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Abstract

A foodborne Escherichia coli O157:H7 outbreak in December 2006 included 77 illnesses reported 

in Iowa and Minnesota. Epidemiologic investigations by health departments in those states and 

the U.S. Centers for Disease Control and Prevention (CDC) identified shredded iceberg lettuce 

(Lactuca sativa L.) as the vehicle of transmission. The U.S. Food and Drug Administration (FDA) 

and Minnesota and California public health agencies traced the lettuce to several growing regions 

in California based on information from a lettuce processor in Minnesota.

Samples from an environmental investigation initiated by the California Food Emergency 

Response Team (CalFERT) revealed a genetic match between the outbreak strain and 

environmental samples from a single farm, leading to an in-depth systems-based analysis of 

the irrigation water system on that farm. This paper presents findings from that systems-based 

analysis, which assessed conditions on the farm potentially contributing to contamination of the 

lettuce. The farm had three sources of irrigation water: groundwater from onsite wells, surface 
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water delivered by a water management agency and effluent from wastewater lagoons on nearby 

dairy farms. Wastewater effluent was blended with the other sources and used only to irrigate 

animal feed crops. However, water management on the farm, including control of wastewater 

blending, appeared to create potential for cross-contamination. Pressure gradients and lack of 

backflow measures in the irrigation system might have created conditions for cross-contamination 

of water used to irrigate lettuce. The irrigation network on the farm had evolved over time to meet 

various needs, without an overall analysis of how that evolution potentially created vulnerabilities 

to contamination of irrigation water. The type of systems analysis described here is one method for 

helping to ensure that such vulnerabilities are identified and addressed. A preventive, risk-based 

management approach, such as the Water Safety Plan process for drinking water, may also be 

useful in managing irrigation water quality.

3 Introduction

On December 14, 2006 the U.S. Centers for Disease Control and Prevention (CDC) issued 

a health alert regarding a multi-state foodborne Escherichia coli O157:H7 outbreak that was 

linked to two restaurants of the same chain located in Iowa and Minnesota. CDC reported 

the numbers of associated illnesses in Iowa and Minnesota to be 50 and 27, respectively 

(CDC, 2006). Isolates of E. coli O157:H7 in both states presented indistinguishable patterns 

that confirmed the two clusters were linked. Epidemiologic and traceback investigations by 

the affected states and the Food and Drug Administration (FDA) in collaboration with CDC 

took place for this outbreak (MDH, 2006; CalFERT, 2008). Those investigations identified 

shredded iceberg lettuce as the vehicle of transmission.

Investigators from FDA and Minnesota and California public health agencies traced 

the lettuce to growing regions in California’s Central Coast and Central Valley based 

on information from a lettuce processor in Minnesota. The California Food Emergency 

Response Team (CalFERT) started an environmental investigation on December 15, 2006. 

The environmental investigation was conducted by a multi-agency and multidisciplinary 

team of epidemiologists, environmental health specialists, and laboratory personnel. A 

detailed description on how the environmental investigation was conducted, the overall 

findings, and discussion of the findings have been reported by CalFERT (CalFERT, 2008). 

Samples from the initial environmental investigation revealed a genetic match between the 

E. coli O157:H7 outbreak strain and environmental samples (two swabs, four water, three 

water and sediment, and one soil) from a single farm in the Buttonwillow area of the Central 

Valley hereafter referred to as Farm A, and two adjacent dairy farms. Farm A’s irrigation 

system and the dairies’ wastewater effluent conveyance system were combined into a 

complex piping network. Concerns about potential cross-contamination between irrigation 

systems for lettuce fields on Farm A and the nearby dairies emphasized the need to conduct 

additional environmental sampling and a detailed systems-based assessment of the farm’s 

irrigation water management system. These results led to a more in-depth systems-based 

environmental assessment at Farm A. The objective of this paper is to report the results of 

that assessment.
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Irrigation water can become a source of pathogenic microorganisms due to its interaction 

with complex upstream environmental factors such as watershed hydrology, hydrogeological 

conditions, adjacent land uses, waste disposal, climatic events, etc., as well as integrity 

of on-farm irrigation water management and practices (Suslow et al., 2003). Contact 

with contaminated irrigation water can thus potentially contaminate fresh produce with 

pathogenic microorganisms.

