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Abstract

Recent foodborne illness outbreaks have heightened pressures on growers to
deter wildlife from farms, jeopardizing conservation efforts. However, it
remains unclear which species, particularly birds, pose the greatest risk to food
safety. Using >11,000 pathogen tests and 1565 bird surveys covering 139 bird
species from across the western United States, we examined the importance of
11 traits in mediating wild bird risk to food safety. We tested whether traits
associated with pathogen exposure (e.g., habitat associations, movement, and
foraging strategy) and pace-of-life (clutch size and generation length) mediated
foodborne pathogen prevalence and proclivities to enter farm fields and defe-
cate on crops. Campylobacter spp. were the most prevalent enteric pathogen
(8.0%), while Salmonella and Shiga-toxin producing Escherichia coli (STEC)
were rare (0.46% and 0.22% prevalence, respectively). We found that several
traits related to pathogen exposure predicted pathogen prevalence. Specifically,
Campylobacter and STEC-associated virulence genes were more often detected
in species associated with cattle feedlots and bird feeders, respectively. Cam-
pylobacter was also more prevalent in species that consumed plants and had
longer generation lengths. We found that species associated with feedlots were
more likely to enter fields and defecate on crops. Our results indicated that
canopy-foraging insectivores were less likely to deposit foodborne pathogens
on crops, suggesting growers may be able to promote pest-eating birds and
birds of conservation concern (e.g., via nest boxes) without necessarily
compromising food safety. As such, promoting insectivorous birds may repre-
sent a win-win-win for bird conservation, crop production, and food safety.
Collectively, our results suggest that separating crop production from livestock
farming may be the best way to lower food safety risks from birds. More
broadly, our trait-based framework suggests a path forward for co-managing
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INTRODUCTION

Enteric pathogens cause millions of illnesses and hun-
dreds of thousands of deaths worldwide each year
(Havelaar et al, 2015). The three most important
foodborne bacteria are Salmonella spp., Escherichia coli,
and Campylobacter spp., which originate in human, live-
stock, or wildlife waste (Havelaar et al., 2015). Because
wildlife have been implicated in several foodborne illness
outbreaks (Angelo et al., 2017; Gardner et al.,, 2011;
Langholz & Jay-Russel, 2013), growers of fresh produce
face increasing market and regulatory pressure to prevent
wildlife from entering their farms (Baur et al., 2016;
Beretti & Stuart, 2008). Wild birds (hereafter, “birds”), in
particular, are of great concern because they cannot be easily
excluded (Olimpi et al., 2019; Parker et al., 2012; Rivadeneira
et al., 2018). As a result, growers are often forced to turn to
economically costly (e.g., bird netting or “noise makers”)
and ecologically costly measures (e.g., removal of natural
vegetation) to prevent bird intrusion (Beretti & Stuart, 2008;
Karp et al., 2015; Olimpi et al., 2019).

Nonetheless, it remains unclear whether bird
intrusion and defecation in farm fields constitutes a
meaningful food safety risk (Smith et al., 2020c).
Only one outbreak has been attributed to birds: a
campylobacteriosis outbreak traced to migrating Sandhill
Crane (Grus canadensis) intrusion in pea fields in Alaska
(Gardner et al., 2011). Moreover, prior efforts to quantify
enteric pathogen prevalence in birds have largely focused
on only a few nonnative and native synanthropic (i.e.,
human-associated) bird species. For example, Smith

under-studied species.

wildlife conservation and food safety risks in farmlands by providing a strategy
for holistically evaluating the food safety risks of wild animals, including

Campylobacter spp., feedlot, food safety, Salmonella spp., Shiga-toxin producing Escherichia
coli, species traits, wild birds

et al. (2020c) found that in only 5 of 431 (1.2%) North
American breeding bird species examined were there suf-
ficient data to precisely calculate Salmonella spp., patho-
genic E. coli, and Campylobacter spp. prevalence, leaving
great uncertainty around pathogen prevalence in the vast
majority of North American birds.

The prevalence of pathogens in these commonly stud-
ied, synanthropic species is likely much higher than in
other bird species that frequent farm fields, based on cur-
rent limited evidence (Smith et al., 2020a, 2020c). One
reason is that strong associations with human habitats
may increase the exposure of synanthropic species to
foodborne pathogens (Gibb et al., 2020; Karp et al., 2015;
Smith et al., 2020a, 2020c). For example, birds may be
exposed to pathogens in livestock operations or through
contact with human wastewater or landfills (Butterfield
et al., 1983; Hald et al., 2016). A second reason is that
synanthropic species sometimes invest in rapid growth
and reproduction, which may affect immune function
(Lee, 2006; Ostfeld et al., 2014), and has been hypothesized
to cause them to have high reservoir competence (i.e., the
“ecoimmunological pace of life hypothesis”; Ostfeld
et al., 2014). Correspondingly, prior analyses estimate much
higher prevalence of pathogens across samples collected
directly from a few, mostly synanthropic, bird species rela-
tive to feces from a broader diversity of bird species collected
directly from farm fields (e.g., 27% vs. 13.1% for Campylobac-
ter spp., 20% vs. 0% for pathogenic E. coli, and 6.4% vs. 0.2%
for Salmonella spp.; Smith et al., 2020a, 2020c).

To cause foodborne illness, birds must not only carry
a pathogen but also defecate in production areas (Smith
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et al., 2020a, 2020c). However, very few studies link esti-
mates of pathogen prevalence among birds with their
proclivities to enter and defecate in farm fields (but see
Smith et al., 2020a). Smith et al. (2020c) found that only
3.3% of studies included in their meta-analysis reported
data across the spillover cycle (i.e., from pathogen expo-
sure to contact with food to transmission to humans or
other hosts). As such, growers cannot reliably determine
which bird species pose significant food safety risks and
should be deterred from farm fields vs. species that are
unlikely to spread pathogens. This is important because
birds provide economically important ecosystem services
to agriculture, such as pest control (Karp et al., 2013;
Kross et al., 2012). Additionally, farms represent vital
habitat for many species of conservation concern (Donald
et al., 2001; Stanton et al., 2018), which is critical given
that over 3 billion birds have been lost from North Amer-
ica alone over the past several decades (Rosenberg
et al., 2019).

Ecologists often use functional traits to explain spe-
cies’ effects on ecosystems functions and extrapolate
potential impacts of understudied species (McGill
et al., 2006; Wood et al., 2015), yet this approach has not
previously been applied to predicting food safety risks
from wild birds. Species traits can also elucidate species’
roles in pathogen transmission, as traits can influence
species’ exposure to pathogens as well as their immune
system function (Daversa et al., 2017; Gibb et al., 2020;
Ostfeld et al., 2014; Smith et al., 2020a, 2020c). For exam-
ple, birds that use bird feeders are known to spread Myco-
plasma and Salmonella spp. (CDC, 2021; Daoust
et al., 2000; Hartup et al., 1992). Traits may also prove
useful for understanding which species are most likely to
enter and defecate in farm fields (Flynn et al., 2009;

Trait A Trait B

Some traits
increase pathogen
prevalence

Pathogen prevalence

Some traits
increase crop
contact

Newbold et al., 2013). For example, traits related to
where species forage may predict the ability of birds to
use crop fields: birds that usually forage on the ground or
in herbaceous vegetation may also regularly forage in
produce fields whereas canopy-foraging birds may behav-
iorally exclude themselves from fields (Flynn et al., 2009;
Smith et al., 2020b). When traits facilitate both high path-
ogen prevalence and high crop contact, pathogens can
“flow through” and spillover from reservoir hosts to
recipient hosts (i.e., birds to humans; Figure 1; Gibb
et al., 2020; Plowright et al., 2017; Smith et al., 2020c). By
identifying traits associated with higher food safety risks,
traits can be used to classify species as high-to-low risk
along prevalence and crop contact axes, which sparse
data have previously precluded (Figure 2).

Here, we couple data on foodborne pathogen preva-
lence in birds with point-count surveys to assess whether
11 species traits (Appendix S1: Table S1) exacerbate or
mitigate food safety risks from birds (Figure 1). Then,
we use our trait-based analyses to classify species as
high-to-low risk along prevalence and crop contact axes
(Figure 2). We organized our analyses around three over-
arching questions. First, what traits are associated with
higher Campylobacter spp., Salmonella spp., and Shiga-
toxin producing E. coli (STEC) prevalence in birds?
Because STEC was so rare (0.22%), we also examined
relationships between traits and carriage of STEC-associ-
ated virulence genes. We hypothesized that pathogens
would occur more frequently in species with traits that
increase pathogen exposure potential (e.g., regular use of
livestock feedlots) and traits associated with a fast pace-
of-life (e.g., larger clutch sizes; see Appendix S1: Table S1
for all hypotheses). Second, we asked which traits
increase the probability that birds enter and then defecate

TraitC TraitD Trait E

Some traits
increase defecation
on crops

Contamination occurs when ;
traits facilitate pathogens C el
being shed on plants KO colEmbaton

FIGURE 1

Conceptual diagram of how species traits (e.g., synanthropy and generation length) mediate food safety risks associated

with wild birds. A bird host must have traits that facilitate pathogen acquisition and shedding (simplified as pathogen prevalence in the
diagram) and traits that facilitate use of crop fields. Crop contamination and subsequent spillover can only occur if the trait facilitates both
and species defecate in crops. Diagram modified from Plowright et al. (2017)
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Crop contact

»

FIGURE 2 The risk that birds pose to food safety can be
depicted along two axes: how frequently the pathogen is found in

Pathogen prevalence

the species (x-axis) and how often birds contact crops (y-axis). Bird
silhouettes represent types of birds hypothesized to fall into each
quadrant

in crop fields? We predicted that crop contact and defeca-
tion rates would increase in species that forage in lower
vegetation strata resembling crop fields (i.e., the ground
or understory but not the canopy) and/or regularly
occupy other anthropogenic habitats (e.g., feedlots; see
Appendix S1: Table S2 for all hypotheses). Finally, using
the best-supported models from questions 1 and 2 above,
which species present the highest food safety risks?

