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Preface

The purpose of this book is to share information and insights into emerging topics 
related to wildlife and food safety. While other texts have delved extensively into 
wildlife conservation, agriculture, and resource management, this book uniquely 
brings these subject areas together in a food safety context.

The first half of the book addresses the prevalence, epidemiology, and ecology of 
foodborne pathogens in wildlife hosts. Beginning with a review of the major bacte-
rial, parasitic, and viral pathogens associated with wildlife, the following chapters 
cover a wide range of international wildlife and food safety topics. The chapters not 
only bring together the available science in this relatively new area of research but 
also highlight the societal and economic implications where public health, food 
production, and wildlife conservation priorities sometimes conflict.

In the second half of the book, strategies to mitigate microbial food safety risks 
from wildlife hosts are presented. Novel approaches in risk communication, co-
management, and One Health are highlighted broadly by the authors through the 
description of real-world experiences. There is an emphasis on produce food safety 
because of the many recent foodborne disease outbreaks linked to contaminated 
fruit and vegetable crops, and the promulgation of new on-farm regulations by the 
US Food and Drug Administration (FDA) Food Safety Modernization Act (FSMA) 
Produce Safety Rule. Wildlife intrusions are one of the potential sources of micro-
bial contamination addressed in the proposed FSMA rule.

Because of the unique role of wildlife in human societies, the book covers topics 
not usually addressed in scholarly discussions on food safety (e.g., human-wildlife 
conflict, wildlife-livestock interactions, habitat loss, illegal wildlife trade, endan-
gered and invasive species). Balancing food safety, agriculture, and conservation 
goals are underlying themes throughout the book. Historically, wild animals have 
been used by humans for food, clothing, recreation, entertainment, and other utili-
tarian purposes. But, increasingly attitudes about wildlife are shifting toward more 
ecologistic, humanistic, and moralistic feelings and beliefs (as defined by Kellert 
and Westervelt (1983)). These influences are addressed throughout the book, with 
many examples provided by the authors.
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Our goal for this book is to advance the understanding of wildlife and food safety 
and assist in the development of the best science and policy to protect the public 
health, support a robust agriculture industry, and promote environmental steward-
ship in a world shared by humans and wildlife.

We thank our esteemed authors for sharing their expertise, time, and passion to 
create this book. It was an honor to work with such a distinguished group who pro-
vided a variety of timely and well-informed perspectives. We are also grateful to 
Susan Safren for recognizing the importance of this topic and inviting us to publish 
this book, and to Michael Koy for his conscientious assistance with production. We 
have dedicated this book to the memory of Dr. William Keene, an incredible epide-
miologist who had a passion for solving food-associated outbreaks in the interest of 
preventing future outbreaks. He never shied away from a public health challenge (or 
fecal sample).

Davis, CA, USA� Michele Jay-Russell
Griffin, GA, USA � Michael P. Doyle 

�Reference

Kellert SR, Westervelt MO (1983) Historical trends in American animal use and perception. Int J 
Study Anim Probl 4:133–146
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    Chapter 1   
 Overview: Foodborne Pathogens 
in Wildlife Populations                     

       Marilyn     C.     Erickson    

        M.  C.   Erickson      (*) 
  Center for Food Safety, Department of Food Science and Technology , 
 University of Georgia ,   Griffi n ,  GA   30223 ,  USA   
 e-mail: mericks@uga.edu  

    Abstract     Numerous bacterial and parasitic pathogens may be transmitted through 
food and included in that group are zoonotic pathogens that not only proliferate 
within domesticated animals but may also be resident within wildlife. As a result of 
wildlife being a pathogen reservoir and the ability of this animal group to easily 
intrude on farms, wildlife contributes to the maintenance of infections on domestic 
farms as well as serves as an environmental source of fresh produce contamination. 
To discern the degree to which wildlife represents a food safety risk, this overview 
fi rst summarizes those documented incidents in which contaminated wildlife has 
been directly or indirectly associated with human illness. It continues with provid-
ing a set of tables that document the results of studies directed at assessing the 
prevalence of bacterial, parasitic, and viral pathogen contamination in mammals, 
birds, and amphibians and reptiles. To understand the strengths and limitations of 
those surveillance studies, discussion is included that describes how sample source, 
cultivation conditions, sample size and number, and specifi city of the detection 
method may impact the data collected. Discussion on factors that contribute to 
pathogen transmission to wildlife are also presented and include the physiological 
state of the animal, behavioral features of the animal that contribute to intra- and 
interspecies interactions, seasonal effects on transmission, and management prac-
tices applied to wildlife or domestic animals. The overview concludes with a section 
directed at discussing other drawbacks to pathogen contamination of wildlife and 
includes contamination of water sources and wildlife serving as a reservoir for anti-
biotic resistance and emerging pathogens.  

  Keywords      Campylobacter    •    Cryptosporidium    •    Escherichia coli    •   Foodborne 
pathogens   •   Foodborne disease outbreak   •    Listeria monocytogenes    •   Prevalence   • 
   Salmonella    •    Trichinella    •   Wildlife   •   Zoonosis  
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        Introduction 

 Foodborne pathogen contamination of edible horticultural crops, often consumed 
raw or minimally processed (e.g., fruits, nuts, and vegetables), has over the past few 
decades been increasingly linked to foodborne illnesses, outbreaks, and recalls 
(Batz et al.  2012 ; Berger et al.  2010 ). Although there are over 250 pathogens and 
toxins that can be transmitted by food, 31 are classifi ed as major foodborne patho-
gens (Scallan et al.  2011 ), and included among that group are  zoonotic   pathogens or 
pathogens that affect multiple animal species. Moreover, those bacterial and para-
sitic pathogens that contribute to the greatest proportion of illnesses and outbreaks 
in humans ( Campylobacter jejuni , nontyphoidal  Salmonella enterica , Shiga toxin- 
producing  Escherichia coli ,  Listeria monocytogenes ,  Cryptosporidium ) are largely 
attributed to their proliferation within domesticated animals. However, wild animals 
may also serve as a reservoir of zoonotic pathogens affecting humans and domesti-
cated animals. It has been reported that 26 % of human pathogens infect both 
domestic and wild animals (Cleaveland et al.  2001 ) and, therefore, there is concern 
that wildlife contributes to the maintenance of infections on domestic animal farms 
(Liebana et al.  2003 ). Given the ease with which wild animals may intrude and 
defecate in produce fi elds, this group of animals has also raised concern that they 
are a likely environmental source for contamination of fresh produce (Jay-Russell 
 2013 ; Langholz and Jay-Russell  2013 ). 

 Another food safety risk from infection of wild animals by human pathogens is the 
consumption of their meat when the animal is killed and not properly dressed and 
cooked. Moreover, another potential consequence of pathogen contamination of wild-
life is their potential to serve as a reservoir for emerging diseases. For example, 
approximately 75 % of all diseases, including zoonoses which have emerged in the 
last few decades, are of wildlife origin (Jones et al.  2008 ). Based on the concerns 
associated with foodborne pathogens in wildlife populations, this chapter will provide 
an overview of this subject and recount some of the incidents in which contaminated 
wildlife has been directly or indirectly associated with human illness, summarize 
some of the data collected on the prevalence of foodborne pathogens in wildlife, 
briefl y address factors that affect prevalence levels in wildlife, and fi nally touch on 
other drawbacks to pathogen contamination of wildlife that adversely affect humans. 
The material presented in this chapter is not intended to be comprehensive but to pro-
vide a basic understanding of the subject on which subsequent chapters will expand.  

    Illnesses/Outbreaks Attributed to Contamination of Wildlife 

    Direct  Association  : Consumption of Contaminated Meat 

 Prior to the domestication of animals, wild animals served as the major source of 
protein for humans. Today, this proportion has decreased dramatically, but con-
sumption of wild game and reptile meat continues to occur by groups that value 
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these animals for subsistence or sport hunting. As a result, there are multiple reports 
whereby consumption of contaminated meat has been directly linked to human ill-
ness (Table  1.1 ). Additional incidents of infections associated with consumption of 
reptile meat have also been tabulated in the review of Magnino et al. ( 2009 ).

   In some cases, zoonotic pathogens (e.g.,   Brucella    spp.,   Trichinella    spp.) have 
been controlled in domestic livestock herds in developed countries, but continue to 
circulate in wild animal populations and cause human infections via consumption of 
mishandled or undercooked game meat. For example, swine  Trichinella  infection 
has been virtually eliminated in US swine raised in confi nement, but human cases 
are still reported due to transmission via feral swine, bear, and other wild game 
meat. Additionally, concerns have been raised regarding the potential for infected 
wild animals to spread the parasite to domestic swine raised outdoors for “pastured 
pork,” a growing niche market (Burke et al.  2008 ). 

 An important point to acknowledge, however, is that with many of these food-
borne pathogens, the potential for causing illness and the severity of disease will 
depend on the strain. For example, genotypes 1 and 2 of hepatitis E virus are 

   Table 1.1    Examples of reports documenting links between human illnesses/outbreaks and 
consumption of pathogen-contaminated wildlife   

 Source  Pathogen 
 Evidence for linkage between 
wildlife and human illness  Reference 

 Deer jerky   E. coli  O157:H7  PFGE patterns of isolates from the 
patients, jerky, and source deer were 
identical 

 Keene et al. 
( 1997 ) 

 Undercooked 
venison 

 PFGE pattern of the uncooked 
venison isolate was 
indistinguishable from the pattern 
of the clinical isolate 

 Rabatsky-Ehr 
et al. ( 2002 ) 

  Deer sausage   PFGE patterns of isolates from deer 
sausage and patients were identical 

 Ahn et al. 
( 2009 ) 

 Undercooked 
venison 

  E. coli  O103:H2 
and O145:NM 

 PFGE patterns of isolates from 
patients and venison were 
indistinguishable 

 Rounds et al. 
( 2012 ) 

 Uncooked liver 
from wild boar 

 Hepatitis E  Two patients eating the liver 
contracted the illness but none of 
the liver remained for analysis of 
pathogen contamination 

 Matsuda et al. 
( 2003 ) 

 Raw deer meat  DNA sequence from leftover frozen 
deer meat was 99.7–100 % identical 
to the viruses recovered from the 
four human patients 

 Tei et al. ( 2003 ) 

 Wild boar meat  Genotype 3 hepatitis E virus RNA 
was detected in both patient serum 
and wild boar meat 

 Li et al. ( 2005 ) 

 Wild boar meat   Trichinella 
spiralis  

 47 Thai patients became ill after 
eating wild boar meat. Encysted 
 Trichinella  larvae were identifi ed in 
implicated meat 

 Marva et al. 
( 2005 ) 

   PFGE  pulsed-fi eld gel electrophoresis  

1 Overview: Foodborne Pathogens in Wildlife Populations
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restricted to humans and associated with epidemics in developing countries, whereas 
typically sporadic cases are associated with the zoonotic genotypes 3 and 4 (Meng 
 2011 ). As another example, most human illnesses are caused by only three of the 
serotypes (1/2a, 1/2b, and 4b) of   L. monocytogenes    (Jay-Russell  2013 ).  

    Indirect Association: Contamination of Produce Fields 

 Attention to wild animals serving as a vector for pathogen contamination of produce 
fi elds arose following the highly publicized 2006  Escherichia coli  O157: H7   outbreak 
associated with ready-to-eat packaged baby spinach that was traced to one fi eld in the 
central California coast (Jay et al.  2007 ). In that outbreak, the outbreak strain was 
isolated from both domestic cattle and feral swine sharing rangeland adjacent to the 
implicated spinach  fi eld  . Moreover, evidence of intrusion by the feral swine, includ-
ing tracks, rooting, or feces in crop fi elds and adjacent vineyards, was documented. 

 Other cases that have implicated wild animals as potential sources of contamina-
tion of fi eld crops and subsequent infection of humans have been documented. In 
Finland in 2004, schoolchildren became ill after eating a carrot–white cabbage mix-
ture, with  Yersinia pseudotuberculosis  identifi ed as the likely cause for illness 
(Kangas et al.  2008 ). Traceback of the carrots to the processor and farms growing 
the carrots revealed the presence of this bacterium in one environmental sample 
from the carrot-peeling processing line and from a pooled sample of common shrew 
intestines collected from one of the farms. In Alaska, 63 cases of laboratory- 
confi rmed   C. jejuni  infections   that occurred in 2008 were associated with the con-
sumption of raw shelled peas (Gardner et al.  2011 ). Pulsed-fi eld gel electrophoresis 
(PFGE) patterns of clinical isolates, and pea and Sandhill crane fecal samples taken 
from the implicated pea farm located near a crane stopover and breeding site, were 
indistinguishable. Finally, in Oregon in 2011, 14 cases of laboratory-confi rmed  E. 
coli  O157: H7   infections were associated with consuming strawberries purchased at 
roadside stands or farmers' markets (Laidler et al.  2013 ). A single farm was identi-
fi ed as the source of the contaminated strawberries, and environmental samples con-
taining visible deer pellets that were collected at the farm were indistinguishable 
from the outbreak pattern by PFGE. 

        Prevalence of   Foodborne Pathogens in Wildlife 

  Over  the years, numerous studies have been conducted to address the prevalence of 
bacterial, parasitic, and viral pathogens in wildlife. Initial studies were focused pri-
marily on assessing the degree of contamination resident within an animal’s popula-
tion solely, whereas studies more recently have focused on understanding the factors 
that contribute to the prevalence in wildlife. For this review, nearly 90 % of the data 
items included in Tables  1.2 ,  1.3 , and  1.4 , covering prevalence of foodborne patho-
gens in various groups of animals, were obtained from studies conducted in the past 
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10 years. Results from earlier studies were included to provide an example of a 
particular animal type or pathogen that may not have been addressed in a recent 
study. However, there is the possibility that data from older studies are no longer 
relevant if conditions under which they occurred no longer exist. Additional exam-
ples of the prevalence of foodborne pathogens in wildlife have been reviewed in 
other publications (Simpson  2002 ; Meerburg and Kijlstra  2007 ; Benskin et al.  2009 ; 
Ferens and Hovde  2011 ; Langholz and Jay-Russell  2013 ). In those reviews as well 
as the data presented in Tables  1.2 ,  1.3 , and  1.4 , one observation that is pervasive is 
the wide range of frequency that foodborne pathogens are detected in wildlife. In 
the following section, to understand the limitations and strengths of different stud-
ies, factors that contribute to pathogen detection in wildlife are discussed. 

         Factors Affecting Prevalence Levels in Wildlife 

    Methodology Used for Surveillance 

   Sample source   . One of the common types of samples collected to assess the preva-
lence of foodborne enteric bacterial pathogens in wildlife is fecal pellets. The 
assumption in collecting this type sample is that the enteric pathogen either survives 
in or colonizes the gut of the animal and then is shed with the feces. Studies based 
on this type of sample, however, may be underestimating the prevalence due to a 
number of shortcomings. First and foremost is the possibility that contaminated 
wild animals may only intermittently shed the pathogen as has been reported for 
pigeons (De Herdt and Devriese  2000 ). Negative results may also occur when 
delays in collection of the fecal pellets occur but would vary with the pathogen as 
they have different degrees of susceptibility to desiccation. Moreover, in collecting 
fecal waste, there is the assumption that it represents the population at large and that 
may not be the case, especially if the animals become sick upon infection. 
Additionally, even a trained biologist may not be able to identify the source of the 
fecal material on the ground, which may require another method such as wildlife 
trail cameras or the use of genetic markers to accurately identify feces from differ-
ent animals. Cloaca or rectum swabs are therefore more accurate in assessing 
whether carriage of the pathogen by the animal is occurring, but these require cap-
ture of the animals. Only on rare occasions are the animal's extremities sampled 
(Burt et al.  2012 ) to determine if the animal is serving as a pathogen vector. 

   Cultivation bias .   To detect low levels of bacterial pathogens in a matrix such as 
feces or food, it is common practice to enrich the sample in a culture broth to 
increase their numbers and then qualitatively detect their presence using either 
selective media for colony isolation or a polymerase chain reaction (PCR) assay to 
screen for the pathogen's DNA. Critical to this approach is the assumption that via-
ble pathogen cells will multiply under the enrichment conditions in the allotted time 
frame. Unfortunately, it has been observed that   Salmonella    strains vary in their abil-
ity to grow in enrichment cultures containing bovine feces (Singer et al.  2009 ), with 
strains of serogroups C2 and E more likely to dominate in enrichment culture 

1 Overview: Foodborne Pathogens in Wildlife Populations
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    Table 1.2    Prevalence of zoonotic pathogens in mammals   

 Pathogen 
 Sample description with % prevalence of total 
number of samples tested in parentheses  Reference 

  Campylobacter 
jejuni  

 Rectal samples from  hares  (4.3 % of 23) in 
woodlands 

 Rosef et al. ( 1983 ) 

 Rectal samples from  rodents  including wood 
mouse and bank vole (0.0 % of 44) in 
woodlands 
 Colon, intestinal, or muscle samples from 
 rodents  including brown rat, house mouse, and 
yellow-necked mouse (4.5 % of 201) on nine 
pig farms and fi ve chicken farms 

 Backhans et al. ( 2013 ) 

  Campylobacter  
spp. 

 Fecal samples from  deer  (19.5 % of 113) in 
Oldman River watershed, Alberta, Canada 

 Jokinen et al. ( 2011 ) 

 Fecal samples from  red deer  (0.0 % of 295), 
 wild boar  (65.5 % of 287), and  other ungulates  
including fallow deer and moufl on (0.0 % of 9) 
in south-central Spain 

 Díaz-Sánchez et al. 
( 2013 ) 

 Rectal swabs of  wild boars  (43.8 % of 121) and 
 Sika deer  (0.0 % of 128) in Japan 

 Sasaki et al. ( 2013 ) 

  Clostridium 
diffi cile  

 Fecal samples from  feral swine  (4.4 % of 161) 
in North Carolina 

 Thakur et al. ( 2011 ) 

 Paws, tail, and snout from  house mouse  (66.0 
% of 53) on pig farm 

 Burt et al. ( 2012 ) 

 Colons from  rats  (13.1 % of 724) in inner-city 
neighborhood of Vancouver, Canada 

 Himsworth et al. ( 2014 ) 

 Enteropathogenic 
 E. coli  (EPEC), 
Shiga toxin- 
producing  E. coli , 
enterohemorrhagic 
 E. coli  

 Fecal samples of  roe deer  (17.3 % of 52) and 
 red deer  (13.6 % of 81) in Belgium 

 Bardiau et al. ( 2010 ) 

 Shiga toxin-
producing  E. coli  
(STEC) 

 Fecal pellets from  rabbits  (20.6 % of 97) 
during summer on 16 dairy and beef farms 

 Schaife et al. ( 2006 ) 

 Tonsil samples from  wild boars  (9.1 % of 153) 
from Geneva, Switzerland 

 Wacheck et al. ( 2010 ) 

 Fecal samples from  red deer  (33.7 % of 264), 
 wild boar  (3.6 % of 301), and  other ungulates , 
including fallow deer and moufl on (33.3 % of 
9) in south-central Spain 

 Díaz-Sánchez et al. 
( 2013 ) 

 Fecal and rectal swabs from  roe deer  (52.5 % 
of 179),  wild boars  (8.4 % of 262), and  foxes  
(1.9 % of 260) from northwest Spain 

 Mora et al. ( 2012 ) 

 Fecal samples of  ungulates  (19.4 % of 160) in 
Idaho 

 Gilbreath et al. ( 2009 ) 

 Fecal samples from  roe deer  (73.3 % of 30) and 
 red deer  (70.0 % of 30) from a national park in 
Germany 

 Eggert et al. ( 2013 ) 

(continued)
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 Pathogen 
 Sample description with % prevalence of total 
number of samples tested in parentheses  Reference 

  E. coli  O157:H7  Colon stool samples from  rodents  including 
brown rat, wood mice, and house mouse (21.0 
% of 19) on beef cattle farm 

 Čížek et al. ( 1999 ) 

 Fecal samples from  white-tailed deer  (0.2 % of 
1608) in Nebraska 

 Renter et al. ( 2001 ) 

 Rectroanal mucosal swabs from  roe deer  (0.0 
% of 20),  red deer  (1.5 % of 206),  fallow deer  
(0.0 % of 6), and  moufl on  (0.0 % of 11) during 
hunting season in southwestern Spain 

 García-Sánchez et al. 
( 2007 ) 

 Fecal samples from  wild boars  (3.3 % of 212) 
in southwest Spain 

 Sánchez et al. ( 2010 ) 

 Buccal swabs, colonic feces, rectal-anal swabs, 
and tonsils from  feral swine  (40.0 % of 30) on a 
cattle ranch in California 

 Jay-Russell et al. 
( 2012 ) 

 Fecal samples from  rodents  (0.2 % of 1043) in 
13 agricultural systems (nine produce farms, 
three cow-calf rangeland operations, and one 
beef feedlot) 

 Kilonzo et al. ( 2013 ) 

  E. coli  O157:H7, 
sorbitol-
fermenting 

 Fecal samples from  red deer  (1.1 % of 264) 
during hunting season in south-central Spain 

 Díaz et al. ( 2011 ) 

 Non-O157 STEC  Fecal samples from  wild boars  (5.2 % of 212) 
in southwest Spain 

 Sánchez et al. ( 2010 ) 

 Fecal samples in  ruminants , including red deer, 
roe deer, fallow deer, and moufl on (23.9 % of 
243) in southwest Spain 

 Sánchez et al. ( 2009 ) 

 Rectal swabs from several types of  rodents  (4.8 
% of 145) in city parks in Buenos Aires, 
Argentina 

 Blanco Crivelli et al. 
( 2012 ) 

 Atypical EPEC  Fecal samples from  coyotes  (4.9 % of 103) in 
leafy greens production region at U.S.–Mexico 
border 

 Jay-Russell et al. 
( 2014 ) 

  Listeria 
monocytogenes  

 Tonsil samples from  wild boars  (17.0 % of 
153) from Geneva, Switzerland 

 Wacheck et al. ( 2010 ) 

  Mycobacterium 
bovis  

 Tissue from  ferrets  (17.9 % of 548) and  stoats  
(1.6 % of 62) in New Zealand 

 Ragg et al. ( 1995 ) 

 Tissue rom  hedgehogs  (5.8 % of 69) in 
tuberculosis-endemic areas of New Zealand 

 Lugton et al. ( 1995 ) 

Table 1.2 (continued)

(continued)
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Table 1.2 (continued)

 Pathogen 
 Sample description with % prevalence of total 
number of samples tested in parentheses  Reference 

  Salmonella  spp.  Intestinal samples from  mice  (5.1 % of 175) on 
six swine farms 

 Barber et al. ( 2002 ) 

 Tonsil samples from  wild boars  (12.4 % of 
153) from Geneva, Switzerland 

 Wacheck et al. ( 2010 ) 

 Fecal samples from  coyotes  (32.0 % of 103) in 
leafy greens production region at U.S.–Mexico 
border 

 Jay-Russell et al. 
( 2014 ) 

 Fecal swabs from  raccoons  in rural (7.8 % of 
28), forested (8.7 % of 332), and suburban (5.7 
% of 278) areas of western Pennsylvania 

 Compton et al. ( 2008 ) 

 Fecal samples from  deer  (0.0 % of 113) in 
Oldman River watershed, Alberta, Canada 

 Jokinen et al. ( 2011 ) 

 Fecal samples from  white-tailed deer  (1.0 % of 
500) in southeastern Nebraska 

 Renter et al. ( 2006 ) 

 Fecal samples from  rodents  including rats, 
mice, and voles on 13 production-infected (5.2 
% of 135) and non-infected (0.0 % of 68) farms 
(fi ve pig and eight cattle) and surrounding areas 
without production animals (0.0 % of 22) 

 Skov et al. ( 2008 ) 

 Fecal or cloacal swabs from  Diprotodontia , 
including koala, wombats, and possums (1.7 % 
of 291) 

 Parsons et al. ( 2010 ) 

 Fecal samples from  coyotes  (5.0 % of 40),  deer  
(1.9 % of 104),  elk  (2.6 % of 39),  wild pigs  (2.4 
% of 41),  rabbits  (0.0 % of 57),  raccoons  (0.0 
% of 2), and  skunks  (30.7 % of 13) in major 
produce region of California 

 Gorski et al. ( 2011 ) 

 Fecal samples from  feral swine  (5.0 % of 161) 
in North Carolina 

 Thakur et al. ( 2011 ) 

 Fecal and lymph node samples from  wild boars  
(41.1 % of 543) at 93 locations in Australia 

 Cowled et al. ( 2012 ) 

 Colon, intestinal, or muscle samples from 
 rodents  including brown rat, house mouse, and 
yellow-necked mouse (0.0 % of 184) on nine 
pig farms and fi ve chicken farms 

 Backhans et al. ( 2013 ) 

 Fecal samples from  red deer  (0.3 % of 295), 
 wild boar  (1.2 % of 333), and  other ungulates , 
including fallow deer and moufl on (0.0 % of 9) 
in south-central Spain 

 Díaz-Sánchez et al. 
( 2013 ) 

 Rectal or cloacal swabs of  deer  (0.0 % of 73) 
from the Eastern Shore of Virginia 

 Gruszynski et al. ( 2013 ) 

 Fecal samples from  rodents  (2.9 % of 1043) in 
13 agricultural systems (nine produce farms, 
three cow-calf rangeland operations, and one 
beef feedlot) 

 Kilonzo et al. ( 2013 ) 

 Intestines, spleens, and livers from  rodents  
including rats and mice (10.2 % of 88) on 13 
pig farms 

 Andrés-Barranco et al. 
( 2014 ) 

(continued)

M.C. Erickson
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Table 1.2 (continued)

 Pathogen 
 Sample description with % prevalence of total 
number of samples tested in parentheses  Reference 

  S.  Enteritidis  Liver, spleen, and intestines of four types of 
 rodents  on  Salmonella -infected (75.3 % of 483) 
and non-infected (0.0 % of 232) poultry farms 

 Henzler and Optiz 
( 1992 ) 

  Yersinia 
enterocolitica  

 Tonsil samples from  wild boars  (34.6 % of 
153) from Geneva, Switzerland 

 Wacheck et al. ( 2010 ) 

  Rodents  including mice and rats on pig (8.2 % 
of 110) or chicken (0.0 % of 55) farm 

 Backhans et al. ( 2011 ) 

 Colon, intestinal, or muscle samples from 
 rodents  including brown rat, house mouse, and 
yellow-necked mouse (4.8 % of 189) on nine 
pig farms and fi ve chicken farms 

 Backhans et al. ( 2013 ) 

 Hepatitis E  Sera from  brown rats  (76.8 % of 108) in inner 
city of Baltimore, Maryland, urban and rural 
regions of Hawaii, and New Orleans, Louisiana 

 Kabrane-Lazizi et al. 
( 1999 ) 

 Sera were immunologically assayed for RNA 
from  wild boar  (12.1 % of 1029),  red deer  (5.3 
% of 38), and  roe deer  (0.0 % of 8) in The 
Netherlands 

 Rutjes et al. ( 2010 ) 

 Sera were immunologically assayed from  Yezo 
deer  (34.8 % of 520) in Hokkaido, Japan 

 Tomiyama et al. ( 2009 ) 

 Sera were immunologically assayed from 
 white-tailed deer  (62.7 % of 142) in Northern 
Mexico 

 Medrano et al. ( 2012 ) 

 Nipah virus  Sera from  large fl ying foxes  (32.8 % of 253) 
and  small fl ying foxes  (11.1 % of 117) in 
Malaysia 

 Rahman et al. ( 2013 ) 

 Urine from  Lyle’s fl ying foxes  (1.8 % of 2696) 
from seven colonies in central Thailand 

 Wacharapluesadee et al. 
( 2010 ) 

  Cryptosporidium  
spp. 

 Scats from  wombats  (0.0 % of 55) on stream 
banks in riparian corridors in Australia 

 Borchard et al. ( 2010 ) 

 Fecal samples from  coyotes  (22.2 % of 18), 
 mountain lions and bobcats  (0.0 % of 11), and 
 opossums  (25.0 % of 68) in the Monterrey Bay 
region of California 

 Oates et al. ( 2012 ) 

 Colon, intestinal, or muscle samples from 
 rodents  including brown rat, house mouse, and 
yellow-necked mouse (11.0 % of 155) on nine 
pig farms and fi ve chicken farms 

 Backhans et al. ( 2013 ) 

 Fecal samples from 11 types of  rodents  (26.0 % 
of 285) in 13 agricultural systems (nine 
produce farms, three cow-calf rangeland 
operations, and one beef feedlot) 

 Kilonzo et al. ( 2013 ) 

(continued)
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 Pathogen 
 Sample description with % prevalence of total 
number of samples tested in parentheses  Reference 

  Giardia  spp.  Scats from  wombats  (0.0 % of 55) on stream 
banks in riparian corridors in Australia 

 Borchard et al. ( 2010 ) 

 Fecal samples from  coyotes  (38.9 % of 18), 
 mountain lions and bobcats  (18.2 % of 11), and 
 opossums  (14.7 % of 68) in the Monterrey Bay 
region of California 

 Oates et al. ( 2012 ) 

 Colon, intestinal, or muscle samples from 
 rodents  including brown rat, house mouse, and 
yellow-necked mouse (13.5 % of 155) on nine 
pig farms and fi ve chicken farms 

 Backhans et al. ( 2013 ) 

 Fecal samples from 11 types of  rodents  (24.2 % 
of 285) in 13 agricultural systems (nine 
produce farms, three cow-calf rangeland 
operations, and one beef feedlot) 

 Kilonzo et al. ( 2013 ) 

  Toxoplasma gondii   Brain and heart tissue from six types of  rodents  
(11.9 % of 101) on three organic pig farms 

 Kijlstra et al. ( 2008 ) 

 Sera were immunologically analyzed from  roe 
deer  (52.0 % of 73) and  red deer  (0.0 % of 7) 
in Belgium 

 De Craeye et al. ( 2011 ) 

 Brain samples from  red foxes  (18.8 % of 304), 
 roe deer  (5.0 % of 20), and  red deer  (0.0 % of 
13) in Belgium 

 De Craeye et al. ( 2011 ) 

 Colon, intestinal, or muscle samples from 
 rodents  including brown rat, house mouse, and 
yellow-necked mouse (0.0 % of 147) on nine 
pig farms and fi ve chicken farms 

 Backhans et al. ( 2013 ) 

 Sera were immunologically analyzed from  roe 
deer  (46.4 % of 222) in an agro-system in 
France 

 Candela et al. ( 2014 ) 

  Trichinella  spp.  Colon, intestinal, or muscle samples from 
 rodents  including brown rat, house mouse, and 
yellow-necked mouse (0.0 % of 160) on nine 
pig farms and fi ve chicken farms 

 Backhans et al. ( 2013 ) 

Table 1.2 (continued)

 mixtures than strains of serogroups B or C1 (Gorski  2012 ). To circumvent this limi-
tation due to culture bias, it was recommended that analysis of environmental sam-
ples includes multiple enrichment protocols (Gorski  2012 ); however, there still 
remains the possibility that the  Salmonella  strain would not be detected if it was 
incapable of outcompeting indigenous fecal bacteria and growing to suffi cient num-
bers for detection through traditional protocols. 

 Another complication in the detection of pathogens can occur when using cul-
tural cultivation conditions prior to PCR as was reported for a study of wild mule 
deer and elk in Idaho (Gilbreath et al.  2009 ). In this case, loss of the hybridizable  stx  
genotype occurred in up to 80 % of subcultured isolates of Shiga toxin-producing 
 E. coli  (STEC). The question therefore remains as to whether the instability of these 
genes would have occurred under fi eld conditions and, hence, the risk of human ill-
ness associated with these organisms compared to stable STEC isolates. 

M.C. Erickson



    Table 1.3    Prevalence of zoonotic pathogens in birds   

 Pathogen 
 Sample description with % prevalence of total number of 
samples tested in parentheses  Reference 

  Campylobacter  
spp. 

 Fecal samples from  gulls  (13.7 % of 205) from three 
coastal locations in Ireland 

 Moore et al. 
( 2002 ) 

 Cloacal swabs from  yellow-legged gull chicks  (10.4 % of 
182) in northeast Spain 

 Ramos et al. 
( 2010 ) 

 Fecal samples from  gulls  (33.3 % of 3),  geese  (26.2 % of 
80), and  ducks  (42.1 % of 38) in Oldman River watershed, 
Alberta, Canada 

 Jokinen et al. 
( 2011 ) 

 Fecal samples from  black swan  (45.0 % of 80),  Canada 
geese  (40.0 % of 80),  duck  (29.0 % of 80), and  gulls  (59.0 
% of 80) from New Zealand 

 Moriarty et al. 
( 2011 ) 

 Oropharyngeal and cloacal swabs from  common tern 
chicks  (0.6 % of 179) during the breeding season in New 
Jersey 

 Rivera et al. 
( 2012 ) 

 Fecal samples from  European starlings  (50.4 % of 113) on 
dairy cattle farm in NE, Ohio 

 Sanad et al. 
( 2013 ) 

 Cloacal samples from  griffon vultures  (1.0 % of 97) in 
eastern Spain 

 Marin et al. 
( 2014 ) 

  Campylobacter 
jejuni  

 Fecal samples or cloacal swabs from  graylag geese  (0.0 % 
of 219),  rock pigeons  (3.0 % of 200), and  mallards  (20.0 
% of 5) in Norway 

 Lillehaug 
et al. ( 2005 ) 

 Cloacal samples from feral  pigeons  (69.1 % of 94) in 
public parks and gardens in Madrid, Spain 

 Vázquez et al. 
( 2010 ) 

 Fecal samples from  California gulls  (1.2 % of 159) in 
southern California 

 Lu et al. 
( 2011 ) 

 Cloacal swab samples from urban  pigeons  (48.3 % of 
1800) in coastal area of southern Italy 

 Gargiulo et al. 
( 2014 ) 

 Fecal and cloacal samples from ten species of  wild birds  
(8.1 % of 781) in New Jersey, Delaware, and Pennsylvania 

 Keller and 
Shriver ( 2014 ) 

 Fecal samples from 15 species of  wild birds  (7.4 % of 
446) from two ruminant farm sites in Virginia and 
Maryland 

 Pao et al. 
( 2014 ) 

 Fecal or cloacal samples from  American crows  (55.1 % of 
127) in California 

 Weis et al. 
( 2014 ) 

  Clostridium 
diffi cile  

 Tissue from dead  house sparrows  (65.7 % of 35) on a 
commercial pig farm in The Netherlands 

 Burt et al. 
( 2012 ) 

 Enteropathogenic 
 E. coli  

 Fecal samples from  ducks  (54.0 % of 50) from a poultry 
farm in India and cloacal samples from domestic  pigeons  
(6.0 % of 100) from seven fanciers in India 

 Farooq et al. 
( 2009 ) 

 Cloacal or fecal swabs from 15  avian host sources  (15.3 % 
of 412) from fi ve locations in British Columbia, Canada 

 Chandran and 
Mazumder 
( 2014 ) 

 Shiga toxin-
producing 
 E. coli  

 Fecal samples from  wild birds , comprised of 24 species 
(1.6 % of 244) from cattle and pig farms in Denmark 

  Nielsen et al. 
( 2004 )  

 Fecal samples from  ducks  (0.0 % of 50) from a poultry 
farm in India and cloacal samples from domestic  pigeons  
(9.0 % of 100) from seven fanciers in India 

 Farooq et al. 
( 2009 ) 

 Cloacal or fecal swabs from 15  avian host sources  (22.6 % 
of 412) from fi ve locations in British Columbia, Canada 

 Chandran and 
Mazumder 
( 2014 ) 

(continued)



 Pathogen 
 Sample description with % prevalence of total number of 
samples tested in parentheses  Reference 

  E. coli O157:H7   Fecal samples from  gulls  (0.0 % of 3),  geese  (1.2 % of 
80), and  ducks  (2.6 % of 38) in Oldman River watershed, 
Alberta, Canada 

  Jokinen et al. 
( 2011 )  

 Fecal or intestinal contents from  European starlings  (1.2 
% of 430) from 150 dairy farms in northern Ohio 

 Williams et al. 
( 2011 ) 

 Cloacal swab samples from  urban pigeons  (7.8 % of 
1800) in coastal area of southern Italy 

 Gargiulo et al. 
( 2014 ) 

  Salmonella  spp.  Fecal samples from  birds  (7.9 % of 38) from six swine 
production facilities in Illinois 

  Barber et al. 
( 2002 )  

 Fecal samples or cloacal swabs from  graylag geese  (0.5 % 
of 219),  rock pigeons  (0.0 % of 200), and  mallards  (0.0 % 
of 5) in Norway 

 Lillehaug 
et al. ( 2005 ) 

 Fecal samples from  barn swallows  (0.0 % of 500+) in 
northern, central, and southern Sweden 

 Haemig et al. 
( 2008 ) 

 Cloacal swabs from  birds  (55 species) at or near 
 Salmonella -infected (1.5 % of 185) and non-infected (0.0 % 
of 1004) cattle and pig farms in Denmark and surrounding 
areas without production animals (0.0 % of 278) 

 Skov et al. 
( 2008 ) 

 Fecal or cloacal swabs of  birds  (0.0 % of 689) in Australia  Parsons et al. 
( 2010 ) 

 Cloacal swabs from  yellow-legged gull chicks  (17.0 % of 
182) in northeast Spain 

 Ramos et al. 
( 2010 ) 

 Gastrointestinal tract samples from  European starlings  (2.5 % 
of 81) in three cattle-concentrated animal feeding operations 

 Carlson et al. 
( 2011 ) 

 Fecal samples from  birds  (6.6 % of 105) in major produce 
region of California 

 Gorski et al. 
( 2011 ) 

 Fecal samples from  gulls  (66.7 % of 3),  geese  (10.0 % of 
80), and  ducks  (7.9 % of 38) in Oldman River watershed, 
Alberta, Canada 

 Jokinen et al. 
( 2011 ) 

 Fecal samples from  black swan  (0.0 % of 80),  Canada 
geese  (0.0 % of 80),  duck  (0.0 % of 80), and  gulls  (0.0 % 
of 80) from New Zealand 

 Moriarty et al. 
( 2011 ) 

 Oropharyngeal and cloacal swabs from  common tern chicks  
(0.6 % of 179) during the breeding season in New Jersey 

 Rivera et al. 
( 2012 ) 

 Rectal or cloacal, or carapace swabs of  geese  (0.0 % of 7) 
and  gulls  (29.8 % of 47) from the Eastern shore of Virginia 

 Gruszynski 
et al. ( 2013 ) 

 Cloacal samples from  griffon vultures  (52.6 % of 97) in 
eastern Spain 

 Marin et al. 
( 2014 ) 

 Fecal samples from 47 different species of  birds  (4.0 % of 
672) on 41 pig farms in Northeast Spain 

 Andrés-
Barranco et al. 
( 2014 ) 

 Cecal samples from  migratory birds , including brown-
headed cowbirds, common grackles, and cattle egrets 
(14.9 % of 376) during fall migration in Texas 

 Callaway 
et al. ( 2014 ) 

  Fecal swabs  from  waterfowl , including Franklin's gull, 
kelp gull, grey gull, and Andean goose (6.1 % of 758) 
from eight sites in fi ve Chilean regions 

  Fresno et al. 
(2013) 

 Fecal samples from  gulls  (17.2 % of 360) from three 
landfi ll sites and on the Eastern shore of Virginia 

 Gruszynski 
et al. ( 2014 ) 

 Fecal samples from 15 species of  wild birds  (0.2 % of 446) 
from two ruminant farm sites in Virginia and Maryland 

 Pao et al. 
( 2014 ) 

Table 1.3 (continued)
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 Pathogen 
 Sample description with % prevalence of total number of 
samples tested in parentheses  Reference 

  Salmonella  
Oranienburg 

 Fecal samples from  wild turkeys  (22.5 % of 71) from a 
home garden fertilized with raw horse manure 

 Jay-Russell 
et al. ( 2013 ) 

  S.  Typhimurium  Cloacal swab samples from urban  pigeons  (0.9 % of 1800) 
in coastal area of southern Italy 

 Gargiulo et al. 
( 2014 ) 

  Cryptosporidium  
spp. 

 Fecal samples from  gulls  (0.0 % of 205) from three coastal 
locations in Ireland 

 Moore et al. 
( 2002 ) 

 Fecal samples from  Canada geese  (23.4 % of 209) from 
ten sites in Ohio and Illinois 

 Zhou et al. 
( 2004 ) 

 Fecal samples from  black swan  (2.5 % of 80),  Canada 
geese  (5.0 % of 80),  duck  (1.3 % of 80), and  gulls  (0.0 % 
of 80) from New Zealand 

 Moriarty et al. 
( 2011 ) 

 Fecal samples from  gulls  (0.0 % of 145) in the Monterrey 
Bay region of California 

 Oates et al. 
( 2012 ) 

 Fecal samples from  common tern chicks  (72.2 % of 54) 
during breeding season in New Jersey 

 Rivera et al. 
( 2012 ) 

  Giardia   Fecal samples from  gulls  (2.1 % of 145) in the Monterrey 
Bay region of California 

 Oates et al. 
( 2012 ) 

Table 1.3 (continued)

    Sample size and number   . Depending on the wild animal and its typical fecal 
mass, the prevalence of zoonotic enteric pathogens may be underestimated. This 
situation may occur when fecal amounts per assay are less than 0.10 g and pathogen 
shedding intensity is low. Under these conditions, there occurred an artifi cial down-
ward bias for the prevalence by well over 50 % (Atwill et al.  2012 ). Such a situation 
would explain why double sampling improved the detection of methicillin-resistant 
  Staphylococcus aureus    carriage in 4 different types of wild animals in Spain 
(Concepción Porrero et al.  2013 ). 

 Surveillance of wildlife in many studies has been conducted with samples 
obtained by trapping the animals or collecting samples from hunters. Although such 
sampling is assumed to be representative of a population, Hoye et al. ( 2010 ) sug-
gested that it likely involved selection bias, making it diffi cult to develop statisti-
cally valid estimates of pathogen prevalence. Hence, to enhance the design and 
interpretation of wildlife surveys, these investigators also provided estimates of the 
number of animals that should be sampled to achieve the study's objective (estab-
lishing absence of infection or an estimate of pathogen prevalence).  

  Specifi city of detection    method   . A number of methods for detecting enteric food-
borne pathogens in wildlife have been used and vary in their specifi city relative to 
the organism present. Culture-based assays, for example, are often only capable of 
specifying the bacteria growing on a specifi c agar by its genus (i.e.,   Campylobacter    
spp.,   Salmonella  spp  ., etc.), hence it is not possible to know if the pathogen is patho-
genic. More recent studies that are conducted often employ advanced assays to 
characterize the phenotypic and genotypic properties of organisms isolated from 
wildlife so that these isolates can be compared to isolates associated with human 
illness. Another purpose for molecular characterization of wildlife isolates is for 
comparison to isolates obtained from domestic animals or to isolates obtained over 

1 Overview: Foodborne Pathogens in Wildlife Populations
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     Table 1.4     Prevalence of zoonotic pathogens in amphibians and reptiles   

 Pathogen 
 Sample description with % prevalence of total 
number of samples tested in parentheses  Reference 

  Campylobacter  spp.  Cloacal samples from  European pond turtle  (0.0 % 
of 83) and  red-eared terrapin  (0.0 % of 117) in 11 
natural ponds in eastern Spain 

 Marin et al. ( 2013 ) 

 Fecal samples from  bullfrogs  (0.0 % of 164) from 
Belgium and The Netherlands 

 Martel et al. ( 2013 ) 

  Mycoplasma  spp.  Oral and cloacal swabs from  tortoises  (36.7 % of 
30) in Italy 

 Lecis et al. ( 2011 ) 

  Salmonella  spp.  Cloacal swabs of free-ranging  alligators  (2.8 % of 
71) in southeast Texas and south Louisiana 

 Scott and Foster 
( 1997 ) 

 Fecal samples from  reptiles  (41.5 % of 94) and 
 amphibians  (0.0 % of 72) in Spain 

 Briones et al. 
( 2004 ) 

 Fecal or cloacal swabs of  frogs  (0.0 % of 106), 
 lizards  (10.7 % of 298),  crocodiles  (3.0 % of 33), 
 snakes  (0.0 % of 48), and  turtles  (0.0 % of 64) in 
Australia 

 Parsons et al. 
( 2010 ) 

 Oral and cloacal swabs from  tortoises  (10.0 % of 
30) in Italy 

 Lecis et al. ( 2011 ) 

 Cloacal swabs and cecal contents from  cane toads  
(41.4 % of 58) in Grenada 

 Drake et al. ( 2013 ) 

 Cloacal and ventral swabs as well as washes from 
 frogs  (1.2 % of 331),  lizards  (9.0 % of 59),  newts  
(0.0 % of 5),  salamanders  (0.0 % of 6),  snakes  
(59.0 % of 39), and  toads  (5.0 % of 20) in a 
produce-growing region of the California Central 
Coast 

 Gorski et al. ( 2013 ) 

 Cloacal swab samples from  caimans  (13.9 % of 
21),  turtles  (21.2 % of 32),  green iguanas  (15.2 % 
of 23),  other lizards  (25.2 % of 38), and  snakes  
(24.5 % of 37) from French Guiana 

 Gay et al. ( 2014 ) 

 Fecal samples from  bullfrogs  (0.0 % of 164) from 
Belgium and The Netherlands 

 Martel et al. ( 2013 ) 

 Cloacal swabs from  wild green iguanas  (57.4 % of 
47) in Grenada 

 Sylvester et al. 
( 2014 ) 

extended periods of time. Hence, isolates obtained from different animals, but hav-
ing similar or identical molecular profi les, can be evidence that transmission 
between the two groups occurred (Williams et al.  2011 ), whereas isolates with simi-
lar profi les obtained at different time points can be evidence that they are persistent 
in the environment (Gorski et al.  2011 ). Detection of viruses and parasites in ani-
mals, however, often rely on immunological assays to detect antibodies in the serum 
that have been expressed when the pathogen invades the animal's system. The draw-
back to immunological assays, however, is that immunity may extend for periods 
long after the pathogen is eliminated from the animal. Examples of studies that have 
employed serotyping and molecular characterization of isolates recovered from 
wildlife as a means to measure their potential to serve as a reservoir of infection for 
humans or animals are listed in Table  1.5 .

M.C. Erickson
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       Host Attributes That Impact Contamination by Pathogens 

   Physiological    state     of host . Prevalence of foodborne pathogens within a wildlife 
population is often not uniform but is infl uenced by the physiological state of the 
individuals. One phenotypic variable that differentiates a population into distinct 
groups is age, with younger animals being more susceptible to infection than adults. 
As examples, carriage of  Clostridium diffi cile  was more common in younger urban 
Norway rats than in their adult counterparts (Himsworth et al.  2014 ), and 
  Campylobacter   ’s prevalence in feral swine (Jay-Russell et al.  2012 ) and in Canada 
geese (Keller and Shriver  2014 ) was greater in younger versus older animals. 
Similarly, when prevalence in both domestic and wild animals was investigated 
using multiple logistic regression models, it was determined that young animals 
were approximately twice as likely to shed   Cryptosporidium    and   Giardia    in their 
feces than adults (Oates et al.  2012 ). In these cases, establishment of the pathogen in 
the young animal's gut maybe due to the presence of an immature gut microbiota 
which, when mature, would in older animals outcompete the pathogen and prevent 
colonization. This relationship, however, has not been observed in all cases. For 
example, the percentage of carriers of pathogenic  E.   coli    (EPEC, EHEC, and STEC) 
by wild cervids (red and roe deer) did not differ between adult and juvenile/sub- 
adult animals (Bardiau et al.  2010 ), whereas in pteropid bats, a greater number of 
adults were seropositive for Nipah virus than juveniles or pups (Rahman et al.  2013 ). 

 Another characteristic of individuals within an animal population that is associ-
ated with different degrees of pathogen prevalence is the sex of the animal. In the 
case of feral swine sampled in Geneva, Switzerland, 71 % of females carried one or 
more foodborne pathogens compared to 53 % of males (Wacheck et al.  2010 ). 
Similarly, more feral swine females were positive for   Campylobacter    than were 
males in a study conducted in California (Jay-Russell et al.  2012 ). In contrast, in 
another study conducted in California that included both domestic and wild ani-
mals, but no feral swine, males were 1.2 times more likely to be  Giardia  spp.-posi-
tive than were females (Oates et al.  2012 ). Sex, however, was not a notable variable 
for prevalence of pathogenic  E. coli  in roe and red deer (Bardiau et al.  2010 ), nor 
was it associated with the seroprevalence of Nipah virus in bats (Rahman et al. 
 2013 ). A higher rate of seropositivity to Nipah virus was observed in nursing bats 
which was attributed to the increased stress that they have experienced in reproduc-
tive and nursing activities, which in turn likely increased their risk for infection 
(Rahman et al.  2013 ). Pathogen prevalence differences between sexes may also be 
attributed to behavioral differences that occur between the sexes. For example, in a 
wild pig population in Australia, transmission of   Salmonella    was more common 
between males than females and was attributed to the previous observations that 
adult male pigs have larger home ranges than females, and were more often found 
associating in small male groups in the study area (Cowled et al.  2012 ). 

 In general, susceptibility of animals to infection by foodborne pathogens 
increases with diminished health or increased stress, both of which compromise the 
immune system. For example, when wild animals are sampled during the hunting 

M.C. Erickson
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season and would be under increased stress, there is a greater likelihood that the 
pathogen would be present if the animal was recently exposed to the pathogen. 
Hence, studies that rely on this method of collection may be measuring prevalence 
that would not be typical throughout the year. Good health and decreased stress, 
however, do not always translate into reduced pathogen prevalence in wildlife. In 
the wild pig population in Australia, better conditioned (fatter) pigs were associated 
with an increased probability of infection (Cowled et al.  2012 ). To explain this sta-
tistic, the authors suggested that the better body conditions of these pigs actually 
enabled them to travel farther and forage more effectively and widely for food, and 
in turn be exposed to more pathogens. 

 Another factor that affects the effi cacy of an animal's immune system to combat 
colonization by foodborne pathogens is the exposure dose. For example, European 
starlings transiently excreted  E. coli  O157:H7 following a low-dose inoculation, but 
when exposed to a population greater than 5.5 log, shedding occurred in 50 % of the 
birds for more than 3 days (Kauffman and LeJeune  2011 ). Similarly, exposures to 
high pathogen dosages have resulted in both rats and pigeons fecally shedding  E. 
coli  O157:H7 for longer periods of time than if exposed to smaller dosages (Čížek 
et al.  2000 ). 

 Although immunity to pathogens is usually considered benefi cial from an indi-
vidual standpoint, when the animal population is only partially immune and exposed 
to a new source of the pathogen, the pathogen may actually survive within the popu-
lation for longer periods of time and increase the risk of spread to non-infected 
animals. Such a situation has been proposed as the scenario leading to the outbreak 
of Nipah virus in Malaysia during 1998–1999 (Epstein et al.  2006 ). More specifi -
cally, it was hypothesized that Nipah virus-infected fruit bats were attracted to fruit 
trees surrounding a large intensive pig farm and led to an initial infection that died 
out quickly. In the subsequent year, reintroduction of the virus into a partially 
immune population resulted in prolonged circulation on the farm, and when these 
infected pigs were sold from the affected farm and transported to other areas where 
there was a high density of smaller intensive pig farms and a high human density, a 
large outbreak occurred in humans, stimulating an investigation.  

    Hosts' behavioral features     that contribute to intra- and interspecies interactions 
and pathogen transmission . Contamination of wildlife by foodborne pathogens 
requires that the wild animal fi rst be exposed to a pathogen source which is often 
related to the animal’s behavior patterns and food choices. Once pathogen transmis-
sion to the wild animal has occurred, that animal may then serve as a vehicle for 
intra- or inter-species transmission to other non-infected animals, but the extent to 
which that occurs will be dependent on the animal’s behavioral patterns and whether 
the infection is self-limiting or not. Multiple examples illustrating the relationship 
between behavioral attributes and the observed or perceived potential for pathogen 
transmission between wildlife are presented in Table  1.6 .

   In general, pathogenic  E.   coli    is found in many wild animals at a low prevalence 
due to limited intra-species interactions (Nielsen et al.  2004 ). Moreover, when wild 
animals are contaminated, the animal has likely been living close to domestic ani-
mals whose infection is perpetuated by their high-density living conditions (Díaz- 

1 Overview: Foodborne Pathogens in Wildlife Populations



18

   Ta
bl

e 
1.

6  
  Se

le
ct

ed
 e

xa
m

pl
es

 o
f 

be
ha

vi
or

al
 a

ttr
ib

ut
es

 o
f 

w
ild

lif
e 

th
at

 a
ff

ec
te

d 
th

ei
r 

in
tr

a-
 a

nd
 in

te
rs

pe
ci

es
 in

te
ra

ct
io

ns
 a

nd
 th

e 
de

gr
ee

 o
f 

fo
od

bo
rn

e 
pa

th
og

en
 

tr
an

sm
is

si
on

   

 E
xa

m
pl

es
 

 R
ef

er
en

ce
 

  Sa
lm

on
el

la
  w

as
 d

et
ec

te
d 

in
 w

ild
 b

ir
ds

 o
n 

pi
g 

an
d 

ca
ttl

e 
fa

rm
s 

ca
rr

yi
ng

  S
al

m
on

el
la

 -p
os

iti
ve

 p
ro

du
ct

io
n 

an
im

al
s 

an
d 

on
ly

 d
ur

in
g 

th
e 

pe
ri

od
s 

w
he

n 
 Sa

lm
on

el
la

  w
as

 d
et

ec
te

d 
in

 th
e 

pr
od

uc
tio

n 
an

im
al

s.
 P

re
se

nc
e 

of
  S

al
m

on
el

la
  in

 w
ild

 b
ir

ds
 s

ig
ni

fi c
an

tly
 c

or
re

la
te

d 
to

 th
ei

r 
m

ig
ra

tio
n 

pa
tte

rn
 a

nd
 f

oo
d 

pr
ef

er
en

ce
. M

or
e 

sp
ec

ifi 
ca

lly
, p

ar
tia

lly
 m

ig
ra

to
ry

 o
r 

sh
or

t-
to

-m
ed

iu
m

 d
is

ta
nc

e 
m

ig
ra

to
ry

 b
ir

ds
 

w
er

e 
at

 a
 h

ig
he

r 
ri

sk
 o

f 
co

nt
ra

ct
in

g 
 Sa

lm
on

el
la

  in
fe

ct
io

ns
 th

an
 n

on
- m

ig
ra

tin
g 

(r
es

id
en

t)
 b

ir
ds

. B
ir

ds
 f

ee
di

ng
 o

n 
in

se
ct

s 
an

d 
in

ve
rt

eb
ra

te
s 

in
 th

e 
su

m
m

er
 w

er
e 

at
 a

 h
ig

he
r 

ri
sk

 o
f 

in
fe

ct
io

n 
co

m
pa

re
d 

to
 b

ir
ds

 f
ee

di
ng

 o
n 

se
ed

s 
an

d 
gr

ai
ns

. A
 s

lig
ht

ly
 h

ig
he

r 
ri

sk
 

of
  S

al
m

on
el

la
  d

et
ec

tio
n 

oc
cu

rr
ed

 f
or

 b
ir

ds
 f

or
ag

in
g 

on
 th

e 
gr

ou
nd

 in
 c

om
pa

ri
so

n 
to

 a
er

ia
l f

or
ag

in
g 

or
 f

or
ag

in
g 

in
 th

e 
ve

ge
ta

tio
n 

 Sk
ov

 e
t a

l. 
( 2

00
8 )

 

  C
am

py
lo

ba
ct

er
  o

cc
ur

re
nc

e 
in

 g
ul

l c
hi

ck
s 

w
as

 d
ir

ec
tly

 r
el

at
ed

 to
 th

ei
r 

de
gr

ee
 o

f 
re

fu
se

 c
on

su
m

pt
io

n,
 w

he
re

as
  S

al
m

on
el

la
  

pr
ev

al
en

ce
 d

id
 n

ot
 r

efl
 e

ct
 a

ny
 d

ie
ta

ry
 r

el
at

io
ns

hi
p.

 G
ul

ls
 a

re
 a

ttr
ac

te
d 

to
 g

ar
ba

ge
 d

um
ps

, u
nt

re
at

ed
 s

ew
ag

e,
 a

nd
 m

an
ur

e 
w

he
re

 
pa

th
og

en
s 

m
ay

 b
e 

co
ns

um
ed

 o
r 

ph
ys

ic
al

ly
 a

tta
ch

ed
 to

 th
e 

bi
rd

s,
 a

llo
w

in
g 

th
e 

an
im

al
s 

to
 s

pr
ea

d 
th

e 
pa

th
og

en
 to

 o
th

er
 r

es
tin

g 
ar

ea
s,

 
in

cl
ud

in
g 

ag
ri

cu
ltu

ra
l fi

 e
ld

s 

 R
am

os
 e

t a
l. 

( 2
01

0 )
 

 In
 te

n 
co

nc
en

tr
at

ed
 a

ni
m

al
 f

ee
di

ng
 o

pe
ra

tio
ns

 (
C

A
FO

s)
,  S

al
m

on
el

la
  c

on
ta

m
in

at
io

n 
of

 c
at

tle
 f

ee
d 

an
d 

w
at

er
 tr

ou
gh

s 
oc

cu
rr

ed
 

w
he

re
 s

ta
rl

in
gs

 a
ls

o 
fr

eq
ue

nt
ed

. P
ro

ba
bi

lit
y 

of
 c

on
ta

m
in

at
io

n 
of

 c
at

tle
 f

ee
d 

by
  S

al
m

on
el

la
  in

cr
ea

se
d 

as
 th

e 
nu

m
be

r 
of

 s
ta

rl
in

gs
 in

 
fe

ed
 tr

ou
gh

s 
in

cr
ea

se
d.

  S
al

m
on

el
la

  c
on

ta
m

in
at

io
n 

in
 w

at
er

 tr
ou

gh
s 

in
cr

ea
se

d 
as

ym
pt

ot
ic

al
ly

 a
s 

th
e 

nu
m

be
rs

 o
f 

st
ar

lin
gs

 o
n 

C
A

FO
s 

in
cr

ea
se

d.
 A

lth
ou

gh
 c

ar
ri

ag
e 

of
  S

al
m

on
el

la
  w

as
 d

oc
um

en
te

d 
in

 s
ta

rl
in

gs
, t

he
 s

er
ot

yp
e 

di
d 

no
t m

at
ch

 th
e 

se
ro

ty
pe

s 
in

 th
e 

w
at

er
 a

nd
 f

ee
d 

sa
m

pl
es

, s
ug

ge
st

in
g 

th
at

 f
ec

al
 m

at
er

ia
l a

dh
er

in
g 

to
 th

ei
r 

fe
et

 a
nd

 f
ea

th
er

s 
w

as
 th

e 
lik

el
y 

m
od

e 
of

 d
is

se
m

in
at

io
n 

of
 

th
e 

pa
th

og
en

 

 C
ar

ls
on

 e
t a

l. 
( 2

01
1 )

 

  To
xo

pl
as

m
a 

go
nd

ii
  w

as
 d

et
ec

te
d 

in
 r

ed
 f

ox
es

 a
t a

 g
re

at
er

 f
re

qu
en

cy
 th

an
 in

 d
ee

r. 
Fo

xe
s 

ar
e 

ca
rn

iv
or

es
 a

nd
 a

re
 c

on
si

de
re

d 
op

po
rt

un
is

tic
 f

ee
de

rs
. D

ue
 to

 th
es

e 
fe

ed
in

g 
ha

bi
ts

, f
ox

es
 a

re
 m

or
e 

lik
el

y 
to

 h
av

e 
gr

ea
te

r 
ex

po
su

re
 to

 b
ot

h 
pa

ra
si

te
s’

 ti
ss

ue
 c

ys
ts

 a
nd

 
oo

cy
st

s 
co

m
pa

re
d 

to
 d

ee
r, 

w
hi

ch
 la

rg
el

y 
fe

ed
 o

n 
gr

as
s,

 le
av

es
, y

ou
ng

 s
ho

ot
s,

 a
nd

 b
er

ri
es

 

 D
e 

C
ra

ey
e 

et
 a

l. 
( 2

01
1 )

 

 Fe
ra

l s
w

in
e 

w
er

e 
ob

se
rv

ed
 to

 b
e 

in
fe

ct
ed

 w
ith

  C
am

py
lo

ba
ct

er
  s

tr
ai

ns
 th

at
 w

er
e 

m
or

e 
of

te
n 

as
so

ci
at

ed
 w

ith
 c

at
tle

. F
er

al
 s

w
in

e 
w

er
e 

ob
se

rv
ed

 s
ha

ri
ng

 p
as

tu
re

s,
 f

oo
d,

 a
nd

 w
at

er
 w

ith
 c

at
tle

. R
oo

tin
g 

in
 c

ow
 p

at
s 

an
d 

w
al

lo
w

in
g 

in
 r

ip
ar

ia
n 

ar
ea

s 
of

 th
e 

pa
st

ur
es

 w
he

re
 

ca
ttl

e 
w

as
te

 w
as

 d
ep

os
ite

d 
lik

el
y 

co
nt

ri
bu

te
d 

to
 th

e 
 C

am
py

lo
ba

ct
er

  c
on

ta
m

in
at

io
n 

of
 f

er
al

 s
w

in
e 

 Ja
y-

R
us

se
ll 

et
 a

l. 
( 2

01
2 )

 

 Pa
th

og
en

 c
lu

st
er

in
g 

oc
cu

rr
ed

 in
 d

ee
r 

m
ic

e.
 F

re
qu

en
t l

ic
ki

ng
 o

f 
ex

tr
em

iti
es

 a
nd

 c
lo

se
 c

on
ta

ct
 b

et
w

ee
n 

de
er

 m
ic

e 
m

ay
 f

ac
ili

ta
te

 
fe

ca
l–

or
al

 tr
an

sm
is

si
on

 a
nd

 m
ai

nt
en

an
ce

 o
f 

in
fe

ct
io

n 
w

ith
in

 a
 c

lo
se

-k
ni

t p
op

ul
at

io
n 

 K
ilo

nz
o 

et
 a

l. 
( 2

01
3 )

 

 Se
ro

pr
ev

al
en

ce
 f

or
  T

ox
op

la
sm

a 
go

nd
ii

  w
as

 le
ss

 in
 ju

ve
ni

le
 f

em
al

es
 o

f 
ro

e 
de

er
 th

an
 in

 ju
ve

ni
le

 m
al

es
. I

t w
as

 s
pe

cu
la

te
d 

th
at

 y
ou

ng
 

m
al

es
 d

if
fe

re
d 

fr
om

 y
ou

ng
 f

em
al

es
 b

y 
be

in
g 

m
or

e 
ex

pl
or

at
or

y 
th

at
 in

cr
ea

se
d 

th
ei

r 
lik

el
ih

oo
d 

of
 c

on
su

m
pt

io
n 

of
 v

eg
et

at
io

n 
on

 
co

nt
am

in
at

ed
 s

oi
l 

 C
an

de
la

 e
t a

l. 
( 2

01
4 )

 

M.C. Erickson



19

 T
he

 h
ig

he
st

 p
re

va
le

nc
e 

of
  C

. j
ej

un
i  w

as
 in

 r
ud

dy
 tu

rn
st

on
es

 (
a 

sh
or

eb
ir

d 
th

at
 u

nd
er

go
es

 lo
ng

-d
is

ta
nc

e 
co

m
pl

et
e 

m
ig

ra
tio

ns
).

