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Scope
The purpose of this chapter is to identify production practices

that may influence the risk of contamination and exposure to the
consumer by human pathogens. Key areas of concern are prior
land use, adjacent land use, field slope and drainage, soil proper-
ties, crop inputs and soil fertility management, water quality and
use practices, equipment and container sanitation, worker hy-
giene and sanitary facilities, harvest implement and surface sanita-
tion, pest and vermin control, effects of domesticated animal and
wildlife on the crop itself or packing area, postharvest water quali-
ty and use practices, postharvest handling, transportation and dis-
tribution, and documentation and recordkeeping. The role of wa-
ter quality and manure management practices is particularly criti-
cal. This chapter is largely focused on practices and research orig-
inated in the United States, however the issues of concern would
most likely be applicable worldwide, and therefore affecting do-
mestic as well as imported products. Appendix A describes the re-
sults of a estate survey on local requirements regarding manure
and water quality management that may influence microbial con-
tamination of produce.

This chapter is not intended to be a guide for producers of
fresh-fruits and vegetables but a compilation of evidence that pro-
vides a basis for identifying sources of contamination where they
may exist. Much of this chapter is based on observation, experi-
ence, and common sense, rather than scientific research, al-
though a review and evaluation of the literature available is in-
cluded. The reader is referred to recent guides on agricultural
practices for comprehensive identification of measures to mini-
mize public health risks from consuming fresh and fresh-cut pro-
duce (Gorny and Zagory forthcoming, IFPA 1996, IFPA 1997,
FDA 1998). These documents provide excellent guidance for all
parties involved in the production chain, from growers to ship-
pers, towards achieving a safe fresh produce supply.

1. Introduction
The grower, packer, shipper, and handler of fresh consumed

horticultural products are often faced with a labyrinth of dynamic
responses to weather, pests, market value and trends, labor, and
customer requests. Each decision that veers established practices
may alter microbial food safety risks. The potential risk may be re-
duced or increased by seemingly minor deviations in timing,
source of production input, degree of handling, method of cool-
ing, or any dozens of different interacting factors. The effects are
generally unrecognized, the scientific basis for the hazards is lim-
ited. The highly perishable nature of much of what is produced,
the general volatility of the market, sudden swings in availability
of product, and opportunities to add value by special handling or

niche production create an industry that is, both conforming and
highly individualized, at the same time.

The diversity of cropping systems, scale of operation, use and
design of equipment, regional and local practices, environmental
influences, specifics of on-farm soil related factors, and many oth-
er production factors defy any attempt to develop an encompass-
ing assignment of microbial risk to commodities or to crop man-
agement practices. This was recognized in the evolution of the
Guide To Minimize Microbial Food Safety Hazards For Fresh
Fruits and Vegetables (FDA 1998), which has become a template
for focusing on the key areas of presumptive risk potential for fruit
and vegetable production and handling. Although the available
scientific literature is adequate to identify sources of contamina-
tion and estimate microbial persistence on plants, the specific in-
fluence and interactions among the production environments and
crop management practices are not sufficiently understood to
provide detailed guidance to growers and shippers. Climate,
weather, water quality, soil fertility, pest as well as irrigation, and
other management practices are difficult to integrate towards the
development and implementation of microbial risk prevention
and reduction programs on the farm.

Clearly, the risks associated with the purposeful introduction of
pathogen-contaminated inputs (that is, inadequately aged ma-
nures, inadequately treated wastewater) or inadvertent contamina-
tion (that is, irrigation water quality, wildlife activity, adjacent land
use, worker hygiene and sanitation) have been long recognized
(Geldreich and Bordner 1971; Cherry and others 1972; Bryan
1977). Such risks have been thoroughly reviewed (Beuchat 1996;
Tauxe and others 1997; Brackett 1999; NACMCF 1999) or sum-
marized in the form of food safety guidelines for producers and
handlers (IFPA 1997; FDA 1998; Cornell 2000). A recent over-
view of the anticipated persistence of pathogens on the surface of
fruits and vegetables during production contrasted the character-
ized survival capacity of resident plant pathogens and benign mi-
crobial epiphytes (surface colonizers) with microorganisms re-
sponsible for food borne illness (Suslow 2001).

Among the environmental and management factors, animal
waste pollution of water and the application of managed fecal
matter (that is, animal manure or human biosolids) to soil intend-
ed for edible crops are two issues of concern during the prehar-
vest and postharvest management of fresh fruits and vegetables. A
potential hazard exists for persistent pathogen populations to be
transferred to harvested crops indirectly through contaminated
water or by direct cross-contamination by proximity to animal
production compounds or facilities, or from inadequately com-
posted animal manure and biosolids (Committee on the Use of
Treated Municipal Wastewater Effluents and Sludge in the Pro-
duction of Crops for Human Consumption 1996; FDA 1998).
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These edible horticultural crops, including fruits, vegetables, edi-
ble flowers, seed sprouts, and a variety of recently domesticated
wild species are typically consumed without a treatment to inacti-
vate any pathogenic microflora that may be present. The potential
for contamination does not appear to depend on the size of the
operation (small- versus large-scale operations). The extent of po-
tential illness from contaminated produce is more likely to be
broad in locations where large-scale animal production is imme-
diately adjacent to edible crop production. Though not the norm,
this type of situation does occur. No conclusive evidence of food-
borne pathogen transfer or human illness is available that defini-
tively links this perceptual on-farm hazard to known outbreaks.
Nonetheless, in light of current knowledge, awareness, and con-
sumer perceptions and concerns regarding fresh produce, re-
search directed towards characterizing and quantifying the risk
seems prudent (Rose and Gerba 1991; Atwill and others forth-
coming). Successful programs, such as training on pathogen pre-
vention and control methods for all parties involved in the fresh
produce production chain are already being offered by experts in
Universities and Trade Associations.

2. Preharvest Operations
A schematic for preharvest operations is given in Figure II-1. Al-

though each crop experiences particular conditions at each step
of the process, some potential points need to be given careful
consideration. These points are key elements to ensure the safety
of the final product because they can introduce pathogens that
may persist and reach the consumer. It is important to recognize
these points, get the appropriate information, and develop strate-
gies to reduce the risks. The most important considerations are the
quality of the water used during irrigation or various foliar appli-
cations and the application of manure, biosolids or compost as
fertilizers. They will be the focus of this chapter because of their
most direct potential implication in contamination (sections 2.1.
and 2.2.).

While other preharvest circumstances may be equally signifi-
cant, research to assess their impact in food safety is lacking. For
instance, the selection of land that has no recent history of ma-
nure use or animal grazing or farming activities would be a pre-
ferred location. Distance limits to adjacent animal farm activities
should be considered, and the possibility of contaminated runoff
should not be overlooked. These factors will be discussed in the
context of water quality (section 2.2).

Finally, there are additional factors whose contribution to in-
creasing food safety risks may be of a more indirect source. These
include transfer of pathogens through wild and domestic animals,
vermin, and aerosols. Section 2.3. describes some of the research
that has been published in an effort to evaluate the risks from
these sources.

2.1. Manure and biosolids
2.1.1. Description of the situation. Animal manure is common-

ly used as a crop fertilizer worldwide. In the United States excess
animal manure may be spread on land in the vicinity of animal or
produce farms due to high transportation costs. Although, ac-
cording to an USDA survey (USDA 2001), organic sources of fer-
tilizers are not commonly used by conventional fruit and vegeta-
ble growers, they are readily used by organic producers.

A large number of factors influence the probability of human
pathogens being established on produce (for example, location,
soil microflora, rain, and irrigation). Enough scientific evidence
suggests that human pathogens may be transferred to existing ad-
jacent crops by a variety of physical routes prior to (for example,
wind) or during soil incorporation of organic soil amendments
(Ahmed and Muller 1984; Jones 1999; Gagliardi and Karns 2000;

Hossain and others 2000; Abu-Ashour and Lee 2000; FengYu and
others 2000; Warnemuende and Kanwar 2000). There are multiple
potential sources of contamination (Beuchat and Ryu 1997): animal
and human feces, contaminated raw manure, irrigation water, water
used for pesticide application or other agricultural purposes, con-
taminated dust, vermin and insects as vectors in fecal matter, and
transfer by or on farm equipment. Significant populations of Escher-
ichia coli and related pathogens of fecal origin are probably limited
to soil contaminated with fecal material and are widely held to be
transitory. Soil per se is not an important source of enteric patho-
gens on plants (NACMCF 1999). Fecal contamination of irrigation
water, however, may be an important source, and other pathogens
may be present in feces and have a recognized soil residency. Also,
it is known that Listeria monocytogenes exists as a soil resident as-
sociated with decomposed organic mater (Dowe and others 1997;
Porto and Eiroa 2001).

Animal manure has been used for thousands of years as a soil
amendment to increase or maintain the organic matter content,
biological diversity and activity, and soil aggregate stability of agri-
cultural soils (Brady 1990). Animal manure contributes to the fer-
tility management of soils, particularly nitrogen, and may be the
primary source of plant nitrogen in organic farming systems.
However, outlets to agricultural land are not always an option and
in many regionally concentrated animal production systems (in-
cluding pig, dairy and poultry) the disposal of manure has be-
come a significant issue and waste management problem (EPA
2000). In many areas of the United States, manure is accumulat-
ing in excess of that needed for application to on-farm or local for-
age production areas. Animal manure is often contaminated with

Field Operation Potential Risk-Reducing Control Point

Crop site selection Soil, water, wild and domestic ani-
mals, drift and runoff from adjacent
farms, prior land-use history

�

Land preparation

�

Pre-plant fertilization Biosolids/manure

�

Planting

�

Irrigation Irrigation water, irrigation method

�

In-season fertilization Foliar applications: water quality

�

Irrigation Irrigation water, irrigation method

�

Pest Control Wild and domestic animals, vermin
habitat/attractant removal, foliar ap-
plication: water quality

�

Dust control: spraying Water quality
roads and paths

with water

Figure II-1—Potential control points to reduce microbial haz-
ards in fresh produce during preharvest field operations
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human pathogens. This waste management issue is believed to be
a key contributor to an intimately related potential source of pro-
duce contamination, water. For example, the annual animal waste
production in the United States is estimated to be 1.36 billion
tons, compared to a volume of human waste of over 64 million
tons (EPA 2000). Animal production operations are increasingly
concentrated, and large dairy operations are characteristic in
states such as California, a major producer of fruits and vegetables
for domestic and export markets. This large volume of waste must
find an outlet as material for on-site bedding, on-site land applica-
tion, and off-site land or farm distribution. Dairy and feedlot pro-
duction facilities are the largest producers of waste volume and
may be sources of Salmonella spp., E. coli O157:H7, Cryptospo-
ridium parvum, and other potential human pathogens, although
other farm animals may also be pathogen sources. The risk of wa-
ter pollution and contamination from waste spills, runoff, seasonal
flooding, and lagoon leakage is increased.

Although a significant number of outbreaks of human food-
borne infections have been linked to consumption of raw fruit
and vegetable products such as unpasteurized apple juice, pre-
sliced melon, lettuce, and sprouts, the epidemiological associa-
tion of outbreaks to the use of aged manure or compost in the
United States is still speculative. Acquisition of pathogens from
pathogen-containing soil amendments has been demonstrated
(Bryan 1977 and references therein), but, although possible, there
is no demonstrated evidence that pathogens incorporated as soil
amendments prior to planting can persist until harvest and be
transferred to the edible portion of the crop. Although direct evi-
dence of food-associated illness due to contamination of pro-
duce, from any source, during commercial production is scant,
compelling epidemiological evidence, primarily related to fresh
leafy greens and fruit-vegetables has implicated poor production
practices and poor animal waste and manure process control
practices. It is reasonable to believe that as a result of substandard
or even illegal agricultural practices, produce may be contaminat-
ed with human pathogens. The National Advisory Committee on
Microbiological Criteria for Foods (NACMCF) lists 11 agents asso-
ciated with produce-borne outbreaks. Foremost among them are
E. coli O157:H7 and various Salmonella serotypes (see Chapter III
and Tauxe 1997). Health officials at a recent national food safety
meeting disclosed preliminary data, which demonstrate that food-
borne illness associated with fresh produce in the United States is
related predominantly to pathogens of animal origin. Illness attrib-
uted to imported produce predominantly aligns with human
sources of contamination. Comparable findings have been report-
ed from earlier studies with environmental sources of Salmonella
spp. and clinical salmonellosis (Dondero and others 1977; Jones
and others 1980; Garcia-Villanova Ruiz, Cueto Espinar and oth-
ers 1987). This is an interesting and important area of future re-
search that is critical to better identify the environmental sources
of contamination. In addition to information on pathogen origin,
there is an ongoing need for multidisciplinary research on indus-
try practices, pathogen persistence, and pathogen reduction prac-
tices for manure intended for soil incorporation on fruit and vege-
table farms or direct crop applications as foliar sprays.

2.1.2. Factors affecting contamination of fruits and vegeta-
bles. It has long been known that the improper use of manure can
transfer pathogens onto crops, resulting in human disease. Raw
manure should not be applied to crops. In addition to the hazard
of pathogen transmission, it is well recognized that salt injury to
sensitive vegetable crops and transfer of viable weed seed may re-
sult unless the manure is subjected, at least, to a period of unman-
aged (no thorough mixing or pile inversion) composting. This
“stacked” or ”aged” manure is applied at various times and
amounts to a variety of production soils. According to a USDA
survey, among conventional growers, only 6% of fruit acres and

3% of vegetable acres were reported having manure applied in
1999. Only 2% of all fruit acres and 1% of all vegetable acres re-
ceived sludge applications in 1999 (USDA 2001). The survey also
reported that of the manure users, 22% and 15% of fruit and veg-
etable farms, respectively use untreated manure. However, among
the growing sector of organic producers that cannot use synthetic
fertilizers according to the USDA standards, the practice of using
manure as a fertilizer is more spread. Very few studies have been
performed to address the microbiological safety of organic foods,
and more comprehensive studies are needed to fully evaluate this
concern.

The potential for the pathogenic contamination of produce
from the use of manure depends on numerous factors. As one
looks at the various mechanisms for contamination, one should
remember that the potential for a hazard results from a number of
possible events and their probabilities of occurrence, for example
contamination, survival, and persistence during processing. Ulti-
mately, pathogens must be present and consumed in sufficient
quantities to become a public hazard. The panel identified four
main factors that will be further described in more detail:

• Pathogen populations in the animal feces
• The treatment/storage/processing method of manure
• The biological activity and structural stability of the soil to

which manure is applied
• Relative timing and location of manure in the crop rotation
Some other factors that are worth mentioning are the existence

of a possible pathway for transport of the pathogens onto or into
the fruit or vegetable; cultural methods (for example full-bed plas-
tic mulch or type of tillage), the type of crop; and the method of
manure application. Theoretically, three routes exist for a patho-
gen to contaminate a plant: the surface of the edible portion of the
plant, transfer to the plant tissue through an injury, or transported
through the root system. The probability of any of those routes to
occur is not known.

2.1.2.1. Pathogen populations in animal feces. Pathogen popu-
lations in animal manure may be related to the state of animal
health or to normal elimination in asymptomatic animals (Burton
1996; Hancock and others 1997; Shere and others 1998; Atwill
and others forthcoming). Stressed animals, as in calving opera-
tions, have been shown to be more prone to disease and to ex-
crete increased pathogen population densities (Williams and
Newell 1970). The prevalence of E. coli O157:H7 and Salmonella
spp. in manure also varies with the source animal. Escherichia
coli O157:H7 colonizes cattle and other ruminants but generally
not poultry. The prevalence of cattle pathogen shedding varies
among different studies. Cassin and others (1998) projected that
the number of E. coli O157:H7 shedding animals varies from
0.3% to 0.8%, but may be considerably higher in a population
consisting exclusively of young or stressed animals. In addition,
survey results may be strongly influenced by regional and season-
al variation. For example, in the Midwest and East, summer sam-
plings are more likely to result in positive detection, though still
low, while similar studies conducted at the same time in California
have proven to yield predominantly negative information (J.
Cullor; unpublished data; unreferenced). The numbers shed by
colonized animals reportedly varies from 3 to 50000 colony-
forming units (CFU) per gram of manure (Zhao and others 1995).
A recent USDA survey found that, as mentioned above, even in
healthy dairy cattle, Campylobacter jejuni was positive in 37.7%
of individual fecal samples. Factors associated with persistence in-
cluded application of manure with broadcast spreading, feeding
of whole cottonseed or hulls or alfalfa, and accessibility of seed to
birds. Arcobacter spp., possibly an emergent pathogen, was also
present in 14.3% of individual fecal samples of healthy cattle
(Wesley and others 2000). Regardless of the high variation in
shedding contamination from farm surveys, there is no doubt that
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on-farm food safety would still benefit from programs that identify
animal production practices that minimize pathogens in the ma-
nure management system (EPA 2000).

Escherichia coli prevalence. More current data on shedding of
shiga toxin –producing E. coli O157 by cattle indicates that the
prevalence may be higher than suspected, partly due to improved
methods of detection (Gansheroff and O’Brien 2000). For exam-
ple, from a total of 365 fecal samples of cattle, E. coli O157 was
found in 20% of samples in an intensive management beef cattle
farm in the Czech Republic using selective enrichment followed
by immunomagnetic separation (Cizek and others 1999). A Dutch
study reported that 7 out of 10 cattle farms tested positive for
verocytotoxin producing E. coli O157 with the prevalence rang-
ing from 0.8-22.4% (Heuvelink and others 1998). A 15-month
follow-up study showed that farms that were negative in the first
visit would later become contaminated with the pathogen. Char-
acterization methods implied that there was more than one
source of verocytotoxin producing E. coli O157 on the farms. The
study also demonstrates that testing for the pathogen during a sin-
gle visit to a farm does not demonstrate verocytotoxin producing
E. coli O157. Age of cattle seem to be a factor in pathogenic E.
coli shedding in that younger cattle and calves at weaning seem
to have higher feces prevalence than older cattle (Laegrid and oth-
ers 1999; Heuvelink and others 1998). A recent USDA survey to
estimate the frequency of enterohemorrhagic E. coli O157:H7 in
feces at slaughter houses showed 72% of 29 lots had at least one
positive fecal sample (Elder and others 2000). Among individual
cattle the prevalence was 28% overall. High prevalence was also
reported by a Canadian study performed in cattle fecal samples at
the point of processing (van Donkersgoed and others 1999).

Salmonella spp. prevalence. Salmonella spp. may be detected
in both cattle and poultry manure. The prevalence among dairy
herds may range from 57 to 84% (Smith and others 1993; Atwill
and others forthcoming and references therein). Shedding is pre-
dominantly discontinuous, even in herds with a high positive re-
covery frequency. Less than 4% of healthy cows that were deter-
mined to be asymptomatic carriers of Salmonella Dublin were
found to be shedding at any sampling date (Smith and others
1993). A singular assessment of feedlot cattle (Committee on Sal-
monella 1995) indicated that Salmonella could be recovered from
38% of a composite profile of feedlots but the percentage of indi-
vidual positive samples would be 5% or less, depending on the
length of time on supplemental feed. Despite the high prevalence,
there is insufficient information to predict the residual viable pop-
ulations of Salmonella spp. shed (CFU/g) in manure. Estimated
numbers in manure slurry from colonized livestock herds are re-
ported to be from less than 2 to 5,000 CFU/g-wet weight (Atwill
and others forthcoming). By extension, a crude estimate of 20 to
50,000 CFU of Salmonella/g of manure may represent a typical
initial load before aging or composting. The frequency of shed-
ding and numbers of Salmonella per gram of chicken manure are
not readily available. In a California survey, Riemann and others
(1998) found that chicken manure piles in 68% of layer houses
were positive for Salmonella with a broad range of detection (25
to 100% of replicate samples). The estimated numbers of Salmo-
nella per gram feces from layers, reported in this study, range from
0.68 to more than 340. Another survey in the Netherlands and
Belgium to investigate the microbiological contamination level of
raw sludge at pig and chicken slaughter houses revealed that Sal-
monella spp. were present in all samples.

Prevalence of other human pathogens. Other human patho-
gens were also detected in high numbers, such as pathogenic
Yersinia enterocolitica (detected in 7 out of 13 slaughter houses)
and Campylobacter jejuni/coli (2.8-7.3 log /g in 10 out of 14
slaughter houses) (Fransen and others 1996). Gregory and others
(1997) also reported a high prevalence of Campylobacter spp. in

broilers cecal droppings (100% of 20 samples were positive),
even for newly constructed houses. Similar data was presented by
Stern and others (1995) where average levels of Campylobacter
spp were 5.44 log/g cecal material in 9 out of 10 broiler farms and
increased significantly after transportation.

Farm practices and Escherichia coli. In an effort to minimize
the level of pathogenic organisms at the source, research is being
increasingly directed to the identification of specific farm manage-
ment practices that may be linked to the incidence of pathogens
in animal manure or in the farm environment. For example, the
prevalence of E. coli O157:H7 was investigated on 91 dairy oper-
ations in another USDA attempt to identify management practices
associated with pathogen prevalence on farms. In 24.2% of the
operations, 1.2% of samples were positive for verotoxin-produc-
ing E. coli O157:H7. Herds on farms that did not flush manure
with water had significantly fewer positive samples for verotoxin
producing E. coli O157:H7 (Garber and others 1999). Other fac-
tors, such as chlorination of cow’s drinking water and feeding
practices, seemed to have an effect but were statistically insignifi-
cant. A higher number of positive samples for the pathogen in the
feces were also associated with the summer months.

Several recent studies point out that among farm practices, ani-
mal diet may influence pathogen shedding (Diez-Gonzalez and
others 1998; Hovde and others 1999; Herriot 1998; Dargatz and
others 1997; Buchko and others 2000). A grain diet may induce
changes in the cow’s digestive system that promotes the survival
of acid-resistant E. coli (Diez-Gonzalez and others 1998; Hovde
and others 1999). Grain-fed cattle shed 1000-fold more acid-tol-
erant E. coli than hay-fed cattle, and had lower colonic pH. Simi-
larly, from a total of 36 samples, herds fed corn silage had higher
numbers of E. coli O157:H7 than those that were not. Other asso-
ciated factors included the weaning method, protein level of calf
starter, and feeding of ionophores (that is, lasalocid and monesin,
feed supplements introduced in the 1970s), grain screens, or ani-
mal by-products (Herriot 1998). Other studies also suggest the in-
fluence of animal diet on pathogen incidence (Dargatz and others
1997). Minimizing environmental dissemination of E. coli
O157:H7 in conjunction with diet modification may reduce num-
bers of E. coli O157:H7-positive cattle, according to an inocula-
tion study (feed was inoculated with 1010 CFU of E. coli
O157:H7) that found that corn-fed or cottonseed/barley-fed steers
were less likely to be positive for E. coli O157:H7 than steers fed
only barley. As in the study by Diez-Gonzalez and others (1998),
a lower pH of the feces in the corn-fed animals was suggested to
contribute to this difference (Buchko and others 2000).

Other studies suggested an association between verotoxin pro-
ducing E. coli strains management practices other than feed (that
is, a larger herd size, open pile manure storage, and occasional
use of equipment to handle both manure and feed) (Bormaneby
and others 1993). In a Washington state study of 60 dairy cattle
and 25 beef cattle , E. coli O157:H7 was found in 0.28, 0.71, and
0.33% of the fecal samples from dairy, pasture beef , and feedlot
beef cattle, respectively. As many as 16% of the beef cattle and
8.3% of the dairy cattle herds were infected. In this case, manage-
ment practices also seem to be able to reduce human exposure to
E. coli O157:H7 (Hancock and others 1994). However, when a
larger study was designed and herds selected to prove this hy-
pothesis, the prevalence of E. coli O157:H7 (1.41% of positive in-
dividual fecal samples out of 12,664 samples over 6 months and
75% positive herds out of 36), neither the application of manure
to forage crops nor the housing in dry lots (as opposed to grazing
in pasture) nor the grazing in pasture were associated with the
prevalence of the pathogen (Hancock and others 1997).

Farm practices and other human pathogens. The influence of
management practices in the prevalence of other pathogens in fe-
ces has also been investigated. For instance, in one study the
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probability of having a positive pigeon fecal sample for C. jejuni
was decreased by using dry manure in nesting, cleaning shipping
crates, and by decrease frequency of chemical disinfection of wa-
ter (Jeffrey and others 2001). Presumably, the use of manure as
part of the nesting material protects the pigeons against C. jejuni
infection. This would agree with the competitive exclusion princi-
ple, demonstrated in poultry. The authors recognized that critical
control points for food safety pathogens may vary widely, and the
formulation of effective programs depend on science-based
knowledge of diverse animal production systems. Likewise, as
part of a large United Kingdom project, another survey indicated
the excretion of L. monocytogenes (including virulent strains) by
farm animals (pig, poultry, sheep, and cattle) was associated with
long distance transportation of animals and their diet (Fenlon and
others 1996). The studied showed that animals fed on silage,
commonly contaminated with the pathogen, shed L. monocytoge-
nes, whereas in animals fed on hay or manufactured diets L.
monocytogenes was not detected.

Eleven dairy farms from the northeastern region of the United
States were sampled for Cryptosporidium in farm and stream wa-
ter and feces over a 6-month period (Sischo and others 2000).
Ninety one percent of the farms had Cryptosporidium on their
premises. The single risk factor for detecting Cryptosporidium in
surface water was the increasing frequency of spreading manure
in fields. Shedding cryptosporidia was associated with young
calves (15% of calves 0-3 weeks of age) and frequent contact and
change of bedding.

Based on these studies on farm management practices, current
knowledge does not allow for a clear association between certain
farm practices and pathogen shedding. The results are difficult to
interpret mainly due to the variability in practices and interaction
with other factors that might have been overlooked. Despite the
variability certain practices need to be investigated further. These
include the influence of diet and the management and use of ma-
nure. With the current trends to minimize the incidence of patho-
gens at the point of origin, future research should focus on farm
practices.

2.1.2.2. Manure storage and processing methods. Proper stor-
age and management of manure includes anaerobic digestion,
aeration of sludge, and composting. These practices greatly re-
duce residual pathogen populations in contaminated manure.
Proper manure management, often called aging, is essentially a
heat-pasteurization process, generally targeted to maintain be-
tween 60 and 65 °C ( 140 to 149 °F) (Kudva and others 1998;
Berg and Berman 1980; Burton 1996). There are however insuffi-
cient data from controlled studies in which the fate of foodborne
pathogens has been determined. Although many years ago, it was
thought that pathogen persistence did not usually become an is-
sue of risk if animal bedding is ultimately mixed with or used for
soil amendments (Strauch 1977), the current situation may re-
quire different manure management methods. The increase in bio-
solids production and waste disposal issues, as well as the emer-
gence of new pathogens of concern call for more dated scientific
validation procedures.

With minimal supporting data, EPA stated that this pathogen re-
duction step is best accomplished by composting, but aging
(stacking) for at least 3 days at 131 to 149 °F (55 to 65 °C) is effec-
tive, if done thoroughly (EPA 1993). Composting, as compared to
aging, is a more directed aerobic fermentation which involves the
same target degree of temperature increase, but includes the pro-
vision that all material must be turned to maintain aeration, that
moisture be added, and that the process be allowed to reach a
peak microbial composition over a period of at least 3 months.
The need for scientific validation studies of pathogen reduction in
manure is an eminent need and consequently this is an active
area of research.