METHODS

To answer our questions, we assembled the most compre-
hensive database to date on prevalence of Campylobacter
spp., Salmonella spp., and STEC and carriage of STEC-
associated virulence genes in birds from produce systems
(i.e., farms that grow fruits and vegetables) across the
western United States (Figure 3a; Appendix S1:
Table S3). We then collected data on species’ crop contact
rates (i.e., relative abundance and densities in crop fields)
from point-count surveys conducted across 350 sites in
some of the same systems and fecal contact rates
(Figure 3b; Appendix S1: Table S4; Smith et al. 2020a,
2020b, 2021). We compiled a database of species traits
predicted to impact pathogen prevalence and/or crop
contact (Appendix S1: Tables S1 and S2). We then used
Akaike information criterion corrected for small sample
sizes (AIC.) to select models (Appendix S1: Table S5;

Burnham & Anderson, 2002) to identify which traits were
the most important in predicting pathogen prevalence
and crop contact. Finally, we combined this information
to predict pathogen prevalence and contact rates to clas-
sify species as high to low risk along prevalence and crop
contact axes.

Data acquisition

We compiled enteric pathogen prevalence data from
studies that tested for Campylobacter spp., Salmonella
spp., and/or STEC: (1) in at least five species of free-rang-
ing birds (e.g., no single species studies and no captive
birds), (2) using feces and/or cloacal swabs (e.g., no nec-
ropsy studies), and (3) from samples collected on farms
that grow produce in the United States. We omitted
trace-back studies investigating particular outbreaks
because they would inflate apparent prevalence (e.g.,
Gardner et al. [2011], who investigated a Campylobacter
outbreak in Alaska). We began by searching the reference
list of the recent meta-analysis of foodborne pathogen
prevalence in North American breeding birds by Smith
et al. (2020c) for suitable studies, then expanded their list
to include several as-of-then unpublished studies and
gray literature, ultimately yielding pathogen data from
five studies (Figure 3a; see Appendix S1: Table S3 for
included study meta-data). Three of the five studies are
fully published (Navarro-Gonzalez et al., 2020;
Rivadeneira et al., 2016; Smith et al., 2020a). One study
was previously unpublished (Olimpi et al. sub-data in
Smith et al., 2021). Finally, we used data from a Center
for Produce Safety final grant report (Gordus et al., 2011)
that is partially published in Cooley et al. (2007) and
Gorski et al. (2011). Published studies focused on
reporting pathogen prevalence and possible transmission
across wildlife and in the environment (Cooley
et al., 2007; Gorski et al., 2011), prevalence in a variety of
bird species sampled across seasons (Navarro-Gonzalez
et al., 2020), or identifying landscape/farm-level pathogen
risk factors (Rivadeneira et al., 2016; Smith et al., 2020a).
Studies that tested for STEC were diverse in method-
ology (Appendix S1: Table S3). Three studies performed
the necessary steps for bacterial culture, isolation, and
identification, then confirmed presumptive colonies by
PCR. In contrast, two studies directly tested feces for
STEC-associated virulence genes by extracting DNA and
then using PCR but did not culture for bacteria first. Due
to diverse methodologies, we considered samples to be
positive for STEC if s&x1 and/or stx2 (Shiga-toxin produc-
ing genes) were detected. Because these genes were rarely
detected (0.22% of samples), we conducted additional
analyses on data from the PCR-only studies, counting



ECOLOGICAL APPLICATIONS

50f16

)
D)™ 1 R ]
S Study X % Study
, ® Gordus et al. (2011) D | © Smith et al. (2021), Olimpi sub-data (b)
O@ | @ Navarro-Gonzalez et al. (2020) @ Smith et al. (2021), Garcia sub-data
O Smith et al. (2021), Olimpi sub-data (a) O Smith et al. (2020b)
hH O Rivadeneira et al. (2016) =
OO @ Smith et al. (2020a) ( \\ﬁ_
) 1
(6] oe) - o)
© 0
(©) ° o o) ()¢ —
0 (¢ 0®o
0) @
e 4 8 °
o | o »
® & o )
o Qe &
[
® ||
@ , o
A4 T
oT= <=
- S N
\ o) " N
N
FIGURE 3 Map showing farm locations by study. (a) Studies included in pathogen database. (b) Studies included in point-count
database

samples as positive if any proven or putative STEC-asso-
ciated virulence gene(s) was/were detected (referred to as
“STEC-associated virulence genes” for simplicity). The
interest of this additional analysis resides in potential for
horizontal transmission of virulence genes between
E. coli strains (Bryan et al., 2015). Thus, from a broader
public health perspective, it is important to know
whether birds frequently carry E. coli possessing any viru-
lence factor (sensu lato) typically found in STEC. We
note that the bacteria referred to here as positive for
STEC-associated virulence genes are not necessarily path-
ogenic to humans.

Second, we combined bird point-count data col-
lected by the authors in three prior projects to estimate
bird abundance in crop fields (“crop contact rates”;
Figure 3b; see Appendix S1: Table S4 for included study
meta-data. Briefly, Smith et al. (2020b, 2021) conducted
100-m radius, 10-minute point-count surveys during the
breeding season twice per year over 2 yr on 52 highly
diversified farms across the U.S. states of Washington,
Oregon, and California. The other two projects (Olimpi
et al. and Garcia et al. sub-data published in Smith
et al.,, 2021) each conducted 50-m radius, 10-minute
point-count surveys during the breeding season three

times per year over 2 yr across 20 organic farms in the
Central Coast of California. Five of their farms over-
lapped and were only counted once in analyses. We
only used data from survey points conducted in crop
fields, and birds were only counted as “contacts” if they
were in fields (we included aerial foraging as contacts
but excluded flyovers). We excluded tree fruit contacts
because of the structural similarity to non-crop trees
and due to the focus of included studies on leafy greens,
brassicas, and strawberries.

Finally, to identify which species were most likely to
defecate in crop fields, we leveraged a data set of 1215
fecal samples collected by Smith et al. (2020a) from bras-
sica fields and food wash/packing areas across 37 farms
in Washington, Oregon, and California, USA. These sam-
ples were subsequently attributed to bird species through
COI gene testing. Smith et al. (2020a) determined the
bird species responsible for defecating 463 of the 1215
(38.1%) fecal samples, which were traced back to 35 spe-
cies (Appendix S1: Figure S1). Here, we examined traits
that predicted the number of feces identified back to a
bird species from the entire bird species pool (n = 106)
observed while conducting point counts at the collection
locations.
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Although we sought studies on foodborne pathogen
prevalence in birds from any farms that grow produce
throughout the United States, we only found data col-
lected from the West Coast that met our inclusion criteria
(Figure 3). Briefly, studies in our analysis surveyed farms
that spanned a gradient of types and diversity of crops
grown, sizes, and landscape contexts. For example, Smith
et al. (2020a, 2020b) surveyed highly diversified farms
ranging from 0.38 to 272.2 ha that spanned a wide range
of landscape contexts from 0% to 100% seminatural. Simi-
larly, one of the previously unpublished studies (Olimpi
et al. sub-data in Smith et al., 2021) surveyed farms rang-
ing from 1.3 to 100.3 ha, spanning a wide range of land-
scape contexts from 0% to 85.4% seminatural. Farms
ranged from highly diversified with many crop types to
strawberry monocultures. The farm and regional contexts
for included studies are described in full detail in
Appendix S1: Tables S3 and S4.

Species traits

We took a barriers-to-spillover approach, meaning that
we considered how species traits influence alignment of a
series of hierarchical barriers that must align to enable
transmission of foodborne pathogens from birds to crops
(Figure 1; Plowright et al., 2017). Thus, we first generated
a priori hypotheses about traits that might affect
foodborne pathogen prevalence in birds (Appendix S1:
Table S1). We then examined how the same traits we
hypothesized would impact foodborne pathogen preva-
lence impacted the “downstream layers” of contact with
crops and fecal deposition in fields (Figure 1). Our
hypotheses broadly covered aspects of exposure/habitat
preferences (diet guild, foraging strata, migratory strat-
egy, sociality, high use of bird feeders, feedlot association,
synanthropy, large daily movements [proxied by hand-
wing index due to limited data available quantifying
home range size or actual daily movement; Sheard
et al.,, 2020]), pace of life (clutch size and generation
length), and nonnative status (i.e., nonnative birds pos-
sess several traits that may increase reservoir compe-
tence; Altizer et al., 2011; Daversa et al., 2017; Ostfeld
et al.,, 2014; Smith et al.,, 2020a, 2020c; Waldenstrom
et al., 2002).

