0.73ijkl 2.49 ± 0.39ijkl 1.47 ± 1.09mnopq 2.35 ± 0.92jklm 2.79 ± 0.33ghijk 

28 0.83 ± 0.46pqrstu 1.35 ± 0.65nopqr 1.50 ± 1.11mnop 0.66 ± 0.75pqrstu 1.22 ± 0.55nopqrs 1.12 ± 0.56opqrs 

44 1.00 ± 0.71opqrst 0.93 ± 0.33opqrst 1.07 ± 0.76opqrst 0.33 ± 0.24stu 0.43 ± 0.61stu 0.50 ± 0.00rstu 

55 0.67 ± 0.24pqrstu 0.49 ± 0.70rstu 0.83 ± 0.62pqrstu 0.33 ± 0.24stu 0.66 ± 0.61pqrstu 0.60 ± 0.54pqrstu 

84 0.00 ± 0.00u 0.33 ± 0.47stu 0.33 ± 0.47stu 0.00 ± 0.00u 0.33 ± 0.47stu 0.17 ± 0.24tu 

105 0.33 ± 0.24stu 0.17 ± 0.24tu 0.93 ± 0.40opqrst 0.00 ± 0.00u 0.17 ± 0.24tu 0.33 ± 0.24stu 

112 0.00 ± 0.00u 0.50 ± 0.50rstu 0.50 ± 0.50rstu 0.00 ± 0.00u 0.17 ± 0.24tu 0.17 ± 0.24tu 

140 0.00 ± 0.00u 0.87 ± 0.33pqrstu 0.17 ± 0.24tu 0.17 ± 0.24tu 0.73 ± 0.33pqrstu 0.66 ± 0.61pqrstu 
154 0.33 ± 0.24stu 0.17 ± 0.24tu 0.17 ± 0.24tu 0.00 ± 0.00u 0.00 ± 0.00u 0.00 ± 0.00u 
168 0.00 ± 0.00u 0.50 ± 0.00rstu 0.57 ± 0.98qrstu 0.00 ± 0.00u 0.17 ± 0.24tu 0.17 ± 0.24tu 
196 0.85 ± 0.87pqrstu 0.50 ± 0.50rstu 0.33 ± 0.24stu 0.00 ± 0.00u 0.17 ± 0.24tu 0.33 ± 0.24stu 
224 0.33 ± 0.47stu 0.00 ± 0.00u 0.17 ± 0.24tu 0.00 ± 0.00u 0.17 ± 0.24tu 0.17 ± 0.24tu 
252 0.00 ± 0.00u 0.00 ± 0.00u 0.17 ± 0.24tu 0.43 ± 0.61stu 0.00 ± 0.00u 0.77 ± 1.34pqrstu 
280 0.00 ± 0.00u 0.00 ± 0.00u 0.00 ± 0.00u 0.00 ± 0.00u 0.00 ± 0.00u 0.00 ± 0.00u 
aValues are mean ± standard deviation of counts taken from triplicate samples (n=3). 

a-uValues are not significantly different across all rows and columns. α=0.05, P-value ≥ 0.05. 
0.00 ± 0.00 values indicate all samples are enriched, and all enrichments are negative with PCR confirmation 
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Figure 4-11.  PCR results of Citra Trial 2 day 84, showing a positive result from heavy 

top sample plot two extraction.  C+ indicates the positive control, C- indicates 
the negative control. 

 

 
 Figure 4-12.  PCR results of Citra Trial 2 day 105, showing a positive result from the 

control top sample plot three extraction.   C+ indicates the positive control, C- 
indicates the negative control.  
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CHAPTER 5 
DISCUSSION AND CONCLUSIONS 

From 1998 to 2014, the occurrence of foodborne illness has increased five-fold 

(8, 44, 45).  This increase has also been seen in the occurrence of produce-related 

foodborne outbreaks, increasing by 13.6% from 1973 to 2008 (44, 49).  Preventing the 

spread of pathogens after harvest is difficult, considering there is no kill-step involved in 

fresh produce processing (4, 27).  In order to take a preventative rather than reactive 

approach to fresh produce safety, programs such as NOP, GAP, and as of 2011, the 

Produce Safety Rule, aim to prevent contamination and proliferation in the field.  Few 

studies have observed the survival of manure-borne pathogens in field conditions.  