Previous scientific studies that assess population fates and ki-
netics in pathogen-bearing manure are sparse. Porter and others
(1997) only detected E. coli O157:H7 in manure with a high
moisture content. Salmonella cultures dried on polyester sheets
and buried in cattle manure survived at 5 to 30 °C (41-86 °F) for
up to 105 days (Plymm-Forshell and Ekesbo 1993); at 1 to 15 °C
(36.5 to 59 °F) detection was positive for up to 210 days. Simulat-
ing the temperature increase during aging, Salmonella survival on
the inoculated sheets was detectable for at least 8 days at 50 to
62 °C (122 to 143.6 °F). The potential for reduced recovery of
stressed cells within the recovery protocols was not specifically
addressed. Plymm-Forshell and Ekesbo (1996) determined that
Salmonella Dublin inoculated into dried fecal material on a stall
surface survived for 68 months at ambient temperatures. When
applied as slurry, populations were reduced by 3.0 log, but not
eliminated, following approximately 4 days of rapid drying condi-
tions. In contrast E. coli O157:H7 could not be obtained from the
dry outer surface layer of pathogen-containing ovine and cattle
manure piles (Kudva and others 1998). This study was done to
determine the persistence of E. coli O157:H7 in manure under
various experimental and environmental conditions. When ovine
and bovine manure were inoculated and periodically aerated, E.
coli O157:H7 remained positive for 4 months and 47 days, re-
spectively. The pathogen survived best without aeration at 23 °C
(73.4 °F). In frozen bovine manure or at 4 or 10 °C (39.2 or 50 °F)
in ovine manure, the microorganism survived for 100 days. Un-
der other conditions (23, 37, 70 °C) (73.4, 98.6, 158 °F) the mi-
croorganism survived between 1 and 47 days (Kuvda and others
1998). Another study reported that over a 12-week period at
10 °C (50 °F) a 3.5- and 5.5-log reduction was observed in the E.
coli O157:H7 population that was inoculated in slurry from cattle
fed different diets. This persistence of E. coli O157:H7 indicates
that the pathogen has the potential to be transmitted to the envi-
ronment (McGee and others 2001). Such long-term survival abili-
ty emphasizes the need for including treatment of manure as a
management practice to eliminate this pathogen as a primary
source of food and water contamination and to minimize human
health related risks. The efficacy of the process, though, can be
improved with different experimental protocols. For instance,
composting under intermittent aeration with a blower control sys-
tem and at least 60 °C (140 °F) killed E. coli in 24 hours and was
not detected after the fermentation period (30 days) (Mori and
Sakimoto 1999).

The survival of other human pathogens such as Salmonella En-
teritidis under different conditions and experimental protocols has
also been investigated. Salmonella Typhimurium was not recover-
able at 44 days at 10 °C (50 °F) and by 3 days at 35 °C (95 °F) in
dairy lagoon water (McCaskey and Jaleel 1975). Slurry materials
commonly remain in lagoons for storage periods that exceed 5
months. Lagoon capacity and prevention of leakage or storm-re-
lated spills and runoff may become a significant concern if the
production location will induce downstream crop or groundwater
contamination. Compared to dairy manure, a higher ammonia
content (0.2 to 0.4%) and alkaline pH (8.6) found in chicken litter
would be predicted to accelerate Salmonella inactivation of 7.0
log within 11 days (Turnbull and Snoyenboss 1973). Recent stud-
ies (Himathongkham, Bahari and others 1999; Himathongkham,
Nuanualsuwan and others 1999; Himathongkham and Riemann
1999; Himathongkham 2000; Himathongkham, Riemann and
others 2000) confirm that after a short term of multiplication in
fresh moist manure, there is an approximately logarithmic decline
for both E. coli O157:H7 and Salmonella Typhimurium. The rate
of inactivation and the decimal reduction time (D-value) varied
with temperature and origin of manure and was different for ma-
nure and manure slurries. At 37 °C (98.6 °F), the fastest reduction
of inoculated E. coli and Salmonella Typhimurium in cow manure
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and manure slurry occurred. The decimal reduction time ranged
from 6 days to 3 weeks in manure and from 2 days to 5 weeks in
manure slurry (Himathongkham, Bahari and others 1999). Ac-
cording to the authors, the D-value could be used to predict the
time and temperature needed to achieve a desired reduction of
pathogen level.

An additional issue that may become a concern is the existence
or development of microorganisms tolerant to high temperatures.
The high temperatures that evolve during aging and composting
may induce resistance within the microbial population or survival
of resistant microorganisms through selection processes. Thermo-
tolerant (also thermophilic mutants) E. coli and Salmonella Typh-
imurium have been reported from composting material. Brinton
and Droffner (1994) reported a maximum growth temperature for
an enriched variant of E. coli and Salmonella Typhimurium of 48
and 54 °C (118.4 and 129.2 °F), respectively. Survival of both in-
oculated strains was at least 56 days in compost maintaining
60 °C (140 °F). Thermotolerance was inducible and reversible
when the strains were grown at lower temperatures. This phenom-
enon, however, has not been reported during the commercial
production of manure.

Although phenotypic thermotolerance constitutes a potential
concern during manure management, it is not a required phe-
nomenon for the presence of persistent pathogens in manure
piles. The outer layer of a manure pile may be as much as 35 °C
(63 °F) lower than the interior, and never exposed to temperatures
sufficient to kill pathogens if not specifically turned (Suslow and
Meyer; unpublished data; unreferenced). Unless specifically pre-
vented by a company operational policy, manure handlers may
add new manure to an existing manure pile; any mixing or inver-
sion may be limited to pile movement with a front-loading scrap-
er. Desiccation at the outer layer will result in inactivation. Death
of E. coli O157:H7 and Salmonella Typhimurium was limited to 1
to 2 logs in slow drying manure over 24 hours (Himathongkham
and Riemann 1999), whereas fast drying resulted in up to a 3-log
decline in just 6 hours at approximately 22 °C (71.6 °F) (Hima-
thongkham, Bahari and others 1999). However, residual popula-
tions remain viable for a long time despite low water activities (aw).
A 6-log reduction was estimated to take 3 months at very low aw
and 20 °C (68 °F). When manure piles are turned, the previous
surface layer will be exposed to different conditions (for example
higher moisture content) in the deeper part of the stack. Remain-
ing viable pathogens presumably die as temperature elevation oc-
curs. In piled poultry manure, ammonia generation causes as rap-
id a reduction and elimination of pathogens in the top layer as in
the deeper layers (Himathongkham and others 2000).

Certain protozoa are also important disease-causing agents in
Europe and North America, although the vast majority of them are
not lethal. Potential sources of contamination are water and bio-
solids for land application. Conventional aerobic and anaerobic
wastewater treatment in Ottawa consists of screening, primary
clarification, aeration, secondary clarification, and anaerobic di-
gestion. One study compared the extent of Cryptosporidium and
Giardia reduction to that of other pathogenic and indicator micro-
organisms during conventional treatment. During aerobic treat-
ment, Cryptosporidium and Giardia cysts were reduced by 2.96
and 1.40 log (from an initial population of 3.68 log and 3.92 log),
respectively. After further anaerobic treatment, there was no signif-
icant reduction for any protozoan organisms tested while a 1-2
log reduction of fecal coliforms was observed (Chauret and others
1999). Another study showed that no Cryptosporidium muris oo-
cysts were detectable after 44 days of fermentation of bovine feces
and rice hull at 73 °C (163.4 °F) from an initial load of 2.26 x 105

oocysts/g of compost (Furuya and others 1999).
Recently, the new experimental data (Table II-1; Cliver and oth-

ers 2001) were combined with previously published information

to assess the risk to consumers of growing lettuce with manure as
a soil amendment. Application of raw bovine or poultry manure
to a lettuce field shortly before harvest presents a considerable
risk to the consumer. Poultry manure stored for 2 months at 20 °C
(68 °F) and applied to the field 2 months before harvest represents
negligible risk with respect to Salmonella or E. coli O157:H7. In
contrast, cattle manure used the same way seems to represent an
unacceptable risk.

The difference between poultry and cattle manure is mainly due
to a more rapid die-off in poultry manure because it accumulates
ammonia. Manure mixed with bedding, resulting in self-generated
heat of 60 to 70 °C (140-158 °F), is assumed to present little risk.
To estimate overall risk to consumers of raw produce, the data
and models must be carefully scrutinized; data describing present
manure handling practices are also needed.

This section clearly demonstrates the importance of developing
manure treatment protocols that efficiently reduce the pathogenic
population to a level that minimizes the risk of fresh produce-de-
rived illness. A number of technical difficulties still need to be re-
solved before a manure treatment protocol can be suggested.
Those include sampling protocols, aeration and turnover meth-
ods, and addition of fresh manure. Furthermore, because several
other factors contribute to the further reduction or growth of the
pathogens, the desired level of reduction is still a matter of discus-
sion. When assessing the risk of contamination from pathogenic
organisms in manure, one needs to consider a number of addi-
tional environmental parameters. A recently published book
chapter (Suslow 2001) discusses the further reduction of residual
pathogen populations following soil incorporation by desiccation
on the plant surfaces, by ultraviolet (UV) exposure, or other envi-
ronmental stresses. The reader is also referred to Chapter III on
pathogen growth and survival on produce.

2.1.2.2.1. Regulations. The current regulations found in EPA 40
CFR Part 503 for use or disposal of domestic sewage sludge are
derived from regression analysis studies of compost research and
thermal inactivation analysis in model matrices (Farrell and others
1990, 1996). Beyond limitations in the ability to predict the envi-
ronmental fate of key pathogens in the diverse physical and
chemical environments of soil, varied climates, specific seasonal
weather events, and soil management practices, pathogen elimi-
nation is predominantly an issue of uniformity and consistency of
process controls (CCREF 2001). EPA 40 CFR Part 503 estates Class
A sewage sludge can be used without restrictions and must con-
tain <1,000 Most Probable Number (MPN)/g total solids or < 3
Salmonella sp. MPN/4 g total solids. In addition the temperature
of the sewage sludge must be maintain at a specific value for a
minimum period of time, depending on the percent of solids and
the treatment method (usually 50-55 °C [122-131 °F] or greater
for 4 hours to 15 days). Different methods of pathogen reduction
are described such as aerobic and anaerobic digestion, air drying,
or composting.

If sewage sludge does not meet the standards above, it may be
classified as Class B. Class B sewage sludge must contain < 2,
000,000 MPN fecal coliforms/g total solids (Class B pathogen lim-
it, Part 503 rule). It should be noted that in this regulation, the fe-
cal coliforms and Salmonella standards are used as indicators of
the process, not the presence of pathogens. Strong statistical evi-
dence, however, suggests that pathogens may be present when
indicator microbes are present at this level (Farrell and others
1990). Therefore, this material could not be used or sold for use
on vegetable crops or distributed to the general public without
management requirements and site restrictions. Class B product
can be used on crops that will be consumed by humans or ani-
mals; however, there are requirements for waiting periods be-
tween the time of application and crop harvest and for restricting
public access. The amount of waiting time required depends on
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various factors (for example proximity of edible part of the plant to
the soil), details of which are readily available in the Part 503 rule.
States may have more restrictive and independent rules for biosol-
ids use and reporting (see Appendix A). As a precaution, produce
buyers are using market pressure to preclude growers from pro-
ducing fruits and vegetables on ground with a prior history of bio-
solid application.

Manure, however, is exempt from these regulations. There are
no federal or state rules regarding pathogen levels in aged manure
used for land application. Although no such specific rules (federal
or state) currently apply to aged or stacked manure use and distri-
bution, the time-temperature criteria for pathogen reduction and
elimination by composting are being broadly used. Also, certified
organic growers must follow certain standards to satisfy the crite-
ria for certification. For example, under the new USDA organic

certification program the raw animal manure must either be com-
posted, applied to land used for a crop not intended for human
consumption, or incorporated into the soil at least 90 days before
harvesting an edible product that does not come into contact with
the soil and at least 120 days before harvesting an edible product
that does come into contact with the soil. Composted plant or ani-
mal materials must be produced through a process that achieves
a temperature between 131 °F (55 °C) and 170 °F (76 °C) from 3-
15 days depending on the composting system.

As previously mentioned, sublethal exposure due to inade-
quate time-temperature management in aged manure composting
may yield soil amendments, which have pathogen numbers simi-
lar to Class B biosolids compost. A high degree of uncertainty re-
mains about the efficacy of the treatment and usefulness of indica-
tors as presumptive evidence of the absence of pathogens. Be-
sides the uncertainty regarding the efficacy of the treatment, addi-
tional research on persistence in soil and on plant surfaces is
needed to support science-based policy decisions on restrictive
limits.

2.1.2.2.2. Current situation. In practice, detectable populations
of nonpathogenic E. coli, which serve as indicators of survival po-
tential, are commonly found in stored stacked manure piles and
field-side piles prior to spreading. Populations of E. coli in aged
piles or field-side windrows of dairy manure are reported to range
from undetectable (less than 100 CFU/g by most enrichment-
based methods) to greater than 1,000,000 viable bacteria per
gram. Viable E. coli and Salmonella have been detected in manure
piles over a broad range of collection-point temperatures, includ-
ing subsurface samples measured at 52 °C (125.6 °F) (Suslow,
Meyer, and Cliver; unpublished data; unreferenced). Tempera-
tures below the surface of manure piles, routinely taken at 1 m de-
pending on the size of the pile, exceeded 65 °C (149 °F), while a
layer just under the surface may be below 35 °C (95 °F). In addi-
tion to temperature fluctuations, other factors such as water activi-
ty, pH, ammonia concentrations, and microbial activity affect the
rate of loss of pathogen viability in stacked piles. Over wintering,
manure piles on the side of the fields may harbor high popula-
tions of E. coli, although surveys for the presence of key patho-
gens have not been publicly reported. Studies with E. coli
O157:H7 and Salmonella Typhimurium predict a survival period
exceeding 100 days from a starting population of one million
cells in both chicken and dairy manure (Himathongkham, Bahari
and others 1999; Himathongkham, Nuanualsuwan and others
1999).

Aerobic composting is preferred for manure intended for fruit
and vegetable production because it results in a stabilization of
nutrients. It is important for the added manure to have nutrient re-
lease characteristics that meet the fertility management plan and
projected sufficiency demand of crops throughout the season
(Smith and others 1998; Lubke 1995; Nelson and Uhland 1955).
For this reason, manure may be applied after short-term storage,
just enough to be manageable with a conventional spreading sys-
tem, but without a more intensively managed compost process-
ing. In some regions of the United States, manure may be applied
to land as slurry, often untreated or minimally treated to avoid the
cost of construction and nuisance reduction and environmental
protection management requirements of large storage facilities
and pits. Typically this slurry would not be applied to fruit and
vegetable production ground (certainly no major production
area), but may be a source of contamination by runoff (see section
2.2.).

2.1.2.3. Biological and physical buffers. The survival of residual
pathogenic bacteria from manure in the farm soil environment is
thought to be largely an outcome of competition from the existing
soil microflora (Lynch and Poole 1979; Killham 1995; Tate 1987).
It is well established that populations of introduced bacterial inoc-

Table II-1—Estimated times for 100,000-fold reduction of Es-
cherichia coli O157:H7 and Salmonella in different manure
preparations

Temp.
Material °C Days Reference

Cattle manure 5 70 Wang and others 1996
4 100 Himathongkham,

Nuanualsuwan and others
1999

4 20 Kudva and others 1998
20 57 Himathongkham,

Nuanualsuwan and others
1999

22 56 Wang and others 1996
23 40 Kudva and others 1998
37 49 Wang and others 1996
37 8 Kudva and others 1998
37 36 Himathongkham,

Nuanualsuwan and others
1999

Poultry manure 4 70 Himathongkham and others
2000

20 8
37 3
37 8 Williams and Benson, 1978

Cattle manure slurry 4 25 Kudva and others 1998
20 20 Porter and others 1997
20 5 Plymm-Forshell and Ekesbo,

1996
23 5 Kudva and others 1998
37 8

Slurry, fresh manure 4 92 Himathongkham,
Nuanualsuwan and others
1999

20 69
37 14

Slurry, old manure 4 261
20 26
37 12

Slurry, poultry manure 4 223 Himathongkham and others
2000

20 34
37 9

Other materials
Soil 20 36 Rickle and others 1995

20 28 Zhai and others 1995
20 94 Himathongkham and others

2000
Soil + manure 20 66
Soil + straw 4 69

20 71
37 13

Reproduced from Cliver and others (2001) by permission of Dean O. Cliver.
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ulum to soil are rapidly reduced due to competition from the en-
demic microflora. Recent research, with better methods of recov-
ery, however, suggests that pathogens adapted to the gastrointesti-
nal environment have an uncertain period of persistence in soils,
depending on several factors. This is a primary area of focus in
current food safety research, and related findings are just starting
to become available (Atwill and others forthcoming). Soils with
relatively low microbial activity are believed to allow the extended
persistence of pathogens. Therefore, the application of large quan-
tities of manure to soils with low existing microbial activity is
thought to increase the ability of pathogens to persist in the soil
environment. The soil type and matric potential (soil moisture lev-
els) also influence the survival of introduced microorganisms
(Henschke and others 1991; Drahos and others 1992; Meikle
and others 1995). It has been shown that well-aggregated soils
that have a high organic content result in high soil microbial activ-
ity and generally poor persistence of introduced microorganisms
(Killham 1995). Few direct quantitative data are available, but risk
assessment studies and persistence data generated during the ear-
ly years of concern regarding the release of recombinant soil bac-
teria and recombinant microbial pesticides for agriculture strongly
support a low probability of persistence of enteric pathogens in
soil.

Salmonella In a study of potential indicator microbes, fecal
coliforms, as a group, showed a biphasic logarithmic death curve
in soil amended with poultry manure and a moisture content of
15% (Zhao and others 1995). The initial decimal reduction time
(D-value) was approximately 4 to 5 days, followed by approxi-
mately a D-value of 15 to 20 days for the residual population.
Rickle and others (1995) found that zeolite and similar materials
that absorb water, ammonia, and other compounds had little im-
pact on survival of Salmonella Typhimurium in soil. Survivor
curves over 29 days were approximately exponential with a D-
value of 2.3 to 3.6 days at 35% moisture. With increasing mois-
ture, the D-value increased to 12 days. In a study by Zibilske and
Weaver (1978), Salmonella Typhimurium was not recoverable in
one week in dry soil at 39 °C (102.2 °F). At the time of manure in-
corporation, however, such high soil surface temperatures are
limited to certain regions of the United States. Thus, the model
data are not generally instructive in crop management decisions
relative to food safety. Moreover, manure incorporation into the
pre-irrigated soil would be unlikely at these temperatures except
under atypical conditions or practices. In model studies at more
common soil temperatures of 5-22 °C (41-71.6 °F), soil survival
for more than 50 days is widely reported. Himathongkham (2000)
observed a D-value value for E. coli O157:H7 and Salmonella Ty-
phimurium of 14 days in clay soil (pH 8.9, moisture 22%) at
20 °C (68 °F). Mixing manure into the soil (1:5) did not change
the D-value. Controlled studies that address the impact of soil ma-
tric potential cycling (wet-dry cycles) and subsequent field prepa-
ration activities (that is, discing, bed-shaping, preplant irrigation)
on survival are not available.

Escherichia coli When the persistence of E. coli O157:H7 in
river water, cattle feces, and soil cores were investigated with
model systems, survival was greatest in soil cores with rooted
grass, decreasing only from 108 to 107-106/g soil after 130 days at
18 °C (64.4 °F). The organism also survived in feces for more than
50 days. In cattle slurry and river water, no E. coli O157:H7 was
detected after 10 and 27 days, respectively (Maule 2000).

Listeria monocytogenes The incidence and survival of L. mono-
cytogenes has also been the focus of a few research studies. As
part of a Listeria spp. survey in the United Kingdom, it was report-
ed that 93.9% of 115 sewage samples were positive for Listeria,
20% of which were identified as L. monocytogenes. In garden
soil, only 0.7% of the samples contained L. monocytogenes
(MacGowan and others 1994). In an effort to know more about

what environmental conditions or agricultural practices leading to
the increase on produce contamination with L. monocytogenes, a
laboratory experiment with different soil types, inoculation levels,
and fertilizer sources was conducted. Clay loam or sandy loam
soil or soil amended with chicken manure resulted in higher sur-
vival of L. monocytogenes than sandy soil or soil fertilized with
liquid hog manure or an inorganic fertilizer. Listeria monocytoge-
nes levels slightly declined in clay soil and tended to increase in
sandy loam soil, a discrepancy with other research showing L.
monocytogenes declined to not detectable levels in 2 months in
sandy loam soil (Van Renterghem and others 1991) or 6 months
in clay soil (Welshimer 1960). Such discrepancies could be due
to differing soil moisture levels. The authors however, concluded
that there were no significant differences in L. monocytogenes
populations in the tested soil types but field studies were needed
to confirm these results (Dowe and others 1997). The organism
has been found in soil in a frequency varying from 9 to 14%
(Weis and Seeliger 1975). Using a variety of enrichment tech-
niques, L. monocytogenes was detected in 16% and 20% of pig
and cattle feces, respectively, but not detected in stored liquid ma-
nure or manured soil samples. In the fresh feces samples, L. mono-
cytogenes died off after 3 weeks and after 2 months of storage if
manure or soil was inoculated.

Protozoa As mentioned previously, protozoa are also patho-
gens of concern and their survival in soil has been studied. The
persistence of Giardia cysts and Cryptosporidium oocysts in wa-
ter, cattle feces, and soil was investigated at –4, 4, and 25 °C (77
°F). One week of freezing and 2 weeks at 25 °C (77 °F) eliminated
the infectivity of Giardia cysts. At 4 °C (39.2 °F) the infectivity re-
mained for longer in water (11 weeks), soil (7 weeks), and feces
(11 weeks). Cryptosporidium cysts were more resistant, surviving
in feces for up to 12 weeks at 4 °C (39.2 °F). The results suggest
that in order to minimize health risks from Cryptosporidium, con-
taminated feces should be distributed during warmer weather not
earlier than 12 weeks after storage. Otherwise an effective manure
treatment needs to be performed (Olson and others 1999). A
USDA study on Cryptosporidium parvum showed that vertical re-
covery of oocysts decreased rapidly in loam and sandy soils. Data
from packed soil cores indicated that decomposition depends on
the interactive effect of manure, soil structure, water flux, and time
(USDA 1999). The number of oocysts in the leachate decreased
exponentially on consecutive days after the application. In gener-
al, oocysts do not appear to be readily transported through tilled
soils. Another study monitored the potential for transfer of the
pathogen Cryptosporidium parvum through soil to land drains
and water courses after the application of livestock waste to land
using simulated rainfall and intact soil cores. The authors reported
that an initial load of 108 oocysts/core were reduced to undetect-
able or low numbers in leachate after 21 days, depending on the
soil type (Mawdsley and others 1996).

2.1.2.4. Timing and location factors. All current guidance with-
in organic and conventional agriculture strongly states that raw
manure should not be applied directly to a field or immediately
before harvesting an adjacent existing crop. Doing so may result
in contact or indirect transfer to crops. This is most critical with
produce typically eaten raw (for example, salad/leafy vegetables,
herbs, soft fruit, and melons). Spreading inappropriately aged ma-
nures next to these crops should also be avoided, due to the po-
tential for transmission of pathogens as dust aerosols. Specific dis-
tance limits that would ensure the safety of the produce have not
been scientifically validated.

Predictive information on the persistence of key pathogens in
aged, stacked dairy and cattle manure, a common handling meth-
od, is generally lacking. Limited time-temperature studies of Sal-
monella and E. coli survival in stacked piles support the effective-
ness of current managed composting practices. Natural or artifi-
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cially inoculated manure exposed to a temperature range of 45 to
50 °C (122 °F) eliminates detectable populations of these patho-
gens in less than 3 weeks. Current practices are targeted to exceed
this limit.

The absolute window of time separation between the applica-
tion of manure known to contain viable pathogens and safety of
the harvested crop has not been sufficiently researched to ac-
count for all production, environmental, and crop-specific vari-
ables. Manure is predominantly applied to orchard floors or vege-
table production ground in the fall, prior to leafing-out, bloom,
seeding or transplanting. Rates and frequency of application vary
widely but typically range from 4 to 6 tons/acre. Small-scale inten-
sive, vegetable operations may apply the equivalent of as much as
12 to 14 tons/acre. Crops commonly produced in these systems,
including many of the specialty greens, often have a short-rotation
between seeding and harvest. In some areas, climatic conditions
permit production well within the recommended temporal sepa-
ration between aged manure incorporation and planting of 60
days. Some current recommendations or buyer specifications ex-
tend this period in excess of 100 days, effectively establishing this
practice for growers in many marketing outlets. To the best of our
knowledge, neither of these recommendations (60 or 100 days of
temporal separation) has been evaluated, and currently there is
no scientifically based determination of a safe temporal separation
between aged manure incorporation and planting.

Although placing field-stored piles next to existing crops is not
a common practice, surviving populations in such piles represent
an undetermined risk. Current experimental models predict that
once E. coli O157:H7 is incorporated into soil, 99% of viable
populations is lost in a period of 60 to 120 days depending on
soil type, matric potential and other factors yet to be determined
(Himathongkham, Bahari and others 1999). In parallel field stud-
ies over a two-year period, generic E. coli was not detectable dur-
ing the planting season following soil incorporation of manure (E.
coli was detectable at the time of incorporation) during the fall in
coastal California vegetable fields (R. Smith, K. Schulbach, and T.
Suslow; unpublished data; unreferenced). Within the limits of the
sampling and detection methodology, no E. coli was detectable in
20 soils and the associated leafy vegetable crops and mesculun
mix from these fields at the time of harvest. These preliminary data
are consistent with the outcome of proprietary product testing be-
ing conducted by individual shippers and packaged salad pro-
cessors.

A handful of laboratory studies have addressed the fertilization
with manure as a source of L. monocytogenes produce contami-
nation. In a laboratory experiment performed in Iraq, when sew-
age cake contaminated with L. monocytogenes (3-15 cells/g) was
added to soil, 10% of the alfalfa crop was positive for the patho-
gen, although levels were low (<5 cells/g) (Al-Ghazali and Al-Aza-
wi 1990). Similarly, some of the parsley samples growing in pots
with the same fertilizer was positive for the pathogen after 3 weeks
of fertilizer application. These researchers concluded that L.
monocytogenes seems to be incapable of surviving for long peri-
ods in soil or liquid manure, which therefore cannot be consid-
ered reservoirs. A more likely reservoir is the plant-soil rhizo-
sphere, since 50% of the radishes contained L. monocytogenes,
but only 17% of soil samples in which radishes had been grow-
ing contained the pathogen. Listeria monocytogenes was detected
in radishes sown in inoculated soil (50% of samples) but was not
found in carrots (Van Reterghem and others 1991). The potential
for growth, however, exists when produce is subjected to refriger-
ation temperatures.

In conclusion, detailed, systematic, and large-scale testing of
environmental fates of pathogens incorporated into soil and onto
plant surfaces, within a controlled research facility, would be
highly desirable.

2.1.3. Indirect contamination. During production, and in some
harvest and postharvest situations, agricultural water may be con-
taminated by pathogen-containing manure or compost. At this
time, animal waste management specialists generally recommend
a 200-feet separation of untreated manure from wells, although
less distance may be sufficient. At least 100-feet separation for
sandy soil and 200-feet separation for loamy or clay soil (slope
less than 6%; increase distance to 300 feet if slope greater than
6%) is recommended as distance between untreated manure and
surface water.

2.1.4. Use of compost and manure teas in organic produce.
Organic producers, based on philosophical preference and con-
viction or in response to an increasing market opportunity, ex-
clude or prohibit the use of conventional crop inputs common to
modern farming. Synthetic pesticides and fertilizers are not allow-
able in current organic certification programs. To achieve optimal
quality and economic returns, organic farming systems rely upon
crop rotations, crop residues, animal manures, legumes, green
manures, off-farm organic wastes, mechanical cultivation, miner-
al-bearing rock powders, and biological pest control (UC
2000a,b,c,d,e,f). These components maintain soil productivity
and tilths, supply plant nutrients, and help to control insects,
weeds, and other pests.

Plant disease control is a common objective of foliar treatments.
Compost teas and liquid manures have been evaluated for their
efficacy in the control of foliar diseases. Liquid manures are ap-
plied to establish and support biologically diverse and metaboli-
cally dynamic processes during production and extending to
long-term land stewardship. The various liquid treatments are in-
tended to serve, primarily, as a source of soluble plant nutrients,
growth stimulants, and disease suppressors. Foliar-applied biotic
extracts are believed to initiate a systemic response known as in-
duced resistance, which may act as a repellant or reduce the se-
verity of pest and disease activities on plants (Weltzien 1990). Var-
ious manure and compost extracts, such as horse, cattle, dairy
and chicken, rabbit, goat, ostrich, and others alone or in combi-
nation with straw, cull vegetables, and other plant-based materials
are reported to enable biologically based control of plant patho-
gens through their action on the phyllosphere (generally encom-
passing the leaf surface and associated foliar structures) (Blake-
man 1981; Andrews and Hirano 1991; Suslow 2001 and refer-
ences therein). A wide range of mechanisms including induced
resistance (as mentioned above), delay or abortion of spore ger-
mination, other modes of antagonism, and nutrient and niche
competition with pathogens contribute to the suppressive effects
reported (Tranker 1992; Cronin and others 1996; Elad and Sh-
tienberg 1994).

