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Eff orts to exclude disease organisms from farms growing 
irrigated lettuce and leafy vegetables on California’s central 
coast are confl icting with traditionally accepted strategies to 
protect surface water quality. To begin resolving this dilemma, 
over 100 offi  cials, researchers, and industry representatives 
gathered in April 2007 to set research priorities that could 
lead to eff ective co-management of both food safety and water 
quality. Following the meeting, research priorities were refi ned 
and ordered by way of a Delphi process completed by 35 
meeting participants. Although water quality and food safety 
experts conceptualized the issues diff erently, there were no deep 
disagreements with respect to research needs. Top priority was 
given to investigating the fate of pathogens potentially present 
on farms. Intermediate priorities included characterizing 
the infl uence of specifi c farm management practices on food 
safety and improving our understanding of vector processes. A 
scientifi c subdiscipline focusing on competing risks is needed 
to characterize and resolve confl icts between human and 
environmental health.
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When a deadly outbreak of Escherichia coli O157:H7 was 

linked to a 15 Aug. 2006 spinach harvest, it drew intense 

attention to the region’s growers and packers. On 8 September, 

several cases of hemolytic uremic syndrome (HUS) alerted Centers 

for Disease Control and Prevention (CDC) scientists to a possible 

outbreak. Th is information was immediately shared with the 

CDC’s PulseNet, a nationwide network that coordinates local, 

state, and federal laboratories during food safety emergencies. 

PulseNet confi rmed the outbreak on 12 September and located its 

source on 15 September. Th e identifi ed packer, Natural Selection 

Foods, immediately issued a costly nationwide recall (Porter and 

Lister, 2006). Soon the contamination was narrowed to ready-

to-eat Dole Baby Spinach. By January, the CDC had confi rmed 

three deaths and 205 illnesses, many severe, from the August E. 
coli contamination. In a report the following March, offi  cials 

concluded that there were two potential sources of contamination: 

(i) the mixing of ground water with contaminated surface water 

and (ii) vectoring by wildlife, most likely feral pigs (California 

Food Emergency Response Team, 2007; Jay et al., 2007).

California’s central coast is ecologically diverse and rich in en-

demic plant and animal species (Davis et al., 2008). Tourists are 

attracted to the region’s striking juxtapositions of natural and agri-

cultural settings (Clay and Smidt, 2004), but its surface waters are 

widely polluted, and agriculture is listed as a major source of this 

pollution (Hunt et al., 2006; Los Huertos et al., 2006). Removal 

of water quality management practices (MPs) has the potential to 

undo decades of eff orts by farmers and the state and federal agencies 

that have assisted them. Cover crops are the most commonly used 

water quality practice in the region. Other common water qual-

ity management practices include stormwater ponds, fi lter strips, 

grassed waterways, irrigation reservoirs, irrigation tailwater recovery 

ponds, hedgerows, riparian buff ers and constructed wetlands, which 

also serve as exceptional wildlife habitat (Stuart et al., 2006).

In California’s central coast, produce from large farms is generally 

contracted by large marketers or restaurant and supermarket chains. 

Th ese organizations are enormously infl uential because they retain 

the right to reject crops that do not meet their requirements. Th ese 

buyers are understandably risk-averse, having invested heavily in the 

reputation of their brands. At the time of the E. coli outbreak, farm 
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food safety guidance could be found in the 1998 U.S. Food and 

Drug Administration (FDA) Good Agricultural Practices (GAPs) 

guide (Food Safety Initiative Staff , 1998) and in a 2006 industry-

sponsored supplement to the GAPs (Gorny et al., 2006). Th e 

1998 GAPs states that all animals, “including mammals, birds, 

reptiles, and insects” can vector pathogens into produce. Th e 

2006 amendment recommended reducing vegetation, harborage, 

and standing water near fi elds.

Before the outbreak, many buyers already required third party 

inspections of fi elds to certify GAPs compliance. Since the out-

break, many buyers have enforced very strict interpretations of 

the GAPs and crops have been rejected for reasons ranging from 

signs of deer to the proximity of frogs and tadpoles. Enforcement 

has been strictest in lettuce and leafy greens fi elds because packers 

have diffi  culty removing pathogens from the extensive surface area 

and overlapping structure of these vegetables. As part of the food 

safety eff ort, farmers are removing potential wildlife habitat areas 

near their fi elds when they confl ict with food safety guidelines, 

destroying MPs previously installed to protect water quality. In the 

spring of 2007, a local Resource Conservation District surveyed 

600 farmers and found that 89% of respondents had taken steps 

to exclude or eliminate wildlife from their fi elds. Farmers are using 

fences, poisons, traps, and bare ground buff ers. Twenty-one per-

cent of leafy green growers have already begun actively removing 

their water quality practices due to the food quality concerns of 

their buyers. Th e overwhelming majority of removals were from 

large farms (>202 ha) growing lettuce or leafy greens selling directly 

to shippers or packers. Practices targeted for removal have included 

tailwater recovery ponds and irrigation reservoirs, grassed water-

ways, fi lter and buff er strips, trees, and shrubs (RCDMC, 2007).

Materials and Methods
Risk management strategies for food safety and for water 

quality currently confl ict. Vegetation used to stabilize soils and 

structures used to collect runoff  can serve as habitat for wildlife 

that food safety offi  cials suspect may vector pathogens into fi elds 

growing fresh fruits and vegetable products. Water quality offi  cials 

are concerned that removal of water quality MPs will increase the 

export of nutrients, pesticides, and pathogens to regional surface 

waters. Coordinated management alternatives are clearly needed. 

As a fi rst step toward co-management, in April 2007, over 100 

specifi cally invited food safety and water quality leaders met for 3 

days in San Luis Obispo, California to discuss research priorities 

needed to assure food safety while conserving water quality. Th e 

experts represented government, industry, and academia and were 

active at national, state, and regional levels. Organizers hypoth-

esized that the food safety and water quality communities were 

largely uneducated as to each other’s concerns, constraints, and 

motivating interests. Th e fi rst half of the meeting, therefore, in-

cluded basic information about water quality, food safety, and their 

co-management in central coast agriculture. During the second af-

ternoon, small groups representing both constituencies visited area 

farms. Water quality leaders were asked to audit the farms from a 

food safety perspective and food safety experts were expected to 

assess water quality concerns. Assuming and describing a diff erent 

and unfamiliar set of concerns proved to be both challenging and 

enlightening for participants. Th e third day was spent discussing 

research and collaboration priorities. Th ese priorities were further 

developed, post-conference, using an iterative evaluation procedure 

called the Delphi process (Adler and Ziglio, 1996). Th e Delphi 

was coordinated by an outside evaluator. Th irty-fi ve of those who 

attended the meeting continued to participate through two ad-

ditional Delphi iterations. Th e fi rst iteration solicited responses to 

questions regarding coordinated management research priorities. 

Th ese were then grouped topically by the evaluator, who also culled 

suggestions without general support. Separate groups emerged for 

(i) pathogen vectors and pathways, (ii) mitigation and manage-

ment practices, and (iii) risk management. In the second iteration, 

Delphi participants ranked their preferences for each of these 

groups from among choices carried forward from the fi rst round. 