Variables such as temperature, solar radiation, soil type, moisture, and many others 

fluctuate in real field conditions on a daily basis and may affect the persistence of 

pathogens.  The overall goal of this research was to determine the persistence of 

manure-borne E. coli, an indicator organism of fecal contamination and possible human 

pathogen, in field conditions in north and central Florida. 

Presence of Indigenous E. coli and Total Coliforms in Dairy Bovine Manure and 
Soil 

  Although the greatest population of E. coli was found in pre-screened manure, 

the collection and application of this manure for field studies was not feasible, and 

therefore screened manure was selected because it had the next highest population.  

De-watered manure from the drying pile would most likely be used in a real-farm 

application. Screened manure with higher water content, provided a much heavier 

microbial load, better suited for this study.  This higher load allowed for the assumption 

that any E. coli recovered during these experiments was from the manure amendment 

and not native to the soil. 
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Laboratory Condition Microcosm Studies 

Regardless of microcosm temperature or soil location, there was no significant 

correlation between E. coli population density and neither moisture level nor pH.  

Previous studies have noted a significant correlation between such variables and 

persistence of various microorganisms, and this understanding has been accepted for 

decades (26, 50, 55).  However, it is important to consider that upon statistical analysis 

of the significance of day and temperature, pH and moisture may be insignificant in 

comparison.  While studies focusing solely on these factors may find significance, this 

study and others like it further exemplify the complex nature of E. coli and other 

microorganisms persistence under a variety of factors, of which moisture and pH would 

not be significant (20). 

Previous experiments monitoring the persistence of E. coli in bovine manure 

have reported varying rates.  Wang and others (60) reported a survival of 42-49 days at 

37ºC, and 49-56 days at 22ºC.  Even at 5ºC, they did not observe the persistence seen 

in this experiment (60).  Similarly, Kudva and others (36) reported a maximum 

persistence of 100 days in bovine manure when frozen at -4ºC, with all other 

temperatures resulting in reduced survival.  However, Jiang and others (2002) 

recovered E. coli from manure using enrichment methods at 21ºC until day 210.  This 

experiment shows increased survival of E. coli as compared to the literature. 

Microcosms Held at 30ºC 

The microcosms held at 30ºC were used to mimic high heat conditions in Florida, 

such as those experienced in summer months.  The appropriateness of this 

temperature is further supported by the field trials, which averaged approximately 30ºC 

in the soil during the course of trial one (Table 4-5).  When held at this temperature, 
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both Live Oak and Citra soil microcosms concluded on day 240.  Microcosms held at 

30ºC consisting of Live Oak soil and manure concluded on day 240.  The first 

enrichment was on day 90, where two microcosms were enriched.  The final plate count 

took place on day 90, the sample taken from one microcosm.  The first negative 

enrichment was from one bag on day 120, the remaining bags were all enrichments.   

Microcosms held at 30ºC consisting of Citra soil and manure concluded on day 240.  

The first enrichment was on day 60, from one microcosm, while the remaining two 

microcosms were the final plate counts.  All of the microcosms were enriched on day 

90, and the first negative enrichment took place on day 210, when all of the microcosms 

were negative.   

Upon conclusion of the trial, it was determined that the Live Oak microcosms 

contained a higher E. coli population density, on average, than the Citra microcosms.  

However, the starting concentrations of E. coli were not significantly different between 

the Live Oak and Citra microcosms and the rates of decay between soil locations were 

also not significantly different.  The rate of decay during the initial 90 days in E. coli 

population density for the Live Oak microcosms was 0.05 log10 CFU/day (r2=0.87) and 

the Citra microcosms’ E. coli population density also decayed at a rate of 0.05 log10 

CFU/day (r2=0.88).   