In the context of addressing potential sources of fresh produce
microbial contamination, the practice of applying manure slurries
or teas to existing crops deserves special attention. As mentioned
above, manure-enriched brews of various composition have
been used by growers and home gardeners around the world for
many years for fertility management and plant disease control.
Domestically, the extent of use on fresh vegetables is unclear but
the practice is popular among smaller-scale organic and biointen-
sive producers. At this time, the numerous sources of instructional
information on manure tea preparation and use are essentially de-
void of any precautionary statements regarding human food safe-
ty. Typical preparation calls for the use of raw or aged manure in a
55-gallon drum (1:4 manure to water). After 2 to 3 weeks, a
strained tea or slurry is applied to soil or sprayed on foliage. The
strained solids are applied to green waste compost piles. Hima-
thongkham, Bahari and others (1999), Himathongkham, Nuanu-
alsuwan and others (1999), and Himathongkham and others
(2000) have determined a period of at least 10 days to greater
than 70 days for the destruction of E. coli O157:H7 and Salmo-
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nella Typhimurium in liquid manure slurries held at temperatures
between 4 and 20 °C (39.2-68 °F). Extrapolation from recent re-
search reports strongly suggests that mixing other organic compo-
nents (generally plant origin) into the steeping drum water may in-
crease the survival potential of E. coli O157:H7 (Hancock and
others 1997, Buckho and others 2000; McGee and others 2001) .
Other potential pathogens and parasites, such as C. parvum, a se-
rious waterborne pathogen, may survive the incubation period for
manure tea. As manure teas are not uncommon in some regions,
particularly for herb production (including fresh consumed) a
greater effort at risk assessment of this practice is well justified.

2.1.5. Current research. Clearly, the climate, soil properties,
site characteristics and management practices (runoff, buffer
strips, and water collection ponds) at a land application site will
strongly influence the fate and transport of manure and any ac-
companying microbes. The details and dynamics of these pro-
cesses are the subject of an international research effort at present.
Examples of recent published reports include transport of patho-
gens in runoff from soil (Abu-Ashour and Lee 2000); environmen-
tal survival in soil (Barwick and others 2000; Maule 2000); surviv-
al in manure slurries (McGee and others 2001); fecal shedding of
pathogens and environmental and vector dissemination (Buchko
and others 2000; Wesley and others 2000; Jeffrey and others
2001); and composting and biosolids process improvements
(Chauret and others 1999). Manure treatments that reduce the
pathogen populations prior to and in conjunction with land ap-
plication are increasingly being implemented and improved.
Composting is one approach among many already in use and un-
der scientific validation and optimization. Treatment technologies
prior to land application are also the focus of an ongoing effort by
a USDA/ARS program on manure and by-product utilization with
the objective of developing a guide to pathogen reduction prac-
tices.

Current agronomic practices and recommendations for use of
animal manures in cropping systems are being revised in many
states to reflect the need for protection of water quality (see sec-
tion 2.2.). These efforts, though, focus primarily on nutrient man-
agement and groundwater contamination by chemical constitu-
ents, and the emphasis on pathogen management is limited. There
is, however, considerable awareness and discussion within the
animal industry and among fresh fruit and vegetable producers,
processors, and buyers regarding the potential for contamination
of produce by pathogens in manure. This increased awareness is
due to the guidance and education documents developed by in-
dustry associations, that is, Guide to Minimize Microbial Food
Safety Hazards for Fresh Fruits and Vegetables (FDA 1998), and to
the academic and extension activities regarding a shared commit-
ment to improving microbial food safety.

2.2. Water for agricultural uses
2.2.1. Description of the situation. Serious deficits in fresh wa-

ter availability and quality exist globally. The United States ranks
third with an estimated 13 billion cubic meters of annual shortage
(Postel 2000). In major fruit and vegetable producing areas of Cal-
ifornia, Florida, and Texas, aquifers are being seriously over-
drawn. In addition to water availability, climate plays an important
role in water quality and the potential for direct or indirect contri-
bution to illness and outbreaks. Sewage spills, runoff from con-
centrated animal production facilities, storm-related contamina-
tion of surface waters, illicit discharge of waste, and other sources
of pathogens threaten the quality of both surface water and
groundwater used for fruit and vegetable production and there-
fore the safety of the consumed product. The magnitude of the
problem and its relation to food safety and security has been re-
cently reviewed (Postel 2000; Rose and others 2000).

At a local and regional level, water availability and multi-user

water management planning affects the cost of agricultural water.
Together with energy costs, water availability often drives growers
to make choices about which crops to produce, sources of water
for crop management, and methods of irrigation. An individual
grower or packer may alternate water sources over the course of a
season, periodically or sporadically using available surface water.
Alternately, a high quality water source may be diverted into an
impoundment or farm pond during periods of lower electricity
costs for pumping. If not well protected, this water may be affected
by the varied sources of contamination, as with any surface
source.

The significance of irrigation or foliar applications with patho-
gen-contaminated water is largely speculative and must be evalu-
ated on a case-by-case basis until more definitive data on persis-
tence is available. An overview of the varied uses of agricultural
water in the production of fruits and vegetables and the specula-
tive risk associated with this method are given in Tables II-4 and 5.
The risk associated with each water use was decided based on ex-
perts’ opinions and, moreover, for certain practices a level of risk
could not be given. The available literature on water microbial
quality and microorganism survival on relevant crops is discussed
below.

2.2.2. Factors determining the risk of microbial contamination
2.2.2.1. Management choices. During the production of fresh

fruits and vegetables, management decisions by growers, harvest
managers, and packing operations supervisor or line workers are
made in response to the perishable nature of crops and dynamic
nature of the markets. As mentioned in the introduction to this
chapter, the choices made can do much to augment or inadvert-
ently undo crop practices closely related to the level of microbial
food safety risks. It is worthwhile to better understand how seem-
ingly small variations in crop management may impact microbial
risk and the underlying basis for the deviation. The following are
three examples that illustrate the many factors that are considered
when a managing decision is pursued. Although this section is fo-
cused on decisions over irrigation and other water uses during
production, similar scenarios could applied to other aspects of
the production chain.

Many vegetable crops are established from seeds or seedling
transplants using overhead sprinkler irrigation. Once established,
in some areas of production such as California, it is common to
switch to furrow-irrigation for the remainder of the season. In this
scenario, depending on the preharvest interval and crop, several
weeks or more may pass without intentional overhead irrigation.
Occasionally, sprinkler lines are brought back in just before har-
vest to apply late-season fertilizer in a water-soluble form, typical-
ly calcium ammonium nitrate (CAN). For celery, this would occur
at the point when field equipment can no longer be used to apply
fertilizer due to the likelihood of serious crop damage. Under hot
summer conditions, CAN is applied for nitrogen (needed when
the crop is going through the most rapid increase in biomass) as
well as for calcium (to prevent calcium deficiency due to soil up-
take limitations resulting in a condition called Blackheart). Grow-
ers may not always need to switch back to overhead irrigation,
depending on susceptibility to Blackheart but also on various
market conditions and harvest timing decisions. Adjacent fields
managed by the same grower may have different irrigation man-
agement profiles over the course of a season. The water quality
used for late season overhead irrigation will have a significant in-
fluence on microbial populations and qualitative composition
(Beuchat 1996; Robinson and Adams 1978).

In a similar manner, market conditions, equipment availability,
and inadequate cold storage space may prompt a grower to post-
pone harvests and “store” a crop in the field. When the anticipat-
ed interval and conditions before the completion of harvest re-
quire a supplemental irrigation, it is typical to switch from furrow
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irrigation to overhead irrigation. The overhead sprinklers give
farmers more control over the amount of water applied and result
in less soil saturation, allowing harvest equipment and crews to
complete the harvest more quickly. In some locations, an on-farm
source of water (not typically used for irrigation) may be accessed
for this special need. The microbial quality of this water may not
be consistent with the grower’s normal good practices and atten-
tion to food safety concerns.

Lastly, although drip irrigation, especially subsurface drip deliv-
ery, has been shown to minimize foliar contamination of fecal
coliforms (Bastos and Mara 1995; Sadovski and others 1978), this
method of irrigation is not always a practical option for economic
or water conservation reasons. For example, in California furrow
irrigation is common in the production of many leafy greens. For
some of these specialty crops, the economics of production and
profit margins precluded the use of sprinkler irrigation. As the
markets for minimally processed salads grew, development of
mechanized harvesting caused some producers to modify stan-
dard bed spacing (the distance between rows) to a much wider ar-
rangement. Although several advantages are gained by this modi-
fication, furrow or drip irrigation would not be suitable, cost effi-
cient or practical (the distance across a bed to uniformly provide
water became too great). Under these new conditions, furrow and
drip irrigation were replaced with overhead irrigation. In these
cases full season overhead irrigation may have increased the mi-
crobial prevalence for these crops, depending on water quality
and local environment.

Many case studies and examples like the ones described above
may have unfavorably shifted the risk of a potential microbial haz-
ard. The broad attention given to food safety in fruit and vegetable
production has stimulated an unprecedented level of awareness
among growers and shippers as to how their decisions can direct-
ly impact food safety. With the knowledge of the intricacies of
crop management, growers and harvest operations managers are
in the best position to work with the scientific community on de-
veloping priority research needs regarding pathogen environmen-
tal sources, persistence, and mitigation.

2.2.2.2. Modes of irrigation. Irrigated agriculture in the United
States has increased from 41 million acres in 1974 to over 55 mil-
lion acres in 1997 (USDA 1998). Much of this irrigated acreage is
not in edible horticultural crops. However, in California, Texas,
Florida, and Arizona, the primary horticultural crops producing
states, the percent of on-farm and off-farm water sourcing for irri-
gation is proportionally high. In the 1998 USDA report (USDA
1998), the only survey data available, California had over 8 mil-
lion irrigated acres, of which 71% was gravity flow (flood or fur-
row). In contrast, Texas had over 5 million acres under irrigation,
with 61% applied by sprinkler and 38% by gravity flow. The distri-
bution of irrigation modes in key producing states are given in Ta-
ble II-2. The proportion of acres of vegetable and fruit crops under
drip irrigation is significant but much less than typically assumed
outside the industry. From Table II-2, it can be seen that Florida
uses proportionally more drip irrigation and sub-irrigation (lateral
distribution from interval canals). In Table II-3, the major types of
overhead sprinkler irrigation modes are given. A breakout of
sprinkler modes for fruits and vegetables is not available, but in
general hand-moved pipe would tend to be used for vegetables
whereas solid-set sprinklers would be used in orchard crops. In
some larger operations, self-propelled linear overhead irrigation
lines that span an entire field pull water from lateral canals. The
water supplying the lateral canals may be from groundwater, on-
farm impoundments, or an irrigation district supplier (delivered
via main surface canals).

Many factors, such as water availability and cost, soil type,
slope, depth of water table, economics, and cropping rotations,
determine the choice of irrigation mode. At this time, it is not pos-

sible to report the irrigation mode statistics for different vegetable
and fruit crops. Microbial food safety concerns have not been a
primary determinant in selecting the type of irrigated water deliv-
ery system. Broader knowledge and awareness of the impacts of
water quality on microbial risks during production may provoke a
shift in some areas where good water quality is seasonally un-
available. There is an imminent need to establish what constitutes
“good water” quality that can be safely used from the perspective
of irrigation of edible crops. Microbiological risk assessments
need to be developed so that agricultural water standards can be
established with a scientific basis.

2.2.2.3. Protection of water sources. In a recently released sur-
vey on U.S. agricultural practices (USDA 2001), the most common
source of irrigation water was deep ground wells, with 51% of the
vegetable and 39% of the fruit growers reporting this source of
water. Flowing surface water was the next most common source
of irrigation water, with 38% of the fruit growers and 19% of the
vegetable growers drawing water from this source. About 5% of
produce growers reported using municipal water.

Protection of surface and groundwater sources from pathogen
contamination is one critical area of production that is receiving
great attention. Public health concerns about infectious disease
agents from runoff, reclaimed water, and sludge (biosolids) are
broad and well documented (Committee on the Use of Treated
Municipal Wastewater Effluents and Sludge in the Production of
Crops for Human Consumption 1996). Sources include domestic
and industrial solid waste effluent, domestic, and industrial water
discharge and reuse (Gerba and others 1995). According to the
1998 National Water Quality Inventory, approximately 60% of
the various types of water quality impairing pollution in rivers and
streams and 45% in lakes comes from agricultural sources. Agri-
culture, predominantly concentrated animal production opera-
tions, is cited as the major contributor of microbial pollution to
the nation’s waterways. There are currently an estimated 376,000
operations that, combined, generate approximately 128 billion
pounds of manure each year. Concentrated animal feeding opera-
tions (CAFOs) are the largest of these livestock operations. The re-
cent outbreak of E. coli O157:H7 in Walkerton, Ontario, is an ex-
ample of contaminated runoff water from farms contributing to a
public heath crisis. Although the contaminated runoff was only a
minor contributing factor in the outbreak (major factors were wa-
ter chlorination failure and heavy rainfall), it illustrates how animal
farms waste should be adequately managed. Other outbreaks or
cases due to contaminated water have been associated with faulty
well designs (Jackson and others 1998) or runoff after torrential
rain (Charatan 1999).

Serious water quality problems result from pathogen contami-
nation that impact agricultural and domestic users. Pathogens,
such as Cryptosporidium, have been linked to impairments in
drinking water supplies and represent a frequent direct threat to
human health. Agriculture, municipal point sources, urban runoff,
residential septic system failures, industrial point sources, weather
related raw sewage spills, and illicit discharge are widely recog-
nized as the leading sources of the problem. Although it is diffi-
cult to determine the exact contribution of any particular source
on a national basis, it is widely recognized that each has or could
pose a number of risks to water quality and therefore produce
contamination during production and postharvest handling. This
clearly points to the need of establishing microbiological stan-
dards for agricultural water.

Topological elements surrounding the water source, such as
slopes and depressions, could lead to the introduction of runoff
from an adjacent field, grazing land, animal production facility,
septic system, waste spreading field, dairy lagoon, or other poten-
tial sources of pathogen contamination. Runoff prevention and di-
version structures, such as collection channels, diversion berms,
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and vegetated buffer areas can help divert runoff away from the
water source. To protect on-farm water sources, farm agent exten-
sion recommendations range from distances of 30 to 400 feet be-
tween potential contaminants and a water source. Greater dis-
tances are strongly advised for sources near concentrated animal
facilities and manure storage areas. According to USDA (2001),
only 2% of vegetable acres and 1% of fruit acres were reported to
be adjacent to a confined animal production facility. Seven per-
cent of all fruit acres and 3% of all vegetable acres were reported
to be adjacent to a residential area. One or less than 1% of all fruit
and all vegetable acres were located next to industry, waste dis-
posal or landfill or manure storage sites. Strategies to control run-
off included ditch construction, buffer strips, retention systems,
and drainage systems. Although only 40-75% of the fruit farms
adjacent to potentially unsafe environments implement some type
of runoff control, the majority of the vegetable farms had some
control. The data suggest that small farms are less likely to have
such strategies.

For groundwater sources, responsible production practices in-
clude well designed, maintained, and regularly inspected wells.
This includes inspecting well casings regularly and repairing them
as needed. A properly designed system must have a well casing
that extends to the water level in the well, and must have a grout
seal. Well casings should, in addition, extend more than 12 inch-
es above the land surface and have a sloped crown at the base to
prevent water accumulation at the seal. The height should be suffi-
cient to minimize the chance of seasonal runoff reaching the well
opening and having a direct route to the source water. While
much is known from the scientific literature about the potential in-
fluence of surface water, local weather patterns, floodwaters, soil
drainage, runoff and soil percolation rates on groundwater con-
tamination by toxic chemicals, far less information is available
about the infiltration potential of bacteria and viruses. Older or
shallow wells are typically more easily influenced by contamina-
tion. A sanitary well sleeve may be installed in these wells to help
protect against flood contamination. It is important to make sure
that there are no cross-connections between clean water sources
and contaminated sources. This will prevent back-siphonage,
which can cause contamination of one water source by another.
However, if the lines must be connected, the grower should install
valves, legal air gaps, or other mechanisms that will prevent back-
siphonage in the irrigation pipes and other water lines.

Limited reports that assess the risk of groundwater contamina-
tion are available. Haas and others (1996) conducted an analysis
of the potential for human pathogenic viruses, from various fecal
containing wastewater solids and municipal solid wastes, to con-
taminate groundwater and aquifers. Their comparative risk analy-
sis emphasized the mathematical evaluation of contamination po-
tential for drinking water supplies used by small communities and
isolated facilities influenced by proximity to sources of contami-

nant leachate. The details of models and research-based assump-
tions of adsorption and inactivation are available within the paper
cited, but their conclusion stated: “It was concluded that, even
with conservative assumptions, the health risk to humans from ex-
posure to microbial pathogens of fecal origin deposited in well-
designed and operated sanitary landfills is below levels currently
considered to be acceptable under U.S. drinking water regula-
tions applicable to treated potable water supplies.”

In contrast to this study, it is well known that untreated waste-
water contains relatively high concentrations of a range of patho-
gens and if used for agricultural purposes it poses great concerns.
The contamination and persistence of infectious pathogens in wa-
ter, in soil, or on crop plants, associated with the discharge of un-
treated wastewater (Ahmed and Muller 1984; Armon and others
1994; Bastos and Mara 1995; Bell 1976; Downs and others
1999; Gallegos and others 1998; Garcia-Villanova Ruiz, Cueto
Espinar, and others 1987; Katznelson and others 1977; Kovacs
and Tamasi 1979; Libero 1989; Shuval 1993; Szabo 1976; Takay-
anagui and others 2000; Teltsch and Katznelson 1978; Tamasi
and Winkler 1977; Vaz da Costa Vargas and others 1991) or on
elevated clinical disease in impacted areas (Ait Melloul and Has-
sani 1999; Downs and others 1999) is evident in various reports
from outside the United States. For example, a dramatic decrease
in typhoid fever and hepatitis A was reported when growers
stopped using city sewage water for irrigation of vegetables in
Santiago de Chile, Chile (Alcayaga 1993). These studies (not all in
English but retrievable English abstracts are provided) are dis-
closed for the purpose of background information but are only
considered to be a relevant or a comparable situation to the
scope of this assessment from the standpoint of predicted persis-
tence following raw sewage spills or flood related contamination.

The dissemination of human bacterial pathogens through agri-
cultural soil and the potential for groundwater or surface water
contamination has been evaluated or reviewed by many re-
searchers (Ahmed and Muller 1984; Gagliardi and Karns 2000;
Hossain and others 2000; Jones 1999). In general, mobility thor-
ough soils is low and transference would not be expected in the
absence of direct runoff drainage or percolation channels. In
coarse textured soils, however, percolation to shallow subsurface
water is highest, especially in the absence of various forms of bio-
filtration, such as active wetland or grassland roots (Decamp and
Warren 2000, Niewolak and Tucholski 1999). In a laboratory ex-
periment with simulated rainfall, tillage practice, in combination
with soil type and source of pathogen load, impacted but did not
prevent vertical transport of E. coli O157:H7 through soils
(Gagliardi and Karns 2000). Multiplication and persistence, fol-
lowing manure incorporation, was reported in all soils tested, with
the exception of a clay loam. Leaching of E. coli O157:H7 in run-
off water was detected for at least 17 days. The data indicate that
provided there is a dispersion mechanism like rainfall or irriga-

Table II-3—Overview of irrigation by sprinkler methods in key
fruit and vegetable producing states

Distribution of Sprinkler Irrigation Types (Survey, USDA 1998)
(1998 Response in 1000s acres)

HPP LPP RLM MP/R HM SS

United States 8,659 8,644 257 2,566 1,704 1,129
California 104 54 104 125 600 539
Florida 59 87 1 50 5 96
Texas 489 2,565 1 105 36 36
Washington 472 302 3 178 99 209

HPP—High-pressure center pivot; LPP—Low-pressure center pivot; Raised liner-
move; Mobile-propelled liner or dide roll; Hand moved pipe; Solid set system

Table II-2—Overview of irrigation methods in key fruit and
vegetable producing states

Distribution of Irrigation Methods (Survey, USDA 1998)
(1998 Response in 1000s acres)

Gravity Drip/
(flood) Sprinkler Trickle Subirrigation

United States 25,081 22,962 2,101 548
California 5,819 1,525 1,021 55
Florida 308 301 725 310
Texas 2,014 3,195 55 14
Washington 252 1,263 50 0
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tion, E. coli can travel below the top layers of soil for more than 2
months after application.

Only a few studies on microbial migration through agricultural
soils or down slopes have been conducted in the field. Abu-Ash-
our and Lee (2000) monitored the migration of bacteria on slop-
ing surfaces by spraying water inoculated with a nalidixic acid-re-
sistant E. coli as a biotracer. The extent of microbial migration dur-
ing runoff after two heavy rains depended on the slope of the
plots. Although most samples collected after 15 days had only
small amounts of the bacteria, the authors concluded that the sur-
vival and migration of pathogenic E. coli due to runoff may in-
crease the potential for contamination of produce.

Another field study was done in Iowa to determine the effect of
manure application practices on bacterial runoff water caused by
rainfall simulation. Swine manure was used at two application
rates and with two application methods. Escherichia coli and fecal
streptococcus were found in all runoff samples but the bacterial
population decreased with time (FengYu and others 2000). Other
attempts reported that the association of certain manure practices
with persistence of bacterial populations in subsurface drainage
water and runoff surface water were not clear (Warnemuende and
others 1999). Because of the difficulties in assessing the impact of
runoff in field-studies, the authors proceeded to do a water runoff
laboratory study after manure application in the field. The data
showed that higher rates of application of swine manure resulted
in higher leachate of E. coli and enterococci from intact soil col-
umns after 4 weekly irrigation events, especially when the manure
application was in the spring. Lower bacterial densities were seen
with the autumn application that may be due to the freezing of the
soil between manure application and irrigation (Warnemuende
and Kanwar 2000). An interaction was also reported between ap-
plication rate and manure application season. The association of
certain manure practices with persistence of bacterial populations
in runoff water seems complex, depending not only on manure
practices but also on other factors such as soil texture and cli-
mate. Runoff levels of indicator organisms seem to be higher in
warmer months. Although for obvious reasons these field studies
were not performed by inoculating the soil with the pathogenic
organisms, the conclusions may serve as examples of the poten-
tial risk of contaminating crop fields by runoff waters.

2.2.2.4. Irrigation with runoff water. In addition to incentives
for the use of reclaimed water (see section 2.2.2.5.), there are stan-
dard conventions in irrigation management and local or regional
incentive programs for collection and recycling runoff water for
on-farm or downstream irrigation. One potential area of concern
is the influence of land-applied biosolids and sewage or animal
manure effluent on subsequent irrigation runoff water. This issue
has been recognized for some time (Bryan 1977). Although the
risk of contamination of runoff water with pathogens of manure
origin is not known, the laboratory and field research outlined
above and in the manure section suggests that the potential for
such a scenario exists. Regarding biosolids, Jones and others
(1980) reported that salmonellae were recoverable from 68%
(882 total samples) of biosolids and processed sewage effluent
that was likely to be applied to agricultural soils. Although raw
sewage was predominantly positive for salmonellae (85%), the
frequency of post-processing positive detection depended on the
treatment facility ranging from 0 to 100% of replicated samples.
The authors reported that direct enumeration was not possible
due to the low sensitivity of the method and estimates of initial
populations by enrichment recovery were uniformly less than
200 MPN/100 mL. The authors correctly cautioned that the num-
bers may be biased towards enumerating those salmonellae most
favored by the particular enrichment recovery technique. The au-
thors concluded that such low numbers of pathogens in the bio-
solids and effluent would significantly persist in soil or plants after

7 to 10 days. As a precaution, however, a minimum period of 28
days post-application to grazing land was recommended.

The survival of pathogens would occur more likely in mixed
sediments in collection ponds or return-system pumps than in the
overlying water between periods of mechanical turbulence.
Therefore, monitoring of the collected water may not reveal the
presence of pathogens or high numbers of fecal indicator mi-
crobes in water samples. Extending the conclusions developed by
Goyal and others (1977), pumping operations, sudden high vol-
ume flow during discharge from one area to the next, or dredging
maintenance of a pump is likely to bring up persistent popula-
tions of pathogens from sediments. Interestingly, their data, in
agreement with several other reports, failed to establish any corre-
lation between fecal coliform population densities and Salmonella
recovery. The estimated density ratios for co-isolation of salmonel-
lae and fecal coliforms varied from 1:9 to 1:2000. Water quality
criteria based on sensitive, accurate, reliable, fast, and cost-effec-
tive methods are needed to lead the development of routine irri-
gation and irrigation runoff water testing.

2.2.2.5. Irrigation with reclaimed water. One long-standing so-
lution to both wastewater management and water availability
needs has been the use of reclaimed water in agriculture, includ-
ing irrigation of fruits and vegetables. Reclaimed water has been
increasingly used for irrigation and to recharge groundwater since
the 1980s. This has been due partly to concerted efforts to pro-
mote reclaimed water used among growers. Various studies have
demonstrated that if strict disinfection methods and microbiologi-
cal standards are followed, public health risks are negligible. The
World Health Organization developed guidelines for the use of
reclaimed water for agriculture, with a recommendation of <1,000
fecal coliforms/100 mL (WHO 1989). The U.S. Environmental Pro-
tection Agency has also provided guidelines for water reclamation
and urban, industrial , and agricultural reuse (EPA 1992). For irri-
gation, the guideline recommends that fecal coliforms are not de-
tected in the water in at least 50% of the observations. The actual
standards remain the responsibility of the states. For instance, Flor-
ida and California state regulations require that the reclaimed wa-
ter receives secondary treatment, filtration, and high-level disin-
fection, with no detectable levels of coliforms. In Florida, howev-
er, a limitation states that reclaimed water is not allowed for direct
contact application methods (spray irrigation) used on crops that
will not be peeled, skinned, cooked, or thermally processed
(FDEP 1999). For such products, such as salad crops, indirect
contact methods may be used (ridge and furrow, drip, or subsur-
face irrigation). There is no scientific basis for the current prohibi-
tion on direct contact irrigation methods, for the so-called salad
crops and removal of this prohibition has been recommended
(York and others 2000; FWEA 2000).

In 2000, Florida used 35 million gallons per day of reclaimed
water to irrigate over 14,000 acres of edible crops (FDEP 2001).
While citrus represents the primary edible crop irrigated with re-
claimed water, a wide range of other edible crops (tomatoes, cab-
bage, peppers, watermelon, corn, eggplant, strawberries, peas,
beans, herbs, squash, and cucumbers) also are irrigated with re-
claimed water in Florida (York and others 2000). In California, a
major source of fresh produce, fruit and vegetable crops irrigated
with reclaimed water include apples, asparagus, avocados, broc-
coli, cabbage, cauliflower, celery, citrus, grapes, lettuce, peaches,
peppers, plums, and squash (California State Water Resources
Control Board). Disinfected tertiary recycled water is applied to
over 12,000 acres of vegetable-producing land in the Monterey
County, CA (Sheikh and others 1990).

