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Consumption of contaminated produce remains a leading cause of foodborne
illness. Increasingly, growers are altering agricultural practices and farm
environments to manage food-safety hazards, but these changes often
result in substantial economic, social, and environmental costs. Here, we
present a comprehensive evidence synthesis evaluating the efficacy of soil,
non-crop vegetation, animal, landscape, and irrigation water management
strategies aimed at reducing produce-safety risk in North America. We
systematically summarized findings from 78 peer-reviewed papers on the effect
of 21 management practices on the prevalence, abundance, or survival of
four foodborne pathogens (i.e., E. coli, Salmonella spp., Listeria spp., and
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Campylobacter spp.), resulting in 113 summaries. We then organized a 30-
member expert panel, who used these summaries to evaluate the impact of
each practice on food-safety outcomes. While more than half of the practices
were too understudied to confidently evaluate their impact on food safety, the
panel did identify several practices that were associated with reduced preharvest
food-safety risks, including not using raw manure, separating crop and livestock
production, and choosing low-risk irrigation sources. The panel also identified
practices that appear ineffective at reducing food-safety risks, such as the removal
of non-crop vegetation. Overall, these findings provide insights into the food-
safety impacts of agricultural and land management practices that growers,
auditors, and extension personnel can use to co-manage produce preharvest

environments for food safety and other aims.
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1. Introduction

In the United States, produce-associated outbreaks of
foodborne pathogens were linked to 100,939 illnesses, 5,699
hospitalizations, and 145 fatalities between 2009 and 2015 (Dewey-
Mattia et al.,, 2018). Indeed, recent analyses attribute ~40% of
Salmonella, 65% of E. coli, and 60% of Listeria illnesses in the
U.S. to consumption of fruits or vegetables (Interagency Food
Safety Analytics Collaboration, 2021). Foodborne pathogens can
contaminate preharvest produce through multiple pathways,
including the use of contaminated agricultural water, soil
amendments, or farm equipment as well as workers and animal
intrusion (LGMA., 2013; FDA, 2015). Food-safety standards,
regulations, and voluntary grower agreements have been developed
to address these contamination pathways, transforming farm
management and growing environments (LGMA., 2013; FDA,
2015). For example, wildlife fences, rodent traps, and bare-ground
buffers around fields are commonly implemented to mitigate
wildlife intrusion in California (Baur et al, 2016). Growers in
California also recently reported using raw manures and animal-
based composts less frequently than in the past (Baur et al,
2016).

Changes in farming practices associated with improving food
safety have come with socioecological consequences. Especially
in California, riparian and other on-farm, natural habitats are
often removed, threatening wildlife populations (Gennet et al,
2013; Karp et al, 2015a,b; Baur et al, 2016). On-farm, food-
safety management can also exact a heavy economic burden on
growers. For instance, leafy greens growers in California reported
costs for complying with the California Leafy Greens Marketing
Agreement (LGMA) ranging between $7,000 (water testing) to
$305,430 (total field audits) for implementing eight different food-
safety practices (Calvin et al., 2017). Importantly, food-safety costs
benefit from economies of scale, with costs per-acre decreasing as
produce acreage increases. As such, the economic impact of food-
safety compliance is often most acutely felt by smaller growers
(Karp et al., 2015a; Baur et al., 2017; Adalja and Lichtenberg, 2018).
Given the public health costs associated with ineffectively managing
preharvest food-safety hazards, and the economic/ecological costs
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associated with implementing food-safety practices, it is essential
to ensure that the on-farm agricultural and land management
practices effectively mitigate risks. Moreover, increasing evidence
from preharvest studies suggest that one-size-fits-all regulations are
not universally effective for managing preharvest food safety risks
due to the heterogeneity of farm operations (Neher et al., 2019;
Sharma et al., 2019; Weller et al., 2020). Instead, “best practices”
often appear to be context dependent, varying within and between
growing regions, commodities, and farms. Thus, “best practices”
are continuously evolving as more data become available (FAO and
WHO, 2019).

Further, industry buyers often interpret the Food Safety
Modernization Act Produce Safety Rule (FSMA PSR) and/or
LGMA regulations as a “floor” rather than a “ceiling,” imposing
additional (and often propriety) requirements designed to achieve
the least risky growing conditions possible (Karp et al., 20153
Baur et al, 2016). The efficacy of these practices may or may
not be scientifically vetted. For example, as noted, growers may
feel pressured to remove non-crop vegetation within and around
their fields to discourage wildlife, a practice absent in both FSMA
PSR and LGMA regulations (Karp et al., 2015b; Baur et al., 2016;
Olimpietal, 2019; Smith et al., 2020b). Yet, existing studies suggest
that, if anything, habitat removal may increase food-safety risks
(Karp et al, 2015b) by removing the filtering capacity of natural
vegetation (Tate et al, 2006; Glaize et al., 2021) or by shifting
ecological communities to favor more competent reservoir hosts
(Kilonzo et al., 2013; Smith et al., 2020a, 2022; Olimpi et al.,
2022). It is thus unsurprising that growers often report feeling a
significant disconnect between the food-safety practices that they
are pressured to implement and farming realities (Olimpi et al,
2019).

Discrepancies between grower perceptions and industry
recommendations may stem from a lack access to the resources
needed to determine which practices have been thoroughly
evaluated and shown to be effective and which have not. Different
practices are studied to different degrees, causing confidence in
their efficacy to vary. Yet the literature needed to evaluate efficacy
is hidden behind paywalls, often communicated via inaccessible
jargon, and distributed across multiple scientific disciplines (e.g.,
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microbiology, soil science, ecology, hydrology, etc.). As a result,
the literature relevant to informing on-farm practices for food
safety is often siloed, hindering efforts to find a “one-stop-shop”
extension personnel and growers can use to identify best practices
for farm management.