 T
he

 
se

co
nd

 h
ig

he
st

 p
re

va
le

nc
e 

oc
cu

rr
ed

 in
 R

ed
 K

no
ts

 a
nd

 S
em

ip
al

m
at

ed
 S

an
dp

ip
er

s,
 b

ot
h 

of
 w

hi
ch

 u
nd

er
go

 lo
ng

-d
is

ta
nc

e 
m

ig
ra

tio
ns

. 
T

he
se

 b
ir

ds
 o

ft
en

 in
te

rm
in

gl
e 

on
 s

to
po

ve
r 

si
te

s,
 p

ro
vi

di
ng

 o
pp

or
tu

ni
tie

s 
fo

r 
ba

ct
er

ia
l e

xc
ha

ng
e.

 I
n 

co
m

pa
ri

so
n,

 lo
w

er
 p

re
va

le
nc

es
 

w
er

e 
in

 th
e 

Sn
ow

 G
ee

se
, a

no
th

er
 m

ig
ra

to
ry

 b
ir

d,
 a

nd
 in

 r
es

id
en

t C
an

ad
a 

G
ee

se
 

 K
el

le
r 

an
d 

Sh
ri

ve
r 

( 2
01

4 )
 

 It
 w

as
 d

et
er

m
in

ed
 s

ta
tis

tic
al

ly
 th

at
 s

ta
rl

in
g 

ro
os

ts
 w

er
e 

sp
at

ia
lly

 a
ss

oc
ia

te
d 

w
ith

 a
n 

in
cr

ea
se

d 
pr

ev
al

en
ce

 o
f 

 E
. c

ol
i  O

15
7:

H
7 

in
fe

ct
io

n 
in

 d
ai

ry
 c

at
tle

, a
 g

re
at

er
 d

iv
er

si
ty

 o
f 

di
st

in
gu

is
ha

bl
e 

M
LV

A
 ty

pe
s,

 a
nd

 a
 h

ig
he

r 
nu

m
be

r 
of

 is
ol

at
es

 w
ith

 M
LV

A
 ty

pe
s 

fr
om

 
st

ar
lin

g-
bo

vi
ne

 c
la

de
s 

ve
rs

us
 b

ov
in

e-
on

ly
 c

la
de

s.
 T

he
se

 d
at

a 
w

er
e 

su
pp

or
te

d 
by

 th
e 

be
ha

vi
or

al
 p

at
te

rn
s 

of
 s

ta
rl

in
gs

 in
 w

hi
ch

 
st

ar
lin

gs
 te

nd
 to

 fl 
y 

di
re

ct
ly

 f
ro

m
 th

ei
r 

ni
gh

t r
oo

st
s 

to
 p

re
fe

rr
ed

 d
ai

ri
es

 in
 th

e 
m

or
ni

ng
; h

ow
ev

er
, o

n 
th

e 
re

tu
rn

 fl 
ig

ht
s,

 th
e 

bi
rd

s 
of

te
n 

st
op

 a
t f

ar
m

s 
al

on
g 

th
e 

fl i
gh

t r
ou

te
s 

 Sw
ir

sk
i e

t a
l. 

( 2
01

4 )
 

  C
am

py
lo

ba
ct

er
 je

ju
ni

  w
er

e 
de

te
ct

ed
 in

 h
ig

h 
fr

eq
ue

nc
y 

in
 A

m
er

ic
an

 c
ro

w
s.

 T
hi

s 
bi

rd
 f

or
ag

es
 in

 a
 v

ar
ie

ty
 o

f 
se

tti
ng

s,
 in

cl
ud

in
g 

du
m

ps
, a

ni
m

al
 f

ee
dl

ot
s,

 p
as

tu
re

s,
 a

nd
 u

rb
an

 a
re

as
, a

nd
 th

er
ef

or
e 

ha
s 

th
e 

po
te

nt
ia

l t
o 

tr
an

sf
er

 p
at

ho
ge

ns
 f

ro
m

 w
as

te
 s

ite
s 

to
 o

th
er

 
un

co
nt

am
in

at
ed

 a
re

as
 

 W
ei

s 
et

 a
l. 

( 2
01

4 )
 

1 Overview: Foodborne Pathogens in Wildlife Populations



20

Sánchez et al.  2013 ). Hence, when conditions of low stocking density were 
encountered in rangeland beef cattle, it was speculated that those conditions were 
responsible for the lack of interspecies transmission of   Cryptosporidium    from 
infected cattle to susceptible rodents (Kilonzo et al.  2013 ). 

 In cases when pathogen prevalence is low in a wildlife population, the contribu-
tion of these animals to persistence on source farms and to transmission between 
farms is minimal compared to animals, such as red deer and feral swine, whose gut 
is colonized by  E. coli  O157:H7 (Díaz-Sánchez et al.  2013 ) and   Campylobacter    
(Jay-Russell et al.  2012 ), respectively. In either case, however, infected wild ani-
mals that are extremely mobile amplify the likelihood of transmission by 
 disseminating the pathogen through uncontrolled routes. An example is migratory 
birds that often associate with cattle (brown-headed cowbirds, common grackles, 
and cattle egrets); such birds become infected with   Salmonella    and  E. coli  O157:H7 
while migrating (Callaway et al.  2014 ). In other situations, wildlife behavior has 
become less of an issue as expansion of agriculture into wildlife habitats has created 
new opportunities for spillover of pathogens from domestic animals to wildlife or 
vice versa (Jones et al.  2013 ). A good example would be the emergence of Nipah 
virus in Malaysia where intensifi cation of the pig industry combined with fruit pro-
duction occurred in an area already populated by Nipah virus-infected fruit bats 
(Epstein et al.  2006 ).  

   Climatic (seasonal)    impact    on pathogen prevalence in wildlife . Many surveys on 
pathogen prevalence in wildlife have been conducted by collecting samples at dif-
ferent times of the year or over multiple years to determine if fl uxes in prevalence 
occur in response to climatic or environmental changes. Through knowledge of 
seasonal preferences, pathogen transmission dynamics may be better understood 
and could assist in defi ning effective interventions for disease management. 

 One study addressing a seasonal preference in disease transmission of Nipah 
virus was conducted in Central Thailand, with differences observed between the 
Malaysian and Bangladesh strains (Wacharapluesadee et al.  2010 ). The Bangladesh 
strain was almost exclusively detected during April to June, whereas the Malaysian 
strain was found dispersed during December to June; however, the cause for these 
differences could not be determined. In another study, seasonal shedding patterns 
were observed in wild rodents, with fewer rodents trapped during the spring and 
summer months shedding   Cryptosporidium    oocysts than rodents trapped during 
autumn (Kilonzo et al.  2013 ). In this case, higher prevalences in autumn may have 
been linked to the breeding cycles of the animals, since most of the animals give 
birth during the warmer months of the year and begin to disperse in autumn (Ziegler 
et al.  2007 ). Behavior may have also contributed to the seasonal prevalence patterns 
observed in Canada geese, with prevalence of pathogenic  E.   coli    being positively 
correlated with prevailing warmer seasonal temperatures, being higher in the spring 
and summer and lower during the fall and winter (Kullas et al.  2002 ). In this case, it 
was hypothesized that during the fall and winter, the daily movement patterns of the 
birds largely occurred on dry upland harvested grain fi elds located outside of town 
and away from habitats contaminated with mammalian sources of  E. coli . In con-
trast, during the spring and summer, the birds did not move far from their nests 
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during breeding and these areas consisted of small water impoundments and littoral 
zones that easily become fouled. A similar scenario was offered as an explanation 
for the dominance of   Salmonella   -positive birds or rodents detected in the winter 
compared to the summer in that wildlife moved closer to farms in winter in search 
of food and shelter (Skov et al.  2008 ). 

 Long-term climatic fl uxes may also impact on the degree of pathogen prevalence 
in wildlife over successive years. Moreover, the impact of this variable may be more 
evident in wildlife where population turnover is greater. For example, the sharp 
declines in  T. gondii  seropositive roe deer from one year to another were partly 
explained by the replacement of seropositive individuals with new seronegative 
ones (Candela et al.  2014 ).  

  Management practices applied to wildlife or domestic animals that infl uence 
pathogen prevalence in wildlife . To minimize the transmission of enteric pathogens 
from wildlife to production sites (both animal and produce), efforts to control access 
of wildlife into those sites have been studied but with variable results. Furthermore, 
the type of management will vary depending upon whether the wild animal species 
is an invasive species causing environmental and economic damage or if it is con-
sidered an endangered or threatened species and is protected. When animals such as 
starlings that are not protected are targeted, as they are in the United States and 
Australia, management focuses on lethal control that includes chemical toxicants 
and shooting. Even in these situations, however, these methods are not always fool-
proof as evident in an Australian study that found a chemical toxicant to be ineffec-
tive because of poor bait acceptance (Bentz et al.  2007 ). When the target wild animal 
for control is a species of conservation concern, managing that animal's activities 
becomes more complex. Examples of non-lethal management techniques include 
non-lethal chemical repellants (Glahn et al.  1989 ), exclusionary devices (Khan et al. 
 2012 ), and frightening devices (Berge et al.  2007 ). As an example of the effective-
ness of exclusionary devices, bats contacted date palm sap at a 2 % frequency when 
the food source was protected by a bamboo,  dhoincha , jute stick, or polythene skirt 
compared to a frequency of 83 % when the date palm sap was not protected by a 
skirt (Khan et al.  2012 ). Enhanced effi cacy of any of these management tools, how-
ever, generally requires that they be used in tandem or switched on a regular basis 
(Berge et al.  2007 ). In addition, direct  management   tools are not always the most 
effective means by which to reduce prevalence or sharing of pathogens between 
domestic and wild animals. For example, Mentaberre et al. ( 2013 ) determined in 
Northeastern Spain that cattle removal was more effi cient than the culling of wild 
boar by hunting or trapping as a means of reducing the prevalence of shared sero-
types of   Salmonella   . 

 In many cases, management of the pathogen prevalence of wildlife requires a sys-
tems approach. For example, to understand potential inter-species transmission path-
ways among wild and domestic ungulates in Kenya,  E.   coli    collected from feces were 
genetically compared (VanderWaal et al.  2014 ). Under the assumption that when two 
individuals shared the same genetic subtype of this organism, they were part of the 
same transmission chain, the zebra was identifi ed as an animal bridging distinct trans-
mission networks. Therefore, these investigators hypothesized that interventions tar-
geted at the zebra would diminish transmission among discrete networks.   
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    Other Drawbacks to Pathogen Contamination of Wildlife 
That Impact Humans 

     Contamination of Water  Sources   

 Although the focus of this chapter to this point has been primarily aimed at the 
contribution of wildlife to the direct spread of enteric foodborne pathogens to either 
animal production facilities or produce fi elds, wildlife may also indirectly impact 
these sites through contamination of water sources that would subsequently be used 
in agricultural production. In fact, the number of studies addressing this latter route 
of contamination is much greater than those addressing the direct routes for patho-
gen transmission. Support for this route of contamination stems fi rst from the results 
of studies revealing that enteric foodborne pathogens are in surface and irrigation 
waters. For example, a study of ten irrigation ponds in Georgia revealed that nine of 
the ponds were contaminated with  C. jejuni  at some point during the year, with an 
overall prevalence of 19.3 % (Gu et al.  2013b ),  E. coli O157  was found in all ponds 
occasionally, but mainly in summer and fall (Gu et al.  2013a ), and   Salmonella    was 
found in 39 % of pond samples (Aminabadi et al.  2013 ). The presence of pathogens 
in surface water is not unique to Georgia as  Salmonella  was also detected in 7.1 % 
of surface waters in a major produce region of California (Gorski et al.  2011 ) and in 
94 % of surface irrigation water sources in New York (Jones et al.  2014 ). In a later 
study of water and sediment from leafy green produce farms and streams on the 
Central California coast,  Salmonella  was detected in 6.2 % of water and 4.3 % of 
sediment samples, and  E. coli  O157 was detected in 13.8 % of water and 1.7 % of 
sediment samples (Benjamin et al.  2013 ). In all these cases, it is presumed that con-
tamination of these water sources by wildlife could occur either directly or through 
storm runoff of adjacent contaminated lands. 

 An additional line of evidence for pathogen contamination of waterways and 
irrigation ponds by wildlife is through two avenues of exploration. First, studies 
have documented either directly or indirectly (through global positioning collars) 
that wildlife accesses water sources and engages in behavior that would lead to 
contamination of the water (Hampton et al.  2006 ; Cooper et al.  2010 ). In the second 
approach, pathogen isolates obtained from water and wildlife fecal samples have 
been compared by serotyping and molecular subtyping to determine their similarity. 
Similar serotypes of   Salmonella    have been isolated from both water and wildlife 
samples (Gorski et al.  2011 ; Jokinen et al.  2011 ; Aminabadi et al.  2013 ). Molecular 
typing by restriction fragment length polymorphism of  C. jejuni  isolates from water 
has revealed clustering with duck and geese isolates (Jokinen et al.  2011 ). Not all 
studies, however, have established a relationship between pathogen isolates in water 
and wildlife. For example, Gorski et al. ( 2013 ) detected  Salmonella  in both wildlife 
and associated water samples; however, the PFGE of the isolates did not match. In 
another study,  Campylobacter  was detected in shorebird excreta but was not found 
in the water samples collected from locations presumed to be impacted by these 
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birds (Ryu et al 2014). These latter results suggest that large numbers of animals 
may be needed to impact the water quality especially if the animal has low resident 
populations of a given pathogen. Large resident pathogen populations in a water-
way, however, are not always indicative of a large public health risk. Many patho-
gen parasite lineages, such as  Cryptosporidium  and  Giardia , are host specifi c and 
not zoonotic to the human population at large. However, such parasites could still 
cause opportunistic infections in animals and humans. Hence, the signifi cance of 
wildlife contamination of water sources with foodborne pathogens must be deter-
mined on a case-by-case basis.   

    Reservoir for Antibiotic  Resistance   

 Over the past two decades, a growing concern has arisen regarding antimicrobial 
resistance in pathogenic and commensal bacteria. These concerns extend to wildlife 
as antibiotic-resistant pathogenic bacteria have been associated with wildlife 
(Bardiau et al.  2010 ; Drake et al.  2013 ; Fresno et al.  2013 ; Gorski et al.  2013 ; Sasaki 
et al.  2013 ; Sylvester et al.  2014 ) and is evidence of transmission from environmen-
tal sources or animals that have been exposed to antibiotic therapy. Unfortunately, 
the presence of antibiotic-resistant pathogens in wildlife only serves to perpetuate 
this human health problem, especially as limited options are available to effectively 
control these animal populations.  

     Reservoir for Emerging  Pathogens   

 Pathogens, including those of foodborne origin, have an extremely high evolution-
ary potential given their large populations, high genetic variation, and short genera-
tion times. Given that approximately 75 % of emerged diseases, including zoonoses, 
were of wildlife origin (Jones et al.  2013 ), efforts are being intensifi ed to focus on 
these animals as the driving forces (i.e., climate change, agricultural expansion, 
urbanization, and habitat destruction) continue to have an impact. The emergence of 
Nipah virus, for example, revealed the interplay between several of those driving 
forces (Daszak et al.  2013 ; Hayman et al.  2013 ). Another example for which wild-
life has appeared to play a role in the evolution of foodborne pathogens is with 
enterohemorrhagic  E. coli  (EHEC) O157 (Jenke et al.  2012 ). By sequencing 
O157:H7/H- isolates, it was determined that deer occupied an intermediate position 
between O55:H7 and both sorbitol-fermenting (SF) and non-SF O157 branches. 
Based upon a study of Díaz et al. ( 2011 ), it also appeared that free-ranging red deer 
has been a possible reservoir of Stx-negative derivatives of SF O157:H7.    
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    Summary 

 Additional research and monitoring of foodborne pathogen carriage by wildlife is 
needed to better elucidate transmission cycles, temporal–spatial fl uctuations, and 
emerging strains with the goal of reducing potential risks to public health. Given the 
large number of wildlife species as well as the large number of foodborne patho-
gens, this task may be daunting. To date, numerous studies have already been con-
ducted to investigate the prevalence of foodborne pathogens in many of the wildlife 
species that could interface with humans or their agricultural activities. To ensure 
that available resources applied to future surveillance have the greatest impact, pri-
oritizing the pathogens and wildlife as to their need for surveillance using risk 
assessment systems, such as the Wildtool described by Tavernier et al. ( 2011 ), 
should be considered.     
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    Chapter 2   
 Emerging Viral Zoonoses from Wildlife 
Associated with Animal-Based Food 
Systems: Risks and Opportunities                     

       Kris     A.     Murray    ,     Toph     Allen    ,     Elizabeth     Loh    ,     Catherine     Machalaba    , 
and     Peter     Daszak    

    Abstract     Zoonotic viruses of wildlife origin have caused the majority of recent 
emerging infectious diseases (EIDs) that have had signifi cant impacts on human health 
or economies. Animal consumption-based food systems, ranging from the harvest of 
free-ranging wild species (hereafter, wild harvest systems) to the in situ stocking of 
domestic or farmed wild animals (hereafter, animal production systems), have been 
implicated in the emergence of many of these viruses, including HIV, Ebola, SARS, 
and highly pathogenic avian infl uenza (HPAI).  

  Keywords     Animal production systems   •   Biodiversity   •   Bushmeat   •   Climate change   
•   Ebola virus   •   Ecosystem   •   Emerging infectious diseases   •   Food systems   •   Highly 
pathogenic avian infl uenza   •   Viral zoonosis  

        Introduction 

 Zoonotic viruses of wildlife origin have caused the majority of recent emerging infec-
tious diseases ( EIDs     ) that have had signifi cant impacts on human health or economies 
(Morse et al.  2012 ; Jones et al.  2008 ). Animal consumption-based food systems, rang-
ing from the harvest of free-ranging wild species (hereafter, wild harvest systems) to 
the in situ stocking of domestic or farmed wild animals (hereafter, animal production 
systems), have been implicated in the emergence of many of these viruses, including 
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HIV, Ebola, SARS, and highly pathogenic avian infl uenza (HPAI) (Karesh et al. 
 2012b ; Zambrana-Torrelio et al.  2012 ). 

 At the same time, wild harvest and animal production systems form a fundamen-
tal component of food systems more broadly (Milner-Gulland and Bennett  2003 ; 
FAOSTAT  2014 ). Food forms the foundation of human societies, promoting health 
and wellbeing, and sustaining growing populations (Tilman et al.  2011 ). The role of 
wild harvest and animal production systems in the emergence of human and domes-
tic animal diseases thus presents something of a paradox, where ecosystem services 
meet ecosystem disservices, sometimes with catastrophic consequences. 

   Here we review the current status of EIDs, and in particular viral zoonoses origi-
nating in wildlife, as they relate to wild harvest and animal production  systems     . We 
conclude that both systems present considerable proximal and distal risks for dis-
ease emergence through a number of mechanisms. The reasons are that they fre-
quently entail or promote human contact with a diversity of wildlife species, unusual 
assemblages of high numbers and densities of animals, rapid and widespread trans-
portation networks and large-scale environmental perturbation, which are all key 
risk factors of disease emergence (Daszak et al.  2000 ; Patz et al.  2004 ).   

 More broadly, the  costs of   wild harvest and  animal production systems   to global 
environments are enormous and mounting. The resultant  biodiversity   loss due to 
overhunting, and ecosystem loss or degradation due to the expansion of areas suit-
able for livestock, are major environmental and societal challenges in themselves 
(Steinfeld et al.  2006 ; Milner-Gulland and Bennett  2003 ). In addition to the threat of 
disease emergence, these impacts contribute to novel and damaging negative feed-
back costs and a direct toll on other aspects of human health and wellbeing (Raudsepp-
Hearne et al.  2010 ; Schröter et al.  2005 ; McMichael et al.  2007 ). To understand the 
risks, we must look to the combination between direct and indirect risk factors that 
together shape the disease risks of food systems; for example, the act of consuming 
a wild animal in addition to the upstream factors, such as deforestation, that can more 
broadly increase the availability of wildlife for food. To mitigate the risks, we concur 
with previous authors that opportunities exist to manipulate food systems to provide 
win-win or more equitable solutions for conservation and health (Tilman et al.  2011 ; 
Nelson et al.  2009 ; McMichael et al.  2007 ) and to develop or inform preventative 
policy for better public health and ecosystem health outcomes. 

 This review will focus on two distinct animal-based food systems that encompass 
potentially very different risk pathways for disease emergence. First, “ animal produc-
tion systems  ” are typifi ed by in situ stocking and raising of animals (both domestic 
and in some cases wild species) at small to very large scales and from low to very high 
densities. Secondly, “ wild harvest systems  ” typically involve direct harvest of wild, 
free-roaming animal species (including, for example, “ bushmeat  ”). In some cases 
these systems, and the disease risks associated with them, are nested or overlap. For 
example, wild-harvested species can be marketed through outlets that are associated 
with  sophisticated sale and distribution systems   (Milner-Gulland and Bennett  2003 ). 
Conversely, domesticated or farmed wild species may also be released or allowed to 
roam shepherded or freely in landscapes, providing opportunities for contact with 
wild species (Kilpatrick et al.  2009 ). Nevertheless, we feel that distinguishing between 
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wild harvest and in situ produced is useful when considering the role of animal-based 
food systems in the emergence of viral zoonoses. 

      Scale of   Animal Production Systems and Their Importance 
to Human Health 

 Since 1950, there have been enormous increases in the production of, and trade in, 
domestic livestock species used for food (particularly chickens and pigs) (Godfray 
et al.  2010 ; FAOSTAT  2014 ) (Fig.  2.1 ). Although the density and composition of 
domestic species varies dramatically globally (Fig.  2.2 ), livestock systems alone 

  Fig. 2.1    Global trends in livestock production ( a ) and yield ( b ), in relative number of animals and 
relative carcass weight (hectograms/carcass), respectively, from 1962 to 2014. Livestock produc-
tion data from Food and Agriculture Organization of the United Nations (FAO), accessible at 
  http://faostat3.fao.org    )       
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now account for more than 30 % of the Earth’s ice-free terrestrial area (Steinfeld 
et al.  2006 ). In addition to growing populations, demand for higher volume and 
higher quality diets has driven these increases, and per capita production has also 
increased (FAOSTAT  2014 ). In 2013 there were approximately 3.5 individual poul-
try and 0.5 common production mammals (cattle, sheep, and pigs) raised, on aver-
age, for every one of nearly seven billion people globally (calculated from FAOSTAT 
 2014 ). Facilitating this growth, the global capacity to raise both more animals and 
more animals per unit of land area has increased, marking an increase in effi ciency 
and intensity of food production. The highest densities and effi ciencies are achieved 
with the aid of technological advances that were developed and are primarily used 
in the developed world (Tilman et al.  2011 ).

    These increases in animal production match or exceed human population growth, 
which has itself almost tripled over the same period. To put this in context, popula-
tion growth has been so dramatic over the last century that 7–14 % of all humans ever 
born remain alive today (Bradshaw and Brook  2014 ; Westing  2010 ; PRB  2014 ). The 
same statistics for many domestic animals likely exceed this. The sheer scale and 

  Fig. 2.2    Estimated global distribution of livestock (population density, head/km 2 ). ( a ) Cattle. ( b ) 
Chickens. Data from Food and Agriculture Organization of the United Nations (FAO), Gridded 
Livestock of the World 2.0 (Robinson et al.  2014 )       
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global reach of food production systems means that they are also major drivers of 
ecosystem change. In addition to the direct risks posed by high stocking densities and 
sophisticated transportation and trade networks, it is the associated environmental 
and demographic factors of animal production systems that present some of the big-
gest challenges from a disease emergence perspective (McMichael et al.  2007 ).   

      Scale of   Wild Harvest Systems and Their Importance 
to Human Health 

 Despite the growth and scale of animal production systems globally, the direct 
acquisition and consumption of wild meat still forms an important component of 
local economies and diets, and in many instances holds cultural signifi cance and 
other preference determinants that enhance its value. 

 Relative to other sources of meat, the contribution of wild-harvested meat to 
household diets, nutrition and local livelihoods is highest for the rural poor, who are 
often underserved by local animal production systems and/or have limited ability to 
raise animals for a variety of reasons (e.g., environmental constraints, lack of tech-
nology) (Brashares et al.  2011 ). Some populations are essentially dependent on 
wild-harvested food to meet basic nutritional requirements; for example, in some 
parts of the Congo Basin, protein from  bushmeat   comprises as much as 94 % of total 
protein of the household diet (Fa et al.  2003 ). In Madagascar, restricting access to 
 bushmeat   would reportedly result in a signifi cant increase of anemia cases among 
children, with the poorest households worst-affected (Golden et al.  2011 ). 

 Although people have been hunting wild species for food for millennia, there has 
been a marked increase in the harvest of wild species over the last several decades 
(Milner-Gulland and Bennett  2003 ; Ziegler  2010 ). For example, the development of 
industrial logging in Republic of Congo has led to a 69 % increase in the population 
of logging towns and a 64 % increase in bushmeat supply (Poulsen et al.  2009 ). 
The emergence of market-based economies and the commercialization of wild-har-
vest animals in urban centers have further increased demand. The scale of the trade 
in wild-harvest meat has also changed considerably due to advances in hunting 
practices, population growth, and increasing accessibility to remote areas (Nyaki 
et al.  2014 ). The trade of wild-harvested meat for food can now be viewed as a 
continuum ranging from subsistence-based rural consumption to commercial hunt-
ing for the international trade in wild animal meat and products (e.g., exotic food 
and traditional medicine), with this leading to dramatic price point differences 
(Brashares et al.  2011 ; Chaber et al.  2010 ). For example, bushmeat traders have 
reported pricing per kg of wild meat in Paris markets at up to double the price of 
domestic meat for sale in French supermarkets (Chaber et al.  2010 ). Similarly, in 
New York, USA, smoked duiker (an antelope) from Ghana can be readily attained, 
although at up to 25 times the cost of the same species sold near its source (Brashares 
et al.  2011 ). Such “urban” demand, which also occurs locally, places a premium on 
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wild species and often permits local hunters to earn incomes comparable to or 
higher than local wages for other occupations, sustaining commercial hunting on a 
large scale (Schulte-Herbrüggen et al.  2013 ). Market factors thus provide a signifi -
cant additional incentive for wild harvest beyond the protein needs of an individual 
hunter or family. 

 The monetary incentives for importation of wild-harvested meat have resulted in 
extensive trade networks, and an expansion of the public health risk of zoonotic 
disease spillover. An estimated 5 tons of bushmeat is smuggled through Paris 
Roissy- Charles de Gaulle airport from Africa per week in passenger baggage 
(Chaber et al.  2010 ). Even if the prevalence of potentially zoonotic pathogens in the 
animals traded is low, and viability of microbes much reduced after time in the 
trade, the sheer volume of  bushmeat   traded internationally, and lack of traceability 
through illegal or clandestine trade, suggests a signifi cant public health risk. 
Measuring or controlling this risk is made more diffi cult because the global distri-
bution of wild- harvested food is highly variable, poorly reported, and diffi cult to 
map (Fig.  2.3 ). 

         Emerging Infectious  Diseases      Associated with Food Systems 

 Infectious diseases that appear in a new host (e.g., humans) for the fi rst time or 
markedly increase in incidence or geographic range, or cause disease with appar-
ently novel clinical patterns are often referred to as emerging infectious diseases 
(EIDs) (Taylor et al.  2001 ). Historically, many human diseases are thought to have 
arisen as a result of the environmental and demographic changes attributable to the 
advent of food systems (agriculture and/or animal domestication) (Pearce-Duvet 
 2006 ; Wolfe et al.  2007 ). Such “civilization diseases” include some likely acquired 
directly from domesticated species (e.g., measles, pertussis) or indirectly, either 

  Fig. 2.3    Estimated global production of game meat in tons per capita, yearly average 2000–2009. 
Livestock production data from Food and Agriculture Organization of the United Nations (FAO), 
accessible at   http://faostat3.fao.org    ). These data likely refl ect a widespread lack of reporting of 
wild-harvested meat       
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because domestic animals provided a more stable route of infection for pathogens 
to enter human populations from wildlife (e.g., smallpox) or due to the infl uence of 
environmental perturbation in elevating the risk of pathogen transmission to humans 
from wildlife hosts and vectors (e.g.,  falciparum  malaria) (Pearce-Duvet  2006 ). All 
of the diseases mentioned above were at one time EIDs, highlighting how some of 
the emerging diseases of the recent past and present will almost certainly become 
the diseases of humanity in the future. Understanding the origins and drivers of 
EIDs is thus of considerable and growing public health interest (Morse et al.  2012 ). 

 Demographic, behavioral, ecological, and climatic changes have all been vari-
ably cited as drivers of historical and contemporary disease emergence (Patz et al. 
 2004 ,  2008 ; Smith et al.  2007 ; Wolfe et al.  2005 a, b; Daszak et al.  2000 ; Morse 
 1995 ; Taylor et al.  2001 ; Foley et al.  2005 ; Jones et al.  2008 ). The increasing impact 
of an exponentially rising human population has led to an increase in these drivers 
over time which likely explains why the frequency of disease emergence appears to 
have increased in recent decades, even after correcting for increased capacity and 
effort to detect them (Pike et al.  2014 ; Jones et al.  2008 ). Systems in equilibrium are 
probably the least likely systems to give rise to EIDs. 

 The current scale and continued expansion of wild-harvest and animal produc-
tion systems thus present ongoing opportunities for diseases to emerge into the 
human population.     

     Viral Zoonoses of Wildlife Associated with Animal-Based 
Food Systems 

  Although   rarely observed (approximately 1 per year globally) (Jones et al.  2008 ), 
zoonotic viruses that originate in wildlife and are associated with food systems 
punch above their weight in terms of their potential human, animal, and economic 
impacts. Some of the best recognized examples include HIV, SARS, Ebola, and 
Avian Infl uenza A viruses (Karesh et al.  2012b ; Zambrana-Torrelio et al.  2012 ; 
Hahn  2000a ,  b ; Heymann  2004 a, b), but they also include diseases that have caused 
signifi cant regional or more local impacts, such as Japanese Encephalitis virus 
(Mackenzie et al.  2004 ), a number of rodent-borne hantaviruses (e.g., Junin, Laguna, 
Machupo viruses) (Epstein  1995 ; Young et al.  1998a ,  b ; Johnson et al.  1997a ,  b ; 
Webb et al.  1967 a, b), Lassa virus (Ter Meulen et al.  1996 ), a number of bat-borne 
viruses (e.g., Nipah, Menanagle viruses) (Calisher et al.  2006 ; Pulliam et al.  2011 ; 
Luby et al.  2006 ), and monkeypox virus (Parker et al.  2007 ) (Table  2.1 ).

   Across the spectrum of animal-based food systems described above, there are a 
range of common features or activities (e.g., capture and handling, butchering, trade, 
transport, and consumption) that provide opportunities for pathogens to move from 
wildlife into humans, whether directly or indirectly via a domestic animal link or via 
vectors. The processes involved, however, can be complex. Below we use the diseases 
listed in Table  2.1  as examples to decompose these risks into three fundamental com-
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ponents—the types of contact events associated with them, the various transmission 
pathways that are involved, and the upstream distal risk factors that promote the 
former to facilitate emergence. These together help highlight the activities and 
conditions common to food systems that may promote disease emergence.  

     Contact 

 Contact events provide the “proximal” risk interfaces that allow disease transmis-
sion.    Contact events can occur in many different contexts but their common feature 
is that they provide the opportunity for the transmission of a pathogen. Transmission 
interfaces could include: human–wildlife, human–vector, human–domestic animal, 
human–human, wildlife–vector, wildlife–domestic animal, and vector–domestic 
animal contact. The diversity of types of contact that have been relevant historically 
for the emergence of viral zoonoses from wildlife associated with food systems is 
summarized in Table  2.1 . In wild harvest systems, contact events have typically 
occurred directly between a person and a range of wildlife species ultimately used 
for food (HIV, Ebola, SARS, Lassa, Monkeypox), via contact activities such as 
hunting, handling, butchering, consumption, and trade. In animal production sys-
tems, people have become infected most commonly from contact with domestic 
animals that had fi rst been exposed to wildlife pathogens (e.g., HPAI infl uenza, 
Nipah, Menangle), where tending and treating domestic animals for illness resulted 
in human infection. Japanese Encephalitis represents an example where humans are 
infected when bitten by mosquito vectors, which acquire and maintain infection 
after feeding on wild hosts or infected domestic species (e.g., pigs). For diseases 
more diffusely associated with agricultural activities, infection often occurs via 
contact with virus present in wildlife excreta (e.g., hantaviruses) or fomites (see 
Table  2.1  and references therein).   

    Transmission Routes 

 While contact events serve as the fundamental infection interface, different types of 
contact  may   carry very different levels of “riskiness” depending largely on the mode 
of transmission of a given pathogen. An important challenge in understanding the 
risks of viral zoonoses due to food systems is identifying the relevant transmission 
routes that allow for pathogen transmission between wild animal reservoirs, vectors, 
domestic animals, and humans. Transmission routes can be classifi ed into fi ve broad 
but distinct categories and used to analyze patterns of disease emergence (Loh et al. 
 2015 ). These include direct contact (i.e., skin-to-skin contact; scratches; animal 
bites; contact with body fl uids, organs, and tissues; direct large droplet >5 μm expo-
sure), airborne (i.e., via dust particles and airborne small droplets <5 μm), vector- 
borne (i.e., by biting or mechanical transfer by arthropods), oral (i.e., consumption 
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of contaminated food or water; ingestion of arthropods), and contamination (i.e., 
indirect contact with soil or vegetation, contact with water, indirect transmission by 
contaminated inanimate objects). Direct contact is the most common transmission 
pathway cited for diseases associated with food systems, although airborne trans-
mission of virus associated with aerosolized wildlife excreta is also relatively com-
mon (Table  2.1 ). Nevertheless, the range of transmission pathways implicated in the 
emergence of viral zoonoses from food systems is relatively diverse, with each 
transmission pathway represented at least once.  

     Distal Factors 

 While the type of contact, mediated by the various transmission pathways, repre-
sents  the   proximal risk factor for spillover (i.e., where and how transmission takes 
place), other factors may promote or reduce the likelihood that contact events occur 
in the fi rst place or result in pathogen transmission, thereby altering the risk of 
emergence. These distal or upstream risk factors also include any condition or activ-
ity along any transmission pathway that intensifi es the contact rate, increases the 
prevalence or diversity of available pathogens to be transmitted, or elevates the 
likelihood of successful disease transmission given contact (Murray and Daszak 
 2013 ; Lloyd-Smith et al.  2009 ). Distal risk factors could also include other 
“enabling” factors, such as climate or other environmental factors. The key distal 
factors that have been associated with the emergence of viral zoonoses from food 
systems are summarized in Table  2.1 . Broadly speaking, large-scale ecosystem and 
environmental change, including deforestation, land-use change and conversion for 
agriculture, have been commonly implicated in disease emergence within food sys-
tems. Examples include the rodent- borne arenaviruses (Lassa, Junin, Machupo, 
Laguna Negra) that are often facilitated by agricultural land conversion, HIV which 
is thought to have emerged as a result of the changes in forest access and human 
connectivity attributable to industrial development, and Nipah and Menangle 
viruses which are thought to have emerged due to increasing niche overlap and 
contact between reservoirs and domestic animal species (see Table  2.1  and refer-
ences therein). In addition to human-induced ecosystem changes, there are a range 
of social and demographic factors that have also played roles as distal risk factors, 
including the trade of wildlife species within markets with sophisticated transport 
networks and in which inter-species mixing has occurred (SARS, monkeypox), or 
increased domestic animal stocking densities (agricultural intensifi cation) to meet 
growing human food demands while at the same time enhancing conditions for viral 
amplifi cation (HPAI, Japanese Encephalitis) (see Table  2.1  and references therein). 

 If the diversity of previous disease emergence mechanisms is anything to go by, 
forecasting disease risks within food systems should not rely solely on historical 
precedence. While decomposing the risks of disease emergence into subcategories 
of proximal and distal risk factors can seem trivial, particularly for the well-known 
examples examined here (Table  2.1 ), the real utility and application of this approach 
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is for forecasting future risks (see Sect.  4.3  below). Such horizon scanning exercises 
are critical for anticipating the risks associated with the growth in scale and magni-
tude of food systems into the future. For example, in industrial food systems, 
airborne transmission may potentially be an under-recognized pathway as a recent 
study found a million-fold elevated concentration of aerosolized invisible dust in a 
poultry barn fan compared to the outside air (Leibler et al.  2009 ). This could have 
implications for both human and animal health in addition to the spread of true 
airborne diseases such as Foot and Mouth disease (FMD), infl uenza, or Q fever.    

    Future Trends in Food Acquisition and Production 
Systems: Implications for Viral Zoonoses 

 Both the acquisition of food from wild sources as well as the scale and intensity of 
animal production systems are projected to continue increasing over the coming 
decades (McMichael et al.  2007 ; The World Bank June  2012 ; Zambrana-Torrelio 
et al.  2012 ). This presents challenges for disease emergence and for environmental 
stability as increasing global populations demand higher dietary quantity and qual-
ity leading to continued land-use change and deforestation, expansion of global 
trade and travel networks and potential secondary impacts through climate change, 
biodiversity loss, and other outcomes. 

     Wild Harvest Trends 

 Harvesting wild animals for food and other uses has been increasing in the recent 
past, and  is   likely to continue its growth as one of the greatest threats to  biodiversity   
(Fa et al.  2002 ). This follows increasing reliance on wild animals to meet dietary 
needs for protein under conditions of food insecurity in many regions, especially 
developing countries in the tropics (Fa et al.  2003 ). Exploitation of wildlife for food 
will likely be facilitated by increasing land-use change and deforestation activities, 
whatever their purpose, particularly in more remote regions where these activities 
make forests more accessible to hunters and create new markets for bushmeat 
(Poulsen et al.  2009 ). Climate change is also expected to threaten food security in 
many regions, again promoting greater reliance on wild harvest species in some 
regions (Nkem et al.  2010 ). This is set against a background of exponentially 
increasing global air travel which already poses a signifi cant risk to global health 
via the transportation of pathogens (Hufnagel et al.  2004 ), and is likely to promote 
increased global trade in wild-harvested meat. 

 The development of roads may represent one of the most signifi cant ways of 
increasing opportunities for wild harvest. Roads are considered critical infrastruc-
ture developments that can improve access to technologies, healthcare and educa-
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tion, forming a key component of many countries’ development plans. Approximately 
60 % more roads are projected by 2050 compared to 2010, mostly in developing 
countries (Dulac  2013 ), potentially making road building one of the most signifi -
cant drivers of future environmental change (Laurance et al.  2014 ). Road building 
has already increased the risk of some diseases associated with human development 
(e.g., agricultural intensifi cation), with an increase in number of cases of human 
hantavirus reported following the completion of a highway through the Brazilian 
Amazon (Medeiros et al.  2010 ). Road building, particularly on such a large scale, 
will almost certainly further facilitate bushmeat hunting in the most biodiverse 
regions of the planet and change the scale at which people are able to move wild 
animals out of newly exploited areas and into commodity chains, thereby increasing 
public health risks.   

     Animal Production Trends 

 Global food production is forecast to approximately double by 2050 to meet the 
food demands of a global  population   that is expected to plateau at around nine 
billion people (Godfray et al.  2010 ; Tilman et al.  2011 ). The biggest growth will be 
seen in domestic animal products, with predictions suggesting an increase in annual 
demand for meat of 6–23 kg per person per year worldwide by 2050. The largest 
increases will be in Latin America, the Caribbean, South East Asia and the Pacifi c, 
and demand per person will more than double in sub-Saharan Africa (Thornton and 
Herrero  2010 ). Food production is expected to more intensely compete with the 
acquisition of other products from the environment such as land, water and energy, 
contributing to loss of ecosystem services and biodiversity, including some related 
to health (Tilman et al.  2011 ; McMichael et al.  2007 ). Deforestation and associated 
human activities related to domestic animal production, for example, will continue 
to alter the structure and species composition of ecosystems and increase contact 
rates between humans, wildlife, vectors and domestic animals, resulting in disease 
emergence (Murray and Daszak  2013 ). 

 Food production will also continue to contribute to, and be strongly affected by, 
climate change (Godfray et al.  2010 ; McMichael et al.  2007 ), particularly in devel-
oping and less developed countries, and this will coincide with changes in disease 
risk. For example, climate change may infl uence some key elements of the avian 
infl uenza A transmission cycle. Climate change is expected to infl uence migration 
patterns of migratory bird species that are the natural reservoirs for many AI viruses, 
alter transmission dynamics and affect the survival of virus outside of hosts, all of 
which have the potential to shift disease risks for this important group of viruses 
(Gilbert et al.  2008 ). In addition, the link between domestic duck production, which 
is expected to grow in scale and extent to build food security in Asia, and the persis-
tence of HPAI  H5N1   is often synchronously linked to the production of rice. The 
strong seasonal component of this system means that climate change has the poten-
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tial to impact the distribution and persistence of HPAI in other more indirect ways 
as well (Gilbert et al.  2008 ). 

 The increasing intensifi cation of food production, marked by high animal densi-
ties and stressful conditions, may facilitate rapid spread of diseases among immuno- 
compromised and genetically similar animals, potentially compromising food 
security and posing zoonotic disease risks. In addition to the risk of wildlife origin 
zoonoses making their way into humans via a domestic animal intermediary, the 
widespread use of antimicrobials in food production, primarily for non-therapeutic 
growth promotion in livestock and aquaculture production, may introduce rapid 
selection pressure for resistant bacterial and viral strains and further contribute to 
disease risks. While drug-resistant EIDs are more common in non-zoonotic EIDs 
than zoonotic EIDs (Zambrana-Torrelio et al.  2012 ), greater use of growth- 
promoting antimicrobials in animal production and human exposure via food as 
well as antimicrobials disseminated into the environment from animal production 
waste may potentially increase human susceptibility to infections (Marshall and 
Levy  2011 ). 

 Additionally, as intensifi cation occurs, biosecurity measures become all the more 
necessary. For example, a lag in biosecurity practices during increases in poultry 
production has been attributed to the evolution of HPAI H5N1 in poultry fl ocks, 
which caused extensive impacts to the poultry and public health sectors, leading to 
mortality or culling of over 200 million birds, as well as several hundred human 
deaths (Karesh et al.  2012a ). The lack of adequate infrastructure for biosecurity 
measures in low-income nations where bushmeat currently serves as a major form 
of subsistence nutrition thus presents vulnerability around potential intensifi ed live-
stock production to shift protein sources. Agricultural practices may also pose risks 
to wildlife, including fl ow of pathogens between livestock and wild species, in addi-
tion to the more usual culprits of habitat destruction or degradation.    

    Looking Forward: Intervention and Risk Mitigation Options 

 The range of both  proximal and distal risk factors   associated with disease emer-
gence from food systems makes effective disease management a complex and 
daunting proposition. However, this also provides opportunities for mitigation and 
adaptation with a view to better managing food systems to reduce environmental 
and biodiversity impacts in addition to disease risks in the future. For proximal risk 
factors associated with specifi c contact events, better safety and biosecurity stan-
dards will be a core part of any strategy to reduce disease risks from wild harvest 
and animal production systems. However, the more distal drivers of disease emer-
gence (e.g., land-use change) or global changes that occur in step with, or that 
directly facilitate, the expansion of food systems present a much more nebulous and 
diffuse range of risks. Managing these underlying drivers may ultimately provide 
solutions for sustainability and public health threats. We propose that direct 
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mitigation of disease transmission is thus only ever going to be a part of what 
urgently needs to be a much more encompassing, proactive strategy targeting the 
distal risks of disease emergence (Murray et al.  2012 ). This requires a novel response 
that could be rooted in holistic cost–benefi t analyses of total ecosystem services 
(Costanza et al.  2014 ). 

     Win-Win Solutions for Conservation and Health? 

 The number of hungry people globally has declined by  more   than 200 million since 
1990, despite the addition of almost two billion people over the same period (FAO 
 2014 ). This largely can be attributed to ongoing improvements and increases in 
global food production and supply systems and global efforts to improve food secu-
rity (FAO  2014 ). These improvements have improved human health more broadly 
by decreasing malnourishment, increasing life expectancy and reducing child mor-
tality (Raudsepp-Hearne et al.  2010 ; Godfray et al.  2010 ). Health gains will of 
course continue to be an ongoing human objective, with food security being a cen-
tral part of the development agenda (FAO  2014 ). The health benefi ts of food pro-
duction, however, need to be weighed against the health and environmental costs, 
including those associated with ecosystem degradation (McMichael et al.  2007 ). 
There have been calls for concerted redistribution of excess food and deployment of 
food production technologies to areas of the world most in need (Tilman et al. 
 2011 ). These strategies might have secondary benefi ts to global health by reducing 
food demands in some regions, leading to reduced environmental and total area 
designated for food production. 

 Health and conservation goals and actions have not always aligned, with history 
of some rash disease control efforts unnecessarily resulting in harm to wildlife and 
domestic animal populations, and when conservation frameworks (e.g., the 
Convention on International Trade in Endangered Species of Wild Fauna and Flora) 
do not directly consider disease risks in their decision making. To more effectively 
address both public health and conservation concerns, it is necessary to improve 
synergy between the two communities with integrated, science-based approaches. 
This need is especially urgent in the food safety realm, where nutritional dependen-
cies demand sustainable access to food sources. The UN’s post-2015 Sustainable 
Development Goals set the stage for poverty reduction, food access/security, health, 
and environmental balance, potentially providing opportunities for integrated solu-
tions that could be applied to food safety challenges related to wildlife and food 
systems. 

 The underlying drivers of disease emergence from wildlife are also the same 
main pressures that drive biodiversity loss as identifi ed by the UN Convention on 
Biological Diversity Global Biodiversity Outlook 4, namely habitat loss, degrada-
tion and fragmentation, overexploitation of wildlife, unsustainable production in 
agriculture and other industries, and impact of invasive species (Secretariat of the 
Convention on Biological Diversity  2014 ). In addition, emerging viruses are not 
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only threats to humans, but may also be pathogenic to susceptible wild host species. 
There is thus a compelling opportunity for co-benefi ts for conservation and public 
health through collaborative efforts.   

     The Policy Landscape 

 Despite the globalization of  food   supply systems, there is no central global gover-
nance structure for foodborne or food-associated disease risks, and there is no pre-
cise estimate of foodborne or food-associated disease incidence or burden. To 
address this, the World Health Organization (WHO) is undergoing an assessment of 
the global impacts of foodborne illnesses through its Department of Food Safety 
and Zoonoses. While the FAO-WHO Codex Alimentarius provides benchmark 
international trade standards to promote food safety, the guidance is voluntary; the 
U.S., for example, does not require its producers and suppliers to adhere to its rigor-
ous standards. The lack of a central authority for wildlife health has translated into 
limited infrastructure for disease surveillance and control around the safety of  bush-
meat   in both source and demand settings. As a result, efforts have largely focused 
on reactive responses to disease emergence events, rather than prevention of disease 
risks. The World Organization for Animal Health (OIE) regulates trade of livestock 
for priority diseases, which include some potential zoonoses (e.g., HPAI), but does 
not address wildlife trade/pathogens specifi cally in its World Trade Organization- 
enforced sanitary standards. There is no comparable regulation for wildlife diseases, 
although in the USA, the U.S. Centers for Disease Control and Prevention specifi -
cally restricts imports of certain turtles in response to salmonellosis, bats in response 
to Nipah virus, African rodents in response to monkeypox, civets in response to 
SARS, and non-human primates (Smith et al.  2012 ).   

     Risk Analysis 

 Greater knowledge of disease emergence risks from wildlife can inform identifi ca-
tion of key areas  for   intervention. Risk assessment is commonly conducted in food 
safety to identify vulnerabilities in the food supply, but more fully protecting health 
requires determining and addressing upstream or distal risks of viral emergence 
from harvested wild meat. Employing risk analysis tools can assist in science-based 
policies by anticipating and identifying ways to mitigate risk, as well as identifying 
priority knowledge gaps for research investments to refi ne future analyses. The 
structure of a formal risk analysis can help provide continuity and objectivity in the 
process, involving problem description, hazard identifi cation, risk assessment, risk 
management, implementation and review, and risk communication throughout. 
More proactive risk analysis efforts can systematically identify critical control 
points for conservation and health benefi ts, and congruence among both where syn-
ergies can be maximized. 
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 For example, the OIE-IUCN Guidelines for Wildlife Disease Risk Analysis pro-
mote analysis of disease risk in an ecosystem, rather than single-species, context 
(World Organisation for Animal Health (OIE) & International Union for Conservation 
of Nature (IUCN)  2014 ). This perspective can help determine conservation risks as 
well as zoonotic disease risks. While uncertainty and complexity inherently exist in 
wildlife disease risk analysis (Jakob-Hoff et al.  2014 ), useful information can be 
gained, especially for viral disease threats where initial knowledge on transmission 
pathways and pathogen dynamics can enable best practices to reduce risks while 
more information is gathered.  

     Realistic Interventions 

 Harvesting of wild meat holds  a   critical position in the diets, economies, and 
cultures of millions of people globally. Current governance and enforcement struc-
tures are therefore unlikely to be fully effective and in many cases unwarranted for 
reducing local demand (e.g., for local populations living in or on the periphery of 
forests with few suitable alternatives). In this context, some interventions may be 
low- resource and high-yield, such as working with hunters and foresters to convey 
risks of collecting deceased wildlife carcasses and encourage reporting of animal 
morbidity or mortality that can inform disease surveillance efforts (Rouquet et al. 
 2005 ; Olson et al.  2012 ). These interventions to prevent initial spillover are espe-
cially important given the challenges of infl uencing human behaviors when control-
ling human outbreaks. For example, the UN recently reported the dismissal of a 
local chief in Sierra Leone for failing to report secret burials that may have violated 
regulations intended to contain the spread of Ebola (UN Mission for Ebola 
Emergency Response (UNMEER) 19 November  2014 ). However, it seems inevi-
table that reducing demand for bushmeat will be fundamentally necessary to safe-
guard species from overhunting and extinction and to mitigate the disease risks. 
Reducing demand will be easiest for populations with access to alternative food 
sources. High demand and pricing for wild-harvest species may infl uence hunting 
practices, including expanding volumes and time of year spent hunting, whereas 
previously hunting pressure has been naturally limited by hunting for subsistence, 
traditional techniques, seasonality, and cultural taboos on harvesting certain species 
(Lindsey et al.  2012 ). 

 Strong regulations can be established to prohibit and provide disincentives for 
legal and illegal sale of  bushmeat   to overcome growing demand as a luxury product. 
High taxation levies may suffi ciently raise the price to reduce demand and provide 
revenue for enforcement and surveillance efforts ( see Courchamp et al.  2006 ). The 
clandestine nature of the illegal wildlife trade remains a challenge for tracking and 
enforcement, but high penalties have not yet been enacted in many settings; steeper 
penalties may provide stronger disincentives to participation in the illegal wildlife 
trade, such that even if zero volume cannot be realistically achieved, a large reduction 
in volume will still have large benefi ts from a risk reduction viewpoint. Additionally, 
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development projects that encroach into wildlife habitat can be managed to ensure 
they do not fuel demand for bushmeat. Governments can demand responsibility on 
the part of corporations to provide alternative food sources for employees and set 
policies to provide deterrents for bushmeat consumption. Governments could 
require wildlife disease risk analysis processes to be undertaken for proposed devel-
opment projects to more proactively weigh risks and ensure risk prevention or miti-
gation measures are conducted. This type of analysis could be included within 
existing Health Impact Assessment (HIA) structures, because, while some HIAs 
include risk of zoonotic diseases from domestic animals and other vectors, few 
adequately address the range of potential zoonotic pathogens in their intended 
scope.   

     Can the Farming of Wildlife Become a Safe Alternative 
to Wild- Harvest Meat? 

 The farming of wildlife for food may reduce pressures on wild populations, and is 
increasingly becoming a way to sustain demand in the face of increasing prices of 
wild-caught individuals. For example, porcupines, snakes, frogs, tigers, and a range 
of other wildlife species are farmed in Southern China for food and medicine 
(Abbott and van Kooten  2011 ). While this has been debated widely as a tool for 
conservation (e.g., the farming of tigers to reduce poaching), it has not been pro-
posed as a strategy to reduce the public health risks of the wildlife trade. We propose 
that the farming of wildlife species could reduce the risk of zoonotic disease spill-
over if similar health and biosecurity measures are applied to  farmed wildlife   as to 
livestock. In this scenario, specifi c known zoonoses are tested for, treated or infected 
animals removed from a farm’s founder wild-caught stock, resulting in reduced risk 
of zoonotic pathogen “spillover” to ranchers, traders, or butchers. Biosecurity mea-
sures will be critical to reducing risk because the intensive production of species 
that potentially carry novel zoonotic agents could result in increased pandemic risk. 
For example, civets have long been farmed in some parts of Africa (Eniang and 
Daniel  2007 ; Tolosa and Regassa  2007 ), and prior to the SARS outbreak in China 
in 2002, civets were farmed increasingly in China. While the role of civets in the 
emergence of SARS is not fully understood, it is thought that they may have acted 
as amplifi er hosts, expanding transmission and evolution of a bat-origin SARS-like 
coronavirus (Wang and Eaton  2007 ). 

 Wildlife ranching (typically lower density, semi-free ranging stock) may pro-
vide a more suitable production option in areas where more conventional and 
higher intensity animal production is not supported. For example, regions with 
tsetse fl y infestations affect cattle production through high morbidity and mortality 
burden from trypanosomiasis; while wildlife appear to carry infection, they are not 
highly susceptible to it (Steverding  2008 ). In theory, wildlife ranching may provide 
a contained environment where disease may be controlled through adoption of 
effective biosecurity measures. For example, Zambia’s wildlife ranching is subject 
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to inspection of animals or meat by veterinarians prior to sale (Lindsey et al.  2013 ). 
However, the sensitivity of this approach in detecting disease risks is not known; 
visual inspections by veterinarians may not recognize all illness in animals, espe-
cially asymptomatic infections that wildlife may be carrying, and viral pathogens 
are often not evident in meat without laboratory screening. Challenges around 
traceability in the market chain also introduce risk if free-ranging and ranched 
animals cannot be distinguished. 

 Ranch-raised wild animals may also potentially come into greater contact with 
wildlife (e.g., if ranches are at the periphery of protected areas), potentially shifting 
the dynamics of population genetics and pathogen fl ow. Since the main risk path-
ways from viral zoonoses originating in wildlife associated with animal production 
systems come from the spillover of wildlife pathogens to domestically farmed spe-
cies, more research is needed on disease risks in wildlife farms versus in free- 
ranging wildlife, as well as the development of formal guidelines on biosecurity and 
other practices to reduce risks to and from native wildlife, such as guidelines on 
proximity to conserved areas.    

    Conclusions, Gaps, and Future Research Needs 

 Several key research gaps remain that limit our ability to recognize and prioritize 
needs for viral threat reduction related to wildlife. Firstly, we lack knowledge of 
most of the viral pathogens that are circulating in wildlife (most of which have not 
yet been discovered and characterized (Anthony et al.  2013 )), and how those patho-
gens are evolving in relation to our changing pressures on the environment. 
Secondly, we lack criteria to fully determine zoonotic potential of viral agents that 
are detected. Progress in these research areas is important for identifying practices 
that drive disease transmission risks and for prioritizing critical control points in 
risk analyses and risk reduction efforts (Morse et al.  2012 ). 

  Current surveillance systems   for viral zoonoses are highly reactive, largely cap-
turing threats once they have emerged in humans or have caused extensive livestock 
or wildlife morbidity or mortality. While current systems are inadequate for preven-
tion and early detection, existing programs may be leveraged as a starting point 
(Murray et al.  2012 ). For example, many countries conduct wild bird surveillance 
for avian infl uenza, but screening is typically limited to only a subset of HA and NA 
subtypes, limiting knowledge of viral diversity circulating in populations (Hoye 
et al.  2010 ). Targeted surveillance for broader indicators of viral diversity (e.g., 
whole genome sequencing or at least typing for all 8 AI gene segments) can provide 
baseline monitoring to capture changes, including risk potential, over time. 
Coordinated global research priorities, such as set forward by the OIE-FAO OFFLU 
global network of expertise on infl uenza (  http://www.offl u.net/    ), can provide an 
international platform for systematic surveillance approaches and data aggregation 
and identify high-priority investment areas to maximize surveillance resources. 

 To suffi ciently respond to viral disease threats that are identifi ed by surveillance, 
a coordinated, multi-disciplinary system is needed. The currently siloed mandates 
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of intergovernmental organizations and government departments limit the action-
able utility of data. To move forward at a global level, investments made toward 
achievement of OIE Performance of Veterinary Service (PVS) and the WHO’s 
International Health Regulations might expand capabilities related to pathogen sur-
veillance in wildlife. 

 Partners from the biodiversity community also have a strong role for participa-
tion, through conservation efforts that are increasingly recognizing the risks of 
infectious disease agents to wildlife populations (e.g., great ape die-offs from infec-
tion with Ebola). The UN’s Convention on Biological Diversity recently “recog-
nized the value of a One Health approach” toward shared health and biodiversity 
benefi ts at its 12th Conference of the Parties in October 2014, and also has addressed 
sustainable use of  biodiversity   in terms of bushmeat and sustainable wildlife man-
agement, providing a possible entry for work on both topics by CBD member 
countries. 

 Additionally, critical areas of need for collaboration can be identifi ed under the 
CBD-WHO Joint Work Programme on Biodiversity and Human Health. On a 
national level, including through integration into CBD members’ National 
Biodiversity Strategies and Action Plans, laboratories can be modifi ed or con-
structed to serve human and animal health screening needs, avoiding potential 
duplication of resources, and enabling closer collaboration among human and ani-
mal health authorities and researchers (Murray et al.  2012 ). A phase change in the 
broadening of health toward an ecosystem perspective is needed to truly maximize 
cross-disciplinary synergies. 

 The USAID Emerging Pandemic Threats PREDICT program has developed 
viral pathogen discovery programs in wildlife at high-spillover risk interfaces in 20 
developing countries that are “hotspots” for disease emergence (  http://www.vet-
med.ucdavis.edu/ohi/predict/    ). The protocols could be implemented more widely, 
including in national surveillance systems. Surveillance can be targeted to assess 
risks at food-associated interfaces, such as wildlife hunting, markets where  bush-
meat   is present, and restaurants serving wildlife. 

 In addition to the benefi ts for strengthening public health capacity and infrastruc-
ture, there is a strong overall cost argument to detecting and preventing viral disease 
emergence from bushmeat and other wildlife sources. A recent study using ground- 
truthed data for viral discovery in bat species estimated that around 300,000 viruses 
exist in mammalian wildlife, 85 % of which could be detected through investments 
of approximately US$1.4 billion. Aiming for 100 % detection would be more expen-
sive ($6.8 billion) due to diminishing returns on viral discovery, but even this fi gure 
is less than the cost of some major single outbreaks (e.g., SARS) (Anthony et al. 
 2013 ), and far less than the total costs of emerging zoonotic diseases over the past 
two decades, estimated to be in the order of hundreds of billions of dollars (The 
World Bank June  2012 ; Karesh et al.  2012a ). Globally coordinated, mitigative 
responses that reduce the risks and frequency of diseases emerging in the fi rst place 
and are implemented now are forecast to save approximately US$3.5 billion per 
year over a 100-year time horizon in comparison to a business-as-usual approach to 
EID response (Pike et al.  2014 ).     
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    Abstract     There are many unique aspects and peculiarities regarding the transmis-
sion of foodborne pathogens at the wildlife–livestock–human interface in Europe, 
which include the diversity of farming systems, wildlife and habitats, as well as the 
consumption habits of the European human population. However, it can be general-
ized that zoonotic diseases acquired from wildlife (or directly related to wildlife) 
are mainly linked to the consumption of undercooked venison, hunting or handling 
infected game carcasses. Hunting has always been an integral part of the cultures 
and traditions of European rural societies, with an estimated greater than seven mil-
lion hunters practicing this activity for recreational, social, and/or consumptive pur-
poses (Brainerd,   http://fp7hunt.net/Portals/HUNT/Hunting_Charter.pdf    , 2007). 
Recently, there has been a growing consumer demand for hunted meat and cured, 
fermented, and dried game products, which have become more popular and acces-
sible in the European market (Cenci-Goga et al., Meat Sci 90:599–606, 2012; 
Obwegeser et al., Vet Micro 159:149–154, 2012). Schulp et al. (Ecol Econ 105:292–
305, 2014) report that 38 of the 97 European game species, including birds and 
mammals, are consumed, with the red deer ( Cervus elaphus ), the roe deer ( Capreolus 
capreolus ), the European hare ( Lepus europaeus ), the common pheasant ( Phasianus 
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colchicus ), and the wild boar ( Sus scrofa ) being the main game food species, since 
they are hunted in all countries and have the largest harvest numbers. Considerable 
research has been conducted on foodborne pathogens in the most common wild 
ungulate species in several European countries; however, relatively little informa-
tion is available on hares and other lagomorphs, as well as wild game birds.  

  Keywords     Antimicrobial resistance   •   Cattle   •   European Union   •   Foodborne patho-
gens   •   Game meat   •   Human–wildlife interactions   •   Iberian ibex   •   Livestock   •   Wild 
boar   •   Wildlife   •   Zoonosis  

        Introduction 

 There are many unique aspects and peculiarities regarding the transmission of food-
borne pathogens at the wildlife–livestock–human interface in Europe, which include 
the diversity of farming systems, wildlife and habitats, as well as the consumption 
habits of the European human population. However, it can be generalized that  zoo-
notic diseases   acquired from wildlife (or directly related to wildlife) are mainly 
linked to the consumption of undercooked venison, hunting or handling infected 
game carcasses. Hunting has always been an integral part of the cultures and tradi-
tions of European rural societies, with an estimated greater than seven million hunt-
ers practicing this activity for recreational, social, and/or consumptive purposes 
(Brainerd  2007 ). Recently, there has been a growing consumer demand for hunted 
meat and cured, fermented, and dried game products, which have become more 
popular and accessible in the European market (Cenci-Goga et al.  2012 ; Obwegeser 
et al.  2012 ). Schulp et al. ( 2014 ) report that 38 of the 97 European  game species  , 
including birds and mammals, are consumed, with the red deer ( Cervus elaphus ), 
the roe deer ( Capreolus capreolus ), the European hare ( Lepus europaeus ), the com-
mon pheasant ( Phasianus colchicus ), and the wild boar ( Sus scrofa ) being the main 
game food species, since they are hunted in all countries and have the largest harvest 
numbers. Considerable research has been conducted on foodborne pathogens in the 
most common wild ungulate species in several European countries; however, rela-
tively little information is available on hares and other lagomorphs, as well as wild 
game birds. 