A five-year study determined that process controls, as required
by California Code of Regulations Title 22 (coagulation, floccula-
tion, filtration, and disinfection) were sufficient to exclude the pos-
sibility of residual pathogen content in the water, frequently used
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for overhead irrigation (Sheikh and others 1990; Sheikh and oth-
ers 1999). From surveys of raw incoming wastewater on eight
dates, Salmonella never exceeded 16 CFU/100ml (mean 5), E.
coli O157:H7 was never detected, and Cryptosporidium varied
from undetectable to over 200 oocysts/L (mean 74). Cyclospora
was reported on one date in December 1997 at 330 oocysts/L
(details of confirmatory tests or species not provided). There was
no indication that the human pathogen, Cyclospora parvum, was
present. Of interest is that, as in reports on the use of treated efflu-
ent for vegetable crop irrigation, the mean recovery of Salmonella
following secondary treatment was essentially the same as un-
treated incoming waste. Cryptosporidium, Giardia, and Cyclospo-
ra were effectively eliminated, essentially all appearing as empty,
nonviable cysts. Following tertiary treatment, Salmonella was not
detectable or recoverable from finished irrigation quality water. In
comparison, the fecal coliform count was progressively reduced
by 1.5 and 6.1 log cycles, a level below the detection limit, fol-
lowing secondary and tertiary treatment, respectively. Irrigation
with reclaimed water was found to produce excellent yields of
high-quality produce (artichokes, broccoli, cauliflower, celery,
and lettuce) with no detectable levels of salmonellae , shigellae, or
human parasites. Likewise, no pathogens were found on aerosols.

The need of compliance testing and to assure consumer confi-
dence in treated crops prompted these types of studies. Interesting-
ly, regulations provide strict microbial quality parameters for re-
claimed water but no such standards apply to general agricultural
water for irrigation. Federal Worker Protection Standards require the
availability of drinking water for workers and potable water for
hand washing. Currently, there are no standards in the United
States for maximum contaminant levels for agricultural water. In
California, the general approach has followed state laws. Water de-
livered for irrigation or crop management uses must not exceed a
median value of 2.2 total coliform per 100 mL over a 7-day period.
Orchards and vineyards may be surface irrigated, with water quality
equivalent to primary effluent. Irrigation water for seed crops may
also be of primary effluent quality. For overhead or sprinkler irri-
gation, reclaimed wastewater must be treated to achieve the 2.2
coliform/100 mL rule and, in addition, may not exceed 23/100
mL in more than one sample within a 30-day period.

Limited assessments are available upon which to develop con-
structive guidelines for growers in the development of microbial
limits within a Good Agricultural Practices (GAP) Program. A re-
port by Shuval and others (1997) concluded that the risk of dis-
ease from regularly consumption of vegetables irrigated with efflu-
ent that meets WHO guidelines (1,000 fecal coliforms/100 mL) is
negligible. The risk assessment model was applied using Hepatitis
A virus and Vibrio cholera. According to the authors, the addi-
tional health benefit that might result from a further reduction of
risk gained by adhering to standards requiring no detectable fecal
coliforms/100 mL appears to be insignificant. A more comprehen-
sive risk assessment is needed, however, including other relevant
pathogens such as E. coli O157:H7. York and Burg (1998) re-
viewed pathogen data for reclaimed water and for other waters
commonly used for irrigation—notably high-quality surface water,
ground water, and treated drinking water. The focus was on the
protozoan pathogens Giardia spp. and Cryptosporidium spp.
They concluded that reclaimed water was comparable to other
high quality sources of irrigation water and is an excellent source
of water for landscape and agricultural irrigation. The National Re-
search Council (NRC 1996) conducted a comprehensive evalua-
tion of the use of reclaimed water and residuals in food crop pro-
duction. The NRC concluded that: “Current technology to remove
pollutants from wastewater, coupled with existing regulations and
guidelines governing the use of reclaimed water in crop produc-
tion, are adequate to protect human health and the environment.”
They also noted that “food crops thus produced do not present a

greater risk to the consumer than do crops irrigated from conven-
tional sources.”

2.2.2.6. Other production uses of water. The application of fo-
liar treatments include virtually all contact sprays on aerial plant
parts: fertility management, pest and disease control, plant growth
regulators, or microenvironment modification. These other minor
uses of water constitute also an area of primary concern for the po-
tential to contaminate fresh produce with infectious pathogens
(Tauxe and others 1997; FDA 1998). Tables II-4 and 5 outline many
of the activities involved in crop production that utilize water.

Water contact close to harvest is, understandably, considered
to be of greatest concern as the specifics of persistence for various
pathogens on plant surfaces is poorly characterized (Brackett
1999; Suslow 2001). Although preharvest pesticide applications,
late-season fertility management sprays, or sunscald protectants
are of low volume, evidence is building that foliar sprays near or
at harvest have been involved in outbreaks. According to a CDC
report, water used in a pesticide solution was the most likely
source of contamination of raspberries that caused the Cyclospo-
ra outbreak in the United States and Canada in 1995. The report
recommends the use of potable water for pesticide application
(Anonymous 1997).

Foliar treatments are important common crop management ac-
tivities for both conventional and organic producers and han-
dlers. Speculatively, the nature of organic crop management prac-
tices, particularly with regard to the use of foliar treatments con-
sisting of both simple and complex organic matrices, may predis-
pose certain fruits and vegetables to a higher risk of persistent
contamination, if human pathogens are present. Contamination
may derive directly from the source material or may occur
through secondary sources such as the use of contaminated dilu-
ent water. Although no documentation is provided, observation
and personal experience with crop management practices over
many years, regions, countries, and scales of operation allow the
panel to state with certainty that the sources of water used to di-
lute and apply foliar sprays to edible crops are diverse. More im-
portantly, water quality and microbial content may be highly vari-
able. In addition, practical realities of water availability or proximi-
ty to sites of production/application may cause individual applica-
tors to use non-potable surface water (that is, ponds, creeks, and
canals) as the spray makeup source. Practices that may increase
the risk of microbial growth include holding partial or full tank-
mixes of expensive spray-on materials for 24 hours or longer.
Temperatures of the source water and tank water have not been
specifically measured but would reasonably range from 5 to
37 °C (41 to 98.6 °F), depending on season, region, source, hold-
time in exposed or tractor-mounted tanks, and other factors. Hy-
pothetically, if the source water contained infectious pathogens,
formulations with a high organic content, a reduced microbial
load due to processing or an inactivating treatment, and a poten-
tial nutrient-base for pathogens capable of saprophytic growth
may elevate the risk of illness associated with the consumption of
uncooked organic produce. Conversely, the chemical, physical
and biological properties of the formulation in non-potable water
may limit survival of all or specific groups of microbial pathogens.

Research has been initiated to determine the survival and
growth potential of Salmonella and E. coli O157:H7 in late-sea-
son fungicides used on fruits and vegetables. Thus far, when used
at recommended rates and with or without adjustment to neutral
pH, no products tested have an inhibitory effect on pathogen sur-
vival within 4 to 5 hours. Some of the products permit limited
multiplication if held at 37 °C (98.6 °F) for 16 hours (Suslow, un-
published data). In another related published study, the effect of
diluting various pesticides products with water containing 102

CFU/mL of E. coli O157:H7, Salmonella flexneri and enteritidis,
Shigella sonnei, Shigella flexneri, and L. monocytogenes was in-
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vestigated. Pathogen survival and growth depended on the pesti-
cide, pesticide concentration, microorganism load, and tempera-
ture. Consistent with the previous results, their findings showed
that some of the commercial pesticide products when diluted with
contaminated water may promote the growth of pathogens, which
could increase the potential for contaminating produce when ap-
plied (Guan Tat and others 2001).

Several interacting factors determine the relative risk of the per-
sistence of diverse pathogens known to be associated, at least
transiently, with fruits and vegetables at production or during har-
vest and postharvest handling operations (Beuchat 1996; Katznel-
son and others 1977; Suslow 2001). Plant anatomical traits, mac-
ro and microclimatic effects, solar irradiance, the composition of
the contaminant-carrying matrix, other crop management practic-
es, the preexisting plant microflora, and the preharvest interval of
treatment are among these influential factors. Therefore, in addi-
tion to research on microbial survival and growth within the foliar
application system (that is, pesticide or growth hormone), the
post-application survival on plant surfaces needs to be addressed.
As it has been emphasized previously, important microbial reduc-
tion conditions, such as the potential for desiccation and osmotic
shock-induced death, must be tested before any full assessment
of risk is completed.

2.2.3. Microbial quality of water and contamination of pro-
duce. The microbial quality of agricultural water is a critical issue
of concern in the preharvest and postharvest food safety manage-
ment of edible horticultural commodities and minimally pro-
cessed produce. By direct or indirect contamination, from water
or water aerosols, the potential hazard for persistent pathogen
populations on harvested crops has been long recognized (Cher-
ry and others 1972; Dondero and others 1977, Garcia Villanova
Ruiz, Galvez Vargas and others 1987; Smith and others 1978;
Teltsch and Katznelson 1978; Teltsch and others 1980). Though
direct evidence of foodborne illness due to contamination of edi-
ble horticultural commodities during commercial production is
scant, compelling epidemiological evidence involving these crops
has implicated specific production practices, including use of ani-
mal waste or manure, fecal contaminated agricultural water for ir-
rigation or pesticide/crop management applications, and farm la-
bor personal hygiene, as leading to direct contamination (Brackett
1999). Brackett (1999) categorically suggested that only clean, po-
table water should be used for irrigation of fruits and vegetables
after planting. Though well intentioned, such an approach fails to
take into account many aspects of water availability, water conser-
vation programs, irrigation method, geographic diversity, crop di-
versity, temporal factors, and the significant difficulty inherent in
water monitoring for microbial content during production.

The majority of risk assessment studies related to irrigation wa-
ter quality have been conducted outside the United States. These
studies evaluate the presence or persistence of pathogens con-
veyed to crops by spray irrigation, irrigation aerosols of sewage ef-
fluent (Garcia Villanova Ruiz, Galvez Vargas and others 1987;
Garcia Villanova Ruiz, Cueto Espina and others 1987; Teltsch and
Katznelson 1978) or drip irrigation (Sadovski and others 1978).
The general findings are consistent with the results of qualitative
surveys in that detection is variable and depends upon the level
and nature of environmental stress (Katznelson and others 1977;
Teltsch and Katznelson 1978; Teltsch and others 1980). It has
been reported that detection was correlated to population densi-
ties of target pathogens in the source water and spatial orientation
relative to the point source. Survival was favored by the presence
of increasing organic matter content in the water. Not surprisingly,
key factors affecting the survival of Salmonella in aerosols are rel-
ative humidity and solar irradiation. The effect of solar irradiation
is suggested by the greater recoveries at greater distances (up to
60 m from the point source) obtained during night irrigation. Per-

sistence following deposition to plants was not reported. Aero-
solized enteric viruses were found to be more resistant to environ-
mental stress than bacterial indicators or bacterial pathogens
(Shuval and others 1989). In another study that examined the
presence of enteric organisms in the air, the range of pathogen or
indicator coliform detection in sprinkler aerosols ranged from 40
to 730 m downwind, depending on output volume and droplet
size. Importantly, aerosolized E. coli was only detected when the
level in the irrigation water before spraying was log 4.0 CFU/mL or
greater (Katznelson and others 1977).

The persistence of pathogens on produce varies and no general
conclusion can be made from the surveys in the literature. The fol-
lowing results are indicative of the need to identify appropriate in-
dicator organisms and to better define the interacting factors that
may result in an unacceptable public health hazard. One study
confirms the need for indicator organisms when post-irrigation
survival of Salmonella on vegetables was reported. In this study,
no correlation between indicator E. coli and isolation of Salmo-
nella was observed (Garcia Villanova Ruiz, Galvez Vargas and oth-
ers 1987). In 31% of the diverse vegetables surveyed, Salmonella
were recovered but E. coli was undetectable.

One report by Vaz da Costa-Vargas and others (1991) indicated
that in a semiarid region of Portugal, Salmonella became unde-
tectable on effluent-irrigated lettuce 5 days after irrigation was ter-
minated, but generic E. coli indicator strains persisted. The 2-year
study also compared the fecal contamination in spray-irrigated
lettuce with that of locally marketed lettuces. Environmental con-
ditions influenced the extent of the contamination so that lettuce
grown in a hot, dry year had similar fecal indicator bacteria loads
as the locally grown lettuce only 5 days after sprinkler irrigation
with water effluent from a conventional trickling filter plant. Es-
cherichia coli levels were within the standards of the International
Committee of Microbiological Specifications for Foods (ICMSF)
(<105 E. coli/100g) and no Salmonella was detected. According to
the authors this suggests that the current World Health Organiza-
tion (WHO) water guidelines of 103 E. coli/100 mL may be too
stringent (Vaz da Costa Vargas and others 1991). A parallel study
investigated E. coli and salmonellae contamination on field and
glasshouse-grown lettuces and radishes irrigated with waste stabi-
lization pond effluent by drip- and furrow irrigation. Again, both
E. coli and salmonellae levels were lower when the weather con-
ditions were drier, confirming that the WHO water levels may
have to be adjusted depending on the weather conditions. Rain-
fall seems to be a factor that increases contamination of vegeta-
bles, possibly due to better survival of bacteria under humid con-
ditions.

Results of a survey of fruits and vegetables for salmonellae,
shigellae, and enteropathogenic E. coli suggested that the fre-
quency with which target pathogens could be isolated from irriga-
tion water was inversely correlated with crop height (Velaudapillai
and others 1969). Low plants, such as spinach and cabbage, had
a higher frequency of confirmed positive isolation than taller chili
peppers or tomatoes, while tree fruit had a negligible occurrence
of contamination in this study. The sources of irrigation were re-
ported to be from canal surface water and shallow wells of inade-
quate construction and design. Other factors related to the nature
of the plant surface hydrophobicity and contours may also have
affected the persistence of bacterial pathogens.

A survey of lettuce irrigated with sewage effluent revealed that E.
coli, as an indicator of fecal contamination, would rapidly decline
within 3 to 7 days in an open environment but could persist and
be recovered for up to 21 days (Nichols and others 1971). Prior
to this report the standing recommendation had been to terminate
overhead irrigation 21 days prior to harvest. Negative impacts on
yield and quality made this an impractical advisory. In these stud-
ies, periods of natural rainfall did not eliminate E. coli from the let-
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tuce. Non-irrigated plots and plots irrigated with deep well water
had very infrequent positive detection of E. coli and at very low
predicted starting populations. Due to the uncertainty of survival
under prevailing weather conditions, the authors advised the im-
provement of water quality and the implementation of alternative
solutions for lettuce irrigation. In the laboratory, viable cells of E.
coli O157:H7 were detected on lettuce after 15 days at refrigera-
tion temperature even with an inoculum of <10 CFU/g using feces
or peptone water as a carrier (Beuchat 1999). Although, definite
conclusions cannot be made based on such laboratory studies,
the results suggest that the pathogen can persist under refrigera-
tion if contaminated water is used for irrigation.

Salmonella Typhimurium, Salmonella Kapemba, Salmonella
London, and Salmonella Blockey were the most frequently isolat-
ed serotypes from 181 irrigation water samples and among 849
vegetables irrigated with these water sources in Spain (Garcia Vill-
anova Ruiz, Cueto Espinar and others 1987). No correlation be-
tween these environmental and food isolates and clinical sero-
types within the same period of the farm survey was observed.
Similar results had previously been reported for lettuce and fennel

(Ercolani 1976). The authors cautioned that the hazard of patho-
gen contamination of vegetables should not be underestimated
despite the absence of strong linkage to human salmonellosis
within a community. Dondero and others (1977), in a survey of
surface waters in New York State, determined that the 144 Salmo-
nella isolates from various known or potential sources of agricul-
tural water possessed low or negligible virulence in a standard
mouse infectivity study, as compared to human clinical isolates.
As the authors point out the ability to recover certain serotypes is
based on the isolation methods employed, reliance of mouse-
based virulence testing, and the potential for reversion to viru-
lence within the host. More recent studies have provided a more
compelling connection between the use of wastewater for irriga-
tion and Salmonella infection in those most at risk; namely, young
children of agricultural families (Ait Melloul and Hassani 1999).
Crop irrigation with untreated wastewater caused a significantly
higher rate of infection with Salmonella in children of agricultural
families (39%) than in children of non-agriculturists (24%). Also,
the prevalence of Salmonella infection for the children exposed to
sewage irrigation was 32% compared to 1% for children from an

Table II-4—Factors that affect the potential for contamination water: Modes of application during production of vegetables1

Application Root Leaf and Fruit On Fruit Elevated Common Potential for Microbial
Mode Crops Flower or Near Soil Above Soil Source Contamination

Irrigation Practices

FloodU U U U S High
Furrow by feeder ditch C C C CU S, GW Medium
Furrow by siphon tube C C C CU S,GW Medium
Furrow by gated-pipe C C C CU S,GW Medium
Furrow by lay-flat U C C U S,GW,I Medium
Overhead sprinkler C C C CU S,GW,I,RW High
Overhead high pressure sprinkler U U U U S,GW,I,RW,M Very High
Linear drop-head sprinkler C C U U S, GW,I,RW Medium
Under canopy sprinkler U U U U S,GW,I,RW Medium
Suspended drip emitter U U U U GW, I,M Low
Surface drip tape U C C C S,GW,I,RW Medium
Subsurface drip tape C C C C GW,I,RW Low
Subsurface drip tape w/mulch U C C C GW,I,RW,TW Very Low
Drop emitter-glasshouse U U U C GW,RW,M Low
Ebb and flow glasshouse U C U C GW,RW,M Low
Pesticide Applications
Tractor mounted tanks C C C C GW,M,??? ?
Aerial applicator C C C U GW,M, ??? ?
Trailer mounted tanker C C C C GW,M, ???? ?
Backpack applicator U, CSF U, CSF C C GW,M, ??? ?

Fertilizer Application

Pre-emergence/bloom C C C C ? Low
Post-emergence/bloom C C C C ? Medium-High
Harvest (late season) C C U U ? Medium-High
Frost Protection
Flood/Furrow C U U U ? Low
Overhead sprinkler U U U U ? High
Under canopy sprinkler U U U U ? ?
Anti-transpirant C C C C ? ?
Anti-nucleation U U U U ? ?
Cryo-film U U U U ? ?
Special Applications
Growth Regulators Preharvest U U U U ? ?
Growth Regulators U U U U ? ?
Harvest Aide
Pollination Aide U U U U ? ?
Thinning Aide U U U U ? ?
Manure “Teas” U U U U ? ?
Access Road Dust Control C C C C ? ?

Key:C = Commonly practiced; S = Surface water; ? = Unknown; I = Impoundment; M = Municipal; U = Uncommon; GW = Ground/well water; CSF = Common Small-Farm;
RW = Reclaimed water; TW = Tail water
1Potential for contamination is based on the best professional judgement of the authors and other contributors and assuming using poor quality water.
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area that does not practice sewage irrigation. In another study,
during a seven-month microbiological survey of vegetables, high-
er total and fecal coliform counts were recorded on the dates
when the sprinkle irrigation water source was of poor microbio-
logical quality than when acceptable water was used (Armon and
others 1994). In addition, the coliform levels depended on the
product, possibly its structural features. Salmonella spp. were de-
tected only on vegetables that had been irrigated with the poor
quality water.

In summary, and as mentioned before, although the importance
of using high quality water for irrigation cannot be overempha-
sized, multiple other factors need to be taken into account when
developing water microbiological guidelines. The irrigation meth-
od, crop type, climate and other environmental conditions con-
tribute to the persistence of the particular pathogen on the edible
portion of the plant. Also, due to global issues such as fresh water

shortages, the gains in public health safety need to be carefully
weighed against the cost of strict water guidelines before any im-
plementation occurs.

2.2.4. On-farm treatments of water. The practice of monitoring
pathogens in agricultural source water to assure the safety of edi-
ble horticultural commodities is questionable and controversial.
The costs of microbiological monitoring are high compared to the
benefit of satisfying the criteria of an on-farm GAP and food safety
program. The value of pathogen monitoring of bulk source water
has been reviewed in many sources, including Allen and others
(2000).

Measures that may be more successful at minimizing surface
water and contamination of groundwater supplies are proper de-
sign, construction, and protection of wellheads. The value of peri-
odic microbial monitoring of wells, generally for E. coli as an indi-
cator of recent or persistent fecal contamination, is widely recog-

Table II-5 Factors that Affect the Potential for Contamination Water: Modes of Application during Production of Fruit1

Elevated
Application On/Near  above Soil Standard Common

Mode Soil (Bush) Trellised Tree Source Potential for Microbial Contamination

Irrigation Practices

Flood U U U C S Low (in standard tree orchard during production)
Furrow by feeder ditch U C C U S, GW Low –Medium (depending on proximity to soil)
Furrow by siphon tube U C C U S,GW Low –Medium (depending on proximity to soil)
Furrow by gated-pipe U C C U S,GW Low –Medium (depending on proximity to soil)
Furrow by lay-flat U C C U S,GW,I Low –Medium (depending on proximity to soil)
Overhead sprinkler U C C U S,GW,I,RW Low –Medium (depending on proximity to soil)
Overhead high-pressure

sprinkler U U U U S,GW,I,RW,M Very High
Linear drop-head sprinkler U U U U S, GW,I,RW Medium to High (depending on environment)
Under canopy sprinkler U U C C S,GW,I,RW Medium
Suspended drip emitter U U C U GW, I,M Low
Surface drip tape C C C U S,GW,I,RW Low to Medium (depending on proximity to soil)
Subsurface drip tape C C C C GW,I,RW Low
Subsurface drip tape

with mulch C C U U GW,I,RW,TW Very Low
Drop emitter glasshouse
Ebb & flow glasshouse

Pesticide Application

Tractor mounted tanks C C C C GW,M,??? ?
Aerial applicator C C GW,M, ??? ?
Trailer mounted tanker C C C C GW,M, ???? ?
Backpack applicator U, CSF U, CSF U U GW,M, ??? ?
Fertilizer Application
Pre-emergence/bloom C C C C GW, S ?
Post-emergence/bloom C C C C GW, S ?
Harvest (late season) U R ?
Frost Protection
FloodC U U U GW, S ?
Overhead sprinkler C U C C GW, S ?
Under canopy sprink. C U C C GW, S ?
Antitranspirant C C U U ?
Antinucleation U U U U ?
Cryo-film U U U U ?
Special Applications
Growth Regulators C C C C GW, S ?
Preharvest
Growth Regulators C C C C GW, S ?
Harvest Aide C C GW, S
Pollination Aide C C ?
Thinning Aide C U C C GW, S ?
Manure “Teas” U U U U ?
Access Road

Dust Control C C ?

Key:C = Commonly practiced; S = Surface water; ? = Unknown; I = Impoundment; M = Municipal; U = Uncommon; GW = Ground/well water; CSF = Common Small-Farm;
RW = Reclaimed water; TW = Tail water
1Potential for contamination is based on the best professional judgement of the authors and other contributors and assuming using poor quality water.
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nized, because shock treatment with disinfectants is possible. Pre-
scriptive treatment of surface water to eliminate potential patho-
gen contamination, however, is less likely to be practical.

Scientific reports that document the feasibility and performance
of various methods of on-farm water treatment are scarce. Re-
search and empirical studies are in progress to evaluate various
disinfectant treatments to surface or well water, including chlori-
nation, pH shock, peroxyacetic acid, UV, and ozone treatment.
They may prove to be effective and economical in specific situa-
tions (Suslow, personal observation). Generally, these efforts are
restricted to water intended for drip or micro-sprinkler irrigation,
due to the more limited volume of water needed. A few strawberry
growers on production blocks that may receive water with high
indicator coliform counts have routinely practiced ozonation of ir-
rigation water (Suslow, personal observation).

Unfortunately, guidance to growers on water treatments for mi-
crobial reduction, is based on dated reports. Robinson and Ad-
ams (1978) found that UV irradiation of river water for irrigation of
celery was effective in reducing total coliforms as well as the low
levels of nonpathogenic E. coli present. Water was supplied to
celery through overhead sprinkler irrigation. Progressively, within
their study, it was necessary to incorporate a suspended solids fil-
tering unit and a total of 8 UV source lamps to compensate for
fluctuating water quality. The maximum microbial reductions
achieved by irradiation and filtration, as compared to untreated
river water, was 0.8 CFU/mL of total aerobic mesophilic, 1.8 MPN
coliforms, and 1.2 MPN E. coli/100 mL. The difference in total
coliforms between water qualities was not significant at 6 days be-
fore harvest and the presence of E. coli was negligible. UV irradia-
tion, using the systems of the time, had no significant impact in
river water on plant pathogenic bacteria with potential to induce
soft-rot of celery. Science-based justification and research-based
performance criteria for any buyer-imposed or government man-
dated antimicrobial water treatment for irrigation of edible crops
are clearly needed.

2.2.5. Conclusions. It is clear from the studies presented that
the use of water of low microbiological quality on fresh produce
poses a potent public health risk. The level of risk, however, varies
depending on many other factors that need to be scientifically
evaluated. A key variable is the persistence of pathogens on the
edible part of the plant. This in turn is influenced by a number of
interacting and unmanageable factors such as climatic conditions.
The implementation of high quality water standards as part of an
integrated food safety program may result in lower public health
risks. In light of serious concerns over global shortages of fresh
water, however, the benefits gained by society from such an im-
plementation need to be carefully evaluated and well-justified. A
substantial body of data describes transport of fecal coliforms that
may be relevant in estimating the transport of pathogen bacteria
through soils, but little is known about the transport of parasites.
Data that describes the role of environmental parameters, such as
topography, soil characteristics, vegetation, climate on the rate
and extent of pathogen transport is scarce.

Scientific studies, using modern techniques, current and emerg-
ing technologies, and novel approaches are needed to fill in infor-
mation and develop predictive risk relationships between current
and developing production practices, irrigation methods, and wa-
ter quality. Much greater crop and regionally specific data or pre-
dictive models for post-irrigation or post-foliar application surviv-
al and dissemination are needed. This research is needed for a
broader range of pathogens in relation to a broader range of mod-
el crops and production environmental parameters. As with other
areas of agricultural practices relevant to food safety, this is an ac-
tive area of research by both government and academia. One
would expect to see many valuable data in the near future. For a
more specific list of research needs, see the research needs sec-

tion of this chapter.

2.3. Other indirect vectors of pathogens
An additional source of risk of contamination during all pro-

duction operations is the transfer of microbial pathogens by ro-
dents, insects, and birds, particularly gulls. The limited research
available clearly supports the concern that gulls transmit human
pathogens from sewage outfalls and solid waste (primarily waste
foodstuff) to fresh surface water (Ferns and Mudge 2000; Hall and
others 1977; Levesque and others 1993; Wallace and others
1997). Salmonella was the most frequently studied pathogen due
to the higher rates of human salmonellosis in adjacent communi-
ties. The link between specific Salmonella in sewage, trapped
gulls, and human clinical isolations, however, was not always
confirmed. Other wild birds have the potential to act as vectors of
pathogenic microorganisms and may contaminate fruits and vege-
tables in the field. It is well known that birds are hosts for several
human pathogenic microorganisms, including Campylobacter
spp. (Luechtefeld and others 1980), Salmonella spp (Jones and
others 1978), Vibrio cholerae (Ogg and others 1989), Listeria spp.
(Fenlon 1985), and Escherichia coli O157:H7 (Wallace and oth-
ers 1997). Rodents have also been investigated for their potential
to acquire human pathogens from sanitary landfill operations
(Harvey and Macneil 1984).

Insects, primarily domestic flies (Musca domestica), have been
studied in laboratory feeding and transmission experiments and
in field surveys for their capacity to vector human pathogens from
various sources of waste solids (Radi and others 1988; Rahn and
others 1997; Cohen and others 1991; Hancock and others 1998;
Iwasa and others 1999; Kobayashi and others 1999). Not surpris-
ingly, fly vectoring of pathogens was found not to be a simple me-
chanical association. Aggressive control programs significantly re-
duced the number of visits to health clinics due to pathogens
such as Shigella and enterotoxigenic E. coli. Field studies were
conducted on stockpiled dairy manure, fields onto which human
sewage waste has been spread, and dairy environments. Fruit flies
were easily contaminated with E. coli and were able to transmit
the bacterium to uncontaminated apple wounds (Janisiewicz and
others 1999). When surveyed (USDA 2001), the majority of farms
(> 90%) reported to use some type of pest control method in the
field (insect and/or rodent traps and sprays, field or block mainte-
nance, or pest exclusion).