We first sought existing databases with relevant traits
and were successful for diet guild, foraging strata, hand-
wing index, and generation length (Barnagaud
et al., 2017; Bird et al., 2020; De Graaf et al., 1985; Sheard
et al., 2020; Smith et al., 2020b; Wilman et al., 2014). We
did not find robust estimates for several traits of interest
(migratory strategy in the study region, sociality/gregari-
ousness, clutch size, bird feeder use, feedlot association,

and synanthropy). For these traits, we generated novel
databases from secondary and primary sources. We used
Birds of the World Online (Billerman et al., 2020) to clas-
sify mean clutch size and migratory strategy for
populations in our study region and sociality during the
breeding season (i.e., when most produce is grown). We
classified birds as highly associated with bird feeders if
they were on one or more Project FeederWatch top 25
lists for Washington, Oregon, and California for 2016-
2017 (https://feederwatch.org/pfw/top25).

To classify feedlot association (highly associated,
somewhat associated, not associated), we conducted a
literature review, searched Birds of the World Online
(Billerman et al., 2020), and consulted eBird checklists
(www.eBird.org). Because of discrepancies in data
availability, methods, and reporting, we used the
review to guide expert elicitation because we were
unable to use specific numerical guidelines to classify
species (see Appendix S1: Section S1 and Smith et al.,
2021). To quantify synanthropy, we extracted citizen-
science data from eBird and filtered checklists
according to “best practices” (Strimas-Mackey
et al., 2020). We used the 500-m resolution MODIS
MCD12Q1 v006 land cover product to calculate the
proportion of anthropogenic land cover within a 700-m
radius of each checklist location (Friedl & Sulla-
Menashe, 2015). We then used generalized additive
models to quantify species’ responses to anthropogenic
land cover while accounting for nuisance variables and
spatial autocorrelation (Wood, 2006). We first modeled
the effect of each type of natural and anthropogenic
habitat on occupancy and then used our model to iden-
tify the most preferred natural habitat type. The syn-
anthropy index was calculated as the relative log-fold
increase (or decrease) of occurrence probability in
anthropogenic habitat vs. the natural habitat where the
species was most abundant. Specifically, this quantity
was calculated as the slope of a species’ response to
anthropogenic land covers minus the slope of their
response to their most preferred “natural” land cover
(see Appendix S1: Section S1 and Smith et al., 2021 for
full details).

Our efforts resulted in 18 traits that we then narrowed
down to 11 to represent key hypotheses. We selected
traits that were least correlated with metrics representing
other hypotheses by examining pairwise correlations. For
example, mass, wing chord, and hand-wing index may all
represent dispersal ability (Sheard et al., 2020; Sutherland
et al., 2000), but mass is also highly correlated with gen-
eration length (Bird et al., 2020). Therefore, we only used
hand-wing index and generation length since they were
the least correlated with each other. Nevertheless, some
traits remained correlated after our selection (the highest
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Pearson’s correlation for traits used in models was 0.48
between synanthropy and bird feeder association;
Appendix S1: Figure S2).

Statistical analysis

We modeled pathogen prevalence (Campylobacter spp.,
Salmonella spp., and STEC) and carriage of STEC-associ-
ated virulence genes as a function of bird traits using gen-
eralized linear mixed-effects models (GLMMs) with a
binomial error distribution and logit link function
(glmmTMB package in R; Brooks et al., 2017). Addition-
ally, we used GLMMs to examine the impact of species
traits on (1) the total number of individuals detected in
crops within each point using a negative binomial distri-
bution to account for overdispersion and (2) the total
number of environmental fecal samples attributed to
each species via COI gene testing, again using a negative
binomial distribution to account for overdispersion. We
modeled (1) using both the relative abundance (i.e., num-
ber of individuals counted in crop fields) of species across
all sites within each study as well as their relative abun-
dances per survey point (see Appendix S1: Section S1).

We first determined the optimal random effects struc-
ture for each of the seven response variables described
(Appendix S1: Table S5). To account for variation in
methods between studies, we included “study” as a ran-
dom effect in models using data from three or more stud-
ies and as a fixed effect in models using data from two
studies. To account for multiple bird surveys on the same
farm and multiple visits to each point-count location, we
included point nested within farm in analyses of crop
contact per survey point. Finally, to account for non-
independence in phylogenetic relationships, we also
included order, family, genus, and species as random
effects. Including order, family, and genus, rather than a
continuous measure of phylogenetic relatedness, allowed
us to identify the taxonomic level of non-independence.
Specifically, we constructed models with all combina-
tions of order, family, genus, and species, and then used
AIC to determine which taxonomic levels to include. Our
final candidate model sets included a random effect of
family for all response variables except Campylobacter
spp. (genus only) and crop contact (both family and
species).

After determining the optimal random effects struc-
tures, we constructed 44 candidate models that tested the
relative importance of each of the 11 traits for the seven
response variables (Appendix S1: Table S5). The 44
models included the null model, 11 models that tested a
single trait, 16 additive models that tested one exposure
and one pace of life trait, and 16 models that tested for an

interaction between one exposure and one pace of life
trait. All models that included hand-wing index also
included an intercept for aerial foraging to account for
the higher hand-wing index observed in species special-
ized in foraging in flight (Sheard et al., 2020). Continuous
physiological traits were log transformed to reduce lever-
age of high values.

We then ranked models based on AIC. and identified
those that were most supported (AAIC, < 2.0; Burnham
& Anderson, 2002). We assessed if variables improved
model fit using likelihood ratio tests for all models with
weights >0.05. We assessed multicollinearity for candi-
date models using the performance package in R
(Ludecke et al., 2020) and found it not to be an issue in
our models (VIF < 5). We used generalized Tukey HSD
tests in the multcomp package in R (Hothorn et al., 2008)
to examine differences in categorical predictor variables
that had high support (were included in models with <2
AAIC,.) and improved model fit (likelihood ratio tests).
We predicted pathogen prevalence and crop contact rates
per species from the best-supported models using the pre-
dict() function in R, then model-averaged predictions.
Finally, we reran models described above to determine if
landscape context influenced conclusions, but our con-
clusions were qualitatively similar when including the
percent seminatural habitat within 1000 m (see
Appendix S1: Section S1 and Tables S6-S8 for full
details). We found no evidence for spatial autocorrelation
using Moran’s I.

RESULTS
Foodborne pathogen prevalence

Our final data sets included 139 bird species
(Appendix S1: Figure S1; n = 94 in pathogen database;
n = 130 in point count database; n = 35 in environmen-
tal fecal sample database) from produce farms (Figure 3).
We found an overall Campylobacter spp. prevalence of
8.0% (n = 3023 individuals, 80 species, 68 sites, and 2
studies). Campylobacter coli, Campylobacter jejuni, and
Campylobacter fetus subsp. fetus were detected in 3.3%,
1.9%, and 1.4% of the samples, respectively. We found a
very low overall prevalence of Salmonella spp. (0.46%;
n = 4093 individuals, 93 species, 92 sites, and 5 studies)
and STEC (0.22%; n = 4693 individuals, 94 species, 92
sites, and 5 studies). Both proven and putative STEC viru-
lence genes were generally rarely detected: 0.22% for
eaeA (n = 3250), 0.06% for stx1 (n = 3250), 0.06% for stx2
(n = 3250), 0.65% for hlyA (n = 3250), and 8.8% for saa
(n = 3016). Two studies reported testing for stx1 and stx2,
among other genes above (n = 1443 samples) but did not
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report gene detection rates so are not included in the pre-
ceding gene carriage summaries.

Traits that predict pathogen prevalence
Campylobacter spp. prevalence

Species that primarily consume plants (i.e., herbivores,
granivores, nectarivores, and frugivores) had higher
Campylobacter spp. prevalence than omnivorous or insec-
tivorous species (Figure 4a; Appendix S1: Tables S9 and
S10). Species that were highly feedlot associated had
higher Campylobacter spp. prevalence than species that
were not feedlot associated or somewhat associated
(Figure 4b; Appendix S1: Table S11). Finally, species with
longer generation lengths had higher Campylobacter spp.
prevalence (Figure 4c). Extrapolated Campylobacter spp.
prevalence from our traits-based models ranged from
2.11% (Savannah Sparrow, Passerculus sandwichensis) to
54.0% (Cedar Waxwing, Bombycilla cedrorum). The next
highest predicted Campylobacter spp. prevalence was for
Canada Goose (46.7%; Branta canadensis) and Brown-
headed Cowbird (44.0%; Molothrus ater).

Salmonella spp. prevalence

Resident species had higher Salmonella spp. prevalence
than migratory species, but Salmonella spp. prevalence
did not differ between partially migratory species (facul-
tative migrants and species that migrate in part of the
study region) and other groups (Figure 4d; Appendix S1:
Tables S12 and S13). Additionally, species with smaller
hand-wing indices (a proxy for lower daily movements
and dispersal ability) had higher Salmonella spp. preva-
lence, though the effect was weak (Appendix SI:
Figure S3). Extrapolated Salmonella spp. prevalence from
our traits-based models ranged from 0.002% (Rufous
Hummingbird, Selasphorus rufus) to 17.1% (Common
Raven, Corvus corax). The next highest predicted Salmo-
nella spp. prevalence was for Steller’s Jay (6.91%; Cyano-
citta stelleri) and California Scrub-Jay (5.15%;
Aphelocoma californica).