 There are two common European farming systems in which there is likely wild-
life–livestock interaction. These two systems are either intensive or extensive/free- 
range, and although there are many intermediate categories, this classifi cation 
complements the aims of this chapter. In the case of  intensive farming animals   are 
always indoors or in confi nement, and the farms employ consistent biosecurity mea-
sures. Direct contact between intensively farmed livestock and large wildlife spe-
cies is limited, so most wildlife contact is with small mammals and birds. Large 
fauna can also be exposed to livestock pathogens from intensive farming through 
manure or uncontrolled waste, as well as to aerosol-borne pathogens, e.g.,   Coxiella 
burnetii   . In contrast,  extensive farming   consists of a more integrated system in 
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which animals have access to outdoor pastures and other natural resources, at least 
during some periods of the year, and this farming system is increasing in Europe due 
to consumer preferences. In this case, livestock and wildlife share natural resources 
such as pastures, water, and salt licks. Figure  3.1  shows some examples of proxim-
ity and interaction between wildlife and free-range  livestock   in Europe. Importantly, 
although extensively produced livestock may be in contact with several wildlife 
species, there is a greater likelihood of pathogen transmission if contact occurs with 
wild species of similar taxons, as pathogens are more likely to be effi ciently trans-
mitted between related host species.

   Interactions between wild and domestic animals in Europe are believed to be 
 increasing   due to: (1) the concentration of large populations of wild animals in 
small, delimited natural areas due to the high distribution and density of humans 
(Gummow  2010 ); (2) European wildlife politics and consumer preferences moving 
the animal breeding industry from more intensive to more extensive farming sys-
tems (Gortázar et al.  2007 ); (3) wildlife populations becoming more abundant 
because of the implementation of game management through feeding,  translocations, 
and fencing (Gortázar et al.  2007 ); and (4) the increase in recent decades of forested 

  Fig. 3.1    Wildlife and livestock living in proximity share habitat and resources, which may lead to 
interactions and direct contact. Panel ( a ) A domestic goat approaches an ibex resting on rocks in 
the French Alps (Photo by D. Gauthier). Panel ( b ) An ibex intermingles with a herd of sheep in the 
French Alps (Photo by D. Gauthier). Panel ( c ) Wild boars trapped in proximity to a cattle paddock 
in a Mediterranean mountain range in Spain (Photo by G. Mentaberre). Panel ( d ) A moufl on grazes 
in proximity to cattle in the eastern Pyrenees in Spain (Photo by J. R. Lopez-Olvera)       
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areas at the expense of agricultural areas (Martin et al.  2011 ), thereby providing 
additional refuge and food resources to wildlife. In recent decades, there has been 
large population increases in most European ungulate species (Apollonio et al. 
 2010 ), thus enhancing the likelihood of interaction with livestock and the risk of 
transmission of shared pathogens. 

 Beyond game management, wildlife is being increasingly farmed, thereby creating 
a new risk situation. A large variety of wild species are being farm-reared for direct 
meat consumption and for releases into the wild, mainly for game purposes. This 
 management practice   is common in most European countries, and restocking num-
bers are not negligible. In the United Kingdom, for example, several tens of millions 
of game birds are reared and released each year (Mustin et al.  2011 ). Such practices 
can increase the prevalence of certain pathogens as well as enhance their transmission 
to other species in the wild (Díaz-Sánchez et al.  2012a ; Horigan et al.  2014 ). 

  Behavioral changes   within European societies also play a signifi cant role in the 
potential for exposure to wildlife and shared pathogens. Livestock zoonotic patho-
gens co-evolved through the human history of domestication, and now we are most 
likely confronting a new era of co-evolution of wildlife–livestock–human shared 
pathogens within a One Health context. Due to the increasing importance of the 
fl ourishing wild game industry in Europe, direct and indirect transmission of patho-
gens from wildlife to humans is occurring through both occupational and recre-
ational exposure (Gortázar et al.  2006 ; Massei et al.  2011 ; Hälli et al.  2012 ; Saito 
et al.  2012 ). The public perception that  game meat   is a sustainable, healthy, and 
ecologically friendly product raises the potential for an increase in foodborne patho-
gen transmission associated with wildlife (Hoffman and Wiklund  2006 ; Ramanzin 
et al.  2010 ). The increasing trend of outdoor tourism and sports activities, and the 
colonization of peri-urban semi-natural areas by human settings, are increasing 
worldwide (Bradley and Altizer  2007 ; Cahill et al.  2012 ), further elevating the like-
lihood of exposure to pathogens carried by wildlife. Additionally,  socioeconomic 
changes   in developed societies may indirectly increase exposure to zoonotic patho-
gens in wildlife populations (Godfrey and Randolph  2011 ). 

 Paulsen et al. ( 2012 ) recently described how the marketing pathways of game 
meat differ between European countries and by species, as do the ante-mortem and 
perimortal phases of the game meat chain. In particular, the location of the shot 
wound, the time from killing to evisceration, hygiene practiced during skinning, 
cutting and evisceration, and the time to refrigeration all affect the spread and mul-
tiplication of bacteria. Membré et al. ( 2011 ) suggest that improving hunting prac-
tices across European countries and encouraging good hygienic practices would 
enhance the microbiological quality of large wild game meat. The proper training of 
hunters may be an important contributor to improving the hygienic quality and 
safety of game meat. 

 In this chapter, we address the main risk factors associated with wildlife–live-
stock–human interactions that can enhance the transmission of zoonotic pathogens.  
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    Main Foodborne Pathogens in the European Union 

     Bacteria   

       Non-typhoidal  Salmonella  spp.      

 As a multi-host pathogen,  Salmonella  plays an important role in any wildlife–live-
stock interface situation. Several factors likely contribute to the high frequency and 
prevalence in which this pathogen can be found in wildlife and livestock: (1) the 
broad range of hosts that can be colonized by non-typhoidal  Salmonella  including 
mammals, birds, amphibians, and reptiles; (2) the presence of healthy carriers able 
to shed the pathogen in feces over prolonged periods of time; (3) the ability of 
insects and other invertebrates to act as vectors; (4) the high environmental persis-
tence of this microorganism; and (5) the existence of two mechanisms of transmis-
sion, namely the feco-oral and respiratory/tonsilar pathways, the latter best described 
in cattle and swine (De Jong and Ekdahl  1965 ; Fedorka‐Cray et al.  1995 ). 

 An additional factor is the human being, as human salmonellosis has for years 
been one of the most important foodborne zoonosis in the European Union (EU), 
with Enteritidis and Typhimurium being the most frequently reported serovars. 
However, the trend in salmonellosis incidence in recent years is decreasing in the 
EU (EFSA and ECDC  2014 ). Although control programs for  Salmonella  in fowl 
have been successful in decreasing the occurrence of this pathogen in eggs, it can 
still be found in a variety of foodstuffs, including meat and vegetables. 

 As reviewed by Paulsen et al. ( 2012 ),  Salmonella  is likely to be present in the 
game meat chain of most, or even all, EU member countries and can be isolated at 
virtually every step in the food chain, although usually at a low prevalence. In 2011, 
an outbreak of human salmonellosis in France was traced back to wild boar meat 
following a celebration by hunters (  http://ecdc.europa.eu/en/escaide/materials/pre-
sentations/escaide2011_session_14_2_nogareda.pdf    ). When consulting the online 
Rapid Alerts System for Food and Feed of the European Commission (  https://web-
gate.ec.europa.eu/rasff-window/portal/    ), it is reported that  Salmonella  is sporadi-
cally present in wild boar products, although sometimes contaminated products 
originate from outside the EU. 

 Hilbert et al. ( 2012 ) concluded that the  Salmonella  wildlife–human cycle is com-
plex. The transmission dynamics of  Salmonella  at the wildlife–livestock interface 
depends on the hosts (wild and domestic) and serovars present in each agro- 
ecosystem. There are regional differences in the prevalence of  Salmonella , both in 
livestock and wildlife (e.g., higher prevalence in southern countries vs. northern 
countries) (Paulsen et al.  2012 ). Also, serovars differ in their host range (they can be 
host-restricted, host-adapted or ubiquitous), and in their ability to cause systemic 
disease. Thus, the epidemiology of  Salmonella  in a given location is strongly depen-
dent on the number, frequency, and pathogenicity of circulating strains. 
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 Wild hosts differ in their respective roles in the spread of  Salmonella , for exam-
ple, wild boars shed  Salmonella  more frequently than wild ruminants (Paulsen et al. 
 2012 ). Chiari et al. ( 2013 ) and Navarro-Gonzalez et al. ( 2012 ) determined that 
young wild boars are more frequently infected with  Salmonella  than older boars. 
Navarro-Gonzalez et al. ( 2012 ,  2014a ) studied the crossover of  Salmonella enterica  
between wild ungulates and sympatric free-ranging livestock in Spain. In an area 
with a considerable prevalence of  Salmonella  in cattle, the Iberian ibex ( Capra 
pyrenaica ) and wild boars differ in their role in the epidemiology of  Salmonella  
despite sharing their habitat with cattle. Wild boars have a high  Salmonella  preva-
lence and serovar richness (diversity), especially when co-habiting with cattle. 
Additionally, the probability of interspecies transmission between livestock and 
wild boar increases as the herd size of sympatric cattle increases. Mentaberre et al. 
( 2013 ) validated the transmission of  Salmonella  serovars Meleagridis and Anatum 
between cattle and wild boars, and vice versa, occurring in the same location. In 
contrast, the Iberian ibex has a very low prevalence of  Salmonella  (Navarro- 
Gonzalez et al.  2014a ) and no serovars were shared with cattle in their study. It was 
postulated that the difference in  Salmonella  prevalence in wild boar versus Iberian 
ibex populations may be due to different feeding habits and space use. In Thuringia 
(Germany), the pig-adapted serovar  S.  Cholerasuis   causes clinical salmonellosis in 
wild boars and the identifi cation of epidemiologic groups strongly suggests an 
exchange of this serovar between wild boars and domestic pigs (Methner et al. 
 2010 ). Interestingly, the results of a study by Vieira‐Pinto et al. ( 2011 ) in Northern 
Portugal revealed common sources of infection and circulation of  Salmonella  strains 
between wild boars, wild rabbits ( Oryctolagus cuniculus ), and domestic pigs. In 
contrast, Díaz‐Sánchez et al. ( 2013 ) did not observe an association between the 
presence of livestock and the prevalence of  Salmonella  in wild boars and red deer 
from South-Central Spain, with the overall prevalence of  Salmonella  being low. In 
Italy, Chiari et al. ( 2013 ) observed a high diversity and prevalence of  Salmonella  in 
wild boars but the same serovars were not isolated from livestock in offi cial surveys 
carried out in the same area and period of time. These are examples of how each 
wildlife–livestock interface situation can be unique epidemiologically, but the 
research also suggests that spillover can be sporadic in space and time, and hence 
diffi cult to observe. 

 Besides being a concern for public health and animal husbandry,  Salmonella  can 
cause disease in many wildlife species and its consequences should be considered 
when introducing livestock into a natural environment or when keeping livestock 
outdoors. Glawischnig et al. ( 2000 ) described an outbreak of salmonellosis due to 
 S.  Dublin in Alpine chamois ( Rupicapra rupicapra ) that was transmitted by cattle. 
 S . Dublin was also present in a freely accessible water trough. The diffi culty of fi nd-
ing sick animals in the wild and arriving at a fi nal diagnosis hinders the determina-
tion of the actual importance of  Salmonella , its implication in disease outbreaks and 
mortality, and in the conservation of endangered species. It is known that this patho-
gen has been involved in fatal outbreaks in wild birds, especially passerines, and has 
caused a decline in local wild bird populations (Gaffuri and Holmes  2012 ). 
Furthermore, the presence of  Salmonella  antibodies in Alpine chamois has been 
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linked to reduced fertility (Pioz et al.  2008 ), revealing an additional deleterious 
effect of the presence of this pathogen at the livestock–wildlife interface.    

    Shiga Toxin-Producing  Escherichia coli  (STEC) 

 Shiga toxin-producing  E. coli  are a subset of  E. coli  that can cause severe disease in 
humans, but are carried asymptomatically in a variety of animals. In Europe, most 
reported human STEC infections are  sporadic cases      and frequently the source of 
 infection      is food of bovine and ovine origin, but vegetables, drinking water, and 
direct animal contact (e.g., petting zoos) have also been implicated (EFSA and 
ECDC  2014 ). The  trend for      STEC infections in the EU during 2008–2012 signifi -
cantly increased, with STEC O157 being the most frequently reported serogroup. 
However, the highly publicized STEC O104:H4 outbreak in 2011 in Europe, mostly 
Germany, was not linked to a known animal or animal product (EFSA and ECDC 
 2014 ). In fact, the fenugreek sprouts implicated as the food vehicle originated from 
outside the EU, and the strain had characteristics of both STEC and enteroaggrega-
tive  E. coli  pathotypes. 

 Young cattle (especially between 3 and 24 months of age) are important  reser-
voirs of      STEC (EFSA   2009 ), but sheep, goats, and wild ruminants are also reser-
voirs (EFSA and ECDC  2013a ). Nonruminant species that carry STEC are believed 
to be transient hosts that only excrete the organism for a short period after infection. 
Roe deer and red deer are considered in Belgium to be potential sources of STEC 
(Bardiau et al.  2010 ). In Spain, red deer are considered to be a natural reservoir of 
 E. coli  O157:H7 (García-Sánchez et al.  2007 ; Díaz‐Sánchez et al.  2013 ), although 
the prevalence is generally low (1.5–3.3 %). Other wild ruminants can carry STEC, 
such as fallow deer ( Dama dama ), moufl on ( Ovis musimon ), Alpine chamois, 
Alpine ibex ( Capra ibex ), and Iberian ibex (Sánchez et al.  2009 ; Obwegeser et al. 
 2012 ; Navarro-Gonzalez et al.  2015 ). Also lagomorphs, e.g., wild rabbits and 
Iberian hares (Martínez et al.  2011 ), or carnivores, such as the red fox ( Vulpes 
vulpes ), have been reported as carriers of STEC (Mora et al.  2012 ). Wild boars have 
been repeatedly described as carriers of STEC strains that are potential human 
pathogens (Miko et al.  2009 ; Wacheck et al.  2010 ), including  E. coli  O157:H7 
(Mora et al.  2012 ; Sánchez et al.  2010 ).   However, results of STEC  prevalence sur-
veys      in wildlife are variable throughout Europe. For example, in Swedish wildlife, 
STEC is practically absent; Wahlström et al. ( 2003 ) only found one positive wild 
boar out of 791 samples from wild mammals and birds, and this bacterium was not 
isolated from either Norwegian cervids (Lillehaug et al.  2005 ) or wild ruminants 
and marmots from the Italian Alps (Caprioli et al.  1991 ).   

 These ecological studies indicate that environmental factors together with con-
tact with primary reservoirs, especially domestic animal reservoirs, must play a role 
in the epidemiology of this pathogen. In some instances, there is consistent evidence 
of transmission between livestock and wildlife, but many other risk factors remain 
unknown for different species and habitats. A good example is reported by Scaife 
et al. ( 2006 ), who determined the prevalence of STEC ranged from 9.5 to 40% in 
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rabbit populations living in proximity to farms with infected cattle. This investiga-
tion was initiated following an outbreak of STEC O157 infection in humans after 
visiting a wildlife park where wild rabbits co-habiting with infected cattle had 
apparently introduced the pathogen (Pritchard et al.  2001 ). Also, wild birds and 
rodents at farms can carry STEC strains indistinguishable by pulsed-fi eld gel elec-
trophoresis (PFGE) from those obtained from cattle, although at a low prevalence 
(Nielsen et al.  2004 ). However, a STEC outbreak in the UK was linked to rooks 
scavenging troughs at a farm at which cattle and wild rabbits were STEC-negative 
(Ejidokun et al.  2006 ). In the Austrian  Alps     , STEC strains of the same molecular 
subtypes have been simultaneously isolated from Alpine chamois and cattle that 
shared a common pasture during the summer (Freidl et al.  2011 ). Díaz‐Sánchez 
et al. ( 2013 ) determined there was a positive relationship between the occurrence of 
 stx  genes in red deer feces and the presence of livestock and deer density, whereas 
the occurrence of  stx  genes in wild boars was related to sex. However, the link 
between livestock and wildlife is not always so obvious and is not the sole factor in 
explaining STEC infection in wildlife (Navarro-Gonzalez et al.  2015 ). 

   To elucidate  risk factors      associated with the carriage of STEC, future research 
should consider concomitant sampling of domestic and sympatric wildlife popula-
tions, preferably during the summer–autumn months since there may be a seasonal 
shedding pattern. In fact, the European Food Safety Authority (EFSA  2009 ) recom-
mends sampling cattle between 1 April and 1 October to make the monitoring pro-
gram more cost-effective. By re-capturing and re-sampling, Scaife et al. ( 2006 ) 
found a STEC-positive rabbit in the summer that had been STEC-negative during 
the winter. Another factor to consider is age, since in wildlife, as found in cattle, 
young animals may be more prone to STEC infection. Age factors can be diffi cult 
to measure since hunting bags rarely include enough young animals to obtain con-
sistent conclusions. Several studies evaluating age as a risk factor have not found 
statistically signifi cant differences (Bardiau et al.  2010 ; Díaz‐Sánchez et al.  2013 ). 
Also, the existence of “ supershedders  ” in wildlife remains unknown and is relevant 
to understanding the dynamics of this pathogen at the livestock–wildlife interface. 
Since “supershedders” in cattle populations have been associated with increased 
STEC prevalence and excretion within pens (Cobbold et al.  2007 ), “supershedders” 
in the wild would be very important in maintaining this pathogen in the 
environment.   

   STEC can enter the game meat  chain     (Pierard et al.  1997 ), and human infections 
associated with consumption of game meat are probably underestimated (Miko 
et al.  2009 ). In 2012, STEC O113:H8 in frozen deer meat caused an outbreak of 
three cases in Austria (AGES  2012 ). STEC has been isolated from wild boar meat 
and meat products from Spain (Díaz-Sánchez et al.  2012a ), and STEC with the 
same PFGE profi le have been found in feces and carcasses of wild boar and red 
deer, indicating that cross-contamination occurs during processing (Díaz‐Sánchez 
et al.  2013 ). Some available data have revealed that wild boars and other wild ani-
mals play a role in human infection; Sánchez et al. ( 2010 ) found indistinguishable 
PFGE types in  E. coli  O157:H7 isolates from a wild boar and a human patient. 
Likewise, Mora et al. ( 2012 ) reported similarities between STEC from wildlife and 
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humans. However, the subtypes of STEC strains that were isolated from fecal sam-
ples from wild ruminants in Switzerland (Hofer et al.  2012 ) did not have the pat-
terns of typical strains that are highly pathogenic to humans. Additional 
characterization of virulence factors and the human clinical relevance of 
 wildlife- derived strains not previously associated with human illness is needed. 
Regarding game birds, STEC has been isolated from raw meat from pheasant, red-
legged partridge ( Alectoris rufa ), common quail ( Coturnix coturnix ), and other 
birds (Pierard et al.  1997 ).    

     Campylobacter  spp .  

 Infections by  Campylobacter  pose a serious public health problem, as  Campylobacter  
enteritis has been the most frequently reported zoonotic disease in humans in the 
EU since 2005, with 214,268 confi rmed cases in 2012.  Campylobacter  infections in 
the EU human population have increased signifi cantly in recent years (2008–2012), 
with a clear seasonal trend (EFSA and ECDC  2014 ). Thermophilic  Campylobacter , 
specifi cally  C.   jejuni    and  C.   coli   , are the most common species associated with diar-
rheal disease in humans in the developed world, accounting for 80–90 and 5–10 % 
of  Campylobacter  infections, respectively (Fitzgerald et al.  2008 ). Nevertheless, 
other  Campylobacter  spp. are also associated with  gastrointestinal and extra- 
gastrointestinal infections      in animals and humans. “Emerging” species, specifi cally 
  C. concisus       and   C. upsaliensis      , have been regularly isolated from patients with gas-
troenteritis in Europe. However, some  Campylobacter  species are uncommon and 
are not considered as emergent since they are newly identifi ed or little is known 
about their pathogenic potential (Man  2011 ). Frequently, the microbiological  meth-
odolog     y used to isolate  Campylobacter  spp. can introduce culture bias thereby 
skewing the actual contribution of different species and sources. In the last decade, 
considerable effort has been devoted to improving the protocols for detecting this 
pathogen, as bacteriological culture of  Campylobacter  spp. can be a challenge due 
to the fragility of these microbes (Baylis et al.  2000 ; European Commission  2007 ). 

    Transmission pathways      for  Campylobacter  include direct and indirect contact 
with infected animals (normally healthy carriers), people, and the environment. The 
vast majority of human cases of  Campylobacter  enteritis are sporadic and linked to 
the food chain, resulting from handling or consumption of raw or undercooked con-
taminated poultry products. However, the prevalence of  Campylobacter  carriage by 
broilers has remained largely at the same level while the number of human cases in 
the EU increased considerably during the same time period. Consequently, it has 
been suggested that other risk factors not related to chicken are involved in the 
increasing incidence of  Campylobacter  enteritis in humans. Examples include meat 
products from other species, ingestion of untreated drinking water or milk, con-
sumption of contaminated fruits, vegetables, fi sh or fi shery products and, less fre-
quently, recreational activities in aquatic environments. Although large outbreaks of 
 Campylobacter  enteritis are uncommon, some notable outbreaks have been reported 
within the EU, and typically involved broiler meat or unpasteurized milk (EFSA 
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and ECDC  2014 ; Schönberg-Norio et al.  2004 ). Furthermore, waterborne transmis-
sion has been associated with  Campylobacter  outbreaks because of contamination 
from sewage or heavy rainfall (Pitkanen  2013 ). Braeye et al. ( 2014 ) described a 
large community outbreak of gastroenteritis linked to the consumption of drinking 
water contaminated by river water. In addition, a substantial risk of zoonotic trans-
mission could be associated with pets, livestock, and wild animals, as they can play 
a role in the contamination of food products, or transmission through direct contact 
with an animal fecally shedding the pathogen. In this context, wild bird droppings 
have been recognized as a signifi cant environmental source of  Campylobacter  spp. 
infection for humans and animals, as well as the consumption and handling of 
game-derived products. However, the number of wildlife species serving as reser-
voirs of  Campylobacter  spp. is still unknown (Humphrey et al.  2007 ; Epps et al. 
 2013 ; Waldenström et al.  2002 ).   

 Wild birds, are considered, as with poultry, to be natural reservoirs of 
 Campylobacter  spp. Healthy wild birds can be a source for human or livestock 
infection, although their role is likely minor due to host specifi city (Colles et al. 
 2008 ; Griekspoor et al.  2013 ).  In Sweden     , Waldenström et al. ( 2002 ) detected  C. 
jejuni ,  C. lari , and  C. coli  in a wide range of wild and migrating birds, suggesting a 
potential role as vectors in long-distance transmission to livestock or humans. In 
agreement with this fi nding, Wahlström et al. ( 2003 ) frequently detected 
 Campylobacter  spp. in Swedish wild birds (Canada geese ( Branta Canadensis ) and 
seagulls ( Larus argentatus ,  L. canus , and  L. marinus )).  In North-Western Italy     , 
Robino et al. ( 2010 ) determined that hooded crows ( Corvus cornix ) were highly 
sensitive to  Campylobacter  infection.  In Germany     , studies by Atanassova and Ring 
( 1999 ) revealed that wild pheasants shed both  C. coli  and  C. jejuni  (25.9 %).  In 
Spain     , free-living waterfowl were recognized as a source of  Campylobacter , espe-
cially  C. coli  which was detected in an area densely populated by wild birds (Antilles 
et al.  2015 ). Other migrating birds, such as common quails, may also be environ-
mental carriers serving as a source of infection for other birds, livestock, and humans 
(Dipineto et al.  2014 ). In addition, a higher occurrence of the pathogen was observed 
in artifi cial environments compared with populations in natural environments. 
Specifi cally, Nebola et al. ( 2007 ) determined in the Czech Republic a higher preva-
lence of  Campylobacter  spp. in pheasants originating from farms with intensive 
production (70.2 %) than in wild pheasants (27.5 %). Moreover,  genetic diversity 
of      Campylobacter  strains isolated from farmed animals was greater than the diver-
sity of strains isolated from wildlife, which might be due to close contact between 
animals or possibly contamination by farm workers. Díaz-Sánchez et al. ( 2012b ) 
highlighted the potential risk in Spain of  Campylobacter  transmission to natural 
populations of partridges from farmed and restocked red-legged partridges. 

 Wahlström et al. ( 2003 ) detected  Campylobacter  in the majority of mammalian 
wildlife species analyzed  in Sweden     . The prevalence was considerable (>10 %) for 
wild boars; low for roe deer, mountain and European hares ( Lepus timidus  and  L. 
europeaus ) and moose ( Alces alces ), and absent for red deer and fallow deer.  In 
Norway and Finland     , Kemper et al ( 2006 ) found 1 of 2500 reindeer ( Rangifer taran-
dus ) was positive for  C. hyointestinalis  and Lillehaug et al ( 2005 ) in a Norwegian 
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study observed that only 1 of 324 wild cervids was positive for  C. jejuni .   In central 
and southern Spain, Díaz‐Sánchez et al. ( 2013 ) determined there was no relation 
between  Campylobacter  spp. in large game animals and the presence of livestock in 
hunting estates despite the high prevalence of  Campylobacter  found in wild boars 
(66 %). However, in northeastern  Spain      a lower prevalence of  Campylobacter  spp. 
was found in wild boars (10 %  C. lanienae , 1.3 %  C. coli ), as well as a potential for 
cross-over from free-range livestock to wild boars and vice versa (Navarro-Gonzalez 
et al.  2014b ). Such differences may be due to unique conditions in the hunting 
estates, such as estate fencing, high density of game species and different farming 
or management conditions that may also be affecting the presence and species of 
 Campylobacter . In southern Spain,  Campylobacter  spp. was detected in wild artio-
dactyls (wild boar, red deer, and moufl on), although the fi ndings suggested only 
wild boars constituted an important reservoir of infection (Carbonero et al.  2014 ). 
Atanassova et al. ( 2008 ) and Paulsen et al. ( 2003 ) isolated in Germany  Campylobacter  
from wild boar meat (2.1 %) and roe deer meat (3 %) indicating its potential to enter 
the food chain through these vehicles. In contrast, Wacheck et al. ( 2010 ) did not 
recover  Campylobacter  from any of 153 wild boar samples analyzed in Switzerland.   

 In general, it is diffi cult to understand all aspects of  Campylobacter  epidemiol-
ogy due to its being a multi-host pathogen and variable prevalence. Furthermore, 
 seasonality     , especially in temperate regions, may affect the recovery of 
 Campylobacter  (EFSA and ECDC  2014 ; Humphrey et al.  2007 ; Strachan et al. 
 2013 ). In wildlife, the remoteness of the study areas and the diffi culty of processing 
samples quickly may infl uence  Campylobacter  recovery, which tends to be labori-
ous and delicate. In fact, the literature reveals there is substantial variability in the 
presence of the bacteria in different animal species and locations. Other factors such 
as diet, habitat preferences, or migration patterns are likely very important variables 
in explaining the prevalence of  Campylobacter  species among host taxa (Griekspoor 
et al.  2013 ; Navarro-Gonzalez et al.  2014b ; Waldenström et al.  2010 ). 

       Listeria monocytogenes       

 Despite the relatively low number of cases of listeriosis compared with other food-
borne diseases,  Listeria monocytogenes  infection is a major health concern due to 
the severity of the illness and the high case-fatality rate reported (17.8 % in EU in 
2012). Normally, infection is acquired through the consumption of contaminated 
food, especially dairy products, cooked poultry and meat, as well as ready-to-eat 
vegetables and seafood in which  Listeria  is able to multiply during cold-storage 
(EFSA and ECDC  2014 ). 

 Source tracking of  L. monocytogenes  often remains challenging because of its 
ubiquity, whereby the bacteria are widely distributed in nature and highly adapted 
to soil, water, and vegetation (Linke et al.  2014 ). Due to the ability of  Listeria  to 
survive for long periods in the environment, as well as in feces of asymptomatic 
carrier animals, transmission between farms and the wild habitats could introduce 
the pathogen into the food chain (Lyautey et al.  2007 ). Since 1999, relatively little 
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has been reported regarding disease in wildlife, but listeriosis was described in 
European hares and fallow deer (Wuthe and Schonberg  1999 ; Tham et al.  1999 ). In 
Germany, Schwaiger et al. ( 2005 ) isolated  L. monocytogenes  from brain samples of 
wild ruminants. Additionally, Wacheck et al. ( 2010 ) recovered  L. monocytogenes  
from wild boar tonsils and fecal samples in Switzerland. In Russia, Yegorova et al. 
( 2012 ) found  L. monocytogenes  in aquatic organisms and in wild artiodactyls, and 
Zaytseva et al. ( 2007 ) detected the pathogen in wild animals, including small rodents 
and marine organisms. Conversely, Aschfalk et al. ( 2003 ) did not isolate this patho-
gen from reindeer in Norway, nor did Obwegeser et al. ( 2012 ) from fecal samples 
of red deer, roe deer, Alpine chamois, and Alpine ibex. 

 Consumption of game meat is considered to be a potential source of listeriosis in 
humans. In Germany, Atanassova et al. ( 2008 ) and Vargas et al. ( 2013 ) both detected 
 L. monocytogenes  in meat from wild boars, roe deer, and red deer. In Italy, Avagnina 
et al. ( 2012 ) recovered the bacteria from the carcasses of game ungulates. Hence, 
proper food safety practices for game meat, especially during the later stages of 
production (game chambers, cold storage rooms, processing factories), are of great 
importance due to the ability of  Listeria  to grow at low temperatures (Atanassova 
et al.  2008 ).     

      Antimicrobial Resistance   

 Antimicrobial resistance (resistance to antibiotic compounds) has been partly asso-
ciated with the use and misuse of antimicrobial agents in food animal production, 
and a lower occurrence of resistant bacteria has been observed in extensive or 
organic farming systems when compared with intensive livestock production sys-
tems (e.g., Alvarez-Fernandez et al.  2012 ; Berge et al.  2010 ; Blake et al.  2003 ; 
Heuer et al.  2002 ). Divergent results suggest that antimicrobial resistance may also 
depend on the hosts, bacteria, and type of antibiotic studied. 

 Bacteria resistant to antimicrobials have been isolated from a large variety of 
wildlife species throughout Europe, including game ungulates and birds that might 
enter in the food chain. Wild boars in particular have been reported to carry 
antimicrobial- resistant bacteria to a greater extent than other wild species, which 
has been partly attributed to their omnivorous habits. Thus, many investigators have 
suggested wild boars to be reservoirs, and even sentinels or indicators of the antimi-
crobial resistant microbes circulating in their environment (Mokracka et al.  2012 ; 
Literak et al.  2010 ; Poeta et al.  2009 ). 

 As with other pathogens, the occurrence of antimicrobial-resistant enteric bacte-
ria in free-roaming populations could result in wildlife serving as reservoirs and 
vectors for the introduction of antimicrobial-resistant bacteria to farm animals or 
vice versa (Smith et al.  2014 ). Several studies have revealed similarities in the pat-
terns of antimicrobial resistance in bacterial isolates from livestock and small fauna 
(e.g., rodents, insects, and birds) obtained in the farm environment (Kozak et al. 
 2009 ; Literak et al.  2009 ; Rybarikova et al;  2010 ). Interestingly, both red-legged 
partridges sampled on farms and frequently restocked populations had a higher 
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prevalence of resistant  E. coli  than partridges from natural populations where no 
farmed partridges had been released in the previous 5 years (Díaz-Sánchez et al. 
 2012b ). 

 However, it is unclear if game ungulates co-habiting with livestock share 
antimicrobial- resistance profi les. For example, Navarro-Gonzalez et al. ( 2013a ) 
found a high variability in the resistance patterns of  E. coli  isolated from sympatric 
cattle, wild boars, and Iberian ibex. Some results were concerning such as the pres-
ence of bacteria resistant to fl uoroquinolones and third-generation cephalosporins, 
although the same resistance profi le was rarely detected more than once. Similar 
fi ndings were obtained from the same animals when testing antimicrobial resistance 
in  Salmonella enterica  (Navarro-Gonzalez et al.  2012 ), indicating the complexity of 
identifying the origin of antimicrobial-resistant bacteria carried by wildlife. Other 
fi ndings of concern include the detection of enterobacteria resistant to beta-lactams 
(Literak et al.  2010 ; Guerra et al.  2014 ; Smith et al.  2014 ) or methicillin-resistant 
 Staphylococcus aureus  (Porrero et al.  2013 ; Loncaric et al.  2014 ; Gómez et al. 
 2014 ) in wild mammals and birds. Wild birds might have an important role in the 
spread of antimicrobial-resistant bacteria, hence special attention should be paid to 
migratory birds that can carry resistant bacteria over long distances. 

 The presence of antimicrobial-resistant microbes in the wildlife–livestock–
human interface is an emerging concern in light of the increasing likelihood of 
contact occurring between wildlife, domestic animals, and humans. Increased 
interactions are anticipated in suburban and peri-urban environments, where some 
wildlife populations are proliferating. Interestingly, Navarro-Gonzalez et al. 
( 2013b ) isolated a linezolid-resistant  Enterococcus faecalis  from an urban wild 
boar in Barcelona (Spain). Linezolid is a synthetic antimicrobial agent reserved for 
human use. 

 The European Food Safety Authority (EFSA and ECDC  2013b ) reported that 
the spread of antimicrobial-resistant enteric bacteria such as  Campylobacter , 
 Salmonella  and some strains of  Escherichia coli  can occur through food vehicles .  
However, further research is needed to understand the transmission of antimicro-
bial-resistant bacteria between humans, livestock, and wildlife, and their relevance 
in the food chain.    

    Viruses 

     Hepatitis E Virus 

 Hepatitis E virus ( HEV)     , a single-stranded 7.2-kb RNA virus in the family 
 Hepeviridae , usually causes a self-limiting infection, but may develop into a fatal, 
acute icteric hepatitis in humans worldwide. HEV is considered the main enterically 
transmitted non-A, non-B hepatitis virus causing human hepatitis in the world. The 
World Health Organization (WHO) estimates there are 20 million cases of hepatitis 
E (HE) annually worldwide, with 3 million cases of acute hepatitis and 
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approximately 56,600 deaths (  http://www.who.int/mediacentre/factsheets/fs280/
en/    ). To date, four genotypes of mammalian HEV are recognized and new geno-
types have been proposed but are not yet classifi ed. Genotypes 1 and 2 are largely 
isolated from human beings although they have been also found in animals, whereas 
genotypes 3 and 4 are reported mainly in animals worldwide. Evidence supports 
genotype differences in the potential for virulence in humans. Within the European 
context, HEV causes mainly sporadic human outbreaks of HE, large epidemics are 
infrequent. Epidemiologically, consumption of raw, smoked or undercooked prod-
ucts of animal, livestock, and wildlife origin are responsible for a high percentage 
of cases (Li et al.  2005 ; Kim et al.  2011 ). However, HEV may be shed in the feces 
of domestic and wild swine (Wiratsudakul et al.  2012 ; Nardini et al.  2014 ) and per-
haps in feces of several other wild animal hosts (Jirintai et al.  2014 ), therefore sug-
gesting that indirect food (e.g., contaminated fruit or vegetables) or waterborne 
transmission may also occur (Ayral et al.  2015 ). To date, no large outbreaks of 
human HE originating from animal-to-human transmission have been reported in 
developed countries, perhaps due to the low probability of direct fecal-oral human-
to-human transmission. The most recent report from EFSA on trends and sources of 
zoonoses in the EU (EFSA and ECDC  2014 ) does not provide information on HEV 
infection. In contrast, there is an increasing incidence of sporadic human HE cases 
with suspected zoonotic links (Krumbholz et al.  2014 ). There is evidence that sev-
eral domestic—cattle, sheep, goats, horses, dogs, rabbits—and wild—wild boars, 
red deer, sika deer ( Cervus nippon ), roe deer, rats ( Rattus rattus  and  R. norvegicus ), 
and even mollusks—have been exposed and/or infected by HEV (reviewed by 
Widén et al.  2012 ), indicating that HEV is a multi-host  Hepevirus . From a European 
perspective, the major risk factor for human HEV infection from animal origin is 
direct consumption of improperly cooked game meat. High exposure and infection 
rates have been observed in wild boars and red deer in different European countries 
(de Deus et al.  2008 ; Boadella et al.  2010 ; Widén et al.  2012 ; Larska et al.  2015 ), 
which suggests both species may represent a signifi cant risk for human infection in 
Europe. However, the role of wild ungulates may differ geographically because risk 
factors for HEV maintenance varies between different epidemiologic scenarios, 
hence infl uencing variation in transmission risks to target hosts (Haydon et al. 
 2002 ). As an example, an extensive study carried out in wild ungulates in Poland 
revealed no evidence of HEV exposure in wild ruminant species, whereas 44 % of 
coexisting wild boars were seropositive (Larska et al.  2015 ). Exposure to zoonotic 
pathogens from wildlife, either through direct contact with animals or their prod-
ucts, or indirectly through environmental contamination, presents an increasing 
concern for public health authorities worldwide (Ruiz-Fons  2015 ). Changes in 
human life styles, space use or wildlife management, among other factors, infl uence 
the risk of human exposure to wildlife pathogens and the chance of introducing 
pathogens into naïve territories (Gortázar et al.  2014 ). Hepatitis E virus is currently 
distributed almost worldwide, and increasing interactions between wildlife, live-
stock, and humans probably accounts for a high risk of HEV transmission, both in 
developing and industrialized countries. Several ecological, epidemiologic, and 
pathological aspects of the wildlife cycle of HEV remain unknown despite concerns 
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that RNA viruses could be responsible for future emerging human pandemics 
(Woolhouse et al.  2005 ). Multi-host RNA viruses such as HEV may diversify into 
new viral strains with different tropism and virulence for humans. Therefore, evi-
dence points to the need of further investigation of HEV–host relationships in dif-
ferent eco- epidemiologic scenarios to prevent the chance of emergence of new 
virulent strains in humans (see Gortázar et al.  2014 ). Additionally, spatial and tem-
poral monitoring of HEV in the primary wildlife hosts should be implemented as a 
major preventive tool. Public and animal health authorities should jointly provide 
research funding to address this important gap in epidemiologic knowledge.     

     Parasites   

         Echinococcus multilocularis       and   Echinococcus granulosus       

 Echinococcosis (hydatid disease) is a neglected zoonotic infection caused by the 
larval stage of  Echinococcus  tapeworms. Despite the fact that several species are 
present in the EU (e.g.,  Echinococcus equinus ,  Echinococcus ortleppi , and 
 Echinococcus  spp.),  Echinococcus multilocularis  and  Echinococcus granulosus  are 
responsible for all human and animal cases (ECDC  2013 ; Otero-Abad and Torgerson 
 2013 ). Humans become infected through the accidental intake of tapeworm eggs, 
commonly through contact with infected animals (defi nitive hosts) or their environ-
ment, which become contaminated with their feces containing  Echinococcus  eggs. 
Normally, the infection appears as cystic echinococcosis, which is associated with 
 E. granulosus . This species is predominately observed in the Mediterranean area 
and presents a domestic life-cycle involving dogs as the fi nal host and livestock 
(sheep) as intermediate hosts (Deplazes et al.  2011 ; Romig et al.  2006 ). Hence, 
close contact between humans and domestic animals increases the risk of infection. 
However, wild canids could also represent an important reservoir of  E. granulosus  
(Carmena and Cardona  2014 ; Otero-Abad and Torgerson  2013 ), as reported in 
Eastern Finland (  Hirvelä-Koski     et al. 2003) and Bulgaria (Breyer et al.  2004 ). In 
addition, wild boars infected with  Echinococcus granulosus  cysts have been found 
in Spain (Martín-Hernando et al.  2008 ) and Romania (Onac et al.  2013 ). Therefore, 
wild boars may be an intermediate host for infection of dogs and wolves through 
consumption of carcasses and hunting remains. The second form of disease is alve-
olar echinoccoccosis, which is caused by  E. multilocularis  and historically has a 
higher prevalence in Central Europe (France, Germany, and Switzerland) (Carmena 
and Cardona  2014 ). This species is transmitted in a predominantly sylvatic cycle in 
which mainly red foxes, but also raccoon dogs ( Nyctereutes procyonoides ), wolves 
( Canis lupus ), and jackals ( Canis aureus ), are the fi nal hosts (Carmena and Cardona 
 2014 ; Medlock and Leach  2009 ; Learmount et al.  2012 ; Süld et al.  2014 ). 
Furthermore, domestic dogs and cats can be sporadically infected, so they may play 
a role in transmission to humans due to close contact, especially dogs. Currently, 
alveolar echinoccoccosis is considered an emerging disease in Europe, with cases 
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being reported in most countries, with the exception of the UK, Ireland (Medlock 
and Leach  2009 ), Malta and Finland (EFSA  2013 ). Notably, a synanthropic trans-
mission cycle has been associated with an increase in fox densities since the 1990s 
due to vaccination campaigns against rabies. Hence, there is a greater likelihood of 
contact between foxes and humans in urban and suburban areas (Otero-Abad and 
Torgerson  2013 ; Romig et al.  2006 ). Agricultural practices such as permanent 
grasslands (Carmena and Cardona  2014 ), introduction of infected animals such as 
beavers into  Echinococcus -free areas (Kosmider et al.  2013 ), or consumption of raw 
vegetables and wild berries (Wahlström et al.  2012 ) have been correlated with the 
increase observed in parasite transmission between animals and humans.      

      Toxoplasma   gondii       

  Toxoplasma gondii  is an apicomplexan protozoan whose infection causes from mild 
clinical disease to reproductive disorders in humans and animals.  T. gondii  presents 
one of the widest host spectrums among the parasitic protozoa because it is able to 
infect almost every species of warm-blooded animals (Dubey and Beattie  1988 ). 
Currently,  T. gondii  is distributed worldwide, in part due to its wide host range, high 
transmission plasticity, and the introduction of the protozoan by movement of 
infected domestic cats into naïve regions. Defi nitive hosts for  T. gondii  are felids—
both domestic and wild—which shed viable and environmentally resistant oocysts 
into the environment. Additionally,  T. gondii  remains infective in the form of brady-
zoites in muscular tissues of intermediate hosts that serve as sources of infection of 
defi nitive and other intermediate hosts (predators). Fatal infections are occasionally 
observed in wildlife (Fernández-Aguilar et al.  2013 ). Intermediate hosts, those that 
represent some of the most relevant sources of human infection, may be infected by 
 T. gondii  by a variety of pathways depending on their life strategies. Predators (both 
birds and mammals) become infected mostly by consumption of infected prey and 
less frequently by exposure to oocysts shed by felids. In contrast, herbivores become 
exposed to  T. gondii  mostly as a consequence of consumption of water and food 
(plants) contaminated with oocysts shed by felids. Nonetheless, omnivores such as 
the wild boar may become infected by  T. gondii  both by ingestion of contaminated 
meat from intermediate hosts and by exposure to infective oocysts, which may 
explain the high prevalence of  T. gondii  infection observed in European wild boar 
populations in comparison to other intermediate hosts such as ruminants (Gauss 
et al.  2005 ; Beral et al.  2012 ; Paştiu et al.  2013 ; Coelho et al.  2014 ; Ferroglio et al. 
 2014 ).  T. gondii  has been reported in several other wildlife species in the European 
continent: red deer, roe deer, fallow deer, reindeer, moose, chamois ( Rupicapra  
spp.), Iberian ibex, moufl ons, Armenian moufl ons ( Ovis gmelini ), red foxes, com-
mon genets ( Genetta genetta ), European badgers ( Meles meles ), Iberian wolves 
( Canis lupus signatus ), and many different wild bird species. Additionally,  T. gondii  
is also present in domestic ungulates such as pigs, cattle and small ruminants; the 
latter accounting for the highest prevalence among European domestic ungulates 
(EFSA and ECDC  2014 ). It is estimated that approximately 50–80 % of Europeans 
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are infected by  T. gondii  (EFSA and ECDC  2014 ); 1259 human toxoplasmosis 
cases were reported in 2009 in EU (Lahuerta et al.  2011 ). A large number of asymp-
tomatic cases likely occur annually in the continent. The main risk factors for 
acquiring human infections in Europe include consumption of improperly cooked 
infected wild game meat, mainly wild boar; however, the risk associated with expo-
sure to infected domestic cats should not be dismissed. In northern European coun-
tries, risk may additionally come from ingestion of raw or undercooked carnivore 
game meat (brown bear ( Ursus arctos ), seals, and walrus ( Odobenus rosmarus )). 
The current status of  T. gondii  in European wildlife, especially in omnivorous and 
carnivorous species that may be able to maintain the circulation of  T. gondii  without 
the intervention of felids, suggests that prevention of infection through consumer 
education about food handling practices is perhaps a better, quicker, and cheaper 
strategy than any potential control measure in wildlife.    

       Trichinella  spp.      

 Trichinosis is a human foodborne disease caused by parasitic nematodes of the 
genus  Trichinella , and is reported to affect approximately 2500 people worldwide 
annually (Murrell and Pozio  2011 ). However, the incidence of human trichinosis is 
likely higher because underreporting frequently occurs in developing countries due 
to the absence of pathognomonic clinical signs and limited access to health care. 
This may explain why the European region has a higher contribution to the global 
burden of human trichinosis (Devleesschauwer et al.  2015 ). Human cases originate 
from consumption of raw or undercooked meat from infected hosts. From a 
European perspective, four  Trichinella  species are of concern:  T. spiralis ,  T. britovi , 
 T. native , and  T. pseudospiralis . More than 150 mammal, bird, and reptile species 
can serve as hosts for  Trichinella  spp. (Pozio  2005 ). Although certain host specifi ci-
ties have been described, the encapsulated clade infects only mammals, whereas the 
non-encapsulated clade infects mammals, birds, and reptiles (Pozio and Zarlenga 
 2013 ). Moreover, different  Trichinella  species can infect the same host species, e.g., 
 T. spiralis ,  T. britovi ,  T.   nativa , and  T. pseudospiralis  can infect raccoon dogs 
(Pannwitz et al.  2010 ) and swine (EFSA and ECDC  2014 ). In contrast,  T. spiralis  
and  T. britovi  primarily infect swine and carnivores, whereas   T. nativa  and  T. pseu-
dospiralis  infect mainly carnivores. In 2012, all EU member states reported 
 Trichinella  spp. in animals and all except Denmark reported infection in humans. In 
2012, the incidence of trichinosis increased 12.3 % compared to 2011 (EFSA and 
ECDC  2014 ), and most cases occurred in Eastern European countries. The sources 
of  Trichinella  spp. associated with human infection in EU differ geographically; 
whereas backyard domestic transmission constitutes an important source in Eastern 
Europe (e.g., Romania), consumption of improperly cooked wild boar meat is the 
main vehicle in other European regions (e.g., Spain). However, as the control of 
 Trichinella  infection progresses in European domestic pig populations, wildlife 
may become the main source for trichinosis outbreaks in Europe in the near future. 
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Education on the risks associated with consumption of raw or undercooked meat 
from wildlife would be effective for preventing trichinosis outbreaks.     

    Other Zoonotic Pathogens Shared with Wildlife 

 Some pathogens are not predominantly foodborne, but are good examples of dis-
ease transmission at the wildlife–livestock interface in Europe and can be of con-
cern for human and animal health, food production, and wildlife conservation. 
Below, we briefl y explain the current situation of brucellosis and bovine tuberculo-
sis in Europe, two classical zoonoses shared between wildlife and livestock. Q fever 
( Coxiella burnetti ) is also worth mentioning here since its status in wildlife is 
neglected. Finally, tularemia is considered an emerging infection in several parts of 
Europe. 

      Brucellosis      

 Six of the ten currently recognized species of the genus  Brucella  are pathogenic for 
humans and are shared with wildlife:  B. abortus ,  B. canis ,  B. ceti ,  B. melitensis ,  B. 
pinnipedialis , and  B. suis  (Galińska and Zagórski  2013 ). Most reported cases of 
human brucellosis in the EU are caused by  B. melitensis , either from occupational 
exposure to infected domestic ruminants (non-foodborne) or to consumption (food-
borne) of unpasteurized milk or milk products (EFSA and ECDC  2013a ).  Brucella 
melitensis  is present in domestic small ruminants in Mediterranean EU member 
states and has been found at low prevalences in European wild ruminant populations 
(e.g., in the Balkans, Spain, or Portugal). This epidemiologic status is, according to 
Godfroid et al. ( 2013 ), the reason for a low number of  B. melitensis  infections in 
wildlife, for example, the Alpine chamois and Alpine ibex in Italy and France, and 
the Iberian ibex in the Iberian Peninsula. It is hypothesized that wild ruminant cases 
are the result of exposure to infected domestic ruminants, and therefore wild rumi-
nants do not constitute a reservoir for  B. melitensis . The low prevalences of brucel-
losis occurring in many European wild ruminant populations (Muñoz et al.  2010 ; 
Astorga Márquez et al.  2014 ) may support this postulate. However, a recent out-
break of brucellosis in cattle caused by  B. melitensis  in the French Alps was trans-
mitted by infected Alpine ibex (Mick et al.  2014 ), and this species is considered to 
be a true  B. melitensis  reservoir. Both routes of infection may be correct since the 
unique ecological traits of some local wildlife populations may contribute to the life 
cycle of  B. melitensis  in these animals (Mick et al.  2014 ). According to these 
authors, this bovine outbreak and a human case could have originated from the 
Alpine ibex population. However, from a public health perspective, the risk for EU 
citizens of acquiring  B. melitensis  from wildlife is likely low. 

  B. suis  may constitute, from a worldwide perspective, the most relevant non- 
foodborne cause of brucellosis in humans. Four of the fi ve  B. suis  biovars (1–4) are 
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pathogenic for humans.  B. suis  biovars 1–3 are distributed worldwide in domestic 
and wild swine populations, with biovar 2 being the predominant biovar in the wild 
boar in Europe. This biovar has been very rarely reported in humans despite the high 
individual and population prevalence reported in European wild boars (Muñoz et al. 
 2010 ), and its presence in European hares. No human cases of brucellosis caused by 
biovar 4 have been reported in Europe. Reindeer populations in Norway were found 
to be free from  B. suis  (Asbakk et al.  1999 ), but no information from Sweden, 
Finland, and European Russia is currently available. 

 The prevalence of  B. abortus  in European wildlife is very low (Muñoz et al. 
 2010 ). This suggests that the risk of human infection with  B. abortus  from wildlife 
in Europe is low. Currently, it is very diffi cult to estimate the risk for Europeans to 
be infected by  B. ceti  and  B. pinnipedialis  since only a few cases of human brucel-
losis in the world have been reported and these were associated with the marine 
environment (Hernández-Mora et al.  2013 ). In the European Atlantic, Mediterranean, 
and North seas, several species of cetaceans have been found to be infected with  B. 
ceti  (Guzmán-Verri et al.  2012 ).    

       Bovine Tuberculosis      

 Human and animal tuberculosis is caused by acid-fast, gram-positive bacteria of the 
  Mycobacterium tuberculosis  complex (MTC)  . The MTC includes, among other 
members, the main causal agents of animal tuberculosis,   Mycobacterium bovis    and 
 Mycobacterium caprae  (Rodríguez et al.  2011 ; Bezos et al.  2014 ). More than the 95 
% of human tuberculosis cases in developed countries (e.g., the USA and the EU) 
are caused by within-human transmission of  M. tuberculosis  and only a low per-
centage is caused by  M. bovis  and other tuberculous mycobacteria. Human cases of 
tuberculosis caused by  M. bovis  in the EU represent less than 1 %, with only 125 
confi rmed cases in 2012 (EFSA and ECDC  2014 ). Transmission of  M. bovis  from 
animals to humans occurs mainly by consumption of contaminated cattle meat or 
unpasteurized milk/milk products and by direct exposure to infected cattle. Infection 
from wildlife may occur mainly by direct exposure to wildlife or their products; 
hunters, wildlife veterinarians, researchers, gamekeepers, and people eating game 
meat may be at higher risk of acquiring tuberculosis from wildlife. The clinical 
outcome of human infection by  M. bovis  is similar to that caused by infection with 
 M. tuberculosis  (Pérez-Lago et al.  2014 ). 

 In Europe, wildlife reservoirs of  M. bovis  include wild ungulates (mainly 
European wild boars, red deer, and European bison— Bison bonasus ) and the 
Eurasian badger. The role these species play in the maintenance and transmission of 
 M. bovis / M. caprae  varies according to variation in host demography and manage-
ment (Muñoz-Mendoza et al.  2013 ). Particular demographic and management traits 
of wild ungulates in the southwestern Iberian Peninsula drive  M. bovis  prevalence 
and transmission risks (Vicente et al.  2006 ). Prevalence of tuberculosis-like lesions 
in wild boars in some central Iberian populations reaches 100 % and has remained 
at this rate for many years (Vicente et al.  2013 ). A high prevalence in wildlife 
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increases the risk of transmission of  M. bovis  to domestic species (Martínez-López 
et al.  2014 ). The epidemiologic scenario is slightly different in Central European 
countries where wild boar and red deer densities and management schemes differ 
from those observed in Iberia. This translates into lower prevalences of  M. bovis  
infection in wild ungulates (Muñoz-Mendoza et al.  2013 ). However, recent evi-
dence points to an increasing relevance of wild ungulates—especially wild boars—
in transmission to cattle in Central Europe (Richomme et al.  2013 ). This may 
translate to an increase in the risk of transmission from wildlife to humans—both 
directly from wildlife and indirectly through cattle—in central Europe. The role of 
the Eurasian badger as a  M. bovis  reservoir in Central Europe and the British Isles 
adds complexity to the epidemiologic scenario of bovine tuberculosis in continental 
and Atlantic European regions.     

      Q Fever      

 Q fever is caused by   Coxiella burnetii   , a pathogen with worldwide distribution. A 
wide variety of vertebrate species, including mammals, birds and reptiles, and some 
invertebrates, e.g., ticks, are susceptible to  C. burnetii  infection. Therefore,  C. bur-
netii  presents one of the widest host ranges of known pathogenic bacteria. 

 Q fever is endemic in the EU, where it circulates in domestic ruminants (Maurin 
and Raoult  1999 ). Transmission to humans occurs mainly by contaminated aerosols 
originating in domestic ruminant farms; however, a small percentage of human Q 
fever cases have non-domestic ruminant origins such as exposure to infected pets 
(cats and dogs) or are of unknown origin—perhaps associated with wildlife. 

  C.   burnetii    is not considered to be largely associated with European wildlife. 
However, the few studies conducted on  C. burnetii  in wildlife revealed the potential 
persistence of this zoonotic pathogen in nondomestic environments (Ruiz-Fons 
 2012 ). The wide host range of  C. burnetii  enables its establishment in wildlife in 
which it is subsequently maintained and thereafter enters into the domestic environ-
ment. The current epidemiology of  C. burnetii  in Europe indicates that domestic 
ruminants have medium-to-high farm seroprevalences (Ruiz-Fons et al.  2010 ; 
Piñero et al.  2014 ), hence placing emphasis on this reservoir and not on wildlife. 
However, as long as the disease is controlled in domestic ruminants (through vac-
cination or population control), the potential reservoir role of wildlife may become 
more evident. Recent studies in wild and farmed red deer and European rabbits in 
Iberia (González-Barrio et al.  2015 ; F. Ruiz-Fons, unpublished) have revealed that 
 C. burnetii  circulates in these two species with a wide geographic distribution and 
at medium-to-high prevalence. Pathological studies also indicate that both species 
are able to shed  C. burnetii  into the environment (González-Barrio et al.  2013 ; 
F. Ruiz-Fons, unpublished data), which may be a source of human infection. The 
current European situation suggests that  C. burnetii  transmission through wildlife 
may be an important threat to human health.    
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       Tularemia      

   Francisella tularensis    is the causative agent of tularemia, a zoonotic disease that 
affects humans, farm animals, and wildlife. Currently, four subspecies with 
differing degrees of virulence are recognized, but in Europe only the moderately 
virulent  F. tularensis  subsp.  holarctica  is present, and covers almost the entire 
European continent, with the exception of the British Isles and Iceland (reviewed 
by Gyuranecz  2012 ). 

 Similar to  C. burnetii ,  F. tularensis  is a multi-host pathogen that has been found 
in mammals, birds, amphibians, fi sh, and invertebrates (e.g., freshwater crayfi sh and 
ticks). Rodents (several species) and lagomorphs (mainly hares) are major hosts for 
 F. tularensis  in Europe. Infection by  F. tularensis  is enzootic in two interconnected 
cycles: (1) a terrestrial cycle involving rodents, hares (mainly the European hare but 
also the mountain hare and the Iberian hare— Lepus granatensis ) and biological 
vectors (ticks); and (2) an aquatic cycle involving mainly the European water vole 
( Arvicola amphibius ) and  Microtus  spp., among other host species. 

 Eight hundred and fi fty cases of tularemia in humans were confi rmed in Europe 
in 2008 (ECDC  2010 ), with most in Scandinavian countries. Humans are exposed 
to  F. tularensis  largely by handling infected wild animals, for example, hunters skin-
ning hare carcasses. A portion of the cases arise from exposure to contaminated 
food or water, tick bites, and even through exposure to contaminated aerosols. The 
risk for humans is directly linked to the prevalence of  F. tularensis  in wildlife and 
the prevalence in wildlife may be linked to host density, among other factors. As an 
example, tularemia outbreaks in common voles ( Microtus arvalis ) in the North 
Spanish Plateau are thought to be linked to a cyclic demographic explosion of this 
species (Luque-Larena et al.  2013 ). Outbreaks in voles are associated with the 
increase in the number of cases in Iberian hares, which in turn increase the risk for 
hunters and is related to the peak in the number of reported cases. The mechanisms 
by which  F. tularensis  is maintained between epizooties are not fully elucidated. 
Gyuranecz et al. ( 2011 ) identifi ed European brown hares and ticks as being respon-
sible for the persistence of  F. tularensis  subsp.  holarctica  between epizooties in 
Hungary. However, in regions in which European brown hares are absent but other 
hare species are present, it is currently unknown if the role played by these hare 
species is the same as that of the European hare or involves other host species. 
Elucidating the factors that infl uence this enzootic situation within low host density 
scenarios is essential to propose preventive measures to mitigate this disease.       

    Conclusions 

 Each wildlife–livestock–human interface is unique in regard to its relationship with 
foodborne pathogens since local ecological and human differences determine the 
likelihood of interactions between hosts, transmission of pathogens, and contamina-
tion of food. The diffi culty in elucidating the dynamics of diseases shared between 
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wildlife and livestock is partly related to the challenge in obtaining an adequate 
number of biological samples of suffi cient quality, and to limitations related to 
available methods used in the isolation and detection of pathogens. However, these 
diffi culties may be overcome, or at least compensated for, by concurrently sampling 
livestock and wildlife (and humans, whenever possible), using the proper molecular 
tools and conducting appropriate statistical analyses. 

 It cannot be disregarded that some foodborne pathogens can also cause disease 
in wildlife, though their implication in wildlife conservation is less known than their 
effect on human and animal health. Wildlife population declines caused by disease 
are diffi cult to prove, but in conjunction with other contributing factors, infections 
of wildlife by foodborne pathogens could be an underappreciated cause of illness in 
vulnerable populations. 

 For the most part, food safety risks from wildlife in Europe, although sometimes 
underestimated, may not be the most important contributor to foodborne illness 
compared with other sources. However, current changes in wildlife population 
trends and their management, in food production systems and in consumer prefer-
ences, all should be closely monitored to be able to detect changes in food risks 
from wildlife.     
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    Chapter 4   
 Microbiological Hazards of Wild Birds 
and Free-Range Chickens                     

       Susan     Sanchez     ,     Monique     França    , and     Nicole     M.     Nemeth   

    Abstract     Zoonotic diseases are those that can be transmitted to people from ani-
mals. Back yard chickens are a reservoir of multiple zoonotic agents that can be 
transmitted to people directly through bird handling, eating meat or eggs, or indi-
rectly by infecting pets that can then bring the pathogens into the home and put them 
in contact with other members of the family. Wild birds do also carry zoonotic 
pathogens that can infect us directly or indirectly by fi rst infecting our back yard 
chickens, pets or other livestock such as pigs. With the increase in hobby-back yard 
chicken farms and wild bird fanciers it is important for the public to understand the 
risks associated with this practices. In this chapter we review the microbiological 
hazards of wild birds and back yard chickens to human health. From well known 
enteric pathogens such as Salmonella to vector borne viruses, this chapter hopes to 
refl ect the microbiological risks of keeping chickens and being in contact with wild 
birds as a hobby or business. Wild birds and domestic poultry can transmit viral 
diseases to people. In fact, waterfowl have long been considered the natural reser-
voirs of Infl uenza A viruses (IAV). The large population of these natural reservoirs 
and the ability of IAV to undergo genetic mutations and reassortment make Infl uenza 
A a noneradicable zoonosis. Wild birds are also the natural reservoirs of Newcastle 
disease viruses (NDV) which can transmit to domestic poultry and cause outbreaks 
of high mortality after infection with virulent strains. Humans can become infected 
with these viruses after direct contact with infected birds and usually develop a self- 
limiting conjunctivitis.  
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        Introduction 

    One Health Issues: New Food Fads, Habitat Encroachment, 
and Unrealized Risks 

 Several decades ago we lived with our animals in our homes and in our cities. As 
the industrial revolution progressed, the basis for infectious diseases and their 
transmission was elucidated, such that fewer food-producing animals were housed 
in cities and farmers struggled to produce enough animals to satisfy the demand for 
more meat that was consumed in these new metropolis. To increase productivity 
and effi ciency farmers moved to preferentially grow on type of livestock depending 
on the local taste, type of farmalnd, water availability, transport distances, demand 
and cost. Farms that only produce one commodity are now the norm.  Meat   is rela-
tively inexpensive in developed countries due to mass production, resulting in profi t 
margins that are relatively small and rely on large numbers sold, low production 
costs per unit, and reduced numbers of condemned carcasses at slaughter and of 
losses at the farm. This is even more of a factor in integrated chicken production, 
where avoiding disease through biosecurity measures has become the standard in 
most countries. Birds are housed in large buildings where entry and exit are highly 
controlled, exposure to wild birds and rodents is eliminated or limited, and cost- 
effective mass vaccinations are administered to fl ocks. Diseases that historically 
had adverse effects on entire fl ocks, although not eliminated, have been greatly 
reduced, and the cost of meat production per pound has been greatly reduced. This 
progress in food production has had the unintended but benefi cial consequence of 
reducing for the general population direct contact with live chickens. Furthermore, 
the  risk   of consumers acquiring diseases from foods has decreased so much over 
the years that acquiring illnesses from foods is no longer accepted. The presence of 
zoonotic bacteria (disease-causing bacteria that can be transmitted from animals to 
people) not pathogenic to birds is controlled in poultry across the food chain from 
the farm, at the processing plant to reduce the contamination of the carcasses, and 
at the supermarket at retail (Fortin  2013 ; USDA).  Pathogen testing   is used as an 
assessment of the effi cacy of control measures that are in place to mitigate contami-
nation on processed poultry. This testing is not limited to the presence or absence 
of pathogens, but also addresses the presence of antimicrobial resistance to clini-
cally critical antimicrobials used to treat human diseases caused by these zoonotic 
agents (USDA  2014 ). 