These limited data suggest that wildlife vectors may contribute
to produce contamination, but research is needed to establish the
extent and magnitude of this phenomenon. Likewise, the role of
aerial transport in water or food contamination is unknown.

3. Harvest and Postharvest Operations
The focus of this section is production practices that have the

potential to contaminate produce items with pathogens at harvest
and postharvest. It would be an extremely large task to identify
points of potential hazards for all produce items and practices
and it is beyond of the scope of this report. This section evaluates
the potential points of contamination during the harvest process
of selected commonly consumed fruits and vegetables. After har-
vesting, most produce is packed in packing houses and, occa-
sionally, in the field. Seventy-seven percent of fruit growers
packed their crop at an off-farm packing facility in 1999, while
16% used an on-farm packing facility, and 8% field packed. Forty
percent of vegetable growers packed their 1999 crop in the field;
36% used an on-farm packing facility; and 23% used an off-farm
packing facility. The packing operation deserves special attention.
Both the quality of the water used for the cooling process as well
as plant design aspects may be related to food safety. Finally, a de-
tailed analysis of the potential for transportation of produce to be
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a significant contributor to the growth and survival of pathogens
of concern is also presented. It is beyond the scope of this report
to give guidance on good agricultural practices, in part because of
the excellent documents already published. Exceptions include
plant design and transportation considerations due to the unavail-
ability of detailed guidance in such areas.

3.1. Summary of hazard control points for selected fruits
and vegetables

The natural ecosystem is an uncontrolled and wild environ-
ment that includes organic debris and microorganisms, some of
which may be pathogenic to man. This is the milieu in which fruits
and vegetables are grown and harvested for human consumption.
An analysis of common operations used to harvest and prepare
fruits and vegetables for market can identify steps in the process
where pathogens might be introduced, controlled, or eliminated.
Despite the variability of production practices within the U.S. geo-
graphical area (for example, in certain states other potentially risky
practices prevail such as hand clipping of spinach leaves at 1 to 2
inches above the soil that are then placed into a wooden or plas-
tic container, loaded on a truck, topped with ice, and transported
for market delivery) the ones presented here are common practic-
es that can serve as examples.

The production practices for the fruits and vegetables listed be-
low are described in the flow charts to follow. Hazard control
points during harvest and postharvest operations are indicated on
these charts.

leafy vegetables (lettuce, celery, green onions)
spinach
culinary herbs
peas and beans
peppers
summer squash, eggplant or cucumbers
winter squash and pumpkins
bulb vegetables
root vegetables
carrots
melons
vine-ripe tomatoes
strawberries
apples
pears
citrus fruits
kiwi fruit
Relevant hazard control points include: field worker hygiene,

field sanitation, equipment sanitation, container sanitation, water
sanitation, truck sanitation, and temperature control. A review of
the flow charts for harvest and postharvest operations leads to the
following general observations.

Field worker hygiene is an important consideration in the har-
vest and postharvest processing of fruits and vegetables due to the
widespread use of human hands as part of the process. In a 1999
survey of produce production practices (USDA 2001), 93% of the
farms that grow fruit and 89% that grow vegetables harvest the
fruit or vegetable exclusively by hand. Direct hand contact is also
used to trim extraneous matter or defects, sort (for grade, color,
size, defects, or maturity), tie or bind, transfer, pack or repack.
Only about 50% of fruit and vegetable packers require their em-
ployees to wear gloves (USDA 2001).

It is common for human hands to make contact with fruits and
vegetables during harvest and postharvest operations. The extent
of hand contact, however, varies with the item. Human hands
touch melons, for example, at almost every step of the process.
Even the minimal steps involved in apple processing include
three points where human hands might be involved: harvesting,
sorting, and packing. In between these two examples of produce

handling are items like spinach that may be harvested, trimmed,
sorted, tied, and bagged by hand. Hand contact during food-relat-
ed operations is of particular importance to food safety due to the
potential for an infected worker to transfer feces to hands and
then to food. In theory, it should be easy to control the cleanliness
of a workers’ hands by requiring proper washing or wearing of
gloves, but it has been extraordinarily difficult in the foodservice
industry to achieve this goal. A practice of potential public health
concern is infield packing of produce. A current practice by some
produce processors is the coring of lettuce in the field. The addi-
tional handling step in the field has the potential of pathogen con-
tamination if control measures are not taken. In one operation
visited by this panel, control measures such as a disinfection step
were in place and seemed to prevent the survival and transfer of
pathogens to the core of the lettuce. Independent research ad-
dressing this possibility, however, seems necessary.

Water, either in liquid phase or in the form of ice, is an efficient
vehicle for carrying microorganisms. Most, but not all, fruit and
vegetables are exposed to water during harvest or postharvest op-
erations. Among the examples discussed in this chapter, kiwi,
strawberries, winter squash pumpkins, and bulb vegetables gener-
ally are not exposed to water. Many fruits and vegetables (for ex-
ample, citrus fruits and summer squash) have contact with water
only for the purposes of washing. Some fruits and vegetables (for
example, peas, beans, and pears) are exposed to water several
times during processing. Water, which is reported to come most
often from wells and municipal water supplies (USDA 2001), is
used regularly in both harvest and postharvest processes. It is
used for washing (via sprays or baths), cooling (through cold wa-
ter or ice), conveying produce between points (as when a flume is
used), for disinfecting, or for adding fungicides or waxes. In the
United States, water used for packing fruits and vegetables is treat-
ed with a disinfectant 62% and 51% of the time, respectively
(USDA 2001). Control of the sanitary quality of water is technolog-
ically feasible but requires strict management of operating practices.

Fruits and vegetables routinely come into contact with harvest-
ing equipment (knives, machetes, clippers, and scissors) and con-
tainers (bags, bins, boxes, buckets, pans, trailers and trucks).
Equipment and containers in the United States are washed in
about 75% of the operations and sanitized about a third of the
time (USDA 2001). Equipment such as tables, conveyor belts,
flumes, washing or cooling bins and additional containers is used
during postharvest operations and is washed by about 75% of the
packers and sanitized by about 50% of the packers (USDA 2001).
Commodities such as berries or apples that receive minimal han-
dling may be exposed only to a container or to a few pieces of
equipment. Most commodities are exposed to about 5 to 12 dif-
ferent containers or pieces of equipment. It is of great importance
to avoid mechanical injury to the produce items during harvest-
ing, transporting, and packing. The disturbance of the fruit or veg-
etable physical barrier would greatly increase the opportunities
for pathogen survival and growth, if contamination occurs.

Equipment and containers may retain pathogenic microorgan-
isms. Much of the equipment and containers used during harvest
and postharvest operations are made of materials that are difficult
to clean—for example, wood. The soil typically found in a field
will encrust equipment and containers. While this soil buildup
may introduce pathogens, it also may deter their survival due to
the presence of other microbial competitors and predators. If soil
adheres to equipment used for washing and disinfecting produce,
however, the organic components of the soil may affect the pH
and disinfecting capacity of the water and limit the effectiveness of
the disinfectant. If trucks have been previously used for animal
hauling, sanitation becomes a major issue. Controlling the cleanli-
ness and sanitation of equipment and containers is likely to be
difficult due not only to their frequent exposure to dirt, but also to
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the materials with which they are made. Also, waxy bloom on fruit
and vegetable surfaces can contaminate pickers’ hands and con-
tact surfaces.

Truck sanitation faces challenges similar to those confronted in
attempting sanitation of equipment and containers. In some in-
stances, commodities are protected from the sanitary conditions
of the truck by the containers in which they are packed. In other
instances, items like melons may be loaded directly into the truck.
All commodities are loaded into vehicles of some kind for trans-
portation from the field to the market. This subject is dealt with
more extensively in section 3.3.

The temperature at which fruits and vegetables are stored varies
according to the commodity in question. The temperature range at
which fruits and vegetables are stored is narrow; temperatures that
are too high or too low will impair their quality. The cool tempera-
tures at which produce is stored inhibit the growth of some patho-
genic bacteria but permit others to thrive. Cool temperatures also
tend to preserve viruses and parasites. Although temperature con-
trol contributes to the safety of fruits and vegetables, especially
those that are cut, its effectiveness in controlling hazard will be
less significant than the hazard reduction achieved by refrigerat-
ing raw animal products.

This summary illustrates that microbiological pathogens can en-
ter the fruit and vegetable supply at multiple stages during harvest
and postharvest processes. Sanitary habits of workers (particularly
the cleanliness of their hands), potable water, clean containers,
equipment and trucks are all important in reducing risk of micro-
biological hazards associated with fruits and vegetables.

3.2. Postharvest packing, cooling and storage
3.2.1. Introduction. As fresh produce moves from field to

packing or cooling and shipping, the factors most likely to impact
microbial food safety begin to take on many of the same dimen-
sions, as one would anticipate in a processing plant. Field pack-
ing and infield process preparation or light processing has been
discussed in the previous section). Although incidence of patho-
gens was not investigated, a survey of North Carolina packing
lines indicated that rot problems in bell peppers (an indication of
handling and hygiene practices) were similar when packing in the
field or in the packing house (Carballo and others 1994).

Incidence studies in tomato packing houses indicated that the
microflora in tomatoes were most likely derived from soil (Senter
and others 1985), indicating a need to improve the washing and
disinfectant operations. Although microbial count monitoring is
practiced on 65% and 84% of fruits and vegetables, respectively
(USDA 2001), the usefulness of this measure is questionable, giv-
en the lack of good indicators (see Chapter VII) and the low fre-
quency of pathogens on produce. Better ways to avoid public
health hazards are preventive food safety programs, proper sani-
tation of equipment and food contact surfaces, and water disin-
fection which should be integrated into every facet of postharvest
handling. Food safety and decay/spoilage control are concerns for
produce handlers at all scales of production.

Escherichia coli O157:H7, Salmonella, Shigella, Listeria,
Cryptosporidium, Hepatitis A virus, and Cyclospora are among
the disease-causing organisms that have been associated with
fresh fruits and vegetables (see Chapter III). Several cases of food-
borne illness have been traced to poor or unsanitary postharvest
practices, especially non-potable cooling water and ice. For this
reason, areas of focus for preventive food safety, including com-
mon sense good housekeeping, prerequisite food safety pro-
grams, and elements of Good Manufacturing Programs, apply
and will not be repeated in this section. Surface cleaning and san-
itizing, rodent and vermin control (see also section 2.4.), employ-
ee hygiene and sanitary facility management, proper hand wash-
ing and optional use of gloves, utensil and tool cleaning, sanitiz-

ing, and task-segregation are among the many elements receiving
adequate attention in research reports, training programs, texts,
and manuals, the subject of comprehensive safety compliance
and audit programs. Many of these potential sources of contami-
nation are the subject of federal and state regulations, such as
sanitary facilities under the Occupational Health and Safety Ad-
ministration. In addition, some of the potential risk factors are
common sense and do not need extensive research data. For ex-
ample, allowing roosting birds to deposit layers of droppings in
front of a cold storage room door or above a processing line is
unacceptable. Similarly, no science is needed to determine the
frequency with which pathogens transfer from different contact
surface materials found in a packing shed, the role of biofilms de-
veloped from these droppings in resistance to cleaners. The po-
tential risk factors are clear. Rather, some of the unique or less fa-
miliar aspects and challenges of addressing microbial contamina-
tion and cross-contamination concerns in produce packing, cool-
ing, short-term storage, and pre-shipment handling are described
below. Also, some discussion of packing facility layout and design
considerations as it pertains to microbial food safety, are includ-
ed. This section focuses on priority areas where additional re-
search and innovation may be beneficial. Interestingly, all of these
areas involve water as a major factor for microbial contamination.
To appreciate the role of water in the packing and cooling system,
it is important to briefly describe the primary elements of posthar-
vest handling and cooling. Detailed background may be found in
many tests and technical overviews (for example, Kader 1992).

3.2.2. Water quality.
3.2.2.1. The role of cooling. Temperature is the single most im-

portant tool to maintain postharvest quality. A detailed discussion
is available in Commercial Cooling of Fruits, Vegetables, and
Flowers (UC 1998). Other than with field-cured or durable prod-
ucts, removing field heat as rapidly as possible is highly desirable.
Harvesting cuts off a fruit or vegetable from its source of water, but
it is still alive and will lose water, and therefore turgor, due to res-
piration. Field heat can accelerate the rate of respiration and
therefore the rate of quality loss. Proper cooling protects quality
and extends both the sensory (taste) and nutritional shelf life of
produce.  The capacity to cool and store produce creates greater
market flexibility. Growers tend to underestimate the refrigeration
capacity needed for peak cooling demand. It is often critical to
reach the desired short-term storage or shipping pulp temperature
rapidly to maintain the highest visual quality, flavor, texture, and
nutritional content of fresh produce. Failure to cool at the opti-
mum time may result in an elevated risk of persistent contamina-
tion or pathogen multiplication as natural plant barriers and resis-
tance to microbial invasion is reduced. The statistical association
between growth of soft-rotting bacteria and Salmonella suggests
that prevention of infection or colonization by bacteria and fungi
will reduce the levels of Salmonella associated with produce
(Wells and Butterfield 1997). The most common cooling methods
are:

Room cooling: An insulated room or mobile container
equipped with refrigeration units can be used to cool produce. 
Room cooling is slow compared with other options. Depending
on the commodity, packing unit, and stacking arrangement, the
product may cool too slowly to prevent water loss, premature rip-
ening, or decay.

Forced-air cooling: Fans are used in conjunction with a cooling
room to pull cool air through packages of produce.  Although the
cooling rate depends on the air temperature and the rate of air-
flow, this method is usually 75–90% faster than room cooling. 
Design considerations for very small-scale to sophisticated large-
scale units are available in UC 1998.

Hydrocooling: Showering produce with chilled water is an effi-
cient way to remove heat and can serve as a means of cleaning at
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the same time.  Hydrocooling presents a risk of pathogen internal-
ization, as well as external contamination with pathogens. Use of
a disinfectant in the water is essential. Some of the sanitizers per-
mitted in produce are discussed in Chapter V. Hydrocooling is not
appropriate for all produce. Waterproof containers or resistant
waxed-corrugated cartons are required. Waxed corrugated car-
tons have limited recycling or secondary use outlets. Reusable,
collapsible, plastic containers are gaining popularity. A list of veg-
etables that are suitable for hydrocooling is available in Kadar
1992 and UC 1998.  

Top or liquid icing:  Icing is an effective method to cool tolerant
commodities and is equally adaptable to small- or large-scale op-
erations.  Ice-tolerant vegetables are listed in Kadar 1992 and UC
1998. As with water, ensuring that the ice is free of chemical,
physical, and biological hazards is essential.

Vacuum cooling: Under vacuum, water within the plant evapo-
rates and removes heat from the tissues.  This system works well
for leafy crops, such as lettuce, spinach, and celery, which have a
high surface-to-volume ratio.  Water may be sprayed on the pro-
duce prior to placing it under vacuum.  As with hydrocooling,
proper water disinfection is essential. The cost of the vacuum
chamber system restricts its use to larger operations.

The considerations and selection of appropriate cooling meth-
ods and appropriate storage temperature and humidity conditions
for a large diversity of vegetables are available in Kadar 1992 and
UC 1998. Monitoring the disinfection of the chilled water is nec-
essary to minimize the risk of pathogen contamination of produce
during cooling. In large cooling operations handling both con-
ventional and organic commodities, it is common to hydro cool
(also water-spray vacuum cooling) organic produce at the begin-
ning of daily operation, after a full cleaning and complete water
exchange. This practice is intended to prevent carry-over or cross-
contamination of organic produce with synthetic pesticide or oth-
er prohibited residues.

3.2.2.2. Other uses of water in packing. Other postharvest is-
sues involve the combined steps of unloading commodities from
gondolas, trailers, harvest bins, water-assisted flume transport,
fungicide applications, oil and wax applications, and other prac-
tices. These must also be evaluated for potential to contribute to
elevated food safety risk. Some operators use flotation as a meth-
od of reducing damage at the point of grading and packing. Entire
bins are submerged in a tank of water treated with a chemical flo-
tation aide that allows the picked product to be gently removed
and separated from the container. Lignin sulfonates are common
in some fruit packing systems as a flotation aid for water-based
unloading of field bins or other density separation applications.
These materials can interfere with the effectiveness of water disin-
fection treatments (REF). As a general practice, minimizing field
soil on product, bins, totes, and pallets by pre-washing will signif-
icantly reduce the disinfectant demand of the water and lower the
total required volume of antimicrobial agent. These same field
bins may have been placed on the orchard floor (ground) and
may acquire and entrap soil with animal feces in openings, junc-
tions, or footings. These bins may be vertically stacked for trans-
port to the packing/cooling facility, during which time dislodged
soil or feces may fall onto previously noncontaminated fruit har-
vested from several feet off the ground. Flotation unloading may
result in distribution of this contamination from within and out-
side the harvested fruit-bearing surface. In this scenario, plastic
harvest bins have a higher probability of transferring feces and
soil to the packing shed due to the far greater surface area associ-
ated with slotting and venting and a design which typically in-
cludes multiple corrugations on all sides and footings. Growers in
California and elsewhere have increased the use of bin-trailers in
the field to preclude orchard floor contact and have eliminated
vertical stacking of field bins containing harvested produce if soil

contact is unavoidable.
The risk of accumulating plant pathogens in dump tank water

as well as the need to disinfect this water to minimize quality de-
fects in produce was identified as early as 1932 (Baker and Heald
1932). Infiltration of wash-water into intact fruit has been demon-
strated with several fruits and vegetables, and is thought to have
contributed to an outbreak of salmonellosis associated with fresh
market tomatoes (Table O8). Wash-water contaminated with mi-
croorganisms, including pathogens, can infiltrate the intercellular
spaces through pores when conditions are right. Internal gas pres-
sures and surface hydrophobicity usually prevent uptake of water.
However, when produce temperature is much higher than the wa-
ter temperature, the pressure difference created may be sufficient
to draw water into the fruit (Bartz 1999). Addition of detergents to
the water appears to enhance infiltration, likely due to reduced
surface tension. Under some circumstances, wash water may en-
ter an intact fruit through the stem scar or other opening, such as
the blossom or stem end of an apple. Conditions that reduce infil-
tration of plant pathogens should also prevent infiltration of hu-
man pathogens.

Where pallets are used to stack finished field-packed cartons or
transfer totes, soil transfer on the pallet skids or other exposed
parts is not uncommon. Precooling inspections are being used to
screen for pallets that should be pre-cleaned prior to passage
through a water-based cooling method. Pre-washing of harvested
crops, which may occur in the field, also removes plant exudates
released from harvest cuts or wounds that can rapidly react with
oxidizers, such as hypochlorite and ozone (see Chapter V), requir-
ing higher rates to maintain the target downstream activity.

3.2.2.3. Importance of optimal temperature. Although, rapid
and adequate cooling is a primary method of postharvest han-
dling, many vegetables are subtropical in origin and susceptible
to chilling injury during storage or shipping, increasing the poten-
tial for pathogen growth. Chilling injury occurs when sensitive
crops are exposed to low temperatures that are above the freezing
point. Damage is often induced during a short period of exposure
but is not apparent for several days or until transfer to warmer
conditions. Some examples of sensitive crops are basil, tomato,
eggplant, green beans, okra, and yellow crookneck squash. For
some vegetables different parts have distinct sensitivities. On egg-
plant, for example, the cap or calyx is more sensitive and turns
black before the fruit itself is affected. The effects of chilling injury
are cumulative in some crops.  Chilling injury may not be appar-
ent until produce is removed from low-temperature storage. De-
pending on the duration and severity of chilling, after several
hours to a few days of warmer temperatures, chilling symptoms
become evident in the following ways: 

• Pitting and localized water loss
• Browning or other skin blemishes
• Internal discoloration
• Increased susceptibility to decay
• Failure to ripen or develop color evenly
• Loss of flavor, especially characteristic volatiles
• Development of off-flavors

Temperature management also plays a key role in limiting water
loss in storage and transit. As the primary means of lowering res-
piration rates of fruits and vegetables, temperature has an impor-
tant relationship to relative humidity and thus directly affects the
rate of water loss.  Relative humidity of the ambient air conditions
in relation to the relative humidity of the crop (essentially 100%)
directly influences the rate of water loss from produce at any point
in the marketing chain. Water loss may result in wilting, shrivel-
ing, softening, browning, stem separation, or other defects. 

Transport to and display at roadside stands or farmers markets
often result in exposure of sensitive produce to extended periods
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of direct sun, warm (or even high) temperatures and low relative
humidity. Water loss can be rapid under these conditions, result-
ing in limp, flaccid greens and loss of appealing natural sheen or
gloss in fruits and vegetables. Tissue is then more prone to water
uptake and infiltration, which can introduce microbes from the
plant surface or from the water into protected sites or intercellular
spaces. In these locations microorganisms are essentially unaffect-
ed by common mechanical or chemical inactivation. These same
infiltration phenomena occur during post-shipping hydrocooling
and in retail or foodservice rehydration methods. Providing post-
harvest cooling prior to and during transport and a shading struc-
ture during display can minimize rapid water loss at these market
outlets. Approved fruit and vegetable waxes are effective at reduc-
ing water loss and enhancing appearance. Uniform application
and coverage of waxes or oils with proper packing line brushes or
rolling sponges is important. Plastic wraps or other foodgrade
polymer films retard water loss. Adequate oxygen exchange is
necessary to prevent fermentative respiration and the develop-
ment of ethanol and off-odors or flavors. Wraps or bags must
have small perforations or slits to prevent these conditions, espe-
cially when temperature management is not available. Exposure
of bagged or tightly wrapped produce to direct sunlight will rapid-
ly raise the internal temperature. Water loss will result. If followed
by cooling, free water condensation will develop that may result
in accelerated decay.

Specialized films that create modified-atmospheres (MA) when
sealed as a bag or pouch are available for many produce items
that have well-characterized low oxygen and elevated carbon di-
oxide tolerances (see Chapter IV). Not all commodities benefit
from MA.

Packaging can also be designed to minimize water loss.  To
minimize condensation inside the bag and reduce the risk of mi-
crobial growth, the bags may be vented, microperforated, or
made of material permeable to water vapor. Barriers to water loss
may also function as barriers to cooling.

In small-scale handling, reuse of corrugated containers, espe-
cially those obtained at terminal markets, wholesale distribution
centers, or at retail outlets may represent a source of contamina-
tion and is strongly discouraged. Reuse of difficult to clean con-
tainers (non-plastic) is especially problematic. In addition, any tra-
ceback effort that may be necessary would be seriously impeded
by packing product from one grower in a carton from, potentially,
a shipper in a different state of country.

During transportation and storage, relative humidity (more
properly, vapor pressure deficit) is critical, even at low tempera-
ture. For a more complete discussion of optimal relative humidity
for fruits and vegetables and the principles for prevention of water
loss, see UC 1998.

3.2.2.4. The use of ethylene. Management of ethylene may be
another postharvest consideration that may potentially impact
food safety during storage and transportation. Ethylene is a natural
hormone produced by plants and is involved in many natural
functions during development, including ripening.  Ethylene treat-
ments may be applied for degreening or accelerating ripening
events in fruits harvested at mature but unripe development stag-
es. For a detailed discussion of the role of ethylene in ripening
and postharvest management, see Kadar 1992.

In contrast to its role in ripening, ethylene from plant sources or
environmental sources (for example combustion of propane in lift
trucks) can damage sensitive commodities. In brief, ethylene pro-
ducers should not be stored with fruits or vegetables that are sen-
sitive to it.  External ethylene will stimulate loss of quality, reduced
shelf life, increased disease, and specific symptoms of ethylene in-
jury. Such symptoms include: 

• Russet spotting of lettuce

• Yellowing or loss of green color (in cucumbers, broccoli, kale,
and spinach)

• Increased toughness in turnips and asparagus spears
• Bitterness in carrots and parsnips
• Yellowing and abscission (dropping) of leaves in Brassicas
• Softening, pitting, and development of off-flavor in peppers,

summer squash, and watermelons
• Browning and discoloration in eggplant pulp and seed
• Discoloration and off-flavor in sweet potatoes
• Increased ripening and softening of mature green tomatoes
In these ways, ethylene effects on senescence may contribute to

multiplication of bacterial pathogens on produce that would in-
crease the potential for cross-contamination during downstream
handling, processing, or food preparation.

In addition to providing adequate venting or fresh air exchange,
ethylene adsorption or conversion systems are available to pre-
vent damaging levels (as low as 0.1 ppm for some items) in stor-
age and during transportation. Potassium permanganate (KMnO4)
air filtration systems or absorbers are reported to eliminate human
pathogens from the air in a cold room or processing plant. Other
air filtration systems for ethylene removal based on glass-rods
treated with a titanium dioxide catalyst and ultraviolet light inacti-
vation are available for cold rooms. Ultraviolet light/ozone-based
systems of ethylene elimination are also commercially available.

3.2.3. Design considerations for overall food safety in a pro-
cessing facility. The locations and physical structures that current-
ly support fresh fruit and vegetable packing and packaging, in-
cluding minimally-processed produce, are diverse and of many
different scales. In addition to the traditional packing shed or
packinghouse widely used in the industry, it is well recognized
that various applications of field packing, field trim and pack, in-
field preprocess preparation, and specialty or small-scale direct
pack operations are an integral part of the overall industry. In-the-
field, postharvest handling “facilities” range from the tailgate of a
pickup truck, an in-furrow hand trailer, a shaded lean-to, a mobile
packing platform, bulk harvest-aides with trailers or gondolas, and
an integrated mechanized packing trailer to highly sophisticated
units with grade-sort-wash-and pack capabilities. Likewise, pack-
ing shed and packinghouse design may be very simple—often,
essentially a pole barn or covered shell without walls and station-
ary grading and packing platforms, or large, highly mechanized
and computer-dependent operations. The selection of food
(which includes raw produce) contact surfaces in processing facil-
ities, like the variety in the physical structures of these facilities, is
diverse. Unlike well-designed food processing facilities, some fruit
and vegetable packing operations may use materials difficult to
clean, such as wood, soft metal, porous polymer, and carpeting.

Across the range of postharvest handling and packing opera-
tions, facility design and construction material selection should be
planned with food safety considerations in mind. Focusing on
those facilities whose operations most clearly subscribe to current
Good Manufacturing Practices, this section of the chapter high-
lights design considerations for constructing an essentially or fully
enclosed and integrated packing and shipping operation.

3.2.3.1. Overall design considerations. The overall design of
the facility, from receiving area to shipping dock, is an important
consideration to help eliminate opportunities for chemical, physi-
cal, and microbial contamination. Both direct contamination and
cross-contamination of a product can be minimized with proper
attention in a processing facility to physical design, water, air, and
traffic flow, and construction material selection.

3.2.3.2. Physical design of facility. The building should be de-
signed so that product flow is linear—that is, “in” one side and
“out” the other. Incoming raw produce, grade, sort and pack lines,
and outgoing packed product should, ideally, never cross-paths
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or co-mingle. While this is a recommended practice for all pro-
duce, it is especially important in any value-trimming or minimally
processed produce operation. If the available space is not linear,
the physical separation of zones achieves an equivalent one-di-
rectional traffic and product flow. In addition, separate or segre-
gated zones for chemical storage and mixing and maintenance or
fabrication shops should be planned for the facility.

Pallets and bins coming directly from the field may also be a
source of contaminated soil and plant debris. Proper facility de-
sign can reduce this potential hazard. A staging area separated
from primary washing and cooling, or at the point of transfer to a
dry packing line, may be used to dry brush or otherwise remove
field soil from cartons, bins, and pallets. At this point of receiving,
when dump tanks and flumes are used, natural openings or sites
of detachment as well as harvest wounds or harvest cuts increase
the opportunity for contamination to produce from soil or other
sources. For covered dry or wet dump areas, design structure and
barriers should discourage bird and rodent activity. In keeping
with a linear flow design, non-washed produce should never
contact the same surfaces that will contact produce at any other
step. When this is unavoidable, a thorough cleaning and sanita-
tion procedure must precede the use of common space or con-
tact surface. Finally, the minimally processed but unprotected
product should not be stored in the same loading dock or cold
room location with the raw produce or dirty containers and pal-
lets. For example, the facility should have sufficient cold room
space to keep the washed and/or graded product- being held for
later shipping, packing, or packaging- separate from incoming
and stored raw materials. The key element to safe facility design is
ensuring that unwashed produce enter at one separated area,
move in a linear or segregated flow, and exit at a terminal segre-
gated shipping area.