Participants were also asked to select, from among the choices in all 

three groups, the fi ve that would best meet their overall short-term 

needs. Consensus was determined using the optimization algo-

rithm, DCM. Th e DCM was developed as a hybrid of two earlier 

approaches and has proven to be consistent with other methods. It 

is possible, however, that a diff erent approach would generate dif-

ferent consensus rankings (Tavana et al., 2007). Although ranked, 

all of the listed priorities are considered important since the Delphi 

process culls minor priorities.

Th e purpose of this paper is to encourage eff orts to de-

velop practices that co-manage food safety and water quality, 

rather than to survey these vast and very separate literatures. 

Our approach is, therefore, to report the results of the Del-

phi process, and then to develop them by reporting research 

gaps suggested by the relevant literature. Th is compilation of 

research gaps is intended to invite discussion as well as to in-

spire scientifi c inquiry. Identifi cation of a particular gap does 

not necessarily suggest that little work has been done on that 

topic. Rather, it suggests an area where research is needed that 

can be applied to the particular problem of co-management.

Results and Discussion

Research Priorities Related to Pathogen Vectors and Pathways

1.1. Compare the fate of pathogens introduced into barren 

and vegetated systems.

1.2. Characterize pathogen pathways during crop 

production, harvesting, and packing.

1.3. Characterize the persistence of pathogens in the 

growing and harvested crop.

1.4. Identify animals, including smaller mammals and/or 

birds, which are signifi cant pathogen vectors.

1.5. Describe the fate of pathogens during storm fl ow and fl ood 

events, and associated with water control structures.

1.6. Describe how diff erent husbandry techniques impact 

the occurrence of E. coli O157:H7 in cattle.

1.7. Determine how diff erent range management strategies 

aff ect pathogen development and export.

Th ese priorities refl ect that sound co-management decisions 

require reliable information as to the impact of crop management 
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and water quality practices on pathogen behavior. Co-management 

requires a consideration of the impact of crop production and 

MPs on pathogen survival and movement (Priorities 1.1–1.3). Th e 

GAPs that confl ict with MPs are intended to prevent vectoring by 

wildlife and water (Priorities 1.4 and 1.5). Respondents were also 

interested in animal husbandry and range management alternatives 

for source control (Priorities 1.6 and 1.7). Th ere has been con-

siderable research into pathogen vectors and pathways in packing 

houses (Priority 1.2), where conditions can be carefully designed to 

exclude and reduce them (Coetzer, 2006; Fonseca, 2006). Less is 

known about pathogen survival and transmission in the environ-

ment (Pachepsky et al., 2006; Yildiz, 2007). Existing information 

can be diffi  cult to generalize quantitatively or transfer to other 

locations due to diff erences in local cultivation practices, ecology, 

terrain, hydrology, climate and weather, pathogen or indicator type 

considered, and measurement errors (Hamilton et al., 2006; Goss 

and Richards, 2007). Considerable work will be needed to resolve 

these complexities. Promising molecular fi ngerprinting techniques 

can track the movement of specifi c pathogen strains through com-

plex environmental pathways, and these techniques are becoming 

more quantitative (Field and Samadpour, 2007). Table 1 summa-

rizes some current questions suggested by the literature related to 

the pathogen vector and pathway research priorities.

Research Priorities Related to Mitigation and 

Management Practices

2.1. Identify the fate of pathogens captured through 

various conservation practices (e.g., grassed waterways, 

sediment basins).

2.2. Identify environmental conditions that promote survival 

and proliferation of pathogens in collected sediments.

2.3. Identify practices to help growers determine when 

and if sediment from catch basins can be safely 

reincorporated onto the fi eld.

2.4. Identify practices to help growers determine when, 

and if, tailwater can be reintroduced to the fi eld.

2.5. Determine the eff ects and feasibility of treating irrigation 

water and irrigation reservoirs to reduce pathogens.

2.6. Identify strategies to safeguard against importing 

pathogens in manure or compost.

Th e fi rst four mitigation and management priorities, Priori-

ties 2.1–2.4, arise from a need to understand and control possible 

impacts of water quality MPs on food safety. Th e last two, Priorities 

2.5 and 2.6, consider the food safety impact of other agronomic 

practices, namely irrigation and soil amendment. Priority 2.1 is 

broadly written, overlapping Priorities 1.1, 1.4, 1.5, 2.2, and 2.4. 

Although an extensive body of literature describes pathogen be-

havior in oceans and estuaries, there is much less information with 

respect to fresh waters and sediments (Priorities 2.4 and 2.2) (Kay 

et al., 2007) and still less on sediment land application (Priority 

2.3) where the literature focuses on chemical, rather than biologi-

cal, contaminants (Burton, 2002). Aff ordable and appropriate 

risk-based sediment and tailwater quality standards, sampling pro-

tocols, tests, and management/treatment methods (Priorities 2.4 

and 2.5) are needed that will allow water quality MPs to function 

while preserving food safety. Th e GAPs require proper composting 

before manures can be incorporated, but assurances are needed as 

to compost quality (Bihn and Gravani, 2006; LGMA, 2007). In-

Table 1. Questions arising from research priorities related to pathogen vectors and pathways.

Research priority Research questions 

1.1. Pathogen fates: barren vs. 
vegetated systems. 

Vegetated zones capture and infi ltrate more coliforms than bare soils, but how do diff erent soil, pathogen, and 
vegetation types contribute to pathogen capture and infi ltration (Roodsari et al., 2005) and can this reduce 
ground water quality (Thiagarajan et al., 2007)? 

1.2. Pathogen pathways: crop 
production, harvesting, packing.

Survival, treatment, and cross-contamination issues during packing have been characterized (Coetzer, 2006; 
Fonseca, 2006), but how do specifi c cultivar types, conditions, growth stages, pathogen densities, and soil 
textures, aff ect pathogen uptake or surface adherence (Solomon et al., 2006)? 

1.3. Pathogen persistence: growing 
and harvested crop.

Though most available data are derived from controlled environments, E. coli O157:H7 appear able to survive 
from seedling stage to harvest under fi eld conditions (Islam et al., 2004). How can the total infl uence of the 
many separate variables associated with fi eld conditions best be applied to predict pathogen survival (Delaquis 
et al., 2007)? Are there agronomic practices that can improve sanitizer effi  ciencies post-harvest (Fonseca, 2006)?

1.4. Pathogen vectors: large and 
small animals.

Genetic fi ngerprinting can be used to track specifi c pathogen strains through diff erent species (Liebana et al., 2003) 
and to identify sources of fecal contamination (Graves et al., 2007; Jiang et al., 2007; Meays et al., 2004; Somarelli et 
al., 2007). How signifi cant are specifi c factors aff ecting the transmission of existing and emerging diseases through 
wildlife, livestock (Daszak et al., 2007; Gortazar et al., 2007), insects (Conn et al., 2007), and gastropods (Sproston et 
al., 2006)? How important or eff ective are rodent and reptile controls (Beuchat, 2006; Meerburg and Kijlstra, 2007)? 
Can habitat removal concentrate wildlife to an extent that promotes zoonotic diseases (Daszak et al., 2000)?