Looking forward, a “state-of-the-science” report is needed,
whereby the diverse food-safety impacts of multiple agricultural
and land management practices are cogently synthesized. Though
quantitative (e.g., meta-analyses) and qualitative (e.g., systematic
reviews) methods are regularly implemented, “evidence synthesis”
or “knowledge synthesis” techniques are particularly well-suited
when the impacts of multiple management actions on multiple
outcomes (e.g., prevalence and persistence of multiple foodborne
pathogens) need to be evaluated simultaneously. In an evidence
synthesis framework, existing knowledge is gathered from public
databases of scientific studies and then systematically summarized
and reviewed by an expert panel (Dicks et al., 2017; Donnelly
etal., 2018). The “Delphi Method” (one approach for expert review)
offers an iterative and anonymous process for evaluating the
synthesized literature while minimizing biases in group decision-
making (Mukherjee et al.,, 2015; Shackelford et al., 2019). A key
benefit of this rigorous, objective, and transparent approach is
that it enables decision-makers to both quickly understand core
conclusions and how these conclusions were reached (James et al.,
2016). As such, the Delphi Method has been implemented across
fields and decision contexts, including medicine, nursing, social
policy, and conservation/environmental science (Sutherland et al.,
2004; James et al., 2016; Dicks et al., 2017; Shackelford et al., 2019;
Varndell et al., 2021).

We performed evidence synthesis using the Delphi Method
to evaluate the food-safety impacts of 21 agricultural and
land management practices that fall into five broad categories:
management of soil, non-crop vegetation, agricultural water,
domestic/wild animals, and the surrounding landscape (Figure 1).
As part of our synthesis, we evaluated which practices were likely
to benefit vs. compromise food-safety outcomes, as well as our
confidence in each conclusion. By evaluating how well studied
each practice was and whether outcomes were consistently reported
across farming contexts, we sought to not only identify which
practices are likely to decrease, increase, or have no effect on
food-safety risks but also pinpoint existing research gaps.

2. Methods

2.1. Literature collection

Our objective was to synthesize findings from peer-reviewed
studies conducted in the U.S. or Canada that examined the impact
of agricultural and land management practices on preharvest
produce-safety outcomes. First, we iteratively identified search
terms to return as much relevant literature as possible, while
minimizing the number of irrelevant studies returned. Search terms
were designed to collect studies conducted in North America and
focused on foodborne pathogens, on-farm practices, and produce
types covered by FSMA PSR (Table 1). We conducted five searches,
focused on retrieving papers within the following management
categories: soil management, non-crop vegetation management,
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animal management, landscape context, and agricultural water
management (Table 1). Three public electronic databases were
searched [PubMed, Web of Science, and PubMed Central (PMC)]
for all literature available between 1945 and November 25, 2019,
returning 2,489 papers. Titles and abstracts were independently
screened by two people (ND, DW, MJ, or DK). Papers not meeting
the following criteria were discarded:

e The study was performed in the US or Canada and written
in English

e The study was published in a peer-reviewed journal (gray
literature and books were not included);

e The study reported original data (i.e., reviews and modeling
papers were excluded);

e The study focused on E. coli (generic or pathogenic),
Salmonella spp., Listeria spp. or Campylobacter spp.;

e The study focused on crops covered by the Food Safety
Modernization Act’s Produce Safety Rule (FSMA PSR);

e The study quantified the effects of management practices or
alternative landscape contexts on food-safety outcomes.

2.2. Standardized summaries

established methods
(Shackelford et al.,
one-paragraph

Using previously
[www.conservationevidence.com;
2019)], we

detailing the methods and results reported in each study

wrote standardized, summaries
(Supplementary Data Sheet 1). If a study considered multiple
practices (N = 15), separate summaries were written for each
practice. Each paragraph began with a one-sentence synopsis of
the study’s core finding and ended with a one-line conclusion.
Paragraphs noted study type (e.g., observational vs. experimental,
controlled or not, replicated or not), study period, growing region,
practice of interest, target pathogen(s), farm type, and sample size.
All paragraphs were written by ND and then edited by at least one
additional person from the core author team (DW, MJ, and/or
DK). After finalizing all summaries, summaries were grouped into
21 management practice categories.

2.3. Categorizing practices as beneficial,
harmful, or neutral with regards to
food-safety outcomes

We used expert elicitation and a modified Delphi technique
consisting of two rounds of anonymous evidence evaluation
to determine which practices were likely to be beneficial,
harmful, or neutral with regards to on-farm, food-safety outcomes
(Shackelford et al., 2019). First, we convened an expert panel,
that included doctoral-level researchers, doctoral candidates, and
extension personnel across several disciplines (e.g., food safety,
food microbiology, microbial and disease ecology, agronomy,
soil science, agroecology) who were actively conducting research
related to preharvest produce-safety and/or received extensive
training or education in the preharvest food-safety arena. Of the
53 experts invited to join the review panel, 30 (57%) accepted and
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Iteratively develop search terms
Gather literature from PubMed, Web of Science, & PMC (N= 2,489 papers)

Evidence Filter articles by applying inclusion criteria to titles and abstracts (N= 163 papers)
Collection Filter articles by applying inclusion criteria after in-depth reading
Final number of included papers: N=78
« Group papers by management practices and categories
Systematic « Draft systematic one-paragraph synopses
W y o « Summarize all the synopses included for each practice
Summaries