Recent studies reported that leafy greens have been associated with a significant number 

of fresh produce outbreaks for decades in the United States. Among 10,421 foodborne 

outbreaks reported during 1973–2006, 502 (4.8%) outbreaks, 18,242 (6.5%) illnesses, and 

15 (4.0%) deaths were associated with leafy greens (Herman et al., 2008). The proportion 

of foodborne illness outbreaks due to leafy greens has increased, and cannot be accounted 

for completely by an increase in leafy green consumption (Palumbo et al., 2007; Shelton 

et al., 2011). Gelting et al. (2011) reported that environmental factors such as land use, 

hydrology, and irrigation practices may also contribute to this increase as a result of the 

environmental investigation of an E. coli O157:H7 outbreak in September 2006. Findings of 

the investigation identified tainted prepackaged spinach (Spinacia oleracea L.) as the vehicle 

of the outbreak that resulted in five deaths and 205 illnesses (Gelting et al., 2011).

Lettuce is the most frequent vehicle in leafy greens associated outbreaks. During the decade 

1990–1999 there were 10 outbreaks linked to contaminated lettuce with a total of 479 

reported cases, from which 264 (55%) were cases from six outbreaks related to E. coli 
O157:H7 and 113 (24%) cases from three outbreaks that were linked to both iceberg lettuce 

and E. coli O157:H7 (CSPI, 1999). The number of outbreaks linked to consumption of 

contaminated fresh produce, especially lettuce, appears to have increased since the year 

2000. During the period 1998 to 2007, 12 outbreaks were linked to both contaminated 

lettuce and E. coli with a total of 361 reported cases (CSPI, 2009).

Mechanisms of lettuce contamination are still not fully understood. Research on the subject 

has focused on the farm environment (Natvig et al., 2002; Johannessen et al., 2004; Franz 

et., al 2007), microbial growth and survival in the environment (Wang et al., 1996; Kudva et 

al., 1998; Ibekwe et al., 2004; Koseki and Isobe, 2005; Ibekwe et al., 2007), plant pathogen 

interactions (Takeuchi et al., 2001; Duffy et al., 2005; Ells et al., 2006) and treatment 

interventions and technologies (Zhang and Farber, 1996; Seo and Frank, 1999; Kondo et al., 

2006, Ajlouni et al., 2006). Lettuce may become contaminated if improperly treated manure 

is used as fertilizer in the growing fields (Beuchat, 1999; Solomon et al., 2002; Islam et 

al., 2004) since research has demonstrated the long-term survival of E. coli O157:H7 in 

manure under a variety of conditions (Wang et al., 1996, Kudva et al., 1998). Other prior 

work found that E. coli O157:H7 contaminated lettuce via flood irrigation using water 

contaminated with cattle feces or by contact with contaminated surface runoff (Ackers et 

al., 1998; Hilborn et al., 1999). Findings on the ability of the pathogen to survive in water 

for extended periods of time (Wang et al., 1998; Chalmers et al., 2000) and its association 

to outbreaks caused by consumption of contaminated water or ice (CDC, 1999) led some 

researchers to study the mechanisms of lettuce and other vegetable contamination with E. 
coli O157:H7 via contaminated irrigation water (Wachtel et al., 2002; Islam et al., 2004; 

Steele and Odumeru, 2004; Gelting et al., 2011).
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4 Methods

The initial outbreak investigation identified fields on Farm A as the likely source of the 

contaminated lettuce involved in this outbreak (CalFERT, 2008). Furthermore, the field 

environmental assessment pointed to the irrigation system on the farm that was potentially 

microbiologically compromised. Understanding the factors associated with the microbial 

quality of irrigation water requires a thorough assessment and analysis of the source, 

conveyance and on-farm distribution of water based on a systems approach (Stine et al., 

2005). A systems-based approach is used to study and analyze the entirety of a problem, 

considering the underlying interactions and interrelationships among all the constituting 

elements (Gelting et al., 2005). Such a systems approach was used to assess the irrigation 

water system on Farm A and to analyze the conditions on the farm that might have led to 

contamination of the lettuce and consequently to the 2006 E. coli O157:H7 outbreak linked 

to chain restaurants in Iowa and Minnesota.

An irrigation system is characterized by sources of irrigation water, and the conveyance 

and distribution networks on the farm (Suslow, 2010). The quantity and quality of water 

delivered to fields by a system are often highly dynamic. This is reflected in the diverse and 

variable concentrations of microorganisms, including pathogens, present in irrigation water. 