1.5. Pathogen fate: storm fl ows, 
fl oods, impoundments.

Now that genetic fi ngerprinting can be used to trace movement of specifi c pathogen strains in water (Cooley et 
al., 2007) and to quantify risk models (Ferguson et al., 2003), how do mass-balance and kinetics data for specifi c 
pathogens compare to those of indicator organisms, which have received more study (Ferguson et al., 2003; 
Pachepsky et al., 2006)? 

1.6. E. coli O157:H7: infl uence of 
animal husbandry techniques.

Sound husbandry helps control zoonoses (Collins and Wall, 2004). How valid are simulation results suggesting 
that, used together, vaccinations, probiotics, modifi ed diets, and hygiene improvements substantially reduce E. 
coli O157:H7 (Vosough Ahmadi et al., 2007). 

1.7. Pathogen development 
and export: range management 
strategies.

E. coli and fecal coliforms can grow in fresh manure and survive longer under cool, shaded conditions (Meays 
et al., 2005; Van Kessel et al., 2007). Many water quality management practices (MPs) for range management 
are similar to those used for crops and similarly need work to quantify their eff ectiveness with respect to both 
pathogens and indicator organisms (Agouridis et al., 2005; Knox et al., 2007; Oliver et al., 2007). Also, can manure 
deposit patterns (Tate et al., 2003) be managed to reduce pathogen exports?
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vestigations suggested by the mitigation and management practices 

research priorities are summarized in Table 2.

Research Priorities Related to Risk Management

3.1. Specify proven practices that preserve food safety 

while improving water quality.

3.2. Develop risk assessment protocols that consider both 

food safety and water quality concerns.

3.3. Quantify the eff ectiveness of specifi c good agricultural 

practices in protecting food safety.

3.4. Identify a way to categorize and rank specifi c sources 

of risk.

3.5. Quantify the eff ectiveness of specifi c farm audit 

requirements in protecting food safety.

Th e food industry widely relies on Hazard Analysis and 

Critical Control Points (HACCP) to assure food safety. Th e 

HACCP applies seven principles, which (i) assess hazards, (ii) 

identify reliable safety measures (critical control points) (iii) 

assign acceptable performance parameters (critical limits), and 

then (iv) monitor, (v) maintain, (vi) verify, and (vii) document 

program performance. Signifi cant hazards are designated by an 

appointed team that applies risk analysis to evaluate the likeli-

hood and severity of all potential threats and propose mitiga-

tion strategies for threats deemed signifi cant. Critical control 

points (CCPs) are central to the HACCP process. To be a CCP, 

by defi nition, an opportunity to eliminate a signifi cant hazard 

must be both essential and eff ective (Early, 2002; Hurst, 2006). 

Th ese criteria exclude agricultural fi elds that are both expansive 

and exposed. Interventions in the fi eld are, therefore, referred to 

as prerequisite programs (Sperber, 2005). Prerequisite programs 

contribute to HACCP by reducing pathogens or other hazards, 

but are not established with the same rigor, nor are they relied 

on to protect consumer health. Like MPs, they mitigate, but do 

not fully control, hazards.

Although fi elds and surrounding areas cannot serve as 

CCPs, food safety experts can draw on the HACCP principles 

to establish prerequisite programs. Each research priority related 

to risk management can be associated with a HACCP principle. 

Research Priorities 3.2 and 3.4 assess hazards and correspond to 

HACCP Principle 1. Priority 3.1 addresses control points, or 

Principle 2. Farm audits, mentioned in research Priority 3.5, are 

monitoring eff orts, HACCP Principle 4, while research Priority 

3.3 calls for verifi cation of the GAPs, Principle 6. Note that the 

research priorities related to pathogen vectors and pathways and 

to mitigation and management practices support Principle 2 by 

providing guidance as to how essential and eff ective particular 

co-management alternatives will be.

Th ese research priorities parallel the HACCP principles, but 

diff er in that they call for mitigating two competing risks, food 

safety and water quality. Th e HACCP principles infl uenced the 

development of the very GAPs (Early, 2002) that are displacing 

water quality MPs. Th e HACCP has been vetted by food safety 

experts and is familiar to that community. It is beginning to be 

applied to water quality problems (Barry et al., 1998; Eliasson 

et al., 2001; Westrell et al., 2004; Committee on Sustainable 

Underground Storage of Recoverable Water, 2008). A sensible 

approach to co-management would be to adapt and apply 

HACCP. In its formal expression, HACCP is inappropriate for 

designating GAPs and MPs (Early, 2002; Bihn and Gravani, 

2006), but the general structure of HACCP is promising. A re-

vised Principle 1 will need to simultaneously consider food safety 

and water quality hazards, even when the likelihoods and mag-

nitudes of the hazards diff er. For example, some virulent human 

pathogens, such as E. coli O157:H7, may have a rare incidence 

rate in packed produce, but may have a severe impact when the 

Table 2. Questions arising from research priorities related to mitigation and management practices.

Research priority Research questions

2.1. Pathogens fates: after capture 
with management practices (MPs).

A broadly stated priority. See Priorities 1.1, 1.4, 1.5, 2.2, and 2.4. Also, what is the likely fate of pathogens 
excreted within MPs by fauna that are visiting or inhabiting them? Can MP choices apply evolutionary 
pressures to pathogens that increase their persistence and their virulence (Walther and Ewald, 2004)? 

2.2. Pathogens in sediments: 
growth and survival factors.

Sediments can protect and nourish certain pathogens, including E. coli O157:H7, and later release them to 
surface and ground water (Crabill et al., 1999; Gagliardi and Karns, 2000; Jamieson et al., 2004. To what extent 
can the parameters that determine the growth or survival of pathogens be quantifi ed?

2.3. Pathogens in sediments: 
assessment for landspreading

E. coli may adapt to become native soil organisms (Ishii et al., 2006). What is the potential for pathogens to 
similarly adapt to inhabit sediments? How will sediment properties aff ect the export potential of sequestered 
pathogens (Guber et al., 2007; Kay et al., 2007)? Can tests and risk assessment approaches that consider 
pathogens in water or biosolids be adapted to determine when sediments are safe to use (Gale, 2005; Keeling 
et al., 2007; Shuval et al., 1997; Westrell et al., 2004)? 

2.4. Pathogens in tailwater: 
assessment for irrigation.

Water reuse guidelines call for undetectable levels of viable pathogens in irrigation water applied to fresh 
vegetables, but what information is needed as to the presence and variability of human pathogens in 
tailwater to develop a risk-based approach for determining when or how testing should be conducted 
(Hamilton et al., 2006; Mena, 2006; USEPA and U.S. AID, 2004)? How should standards be adjusted to account 
for diff erent irrigation methods (Bernstein et al., 2007; Bihn and Gravani, 2006)?

2.5. Irrigation water treatment. What biological or energetic treatment methods, such as wetlands and ultraviolet radiation, are most practical 
and cost effi  cient for co-management (Berry et al., 2007; Hill, 2003; Karim et al., 2004)? What technologies are 
currently in use (Mena, 2006)?