Final number of synopses: N=113

Expert Review

e o o o

Design expert score sheet to evaluate efficacy of food-safety practices
Design evidence scoring guidance documents
Invite experts (n=52) to score evidence

B —
Panel Finalize expert review panel
Final number of expert reviewers: N=30
* Review panel scores the benefits, harms, quality, and reliability for each practice
« Compile evidence scores into a database Repeat
« Calculate median scores and interquartile ranges for each practice scoring if
- . « Assign efficacy categories to each practice (based on predetermine criteria) category fails
Modified Delphi t ald
—] End of round 1 O receive
Method >66%
« Expert review panel reviews efficacy categories and accepts/rejects categories acceptance
« Compile into database & calculate fraction of reviewers accepting each category
End of round 2
— Fmahz.e « Share final classifications with expert panel
Categories
FIGURE 1

Conceptual diagram of evidence synthesis workflow.

agreed to evaluate each practice using only the evidence presented
(N =113 summaries focused on the 21 practices). The experts were
provided with detailed guidance documents regarding project goals
and evidence scoring procedures (Supplementary Data Sheet 2).
Experts were then asked to score each practice, on a scale from 1
to 10, in four separate prompts:

e How beneficial is the practice? Participants were asked
to consider how effective the practice was at reducing
the survival, prevalence, and/or abundance of foodborne
pathogens (STEC, Salmonella spp., Listeria spp.,
Campylobacter spp.) or indicator bacteria (fecal indicator

and

bacteria or generic E. coli).

e How harmful is the practice? Participants were asked to
consider whether the practice undermines produce safety
by bolstering the survival, prevalence, and/or density of
foodborne pathogens or indicator bacteria.

e How well studied is the practice? Participants were asked
to evaluate whether there have been sufficient high-quality
studies to determine whether the practice is beneficial,
harmful, or neutral in terms of food-safety outcomes.

e Are the outcomes of the practice reliable across contexts?
Participants were asked whether the practice would produce
the same (or similar) food-safety outcomes across geographies,
climates, soil types, commodities, etc.

In addition, reviewers were asked whether the practices that
they scored as “not beneficial” and/or “harmful” for preharvest
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produce safety outcomes could be implemented in such a way that
the practice might reduce food-safety risks. In all cases, reviewers
were provided with additional explanation of each area (e.g.,
examples) and space to report their rationale for the selected scores.

After receiving the completed scoresheets, we calculated
median responses to each of the four questions listed above for
each practice (Supplementary Table 1). Median responses were
used to categorize each practice into one of six evidence scores:
harmful, potentially harmful, having a tradeoff between benefits
and harms, neutral, potentially beneficial, beneficial, and unknown
efficacy (see Supplementary Table 2 for category definitions). To
determine whether scores differed substantially between experts,
we used generalized linear mixed models (GLMMs) to model
evidence scores (outcome) as a function of expert (fixed effect)
while controlling for management practice (random effect).
Separately, GLMMS were fit without the fixed effect of expert.
The GLMMs were fit using the Ime4 package (Bates et al.,, 2015)
and gaussian distributions. We compared the GLMMs with and
without expert as a fixed effect using likelihood ratio tests. Expert
explained significant variation in all cases (P < 0.001). Thus,
to determine whether median evidence scores were robust to
expert effects, we adjusted scores by model predictions, removing
predicted expert effects, and then re-calculated evidence scores
(Supplementary Table 1). After correcting for expert, all practices
retained their original scores except one (soil management,
implement no-till practices), which moved from the “unknown
efficacy” to “neutral.” We thus decided to proceed with the original,
unadjusted scores.
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TABLE 1 Search terms utilized.

Category Specific search term

“Foodborne pathogens” OR “Food safety” OR “Salmonella” OR “Listeria” OR “monocytogenes” OR “Fecal indicator” OR
“Fecal Coliforms” OR “Escherichia coli” OR “E. coli” OR “O157:H7” OR “STEC” OR “VTEC” OR “EHEC” OR “EPEC”
OR “Campylobacter”

Foodborne pathogens

Produce types covered under FSMA “Vegetable” OR “Fruit” OR “Nut” OR “Fresh«Produce” OR “Leafyxgreens” OR “Alfalfa” OR “Almonds” OR “Applex”
OR “Apricotx” OR “Aprium=” OR “Artichoke*” OR “Avocadox” OR “Babaco+” OR “Bananax” OR “Basil” OR “Beanx”
OR “Blackberr” OR “Blueberrx” OR “Boysenberrs” OR “Broccolix” OR “Burdock” OR “Cabbagex” OR “Cantaloupes”
OR “Carambolax” OR “Carrot+” OR “Cauliflowers” OR “Celeriacx” OR “Celery*” OR “Chard” OR “Chayotex” OR
“Cherrs” OR “Chicory” OR “Chive” OR “Chox” OR “Cilantro” OR “Clementines” OR “Cucumbers” OR “Currantx” OR
“Dandelion Leaves” OR “Endiv+” OR “Fennel” OR “Garlic” OR “Genip” OR “Gooseberrs” OR “Grapex” OR “Guavax”
OR “Honeydew” OR “Huckleberrs” OR “Kale” OR “Kiwi” OR “Kohlrabi” OR “Kumquat#” OR “Leek” OR “Lemons” OR
“Lettuce” OR “Limex” OR “Lycheex” OR “Mandarins” OR “Mango=” OR “Melon+” OR “Mulberr+” OR “Mushrooms”
OR “Mustard” OR “Napax” OR “Nectarinex” OR “Nut+” OR “Onion*” OR “Orange+” OR “Oregano” OR “Papayax” OR
“Parsley” OR “Parsnips+” OR “Passion Fruit” OR “Peas” OR “Peachs” OR “Pear+” OR “Peppers” OR “Pineapples” OR
“Plantain” OR “Plum=” OR “Quince” OR “Radish#” OR “Raspberrs” OR “Rhubarb” OR “Roots” OR “Rutabagas” OR
“Scallion*” OR “Shallot+” OR “Snow Peax” OR “Soursop” OR “Spinach” OR “Sprouts” OR “Strawberrs” OR “Sweetsops”
OR “Tangerinex” OR “Tangors” OR “Taro” OR “Tomatos” OR “Turmeric” OR “Walnutx” OR “Watercress” OR
“Watermelon*” OR “Yams#” OR “Zucchinix”