 When analyzing the soil particulates, there was not a significant difference 

between the soil in the Live Oak and Citra microcosms (Table 4-2).  Additionally, there 

was no significant correlation between moisture level and pH of the microcosms and the 

E. coli population density.  Upon observing the significant increase in E. coli population 

density from day zero to day three, the E. coli present in the Live Oak microcosms 
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increased to levels significantly higher than those observed in the Citra microcosms.  

This likely occurred due to decreased stress or increased available nutrients.  This 

hypothetical decreased stress could be due to a decrease in competitive inhibition, an 

increase in organic matter and nutrients that happened at random, or other such traits 

that are native to the soil.  Indeed, upon statistical analysis it was determined that soil 

location was a significant factor regarding E. coli population density in this experiment, 

but what trait of the soil made it significant is not certain.  

Microcosms Held at 20ºC 

 The microcosms held at 20ºC were used to mimic conditions in Florida similar to 

those experienced in the spring or fall months.  This choice of temperature is further 

supported by the field trials, which averaged approximately 20ºC in the soil over the 

course of trial two (Table 4-5).  Microcosms held at 20ºC consisting of Live Oak soil and 

manure concluded on day 420, although consecutive negative samples were not 

obtained.  The first enrichment was conducted on one microcosm on day 180.  The final 

plate count was taken from one microcosm on day 210.  All microcosms were being 

enriched on day 240.  Microcosms held at 20ºC consisting of Citra soil and manure also 

concluded on day 420, although consecutive negative samples were not obtained.  The 

first enrichment was performed on all three microcosms on day 210.  The final plate 

count was taken from one microcosm on day 244.  The E. coli population density 

persisted significantly longer in the 20ºC trial than in the 30ºC, and this is most likely 

due to the increased temperature of the latter.  As stated previously, temperature was 

determined to be a significant factor indicating E. coli population density (P-value 

<0.0015), particularly when combined with the effects of day (P-value <0.0001).  The 
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ability of E. coli to persist for a longer time in cooler temperatures has been mentioned 

on numerous occasions in the literature (10, 48). 

Upon conclusion of the trial, it was determined that the Live Oak microcosms and 

Citra microcosms contained a similar E. coli population density, on average, during the 

20ºC experiment.  The initial starting concentrations were not statistically different 

(Table 4-3.), and the rates of decay were also insignificantly different, with the Live Oak 

microcosms declining at 0.03 log10 CFU/ day (r2=0.53) in the first 90 days, and the Citra 

microcosms also declining at 0.03 log10 CFU/ day (r2=0.80).  While this rate of decay 

trend is nearly half of that observed in the 30ºC microcosms, this is very likely due to the 

difference in temperature. 

Field Trial Studies  

When observing the weather and temperature parameters between field trials, all 

temperature parameters were significantly lower in trial two than in trial one (Tables 4-4, 

4-5).  The persistence of E. coli was significantly greater in trial two than in trial one, and 

it is highly probable that the significant temperature difference played an important role.  

Indeed, the persistence of E. coli increasing at lower temperatures in soil has been 

documented on numerous occasions (10, 32, 48).  However, the only weather 

parameter, unrelated to temperature, with a significant difference between trials one and 

two was solar radiation, which decreased in trial two (Table 4-6).  Solar radiation has 

previously been described as a viable method of E. coli eradication in dairy cow feed 

lots, and very likely played a role in the reduction of E. coli during trial one (2).  

Over the course of both trials, in both locations, there have been instances of 

E. coli population density spikes.  Across all fields there were notable increases in 
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E. coli population density between days zero and one (Tables 4-15, 4-16, 4-17, 4-18).  