2.6. Pathogens in manures 
and composts.

What manure properties, such as pH or fi ber content, may contribute to pathogen persistence (Franz et al., 2005)? 
How much time is needed between a manure applications and harvests under specifi c management conditions 
(Bihn and Gravani, 2006)? Composting inactivates pathogens (Larney et al., 2003), but what industry quality control 
standards are needed to assure proper heating and avoid cross-contamination (Wichuk and McCartney, 2007)?
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incidence occurs. Some water quality hazards, such as a sediment 

discharge, may be very likely, with a signifi cant, but more moder-

ate impact. A revised Principle 1 should provide a comprehensive 

consideration of respective risks, whether chronic or acute, and 

the degree to which each is exacerbated or improved by alterna-

tive management strategies. Unlike HACCP, the revision must 

also apply where control is variable or incomplete. Data will be 

needed to quantify various risks so that they can be compared 

and prioritized (Haas, 2002). Expectations of consumers, grow-

ers, businesses, and regulators will need to be considered in estab-

lishing the goals of the risk management process.

Critical Short-Term Research Needs
A long list of additional priorities emerged during the Delphi 

process. Respondents were asked to select their top fi ve choices 

from the list but, because they were vetted diff erently, they are be-

ing reported separately as critical short-term needs. Th e top fi ve 

priorities are ordered by the number of respondents selecting them.

4.1. Develop course materials on food safety-water quality 

co-management.

4.2. Develop a systems approach to water quality-food 

safety co-management.

4.3. Investigate the extent that benefi cial microbial 

populations control pathogens in water, soils, on 

plants, and in manures.

4.4. Examine how pathogens respond to climate (solar 

radiation, temperature, humidity, wind, etc.).

4.5. Determine whether the probability that E. coli 
will move into food has been increased by regional 

developments (e.g., changes in riparian ecosystems, 

cultural practices, and processing.)

Respondent’s fi rst priority was for concrete information on 

steps toward co-management. University of California Coopera-

tive Extension has 69 fact sheets available describing MPs (UC 

Cooperative Extension, 2008), and industry resources describe 

the GAPs (LGMA, 2007), but there is currently nothing avail-

able beyond a 2006 research brief (Stuart et al., 2006) that dis-

cusses co-management. Th e HACCP-derived co-management, 

described previously, could satisfy Priorities 4.2 and 4.4, and be 

used to generate guidance materials (Priority 4.1). Th e HACCP 

may also be complemented by regional multi-objective environ-

mental impact and risk analysis research eff orts (Payraudeau and 

van der Werf, 2005; Rossing et al., 2007). Regional impacts on 

wildlife and resulting eff ects on pathogen development and trans-

mission should also be considered (Keesing et al., 2006).

Other microbes (Priority 4.3) may facilitate pathogen survival 

on plants, or competitively exclude them, but this is better un-

derstood for plant than human pathogens (Brandl, 2006; Heaton 

and Jones, 2008). Less is known about the infl uence of benefi cial 

microbes in other environments, though probiotics served to 

livestock have been shown to reduce pathogen concentrations in 

manure, including E. coli O157:H7 (Doyle and Erickson, 2006). 

Probiotics have also been investigated for use in aquaculture 

(Balcazar et al., 2006). Th ere has been considerable research into 

pathogen survival in diff erent climates (Priority 4.4) (Jamieson 

et al., 2002; Hill, 2003; Vidovic et al., 2007), but studies are 

needed where conditions are changing due to diurnal, seasonal, 

and weather variations. Th ermal inactivation appears to follow 

Arrhenius kinetics (Hill, 2003; Amiali et al., 2006; Van Kessel 

et al., 2007), making use of temperature-adjusted time a pos-

sible option. Temperature-adjusted time facilitates the use of a 

common decay rate even when temperatures vary (Crohn et al., 

2008; Downer et al., 2008), making inactivation rates easier to 

generalize. Approaches are needed that also incorporate radiation 

and moisture eff ects (Lang et al., 2007).

Changes in the prevalence and virulence of E. coli O157:H7 

(Priority 4.5) are aff ected by many social, economic, ecological, 

and microbiological factors (Ali, 2004; Beutin, 2006; Caprioli et 

al., 2005). Locally focused interdisciplinary eff orts will be needed 

to determine controlling factors under specifi c circumstances.

Conclusions
Results of the Delphi process indicate that co-managing 

food safety and water quality requires reliable information about 

the impact of crop management and water quality practices on 

pathogen transport and survival. Th is information can then be 

used to develop procedures that can jointly mitigate food safety 

and water quality hazards. Additional objectives related to animal 

husbandry, manure management, and composting were specifi -

cally excluded from the conference agenda by the organizing 

committee but still emerged as important to the participants.

Because there were 26 water quality respondents, and only 

nine food safety respondents, the combined results are weighted 

in favor of water quality. Water quality respondents may have re-

sponded in greater numbers because buyers and their auditors are 

encouraging food safety GAPs that negatively aff ect water qual-

ity MPs, rallying water quality interests. An unknown number 

of food safety participants also left the co-management meeting 

after its second day due to a scheduling confl ict, and therefore 

missed a formative element in the Delphi process. Although the 

two groups conceived of the issues diff erently, no deep disagree-

ments emerged. For example, the water quality group strongly 

favored research into the fate of pathogens captured by MPs, 

while food safety participants focused on the fate of the patho-

gens within captured sediments. Since most water quality MPs 

function by conserving sediments, the two groups were largely in 

agreement. As the Delphi process proceeded, respondents began 

to call for a systems approach to understanding, prioritizing, and 

managing farm processes to secure both food safety and water 

quality. Th ere was overall consensus that research be applied to-

ward identifying MPs that protect both water quality and food 

safety. Th roughout the Delphi process, no respondents were able 

to identify an existing forum for gathering and disseminating 

coordinated management information. Th ere was a decisive call 

for the formation of a Coordinating Council to fi ll these needs.

Faced with uncertainties, buyers have adopted what has been 

termed in other situations as a precautionary principle. Th is concept 

was thoughtfully expressed in the Wingspread Statement (Sandin, 

2006) as “When an activity raises threats of harm to human health 

or the environment, precautionary measures should be taken even 
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if some cause and eff ect relationships are not fully established 

scientifi cally.” Th e precautionary principle has been vigorously as-

sailed as an incoherent application of fear by government regulators 

against industry (Sunstein, 2005). Ironically, for the inter-industry 

case described here, private buyers are exercising a precautionary 

principle against private growers with collateral damage to govern-

ment and private investments in water quality. It is encouraging 

that an October 2007 revision of the GAPs known as the “metrics” 

(LGMA, 2007), written by industry with government and aca-

demic input, is more measured and specifi c than earlier versions, 

identifying specifi c animals of concern and setback distances from 

areas of animal activity. Packers and shippers have agreed to enforce 

the metrics on a voluntary basis (Hoops, 2007). Buyers, of course, 

may accept the metrics or they can enforce more rigorous standards 

based on their own determination of prudent precaution.