STEC prevalence and carriage of STEC-
associated virulence genes

The null model containing only random effects was the
best predictor of STEC prevalence (Appendix S1:
Table S14), likely because the stx1 and stx2 genes were so
rarely detected in birds (0.22% prevalence). When examin-
ing samples with any STEC-associated virulence gene(s)
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(i.e., samples with one or more proven or putative viru-
lence genes detected), large clutch sizes (Figure 4e) and
high bird feeder association (Figure 4f) were associated
with increased carriage (Appendix S1: Table S15). Extrapo-
lated STEC-associated virulence gene prevalence from our
traits-based models ranged from 1.10% (Horned Lark, Ere-
mophila alpestris) to 24.4% (Black-capped Chickadee,
Poecile atricapillus). The next highest predicted STEC-asso-
ciated virulence gene prevalence was for Red-breasted Nut-
hatch (21.4%; Sitta canadensis) and Golden-crowned
Sparrow (17.0%; Zonotrichia atricapilla).

Traits that predict crop contact
Crop contact from point count surveys
Our point count database included 18,955 individual

birds from 130 species across three studies. Of these, we
observed 6177 individuals from 77 species in crop fields,
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with Brewer’s Blackbird (Euphagus cyanocephalus,
n = 1148), Barn Swallow (Hirundo rustica, n = 617), and
European Starling (Sturnus vulgaris, n = 524) being most
abundant (Appendix S1: Figure S1). When examining rel-
ative abundance across sites (i.e., total potential contribu-
tion to pathogen load across the system), species with
some or high feedlot association were more abundant in
crop fields than species that were not associated with
feedlots (Appendix S1: Tables S16 and S17, Figure S4).
When examining birds per survey point (i.e., potential
contribution to pathogen load in an average field), feedlot
association was again an important predictor of greater
bird densities in crops (Figure 5a; Appendix S1:
Tables S18 and S19). Aerial, ground, and understory for-
agers were also found in greater densities in crops than
bird species that primarily forage in upper vegetation
strata (Figure 5b; Appendix S1: Table S20).

Traits that predict fecal abundance in
production areas

White-crowned  Sparrows (Zonotrichia  leucophrys;
n = 90), Song Sparrows (Melospiza melodia; n = 70), and
House Sparrows (Passer domesticus, n = 60) were the
most frequently identified species through COI gene test-
ing of fecal samples collected from production areas
(brassica fields and food wash/packing stations). Fecal
samples were more often traced back to species that were
highly or somewhat feedlot associated (Figure 5c;
Appendix S1: Tables S21 and S22) and to species with
shorter generation lengths (Figure 5d). The total number
of contacts per species (in point count surveys from col-
lection locations) was positively correlated with the num-
ber of feces traced back to that species through COI gene
testing (Appendix S1: Figure S5; Pearson’s R* = 0.41,
P = 0.0017). However, deviations occurred wherein some
species appeared to deposit feces in production areas
infrequently (based on COI gene testing) despite often
being observed to contact production areas during point-
count surveys (e.g., Barn Swallows). In contrast, other
species appeared to defecate at disproportionately high
rates relative to their observed production area contacts
in point-count surveys (e.g., White-crowned Sparrows).

Species likely to pose the greatest risk to
food safety

To determine aggregate food safety risks associated with
birds, we used our best-supported models to predict each
species’ prevalence of Campylobacter spp., prevalence of
Salmonella spp., and carriage of STEC-associated
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individuals counted in crop fields) and defecation rates. (a, b) Crop
contacts per survey are higher in species that (a) have some to high
feedlot association and (b) primarily forage aerially, on the ground,
and in the understory. Crop contacts are lowest in species that
primarily forage in the upper strata. (c, d) Total feces in production
areas linked to species identities through COI gene testing is higher
in species with (c) some to high feedlot association and (d) shorter
generation lengths. Total feces are the total traced back to a species
across all farms. (a—c) Different letters above bars indicate
significant differences between groups from Tukey HSD pairwise
comparisons and show means +95% CI by group. (d) Gray area
shows +95% confidence intervals

virulence genes, as well as how often each species con-
tacted crops (using the point count survey analysis; Fig-
ure 6; Appendix S1: Figures S6 and S7; Smith et al.,
2021). In contrast to our hypotheses (Figure 2), no birds
were predicted to have both high prevalence and high
contact rates for any of the pathogens examined (i.e., top
right quadrants of Figure 6). There were no significant
correlations between a species’ predicted prevalence of
Campylobacter spp., prevalence of Salmonella spp., or
carriage of STEC-associated virulence genes and its
predicted crop contact rates (Appendix S1: Figure S8).
For example, our models predicted that Cedar Waxwings
(54%), Canada Geese (47%), Brown-headed Cowbirds
(44%), Eurasian-Collared Doves (Streptopelia decaocto,
26%), and House Sparrows (20%) are likely to have the
highest Campylobacter spp. prevalence (Figure 6a). In
contrast, swallows (family Hirundinidae), native black-
birds (family Icteridae), and European Starlings were
predicted to enter farm fields most commonly
(Figure 6a). Nonetheless, species with high feedlot associ-
ations fell at the forefront of the contact-by-prevalence
continuum (Figures 4b and 5a,c), suggesting high feedlot
association is likely to carry the greatest food safety risks.
On the other hand, many species commonly found
around farms were predicted to rarely enter farm fields
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while also having low pathogen prevalence (e.g., Yellow
Warbler, Setophaga petechia, and Northern Flicker, Col-
aptes auratus; Figure 6).

DISCUSSION

Our work demonstrates that traits mediate food safety
risks and can be used to extrapolate risk across diverse
bird species and farm bird communities, which expensive
pathogen testing has previously precluded (Smith
et al., 2020c). Overall, Campylobacter spp. were the most
frequently detected enteric pathogen in birds (8.0%,
n = 3023), whereas Salmonella spp. and STEC were rare

(0.46% and 0.22%, respectively). Although Shiga-toxin
producing genes (stx1 and/or stx2) were seldom detected
in our meta-analysis, other STEC-associated virulence
genes were more frequently detected, with saa being the
most common (8.8%, n = 3016). In combination with
Shiga toxins, other virulence factors contribute to patho-
genesis, namely adhesins that enable the adherence and
colonization of the human gut by STEC, typically eae, or
in atypical strains, saa (Paton et al., 2001; Paton &
Paton, 2002). Carriage of bacteria that harbor STEC-
associated accessory virulence genes does not mean that
birds are a direct, imminent risk to food safety. Still, hori-
zontal gene transfer of virulence genes from bacteria car-
ried by birds to human pathogens could contribute to the
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emergence of virulent strains, as is the case in other ani-
mal reservoirs (Karmali, 2018).

The low pathogen prevalences reported here contrast
with some prior studies (Smith et al., 2020c). For exam-
ple, Kirk et al. (2002) found a Salmonella spp. prevalence
of 3.1% (n = 451) for House Sparrows and 3.2% (n = 95)
for Brown-headed Cowbirds in California dairies. Simi-
larly, Monaghan et al. (1985) estimated 9.6% (n = 2021)
of Herring Gulls (Larus argentatus) carry Salmonella spp.
in refuse sites. This suggests that the disproportionate
focus of these prior studies on synanthropic bird species
in urban or feedlot settings may have inflated the percep-
tion that birds are likely to cause STEC and Salmonella
outbreaks when found on produce farms (Olimpi
et al., 2019; Smith et al., 2020c¢).

Traits mediate pathogen prevalence and
carriage of STEC-associated virulence
genes

Exposure traits

Traits related to pathogen exposure were generally the
most important mediators of pathogen prevalence and
gene carriage. For example, we found higher prevalence
of Campylobacter spp. and carriage of STEC-associated
virulence genes in species associated with feedlots and
bird feeders, respectively. Bird feeders have been impli-
cated in transmission of other pathogens in the past. For
example, fecal material on bird feeders may transmit Sal-
monella spp. between songbirds and cause mass mortality
events, especially during harsh winters, as seen in a
recent large-scale outbreak (CDC, 2021; Daoust
et al., 2000). Additionally, our finding that feedlot associ-
ation increases Campylobacter spp. prevalence is unsur-
prising given that multiple studies have noted that food
safety risks increase in proximity to livestock (Hald
et al., 2016; Karp et al., 2015; Smith et al., 2020a). It thus
seems likely that birds may acquire pathogens from live-
stock feedlots and then carry them, potentially over long
distances, into produce fields (Billerman et al., 2020;
Rivadeneira et al., 2016; Smith et al., 2020a).

The few studies that have related functional traits to
food safety risks in birds have tended to compare foraging
guilds and have had mixed results. For example, prior
studies suggest that Campylobacter spp. prevalence may
be higher in omnivores, ground foragers, opportunistic
feeders, carnivores, and/or arboreal/herbaceous insecti-
vores (Hald et al., 2016; Smith et al., 2020c; Waldenstrom
et al., 2002). Leveraging a database that encompasses
many more species than prior primary studies, distrib-
uted across diverse guilds but collected in similar

environments, we found Campylobacter spp. prevalence
was lower in insectivores than in plant-eating species.
We hypothesize this result may reflect a combination of
traits related to pathogen exposure that are correlated
with diet. For example, birds that primarily consumed
plants constituted a higher proportion than average of
species with high feedlot association (21% vs. 17%), high
bird feeder use (58% vs. 26%), and preference for
synanthropic habitats (synanthropic index >1; 42%
vs. 17%).

