
 

Chapter 2

Disease Emergence and  
Resurgence

“Ingenuity, knowledge, and organization alter  
but cannot cancel humanity’s vulnerability to  
invasion by parasitic forms of life. Infectious  
disease which antedated the emergence of  
humankind will last as long as humanity itself,  
and will surely remain, as it has been hitherto,  
one of the fundamental parameters and  
determinants of human history.” (McNeill)1
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Chapter 2

Disease Emergence and Resurgence

A profusion of emerging diseases has affected humans 
since the early 1980s, and pathogens of animal origin or 
products of animal origin cause many of these.2 Some of 
these diseases had not been established previously, such as 
AIDS, and others are a resurgence of diseases thought to have 
been controlled, such as tuberculosis in developed nations. 
This change in the status of diseases affecting humans has 
resulted in emerging infections becoming a focus for national 
and global attention (Box 2–1).

Emerging and reemerging diseases have generally been 
defined as infectious diseases of humans whose occurrence 
during the past two decades has substantially increased or 
threatens to increase in the near future relative to populations 
affected, geographic distribution, or magnitude of impacts.3–5 
This concept has been expanded to also include other spe-
cies and noninfectious diseases.6–8 Disease emergence and 
reemergence are affecting a wide variety of species on a 
global scale. An overview of the scope of this problem is 
provided to increase awareness of the role of wildlife in the 
ecology of emerging/reemerging diseases and to explore 
some of the primary factors involved.

Concepts

What is Disease?
For general purposes, disease is broadly defined as any 

departure from health9 resulting in bodily dysfunctions. 
Impairments to health caused by conditions such as arthri-
tis, major depression, reproductive sterility, dementia, and 
Parkinson’s disease are common, in addition to clinical illness 
from infections, such as influenza and death due to cancers 
and cardiac failure. For wildlife, disease primarily impairs 
populations by reducing offspring (e.g., brucellosis) or by 
reducing the probability for survival of individuals (e.g., 
plague). If enough individuals are affected, the collective 
effects can reduce the sustainability of the population.8 Recent 
appearances of chytridiomycosis in amphibian populations 
have raised great concern about the sustainability of affected 
populations, especially those already in threatened and 
endangered status.10–12

Disease Agents
Disease can result from exposure to a variety of infectious 

agents and also can be an outcome from other factors (Table 
2.1). Infectious disease has been the human health focus for 
disease emergence and reemergence and is the primary ori-
entation here. That is, the focus is on organisms that invade 

live hosts in a manner that generally involves multiplication 
of the organism within the host as a prerequisite for an out-
come of disease. Noninfectious diseases such as botulism, 
other diseases involving natural (i.e., algal, fungal, etc.) and 
synthetic toxins (i.e., pesticides) that may be acquired from 
the consumption of food items and allergic responses are, 
in general, not addressed here. However, diseases caused 
by biotoxins (natural toxins) are noted for circumstances of 
special concern.

For wildlife, noninfectious diseases of microbiological 
origin have been a prominent component of disease emer-
gence and reemergence. For example, type C avian botulism, 
Clostridium botulinum, is a “food poisoning” of wild birds 
and occasionally some other species (humans are resistant to 
type C toxin but not to most other types of botulinum toxin). 
This disease has evolved from being a problem in Western 
North America to becoming the greatest known cause of dis-
ease affecting free-ranging waterbirds throughout the world. 
Avian botulism was essentially limited to areas west of the 
Mississippi River prior to 1940 (Fig. 2.1),13 and prior to 1960, 
had very limited occurrence outside of North America (Fig. 
2.2). In addition to greatly expanding its geographic distribu-
tion within the USA since the mid-1970s (Fig. 2.1), unique 
epizootics have appeared since the mid-1990s at the Salton 
Sea in southern California. The type C botulism outbreaks 
in white pelicans and brown pelicans at the Salton Sea are 
the largest die-offs of pelicans ever reported from any cause 
and the first to be associated with fish.14 

The occurrence of epizootics of type E botulism during 
2000 and 2002 in Lake Erie of the North American Great 
Lakes system also is of significance because humans are 
highly susceptible to type E toxin.15 An estimated 8,000 
birds died during the summer outbreak of 2000, and more 
than 25,000 during the 2002 epizootic. Ring-billed gull, 
red-breasted merganser, common loon, and long-tailed duck 
were the primary species affected.16 These epizootics are the 
largest mortalities recorded for birds due to type E botulism. 
The first wild bird epizootic from this toxin was in 1963 and 
involved extensive mortality of gulls and common loons in 
Lake Michigan, another of the Great Lakes, where periodic 
outbreaks have persisted.17,18