To protect both public health and the environment, industry, 

government, and consumers are all eager for research that clearly 

identifi es the negative or positive food safety eff ects of specifi c 

water quality practices. Th e USDA is already discussing a pro-

gram similar to California’s metrics that would apply across the 

USA (Department of Agriculture Agricultural Marketing Service, 

2007). Although the example developed here refl ects conditions 

in California’s central coast, confl icts can be expected to spread as 

a global insistence on safe food and quality water develops.

Food-borne disease outbreaks represent rare events that are 

diffi  cult to quantify (Flint et al., 2005; McMeekin et al., 2006). 

Th e case for maintaining water quality MPs, while compelling, 

also contains ambiguities. Scientists have only recently begun 

collecting data needed to evaluate the eff ectiveness of MPs in 

improving regional water quality (RWQCB, 2004). Although 

competing risk is an established subdiscipline within the fi elds of 

law (Graham and Weiner, 1997) and statistics (Pintilie, 2006), 

there is no scientifi c framework available for weighing and bal-

ancing water quality and food safety threats. More quantitative, 

or better developed qualitative, information will be needed to 

evaluate and compare competing risks. HACCP can serve as a 

starting point, but not a template, for developing such a system, 

since it will need to be restructured to consider threat mitigation 

rather than eff ective control. Regardless, forums for considering 

the needs and constraints of both water quality and food safety 

will be required to resolve present and future confl icts as they 

occur regionally, nationally, and internationally.

Two-year old Kyle Allgood, of Chubbuck, Idaho, died during 

the 2006 outbreak. His mother had added the infected spinach 

to his smoothie to improve its nutrition (Davey, 2006). Water 

and sediments leaving area farms are carrying pesticides and nu-

trients. Th ese pollutants cause widespread damage to fauna and 

their community structures in local rivers and estuaries (Ander-

son et al., 2006). Th e current crisis calls for both food safety and 

water quality professionals to create together a competing risks 

subdiscipline that applies science and design principles toward 

resolving confl icts between human and environmental health.

Acknowledgments
Kay Mercer and the Southern San Luis Obispo Santa Barbara 

County Agricultural Watershed Coalition; the consortium of 

federal, state, local, industry, and academic representatives who 

collaborated to develop and deliver the Coordinated Management 

of Water Quality and Food Safety Conference; Univ. of California 

Center for Water Resources; USDA Cooperative State Research, 

Education, and Extension Service; California Dep. of Food and 

Agriculture; Western Inst. for Food Safety and Security; EPA 

Region 9; Central Coast Regional Water Quality Control Board, 

Kara S. Crohn, Alison Jones, Alison Berry, John W. Hunt, and our 

independent evaluator, Jack Shaw.

References
Adler, M., and E. Ziglio (ed.). 1996. Gazing into the oracle: Th e Delphi 

method and its application to social policy and public health. Jessica 
Kingsley Publ., London.

Agouridis, C.T., S.R. Workman, R.C. Warner, and G.D. Jennings. 2005. 
Livestock grazing management impacts on stream water quality: A 
review. J. Am. Water Resour. Assoc. 41:591–606.

Ali, S.H. 2004. A socio-ecological autopsy of the E. coli O157:H7 outbreak 
in Walkerton, Ontario, Canada. Soc. Sci. Med. 58:2601–2612.

Amiali, M., M.O. Ngadi, J.P. Smith, and V.G.S. Raghavan. 2006. 
Inactivation of Escherichia coli O157: H7 and Salmonella enteritidis in 
liquid egg white using pulsed electric fi eld. J. Food Sci. 71:M88–M94.

Anderson, B.S., B.A. Phillips, J.W. Hunt, K. Worcester, M. Adams, N. 
Kapellas, and R.S. Tjeerdema. 2006. Evidence of pesticide impacts in 
the Santa Maria River watershed, California, USA. Environ. Toxicol. 
Chem. 25:1160–1170.

Balcazar, J.L., I.D. Blas, I. Ruiz-Zarzuela, D. Cunningham, D. Vendrell, 
and J.L. Muzquiz. 2006. Th e role of probiotics in aquaculture. Vet. 
Microbiol. 114:173–186.

Barry, S.J., E.R. Atwill, K.W. Tate, T.S. Koopmann, J. Cullor, and T. Huff . 1998. 
Developing and implementing a HACCP-based program to control 
Cryptosporidium and other waterborne pathogens in the Alameda Creek 
Watershed: Case study. p. 57–69. AWWA Annual Conf., Vol. B, Dallas, TX.

Bernstein, N., S. Sela, and S. Neder-Lavon. 2007. Eff ect of irrigation 
regimes on persistence of Salmonella enterica serovar Newport in small 
experimental pots designed for plant cultivation. Irrig. Sci. 26:1–8.

Berry, E.D., B.L. Woodbury, J.A. Nienaber, R.A. Eigenberg, J.A. Th urston, 
and J.E. Wells. 2007. Incidence and persistence of zoonotic bacterial 
and protozoan pathogens in a beef cattle feedlot runoff  control-
vegetative treatment system. J. Environ. Qual. 36:1873–1882.

Beuchat, L.R. 2006. Vectors and conditions for preharvest contamination of 
fruits and vegetables with pathogens capable of causing enteric diseases. 
Br. Food J. 108:38–53.

Beutin, L. 2006. Emerging enterohaemorrhagic Escherichia coli, causes and 
eff ects of the rise of a human pathogen. J. Vet. Med. Ser. B. Infect. Dis. 
Vet. Public Health 53:299–305.

Bihn, E.A., and R.B. Gravani. 2006. Role of good agricultural practices in 
fruit and vegetable safety. p. 21–53. In M.P. Doyle (ed.) Microbiology 
of fresh produce. ASM Press, Washington, DC.

Brandl, M.T. 2006. Fitness of human enteric pathogens on plants and 
implications for food safety. Annu. Rev. Phytopathol. 44:367–392.

Burton, G.A. 2002. Sediment quality criteria in use around the world. 
Limnol. 3:65–75.

California Food Emergency Response Team. 2007. Investigation of an 
Escherichia coli O157:H7 outbreak associated with Dole pre-packaged 
spinach 2007. California Dep. of Health Services Food and Drug 
Branch, Sacramento, CA, and U.S. Food and Drug Administration San 
Francisco District, Alameda, CA.

Caprioli, A., S. Morabito, H. Brugere, and E. Oswald. 2005. 
Enterohaemorrhagic Escherichia coli: Emerging issues on virulence and 
modes of transmission. Vet. Res. 36:289–311.

Clay, G.R., and R.K. Smidt. 2004. Assessing the validity and reliability of descriptor 
variables used in scenic highway analysis. Landsc. Urban Plan. 66:239–255.

Coetzer, E. 2006. Microbiological risk in produce from the fi eld to packing. 
p. 73–94. In J. Jennylynd (ed.) Microbial hazard identifi cation in fresh 
fruit and vegetables. John Wiley & Sons, NY.

Collins, J.D., and P.G. Wall. 2004. Food safety and animal production 
systems: Controlling zoonoses at farm level. Rev. Sci. Tech. Offi  ce Int. 



Crohn & Bianchi: Research Priorities for Co-management of Food Safety & Water Quality 1417

Epizooties 23:685–700.