 Over the past few years, there has been a movement toward buying food locally 
to promote the local economy, to enjoy better tasting meat and produce, and for a 
perceived reduced risk of microbial and chemical hazards. This is also part of the 
recently realized interest in food that has been produced organically, and where 
animals are given ample space to carry out their normal behaviors. Consumers are 
increasingly seeking food produced without additives such as use antibiotics or hor-
mones, especially those used for growth promotion.  Organic food   is sold at super-
markets for a higher price, and is a common feature at farmers’ markets and local 
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stores. Many studies have addressed pathogen contamination, such as   Salmonella ,   
of chickens raised in an organic farm environment, to determine if these birds are 
less contaminated than their conventionally grown counterparts. Results have been 
inconsistent and sometimes contradictory, but most have revealed that the organi-
cally grown birds have a higher prevalence of  Salmonella , even if they are perceived 
as tasting better (Bailey and Cosby  2005 ). 

 The changes in how food is perceived in developed parts of the world are still 
evolving; however, there is a recent movement to grow chickens and produce eggs 
in the backyard. This has been facilitated by the dissemination of information 
regarding the maintenance of animals and where to buy them via the Internet. In the 
United States, keeping certain types of animals in urban areas is regulated by local 
ordinances to avoid nuisance odors and noises. These ordinances are being chal-
lenged by many homeowners who want to grow their own food (Kaiser  2013 ). 

 Another ongoing  risk   is the breeding and possession of fi ghting cocks, which is 
considered a sport in many countries including Mexico, Central and South America. 
This practice has been banned for many years in the United States, but such activi-
ties continue to occur illegally. There is a risk that the movement of these birds 
across country borders and states may lead to transmission of pathogens to not only 
the people that keep these birds, but also to poultry grown in the vicinity. 

 The association of birds with humans is not limited to the use of birds for food. 
Birds have been bred and raised for their beauty, singing, fl ying, and homing abili-
ties. Birds migrate annually, some over long distances, and they carry with them 
pathogens (West Nile virus, Avian Infl uenza virus,  Salmonella ,  Campylobacter 
jejuni , and others). Climate change is affecting the geographical distribution of 
some of these pathogens and their vectors. Migratory birds can transport such 
pathogens, and together with anthropogenic changes, some zoonotic pathogens are 
becoming an increased risk for human disease (Fuller et al.  2012 ). Geese, ibises, 
and other wild birds are attracted to parks, golf courses, and many recreational areas 
where there is a safe environment and an abundance of  human food   (Cole et al. 
 2005 ). Here, the large accumulation of birds and inadequate sanitation of water and 
walking pathways put birds’ excrement and people in close contact. Observing and 
photographing wild birds are a hobby of many avid birdwatchers, with 41.3 million 
people in the United States participating in such activities.  Bird feeders   in backyards 
lend themselves to this past time, and many wild birds are provided food and water 
in backyard feeders year around, thereby increasing the traffi c of birds near homes. 
This pastime brings people frequently in contact with feeders and water bowls that 
are contaminated with bird feces when they are cleaned or replenished. This puts 
people in direct contact with pathogens such as  Salmonella  and   Campylobacter      . 
Many studies, mostly conducted in the UK, have revealed that the strains of 
  Salmonella    that are prevalent in backyard birds are also of the same genetic fi nger-
prints as those most commonly isolated from people in the same region (Lawson 
et al.  2010 ,  2011 ,  2014 ), suggesting that people are being infected by enteric patho-
gens from contact with birds or their feeders. Cats are predators when outdoors and 
hunt wild birds at their feeders. They catch and eat birds that may carry enteric 
pathogenic bacteria that colonize cats without causing clinical symptoms. However, 
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cats can shed the bacteria in feces for a few weeks or even months. If indoor–out-
door cats, they can transmit the pathogens to kitchen counters, fl oors, and other 
locations in the home, subsequently magnifying the birdfeeder-pathogen effect 
(Tauni and Osterlund  2000 ; Kock  2012 ). The connection between wild birds (as a 
pathogen source) and sick people may not be apparent, but is real. Bird feeders act 
to attract many birds that would not otherwise be in direct or indirect contact with 
each other, thereby enabling bacteria and viruses to spread across birds of the same 
and different species (Robinson et al.  2010 ). Not all wild animal species, including 
birds, are resistant to the same diseases, therefore some are more likely to become 
sick and amplify the pathogen than others. Furthermore, people are now expanding 
their living environments into previously sparsely inhabited forested and farm lands 
where the sylvatic cycle of diseases among wild birds via mosquitoes is common. 
Hence, people sitting in their backyards now can come into contact with mosquitoes 
that carry bird-borne pathogens disease. 

 This chapter will focus on the potential microbiological challenges associated 
with the practices described above.   

    Pathogens 

 There are many microorganisms carried by birds and poultry that are zoonotic 
pathogens. The two that most commonly cause disease in people are bacteria, 
namely  Salmonella  and  Campylobacter . However, the potential for direct transmis-
sion of many other microbes from wild birds or backyard poultry to people has not 
been extensively studied, even though bacterial pathogen contamination of 
backyard- produced meat and eggs is clearly an issue (Pollock et al.  2012 ). 

     Bacteria      

     Salmonella  

 Non- typhoidal    salmonellosis   is one of the leading causes of acute bacterial gastro-
enteritis not only in the United States, but also worldwide (Scallan et al.  2011 ; de 
Jong and Ekdahl  2006 ). In the United States,  Salmonella  is estimated to sicken more 
than a million people annually.  Salmonella  is a zoonotic  pathogen   that can be part 
of the normal gut microfl ora of many different healthy animals, including backyard 
chickens and wild birds (Fig.  4.1 ) (Hernandez et al.  2012 ; Horton et al.  2013 ; 
Langholz  2013 ) (Sanchez et al.  2002 ). Therefore, this bacterium can readily con-
taminate raw foods during the slaughter process of backyard poultry, and also con-
taminate fresh produce, directly from animal contact or when manure is used as 
fertilizer. Direct  contact   with birds, housing, feeders, and their surroundings can 
infect adults and children. Although little chicks and ducklings are cute and many 
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children handle them as pets in the home, outbreaks of salmonellosis have been 
associated with such behavior ( CDC 2014e ).

    Salmonella  is a genus of gram-negative bacteria in the Family  Enterobacteriaceae  
(gut dwelling bacteria transmitted by the oral–fecal route). The  genus   Salmonella  is 
divided to the species  Salmonella bongori  and  Salmonella enterica. Salmonella  
comprises more than 2500 distinct serotypes. However, those associated with most 
foodborne outbreaks in the United States are consistently caused by only three top 
serotypes: Enteritidis, Typhimurium, and Newport (Crim et al.  2014 ). These same 
serotypes are among the top ten serotypes normally isolated from non-human 
sources. 

 With the exception of  Salmonella  Pullorum and Gallinarum,  Salmonella  does 
not typically cause disease in poultry, and most birds are asymptomatic carriers of 
 Salmonella , with the exception of some very young stressed animals. Some sero-
types, especially  Enteritidis  , can be transmitted vertically inside of hens’ eggs and 
these bacteria can be isolated from freshly hatched chicks at 1 day of age (Liljebjelke 
et al.  2005 ). 

  Fig. 4.1    Contact with 
birds is not usually thought 
of as a major health risk. 
Backyard chickens and 
wild birds can harbor 
microbes pathogenic to 
people, in particular to the 
very young and the elderly. 
These pathogens can be 
transmitted directly or 
indirectly by colonizing 
pets, which in turn can 
bring these pathogens 
directly into the owner’s 
homes. Birds, and other 
infected wildlife in contact 
with the birds can 
contaminate rivers, lakes, 
wells, and fresh produce. 
Pathogens now carried by 
these hosts can travel to 
other surrounding areas 
and contaminate parks and 
public spaces (Illustration 
by Will McAbee and Brad 
Gilleland)       
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   Public Health Concerns for Salmonella 

 The US Centers for Disease Control and Prevention investigate annually many 
 Salmonella  outbreaks in the United States. CDC estimates that over 47 million peo-
ple in the United States become ill annually with a foodborne illness, of which 11 
% are caused by  Salmonella  from all sources. Salmonellosis is the leading cause of 
hospitalizations by foodborne pathogens, which occurs in 35 % of the cases. Most 
of these infections are food associated, but not limited to consumption of meat and 
poultry products and eggs. Fresh produce, ice cream, peanut butter, spices, and pet 
reptiles are examples of other vehicles. In 2011, an outbreak was traced to live birds, 
specifi cally ducklings and chicks (CDC  2011b ).  Salmonella  Altona and Johannesburg 
were the serotypes involved; neither serotype being among the top serotypes iso-
lated most years from human or non-human sources. This  outbreak   in relation to the 
total number of cases reported annually is small, with 96 illnesses in 20 different 
states being traced back to the same hatchery. Mail-order chicks and ducklings were 
the sources of this outbreak. The drivers for human infections were the new avail-
ability of Internet order live birds, and the increase in popularity of the backyard 
bird phenomena. 

 From 2011 to 2014, there have been eight separate outbreaks of salmonellosis of 
single or multiple serotypes, involving baby birds and ducklings shipped from sev-
eral hatcheries across the country (Table  4.1 ). Reported outbreaks of salmonellosis, 
as with cases of gastroenteritis in general, are the tip of the iceberg. Contact with 
animals and animal products has been a risk factor for  Salmonella  infections for 
farm workers, and is now also a risk for those that buy and keep backyard chickens 
and other pet poultry (Habing et al.  2014 ). Education on the risk of handling and 
raising birds for egg production or as a hobby has been initiated as a collaboration 
by two federal agencies, i.e., USDA and CDC (  http://www.cdc.gov/Features/
SalmonellaPoultry/    ) and the chick producers. This information has been produced 
in many formats for different audiences and all warn of the risks to both children 
and adults (  http://www.cdc.gov/zoonotic/gi/animals.html    ).

   In wild birds,  Salmonella , and most often   Salmonella  Typhimurium     , can present 
as a non-enteric lethal disease threat (Tizard  2004 ). When salmonellosis occurs, it 
results in large seasonal outbreaks both in aquatic waterfowl and songbirds, and 
these infections have been well documented in North America and Europe (Friend 
et al.  1987 ; Daoust et al.  2000 ; Friend and McLean  2002 ; Giovannini et al.  2013 ). 
Epizootics due to salmonellosis are remarkable due to the large number of birds 
involved, normally totaling more than tens of thousands per exposure when they 
occur. Backyard feeders act as a catalyst of pathogen transmission and a potential 
source of zoonotic disease.  Salmonella  Typhimurium has a wide host range in birds, 
and the advent of new molecular typing methods has revealed that a very narrow 
range of  Salmonella  Typhimurium strains have been associated with multiple 
 outbreaks, suggesting specifi c host preferences (Alley et al.  2002 ; Rabsch et al. 
 2002 ; Hernandez et al.  2012 ). Furthermore, wild birds can be vehicles of other 
livestock- associated  Salmonella  strains such as those found near pig farms which 
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carry the same phage types and pulsed-fi eld gel electrophoresis (PFGE) patterns as 
those isolated from pigs in the vicinity (Andres et al.  2013 ). 

 Transmission of  Salmonella  Typhimurium from wild garden birds to people has 
been described in Europe and New Zealand (Penfold et al.  1979 ; Tauni and Osterlund 
 2000 ; Alley et al.  2002 ). Later studies have further revealed that both in the USA 
and Great Britain specifi c strains, as determined by PFGE and multiple locus 
variable- number-tandem-repeat analysis (MLVA), were the same as those isolated 
from ill people within the same geographical region during the same time period 
(Lawson et al.  2011 ,  2014 ; Hernandez et al.  2012 ). It appears from these fi ndings 
that the continuing increase in the popularity of bird watching and the number of 
bird feeders over the past decade has put more and more people at risk of contract-
ing salmonellosis from wild birds or their droppings, directly or indirectly, through 
contamination of food in homes, as no contamination of other feed stuffs has been 
documented (Kapperud et al.  1998 ; Davies et al.  2009 ). 

  Salmonella  is an enteric pathogen in people that is commensal in the gastrointes-
tinal tract of most  poultry  , but causes disease in songbirds and can also be carried, 
although only temporarily, by gulls depending on their proximity to sewage or 
 sewage waste sites (Refsum et al.  2002 ; Palmgren et al.  2006 ; Hughes et al.  2008 ; 
Kinzelman et al.  2008 ; Rodriguez et al.  2012 ). An epidemiological association has 

   Table 4.1    Salmonellosis outbreaks in the United States associated with live birds, chicks, and 
ducklings between 2011 and 2014   

 # 
Affected  # States involved  % Children  % Hospitalized   Salmonella  serotypes 

 2014 
 363  43  35   S . Infantis 

  S . Newport 
  S . Hadar 

 2013 
 #1  356  39  57  17   S . Typhimurium 
 #2  158  30  41  28   S . Infantis 

  S . Lille 
  S . Newport 
  S . Mbandaka 

 2012 
 #1  46  11  30  28   S . Hadar 
 #2  93  23  38  23   S . Montevideo 
 #3  195  27  33  34   S . Infantis 

  S . Lille 
  S . Newport 

 2011 
 #1  68  20  31  31   S . Altona 
 #2  28  15  75  41   S . Johannesburg 

  Four hatcheries across the country were involved. No live birds were associated with salmonellosis 
outbreaks in the previous 5 years. CDC ( 2014e )  
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been determined between produce grown in the Eastern shore of the USA, specifi -
cally tomatoes, and contamination with  Salmonella  Newport and gulls carrying 
 Salmonella  in the same geographical area. The isolates from the tomatoes and sev-
eral from the gulls had the same PFGE patterns. Furthermore, the isolation of such 
strains can persist over a 3-month sampling period. This persistence could enable 
the spread of  Salmonella  from landfi lls to gulls to produce and eventually sicken 
people (Gruszynski et al.  2014 ). 

  Pigeons   are ubiquitous birds in cities where they are often a public nuisance. 
They are not afraid to raid food from tables, and land on people that may have food, 
although they are not as aggressive as seagulls.  Salmonella  prevalence in this group 
of birds is low, from 0.8 to 3.7 %, depending on location and country (Teske et al. 
 2013 ; Gargiulo et al.  2014 ). No studies thus far have associated human infections of 
salmonellosis with  Salmonella  isolates from pigeons either directly or through epi-
demiological evidence. 

 Wild birds carry  Salmonella  and are direct sources of sporadic salmonellosis in 
humans via oral–fecal transmission, or indirectly though the contamination of food, 
water (including wells), and through pets such as cats. These pets hunt frequently 
around bird feeders and homes getting the slow, sick, and baby birds that can carry 
 Salmonella , thereby infecting the cat even if only transiently. Owners can acquire 
 Salmonella  from their cats, when these animals shed  Salmonella  in the home envi-
ronment. Transmission  of    Salmonella  during a spring birdfeeder cleanup can occur 
as can transmission at a seaside café outing during a warm afternoon as a seagull 
tries to take fries from a table of unsuspecting teens while pigeons search for crumbs 
on the fl oor and on nearby tables. Clearly, there are many opportunities for trans-
mission of  Salmonella  from wild birds as exemplifi ed in these scenarios. If the 
disease is mild, those infected typically do not seek medical attention; however, if 
the symptoms are severe and there is a visit to the doctor, there is a probability that 
fecal samples will be obtained for culture. Even if  Salmonella  is recovered, it may 
not be linked to other cases, therefore, it would be considered a sporadic case of 
unknown origin. 

 In summary, backyard chickens and wild birds are sources of salmonellosis 
(CDC  2011b ,  2014e ). This is a well-known fact and greater efforts by several fed-
eral agencies and commodity groups are being made to inform the public of the 
potential dangers associated with bird-related hobbies. As interest and social move-
ments evolve to bring us closer to the source of our food by producing our own food, 
more needs to be done to distribute information regarding the  potential health risks 
and mitigation strategies   to prevent illnesses associated with keeping poultry in 
backyards and those associated with bird feeding and bird watching.  

   Antimicrobial Resistance 

 Antimicrobial resistance is one of the major One Health problems of the twenty- 
fi rst century. Zoonotic pathogens such as  Salmonella  and  Campylobacter  from live-
stock and poultry production farms are monitored by the industry and through 
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national federal programs such as the National Antimicrobial Resistance Monitoring 
system ( NARMS     ). The NARMS program samples at slaughterhouses and at the 
retail level to in part provide an assessment of the effi cacy of contamination reduc-
tion measures from the processing plant to retail. In the United States in 2011, the 
NARMS study revealed that the top serotypes for human salmonellosis were 
Enteritidis, Typhimurium, Newport, I 4, [5],12:i:- and Infantis. Of these, 
Typhimurium and Newport had the highest levels of multidrug resistance (USDA 
 2014 ). For animals, the 2011 NARMS study revealed that Kentucky, Enteritidis, 
Heidelberg, Typhimurium var 5-, Infantis and Typhimurium were the most com-
monly isolated  Salmonella  serotypes from chickens. Their multidrug resistance lev-
els were much less than those determined for human isolates, with the highest 
resistance present in a single isolate to be ≥3 antimicrobial classes in 7.9 % of the 
chicken isolates of  S . Typhimurium. Resistance to ACSSUTAxCx was 0.4 %, which 
was present in Newport and Typhimurium isolates, including var 5- (USDA  2014 ). 

  Backyard chickens   are purchased from online sites or local farm stores; never-
theless, these chickens can be traced back to hatcheries and can harbor the same 
 Salmonella  serotypes with the same antibiotic resistance profi le as those that are 
intended for human consumption. This presents a risk for those that raise them, 
including the most susceptible groups, i.e., children and the elderly. Habing et al. 
( 2014 ) described a very detailed study in which shipments of hatching poultry were 
assayed for  Salmonella  over a 1-year period (2013). These young birds were of the 
type that can be purchased by those starting or re-supplying their backyard fl ocks. 
Results revealed that 10.5 % of the  Salmonella  serotypes isolated matched those 
associated with multi-state outbreaks. Nineteen percent of these  Salmonella   isolates   
were resistant to more than one antimicrobial, but just one of them was resistant to 
multiple antibiotics, including  ceftriaxone  , which is the drug of choice for children 
for treating acute salmonellosis. This isolate was serotype Kentucky that carried the 
gene  bla   CMY  . This same serotype is widely circulating in Europe and carries multiple 
resistance genes for cephalosporins and β-lactamases (Boyle et al.  2010 ; Le Hello 
et al.  2013 ; Harrois et al.  2014 ). One particular clone, ST198, has been determined 
for the fi rst time to carry an IncA/C conjugative plasmid that harbors the relatively 
rare  bla CTX  -M-25  gene that confers resistance to β-lactamases (Wasyl et al.  2015 ). 

 Many antimicrobial resistance  genes   present in  Salmonella  are located in mobile 
elements such as plasmids and integrons and can move in and out of certain serovars 
of  Salmonella  into one another and from other  Enterobacteriaceae  with relative ease. 

  Geographical distribution of   antimicrobial resistance in  Salmonella  is tightly 
associated with the serotype, and differences in antimicrobial susceptibility of 
 Salmonella  in wild birds in different parts of the world can be striking. A recent 
study revealed that there is a 67 % greater likelihood that  Salmonella  is carrying 
resistance to one or more antibiotics if the crows are from Europe than if they are 
from the USA. Interestingly, the serovars isolated were different in both locations 
(Janecko et al.  2014 ). A study in Spain revealed an association between livestock 
and resistance in  Salmonella  isolates from wild birds living within 200 m of pig 
farms.   Salmonella  Typhimurium  -specifi c phage type U311 and serotype 1,4,5,12:i:- 
isolated from birds, pigs, and the environment were found to be resistant to three or 
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more antibiotics (Andres et al.  2013 ).  Salmonella  isolated from wild birds (Kite, 
 Milvus migrans ) in Germany were recently described as producing New Delhi 
Metalobectalactamse 1 (NDM-1), a newer class B carbapenemase, that renders all 
carbapenems (imipenem, meropenem, doripenem, and ertapenem) useless (Fischer 
et al.  2013 ). Furthermore, this enzyme confers resistance to penicillins, cephalospo-
rins, and carbapenems. These β-lactam drugs are considered of critical importance 
in the treatment of people with healthcare-associated infections and severe 
community- acquired infections by  Enterobacteriaceae . Resistance to carbapenems 
has been rare until 10 years ago, and is produced by  bla   NMD - 1   that can be found in 
plasmids and the chromosome of many gram-negative bacteria, including 
 Pseudomonas aeruginosa ,  Klebsiella pneumoniae ,  Escherichia coli ,  Vibrio chol-
erae , and  Acinetobacter  spp. This gene has no specifi city for any bacterial species 
or bacterial clone, being readily transferred with speed and agility. Its origin has 
been traced to the Indian subcontinent as far back as 2008. Since then, it has moved 
to several hot spots in the Balkans and the Middle East where it is very prevalent 
(Patel and Bonomo  2013 ). The fi rst report of  bla   NMD - 1   in  Salmonella  in Germany was 
in an isolate of serotype Corvalis. This is an unusual serotype in Europe, but is 
reported with increasing frequency in other parts of the world, including southeast 
Asia where it has been isolated from pigs and pork, and is emerging in North Africa 
where it has been isolated from many different animal species (Fischer et al.  2013 ). 
The kite from which this  Salmonella  isolate was obtained is a migratory bird that 
spends its winters in Northern Africa and comes to Germany for the summer months 
via the east coast of the Black Sea. It has been postulated that the  bla   NMD - 1   gene- 
carrying  Salmonella  isolate from this bird was picked up during transit either at the 
beginning of the trip or during rest stops via the Balkans (Fischer et al.  2013 ).  Wild 
birds  , including migratory birds, cannot only transfer pathogens across regions, 
countries, and across continents, but also can disperse with them antimicrobial 
resistance. Wild birds are a direct source of  Salmonella  contamination for produce, 
water, and other animals, including companion animals. Therefore, the risk of infec-
tion by  Salmonella  for people from wild birds can directly occur from handling 
birds or their feces, indirectly by eating contaminated produce, or via their pets 
when they bring  Salmonella  into the home.   

     Campylobacter  

 Campylobacteriosis is estimated to be the third leading cause of bacterial gastroin-
testinal disease in the USA after  Salmonella  and  Clostridium perfringens  (Scallan 
et al.  2011 ).  In Europe     ,  Campylobacter  is the leading cause of bacterial gastroenteri-
tis (de Wit et al.  2000 ), as it is for most of the rest of the world (WHO  2013a ). 
Members of the  Campylobacter   genus      are gram-negative, motile, thin, curved rods 
that require for growth a microaerophilic environment. Within the genus are sixteen 
species most commonly pathogenic to people including the thermophilic species, 
i.e.,  C. jejuni  and  C. coli . Both  C. jejuni  and  C. coli  are part of the normal fl ora of 
wild and domestic birds (Hughes et al.  2009 ; Teske et al.  2013 ), including poultry 
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where they do not cause overt disease, except for hepatitis in ostriches (Stephens 
et al.  1998 ). Recent studies by Waldenstrom et al. ( 2010 ) have revealed that strains of 
  C. jejuni       isolated from birds are better adapted to colonize wild birds than  C. jejuni  
isolates originally isolated from people, and that the bird isolates colonize tran-
siently, i.e., for about a week, whereas the human isolate failed to colonize at all. 
More research on strain diversity and their ability to colonize wild birds and domes-
tic poultry is needed to better elucidate the epidemiology of  C.    jejuni   . 

    Public Health Concerns      

 The actual incidence of campylobacteriosis is not well known, due to the low fre-
quency of doctor visits by sick patients, the few cultures requested by physicians for 
these ill patients, and the diffi culty in culturing this microbe (Spencer et al.  2012 ). 
Although there are no defi nitive data, it is estimated that the incidence of illness is 
4.4–9.3 per 1000 individuals around the world. Gastroenteritis symptoms are acute, 
and most patients readily recover without the need for treatment. Nevertheless, the 
possibility of sequelae to infection is a real concern. These sequelae include 
 Guillian–Barré syndrome (GBS)  , reactive arthritis (RA), and  irritable bowel syn-
drome (IBS)   (WHO  2013a ). These are autoimmune diseases that can be triggered 
by  Campylobacter  infection and appear many days after the diarrheic episode. In 
the case of GBS, the host immune system attacks the nerves, causing tingling and 
numbing of the extremities that may progress to total paralysis. Up to 40 % of all 
cases of GBS in the developed world are attributed to a previous infection with 
 Campylobacter  (Baker et al.  2012 ). The other two syndromes have recently been 
recognized and are more diffi cult to diagnose; nevertheless, there is evidence indi-
cating that RA is diagnosed in 1–5 % of patients that have been infected with 
 Campylobacter , and IBS in 36 % of patients that had had clinical campylobacterio-
sis 1–2 years prior to presentation of IBS (WHO  2013a ). 

 Thermophilic campylobacters are present in large numbers (ca. 10 6  CFU/g) in 
the GI tract of chickens, and contaminated chicken meat and eggs are major routes 
by which they are spread to people. Backyard chickens are sometimes raised for 
food, but mostly for egg production. Egg handling and litter removal are principal 
sources for cross-contamination of foodstuffs. Wild birds are also a vehicle for 
transmitting  Campylobacter  to people during the replenishment of birdfeeders and 
bird water baths. Runoff from chicken houses is known to contaminate waterways, 
and wild birds (i.e., seagulls, geese, and ducks) directly contaminate waterways and 
beaches (Kinzelman et al.  2008 ; Van Dyke et al.  2010 ).  Campylobacter  carriage and 
shedding by seagulls has been correlated with livestock, and food refuse contamina-
tion (Ramos et al.  2010 ).  Campylobacter -infected wild birds can also contaminate 
home-reared chickens. Although this is possible, an in-depth study by Colles et al. 
( 2008 b) failed to obtain the same genotypes of  Campylobacter  in wild birds, i.e., 
geese and starlings, and free-range chickens during the grow-out period, unless 
colonization of the wild birds was transient and the genotypes of isolates were con-
stantly replaced after a short colonization period and were only colonized by strains 
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that are host adapted (Waldenstrom et al.  2010 ). Some isolates of  C. jejuni  in the 
UK had the same sequence types as those from people suffering from campylobac-
teriosis in the same geographical area, as determined by  multilocus sequence typing 
(MLST)   of seven different genes. This association revealed that wild birds could be 
a source of  C.    jejuni    for people (Colles et al.  2008 ). One recent study conducted in 
Alaska revealed a link between isolates of  C. jejuni  from people, those obtained 
from fresh peas, and those obtained from Sandhill cranes that were in the proximity 
of the pea-growing areas (Kwan et al.  2014 ).  

    Antimicrobial Resistance      

 In the United States in 2012, greater than 86 % of the species of  Campylobacter  
isolated from symptomatic people were  C. jejuni  and about 10 % were  C. coli  (Crim 
et al.  2014 ; Johnson et al.  2014 );  CDC 2014b ). Antibiotic susceptibility testing of 
 Campylobacter  isolates obtained in 10 different states that are part of CDC’s 
FoodNet (CDC  2014a ,  b ,  c ,  d ,  e ,  f ,  g ,  h ,  i ) is conducted by the  NARMS   program. 
Resistance value interpretations for this genus have changed with time from the use 
of clinical to  epidemiological cut-off values (ECOFF)   values. Based on these epide-
miologically more relevant values, the percentage of  Campylobacter  isolates resis-
tant to ciprofl oxacin, gentamycin, and erythromycin in 2012 were 25, 0, and 2 % for 
 C. jejuni , and 34, 6, and 9 %, respectively, for  C. coli  (CDC  2014a ,  b ,  c ,  d ,  e ,  f ,  g ,  h , 
 i ; CLSI  2010 –2011). During 2011, of 577  Campylobacter  isolates tested for antimi-
crobial resistance by the NARMS animal program, 60 % were identifi ed as C . 
jejuni , and 40 % as  C. coli . Using CLSI (Clinical and Laboratory Standards Institute, 
M100 documents) breakpoints, 19, 0.3, and 0.6 % of the  C. jejuni  isolates and 28, 
6, and 3 % of the  C. coli  were resistant to ciprofl oxacin, gentamycin, and erythro-
mycin, respectively (USDA  2014 ; CLSI  2010 –2011). Overall, the chicken isolates 
were less resistant than the human isolates. Scant information is available on the 
antibiotic susceptibility of campylobacters isolated from backyard chickens, but it 
is reasonable to believe that if these birds are purchased online or from a farm store, 
the  Campylobacter  isolates will have similar antibiotic-resistance profi les as those 
present in other chicks from the same hatchery of origin (Anderson et al.  2012 ). For 
 C.    jejuni    isolates obtained from free-range chickens in Spain from 2003 to 2005, 58 
% were resistant to ciprofl oxacin while none were resistant to erythromycin. 
Gentamycin resistance was not tested in this study (Oporto et al.  2009 ). Bester and 
Essack ( 2012 ) determined that in South Africa, free-range-produced broilers had 
less ciprofl oxacin and erythromycin resistance than their conventionally produced 
counterparts. 

 Many studies have been conducted on the prevalence of  Campylobacter  in wild 
birds, but very few have addressed the issue of antimicrobial resistance. This is in 
part because of the complexity of the test protocol. Waldenstrom et al. ( 2005 ) in 
Sweden tested thrushes, shorebirds, and raptors for  Campylobacter  and determined 
their antibiotic susceptibility profi les. Ciprofl oxacin resistance was detected in only 
0.7 of the isolates, and all were from raptors (Waldenstrom et al.  2005 ). The overall 
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resistance of campylobacters was low compared to previous studies of wild birds, 
but very similar to that of isolates from poultry in the same region during that same 
time period; however, the wild birds were migratory and could have obtained resis-
tant isolates in other parts of the world. A recent study on the role of wild birds as a 
source of  Campylobacter  contamination of fresh peas associated with a foodborne 
outbreak in Alaska revealed that of all the isolates tested, only one was resistant to 
ciprofl oxacin (Kwan et al.  2014 ). Hence, although wild birds can be directly or 
indirectly a source of  Campylobacter  infections, for the most part,  Campylobacter  
isolates from wild birds are likely to be responsive to fi rst-line antibiotics. 

  Campylobacter  in poultry is known to be transmitted vertically as well as hori-
zontally (Idris et al.  2006 ). Vertical transmission is an important factor to consider 
in the case of backyard chickens, as they can harbor strains of  Campylobacter  pres-
ent in the progeny fl ock from the farm where they originated, including strains with 
antibiotic resistance genes. In addition to wild birds, water and the environment 
may also be sources of antibiotic-resistant  Campylobacter .   

    Other Bacteria 

 Other enteric bacteria that can cause human disease such as   Yersinia enterocolitica   , 
  Listeria monocytogenes   , pathogenic   E. coli   , and   Clostridium perfringens    can be 
found in both wild birds and backyard chickens. But, in general, these other bacte-
rial species are not prevalent in birds (Fukushima and Gomyoda  1991 ; Capita et al. 
 2002 ; Asaoka et al.  2004 ; Kobayashi et al.  2009 ; Cortés et al.  2010 ; Catherine 
Racicot et al.  2012 ; Mete et al.  2013 ).   

     Viruses      

    Infl uenza A 

 Infl uenza A viruses ( IAV  ) are negative-sense, single-stranded, and segmented RNA 
viruses from the  Orthomyxovirida e family. IAV are classifi ed into subtypes based 
on the surface glycoproteins  hemagglutinin   (HA) and  neuraminidase   (NA). There 
are currently 18 HA and 11 NA subtypes of IAV. Wild waterfowl in the orders 
 Anseriformes  and  Charadriiformes  are the natural reservoirs of all the avian HA 
(1–16) and NA (1–9) subtypes of IAV, and are considered the source of most IAV 
that infect domestic poultry and mammalian species (Webster et al.  1992 ; Krauss 
et al.  2004 ; Stallknecht and Brown  2008 ). The  H17N10 and the H18N11 viruses   
have only been detected in bats and have gene segments that are distinct from other 
known IAV (Tong et al.  2012 ,  2013 ). IAV  cause   acute and contagious respiratory 
viral disease in humans, birds, horses and have also caused sporadic disease in 
marine mammals, dogs, and cats among other mammalian species (Webster et al. 
 1992 ; Yoon et al.  2014 ). These viruses are prone to mutations (antigenic drift) and 
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are also capable of reassortment (antigenic shift) due to the segmented nature of the 
virus genome (Murphy and Webster  1996 ).  Antigenic drift and shift   of the HA and/
or NA of IAV can result in the generation of pandemic viruses against which the 
human population may be immunologically naïve (Murphy and Webster  1996 ). 

 Infl uenza infections in humans may occur in two epidemiological forms: epi-
demics and pandemics (Nicholson  1998 ).  Epidemics of   IAV in humans are cur-
rently caused by antigenic variants of H1N1, H3N2, and their reassortant H1N2 
IAV. There were four infl uenza A pandemics in humans during the last 100 years: 
the H1N1 “ Spanish fl u  ” pandemic in 1918, the H2N2 “ Asian fl u  ” pandemic in 1957, 
the H3N2 “ Hong Kong fl u  ”  pandemic   in 1968, and the H1N1 “ swine fl u  ”    pandemic 
in 2009 (Smith et al.  2009a ). The  H1N1   “Spanish fl u” virus had all gene segments 
traced back to an avian source, whereas the H2N2 and the H3N2 pandemic viruses 
were reassortant viruses from circulating avian and human infl uenza viruses 
(Scholtissek et al.  1978 ; Kawaoka et al.  1989 ; Webster et al.  1992 ; Belshe  2005 ; 
Taubenberger et al.  2005 ). The A( H1N1)  pdm09 virus emerged in North America in 
2009, causing approximately 12,469 deaths in the U.S. and an estimated 280,000 
global deaths (Dawood et al.  2009 ; Shrestha et al.  2011 ). This virus was later deter-
mined to be a quadruple reassortant from circulating Eurasian and North American 
lineages of swine, avian and human viruses, and the gene combination of this virus 
had never before been identifi ed in swine (Dawood et al.  2009 ; Smith et al.  2009b ; 
Trifonov et al.  2009 ). Swine are believed to be “mixing vessels” for IAV because 
they can support reassortment after infection with viruses from different hosts and 
can generate IAV with pandemic potential (Kida et al.  1994 ). 

 Swine infl uenza ( SI     ), also known as “ swine fl u  ,” is an acute respiratory disease 
of pigs that usually causes high morbidity and low mortality in infected animals 
(CDC  2012 ). In the United States, the triple reassortant H1N1, H3N2, and H1N2 
viruses have caused swine infl uenza in pigs in recent years (CDC  2012 ). The swine 
infl uenza viruses (SIV) that infect humans are called “variant viruses” and are des-
ignated by adding the letter “v” after the virus subtype ( CDC 2014h ). The SIV vari-
ant viruses H1N1v, H3N2v, and H1N2v have caused human infections and illnesses 
( CDC 2014h ). The triple reassortant H3N2v virus has caused most reported human 
infections with SIV; this virus is endemic in U.S. swine and turkey populations 
(Yassine et al.  2007 ;  CDC 2014g ). Human infections with swine infl uenza viruses 
have been associated with direct or indirect contact with swine herds and visits to 
agricultural fairs ( CDC 2014h ). 

 IAV circulating in birds are known as  avian infl uenza (AI) viruses  . The AI virus 
subtypes H5, H6, H7, H9, and H10 have been sporadically transmitted from birds to 
humans and have resulted in mild to severe disease (Shortridge  1992 ; Peiris et al. 
 2007 ; Shi et al.  2013 ). Most human infections have been caused by highly patho-
genic avian infl uenza (HPAI) H5N1. More than 660 cases of HPAI  H5N1      in humans 
have been reported by the World Health Organization (WHO) since 2003, and 
approximately 59 % of the reported cases died (WHO  2014a ). Procedures to mini-
mize infection in poultry and transmission of these viruses to humans include 
depopulation of infected poultry, vaccination, and implementation of biosecurity 
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measures in poultry farms. Preventing exposure of poultry to wild birds is para-
mount, as some species can asymptomatically shed HPAI viruses. 

 The presence of multiple natural reservoirs for IAV as well as the ability of IAV 
to undergo genetic mutations and reassortment make Infl uenza A a  noneradicable 
zoonosis   (Yen and Webster  2009 ). Surveillance, biosecurity, and elimination are 
key strategies to prevent infl uenza A outbreaks in poultry, whereas prophylaxis and 
control of human infections rely on  vaccination   and  antiviral treatment  . Antivirals 
available to treat human infl uenza infections include the M2 ion channel blockers 
amantadine and rimantadine, and the neuraminidase (NA) inhibitors oseltamivir 
and zanamivir (Monto  2003 ). The NA inhibitors are recommended for treatment 
and prophylaxis of infl uenza A as the ion-channel blockers can cause rapid emer-
gence of resistant variants (Hayden et al.  1989 ;  CDC 2014c ). However, oseltamivir- 
resistant viruses have been detected in patients infected with H5N1 and also during 
the 2008–2009 infl uenza season, when a high prevalence (98 %) of H1N1 human 
infl uenza viruses was found resistant to this antiviral (de Jong et al.  2005 ; Le et al. 
 2005 ; Yen and Webster  2009 ). Seasonal human infl uenza is prevented by  vaccina-
tion   with inactivated or  live-attenuated infl uenza vaccines (LAIV)   containing the 
infl uenza A viruses H1N1 and H3N2, as well as one or two infl uenza B viruses 
( CDC 2014d ). A recombinant infl uenza vaccine is also available ( CDC 2014d ). The 
seasonal infl uenza viruses continually undergo antigenic drift leading to the emer-
gence of new strains and the need to review and update vaccines on an annual basis. 
Vaccines for HPAI H5N1 have been developed and are being stockpiled by the U.S. 
federal government in case of a human outbreak with sustained human-to-human 
transmission ( CDC 2014f ). 

 Preventative measures for personnel involved with SI and AI outbreaks and rec-
ommended by the Centers for Disease Control and Prevention (CDC) include vac-
cination with the seasonal infl uenza vaccine, phophylactic use of antiviral drugs and 
the use of appropriate  personnel protective equipment  , including disposable gloves, 
coveralls, shoe covers and the use of masks or particulate respirators (N-95, N-99, 
and N-100) (CDC  2006 ,  2011a ). 

   Public Health Concerns - Avian Infl uenza 

 More than 105 bird species belonging to 13 different avian orders have been found 
to carry.  AI viruses (Olsen et al.  2006 ), but wild waterfowl in the orders  Anseriformes  
and  Charadriiformes  are considered the natural reservoirs for these viruses 
(Stallknecht and Brown  2008 ). In   Anseriformes   , most AI virus isolations are from 
dabbling ducks of the  Anas  genus and Mallard is the species most frequently 
detected with these viruses (Stallknecht and Shane  1988 ). In wild waterfowl, trans-
mission of  low pathogenicity avian infl uenza (LPAI) viruses   occurs frequently 
mainly by the fecal–oral route in shared and contaminated aquatic habitats 
(Stallknecht and Brown  2008 ).  LPAI viruses   replicate in the intestinal and respira-
tory tracts and can be detected from both ends of these aquatic birds during wild 
bird surveillance (Yoon et al.  2014 ). Re-infection with the same virus and 

4 Microbiological Hazards of Wild Birds and Free-Range Chickens



104

co- infection with different viruses in the same season occur frequently, and these 
birds usually remain asymptomatic (Sharp et al.  1997 ). Wild waterfowl transmit 
LPAI viruses to domestic waterfowl and gallinaceous poultry species by direct con-
tact, ingestion of contaminated water, and indirectly via contaminated fomites 
(Suarez  2008 ). 

  HPAI      viruses in wild birds are believed to be spillover events from outbreaks in 
domestic poultry. The very fi rst report of AI in wild birds occurred in 1961 during a 
mortality event of Common Terns ( Sterna hirundo ) caused by a HPAI H5N3 virus 
in South Africa (Becker  1966 ). Prior to 2002, infections with AI viruses were gener-
ally asymptomatic in wild bird species. This situation changed in 2002, when two 
waterfowl parks in Hong Kong experienced high mortality in captive and wild 
aquatic birds infected with HPAI H5N1 virus (Ellis et al.  2004 ). In 2005, the Asian 
lineage of HPAI H5N1 viruses caused a large die-off of migratory wild birds in 
Qinghai Lake, China (Liu et al.  2005 ) and an estimated 10 % decrease in the global 
population of the Bar-headed Goose ( Anser indicus ) (Olsen et al.  2006 ). During 
2005 and 2006, HPAI H5N1 viruses spread westward to Eurasia and Africa, possi-
bly due to movement of infected wild birds as well as trade of live poultry and 
poultry products. 

 Human infections with HPAI H5N1 generally occur as a result of direct contact 
with infected poultry and contaminated environment (Beigel et al.  2005 ). There are 
rare reports of AIV transmission from wild waterfowl to humans which have gener-
ally been associated with direct contact during hunting and bird handling (Gill et al. 
 2006 ; Gilsdorf et al.  2006 ; Shafi r et al.  2012 ). 

 LPAI  viruses      are occasionally transmitted from wild and domestic waterfowl to 
gallinaceous poultry, and infections in these birds can be subclinical or result in 
reductions in egg production, respiratory symptoms, and an increase in mortality. 
LPAI outbreaks have been more frequently reported in turkeys, less frequently in 
laying chickens, and rarely in other poultry species (Swayne et al.  2013 ). Turkeys 
are more susceptible to LPAI infections than chickens (Capua and Terregino  2009 ). 
Of all 16 HA subtypes, only the H5 and H7 are currently capable of becoming 
highly pathogenic viruses after circulation in domestic poultry. Infections with 
HPAI H5N1 viruses have caused devastating outbreaks in poultry as well as human 
infections and fatalities since 1997 (de Jong et al.  1997 ; To et al.  2001 ), and endemic 
infections with these viruses are currently found in poultry in Bangladesh, China, 
Egypt, India, Indonesia, and Vietnam ( CDC 2014a ). The high human population 
density and the presence of backyard poultry and live bird markets in these coun-
tries provide the opportunity for interspecies transmission and outbreaks of HPAI 
H5N1 in humans (Shortridge  1992 ). There is still no evidence of sustained 
 human- to- human transmission for HPAI  H5N1     , although limited human-to-human 
transmission is believed to have occurred within some family clusters (Ungchusak 
et al.  2005 ; Wang et al.  2008 ). There is currently a great concern that HPAI H5N1 
viruses can cause the next human infl uenza pandemic, as a few mutations in the HA 
and PB2 genes can result in effi cient airborne transmission in ferrets (Herfst et al. 
 2012 ; Imai et al.  2012 ). HPAI H5N8 viruses geneticallly related to the Eurasian 
lineage of HPAI H5N1 viruses (Goose Guangdong lineage) were fi rst detected in 
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January 2014 in South Korea in association with outbreaks of morbidity and mortal-
ity in wild birds and poultry fl ocks (Jeong et al. 2014). These HPAI H5N8 viruses 
reassorted with other wild bird AI viruses and spread along migratory fl yways in 
late 2014, causing outbreaks in domestic poultry fl ocks and wild bird deaths in sev-
eral countries in Europe, Asia (Adlhoch et al. 2014) and the worst animal dis-
ease outbreak ever documented in the U.S. The U.S. outbreak affected 21 states and 
caused the loss of more than 48.8 million birds, mostly commercial table egg layers 
and turkeys, as of mid-June 2015 (USDA-APHIS, 2015). Backyard poultry facili-
ties have also been detected positive with these viruses. Wild bird migration along 
the Pacifi c, Central and Mississippi fl yways is believed to be the source of HPAI 
H5N8 and H5N2 in different states; however, biosecurity lapses due to sharing of 
contaminated equipment and trucks between farms have also been implicated and 
likely contributed to the spread of these viruses in some cases. The risk of human 
infection with the Eurasian/American HPAI H5N8 and H5N2 viruses is considered 
low by public health agencies and these viruses have not been associated with 
human infections to date. 

 H7N9 AI virus has caused asymptomatic infections in poultry and a new human 
infl uenza outbreak in China since March 2013 (Gao et al.  2013 ; WHO  2013b ). 
Phylogenetic analysis revealed that all genes of this virus were of avian origin (Gao 
et al.  2013 ). A total of 453 cases of human infection, including 175 deaths, have 
been caused by the H7N9 virus as of October 2, 2014 (WHO  2014b ). This virus 
does not cause disease in poultry species and may be diffi cult to eradicate as it can 
be transmitted silently in these birds (Zhang et al.  2013 ). Human cases are charac-
terized by a rapidly progressive pneumonia and the development of an acute respira-
tory distress syndrome leading to death in approximately 30 % of the cases (WHO 
 2013b ; Yu et al.  2013 ). Transmission of H7N9 AI virus from poultry to humans is 
believed to result from direct contact with infected poultry and exposure to a con-
taminated environment, including visits to live bird markets (Chen et al.  2014 ; 
WHO  2014b ). Limited human-to-human transmission has been suggested within 
family clusters in a few cases (Hu et al.  2014 ; Xiao et al.  2014 ). Some H7N9 isolates 
have acquired the ability to transmit via respiratory droplets among ferrets (ferrets 
are the laboratory animal model of choice for transmission experiments) (Richard 
et al.  2013 ), and there is a concern that this virus may reassort or acquire mutations 
that would allow sustained human-to-human transmission. 

 Human infections with H9, H10, and other H7 AI viruses have been sporadic. 
The  H9N2   subtype of AI viruses is endemic in poultry in parts of Asia and the 
Middle East, and has caused sporadic human infections and mild infl uenza-like ill-
ness since 1999 (Peiris et al.  1999 ; Guo et al.  2007 ). H9N2 AI viruses with 
 human- type receptor specifi city have been detected in Asia (Matrosovich et al. 
 2001 ), and researchers speculate that these H9N2 viruses have the potential to 
evolve into a pandemic strain (Yen and Webster  2009 ; Imai and Kawaoka  2012 ). 
The H10N8, H10N7, H7N3, and H7N2 AI viruses have caused rare human infec-
tions characterized by conjunctivitis and infl uenza-like illnesses (Freidl et al.  2014 ). 
The  H7N7      HPAI virus outbreak in The Netherlands, Belgium, and Germany in 
2003 resulted in the culling of 30 million birds and at least 89 human cases (Fouchier 
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et al.  2004 ; Stegeman et al.  2004 ). Most human infections with this virus resulted in 
conjunctivitis, but one fatal case of pneumonia and acute respiratory distress syn-
drome also occurred (Fouchier et al.  2004 ). This virus was most likely derived from 
a  LPAI   H7N7 virus that was detected in wild ducks that evolved to its highly patho-
genic phenotype in domestic poultry (Fouchier et al.  2004 ). 

 The “ Asian fl u  ” pandemic of 1957 was caused by an H2N2 virus which has dis-
appeared from the human population since the 1968 Hong Kong pandemic 
(Scholtissek et al.  1978 ), but this subtype still circulates in wild and domestic birds. 
Re-emergence of another H2N2 pandemic infl uenza is also currently considered a 
threat as individuals born after 1968 lack immunity to this virus. Additionally, the 
H2N2 avian viruses are very similar genetically and antigenically to the ancestral 
viruses associated with the 1957 pandemic (Schafer et al.  1993 ; Webster  1997 ).    

    Newcastle Disease Virus 

 Newcastle disease viruses (NDV), also known as  avian paramyxovirus (APMV)   
serotype 1, are single-stranded, negative-sense RNA viruses of the  Paramyxoviridae  
family and  Avulavirus  genus. NDV have been detected in at least 241  species   of 
birds from 27 orders (Kaleta and Baldauf  1988 ), and the severity of the disease 
caused by these viruses varies with host species, virus virulence, age, immune status 
of the host, concomitant infections, and environmental stressors (OIE  2014 ). NDV 
have been grouped into fi ve pathotypes based on the clinical signs seen in experi-
mentally infected chickens: asymptomatic enteric, lentogenic or respiratory, meso-
genic, neurotropic velogenic, and viscerotropic velogenic (OIE  2014 ). Viruses of 
the asymptomatic enteric pathotype have tropism for the gastrointestinal tract and 
cause subclinical infections (OIE  2014 ). The lentogenic or respiratory  pathotype   
consists of mild or subclinical respiratory infection, whereas the  mesogenic pathot-
ype   is characterized by respiratory signs, occasional nervous signs, and mortality in 
young birds (Miller and Koch  2013 ; OIE  2014 ). The  velogenic pathotype   typically 
causes high mortality in naïve chickens and are further divided into neurotropic 
velogenic and viscerotropic velogenic pathotypes. The  neurotropic velogenic 
pathotype   is characterized by respiratory and neurological signs, whereas the vis-
cerotropic  velogeni  c consists of hemorrhagic lesions in the gastrointestinal tract and 
often neurological signs (Miller and Koch  2013 ; OIE  2014 ). Newcastle disease 
(ND) is a highly infectious disease caused by virulent NDV (vNDV). These  vNDV   
have an intracerebral pathogenicity index (ICPI) of 0.7 or greater in day-old chicks 
as well as the presence of multiple basic amino acids at the C-terminus of the fusion 
(F) protein cleavage site and a phenylalanine residue at position 117 (Miller and 
Koch  2013 ; OIE  2014 ). ND has caused devastating  outbreaks   in commercial and 
backyard poultry, and only a few areas of the world have not been affected by this 
disease (Miller and Koch  2013 ). ND limits the development of the poultry industry 
in many countries, signifi cantly affecting the trade of poultry products and is 
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currently a signifi cant problem for poultry producers in the Middle East, Africa, and 
Asia (Miller and Koch  2013 ). 

 Wild waterfowl are  natural reservoirs of   Newcastle disease viruses (NDV) and 
most of the isolates obtained from these birds have been of the asymptomatic or 
lentogenic pathotypes for chickens. Natural infections of wild birds are apparently 
subclinical, but outbreaks of severe disease with high mortality have been reported 
in double-crested cormorants ( Phalacrocorax auritus ) in North America and 
Scotland (Blaxland  1951 ; Glaser et al.  1999 ; Kuiken et al. 1999; Rue et al. 2010). In 
1992, there were large outbreaks in which more than 20.000 cormorants in the 
Northern Midwest of the USA and in Canada died as a result of infections with 
velogenic neurotropic NDV, which also spread to domestic turkeys (Glaser et al. 
 1999 ). Affected cormorants generally had neurological signs characterized by 
weakness, incoordination, ataxia, torticollis, paralysis of the wing and neck, head 
tremors, and blindness (Meteyer et al.  1997 ; Kuiken et al.  1998 , 1999). High mor-
tality rates occurred in juvenile birds, whereas adult birds were more resistant to 
disease and mortality (Glaser et al.  1999 ). Several other outbreaks of ND affecting 
cormorants have been reported in North America since then, which indicates that 
vNDV has become established in this species (Rue et al. 2010; Diel et al. 2012). 
Pigeons are natural reservoirs of “variant strains” of vNDV, also known as pigeon 
paramyxovirus type 1 (PPMV-1), which cause neurological signs and mortality in 
these birds, but variable outcomes in infected poultry (Alexander et al.  1984 ; 
Alexander 2000; Fuller et al. 2007; Miller and Koch  2013 ). Pigeons were respon-
sible for a panzootic of PPMV-1 during the 1980s, and these viruses continue to 
circulate worldwide (Alexander 2000; Miller and Koch  2013 ). The potential spread 
of vNDV by pigeons into a country or disease-free area has led to strict regulations 
and mandatory vaccinations in racing and show birds (Miller and Koch  2013 ). 
World trade of pet and exotic birds can also be a source of vNDV introduction into 
a disease-free area, as previously reported in an outbreak involving six U.S. states 
in 1991 (Panigrahy et al.  1993 ). Infected cormorants, pigeons, and parrots can have 
asymptomatic infections with prolonged viral shedding (Erickson et al.  1977 ; 
Panigrahy et al.  1993 ; Kuiken et al.  1998 ). Asymptomatic infections with vNDV 
strains have been detected in other aquatic and terrestrial wild bird species, which 
may act as reservoirs for these viruses and potentially transmit ND to susceptible 
poultry fl ocks (Roy et al. 1998; Kaleta and Kummerfeld 2012). 

 NDV infections in  chickens   vary in their clinical presentation, which is depen-
dent on the viral strain and host susceptibility. Chickens are the most susceptible 
species, followed in order by turkeys, pigeons, and ducks (Aldous et al.  2010 ). NDV 
may cause a  peracute disease   with few clinical signs and high sudden mortality, 
reaching up to 100 %. Birds that succumb to the  acute disease   caused by vNDV may 
present depression, respiratory signs, diarrhea, edema of the head and wattles, and 
neurological signs (Alexander 2000). Layers and breeders can have a drastic decline 
and even complete cessation of egg production (Alexander 2000). Well-vaccinated 
birds infected with  vNDV   may have few or no clinical signs of ND, but they can still 
shed viruses (Miller and Koch  2013 ).  Transmission of   NDV in poultry fl ocks can 
occur horizontally by direct contact with oropharyngeal secretions or feces, and 
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indirectly via contaminated fomites, personnel, insects, and poultry products (Miller 
and Koch  2013 ). Implementation of  strict biosecurity measures  , including con-
trolled movement of infected birds, poultry products, fomites and personnel, are 
critical to contain outbreaks of ND.  Vaccination   with live, killed, and recombinant 
vaccines is a complementing tool in the prevention and control of ND in poultry 
fl ocks and can restrict the devastating effects of the disease; however, it should not 
be considered as an alternative to good biosecurity practices (Alexander 2000). 

    Public Health Concerns    

 Human infections caused by NDV are mainly characterized by self-limiting con-
junctivitis without corneal involvement that develops within 24 h of NDV exposure 
to the eye (Swayne and King  2003 ; OIE  2014 ). These infections have generally 
been reported in personnel handling infected birds, live viruses and vaccine strains, 
including laboratory workers, veterinary diagnosticians, workers in poultry pro-
cessing plants and vaccination crews (Alexander  1995 ). Clinical signs mainly con-
sist of unilateral or bilateral reddening, excessive lacrimation, edema of the eyelids 
and subconjunctival hemorrhage (OIE  2014 ), although chills, fever, headache and 
swelling of the preauricular lymph nodes have also been reported (Chang  1981 ; 
Swayne and King  2003 ). However, an immunocompromised patient developed 
pneumonia and died after infection with a pigeon-like APMV-1 (Goebel et al. 
 2007 ). There are no reports of human-to-human transmission for NDV to date 
(Miller and Koch  2013 ). 

     Viral Encephalomyelitides 

 Arthropod-borne viruses (i.e., arboviruses) are a diverse group of viruses that infect 
a variety of hosts over a broad geographical range. A number of these viruses can 
adversely affect the health of birds as well as humans. Transmission and mainte-
nance cycles  of   arboviruses generally involve vertebrate hosts and hematophagous 
(i.e., blood-feeding) arthropod vectors (e.g., mosquitoes and less commonly ticks, 
biting midges, sand fl ies [ Culicoides ], and others) (McLean and Ubico  2007 ). 
Sylvatic transmission cycles for numerous arboviruses involve a variety of wildlife 
hosts, from rodents to birds, which are, in most cases, subclinically infected. 
However, in some cases, infection can cause disease in wildlife, humans, and 
domestic animals. The  disease manifestations of   arbovirus infections depend on 
host factors, including age, immune status, and genetic resistance (Daep et al.  2014 ). 
 Humans and domestic mammals   are usually dead-end hosts (i.e., do not play a role 
in virus transmission cycles) for most arboviruses that involve birds as amplifying 
hosts (Iversen  1994 ; Mackenzie et al.  2004 ). Most arboviral infections in humans 
are asymptomatic, but when disease manifests, symptoms range from generalized 
(e.g., fever and aches) to hemorrhagic or neurologic (e.g., meningitis, encephalitis, 
or acute fl accid paralysis) (Gaensbauer et al.  2014 ). The complexity of arbovirus 
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transmission cycles is in part due to the biology and behavior of arthropod vectors, 
which have varied life histories, geographical ranges, host feeding preferences, 
climate- dependent development, and virus kinetics (Kenney and Brault  2014 ). 

 At least 77 arboviruses have been isolated from birds, and are distributed among 
fi ve  families  : Bunyaviridae, Flaviviridae, Rhabdoviridae, Reoviridae, and 
Togaviridae (McLean and Ubico  2007 ). Arboviruses within the families Togaviridae, 
Flaviviridae, and Bunyaviridae can cause neurological disease in humans 
(Gaensbauer et al.  2014 ; Hubalek et al.  2014b ). Further, only arboviruses within the 
families Togaviridae (genus  Alphavirus ) and Flaviviridae (genus  Flavivirus ) have 
been known to cause disease in poultry and game birds (Guy  2013 ).  Transmission 
cycles   of most of these viruses involve wild birds as virus-amplifying hosts, which 
are often subclinically infected, but in some cases undergo concurrent illness and 
death. Passerines (e.g., West Nile virus, St. Louis encephalitis virus, eastern equine 
encephalitis virus, western equine encephalitis virus, and Highlands J virus) and 
aquatic birds (e.g., Japanese encephalitis virus, Murray Valley encephalitis virus, 
and eastern equine encephalitis virus) are most commonly implicated in virus trans-
mission (Iversen  1994 ; Endy and Nisalak  2002 ; Hubalek et al.  2014b ; Nemeth and 
Oesterle  2014 ; Selvey et al.  2014 ). Wild birds and chickens have played an impor-
tant role as sentinels of arbovirus transmission in public health programs (Komar 
 2003 ; Broom and Whelan  2005 ; McLean and Ubico  2007 ; Estep et al.  2013 ). The 
risk of human disease for most of these viruses is low, with the primary means of 
acquisition of human infections being via mosquito bites. Such an event is most 
likely to occur within areas of active or ongoing arbovirus transmission, where com-
petent amplifying hosts, such as wild birds, and competent vectors, such as certain 
mosquito species, exist. Because transmission of these viruses depends on actively 
feeding mosquitoes, transmission of many arboviruses is highly seasonal, especially 
in temperate zones (McLean and Ubico  2007 ). 

 Notable arboviruses that involve avian amplifying  hosts   in transmission and can 
cause disease in humans and poultry and other domesticated fowl, including game-
birds, are West Nile virus (WNV), eastern equine encephalitis virus (EEEV), west-
ern equine encephalitis virus (WEEV), and Highlands J virus (HJV). St. Louis 
encephalitis (SLEV), Murray Valley (MVEV), and Japanese encephalitis viruses 
(JEV) are additional zoonotic arboviruses that circulate in wild birds (Mackenzie 
et al.  2004 ; Gaensbauer et al.  2014 ; Selvey et al.  2014 ). These viruses vary by geo-
graphical distribution, diversity of virus-amplifying host and mosquito vector spe-
cies, and in their effects on birds and other potential hosts. Many are also recognized 
for their ability to cause neurological disease in domestic mammals, most notably, 
equids (Hubalek et al.  2014b ; Long  2014 ). Fortunately, morbidity and mortality 
associated with most of these and other arboviral infections in poultry and other 
domesticated fowl are uncommon. 

 The primary transmission and infection route of arboviruses is via blood-feeding 
insect vectors, such as mosquitoes. For many arboviruses of both medical and vet-
erinary importance,   Culex  spp     . mosquitoes are the most commonly implicated 
 vector. However, a broad diversity of mosquito species are involved in natural trans-
mission of arboviruses, including  Aedes  spp.,  Culiseta  spp.,  Anopheles  spp., and 

4 Microbiological Hazards of Wild Birds and Free-Range Chickens



110

others (Hassan et al.  2003 ; Mackenzie et al.  2004 ; Long  2014 ), and provide the 
potential for rapidly evolving viruses to adapt to new vector and host species 
(Stapleford et al.  2014 ). Virus inoculation of hosts can occur via mosquito bite or 
probing into subepidermal tissue. Initial virus replication is within Langerhans den-
dritic cells in the skin; these infected cells migrate to local lymph nodes and subse-
quently to secondary lymphoid organs, such as the spleen. Virus replication in these 
tissues is followed by its entry into the circulation (viremia), and systemic virus 
dissemination, including the central nervous system (Diamond et al.  2003 ). 

   Public Health Concerns 

 The major  public health risk   of arbovirus infection is via contact with mosquitoes 
and other arthropod vectors. Other routes of infection, such as ingestion, inhalation, 
and mucosal contact are exceedingly rare in humans. As such, arboviruses are gen-
erally not considered a risk for foodborne illness to humans. For most arboviruses, 
including WNV, infection in chickens does not usually lead to suffi cient viremia 
titers to infect mosquitoes, and they readily seroconvert (Langevin et al.  2001 ; 
Komar  2003 ). However, some arboviruses can cause signifi cant viremia titers and 
virus replication in tissues and bodily secretions of birds (e.g., WNV, EEEV, and 
WEEV), and in these cases, mucosal and conjunctival (e.g., oral and ocular) contact 
with raw muscle or other tissues and aerosolization of droplets should be minimized 
and protective measures taken while handling infected carcasses (e.g., use of dis-
posable gloves, hand washing, disinfection of in-contact surfaces) (Guy  2013 ). 

 The  geographical range of   arboviruses is in part determined by the presence of 
competent vectors and amplifying hosts. Human exposures occur opportunistically 
in areas where these vectors and hosts overlap. Ecological factors such as climate 
and habitat also play a role in determining arbovirus transmission. Climate change 
in the form of global warming allows greater potential for arbovirus spread and 
establishment in novel geographical regions due to suitability of warmer tempera-
tures for arthropod vectors, as well as lengthened transmission seasons. In addition, 
continued evolution of human land use practices and expanding populations, includ-
ing higher densities in urban and suburban areas, expansion into less developed 
areas, including instigation of irrigation methods, and habitat alterations, may cre-
ate opportunities for more frequent contact between humans and arthropods that are 
competent vectors for various arboviruses (Gallana et al.  2013 ). 