Unlike Campylobacter spp., movement traits most
strongly influenced Salmonella spp., with more sedentary
species exhibiting higher prevalence (i.e., residents with
lower hand-wing indices). Salmonella spp., in contrast to
Campylobacter spp. that are generally considered com-
mensal, are known to cause mass mortality events in
small passerines (Daoust et al., 2000; Hall & Saito, 2008;
Smith et al., 2020c). Thus, infected individuals may be
culled during stressful seasonal movements (Altizer
et al., 2011). Additionally, “migratory escape” may occur
during migration wherein individuals leave behind envi-
ronments with high pathogen loads (Altizer et al., 2011).
Alternatively, prior work has shown that migratory birds
mount greater immune defenses than resident species
(Moller & Erritzoe, 1998), potentially cascading into
lower Salmonella spp. prevalence.

Pace-of-life traits

While exposure traits appear to mediate pathogen preva-
lence, the impact of pace-of-life traits was less clear. In
contrast to the predicted relationship between generation
length and pathogen prevalence in the “ecoimmunological
pace-of-life hypothesis” (Ostfeld et al., 2014), we found that
species with longer generation lengths had higher Cam-
pylobacter spp. prevalence. However, clutch size was posi-
tively correlated with carriage of STEC-associated
virulence genes, aligning with the pace-of-life hypothesis,
while no pace-of-life traits were related to Salmonella spp.
prevalence. Altogether, there was weak and inconsistent
support for the “ecoimmunological pace-of-life hypothe-
sis,” in line with mixed support in the literature (Nwaogu
et al., 2018; Tieleman, 2018).

An alternative explanation for the positive relation-
ship between generation length and Campylobacter spp.
prevalence is that individuals from species with longer
generation lengths may be older, on average, and may
have had more time to be exposed to pathogens, allowing
for pathogen “accumulation.” Indeed, Campylobacter
spp. are generally considered wild bird commensals and
could accumulate (Smith et al., 2020c). However, it
remains unclear whether individuals infected with
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Campylobacter spp., or other foodborne pathogens, main-
tain infections for substantial lengths of time (Smith
et al., 2020c). One study that may shed light on this issue
recaptured European Starlings from 1 to 364 d apart and
found that ~40% of birds tested positive for Campylobac-
ter spp. on only one occasion. For those that tested posi-
tive both times, ~84% of C. jejuni isolates were of a
different genotype between surveys, suggesting rapid
turnover and re-colonization (Colles et al., 2009).
Another study that observed shedding in captive Herring
Gulls failed to detect Campylobacter spp. after week 4 of
a 58-week trial (Glunder et al., 1992). Therefore, it is
unclear whether pathogens really do accumulate in spe-
cies with longer generation lengths, or whether other fac-
tors covarying with generation length (e.g., mass and diet
guild; Bird et al., 2020) may be at play.

Traits mediate crop contact

We found that species associated with feedlots and those
that forage in lower vegetation strata were most likely to
contact crops. These results are intuitive as species pre-
adapted to exploit feedlots may also be able to exploit
crop fields, and upper-strata foragers may be unlikely to
venture out of the treetops into low-growing crops. Sim-
ply entering farm fields, however, does not necessarily
mean that a species will contaminate the crops by defe-
cating. Indeed, while feedlot-associated species were both
more likely to enter and defecate in farm fields, feces in
brassica fields and food wash/packing structures were
also more likely to be attributed to species with shorter
generation lengths. One explanation is that species with
shorter-generation lengths in our system tend to be
small-bodied species like Savannah Sparrow and Song
Sparrow (Melospiza melodia) that actively forage among
crops (Smith et al., 2020a). While few studies have com-
pared fecal outputs per unit time during different activi-
ties, Canada Geese are known to have higher defecation
rates while feeding compared to loafing (Feare
et al., 1999). Moreover, birds actively foraging on plants
likely have higher fecal output rates than birds foraging
in flight or flying over crops (Guillemette, 1994). These
observations may explain why aerial insectivores were
often observed foraging over crops, yet few feces were
traced back to them.

Managing risk in the field

Our results suggest that, although prevalence of enteric
pathogens is often low in birds, feedlot-associated species
present higher risks because they are more likely to shed

Campylobacter spp., enter farm fields, and defecate on
high-risk products. Because birds have been observed
moving between livestock operations and farm fields
(Rivadeneira et al., 2016), growers could consider plant-
ing high-risk produce as far away as possible from live-
stock areas (Karp et al., 2015). Unfortunately, however,
many of the livestock-associated species studied here
move great distances on a daily basis (Billerman
et al., 2020), so this might be difficult in practice. Growers
may also benefit from focusing monitoring and deter-
rence efforts in areas near livestock, including measures
such as installing raptor perches and nest boxes or using
sound cannons (Olimpi et al., 2020; Rivadeneira
et al., 2018; Shave et al., 2018). The efficacy of most bird
deterrence mechanisms are thought to be low or are
untested, but using a combination of methods and rotat-
ing their use may help reduce fecal contamination on
crops (Olimpi et al., 2020).

More optimistically, however, our results suggest that
co-managing fresh produce fields for food safety and eco-
nomic benefits from birds may be possible. Insectivorous
birds often consume damaging crop pests and improve
crop yields (Boesing et al., 2017; Karp et al., 2013). Our
study suggests that these insect-eating species are also
less likely to carry Campylobacter spp. One strategy for
promoting insectivorous birds (as well as farmland biodi-
versity overall) is restoring or maintaining non-crop vege-
tation around farms (Gonthier et al., 2019). Importantly,
farms with more surrounding non-crop habitat may be
less likely to host birds that shed Campylobacter spp. in
fields (Smith et al., 2020a) and removing habitat may
increase STEC prevalence on crops (Karp et al., 2015).
Another approach for attracting pest-eating birds is
installing artificial nest boxes around farms (Jedlicka
et al., 2011). Our model predictions suggest that some
species most commonly occupying nest boxes tend to
have low Campylobacter spp. prevalence (e.g., Western
Bluebirds [Sialia Mexicana] and Tree Swallows
[Tachycineta bicolor]; Smith et al., 2021). However, cau-
tion is warranted as nonnative European Starlings and
House Sparrows regularly evict native species from nest
boxes (Weitzel, 1988). Although nonnative status was less
important in predicting Campylobacter spp. than other
traits, nonnative species in our study still had higher
prevalence than native birds (OR = 3.36; f = 1.21,
P = 0.027). Thus, growers should monitor nest boxes and
evict nonnative birds when possible.

Caveats and limitations

A few caveats and limitations must be noted. First,
although our study covers many bird species and a wide
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area along the West Coast, trends from our study may
not extend into other regions (e.g., other temperate areas
or the tropics); other production systems (e.g., orchard or
vineyard monocultures); or conventional, large-scale
agriculture. Indeed, our analyses focus on farms that
largely grow row crops, with much of the data derived
from small, organic operations. Crop contact rates, in
particular, may be elevated on the relatively diversified
farms included in our study (Smith et al., 2020b). Addi-
tionally, some bird species may have regional and con-
text-specific differences in crop contact rates that could
cause them to move into the high-prevalence-high-con-
tact quadrant in specific settings and/or regions. For
example, Wild Turkeys (Meleagris gallopavo) were
predicted to have overall low crop contact rates in our
study, likely because their range does not extend into a
large portion of the farms surveyed. However, they may
constitute significant food safety risks where they do
occur because they have been found to carry STEC and
intrude into agriculture in other settings (Jones
et al., 2015).

Second, it should be noted that birds may contami-
nate crops via indirect routes not studied here, including
mechanically vectoring pathogens on feathers or through
defecation in irrigation water (Navarro-Gonzalez et al.,
2020; Smith et al., 2020c). Third, the duration of bacterial
survival in bird feces is a key variable in the probability
that foodborne pathogens will spillover from wild birds
to humans (Smith et al., 2020c). However, no studies to
date that we know of inoculate songbird feces with Cam-
pylobacter spp., the most common foodborne pathogen
found in songbirds, and monitor Campylobacter spp. sur-
vival. One study that examined Campylobacter spp. sur-
vival in Canada Goose feces suggests bacteria may
become unviable rapidly (2 d) in summer (Moriarty
et al., 2012), but we were unable to examine this impor-
tant aspect of the spillover cycle. Current evidence sug-
gests that Salmonella spp. and E. coli, which were rarely
found in bird feces in our study, may survive over longer
time periods in bird feces (Feare et al., 1999; Fonseca
et al., 2020; Kauffman & Lejeune, 2011; Moriarty
et al., 2012).

Finally, we note that our study provides evidence
regarding the gradient of risk that bird species pose to
food safety, when considering crop contact and pathogen
prevalence. Although foodborne pathogens may be rare
in birds, in some instances, pathogens could enter a field
via birds and amplify when conditions for pathogenic
bacteria are favorable (Gardner et al., 2011). Although we
conclude that many bird species can be managed in
agroecosystems with low risks to food safety, we note that
when bird species are present in and around crop fields
and are capable of carrying foodborne pathogens, the risk

to food safety is non-zero. The amount of risk that is tol-
erable will likely vary by stakeholder group (e.g., food
safety certifiers, conservationists, etc.) and is beyond the
scope of our study.