Committee on Sustainable Underground Storage of Recoverable Water. 
2008. Prospects for managed underground storage of recoverable water. 
National Academies Press, Washington, DC.

Conn, D.B., J. Weaver, L. Tamang, and T.K. Graczyk. 2007. Synanthropic fl ies 
as vectors of Cryptosporidium and Giardia among livestock and wildlife in 
a multispecies agricultural complex. Vector Borne Zoonotic Dis. 7:1–9.

Cooley, M., D. Carychao, L. Crawford-Miksza, M.T. Jay, C. Myers, C. Rose, 
C. Keys, J. Farrar, and R.E. Mandrell. 2007. Incidence and tracking 
of Escherichia coli O157:H7 in a major produce production region in 
California. PLoS ONE 2:1–16.

Crabill, C., R. Donald, J. Snelling, R. Foust, and G. Southam. 1999. Th e 
impact of sediment fecal coliform reservoirs on seasonal water quality in 
Oak Creek, Arizona. Water Res. 33:2163–2171.

Crohn, D.M., B. Faber, A.J. Downer, and O. Daugovish. 2008. Probabilities 
for survival of glassy-winged sharpshooter and olive fruit fl y pests in 
urban yard waste piles. Bioresour. Technol. 99:1425–1432.

Daszak, P., A.A. Cunningham, and A.D. Hyatt. 2000. Emerging infectious 
diseases of wildlife–Th reats to biodiversity and human health. Science 
287:443–449.

Daszak, P., J.H. Epstein, A.M. Kilpatrick, A.A. Aguirre, W.B. Karesh, and A.A. 
Cunningham. 2007. Collaborative research approaches to the role of 
wildlife in zoonotic disease emergence. p. 463–475. In J.E. Childs et al. 
(ed.) Wildlife and emerging zoonotic diseases: Th e biology, circumstances, 
and consequences of cross-species transmission. Springer-Verlag, Berlin.

Davey, M. 2006. As children suff er, parents agonize over spinach. New York 
Times, September 24.

Davis, E.B., M.S. Koo, C. Conroy, J.L. Patton, and C. Moritz. 2008. Th e 
California Hotspots Project: Identifying regions of rapid diversifi cation 
of mammals. Mol. Ecol. 17:120–138.

Delaquis, P., S. Bach, and L.D. Dinu. 2007. Behavior of Escherichia coli 
O157: H7 in leafy vegetables. J. Food Prot. 70:1966–1974.

Department of Agriculture Agricultural Marketing Service. 2007. 7 CFR 
Part 962. Handling regulations for leafy greens under the Agricultural 
Marketing Agreement Act of 1937. Fed. Regist. 72:56678–56680.

Downer, A.J., D. Crohn, B. Faber, O. Daugovish, B.J. O., J.A. Menge, and 
M.J. Mochizuki. 2008. Survival of plant pathogens in static piles of 
ground green waste. Phytopathology (in press).

Doyle, M.P., and M.C. Erickson. 2006. Reducing the carriage of foodborne 
pathogens in livestock and poultry. Poult. Sci. 85:960–973.

Early, R. 2002. Use of HACCP in fruit and vegetable production and post-
harvest pretreatment. p. 91–118. In W. Jongen (ed.) Fruit and vegetable 
processing: Improving quality. CRC Press, Boca Raton, FL.

Eliasson, J.M., D.A. Lenning, and S.C. Wecker. 2001. Critical point 
monitoring– A new framework for monitoring on-site wastewater 
systems. p. 461–469. In K. Mancl (ed.) On-Site Wastewater Treatment, 
Proc. 9th Natl. Symp. on Individual and Small Community Sewage 
Systems. ASAE, Fort Worth, TX.

Ferguson, C., A.M.D. Husman, N. Altavilla, D. Deere, and N. Ashbolt. 
2003. Fate and transport of surface water pathogens in watersheds. 
Crit. Rev. Environ. Sci. Technol. 33:299–361.

Field, K.G., and M. Samadpour. 2007. Fecal source tracking, the indicator 
paradigm, and managing water quality. Water Res. 41:3517–3538.

Flint, J.A., Y.T. Van Duynhoven, F.J. Angulo, S.M. DeLong, P. Braun, M. Kirk, 
E. Scallan, M. Fitzgerald, G.K. Adak, P. Sockett, A. Ellis, G. Hall, N. 
Gargouri, H. Walke, and P. Braam. 2005. Estimating the burden of acute 
gastroenteritis, foodborne disease, and pathogens commonly transmitted 
by food: An international review. Clin. Infect. Dis. 41:698–704.

Fonseca, J.M. 2006. Postharvest handling and processing: Sources of 
microorganisms and impact of sanitizing procedures. p. 85–120. In K.R. 
Matthews (ed.) Microbiology of fresh produce. ASM Press, Washington, DC.

Food Safety Initiative Staff . 1998. Guide to minimize microbial food safety 
hazards for fresh fruits and vegetables. [Online]. Available at http://
www.foodsafetynetwork.ca/course/videos/fsriskanal/FDA.pdf (verifi ed 
18 Feb. 2008).

Franz, E., A.D. van Diepeningen, O.J. de Vos, and A.H.C. van Bruggen. 
2005. Eff ects of cattle feeding regimen and soil management type on 
the fate of Escherichia coli O157: H7 and Salmonella enterica serovar 
typhimurium in manure, manure-amended soil, and lettuce. Appl. 
Environ. Microbiol. 71:6165–6174.

Gagliardi, J.V., and J.S. Karns. 2000. Leaching of Escherichia coli O157:H7 
in diverse soils under various agricultural management practices. Appl. 

Environ. Microbiol. 66:877–883.

Gale, P. 2005. Land application of treated sewage sludge: Quantifying pathogen 
risks from consumption of crops. J. Appl. Microbiol. 98:380–396.

Gorny, J.R., H. Giclas, D. Gombas, and K.M (ed.) 2006. Commodity 
specifi c food safety guidelines for the lettuce and leafy greens supply 
chain [Online]. Available at http://www.cfsan.fda.gov/~dms/lettsup.
html (verifi ed 18 Feb. 2008). International Fresh-cut Produce 
Association, Alexandria, VA, Produce Marketing Association, Newark, 
DE, United Fresh Fruit and Vegetable Association, Washington, DC, 
and Western Growers, Newport Beach, CA.

Gortazar, C., E. Ferroglio, U. Hofl e, K. Frolich, and J. Vicente. 2007. 
Diseases shared between wildlife and livestock: A European perspective. 
Eur. J. Wildlife Res. 53:241–256.

Goss, M., and C. Richards. 2007. Development of a risk-based index for source 
water protection planning, which supports the reduction of pathogens from 
agricultural activity entering water resources. J. Environ. Manage. (in press).

Graham, J.D., and J.B. Weiner (ed.). 1997. Risk vs. risk: Tradeoff s in 
protecting health and the environment. Harvard Univ. Press, 
Cambridge, MA.

Graves, A.K., C. Hayedorn, A. Brooks, R.L. Hagedorn, and E. Martin. 2007. 
Microbial source tracking in a rural watershed dominated by cattle. 
Water Res. 41:3729–3739.