 The ability of arboviruses to spread great distances (e.g., transcontinental) in a 
short period of time is an important indicator of the ongoing threat of introduction 
of novel viruses or re-emergence of existing viruses. Recent examples of novel or 
emerging arboviruses with detrimental effects to public health or agriculture include 
the emergence of   Culicoides  spp.-transmitted Schmallenberg virus   (family 
 Bunyaviridae , genus  Orthobunyavirus ) (Balenghien et al.  2014 ), and expansion of 
  Culicoides  spp.-transmitted bluetongue virus   (family  Reoviridae , genus  Orbivirus ) 
serotypes in Europe (Mackenzie and Jeggo  2013 ), and locally acquired infections of 
mosquito-borne Chikungunya virus (family  Togaviridae , genus  Alphavirus ) in 

S. Sanchez et al.



111

humans in Florida, United States (Kendrick et al.  2014 ). JEV has also undergone 
recent transcontinental spread, most likely via wind-blown mosquitoes, from main-
land Australia to Papua New Guinea and the Torres Strait (van den Hurk et al.  2009 ). 
 Long-distance spread of   these viruses can also occur via migrating viremic birds, 
travel or shipment of viremic domestic or wild animals, and undetected “hitch- 
hiker” mosquitoes on shipping vessels or aircraft that can rapidly adapt to new geo-
graphical locales (Mackenzie et al.  2004 ; Nemeth et al.  2012 ; Daep et al.  2014 ). As 
with the recent emergence of WNV in the Western Hemisphere, zoonotic pathogens 
have become increasingly mobile and widespread, in part due to global human 
travel, and trade and commerce, including the sale and shipment of domesticated 
and wild-caught animals (Kuiken et al.  2003 ; Karesh et al.  2005 ; Marano et al. 
 2007 ). WNV is the most important modern example of the ongoing risks arbovi-
ruses pose to the health of humans and birds. 

  West Nile virus  ( WNV  ; family  Flaviviridae , genus  Flavivirus ; Japanese encepha-
litis antigenic group) is the most geographically widespread fl avivirus, occurring on 
all continents except Antarctica.  Lineage 1 viruses   are associated with fatal avian 
and human disease and continue to circulate in Europe, North and South America, 
Africa, and elsewhere; however, the range of  lineage 2 viruses   appears to be expand-
ing, including strains capable of causing human and avian disease in Austria, 
Hungary, Greece, Italy, the Balkans, with the evolution of a possible novel lineage 
recently detected in Spain (Bakonyi et al.  2006 ; Jimenez-Clavero et al.  2008 ; 
Vazquez et al.  2010 ; Bagnarelli et al.  2011 ; Papa et al.  2011 ; Wodak et al.  2011 ; 
Valiakos et al.  2012 ). Lineage 1 WNV have caused recent outbreaks in Romania, 
northern Italy, and southern Russia; whereas the southward spread of WNV to 
Central and South America has not been associated with human or avian outbreaks, 
and the public and avian health impacts remain poorly understood in these expan-
sive regions (Ulloa et al.  2009 ; Hubalek et al.  2014b ). Further, the recent character-
ization of viruses within putative novel WNV lineages in Senegal and Denmark 
demonstrates the constant evolution of WNV on a wide geographical scale and the 
continuous risk posed by this virus (Fall et al.  2014 ; Pachler et al.  2014 ). Disease 
associated with WNV infection in humans varies from systemic febrile illness to 
neuroinvasive disease, including meningitis, encephalitis, or acute fl accid paralysis 
(Gaensbauer et al.  2014 ). However, human WNV infections are subclinical, and the 
case-fatality rate in humans is approximately 4–11 % (Komar  2003 ). The  rate and 
incidence of   WNV outbreaks will likely continue to be unpredictable (Zeller and 
Schuffenecker  2004 ; Pachler et al.  2014 ). Unprecedented fatalities in humans and 
birds in the past 10 years also suggest greater virulence of more recently isolated 
WNV strains, traits which have allowed it to exploit its host and facilitated its spread 
(Gubler  2007 ). 

 North American wild birds have suffered the most ill-fated outcome of the 1999 
introduction of WNV to New York. More than 300 species of birds, representing 
over 80 families, are susceptible to WNV infection, although most avian infections 
are subclinical (Nemeth and Oesterle  2014 ). Numerous species within the family 
 Corvidae   are exquisitely sensitive to WNV-induced mortality, and additional pas-
serine as well as raptor species (especially Falconiformes and Strigiformes) are also 
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relatively susceptible to fatal infections. Birds that die acutely due to WNV have 
systemic infections with widespread hematogenous dissemination of infectious 
virus, which is also present in oral and cloacal secretions. For example, infectious 
WNV has been  isolated   from skeletal muscle of experimentally infected owls and 
crows, and heart muscle of numerous avian species included in surveillance (Nemeth 
et al.  2006b ,  2007 ,  2011 ). In addition, experimentally infected 7-week-old chickens 
had infectious WNV in heart, kidney, spleen, intestine, and lung from 3 to 10 days 
post-inoculation; liver and brain were negative (skeletal muscle was not tested) 
(Senne et al.  2000 ). No virus was isolated from heart, brain, intestine, and kidney of 
turkey poults experimentally infected with WNV on 21 days post-inoculation 
(Swayne et al.  2001 ). Further, WNV viremia titers appear to be relatively low and 
are transient in some domestic fowl species (Komar et al.  2003 ; Nemeth and Bowen 
 2007 ). In birds that survive experimental inoculation, infection results in a transient 
period of viremia and viral shedding, ranging from 1 to 6 days post-inoculation, 
followed by  seroconversion  ; infectious virus is usually undetectable in tissues by 
1–2 weeks following inoculation, corresponding with seroconversion (Komar et al. 
 2003 ; Nemeth et al.  2006a ). WNV-neutralizing antibodies likely persist and are pro-
tective for life in immunocompetent birds (Nemeth et al.  2008 ,  2009 ). 

 Poultry, backyard (i.e., domesticated) fowl, and related taxa have had varied sus-
ceptibility to WNV infection both by species, age, and likely additional host factors. 
For example,  mature chickens   ( Gallus domesticus ) are highly resistant to disease 
and readily seroconvert following infection (Nemeth and Bowen  2007 ). For this 
reason, they have been used as sentinels in public health for both WNV and related 
viruses such as SLEV and MVEV (Broom and Whelan  2005 ; Chaskopoulou et al. 
 2013 ; Estep et al.  2013 ; Selvey et al.  2014 ). Peak WNV viremia titers documented 
experimentally in chickens and turkeys are not within the range considered infec-
tious to several mosquito species (Senne et al.  2000 ; Langevin et al.  2001 ; Swayne 
et al.  2001 ; Nemeth and Bowen  2007 ), and therefore they are not likely involved in 
WNV transmission cycles, lessening the risk to human handlers. However, WNV is 
rapidly fatal in very young chicks (i.e., 1-day-old), which experience high viremia 
titers (Nemeth and Bowen  2007 ). Experimentally induced lesions in 7-week-old 
chickens included myocardial necrosis, pneumonia, and nephritis, but no associated 
clinical disease (Senne et al.  2000 ). However, North American strains of WNV are 
highly pathogenic in some  Galliformes  , such as certain species of grouse (e.g., the 
greater sage grouse [ Centrocercus urophasianus ]) (Clark et al.  2006 ), leading to 
concerns of potential declines in population numbers in the western United States 
(Naugle et al.  2004 ). WNV-associated declines are suspected but not yet confi rmed 
in additional grouse species, such as the ruffed grouse ( Bonasa umbellus ), in 
Pennsylvania (L. Williams, pers. comm.). In addition, Mediterranean WNV strains 
are highly pathogenic for  red-legged partridges   ( Alectoris rufa ) (Sotelo et al.  2011 ). 
Species within the family  Phasianidae  , such as the ring-necked pheasant ( Phasianus 
colchicus ) may be relatively more resistant to disease (Komar et al.  2003 ).  Age- 
associated differences   in WNV outcome are likely a factor for most avian species, 
with higher morbidity and mortality rates observed in young domestic geese and 
mallards ( Anas platyrhynchos ), both experimentally and naturally induced (Swayne 
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et al.  2001 ; Austin et al.  2004 ; Cox et al.  2015 ), whereas no signs of clinical disease 
resulted from experimental WNV infection in mature mallards and Canada geese 
( Branta canadensis ) (Komar et al.  2003 ).  

    Public Health Concerns 

 Mosquito-borne transmission is by far the most common means of WNV  infection  ; 
however, potential alternate routes that may involve humans in contact with poultry 
or other birds include oral, percutaneous (i.e., needle- or scalpel-induced), and 
direct contact between conjunctival surfaces and infectious tissue or secretions. The 
latter two routes appear to be extremely rare, but have been documented in a person 
whose ocular conjunctiva contacted brain of an infected crow and in laboratory 
personnel working with highly infectious biological materials (Centers for Disease 
and Prevention  2002 ; Fonseca et al.  2005 ). Foodborne infections in humans via 
ingestion of poultry, game birds, or other birds are unlikely. This route of infection 
is diffi cult to document in nature, and therefore, the frequency of oral WNV trans-
mission in nature involving birds and mammals is unknown. Oral infection has 
occurred experimentally when high viral-dose fl uids or carcasses are fed or admin-
istered to birds of prey and passerines (Komar et al.  2003 ; Nemeth et al.  2006a ), as 
well as cats (Austgen et al.  2004 ), hamsters (Sbrana et al.  2005 ), fox squirrels 
(Tiawsirisup et al.  2010 ), and alligators (Klenk et al.  2004 ). However, this route 
appears to be less effi cient than mosquito-induced infections, and whether this route 
consistently produces the same level of disease severity or rates of mortality is not 
well understood. 

 Efforts toward  preventing   WNV infection in humans, domestic birds, and other 
animals are best focused on avoiding contact with mosquitoes. In large commercial 
poultry and other livestock facilities, this is likely achieved through standard bio-
safety protocols preventing entry of mosquitoes into animal holding areas. However, 
in more open-housing scenarios, including backyard poultry and gamebirds, as well 
as zoological avian collections and other captive birds, this is harder to accomplish. 
In these cases, tactics to decrease the likelihood of breeding mosquitoes or mosquito 
contact include the elimination of standing water, installation of screens or fi ne 
mesh over bird enclosures, and placement of aerosolized, bird-safe mosquito repel-
lants around caging. Successful dampening of local or regional mosquito activities 
has been through aerial application of insecticides (Smallwood and Nakamoto 
 2009 ). 

 Currently, there are no WNV vaccines licensed for use in birds, although out of 
need, the use of available vaccination formulations (especially those approved for 
use in horses) has become routine in some zoological, private and educational col-
lections, and has also been used as a management strategy for threatened or endan-
gered avian species (Clark et al.  2006 ; Chang et al.  2007 ; Boyce et al.  2011 ; Glavis 
et al.  2011 ; Wheeler et al.  2011 ; Jarvi et al.  2013 ). A study with recombinant enve-
lope (E) protein WNV vaccine compared routes of administration, antibody 
responses, and viremia titers in chickens (Fassbinder-Orth et al.  2009 ). However, in 
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general, equid  vaccines   along with numerous proprietary or experimental vaccines 
have either not been adequately tested in birds (i.e., lack of challenge experiments) 
or have been inconsistent in their ability to induce seroconversion or protective 
long-lasting immunity in birds. Adverse effects of WNV vaccination in birds are 
rare and are generally limited to vaccine-site reactions (Gamino et al.  2012 ; Nemeth 
and Oesterle  2014 ). Additional efforts are needed to determine whether existing 
vaccines can aid in preventing infections and disease in a variety of avian species 
and to develop novel vaccine candidates specifi cally for birds. 

  Japanese encephalitis virus  ( JEV     ; family  Flaviviridae , genus  Flavivirus ; 
Japanese encephalitis antigenic group) is an emerging, zoonotic, mosquito-borne 
virus. JEV is noteworthy because it has undergone signifi cant geographical spread 
from southeastern Asia to Papua New Guinea, the northern Australian islands in the 
Torres Strait, and Pakistan, and is considered an impending threat of geographical 
spread from endemic to non-endemic areas (e.g., North America) (Mackenzie  2005 ; 
Nett et al.  2009 ). The geographical distribution of JEV currently includes Japan, 
eastern Russia, Korea, China, Taiwan, Thailand, Vietnam, Cambodia, Laos, 
Malaysia, Indonesia, Papua New Guinea, northern Australia, Guam, Philippines, 
and India (Mackenzie et al.  2007 ). In many of these regions, JEV is an important 
cause of viral encephalitis in humans, and disease cases are most numerous and 
severe in children. Symptoms include mental dullness, tremors, hypertonia, cranial 
nerve palsies, paralysis, motor defi cits, and cognitive impairment (Mackenzie et al. 
 2004 ). Wild birds are primary amplifying hosts, with colonial water birds such as 
herons and egrets, and various passerines deemed important in transmission cycles, 
along with pigs (Nemeth et al.  2012 ; Hubalek et al.  2014b ). The most recent assess-
ment of JEV infection in birds examined the potential reservoir competence status 
of various North American species. Relatively high viremia titers were observed in 
ring-billed gulls ( Larus delawarensis ), house fi nches ( Haemorhous mexicanus ), 
common grackles ( Quiscalus quiscula ), rock pigeons ( Columba livia ), and great 
egrets ( Ardea alba ) as compared to other species examined, such as mallards. 
Viremia titers in gallinaceous birds (i.e., chickens and ring-necked pheasants) were 
low to undetectable (Nemeth et al.  2012 ). The minimum threshold of virus titer 
needed to infect mosquitoes has not been well defi ned for JEV, so it is diffi cult to 
assess the potential role of these birds in JEV transmission. However, none of 17 
avian species infected with JEV had clinically evident disease, oral and cloacal 
shedding was rarely detected and at low titers, and no virus was detected in tissues. 
These data, combined with those of historic studies, reveal that overt JEV-associated 
clinical disease is infrequent in birds (Buescher et al.  1959 ; Nemeth et al.  2012 ). 
Earlier experimental infection studies in birds led to mortality of some Indian moor-
hens ( Gallinala chloropus parisfrons ), shovellers ( Spatula clypeata ) and mallards, 
and brain, spinal cord, spleen and liver tested positive in some of these individuals 
(Kitaoka et al.  1953 ). Overall, however, the likelihood of JEV transmission to 
humans via handling of birds or ingestion is minimal. 

  St. Louis encephalitis virus  ( SLEV     ; family  Flaviviridae , genus  Flavivirus ; 
Japanese encephalitis antigenic group) is a mosquito-borne virus for which wild 
birds are the amplifying hosts. Geographically, SLEV covers large areas of North 
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and South America from southern Canada to Argentina and the Caribbean Islands. 
SLEV is emerging in some regions of South America, such as central Argentina 
(Diaz et al.  2011 ). House sparrows ( Passer domesticus ), house fi nches, and other 
passerines, as well as mourning doves ( Zenaida macroura ) and pigeons, are consid-
ered amplifying hosts and infection is subclinical in these birds (Reisen et al.  2000 ; 
Reisen  2003 ; Diaz et al.  2011 ). Major SLEV epidemics involving human encepha-
litis cases have occurred in parts of the Midwestern and southern United States, with 
smaller outbreaks in California, New Jersey, and Ontario, Canada (Reisen  2003 ). 
Most human infections are subclinical; occasionally, mild transient malaise is expe-
rienced, and less commonly, encephalitis with neurological dysfunction and high 
fever. Experimental inoculation of young (<1 month) chickens and ducks produced 
viremia titers suffi cient to infect mosquitoes but no clinical disease resulted; in 
adults, infection was similarly subclinical but viremia titers were undetectable. 
Infection in all ages of chickens readily produced long-lasting antibodies, for which 
these birds are often used as sentinels in surveillance, along with targeted wild bird 
species, such as mourning doves (Day and Stark  1999 ). 

  Murray Valley encephalitis virus  ( MVEV     ; family  Flaviviridae , genus  Flavivirus ; 
Japanese encephalitis antigenic group) is the most important endemic arbovirus in 
Australia, and outbreaks have occurred in southeastern, western and central regions 
of the continent. Its distribution also includes Papua New Guinea and Indonesia. 
Recent MVEV activity in southeastern Australia following 37 years of apparent 
inactivity in this region demonstrates that this virus is capable of re-emergence, 
which has been associated with climatic factors favorable to mosquito breeding, 
such as high rainfall and fl ooding (Selvey et al.  2014 ). Similar to other fl aviviruses 
in the JEV antigenic group, MVEV circulates between avian amplifying hosts 
(mainly water birds such as egrets) and mosquito vectors, and although most human 
infections are subclinical, non-specifi c illness (e.g., head ache, myalgia, rash) 
can lead to more severe and potentially fatal disease associated with encephalitis 
and fever (Hubalek et al.  2014b ; Selvey et al.  2014 ). Chickens are not clinically 
affected by MVEV infection, and therefore, similar to SLEV, are used for early 
warning or sentinel surveillance programs throughout MVEV-endemic areas in 
Australia (Selvey et al.  2014 ). 

  Eastern equine encephalitis virus  ( EEEV     ; family  Togaviridae , genus  Alphavirus ) 
is a mosquito-borne virus whose transmission involves wild bird virus-amplifying 
hosts (mainly passerines), and potentially reptiles, amphibians, and rodents to a 
lesser extent. The geographical range of EEEV includes North, Central and South 
America and the Caribbean, from Canada south to Argentina. Similar to WNV, 
numerous mosquito species are competent vectors, including  Aedes  spp.,  Culex  
spp.,  Uranotaenia  spp., and others (Hubalek et al.  2014b ). Epornitics due to EEEV 
have involved over 50 avian species, with passerines such as the blue jay ( Cyanocitta 
cristata ), European starling ( Sturnus vulgaris ), Carolina chickadee ( Poecile caroli-
nensis ), northern mockingbird ( Mimus polyglottis ), and others as likely important 
virus-amplifying hosts in some regions such as the eastern United States (Crans 
et al.  1994 ; Komar et al.  1999 ; Estep et al.  2011 ; Hubalek et al.  2014b ). In most 
cases, these avian hosts sustain subclinical EEEV infections (Guy  2013 ). Wetland 
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birds such as herons and ducks also likely contribute to transmission cycles in 
EEEV-endemic areas (Kissling et al.  1954 ; Estep et al.  2011 ). Gamebird species are 
adversely affected by EEEV infection, with outbreaks having involved signifi cant 
mortality in pen-raised ring-necked pheasants and chukar partridges ( Alectoris chu-
kar ), with the highest mortality rates in immature birds (Bigler et al.  1976 ; Guy 
 2013 ). In addition, pigeons, ducks, turkeys, and African penguins ( Spheniscus 
demersus ) are also susceptible to EEEV-induced morbidity and mortality (Tuttle 
et al.  2005 ; Guy  2013 ). In the aforementioned species, disease generally involves 
neurological abnormalities (e.g., listlessness, paresis, paralysis, torticollis, and 
tremors). Severity of disease in chickens varies with age; chickens of ages 1–14 
days are most susceptible (up to 80 %) and adults are generally refractory to infec-
tion (Guy et al.  1994b ; Guy  2013 ). Emus ( Dromaius novaehollandiae ) are uniquely 
susceptible to EEEV-induced fatal gastrointestinal disease that includes vomiting 
and hemorrhagic diarrhea associated with acute hemorrhagic enterocolitis, with a 
nearly 50 % mortality rate in some fl ocks (Brown et al.  1993 ; Chenier et al.  2010 ). 
A similar disease manifestation was observed following experimental oral and 
needle- induced EEEV inoculation in ostriches ( Struthio camelus ) and turkey poults 
(Brown et al.  1993 ). EEEV is a signifi cant cause of neurological disease in humans; 
infections can lead to paralysis, convulsions, coma, and death with a fatality rate of 
over 30 % (Gibbs and Tsai  1994 ; Gaensbauer et al.  2014 ). Because EEEV has been 
isolated from tissues (small intestine, liver, and brain) of infected ratite carcasses 
(Brown et al.  1993 ) and horizontal transmission occurred among turkeys, appropri-
ate biosafety precautions should be taken when handling these animals. 

  Western equine encephalitis virus  ( WEEV     ; family  Togaviridae , genus  Alphavirus ; 
Western equine encephalitis antigenic complex) is a mosquito-borne virus that, 
similar to EEEV, has a transmission cycle that involves a variety of mosquito spe-
cies, including  Culex  spp.,  Culiseta  spp., and  Aedes  spp., as well as vertebrate hosts. 
The latter includes wild birds as the primary virus-amplifying host, which mostly 
includes passerines such as the house sparrow, house fi nch, white-throated sparrow 
( Zonotrichia albicollis ) and tricolored blackbird ( Agelaius tricolor ), with rodents 
and lagomorphs, and possibly amphibian and reptile species serving as secondary 
hosts in some geographical regions (Calisher  1994 ; McLean and Ubico  2007 ; 
Hubalek et al.  2014b ). The historic range of WEEV includes North and South 
America, from western Canada south to Argentina (Hubalek et al.  2014b ). WEEV- 
associated mortality rates in birds are generally lower than for EEEV; pheasants, 
chickens and pigeons are relatively resistant and the latter two species have been 
used as sentinels in serosurveillance (McLean and Ubico  2007 ; Hubalek et al. 
 2014b ). The infrequency of WEEV-associated disease in birds is evident in the rela-
tively few published reports, several of which describe outbreaks in pen-raised 
birds, including somnolence and paralysis in turkeys in Wisconsin (Woodring  1957 ) 
and chukar partridges in Florida (Ranck et al.  1965 ). WEEV infection was associ-
ated with decreased egg production in turkeys in California in the early 1990s 
(Cooper et al.  1997 ). Short-term viremia was confi rmed following experimental 
inoculations of chickens with WEEV, with no corresponding illness described 
(Hammon and Reeves  1946 ). Humans are infected with WEEV by mosquito bite, 
and are dead-end hosts. Although most human WEEV infections are subclinical, 
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permanent neurological disease is a possible outcome, and the case-fatality rate is 
approximately 3–7 % (Peters and Dalrymple  1990 ). However, the threat of WEEV 
infection has been reduced in some regions due to immunization of equines and 
ratites, water management, screened-in windows and porches, mosquito control, 
and public awareness leading to increased mosquito avoidance efforts (Reisen et al. 
 2008 ). Documented human infections have recently been in decline in North 
America; the last case was in 1994, with negative mosquito pools as of 2008 
(Bergren et al.  2014 ). 

  Highlands J virus  ( HJV     ; family  Togaviridae , genus  Alphavirus ; Western equine 
encephalitis antigenic complex) was initially believed to be a variant of WEEV, but 
is now considered a distinct virus (McLean and Ubico  2007 ). The geographical 
range (i.e., eastern United States) and mosquito vectors of HJV overlap with those of 
EEEV (Hubalek et al.  2014b ). Wild birds are virus-amplifying hosts, with the north-
ern cardinal ( Cardinalis cardinalis ), tufted titmouse ( Baeolophus bicolor ) and wood 
thrush ( Hylocichla mustelina ) as likely candidate species for involvement in trans-
mission (McLean et al.  1985 ). Wild bird reservoirs appear resistant to disease and 
natural disease has been rarely documented in domestic birds (Hubalek et al.  2014b ). 
HJV outbreaks in the 1990s involved turkeys in North Carolina that exhibited 
decreased activity and egg production, and chukar partridges that experienced 
depression, hind limb paresis, and head and neck tremors, with a 35 % mortality rate 
(Wages et al.  1993 ; Eleazer and Hill  1994 ). Disease was primarily viscerotropic in 
the chukars, and despite minimal brain lesions, virus was isolated from brain tissues 
(Eleazer and Hill  1994 ). A small percentage (7 %) of HJV-experimentally inoculated 
2-week-old chickens succumbed to infection, one of which had myocardial necrosis 
(Guy et al.  1994b ), whereas 27 % of inoculated 2-week-old turkeys died of HJV, and 
had multi-organ necrosis and lymphoid depletion (Guy et al.  1994a ). Turkey breed-
ers experimentally infected with HJV had early depression and decreased food 
intake and egg production for 1 week following infection. Virus was isolated from 
reproductive tissues (including ovary), heart, kidney, spleen, pancreas, liver, and less 
commonly from brain of these birds early after infection (Guy et al.  1994a ). HJV has 
not been associated with human disease (Guy  2013 ; Hubalek et al.  2014b ). 

  Usutu virus  ( USUV     ; family  Flaviviridae , genus  Flavivirus ; Japanese encephali-
tis antigenic group) is an emerging mosquito-borne virus that likely originated in 
Africa and has recently spread to Europe (Austria, Hungary, Switzerland, Italy, 
Germany, Czechland, and Spain), where signifi cant epiornitics have occurred 
(Hubalek et al.  2014a ). Wild birds are the amplifying hosts of USUV, which has 
caused morbidity and mortality in some wild bird species in Europe, including rap-
tors and passerines (especially  Turdus  spp.), with blackbirds ( Turdus merula ) suf-
fering the highest mortality rates (up to 100 %) (Hassan et al.  2003 ; Bakonyi et al. 
 2007 ; Hubalek et al.  2014a ). Disease in these birds can involve depression, ataxia, 
and seizures, and lesions can include encephalitis, myocarditis, and hepatic and 
neuronal necrosis (Steinmetz et al.  2011 ; Hubalek et al.  2014b ). Experimental 
USUV infections in chickens revealed limited pathogenicity, with no clinical dis-
ease and seroconversion in only 1 of 10 infected chickens (Chvala et al.  2005 ). 
USUV-associated disease is rarely reported in humans but can lead to fever and 
rash, and may induce meningoencephalitis (Vilibic-Cavlek et al.  2014 ). 
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       Fungi         

 Wild birds can be hosts to two zoonotic fungi that can persist in the environment. 
This environmental contamination can then indirectly infect people. 

   Cryptococcus    is a capsulated yeast normally found in wild bird feces, most 
 commonly in pigeons, and soil contaminated with bird guano .  It causes severe 
infections in people such as pneumonia and meningitis. It can be disseminated and 
is mostly fatal in immunocompromised hosts. 

   Histoplasma capsulatum    is a dimorphic fungus that is commonly found in wild 
bird feces. In people this fungus causes pneumonia and occasionally can cause 
 disseminated disease.   

    Concluding Comments 

 Life is not without hazards and everything we do has an inherent risk, from walking 
down the street to eating food at a restaurant. In most countries in the developed 
world, food is normally not considered to be a hazard. Nevertheless, foodborne 
 illnesses do occur. Over the last century, food has become safer, and often more 
convenient to prepare by the consumer. Examples include bagged fresh-cut lettuce 
and skinned turkey breast that is ready to cook. For those who are not familiar with 
farm production practices, animals become idyllic creatures not related to the meat 
pieces we purchase in a Styrofoam package in the supermarket. This disconnect, 
together with concerns over genetically modifi ed animals, growth promoters, anti-
biotics and the presence of a variety of chemicals in foods, have initiated a move-
ment to return to their roots to enjoy back yard-raised foods, such as fresh-laid eggs. 
In addition, many people are fascinated by nature, especially by birds. Hence, bird 
watching and feeding are huge pastimes that can congregate large populations of 
birds, creating sinks for pathogens. These trends have led to pathogen exposure in 
many people, including family, friends, and companion animals. Furthermore, wild 
birds and backyard chickens pose a risk for nearby production birds, which could 
adversely affect the local economy and the availability of meat and eggs.     
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and the Environment                     
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    Abstract      Salmonella  causes an estimated 1.2 million cases of gastroenteritis per 
year (Scallan et al. 2011) or 16.42 illnesses per 100,000 persons (Gilliss et al. 
2013). Salmonellosis is also associated with the largest incidence of food-associ-
ated hospitalizations and deaths (Gilliss et al. 2013). Furthermore, no signifi cant 
change in the incidence of  Salmonella  infections has occurred since the beginning 
of surveillance during 1996–1998 (Gould et al. 2013; Gilliss et al. 2013). Many 
foodborne diseases, including salmonellosis, were once classifi ed as strictly zoo-
notic infections because they were mostly attributed to meats and products derived 
from domesticated animals (Chisholm et al. 1999; van Duijkeren et al. 2002). 
However, recent outbreaks of salmonellosis from produce grown on farms with 
minimal or no contact with domesticated livestock exemplify the contribution of 
environmental reservoirs of infections (Gould et al. 2011; Hanning et al. 2009; 
Danyluk et al. 2007). In fact, the number of illnesses per outbreak is often greater 
for produce than for any other food product (Franz and van Bruggen 2008). 
Therefore, wildlife as a source of preharvest contamination of produce with human 
pathogens is under consideration, including reptiles, amphibians, and birds that 
may harbor potentially virulent strains of  Salmonella  (Gorski et al. 2013; Reche 
et al. 2003; Pfl eger et al. 2003).  
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          Salmonella   and Foodborne Disease   

  Salmonella  causes an estimated 1.2 million cases of gastroenteritis per year (Scallan 
et al.  2011 ) or 16.42 illnesses per 100,000 persons (Gilliss et al.  2013 ). Salmonellosis 
is also associated with the largest incidence of food-associated hospitalizations and 
deaths (Gilliss et al.  2013 ). Furthermore, no signifi cant change in the incidence of 
 Salmonella  infections has occurred since the beginning of surveillance during 
1996–1998 (Gould et al.  2013 ; Gilliss et al.  2013 ). Many foodborne diseases, 
including salmonellosis, were once classifi ed as strictly zoonotic infections because 
they were mostly attributed to meats and products derived from domesticated ani-
mals (Chisholm et al.  1999 ; van Duijkeren et al.  2002 ). However, recent outbreaks 
of salmonellosis associated with produce grown on farms with minimal or no con-
tact with domesticated livestock exemplify the contribution of environmental 
sources of infections (Gould et al.  2011 ; Hanning et al.  2009 ; Danyluk et al.  2007 ). 
In fact, the number of illnesses per outbreak is often greater for produce than for any 
other food product (Franz and van Bruggen  2008 ). Therefore, wildlife as a source 
of preharvest contamination of produce with human pathogens is under consider-
ation, including reptiles, amphibians, and birds that may harbor potentially virulent 
strains of  Salmonella  (Gorski et al.  2013 ; Reche et al.  2003 ; Pfl eger et al.  2003 ). 

 Rivers and ponds provide natural habitats for a variety of wildlife and presum-
ably become contaminated through the introduction of fecal material of infected 
animals (Plusquellec et al.  1994 ; Ijabadeniyi et al.  2011 ; Pachepsky et al.  2011 ). 
Once present, these pathogens can become established in these environments and 
persist for long periods of time (Winfi eld and Groisman  2003 ; Barak and Liang 
 2008 ). Therefore, tracking sources of disease outbreaks need to include not only 
examination of postharvest processing equipment, distribution protocol, and food 
products, but also the surveillance of preharvest environments that may harbor 
extremely diverse populations of pathogens from various sources, including 
wildlife. 

 The initially proposed Produce Safety Rules within  Food Safety Modernization 
Act (FSMA)   would require periodic testing for generic  Escherichia coli  in agricul-
tural water intended for preharvest contact with the edible portion of fresh produce 
(FDA  2013 ). Unfortunately, fecal indicator bacteria may not provide reliable esti-
mates of  Salmonella  contamination due to the greater resistance of this pathogen to 
the stressful environmental conditions relative to that of indicator organisms 
(Pianetti et al.  2004 ; Polo et al.  1998 ). Thus, direct monitoring of this pathogen may 
be needed to adequately assess potential disease risk associated with agricultural 
reservoirs. An impediment to evaluating these risks and tracing back sources of 
exposure is that detection methods are often unable to detect low levels of patho-
gens that are generally present in aquatic environments (Escartin et al.  2002 ; Madsen 
 1994 ). This chapter reviews currently available molecular tools to detect and source- 
track  Salmonella  in wildlife hosts and agricultural environments.   
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    Molecular Tools for  Salmonella  Detection from Wildlife 

          Detection and Enumeration of  Salmonella   

 Detection of  Salmonella  from environmental sources generally involves some type of 
enrichment to increase the effi ciency of detection, recovery of stressed/injured bacte-
ria, and/or provide larger sample size, as described by the US Food and Drug 
Administration (  http://www.fda.gov/Food/FoodScienceResearch/LaboratoryMethods/
ucm070149.htm    ). 

 Samples of water or sediment are measured, diluted, and used to inoculate broth 
cultures.  Salmonella  in wildlife can be also assessed directly but wildlife agencies 
and university IACUC should be notifi ed to see if permits are required to trap and 
handle the animals. Animals are sampled using swabs to determine external or rec-
tal contamination. Alternatively, small aquatic animal(s) can be sampled by immer-
sion in sterile solutions and assaying the wash water. Swabs and solutions are then 
applied directly to enrichment broth or concentrated as described below. Typically, 
a dual enrichment strategy employs inoculation into a primary nonselective enrich-
ment broth, such as buffered peptone or lactose broth, followed by overnight growth 
and transfers to a more selective broth medium. Presumptive positive colonies are 
isolated from broth cultures on various  Salmonella  selective media which have been 
reviewed elsewhere (Odumeru and León-Velarde  2012 ). Subsequent species confi r-
mation can be achieved by numerous methods, including biochemical analysis, 
immunological identifi cation, and/or species-specifi c PCR. The  most probable 
number (MPN) method   provides quantitative analysis based on a statistical table 
that calculates the MPN per gram or ml from the number of replicate tubes that are 
positive for each dilution. Alternatively, an MPN calculator is available for calcula-
tions (  http://www.i2workout.com/mcuriale/mpn/    ). 

 Increased recovery of pathogens in water samples can be facilitated by concen-
tration of samples. Concentration techniques include centrifugation (Basel et al. 
 1983 ), fi ltration (Farber and Sharpe  1984 ), lectin-based biosorbents (Payne et al. 
 1992 ), and immunomagnetic separation (IMS) technologies (Shaw et al.  1998 ). 
Filtration methods include nitrocellulose (usually Millipore, 0.2 μm) fi lter fi ltration 
(NFF), tangential fl ow fi ltration (TFF), and modifi ed Moore swab fi ltration (MSF). 
NFF is the standard water testing method of the American Public Health Association 
(APHA  1992 ), and generally 100 ml of retentate on the fi lter is applied directly to 
an agar plate for the enumeration of colonies. TFF involves fl owing water across a 
fi lter membrane, and the MSF method involves pumping water through rolled cot-
ton gauze inserted into plastic pipes. The latter methods offer the advantage of fi lter-
ing much larger volumes (up to 100 L) of water (Mull and Hill  2009 ; Gibson and 
Schwab  2011 ; Bisha et al.  2011 ). Samples concentrated by IMS use paramagnetic 
beads with attached  Salmonella -specifi c antibody to remove bacteria from 
suspensions.   
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      PCR and  qPCR      for Species Confi rmation 

 Many biochemical assays can be used for species-specifi c identifi cation of pre-
sumptive positive isolates of  Salmonella  (Odumeru and León-Velarde  2012 ). 
However, due to improved reliability, cost-effectiveness, and accessibility, PCR is 
becoming the “gold standard” for  Salmonella  species confi rmation (McKillip and 
Drake  2004 ). One of the common species-specifi c targets for PCR of  Salmonella  is 
the  invA  gene, a component of the Type III secretion system and widely distributed 
among strains of  Salmonella  (Rajabi et al.  2011 ; Stone et al.  1994 ). Real-time or 
quantitative PCR (qPCR) uses fl uorescent labeling of products for more sensitive 
detection of  Salmonella  (Espy et al.  2006 ; Li et al.  2014b ). Bacteria can be enumer-
ated by qPCR directly from fi ltered or unfi ltered samples that are calibrated by a 
standard curve from known concentrations of target DNA. Alternatively, PCR can 
be used in combination with MPN. The BAX PCR system (DuPont-Qualicon Inc.) 
has been adopted by USDA-FSIS as a tool for screening and quantifying  Salmonella  
in a variety of food and food ingredients. Other systems include ADIAFOOD Rapid 
Pathogen Detection System (AES Chemunex), the Assurance Genetic Detection 
System GDS (Biocontrol Inc.) utilizing a post-enrichment IMS step followed by 
real-time PCR, iQ- CheckTM  Salmonella  II (BioRad Laboratories, S.A.), and 
R.A.P.I.D. LT system (Idaho Technology Inc.). The detection limit for these assays 
is usually around 10 2 –10 4  CFU/g (Jasson et al.  2010 ). Another commercially avail-
able technology (Roka Bioscience) targets RNA genes and takes advantage of their 
high copy number to improve detection sensitivity. It should be noted that PCR 
cannot distinguish between live and dead cells and has the potential to provide 
false- positive results, necessitating the application of enrichment for viability test-
ing (Mandal et al.  2011 ). 

 McEgan et al. ( 2013 ) recently compared with qPCR several of the concentration 
methods described above and determined that nitrocellulose fi lters become clogged 
when approximately 500 ml of sample was processed (McEgan et al.  2013 ). 
However, TFF concentrated up to 10 L, and  Salmonella  was consistently detected 
from inocula of 1–760 CFU/L from enriched fi ltrate in lactose broth or from use of 
IMS beads (Dynabeads or Pathatrix). Furthermore, using the combination of TFF 
with IMS beads at  Salmonella  concentrations of <10 CFU/L, qPCR (Applied 
Biosystems MicroSEQ) had greater sensitivity compared to conventional 
PCR. Comparable results were obtained with MSF but more rigorous detection 
methods were required. These methods greatly facilitate the detection of pathogens 
through their capacity to screen larger volumes and more representative samples in 
a relatively short period of time (about 2 days).    

     DNA Microarrays   for Species Confi rmation 

 DNA microarrays provide recognition oligonucleotides in discrete locations on a 
solid matrix (Rasooly and Herold  2008 ). A primary feature of these assays is 
species- specifi c binding to multiple target molecules (McLoughlin  2011 ; Rasooly 
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and Herold  2008 ). Gene targets include both species-specifi c genes and/or 
virulence- related genes from foodborne pathogens, which can be detected and gen-
otyped from food samples using genomic DNA extracted from target cell or food 
samples. Target DNA is amplifi ed by PCR, labeled with a fl uorescent dye(s), and 
hybridized to the microarray. After array washing and scanning, the location, color, 
and intensity of fl uoresce signal on the array data can refl ect the characteristics of 
the target DNA (Rasooly and Herold  2008 ). Compared to other methods, DNA 
microarray has the advantages of rapid detection, high-throughput screening, multi-
target analysis, and access to virulence information that goes beyond the species 
identifi cation level (Rasooly and Herold  2008 ; Shin et al.  2014 ). For example, Shin 
et al. ( 2014 ) developed a DNA-based microarray with a  car B gene to detect and 
differentiate three serotypes (Choleraesuis, Enteritidis, and Typhimurium) of 
 Salmonella enterica , with a minimum range of sensitivity between 1.6 and 3.1 
nM. Additionally, they reported the DNA microarray did not detect any nonspecifi c 
signals and did not have cross-reactivity with other common pathogenic bacteria or 
other serotypes of  Salmonella  when testing from a mixed culture. However, patho-
gen detection arrays have primarily been used in a research context, and disadvan-
tages are mainly the cost and the need to periodically update with new strains or 
targets (McLoughlin  2011 ).  

     Alternatives to  PCR   

 PCR can also be used to develop and evaluate methods that are less expensive and 
offer higher throughput. For example, we recently described an agar cross-streaking 
technique that employs sequential isolation on two selective agars for confi rmation 
of  Salmonella  from enrichment broths (Luo et al.  2014 ). This protocol was com-
bined with an MPN assay using lactose broth as the pre-enrichment medium and 
tetrathionate (TT) as secondary enrichment media to evaluate  Salmonella  isolation 
from irrigation water. Multiple downstream methods were evaluated for  Salmonella  
species identifi cation .  The validity of presumptive isolation of typical  Salmonella  
colonies from MPN enrichment on Xylose-Lysine-Tergitol4 (XLT4) agar, followed 
by subsequent confi rmation by cross-streaking to CHROMagar™  Salmonella  plus 
(CSP), was examined for assay sensitivity and specifi city, as well a positive and 
negative predictive value (PPV/NPV), using  invA  PCR confi rmation as the “gold 
standard.” This method is described in Fig.  5.1  and had 99.95 % agreement with 
PCR confi rmation, with only a single false-negative strain on XLT4 ( n  = 1640 iso-
lates). This cost-effective alternative to PCR offers increased throughput as the mul-
tiple steps required for DNA extraction, sample preparation, and PCR product 
detection are eliminated. Furthermore, the capacity of  Salmonella  evaluation is 
increased because less rigorous technical training and specialized equipment are 
required for equivalent results. 
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           Molecular Serotyping    of    Salmonella  

 Traditional serotyping is based on the Kauffmann-White-Le Minor scheme and has 
evolved over the past 80 years as the basis for the classifi cation of  Salmonella  sub-
species (Wattiau et al.  2011 ). Agglutination is used to indicate attachment of bacte-
rial surface antigens to  Salmonella -specifi c antibodies. Three primary antigens are 
used for  Salmonella  serotyping: O, H, and Vi antigens. The O antigen is the somatic 
lipopolysaccharides (LPS) on the external surface of the bacterial outer membrane. 
Sixty-four O antigens have been identifi ed in  Salmonella,  and several O antigens 
can be expressed concurrently in a single cell (Wattiau et al.  2011 ). The H antigen 
is the fl agellar protein, and 114 H antigens variants have been identifi ed. 
Most Salmonella  contain two copies of genes encoding the H antigens; therefore 
most isolates present diphasic antigens, i.e., H1 and H2. Although only one H anti-
gen is expressed in one cell at a time, both phases can be detected in a colony as they 
can be expressed by different bacteria in the same culture/colony (Wattiau et al. 
 2011 ). Vi or capsular polysaccharide antigen is used to identify certain serotypes, as 
it only occurs with Typhi, Paratyphi C, and Dublin. 

 Serotyping is still commonly used for initial screening of  Salmonella  identifi ca-
tion, but it is not considered to be specifi c or sensitive enough to correctly refl ect the 
relationship among strains for outbreak investigations. Problems with  Salmonella  
serology include the loss of O antigen expression, whereby the isolate becomes 

  Fig. 5.1    Proposed 4-day method for detection, enumeration, and typing of  Salmonella        
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“rough” or “untypeable” (D’Aoust and John  2007 ). Also, false-positive reactions 
can occur due to auto-agglutination or cross-reactivity to non- Salmonella  antigens 
(Schrader et al.  2008 ; Strawn et al.  2014 ). Genetic analysis has revealed that tradi-
tional serotyping methods did not correctly identify serotypes for all  Salmonella  
subspecies, and approximately 10 % of isolates tested ( n  = 754) are mistyped (Shi 
et al.  2013 ; Strawn et al.  2014 ). Strains within the same serotype can present with 
different genetic lineages; conversely, strains with very similar phylogeny can 
express different serotypes (Wise et al.  2009 ; Wattiau et al.  2011 ). 

 Molecular serotyping, also called “ DNA-based serotyping  ,” has been proposed 
as a rapid and high-throughput alternative to aid in the identifi cation of serotype 
(Strawn et al.  2014 ). This method uses PCR to identify either LPS- and fl agellar- 
specifi c structural genes or genomic markers that are common to strains of the same 
serotype (Wattiau et al.  2011 ). Porwollik et al. ( 2004 ) characterized 79  Salmonella  
isolates with different serovars by a whole genome profi le DNA microarray and 
identifi ed genomic regions that differentiated different serotypes (Porwollik et al. 
 2004 ). Based on their research, Kim et al. ( 2006 ) developed a multiplex PCR assay, 
choosing 12 genetic loci that identifi ed the 28 most common clinical  Salmonella  
serovars. They performed a blind screening and reported 98/111 of clinical isolates 
were correctly typed (Kim et al.  2006 ). Afterwards, the same research group 
improved this assay and developed a high-throughput multiplex PCR system by 
incorporating fl uorescently labeled primers. This new system targeted 16 genomic 
regions and successfully identifi ed 89.6 % (673/751)  Salmonella  isolates from the 
top 50 most common serovars associated with human infections (Leader et al. 
 2009 ). Additional molecular typing methods described in detail below have been 
adapted for  Salmonella  serovar prediction (Ranieri et al.  2013 ; Wise et al.  2009 ; 
Chenu et al.  2012 ; Kerouanton et al.  2007 ). The advantages of molecular over tradi-
tional serotyping include increased reproducibility and independence from antigen 
agglutination performance. However, due to the diversity and variability of genes at 
these loci, many strains, especially from environmental sources, including wildlife, 
may be either misidentifi ed or untypeable (Wattiau et al.  2011 ).    

    Genotyping Methods for Source Tracking of  Salmonella  

 Molecular typing tools play a very important role in epidemiologic investigations 
for tracing back to the primary sources of contamination, elucidating the pathways 
of transmission, identifying the virulence potential of isolates, and intervening in 
the distribution of pathogens (Foley et al.  2007 ,  2009 ; Weigel et al.  2004 ). Common 
molecular typing methods for microbial source tracking of Gram-negative bacterial 
foodborne  pathogens   are summarized in Table  5.1 . These methods can be catego-
rized into three groups based on their genomic targets: (1) restriction enzyme sites, 
(2) PCR amplifi cation of repetitive DNA, and (3) DNA sequence of multiple loci or 
whole genomes. Some of these methods provide typing resolution at the serotype 
level, whereas others can differentiate the genomic variations within the same 
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serovars (Wise et al.  2009 ; Wattiau et al.  2011 ). Key  features   for evaluating appro-
priate typing methods include: (1) the discriminatory ability to distinguish between 
nonclonal isolates; (2) the typeability to generate interpretable results; and (3) the 
reproducibility of results among different personnel and laboratories. These param-
eters need to be balanced against one another when choosing the most appropriate 
method for typing (Foley et al.  2007 ). In this section, pulsed-fi eld gel electrophore-
sis (PFGE), multilocus sequence typing (MLST), repetitive element PCR (Rep- 
PCR), and clustered regularly interspaced short palindromic repeats (CRISPR) and 
CRISPR-associated sequences (CRISPR-cas) are reviewed in depth because of 
their demonstrated discriminatory value for molecular typing different serovars of 
 Salmonella .

   Table 5.1    Brief descriptions of common molecular typing methods   

 Name  Abbreviation  Mechanism  Genetic marker  Reference 

 Plasmid analysis  –  Restriction-based  Restriction sites in 
plasmids 

 (Foley 
et al.  2009 ) 

 Ribotyping  –  Restriction-based  Restriction sites in 
ribosomal RNA 
(rRNA) genes 

 (Bouchet 
et al.  2008 ) 

 Insertion 
sequence- 
restriction 
fragment length 
polymorphism 
analysis 

 IS-RFLP  Restriction-based  Insertion 
sequences in 
bacterial genomes 

 (Foley 
et al.  2009 ) 

 Pulsed-fi eld gel 
electrophoresis 

 PFGE  Restriction-based  Rare restriction 
sites in bacterial 
genome 

 (Weigel 
et al.  2004 ) 

 Amplifi ed 
fragment length 
polymorphism 

 AFLP  Restriction and 
amplifi cation- 
based 

 Restriction sites in 
bacterial genomes 

 (Foley 
et al.  2009 ) 

 Randomly 
amplifi ed 
polymorphic 
DNA PCR 

 RAPD-PCR  Amplifi cation- 
based 

 Random primers 
with 6–10 base 
pair length 

 Repetitive 
element PCR 

 Rep-PCR  Amplifi cation- 
based 

 Repeated DNA 
sequence elements 
distributed along 
the bacterial 
genomes 

 (Wise 
et al.  2009 ) 

 Variable number 
of tandem 
repeats analysis 

 VNTR  Amplifi cation- 
based 

 Directly repeated 
DNA motifs 

 (Foley 
et al.  2009 ) 

 Multilocus 
sequence typing 

 MLST  Sequencing-based  House-keeping 
genes 

 (Maatallah 
et al.  2013 ) 

 Single nucleotide 
polymorphism 
analysis 

 SNP  Sequencing-based  Single nucleotide 
polymorphisms 

 (Foley 
et al.  2009 ) 

A. Wright et al.



139

         Pulsed-Field Gel Electrophoresis (PFGE)      

 PFGE is still the most widely used method for subtyping foodborne pathogens and 
is the current gold standard for the nationwide Foodborne Diseases Active 
Surveillance Network (FoodNet) and PulseNet (Foley et al.  2009 ; Olive and Bean 
 1999 ), which has been adopted by the Centers for Disease Control and Prevention 
(CDC) for  Salmonella  source tracking and epidemiologic investigations (Foley 
et al.  2007 ). It employs restriction fragment length polymorphism (RFLP) of chro-
mosomal fragments derived from restriction enzyme digestion of the whole genome. 
These enzymes recognize specifi c short DNA sequences and cut the DNA whenever 
these sequences occur. For example,  Xba l, the most common restriction enzyme in 
 Salmonella  PFGE, recognizes the DNA sequence “TCTAGA” (Patchanee et al. 
 2010 ; Li et al.  2014a ). Subsequently, fragments are separated by electrophoresis 
that changes the polarity of the current at regular intervals and has the capability of 
separating relatively large DNA fragments from 20 to 800 kb (van Belkum et al. 
 2007 ; Lukinmaa et al.  2004 ; Foley et al.  2009 ). Thus, PFGE patterns of DNA bands 
generate unique profi les that identify different “pulsotypes.” 

 General guidelines to determine the genetic relatedness among isolates have 
been proposed and suggest “closely related” strains are isolates that differ in a sin-
gle genetic event and present only two to three band differences: “possible related” 
strains were those that differ in two genetic events, whereas “unrelated” strains 
were those that have more than two genetic events (Tenover et al.  1995 ). These 
criteria, adopted by CDC for outbreak investigations, also consider information 
such as background history of the  Salmonella  species/subspecies/serovar (human 
clinical infections, food vehicles), uniqueness of the pulsotype pattern for that 
serovar, and limitations of PFGE reproducibility (Barrett et al.  2006 ). PFGE pat-
terns are stored locally in state labs or submitted to the national database through 
the PulseNet system. These databases are regularly searched for pattern matches in 
order to rapidly identify clusters of related isolates. PFGE has been applied to many 
outbreak investigations and has been instrumental in successfully identifying the 
sources of contamination (Behravesh et al.  2011 ; Greene et al.  2008 ; Buchholz 
et al.  2011 ). 

 PFGE has been used extensively to delineate the genetic diversity, virulence 
potential, and transmission pathways of  Salmonella  strains (Gorski et al.  2011 , 
 2013 ; Foley et al.  2009 ). Also, it is widely accepted as a valid tool to predict 
 Salmonella  serovars (Li et al.  2014a ; Strawn et al.  2014 ; Kerouanton et al.  2007 ). 
For example,  Salmonella  ( n  = 51) isolates from surface water in Southeastern United 
States had 17 different PFGE types using two restriction enzymes,  Xba I and  Bln I, 
and were identifi ed as nine serovars (Li et al.  2014a ). Strains identifi ed as Enteritidis 
( n  = 6, 11.8 %), Javiana ( n  = 3, 5.9 %), and Thompson ( n  = 2, 3.9 %) had indistin-
guishable PulseNet patterns with isolates from prior outbreaks.  Salmonella  isolates 
from various environmental samples collected from agricultural regions in 
California had indistinguishable, PFGE types among both water and wild amphib-
ian and reptile isolates, suggesting the potential contamination of surface water was 
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from wildlife exposure (Gorski et al.  2011 ). Specifi cally,  Salmonella  Arizonae (IIIa) 
and Diarizonae (IIIb), subspecies previously associated with amphibian and reptile 
hosts, were predominant in the study. 

 Although PFGE is considered a higher-resolution genotyping technique that is 
more discriminatory than serotyping (Gorski et al.  2011 ), different serotypes may 
have similar PFGE patterns due to slight genetic changes that do not alter the macro- 
restriction profi les (Patchanee et al.  2010 ). Conversely, strains of the same serotype 
and identical PFGE patterns may actually be derived from distinct genomic and 
evolutionary backgrounds. Furthermore, major drawbacks to the use of PFGE 
include labor intensity and time constraints, as well as the persistent appearance of 
“untypeable” strains that are resistant to enzyme restriction under the standard con-
ditions of this assay.    

      PCR-Based Typing   

 The inability of serotyping and PFGE to correctly group  Salmonella  spp. strains has 
led to increased reliance on alternative molecular tools for subtyping this species. 
PCR-based molecular typing methods generally target repetitive elements that are 
distributed throughout the bacteria genome. There are three major types of repeti-
tive elements in Gram-negative bacteria and include repetitive intergenic consensus 
(ERIC), repetitive extragenic palindromic (REP), and BOX element. REP elements 
consist of a 38-bp consensus sequence that contains a 5-bp variable loop in the 
middle region located within untranslated regions of operons (Yang and Ames 
 1988 ). Initially considered as potential regulatory sequences due to their palin-
dromic character and their ability to form stable stem-loop structures in transcribed 
RNA (Higgins et al.  1982 ), several proposed functions of REP elements in gene 
regulation include mRNA stability, transcription termination, and recognition sites 
for DNA replication proteins (Yang and Ames  1988 ; Versalovic et al.  1991 ). ERIC 
regions are larger 126-bp elements, which are not related to the REP elements, and 
are also located in the extragenic regions of a highly conserved inverted repeat in the 
center (Versalovic et al.  1991 ). BOX elements are also inverted repeat elements, 
consisting of three subunits (Foley et al.  2009 ; Martin et al.  1992 ). These noncoding 
repetitive DNA elements share a high degree of evolutionary conservation 
(Versalovic et al.  1991 ) and may play an important role on DNA interactions, such 
as binding the DNA replication proteins gyase and polymerase I (Yang and Ames 
 1988 ; Gilson et al.  1986 ). These repetitive sequences can maintain themselves as 
“selfi sh DNA” and evolve through mild internal changes by gene conversion 
(Magee et al.  1992 ; Higgins et al.  1988 ). 

 DiversiLab is a commercial, semi-automated system for rep-PCR analysis. It 
offers a standardized, internet-based analytical platform, using microcapillary elec-
trophoresis to achieve higher reproducibility and resolution compared to traditional 
agarose gel-based assays (Healy et al.  2005 ). Rep-PCR has been widely used for 
genetic analysis of various bacteria (Rajabi et al.  2011 ; Rademaker et al.  2000 ; Goto 
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and Yan  2011 ; Roussel et al.  2010 ). Rajabi et al. ( 2011 ) isolated  Salmonella  ( n  = 110) 
from the Suwannee River and compared those isolates to other environmental or 
clinical strains using the DiversiLab rep-PCR system (Rajabi et al.  2011 ). These 
isolates were distributed into 16 rep-PCR genogroups (>85 % similarity per geno-
group). Most (74 %) were clustered into the environmental genogroups, whereas 12 
% were clustered with primarily clinically associated genogroups (Rajabi et al. 
 2011 ). Previous research revealed that DiversiLab rep-PCR was capable of predict-
ing serotypes of  Salmonella  (Wise et al.  2009 ; Weigel et al.  2004 ). The major 
advantage of this platform over the traditional PFGE assay is reduced labor inten-
sity, better assessment of horizontal gene transfer (Wattiau et al.  2011 ), and more 
reliable discrimination among some serotypes (Weigel et al.  2004 ). 

  Multiple-locus variable-number tandem repeat analysis (MLVA)   and spacer oli-
gotyping, or “ spoligotyping  ,” have also been used to improve discrimination of 
closely related subtypes (Kamerbeek et al.  1997 ). MLVA examines size variation of 
PCR products targeting multiple, well-characterized loci. Another family of 
repeated DNA identifi ed in many prokaryotes is termed “clustered regularly inter-
spaced short palindromic repeats” or CRISPRs (Jansen et al.  2002 ).  Salmonella  
genomes have conserved CRISPR loci, but with hypervariable polarized insertions 
and deletions of spacers that are responsible for acquisition of foreign DNA (Pourcel 
et al.  2005 ). CRISPRs in  Salmonella  have been used as a high-throughput assay that 
has practical use in public health laboratories. Effectiveness of CRISPRs for typing 
 Salmonella  was determined by examining 783 isolates belonging to 130 serotypes, 
which revealed >3800 uniquely identifi ed spacers that strongly correlated to both 
serotype and MLST genotype (Fabre et al.  2012 ). Similar results were obtained 
using spacer regions of CRISPRs 1 and 2 (Jansen et al.  2002 ; Touchon and Rocha 
 2010 ). CRISPR loci and CRISPR-associated sequence (cas) genes comprise the 
CRISPR-Cas system and had greater discriminatory power in contrast to serotyping 
or lineages derived through PFGE, MLST, and MLVA. Possible “biogeographic” 
molecular markers were identifi ed since that may provide evolutionary details of 
possible source environments (Pettengill et al.  2014 ).   

      Multilocus Sequence Typing ( MLST     ) 

 MLST defi nes sequence types based on comparative identity of genetic alleles that 
generally encode some type of “housekeeping” function. Sequences are derived 
from internal PCR amplifi cation of informative regions of multiple genes or from 
whole genome sequencing. Defi ned gene targets for  Salmonella  MLST include  thrA  
(aspartokinase homoserine dehydrogenase),  purE  (phosphoribosylaminoimidazole 
carboxylase),  sucA  (alpha ketoglutarate dehydrogenase),  hisD  (histidinol dehydro-
genase),  aroC  (chorismate synthase),  hemD  (uroporphyrinogen III cosynthase), and 
 dnaN  (DNA polymerase III beta subunit). MLST databases and primers are publi-
cally available (  http://pubmlst.org/databases.shtml    ). The multiple sequences are 
concatenated, aligned, and added to a custom database. Clustal, MUSCLE (Edgar 
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 2004 ), and MEGA are widely used multiple alignment programs for fasta sequences 
(Dereeper et al.  2008 ), and tree building programs such as MEGA 6 (Tamura et al. 
 2013 ) or E-Burst (Achtman et al.  2012 ) are used to construct phylogenies of parsed 
BLAST hits of MLST loci. Maximum Likelihood scores among multiple replicates 
of trees are used to validate the accuracy of MLST methods (Pettengill et al.  2014 ). 

 The results of MLST are highly reproducible and have been validated as a 
molecular typing technique in many  Salmonella  studies. For example, Koteitishvili 
et al. ( 2002 ) compared the performance of MLST with PFGE for 182 environmental 
 Salmonella  isolates from poultry farms and 61 clinical isolates and reported MLST 
based on three genes had better discriminatory ability than PFGE. Furthermore, 
some  Salmonella  Hadar isolates within the same PFGE pulsotype were further 
divided into several MLST types, but not vice versa. Conversely, Fakhr et al. ( 2005 ) 
obtained much better discriminatory power with PFGE for 85  Salmonella  
Typhimurium strains isolated from cattle that had 50 PFGE patterns for which there 
was 100 % MLST identity based on four genes ( spaM ,  pduF ,  glnA , and  manB ). 
Such inconsistencies may be due to the origin of isolates, genetic variation within 
serotypes, and/or gene target selection; however, it is noted that the application of 
MLST needs to be validated with great caution, and the inclusion of virulence genes 
is sometimes required to increase discriminatory ability (Foley et al.  2007 ). 

 The advantage of using housekeeping genes for MLST is that they are present in 
all strains within a species, as they are necessary for the basic maintenance of cel-
lular function. However, because their function is critical to bacterial survival, these 
genes tend to be more conserved and less subject to selective pressure. The lack of 
discriminatory ability sometimes disqualifi es them as good genetic markers for an 
epidemiologic tool. In this situation, the introduction of virulence genes may be 
desired, as they can increase the sensitivity and distinguish isolates that are closely 
related (Foley et al.  2007 ). Although MLST frequently clusters strains of the same 
serotypes, it can also indicate genetic similarity of strains with different serotypes 
but with the same evolutionary descent. Conversely, unrelated strains of the same 
serotype can also be identifi ed by this method (Achtman et al.  2012 ). Unfortunately, 
some serotypes appear monophylogenic by this method; hence fi ner discriminatory 
tools are needed to delineate their lineages (Allard et al.  2013 ). The overall utility of 
the MLST vs. repetitive element-based typing is likely to vary with the lineage of 
strains within a species, and the most accurate and relevant method will likely be 
determined by whole genome sequence (WGS) data analysis.    

      Whole Genome Sequence Analysis ( WGS     ) 

 With the advent of next-generation sequencing platforms, high-throughput sequenc-
ing is not only feasible but is rapidly becoming cost-effective. It is anticipated that 
WGS data will soon become routine for traceback investigations. Recent response 
to outbreaks has highlighted the power of WGS analysis (Hawkey et al.  2013 ). 
Whereas current CDC protocol for PFGE requires approximately 2 weeks, strain 
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characterization by WGS can be completed in less than 1 week and provides more 
informative data. 

 WGS data can be compared against existing or inputted databases in using fasta 
sequences in GenBank (  http://blast.ncbi.nlm.nih.gov/Blast.cgi    ). Genome 
Workbench (  http://www.ncbi.nlm.nih.gov/tools/gbench/    ) is a publically available 
application offered through NCBI, using MUSCLE to perform multiple alignments 
locally. A common tool to construct phylogenies of homologous sequences with 
multiple alignments is the Phylogeny.fr platform (  http://phylogeny.lirmm.fr/phylo_
cgi/simple_phylogeny.cgi    ) (Dereeper et al.  2008 ), which aims to shorten the com-
putation time and uses multiple programs to construct phylogenies with a “One 
Click” approach to alignment and tree building. Various algorithms are used to 
detect single nucleotide polymorphisms (SNPs) as reviewed by Nielsen et al. 
( 2011 ). Genotyping methods take into account the likelihood with which the vari-
ants will be located based on counting allelic frequencies at specifi c sites on a 
 reference genome and assigning a cutoff threshold. More advanced methods employ 
statistical frameworks to compute conditional probabilities, i.e., Bayesian methods. 
Filtering SNP candidates is required, as false-positive results are frequently observed 
(Nielsen et al.  2011 ; Altmann et al.  2012 ). In conjunction with SNP fi ltering, the use 
of appropriate alignment algorithms is essential to allow an acceptable number of 
mismatches between the reference and sequenced genome (Altmann et al.  2012 ). 
This dynamic approach to choosing an appropriate number of allowable mismatches 
is species specifi c and requires alignments to be sorted with respect to chromosomal 
position. SNP-based typing of WGS data is relatively new and has yet to be vali-
dated as a universal traceback method; however, informative SNPs found in gene 
clusters hold an ability to provide additional markers for epidemiologic investiga-
tions (Cao et al.  2013 ). 