Data on flow and water quality are instrumental in assessing microbial loads delivered to 

irrigated fields and the risk of produce contamination. Using a systems-based approach, we 

evaluated and analyzed the information collected during the field environmental assessment 

to identify potential risk factors for produce contamination arising from contaminated 

irrigation water or a compromised irrigation system. This approach encompassed the 

following elements:

• Characterization of the irrigation system

• Identification of contamination sources

• Identification of contamination pathways

• Specific conditions adding to the vulnerability of the overall system

Major components of the irrigation water management system on Farm A were identified. 

Component interactions in terms of inputs and outputs and their relationship to the overall 

system behavior were determined. Sources and pathways of potential contamination were 

identified and conditions pertaining to hydrology and hydraulics of the irrigation system 

were assessed. The above elements served to identify critical events in space and time 

that may have compromised the microbial quality of the irrigation water used on lettuce 

crops. Analytical results of environmental samples collected from all the components of the 

system supported the assessments. Similarly, data relevant to hydrology and hydraulics were 

analyzed to assess conditions potentially leading to contamination of irrigation water.
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5 Results and Discussion

5.1 Preliminary Environmental Sampling

Field visits were conducted as part of the initial environmental investigation to determine 

the root causes and environmental contributing factors to this E. coli O157:H7 outbreak. As 

part of the investigation, a total of 251 environmental samples (water, soil, sediment from 

irrigation lines and ditches, swabs [wipe-type] from surfaces such as irrigation lines or farm 

equipment, animal fecal matter, and product specimens) and eight controls were collected 

from suspect lettuce growing fields and dairy farms by CalFERT investigators according to 

an environmental sampling plan. Investigators took samples from suspect growing fields and 

dairies in two areas of California, Buttowillow in Kern County (194 samples), and Santa 

Maria in Santa Barbara County (57 samples). All positive E. coli O157:H7 samples (32 out 

of 251 or ~13%) came from Farm A, located in the Buttonwillow area, and 10 of the 32 

positive specimens (~31%) were determined to genetically match the outbreak strain using 

pulsed field gel electrophoresis (PFGE) (CalFERT, 2008). Of these 10 matching samples, six 

were collected from a field to the west of suspect lettuce growing fields X and Y (Fig. 1). 

Matching samples were one swab from a water-dairy wastewater blend line, one water-dairy 

wastewater blend, three water and sediment from water-dairy wastewater blend lines, and 

one soil from the bottom corner of the field to the west of lettuce growing field Y. The 

remaining four were collected at the two dairies near Farm A in Fig. 1. Matching samples 

were one water-dairy wastewater blend from Dairy I, one wastewater lagoon of Dairy II, and 

two (one swab and one water) from water-dairy wastewater blend line of Dairy II adjacent 

to lettuce growing field Z. The sampling locations where the ten different matching samples 

were collected can be seen in Fig. 1 (more than one sample was taken at some locations).

5.2 Description of Farm A

Farm A is located in the California’s Central Valley, adjacent to two large dairy farms. In 

addition to the three lettuce growing fields, Farm A was also growing animal feed crops 

at the time of the investigation. The location of the three lettuce growing fields (X, Y, 

and Z) and the two dairies (I and II) are shown in Fig. 1 in a schematic plan of Farm 

A. Fields X (28.5 ha) and Y (28.9 ha) were located on the farm grounds, south of Dairy 

I and west of ‘W’ road; field Z (29.7 ha) was located on the property of Dairy II, north 

of ‘B’ street, but managed by Farm A. Farmers used fields X and Y to grow lettuce and 

tomatoes (Lycopersicon esculentum Mill.) in separate parcels of the fields. They used field 

Z to grow lettuce and cucumbers (Cucumis sativus L.) also in separate parcels of the field. 

Interviewees at the farm and dairies reported that all the land and wells were previously 

owned and maintained by Farm A. In 2003, parcels of land were sold to the dairies, but the 

farm maintained control over the irrigation system.

5.2.1 Water Sources—Three sources of water were used for the irrigation system at Farm 

A: water from Semitropic Water Storage District (SWSD), effluent from the wastewater 

lagoon systems of the dairies, and groundwater withdrawals from wells. The type of 

irrigation water used on a field depended on the types of plants grown in that field. For 

example, a blend of district water and effluent from the wastewater lagoons was applied to 
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fields only growing animal feed crops. District water or well water was applied to fields 

where crops for human consumption were grown.