Guber, A.K., Y.A. Pachepsky, D.R. Shelton, and O. Yu. 2007. Eff ect of 
bovine manure on fecal coliform attachment to soil and soil particles of 
diff erent sizes. Appl. Environ. Microbiol. 73:3363–3370.

Haas, C.N. 2002. Progress and data gaps in quantitative microbial risk 
assessment. Water Sci. Technol. 46:277–284.

Hamilton, A.J., F. Stagnitti, R. Premier, A.M. Boland, and G. Hale. 2006. 
Quantitative microbial risk assessment models for consumption of raw 
vegetables irrigated with reclaimed water. Appl. Environ. Microbiol. 
72:3284–3290.

Heaton, J.C., and K. Jones. 2008. Microbial contamination of fruit and 
vegetables and the behaviour of enteropathogens in the phyllosphere: A 
review. J. Appl. Microbiol. (in press).

Hill, V.R. 2003. Prospects for pathogen reductions in livestock wastewaters: 
A review. Crit. Rev. Environ. Sci. Technol. 33:187–235.

Hoops, S. 2007. After last year’s E. coli spinach scare, farmers are adding rules 
to ensure cleaner crops. Ventura County Star, October 21.

Hunt, J.W., B.S. Anderson, B.M. Phillips, R.S. Tjeerdema, N. Richard, V. 
Connor, K. Worcester, M. Angelo, A. Bern, B. Fulfrost, and D. Mulvaney. 
2006. Spatial relationships between water quality and pesticide application 
rates in agricultural watersheds. Environ. Monit. Assess. 121:245–262.

Hurst, W.C. 2006. HACCP: A process control approach for fruit and 
vegetable safety. p. 339–374. In G.M. Sapers et al. (ed.) Microbiology 
of fruits and vegetables. Taylor and Francis, Boca Raton, FL.

Ishii, S., W.B. Ksoll, R.E. Hicks, and M.J. Sadowsky. 2006. Presence and 
growth of naturalized Escherichia coli in temperate soils from Lake 
Superior watersheds. Appl. Environ. Microbiol. 72:612–621.

Islam, M., M.P. Doyle, S.C. Phatak, P. Millner, and X.P. Jiang. 2004. 
Persistence of enterohemorrhagic Escherichia coli O157: H7 in soil and 
on leaf lettuce and parsley grown in fi elds treated with contaminated 
manure composts or irrigation water. J. Food Prot. 67:1365–1370.

Jamieson, R., R. Gordon, D. Joy, and H. Lee. 2004. Assessing microbial 
pollution of rural surface waters: A review of current watershed scale 
modeling approaches. Agric. Water Manage. 70:1–17.

Jamieson, R.C., R.J. Gordon, K.E. Sharples, G.W. Stratton, and A. Madani. 
2002. Movement and persistence of fecal bacteria in agricultural soils 
and subsurface drainage water: A review. Can. Biosyst. Eng. 44:1.1–1.9.

Jay, M.T., M. Cooley, D. Carychao, G.W. Wiscomb, R.A. Sweitzer, L. 
Crawford-Miksza, J.A. Farrar, D.K. Lau, J. O’Connell, A. Millington, 
R.V. Asmundson, E.R. Atwill, and R.E. Mandrell. 2007. Escherichia 
coli O157: H7 in feral swine near spinach fi elds and cattle, central 
California coast. Emerg. Infect. Dis. 13:1908–1911.

Jiang, S.C., W. Chu, B.H. Olson, J.W. He, S. Choi, J. Zhang, J.Y. Le, and 
P.B. Gedalanga. 2007. Microbial source tracking in a small southern 
California urban watershed indicates wild animals and growth as the 
source of fecal bacteria. Appl. Microbiol. Biotechnol. 76:927–934.

Karim, M.R., F.D. Manshadi, M.M. Karpiscak, and C.P. Gerba. 2004. Th e 
persistence and removal of enteric pathogens in constructed wetlands. 
Water Res. 38:1831–1837.

Kay, D., A.C. Edwards, R.C. Ferrier, C. Francis, C. Kay, L. Rushby, J. 
Watkins, A.T. McDonald, M. Wyer, J. Crowther, and J. Wilkinson. 



1418 Journal of Environmental Quality • Volume 37 • July–August 2008

2007. Catchment microbial dynamics: Th e emergence of a research 
agenda. Prog. Phys. Geogr. 31:59–76.

Keeling, S., G. Moutafi s, B. Hayman, and P. Coloe. 2007. Application of 
a pathogenicity marker found in Escherichia coli for the assessment of 
irrigation water quality. Water Environ. Res. 79:561–566.

Keesing, F., R.D. Holt, and R.S. Ostfeld. 2006. Eff ects of species diversity on 
disease risk. Ecol. Lett. 9:485–498.

Knox, A.K., K.W. Tate, R.A. Dahlgren, and E.R. Atwill. 2007. Management 
reduces E. coli in irrigated pasture runoff . Calif. Agric. 61:159–165.

Lang, N.L., M.D. Bellett-Travers, and S.R. Smith. 2007. Field investigations on the 
survival of Escherichia coli and presence of other enteric micro-organisms in 
biosolids-amended agricultural soil. J. Appl. Microbiol. 103:1868–1882.

Larney, F.J., L.J. Yanke, J.J. Miller, and T.A. McAllister. 2003. Fate of 
coliform bacteria in composted beef cattle feedlot manure. J. Environ. 
Qual. 32:1508–1515.

LGMA. 2007. Commodity specifi c food safety guidelines for the production 
and harvest of lettuce and leafy greens. October 16 version. [Online]. 
Available at http://www.caleafygreens.ca.gov/documents/lgma_
accepted_gaps_2007-10-16.pdf (verifi ed 25 Feb. 2008).

Liebana, E., L. Garcia-Migura, C. Clouting, F.A. Clifton-Hadley, M. 
Breslin, and R.H. Davies. 2003. Molecular fi ngerprinting evidence of 
the contribution of wildlife vectors in the maintenance of Salmonella 
Enteritidis infection in layer farms. J. Appl. Microbiol. 94:1024–1029.

Los Huertos, M., L. Gentry, and C. Shennan. 2006. Land use and water 
quality on California’s central coast: Nutrient levels in coastal waterways. 
Research Brief No. 2. UC Santa Cruz Center for Agroecology & 
Sustainable Food Systems, Univ. of California, Santa Cruz, CA.

McMeekin, T.A., J. Baranyi, J. Bowman, P. Dalgaard, M. Kirk, T. Ross, S. 
Schmid, and M.H. Zwietering. 2006. Information systems in food 
safety management. Int. J. Food Microbiol. 112:181–194.

Meays, C.L., K. Broersma, R. Nordin, and A. Mazumder. 2004. Source 
tracking fecal bacteria in water: A critical review of current methods. J. 
Environ. Manage. 73:71–79.

Meays, C.L., K. Broersma, R. Nordin, and A. Mazumder. 2005. Survival of 
Escherichia coli in beef cattle fecal pats under diff erent levels of solar 
exposure. Rangeland Ecol. Manage. 58:279–283.