On-farm practices “Produce Farmx” OR “Prexharvest” OR “On-farm” OR “Farming practicex” OR “Farm management”

“North America” OR “Canada” OR “U.S.A” OR “United States” OR “United States of America” OR “US” OR “USA” OR
“Northeast” OR “Mid-Atlantic” OR “Alabama” OR “Alaska” OR “Arizona” OR “Arkansas” OR “California” OR
“Colorado” OR “Connecticut” OR “Delaware” OR “District of Columbia” OR “Florida” OR “Georgia” OR “Idaho” OR
“Illinois” OR “Indiana” OR “Iowa” OR “Kansas” OR “Kentucky” OR “Louisiana” OR “Maine” OR “Maryland” OR
“Massachusetts” OR “Michigan” OR “Minnesota” OR “Mississippi” OR “Missouri” OR “Montana” OR “Nebraska” OR
“Nevada” OR “New Hampshire” OR “New Jersey” OR “New Mexico” OR “New York” OR “North Carolina” OR “North
Dakota” OR “Ohio” OR “Oklahoma” OR “Oregon” OR “Pennsylvania” OR “Rhode Island” OR “South Carolina” OR
“South Dakota” OR “Tennessee” OR “Texas” OR “Utah” OR “Vermont” OR “Virginia” OR “Washington” OR “West
Virginia” OR “Wisconsin” OR “Wyoming” OR “Alberta” OR “British Columbia” OR “Manitoba” OR “New Brunswick”
OR “Newfoundland and Labrador” OR “Nova Scotia” OR “Ontario” OR “Prince Edward Island”

Geographic locations

Management practice search terms (one per search)

Soil management “Soil amendment” OR “manure” OR “compost” OR “tillage” OR “fertilizer+” OR “amendedssoil” OR “soil management”

OR “chicken litter” OR “poultry litter” OR “poultry pellet+” OR “Cover Crop”

Non-crop vegetation management “Vegetation removal” OR “Constructed Wetland” OR “Hedgerow” OR “Baresground buffer” OR “Grassy buffer” OR

“Grass strip” OR “Floral strip” OR “Cover crop” OR “Buffer zone” OR “Windbreak” OR “No=xHarvest Buffers”

Animal management “Wildlife Exclusion” OR “Fencing” OR “Poison Bait” OR “Copper Sulfate” OR “Trapping” OR “Wildlife Deterrent” OR
“falconry” OR “owl boxes” OR “raptor perches” OR “snap traps” OR “rodenticides” OR “Shooting” OR “sound cannons”
OR “Sparkles” OR “Scarecrows” OR “Firecrackers” OR “Hunting” OR “nosxharvest buffer” OR “mixed-use farms” OR

“rotational grazing” OR “Dung Beetle” OR “Wildlife Intrusion” OR “Nosxharvestsbuffer” OR “simulated wildlifex”

Landscape context “Proximity to forest” OR “Proximity to pasture” OR “Proximity to grassland” OR “Proximity to wetland” OR “Proximity
to impervious” OR “Distance to water” OR “Distance to forest” OR “Distance to pasture” OR “Distance to grassland” OR
“Distance to wetland” OR “Distance to impervious” OR “percent grassland” OR “percent forest” OR “percent non-crop
habitat” OR “percent non-crop vegetation” OR “percent natural habitat” OR “surrounding non-crop” OR “landscape” OR

“land use” OR “land cover”

Agricultural water management “Irrigation” OR “Overhead” OR “Spray” OR “Drip” OR “Furrow” OR “«Surface” OR “Distribution Systems” OR “Water
treatment” OR “Zerox*valent iron” OR “Ozone” OR “Chlorix” OR “UV” OR “Ultraviolet” OR “Light inactivation” OR
“Filtration” OR “Biossand filter+” OR “Chemical Treatment” OR “Sanitizers” OR “Copper Sulfate” OR “Oxidizing
Agentx” OR “Water Disinfection” OR “Copper Ionization” OR “Heat Treatment”, OR “Timesxtoxharvest” OR “xTreated

surface water” OR “xTreated water” OR “Wastewater”

3. Results

A separate round of review was then initiated. For each of

the 21 management practices, experts were presented with the

evidence score assigned to the practices as well as the minimum, 3.1. Literature overview

maximum, median, and standard deviation in the expert responses

to each of the four prompts. Based on these data, experts were After screening titles and abstracts, 163 papers were retained.

asked to “accept” or “reject” the score assigned to each practice. After comprehensively reviewing each article, another 85 articles

As previously established by Shackelford et al. (2019), we had ~ were excluded and 78 were retained. Across these 78 papers,

predetermined that the score would be considered finalized if
>66% of reviewers agreed with the assessment; practices that failed
to meet this threshold would be subject to another round of
review. All practices met the 66% threshold, and another round of
assessment was unnecessary.