 Recent comparison of several molecular typing methods to whole genome 
sequencing has revealed superior discrimination power for WGS compared to other 
typing methods (Cao et al.  2013 ). PFGE was not able to discriminate highly clonal 
strains, and neither PFGE nor MLST correctly identifi ed the relationship among 
lineages within different strains of  Salmonella  Newport that were apparent by 
WGS. Evaluation of WGS for outbreak detection revealed that SNP analysis outper-
formed PFGE, but noted that the validation of this approach requires additional 
evaluation of sequencing platforms, analytical procedures, and larger databases 
(Leekitcharoenphon et al.  2014 ). As more genomes become available and methods 
become standardized, WGS should provide a better understanding of the evolution 
and ecology of  Salmonella  subspecies and serotypes. Genomic sequencing will 
likely provide the basis for the evolution of PulseNet into a similar network based 
on WGS. A  “GenomTrakr” WGS database   is currently under construction through 
a collaboration of CDC, FDA, USDA, and various state health departments and 
academic institutions. This system aims to provide rapid and much more accurate 
analysis of outbreak events based on WGS comparison of a database consisting of 
thousands of strains from locations throughout the world. WGS has the power to 
give high-throughput resolution of genomic information and may become a routine 
tool as a substitution for traditional bacteria typing methods (Leekitcharoenphon 
et al.  2012 ).     
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     Evaluation of Virulence  Potential   

 Finally, potential risks posed by  Salmonella  in agricultural systems cannot be ade-
quately addressed without considering the virulence potential of these organisms. 
Serological methods do not adequately discriminate the virulence potential of envi-
ronmental isolates or clearly delineate their relationship to outbreak lineages. 
Genetic typing methods have major benefi ts over serotyping, but can also have limi-
tations imposed by discriminatory power and reproducibility (Foley et al.  2009 ; 
Lim et al.  2005 ).  Salmonella  strains vary widely in their virulence potential based 
on the relatively small number of genetically related strains that are associated with 
most human disease relative to the expansive diversity of strains from environmen-
tal sources, including domestic and wild animals. Unfortunately, identifi cation of 
virulence markers that predict virulence potential of nontyphoid  Salmonella  gastro-
enteritis is hampered by the lack of an appropriate animal model. For example, 
many isolates of  Salmonella enterica  serotype Typhimurium derived from human 
disease do not cause disease in a mouse model of infection and may lack an essen-
tial “virulence” plasmid (Heithoff et al.  2008 ). Although experimental data in 
bovine models have implicated genes in  Salmonella  pathogenicity island 1 (SPI1), 
deletion of virulence-associated genes on SP1 did not eliminate the ability to cause 
human disease (Hu et al.  2008 ). Furthermore, variability in the presence/absence of 
virulence genes does not reliably correspond to genotype or serotype. 

 Recent studies have exploited WGS to identify genes associated with virulence 
and determine genetic lineages and biomarkers that could be used in traceback 
investigations during outbreaks. For example, Allard et al. ( 2013 ) found variable 
genes within serotype Enteritidis strains that are associated with virulence pathways 
and could be exploited for the development of rapid surveillance and typing meth-
ods (Allard et al.  2013 ). Division of  Salmonella  subsp. into at least two genetic 
populations, clades A and B, was based on 93 randomly selected loci and phyloge-
netic composition of core SNPs in the pan genome (den Bakker et al.  2014 ). 
Serotypes Typhi and Paratyphi A shared a recent common ancestry, which was 
attributed to convergent evolution due to adaptation in the human host. Niche dif-
ferentiation between these clades was supported by segregation of genes encoding 
fi mbriae (clade A) vs. glucuronidases (clade B), involved in adhesion and vertebrate 
host carbon utilization, respectively. Interestingly, a metalloprotease specifi c for 
clade B was associated with bacteria that use insects as alternative hosts. Furthermore, 
serotypes primarily involved in human gastroenteritis (Enteritidis, Typhimurium, 
Newport, and Javiana) were also in clade A, whereas the less common serotypes 
(Infantis, Montevideo, Schwarzengrund, Miami, and Muenster) were in clade 
B. Although sample size was limited in this study, congruent tree topologies impli-
cated gene families that may be related to the subspecies adaptation to warm- 
blooded hosts.   
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    Conclusions 

 Many options are available for detecting  Salmonella  in wildlife and other environ-
mental sources. Technological advances have reduced confi rmation time, but gener-
ally multiple enrichments and subculturing are still required due to the low levels of 
pathogens in environmental sources. Hence, the need for improved detection tech-
nology remains. We have proposed a 4-day method that uses common isolation 
approaches combined with a novel cross-plating technology for higher throughput 
and more cost-effective confi rmation (Fig.  5.1 ). This method can be integrated with 
MPN for quantitative analysis and use of DiversiLab rep-PCR for strain typing. 
Although PFGE is still the “gold standard” for strain discrimination in traceback 
studies, recent collaborative efforts are building an international whole genome 
sequence database that will eventually permit public access to literally thousands of 
strains from different geographic locations, food products, agricultural, veterinary, 
and clinical sources. The prospect of a WGS approach not only holds promise from 
more rapid and accurate source tracking during outbreaks, but will potentially help 
to defi ne virulence potential of the wide repertoire of diverse  Salmonella  popula-
tions for more rapid source tracking and better informed, science-based policy deci-
sions and management strategies.     
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    Chapter 6   
 Reducing the Risk of Foodborne Transmission 
of Nipah Virus                     

       Stephen     P.     Luby     ,     Nazmun     Nahar    , and     Emily     S.     Gurley   

     Abstract      Nipah virus is a paramyxovirus whose wildlife host is large fruit bats in 
the genus  Pteropus . Antibodies against Nipah virus and closely related Henipaviruses 
are common among old world fruit bats that live in Australia, across South and 
Southeast Asia and sub- Saharan Africa, but human infections with Nipah virus are 
uncommon. When humans are infected with Nipah virus 40 – 70 % die. People who 
are infected with Nipah virus can transmit the infection to other people. In the fi rst 
recognized and largest Nipah outbreak, Nipah virus was transmitted from bats to 
pigs in Malaysia. A widespread outbreak among pigs led to infections among peo-
ple who had close contact with infected pigs. The outbreak was arrested by culling 
over 900,000 pigs. Human Nipah virus infections have been identifi ed in Bangladesh 
nearly every year from 2001 through 2014. The most common pathway of human 
Nipah infection is from drinking raw date palm sap.  Pteropus  bats frequently visit 
trees at night where sap is being collected and lick the sap stream as it fl ows into the 
collection pot. Drinking fresh date palm sap is a widely enjoyed seasonal delicacy 
in Bangladesh. Focused intensive interventions in limited areas discouraging people 
from drinking raw date palm sap or encouraging sap harvesters to use skirts to pre-
vent bats access to the sap stream have reduced but not eliminated high risk 
practices.  
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        Introduction 

 Nipah virus is a member of the recently discovered Henipavirus genus of the family 
 Paramyxoviridae . It is closely related to  Hendra virus  , a  Henipavirus   that has caused 
numerous outbreaks in horses and occasional human infections in Australia (Hess 
et al.  2011 ). The wildlife reservoir for both Nipah and Hendra virus is large fruit 
bats in the genus   Pteropus   . Various species of  Pteropus  bats live across South and 
Southeast Asia, Australia, and in Madagascar (Nowak  1994 ). 

 Nipah virus infection does not lead to clinical illness in the bats (Middleton et al. 
 2007 ). Indeed, the virus likely co-evolved with these bats over millions of years 
(Field et al.  2007 ).  Human infection   with Nipah virus commonly causes severe dis-
ease, including encephalitis and respiratory insuffi ciency (Goh et al.  2000 ; Hossain 
et al.  2008 ). Between 40 and 70 % of people infected with Nipah virus die (Chua 
et al.  2000 ; Luby et al.  2009a ). Moreover, when a person becomes infected with 
Nipah virus, they can pass the infection onto other people. In a review of the 122 
Nipah virus cases identifi ed in Bangladesh from 2001 through 2007, 62 (51 %) 
developed illness 5–15 days after close contact with another Nipah virus patient 
(Luby et al.  2009a ). 

 Nipah virus is an example of a  stage III zoonotic disease   (Wolfe et al.  2007 ), 
which is a zoonotic infection that, when it spills over into humans, can be transmit-
ted from person-to-person. The average number of people infected by each new 
case of Nipah virus in humans is <1, so person-to-person outbreaks of Nipah virus 
are characterized by stuttering chains of transmission that eventually burn them-
selves out (Lloyd-Smith et al.  2009 ). During human infection, this RNA virus is in 
an environment that would select for mutations that would adapt the virus for more 
effi cient human infection and person-to-person  transmission  . Thus, each human 
infection with Nipah virus presents a risk for virus evolution that could produce a 
strain of Nipah virus adapted to humans with the potential to generate a devastating 
global pandemic. Hence, Nipah virus not only is a local problem among people who 
encounter this bat virus in Asia but also represents a broader global risk. This chap-
ter borrows background information from earlier reviews written by the authors 
(Luby and Gurley  2012 ; Luby  2013 ,  2014 ), but focuses on issues of foodborne 
transmission from wildlife and efforts at preventing this transmission.  

    Human Nipah Virus Outbreaks 

      Malaysia/Singapore   

 Human Nipah virus infection was fi rst recognized in a large outbreak among domes-
tic pig ( Sus scrofa ) farmers in peninsular Malaysia from September 1998 through 
May 1999 (Paton et al.  1999 ; Chua et al.  2000 ; Chua  2003 ). Compared with people 
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who lived on the same farms but were not infected, Nipah virus-infected patients 
were more likely to have direct contact with pigs that appeared sick and to have 
close contact with pigs through feeding pigs, processing baby pigs, assisting in 
breeding of pigs, assisting in the birth of pigs, injecting or medicating pigs, and 
handling dead pigs. 

 Between March 10 and 19, 1999, 11 workers in one of Singapore’s abattoirs 
became infected with Nipah virus and developed encephalitis or pneumonia (Paton 
et al.  1999 ). One worker died. Compared to controls who were also abattoir work-
ers, cases were more likely to be exposed to pig urine or feces from pigs imported 
from Malaysia during the Malaysian Nipah virus outbreak. Nipah virus RNA recov-
ered from autopsy specimens from the one deceased worker had a nucleotide 
sequence that was identical to isolates from humans and from pigs in Malaysia 
(Paton et al.  1999 ). 

 Most pigs infected with Nipah virus had mild illness, with ≤5 % of infected adult 
pigs dying of the disease (Mohd Nor et al.  2000 ). Severely affected pigs had exten-
sive involvement of their lungs with a giant cell pneumonia. The multinucleated 
syncytial cells of the lungs and the epithelial cells lining the upper airways con-
tained Nipah virus antigen (Chua et al.  2000 ). Nipah virus was recovered from 
respiratory secretions of infected pigs, and Nipah virus antigen was also detected in 
renal tubular epithelial cells (Chua et al.  2000 ; Middleton et al.  2002 ). 

 The isolation of Nipah virus from pigs’ lungs and respiratory secretions com-
bined with the observation that human cases of Nipah virus infection had more 
contact with pigs’ secretions and excretions than controls suggests that Nipah virus 
was transmitted from infected pigs to humans through contaminated saliva and pos-
sibly urine. The human outbreak of Nipah virus infection ceased after widespread 
deployment of personal protective equipment to people contacting sick pigs, 
restrictions on livestock movements, and culling over 900,000 pigs (Uppal  2000 ). 
Since the outbreak ended in 1999, through 2014 no human or porcine Nipah virus 
infections have been reported from Malaysia. Pork consumption was not associated 
with Nipah virus infection in either Malaysia or Singapore. Rather, exposure to 
infected pigs was the primary pathway of transmission.   

     India/Bangladesh   

 The epidemiology of human Nipah virus infection in Bangladesh/India has been 
quite different than in Malaysia. Since 2001, human infections with Nipah virus 
have been recognized in South Asia most years (Fig.  6.1 ). The cases in Bangladesh 
have largely clustered in western/northwestern Bangladesh (Fig.  6.2 ). The two rec-
ognized Indian outbreaks occurred in West Bengal, close to where cases have been 
repeatedly identifi ed in Bangladesh (Fig.  6.2 ).
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  Fig. 6.2    Location of human Nipah virus infections in Bangladesh and India 2001–2014       

  Fig. 6.1    Human infections with Nipah virus infection in Bangladesh and India by year       
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          Nipah Virus Foodborne  Transmission   Through Date Palm Sap 

 Outbreak investigations in Bangladesh have identifi ed drinking raw date palm sap 
as the most common pathway of Nipah virus transmission from  Pteropus  bats to 
people. The 2005 outbreak investigation in Tangail, Bangladesh, found that Nipah 
virus cases were 7.9 times more likely to report drinking raw date palm sap in the 
10 days before they developed illness than neighborhood matched controls (Luby 
et al.  2006 ). Similarly in the 2008 outbreak in Manikgonj and Rajbari districts in 
Bangladesh, cases were 25 times more likely than controls to report drinking raw 
date palm sap (Rahman et al.  2012 ). In outbreaks in Faridpur, Bangladesh, in 2010, 
and in Lalmonirhat in 2011, cases were again signifi cantly more likely than controls 
to report drinking raw date palm sap in the 2 weeks prior to the onset of illness 
(Chakraborty  2011 ; Sazzad et al.  2013 ). The outbreaks of human Nipah virus infec-
tion in Bangladesh and India coincided with the date palm sap harvesting season 
(Luby et al.  2009a ). 

 In Bangladesh, date palm sap harvesters most commonly begin collecting sap 
following the fi rst cold night in November or December and continue collecting 
most regularly through January and early February, though some harvesters con-
tinue to collect in at least a few trees through March, and some harvesters collect sap 
for fermentation year-round. At the beginning of the season, the bark is shaved off 
of one side of the tree ( Phoenix sylvestris ) near the top in a V-shape, and a small 
hollow bamboo tap is placed at the base of the V (Nahar et al.  2010 ). In the late 
afternoon, the date palm sap harvester climbs the tree, scrapes the area where the 
bark is denuded so the sap can fl ow freely, and ties a 2–4-l clay pot underneath the 
tap. During the night as the sap rises to the top of the tree, some sap oozes out from 
where the bark is denuded, fl ows through the tap, and drips into the clay pot. Palm 
sap harvesters climb the trees at daybreak to gather the clay pots. 

 Most date palm sap in Bangladesh is cooked and made into molasses that is a 
popular sweetener for cakes and other desserts (Halim et al.  2008 ; Nahar et al. 
 2010 ). Some date palm sap is sold raw for immediate consumption. Harvesters 
will often share raw sap as a treat with family members or neighbors, or walk 
house to house near where the sap was collected and offer it for sale to neighbors. 
Sometimes people come to the harvester’s home to purchase sap, or the harvester 
sells his raw sap in the local market. A few hours after sunrise, presumably because 
of progressive fermentation, the date palm sap is less sweet and so sap sellers 
lower the price. 

 Sap harvesters and villagers report that bats and other animals sometimes visit 
the trees during sap collection. Sap harvesters commonly fi nd bat feces outside of 
the clay pot or fl oating in the sap and occasionally fi nd drowned dead bats fl oating 
in the pots (Luby et al.  2006 ; Nahar et al.  2010 ). Infrared wildlife photography con-
fi rms that  Pteropus  bats, the presumed reservoir of Nipah virus in Bangladesh, com-
monly visit date palm trees during collection and lick the sap stream (Khan et al. 
 2010 ) (Fig.  6.3 ). Infrared cameras placed in the seven trees that were the source of 
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raw date palm sap drunk by the human Nipah virus cases in the 2008 Manikgonj/
Rajbari outbreak identifi ed an average of four  Pteropus  bat visits per tree where the 
bat licked the sap stream, per night of observation (Rahman et al.  2012 ).

   Date palm sap is a plausible vehicle for transmission of Nipah virus from 
 Pteropus  bats to people.  Pteropus  bats occasionally shed Nipah virus in their saliva 
(Wacharapluesadee et al.  2005 ; Anthony et al.  2013 ). The infrared camera studies 
confi rm that  Pteropus  bats directly lick raw date palm sap and occasionally urinate 
in the sap collection pot (Khan et al.  2010 ; Rahman et al.  2012 ). Nipah virus inocu-
lated in fruit juice was recoverable at high concentrations 3 days later (Fogarty et al. 
 2008 ). Nipah virus that was inoculated into a solution of 14 % sucrose and 0.21 % 
bovine serum albumin to mimic date palm sap survived for 8 days at 22 °C with no 
reduction in titer (de Wit et al.  2014 ); two of eight hamsters that drank this artifi cial 
date palm sap developed Nipah virus infection and died (de Wit et al.  2014 ). Nipah 
virus has not been isolated directly from date palm sap. This is not surprising 
because  Pteropus  shedding of Nipah virus is intermittent (Wacharapluesadee et al. 
 2010 ), and with the median 10-day incubation period from exposure to date palm 
sap to illness (Rahman et al.  2012 ), and the time required to recognize an outbreak 
of Nipah virus, outbreak investigation teams have only been able to collect sap 
samples from trees weeks after the likely transmission event. 

 Some date palm sap in Bangladesh is fermented into palm wine ( tari ). One Nipah 
virus case in India (Arankalle et al.  2011 ) and an outbreak in Bangladesh (Islam 
 2012 ) have been tied to drinking this fermented date palm sap. Apparently, at least 
in some cases, the alcohol content of the fermented sap is insuffi cient to inactivate 
the virus.   

  Fig. 6.3    Night-time 
infrared photograph of a 
fruit bat licking a stream of 
date palm sap       
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     Nipah Virus Person-to-Person  Transmission   

 Person-to-person transmission of Nipah virus has been repeatedly identifi ed in 
Bangladesh/India. The fi rst Nipah virus outbreak recognized in the Indian subcon-
tinent was a large outbreak affecting 66 people in Siliguri, India, in 2001. The out-
break apparently originated from an unidentifi ed patient admitted to Siliguri District 
Hospital who transmitted infection to 11 additional patients, all of whom were 
transferred to other facilities. In two of the facilities, subsequent transmission 
infected 25 staff and 8 visitors (Chadha et al.  2006 ). The longest sustained chain of 
person-to-person transmission of Nipah virus so far identifi ed in Bangladesh 
occurred in an outbreak in Faridpur District in 2004. Friends and family members 
who provided direct care to Nipah virus-infected patients, or helped to carry them 
or transport them to health facilities when they were near death, sustained a chain of 
transmission through fi ve generations (Gurley et al.  2007 ). 

 Nipah virus RNA has been frequently identifi ed in the saliva of Nipah virus- 
infected patients (Chua et al.  2001 ; Harcourt et al.  2005 ). Outbreak investigations in 
Bangladesh suggest that exposure to respiratory secretions is the primary vehicle of 
person-to-person transmission of Nipah virus (Gurley et al.  2007 ). Across all recog-
nized outbreaks in Bangladesh from 2001 through 2007, Nipah virus patients who 
had diffi culty breathing during their illness were more likely to transmit Nipah virus 
than Nipah virus patients who did not have diffi culty breathing (12 % vs. 0 %, 
 p  = 0.03) (Luby et al.  2009a ).   

    Other Plausible Pathways of Nipah Virus Transmission 

 There are a number of plausible pathways of Nipah virus transmission from  Pteropus  
bats to people that have been explored in outbreak investigations in Bangladesh, but 
have not been implicated as pathways of transmission. One such plausible pathway 
is living underneath a bat roost.   Pteropus  bats   intermittently shed Nipah virus in 
their urine (Wacharapluesadee et al.  2010 ). Although many villages have  Pteropus  
bat roosts within or just outside the village boundary, outbreak investigators infre-
quently identify homes underneath or immediately adjacent to a bat roost, and such 
close proximity to bat roosts is no more common among Nipah cases than among 
controls (Luby et al.  2009b ). 

  Another plausible pathway of transmission is consumption of bat bitten  fruit  . 
Both birds and fruit bats often drop fruit after taking a single bite. In Bangladesh, 
where child malnutrition is widespread (NIPORT  2013 ), ripe tasty dropped fruit is 
commonly picked up and eaten by rural residents. In each of the outbreak investiga-
tions in Bangladesh, consumption of dropped fruit has been evaluated as a potential 
exposure, but in none of the outbreaks has cases been reported to have eaten dropped 
fruit signifi cantly more commonly than controls (Hegde et al.  2013 ). Similarly, eat-
ing molasses, a product cooked at high temperature from date palm sap, has not 
been implicated in Nipah virus transmission.   
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     Discouraging Consumption of  Raw Date Palm Sap   

 Investigations of the fi rst three recognized human Nipah outbreaks in Bangladesh 
did not implicate drinking raw date palm sap as a risk factor for infection (Hsu et al. 
 2004 ; Gurley et al.  2007 ). When outbreak investigations in 2005 and 2008 impli-
cated raw date palm sap as a pathway of transmission, government health workers 
disseminated messages in the affected communities to avoid drinking raw date palm 
sap. These messages were not disseminated nationally. Ministry of Health person-
nel noted that drinking date palm sap was popular in rural Bangladesh and the abso-
lute risk of a single exposure was low. They expressed concern for the livelihood of 
sap harvesters. After successive high mortality outbreaks with outbreak investiga-
tions repeatedly implicating raw date palm sap as the pathway of transmission of 
Nipah virus from bats to people (Chakraborty  2011 ; Sazzad et al.  2013 ), in 2012 the 
Bangladesh Ministry of Health and Family Welfare began recommending that peo-
ple not drink raw date palm sap. 

 With support from USAID, a research team collaborated with the Government of 
Bangladesh to evaluate the impact of a professionally developed behavior change 
intervention in reducing raw date palm sap consumption. This “no raw sap” 
approach was implemented in 342 villages in Rajbari District during the 2012/2013 
date palm sap collection season (Nahar et al.  2014b ). A local nongovernmental 
organization convened meetings with 281 opinion leaders to seek support for the 
campaign to discourage raw date palm sap consumption. They noted that consum-
ing molasses that was made from cooking date palm sap was safe and that this mes-
sage would be included to preserve the livelihood of sap harvesters. The local 
nongovernmental organization conducted 304 community meetings discouraging 
drinking raw date palm sap. The intervention included a professionally developed 
public service announcement that presented a short docudrama, providing an engag-
ing story that explained the risks of raw date palm sap and discouraged consump-
tion. The public service announcement was broadcast on local cable networks that 
served these communities. Intervention implementers also distributed 3000 posters 
(Fig.  6.4 ) in the villages and 1500 calendars reinforcing the message distributed to 
opinion leaders.

   The effect of the intervention was assessed by comparing knowledge and behav-
ior in “no raw sap” intervention villages with knowledge and behavior in 
 nonintervention villages selected from a different district where Nipah virus out-
breaks had also occurred (Nahar et al.  2014b ). After the intervention, 60 % of com-
munity respondents in the intervention villages reported knowing about a disease 
that could be transmitted from bats to humans, compared with 20 % in control vil-
lages. The “no raw sap” intervention was implemented at the beginning of the date 
palm sap collection season. At the end of the season, 18 % of residents of interven-
tion villages reported consuming raw date palm sap during the season, compared 
with 40 % of residents of nonintervention villages. This difference in reported behav-
ior was also noted in observational assessments. In control villages, observers noted 
that 53 % of sap harvesters sold raw date palm sap for immediate consumption. 
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By contrast, in intervention villages observers noted that 22 % of sap harvesters sold 
raw sap. These results suggest that communicating the risk of consumption of raw date 
palm sap reduced the population’s exposure to raw sap and so likely to Nipah virus.   

    Improving the Safety of  Raw Date Palm Sap   

 Some residents of rural Bangladesh continued to drink raw date palm sap even after 
being informed of the risk. Such responses to warnings are commonly observed fol-
lowing public health interventions. For example, even after explaining health risks, 
some people continue to smoke cigarettes, some people continue to inject drugs, 
and some people habitually consume excess calories. Thus, we began to explore 
strategies to reduce the risk of Nipah virus contamination of raw date palm sap for 
those who continued to consume it. 

 During focused anthropological studies, many date palm sap harvesters indi-
cated that fruit bats were a nuisance (Nahar et al.  2010 ). They noted that the bats 
drank some of the sap, sometimes fouled the sap with their secretions and defeca-
tion, and sometimes even drowned within the pot of sap. Sap harvesters occasion-
ally used different strategies to protect the sap, including applying lime around the 
shaved part of the tree or attaching a bamboo skirt, which was a variation on com-
monly made fi shing nets to prevent bat access to the sap stream and collection pot 
(Fig.  6.5 ) (Nahar et al.  2010 ).

  Fig. 6.4    English translation of poster from “No Raw Sap” campaign       
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   To assess the acceptability of making  skirts   to protect the sap stream, fi eld 
researchers described the process of skirt making and encouraged ten sap harvesters 
to make them. They used old dried bamboo, which was available locally, and tied it 
together with twine. The total materials cost less than $.10 per skirt, but they 
required an average of 102 min to assemble and 70 s to apply the skirt to a date palm 
tree (Nahar et al.  2013 ). The intervention team recommended applying skirts to all 
of the trees, but sap harvesters used skirts selectively. Harvesters targeted specifi c 
trees that produced the sweetest sap for raw consumption and so for use of skirts. 
For the majority of trees that generated sap for molasses, the harvesters did not 
bother using skirts. In follow-up qualitative assessments, the sap harvesters 
expressed favorable impressions of the skirt. One explained, “ This is the fi rst time 
the owner of the date palm trees took sap from me for raw consumption, as the sap 
was better in quality .” A second harvester opined, “ When people will come to know 
that I use a bamboo skirt, they will be more interested to buy molasses which I 
make. ” We concluded that sap harvesters could make the skirts and there was a 
potential added value to them for investing the time. 

 We evaluated whether applying lime or skirts reduced bat contact with date palm 
sap. Field researchers applied lime around the shaved part of a tree. In four nights of 
infrared camera observation, 60 bats visited the shaved part of the tree. We con-
cluded that the lime was not an effective deterrent. Next, we evaluated the effi cacy 
of the skirts (Khan et al.  2012 ). In our fi rst effort we enrolled a single villager to 
make skirts. Depending on the particular tree and the placement of the pot, 35 % of 

  Fig. 6.5    Bamboo skirt 
covering the sap stream 
and entrance to a date palm 
sap collection pot       
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the time the short skirts that he produced did not completely cover the sap stream. 
Field researchers placed infrared cameras with motion detectors in the trees to 
record the activities of bats approaching the trees. On nights that trees were pro-
tected at least partially by a skirt, bats visited the tree and directly contacted the sap 
stream a mean of two times per night compared with a mean of 32 contacts per night 
when the sap stream was not covered with a skirt (Khan et al.  2012 ). 

 In the subsequent season we attempted to improve the effectiveness of the skirts 
in preventing bat access to date palm sap (Khan et al.  2012 ). We ensured that the 
skirts were long enough to completely cover the pot and the shaved part of the tree. 
In addition, in piloting efforts to encourage harvesters to make their own skirts, 
some harvesters, instead of using bamboo, used stalks from different locally 
 available plants or sheets of polyethylene (Nahar et al.  2014a ). Thus, for the second 
evaluation of the effectiveness of skirts, we evaluated four different types of materi-
als to make skirts—stalks from three locally available plants—bamboo, jute or 
 doincha  or polyethylene sheets. Field researchers identifi ed 277 tall date palm sap- 
producing trees in a single village, and randomly selected 60 trees. They identifi ed 
60 matched trees of similar height, and shaving pattern. They randomly assigned 
one of the matched pair to be the control tree and assigned the other tree to receive 
one of the intervention skirts. Field researchers again set up infrared cameras with 
motion detectors to record the activities of bats approaching the trees. The skirts 
were remarkably effective in preventing bat access to the sap stream. For the control 
trees, 3556 episodes of bat contact with the sap stream was observed on the infrared 
cameras, but there were zero contacts with the sap streams protected by a bamboo, 
doincha, or polyethylene skirt. One jute skirt had suffi cient space between two of 
the jute stalks that a few persistent bats were able to contact sap on 11 occasions. We 
concluded that skirts made from a variety of materials, if properly applied, would 
prevent bat access to date palm sap. 

 While the effi cacy study of the skirts was ongoing, we also worked with sap 
harvesters to evaluate their willingness to use skirts when they collected sap. The 
fi rst skirt uptake trial was conducted between December 2009 and February 2010. 
The intervention team targeted 1303 tree owners and 168 sap harvesters in 15 vil-
lages in Faridpur District. During intervention meetings, fi eld researchers explained 
the risk of Nipah virus, demonstrated how to make skirts, and encouraged the sap 
harvesters and tree owners to use them. In the baseline evaluation, 3 % of sap har-
vesters and 1 % of tree owners reported using a skirt in the previous season. In the 
season following the intervention, 30 % of sap harvesters and 10 % of tree owners 
reported using skirts at least once, but in the subsequent sap collection season 1 year 
later, only 9 % of sap harvesters and 4 % tree owners reported using any skirts on 
their trees (Sultana et al.  2013 ). We concluded that some sap harvesters could be 
motivated to use skirts to protect those trees used for selling raw date palm sap, but 
without stronger incentives and ongoing promotion, uptake would be limited and 
leave most consumers of raw date palm sap at risk for exposure to Nipah and other 
bat-borne viruses. 

 To assess the feasibility, acceptability, and effectiveness of a larger scale approach 
to reduce risk, researchers expanded their collaboration with the Government of 
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Bangladesh and developed and implemented a risk reduction intervention in 
Faridpur District in parallel to the “no raw sap” intervention described above. The 
core messages of the “only safe  sap  ” intervention were that drinking raw date palm 
sap exposed consumers to the risk of a deadly virus and that the safest practice was 
to avoid drinking raw date palm sap, but if people were intent on drinking date palm 
sap, they should insist that the sap be collected from a skirt-protected tree. 

 The elements of the “only safe sap” intervention were similar to the “no raw sap” 
intervention. The intervention team produced a longer version of the docudrama 
public service announcement that included the message of only drinking sap if it 
was protected with a skirt. A nongovernment organization convened 220 commu-
nity meetings in rural villages and 381 meetings with opinion leaders. They placed 
6000 posters (Fig.  6.6 ) in the intervention area and distributed 5000 calendars to 
community leaders that contained the key messages. The intervention organization 
reached out separately to sap harvesters and tree owners. During three rounds of 
visits to 1160 sap harvesters, they transmitted the central messages and lead ses-
sions where they taught harvesters how to make skirts out of local materials and 
encouraged them to use them regularly.

   After the intervention, 71 % of community respondents in the “only safe sap” 
communities reported knowing about a disease that could be transmitted from bats 
to humans compared with 20 % in control villages. At baseline a similar proportion 
of respondents in “only safe sap” intervention villages (44 %) and nonintervention 
villages (40 %) reported consuming raw date palm sap during the preceding season. 
At endline, respondents in the “only safe sap” intervention villages were much more 
likely to report drinking raw date palm sap from a skirt-protected tree (43 %) com-
pared with baseline (3 %) (Nahar et al.  2014b ). 

  Fig. 6.6    English translation of poster from the “Only Safe Sap” campaign       
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 We concluded that a focused effort to encourage using skirts increased the pro-
portion of raw date palm sap that was protected from bat exposure, though the 
impact on total consumption of raw date palm sap was less clear.  

    Nipah Transmission Through  Horsemeat   in the Philippines 

 During 2014 on the island of Mindanao in the Philippines, health authorities inves-
tigated a cluster of 17 ill persons with symptoms of encephalitis or severe respira-
tory illness that occurred following ten horse deaths in two villages (Ching et al. 
 2015 ). Nine (53 %) of the human cases died. All of the horses were found dead; nine 
of the ten showed neurological signs (head tilting, circling, ataxia) before death. 
Seven of the human cases slaughtered the horses or ate the horsemeat and three ate 
horsemeat, but did not participate in slaughtering. Five human cases had no expo-
sure to horsemeat, but cared for people who became ill. Four cats and one dog that 
ate meat from the same horses also died within 5 days of consumption. Available 
serum from three patients had neutralizing antibodies against Nipah virus. This out-
break demonstrates another pathway for Nipah virus foodborne transmission.  

    Broader Risks 

 There is little direct  foodborne risk   of Nipah virus to the global human population. 
Consumption of meat from animals that die of illness is a local practice in many 
impoverished communities (Chakraborty et al.  2012 ; Sultana et al.  2012 ), but is less 
likely to contaminate the global food supply. Palm sap is a locally produced, locally 
consumed product that perishes rapidly and so is not available in distant markets. 
Various communities in Africa and Asia collect palm sap, ferment it, and subse-
quently sell and consume it as palm wine (Okereke  1982 ; Bennett et al.  1998 ; 
Lebbie and Guries  2002 ). Outbreaks in both  India   (Arankalle et al.  2011 ) and 
Bangladesh (Islam  2012 ) have been linked to drinking this fermented date palm sap. 
Apparently, within the sugary sap matrix of at least some of the fermented sap, the 
alcohol concentration is insuffi cient to inactivate Nipah virus. Henipaviruses or 
strands of RNA closely related to known strains of  Henipaviruses   have been identi-
fi ed from  Pteropus  bats and the closely related  Eidolon  family of fruit bats across 
sub-Saharan Africa, South and Southeast Asia (Drexler et al.  2009 ,  2012 ; 
Wacharapluesadee et al.  2010 ; Field et al.  2011 ; Anthony et al.  2013 ). Hence, Nipah 
virus or another bat virus that causes human disease could be passed from bats to 
people through palm wine. 

 Recently, scientists have identifi ed serum that neutralized Nipah virus among 
people in Cameroon who butcher bats (Pernet et al.  2014 ). Although no disease has 
yet been linked to these apparent Henipavirus infections, they demonstrate a poten-
tial pathway of exposure to Henipavirus that may include foodborne transmission. 
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 More generally, foodborne  transmission   of Nipah virus to people in South Asia 
means that this RNA virus is exposed to an environment that selects for mutations 
that favor adaptation to human infection and human transmission. Although the 
probability of this type of transformation from a virus that causes only stuttering 
chains of person-to-person transmission to a virus that is adapted for sustained 
person- to-person transmission is unknown, this transition was apparently accom-
plished by measles virus, another paramyxovirus, that apparently evolved between 
the eleventh and twelfth century from the progenitor of rinderpest virus, a pathogen 
of cattle and other hoofed animals (Furuse et al.  2010 ). 

 An individual’s decision to drink date palm sap not only places his/her own 
health at risk, but because of the risk of person-to-person  transmission  , places his or 
her community at risk. Thus, society has an interest in reducing exposure to Nipah 
virus. The communication materials developed in the intervention trials to discour-
age consumption of raw date palm sap or only to drink protected sap apparently 
contributed to changing behavior, so they could be disseminated to communities 
across Bangladesh where date palm sap is harvested. If further investigation of 
transmission patterns of bat-borne viruses implicates palm wine in others settings, 
then deploying skirts to protect sap streams from bat contamination or other strate-
gies to reduce the risk of transmission could be recommended more broadly. 

 An alternative strategy to reduce the risk of foodborne transmission of Nipah 
virus would be to  vaccinate   people who are at risk of exposure. Animal studies have 
demonstrated that vaccines can protect against Henipavirus infection (Bossart et al. 
 2011 ; Pallister et al.  2011 ). Australia has deployed a vaccine against Hendra virus 
to protect horses and the people who come in contact with them (Middleton et al. 
 2014 ). Hendra virus is closely related to Nipah virus and the vaccine is likely cross 
protective (Bossart et al.  2012 ). Although a human vaccine would not be a cost- 
effective strategy to prevent 10 or 20 deaths per year in Bangladesh, if the risk of 
pandemic transformation of the virus is high enough, such vaccination may be a 
sound investment to reduce the risk of a pandemic strain of Nipah virus gaining a 
foothold in South Asia and spreading globally. Because of the risk of person-to- 
person transmission and the unknown risk of  pandemic   transformation, efforts to 
reduce the risk of foodborne transmission of Nipah virus are a global concern.     
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    Chapter 7   
 A Survey of How Growers, Shippers, 
and Handlers Address Food Safety Risks 
from Wildlife in Leafy Greens                     

        Henry     Giclas       and     Diane     Wetherington   

    Abstract     The September 2006  E. coli  spinach outbreak eroded consumer confi -
dence, costing the leafy green industry millions of dollars. In response in 2007, 
commodity-specifi c food safety guidelines for lettuce and leafy greens were adopted 
by the California Leafy Green Products Handler Marketing Agreement (CALGMA). 
The guidelines, known as the  Commodity Specifi c Food Safety Guidelines for the 
Production and Harvest of Lettuce and Leafy Greens  (CSGLLG) (Western Growers, 
  http://www.wga.com/issues/food-safety    , 2013), address food safety concerns asso-
ciated with animals and animal events, and provide guidance for reducing potential 
crop contamination associated with wildlife risks. Today, CALGMA estimates that 
99 % of California leafy green production volume, and roughly 75 % of leafy green 
production in the USA, are grown using these guidelines (CALGMA,   http://www.
caleafygreens.ca.gov/about-us/annual-reports    , 2010).  

  Keywords     California   •   Conservation   •   Good agriculture practices   •   Food industry   
•   Leafy Greens Marketing Agreement   •   Produce food safety   •   Spinach   •   Survey   • 
  Wildlife  

        Introduction 

 The September 2006  E. coli  spinach outbreak   eroded consumer confi dence, costing 
the leafy green industry millions of dollars. In response in 2007, commodity- specifi c 
food safety guidelines for lettuce and leafy greens were adopted by the California 
Leafy Green Products Handler Marketing Agreement ( CALGMA  ). The guidelines, 
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known as the  Commodity Specifi c Food Safety Guidelines for the Production and 
Harvest of Lettuce and Leafy Greens  (CSGLLG) (Western Growers  2013 ), address 
food safety concerns associated with animals and animal events, and provide guid-
ance for reducing potential crop contamination associated with wildlife risks. Today, 
CALGMA  estimates   that 99 % of California leafy green production volume, and 
roughly 75 % of leafy green production in the USA, are grown using these guide-
lines (CALGMA  2010 ). 

 Guidance compliance is monitored by the California Department of Food and 
Agriculture (CDFA) auditors using a checklist based on the  CSGLLG  . Forty-fi ve 
out of more than 200 questions in the checklist relate to wildlife. Of concern to 
environmental organizations and others (Wild Farm Alliance  2008 ; RCD 
Monterey County  2007 ) is that some growers’ practices for addressing potential 
contamination have adverse impacts on wildlife and the environment. In particu-
lar, environmental organizations have concerns about the impact of these prac-
tices on wildlife habitat and water quality. One concern was that some species 
might have migration routes affected by fencing, or endangered species might be 
indiscriminately killed by trapping, baiting, or other methods. Another concern 
was that buffer strips (removal of vegetation) could have an adverse impact on 
stream or wetland quality. 

 Hence,  Western Growers   conducted an extensive research project that included 
a review of relevant peer-reviewed scientifi c literature, and a survey of California 
leafy green growers regarding their wildlife and conservation practices. This 
research was conducted to determine whether the audit questions might promote 
negative impacts on habitat and animal populations, and if so to obtain information 
for modifi cation of best practices and audit questions to reduce or remove potential 
conservation concerns while protecting the microbiological safety of produce. This 
research was conducted through a survey of the industry to determine common 
practices used in leafy greens operations, and identify those practices that actually 
posed wildlife and environmental concerns. Areas of the CSGLLG that were 
unclear or that raised concerns were identifi ed and solutions were proposed based 
on current science. Ultimately, as a result of this research,  California vegetable 
growers   benefi ted by having more effective and effi cient practices identifi ed, while 
unnecessary practices were eliminated from food safety guidelines, thereby saving 
growers both time and money, as well as reducing pressure on the surrounding 
habitat and animal populations. From these research fi ndings, the Commodity 
Specifi c Food Safety Guidelines for the Production and Harvest of Lettuce and 
Leafy Greens were modifi ed and an expert panel was convened to review and refi ne 
recommended changes. 

 The recommendations were submitted to the California Leafy Greens Marketing 
Agreement Technical Subcommittee and subsequently adopted in an effort to 
strengthen the relationship between co-management and food safety in the 
CALGMA metrics. Many of the recommendations are refl ective of what the indus-
try was already doing in accordance with the survey results. While strengthening 
food safety, the changes should reduce pressure on wildlife and wildlife habitats in 
leafy green production areas throughout California. In essence, these changes 
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shifted the focus from concerns about discrete lists of animals and animal intrusion 
to an emphasis on fecal matter in the fi eld. The modifi cations are science-based, 
auditable changes to metrics that have the support of industry leaders, wildlife and 
environmental experts, and food safety scientists. Additionally, all changes were 
vetted with both the United States Department of Agriculture (USDA) and the Food 
and Drug Administration (FDA).  

    Materials and Methods 

 The project included a grower survey to (1) identify current production practices 
and their perceived impact on wildlife and the environment, (2) a review of the sci-
entifi c literature addressing food safety concerns in relation to wildlife and environ-
mental risks, and (3) assembly of a food safety and environmental expert panel to 
review and recommend changes to the CSGLLG.    The recommended changes were 
reviewed, commented on, further clarifi ed, and then incorporated in the CSLLLG 
by a process managed by Western Growers. 

     Survey      

 The survey was designed to identify current California leafy green food safety 
guidelines and co-management practices having potential adverse effects on wild-
life and/or the environment. In 2007, the Resource Conservation District (RCD) of 
Monterey conducted an environmental practices survey for row crops (RCMD 
 2007 ) and this leafy green survey was structured based on the approach taken by the 
RCD. The in-depth survey consisted of 84 questions and employed skip logic. Prior 
to initiating the survey, it was reviewed with industry members and conservation 
experts.  

    Survey  Distribution   

 Between July 2010 and January 2011,  iDecisionSciences (IDS)   designed and con-
ducted the industry study using an Internet survey approach. Leafy green industry 
members were informed about the questionnaire through e-mails and newsletters 
from various industry groups, including the California Leafy Greens Products 
Handler Marketing Agreement, the Grower-Shipper Association of Central 
California, the Grower-Shipper Associations of Santa Barbara and San Luis Obispo, 
the Imperial Valley Vegetable Growers Association, and Western Growers. Efforts 
were made to reach as many leafy green producers growing under food safety pro-
grams, such as the CALGMA, as possible.  
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     Data Collection and Analysis   

 Responses from 53 questionnaires were used for the analysis. Based on a sample 
population of 197 growers, the number of returned questionnaires represented 26.9 % 
of leafy green growers in California. Once the database was validated, a statistical 
analysis of the survey results was performed using Microsoft Excel. 

 The majority of respondents (77.4 %) planted more than 500 total crop acres in 
2009. Acreage planted includes all crops and not just leafy greens. Respondents 
who planted fewer than 500 crop acres were equally divided by acreage: 0–50 acres 
(7.4 %), 51–200 acres (7.4 %), and 201–500 acres (7.4 %). Applying the SBA’s defi -
nition of a small business (growers earning less than $750,000 per year, roughly 
estimated to be equivalent to 500 production acres), it appears as if three-quarters of 
the questionnaire respondents were large growers (77 %) and the remainder of the 
questionnaire population consisted of small- to medium-sized growing operations 
(23 %). Most of the respondents indicated that their crops were conventionally 
grown (67.3 %), although some grew organic and conventional crops (28.8 %). A 
small percentage of the respondents grew only organic crops (3.8 %).   

    Review of Scientifi c Literature 

 Over 120 articles, websites, and studies relating to  co-management issues   associ-
ated with leafy green food safety and conservation practices were reviewed for rel-
evance. Preference was given to peer-reviewed and other scientifi c journal articles. 
In addition to the research summaries, government agency guidelines and agency 
recommendations for conservation practices were searched, and several govern-
ment agencies were contacted to obtain further information on these topics. The 
research was conducted to better understand co-management issues facing growers 
and to provide background information for the expert panel.  

      Expert Panel Review   

 Eight expert panel members were selected to represent small, medium, and large 
growers, wildlife non-governmental organizations (NGOs), wildlife academics, 
produce shippers, produce processors, and food safety academics. Government rep-
resentatives from the USDA and the FDA participated as observers and offered 
insights where appropriate. Expert panel members met 12 times between August 
2011 and March 2012. 

 After a review of the survey responses and the scientifi c literature, expert panel 
members used professional judgment to develop recommendations for refi ning the 
CSGLLG food safety and wildlife guidelines.   
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    Survey Results 

      Food Safety Programs   

 Growers were asked about the food safety programs they use. All of the growers 
responding to the questionnaire have a food safety program in place, and many are 
following multiple programs. The  LGMA   and the  PrimusLabs.com GAP programs   
are named more than any other program (Table  7.1 ). Growers used buyer-specifi c 
food safety programs and other third-party programs such as the Safe Quality Food 
Institute’s SQF program. Only 15.1 % of the respondents were using the USDA 
GAP/GHP verifi cation program; 20.8 % were using GLOBALG.A.P.

   Most growers as opposed to shippers (44.2 %) or buyers (34.9 %) receive spe-
cifi c details about individual food safety programs from auditors (69.8 %). If 
requirements are confl icting, growers managed the confl icts by applying the most 
stringent requirements to all operations as opposed to applying the individual 
requirements to specifi c acreage. 

 Growers described the process they use to identify areas where their leafy green 
acreage may be at risk from wildlife concerns. While most growers look for signs 
of animal presence, the process and frequency of monitoring for animal activity 
varied. Some growers cited the need for a pre-season assessment followed by rou-
tine monitoring that may occur weekly or daily. There was not an agreed-upon 
approach to how the assessments were done, when they were done, and how fre-
quently routine monitoring occurred. 

   Table 7.1    Food safety programs currently in place for leafy greens grown in California, July 2010 
to January 2011( n  = 53)   

 Program a  
 Number of 
respondents  Percent 

 CALGMA  47  88.7 
 PrimusLabs.com GAP Program  33  62.3 
 GLOBALG.A.P.  11  20.8 
 Buyer-specifi c program  10  18.9 
 AZ LGMA   9  17.0 
 USDA-AMS GAP/GHP Audit Verifi cation Program   8  15.1 
 NSF Davis Fresh   5   9.4 
 Other   3   5.7 
 SQF   1   1.9 
 None   0   0.0 

   CALGMA  California Leafy Green Products Handler Marketing Agreement,  GAP  Good Agricultural 
Practices,  GLOBALG.A.P.  certifi cation system for international Good Agricultural Practices,  AZ 
LGMA  Arizona Leafy Green Products Shipper Marketing Agreement,  USDA-AMS GAP/GHP  
USDA Agricultural Marketing Service Good Agricultural Practices/Good Handling Practices, 
 NSF Davis Fresh  is a division of NSF International now called NSF Agriculture,  SQF  Safe Quality 
Food is a certifi cation system from the Safe Quality Food Institute  
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 When asked how they jointly with their buyers identify areas where leafy green 
acreage may be at risk from wildlife concerns, the grower responses varied greatly. 
The answers ranged from using common sense to pre-planting, pre-season assess-
ment followed by regular monitoring. 

 Regardless of how the risk was identifi ed, nearly 64 % of growers who observed 
wildlife did not plant land because of wildlife concerns. Reasons for not planting 
included the proximity to grazing domestic animals, riparian areas, and Concentrated 
Animal Feeding Operations (CAFOs) and buyer requirements.   

     Conservation  Practices   

  To determine what impact the  CALGMA   food safety program had on conservation 
measures, growers were asked to not only name the conversation practices they 
were currently following, but also note how the CALGMA had impacted those 
practices. More respondents (82.2 %) had implemented conservation practices in 
their leafy green-growing environments than in their overall growing environment 
(78.7 %). The most frequently implemented conservation and food safety practices 
included cover crops, irrigation water management, and nutrient management. The 
adoption of CALGMA did not result in the reduction or elimination of conservation 
measures for 82.6 % of respondents who have implemented conservation practices 
in leafy green crops. In fact, some growers (23.4 %) implemented conservation 
practices as a result of the CALGMA guidelines. For these growers, the CALGMA 
led to the introduction of cover crops, critical planting areas, and hedgerows.  

 For those respondents who eliminated or decreased conservation practices 
because of the CALGMA (17.4 %), they described the changes made as follows: 
mowing grasses in fi lter strips, removing grass fi lter strips in some areas due to frog 
presence or other reasons, constructing bare roads along waterways (reducing 
cropped acreage and benefi cial habitat), removing vegetation around fi elds to reduce 
habitat for rodents, removing trees to reduce the presence of birds and their 
 droppings, removing some water catchment basins, and not reusing recovered tail-
water because of possible contamination. 

 Several respondents participated in government-sponsored or -supported conser-
vation programs from the USDA Natural Resources Conservation Service, the 
University of California Cooperative Extension, and the USDA Farm Services.    

    Discussion 

 Using the survey results, analysis of relevant scientifi c literature, and input from a 
peer review, several changes were recommended to the CSGLLG including the 
following: 
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     Animals of Signifi cant Risk   

 The fi rst recommended change was to remove the “animals of signifi cant risk” list 
from the document. The animal list, consisting of cattle, sheep, goats, pigs (domes-
tic and wild), and deer, was developed for the 2007 CSGLLG based on Centers for 
Disease Control and Prevention (CDC) publications identifying those animals as 
reservoirs for  E. coli  0157:H7 and hence posing the greatest risk. This list was 
established and written into the original document because the primary focus during 
the development of guidance was on  E. coli  O157:H7 as the human pathogen of 
most signifi cant concern. Since that time, numerous studies have revealed the need 
to include other potential human pathogens such as  Salmonella ,  Campylobacter , 
and  Listeria monocytogenes . As the list of human pathogens has expanded, so has 
the number of animals identifi ed as potential pathogen vectors (Fenlon  1985 ; Ferens 
and Hovde  2011 ; Gorski et al.  2011 ; Jay et al.  2007 ; Keene et al.  1997 ; LeJeune 
et al.  2008 ; Perz and Le Blancq  2001 ). 

 Based on the scientifi c literature and fi ndings of this survey, the expert panel 
concluded that updating or adding to the existing list of animals of signifi cant risk 
would be counterproductive. Research fi ndings since 2006 reveal that the current 
list is inadequate from a food safety perspective, and the panel felt a new list would 
be too long. Therefore, the recommendation was made to remove the list of 
animals. 

 As additional rationale, it was apparent from the survey responses that growers 
perceived animals other than ones on the “animals of signifi cant risk” list as threats 
to produce safety and were acting accordingly. When asked about the types of ani-
mals growers observe and the frequency of observations, it is not surprising that 
birds were seen more frequently than any other animal on a daily basis (Table  7.2 ). 
Frogs, rodents, rabbits, and dogs were also sighted daily and monthly according to 
questionnaire responses. Deer and wild pig sightings occurred once or several times 
a month, and there were no sightings of cows in leafy green fi elds.

   Table 7.2    Animal presence observed in leafy green fi elds in California ( n  = 46)   

 Answer 
options 

 Number 
respondents 

 Daily 
throughout 
the year 

 Daily 
during 
mating 
season 

 Daily 
during 
migration 

 Several 
times a 
month 

 Maybe 
once a 
month 

 Not 
at all 

 Birds  45  31  2  4  6  1  1 
 Cows  41  0  0  0  0  0  41 
 Deer  42  0  0  0  6  10  26 
 Dogs  42  2  0  0  6  20  14 
 Frogs  37  1  1  0  6  12  17 
 Rodents  45  9  3  0  20  11  2 
 Rabbits  44  9  2  0  14  13  6 
 Wild pigs  41  0  0  0  1  10  30 
 Other  18  4  0  0  5  2  7 
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   Among all reported animals, birds were most frequently observed and were per-
ceived as the greatest wildlife risk to produce safety (44 % of the growers observing 
birds in their leafy green fi elds) (Fig.  7.1 ). The second most frequently cited animal 
thought to be a food safety concern was wild pigs (36.6 %) followed by rodents 
(27.3 %). In many cases, growers did not plant crops because of animal concerns.

   Similarly, auditors indicated they had animal-related food safety concerns (Table 
 7.3 ), including birds and domestic animals cited by several audit companies. Based 
on grower feedback and the scientifi c literature, removing the list of “animals of 
signifi cant risk” strengthens food safety risk assessment and risk management by 
addressing other potential animal and pathogen concerns. While environmentalists 
may express concerns that this modifi cation has the potential to cause an 
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  Fig. 7.1    Are animals observed on your land a threat to the safety of your leafy green crops ( n  = 45)       

   Table 7.3    Auditors specifying wildlife as a food safety concern ( n  = 27)   

 Answer options 

 Which animals were suggested or specifi ed as being a hazard/concern? 

 Birds  Deer 
 Domestic 
animals 

 Feral 
pigs 

 Field 
rodents 

 Response 
percent 

 Response 
count 

 CDFA auditor for 
LGMA 

 6  3  8  1  5  50.0   9 

 Primus auditor  5  4  7  2  7  66.7  12 
 Davis Fresh (NSF 
Int'l) auditor 

 4  2  3  1  2  27.8   5 

 GlobalGAP auditor  1  0  0  0  0   5.6   1 
 SQF auditor  0  0  0  0  0   0.0   0 
 Retailer  0  2  2  2  1  11.1   2 
 Handler  6  2  4  2  6  38.9   7 
 Food service 
operator 

 1  1  2  1  2  11.1   2 

 Other  0  1  1  0  1   5.6   1 
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 overemphasis on food safety practices related to animals, additional recommenda-
tions were developed to ensure that this would not be the case (see below).

        Animal Intrusion   

 The second recommended change was to replace “intrusion by animal of signifi cant 
risk that might impact produce safety” with “any fecal contamination that may pres-
ent a risk to the production block or crop.” This recommendation by the expert panel 
was made based on the current scientifi c literature, co-management concerns, and 
existing grower and USDA/FDA practices. The concern from a food safety perspec-
tive, based on the literature, is that a list of potential animal vectors would include 
much of the animal kingdom—yet the real issue is not with animal intrusion but 
with feces and the potential for fecal contamination. From a wildlife perspective, 
any list is perceived as targeting species on the list and potentially endangering the 
animals and their habitats. By removing “animal intrusion” language and focusing 
on feces or indicators of fecal presence (e.g., crop damage), the panel felt that spe-
cifi c animals would no longer be targeted, de-emphasizing the signifi cance of sight-
ing any one animal species. Even if animals are present, there may or may not be 
fecal matter or evidence of potential microbial hazards due to feeding. At the same 
time, the proposed language revisions were in keeping with the current approach 
used by USDA and FDA auditors; namely, regardless of the origin of feces, if any 
fecal contamination is found—crops will need to be destroyed.  

     Adjacent Land   

 The third recommended change was to delete the wording, “Locate production 
blocks to minimize potential access by animals of signifi cant risk and maximize 
distances to possible sources of microbial contamination. For example, consider the 
proximity to water (i.e., riparian areas), animal of signifi cant risk harborage, open 
range lands, non-contiguous blocks, urban centers, etc. Periodically monitor these 
factors and assess during preseason and pre-harvest assessments.” The new wording 
suggested was: “The designated food safety professional or other trained personnel 
should evaluate the potential for microbial contamination from adjacent areas. A 
risk assessment shall be performed to determine the risk level as well as to evaluate 
potential strategies to control or reduce the introduction of human pathogens. 
Periodically monitor these factors and assess during the preseason and pre-harvest 
assessments ….” The change acknowledges differences between ranches in what 
can and cannot be done as well as a consideration of local fi sh and game and water 
quality initiatives. Instead of prescribing solutions that may not be suitable for the 
majority of users, the modifi cation recognizes the role of the designated food safety 
professional and points to supporting resources the food safety professional can use. 
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 Adjacent land concerns do result in growers not planting in certain locations 
(Fig.  7.2 ). From a food safety perspective, risk assessments are conducted to assess 
adjacent land hazards prior to planting, and, if deemed necessary, risk mitigation 
efforts can provide data for making more informed planting decisions when faced 
with adjacent land concerns.

       Equipment and the Potential for  Contamination   

 The fourth recommended change was to address equipment that may come into 
contact with animals or areas of a fi eld that may have been contaminated by ani-
mals. The recommendation was to change “Such equipment should not be used in 
proximity to or in areas where it may contact edible portions of lettuce and or leafy 
greens” by adding “without proper sanitation” at the end of the sentence.  

      Crop Damage   

 Since the recommended changes shifted the focus from the presence of animals to 
actual “crop damage,” the fi fth recommended change was to include a defi nition of 
crop damage as “any damage to the crop that renders the crop adulterated and thus 

  Fig. 7.2    Reasons for not planting relating to wildlife concerns ( n  = 12)       
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unfi t for harvest and/or consumption by humans.” Adulteration can include but is 
not limited to:

    1.    Animal-induced damage through eating, trampling, or any other noticeable 
physical damage to the crop.   

   2.    Contamination from animal feces, urine, body fl uids, or animal parts and/or mat-
ter due to acts such as molting or shedding.        

    Implementation of  Expert Panel Recommendations   

 In April and June 2012, presentations to the  CALGMA   Technical Committee were 
made based on the recommended changes. Results of the meeting were mixed. 
While the recommended removal of the animals of signifi cant risk list was agreed 
upon by the Technical Committee, it was overturned by the CALGMA board. Other 
changes were tabled until the next Technical Committee meeting in order to address 
concerns raised by board and committee members. 

 Western Growers engaged in a series of discussions with growers as well as 
public and private experts in the fi elds of food safety and conservation. It was clear 
that growers were fundamentally concerned with how the new proposed changes 
would be interpreted and how they could effectively implement the shift in empha-
sis from “presence” to “damage.” 

 After months of discourse and debate, a fl owchart and corresponding descriptive 
statements that graphically depict the process of monitoring and evaluation that was 
being recommended in the proposed language were developed (Fig.  7.3 ). This 
“fl owchart” helped in understanding the concepts being proposed. While there was 
some additional work to perfect specifi c language in the CALGMA guidance and to 
ensure that the text of the guidance was synchronous with the fl owchart, it was this 
tool that ultimately led to the expert panel recommendations being adopted by the 
 CALGMA   board, as well as the  Arizona Leafy Green Marketing Association 
(AZLGMA) board  .

       Observations 

 In order to effect change and promote the adoption and  implementation   of new food 
safety practices on the farm, it is imperative that affected stakeholders have a direct 
role in the development and vetting of concepts that they will be asked to employ. 
These individuals provide practical input in how to ensure that programs and or 
requirements can be crafted so that they both accomplish food safety objectives and 
can be applied in the fi eld or facility. An honest and open exchange of ideas between 
food safety professionals, academic experts, and growers and handlers is necessary 
to achieve multiple objectives that together promote and advance science-based 
food safety practices. 
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  Fig. 7.3    Preharvest and harvest assessment—animal hazard/fecal matter decision tree (Western 
Growers  2013 )       
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 Flowcharts, decision trees, hierarchies, and other graphical methods of present-
ing information along with explanatory notes and text are useful in obtaining an 
understanding of complex ideas. This was a lynchpin tool for this project that 
enabled a series of focused discussions with all parties involved and helped to avoid 
the possibility of getting caught up in “language” of what it may or may not mean.     
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    Chapter 8   
 Keeping Wildlife Out of Your Food: Mitigation 
and Control Strategies to Reduce 
the Transmission Risk of Food-Borne 
Pathogens                     

       Alan     B.     Franklin      and     Kurt     C.     VerCauteren   

    Abstract     In this chapter, we provide a general framework for developing strategies 
to mitigate the contamination of agricultural operations with pathogens carried by 
wildlife. As part of this framework, we present adaptive management as a viable 
approach to developing these strategies to reduce the uncertainty over time as to 
whether management methods are being effective.  We provide the general steps to 
developing an adaptive management strategies as well as generic mitigation meth-
ods that can be applied to agricultural operations as part of an adaptive management 
strategy.  

  Keywords     Adaptive management   •   Agriculture   •   Food safety   •   Habitat modifi ca-
tion   •   Human-wildlife confl ict   •   Mitigation   •   Population control   •   Risk assessment   • 
  Wildlife   •   Wildlife damage management  

         Introduction  

 In the past few decades, wildlife has been increasingly recognized as a threat to food 
safety because of their ability to transmit pathogens to  agricultural crops and live-
stock   (Langholz and Jay-Russell  2013 ; Miller et al.  2013 ). Although the risk and 
extent of this problem still need to be clarifi ed, increased regulation of agricultural 
producers has been predicated on the assumption that wildlife has a high probability 
of contaminating produce fi elds and livestock, primarily with their feces 
(U.S. Department of Health and Human Services  2013 ), which may or may not 
contain pathogens posing a risk to humans consuming agricultural products. 
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 Our intent in this chapter is not to provide a litany of methods that can be used to 
keep wildlife from contaminating agricultural operations, but to provide an over-
view that agricultural producers can use as a starting point in developing strategic 
programs to deal with the issue of wildlife contamination of agricultural operations 
with food-borne pathogens. While we provide some broad categories of tools that 
can be used, it is not an exhaustive list. An important caveat in the use of some of 
these tools is that most were developed to prevent or mitigate physical wildlife dam-
age. Thus, the effectiveness of many wildlife damage management methods in pre-
venting or mitigating contamination of agricultural operations with food-borne 
pathogens has not been evaluated, primarily because this problem has only become 
a focus in recent years (Langholz and Jay-Russell  2013 ). 

     General Strategies  

 We advocate strategies that are proactive, including a number of what we consider 
to be essential components and allow for  adaptive management   (Fig.  8.1 ). Adaptive 
management is a programmatic approach, which was originally developed in natu-
ral resource management to deal with problems where uncertainty was present in a 
system (Walters  1986 ; Walters and Holling  1990 ; Nichols et al.  1995 ). Our general 
strategy (Fig.  8.1 ) includes the following key components, each of which we will 
cover in more detail further on:

     1.    Identifying the problem—Are wildlife a problem in contaminating agricultural 
operations with food-borne pathogens?   

  Fig. 8.1    General fl owchart 
for developing and 
applying methods to 
mitigate contamination of 
agricultural operations by 
food-borne pathogens 
carried by wildlife       
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   2.    Assessing the risk—If wildlife are a problem, what is the level of risk and con-
sequences (i.e., what is the magnitude of the problem)?   

   3.    Developing a strategy—If wildlife pose a risk, how will the problem be dealt 
with?   

   4.    Implementing mitigation methods—In conjunction with developing a strategy, 
what are the specifi c options available for mitigating contamination by 
wildlife?   

   5.    Evaluation of management effort (testing methods)—Once the general strategy 
and mitigation methods are implemented, are they working as expected in miti-
gating or eliminating the problem?    

          Adaptive Management      

 The feedback loop in the bottom of Fig.  8.1  represents part of the adaptive manage-
ment component of the process. Although the use of adaptive management has been 
proposed for use in wildlife damage management (Reidinger and Miller  2013 ), it 
has rarely been applied to management of wildlife-borne pathogens (Miller et al. 
 2013 ). One exception that closely resembles adaptive management is an ongoing 
program to reduce transmission of bovine tuberculosis from wildlife to cattle in 
Michigan (Box  8.1 ). 