5.2.1.1 Semitropic Water Storage District: The SWSD is one of eight water storage 

districts in California that manage and deliver water for irrigation (SWSD, 2009). In 1995, 

SWSD started a water banking project that involved delivery of surface water to reduce 

groundwater pumping (SWSD, 2007a). The managers of Farm A reported that SWSD water 

was used to irrigate all fields where crops were growing, including two of the three lettuce 

fields implicated in the outbreak (fields X and Y). The water distributed by SWSD came 

from the California Aqueduct, which delivers water diverted from the Sacramento River 

Delta to farms in the Central Valley.

5.2.1.2 Effluent from Dairies Wastewater Lagoon Systems: At the time of the 

environmental investigation, each dairy had a lagoon system for wastewater treatment that 

consisted of settling ponds followed by storage lagoons. Effluent from the storage lagoons 

was blended with SWSD water and used as a source of irrigation water although levels of 

treatment achieved by the lagoon systems were unknown due to lack of monitoring data. 

Farm A managers reported that blended water was used only to irrigate animal feed crops, 

while lettuce and other crops for human consumption were only irrigated with water from 

SWSD and wells.

5.2.1.3 Groundwater Wells: Farm A used well water to irrigate one of the fields where 

the lettuce implicated in the outbreak was grown (field Z). This well was located on the 

northeast corner of the field, in the vicinity of the dairy farms and their wastewater treatment 

lagoons. This created conditions for increased risk of well water contamination from lagoon 

seepage. A detailed discussion is provided in the following sections.

5.2.1.4 Irrigation Water Piping/Distribution Network: As previously discussed, effluent 

from the dairy storage lagoons was pumped into the farm irrigation system. It was reported 

that:

• The effluent from the storage lagoon of Dairy I was mixed with SWSD water 

and water from wells at designated mixing points in the irrigation piping network 

(see dairy or dairy blend wastewater lines of this dairy in Fig. 1).

• Effluent from the storage lagoon of Dairy II was mixed with SWSD water and/or 

well water in a blending chamber equipped with an air gap in close proximity to 

the Dairy II lagoon (see dairy or dairy blend wastewater lines of this dairy in Fig. 

1). Blended water was then distributed through the farm irrigation system by a 

complex piping network.

5.3 Potential Sources of Contamination

The location of two dairy farms and their wastewater treatment lagoons in close proximity 

to Farm A and the use of blended dairy wastewater for irrigation raise serious concerns 

about the safety of ready-to-eat type foods or foods that may be eaten raw with no kill 

step (e.g., fresh produce). The prevalence and survival of pathogenic E. coli including E. 
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coli O157:H7 has been researched extensively in dairy wastewater. Ravva et al. (2006) 

investigated the proliferation of E. coli O157:H7 in dairy wastewater from on-site holding 

lagoons and determined that E. coli O157:H7 declined rapidly and disappeared in less than 

four weeks. However, Ibekwe et al. (2007) have shown that if introduced into the physical 

environment, E. coli O157:H7 can survive for a long period of time. These authors showed 

that the pathogen can survive in soil for more than 90 days even under harsh conditions of 

post fumigation. Earlier, Ibekwe et al. (2004) found that the persistence of E. coli O157:H7 

in the phyllosphere (leaf surface of plants), rhizosphere (soil tightly held by plant roots) and 

non-rhizosphere soils over 45 days may play a significant role in contaminating produce 

in the environment. These studies demonstrate that E. coli O157:H7 can survive for long 

periods of time in soil and other media, and can threaten food safety if introduced to fields 

where products such as leafy green produce is grown. Therefore, the two dairy wastewater 

holding lagoons adjacent to Farm A, and the usage of lagoon water for irrigation purposes, 

warrant consideration in an investigation of potential sources of contamination for this 

outbreak.

5.4 Potential Contamination Pathways

As discussed above, the irrigation system on Farm A consisted of a complex piping 

network that integrated elements from both the farm and the two dairies. Understanding 

how that network functioned was challenging, but was important for assessing the possible 

pathways of water and lettuce contamination at the farm. Two major considerations arose 

from that assessment: cross-contamination of irrigation water with blended wastewater, 

and groundwater contamination due to seepage from the wastewater lagoons. These are 

discussed in the following sections.