This may be contributed to the lag and exponential growth phases, which are well 

documented in most microorganisms (54).  Even more, some instances of population 

density increases occurred in plots that had previously been determined as E. coli 

negative during consecutive sampling periods.  This gives rise to the possibility of a new 

contamination event such as runoff contamination after a heavy rainfall or wildlife 

intrusion in the field plots.  This possibility is further supported by the occasional 

presence of E. coli in control plots, which have been shown to be devoid of indigenous 

E. coli populations initially. 

While the significance between application rates varied by trial, the surface 

samples contained a significantly higher average E. coli population density than core 

samples, without exception.  This is most likely due to the methods utilized during the 

field set up.  When the rototiller was used to incorporate the manure into the soil, a 

method used by many farmers in the US, the incorporation was likely not uniform.  It is 

reasonable to assume that the significance seen between sample types is due to a 

greater amount of manure present in the top samples than in the core samples, and 

therefore a higher population density of E. coli.  Furthermore, regardless of trial or 

location, there was no significant correlation between E. coli population density and 

neither moisture nor pH (Figures 4-1, 4-2, 4-3, 4-4, 4-5, 4-6, 4-7, 4-8, 4-9, 4-10).  This is 

likely due to the reasons stated previously, wherein other factors such as manure 

application rate, sample type, and other variables also affected moisture, pH, and E. coli 

population density simultaneously.  For example, it is well known that soil type and 
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organic matter play an important role in moisture retention, and therefore these factors 

overshadow the role of moisture alone (25). 

When comparing the rates of decay across all field experiments, there was little 

variation regardless of sample type and application rate.  This was consistent with 

previous studies by Crane and others (12) and Gessel and others (23), who concluded 

that manure application rate does not affect persistence of bacterial pathogens.  When 

considering guidelines and regulations such as FSMA and NOP, these results are 

encouraging.  These findings suggest that any waiting period required between manure 

application and harvest will be equally effective regardless of season or location in 

central and north Florida, the efficacy of such a regulation is only affected by the initial 

microbial load and subsequent contamination events.  However, the importance and 

regularity of such contamination events must be considered, as several instances 

during these field trials suggest that contamination events play a crucial role in the 

persistence of E. coli in the field.  Even more, previous studies observed significantly 

shorter survival times of E. coli in bovine manure.  For example, Kudva and others (36) 

reported a survival of 40 days for E. coli in bovine manure that was monitored in the 

environment.  

While the persistence of E. coli, particularly in field settings is important to 

understand, the clinical significance of this research is not clear.  There are many 

pathways in which pathogenic E. coli may travel from manure to a human host, such as 

waterborne, foodborne, or airborne methods (22).  Gerba and Smith (22) state that 

there is no minimum infectious dose for enteric pathogens.  This makes quantitative risk 

assessment of manure-borne E. coli difficult.  Furthermore, the risk of infection can vary 
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by crop.  For example, Franz and others (19) showed that 2.8% of lettuce exposed to 

contaminated manure was likely to result in one head of lettuce/hectare being 

contaminated with E. coli O157:H7, that likelihood decreasing to 0.1% for two or more 

heads of lettuce/hectare.  However, such small numbers should not be overlooked.  

According to Danyluk and Schaffner (13), a 0.1% prevalence of E. coli O157:H7 at 

levels of -1 log CFU/g in spinach fields could result in an outbreak like that experienced 

in 2006.  While, within this experiment, counts less than 1 log 10 CFU/g may not be 

statistically significant from E. coli negative samples, these counts may still be clinically 

significant.  Further risk assessments should be conducted in order to better understand 

the clinical significance of low level persistence of E. coli before suggesting a waiting 

period for manure use in agriculture.  

Field Trial One, Summer Season 

 The first field trials began in early May, 2014, and were concluded in mid-

September, 2014.  The fields prepared in both Live Oak and Citra locations were used 

to show real-life field conditions during summer months in North-Central Florida.  The 

Live Oak and Citra fields monitored during trial one concluded within one week of each 

other, and the population density of E. coli was not significantly different between 

locations.  While the average temperatures of the air and soil were not significantly 

different, the average minimum temperature of both the air and soil was significantly 

lower in Citra than Live Oak (Tables 4-4, 4-5), which was the only significantly different 

weather-related parameter between locations.  During the course of trial one, PCR did 

not identify E. coli in any negative enrichment samples. 