  Box 8.1: Example of a Strategic Process Resembling Adaptive 
Management to Minimize Transmission of Bovine Tuberculosis from 
Wildlife to Cattle in Michigan 

 In Michigan, state and federal agencies and universities have been challenged 
with assisting producers in modifying their practices to reduce potential for 
exposure to  Mycobacterium bovis  from wildlife to cattle. First, they identifi ed 
the problem and monitored wildlife and cattle herds to determine its pathways 
and magnitude (Bruning-Fann et al.  2001 ; Kaneene et al.  2002 ; Palmer et al. 
 2004a ,  b ; Walter et al.  2014 ). Second, they conducted research to learn about 
the ecology of the pathogen (Palmer and Whipple  2006 ; Fine et al.  2011 ) and 
wildlife species involved (Atwood et al.  2009 ; Walter et al.  2013 ). Finally, 
they developed methods for addressing the issues (VerCauteren et al.  2012b ; 
Phillips et al.  2012 ; Vercauteren et al.  2010 ) and then implemented a coopera-
tive adaptive management program that was tailored for each specifi c pro-
ducer. This program has been ongoing and monitoring and adjustment is 
under way (Walter et al. 2012). 
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  Adaptive management is a formal, learning-based approach for dealing with 
wildlife management problems (Knutson et al.  2010 ). It is a formal framework in 
the sense that it incorporates a structured process of iterative decision making, 
which is often mathematical in nature (Runge  2011 ). This is in contrast to 
 management by trial and error where management options are attempted, and if 
unsuccessful then some other management option is implemented, with no system-
atic mechanism of “learning by doing” to guide alternative options (Williams and 
Brown  2012 ). The adaptive management process includes the steps we outlined 
previously but puts certain aspects into a more formal framework (Fig.  8.2 ), which 
we will discuss further.

   Some may argue that the adaptive management process is too time consuming, 
complicated, costly, and slow (i.e., we need to act now). However, this argument 
needs to be balanced against the effects of product recalls, restrictive policies for 
agricultural producers, and other economic costs accrued by not adequately address-
ing and solving the problem. Thus, we argue that an adaptive management frame-
work is ideal for solving problems of pathogen contamination of agricultural 
operations by wildlife.     

  Fig. 8.2    Conceptual framework of adaptive management for managing wildlife contamination of 
agricultural operations (modifi ed from Runge  2011 )       
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     Strategic Processes 

    Identifying the  Problem   

 The fi rst step in any management issue is to address the following:

    1.    Is there a problem?   
   2.    If there is a problem, what is the degree and magnitude of the problem?     

 Wildlife have recently become a concern for spread of food-borne pathogens to 
agricultural operations, such as produce fi elds (Langholz and Jay-Russell  2013 ), 
concentrated animal feeding operations (Carlson et al.  2011b ), and dairy operations 
(LeJeune et al.  2008 ). While outbreaks of human illness have been attributed to 
wildlife contaminating produce fi elds with food-borne pathogens (Erickson and 
Doyle  2012 ), few studies have adequately documented the magnitude of wildlife 
contamination. Thus, the fi rst step for any agricultural operation is to identify 
whether wildlife are a potential risk for contaminating their product. This includes 
identifying which wildlife species are involved, what is the magnitude of their visi-
tation rates to the operation, and what pathogens they are carrying that might affect 
human food safety. 

 Most wildlife populations around agricultural operations are synanthropic (peri-
domestic) species, which are those species that easily coexist with humans. 
Examples of native synanthropic species (those species indigenous to a particular 
area) include white-tailed and mule deer, raccoons, skunks, coyotes, cottontail rab-
bits, and foxes (Clark  2014 ; Rice  2014 ). Thus, the fi rst identifi cation of wildlife 
problems will probably focus initially on these types of wildlife species.   

     Assessing the  Risk   

 Risk of contamination of agricultural operations from wildlife is a function of:

    1.    The species of wildlife visiting the facility.   
   2.    The pathogens these wildlife species are infected with.   
   3.    The prevalence of pathogens of concern in these wildlife species.   
   4.    The amount of pathogens they can shed (either orally or through feces) when 

visiting agricultural facilities (pathogen loads).   
   5.    How often they visit (visitation rates).   
   6.    How many animals visit.   
   7.    What time of year they visit.   
   8.    The contact rates (direct or indirect) between wildlife and agricultural products.   
   9.    The vulnerability of the products to microbial contamination based on type of 

processing (raw, minimally processed, treated with a kill step) and the produc-
tion/harvest methods (hand vs. mechanical).   

   10.    Whether there is substantial long-term variation in characteristics 1–8 above.     
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 Understanding the characteristics outlined above requires understanding both the 
ecology and transmission mechanisms of the wildlife species that may impact a 
particular agricultural operation. For example, European starlings have been associ-
ated with  Salmonella  contamination of livestock feedlots (concentrated animal 
feeding operations, or CAFOs) (Carlson et al.  2011b ) and  Escherichia coli  O157 on 
dairy farms (Cernicchiaro et al.  2012 ). In particular, the extent of contamination on 
CAFOs and dairy farms has been associated with numbers of starlings visiting facil-
ities (Carlson et al.  2011b ; Cernicchiaro et al.  2012 ), which diminished once star-
ling numbers were controlled on a facility (Carlson et al.  2011a ). However, control 
of starlings on single facilities may not always be a cost-effective approach; star-
lings occupy roost areas away from facilities and often visit multiple facilities 
(Cernicchiaro et al.  2012 ; Homan et al.  2013 ; Gaukler et al.  2008 ). Thus, under-
standing the ecology of starlings beyond their impacts on individual operations is 
important because effective control will depend on the degree of their site fi delity to 
agricultural operations, their use of other agricultural operations, and roosting 
behavior (Homan et al.  2013 ). 

 In addition, each of the characteristics described above cannot be considered in 
isolation. For example, prevalence of  Escherichia coli  O157 is relatively low (3 %) 
in European starlings (LeJeune et al.  2008 ). However, the number of starlings visit-
ing facilities can be very high, up to ~50,000 daily (Carlson et al.  2011b ), which 
translates to a potential of 1500 starlings infected with  Escherichia coli  O157 visit-
ing such a facility every day at certain times of the year.   

      Developing Strategies   

 Developing a strategy to deal with contamination of agricultural operations with 
pathogens can range from simple guidelines, such as those published by the 
Colorado State University Extension ( 2012 ), to more complex, adaptive strategies. 
Although adaptive management strategies have not been used specifi cally for 
addressing issues of wildlife contaminating agricultural facilities with food-borne 
pathogens, adaptive management has been attempted in other wildlife damage 
issues (Parkes et al.  2006 ; Bryce et al.  2011 ). 

 One drawback of  adaptive management   is that it requires a level of technical 
expertise to develop the framework of the strategy and the required monitoring 
effort (Doherty and McLean  2011 ; Parma  1998 ). In its truest form, adaptive man-
agement is couched in a formal statistical and sampling framework that requires 
statistical expertise to establish and implement (see Williams et al.  2002 ). However, 
the gains in knowledge in dealing with the problem far outweigh the requirement of 
statistical and scientifi c rigor required in designing and implementing the strategy. 
For example, Parkes et al. ( 2006 ) argued that adaptive management decreased 
uncertainty in complex problems or decreased the risk of failure by making uncer-
tainty explicit when dealing with invasive species management. 
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 Of critical importance in developing a strategy for dealing with pathogen con-
tamination by wildlife is the scale of the plan. Few agricultural producers will likely 
be able to effectively develop an adaptive management plan for their single facili-
ties. However, scales to be considered for effective management can range from 
local (e.g., county) scales to regional (e.g., state or combination of states) to national 
scales. The scale to be considered is dependent on the nature of the problem and the 
uniqueness of the situation. For example, the Salinas Valley in California is the top 
producer of leafy greens in the USA (Cooley et al.  2007 ), has a number of indepen-
dent producers, and is relatively isolated from other similar growing regions (Fig. 
 8.3 ). Rather than having separate strategies for each agricultural operation, a com-
mon strategy encompassing the entire valley across all producers would probably be 
most effective, both economically and strategically.

   Part of the strategy may include understanding the ultimate source (i.e., a 
resource that is responsible for contaminating wildlife) of contamination if patho-
gen contamination by wildlife is suspected as only a proximate source (i.e., is 
immediately responsible for the contamination). For example, deer were considered 
the ultimate source of contamination of strawberry fi elds with  Escherichia coli  
O157 (Laidler et al.  2013 ), which subsequently infected humans consuming the 
strawberries. However, other ultimate sources, such as water, were not reported as 
potential causative factors that could have contaminated both the fi elds and the deer 

  Fig. 8.3    Portion of the Salinas Valley, California, showing different farm and ranch ownerships 
( green boundaries ) in proximity to large expanses of public lands ( blue boundaries )       
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using those fi elds. In contrast, contamination of spinach fi elds with  Escherichia coli  
O157 was more thorough but less clear with several ultimate sources implicated, 
including feral swine as a proximate source (Jay et al.  2007 ).   

     Implementing Mitigation Measures 

  Mitigation measures   used in wildlife damage management have direct implications 
for managing pathogen transmission from wildlife and may often dovetail with 
issues where wildlife are involved in both damage and pathogen contamination. 
For example, feral swine cause considerable crop damage as well as pose a risk for 
pathogen transmission to agriculture (Bevins et al.  2014 ; Jay and Wiscomb  2008 ), 
suggesting that mitigation strategies could simultaneously deal with these two 
problems. 

 Mitigation measures can be classifi ed into two primary categories, population 
control where wildlife populations are reduced or eliminated, and exclusionary 
measures where wildlife are excluded from agricultural operations (e.g., farm fi elds, 
dairies, and livestock facilities).  

     Population Control  

 The primary goal in population control is to reduce wildlife populations that repre-
sent a contamination threat around agricultural operations. There are three broad 
categories of population control: lethal control, reproductive control, and habitat 
modifi cation. 

       Lethal Control   

 Lethal control is always an option in wildlife damage management but it has become 
increasingly diffi cult to justify with some native wildlife species in terms of eco-
logical effects and has become much less politically and socially palatable 
(Bergstrom et al.  2014 ). In addition, we currently lack the ability to alleviate many 
wildlife damage problems in effective and economical ways using only nonlethal 
techniques (Conover  2001 ). For invasive species, such as European starlings and 
feral swine, the use of lethal control is considered more justifi able because it simul-
taneously resolves ecological and damage issues beyond just agricultural contami-
nation by wildlife-borne pathogens and is, thus, more politically palatable. 

 For example, feral swine are effectual reservoirs of an array of diseases (Williams 
and Barker  2001 ) that could be transmitted to crop fi elds and domestic swine herds 
through interactions that have been documented to occur between wild and  domestic 
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populations (Wyckoff et al.  2012 ). Feral swine also wallow in and around water 
sources, thereby increasing potential for pathogen contamination (Atwill et al. 
 1997 ; Jay et al.  2007 ). For these reasons and other wildlife damage issues, a national 
program to eradicate feral swine throughout most of the USA has been recently 
implemented (Bevins and Franklin  2014 ). However, to be effective in the long term, 
we argue that the use of lethal control to remove some invasive species is ultimately 
a regional and national problem (e.g., feral swine, European starlings) with reduced 
effectiveness when control is solely at local levels. 

 Two examples of lethal control methods with relevance to wildlife in agricultural 
operations are regulated hunting with ungulates and  Integrated Pest Management 
(IPM)   with rodents. Regulated, managed hunting in rural settings is the most practi-
cal and effective method of managing overabundant ungulate populations and con-
trolling damage. It is also the most ecologically, socially, and fi scally responsible 
method. Some states have special depredation permits that can be issued to land-
owners to remove deer in areas where they are causing damage or threatening to 
transmit pathogens to agricultural crops or livestock outside the normal hunting 
season, if suffi cient control cannot be achieved during the hunting season. An IPM 
approach (Witmer  2007 ) is recommended for control of rodents and other small 
mammals. The IPM concept favors timely and strategic incorporation of a combina-
tion of cost-effective control techniques (lethal and nonlethal) to reduce the impact 
of species on valuable resources (Newman et al.  2012 ).   

       Reproductive Control   

 Reproductive control is where reproduction is inhibited in free-ranging wildlife 
populations through sterilization, contraceptives, or immune-contraceptive vac-
cines. There is a large body of literature on reproductive control and wildlife. 
However, except for a few species, it has largely been untested as a defi nitive man-
agement tool and is currently not being used effectively in managing wildlife spe-
cies relative to agricultural production. Considerable effort has been expended to 
develop fertility control agents (contraceptives) and methods of delivery for primar-
ily wild ungulates, geese, and feral pigeons (Fagerstone et al.  2002 ; Rhyan et al. 
 2013 ). Contraceptives for wildlife have the potential to be a complementary tool for 
population management in scenarios where current nonlethal management tech-
niques are ineffective or unacceptable. In addition, Killian et al. ( 2007 ) argue that 
reproductive control should be used rather than lethal control to prevent pathogen 
transmission from wildlife because animals removed through lethal control may be 
replaced by others infected with pathogens. There are several contraceptive strate-
gies, including chemosterilants, immunocontraceptives, intrauterine devices, and 
surgical procedures, that can all effectively result in decreased reproduction by indi-
viduals (Fagerstone et al.  2002 ,  2010 ). Orally delivered contraceptives as well as 
live vector (bacterial or viral) delivery are being explored further (Fagerstone et al. 
 2002 ; Conner et al.  2007 ). However, it is unlikely that fertility control will become 
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a viable stand-alone management strategy (Dolbeer  1998 ; DeNicola et al.  2000 ) 
until better and more consistent delivery systems are developed, and research and 
registration of compounds to use with species other than deer, geese, and pigeons 
have been completed.   

       Habitat Modifi cation   

 All animals are dependent on food and shelter. Therefore, elimination of one or both 
of these requirements may force wildlife to move from the immediate area. Habitat 
modifi cation as a mitigation tool has been extensively criticized for its effects on 
wildlife conservation (Gennet et al.  2013 ). Using agricultural practices in the 
Salinas Valley as an example, Gennet et al. ( 2013 ) argue that habitat modifi cation, 
especially in riparian systems, was based on reactive strategies resulting from spo-
radic outbreaks of food-borne pathogens in produce associated with wildlife (Jay 
et al.  2007 ). In addition, the proximity of large blocks of wildlife habitat (Fig.  8.3 ) 
precludes the effectiveness of localized habitat modifi cation at smaller scales for 
wide- ranging wildlife species, such as wild ungulates and feral swine. 

 Given the above caveat, habitat modifi cation can be useful when used judiciously 
and at small scales. For example, habitat modifi cation can be implemented in many 
situations to make roosting, loafi ng, or feeding sites less attractive to birds, such as 
European starlings. Although the initial investment of time and money may be high, 
these modifi cations often provide long-lasting relief. Thinning or pruning vegeta-
tion can cause roosting birds such as blackbirds and starlings to move, often increas-
ing the commercial or ecological aspects at the same time (Leitch et al.  1997 ). 
However, there is considerable uncertainty in ecological consequences from large- 
scale habitat modifi cations around agricultural facilities. For example, reduction of 
habitats supporting insectivorous birds and bats could result in increased pest insect 
populations with subsequent increases in crop damage.    

     Exclusionary Methods  

 Here, we view nonlethal, exclusionary methods as including  physical barriers  ,  scare 
devices  , and  repellants  . VerCauteren et al. ( 2012a ) and Reidinger and Miller ( 2013 ) 
provide an extensive review of exclusionary methods that can be used to keep wild-
life away from agricultural operations. While many of these methods have been 
developed to mitigate wildlife damage, they also have direct applications toward 
mitigating contamination from pathogens carried by wildlife. Methods that prevent 
wildlife from entering agricultural facilities and crops, such as those evaluated by 
Johnson et al. ( 2014 ), are the most relevant to mitigating contamination with patho-
gens from wildlife. 

 Limited effectiveness and high cost of some nonlethal strategies frequently 
make them economically impractical, even when used in conjunction with lethal 
strategies. Frequently, the effi cacy of  nonlethal techniques   is directly correlated to 
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the level of motivation of the targeted individuals. For example, a simple frighten-
ing device employing sound and lights or a single strand of electric fence may be 
a suffi cient deterrent to minimize deer use of a minimally desired resource. 
However, when stressed for food, deer can breech a 2.1-m-high woven-wire mesh 
fence to feed on and potentially contaminate stored crops, imposing risk for patho-
gen transmission to livestock (VerCauteren et al.  2003 ). Thus, the management 
technique chosen for a scenario under one level of motivation may have a different 
degree of success in dissimilar scenarios, so the level of motivation of the targeted 
wildlife must be considered prior to implementation of any nonlethal technique. 

  Frequently,  fencing   is the only long-term, nonlethal method to effectively mini-
mize exposure of agricultural facilities and crops to wildlife. Many fence designs 
are available, although an effective yet low-cost design that keeps out multiple 
wildlife species has yet to be perfected. Fencing provides protection as a physical 
barrier, as a psychological barrier, or as a combination of the two. The standard deer 
fence, a 2.4-m-high woven-wire fence, is a physical barrier and greatly reduces the 
possibility of an animal passing through, over, or under. Conversely, a single- or 
double-strand electric poly-tape fence acts as a psychological barrier through aver-
sive conditioning. Conditioning occurs when an animal attempts to breach the fence 
and receives a powerful electric shock. This training can be expedited with the use 
of bait such as peanut butter applied directly to the fence (Porter  1983 ). Plastic net-
ting has been used as a cost-effective method to exclude birds from individual fruit 
trees or high-value crops such as blueberries or grapes (Fuller-Perrine and Tobin 
 1993 ), but is probably infeasible for large expanses of crops or feed bunks at large 
livestock facilities.  

  Scare devices  , such as propane cannons, fl ashing lights, shell crackers, and other 
sonic devices, used near an agricultural facility can provide temporary relief from 
wildlife intrusions (Gilsdorf et al.  2002 ). Blackbird roosts containing up to several 
million birds can be moved by using a combination of devices, particularly recorded 
distress calls, shell crackers, rockets, and propane cannons (Mott  1980 ). Strobe 
lights placed in the roost are also helpful. However, some species, such as wild 
ungulates, adjust or habituate to frightening devices quickly, and these devices are 
generally not effective for an entire crop-growing season. Recent research has eval-
uated the effi cacy of animal-activated frightening devices, revealing mixed results 
(Gilsdorf et al.  2004a ,  b ; Belant et al.  1998 ; Beringer et al.  2003 ). Often these 
devices are most effective when used in combination with other methods rather than 
as a sole exclusionary method (Gilsdorf et al.  2002 ). 

 While  repellants   may minimize or prevent wildlife from damaging crops, they 
will not necessarily prevent potential contamination from pathogens in feces unless 
there is a strong negative habituation from repellants in the use of areas by wildlife. 
As with other nonlethal techniques, factors such as ungulate population density, 
availability of alternate foods, target plant species, weather, repellent concentration, 
and duration of the problem can infl uence the effectiveness of repellents. 

 One underutilized, but potentially effective, exclusionary method to eliminate or 
reduce wildlife intrusion into agricultural crop fi elds and facilities is the use of 
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guard dogs.  Guard dogs   have been effectively used to minimize contact between 
wildlife and fi eld crops (VerCauteren et al.  2005 ) and wildlife and livestock 
(VerCauteren et al.  2008 ,  2012b ). Despite the initial cost and effort of training, 
guard dogs may be a long-term and cost-effective method for keeping wildlife, and 
hence pathogen transmission, out of livestock facilities and agricultural fi elds.   

      Testing Methods Through  Monitoring      

 The last, but most important, step in implementing any strategy is monitoring to test 
whether the strategy is working and, if not, where it is failing. This is also an integral 
component of adaptive management and provides the “learning-by-doing” compo-
nent (Knutson et al.  2010 ). Nichols and Williams ( 2006 ) distinguish between sur-
veillance monitoring and targeted monitoring, where targeted monitoring has the 
advantage of being designed and includes rigorous monitoring that produces scien-
tifi cally credible results. Monitoring alone does not make a strategy fi t with adaptive 
management; adaptive management also involves the implementation and integra-
tion of multiple components in both assessment and adaptation (Fig.  8.2 ) (Williams 
and Brown  2012 ). 

 Monitoring is a critical step in the adaptive management process; the failure of 
most adaptive management programs is because the monitoring component has not 
been adequately supported (Knutson et al.  2010 ; Nichols and Williams  2006 ). 
Under adaptive management, the monitored attributes must be directly related to 
management objectives or else it will be diffi cult to ascertain whether the manage-
ment objectives were met (Knutson et al.  2010 ). 

 Monitoring wildlife populations and their impacts is often problematic because 
wildlife are not completely detectable. This issue of incomplete detectability has 
generated considerable effort to develop population estimators that account for lack 
of complete detectability through estimation of detection probabilities (Thompson 
et al.  1998 ). The statistical and sampling issues surrounding detection of pathogens 
in wildlife in a monitoring program are further described conceptually by Doherty 
and McLean ( 2011 ) and analytically by McClintock et al. ( 2010 ).     

     Conclusions  

 Throughout this chapter, we have argued that an adaptive management approach is 
an appropriate, objective, scientifi cally based approach for mitigating or eliminat-
ing pathogen contamination of agricultural operations by wildlife. In addition, the 
fl exibility of adaptive management allows for multiple objectives and also allows 
for balancing competing objectives (Knutson et al.  2010 ; Parma  1998 ; Williams 
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and Brown  2012 ). For example, mitigating pathogen contamination and maintain-
ing wildlife habitat are two seemingly competing objectives that can be evaluated 
and potentially balanced using an adaptive management approach (Gennet et al. 
 2013 ). In developing an adaptive management strategy, we suggest that agricultural 
producers:

    1.    Form localized coalitions among independent producers and groups to effi ciently 
share resources.   

   2.    Partner with university, state, and federal scientists familiar with adaptive man-
agement to develop effective strategic approaches.   

   3.    Consider multiple methods for mitigating wildlife intrusion into agricultural 
facilities, which may include a combination of population control and exclusion-
ary measures.    

  All of these points should be considered in terms of the scope and scale of the 
problem. For example, developing strategies for leafy green crops in the Salinas 
Valley may not be completely relevant to other leafy green production areas because 
of differences in landscapes, wildlife species, and pathogens of concern. However, 
the general framework of the strategy may be very similar, with only the specifi cs 
needing modifi cation. 

 In considering population control as an option, we argue that lethal control 
should generally be used only when dealing with invasive species because it resolves 
both ecological and agricultural problems and, thus, is more palatable to the general 
public. Habitat modifi cation is also diffi cult to justify without more scientifi c evi-
dence in terms of its effectiveness (Gennet et al.  2013 ). 

 In summary, we argue that adaptive management strategies coupled with existing 
methods for preventing and mitigating wildlife damage have the greatest promise 
for achieving cost-effective and long-term practices that balance the needs of wild-
life conservation while preventing their intrusion and subsequent contamination of 
agricultural facilities and crops.     
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    Chapter 9   
 Co-management: Balancing Food Safety, 
the Environment, and the Bottom Line                     

       Mary     Bianchi      and     Karen     Lowell   

    Abstract     Growers and distributors of fresh produce have long realized that reli-
ably safe products and responsible use of resources inspire brand trust and con-
sumer loyalty. Balancing food safety and resource conservation goals has become a 
vital element of produce industry management throughout the supply chain. 
Co-management is a process that seeks to balance food safety and sustainability 
goals in the context of maintaining a sound bottom line. The resources to develop 
effective co-management strategies lie within diverse communities of practice, 
including agricultural producers, food safety and wildlife professionals, conserva-
tion professionals, and academics with primary focus on any the above areas.The 
economic loss incurred from fi elds that must be abandoned before harvest due to 
fecal contamination can be signifi cant. In addition, compliance with both food 
safety and conservation goals may generate additional operational costs. Key 
research questions remain, many defi ned during the critical conversations surround-
ing on-farm decisions regarding co-management. Additionally, responsibility lies 
with the research community for creating an open and integrated approach to inter-
pretation, extension, and implementation of research results surrounding contami-
nation, transport and survival of pathogens in the production environment.  
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        Introduction 

 Protecting fresh produce from pathogen contamination relies upon a robust risk 
analysis and preventative controls to mitigate the risks identifi ed. Because many 
human pathogens are present in fecal matter, including wildlife feces, risks associ-
ated with wildlife in the production environment are an important element of risk 
analysis for a produce farm. Movement of domesticated animals can generally be 
controlled with fencing and other management techniques. Wildlife movement is 
much more diffi cult to control and presents unique challenges for those who grow 
crops that are consumed raw, and are thus more likely to lead to foodborne illness 
due to pathogen contamination. This chapter addresses how the produce industry 
has responded to an increasing focus on food safety risks at the fi eld level, with 
particular emphasis on how the industry has learned to co-manage food safety and 
conservation practices with regard to wildlife. While the term conservation may 
cover many types of management practices, within this chapter it is used to refer to 
natural resource conservation.  

    Background 

 Growers and distributors of fresh produce have long realized that reliably safe prod-
ucts and responsible use of resources inspire brand trust and consumer loyalty. 
Balancing food safety and  resource conservation      goals has become a vital element 
of produce industry management throughout the supply chain (Bianchi and Lowell 
 2012 ). On their farms, growers are active stewards of the land, supporting wildlife 
populations by preserving their habitat in non-cropped areas. Growers also protect 
soil and water quality with a variety of management strategies, which may include 
features that support wildlife (e.g., vegetation and water bodies). At the same time, 
growers must ensure that their crops are protected from contamination by fecal mat-
ter, which may introduce pathogens that can cause foodborne illnesses. Balancing 
these unique management objectives, while maintaining a sound bottom line, is a 
central challenge for produce farmers. 

    Food safety      concerns are not new in the produce industry; however, focus on the 
production environment increased markedly following an outbreak of foodborne 
illness linked to  E. coli  O157:H7-contaminated spinach in 2006 (RCD  2007 ,  2009 ). 
Produce growers faced challenges presented by an increased emphasis on adjacent 
land use or management practices that might increase the risk of introduced patho-
gens. Growers found themselves explaining farming and conservation practices to 
food safety professionals who often had little experience in fresh produce produc-
tion at the fi eld level (Johnston et al.  2014 ). Other challenges arose when individuals 
had experience in food safety, but little knowledge of important conservation goals 
such as water quality and the importance of protecting and enhancing wildlife habi-
tat (Crohn and Bianchi  2008 ).   
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 As growers responded to produce buyers’ concerns, management practices 
shifted. In a survey completed in 2007 (RCD  2007 ), growers reported taking steps 
to eliminate wildlife, vegetation, and water bodies near crops in response to pres-
sures from auditors, inspectors, and other food safety professionals. Eighty-nine 
percent of all growers who responded to the survey (RCD  2007 ) indicated that they 
had adopted at least one measure to actively discourage or eliminate wildlife from 
cropped areas in response to expressed food safety concerns. Of the growers who 
reported taking active steps to discourage or  eliminate wildlife  , 42 % reported the 
use of poison baits, 37 % reported removal of non-crop vegetation, and 21 % 
reported removing or abandoning conservation practices specifi cally installed for 
water quality (RCD  2007 ). Many conservation practices rely upon  vegetation   to 
protect soil, slow and fi lter surface water runoff, and provide diverse benefi ts to soil 
and water quality as well as wildlife. Similarly,  water bodies   provide powerful tools 
to protect water quality. For example, sediment retention basins capture runoff and 
reduce sediment loading in surface water, and treatment wetlands capture and fi lter 
a range of contaminants and may also provide habitat for wildlife. These contami-
nants may include nutrients, pesticides, sediment, and pathogens (Díaz and Dahlgren 
 2012 ; Lowell and Bianchi  2011 ). If open-source irrigation water (e.g., streams, 
ponds, irrigation reservoirs) is not protected from pathogen contamination, then 
contamination of produce may occur when crops are irrigated. Thus, removal of 
vegetation and water bodies that protect surface water has the potential to have 
adverse impacts on water quality and soil health as well as on broader conservation 
and food safety objectives. 

 Management challenges frequently emerge when farms are located in proximity 
to rivers and streams that may support wildlife populations, as the unique qualities 
of riparian zones may provide habitat for a particularly diverse population of wild-
life (Kocher and Harris  2007 ; Naiman et al.  1993 ; Hilty and Merenlender  2004 )). 
Management decisions on produce farms must consider laws at the federal, state, 
and county levels that relate to protection of water quality; water/wetland manage-
ment; stream bank protection measures; and protection of birds/fi sh/animals/plants 
designated as endangered, threatened, or otherwise protected. 

 Produce industry leaders recognize that  management decisions   related to pro-
duce fi elds in response to food safety concerns may undermine conservation objec-
tives, and they have worked to restore a balanced management approach (Western 
Growers  2012 ). Working collaboratively with research scientists, extension special-
ists, conservation and food safety professionals, and farmers, a process of co- 
managing for diverse management objectives has emerged. Co-management has 
been differently defi ned by several groups (Lowell et al.  2010 ; National Sustainable 
Agriculture Coalition  2014 ; CA LGMA  2013 ). The  California Leafy Greens 
Handlers Marketing Agreement (CA LGMA)   accepted a broadly vetted defi nition 
which reads: “Co-management minimizes the risk of fecal contamination and the 
resulting microbiological hazards associated with food production while simultane-
ously conserving soil, water, air, wildlife and other natural resources.” (CA LGMA 
 2013 ). The importance of supporting co-management was included in the original 
language of the 2011 Food Safety Modernization Act. 
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  A key development in co-management is an emphasis on evidence of  contamina-
tion risk  , specifi cally fecal matter or animal intrusion in the crop fi eld (e.g., tracks, 
evidence of feeding). Initially food safety professionals focused on specifi c animal 
species (CA LGMA  2008 ). For example early versions of the LGMA referenced 
specifi c animals, including cattle, sheep, goats, pigs (domestic and wild), and deer. 
Researchers sought to describe prevalence rates in a wide range of wildlife species 
(Atwill et al.  2012 ; Jay-Russell  2013 ; Langholz and Jay-Russell  2013 ). In 2012 the 
produce industry, led by Western Growers and the CA LGMA Technical Committee, 
determined that it was more effective to focus on specifi c events (e.g., fecal con-
tamination, feeding damage, animal intrusion into produce fi elds) rather than con-
tinuing attempts to catalogue pathogen prevalence in an ever-widening list of 
wildlife species (Western Growers  2012 ). In part, this refl ected a pragmatic man-
agement reality. Episodes of animal intrusion or discovered fecal matter allow for 
concrete management decisions, while predicting the likelihood of a particular ani-
mal depositing pathogen contaminated fecal matter does not. As noted above, co- 
management strategies have increasingly focused attention on fecal matter as the 
risk factor, rather than animal presence or habitat in proximity of the crop. This 
targeted risk-based approach reduces the likelihood of adverse impacts on conserva-
tion resulting from a focus on wildlife habitat.  

 Concerns regarding potential impacts of food safety programs on conservation 
initiatives around the nation have led to cautionary language in amendments to the 
Proposed Produce Safety Rule for the  FDA Food Safety Modernization Act   (FSMA 
 2014 ). Recent additions state: “Nothing in this regulation authorizes the “taking” of 
threatened or endangered species as that term is defi ned by the  Endangered Species 
Act   (16 U.S.C. 1531–1544) (i.e., to harass, harm, pursue, hunt, shoot, wound, kill, 
trap, capture, or collect, or to attempt to engage in any such conduct), in violation of 
the Endangered Species Act. This regulation does not require covered farms to take 
measures to exclude animals from outdoor growing areas, or to destroy animal habi-
tat or otherwise clear farm borders around outdoor growing areas or drainages.” The 
language refl ects public comment in which stakeholders expressed concern that 
growers might fail to effectively use co-management processes unless they were 
specifi cally reminded that conservation objectives, including how management 
actions might infl uence threatened and endangered species, must also be 
considered.  

    Co-management Process in Action 

 California’s Central Coast region is a major produce growing region, with produc-
tion values nearing $4 billion dollars (Langholz and DePaolis  2011a ,  b ,  c ). Following 
the 2006 foodborne illness outbreak linked to spinach sourced from the region, 
many produce fi elds became a laboratory in which co-management processes 
evolved. 
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 Co-management strategies are designed by a diverse range of professionals 
working collaboratively to identify risks, management objectives, and strategies to 
address these objectives. Where necessary, practices may be adapted to more effec-
tively meet these management objectives. Many factors infl uence the potential for 
pathogen contamination, transport, and survival in the production environment 
(Atwill et al.  2012 ; Pachepsky et al.  2011 ). Co-management considers  factors   that 
infl uence pathogen contamination, transport and survival; in turn, growers design 
co-management strategies that fi t unique farm settings. The discussion that follows 
demonstrates co-management processes using experiences from a range of opera-
tions in a major produce growing region in California. Examples come from small, 
diverse farming operations, large-scale operations with a single crop or multiple 
crops, and both organic and conventional operations. 

 The examples described below refl ect information shared with the authors in 
private conversations as well as during the 2014 Forum of the Farm Food Safety 
Conservation Network (Kan-Rice  2014 ). The preference to share strategies without 
revealing identifying information about the grower or farming operation makes it 
challenging to attribute information to a specifi c source (e.g., by citation of Personal 
Communication). The caution with which growers share their food safety-related 
management decisions refl ects the complex regulatory and market environment in 
which produce growers operate. 

 Frequently considered  adaptations   to incorporate co-management strategies 
often use spatial and temporal changes that address potential food safety concerns 
with common conservation practices. The analysis that guides management begins 
even before the crop is planted. For example, a  pre-plant risk assessment   considers 
proximity to potential contamination hazards in the production environment. This 
may include evidence of animal movement corridors, areas of dense wildlife popu-
lations, and food or shelter that may attract wildlife to the crop environment or 
infl uence movement of wildlife through the crop or adjacent water bodies, etc. 

 Broader considerations include noting any land use or activity that may intro-
duce fecal matter (e.g., livestock operations, grazing operations, stockpiled manure, 
compost operations) or contaminated water (e.g., sloped rangeland draining to the 
crop fi eld, fl ood waters). Where a grower has the ability to plant crops in a variety 
of locations, crops that are consumed raw (without a kill step for any pathogen con-
tamination that may be present), may be planted further from identifi ed hazards. In 
some instances, there may be specifi c guidance about recommended distance 
between crops and identifi ed risks. For example, for both composting operations 
and Concentrated Animal Feeding Operations ( CAFOs     ), the  LGMA   language pro-
poses 400 ft distance from the edge of a crop fi eld to these land uses. This guidance 
may be revised as additional research helps better understand risk in these situations 
(CA LGMA  2013 ). Flexibility of planting location is often dependent on the size of 
the operation, and many growers, particularly small, limited resource farmers, have 
few options about planting location. In addition, considerations such as crop rota-
tion to prevent plant and soil-borne diseases may impact a grower’s fl exibility in 
crop selection and planting date. 
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 Another strategy might be to make a  temporal shift  , for example planting pro-
duce crops at times of the year when wildlife intrusion is less likely. The long grow-
ing season on California’s Central Coast allows for such strategies in a landscape 
with a diverse tapestry of crops. For example, growers report that feral pigs are 
attracted to ripening grapes. Knowing grapes ripen in the fall, a grower in an adja-
cent production block may choose not to plant a lettuce crop for harvest at the time 
grapes are ripening. Choosing to plant a crop destined for processing, with a vali-
dated kill step, in the fi eld near the vineyard represents a temporal co-management 
strategy. It is important to note that not all processing procedures are kill steps. For 
example, blanching procedures commonly used on frozen vegetables, unless vali-
dated, are not considered a reliably effective kill step (Personal Communication, 
Laura Giudici Mills, LGM Consulting, Spreckels, CA). This scenario would rely 
upon both a good deal of operational fl exibility and historical knowledge of feral 
pig activity in the area. 

  Irrigation water   from open sources (e.g., streams, rivers, irrigation reservoirs, 
canals) may also have temporary risks associated with high wildlife populations. It 
is common to have large fl ocks of visiting waterfowl during migratory periods or 
concentrated use of the water source during seasonal dry periods. Standard co- 
management strategies may include robust monitoring for fecal contamination and 
evidence of animal intrusion in the crop, with defi ned “no-harvest” zones where 
contamination is determined to be a medium-high hazard/probable risk (CA LGMA 
 2013 ). Additional water testing may also be added to standard testing protocols 
and, in some cases, irrigation water may be treated to prevent pathogen contamina-
tion of the crop. Alternately, growers may opt to use a different water source during 
periods of high water fowl use, plant a crop destined for processing (with a kill 
step), or forgo planting altogether during the high animal activity period. Opting 
not to plant is an extreme option. Most growers need to maximize use of their farm-
land and won’t idle their ground unless it is part of their normal crop rotation 
schedule, or they miss a planting due to weather event or later than normal harvest 
of previous crop (Personal Communication, Laura Giudici Mills, LGM Consulting, 
Spreckels, CA). 

 Co-management strategies require fl exible responses to changing conditions. 
For example, in the 2014 production season in California’s Central Coast, some 
vegetable crop growers reported more feral pigs moving down from adjacent range-
land, perhaps as a result of drought conditions and limited water in the rangeland. 
In some cases, growers have opted not to plant certain farms as the likelihood of 
wildlife intrusion is high. A high risk of contamination, and the potential inability 
to sell the crop, is economically unacceptable. For large-scale producers, such a 
decision may be possible as other locations can remain productive. For many small-
scale producers, limited in their choice of fi elds to plant, the decision to forego 
planting may not be economically viable. A grower  practicing   co-management 
must necessarily consider all relevant factors, including risk associated with activi-
ties on neighboring properties. 

 Temporal considerations also apply to intervals between possible contamination 
and harvest of the crop. For example, many growers plant  cover crops   to build soil 
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health and to protect the soil during fallow periods between crops (Smith et al. 
 2011 ). Cover crops may provide habitat for a range of wildlife species during their 
growth, and fecal material may be present at the time they are incorporated in the 
soil prior to planting a cash crop. An example of this is seen in the rotation of straw-
berries, vegetable crops, and cover crops. A planting sequence might be to plant 
cover crops in the fall, incorporate the cover crop in early spring, plant lettuce a few 
weeks after incorporation of the cover crop, harvest lettuce after approximately 3 
months, replant lettuce (a double crop), and then plant strawberries in the following 
fall. Since the lettuce crop is harvested 3 months after the cover crops are incorpo-
rated, pathogens that might have been present have had an opportunity to die off. 
Co-management strategies consider the benefi ts of the cover crops in the cropping 
system and the potential contamination risk from wildlife fecal matter. Research 
provides some insight into how long pathogens survive on contaminated crop crops 
in various settings (Koike et al.  2010 ). Future research may provide more detailed 
understanding of timing for pathogen die-off, which will allow management to 
reduce the potential for food safety risk while meeting management objectives for 
soil health and protection. 

 Other factors may also infl uence how farmers can respond to wildlife activity 
near their crops. For example, small birds often build nests in farm structures (e.g., 
pump houses, equipment and packing sheds.) and food safety professionals may be 
concerned about their feces contaminating well water or equipment that may enter 
the crop fi elds. In some cases these birds are protected species (e.g., Migratory Bird 
Act, or if endangered, by the Endangered Species Act), and disturbing them may be 
illegal. If bird activity is noted, growers may install features (e.g., wires on perching 
or nesting sites in the structures) to discourage nesting, perching or roosting. Ideally 
this work is done outside of the nesting season. However, if the birds have nested 
and laid eggs, growers may not disturb them or their nests. In this case, growers may 
document the activity and guide workers to carefully inspect any materials stored in 
or near the structure to avoid introducing fecal matter to the crop. Food safety plans 
may note that, after young birds have fl edged, the nest should be removed and fea-
tures installed to discourage future bird use of the site. 

 In the case of birds, food safety professionals acknowledge that it is not possible 
to monitor all bird activity over a crop fi eld. Deterrent actions such as  noise cannons   
may be used to discourage birds, but in many cases bird activity in the crop is 
unavoidable. In this instance, guidance focuses on careful  inspection   of the crop for 
fecal contamination or other evidence of bird activity (e.g., feeding damage, feath-
ers, tracks). General guidance for all animals is covered in Considerations in 
Assessing Potential Hazards and Risks Associated with Animal Activity in the 
Field (both domesticated and wild) in the  LGMA Guidance Documents   (CA LGMA 
 2013 ). Guidance includes the following: volume and concentration of fecal material 
in the fi eld and production area; frequency of animal sightings and sign (e.g., tracks, 
scat, rubbing, animal damage to crop); animal species likely to aggregate (e.g., 
fl ocks and herds) and produce concentrated areas of fecal material and incidental 
contact with the crop; potential for animals to transport pathogens from a high-risk 
source (e.g., CAFO, garbage dump, sewage treatment facility) to the fi eld; species 
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with seasonal migrations that result in increased population density and potential 
for activity in the fi eld. A  low-hazard/negligible risk   would likely result in the 
grower or handler following their company’s Standard Operating Procedure (SOP), 
whereas a medium-high hazard would likely result in the grower or handler estab-
lishing a “no-harvest” buffer or, if the area cannot be effectively buffered, not har-
vesting the crop and, if necessary, consulting with state and regional experts (see 
CA LGMA’s Appendix Z) to develop co-management strategies to prevent recur-
rence (Personal Communication, Mills, Laura Giudici, LGM Consulting, Spreckels, 
CA; CA LGMA  2013 ). See additional discussion in Chap.   7     of this volume by 
Giclas and Wetherington. 

  Co-management processes can also be built around practices intended to protect 
food safety through monitoring or controlling animal movement, such as fencing 
and bare ground buffers. These practices may be particularly important when 
addressing concerns regarding conservation practices that cannot simply be relo-
cated. Riparian vegetation and wetlands are landscape features that require co- 
management strategies that recognize their importance in the production 
environment. While  fencing   and  bare ground buffers   may raise concerns within the 
conservation community, these strategies can be managed to balance both food 
safety and wildlife protections. 

 Fencing may provide an effective method of discouraging animal movement into 
crop fi elds. Co-management strategies typically emphasize fencing that allows 
maximum mobility of wildlife along habitat corridors, but discourages movement 
into crop fi elds. In one example, a grower has allowed entry and exit points along 
the fence line for wildlife. Strategic positioning of these entry and exit points allows 
wildlife to move to an adjacent park with abundant habitat for the animals, but 
effectively reduces traffi c that transects planted fi elds. 

 Managing ground squirrel activity around a small wetland area in the center of 
a large produce farm provides another example of building potential co-manage-
ment strategies. In this case the grower has erected low (approximately 3 ft tall) silt 
fencing around the wetland to discourage movement of the ground squirrels out of 
the vegetation surrounding the wetland while maintaining the water quality bene-
fi ts provided by the wetlands. A grower visiting the wetland noted that at her opera-
tion, applying food-grade oil to the silt fence effectively reduced the ability of frogs 
to climb up and over the silt fencing. While some animals still move into the 
cropped area surrounding the wetland, numbers are reduced, thereby minimizing 
the risk of contamination. Such use of silt fencing is common along crop fi eld 
edges that border riparian areas, wetlands, tail water basins, or other land features 
likely to support wildlife. 

 Fencing may not always be effective in keeping animals out of production fi elds. 
It is important to know what animals are likely to be a problem. For instance, the 
types of fencing recommended to exclude deer will not effectively exclude feral 
pigs. Where wildlife is not protected, other management options may be available 
and may be recommended in addition to fencing (Jay and Wiscomb  2008 ). For 
example, in California feral pigs are exotic and invasive, and are not protected. 
Depredation permits may be obtained from the California Department of Fish and 
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Wildlife, and feral pigs may be hunted or trapped. Growers routinely  set traps   for 
pigs and rodents that may enter crop fi elds.  

  Bare ground buffers   that maintain an area free of vegetation immediately adja-
cent to the crop fi eld are a management strategy that allows for direct observation of 
animal tracks into fi elds. Keeping the soil covered is a basic tenet of soil conserva-
tion. Co-management strategies focus on guiding the placement of bare ground buf-
fers to minimize potential adverse impacts of bare ground on soil and water 
resources. For example, a minimal bare ground buffer placed immediately adjacent 
to a crop fi eld, with a vegetated strip, or dense riparian vegetation between the bare 
ground buffer and a water body is less concerning than a broad bare ground buffer 
directly adjacent to a stream. In many cases, dirt roads around production blocks 
serve as bare ground buffers. One grower who farms along a riparian area routinely 
drives the roads, stopping to inspect and document animal activity evidence (e.g., 
tracks, fecal matter). These detailed records serve as a foundation for risk-based 
management decisions. At times, such documentation leads to a decision not to 
harvest large production blocks. The economic implications of such decisions will 
be discussed later in this chapter.  

    Co-management in a Broader Context 

 This chapter has focused on co-management processes as they relate to wildlife 
management strategies. It is important to note that co-management applies to all 
aspects of management. Consider the earlier example of a  cropping system   that 
includes cover crops, lettuce, and strawberries. A grower who manages such a sys-
tem approached the USDA Natural Resources Conservation Service (NRCS) to 
explore the possibility of capturing water from subsurface drains for application on 
the farm. Through an astute evaluation of her farming operation, she recognized that 
her drainage water with elevated nitrate levels presented an environmental quality 
concern for the receiving waters of the Monterey Bay National Marine Sanctuary. 
Further, she noted the historic drought compelled her to fi nd ways to make maxi-
mum use of water resources. Working with NRCS engineers she determined it was 
possible to capture the drainage water and store it for use on the farm. Her ultimate 
decision of whether to proceed with the project must consider volume of water 
likely to be captured, costs to develop the storage and re-use capacity, and suitability 
of the water for the intended uses. The latter must consider not only microbiological 
factors pertinent to food safety concerns, but also parameters that may infl uence 
agronomic suitability of the  water   (e.g., salinity, nutrients, plant pathogens, pesti-
cides, heavy metals). In her case, application of the water to the lettuce and straw-
berries presents an unacceptable food safety risk, unless treated, which introduces 
another cost factor. Use of the water for dust abatement on farm roads or to the cover 
crop (not consumed) may be acceptable if there is no possibility of contaminating 
either the lettuce or the strawberry crops.  
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    Impacts to the Bottom Line 

 Co-management seeks to balance food safety and sustainability goals in the context 
of maintaining a sound bottom line. The economic loss incurred from fi elds that 
must be abandoned just before harvest due to fecal contamination can be signifi cant. 
In addition, compliance with both food safety and conservation goals may generate 
additional operational costs. 

  University of California Cost and Return Studies provide estimates of costs for 
many commodities, and can be used here to demonstrate the challenges producers 
face. As an example, using the most recent data available for growers of romaine 
lettuce hearts in California’s Central Coast, growers may have total  costs   of $4109 
per acre to grow the crop. Costs to harvest are an additional estimated $4739 per 
acre, assuming a 2009-based industry average yield of 700 cartons. Net returns 
above the total costs to grow and harvest vary according to the current prices per 
carton. At $12–14 per carton, net returns can range from a loss to $952 per acre 
(Smith et al.  2009 ). If animal intrusion evidence is extensive, a grower may not 
harvest large production blocks for fear that fecal contamination will not be detected 
in a preharvest inspection and contaminated product will be harvested and sold. 
While harvest costs are not incurred, there will be costs associated with destroying 
the un-harvested crop, typically by incorporating it back into the soil. In this case, 
total loss to the grower will include growing costs plus the cost to deal with the un- 
harvested crop. There are also hard to monetize costs associated with impact on 
future contracts with a buyer for whom the grower was unable to meet a contracted 
harvest. 

 Conservation practices also incur costs for the grower. For example,  cover crops  , 
previously discussed, can benefi t soil health and help capture residual soil nitrogen 
and reduce runoff and leaching of excess nutrients, most notably nitrogen (Dabney 
et al.  2001 ), while vegetated buffers that reduce soil erosion may also reduce sedi-
ment and phosphorus movement to surface water (Abu-Zreig et al.  2003 ; Zhang 
et al.  2010 ). Both nitrogen and phosphorus have been linked to signifi cant water 
quality concerns in numerous regions around the country (Carpenter et al.  1998 ). In 
California’s Central Coast region, cover crops are commonly planted in the fall, 
grown during winter, and worked into the soil in spring. Tourte et al. ( 2003a ,  b ) 
estimated representative costs for fall-planted cover crops to be $147 per acre. For 
grassed fi lter strips, Tourte et al. ( 2003a ,  b ) estimated representative costs for a 1300 
linear foot, 16-ft wide buffer strip (total area 0.5 acre) to be $229. This does not 
include lost productivity from this half acre area. These costs would be in addition 
to crop production costs noted above, but provide multiple benefi ts, including 
improved soil health and reduced nutrient runoff. Conservation practices may also 
support attainment of water quality-related regulatory requirements, though often 
there is a lag time in demonstrated effi cacy of conservation practices in mitigating 
water quality concerns (Meals et al.  2010 ) so farmers may not fi nd their investment 
of time and money immediately rewarded. 
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 Management modifi cations for compliance with food safety protocols also come 
with additional costs. Hardesty and Kusunose ( 2009 ) surveyed producers on 
California’s Central Coast on their costs for modifi cations made specifi cally for 
compliance with the CA LGMA food safety metrics. Responses from producers 
revealed that costs averaged $54.63 per acre in 2007 in addition to $13.60 per acre 
for average modifi cations costs. Smith et al. ( 2009 ) estimated food safety costs at 
$50 per acre. The current market demand to meet  Global Food Safety Initiative stan-
dards (GFSI)   and monthly water system testing has increased costs that have yet to 
be fully accounted. Also, the increased sharing of documentation (e.g., ranch assess-
ments, ranch audits, pest controls used, copies of water tests, statements of ranch 
history) between produce buyers and growers adds a clerical cost to food safety 
programs that has yet to be calculated on a per acre basis (Personal Communication, 
Ken Stearns, Food Safety Director, D’Arrigo Brothers, Salinas, CA). 

 The previous example of lettuce illustrates the fi nancial impacts of food safety 
management. The sum of the average modifi cation costs and 2007 seasonal food 
safety costs—$68.23—represents almost 1 % (0.93 %) of the growers’ average let-
tuce revenues. Additional costs not included in the Hardesty and Kusunose ( 2009 ) 
work include ongoing expenses related to crew training and equipment, and product 
abandoned due to food safety concerns (Personal Communication, Ken Stearns, 
Food Safety Director, D’Arrigo Brothers, Salinas, CA). Since it appears that grow-
ers may have excluded some costs when reporting their seasonal food safety costs, 
a combined per acre cost of approximately $100 could be a more accurate average 
per acre estimate (Hardesty and Kusunose  2009 ).  

  Market-driven requirements for produce growers generally include  liability 
insurance   as an additional cost. In the 2009 romaine lettuce example, liability cover-
age is included at $1 per acre, with a total cost of $1140 for the 1140 acre operation 
for which costs were analyzed (Smith et al.  2009 ). Liability insurance covers bodily 
injury and property damage claims made against the grower, including claims made 
by third parties for contaminated product. Cost for this insurance currently runs 
$1–2 per acre. More recently, larger produce buyers have required higher levels of 
coverage with signifi cantly higher premiums. This liability insurance does not cover 
Workman’s Compensation coverage for employee injury, which is based on payroll 
for an operation and it typically a much higher cost to the grower (Personal 
Communication, Don Winn, Arthur J. Gallagher Co., Hollister, CA, 2014). 

 In addition to various types of liability insurance, an increasing number of pro-
duce growers in California’s Central Coast region are also opting to carry recall 
insurance. This insurance covers the costs a grower incurs in the event of accidental 
or malicious contamination of the crop. Recall insurance covers costs a grower may 
incur to take product off shelves, test and destroy product, as well as the cost to 
replace the product and the lost profi ts of the growers’ customers (e.g., handlers/
shippers/buyers). Claims against this coverage are only possible if the policy hold-
er’s own crop is contaminated; the coverage does not apply to losses that may result 
to an entire sector as the result of contamination of a given crop. For example, a 
grower with recall insurance for a spinach crop in New York cannot make a claim 
based on lost revenues related to reduced demand for spinach in the New York mar-
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ket following a contamination event in California. Also, of critical importance, this 
insurance does  not  cover losses incurred if product is contaminated in the fi eld and 
has to be destroyed instead of sold. Recall insurance premiums are typically much 
higher and may average $10 per acre (Personal Communication, Don Winn, Arthur 
J. Gallagher and Co. Hollister, CA, 2014).   

    Supporting Co-management 

 Support for  stakeholders   with diverse skills and knowledge who are charged with 
fi nding a balance between food safety and conservation has proven a critical factor 
in the evolution of co-management. 

 As food safety management shifted toward increasing focus on practices at the 
fi eld level, both food safety and conservation professionals found themselves in 
unfamiliar territory. In April 2007, shortly after the 2006  E. coli  O157:H7 outbreak 
linked to leafy greens, more than 100 invited food safety and water quality leaders 
met in San Luis Obispo, California. The purpose of the meeting was to discuss 
research priorities needed to assure food safety while conserving water quality. The 
attendees represented government, industry, and academia and were active at 
national, state, and regional levels. Organizers hypothesized that the food safety and 
 water quality communities         were largely uneducated as to each other’s concerns, 
constraints, and motivating interests (Crohn and Bianchi  2008 ). Small groups rep-
resenting both constituencies visited area farms. During these farm visits, water 
quality leaders were asked to audit the farms from a food safety perspective and 
food safety professionals were expected to assess water quality concerns. The co- 
management process experienced in 2007, and that which has evolved over the past 
decade, relies on deliberate efforts by all involved decision makers to consider the 
potential effects of a management decision in multiple dimensions. 

 For this reason, a keystone for supporting co-management is providing well- 
documented language in terms that all stakeholders can understand. Many produc-
ers,  food safety professionals  , and conservation professionals now recognize the 
broader context in which management practices on produce farms must be consid-
ered. For example, producers are learning to describe the purpose of  conservation 
practices  , and to articulate their concerns about how food safety management objec-
tives may undermine conservation objectives. Food safety professionals are learn-
ing to recognize individual conservation practices, their purpose and the language 
growers may use to describe their importance in the production environment. 
Conservation professionals are learning to understand food safety concerns and to 
respect the need for producers to consider food safety impacts of conservation activ-
ities on and around their produce farms. 

 With regard to wildlife, much of the effort to support understanding has been 
focused on helping  food safety professionals   and production personnel recognize 
the benefi ts of vegetation and water bodies in conservation stewardship and helping 
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conservation professionals recognize the importance of designing conservation 
practices that both support conservation objectives and acknowledge food safety 
risks. The shift in focus to evidence of contamination (e.g., fecal matter, tracks, 
feeding damage) rather than the possibility that wildlife may frequent non-crop 
areas near the crop fi elds has allowed more opportunities to use co-management 
processes for best outcomes. 

  The following section describes resources for those seeking co-management 
 support and training opportunities  . 

 The resources to develop co-management strategies lie within the diverse com-
munities of practice apparent in the defi nition. Agricultural producers, food safety 
and wildlife professionals, conservation professionals, and academics with a pri-
mary focus on all of the above are critical partners in the inter- and multidisciplinary 
dialogue required to develop effective strategies. There are both regional and 
national examples of ongoing efforts to support multidisciplinary teams: Farm Food 
Safety Conservation Network 1 ; Produce Safety Alliance 2 ; National Sustainable 
Agriculture Coalition. 3  The Center for Produce Safety 4  supports co-management 
research. The Western Institute for Food Safety and Security 5  and the Western 
Center for Food Safety, 6  are active in both research and extension surrounding co- 
management. Additionally, the USDA Natural Resource Conservation Service has 
supported development of co-management strategies through its Conservation 
Innovation Grants Program. 7  

 Research and extension programs throughout the USA are actively pursuing 
information around the key production questions surrounding wildlife, water, and 
soil amendments. The integration of information continues to occur at the fi eld 
level, in the dialogue between the producer and food safety and conservation profes-
sionals. In support of this dialogue, University of California academics in collabora-
tion with USDA Natural Resources Conservation Service conservation professionals 
have created publications, video, and online training materials. These resources are 
found on the University of California’s Food Safety website’s Co-management of 
Food Safety and Sustainability page. 8  

 On-farm food safety assessments are generally organized around food safety 
hazards in the production fi eld, those associated with adjacent land, and potential 

1   http://www.awqa.org/water-quality/farm-food-safety-and-conservation-network/ . Accessed 16 
Jan 2015. 
2   http://producesafetyalliance.cornell.edu/ . Accessed 16 Jan 2015. 
3   http://sustainableagriculture.net/ . Accessed 16 Jan 2015. 
4   http://www.centerforproducesafety.org/ . Accessed 16 Jan 2015. 
5   http://www.wifss.ucdavis.edu/ . Accessed 16 Jan 2015. 
6   http://wcfs.ucdavis.edu/ . Accessed 16 Jan 2015. 
7   http://www.nrcs.usda.gov/wps/portal/nrcs/main/national/programs/fi nancial/cig/ . Accessed 16 
Jan 2015. 
8   http://ucfoodsafety.ucdavis.edu/Preharvest/Co-management_of_Food_Safety_and_
Sustainability/ . Accessed 16 Jan 2015. 
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hazards in the production environment. Co-management resource sheets have been 
developed that address individual conservation practices, their purpose and impor-
tance in the production environment, and when audit standards might consider the 
practices as addressing farming impacts on the environment and/or as potential con-
tributors to food safety risk. Co-management resource sheets are organized into 
conservation practices that are found:

•    Within the production fi eld (cover crops, vegetative barriers, and soil 
amendments).  

•   Adjacent to the production fi eld (critical area plantings, fi lter strips and grassed 
waterways; conservation cover and wetland wildlife habitat management; hedge-
rows, windbreaks, and herbaceous wind barriers).  

•   Near streams and water bodies (riparian forest buffer and riparian herbaceous 
cover).    

 Additional resource sheets cover practices related to water (sprinkler and microir-
rigation; irrigation fi eld ditch, irrigation system tailwater recovery, and surface 
drainage ditches; irrigation reservoir and structure for water control; constructed 
wetlands) and sediments (sediment basin and water and sediment basin). 

 Within each resource sheet are practice descriptions, the potential advantages 
and disadvantages of these practices in the agricultural environment, and areas 
within some audit standards that may trigger concerns for assessing impacts on the 
environment as well as food safety concerns. Scenarios provide examples of how 
food safety concerns regarding these practices might be addressed. For example, 
co-management strategies for managing food safety risks from cover crops include 
chemically mowing the cover crop at 4–6 in. to reduce the potential for habitat, 
incorporating cover crops prior to planting adjacent fi elds, and routine monitoring 
for animal activity (Bianchi  2013a ). In the case of riparian vegetation, monitoring 
of the riparian edge to understand animal movement patterns, with use of temporary 
fencing on an as needed basis as a control strategy where necessary may be a co- 
management strategy (Bianchi  2013b ).   

    Future Directions 

 Key research questions remain, many defi ned during the critical conversations 
surrounding  on-farm decisions   regarding co-management. Additionally, responsi-
bility lies with the research community for creating an open and integrated 
approach to interpretation, extension, and implementation of research results sur-
rounding contamination, transport and survival of pathogens in the production 
environment. Agricultural, food safety, and conservation scientists must keep pace 
with co- management questions supporting food safety, the environment, and the 
bottom line.     
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    Chapter 10   
 Recommendations to Regulations: Managing 
Wildlife and Produce Safety on the Farm                     

       Gretchen     L.     Wall     and     Elizabeth     A.     Bihn    

    Abstract     Successful fruit and vegetable production requires produce growers to not 
only have keen business acumen, but also a vast knowledge of science and agricul-
ture, adaptability to changing farm and environmental conditions, an understanding 
of produce safety practices, and often times, sheer determination and dedication to 
rigorous labor. One long-standing and frustrating challenge for produce growers is 
managing wildlife on fruit and vegetable farms in an effort to protect crops from dam-
age and preserve a full harvest to take to the market. In the last 15 years, however, 
focus regarding wildlife on farms has shifted to produce safety risks that may result 
from the presence of wildlife fecal material in produce fi elds and packinghouses. With 
buyer requirements for produce safety practices and the fi rst-ever federal regulation 
of fruits and vegetables on the horizon, growers need to understand and implement 
food safety practices on the farm, including managing wildlife concerns to reduce 
risks, and make critical decisions to ensure their farm’s long-term viability.  

  Keywords     Food regulation   •   Food Safety Modernization Act   •   Good Agricultural 
Practices (GAPs)   •   Produce safety   •   Produce Safety Alliance   •   U.S. Food and Drug 
Administration   •   Wildlife   •   Domesticated animals  

        Introduction 

 Growing fruits and vegetables for human consumption and farm profi t involves a 
delicate and complex process of balancing resources, including land, water, labor, 
equipment, capital, and time, among many other factors. Successful produce grow-
ers understand the high level of management that it takes to grow and harvest fruits 
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and vegetables but, over the past 15 years,  food safety requirements   have evolved 
and in some cases, changed how resources are allocated. Many growers, regardless 
of size and scale, have trouble believing produce safety is an issue because they 
think they are already doing everything they can to grow safe produce (after all, they 
feed this food to their families). In addition, many food safety concerns involve fac-
tors which are largely out of the grower’s control, including but not limited to, 
weather events (e.g., fl ooding, rain, wind), upstream point-source and non-point- 
source contamination, and wildlife habitat on or near the farm. Simply stated, nature 
cannot be taken out of the equation and the growing environment cannot be fully 
controlled. 

 Microbial contamination of fresh fruits and vegetables can occur during any 
stage of the production, harvest, and handling (Beuchat  2002 ; FDA  1998 ; Gorny 
 2006 ; Bihn and Gravini  2006 ). In addition, there are approximately 189,000 fruit 
and vegetable farms operating in the United States, the District of Columbia, and 
the Commonwealth of Puerto Rico, each of which have their own set of unique 
production practices, agricultural commodities, wildlife habitat, climates, natural 
resources, and marketing venues. Despite these wide ranging differences, one thing 
all farms have in common is wildlife, a natural, valuable, and unavoidable part of 
the farm environment. 

  This commonality also presents a unique risk to produce because a number of 
studies have revealed that a variety of animals, both domesticated and wild, can 
harbor human pathogens in their feces and can contaminate produce. Even though 
 domesticated animals   are much easier than wildlife to control in terms of their 
movement and access to produce fi elds and water sources, they still pose a risk since 
it is well known that cattle, sheep, pigs, chickens, cats, and dogs can harbor human 
pathogens and can shed them in their feces (Jay et al.  2007 ; Wang et al.  1996 ; 
Beuchat  2006 ). Although less likely than domestic animals, wildlife can also carry 
human pathogens such as  Salmonella  and  E. coli  O157:H7 (Langholz and Jay- 
Russell  2013 ). As wildlife interact more with domesticated animals and humans, 
such as through shared water sources and habitat, they are more likely to become 
carriers of human pathogens (Nielsen et al.  2004 ). Reptiles, amphibians, several 
bird species, fl ies, and larger warm-blooded animals such as elk, deer, coyotes, and 
feral pigs have been identifi ed as carriers of human pathogens (Nielsen et al.  2004 ; 
Sanderson et al.  2006 ). Posing additional challenges to produce growers, the preva-
lence of human pathogens in most wildlife species is low and contamination events 
are often sporadic or go unnoticed, making prevention strategies extremely diffi cult 
(FDA  2011 ).  