5.4.1 Cross Contamination of Irrigation Water with Wastewater Lagoon 
Effluent—As described above, effluent from the dairy wastewater lagoons was mixed 

with SWSD and/or groundwater at mixing points in the piping network as well as in a 

blending chamber for the irrigation of animal feed crops on Farm A. This blended water was 

conveyed in piping networks that had direct connections to the SWSD system and wells used 

for irrigation. The investigation team analyzed the piping network to ascertain reliability of 

cross contamination prevention mechanisms. A non-scale schematic of the irrigation system, 

the lettuce fields (X, Y and Z), and the dairies (I and II) is provided in Fig. 1.

5.4.1.1 Backflow Prevention: In February 2007, the California Regional Water Quality 

Control Board (CRWQCB) served notices of violation to both Dairies I and II after an 

inspection of the dairy facilities ascertained inadequate backflow prevention and lack of 

inspection ports. These notices of violation stated: “The wastewater distribution system 

could allow mixed dairy wastewater and freshwater to enter the Semitropic WSD supply 

system and agricultural supply wells, causing or threatening to cause a condition of 

pollution.” (CalFERT, 2008). In addition, blending of water from various sources (SWSD 

water, groundwater pumped from onsite wells, and dairy lagoon wastewater) was controlled 

by manipulating valves in the pipe network and monitoring flow meters to achieve the 

desired percentages of water from those sources that followed no standard guidelines, but 

Farm A management’s own established practices. Depending on the crop, water from any 
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specific source constituted up to 100% of the blend. For example, during the environmental 

assessment, irrigation water applied to a field southwest of and adjacent to field X consisted 

of 2.5’×10−2 cubic meters per second (m3/s) dairy lagoon water and 0.1 m3/s well water.

The valves used for controlling this blending were gate valves and butterfly valves, neither 

of which were designed for this purpose. Gate valves are not designed to regulate flow, 

but rather to be used as shutoff valves to be either completely open or closed. If used to 

regulate flow, they can be subject to premature wear and/or failure that can cause leakage. 

Butterfly valves can be used to regulate flow, but are designed for use with clean water. 

Using these valves in wastewater applications, as in this case, can lead to the valves not 

seating properly upon closure and consequently to leakage. If leakage through either of these 

types of valves had occurred when the valves were thought to be closed, contamination of 

water from SWSD or from the wells by dairy lagoon wastewater could have occurred.

5.4.1.2 Conditions in the Irrigation Piping Network on Farm A: Field Z (see Fig. 1) was 

at least 6 feet higher in elevation than the adjacent field directly to the west. Farm managers 

indicated that because the farm irrigation system was unable to pump water up to Field Z, 

this field was irrigated with water from a well at the northeast corner of the field and blended 

wastewater never reached it. However, blended dairy wastewater was used to irrigate part of 

the field adjacent to the west of field Z, which was at a lower elevation (CalFERT, 2008).

During the environmental assessment under this investigation, blended wastewater was being 

applied to a portion of the field west of field Z. In order to irrigate as much of this field as 

possible, the wastewater blending chamber was bypassed at times to maintain higher head 

in the irrigation piping network. Although the irrigation system at Farm A could not pump 

water up to field Z, the piping used to convey blended wastewater was directly connected to 

piping from the well at the northeast corner of Field Z. There was no shutoff valve between 

the pipeline on the north side of field Z that carried well water and the pipeline on the east 

side of the adjacent field that carried blended wastewater. Thus water being pumped from 

the field Z well could be carried down into the rest of the farm irrigation system.

Field observations indicated that while the Field Z well was being pumped, a pressure gauge 

at the well head showed an operating pressure of 1.9×105 Pa. The elevation difference 

between this well and a turnout1 of the SWSD distribution subsystem located on ‘B’ street, 

near the intersection with ‘W’ road, was estimated at 6.4 m, equivalent to 6.2×104 Pa. A 

static head of approximately 2.6×105 Pa was therefore possible at this turnout. According to 

the SWSD Subsystem Design Information (SWDS, 2007b), the design operating head at this 

turnout was 6.6 m or 6.5×104 Pa. If the blending chamber was bypassed at a time when the 

Field Z well was pumping, it appears possible to create enough static head at the turnout to 

overcome the pressure in the SWSD system and force water from the farm irrigation system 

into the SWSD system if the gate valve at the turnout was open or not functioning properly. 