Frontiers in Sustainable Food Systems

data were available on the food-safety impacts of 21 different
agricultural or land management practices. These 21 practices
fell into five broad categories: management of soil, non-crop
vegetation, agricultural water, domestic/wild animals, and the
surrounding landscape (Table 2).
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TABLE 2 Summary of food-safety practices, median expert scores for benefits, harms, quality, and reliability (based on evidence summaries), resulting practice categorization, and expert agreement rates with each
categorization.

Median reviewer score

Practice categorization

e 32 uefesensq

SW2)SAS POO 31gRUIRISNS Ul SIS13UOIS

90

640°UISI2IUOIY

Agricultural management practice No. of summaries Benefits Harms Evidence Evidence  Categorization Expert agreement
quality reliability
Soil management (N = 44)
Add compost to soil 7 1.0 5.0 6.0 5.0 Potentially harmful 80%
Add untreated manure to soil 17 1.0 8.0 9.0 7.0 Harmful 97%
Add biosolids to soil 3 2.0 5.0 2.0 4.0 Unknown efficacy 100%
Farm fields organically 8 5.0 5.0 5.0 3.0 Tradeoff of benefits/harms 97%
No-till practices 5 5.0 2.0 4.0 5.0 Unknown efficacy 93%
Grow low risk crop types 1 6.0 1.0 2.0 3.0 Unknown efficacy 90%
Add mulch as a ground cover 2 3.0 3.0 2.0 3.0 Unknown efficacy 97%
Grow crops with trellis production 1 2.0 2.0 1.0 3.0 Unknown efficacy 100%
Non-crop vegetation management (N = 15)
Add treatment wetlands or vegetative treatment 9 8.0 2.0 7.0 7.0 Beneficial 97%
areas
Add hedgerows/vegetative buffer strips 3 7.0 1.0 4.0 4.0 Unknown efficacy 76%
Add winter cover crops 2 6.0 3.0 2.0 3.0 Unknown efficacy 97%
Remove vegetation (weeds) from fields 1 5.0 1.0 2.0 3.0 Unknown efficacy 97%
Animal management (N = 8)
Add riparian fencing 2 6.0 1.0 3.0 4.0 Unknown efficacy 90%
Integrate livestock 3 1.0 6.0 2.0 3.0 Unknown efficacy 83%
Decrease the presence of wildlife 3 5.0 2.0 3.0 3.0 Unknown efficacy 100%
Landscape factors (N = 24): increase distance between produce fields and...
Open/closed livestock areas 9 9.0 1.0 8.0 8.0 Beneficial 97%
Water sources/wetlands 5 7.0 1.0 6.0 5.0 Potentially beneficial 93%
Non-grazed natural lands 5 6.0 1.0 5.0 4.0 Unknown efficacy 90%
Urban areas 5 5.5 1.0 45 4.0 Unknown efficacy 93%
Agricultural water management (N = 22): irrigate fields with...
Low-risk water source 12 8.0 1.0 7.5 6.0 Beneficial 93%
Low-risk irrigation type 10 8.0 2.0 7.0 6.5 Beneficial 97%

Practices were scored with only respect to their efficacy in reducing food-safety risks (and not economic feasibility, environmental externalities, etc.; See Methods).
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Sixty-five of the 78 studies considered here were conducted
in the United States with 21, 10, 8, 24, and 13 in the West,
Midwest, South, Southeast, and Northeast, respectively. Nine
studies from the U.S. compared multiple regions. The remaining
13 studies occurred in Canada; specifically, British Columbia
(N = 1), the Maritime Provinces (N = 3), Ontario (N = 4),
and Quebec (N = 4). Three studies from Canada compared
multiple regions. All studies were published between 1998 and
2019. Of the 113 summaries written, an approximately equal
number reported on experimental (N = 55) and observational
(N = 58) work. While the majority of summaries focused on
work conducted in the field (N = 95), a few included greenhouse
work (N = 7) or a combination of field, greenhouse, laboratory,
and/or growth chamber work (N = 11). While a variety of
commodities were studied, the most frequently studied crops
were lettuce (N = 25 summaries), spinach (N = 17), and
tomatoes (N = 13).

Summaries were unevenly distributed across pathogens and
farm management practices. E. coli (generic or pathogenic) was
the most studied bacteria (N = 88), followed by Salmonella
spp. (N = 46), Listeria spp. (N = 13), and Campylobacter spp.
(N = 5). Approximately half of the summaries (N = 60) focused
on multiple pathogens, and/or surrogate, index, or indicator
organisms whereas the others focused solely on E. coli (N = 47),
Salmonella spp. (N = 4), and Listeria spp. (N = 2). In terms of
practices, soil management was the most studied (N = 44), followed
by landscape (N = 24), agricultural water (N = 22), non-crop
vegetation (N = 15), and animal (N = 8) management. Research
effort was also unevenly distributed between the 21 practices
(Table 2).