 When comparing rates of decay between studies, there was no significant 

difference observed between field trials and corresponding microcosm trials, regardless 
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of location.  This suggests that rates of decay determined by microcosm studies may be 

useful for field persistence determination under similar temperature conditions.  

However, as described previously, the effect of contamination events may play a large 

role in the apparent persistence of E. coli in field conditions, and cannot be accounted 

for when applying rates of decay.  It is important to understand the limits of these 

comparisons as the sampling dates were not the same between microcosm and field 

trials.  The initial population density of E. coli after manure incorporation varied by 

application rate, as was expected, but was not significantly different (Table 4-15).  The 

highest population density at the time of application was the heavy manure application 

rate, top samples, averaging 3.87 log10 CFU/g.  The lowest population density was the 

medium manure application rate, core samples, averaging 2.47 log10 CFU/g.  However, 

throughout the trial, the heavy application rate was significantly higher in E. coli 

population density, on average, than all other sample application rates.  Furthermore, 

the surface samples had a significantly higher average E. coli population density than 

the core samples.  The initial E. coli population on the day of application was lower than 

expected, the original manure containing an E. coli population of approximately 5.81 

CFU/g.  The initial decrease in population density may be explained in part by the 

mixing of a dense population medium (i.e., manure) with a medium containing no E. coli 

(i.e., soil).  Additionally, the shock of incorporation into a new environment may cause 

death to injured cells.  However, on day one, several application rates and sample types 

increased, some significantly, from day zero.  This was likely the effect of 

acclimatization and the lag/exponential growth phases described previously, and were 

expected.  Throughout the experiment, there was some fluctuation in population 
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density.  While this trial was predominantly characterized by a constant decrease in E. 

coli, several sampling days observed an increase from the previous sampling day.  

When observing these fluctuations, they appear to be random and likely caused by 

random variations within the plot when sampled (e.g., a concentrated portion of manure 

in one sample). 

On day 84, all application rate plots were negative for E. coli enrichment and 

were confirmed as such with PCR.  However, the following sampling period, day 112, 

one light and one core plot were enriched for E. coli and a colony was isolated.  Using 

PFGE, the colonies isolated proved to be identical (Figure A-1).  While it is possible that 

this E. coli had originated in the light plot, the consecutive negative enrichments and 

PCR confirmations would suggest that this E. coli was newly introduced.  This 

probability is further supported by the presence of identical E. coli in the neighboring 

control plot.  This instance highlights the possibility of new contamination events in real 

field settings.  

Upon observing the rates of decay determined by plotting the E. coli population 

density from day zero until day 112, no difference was seen between surface samples 

and corresponding core samples by application rate (i.e., 0.02 log10 CFU/day for light 

and medium samples, and 0.03 log10 CFU/day for heavy samples).  Additionally, no 

significant difference in rate of decay was seen between sample types of varying 

application rates.  These findings suggest that the factors responsible for the death of E. 

coli in this trial act equally on all samples, regardless of application rate and sample 

type.  While certain factors, such as solar radiation, were hypothesized to increase the 

rate of decay in surface samples, these findings suggest otherwise.  It is reasonable to 
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assume that other factors, such as temperature, which may affect all samples and 

application rates equally, have a greater effect on the rate of decay.   

For the purpose of comparing summer season trial one to the 30ºC microcosms, 

the rate of decay of the prior was determined by plotting the E. coli population density of 

the core and surface samples, averaged, from day zero to day 84, the closest sampling 

period within the initial decrease observed in the microcosms.  A rate of decay of 0.04 

log10 CFU/day (r2=0.71) was observed in the Live Oak site, which was slightly lower 

than that observed in the Live Oak microcosms at 30ºC.  Despite this small decrease in 

rate of decay, the Live Oak site persisted for less time than the microcosms.  This could 

be due to the decrease in initial E. coli population density concentration.  This 

discrepancy could be due to an initial E. coli death on day zero that occurred in the field 

due to increased stress, such as solar radiation and temperature fluctuation.  During the 

set-up of the field, the manure was left in the elements for several hours before 

incorporation into the soil, while the microcosms did not endure such stressors. 