Also, no check valve was observed at this turnout to prevent backflow. It is possible that any 

water forced back into the SWSD system carried residual wastewater along with it because 

1A turnout is a termination point of the SDWS system, and constitutes a connection between the SWDS system and the farm irrigation 
system.
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portions of the Farm A pipeline, between the turnout and the Field Z well, were used to 

convey blended wastewater. This might have occurred if the blending chamber was bypassed 

and valves at the Field Z well were open, allowing water to flow back down into the farm 

irrigation system.

Low pressure in the SWSD system due to low demand would have favored the possibility 

of cross contamination because there would not be sufficient pressure in the SWSD system 

to prevent water from the Farm A irrigation system from flowing into the SWSD system. 

There were several days of low or no demand recorded in the SWSD distribution subsystem 

supplying Farm A during the period of time when the lettuce crop of interest was in the 

field. For example, on September 6 and 29, the afternoon of September 30, and on October 

7 and 12 of 2006, the demand was zero in this SWSD subsystem. Very low demands in 

the subsystem were also registered on November 7 and 19, 2006 based on SWDS Turnout 

Delivery Data. According to SWSD officials, low demands corresponded with relatively low 

pressures in the distribution system, as operators managed water levels in the storage tanks 

to correspond to demands. However, no records of pressures in the SDWS system were 

available to verify if low pressures indeed occurred during these days of low or no demand.

5.4.2 Contamination of Groundwater due to Lagoon Wastewater Seepage—
Dairy wastewater lagoons are designed and used for biological treatment and long term 

storage of dairy waste. Lagoons are usually lined with clay, concrete or a synthetic 

liner; however, some lagoons may be entirely unlined. Dairy wastewater lagoons present 

a growing concern due to their impact on the environment, specifically contamination of 

groundwater even at depths greater than 30.5 m. Contaminants of concern are microbial 

pathogens and chemicals such as nutrients (nitrates, and phosphorus and potassium 

compounds), ammonia, heavy metals and organic chemicals like hormones and antibiotics. 

Parker et al. (1999) reviewed the results of field seepage measurements and groundwater 

and soil sampling studies and concluded that seepage can occur from animal wastewater 

holding earthen ponds and lagoons. Arnold and Meister (1999) collected samples from 

26 monitoring wells around seven wastewater lagoons on seven dairies over a six year 

period and found that mean contaminant concentrations exceeded groundwater quality 

standards for nitrate, ammonia, chloride and total dissolved solids at all dairies and all 

wells. Harter et al. (2002) determined higher levels of total nitrogen concentrations and 

electric conductivities in groundwater in the proximity of dairies compared to monitoring 

wells immediately up gradient of these dairies. Campagnolo et al. (2002) detected multiple 

classes of antimicrobial compounds in groundwater samples collected in the proximity 

of swine and poultry farms. Arnon et al. (2008) detected testosterone and estrogen in 

sediments of monitoring wells, as deep as 32 and 45 m respectively, in a monitoring well 

adjacent to a dairy farm wastewater lagoon. Considering the potential for groundwater 

contamination from wastewater lagoon seepage, the risk of contamination of groundwater 

drawn from wells located on the farm cannot be ruled out as a factor contributing to the 

contamination of produce. This was noted in reports from inspections of the dairies by 

CRWQCB, which notes the shallow depth to groundwater in the area, ranging from 8.2 to 12 

m on Dairy I, and 9 to 16.5 m on Dairy II. Possible sources of groundwater contamination 

mentioned in CRWQCB’s Notices of Violation to both dairies include ponding of dairy 
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lagoon wastewater in fields (CRWQCB, 2007a; CRWQCB, 2007b). Reports from CRWQCB 

inspections of Dairy II also indicated “the facility has the potential to discharge dairy 

waste constituents to groundwater.” (CRWQCB, 2007b). Results from prior sampling in 

2006 by the California Department of Food and Agriculture showed some samples from 

wells located on Dairy II were positive for total coliforms (CalFERT, 2008). Although 

total coliforms do not necessarily point to fecal contamination, those positive results imply 

that microbial contamination reached the groundwater in the Dairy II wells. Potential 

sources and routes of groundwater contamination were also noted during the environmental 

assessment; they included unprotected vents on wells at this dairy and cross-connections 

between irrigation wells and effluent from dairy wastewater treatment lagoons (CalFERT, 

2008).