3.2. Practice categorization

Expert evaluation of the 21 practices indicated that farming
practices varied considerably in their efficacy at reducing produce-
safety hazards (Figure 2; Table 2). Five management practices were
categorized as beneficial or potentially beneficial for produce safety:
(1) adding treatment wetlands/vegetated treatment areas to treat
runoff or agricultural water, (2) increasing distances between
produce fields and livestock areas, (3) irrigating with low-risk
irrigation sources (e.g., ground water instead of surface water),
(4) choosing low-risk irrigation types (e.g., drip instead of spray),
and (5) increasing distances between fields and water/wetlands.
In contrast, amending soils with untreated manure and compost
were found to be harmful and potentially harmful, respectively.
Organic production exhibited both elevated harm and benefit
scores and was thus categorized as having tradeoffs in terms of
benefits and harms. The remaining 13 practices were all classified
as exhibiting unknown effects on food safety, in part because they
were less studied and there was less data on which to base the
scores. Specifically, the number of summaries written about each
practice ranged from 1 (removing weedy vegetation from produce
fields) to 17 (adding untreated manure to soil). Practices that were
scored as “unknown efficacy” tended to have fewer summaries
written about them (average of 2.8 summaries vs. 9.6 for the
other practices).
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3.3. Reviewer consistency

Variation in scoring among reviewers was relatively low. For
example, interquartile ranges for the benefit and harm scores
averaged 2.3 and 1.7 points across the 21 farming practices (on
1-10 point scales). That said, reviewer scores varied more for
practices with fewer summaries. For example, the interquartile
range of the benefits scores for practices represented by more
summaries (and thus more studies) was smaller compared to
practices represented by fewer summaries (Pearson’s R = —0.68;
P < 0.001; Supplementary Figure 1).

The limited variation in experts’ scores translated into high
levels of agreement in practice scores. On average across all
practices, 93% of reviewers agreed with the practice scores
(e.g., the classification of practices as beneficial or harmful). No
practice fell below the predetermined 66% agreement threshold
that would trigger re-evaluation, and only three fell below 90%
agreement. Specifically, five experts recommended that the practice
of adding hedgerows or vegetative buffer strips around fields
(76% agreement) be reclassified as “potentially beneficial” instead
of “unknown efficacy.” Four experts argued that the practice of
integrating livestock into produce fields (83% agreement) should be
reclassified from “unknown efficacy” to “potentially harmful,” and
four experts argued amending soil with compost (80% agreement)
should be reclassified from “potentially harmful” to “tradeoff of
benefits and harms.”

4. Discussion

We sought to use evidence synthesis to evaluate the preharvest
produce-safety impacts of 21 agricultural and land management
practices across diverse farming contexts. While some practices
could be categorized as harmful (e.g., adding untreated manure)
or beneficial (e.g., choosing low-risk irrigation types), most were
too understudied to confidently evaluate their efficacy. Below, we
discuss the five categories of practices evaluated and highlight key
research gaps.

4.1. Soil management

Our evidence synthesis supported existing guidance and
standards on the use of animal-based soil amendments.
Specifically, we found raw manure constituted a food-safety
risk, with pathogenic and generic E. coli levels often elevated in
raw manure amended soils compared to unamended soils (Park
et al, 2014; Sharma et al., 2019) (Supplementary Data Sheet 1).
Pathogens could survive for long periods in manure-amended
soils; for example, generic E. coli and Salmonella spp. persisted
for more than 100-days in soils amended with dairy manure
(Ingham et al, 2004; You et al, 2006). Despite these apparent
consistencies across studies, there was considerable variability
in food-safety outcomes based on when and what manure was
applied. For example, multiple studies found that microbial loads
were higher, or target microbes survived longer, in soils amended
with poultry-derived manures compared to other animal-based
soil amendments (Sharma et al., 2016; Gu et al., 2018; Neher et al.,
2019) but see (Islam et al., 2004).
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FIGURE 2
Expert evaluation of food-safety practices. Points represent median food-safety benefit scores (x-axis) and harm scores (y-axis) across the
thirty-member expert review panel. Lines represent interquartile ranges. Points and lines are colored by reviewer confidence in each practice, where
confidence is defined as the average of median quality and reliability scores. Scores reflect efficacy of practices with respect to food safety only (see
Methods).
Properly treating or composting animal-based soil  soils less hospitable to pathogens. Specifically, higher levels of

amendments was associated with improved food-safety outcomes
compared to the use of raw manures. This was reflected in the
expert panel classifying composts as “potentially harmful” rather
than “harmful.” This classification could also be due to the fact
that some studies reported elevated food-safety risks associated
with compost use (Shah et al., 2019), while other studies failed
to find evidence of this (Erickson et al., 2013; Karp et al,, 2016).
Correspondingly, expert agreement in the “potentially harmful”
classification of composts was low relative to other practices
(80% agreement), with some reviewers suggesting “tradeoff in
benefits and harms” may be a more appropriate designation. Such
a designation may be supported by studies not considered in
the present synthesis. Specifically, compost is known to bolster
soil health by altering soils’ physicochemical characteristics
(e.g., enhancing micro/macronutrient levels) and by increasing
microbial biomass, activity, and diversity (Mehta et al, 2014).
Interestingly, several studies (published after November 2019 and
thus not included here) suggest that these changes may make
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microbial diversity and biomass in compost-amended soils may
limit foodborne pathogen survival in soils, as indigenous bacteria
compete with or depredate pathogens (Jones et al., 2019; Baker
et al., 2020; Devarajan et al., 2021; Samaddar et al., 2021). Thus,
while composts may introduce foodborne pathogens to the farm
field environment, they could also help suppress them.

The use of organic instead of conventional practices appeared
to be associated with both positive and negative food-safety
outcomes, and was thus classified as having “tradeoffs in benefits
and harms.” For example, one study found higher prevalence of
generic E. coli in conventional compared to organic farms (Pagadala
et al,, 2015), two studies found higher prevalence in non-certified
organic farms compared to certified organic or conventional farms
(Mukherjee et al., 2004; Park et al., 2014), and two studies found
no effects of organic status (Park et al, 2013; Marine et al,
2015). Such heterogeneity in food-safety outcomes may reflect
the fact that organic production systems are not monolithic,
and can vary drastically in practices and environmental context
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(Liebert et al,, 2022). Ultimately, studies are needed that compare
the preharvest produce-safety impact of specific organic practices
to conventional practices.