 The initial population density of E. coli after manure incorporation varied by 

application rate, as was expected (Table 4-16).  The highest population density at the 

time of application was the heavy application rate, top samples, averaging 2.26 CFU/g.  

The lowest population density was the light application rate, core samples, averaging 

1.15 CFU/g.  This initial population density trend was observed throughout the trial, with 

the heavy application rate, top samples, having the significantly highest E. coli 

population density on average, while the light application rate, core samples, had the 

significantly lowest average E. coli population density.  A lower than expected initial 
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population density occurred after the application of manure to soil, with a subsequent 

increase, as described previously. 

Several instances showed potential for E. coli contamination at this site.  One 

control plot was found to contain E. coli on days seven and 14.  This suggests either a 

run-off event or contamination event that led to the movement of E. coli to the previously 

barren control plots.  Indeed, it has been shown on numerous occasions that E. coli is 

readily able to move in the environment, especially in the presence of water or other 

vectors (1, 14, 24, 29, 49, 51, 53, 56).  Unlike Live Oak, Citra concluded with 

consecutive negative sampling periods without incident on days 112 and 140.   

When comparing the rates of decay, there was no difference between the 

surface and core samples of the light and medium application rates of 0.03 log10 

CFU/day.  However, there was an insignificant increase from 0.03 to 0.04 log10 CFU/day 

in the heavy application rate surface samples.  Having been an insignificant increase, it 

is reasonable to assume this change was random and not an effect of a difference in 

persistence factors, as described previously. 

The rate of decay for the E. coli population density, averaged between surface 

and core samples, for the heavy application rate was plotted for comparison to the 30ºC 

Citra microcosms.  Similarly, the rate of decay was 0.04 log10 CFU/day (r2=0.70), which 

was also seen in the Live Oak site.  As explained previously, the initial E. coli population 

density in the Citra site was lower than that observed in the microcosms, likely for 

similar reasons explained in the Live Oak site discussion.  

Field Trial Two, Fall Season 

The second field trials began in mid-August, 2014, and were concluded in late 

May, 2015.  E. coli was still recoverable in both field locations at the time of completion. 
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The E. coli population density monitored during field trial two was significantly higher on 

average than trial one (P-value <0.05).  This may be attributed to the continued 

presence of E. coli, although it is not possible to exclude the possibility of the plots 

becoming recontaminated during the course of the trial.  The fields prepared in both 

Live Oak and Citra locations were used to show real-life field conditions during fall 

months in North-Central Florida.   

During trial two, Live Oak had a significantly higher E. coli population density 

than Citra, while Citra was not significantly different from either location in trial one  

(P-value <0.05).  While neither field study concluded with two consecutive negative 

samplings, the significantly higher populations seen in Live Oak are most likely due to 

an increase in population densities seen during the initial sampling periods after day 

zero.  During this trial, Citra maintained a significantly higher average air and soil 

temperature than Live Oak, with all other temperature and weather parameters not 

being significantly different (Tables 4-4, 4-5).  It is reasonable to suggest that these 

temperature differences may have been a factor in the increased population density 

seen in Live Oak as opposed to Citra in trial two.  PCR was able to identify the presence 

of E. coli on two occasions during this trial in Citra, which will be discussed further 

(Figures 4-11, 4-12).  However, there was no significant difference in the rate of decay 

between locations.   