5.5 Additional Sampling of Irrigation Water and Spectral Analysis

During the in-depth environmental assessment at Farm A, additional samples beyond the 

251 environmental samples and eight controls previously mentioned were taken from 

various sources of irrigation water for fluorescence characterization to assess the potential 

for using natural and artificial tracers to detect possible cross-connections in the irrigation 

system. Different analytical techniques have been developed for detection of bacterial 

proteins in complex matrices like environmental samples (Wang et al., 1998; Rizzo et al., 

2004). Spectral analysis was performed using techniques elaborated in Baker (2002) and 

Hudson et al. (2007). Analytical results are presented in Table 1 below.

The two blended water samples (#2 and 5) had similar spectral protein signatures (labeled 

Tyrosine-like) to sample #1, which was taken from the SWSD turnout located in the 

southeastern corner of field Y. The presence of protein-like fluorophores indicate the 

production of bacterially-generated amino acids, and often represent contamination by 

wastewater or runoff from storm water and agricultural areas (Baker and Inverarity, 2004; 

Hur et al., 2008). Finding similar protein signatures in the two blended water samples was 

not surprising since the blended mix included wastewater from the dairy farms. However, 

a spectral signature in water from the above-referenced SWSD turnout matched that from 

the two blended water samples, and suggested that a cross-connection could exist that 

caused local contamination of the SWDS system . Sample #4 (SWSD turnout located on ‘B’ 

street near the intersection with ‘W’ road), in contrast, showed a humic spectral signature 

typical of surface waters, which would be expected for water supplied by SWSD, which 

was drawn from surface water sources. No groundwater was pumped into the SWSD system 

in 2006 because no additional water was required to fulfill water delivery demands. The 

two well water samples showed similar protein signatures (labeled Tryptophan-like) which 

were different protein signatures from those found in the blended wastewater samples. Since 

protein signatures in water can indicate contamination from wastewater or runoff, potential 

groundwater contamination, as mentioned in CRWQCB reports, may have occurred.

Results from the fluorescence characterization indicated that, not only was background 

fluorescence a useful environmental tracer in this case, but also that the protein-like and 

humic-like spectral signatures were distinct from certain fluorescent tracer dyes. Tracer 

testing using sub-visual dye concentrations could therefore potentially be used for further 
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analysis of cross-connections or other contamination at this site. This investigation showed 

that fluorescence screening is a rapid technique that can be adapted for use in the field, 

and which may be useful in conducting environmental assessments of other produce-related 

outbreaks.

6 Conclusions

The iceberg lettuce implicated in this outbreak came from a farm that used multiple sources 

of water for irrigation. Those sources included groundwater pumped from onsite wells, 

surface water delivered from a local water management agency, and effluent from dairy 

wastewater lagoons. Water from these sources was delivered to fields through a complex 

piping network on the farm. Different sources of water were blended in that network 

depending on irrigation needs, but blended wastewater was only directly applied to fields 

dedicated to animal feed crops and not to ready-to-eat crops for human consumption, 

according to farm managers. Nonetheless, water management on the farm, including control 

of the wastewater blending process, created potential vulnerabilities to cross-contamination.

As is common in agriculture, the irrigation system on the farm had evolved over time 

to attempt to meet current needs at various points in time. After the farm had sold the 

land that was developed into the dairies, dairy wastewater effluent was incorporated into 

the irrigation system. Because the farm was located in an arid area, dairy wastewater 

effluent was logically viewed as a resource for blending with other sources to irrigate 

animal feed crops, especially as it contained nutrients that could also lower the need for 

chemical fertilizers. These incremental changes were undertaken without an overall analysis 

of how they created possibilities for contamination of irrigation water. In this case, backflow 

prevention between piping networks used to convey blended wastewater and water from the 

other two sources was insufficient. The hydraulics in the combined piping networks were 

such that pressure differentials could also create potential for cross-contamination.