3.2.3.3. Water, air, and traffic flow design. Like the overall facil-
ity design, the movement of process water, waste streams, airflow,
and employees should be planned with food safety in mind. Wa-
ter flow should move in a reverse direction to product flow. To
conserve water and minimize wastewater discharge, many facili-
ties recirculate water (that is, use the same water for multiple pur-
poses). In these cases, incoming water first contacts clean, fin-
ished product and moves opposite to product flow where it is
used to wash and cool incoming raw produce before discharge.

In a similar manner, facilities may design and install an air-filtra-
tion system for central air distribution and air flow counter to
product flow. Clean filtered air should move with a positive pres-
sure from cleanest areas at packaging and packing back towards
the receiving area. A positive pressure flow design helps reduce the
chance of airborne contamination along the linear facility design.
Additional airflow barriers, such as air-curtains, help to isolate re-
ceiving and shipping areas that may be open to the outside envi-
ronment. Operations that utilize a bulk dump for incoming materi-
als should consider a fixed wall with pass-through conveyance to
move produce from outside to inside the facility. This point of sepa-
ration will reduce the potential for aerosol contamination inside the
processing area during the incoming of produce.

In general, traffic flow from the outside environment and within
the facility should also be carefully planned. Equipment and work-
ers should not move between segregated areas. Cross-contamina-
tion can be avoided by preventing the movement of lift-trucks, bins,
totes, tools, cleaning implements, clothing, and people from receiv-
ing or storage zones to packaging or minimal-process and pack ar-
eas. Color-coding of bins, totes, clothing, cleaning tools, and other
items can help achieve this separation of traffic.

3.2.3.4. Construction materials. Proper facility construction
design and selection of construction materials are major contribu-
tors to food safety programs. With regard to the area outside the
facility, packed soil or even gravel over packed soil are not recom-

mended for most receiving areas. These surfaces are very difficult
to clean and may harbor pathogenic microbes. Accumulated
plant debris and remains from spills or broken harvest containers
may be a source of contamination by some pathogens. Ripening
or decaying produce, left on soil or trapped in moisture-saturated
gravel, may be an attractant for rodent or insect vectors. If the use
of packed soil or gravel is unavoidable, all incoming produce
should be elevated on pallets and a proper drainage system
should carry water away from the holding areas.

Inside the facility, floors should be designed for easy cleaning;
ideally, a smooth, nonporous floor would be used. Although not
yet common, newer facilities are constructed with coving at wall
junctions to prevent the entrapment of dirt and debris. Expert ad-
vice should be sought to select materials that facilitate cleaning
and sanitation and to design adequate floor slope for drainage.
Flooring materials should be resistant to chemical damage and
cracking from equipment movement. Cracks in flooring are diffi-
cult to clean and may easily become a site for plant residue accu-
mulation and subsequent microbial growth.

Similarly, walls should be constructed of materials that are
readily cleaned and uninhabitable by pests. Sealing and screen-
ing must be used to exclude pest entry through windows and
vents. Consideration should be given to permanently enclosing
windows in a space being converted to applications for minimally
processed fruits and vegetables.

Access doors for maintenance and services that lead directly
from the external environment to processing and packaging areas
should be of a plenum design. Door arrangement and spacing
should preclude both doors being open at the same time. The use
of access doors during operating hours should be strictly con-
trolled. The areas outside the facility should be designed and
maintained to minimize the potential for attracting or harboring
rodents and other potential vectors of human pathogens. In addi-
tion, landscape design and weed control programs are part of the
overall food safety planning and implementation.

Other elements can be made to greatly improve the ease of
maintenance and the effectiveness of cleanup procedures. These
include the location and design of drains, floor flumes, and pipe-
lines. Expert advice should be sought to design and place these
outlets, along with designing protective aides to prevent contami-
nation from the transfer of pipe and wall condensation. Drains
should be fitted with antimicrobial seals and grates capable of re-
tarding rodent entry. The use of floor flumes should receive careful
consideration due to the potential for water aerosol contamina-
tion of the room air or equipment surfaces. This is especially true
for floor flumes that carry produce and water waste from one seg-
regated area across another. Floor flume transfer from an adjacent
produce cooling and packing operation into and across a pack-
ing facility for minimally processed produce should always be
avoided. The design of the collection area for waste stream water
should incorporate systems to prevent product or equipment
contamination attraction for pests.

“Catwalks” of various designs are commonly used to access
grade and sort and packing lines. Open-grate catwalks are com-
mon in packing facilities; however, an overhead design construc-
tion should be avoided over a washed produce area. Measures to
prevent workers from carrying easily dislodged, potential sources of
contaminants (such as soil, chemical residue, and glass or metal
shards) from directly accessed overhead catwalks should be imple-
mented. Alternately, in packing areas most sensitive to the impact of
accidental worker contamination, solid-flooring catwalks with side-
walls should be installed. Materials used for harvest, in field pack-
ing, and on sorting, grading, and packing lines and associated con-
veyance lines are generally difficult to clean. These materials in-
clude canvas, carpeting or other fabrics, soft multi-ply rubber,
wood, porous polymer sheeting, and various extruded or cut foam
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panels. In addition, these difficult to clean materials are often used
in areas where plant debris accumulation or product damage may
occur. Examples of such areas include decelerator pads, diverter
pads or bumpers, pass-through spray shields, foam or rubber roll-
ers, conveyor paddles or distributors, and packing unit accumula-
tion. Frequent and thorough cleaning and sanitation as well as peri-
odic replacement of damaged materials is especially essential in ar-
eas where residues and juices accumulate.

3.3. Transportation of fresh produce: Factors affecting
microbial food safety

Several modes of transportation are used to move harvested
fruits and vegetables from production areas to packing or pro-
cessing facilities, to shipping points, and to destination markets
(Table II-6). Equipment used by short-haul and local distribution
carriers is generally of lower quality and refrigeration capacity.
Long distance transportation more often takes into consideration
issues of quality and safety of fresh produce. Air carriers, railcars,
marine vessels (bulk and container), highway trailers, and inter-
modal combinations such as trailer-on-flatcar (TOFC) and con-
tainer-on-flatcar (COFC), are all used to transport fresh, perishable
commodities and minimally processed foodservice and consum-
er convenience packaged produce. Local distribution may in-
clude refrigerated or non-refrigerated trucks (open or closed) and
vans. Small-scale or limited resource growers may transport pro-
duce relatively short distances, to farmers markets, restaurants and
retail outlets, or directly to subscription consumers.

Ideally, transportation continues the job of prevention of food-
borne illness by Good Sanitation Practices, ensuring proper tem-
perature and humidity management, and minimizing damage po-
tential to the product. Highway carriers with refrigerated trailers
provide the dominant portion of produce movement in North
America. Much of our seasonal imported vegetables and some
fruits from Mexico arrive by non-refrigerated or refrigerated high-
way trucks and trailers. When non-refrigerated trucks are used,
cooling with ice from roadside icing stations is a common prac-
tice. Again, the quality of the water used for ice –making is a criti-
cal factor in ensuring a safe product. Recognizing the functional
features and limitations for this primary method and other com-
mon modes is essential to discussing the overall development of
effective systems for microbial risk reduction for fresh produce.
This section covers the basic features of the primary modes of
long-haul produce transportation, basic aspects of equipment
cleaning and sanitation, and the issue of temperature manage-
ment and measurement in relation to microbial food safety.

3.3.1. Components for temperature and atmosphere control.
Refrigeration source. The majority of fresh produce transportation
is within a highway trailer using a mechanical refrigeration system.
Ventilation with cooler outside air is occasionally used, on a few
items (that is, onions and watermelons) or on short distance hauls,
to provide limited temperature reduction but it is generally inade-
quate for optimum temperature management. On nonrefrigerated
highway trailers used for produce, small doors at the ends are
open to the outside to create at least some air circulation around
the load. In addition to cooling, mechanical refrigeration systems
are designed to heat the storage compartment when the vehicle
travels during subfreezing conditions to prevent chilling damage
or freeze-injury to sensitive commodities. A properly designed
and operating system can maintain a high relative humidity in the
storage compartment, which is desired in most cases to prevent
water loss and associated quality impacts. In reality, optimum hu-
midity management is difficult to achieve.

In some areas or on specific produce items, top-ice (crushed
ice placed on top of a bulk or pallet load) or ice placed in each in-
dividual box is occasionally used with or without mechanical re-
frigeration (that is, green onions, broccoli, sweet corn, some im-

ported cantaloupes, bunched carrots and peeled ‘baby’ carrots).
Water quality for ice production is an essential consideration, as
microbial pathogens from ice have been implicated in several
outbreaks on produce (see Chapter III). Water from melted ice
may also drain from one carton into another, introducing a dis-
tinct potential risk of cross-contamination during transportation
and distribution. The consequences of this drainage are particular-
ly acute in distribution where mixed loads commonly involve
stacking items from various suppliers on a single pallet.

Air circulation systems. Air circulation systems are necessary to
move the conditioned air through or around loads to absorb heat
from the products and from external sources. In most mechanical-
ly refrigerated rail cars, highway trailers, and marine containers,
the system circulates cold air through and around loads of fresh
produce where respiratory heat production may be significant.
Typical highway trailers have the air delivery across the top of the
trailer, with an air chute attached to the ceiling distributing airflow
to the rear and along the sides. The air return channels are pre-
dominantly along the sides, depending on the loading pattern,
and underneath a pallet load. High-density loading in these top-
air delivery systems restricts air circulation and causes product
heating and accelerated ripening or senescence. Conversely,
high-density loading is required for optimal performance of bot-
tom-air delivery systems typical of refrigerated marine containers.
Due to weight limit, weight distribution, or mixed load issues,
empty pallet positions may occur throughout the load or at the
front or rear. To ensure adequate airflow to all areas of the trailer
or container, all open areas must be covered to prevent ”short-cy-
cling”. Short-cycling occurs when there is an abbreviated path,
created by the opening, for conditioned output air to return to the
intake vent. When this occurs a portion of the load may experi-
ence greatly elevated temperatures, although the on-board tem-
perature sensors indicate proper function and temperature man-
agement. Short-cycling can also be caused by floor loading prod-
uct, which blocks the main path to the intake air duct. Produce
such as onions are too often loaded while warm onto the trailer
floor, causing both short-cycling and icing of the coils (from re-
leased moisture) and resulting in large temperature increases, par-
ticularly at the rear pallet positions.

Temperature control system. Mechanically refrigerated systems
include one or more thermostats- automatically operated (with
manual override) to provide cooling or heating- and air-circulat-
ing fan speed controls. In older systems, thermostats are generally
in the return-air channel, which causes some problems. For ex-
ample, warm return-air from product loaded well above the tem-
perature control set-point will cause the controller to deliver sub-
freezing air into the discharge supply stream. Product closest to
the supply vent may incur freeze-injury. Newer units are available
with thermostats in both discharge and return-air channels and
can, with adequate provisions for air-circulation, maintain a differ-
ential (evaporator coil to airstream) as low as 0.5 °C (1.9 °F).

Insulation. Insulation restricts heat conduction across walls,
flooring, doors, and the roof of transportation vehicles. The load
area is reasonably or even tightly sealed to restrict air leakage. In-
sulation limits the amount of ambient heat and humidity that en-
ters the vehicle during hot weather and the amount of internal
heat (mostly from the product) escaping to the outside, causing
product chilling or freezing during freezing weather. Most insula-
tion is foamed-in-place or components of extruded panels that
are composed of materials that deteriorate slowly over time (about
5% of the insulating quality per year). Manufacturing improve-
ments have brought about trailers with thinner walls, creating
greater internal load space, while maintaining sufficient insulating
capability for most conditions of produce transportation.

Insulation can be damaged and its thermal barrier value lessened
by lift truck damage during loading and unloading operations. Wa-
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ter intrusion that initiates at these damage points greatly reduces the
insulation quality and even facilitates temperature transfer. Highway
trailers typically do not have ducted sidewalls because this feature,
while improving temperature management, adds weight and reduc-
es the available load space. In hot weather, in particular, this may
be an important factor in localized product temperature gain if pro-
duce is loaded directly against the sidewalls.

Air exchange system. Ventilating the load compartment with
outside air (mostly in marine containers) reduces undesirable
concentrations of carbon dioxide Ventilation is used in conjunc-
tion with all modes of transport, occasionally with rail cars and
trailer-on-flatcar (TOFC) vans but predominantly with specialized
bulk holds in multi-deck ships and marine containers for long-
haul domestic and marine export shipments. For containers, re-
quired modifications include atmosphere-injection and purge
ports, special seals and membrane curtains around doors, meth-
ods for ethylene adsorption, and carbon dioxide absorbers (gen-
erally hydrated lime). For highway and air-carrier transportation,
individual shipping units, such as a carton or full pallet, are spe-
cially constructed with liners or sealed polyethylene pallet covers
to temporally maintain the desired injected atmospheric composi-
tion (Chapter IV).

Vibration Management. High frequency vibration within high-
way trailers is a much more significant source of product damage
than individual sharp jolts. Improperly packed produce can be
put into a spinning or rolling motion due to road-induced vibra-
tions causing external abrasions and internal tissue damage. Air-
bladders (air-ride suspensions) dampen this source of injury and
are a more common feature on trailers, especially those used to
haul sensitive fruits.

3.3.2. Modes of transportation
3.3.2.1. Truck and truck trailers. Highway tractor-trailers are

used to haul straight loads (one commodity) or mixed loads. Cur-
rently, mixed loads account for over 75% of highway movements
of fresh produce. A relatively high volume of domestic produce,
especially for small volume grower/shippers, moves by LTL carri-
ers (Less Than Load). With limited options for shipping their per-
ishable products, users of LTL carriers frequently have to make
significant compromises from optimal temperature and product
mix recommendations.

Transcontinental travel time in the United States is 3 to 6 days
for team drivers. Load space is intermediate in size, 70 to 100 m3

(2,000 to 3,500 cubic feet) and with a net weight load capacity of
about 18,000 to 20,400 kg (40,000 to 45,000 pounds). Trucks
are limited in gross weight by state regulations generally to 36,288
kg (80,000 pounds) maximum gross weight. Careful loading is re-
quired to distribute weight evenly across the axles.

Modern refrigeration units used by highway trailers have fast
temperature “pull-down” capacity. An empty 53-foot long, 102-
inch wide thin-walled trailer can be cooled to freezing tempera-
tures in a few hours, even against high outside temperature condi-
tions. The cooling capacity of modern units is important in rapid
precooling of the load space, but could also provide limited prod-
uct temperature reduction in adequate time to maintain quality.
Limitations in air-circulation largely prevent this post-load cooling
from being practical or reliable. Highway trailer refrigeration oper-
ates only to maintain product temperatures established at ship-
ping point. Frequent or prolonged door opening at the loading
dock and during delivery further limit optimal temperature man-
agement.

Air Circulation. As mentioned above, air temperature is often
monitored in the supply airstream about 2 to 2.5 m (6 to 8 feet)
back from the discharge air duct. A preferred system, incorporat-
ed into newer refrigeration units, integrates input from both sup-
ply and return-air temperature monitors. Microprocessor temper-
ature controllers used in modern refrigeration units incorporate

thermostat control, digital thermometer, fault indication, and data
recording in a self-contained controller. Satellite-communication
systems can provide remote monitoring, upload, and data down-
load capabilities in transit.

As mentioned above, the air circulation pattern in top-air deliv-
ery trailers is lengthwise, front-to-rear. Air travels from the refriger-
ation unit back over the top of the load, down the sides and rear
of the load, back through or under the load, and up the front to
the refrigeration unit. This circulation pattern is achieved only if
there is adequate air return space beneath the load and a solid air
return bulkhead at the front to separate the discharge and return
sides of the fan, ensuring positive air circulation around the load.
Without a solid (pressure) bulkhead most of the air circulates over
the top of the load back to the refrigeration unit. Product tempera-
ture management at different positions within the load may be
compromised. The elevated respiration of produce may be suffi-
cient to result in localized anaerobic conditions, particularly in pack-
aged product. The rate of temperature gain in properly precooled
and pallet loads of different packing materials and venting has not
been adequately addressed in publicly accessible documents.

In addition to a pressure bulkhead, loads must be secured
away from rear doors and away from flat sidewalls to allow air to
circulate down over the load. Vertical channels (not common in
highway trailers) allow some air circulation between the sidewalls
and the load, and provide less contact between the walls and the
load, thereby reducing the amount of heat conducted to the load.

In contrast, marine containers have vertical, bottom-to-top air-
flow through the load compartment, making them more effective
for transporting fresh produce over an extended time period. They
can provide better and more uniform product transit temperatures
because they have more constant and uniform airflow, greater ca-
pacity to circulate the air through the load, and shorter air chan-
nels through the load.

Modified Atmosphere Maintenance of modified or controlled at-
mospheres (MA or CA) is not possible in most over-the-road truck
trailers because they allow too much air infiltration. Tightness of
trailers (especially doors) decreases rapidly with use and abuse.

Rear and sometimes side doors are provided for loading, un-
loading, and inspection. New designs, primarily for short-haul or
regional distribution vans have three rear doors to reduce heat gain
that can occur rapidly during multiple deliveries. As these hinged
doors are constantly used, however, they are easily damaged, lead-
ing to air leaks. In addition, between 75% and 85% of loads have
more than one commodity, which limits the potential usefulness of
CA. These mixed commodities may have different CA prescriptions
or may not benefit from CA. A common application of MA technol-
ogy creates the desired, beneficial atmosphere around an individu-
al pallet, pallet bin, and carton or unit package. Proper temperature
management is essential for these shipments, as temperature abuse
in a restricted oxygen atmosphere can be more detrimental to prod-
uct than improper temperature alone.

Specialized marine containers are constructed to meet MA or
CA requirements. Provisions are made to deliver N2 and CO2,
control CO2 buildup, remove or add ethylene, remove other vola-
tiles, and adjust oxygen depletion rates. Systems may be dockside
and operators prepare individual containers for MA shipment. Al-
ternately, self-contained CA systems for containers or on-board
centralized control units are in service.

Highway Trailer and Container Sanitation Oversight of the safety
of perishable produce during distribution and transportation is
the responsibility of the U.S. FDA. Meat and poultry distribution
safety and sanitation are the responsibility of the USDA’s Food
Safety & Inspection Service.

It is not uncommon for fruits and vegetables to be transported
in refrigerated highway trailers or marine containers that previous-
ly contained frozen or chilled meat and fish products or other
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possible sources of nonfood microbial contamination, such as
carcasses for rendering, municipal waste, or chemical hazards.

Pallets, cartons, and bins; collapsible, returnable shipping con-
tainers; and loading lift-trucks may be a source of field soil or
plant debris and residues that carries over from one load to the
next. Whether these potential sources of contamination are a sig-
nificant threat to produce safety remains an essentially unan-
swered question. Packaging may serve as an effective barrier to
contamination for some products. Attention must be given to pre-
vention and mitigation of sources of contamination or product
“tainting” between transportation loads.

The first step is cleaning, generally accomplished by hand
sweeping and pressure-air sweeping of the interior. Clearing floor
ducts of debris will help with air circulation in the following load.
Hand-held high-pressure water nozzles, hand-held pressurized
steam jets and automated sidewall panel and duct cleaning
equipment is typically used to clean, sanitize and deodorize the
interior of vehicles or containers between loads. These systems
are often designed to recycle wash water. Filtration and disinfec-
tion of these systems is essential.

Cleaning and sanitizing air chutes, refrigeration coils, and de-
frost pans or drains is less commonly attended to between loads
or at any regular interval.

Depending on the surface and the potential for excessive corro-
sion, compounds used to disinfect the interior surfaces include
FDA- and FSIS/USDA- approved alkaline cleaners, cationic deter-
gents, chlorinated foams, hydrogen peroxide and peracetic acid,
iodine, and bromine-based compounds (uncommon), and qua-
ternary ammonium compounds. Concentrations generally range
from 200 to 800 ppm, usually with a required follow-up clean
water rinse. Ozone–based systems for aqueous clean out and
gaseous cleaning of refrigeration coils are being developed.

3.3.2.2. Other modes of transportation. Air transport. Air ship-
ment is used mainly to transport highly perishable and valuable
commodities (for example, ornamentals, berries, and tropical fruits)
to distant domestic and overseas markets or to supply markets with
limited supplies during periods of high prices and strong demand.
Products are transported in closed (mostly nonrefrigerated) contain-
er units or in net-covered pallet loads, in air freighters, or in the
freight compartments of passenger airplanes. Individual containers
may be loaded with packages of a single commodity or with pack-
ages of many different commodities and food types.

Preload staging on the airport tarmac is required; 2 hours for do-
mestic flights and 3 hours for international flights. The potential for
temperature gain, or loss, of produce in airfreight containers can be
extreme. Some containers and various carton designs use foam in-
sulation lined with a reflective surface, primarily to minimize heat
gain. Gel-ice pads or bricks are placed in and around the packed
carton to retain product quality. Air travel time is often about 6 to
18 hours, sometimes longer. Waiting time at origin, transfer, or pri-
mary or secondary destination terminals may be as long as 1 to 2
days, often at ambient temperatures. Pest exclusion inspection or
fumigation and related quarantine requirements, and X-ray exami-
nation for contraband substances often delay timely transfer of
highly perishable commodities to re-cooling facilities or into tem-
porary cold storage. All of these delays may result in rapid deterio-
ration of products. Product warming is a serious problem in air
shipments.

Some airlines use cold storage rooms at origin and destination
airports, but not on a regular basis for fresh horticultural products.
As the movements of perishable horticultural products have in-
creased in the past 10 years, a significant effort has been made to
provide proper facilities at major terminals and freight forwarder
operations. Freight forwarders with cold storage, cooling, unitiz-
ing, and shipping facilities near major airports are increasingly im-
proving their handling of perishable products. Re-cooling and re-

hydrating produce at these facilities, generally by hydrocooling,
requires careful disinfection monitoring due to the potential for in-
creased spoilage and food-safety concerns.

Break-bulk marine transport. Break-bulk marine transport is
widely used to transport tree fruit, grapes, and bananas to and
from ports lacking container-van loading facilities. This system is
also used on older or smaller ships that have common cold stor-
age rooms. The break-bulk designation refers to an older system
in which individual packages are rehandled each time the cargo
is transferred from one mode of transport to another. This method
is costly due to slow loading and unloading, rough handling, and
high labor costs. Break-bulk marine shipping dominates in certain
trade lanes but is slowly losing ground to containerized shipping.
In general, reefer ships are more efficient for trade lanes dominat-
ed by refrigerated products. Container ships predominate in trade
lanes with a large share of dry freight.

In most break-bulk systems, packed products are handled as pal-
let units. When a pallet load is broken apart, its inner surfaces are
exposed to ambient conditions, which can increase product deteri-
oration. These problems are minimized in newer ships that can
handle pallet loads and have better refrigeration systems. Packed
products in pallet units are sometimes transported part of the way
in break-bulk ships, transferred at a port to marine containers, and
transported in container ships to final destination ports.

3.3.3. Managing product transit temperatures
3.3.3.1. Loading environment. Ideally, produce should be

staged for loading within an enclosed and temperature controlled
loading dock. Precooled trailers, with refrigeration units or fans
turned off to minimize the intrusion of warm, moisture-bearing air,
are backed up to the dock doors for inspection. Padded door
seals help prevent leakage of outside air into the loading dock. In
open loading docks warm air pulled into the trailer may cause sig-
nificant condensation on product, carton and trailer surfaces. This
condensation may promote microbial intrusion into product and
increase contamination. Trailers are inspected for proper precool-
ing for the intended load as well as cleanliness and absence of
odors from prior loads.

3.3.3.2. Load patterns and load sizes. The pattern and size of
the load often affect temperature maintenance. Loads must be as-
sembled in ways that will maintain their integrity in transit. Stack-
ing packages on pallets not only helps maintain integrity during
transit but also facilitates loading and unloading. Occasionally,
slip-sheets are still used for more stable produce items, such as
potatoes. Various types of gates, braces, air bags, and locking bars
(load-locks) are also used to maintain the integrity of loads.

Incentive freight rates offer per-package-freight cost decreases
as load weight increases. Larger, heavier, and tighter loads, how-
ever, make temperature maintenance difficult, especially with
products that are not properly cooled before loading. Overload-
ing also blocks air circulation so that product temperatures in-
crease during transit. Tight loading may reduce air circulation by
90%. Well-constructed pallet loads, adequately precooled and
with sufficient side-air channels, provide better assurance of prop-
er transit temperatures in heavy loads. In hot weather, loads
should be kept away from sidewalls to prevent warming in wall-
abutted rows. Highly perishable products, such as strawberries,
are centerline loaded in trailers or vans; the pallet units are braced
away from the side walls and the two rows of pallets contact each
other along the center line of the trailer.

3.3.3.3. Condition of transit vehicle. The ability to maintain
product temperature is affected by the condition of the transit ve-
hicle. Intact side walls and insulation; clean floors and drains; re-
frigeration units that are properly serviced, maintained, and cali-
brated; intact air-delivery chutes; and tight, undamaged doors and
seals are all essential. The carrier owner/operator is primarily re-
sponsible for the equipment’s condition. Users (shippers, buyers,
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brokers, or receivers) or their representatives, however, are re-
sponsible for assessing the equipment’s condition before loading
and for damage to the vehicle caused by their workers during
loading or unloading operations

3.3.3.4. Recording thermometers. Many shippers place re-
cording thermometers in each loaded transit vehicle; others place
thermometers only in vehicles going to their most distant markets.
Buyers are increasingly specifying the use and placement of re-
cording thermometers or data loggers in each load. In truck trail-
ers, the thermometer is generally secured high on a sidewall at
about the three-quarters length of the trailer, or on top of the load
toward the rear. These recording thermometers measure only dis-
charge air temperature at their specific locations and provide per-
formance records of the operation of the refrigeration unit. If at-
tached to the sidewall the recorded temperature may be slightly
above the ambient internal temperature at that location.

Strip charts may be viewed immediately upon unloading, with-
out the need for special download devices or a computer station.
They may be helpful to quickly identify temperature management
problems during transit but reading the recorded line is sometimes
difficult. Data loggers are more costly but far more versatile. On-
dock downloading of transit information has become fast, easy, and
more affordable. Some models include indicator-light alarms, dis-
played without the need for electronic data capture, to show that
the recording unit was exposed to a low or high temperature out-
side the range programmed into the unit before the trip. Neither
unit will monitor or record product temperatures within loads.
Newer models of compact, recording thermometers have dual ca-
pabilities. Ambient monitoring is combined with an external sensor
probe that can be inserted into the load space to more accurately
record product temperatures at the specified location.

3.3.3.5. Product temperature as a control point. The increased
recognition of the value of applying HACCP principles to the pro-
duction and processing systems used for marketing minimally
processed fresh fruits and vegetables has, over the past 10 years,
stimulated an ongoing and essentially unresolved debate over the
role of temperature as a valid critical control point in food safety
plans, required documentation, and regulatory enforcement. Tem-
perature management is a primary component of:

• retaining product quality of both visual and sensory shelf-life
• delaying general microbial growth and spoilage
• reducing or preventing the growth of specific decay patho-

gens with aggressive activity on minimally processed prod-
ucts (Erwinia, Botrytis, Geotrichum)

• reducing or preventing growth of specific pathogens involved
in foodborne illness (primarily Salmonella and pathogenic
forms of E. coli)

Clearly, product temperature management has an important
role in limiting the potential for illness to follow consumption,
specifically if pathogens were present on the product at the point
of post-processing storage, transportation, distribution, or food-
service or retail handling. Not all pathogens require multiplication
to be infectious. Some are not even capable of multiplication on
fruits and vegetables (for example, viruses and protozoan para-
sites). Prevention and reduction of the potential for contamination
before shipping are the prerequisite food safety activities that are
augmented by good temperature management throughout the dis-
tribution chain. Temperature monitoring and documentation is
one mechanism for all partners in the distribution chain to evalu-
ate and adjust their practices to achieve the optimal temperature
history for the useful life of the product.