In comparison to the use of organic practices and amendments
of raw manure or composts, the other five soil management
practices (tillage, biosolid applications, mulch applications, trellis
production systems, and crop choices) were less studied. As a result,
all five practices were scored as having “unknown efficacy.” Often
the limited data available conflicted in terms of the practice’s food-
safety impacts. For example, one of the two studies that evaluated
mulch applications found that E. coli prevalence was not associated
with mulch application, while the second study found that E. coli
sometimes survived longer in soils with mulch applied (Micallef
etal, 2016; Xu et al,, 2016). Though there were more studies that
examined the food-safety impact of tillage (N = 5 studies), results
were still inconclusive, and most studies reported no effects on
foodborne pathogens (Endale et al., 2010; Bezanson et al., 2012;
Jenkins et al., 2014; Reed-Jones et al., 2016). As a result, the
impacts of tillage, biosolid applications, mulch applications, trellis
production systems, and crop choices on food-safety outcomes in
preharvest produce environments remains a knowledge gap.

4.2. Non-crop vegetation

Growers report being pressured to remove non-crop vegetation
around farm fields to reduce food-safety risks associated with
wildlife intrusion (Gennet et al., 2013; Karp et al., 2015a; Baur
et al., 2016). We found no evidence to support the efficacy of
this practice. Moreover, maintenance of certain types of non-
crop vegetation was found to be beneficial. For instance, the
nine studies that examined the impact of treatment wetlands on
food-safety outcomes reported that treatment wetlands reduced
the concentration of pathogens and other microbial targets in
irrigation, runoff, and river water (Supplementary Data Sheet 1).
One caveat is that elevated concentrations of generic E. coli were
observed in treatment reservoirs in one study, potentially resulting
from visiting waterfowl (Haverstock et al., 2017). These findings
are consistent with the wider scientific literature on ecosystem
services provided by wetlands because wetland-mediated removal
of various physicochemical and microbial contaminants has been
well-documented (e.g., Salimi et al., 2021; Tang et al., 2021).

The synthesis also found that other types of non-crop
vegetation may also be beneficial for on-farm food safety. Of
the three studies that evaluated hedgerows and other vegetated
treatment buffers, one found that Salmonella spp. and Listeria spp.
were less likely to be detected in fields with vegetated buffers
(Strawn et al., 2013b), and one found that vegetation removal was
associated with increased EHEC prevalence (Karp et al., 2015b); the
third found no evidence of an association between hedgerows and
produce-safety outcomes (Sellers et al., 2018). Thus, although most
experts (76%) agreed that the low number of studies meant that
hedgerows/vegetated buffers should be categorized as “unknown
efficacy,” 23% argued that the practice could be considered
potentially beneficial. Regardless, median harm scores associated
with treatment wetlands and vegetated buffers were very low (2
and 1, respectively), suggesting that removal of on-farm non-crop
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vegetation is not an effective strategy for managing preharvest
produce-safety risks.

4.3. Animal management

Very few studies evaluated the produce safety impacts of wild
and domestic animals, causing all three related practices to be
categorized as “unknown efficacy.” Two studies found that fences
deterred grazers from entering riparian areas, which may reduce
stream contamination (Sunohara et al., 2012; Larson et al., 2016).
Similarly, several studies suggested that the presence of domestic
or wild animals in fields was positively associated with foodborne
pathogen prevalence in said fields (Park et al, 2013; Strawn
et al., 2013b). Conversely, a study of an integrated crop/livestock
management system found that generic E. coli levels in field soils
fell below 1.0 logl0 MPN/g 120 days after sheep were allowed to
graze down a winter cover crop (Patterson et al., 2018). This may
suggest livestock integration is possible with sufficient delays before
harvest; however, the limited number of studies that examined this
means more research is needed.

4.4. Landscape risk factors

Experts agreed that landscapes surrounding farms can affect
on-farm food-safety risks. In particular, increasing the distance
between produce fields and livestock operations was considered
beneficial, as 8 of the 9 studies evaluated here reported a lower
pathogen prevalence on farms further from vs. nearer to livestock
operations (Supplementary Data Sheet 1). This was unsurprising
since livestock are known sources of foodborne pathogens, and
multiple studies have reported high levels of foodborne pathogens
within livestock populations (Callaway et al., 2006; Franz and van
Bruggen, 2008; Ferens and Hovde, 2011).

Three New York studies found that Listeria contamination was
more likely in produce fields closer to surface water or wetlands
(Strawn et al,, 2013a; Weller et al., 2015, 2016), leading reviewers
to consider increasing the distance between produce fields and
water sources to be potentially beneficial. One Colorado/Texas
study, however, found no differences in generic E. coli prevalence
between spinach fields close (<10 miles) vs. far from (>10
miles) water sources (Park et al., 2013). This discrepancy could
result from the “distance to water” variable being correlated with
other landscape (e.g, distance to roads, pasture, and houses)
or environmental factors (e.g, soil characteristics). If other
factors influence foodborne pathogens, and spatially co-vary with
“distance to water,” then divergent effects among studies may arise
from some studies failing to account for critical covariates.