In addition, the dairy wastewater lagoons created possibilities for contamination of local 

groundwater resources that were also used for irrigation on the farm. Irrigation systems like 

the one on Farm A evolve over time to meet varying needs, potentially leading to unintended 

vulnerabilities if the effects of incremental changes on the entire irrigation system are not 

assessed. When risk factors such as the use of blended wastewater effluent for irrigation 

are evident, a systems analysis of the entire irrigation system may be necessary to identify 

potential vulnerabilities created by incremental changes and help prevent contamination. 

This paper described an example of such a detailed systems analysis of an entire irrigation 

system and the potential vulnerabilities to irrigation water quality within that system.

A preventive approach such as that contained within the World Health Organization’s 

(WHO) Water Safety Plan (WSP) process, a risk-based management approach for drinking 

water, may be useful in managing irrigation water quality. Water Safety Plans represent “a 

comprehensive risk assessment and risk management approach that encompasses all steps 

in water supply from catchment to consumer” (WHO, 2011). In other words, the WSP is a 

systematic methodology to identify and address risks to water quality at each step along the 

entire drinking water supply chain. Principles and concepts of the Hazard Analysis Critical 
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Control Points used in the food industry were applied to drinking water systems during 

the development of the WSP methodology (WHO, 2005 and 2011). The WSP process 

incorporates the type of systems analysis discussed above in that it includes a systems 

assessment and risk analysis of drinking water systems. The process also takes a further step, 

looking at factors in the broader environment that may influence drinking water quality.

Such a preventive approach for irrigation would include a systematic identification of risks 

to irrigation water quality both within an irrigation system, as described above for Farm 

A, as well as in the broader environment. For example, seasonal variation in the quality 

of surface waters used for irrigation would need to be taken into account, as well as the 

multiple pathways of contamination potentially contributing to surface water quality. The 

timing and magnitude of precipitation and flood events are other factors that may need to be 

included. Factors such as well construction and protection, the presence of abandoned wells 

and groundwater/surface water interactions would need to be analyzed for groundwater 

sources. Other factors such as the type of irrigation used (spray, flood, drip, etc) can also 

be included in this type of comprehensive assessment of risks to irrigation water quality. 

In the drinking water arena, the preventive principles of WSPs have been applied in both 

non-regulatory and regulatory ways, and the same could apply for a preventive process for 

managing irrigation water.

Identifying the exact sources of pathogen contamination of produce is challenging, and, 

in the case of this particular outbreak, was not definitively accomplished. However, 

implementing the methods described here, including a systems analysis of entire irrigation 

systems and preventive approaches modeled after the WSP process, can help to identify 

actual or potential sources of irrigation water contamination and also help to prevent that 

contamination.
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Figure 1. 
Schematic of the piping layout for the irrigation system in Farm A (non-scale). Arrows 

indicate direction of flow and irrigation.
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Table 1

Fluorescence characterization in water samples taken in Farm A

Sample # Sample Description Spectral Signature

1 SWSD turnout located in the southeastern corner of field Y Tyrosine-like and Tryptophan-like

2 Blended water* applied to the field adjacent to the southwest corner of field X Tyrosine-like

3 Well at the field adjacent to the west of field X Tryptophan-like

4 SWSD turnout located on ‘B’ street near the intersection with ‘W’ road Humic substances

5 Blended water* applied to the field adjacent to the west of field Z Tyrosine-like

6 Well at Field Z Tryptophan-like

*
The blended mix included wastewater from dairy farms

Agric Water Manag. Author manuscript; available in PMC 2022 August 02.


	Abstract
	3 Introduction
	4 Methods
	5 Results and Discussion
	5.1 Preliminary Environmental Sampling
	5.2 Description of Farm A
	5.2.1 Water Sources
	5.2.1.1 Semitropic Water Storage District
	5.2.1.2 Effluent from Dairies Wastewater Lagoon Systems
	5.2.1.3 Groundwater Wells
	5.2.1.4 Irrigation Water Piping/Distribution Network


	5.3 Potential Sources of Contamination
	5.4 Potential Contamination Pathways
	5.4.1 Cross Contamination of Irrigation Water with Wastewater Lagoon Effluent
	5.4.1.1 Backflow Prevention
	5.4.1.2 Conditions in the Irrigation Piping Network on Farm A

	5.4.2 Contamination of Groundwater due to Lagoon Wastewater Seepage

	5.5 Additional Sampling of Irrigation Water and Spectral Analysis

	6 Conclusions
	References
	Figure 1
	Table 1