Controlling and documenting temperature history, while not
perfect, is far more practical, far less expensive, and more infor-
mative than microbial indicator monitoring or pathogen testing of
product. For each product category it is necessary to determine

whether pathogen growth and toxin production as a result of
time/temperature abuse is a likely and significant hazard. The key
criteria are:

• Levels of pathogens on the product at shipping
• Presence of pathogens capable of multiplication on produce.

Well-designed on-farm and in-plant sanitation programs
(prerequisite programs) will minimize the presence of
pathogens, but in most cases it is not reasonable to assume
that they will completely prevent their introduction.

• Unsafe levels of pathogen growth or toxin production, before
spoilage

Research has repeatedly shown on many inoculated produce
items, held at permissive temperatures (above 41 °F/5 °C) that
bacterial pathogens will grow because:

• the moisture available to support pathogen growth in the
product (water activity) is high;

• natural openings or wound sites release easily used nutrients;
• preservatives are not typically used;
• the acidity (pH) of most produce, even items such as straw-

berries, tomatoes, peaches and plums are not inhibitory;
• modified atmospheres have limited impact on microbial

growth retardation;
• competing spoilage organisms cannot be relied upon for con-

trol.

The above questions should be evaluated in relation to the po-
tential for time/temperature abuse in the absence of controls. The ef-
fect of temperature on the growth rate of microbes is a continuum.
Over a broad range, there is no sharp cutoff point but rather a gen-
tly sloping curve that is, characteristic for each class, type, and sub-
type of microorganism. A complex integrative analysis of time and
temperature history of the conditioned air and the product itself, the
presence or absence and starting population density of pathogens,
as well as growth potential and growth rates on specific product
components and the interaction of packing on these rates, should
be performed. Clearly, this is not practical. Recognition of this com-
plexity has been the basis for relying on air temperature monitoring
as a cardinal feature of safe food handling. It is equally apparent
that product exposure to elevated temperature during transporta-
tion does not automatically result in unsafe food. Extreme tempera-
ture abuse typically reduces visual and sensory quality to the point
that a reasonable consumer would not eat the product.

Optimal temperature ranges for storage and transportation of
fruits and vegetables vary depending on their inherent respiration
rates and resistance to chilling injury and freeze damage. The opti-
mum for most minimally processed produce is 32 °F (0 °C) for
quality retention. The generally recommended upper limit of 41 °F
(5.0 °C) is well supported as an acceptable benchmark for impos-
ing a significant barrier to the growth of bacterial pathogens. Al-
though temperature control is a significant variable that may im-
pact pathogen growth in produce, other factors also determine
temperature controls:

• Some raw commodities are temperature sensitive and will not
tolerate storage or more than transient shipping at 41 °F
(5.0 °C).

• Minimally processed produce has not, in general, been asso-
ciated with foodborne illness, despite the high volume of
consumption and the realities of temperature control in
transportation, foodservice handling, and retailing.

• Temperature management beyond the shipping point is rarely
controllable by the shipper/processor, the entity responsible
for implementing a food safety plan.

• Temperature management is only relevant for a narrow spec-
trum of pathogens; However, prevention programs (other
than temperature) that are in place to minimize the pres-
ence of non-affected pathogens are also effective for tem-
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perature responsive ones.
• Pathogens, such as Listeria monocytogenes, will grow to a

potential harmful level, over extended time, even at refriger-
ated temperatures. In this case, temperature cannot be a
control point. Plant sanitation programs are the key preven-
tive control for minimizing the presence of this bacterium.

A limited exception to the above may be illustrated with the ex-
ample of minimally processed melons. Revisions to the 1997 FDA
Food Code lowered the temperature limit for potentially hazard-
ous foods to 41 °F (5 °C). Minimally processed cantaloupe was, at
the same time, placed on the list of potentially hazardous foods
that must be transported and distributed at or below this tempera-
ture limit (alfalfa sprouts also fall into this category). Failure to
maintain this level of cold chain control will result in the melons
being classified, from a regulatory enforcement perspective, as
“adulterated”. The product would legally be required to be de-
stroyed.

The reasons for this rare produce safety regulation include the
facts that:

• Cut cantaloupes have been associated with outbreaks of Sal-
monella on several occasions, including strong evidence for
contamination at the source of production in a few cases.

• The surface of cantaloupe is hard to clean, even with disinfec-
tants, prior to processing. Residual pathogen populations
may carry over into processing.

• Contaminated, minimally processed cantaloupes, as with pro-
duce in general, are difficult to surface disinfect after cutting.

• Salmonella has a restricted growth rate above 41 °F (5 °C). A
rapid growth rate at the higher temperatures are too often
experienced in current distribution, foodservice, retail dis-
play, and consumer handling.

The duration and magnitude (either in a continuous or cumula-
tive exposure) of temperatures above this limit can result in an ele-
vated risk of illness. Pathogen multiplication has been shown to
reach hazardous levels prior to degradation of product appear-
ance and quality, which would ordinarily be a sufficient deterrent
to consumption by the average individual.

Producers of minimally processed cantaloupes, and melons in
general, are advised to incorporate these factors into the design of
their food safety program, as well as their carrier interactions and
contracts.

3.3.4. Mixed load management. Selecting and maintaining opti-
mum temperatures in mixed loads is difficult, especially when
several commodities are involved. Commodities are generally
packed in different sizes and shapes of packages that are then
loaded in different load patterns in various parts of vehicles. With
currently used shipping containers, these variations often result in
the blockage of air circulation. When products with different opti-
mum temperature requirements are shipped together, compro-
mise temperature settings are used that are designed to protect the
most perishable, or the most valuable, commodity in a load.
Charts, tables, and matrix guides are available to assist in arriving
at a mixed load management decision.

Vertical partitions or dividers that are used to separate wet from
dry parts of the load should extend no lower than the top deck-
boards of the pallets or racks (in trucks). Any part of a load that
sits directly on the floor effectively blocks the air circulation under
the entire load.

3.3.4.1. Product compatibility. In mixed loads certain product
compatibility factors must be considered. These include the fol-
lowing:

Temperature compatibility. Differences in temperatures needed
for various products in a load must be considered. For example,
products that must be kept near 0 °C (32 °F) should not be
shipped with products sensitive to chilling injury below about

12.5 °C (55 °F). For example, mature-green tomatoes will likely
sustain chilling damage after a 5-day transit mixed with iceberg
lettuce at a temperature of 5 °C (41 °F), a combination too often
made when truck availability is limited.

Ethylene production and sensitivity compatibility. Care must be
taken not to ship commodities that produce large amounts of eth-
ylene (for example, apples, pears, avocados, and certain musk-
melons) with commodities that are sensitive to ethylene (for exam-
ple, broccoli, carrots, lettuce, kiwifruit, and most ornamentals).
The incidence of russet spotting on lettuce (caused by exposure to
ethylene) is about three times greater in mixed loads than in
straight loads in truck shipments. Continuous regulated ventila-
tion with outside air in marine containers can allow mixing of eth-
ylene incompatible commodities in loads under certain condi-
tions. Approved ethylene blocking agents or ethylene “scrubbing”
or adsorption units may be used to protect sensitive commodities.

Product odor compatibility. Some commodities (for example,
onions, garlic) produce odors, which can be absorbed by other
products, causing the latter to have an objectionable odor and
less market appeal. The sensory quality of some products, such as
apples, is more readily affected by absorbed odors.

Moisture compatibility. Most products benefit from a high rela-
tive humidity in the transit atmosphere. Other commodities (for
example, garlic, dry onions) benefit from intermediate humidity
levels. Although humidity control at high levels is important dur-
ing long transit periods, it is difficult to achieve. The use of large
evaporator coils on the refrigeration unit helps to accomplish this.
Water vapor adsorbing materials, commonly mineral zeolites, are
in use to attempt to maintain a lower humidity for some commod-
ities.

3.3.5. Special issues. Beyond the technical aspects of refrigerat-
ed transport management, produce shippers and buyers must fac-
tor in risk related to transportation shortages, an inevitable sea-
sonal reality. There has been an increasing trend for major carriers
away from handling highly perishable fruits and vegetables.
Smaller carriers and individual owner/operators carry much of the
horticultural products, especially in tight transportation markets.
At approximately $55-65,000 for a new trailer and refrigeration
unit, independent carriers often have old equipment. With high
fuel costs and low margins, truckers may not adequately maintain
equipment or engage in cost-saving practices to save a few dol-
lars. Temperature management may be more difficult, ultimately
impacting market quality.

3.3.6. Industry response to food safety concerns. The Food
Safety Task Force of the National Perishable Logistics Association
(NPLA) and Refrigerated Transportation Foundation (RTF) have un-
dertaken the effort of developing guidelines for the refrigerated
transportation industry involved in highway transportation and lo-
gistics management. The following uniform practices have been
proposed;

• Equipment
• 30% excess cooling capacity
• High airflow flooring
• Pressure bulkheads
• Intact air chutes
• Food quality interiors (wood interiors no longer acceptable)
• RTF “Combined Equipment Identification” plates for refrigera-

tion and insulation ratings
• Independent electronic data recorder—Minimum one-hour

intervals

Preload Preparation
• Remove all visible debris
• Wash and sanitize interior
• Maintain wash records—minimum one year
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• Clean drains and floor channels
• Repair or replace damaged panels and door seals
• Electronic pre-trip routine for refrigeration unit
• Remove excessive water and condensate
Loading
• Precool to transit temperature
• Carrier maintains prior load data for inspection—minimum

three previous
• Verify pulp temperature of load against transit temperature

(refuse load if necessary)
• Load directly from temperature controlled storage
• Verify “Free Airflow” on six sides of load
• Verify operational start of data logger
• Verify box temperature at one-hour intervals

Other
• Institutionalize food safety responsibility
• Driver and Owner/Operator awareness and training programs
• Annual Food Safety Audits and third party inspections

3.3.7. Conclusions. Successful transport of horticultural prod-
ucts to markets depends upon products being cooled to, and
loaded at, their desired transit temperatures. Users and carriers
must be well informed about the capabilities and limitations of
each type of equipment and the condition of the specific transpor-
tation equipment supplied. The responsibility for sanitation and
preventive food safety programs directly involving equipment re-
sides with the transport provider. Minimizing the risk of microbial
contamination from other direct and indirect sources is a shared
activity among shipper, carrier, and receiver.
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4. Conclusions
• One of the factors influencing potential contamination of pro-

duce is the level of pathogens in manure. Although certain animal
farm practices may be associated with the level of pathogen shed-
ding, the number of factors and interactions among them are not
clear. Feeding practices, stress, age of animals, and management
of manure seems to be some of the most likely factors to contrib-
ute to pathogen shedding. The low incidence of pathogen shed-
ding and the variability in management practices make it difficult
to clearly correlate the presence of pathogens with specific prac-
tices.

• Manure processing methods to minimize the level of patho-
gens is an active area of research but a safe and practical level of
reduction has not been identified. Several other factors that fur-
ther reduce the survival and grow of pathogens during crop pro-
duction, such as, desiccation of plant surfaces and UV irradiation,
need to be considered.

• Federal regulations address composting of biosolids, but not
the application of composted or aged manure to agricultural land.
Moreover, scientific documentation that justifies the current regu-
lations for biosolids is needed. When the appropriate methods
are established, indicators or surrogates that validate the process
will be needed.

• The survival of bacteria in the soil environment depends on
several factors, from the soil characteristics to the background mi-
croflora, and climate. Controlled studies that address the impact
of soil matric potential cycling (wet-dry cycles) and subsequent
field preparation activities on survival are not available.

• Although current recommendations or buyer specifications
state that a period of 60 or 100 days is necessary between appli-
cation of manure to soil and planting, neither of these recommen-
dations has been evaluated and there is no scientifically based

Table II-6—Common produce transportation equipment capacities

Air containers Reference nomenclature Maximum gross weight Load volume Refrigeration source

LD3 1,591 kg (3,500 lb) 3.5 m3(140 ft3) None
E 218 kg (482 lb) � 0.4 m3 (12 ft3) Gel-ice, dry-ice

PIP pallet 3,860 kg (8,510 lb) 10 m3 (341 ft3) None
Railcars Mechanical reefer car 130,000 to 166,000 lb 4,269 to 4,498 ft3 Mechanical refrigeration
Refrigerated trailers Reefer trailer Mechanical refrigeration

40 ft 22,680 kg (50,000 lb) 62 m3 (2,188 ft3)

45 ft 22,680 kg (50,000 lb) 66 m3 (2,328 ft3)
48 ft 22,680 kg (50,000 lb) 80 m3 (2,825 ft3)
53 ft 22,680 kg (50,000 lb)

Refrigerated van container Reefer van Mechanical refrigeration
20 ft 19,050 kg (42,000 lb) 23.8 m3 (842 ft3)
40 ft 20,866 kg (46,000 lb) 56.72 m3 (2,003 ft3)

40 ft “high cube” 20,866 kg (46,000 lb) 58.14 m3 (2,053 ft3)

Marine containers Reefer Containers Mechanical refrigeration
20 ft 20,990 kg (46,270 lb) 26 m3 (919 ft3)
40 ft 27,620 kg (60,890 lb) 55.5 m3 (1959 ft3)

40 ft “high cube” 27,660 kg (60,960 lb) 64.8 m3 (2289 ft3)
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determination of a safe temporal separation between aged manure
and planting.

• Because of the high public health risk they represent, certain
production practices need to be avoided by growers, such as the
use of raw sludge to fertilize (not very common, but used by
some). The use of compost and manure teas in foliar applications
are a popular practice and may also pose unacceptable risks to
fresh produce consumers.

• Management choices (for example, method of irrigation) are
often based on economics and the variable markets. These deci-
sions may affect food safety. Therefore more dialogue is needed
between scientists and growers in order to avoid compromising
public health.

• The dissemination of human bacterial pathogens through ag-
ricultural soils and the potential for water contamination has been
reviewed. There is a potential to contaminate produce through
water runoff. Growers should follow strict responsible production
practices that would ensure the microbiological quality of the ag-
ricultural water. The protection of groundwater sources through
properly maintained wells is a must.

• Special care should be taken when reclaimed or runoff water
is used for agricultural purposes, especially since there are no reg-
ulations regarding the microbiological quality of agricultural wa-
ter. It needs to also be noted that the quality of reclaimed water
varies according to the disinfection treatment provided. For in-
stance, the use of reclaimed water that meets the high-level disin-
fection criteria established in the EPA’s Guidelines for Water Reuse
poses negligible concerns for fresh produce consumers.

• The persistence of pathogens on produce items due to irriga-
tion is not clear. Some irrigation methods such as, overhead irriga-
tion) may present food safety risks. More research needs to be
pursued to assess the extent of this risk for a broader range of
pathogens in relation to broader production environmental pa-
rameters.

• Control measures for a variety of harvesting practices would
decrease the risk of pathogen contamination. Although for differ-
ent crops the control steps would be different, key elements are
field worker hygiene, field sanitation, equipment sanitation, con-
tainer sanitation, truck sanitation, and temperature control. Aware-
ness of the potential contamination at each harvesting operation
and a continued dialogue between production managers and ex-
tension specialists would help prevent contamination from those
sources.

• Packing presents several potential risk factors, many of which
are related to the quality of the water and good manufacturing
practices. Proper design of the processing plant can also reduce
the risk of pathogen contamination on produce.

• The goal of preventing foodborne illness also involves trans-
portation issues. Temperature control is critical, but because ship-
ments frequently include mixed loads, other factors need to be
considered, such as temperature, ethylene and moisture product
compatibility. Although temperature control is important at all
stages of production, and particularly with long storage or ship-
ping times, each commodity and pathogen concern require spe-
cial conditions, and attention should be given to chill sensitive
items and inherent respiration rates of each product.

5. Research needs
• Develop of methodologies for risk assessment for key patho-

gens of concern. For specific organisms (bacteria, viruses and par-
asites) and fresh produce items, this will involve the establishment
of dose-response relationships, consumption levels, and identifi-
cation of potential pathways for transmission from the source to
the consumer.

• Establish microbiological standards for agricultural water that

are based on risk assessment for key pathogens of concern.
• Identify indicator organisms for agricultural water safety and

specifically assess the scientific basis for E. coli as an indicator of
agricultural water safety.

• Determine optimal and/or practical conditions (for example,
time/temperature) for composting manure to kill bacterial patho-
gens and parasites.

• Identify manure/compost indicators of complete or incom-
plete process control.

• Determine persistence of pathogens on food control surfaces
in harvest and postharvest operations.

• Identify best management practices for disinfection of food
contact surfaces (that is, bins, totes, bags, knives, platforms, pack-
ing lines).

• Determine incidence of pathogens on reusable containers
used for field operations.

• Assess the risk assessment and exposure related to adjacent
land-use/operations (for example, dairy operations).

• Study the impact of evolving crop management practices (that
is, runoff buffers/wetlands, minimal tillage, high density cropping,
bed widths) on increased risk.

• Validate soil persistence; models for manure incorporations
in agricultural settings.

• Validate current Best Management Practices for pathogen in-
terventions associated with concentrated point-source contami-
nation (that is, berms, diversions, dust control).

• Investigate intervention/correction strategies for achieving ag-
ricultural water adequacy.

• Develop rapid and accurate methods to assess agricultural
water pathogen presence, to aid in economic decisions.

• Continue work on database on pathogen persistence vs. envi-
ronmental stress/time on plant surfaces.

• Analyze the impacts of microbial interactions (includes bio-
films/aggregates) on pathogen survival in the field.

Glossary
Aerobic composting. The biochemical decomposition of organic

matter in sewage sludge or manure into carbon dioxide and
water by microorganisms in the presence of air.

Aerosol. A suspension of fine solid or liquid particles in gas.
Agricultural water. Water used in the growing environment for

agronomic reasons. It includes water used for irrigation, transpi-
ration control (cooling), frost protection, or as carrier for fertiliz-
ers or pesticides. Typical sources of agricultural water include
flowing surface waters from rivers, streams, irrigation ditches,
open canals, impoundments (such as ponds, reservoirs, and
lakes), wells, and municipal supplies.

Anaerobic composting. The biochemical decomposition of organic
matter in sewage sludge or manure into methane gas and carbon
dioxide and water by microorganisms in the absence of air.

Broadcast. To apply fertilizer in all directions by scattering.
Buffer strip. Also referred to as a filter strip. A strip of permanent

vegetation of sufficient width and vegetative density adjacent to
or near a susceptible target area to provide protection from mi-
crobial contamination through water. The vegetation retards the
flow of runoff water, causing the flowing water to deposit silt.

CAFO. Confined Animal Feeding Operations. Animals (other than
aquatic animals) have been, are, or will be stabled or confined
and fed or maintained for a total of 45 days or more in any 12
month period, and crops, vegetation, forage growth or posthar-
vest residues are not sustained in the normal growing season
over any portion of the lot or facility.

Chlorine. The chemical element CL. A greenish-yellow gaseous
element used in water purification as a disinfectant.

Compost Tea. Liquid preparation made using compost as a start-



68 COMPREHENSIVE REVIEWS IN FOOD SCIENCE AND FOOD SAFETY—Vol. 2 (Supplement), 2003

IFT/FDA Report on Task Order 3

ing material used as a foliar application to combat plant patho-
gens or supplement plant nutrients.

Compost. The product of a managed process (treatment, turning,
and so on) through which microorganisms break down plant
and animal materials into more available forms suitable for ap-
plication to the soil as a fertilizer. According to EPA, compost
must be produced through a process that combines plant and
animal materials with an initial C:N ratio of between 25:1 and
40:1. Producers using an in-vessel or static aerated pile system
must maintain the composting materials at a temperature be-
tween 131 °F and 170 °F for 3 days. Producers using a wind-
row system must maintain the composting materials at a tem-
perature between 131 F and 170 F for 15 days, during which
time, the materials must be turned a minimum of five times.

Conveyor. A mechanical device for carrying material from one
point to another.

Drift. The physical movement of prohibited substances from the
intended target site onto an organic operation or portion there-
of.

Drip/trickle irrigation. Watering plants so that only soil in the
plant’s immediate vicinity is moistened. Water is supplied from
a thin plastic tube at a low flow rate. It is the most efficient use
of water for irrigation and also reduces the chance of pathogens
because the entire plant is not wetted, thereby denying mois-
ture to the microorganisms.

Facility. A building or other physical structure used for or in con-
nection with the harvesting, washing, sorting, grading, storage,
packaging, labeling, holding, or transport of a product.

Fecal coliforms. Those microorganisms that are detected by the
coliform test and that can ferment lactose to acid and gas within
48 hours at 44.5 to 45.5 °C.

Fertilizer. A single or blended substance containing one or more
recognized plant nutrient(s) which is used primarily for its plant
nutrient content and which is designed for use or claimed to
have value in promoting plant growth.

Field packing. Packing produce directly from the field into market
containers for commercial distribution and sale.

Furrow irrigation. Irrigation system by which a crop field is partly
flooded with water, and some parts of the plant may not be in
contact with water.

Float/soak tank. Tanks filled with water and cleansing agents to
clean produce.

Flume transport. An inclined, open conduit or trough-like struc-
ture for

Forced air cooling. A fan powered cooling system which exposes
packages of produce in a cooling room to higher air pressure
on one side than on the other forcing the cool air through the
packages and past the produce for heat transfer from the pro-
duce.

Gravity irrigation. Water that moves through soils under the influ-
ence of gravity. It is distinguished from a pumped supply of water.

Ground water. Water below the land surface in the saturated
zone.

Gray water. Wastewater, collected separately from a sewage flow,
that originates from a clothes washer, bathtub, shower, or sink,
but it does not include wastewater from a kitchen sink, dish-
washer, or toilet.”

Hydro cooling. A cooling process accomplished by flooding the
produce with large volumes of chilled water, normally in a hy-
dro-cooler designed specifically for that purpose.

Hygiene. The science of health and the prevention of disease.
Conditions and practices (such as hand washing) promoting or
preserving health.

Incorporation. To unite or combine to form a single whole such
as fertilizer tilled or injected into the soil.

Lagoon. A shallow artificial pond often used for the processing of

sewage or manure.
Manure. Feces, urine, other excrement, and bedding produced

by livestock that has not been composted.
Manure aging. Storage and management of manure, often reach-

ing heat pasteurization temperatures, similar to composting, but
in a less controlled manner

Manure Tea. Liquid preparation made using manure as a starting
material used as a foliar application to combat plant pathogens
or supplement plant nutrients.

Mobile packing unit. A piece of equipment that moves slowly
through the field allowing workers to harvest and pack produce
as it progresses.

Mulch. Any nonsynthetic material, such as wood chips, leaves, or
straw, or any synthetic material included on the National List for
such use, such as newspaper or plastic that serves to suppress
weed growth, moderate soil temperature, or conserve soil mois-
ture.

Municipal water. Water that has been treated to satisfy water qual-
ity municipal standards for consumer use.

Organic crops. Crops grown using only organic (carbon contain-
ing) compounds. Organic growers may use fertilizers and pesti-
cides, but these compounds must be organic and not synthetic
chemicals.

Organic fertilizer. Remains, residues, or waste products of any or-
ganism containing one or more recognized plant nutrient(s)
which is used primarily for its plant nutrient content and which
is designed for use or claimed to have value in promoting plant
growth.

Soil amendment. Soil conditioners (materials that make the soil
more suitable for the growth of plants with a Carbon/Nitrogen
ratio greater than 30) or fertilizers (materials that supply essen-
tial elements to improve productivity of plants with a carbon/ni-
trogen ratio of less than 20). These materials may be made of :
lime, gypsum, sulphur, compost, woodwaste, peat, manure, fer-
tilizers, or nonagricultural waste.

Organic matter. The remains, residues, or waste products of any
organism.

Organic production. A production system that is managed in ac-
cordance with the Act and regulations in this part to respond to
site-specific conditions by integrating cultural, biological, and
mechanical practices that foster cycling of resources, promote
ecological balance, and conserve biodiversity.

Organic. A labeling term that refers to an agricultural product pro-
duced in accordance with the Act and the regulations in this
part.

Overhead sprinkler system. Overhead application of water to a
crop by any of a wide range of systems, e.g. center pivot. The
entire plant is wetted.

Ozone. A blue gaseous allotrope of oxygen, derived from diatom-
ic oxygen by electric discharge or exposure to ultraviolet radia-
tion.

Packing facility. In many instances fresh produce is harvested in
one location and transported to a central facility for cleaning
and packing into market containers. The size of the packing fa-
cility can range from a small on-farm shed to a large commer-
cial plant.

Reclaimed water. Water from industrial or domestic sources has
been treated through a wastewater facility to reduce microbio-
logical, chemical, and physical contaminants, according to its
intended use.

Risk assessment: The scientific approach to determine magnitude
of a risk. It involves 1) hazard identification (information about
the pathogen/toxin and the food in question), 2) hazard charac-
terization (severity and duration of disease, dose-response), 3)
exposure assessment (see below ) and 4) risk characterization
(combines the above information to give a complete picture of
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the risk). Results in a risk estimate that is an indication of the lev-
el of disease (e.g. number of cases per 100,000 per year) result-
ing from a given exposure.

Runoff. Rainwater, leachate, or other liquid that drains overland
on any part of a land surface and runs off of the land surface.

Sanitizing. Treatment to kill microorganisms. Includes rinsing,
soaking, spraying, or wiping the surface with a sanitizing solu-
tion. Surfaces should be properly washed and rinsed before
they are sanitized. An unclean surface cannot be effectively
sanitized because soap and soil inactivate sanitizing solutions.

Sewage effluent. Water that results from treating wastewater (for
example, after preliminary, primary, secondary or tertiary treat-
ment).

Sewage sludge or biosolids. A solid, semisolid, or liquid residue
generated during the treatment of domestic sewage in a treat-
ment works. Sewage sludge includes but is not limited to: do-
mestic septage; scum or solids removed in primary, secondary,
or advanced wastewater treatment processes; and a material
derived from sewage sludge. Sewage sludge does not include
ash generated during the firing of sewage sludge in a sewage
sludge incinerator or grit and screenings generated during pre-
liminary treatment of domestic sewage in a treatment works.
Sometimes used as a fertilizer.

Slushed ice cooling. The packing of produce where alternate lay-
ers of ice and the commodity are placed in a shipping box or
crate. A preferred cooling method for many types of extremely
perishable produce items that not only removes heat rapidly
when first applied to produce but continues to absorb heat as it
melts.

Slurry. A watery mixture of insoluble matter.
Subirrigation. Water supplied to the soil (from ditches or through

underground tile lines, or perforated pipe lines, or by natural
subsoil moisture) in sufficient amounts to maintain a water table
sufficiently close to the soil surface to supply adequate water
quantities for crop needs.

Synthetic. A substance that is formulated or manufactured by a
chemical process or by a process that chemically changes a
substance extracted from naturally occurring plant, animal, or
mineral sources, except that such term shall not apply to sub-
stances created by naturally occurring biological processes. The
conduction of water and floating objects.

Trace back. The ability to trace a fruit or vegetable back to its
source of origin. A common practice used by health officials to
investigate foodborne illness outbreaks. Retailer, stocker, ship-
per, packer, grower, field, harvester, date of harvest are informa-
tion items which may be part of a trace back system.

Ultraviolet (UV) light. Ultraviolet light is a form of radiation which
is not visible to the human eye. It is sometimes used for irradia-
tion of produce to eliminate disease pathogens.

Vacuum cooling. A cooling system where the product is put into a
vacuum chamber and the atmospheric pressure is lowered. As
water evaporates, the heat of vaporization quickly removes heat
from the product. Commonly used for leafy vegetables, such as
lettuce.