 Using the scientifi c information that is currently available, a critical consider-
ation is how researchers, educators, policy-makers, and industry members can help 
produce growers navigate the  decision-making process   that requires the evaluation 
of complex interactions between the environment, wildlife, and pathogen reser-
voirs. Recognizing that each farm is different, with a variety of wildlife present, 
crops grown, and market pressures, it seems likely that wildlife management deci-
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sions are best made by each individual farm owner or farm operator. This means 
fruit and vegetable growers are expected to have the expertise to make diffi cult 
decisions about wildlife management that may affect produce safety, market access, 
regulatory compliance, and conservation initiatives. This chapter will present issues 
related to wildlife management on the farm, including the ambiguity that growers 
are forced to navigate as they strive to meet regulatory, buyer, and consumer 
demands for safe produce.  

    Attributes That Contribute to the Complexity of On-Farm 
Food Safety Decisions 

     Mitigation of Fruit and Vegetable Crop–Wildlife  Confl icts   

 Growers are acutely aware of how wildlife may affect their farm operations since 
harvest and yield depend on the mitigation of crop consumption, damage, or destruc-
tion by wildlife or other pests (Anderson and Lindell  2013 ; Baldwin et al.  2012 ). A 
survey conducted in 1998 with 2000 farmers and ranchers revealed that 80 % of 
fi elds suffered crop damage from wildlife in the previous year, and 53 % reported 
that the damage exceeded their level of tolerance (Conover  2002 ). Mitigating these 
negative crop–wildlife interactions can often bring up additional confl icts related to 
conservation efforts, including preservation of wildlife habitat, interaction with 
endangered species, soil erosion prevention, and protecting water ways from run-off 
(Dickman  2010 ). One way to address these confl icts is through co-management, 
which is an approach designed “to minimize microbiological hazards associated 
with food production while simultaneously conserving soil, water, air, wildlife, and 
other natural resources” (Lowell et al.  2010 ) (see also Chap.   9    ). 

 Co-management is a relatively new area of  on-farm food safety programs  ; there-
fore, many growers may be unfamiliar with the topic. It is also likely that growers, 
along with Extension educators and other organizations who work closely with 
growers, will need to modify their approaches, perspectives, and expectations on the 
way they interact with wildlife on fruit and vegetable farms. This shift in focus is 
not only to support safe and sustainable stewardship of the land and its natural 
resources, but also to ensure that growers are aware of the contamination risks that 
wildlife may pose to the produce. There are many educational programs that have 
been developed to assist growers with understanding and implementing farm food 
safety practices, such as  Good Agricultural Practices (GAPs)  , which will be 
 discussed later in this chapter. However, implementing effective food safety prac-
tices on the farm requires that growers develop a working knowledge of produce 
safety risk assessment since no two farms are the same. Additionally, growers must 
tailor guidance to fi t their own farm’s needs and incorporate strategies that foster a 
more holistic approach to food safety and wildlife management.   
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    Perceptions of Wildlife as a Valuable Part of the Farming 
Landscape 

 The concern about wildlife goes beyond the farm gate since buyers, regulatory per-
sonnel, third-party auditors, and consumers may also have opinions and demands 
about management strategies that farms employ for food safety and conservation 
efforts. These opinions and demands are not necessarily consistent or uniform, 
causing growers to balance multiple, and sometimes confl icting, priorities. 
 Consumers  , especially in U-pick and Pick-Your-Own environments, enjoy being on 
a farm because it is integrated into the natural environment.  Farm visitors and cus-
tomers   often delight in seeing wildlife in the farm environment, unaware of the food 
safety concerns, and may even view food safety management practices that deter or 
eliminate wildlife as unnatural and unnecessary. Growers have even expressed con-
cern about the high level of scrutiny being applied to the presence of wildlife in rural 
environments where is it expected that wildlife would naturally be present (see also 
Chap.   9    ). 

 In effort to align with the Natural Resource Conservation Service ( NRCS  ) and 
other voluntary conservation program goals, the current proposed regulations out-
lined in the FSMA's Produce Safety Rule attempt to balance food safety practices 
with environmental and conservation practices. Although the proposed  Produce 
Safety Rule      will be discussed in detail later in the chapter, it is valuable to mention 
here because the rule relies on each farm owner or manager making the fi nal man-
agement decisions to comply with the regulation since no single regulatory solution 
would satisfy the diversity of agricultural production needs across the country. This 
regulatory approach requires growers to have enough knowledge to make the right 
decisions about farm management in order to balance food safety and conservation. 
Some  federal agencies  , such as USDA-NRCS, support growers through additional 
initiatives, including an estimated $15 million 2014 fi scal year budget commitment, 
to stimulate the development and adoption of innovative conservation practices, 
including those which demonstrate and quantify the effects of conservation prac-
tices in reducing pathogen transport from manure or wildlife to produce crops 
(NRCS  2014 ). 

  The impact that  buyers   have on how food safety practices are implemented on 
the farm should not be overlooked. As buyers raise expectations and requirements 
for food safety, they have also required that farms participate in third-party audits to 
verify that practices have been implemented. There are many different audit 
schemes, audit companies, and individual auditors, often resulting in inconsistent 
food safety expectations imposed on growers. Some auditors have interpreted audit 
questions to demand that growers take steps toward food safety that confl ict with 
their conservation practices (Langholz and Jay-Russell  2013 ; Lowell et al.  2010 ; 
Baumgartner and Runsten  2013 ). Though it is hoped that the greater focus on co- 
management will limit this from happening in the future, it is important to acknowl-
edge past challenges and inconsistent demands in attempting to balance wildlife, 
conservation, and food safety issues on the farm.   
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       Consumer Confi dence   and  Health Initiatives   

 Food safety decisions can also impact the confi dence consumers have in a product 
as well as the demand and market for fruit and vegetable commodities. When pro-
duce is implicated in foodborne illness outbreaks, the consumer and media response 
is often dramatic (Chapman et al.  2012 ; Terry  2011 ). After the 2006  E. coli  O157:H7 
outbreak associated with spinach, the spinach industry incurred a $60 million loss 
as sales plummeted due to consumer aversion and dwindling confi dence in the 
safety of the commodity, regardless of growing region or association with the out-
break (Arnade et al.  2010 ). The outbreak investigation identifi ed several risk factors 
including feral pig presence in and around spinach fi elds, a nearby cow-calf opera-
tion, and irrigation wells used for crop production that were subject to potential 
contamination by surface water. Unfortunately, no defi nitive link to the outbreak 
was determined (Jay et al.  2007 ; Gelting et al.  2011 ). Despite the lack of a conclu-
sive contamination source, many growers in California’s Central Coast region made 
signifi cant changes in an attempt to reduce food safety risks associated with wild 
animals, in some cases resulting in negative impacts to the environment, farm land-
scapes, and wildlife management practices. These examples highlight the drastic 
ripple effect in the actions of both consumers and growers, as evidenced in the his-
tory of documented consumption pattern changes as well as food safety and eco-
logical health confl icts that occurred in California’s Central Coast region post-2006 
 E. coli  outbreak in spinach (Lowell et al.  2010 ). 

 It is in the best interest of everyone that safe and abundant production of fruits 
and vegetables continue. This is critical because growing fruits and vegetables is not 
only important to farm viability and food availability, but essential to the health of 
consumers. Consuming fruits and vegetables reduces the risk of developing certain 
types of cancers, promotes maintenance of proper body weight, and provides neces-
sary vitamins and nutrients that support overall health (Bhupathiraju et al.  2013 ; 
American Cancer Society  2014 ). Reduction in the volume of produce grown may 
limit its availability and increase the price consumers pay, resulting in decreased 
consumption and the loss of health benefi ts associated with produce consumption. 
Ensuring growers have the tools to make safe, sustainable, and economical food 
safety and wildlife management decisions on the farm will aid in keeping fresh 
produce available and affordable in local communities as well as the food system at 
large. This is much easier said than done, as evidenced by the many factors growers 
must contend with in the farm environment and the marketplace.     

      Grower Challenges to  Balancing Food Safety   Goals 
and  Wildlife Management Strategies   

 Wildlife and pest management within the production environment is not new to fruit 
and vegetable growers. However, part of the focus has now shifted from protecting 
the crop yield to protecting the crop from microbial contamination. Understanding 
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and identifying risks associated with pests and wildlife is much more obvious in the 
case of crop damage or loss than it is in identifying microbial contamination risks 
which, in many cases, are not visible to the human eye. It is also important to 
acknowledge that food safety is just a small portion of overall farm management 
goals. Every farm has limited resources available to meet all of its production, food 
safety, and marketing goals. Farming is inherently a high-risk venture, from fl uctu-
ating prices and yields, variable weather patterns, and inconsistent demands for 
everything from the types of commodities and varieties of produce a farm grows for 
the market to the food safety practices they implement. The value of a crop, overall 
revenue of the farm, farm scale (large farm vs. small farm), and type of farming 
operation (organic vs. conventional) may dictate what management strategies the 
grower has available to use and may affect their willingness and ability to adopt 
certain strategies. 

 Critical food safety decisions often must be made at harvest and can affect a large 
portion of, or even an entire seasons’ worth of production and income. For example, 
a grower who adheres to the California Leafy Green Products Handler Marketing 
Agreement (LGMA) may be required to create a minimum fi ve foot radius buffer 
around a contamination event (i.e., fecal deposit) and not harvest that product within 
the buffer (LGMA  2011 ). Larger farms may be able to absorb the fi nancial loss 
resulting from the lower yield because they can spread the cost over more acres. 
A small farm with only a few acres may end up creating buffer zones that cover a 
large percentage of the crop acreage, resulting in loss of substantial farm income. 
Research has revealed that the fi ve foot radius buffer successfully reduces microbial 
contamination risks, but there is not enough scientifi c evidence to determine if a 
smaller buffer would be suffi cient or what the impact this standard would have on 
overall fruit and vegetable production in the United States (Jeamsripong et al.  2013 ). 

 A survey of 43 California leafy green growers participating in the LGMA pro-
gram found that one-third of the growers reported removing produce acreage to 
meet the buffer zone requirements (Hardesty and Kusunose  2009 ). These growers 
reported losing an average of 21 acres of leafy greens (values ranged from 1 to 150 
acres) due to this buffer requirement alone. While the size distribution of growers 
(80 % with gross revenues over $1 million) within the study may not be represen-
tative of growers nationwide, the numbers show the potential impact of 
 commodity- specifi c standards. Whether these management practices are employed 
for food safety purposes or to minimize overall damage to the crop, or perhaps for 
both, the economic and food safety benefi t must be worth the cost incurred, other-
wise the practice may not be sustainable for the farm long-term. This again high-
lights the complexity of decision-making on the farm and the need for additional 
research to elucidate the impact of implementing numeric standards for produce 
safety as well as how risks to produce crops impact production decisions. 

 In the case of produce safety, more than one factor may infl uence what action a 
grower should take to mitigate food safety risks associated with wildlife. Corrective 
actions can depend on the extensiveness of the problem (e.g., widespread contami-
nation or localized), the amount and consistency of fecal material, weather events 
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(e.g., rain which can cause splash or run-off), current production practices (e.g., 
overhead or drip irrigation), history of previous events, commodities affected, and 
target market. For example, growers of crops such as cherries or apples that are 
destined for processing (e.g., canning or sauce-making) may have a higher tolerance 
for bird damage to the crop. Imperfect fruit may still be saleable since it will receive 
a processing treatment that would adequately mitigate the presence of harmful 
microorganisms that may have been deposited by birds. In this case, both food 
safety and minimum quality standards are achieved with reduced fi nancial liability 
to the grower. However, fresh market growers will likely have a lower (or no) toler-
ance for pest damage and microbial contamination of the crop because buyer 
demand requires undamaged fruit produced using food safety practices that meet a 
specifi c standard (Anderson and Lindell  2013 ). This scenario requires a different set 
of risk management strategies that the grower must decide upon based on his or her 
farming operation and target market. 

 The effi cacy and practicality of the strategy used to reduce the problem are pri-
mary factors as to whether growers are willing to invest in the solution. Exclusionary 
control methods such as fencing can be very effective but are often cost-prohibitive. 
Wildlife deterrents such as propane cannons, refl ective tape, or decoys may be 
affordable, but they require management such as moving or modulating delivery to 
remain effective because wildlife can become accustomed to these methods. Dogs 
are an effective pest control management option, resulting in minimized damage to 
crops; however, the benefi t must be weighed against the risk since domesticated 
animals, including dogs, can harbor and spread human pathogens in their feces 
(VerCauteren et al.  2005 ; Jay-Russell et al.  2014 ). Some growers advocate that one 
or two well-trained dogs present in the fi eld are better than a herd of deer or fl ock of 
geese, and may limit other risks such as groundhog holes that represent a physical 
risk (e.g., broken ankles) experienced by farm workers. 

 The location of the farm may also determine what type of strategies growers are 
able to use. Rural farms may have the option of wildlife control through hunting or 
nuisance (depredation) permits, but farms in residential and urban areas may have 
limitations on gun discharge or noise ordinances that must be obeyed. The U.S. Fish 
and Wildlife Service Endangered Species Act must also be considered when 
attempting to control or minimize wildlife access to farms. Additionally, local infl u-
ences such as neighbors may play into management decisions made on the farm 
(Anderson and Lindell  2013 ; Baldwin et al.  2012 ; Conover  2002 ). As one produce 
grower in a focus group conducted by researchers at Cornell University in 2013 
stated regarding his neighbor’s wildlife deterrent methods, “Wildlife may become 
accustomed to the noise, but the one thing that will not are the neighbors!” then he 
added “…every time that cannon goes off, my dog becomes incontinent.” This very 
concisely (and humorously) highlights the complexity of situations many growers 
must navigate. Ultimately, growers must choose which food safety management 
strategies are the most appropriate for their farm, recognizing that the growing envi-
ronment can never be considered zero risk.    
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     Research Needs for Better  Decision Making   

 The complex nature of the farming environment not only presents hurdles to the 
grower decision-making process, but also challenges to researchers who are tasked 
with generating data to identify risks on the farm and effective methods to reduce 
them. Signifi cant scientifi c advancements have allowed researchers to delve deeper 
into the interactions between human pathogens associated with fresh produce, their 
hosts and vectors, as well as identify methods for mitigating risks that primarily 
emphasize the prevention of microbial contamination of fresh fruits and vegetables 
(Beuchat  2006 ; Lynch et al.  2009 ; Sivapalasingam et al.  2004 ; Harris et al.  2003 ). 
Unfortunately, mitigation steps are not always practical or affordable from a grow-
er’s perspective. The scope of produce safety scientifi c research will always be chal-
lenged by the unpredictable and uncontrollable nature of the growing environment 
as well as the need to develop functional mitigation strategies. For example, if rou-
tine irrigation water testing indicates a high level of generic E. coli in the water that 
directly contacts the harvestable portion of the crop, the grower must choose an 
action that will reduce the risk of crop contamination, be fi nancially feasible, and 
meet the crops water demands. In a region experiencing drought, a decision not to 
irrigate because of an identifi ed food safety risk in the water might mean the grower 
will have no crop to sell since the plants may not survive without water. 

 Contamination of produce involves complex interactions within the “epidemio-
logic triad” representing animal reservoirs, pathogens, and the local environment 
(Park et al.  2012 ). Applied research that defi nes prevalence of pathogens in the 
environment, the most likely animal reservoirs, and how pathogens move within the 
farm environment will help guide the development of management strategies that 
minimize microbial contamination of crops by wildlife. Designing and conducting 
research projects is diffi cult given the open and highly variable farm landscape, as 
well as the proclivity of wildlife to move at will. Research-oriented organizations, 
such as the Center for Produce Safety Campaign for Research, have been bridging 
these knowledge gaps by funding applied research projects so that the science can 
inform the development of on-farm best practices. Although signifi cant progress 
has been made in building the body of science to support recommendations, 
 providing sound metrics for the management of food safety risks on the farm con-
tinues to be a challenge and focus of the scientifi c community. 

 Establishing science-based standards for food safety on the farm has been diffi -
cult, if not impossible in many cases (FDA  2011 ). Scenarios such as fecal contami-
nation in the fi eld from wildlife or gross contamination of water bodies due to large 
migratory fl y-ways must be evaluated on a case-by-case basis since it is extremely 
diffi cult to replicate real wildlife events in the laboratory or research setting. The 
risks posed may differ depending on the commodity, type of animal involved (if 
known), climate, weather events, topography, production practices, and time within 
the production season that the contamination event occurred (e.g., close to harvest) 
(Beuchat  2002 ; Gorny  2006 ). Furthermore, the study of actual contamination events 
is rare since the production environment is constantly changing, contamination 
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events are fl eeting, and some growers may not want to be involved in studies which 
implicate that their fi elds or produce have been exposed to human pathogens, 
regardless of the protection and coding of data collected. Much of the research to 
support scientifi c decision-making processes within these complex environments is 
still in the early stages; however, examination of these variables may help develop 
more sophisticated models that growers can use for predicting when and where 
contamination might occur (Strawn et al.  2013 ). 

 The nature of produce safety is also such that most of outbreaks cannot be traced 
back to the original source due to a number of factors. The relatively short shelf life 
of produce and infrequent, sporadic nature of contamination events make traceback 
investigations extremely diffi cult since the product has either been consumed or 
thrown away, or fi elds have been plowed or replanted by the time illnesses are 
reported. Even if animal fecal contamination does occur, it is likely that the origin 
of the outbreak will remain unidentifi ed, leaving growers to question where the risks 
on their farms exist and whether the strategies they employ to reduce risks are actu-
ally working. Furthermore, there are many opportunities for produce to become 
contaminated after it is harvested and leaves the farm. These risks include subse-
quent handling steps which can spread or amplify a contamination event such as 
washing, packaging, fresh-cut preparation, or consumer handling in the home. The 
complexity of the food system can lead state health department and federal investi-
gators down multiple paths, and leave holes in the attempt to trace contamination, 
identify the origin, and determine steps to prevent future contamination events from 
occurring. 

 To address such an extensive network of interactions in the growing environ-
ment, research regarding produce safety is scattered across multiple disciplines, 
including horticulture, microbiology, ecology, epidemiology, food science, soil sci-
ence, veterinary medicine, wildlife biology, hydrology, and general production agri-
culture. Bringing together this research from diverse disciplines to synthesize 
meaningful and useful recommendations for the farming community is critical to 
establishing and implementing proven methods of risk reduction. Unfortunately, 
this represents another research challenge to initiate and sustain communication 
between such diverse groups of researchers in various fi elds of study. Researchers 
studying these complex aspects of produce safety have varied expertise and 
 knowledge bases. This complicates communication among scientists in different 
disciplines because they may not use the same research protocols or technical lan-
guage, or even be aware of the foundational literature that is critical to understand-
ing their colleagues’ viewpoints and research approaches. In an effort to unite 
multi- disciplinary research scientists toward reaching produce safety goals, in 2008, 
the FDA provided funding to the Western Center for Food Safety to outline frame-
works for developing research protocols in the areas of agricultural water and 
manure management. The resulting efforts were published in the Journal of Food 
Protection and will aid in communication and collaboration of future produce safety 
research proposals across disciplines (Harris et al.  2012 ,  2013 ). 

 The goal of research across multiple disciplines is to create actionable items that 
growers can incorporate into their expanding farm management tool kit and enable 
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them to make science-based decisions for both food safety and the sustainability of 
their businesses. As the climate of produce safety shifts from what were once rec-
ommended guidelines to mandatory regulations, the agricultural community will 
need resources that emphasize principles of risk assessment that enable growers to 
evaluate food safety risks on their farm and implement practices which utilize lim-
ited farm resources in the most effi cient and effective way.   

    From Recommendations to Regulations: A Sweeping Reform 
of  Produce Safety   

    Voluntary Compliance 

  In response to a signifi cant number of foodborne illness outbreaks associated with 
produce, in 1998, the United States Food and Drug Administration ( FDA  ) published 
the  Guidance for Industry: Guide to Minimize Microbial Food Safety Hazards for 
Fresh Fruits and Vegetables  (referred to as “The Guide”). The Guide summarized 
produce-associated outbreak data and outlined practices that growers were encour-
aged to adopt through voluntary compliance on farms and in packinghouses to pre-
vent the microbial contamination of fruits and vegetables. Through collaboration 
and internal projects, the FDA has supported increased awareness about produce 
safety issues and the implementation of food safety practices since the release of the 
Guide, but the agency has not been alone in its efforts.  

 Pressure on farms from the industry and buyers to implement food safety prac-
tices has continued to evolve along with government-sponsored programs. Some 
 buyers   sent letters to their suppliers (growers) requesting they follow the practices 
outlined in the Guide. Initially, most buyers were not willing to pay more for 
crops grown using  GAPs   or provide any incentives to growers for implementing 
GAPs. In addition, crop supply often determined how committed buyers were to 
purchasing produce that was grown using the outlined practices. When crops are 
abundant, buyers can be more demanding, and growers that have implemented 
GAPs are often able to secure contracts that other growers could not. When crops 
are in short supply and high demand, the need to have the commodity available 
outweigh the desire to have it grown using GAPs. This inconsistency has made 
many growers uncertain of the value of adopting GAPs given the increased cost 
and management effort required. 

  The  third-party audit industry   saw an opportunity to expand into the farm envi-
ronment as a way to help buyers ensure the commodities they were purchasing were 
meeting the GAPs standards. Growers, accustomed to having  United States 
Department of Agriculture (USDA)   personnel on their farms to grade commodities, 
began requesting that the USDA develop a GAPs audit to streamline the process at 
the farm level. In 1999, the USDA Agricultural Marketing Service’s Fruit and 
Vegetable Program and Specialty Crops Inspection (SCI) Division began develop-
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ing a voluntary audit-based verifi cation program, and today offers two audit options. 
The USDA is not the only group conducting on-farm third-party 
audits; GlobalGAP, Scientifi c Certifi cation Systems, Inc. (SCS), and PrimusLabs, 
are examples of other companies that offer GAPs audits, though they may not use 
the same auditing standards. Some buyers tend to prefer one audit over another so 
the hope that USDA involvement would streamline the audit process never came to 
fruition. Unfortunately, farms that sell to multiple buyers often have to participate in 
multiple third-party audits from different auditing companies. This audit fatigue is 
more prevalent on larger farms, but the cost, time, effort, and frustration was signifi -
cant enough to lead United Fresh Produce Association ( 2010 ) to convene the 
Produce GAPs Harmonization Initiative aimed at developing one harmonized audit 
(Gombas  2013 ). Though this process was successful and resulted in a harmonized 
audit that is openly available for use by auditing fi rms, variation within audits is still 
prevalent because not every company is using the harmonized audit metrics or they 
are adding additional questions through addendums that are not included in the 
original harmonized standard. 

 Even if there was only one audit, the experience and expertise of individual audi-
tors may result in variability of how audit schemes are administered. Auditors have 
various educational and professional backgrounds that may not include knowledge 
of agricultural production environments. Auditor trainings vary by auditing agency, 
so each company is free to decide the level of training required for the auditors they 
hire. Navigating the world of audits is challenging for all growers and adds to the 
cost of production. It is not clear if audits reduce risks, but with continued buyer 
requirements for third-party audits, it is apparent audits will continue to be a part of 
many farm business operations in the future.  

  Commodity groups   have played a major part in the evolution of the produce 
safety landscape. Not only do commodity groups support growers, several produce 
commodity groups have developed their own commodity-specifi c food safety 
guidelines such as those for melons (2005), strawberries (2005), lettuce and leafy 
greens (2006), tomatoes (2006 1st edn, 2008 2nd edn), almonds (2009), green 
onions (2010), mushrooms (2010), citrus (2011), and avocado (2011) (Fleming 
et al. 2005; Gorny et al. 2006; NATTWG  2008 ; Western Growers Association and 
Intertox Incorporated  2010 ). In the case of tomatoes, the release of the 
 commodity- specifi c guidelines was followed by the Florida legislature passing a 
Tomato Good Agricultural Practices Program (TGAPs) law in 2007 that required 
tomato producers in Florida to follow these standards and be subject to enforcement 
by the Florida Department of Agriculture and Consumer Services. This was the fi rst 
instance of voluntary guidance becoming a mandatory, statewide government 
inspection and audit program for tomato production, handling, and packing, effec-
tive on July 1, 2008 (Florida Administrative Code  2007 ). 

  Despite the widespread, decade-long effort to promote and facilitate the adoption 
of GAPs outlined within the voluntary guidelines, a continued history of produce- 
associated outbreaks in the United States drove the FDA to publish its intention to 
develop a produce regulation in the federal docket in December 2009. In prepara-
tion for the development of mandatory standards, the FDA collaborated with the 
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Pew Charitable Trust Produce Safety Project ( PSP     ) to gather information on the 
implications of federal standards for produce and to identify key challenges and 
concerns that growers had about implementation of food safety practices on the 
farm. Launched in 2008, the PSP held a summit in 2009 followed by six stakeholder 
discussion sessions throughout the U.S. in 2010 (Produce Safety Project  2009 ; 
Produce Safety Project  2010 ). Common themes emerged regarding the goals and 
expectations that a new regulation should try to achieve, as well as challenges to 
meeting new  regulatory requirements  : 

•    Universal standards should ensure a “level playing fi eld.”  
•   Standards must take into account differences between commodities and growing 

regions (i.e., one size does not fi t all).  
•   The regulation should not be prescriptive on how to implement practices, so each 

farm has the fl exibility to meet the standards that are established.  
•   A scarcity of resources may complicate the effective implementation and 

enforcement of mandatory standards.  
•   The issue of produce safety requires a science- and risk-based approach.  
•   Standards must be fl exible, continuously updated, and implemented in a phased 

approach.  
•   The development process must be transparent and engage all stakeholders.  
•   Education is paramount prior to the regulation.    

 During these meetings,  farmers and stakeholders   also expressed concern that 
aggressive food safety practices lacked scientifi c basis, were unrealistic, and may 
contradict laws designed to protect wildlife. Some of the comments heard during 
the stakeholder sessions were foreshadowing of public feedback yet to come on the 
newly proposed federal regulations.  

       Food Safety Modernization  Act      and the  FDA    Produce 
Safety Rule   

 As the fi rst and most comprehensive reform of U.S. food safety policy in over 70 
years, the Food Safety Modernization Act (FSMA) was signed into law by President 
Obama on January 4, 2011 to address the public health burden associated with food-
borne illness outbreaks in human food, animal feed, and imported food products 
(FDA  2011 ). The FDA was required to establish science-based, minimum standards 
for the safe production, harvest, and handling of fruits and vegetables as part of 
FSMA’s directive, also called the Produce Safety Rule (FDA  2013a ). The rule pro-
poses standards to minimize microbial hazards in the following areas: worker 
health, hygiene, and training; agricultural water; soil amendments; domesticated 
and wild animals; equipment, tools, and buildings; and sprout production. 

                            Although the rule does outline specifi c commodities that are considered “cov-
ered produce,” the regulation is not commodity-specifi c, per se. Based on historical 
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produce-related outbreak data and evaluation of contamination sources, the FDA 
has chosen to focus on production practices rather than to take a commodity- specifi c 
approach since research indicates that all types of fruits and vegetables have the 
potential to become contaminated during the production, harvest, and handling pro-
cess. In general, agricultural commodities that are consumed raw or in an unpro-
cessed state would be subject to the regulation, including peanuts, tree nuts, 
mushrooms, sprouts, herbs, and fresh fruits and vegetables. 

 The proposed rule does provide provisions for exemption to farms and covered 
produce, provided certain conditions are met. First, produce farms are not covered 
by the regulation if they have an average annual monetary value of all produce sales 
of $25,000 or less. This accounts for approximately 34,000 farms in the United 
States. An exemption may also be established under any of the following three cri-
teria: (1) the produce is destined for commercial processing which includes a kill 
step (e.g., canning) that adequately reduces the presence of microorganisms of con-
cern; (2) the produce is only grown for personal consumption or on-farm consump-
tion; or (3) the monetary value of all food sales must average less than $500,000 per 
year for the last 3 years  and  more than 50 % of all food sales 1  are direct to a “quali-
fi ed end user”. 2  These exemptions originated from the Tester-Hagan Amendment in 
the FSMA legislation. Senators Jon Tester (D-MT) and Kay Hagan (D-NC) spon-
sored the amendment in an effort to remove smaller scale, local producers from the 
burdensome costs of federal oversight, while leaving them still subject to the current 
regulatory framework of state and local health entities. It is projected that the overall 
public foodborne illness health burden posed by these farms that primarily direct 
market or sell produce locally is relatively low; however, the risk to individuals is 
not necessarily lower. Even small market venues present the possibility of consum-
ers experiencing signifi cant health consequences. In 2011, an outbreak of  E. coli  
O157:H7 caused by deer fecal contamination in strawberries sold at roadside stands 
and a farmer’s market was identifi ed in Oregon. Out of the 15 cases that were identi-
fi ed, six were hospitalized, including four with hemolytic uremic syndrome (HUS). 
Two of the individuals who had HUS later died (Laidler et al.  2013 ). 

 After accounting for farms that qualify for one or more of the exemptions men-
tioned above, including farms that are not covered because they have produce sales 
of less than $25,000 and farms that grow commodities which are destined for fur-
ther processing, approximately 40,000 farms of the total 189,000 remain subject to 
the produce regulation (Fig.  10.1 ).

   Many have questioned whether the impacts of these exemptions will create 
weaknesses within the food safety system, allowing smaller growers to produce 
higher risk commodities because they are not subject to the same regulatory over-
sight as larger growers. While some growers may breathe a sigh of relief after 

1   The FDA defi nes “food sales” to include all products grown or raised for animal or human con-
sumption or to be used as ingredients for any such item. 
2   A  qualifi ed end user  is defi ned as consumers of the food, regardless of location, or a restaurant or 
retail establishment in the same state or not more than 275 miles from the farm. 
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confi rming their exemption from the fi nal regulations, many are already noticing 
that exemption from the regulation does not mean exemption from buyer demand 
and market pressure to implement food safety practices. Even small-scale market-
ing venues such as local farm-to-school programs, farmers’ markets, auction 
houses, and grower cooperatives are beginning to ask for verifi cation of basic food 
safety practices through specifi ed procurement standards, food safety plans, or 
even third- party audits. It is anticipated that the federal regulations will set the 
foundation for food safety practices, while buyers may continue to build their 
expectations and requirements. For example, the proposed Produce Safety Rule 
does not require a food safety plan or third-party audit, but many buyers and nearly 
all audit schemes do.      

    Drafting a Regulation to Fit a Diverse Industry 
and Complex Topic  

 Crafting a regulation to fi t a diversity of produce commodities, growing environ-
ments, production practices, and farm sizes calls for fl exibility in the established 
standards and must accommodate variation in the agricultural environment. The 

  Fig. 10.1    Breakdown of 
farms eligible for qualifi ed 
exemptions and farms not 
covered by the produce 
safety rule       
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FDA and other federal agencies such as the USDA have taken a number of actions 
to address produce safety over the last two decades, leading up to the development 
of the Food Safety Modernization Act. In addition to  commodity-specifi c guidance 
documents   developed for the fresh produce industry, the FDA has relied on data 
from inspections and outbreak investigations, public hearings to gather information 
from stakeholders, and surveys of current industry practices to target and develop 
goals to reduce foodborne illnesses in fresh produce through the development of 
regulatory standards. The agency has provided an evaluation of produce safety risks 
and an analysis of economic impacts of the proposed Produce Safety Rule through 
two documents, the  Qualitative Assessment of Risk to Public Health from On-Farm 
Contamination of Produce  ( QAR  ) and the  Analysis of Economic Impacts—
Standards for the Growing, Harvesting, Packing and Holding of Produce for Human 
Consumption  ( AEI  ) (FDA  2013b ,  c ). 

 Pursuant to Section 419 of the Food, Drug, and Cosmetic Act, the FDA must 
develop minimum science-based standards for the safe production and harvest of 
fruits and vegetables. The statute directs the FDA to base these standards on “known 
safety risks and to include procedures, processes, and practices that are reasonably 
necessary to prevent the introduction of known or reasonably foreseeable biologi-
cal, chemical, or physical hazards into fruit and vegetable raw agricultural com-
modities…” As a result of the  QAR  , several key focus areas were identifi ed for 
inclusion and expansion of the regulatory language for the proposed Produce Safety 
Rule including:

    (a)    Emphasis should be placed on biological hazards because they account for the 
vast majority of produce-related foodborne illnesses (not chemical or physical 
food safety hazards).   

   (b)    There are many routes of contamination including farm worker health and 
hygiene, soil amendments (e.g., manure, compost), agricultural water (both for 
fi eld production and post-harvest uses), post-harvest handling and storage, and 
wildlife and domestic animals.   

   (c)    All types of produce commodities have the potential to become contaminated.   
   (d)    Specifi c practices associated with a particular produce commodity may affect 

the potential routes and likelihood of contamination.   
   (e)    Postharvest practices such as cooking before consumption will have an impact 

on the likelihood of illness occurring.    

  The prioritization of  biological hazards   above chemical and physical hazards is 
supported by data that indicates microbial hazards result in the greatest health con-
sequences to consumers. At the farm level, these risks are present throughout the 
agricultural environment, including biological contamination risks presented by 
agricultural water, soil amendments, wildlife, and storage areas as well as the work-
ers who harvest and pack fruits and vegetables. As mentioned earlier, no commodi-
ties are excluded from this risk of contamination, but practices during both 
production and postharvest handling can impact food safety risks. 

 Because the proposed Produce Safety Rule was designated an “ economically 
signifi cant rule  ,” the FDA had executive orders to assess all costs and benefi ts of 
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regulatory actions and alternatives, all the way down to the cost of paper towels and 
soap for worker health and hygiene practices. This process encourages selecting 
regulatory approaches that maximize net benefi ts, including economic, environ-
mental, and public health and safety effects. Growers, especially those who con-
sider themselves “ small-scale  ,” expressed particular concern about the overall cost 
of implementing the regulatory standards, if they must comply. Some grassroots 
consumer and agricultural interest groups focusing on small-scale and organic farm 
viability, advocated for the Tester-Hagan Amendment, believing that the regulation 
may put many small farms out of business or limit their opportunities to diversify 
their farm operations. On the other hand, major industry players claimed that the 
amendment fell short of providing adequate protection to consumers by exempting 
small farms (United Fresh  2010 ). 

 Although the estimates of economic impact may indicate the need for signifi cant 
investment by produce growers to comply with the regulation, it relies on one major 
assumption—that no grower is currently doing any of these practices on their farm. 
For those familiar with most farm operations in the United States, this simply is not 
the case. Many basic GAPs are being implemented on farms, although they may not 
be formally documented. One standard in the proposed regulation that accounts for 
a signifi cant proportion of the estimated  costs   is the worker health and hygiene 
standard. A large proportion of the proposed rule’s total cost is attributed to the 
requirement that farm workers must wash hands before handling produce, which 
accounts for the loss of productivity in time spent hand washing (47 cents worth of 
labor for 2 min of time). Supplying toilet and hand washing facilities, training work-
ers, and accounting for the time required for them to use these facilities is already 
being done on most farms, so these are costs they already expend. Another signifi -
cant area of cost was allocated for testing agricultural water. This may be a new cost 
for many farms, but the overall cost will depend on how often the water is tested, the 
type of water source (well or surface), and how many water source(s) a grower uses. 
The supplemental to the proposed Produce Safety Rule which was released in 
September 2014 decreased the number of water tests that may be required and there 
is some possibility that lower cost testing options will be available in the future as 
more laboratories open to provide water testing services (FDA  2014a ,  b ). 

 In the proposed wildlife and domesticated animal standards, the FDA estimates 
that monitoring for wild animal intrusion in production fi elds will occur at least 
three times per production season on the average farm; once at the beginning of the 
season, once “as needed,” and immediately prior to harvest. According to the 2007 
NASS Census of Agriculture, it is estimated that farms have, on average, two pro-
duction seasons per year for a total of six monitoring events (USDA NASS  2007 ). 
With an estimated  cos  t of $3.36 for monitoring animal intrusion per acre, the aver-
age cost per affected farm will vary depending on total acreage, but could be any-
where between $126 for a very small farm to $840 for a large farm. 3  Some feel these 

3   FDA estimates the costs for each farm size category defi ned earlier in the analysis by multiplying 
the estimated costs per acre by the midpoint of the acreage that defi nes each farm size category 
(112.5, 375, and 750 acres for very small, small’ and large, respectively). 

G.L. Wall and E.A. Bihn



233

estimates are infl ated, since many of the tasks related to wildlife, including monitor-
ing, are done while completing other tasks on the farm. Whether these estimates are 
excessive or not, growers’ perceptions regarding the cost of time and resources 
spent mitigating wildlife intrusion will likely vary depending on how they perceive 
the human–wildlife confl ict and the severity of damage or risk to their crops 
(Dickman  2010 ). 

 The  QAR   and the  AEI   were essential to the development of the proposed Produce 
Safety Rule, but it is worth noting that assessing the impacts to the environment as 
a result of implementing this portion of the regulation was not initially addressed. 
With the release of the proposed rule in January 2013, the agency initially prepared 
a categorical exclusion for the need to draft an  Environmental Impact Statement 
(EIS)  , as directed by the  National Environmental Policy Act of 1969 (NEPA)  . Upon 
further analysis and feedback received during the open comment period, it was 
determined that the preparation of an EIS was necessary to evaluate signifi cant envi-
ronmental impacts that could result from certain provisions, based on the currently 
proposed standards included within the Produce Safety Rule. Further analysis con-
cluded that provisions outlined in the wildlife and domesticated animal manage-
ment, biological soil amendments, and water quality standards may have direct, 
indirect, and cumulative impacts along with other FSMA proposed standards (i.e., 
Preventive Controls for Human Food and Animal Feed) on produce farms. Specifi c 
concerns were raised about excessive regulation of surface water sources that may 
result in increases in ground water pumping and in application of surface water 
chemical treatments to reduce microbial hazards in production water, which in turn, 
affect wildlife habitat and their water sources. As part of the EIS, which is antici-
pated to be released in January 2015, the agency will propose alternatives within a 
range, incorporating extremes on either end of the spectrum, from taking no action 
to actions that have the potential to impact the environment signifi cantly (FDA 
 2014a ,  b ). For advocates of environmental health, conservation, and co- management, 
the preparation of the EIS has been a welcome process since many of the issues 
documented during listening sessions and through the open comment period 
refl ected concern about the proposed  Produce Safety Rule’s   impact on wild life and 
the greater natural environment. 

 The proposed FSMA's Produce Safety Rule was released for comment in the 
Federal Register on January 4, 2013, and received over 15,000 comments to the 
docket during the fi rst open comment period which ended on November 22, 2013. 
The themes and recommendations developed during the Produce Safety Project 
stakeholder sessions in 2008–2010 were echoed in listening sessions held through-
out the country in 2013 after the release of the proposed rule (Taylor  2013 ). As a 
result of the overwhelming feedback received, on December 19, 2013, the FDA 
announced that it planned to revise the language in certain provisions to make them 
more fl exible and less burdensome, and to publish the supplemental provisions in 
the Federal Register for public comment. The supplemental document was pub-
lished in the Federal Register for a 90-day comment period on September 29, 2014 
(FDA  2014a ,  b ). Revisions were made to the water quality standards and testing 
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requirements, manure and compost requirements, the defi nition of a “covered”  farm  , 
withdrawal of certain qualifi ed exemptions, and provisions related to wildlife. 

 The changes to the wildlife management standards released in the supplemental 
to the proposed Produce Safety Rule were heavily infl uenced by information gath-
ered during the EIS scoping process. In response to concerns that the regulation may 
inadvertently promote practices that adversely affect wildlife habitat, habitat con-
nectivity, and impact threatened or endangered species, the FDA consulted with the 
USDA’s Natural Resource and Conservation Service (NRCS)    and the U.S. Fish and 
Wildlife Service. These revisions emphasized that the regulation does not authorize 
farms to take actions that would require the “taking 4 ” of threatened or endangered 
species and encourages the co-management of food safety, conservation, and envi-
ronmental protection. 

 Overall, the FDA and associated agencies participated in an unprecedented 
amount of outreach, inviting feedback prior to the development of the  draft regula-
tion  , after the proposed regulation’s initial release, and again after the supplemental 
release. The task of developing an effective regulation that increases the safety of 
produce, while not overburdening growers, is certainly a challenging one. The FDA 
must respond to the needs of a variety of farms—small, large, organic, conventional, 
domestic, foreign, and everything in-between. Most importantly, the FDA is charged 
with bringing all growers up to a basic standard of safety. The crux of regulatory 
action is clarity about what is expected from farms, identifying suffi cient resources 
to help growers understand produce safety risks, and helping growers implement 
the required produce safety practices.  

     Education and Extension to Assist Produce  Growers   

 One anticipated result of the proposed Produce Safety Rule will be the continued 
need for growers to have access to education and extension opportunities to increase 
their produce safety knowledge, their ability to assess risks and implement GAPs to 
reduce food safety risks, and meet regulatory requirements. Even growers who are 
exempt from the fi nal regulation will need access to this information and training 
because it is likely that they will be subject to food safety specifi cations in the mar-
ketplace. Expectations from regulators, buyers, and consumers will continue to 
drive the need to understand and implement food safety practices on the farm, so it 
is in the best interest of all growers to be aware of practices that enhance the safety 
of produce. 

 There have been many successful produce safety programs developed by Land- 
Grant Universities, produce industry groups, non-profi t organizations, federal agen-
cies, and for-profi t organizations to help inform growers of produce safety risks that 
can reduce produce safety risks. The value of Land-Grant Universities cannot be 

4   “Taking” is defi ned by the Endangered Species Act to include any actions that harass, harm, pur-
sue, hunt, shoot, wound, kill, trap, capture, or collect threatened or endangered species. 
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overstated in the continued effort to educate growers. In a series of focus groups 
conducted by the Produce Safety Alliance in 2012 with growers around the country, 
University Extension programs were rated by growers as the most reliable source of 
information (PSA  2012 ). Growers trust information provided by Land-Grant 
University Extension programs and Extension professionals are uniquely positioned 
to provide educational opportunities for growers because they are already working 
with the growers in the area of produce safety as well as in fruit and vegetable 
production. 

 Historically, Land-Grant Universities have been involved in produce safety edu-
cation and extension since the term was coined through both research and extension 
programs. The University of California, Davis, North Carolina State University, 
University of Florida, Rutgers University, University of Minnesota, and Texas A & 
M University are just a few of the universities providing well-established  GAPs   
programs available to assist growers. Cornell University has been home to the 
National GAPs Program since 1999, and includes collaborators in all of the univer-
sities listed above, plus an additional 25 Land-Grant Universities, resulting in 32 
collaborative states nationwide. This extensive collaborative network and experi-
ence in GAPs education and training resulted in the Produce Safety Alliance being 
established at Cornell University in 2010. 

 The Produce Safety Alliance ( PSA  ,   http://producesafetyalliance.cornell.edu/    ), 
Sprout Safety Alliance ( SSA  ,   http://www.iit.edu/ifsh/sprout_safety/    ), and the Food 
Safety Preventive Controls Alliance ( FSPCA  ,   http://www.iit.edu/ifsh/alliance/    ) are 
three federally funded alliances tasked with developing core curriculum, training, 
and outreach programs to assist with implementation of the proposed FSMA regula-
tions to farms and companies producing human and animal food. The  PSA   was 
formed through a cooperative agreement between the FDA, USDA, and Cornell 
University for the purpose of providing fundamental, science-based on-farm food 
safety knowledge to fresh fruit and vegetable farmers, packers, regulatory personnel 
and others interested in the safety of fresh produce. Prior to beginning development 
of the curriculum, the PSA convened an educational materials conference with 28 
state collaborators to review existing programs and resources including key aspects 
of successful GAPs training from collaborators across the United States. Ten 
national working committees were formed, engaging 178 individuals from 36 states, 
including growers, researchers, extension educators, government personnel, retail-
ers, and produce industry representatives to identify challenges to implementing 
food safety practices on small farms. This working committee effort included 72 
calls over a period of a year and a half, resulting in key curriculum content recom-
mendations. In 2012, eight produce grower focus groups were conducted in the 
Southeast (3), West Coast (3), Midwest (1), and Northeast (1) to assess grower 
expectations and preferences for produce safety training and educational materials 
(PSA  2012 ). These actions enabled the PSA to prioritize grower educational needs, 
establish learning objectives for the core curriculum, and assemble content to meet 
the learning objectives. The resulting educational program for growers includes 
seven curriculum modules designed to be delivered in approximately 7 h of dedi-
cated instruction time (Fig.  10.2 ). The curriculum is one way growers can satisfy the 
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requirements of proposed Produce Safety Rule §112.22(c), which state that “at least 
one supervisor or responsible party for the farm to successfully complete food 
safety training at least equivalent to that received under the standardized curriculum 
recognized as adequate by the Food and Drug Administration.”

   To address the critical issues of wildlife and food safety management on the 
farm, the curriculum outlines six key learning objectives in the PSA Wildlife, 
Domesticated Animals, and Land Use Module, including:

    1.    Identifying potential routes of contamination associated with wildlife, domesti-
cated animals, and land use.   

   2.    Describing practices to reduce risks associated with wildlife, domesticated ani-
mals, and land use.   

   3.    Describing co-management strategies that address both conservation and food 
safety goals.   

   4.    Describing the importance of conducting a pre-harvest assessment of fi elds.   
   5.    Describing corrective actions that could be used if signifi cant risks are present in 

production fi elds.   
   6.    Identifying records that should be kept to document any management, monitor-

ing, or corrective actions taken to reduce produce safety risks.     

 These objectives outline key information that is necessary to identify produce 
safety risks and implement practices that reduce the risks posed by both wildlife and 
domesticated animals. The  PSA   curriculum content was designed to increase grower 
understanding and provide guidance for how to implement effective produce safety 
practices on a diversity of farms, so all growers, whether they are subject to the 
regulation or not, will fi nd the information relevant. 

 In addition to grower trainings, train-the-trainer workshops will be conducted 
throughout the country to increase the availability of qualifi ed trainers to assist 
growers. The successful launch of the PSA trainings will require collaboration from 
personnel at Land-Grant Universities, the produce industry and grower organiza-
tions, federal agencies such as USDA, FDA, and NRCS, and other groups tasked 

  Fig. 10.2    Produce safety 
alliance grower training 
curriculum modules       
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with assisting growers in complying with the federal regulation. Reaching fruit and 
vegetable growers, typically located in remote and rural areas across all 50 states, 
will require a sustained effort from a broad coalition of stakeholders, but chief 
among them will be the commitment from growers themselves.   

    Conclusion 

 As the need to implement produce safety requirements continues to grow, through 
the requirements to meet federal regulations proposed in the FSMA's. Produce 
Safety Rule and ever-increasing buyer demands, produce growers will need to 
understand and adapt their farming practices to meet these new criteria. One com-
monality in the production of fresh fruits and vegetables is the complex growing 
environment and the natural presence of wildlife in these landscapes. Although wild 
animals can harbor human pathogens and spread contamination to produce through 
their feces, growers can identify where risks exist and prioritize the implementation 
of GAPs using principles of co-management on their farms to reduce risks. Decisions 
related to wildlife management and food safety can be challenging; therefore, grow-
ers must have access to the best science-based information available to help them 
make effective decisions that are fi nancially feasible. Fortunately, there are many 
resources available to assist growers in making the best decisions for their farms 
with produce safety, environmental sustainability, market, and regulatory require-
ments in mind. Most importantly, everyone needs to recognize that the growing 
environment cannot be considered zero risk, but that produce safety risks on all 
farms and packinghouses can be reduced through risk assessment and implementa-
tion of GAPs.     
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    Chapter 11   
 A One Health Approach to Wildlife and Food 
Safety                     

       Amanda     Arens     ,     Cheryl     Scott    , and     Bennie     Osburn   

    Abstract     Global health problems including the assurance of safe and secure food 
are becoming more numerous and complex and require sensitive and transdisci-
plinary problem solving efforts. One Health provides the framework to approach 
food safety risks from the whole ecosystem of the food system by using a Web of 
Causation approach instead of an ‘us vs. them’ approach.  This whole ecosystem, 
One Health approach focuses on prevention through the integration of wildlife, 
environmental, human, and domestic health sectors improving our ability to prevent 
rather than react to disease events. A true One Health viewpoint understands that all 
life is connected to its habitat, and the health of the whole sits squarely on a robust 
and sustainable environment. Safe food and water, thus ecological health, can be 
ensured using an evidence-based, transdisciplinary, collaborative based approach to 
the solution of food production and public health.  

  Keywords     Agriculture   •   Climate change   •   Conservation   •   Ecosystem   • 
  Environmental health   •   Food safety   •   Global health   •   One Health   •   Public health   • 
  Wildlife  

        Introduction 

 There seems to be little doubt, the planet is changing. Climatic alterations, human 
population expansion, habitat alterations, ecosystem shifts, and hunger are pro-
found.  Global health problems   including the assurance of safe and secure food are 
becoming even more numerous and complex, and require sensitive and transdisci-
plinary problem solving efforts. The globalization of our world now means that 
what is happening in one village in remote Africa or Asia will have repercussions 
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that affect the health and welfare of all communities across the globe. Expansive 
and rapid movement of people, pathogens, animal products, and produce around the 
world lends urgency to the common goal of health. 

 Food is only as safe and nutrient dense as the environment from which it comes. 
Food that is grown or processed in a contaminated environment becomes a food 
safety risk; food that is grown in nutrient-poor soil is less nutritious than food grown 
in a nutritionally richer environment; food from sick animals or animals carrying 
zoonotic pathogens becomes a food safety risk. Thus, healthy animals and a healthy 
 environment   are required to ensure a safe food supply. 

 The interdependency of human, animal, and environmental or ecosystem health in 
many aspects including food safety necessitates that problems in any of these sectors 
cannot be addressed in isolation, but rather need to be addressed by a larger, more 
systems-based approach in which all sectors are considered as part of the solution. 
One such approach that has come to the forefront is that of One Health—“the col-
laborative effort of multiple health science professions, together with their related 
disciplines and institutions – working locally, nationally, and globally – to attain opti-
mal health for people, domestic animals, wildlife, plants, and our environment” 
(King et al.  2008 ). A  One Health approach      to food safety aims to have a safe food 
supply while at the same time ensuring the health and welfare of animals intended for 
food and preserving the health of the ecosystem in which the food lives or is grown.  

    One Health and Food Safety 

 One Health is an expanding area of professional global health advocacy arising from 
the recognition of the growing interconnections and overlap—economic, cultural, 
and physical—at the interface of human, animal, and ecosystem health (Fig.  11.1 ).

  Fig. 11.1    One Health 
triad: Interconnection of 
humans, animals, and the 
environment       
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   Although One Health is becoming an increasingly mainstream fi eld of study 
today, the origins of One Health go back at least two centuries. In the nineteenth 
century, Rudolf Virchow, a German physician and pathologist, formally recognized 
the connection between  human and animal health     , stating, “Between animal and 
human medicine there is no dividing line, nor should there be. The object is differ-
ent, but the experience obtained constitutes the basis of all medicine” (Kahn et al. 
 2007 ). Subsequently, the medical and veterinary professions noted the impact of 
animal diseases and ecological change on  public health     . Calvin Schwabe introduced 
the  “One Medicine” concept      in  Veterinary Medicine and Human Health  (Schwabe 
 1984 ) long after interest in the fi eld had waned in the early 1900s. In recent years, 
the One Health concept has steadily gained recognition within the human and ani-
mal health sciences. In July 2008, the  American Veterinary Medical Association 
(AVMA)   released the report,  Executive Summary of the AVMA One Health Initiative 
Task Force . In collaboration with the American Medical Association, the initiative 
provides groundbreaking recommendations and strategic action to support and 
expand the One Health concept across both veterinary and human health 
professions. 

 One Health seeks to shift the paradigm from the current  “individual” and “disease- 
centered” approach      that focuses on treatment to a  “system-” or “community- based” 
approach      that focuses on prevention. One Health is a creative way to view human, 
animal, and ecosystem health as a cooperative endeavor between health practitioners 
and environmental scientists in a collaborative and synergistic effort (Fig.  11.2 ). One 
Health provides the framework to address food safety issues in a  transdisciplinary 
way      in which solutions come from both within and beyond the various disciplines 
creating new perspectives to address these global, complex issues.

           Safe Food,  Wildlife Preservation     , and  Ecosystem Conservation      
through One Health 

 As our world population grows from 7 billion today to 9.1 billion by 2050 (United 
Nations) food security, food safety, and adequate nutrition will become increasingly 
more important. Everyone wants to trust that the food we eat and feed our families 
will not make us sick. In the USA, foodborne illness affects 48 million people, 
causes 128,000 hospitalizations, and results in over 3000 deaths annually (CDC 
2011). While there are no current statistics of the global impact of foodborne dis-
eases specifi cally, food and waterborne diseases together are estimated to kill 2.2 
million people worldwide (WHO 2010). Foodborne illnesses arise from contamina-
tion from a number of pathogens including bacteria, viruses, parasites, and prions 
but can also be due to toxins, chemicals, metals, and allergens that are transmitted 
via food or water. 

 These microbial foodborne pathogens are part of the ecosystem where they live, 
survive, and fi nd new hosts. These pathogens adapt to local conditions whether in 
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animals, plants, soil, or water. In some instances, these pathogens may replicate in 
the environment or fi nd effective ways to propagate in more favorable conditions in 
animal or human hosts. The current hypothesis is that most of these pathogens are 
carried and multiply within the intestinal tracts of their animal hosts before they are 
eventually passed into the environment in the feces. Feces are often the rich and 
protective condition which allows the pathogens to remain viable and infective. 

 In the past few decades, 75 % of new human infections of all kinds are of zoo-
notic origin, meaning they can be spread from animals to people, and approximately 
30 % of all globally emerging infections over the past 60 years have included patho-
gens that are commonly transmitted through food (Jones et al.  2008 ). Examples of 
zoonotic diseases that started as a foodborne disease and then became transmissible 
by human-to-human contact include HIV, Ebola, and SARS; examples of zoonotic 
pathogens that continue to be spread through food include  Salmonella ,  E. coli 
O157:H7 ,  Listeria monocytogenes ,  Campylobacter , and  Cryptosporidium . 

 While foodborne illnesses have historically been associated with undercooked 
meat, the vehicles for human contamination have changed in the past decade. 
Between 1998 and 2008, 46 % of foodborne illnesses were associated with fresh 

  Fig. 11.2    One Health Umbrella—Broader vision of One Health demonstrating the relationships 
and interconnectedness of a variety of disciplines. Working together, these disciplines comprise a 
one health approach to solve global issues. “One Health Umbrella” graphic was developed under 
the auspices of One Health leader Dr. Olsen and the  One Health Sweden  team [two physicians and 
two veterinarians] in collaboration with the One Health Initiative Autonomous  pro bono  team [two 
physicians, two veterinarians, one PhD health research scientist] in December 2013       
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produce, 22 % were associated with meat and poultry, 20 % were associated with 
dairy and eggs, and 6.1 % of illnesses were associated with fi sh and shellfi sh (Painter 
et al.  2013 ). Even though most cases of produce-associated illnesses are often attrib-
uted to contamination with  Norovirus , a human pathogen, enteric zoonotic food-
borne pathogens such as pathogenic  E. coli ,  Salmonella , and  Campylobacter  cause 
a signifi cant amount of produce-associated foodborne outbreaks. Raw produce is at 
risk because there is often no kill step to reduce or eliminate the pathogen(s) that 
may contaminate the products at any point along the food production continuum. 
Further, many fresh-cut fruits and vegetables are not amenable to treatments to kill 
pathogens and some are fi eld-packed and thus not subject to a processing step (Jay- 
Russell  2013 ). Thus, contamination at any place along the production chain can 
cause foodborne illness. The change in dietary preferences in Western cultures to 
consume more raw agricultural products, thus failing to have this fi nal kill step, 
whereby produce could be sterilized, is one of the reasons for the increase in 
produce- associated outbreaks. With this increase in occurrence of outbreaks in fresh 
produce, people have looked for the cause or source of contamination of these spe-
cifi c commodities. 

 There are 25 animal-derived foodborne pathogens which have been implicated 
as the causative agent of disease in people. Of these 25 pathogens, nine are consid-
ered of greatest importance by the Centers for Disease Control and Prevention. Of 
these nine highly important pathogens, eight may be of domestic and wild animal 
origin and include  Salmonella ,  Campylobacter ,  Cryptosporidium ,  E. coli  O157:H7, 
 Clostridium ,  Listeria ,  Toxoplasma , and  Yersinia . Routes of contamination of these 
pathogens onto fresh produce can be direct fecal contamination; through water, soil 
amendments such as manure or compost, or wind; or as secondary contamination 
from unclean equipment, clothes, or workers. 

 The current approach to a foodborne outbreak is to focus on the human illness 
and “trace back” the outbreak to fi nd a “root cause.” Once a plausible cause has 
been identifi ed, recommendations are made, often solely focused on food safety to 
prevent the same type of contamination from occurring again. Wildlife may pose a 
risk to food safety as a probable source of contamination (California Department of 
Public Health  2007 ; Jay-Russell  2013 ; Rice  2014 ). However, there is often a lack of 
conclusive evidence implicating wildlife in foodborne illness outbreaks because 
they typically are not present at the time the traceback investigation is performed. 
An example of this is the 2006 outbreak of  E. coli  O157:H7 in California’s Salinas 
Valley in bagged spinach. This was the fi rst major outbreak involving fresh produce 
and sickened almost 200 people across 26 states and led to 3 deaths (CDC 2006). 
The “root cause” of the outbreak was not conclusively determined; however  wildlife, 
especially feral swine, and grazing cattle were both implicated based on epidemio-
logical and laboratory fi ndings during the outbreak investigation (Jay et al.  2007 , 
California Department of Public Health  2007 ). The leafy greens industry rapidly 
responded to this outbreak by creating the Leafy Greens Marketing Agreement 
(LGMA). 

 Because many of the known foodborne pathogens are zoonotic and may be found 
in wildlife and environmental reservoirs, addressing these sources is certainly a 
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critical piece to the development of control measures aimed at the environmental 
level to reduce the incidence of human exposure. However, mitigation of wildlife 
contamination is a challenge. There are no economically feasible mechanisms to 
prevent direct contact. For example, barriers can be used to prevent access from 
some animals, but they are not all exclusive; poisons are toxic for many animals, not 
just the target animals, and have downstream effects such as decimating raptor pop-
ulations; and habitat removal is detrimental to the environment and overall ecology. 
We know that intact ecosystems contribute to agricultural productivity by providing 
soil fertility, improved water quality, recharging of groundwater, and pollination of 
plants. So, how do we maintain the ecosystem and keep our food safe? 

 A One Health approach focuses on prevention. One Health shifts the “focus 
upstream to ecological, animal and environmental sources and infl uences responsi-
ble for these illnesses and helps identify the most effective points for the initiation 
of food safety actions” (King  2012 ). Coordination of wildlife, environmental, 
human, and domestic health sectors improves our ability to prevent disease events 
rather than simply reacting to them. Prevention is always preferable to control 
because it actively avoids the impacts of disease.      

    Balanced Solutions to the Food Safety and Wildlife Interface 
through One Health 

 Food safety has historically been recognized as, and measured by, the impact on 
people and the risk to human health (Rabinowitz et al. 2008). Animals and wildlife 
have been viewed as a direct threat to food safety. However, this “Us vs. Them” 
approach has led to policies for avoidance and vector/reservoir population control. 
Ultimately, risks are mitigated with barriers (Rabinowitz et al. 2008). This  “Us vs. 
Them” approach   focusing solely on the animals ignores other sources or routes of 
contamination. 

   Instead of a root cause approach, a more One Health approach is to view the 
whole ecosystem of the food system and analyze the  Web of Causation      (Fig.  11.3 ). 
Because of the intricate relationships between people, animals, and the environ-
ment, there is an intricate array of relationships similar to a spider’s web that 
includes the commodity, agricultural practices, sources of contamination (e.g., 
domestic and wild animals, people, water, and soil), environmental conditions 
including weather, and routes of contamination (e.g., tools, farm equipment, people, 
water, soil amendments, wind, and direct contamination).

   The Web of Causation is the fi rst step in addressing food safety at the preharvest 
level where it provides a whole ecosystem perspective to use when faced with deter-
mining potential routes for pathogens to reach commodities. In this open environ-
ment, all the factors associated with the Web of Causation must be considered when 
assessing potential routes or pathways of contamination. In contrast, post-harvest 
processing and manufacturing of food products occur in a much more rigid and 
confi ned environment that can be controlled. Thus, preharvest food safety poses a 
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more complex and greater challenge than post-harvest food safety and thus needs a 
more complex and dynamic approach to addressing food safety challenges. 

 The Web of Causation provides the opportunity to move beyond “Us vs. Them” 
and develop preventive strategies that are in the best interest of people, animals, and 
the environment. Thus, the Web of Causation is a One Health approach to food 
safety where the vision of One Health is to “optimize human-environmental interac-
tions while minimizing health hazards to humans and animals and preserving a 
balanced ecosystem” (Zinstaag et al.  2009 ).   

 One example of a transdisciplinary, One Health approach is the concept of co- 
management which offers a comprehensive solution to the problem. “Co- Management      
is an approach to conserving soil, water, air, wildlife, and other natural resources 
while simultaneously minimizing microbial hazards associated with food produc-
tion” (Leafy Green Marketing Association). The expectation of co-management is 
that safe food now becomes a collaborative priority for all stakeholders including 
landowners, farmers, conservation groups, buyers, industry, public health, ecosys-
tem scientists, and wildlife agencies (see also Chap.   9    ). 

 A true One Health viewpoint understands that all life is connected to its habitat, 
and the health of the whole sits squarely on a robust and sustainable environment. 
Safe food and water, and thus ecological health, can be ensured using an evidence- 
based, transdisciplinary, collaborative based approach to the solution of food pro-
duction and public health. It seems incumbent upon this generation of scientists and 
problem solvers to attempt to leave the world to our children in a more logical, 
balanced, and sustainable direction.     

  Fig. 11.3    Web of 
Causation for 
contamination of safe food 
by pathogens 
demonstrating that there is 
often no one point source, 
but rather a series of events 
throughout the ecosystem 
that are interconnected like 
the strands on a spider’s 
web       
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