Unlike trial one, this trial was characterized by repeated reemergence of E. coli in 

previously negative plots, regardless of application rate.  However, this trend was 

observed more frequently in top soil samples.  When analyzing the PFGE dendrogram, 

there were only two outlying clades that would suggest the isolates did not originate 
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from manure.  Numerous presumed contamination isolates clustered closely with 

presumed manure indigenous isolates.  While this may suggest that the isolates were 

not from contamination events, it is also possible that, because the remaining clade had 

a broad genetic variety with in, that new contamination or recontamination could result 

in isolates that were not distinguishable from the others (Figure A-1).  It is reasonable to 

suggest that many of the E. coli reemergence events were due to new contamination 

events, as described previously.  Even more, multiple outbreaks of E. coli have been 

caused by contamination events by outside sources (5, 29).  

When comparing the field persistence of E. coli population density to that of the 

20ºC microcosms, there is a significant difference.  The rate of decay is approximately 

double that observed in the microcosms, regardless of location.  Unlike the summer trial 

and corresponding microcosms, the rate of decay calculated from the 20ºC microcosms 

are not suitable for approximating persistence in similar field conditions.  It should be 

emphasized that this comparison is not ideal because the sampling days were not 

identical. 

 As described in trial one, there was some initial variation in E. coli population 

density by application rate, but the differences were insignificant (Table 4-17).  The light 

core sample had the lowest concentration of E. coli with 2.96 log10 CFU/g, while the 

heavy surface sample contained the highest concentration with 3.88 log10 CFU/g.  The 

variation was consistent with expectations.  Also, similar to trial one, there was an 

increase in population density from day zero to day one in all samples, which was 

discussed previously. 
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Over the course of the trial, there were various fluctuations of E. coli population 

density over time, but one notable change was an increase observed on day 14 in all 

samples, with exception of the medium core samples.  Some of these increases were 

significant.  This spike was noted two days after a rain event of 3.23 cm, and was 

accompanied by an increase in soil moisture (Figure 4-7).  While moisture has been 

documented as a significant contributor to microorganism persistence, this trend was 

only seen on this occasion during the course of both field trials.  Furthermore, as 

previously stated, moisture did not correlate significantly with E. coli population density.  

While this spike may be attributed to increased moisture, it is also possible that new 

contamination or run off may have resulted in increased population densities (24, 56).  

However, it is also plausible that moisture did indeed play a role in the increase in E. 

coli population density, but this trend was only observed once because the event 

occurred early in the trial, while the majority of E. coli was still viable and able to grow 

exponentially in favorable conditions. 

During the course of trial two, Live Oak saw multiple occurrences of E. coli 

reemergence in previously negative plots, as compared to Citra.  As previously 

discussed, these fluctuations may be due to sampling variation and recovery of 

previously injured cells.  However, it is reasonable to suggest that new contamination 

events are also a likely cause of these reappearances.  For example, over the course of 

this trial, the light surface samples were negative for five consecutive sampling periods 

before recovering E. coli (Table 4-11).  Similar trends of reemergence were seen in all 

samples in Live Oak, which further supports the possibility of recontamination (Table 4-
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17).  Furthermore, E. coli was recovered in control plots on multiple days at varying 

frequencies, further suggesting the occurrence of new contamination.  

The rate of decay for the E. coli population density, averaged between surface 

and core samples, for the heavy application rate was plotted for comparison to the 20ºC 

Live Oak microcosms.  The rate of decay was found to be 0.06 log10 CFU/day (r2=0.77), 

which was double the rate observed in the Live Oak 20ºC microcosms.  As explained 

previously, there are many stressors present in the environment that can cause an 

increased rate of cell death.  While neither the field experiment nor the microcosm 

experiment under these conditions have concluded, it is likely that the field experiment 

will conclude prior to day 420.  When considering the likelihood of contamination, as 

described earlier, it is reasonable to assume that the remaining persistence observed in 

the field is due to contamination, rather than persistence of the initial E. coli populations.  