Wastewater treatment. Process by which raw municipal waste-
water (for example water from domestic or industrial sources) is
treated to achieve a certain level of chemical and microbiologi-
cal quality (that is, reclaimed water). It commonly consists of a
sequential series of processes: preliminary, primary, secondary,
disinfection, and advanced processes. The preliminary process
consists of the physical processes of screening, comminuting,
grit removal, flocculation, odor control, chemical treatment,
and pre-aeration. The primary treatment is a physical treatment
process to remove settleable organic and inorganic solids by
sedimentation and floating materials by skimming. The second-
ary treatment utilizes an aerobic biological treatment process—

by which microorganisms oxidize the organic matter—for the
removal of organic matter, and, in some cases, nitrogen, and
phosphorus. A significant amount of heavy metals, biochemical
and chemical oxygen demand, and suspended solids are re-
moved. The disinfection or tertiary treatment step is the most im-
portant process for the destruction of microorganisms. Chlorine
is the most common disinfectant used, although ozone and ul-
traviolet light may also be used. Advanced wastewater treat-
ment are used when a high quality reclaimed water is neces-
sary, as for irrigation of food crops eaten raw. They comprised a
filtration, nitrification, denitrification, phosphorus removal, co-
agulation-sedimentation, carbon adsorption and so on.
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Appendix A
State/Federal Regulations Impacting the Potential

for Microbial Contamination of Produce

ground or surface waters, of course, would not be regulated.
The Clean Water Act (CWA) of 1977 is designed to control do-

mestic, industrial, and agricultural pollution. EPA is charged with
enforcement of CWA. CWA requires each state to adopt water
quality standards for most water bodies both intra- and interstate.
Upon the 25th anniversary of CWA, EPA developed a Clean Wa-
ter Action Plan that promotes strong federal and state water stan-
dards. EPA is coordinating implementation of the Plan for agricul-
ture with USDA’s Natural Resources Conservation Service, along
with receiving input from the State Departments of Agriculture and
the Extension Service.

Under Section 319 of the CWA, a state must assess the impact
of non-point source pollution on its streams and lakes and devel-
op a comprehensive control management plan for EPA approval.
Control efforts are centered on voluntary adoption and imple-
mentation of Best Management Practices by farmers and ranchers.

The National Pollutant Discharge Elimination System (NPDES)
regulations control discharges of waste that could pollute water
sources used for irrigation. These regulations can be administered
by a state with an EPA-approved program. This program regulates
point source pollution such as concentrated animal feeding oper-
ations. To assist in controlling animal waste pollution of waters,
EPA has developed a Comprehensive Nutrient Management Plan
(CNMP), which, at the state level, is a voluntary control measure.
States are expected to fully implement CNMPs by 2009.

The Federal Coastal Zone Management Act of 1972 and the
Coastal Zone Act Reauthorization Amendments of 1990 require
water quality programs for the 35 states or territories having coast-
al areas. To date, 33 states have approved programs. The CZMA
particularly address non-point sources of pollution. The National
Oceanic and Atmospheric Administration enforce this act with
EPA sharing responsibility. Among the areas addressed in these
plans are nutrient management and irrigation water management.

The Safe Drinking Water Act of 1974 addresses ground water
quality and has an indirect impact on farm irrigation waters that
use ground water sources.

Reviewing a state’s implementation of these federal acts pro-
vides insight into the extent of regulation needed to ensure water
quality.

1.2. Biosolids requirements. The Solid Waste Disposal Act of
1965. The use of sewage sludge, biosolids, manures, and reuse
water on agriculture cropland is a risk to microbial quality of food
crops. As with water requirements, the state programs implement-
ing the core federal program requirements of the Solid Waste Dis-
posal Act, along with unique state needs, comprise most state sol-
id waste management programs. States have programs that en-
courage recycling through use of biosolids and reclaimed waters.

EPA in accordance with the Standards for the Use or Disposal
of Sewage Sludge, 40 C.F.R. § 503 (2000), regulates sewage
sludge generated by a treatment facility. This rule establishes stan-
dards, general requirements, pollutant limits, management prac-
tices, and operational standards for the final use or disposal of
sewage sludge. This rule also has specific chemical and microbio-
logical standards for sewage sludge applied to land, including ag-
ricultural land. State programs adopting the federal core require-
ments can be more restrictive than the federal requirements. Be-
cause of potential health issues and the need to recycle waste,
management of biosolids is a controversial and evolving topic in
the public policy arena.

Scope
This appendix provides an overview of state requirements that

may facilitate microbial contamination through the use of irriga-
tion water and/or biosolids as fertilizers for agriculture crops. The
overview derives from a survey developed by the panel and sent
to the following states: Arizona, California, Florida, Maryland,
New Jersey, New York, Oregon, and Texas.

The states requested to participate in the survey were contacted
through state regulatory personnel, wherever possible, and
through the Agriculture Department leadership. In addition to dis-
tributing a questionnaire (see “Request for Information” form be-
low), the panel conducted searches of state Internet regulatory
sites to identify specific regulations. Information was received
from five of the surveyed states: Arizona, Florida, Maryland, New
Jersey, and New York. Information concerning state organic laws
were obtained from Florida, California, and Washington. Informa-
tion on Texas regulations was compiled from the Texas Adminis-
trative Code Website (<http:\\lamb.sos.state.tx.us>. Accessed
2001 Aug).

The appendix reviews the federal laws—water requirements,
biosolids requirements, and organic farming requirements—that
impact applicability of environmental controls on agricultural
crops that may result in decreased or increased risk of microbial
contamination. It then reviews the results of the survey from the
standpoint of state management of surface and ground water, re-
claimed water, and biosolids. It also discusses the impact of Or-
ganic Laws on manure use.

1. Federal Requirements
When addressing the issue of water quality and organic fertiliz-

ers and their potential for microbial impact on produce, an exami-
nation of individual state requirements is necessary. Currently,
there are several federal laws administered by the Environmental
Protection Agency (EPA) that impact the use of water and fertilizer
in agriculture:

• Clean Water Act of 1977
• Safe Drinking Water Act of 1974
• Solid Waste Disposal Act of 1965
• Coastal Zone Management Act of 1972
• Organic Foods Production Act of 1990
• State Organic Production Laws : Fla. Stat., pt. II, ch. 504

(2000); Cal. Agric. Code § 46000-46015; Wash. Admin.
Code § 16-154, -160.

These laws utilize a cooperative implementation that involves
development of state laws, regulations, and programs that can be
more restrictive than the federal requirements, but that must be
approved by the federal agency. Some of these programs have not
been fully implemented at the state level. Since each state is
unique with respect to the demographics, geology, economic, po-
litical, environmental, and resources issues, programs state-to-
state are unique. Therefore, while the federal laws provide core re-
quirements for program development, there is a certain amount of
non-uniformity within the states.

1.1. Water requirements. Under the federal requirements for
water contamination control, states are required to develop pro-
grams to regulate the microbial quality of ground and surface wa-
ters, which are sources for irrigation waters. Water from other than
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1.3. Organic farming requirements. Organic Farming Laws en-
courage states to control organic farming practices. Organic farm-
ing is specifically addressed because of its emphasis on use of an-
imal waste (manure) for soil amendment and fertilization. Con-
gress passed the National Organic Farming Bill in 1990, and the
Agriculture Marketing Service published final rules in January
2001 for a National Organic Program (2001). There are two types
of state Organic Laws, one in which the state certifies an organic
program certifier (3rd party) who implements and certifies a pro-
gram of organic farming practices consistent with the state’s defi-
nition of organic; and a state in-house program in which the state
certifies the organic farming practices and inspects for compli-
ance. With the publication of the National Organic Program rules,
many current state programs will be transitioning to the USDA/
AMS for approval. The Association of Feed and Fertilizer Control
Officials, which represents state officials, is reviewing the use of
biosolids and manure as fertilizers with a goal of implementing
uniform state standards.

2. Results of survey
The following discussion, based on information received from

the state surveys and Internet searches, reflects the diversity of
state programs. The results of the five states surveyed—Arizona,
Florida, Maryland, New Jersey, New York—are examined accord-
ing to criteria, classification, and management control of surface
and ground water; reclaimed waters; and biosolids (solid waste).
None of these states have any requirements regarding the micro-
bial quality of irrigation waters. There is also discussion of Organ-
ic Laws on manure use, with attention to the state requirements in
California, Florida, and Washington.

2.1. Arizona
2.1.1 Surface and ground water criteria. Arizona has specific

microbial water quality standards for surface waters that is cou-
pled with intended uses, including agricultural irrigation. Ariz. Ad-
min. Code R18-11-109 (2001). These criteria include both fecal
coliforms and Escherichia coli. The fecal coliform standard per
100 mL for agricultural irrigation is: 1) a 30-day geometric mean
(5 sample min) 1000; 2) max 0% if samples for a 30-day period
2000; 3) single sample max 4000. Fecal coliform in effluent de-
pendent waters include: all designated areas 30 days mean 200;
10% in samples for a 30-day period 400; single sample max 800.
In addition, E. coli in CFU/100 mL shall not exceed 30 day mean
of 130 CFU and a single sample max of 580 CFU.

2.1.2 Classification, criteria, and management control of re-
claimed waters. Of all the states examined, Arizona has the most
extensive quality standards and use designations for reclaimed
water. These designations are Class A+, A, B+, B, and C. The appli-
cable standards of Class A apply to direct reuse for irrigation of
food crops and spray irrigation of orchards. Ariz. Admin. Code
R18-11-309 (1998). In addition management requirements of di-
rect reuse reclaimed water and specific requirements for irrigation
are covered in Article 7, Ariz. Admin. Code R18-9 (2001).

Arizona is the only state to define and classify “gray water” as
reclaimed water, and sets out parameters for its use. Gray water
cannot be used for surface application for irrigation of food
plants, except for citrus and nut trees. These regulations define
gray water as “wastewater, collected separately from a sewage
flow, that originates from a clothes washer, bathtub, shower, or
sink, but it does not include wastewater from a kitchen sink, dish-
washer, or toilet.” Ariz. Admin. Code R18-11-301 (1998). Gray
water cannot contain water “used to wash diapers or similarly
soiled or infectious garments unless the gray water is disinfected
before irrigation,” and surface water irrigation is limited to “flood
or drip irrigation.” Ariz. Admin. Code R18-9-711 (2001).

2.1.3. Classification, criteria, and management control of bio-
solid (solid waste). Arizona defines biosolids as “sewage sludge
which is placed on, or applied to the land in order to use the ben-
eficial properties of the material as a soil amendment, condition,
or fertilizer…Biosolids do not include [a list of sludge types that
may contain hazardous or noxious components].” Ariz. Admin.
Code R18-13-502.7 (1998). Microbial criteria for biosolids are es-
tablished for Class A and Class B pathogen reduction processes at
the time of land application, and are identical to the federal re-
quirements. Class A pathogen reduction results in a density of fe-
cal coliforms less than 1000 MPN per gram of total solids (dry-
weight basis), or a density of Salmonella sp. less than 3 MPN per
4 grams of total solids (dry-weight basis), and a required alterna-
tive pathogen treatment option use. Ariz. Admin. Code R18-13-
1506 (1998).

Land application of biosolids that do not meet Class A patho-
gen reduction can be applied to food crops with harvested parts
that touch the biosolids, or biosolids and soil mixture, but other-
wise grow above ground cannot be harvested for 14 months after
application. When the biosolids remain on the land’s surface > 4
months, food crops with harvested parts growing in or below the
land surface cannot be harvested for 20 months following appli-
cation. For those applications where the biosolids remain on the
surface <4 months prior to incorporation, and the food crop’s har-
vested parts grow in or below the land surface, harvest cannot oc-
cur for 38 months following application. Other food, feed, and fi-
ber crops cannot be harvested for 30 days after application, as-
suming biosolids do not stay on land surface and crop does not
touch ground. Ariz. Admin. Code R18-13-1508 (1998).

2.2. Florida
2.2.1. Surface and ground water criteria. Florida uses narrative

requirements for its surface and ground water criteria and is cur-
rently developing quantitative values for water quality. Florida sur-
face waters are classified into five classes: Class I for potable water
supplies; Class II for shellfish propagation or harvesting; Class III
for recreation, propagation and maintenance of fish and wildlife;
Class IV for agriculture water supplies and Class V for navigation,
utility, and industrial use. Florida’s surface water quality standards
for Class III waters (recreation and fish & wildlife) are 200 fecal
coliforms/100 mL and 1000 total coliforms/100 mL (monthly av-
erage limits). Fla. Admin. Code 62-302 (2001). Class III waters are
the predominant class of freshwater surface waters in the state and
may be used for irrigation. Class IV agricultural waters have no
microbiological standards.

2.2.2. Classification, criteria, and management control of re-
claimed waters. Florida has extensive management controls for
application of reclaimed or reuse waters. This is due, in part, to
the sensitive natural aquifer and high water table present in the
state, as well as to problems with rural wells contaminated with ni-
trates and copper. The management control requirements include
an engineering report with a hydrological component that moni-
tors wells.

Sections 403.064 and 373.250, Florida Statutes, establish the
encouragement and promotion of water conservation and reuse
as formal state objectives. In response, the Florida Department of
Environmental Protection, with assistance from the state’s water
management districts, Department of Health, and other state agen-
cies, has implemented a comprehensive Reuse Program (York and
Wadsworth 1998). This includes a requirement for use of re-
claimed water within designated Water Resource Caution Areas.

Reclaimed water used to irrigate edible crops is regulated as a
“slow rate application.” Permitted irrigation of edible crops in-
cludes those crops that will be peeled, skinned, cooked or ther-
mally processed before consumption. Fla. Admin. Code 62-
610.475 (1999). Citrus may be irrigated provided the reuse water
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is from a domestic treatment facility if public access is limited; the
water does not touch the fruit; the fruit is subject to processing be-
fore human consumption; and secondary treatment and basic
disinfection is performed. Fla. Admin. Code 62-610.100[9]
(1999). Additionally, edible crops that will not be peeled, skinned,
cooked or thermally processed before consumption are allowed if
an indirect application method (such as ridge and furrow applica-
tion) precludes direct contact with the reclaimed water. Irrigation
of edible crops that will not be peeled, skinned, cooked or ther-
mally processed before consumption, which uses an application
method allowing for direct contact of reuse water with edible por-
tions, is prohibited. Fla. Admin. Code 62-610.475 (1999).

2.2.3. Classification, criteria, and management control of bio-
solids (solid waste). Florida monitors production and distribution
of biosolids produced within the state as well as that imported
into the state. Citrus for fresh juice production is specifically pro-
hibited from a grove that has been treated with manure. Fla. Ad-
min. Code 20-49.005 (2001). Application and use of biosolids
must be in compliance with applicable regulations under Fla. Ad-
min. Code 62-640 (1998). Waste water residuals are classed as
AA, A or B. Class A and B residuals meet the respective require-
ments of 40 C.F.R. § 503 (D), 503.32-.33 with respect to pathogen
reduction process. Class AA residuals are those residuals that also
meet parameter concentrations equivalent to 40 C.F.R. § 503 (D),
503.13 that are packaged, marketed, and distributed through sale
or giveaway. Florida requires monthly reports on the acquisition
and distribution of Class AA residuals. Fla. Admin. Code 62-
640.850 (1998).

Site application restrictions are as follows: Land application of
biosolids that do not meet Class A pathogen reduction can be ap-
plied to food crops with harvested parts that touch the biosolids,
or biosolids and soil mixture, but otherwise grow above ground
cannot be harvested for 14 months after application. When the
biosolids remain on the land’s surface > 4 months, food crops
with harvested parts growing in or below the land surface cannot
be harvested for 20 months following application. For those appli-
cation where the biosolids remain on the surface <4 months prior
to incorporation and the food crop’s harvested parts grow in or
below the land surface, harvest cannot occur for 38 months fol-
lowing application. Other food, feed, and fiber crops cannot be
harvested for 30 days after application, assuming biosolids do not
stay on land surface and crop does not touch ground. Fla. Admin.
Code 62-640.600 (1998).

Further, Florida water quality standard must not be violated in
waters as a result of any land application of residuals. Non-Class
A residuals may not be applied within 1000 feet of a Class I water
body, Outstanding Florida Water, or Outstanding National Re-
source Water; or within 200 feet from any other surface water of
the state. There is a 200-foot setback to sinkholes and other natu-
ral or man-made conduits to ground water. A minimum unsaturat-
ed soil depth of two feet above the water table is required at the
time residuals are applied. Monitoring may be required if deemed
necessary by the Department. Fla. Admin. Code 62-640.700
(1998).

2.3. Maryland
2.3.1. Surface and ground water criteria. Maryland is currently

developing a plan for Water Quality Management. There are spe-
cific water quality requirements for fresh and salt recreational wa-
ters that contact humans. For these specific criteria for E. coli or
enterococci apply. Md. Regs. Code tit. 26, § 08.09.00 (2001).

2.3.2. Classification, criteria, and management control of re-
claimed waters. Maryland has no requirements for use of re-
claimed waters for irrigation purposes.

2.3.3. Classification, criteria, and management control of bio-
solids (solid waste). Maryland’s environmental laws follow the re-

quirements in the federal regulations (see Standards for the Use or
Disposal of Sewage Sludge, 40 C.F.R. § 503) with respect to sew-
age pathogen treatment. Application of sewage sludge to agricul-
ture lands must meet restrictions which require pathogen reduc-
tion processes to significantly reduce pathogens. Crops for direct
human consumption may not be grown on the sludge application
area for 3 years subsequent to application. Maryland may waive
this requirement if there is no contact between the sewage sludge
and the edible portion of the crop. Md. Regs. Code tit. 26,
04.06.08 (2001). In addition, Maryland’s management regulations
require that the sludge be incorporated into the soil daily during
application. Exceptions include site management plans, such as
no till farming or the presence of an established crop. The Depart-
ment may also determine whether there is any impact on the envi-
ronment or health.

2.4. New Jersey
2.4.1. Surface and ground water criteria. New Jersey has two

classifications for surface water, FW1 and FW2. N.J. Admin. Code
7:9B (1998). FW1 waters have criteria to maintain their natural
state. FW2 waters have bacterial criteria as provided in the Na-
tional Shellfish Sanitation Program for shellfish harvesting. Fresh
waters have no microbial criteria.

2.4.2. Classification, criteria, and management control of re-
claimed waters. New Jersey has no specific regulations concern-
ing criteria and use of reclaimed or reuse waters.

2.4.3. Classification, criteria, and management control of bio-
solids (solid waste). New Jersey’s environmental laws follow the
requirements in the federal regulations (Standards for the Use or
Disposal of Sewage Sludge, 2000) with respect to sewage treat-
ment. New Jersey has requirements for the use of biosolids (resid-
uals) and has adopted a very proactive policy for the use of resid-
uals. Examples include direct land application of residuals to
farmland, and development of marketable residuals or materials
for agricultural purposes. Application of residuals is carefully
monitored using an approved residuals management plan. New
Jersey follows the federal sludge management requirement in im-
plementing its program.

2.5. New York
2.5.1. Surface and ground water criteria. New York classifies

surface water according to its appropriate use. Class N water is a
natural potable water defined by hydrological isolation of at least
200 feet of lateral travel through unconsolidated earth. New York
is the only state among the states examined with this definition for
water. In addition, New York classifies various Class AA fresh water
as a source for drinking water and water for food preparation.
Class A fresh water may be used as a source for drinking water,
but requires treatment, including disinfection that meets New York
drinking water standards. Class B fresh surface water is suitable
for primary and secondary contact recreation and fishing. Class C
fresh water is suitable for fishing, and may be suitable for primary
and secondary contact recreation. Class D fresh water is suitable
for fishing, but not for fish propagation. Primary and secondary
contact reaction use may be acceptable.

6NYCRR Chapter X, Part 703.4 (1993) provides water quality
standards for these classifications and includes quality standards
for total coliforms and fecal coliforms as follows: Class AA—a
monthly value and more than 20% of samples (5 sample min)
shall not exceed 50 and 240 coliforms/100ml. Class A, B, C, D,
the monthly mean value and more than 20% of the samples as for
AA 2,400 and 5,000, respectively. The fecal coliform values shall
have a monthly geometric mean not exceeding 200/100 mL.
Compliance with these values is required during periods when
disinfection is used.

In addition, tit. 6, Part 703.6(b) states that with respect to
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groundwater effluent to Class GA waters, “coliform or pathogenic
organisms shall not be discharged in amounts sufficient to render
groundwater detrimental to public health, safety, or welfare.”

2.5.2. Classification, criteria, and management control of re-
claimed waters. New York does not regulate reclaimed waters for
agriculture irrigation.

2.5.3. Classification, criteria, and management control of bio-
solids (solid waste). New York uses the state regulations for solid
waste facilities, 6NYCRR Part 360 (1996), as well as the federal
rule (40 C.F.R. § 503) to govern solid waste operations. New York
anticipates becoming a delegated state under the EPA so that it
can administer the federal requirements. It currently uses the pol-
lutant limits of 40 C.F.R. § 503.13. Under 6NYCRR 360-4 and
360-5, New York provides for the application of biosolids to land
upon site approval, and uses the federal Class A Pathogen Reduc-
tion Process for composting facilities for solids production. Sixty-
four per cent of New York’s biosolids are landfilled within the
state, with the remaining percentage exported.

2.6. Texas
2.6.1. Surface and ground water criteria. Texas regulations

have specific microbial criteria for surface waters that are estab-
lished as needed on a site-specific basis and may be applied to
unclassified waters. For example, noncontact recreational surface
fresh water cannot have a geometric mean of E. coli greater than
605 per 100 mL. Texas is the only state examined that uses E. coli
(or fecal coliforms as an alternative) as quality criteria for fresh
site-specific waters. 30 Tex. Admin. Code Part 1, Chapter 307,
Regulation 307.7 (2000).

2.6.2. Classification, criteria, and management control of re-
claimed waters. Texas classifies reclaimed waters as Type I and
Type II. Type I reclaimed water has a maximum fecal coliform
standard of 20 CFU/100 mL as a geometric mean and a single
grab sample maximum of 75 CFU/100ml. Type II reclaimed water
has maximum fecal coliform standards of 200 CFU/100ml as a
geometric mean and 800 CFU/100ml as a single grab sample. In
addition to the permitting and required management plans, the
Texas Administrative Code permits only Type I reclaimed water for
irrigation of food crops where the applied reclaimed water may
have direct contact with the edible part of the crop, unless the
food crop undergoes a pasteurization process. 30 Tex. Admin.
Code Part 1, Chapter 210, Subchapter C [1][D] Rule 210.32
(1997). Type II reclaimed water for irrigation can be used for irri-
gation of food crops where the reclaimed water is not likely to
have direct contact with the edible part of the crop, or where the
food crop undergoes pasteurization prior to distribution for con-
sumption. In addition, Type II reclaimed water may be used for
animal feed crops other than pasture for milking animals. 30 Tex.
Admin. Code Part 1, Chapter 210, Subchapter C[2][B] and
[C]Rule 210.32 (1997).

2.6.3. Classification, criteria, and management control of bio-
solids (solid waste). Texas requires sludge to meet Class A patho-
gen requirements or Class B in order to be applied to agriculture
land. 30 Tex. Admin. Code Part 1, Chapter 312, Subchapter B,
312.45[a], and Subchapter D, 312.82[a] (1995). Pathogen reduc-
tion requirements for Class A (which are identical to 40 C.F.R. §
503) also include alternative processes that examine enteric virus-
es and viable helminth ova density. Class A pathogen reduction
requirements are applied to sludge provided for consumer use.

Application site restrictions include food crops with harvested
parts totally above the ground, but touching the sludge/soil mix-
ture, which cannot be harvested until 14 months after application;
food crops with harvested parts below the land surface, which
cannot be harvested until 20 months after application if the
sludge remains on the ground surface >4 months, and 38 months
if sludge remains on the surface <4 months. Food crops with no

contact cannot be harvested for at least 30 days.
Management practices for application of sewage sludge to a

food, feed, or fiber crop must show that the public health and envi-
ronment are protected with respect to metal contamination. 30 Tex.
Admin. Code Part 1, Chapter 312, Subpart C, 312.64[k] (1995).
Texas is somewhat unique in that sludge application to land cannot
occur within 60 meters of a fault that has displacement in Holocene
time, or in any other unstable area, without special permit as re-
quired by the Clean Water Act, parts 402 and 404.

3. Organic food production
Organic food farming practices that require the use of organic

materials for fertilizer and soil augmentation represent a potential
source of pathogen contamination to produce. Prior to the final-
ization of the National Organic Program (NOP 2001) this year,
many states had specific laws governing the practices of “organic”
so that food sold as “organic” had been grown according to or-
ganic farming principles. While organic produce represents a
small niche in the produce industry, the encouraged use of ma-
nure for organic food is clearly growing.

Although there are no Federal regulations for manure, some
states place restrictions on the use of manure for crops grown for
human consumption. California has a requirement for manure
application as part of its solid waste management program. This
requirement reads: “Application of manure and waste water to
disposal fields or crop lands shall be at rates which are reason-
able for the crop, soil, climate, special local situation, manage-
ment systems and type of manure” (CA Div. 2, Title 27, Chapter
15, Rule 22563).

However, most state requirements relating to the use of manure
usually originate in state “Organic Laws.” Florida’s organic certifi-
cation program, for example, requires a 120 days restriction be-
tween application and harvest for raw manure, while the Organic
Foods Production Act of 1990 uses a 60-day restriction. Florida
uses 3rd party certification to implement its organic program. The
Florida Organic Growers have the following certification stan-
dards:

 Manures, Composts, and Mulches:
The following manure use practices are accepted:
1) Use of green manure crops on the field, when plowed un-

der, disked in, or left on the soil surface.
2) Use of raw animal manures when applied to:

A) Green manure crops (cover crops)
B) Crops not for human consumption
C) Crops for human consumption provided the crop is

harvested 120 days or more following the most recent
application

3) Use of composted manure
4) Use of manure aged by the producer 90 or more days

when applied at least 30 days to harvest
5) Composted food and forestry by-products free of contami-

nants are accepted.

Excessive use of raw manure may lead to a build up of ele-
ments in the soil and may be the basis for requiring more frequent
soil testing (Florida Organic Growers Certification Standards).

These same standards prohibit the use of sewage sludge and
contaminated organic materials.

There are two types of state Organic Laws, one in which the
state certifies an organic program certifier (3rd party) who imple-
ments and certifies a program of organic farming practices consis-
tent with the state’s definition of organic; and a state in-house pro-
gram in which the state certifies the organic farming practices and
inspects for compliance. Most states are in the process of transi-
tioning to programs that meet the requirements of the NOP. Cali-
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fornia’s organic law specifically states that it will automatically
transition to the requirements of the NOP as soon as the regula-
tions become final and Florida passed legislation this year that re-
peals the state law in December, 2002. Under the federal law,
states can defer to the federal program or have their state pro-
grams approved by the USDA, AMS.

Washington State represents a state with an in-house organic
program. Washington is in the process of amending its regula-
tions, Wash. Admin. Code § 16-160, and defines specific require-
ments for manure under the Washington Organic Law. Wash.
Rev. Code § 15.86. Under the rules adopted, Washington defines
raw manure as “manure that is less than six months old and has
not been composted,” and “aged manure” as “manure that has
been piled or held for six months or more, but which has not
been composted.” Wash. Admin. Code § 16-154.030.

4. Summary
All states are encouraged and/or required by federal environ-

mental agencies, consumer groups, environmental groups, and
local governments to practice wise stewardship through recycling
and waste mitigation programs. New Jersey and New York make
use of web advertisements announcing opportunities for solid
waste utilization management programs as a means of helping the
environment. Arizona, with its arid climate, has a goal of using as
much reclaimed water as possible; while Florida does everything
possible to protect its ground and surface waters. State to state,
these promotional activities are unique and address various state
environmental concerns. Every activity has an impact on crop

contamination. No state has regulations that require the applica-
tion of the FDA’s Good Agriculture Practices (GAPs) guidelines
(FDA 1998), although pressure for voluntary adherence to the
guidelines is evident in the large number of 3rd party farm certifi-
cations performed by the private market. Certainly the GAPs guide
is promoted and largely implemented through active support from
farm and agriculture industry organizations and user groups. This
report reflects a significant amount of environmental regulation
that indirectly protects produce from microbial contamination by
controlling pollution and water quality, along with illustrating the
renewed emphasis on farming practices that potentially expose
crops to contamination.
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