Meerburg, B.G., and A. Kijlstra. 2007. Role of rodents in transmission of 
Salmonella and Campylobacter. J. Sci. Food Agric. 87:2774–2781.

Mena, K.D. 2006. Produce quality and foodborne disease: Assessing water’s 
role. p. 95–114. In J. Jennylynd (ed.) Microbial hazard identifi cation in 
fresh fruit and vegetables. Wiley InterScience, Hoboken, NJ.

Oliver, D.M., A.L. Heathwaite, C.J. Hodgson, and D.R. Chadwick. 2007. 
Mitigation and current management attempts to limit pathogen survival 
and movement within farmed grassland. Adv. Agron. 93:95–152.

Pachepsky, Y.A., A.M. Sadeghi, S.A. Bradford, D.R. Shelton, A.K. Guber, 
and T. Dao. 2006. Transport and fate of manure-borne pathogens: 
Modeling perspective. Agric. Water Manage. 86:81–92.

Payraudeau, S., and H.M.G. van der Werf. 2005. Environmental impact 
assessment for a farming region: A review of methods. Agric. Ecosyst. 
Environ. 107:1–19.

Pintilie, M. 2006. Competing risks: A practical perspective. John Wiley & 
Sons, Chichester, England.

Porter, D.V., and S.A. Lister. 2006. Food safety: Federal and state response to 
the spinach E. coli outbreak. Order Code RL33722 [Online]. Available 
at http://www.nationalaglawcenter.org/assets/crs/RL33722.pdf (verifi ed 
18 Feb. 2008). Congressional Research Service, Library of Congress.

RCDMC. 2007. A grower survey: Reconciling food safety and environmental 
protection [Online]. Available at http://www.rcdmonterey.org/pdf/
Food_Safety_Environmental_Protection_2006.pdf (verifi ed 18 Feb. 
2008). Resource Conservation District of Monterey County.

Roodsari, R.M., D.R. Shelton, A. Shirmohammadi, Y.A. Pachepsky, A.M. 
Sadeghi, and J.L. Starr. 2005. Fecal coliform transport as aff ected by 
surface condition. Trans. ASAE 48:1055–1061.

Rossing, W.A.H., P. Zander, E. Josien, J.C.J. Groot, B.C. Meyer, and A. 
Knierim. 2007. Integrative modelling approaches for analysis of impact 

of multifunctional agriculture: A review for France, Germany, and Th e 
Netherlands. Agric. Ecosyst. Environ. 120:41–57.

RWQCB. 2004. Monitoring and reporting program No. R3-2004-0117 
for dischargers [Online]. Available at http://www.waterboards.ca.gov/
centralcoast/AGWaivers/documents/MRPR3-2004-0117AgWaiver.
pdf (verifi ed 18 Feb. 2008). California Regional Water Quality Control 
Board, Central Coast Region.

Sandin, P. 2006. Th e precautionary principle and food safety. J. Verbr. 
Lebensm. 1:2–4.

Shuval, H., Y. Lampert, and B. Fattal. 1997. Development of a risk 
assessment approach for evaluating wastewater reuse standards for 
agriculture. Water Sci. Technol. 35:15–20.

Solomon, E.B., M.T. Brandl, and R.E. Mandrell. 2006. Biology of foodborne 
pathogens on produce. p. 55–83. In M.P. Doyle (ed.) Microbiology of 
fresh produce. ASM Press, Washington, DC.

Somarelli, J.A., J.C. Makarewicz, R. Sia, and R. Simon. 2007. Wildlife 
identifi ed as major source of Escherichia coli in agriculturally dominated 
watersheds by BOX A1R-derived genetic fi ngerprints. J. Environ. 
Manage. 82:60–65.

Sperber, W.H. 2005. HACCP does not work from Farm to Table. Food 
Contr. 16:511–514.

Sproston, E.L., M. Macrae, I.D. Ogden, M.J. Wilson, and N.J.C. Strachan. 
2006. Slugs: Potential novel vectors of Escherichia coli O157. Appl. 
Environ. Microbiol. 72:144–149.

Stuart, D., C. Shennan, and M. Brown. 2006. Food safety versus 
environmental protection on the central california coast: Exploring the 
science behind an apparent confl ict. Research Brief No. 10. UC Santa 
Cruz Center for Agroecology & Sustainable Food Systems, Univ. of 
California, Santa Cruz, CA.

Sunstein, C.R. 2005. Laws of fear. Cambridge Univ. Press, Cambridge, England.

Tate, K.W., E.R. Atwill, N.K. McDougald, and M.R. George. 2003. Spatial 
and temporal patterns of cattle feces deposition on rangeland. J. Range 
Manage. 56:432–438.

Tavana, M., F. LoPinto, and J.W. Smither. 2007. A hybrid distance-based ideal-
seeking consensus ranking model. J. Appl. Math. Decis. Sci. 11:1–18.

Th iagarajan, A., R. Gordon, A. Madani, and G.W. Stratton. 2007. Discharge 
of Escherichia coli from agricultural surface and subsurface drainage 
water: Tillage eff ects. Water Air Soil Pollut. 182:3–12.

USEPA and U.S. AID. 2004. Guidelines for water reuse. 
EPA/625/R-04/108. Municipal Support Division, Offi  ce of Wastewater 
Management, Offi  ce of Water, USEPA, Washington, DC.

U. C. Cooperative Extension. 2008. Farm water quality planning: Water 
quality fact sheets: Management practices [Online]. Available at http://
groups.ucanr.org/signup/Fact%5FSheets/ (verifi ed 18 Feb. 2008).

Van Kessel, J.S., Y.A. Pachepsky, D.R. Shelton, and J.S. Karns. 2007. Survival 
of Escherichia coli in cowpats in pasture and in laboratory conditions. J. 
Appl. Microbiol. 103:1122–1127.

Vidovic, S., H.C. Block, and D.R. Korber. 2007. Eff ect of soil composition, 
temperature, indigenous microfl ora, and environmental conditions on 
the survival of Escherichia coli O157:H7. Can. J. Microbiol. 53:822–829.

Vosough Ahmadi, B., K. Frankena, J. Turner, A.G.J. Velthuis, H. Hogeveen, 
and R.B.M. Huirne. 2007. Eff ectiveness of simulated interventions in 
reducing the estimated prevalence of E.coli O157: H7 in lactating cows 
in dairy herds. Vet. Res. 38:755–771.

Walther, B.A., and P.W. Ewald. 2004. Pathogen survival in the external 
environment and the evolution of virulence. Biol. Rev. 79:849–869.

Westrell, T., C. Schonning, T.A. Stenstrom, and N.J. Ashbolt. 2004. QMRA 
(quantitative microbial risk assessment) and HACCP (hazard analysis 
and critical control points) for management of pathogens in wastewater 
and sewage sludge treatment and reuse. Water Sci. Technol. 50:23–30.

Wichuk, K.M., and D. McCartney. 2007. A review of the eff ectiveness of 
current time-temperature regulations on pathogen inactivation during 
composting. J. Environ. Eng. Sci. 6:573–586.

Yildiz, F.H. 2007. Processes controlling the transmission of bacterial 
pathogens in the environment. Res. Microbiol. 158:195–202.