CONCLUSIONS

Although birds do harbor foodborne pathogens, their
prevalence in birds is generally quite low. Still, we found
that species traits mediate food safety risks and can be
used to extrapolate risks to understudied species. In par-
ticular, species associated with feedlots are both more
likely to carry pathogens and to defecate in farm fields
than species that avoid feedlots. Fortunately, we suggest
that growers can still harness ecosystem services from
insectivorous birds and promote conservation without
greatly compromising food safety, either by installing
nest boxes or by maintaining non-crop vegetation
(Jedlicka et al., 2011; Karp et al, 2015; Smith
et al., 2020a). Efforts to deter species that are more prob-
lematic and “tip the scales” towards those that are less
harmful may facilitate a “win-win-win” for human
health, biodiversity, and crop production.

ACKNOWLEDGMENTS

We thank the many growers who provided us access to
their farms and participated in our individual studies.
This work was funded by the United States Department
of Agriculture (USDA-NIFA-OREI grant 2015-51300-
24155 and USDA-NIFA-BcENRE grant 2017-67019-
26293) and the National Science Foundation (grant
CNH-1824871). Any opinions, findings, conclusions, or
recommendations expressed in this publication are those
of the authors and do not necessarily reflect the view of
the U.S. Department of Agriculture. M. Jay-Russell and
E. S. Pro provided assistance with project development.
We thank L. Michelotti, A. Tormanen, S. Knutie (master
banding permit that was essential to parts of the data col-
lection), and the many others who assisted with lab and
field work for individual studies.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

Olivia M. Smith, Elissa M. Olimpi, and Daniel S. Karp.
designed the research with input from Nora Navarro-
Gonzalez, Luke O. Frishkoff, Tobin D. Northfield, and
William E. Snyder; Olivia M. Smith, Kevin A. Cornell,
Luke O. Frishkoff, Johnna Eilers, Karina Garcia, and
Daniel S. Karp collected traits data; Olivia M. Smith,
Elissa M. Olimpi, Max Edworthy, Karina Garcia, David J.



14 of 16 |

SMITH ET AL.

Gonthier, Zhen Fu, Joseph M. Taylor, Erin E. Wilson-
Rankin. and Daniel S. Karp. collected pathogen and con-
tact data; Olivia M. Smith. meta-analyzed the data and
created figures; Olivia M. Smith. and Daniel S. Karp. led
the writing of the manuscript; Luke O. Frishkoff,
Tobin D. Northfield, Timothy M. Bowles, Max Edworthy,
David J. Gonthier, Christina M. Kennedy, Christopher E.
Latimer, Jeb P. Owen, and William E. Snyder. provided
comments on the manuscript, with large contribution
from Elissa M. Olimpi, Nora Navarro-Gonzalez; all
authors made substantial contributions to studies
included in the meta-analysis and approved manuscript
submission.

DATA AVAILABILITY STATEMENT
Data (Smith et al. 2021) are available in Dryad: https://
doi.org/10.5061/dryad.m63xsj42m.

ORCID

Olivia M. Smith ‘© https://orcid.org/0000-0002-9404-0243
Elissa M. Olimpi @ https://orcid.org/0000-0003-2995-0301
Kevin A. Cornell ‘© https://orcid.org/0000-0002-2634-9759
Luke O. Frishkoff ® https://orcid.org/0000-0001-5738-
2140

Tobin D. Northfield (® https://orcid.org/0000-0002-0563-
485X

Zhen Fu © https://orcid.org/0000-0002-8120-590X
Matthew S. Jones ‘© https://orcid.org/0000-0001-8089-
2288

Christina M. Kennedy © https://orcid.org/0000-0001-
8902-8728

Christopher E. Latimer ® https://orcid.org/0000-0003-

0063-7506

Jeb P. Owen © https://orcid.org/0000-0002-2042-0526
Chika Sato ‘© https://orcid.org/0000-0003-0434-812X
Joseph M. Taylor ‘® https://orcid.org/0000-0001-5146-
5607

Erin E. Wilson-Rankin ‘® https://orcid.org/0000-0001-
7741-113X

William E. Snyder ® https://orcid.org/0000-0002-2747-
3102

Daniel S. Karp @ https://orcid.org/0000-0002-3832-4428

REFERENCES

Altizer, S., R. Bartel, and B.A. Han. 2011. “Animal Migration and
Infectious Disease Risk.” Science 331: 296-303.

Angelo, K.M., A.L. Nisler, AJ. Hall, and L.G. Brown. 2017. “Epide-
miology of Restaurant-Associated Foodborne Disease Out-
breaks, United States, 1998-2013.” Epidemiology & Infection
145: 523-34.

Barnagaud, J.-Y., P. Galizére, B. Zuckerberg, K. Princé, and J.-C.
Svenning. 2017. “Temporal Changes in Bird Functional Diver-
sity across the United States.” Oecologia 185: 737-43.

Baur, P., L. Driscoll, S. Gennet, and D. Karp. 2016. “Inconsistent
Food Safety Pressures Complicate Environmental Conserva-
tion for California Produce Growers.” California Agriculture
70: 142-51.

Beretti, M., and D. Stuart. 2008. “Food Safety and Environmental
Quality Impose Demands on Central Coast Growers.” Califor-
nia Agriculture 62: 217-20.

Billerman, S.M., B.K. Keeney, P.G. Rodewald, and T.S.
Schulenberg. 2020. Birds of the World. Ithaca, NY: Cornell Lab-
oratory of Ornithology.

Bird, J.P., R. Martin, H.R. Akcgakaya, J. Gilroy, L.J. Burfield, A.
Symes, J. Taylor, C.H. Sekercioglu, and S.H.M. Butchart. 2020.
“Generation Lengths of the World’s Birds and their Implica-
tions for Extinction Risk.” Conservation Biology 34: 1252-61.

Boesing, A.L., E. Nichols, and J.P. Metzger. 2017. “Effects of Land-
scape Structure on Avian-Mediated Insect Pest Control Ser-
vices: A Review.” Landscape Ecology 32: 931-44.

Brooks, M.E., K. Kristensen, K.J. van Benthem, A. Magnusson, C.
W. Berg, A. Nielsen, H.J. Skaug, M. Maechler, and B.M.
Bolker. 2017. “glmmTMB Balances Speed and Flexibility
among Packages for Zero-Inflated Generalized Linear Mixed
Modeling.” R Journal 9: 378-400.

Bryan, A., I. Youngster, and A.J. McAdam. 2015. “Shiga Toxin Pro-
ducing Escherichia coli.” Clinics in Laboratory Medicine 35:
247-72.

Burnham, K.P., and D.R. Anderson. 2002. Model Selection and Mul-
timodel Inference: A Practical Information-Theoretic Approach,
Second ed. New York: Springer-Verlag.

Butterfield, J., J.C. Coulson, S.V. Kearsey, P. Monaghan, J.H. McCoy,
and G.E. Spain. 1983. “The Herring Gull Larus Argentatus as a
Carrier of Salmonella.” Journal of Hygiene 91: 429-36.

CDC. 2021. Salmonella Outbreak Linked to Wild Songbirds. Atlanta,
GA: CDC.

Colles, F.M., N.D. McCarthy, J.C. Hoew, C.L. Devereux, A.G.
Gosler, and M.C.J. Maiden. 2009. “Dynamics of Campylobacter
Colonization of a Natural Host, Sturnus vulgaris (European
Starling).” Environmental Microbiology 11: 258-67.

Cooley, M., D. Carychao, L. Crawford-Miksza, M.T. Jay, C. Myers,
C. Rose, C. Keys, J. Farrar, and R.E. Mandrell. 2007. “Inci-
dence and Tracking of Escherichia coli O157:H7 in a Major
Produce Production Region in California.” PLoS ONE 2: e1159.

Daoust, P., D.G. Busby, L. Ferns, J. Goltz, S. Mcburney, C. Poppe,
and H. Whitney. 2000. “Salmonellosis in Songbirds in the
Canadian Atlantic Provinces during Winter-Summer 1997-
98.” Canadian Veterinary Journal 41: 54-9.

Daversa, D.R., A. Fenton, A.L. Dell, T.W.J. Garner, and A. Manica.
2017. “Infections on the Move: How Transient Phases of Host
Movement Influence Disease Spread.” Proceedings of the Royal
Society B 284: 20171807.

De Graaf, R.M., N.G. Tilghman, and S.H. Anderson. 1985. “Forag-
ing Guilds of North American Birds.” Environmental Manage-
ment 9: 493-536.

Donald, P.F.,, R.E. Green, and M.F. Heath. 2001. “Agricultural
Intensification and the Collapse of Europe’s Farmland Bird
Populations.” Proceedings of the Royal Society B 268: 25-9.