 As noted in the other trials, Citra also experienced initial variation that was not 

significant between application rates.  Also, the same increase from day zero to one 

was noticed, with significant differences seen in some samples, but not others (Table 4-

18).  Random fluctuations in E. coli population density occurred throughout the 

experiment, regardless of application rate or type, but the predominant trend was one of 

decline.  While this trial also saw reemergence of E. coli in previously negative plots, the 

periods of consecutive negative sampling were not as distinct.  Additionally, the heavy 

surface samples were never completely negative for E. coli during the course of this 

experiment (Table 4-13).  While these findings may be interpreted to show increased 

persistence of manure indigenous E. coli, the previous trials and locations suggest 

occurrences of new contamination.  Coupled with the observance of positive control 
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plots on days 105 and 168, it is reasonable to suggest that new contamination events 

may mimic persistence.  

On days 84 and 105, PCR identified E. coli in a heavy application plot from a top 

sample and a control plot from a top sample, respectively, that had enriched negative 

for E. coli (Figures 4-11, 4-12).  This may suggest the presence of VBNC or severely 

injured cells that are unable to grow in enrichment but are still intact.  However, since 

this was not a common event, it is reasonable to suggest that E. coli existing in a VBNC 

state is not a significant concern in field conditions.   

The rate of decay for the E. coli population density was similarly determined as 

stated in previous sections.  The rate of decay was found to be 0.05 log10 CFU/day 

(r2=0.80), which was also higher than that observed in the Citra 20ºC microcosms.  This 

trend is similar to that observed in the Live Oak field and 20ºC microcosm comparison.  

As stated previously, it is likely that the field experiment will conclude prior to the 

microcosm experiment.  Furthermore, the Citra field experiment may appear to persist, 

but actually be the result of new contamination.  
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APPENDIX A 
PFGE DENDROGRAM 
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E 

 
 

Figure A-1. PFGE dendrogram of field experiment isolates, separated into sections A, 
B, C, and D due to size constraints. 

UF2196

UF2162

UF010

UF2181

UF034

UF2013

UF2021

UF2191

UF2015

UF2158

UF2169

UF2180

UF2163

UF003

UF009

UF2005

CA2D252HT3

CAT2D105HT2

CAD07LC3

CA2D196MT2

LOD14HT2

CA2D14MC1

CAd7MC1

LO2D224HC1

CA2D44HT1

LOT2D140HT1

CAT2D112MC1

CA2D196LT3

CAT2D105HC1

CAD01LT1

CAD03HT2

CA2D28HT2

Manure

Manure

Manure

Manure



 

102 

 
APPENDIX B 

CONTINUED WORKS 

Table B-1.  Average E. coli population density (log10 CFU/g soil) recovered from surface and core soil samples over time, 
taken from trial two fields after conclusion of thesis research, in Live Oak, FL 

 Population Density of E. coli (log10 CFU/g soil)a 

Sample Type 

Surface Core 

Application Rates 
Day Light Medium Heavy Light Medium Heavy 

308 0.00 ± 0.00a 0.00 ± 0.00a 0.00 ± 0.00a 0.00 ± 0.00a 0.00 ± 0.00a 0.00 ± 0.00a 
aValues are mean ± standard deviation of counts taken from triplicate samples (n=3). 

aValues are not significantly different across all rows and columns. α=0.05, P-value ≥ 0.05. 
0.00 ± 0.00 values indicate all samples are enriched, and all enrichments are negative with PCR confirmation. 
 
 

Table B-2.  Average E. coli population density (log10 CFU/g soil) recovered from surface and core soil samples over time, 
taken from trial two fields after conclusion of thesis research, in Citra, FL 

 Population Density of E. coli (log10 CFU/g soil)a 

Sample Type 

Surface Core 

Application Rates 
Day Light Medium Heavy Light Medium Heavy 

308 0.00 ± 0.00a 0.00 ± 0.00a 0.00 ± 0.00a 0.00 ± 0.00a 0.00 ± 0.00a 0.00 ± 0.00a 
aValues are mean ± standard deviation of counts taken from triplicate samples (n=3). 

aValues are not significantly different across all rows and columns. α=0.05, P-value ≥ 0.05. 
0.00 ± 0.00 values indicate all samples are enriched, and all enrichments are negative with PCR confirmation. 
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