Finally, results for proximity to urban regions and non-
grazed natural lands were more ambiguous and thus classified
as “unknown efficacy.” For example, 3 of 5 studies found
higher pathogen prevalence on farms near scrubland or
forested areas but the other 2 found no such correlations
(Supplementary Data Sheet 1). These conflicting findings could
again be due to correlation between landscape factors and other
environmental characteristics, or to the heterogeneity unique to
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farm environments. Indeed, multiple studies have shown factors
associated with pathogen contamination of farm environments
to be complex and to vary between and within regions (Weller
et al., 2020). If anything, studies published after November 2019,
when studies were pulled from the electronic databases, further
complicate attributing a “beneficial” or “harmful” assignation as
many of these report that proximity to non-grazed natural lands
was associated with lower pathogen loads in farm environments
(Smith et al., 2020a, 2022; Olimpi et al., 2022).

4.5. Agricultural water management

Contaminated agricultural water is a known source of and
pathway for pathogen introduction into farm environments and
has been identified as the presumptive cause of multiple produce-
associated outbreaks (Nygard et al., 2008; Gelting et al., 2011;
Mody et al.,, 2011; FDA, 2019; Bottichio et al., 2020). Our evidence
synthesis focused on the effects of different water sources and
irrigation strategies, with experts concluding that it was beneficial
for growers to choose low risk water sources and irrigation
strategies. Specifically, eight studies reported that irrigation water
sources affected food-safety risks, with surface water, including
standing surface water sources, posing greater risks compared to
ground, municipal, and well water (Supplementary Data Sheet 1).
One study reported higher prevalence of Salmonella spp.in
irrigation water from ponds compared to wells (Gu et al., 2018) and
another reported higher generic E. coli levels in surface compared
to ground water samples (Pagadala et al., 2015). Similarly, use
of sprinkler, spray, and foliar irrigation typically carried higher
food-safety risks compared to furrow and drip irrigation systems
(Supplementary Data Sheet 1). For example, one study reported
higher E. coli levels in lettuce fields irrigated by sprinkler systems
compared to furrow and drip irrigation systems (Fonseca et al.,
2011). Indeed, splash (e.g., from sprinklers or rain) can transfer
pathogens from contamination sources (e.g., soil or feces) to fresh
produce (Atwill et al., 2015; Weller et al., 2017, 2019; Lee et al.,
2019).

4.6. Limitations

Our study is not without limitations. First, our study seeks
to evaluate the food-safety outcomes of agricultural and land
management practices but does not consider their feasibility and
economic, social, or environmental costs. Any guidance based
on the findings reported here should thus take into account the
fact that no one-size-fits all guidance will work for all produce
operations. Second, we reviewed the impacts of agricultural
practices on four bacterial pathogens (E. coli, Salmonella spp.,
Campylobacter spp., and Listeria spp.), each with varied ecologies
and potential sources. However, our sample sizes were not sufficient
to disentangle how agricultural practices may differentially affect
each pathogen.

Another limitation is that literature searches must balance
specificity with completeness. It is therefore inevitable that our
search terms resulted in omission of some relevant literature, and
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of some management practices. For example, the use of time-to-
harvest intervals following surface water irrigation, anaerobic soil
disinfestation, and no-harvest buffers around in-field feces were
not considered but are discussed in the scientific literature (Atwill
et al, 2015; Weller et al., 2017, 2019; Jeamsripong et al., 2019;
Belias et al., 2020). Similarly, papers published after November
2019 were not included. For example, recent studies have reported
that vegetated buffers may mitigate food-safety risks (Glaize et al,
2021; Weller et al., 2022). Had these studies been included,
experts may have considered hedgerows/vegetated buffers to be
potentially beneficial rather than “unknown efficacy.” Moreover,
we did not review gray (unpublished) literature, meaning much
of the on-the-ground knowledge held by growers, regulators, and
extension personnel was not considered. Additionally, we restricted
our literature review to studies conducted in North America,
meaning the many studies focused on food-safety impacts of pre-
harvest practices outside the United States and Canada were not
considered. Similarly, we reviewed the impacts of agricultural
practices on four bacterial pathogens—E. coli, Salmonella spp.,
Campylobacter spp., and Listeria spp.— neglecting other established
and emerging pathogens (e.g., Cyclospora spp.).

Finally, the uneven distribution of studies across growing
regions, commodities, time, operation type, and growing
conditions may have influenced categorizations, as practice efficacy
can be context dependent. For example, recent work suggests
multiple factors (e.g., soil type, manure source, environmental
factors, etc.) mediate the prevalence and survival of foodborne
pathogens in soils amended with manures (Neher et al, 2019;
Sharma et al,, 2019) and in agricultural water (Weller et al., 2020).
Similarly, the four bacterial pathogens that we studied have distinct
sources and ecologies. Though we scored all practices according
to their “reliability,” practices were placed in broad categories that
fail to reflect the idea that they may only be effective in certain
contexts and only suppress certain pathogens. Reviewing more
studies would have been necessary to conclusively identify specific
environmental contexts in which each practice would be most
effective at suppressing each of the pathogens considered here.

4.7. Conclusion

Our study emphasizes the value of evidence synthesis for
managing on-farm, food-safety risks. In many cases, experts
reaffirmed accepted best practices; for example, refraining from
applying raw manures, growing vulnerable produce far from
livestock operations, and choosing low-risk irrigation water
sources/types when possible. However, our findings also bucked
conventional wisdom that non-crop vegetation may introduce
food-safety risks. We found no evidence of increased pathogen
prevalences or abundances associated with hedgerows or vegetated
buffers and significant benefits associated with installing treatment
wetlands. Finally, and perhaps most importantly, our work
highlights just how much more work needs to be done, with
more than half of our focal practices too understudied for experts
to confidently assess their efficacy. Testing these understudied
practices, as well as identifying contexts in which better-studied
practices are likely to be most effective, will be crucial for making
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more evidence-based decisions about food-safety management in
the pre-harvest growing environment.
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