Feare, CJ., M.F. Saunders, R. Blasco, and J.D. Bishop. 1999. “Can-
ada Goose Droppings as a Potential Source of Pathogenic Bac-
teria.” Journal of the Royal Society for the Promotion of Health
119: 146-55.


https://doi.org/10.5061/dryad.m63xsj42m
https://doi.org/10.5061/dryad.m63xsj42m
https://orcid.org/0000-0002-9404-0243
https://orcid.org/0000-0002-9404-0243
https://orcid.org/0000-0003-2995-0301
https://orcid.org/0000-0003-2995-0301
https://orcid.org/0000-0002-2634-9759
https://orcid.org/0000-0002-2634-9759
https://orcid.org/0000-0001-5738-2140
https://orcid.org/0000-0001-5738-2140
https://orcid.org/0000-0001-5738-2140
https://orcid.org/0000-0002-0563-485X
https://orcid.org/0000-0002-0563-485X
https://orcid.org/0000-0002-0563-485X
https://orcid.org/0000-0002-8120-590X
https://orcid.org/0000-0002-8120-590X
https://orcid.org/0000-0001-8089-2288
https://orcid.org/0000-0001-8089-2288
https://orcid.org/0000-0001-8089-2288
https://orcid.org/0000-0001-8902-8728
https://orcid.org/0000-0001-8902-8728
https://orcid.org/0000-0001-8902-8728
https://orcid.org/0000-0003-0063-7506
https://orcid.org/0000-0003-0063-7506
https://orcid.org/0000-0003-0063-7506
https://orcid.org/0000-0002-2042-0526
https://orcid.org/0000-0002-2042-0526
https://orcid.org/0000-0003-0434-812X
https://orcid.org/0000-0003-0434-812X
https://orcid.org/0000-0001-5146-5607
https://orcid.org/0000-0001-5146-5607
https://orcid.org/0000-0001-5146-5607
https://orcid.org/0000-0001-7741-113X
https://orcid.org/0000-0001-7741-113X
https://orcid.org/0000-0001-7741-113X
https://orcid.org/0000-0002-2747-3102
https://orcid.org/0000-0002-2747-3102
https://orcid.org/0000-0002-2747-3102
https://orcid.org/0000-0002-3832-4428
https://orcid.org/0000-0002-3832-4428

ECOLOGICAL APPLICATIONS

| 150f 16

Flynn, D.F.,, M. Gogol-Prokurat, T. Nogeire, N. Molinari, B.T.
Richers, B.B. Lin, N. Simpson, M.M. Mayfield, and F.
DecClerck. 2009. “Loss of Functional Diversity under Land Use
Intensification across Multiple Taxa.” Ecology Letters 12:
22-33.

Fonseca, J.M., S. Ravishankar, C.A. Sanchez, E. Park, and K.D.
Nolte. 2020. “Assessing the Food Safety Risk Posed by Birds
Entering Leafy Greens Fields in the US Southwest.” Interna-
tional Journal of Environmental Research and Public Health 17:
8711.

Friedl, M., and D. Sulla-Menashe. 2015. MCD12Q1 MODIS/Terra
+Aqua Land Cover Type Yearly L3 Global 500m SIN Grid
V006 [Data set]. NASA EOSDIS Land Processes DAAC.
https://doi.org/10.5067/MODIS/MCD12Q1.006

Gardner, TJ., C. Fitzgerald, C. Xavier, R. Klein, J. Pruckler, S.
Stroika, and J.B. Mclaughlin. 2011. “Outbreak of
Campylobacteriosis Associated with Consumption of Raw
Peas.” Clinical Infectious Diseases 53: 26-32.

Gibb, R., D.W. Redding, K.Q. Chin, C.A. Donnelly, T.M. Blackburn,
T. Newbold, and K.E. Jones. 2020. “Zoonotic Host Diversity
Increases in Human-Dominated Ecosystems.” Nature 584:
398-402.

Glunder, G., I. Neumann, and S. Braune. 1992. “Occurrence of
Campylobacter spp. in Young Gulls, Duration of Campylobac-
ter Infection and Reinfection by Contact.” Journal of Veteri-
nary Medicine, Series B 39: 119-22.

Gonthier, D.J., A.R. Sciligo, D.S. Karp, A. Lu, K. Garcia, G. Juarez,
T. Chiba, S. Gennet, and C. Kremen. 2019. “Bird Services and
Disservices to Strawberry Farming in Californian Agricultural
Landscapes.” Journal of Applied Ecology 56: 1948-59.

Gorski, L., C.T. Parker, A. Liang, M.B. Cooley, M.T. Jay-russell, A.
G. Gordus, E.R. Atwill, and R.E. Mandrell. 2011. “Prevalence,
Distribution, and Diversity of Salmonella enterica in a Major
Produce Region of California.” Applied and Environmental
Microbiology 77: 2734-48.

Guillemette, M. 1994. “Digestive-Rate Constraint in Wintering
Common Eiders (Somateria Mollissima): Implications for Fly-
ing Capabilities.” Auk 111: 900-9.

Hald, B., M.N. Skov, E.M. Nielsen, C. Rahbek, J.J. Madsen, M.
Waing, M. Chriél, S. Nordentoft, D.L. Baggesen, and M.
Madsen. 2016. “Campylobacter jejuni and Campylobacter coli
in Wild Birds on Danish Livestock Farms.” Acta Veterinaria
Scandinavica 58: 1-10.

Hall, AJ., and E.K. Saito. 2008. “Avian Wildlife Mortality Events
due to Salmonellosis in the United States, 1985-2004.” Journal
of Wildlife Diseases 44: 585-93.

Hartup, B.K., H.O. Mohammed, G.V. Kollias, and A.A. Dhondt.
1992. “Risk Factors Associated with Mycoplasmal Conjunctivi-
tis in House Finches.” Journal of Wildlife Diseases 34: 281-8.

Havelaar, A.H., M.D. Kirk, P.R. Torgerson, H.J. Gibb, T. Hald, R.J.
Lake, and N. Praet. 2015. “World Health Organization Global
Estimates and Regional Comparisons of the Burden of
Foodborne Disease in 2010.” PLoS Medicine 12: €1001923.

Hothorn, T., F. Bretz, and P. Westfall. 2008. “Simultaneous Infer-
ence in General Parametric Models.” Biometrical Journal 50:
346-63.

Jedlicka, J.A., R. Greenberg, and D.K. Letourneau. 2011. “Avian
Conservation Practices Strengthen Ecosystem Services in Cali-
fornia Vineyards.” PLoS ONE 6: e27347.

Jones, M.S., S. Tadepalli, D.F. Bridges, and V.C.H. Wu. 2015. “Sup-
pression of Escherichia coli 0157:H7 by Dung Beetles (Coleop-
tera: Scarabaeidae) wusing the Lowbush Blueberry
Agroecosystem as a Model System.” PLoS ONE 10: e0120904.

Karmali, M.A. 2018. “Factors in the Emergence of Serious Human
Infections Associated with Highly Pathogenic Strains of Shiga
Toxin-Producing Escherichia coli.” International Journal of
Medical Microbiology 308: 1067-72.

Karp, D.S., S. Gennet, C. Kilonzo, M. Partyka, N. Chaumont, E.R.
Atwill, and C. Kremen. 2015. “Comanaging Fresh Produce for
Nature Conservation and Food Safety.” Proceedings of the
National Academy of Sciences of the United States of America
112: 11126-31.

Karp, D.S.,, C.D. Mendenhall, R.F. Sandi, N. Chaumont, P.R.
Ehrlich, E.A. Hadly, and G.C. Daily. 2013. “Forest Bolsters
Bird Abundance, Pest Control and Coffee Yield.” Ecology Let-
ters 16: 1339-47.

Kauffman, M.D., and J. Lejeune. 2011. “European Starlings
(Sturnus vulgaris) Challenged with Escherichia coli 0157 Can
Carry and Transmit the Human Pathogen to Cattle.” Letters in
Applied Microbiology 53: 596-601.

Kirk, J.H., C.A. Holmberg, and J.S. Jeffrey. 2002. “Prevalence of Sal-
monella spp in Selected Birds Captured on California Dairies.”
Journal of the American Veterinary Medical Association 220:
359-62.

Kross, S.M., J.M. Tylianakis, and X.J. Nelson. 2012. “Effects of
Introducing Threatened Falcons into Vineyards on Abundance
of Passeriformes and Bird Damage to Grapes.” Conservation
Biology 26: 142-9.

Langholz, J.A., and M.T. Jay-Russel. 2013. “Potential Role of Wild-
life in Pathogenic Contamination of Fresh Produce.” Human-
Wildife Interactions 7: 140-57.

Lee, K.A. 2006. “Linking Immune Defenses and Life History at the
Levels of the Individual and the Species.” Integrative and Com-
parative Biology 46: 1000-15.

Ludecke, D., D. Makowski, P. Waggoner, and I. Patil. 2020. “perfor-
mance: An R Package for Assessment, Comparison and Test-
ing of Statistical Models.” Journal of Open Source Software 6:
3139. https://doi.org/10.21105/joss.03139

McGill, BJ., BJ. Enquist, E. Weiher, and M. Westoby. 2006.
“Rebuilding Community Ecology from Functional Traits.”
Trends in Ecology & Evolution 21: 178-85.

Moller, A.P., and J. Erritzoe. 1998. “Host Immune Defence and
Migration in Birds.” Evolutionary Ecology 12: 946-53.

Monaghan, P., C. Shedden, K. Ensor, C. Fricker, and R. Girdwood.
1985. “Salmonella Carriage by Herring Gulls in the Clyde Area
of Scotland in Relation to Their Feeding Ecology.” Journal of
Applied Ecology 22: 669-79.

Moriarty, E.M., L. Weaver, L.W. Sinton, and B. Gilpin. 2012. “Sur-
vival of Escherichia coli, Enterococci and Campylobacter jejuni
in Canada Goose Faeces on Pasture.” Zoonoses and Public
Health 59: 490-7.

Navarro-Gonzalez, N., S. Wright, P. Aminabadi, A. Gwinn, T.V.
Suslow, and M.T. Jay-Russell. 2020. “Carriage and Subtypes of
Foodborne Pathogens Identified in Wild Birds Residing Near
Agricultural Lands in California: A Repeated Cross-Sectional
Study.” Applied and Environmental Microbiology 86: €01678-19.

Newbold, T., JP.W. Scharlemann, S.H.M. Butchart, C.H.
Sekercioglu, R. Alkemade, H. Booth, and D.W. Purves. 2013.


https://doi.org/10.5067/MODIS/MCD12Q1.006.
https://doi.org/10.21105/joss.03139

16 of 16

SMITH ET AL.

“Ecological Traits Affect the Response of Tropical Forest Bird
Species to Land-Use Intensity.” Proceedings of the Royal Society
B 280: 20122131.

Nwaogu, C., W. Cresswell, M.A. Versteegh, and B.I. Tieleman.
2018. “Seasonal Differences in Baseline Innate Immune Func-
tion are Better Explained by Environment than Annual Cycle
Stage in a Year-Round Breeding Tropical Songbird.” Journal of
Animal Ecology 88: 537-53.

Olimpi, E.M., P. Baur, A. Echeverri, D. Gonthier, D.S. Karp, C.
Kremen, A. Sciligo, and K.T. De Master. 2019. “Evolving Food
Safety Pressures in California’s Central Coast Region.” Fron-
tiers in Sustainable Food Systems 3: 1-24.

Olimpi, E.M., K. Garcia, D. Gonthier, K.T. De Master, A. Echeverri,
C. Kremen, A.R. Sciligo, W.E. Snyder, E.E. Wilson-Rankin,
and D.S. Karp. 2020. “Shifts in Species Interactions and Farm-
ing Contexts Mediate Net Effects of Birds in Agroecosystems.”
Ecological Applications 30: e02115.

Ostfeld, R.S., T. Levi, A.E. Jolles, L.B. Martin, R.R. Hosseini, and F.
Keesing. 2014. “Life History and Demographic Drivers of Res-
ervoir Competence for Three Tick-Borne Zoonotic Pathogens.”
PLoS ONE 9: €107387.

Parker, J.S., R.S. Wilson, J.T. LeJeune, and D. Doohan. 2012.
“Including Growers in the “Food Safety” Conversation:
Enhancing the Design and Implementation of Food Safety
Programming based on Farm and Marketing Needs of Fresh
Fruit and Vegetable Producers.” Agriculture and Human
Values 29: 303-19.

Paton, A.W., and J.C. Paton. 2002. “Direct Detection and Character-
ization of Shiga Toxigenic Escherichia coli by Multiplex PCR
for stx1, stx2, Eae, ehxA, and Saa.” Journal of Clinical Microbi-
ology 40: 271-4.

Paton, A.W., P. Srimanote, M.C. Woodrow, and J.C. Paton. 2001.
“Characterization of Saa, a Novel Autoagglutinating Adhesin
Produced by Locus of Enterocyte Effacement-Negative Shiga-
Toxigenic Escherichia coli Strains that Are Virulent for
Humans.” Infection and Immunity 69: 6999-7009.

Plowright, R.X., C.R. Parrish, H. McCallum, P.J. Hudson, A.L. Ko,
A.L. Graham, and J.O. Lloyd-Smith. 2017. “Pathways to Zoo-
notic Spillover.” Nature Reviews Microbiology 15: 502-10.

Rivadeneira, P., C. Hilson, A. Justice-Allen, and M. Jay-Russell.
2016. “Pathogen Risks Related to the Movement of Birds
Frequenting Livestock and Fresh Produce Growing Areas in
the Southwestern U.S.” In Proceedings of the 27th Vertebrate
Pest Conference, edited by R.M. Timm and R. Baldwin, 258-63.
Davis, CA: University of California, Davis.

Rivadeneira, P., S. Kross, N. Navarro-Gonzalez, and M. Jay-Russell.
2018. “A Review of Bird Deterrents Used in Agriculture.” In
Proceedings of the 28th Vertebrate Pest Conference, edited by D.
M. Woods, 218-23. Davis, CA: University of California, Davis.

Rosenberg, K.V., A.M. Dokter, P.J. Blancher, J.R. Sauer, A.C.
Smith, P.A. Smith, J.C. Stanton, et al. 2019. “Decline of the
North American Avifauna.” Science 366: 120-4.

Shave, M.E., S.A. Shwiff, J.L. Elser, and C.A. Lindell. 2018. “Falcons
Using Orchard Nest Boxes Reduce Fruit Eating Bird Abun-
dances and Provide Economic Benefits for a Fruit-Growing
Region.” Journal of Applied Ecology 55: 2451-60.

Sheard, C., M.H.C. Neate-clegg, N. Alioravainen, S.E.I. Jones, C.
Vincent, H.E.A. Macgregor, T.P. Bregman, S. Claramunt, and
J.A. Tobias. 2020. “Ecological Drivers of Global Gradients in
Avian Dispersal Inferred from Wing Morphology.” Nature
Communications 11: 2463.

Smith, O.M., A.E. Edworthy, J.M. Taylor, M.S. Jones, A. Tormanen,
C.M. Kennedy, Z. Fu, et al. 2020a. “Agricultural Intensification
Heightens Food Safety Risk Associated with Wild Birds.” Jour-
nal of Applied Ecology 57: 2246-57.

Smith, O.M., C.M. Kennedy, J.P. Owen, T.D. Northfield, C.E.
Latimer, and W.E. Snyder. 2020b. “Highly Diversified
Crop-Livestock Farming Systems Reshape Wild Bird Commu-
nities.” Ecological Applications 30: e02031.

Smith, O. M., E. Olimpi, N. Navarro-Gonzalez, K. Cornell, L. Frishkoff,
T. Northfield, and T. Bowles. 2021. Data from: A Trait-Based
Framework for Predicting Foodborne Pathogen Risk from Wild
Birds. Dryad. https://doi.org/10.5061/dryad.m63xsj42m

Smith, O.M., W.E. Snyder, and J.P. Owen. 2020c. “Are We Over-
estimating Risk of Enteric Pathogen Spillover from Wild Birds
to Humans?” Biological Reviews 95: 652-79.

Stanton, R.L., C.A. Morrissey, and R.G. Clark. 2018. “Analysis of
Trends and Agricultural Drivers of Farmland Bird Declines in
North America: A Review.” Agriculture, Ecosystems and Envi-
ronment 254: 244-54.

Strimas-Mackey, M., W.M. Hochachka, V. Ruiz-Gutierrez, O.J.
Robinson, E.T. Miller, T. Auer, S. Kelling, D. Fink, and A.
Johnston. 2020. Best Practices for USING EBIRD DATA. Ver-
sion 1. Ithaca, NY: Cornell Lab of Ornithology.

Sutherland, G.D., A.S. Harestad, K. Price, and K.P. Lertzman. 2000.
“Scaling of Natal Dispersal Distances in Terrestrial Birds and
Mammals.” Ecology and Society 4: 16.

Tieleman, B.I. 2018. “Understanding Immune Function as a Pace of
Life Trait Requires Environmental Context.” Behavioral Ecol-
ogy and Sociobiology 72: 55.

Waldenstrom, J., T. Broman, I. Carlsson, D. Hasselquist, P.
Achterberg, and J.A. Wagenaar. 2002. “Campylobacter coli in
Different Ecological Guilds and Taxa of Migrating Birds.”
Applied and Environmental Microbiology 68: 5911-7.

Weitzel, N.H. 1988. “Nest-Site Competition between the European
Starling and Native Breeding Birds in Northwestern Nevada.”
Condor 90: 515-7.

Wilman, H., J. Belmaker, S. Jennifer, C. de la Rosa, M.M.
Rivadeneira, and W. Jetz. 2014. “EltonTraits 1.0: Species-Level
Foraging Attributes of the World’s Birds and Mammals.” Ecol-
ogy 95: 2027.

‘Wood, S.N. 2006. Generalized Additive Models: An Introduction with
R. Boca Raton, FL: CRC Press.

Wood, S.A., D.S. Karp, F. DeClerck, C. Kremen, S. Naeem, and C.A.
Palm. 2015. “Functional Traits in Agriculture: Agrobiodiversity
and Ecosystem Services.” Trends in Ecology & Evolution 30: 531-9.

SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

How to cite this article: Smith, Olivia M., Elissa
M. Olimpi, Nora Navarro-Gonzalez, Kevin

A. Cornell, Luke O. Frishkoff, Tobin D. Northfield,
Timothy M. Bowles, et al. 2022. “A Trait-Based
Framework for Predicting Foodborne Pathogen
Risk from Wild Birds.” Ecological Applications
€2523. https://doi.org/10.1002/eap.2523



https://doi.org/10.5061/dryad.m63xsj42m
https://doi.org/10.1002/eap.2523

	A trait-based framework for predicting foodborne pathogen risk from wild birds
	INTRODUCTION
	METHODS
	Data acquisition
	Species traits
	Statistical analysis

	RESULTS
	Foodborne pathogen prevalence
	Traits that predict pathogen prevalence
	Campylobacter spp. prevalence
	Salmonella spp. prevalence
	STEC prevalence and carriage of STEC-associated virulence genes

	Traits that predict crop contact
	Crop contact from point count surveys
	Traits that predict fecal abundance in production areas

	Species likely to pose the greatest risk to food safety

	DISCUSSION
	Traits mediate pathogen prevalence and carriage of STEC-associated virulence genes
	Exposure traits
	Pace-of-life traits

	Traits mediate crop contact
	Managing risk in the field
	Caveats and limitations

	CONCLUSIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT

	REFERENCES