Little is known about the ecology of type E botulism in 
nature. Fish are susceptible to type E toxin and they may be 
the source of the toxin killing some fish-eating birds. Human 
cases of type E botulism acquired from commercial smoked 
fish from the Great Lakes resulted in changes in regulations 
governing the commercial preparation of smoked fish.19,20 
However, recreational fishermen sometimes smoke the fish 
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International collaboration, as in the 2003 onset of severe 
acute respiratory syndrome (SARS),338 is essential for 
minimizing the potential impacts from emerging disease 
because pathogens are often hidden hitchhikers associ-
ated with commerce and human travel. Proactive rather 
than reactive efforts are needed to meet the challenges 
posed by:

“…those ferocious little fellow creatures, which lurk 
in the dark corners and stalk us in the bodies of rats, 
mice, and all kinds of domestic animals [and wildlife]; 
which fly and crawl with the insects, and waylay us in 
our food and drink and even in our love” (Zinsser).291

These challenges are eternal because of the great adap-
tive capabilities of “those ferocious little fellow creatures”22 
and new opportunities continually provided to them by the 
periodic folly of human behavior and actions. 

A recent editorial spoof, “New World Pathogen Strategy 
Disclosed,”339 exploits pathogen adaptability and human 
frailties by taking the reader into a mythical convention 
of pathogens in which they are discussing the topic “Our 
Infective Future: The New Agenda.” The keynote speaker, 
a contemporary prion, in addition to giving plaudits to HIV, 
the tuberculosis bacillus, and to the viruses Ebola, Hanta, 
Lassa, and Marburg for gains they have made, notes that:

“Homo [sapien] is remarkably hospitable to us… And 
they are recklessly changing the climate, releasing 
many of us from our historical geographic costraints… 
Although they themselves deny that there is such a 
thing as a free lunch, we know better. There is a free 
lunch, and it is them.”

Time has vividly etched how infectious disease has influ-
enced human life as evidenced by cultural mores, religious 
beliefs, the demography of peoples, the outcomes of wars 
and colonization attempts, economic status, and life-
expectancy.1,289–291,337 Thus, there is a foundation of self-
interest involving personal health and economic well being 
in the current resurgence by the developed nations of the 
world to increase efforts for addressing infectious disease 
after decades of neglect. In addition, bioterrorism has 
become an increasing concern due to world change initi-
ated by the infamous events of September 11, 2001, and 
by the anthrax-contaminated letters sent in the months 
that followed. As a result, previous reductions in resources 
for infectious disease programs are being restored28 and 
enhanced. 

“Infectious disease is one of the few genuine adventures left in the 
world” (Zinsser).291

Infectious Disease: A Continuum of New Challenges and Opportunities

(adapted from Lederberg)22

Our globally interactive society results in the need for 
a global perspective in combating infectious disease 
because:

“It is not possible to adequately protect the health 
of our nation without addressing infectious disease 
problems that occur elsewhere in the world…. Left 
unchecked, today’s emerging disease can become the 
endemic disease of tomorrow” (CDC).255

People grieve by the NAMES Project AIDS Memorial 
Quilt
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Human actions have always created new opportunities for 
pathogens, while disease emergence continues to provide 
new opportunities for humans to gain a better understand-
ing of the ecological, behavioral, and social conditions 
that result in disease. The need to aggressively apply this 
knowledge is facilitated by a more informed public and col-
laboration among agencies, governments, and scientists 
that spans disciplines and political boundaries.

Numerous scientific conferences, workshops, other 
regional, national, and international meetings, and other 
actions are focusing on emerging infectious disease. 
Notable actions include: 

•	 1995—The Centers for Disease Control and 
Prevention (CDC) of the United States Depart-
ment of Health and Human Services, Public Health 
Service initiates publication of “Emerging Infec-
tious Diseases,” a scientific journal for tracking and 
analyzing disease trends.

•	 1996—The White House issues a “Presidential 
Decision Directive on Emerging Infectious Dis-
eases,” which establishes a national policy and 
implementation actions to address the threat of 
emerging infectious disease by improving domes-
tic and international surveillance, prevention, and 
response measures.340

•	 1998—CDC issues an emerging disease strategy 
document, “Preventing Emerging Infectious Dis-
eases: A Strategy for the 21st Century.”341

•	 2002—CDC issues a mission-oriented docu-
ment addressing approaches for the improvement 
of global capacity for disease surveillance and 
outbreak response, “Protecting the Nation’s Health 
in an Era of Globalization: CDC’s Global Infectious 
Disease Strategy.”342

•	 Numerous global health Web sites focusing on 
emerging diseases are developed as well as 
numerous regional and disease-specific surveil-
lance networks (see CDC Appendices A and E).342

The actions noted are but the tip of the proverbial iceberg 
of current response to emerging infectious disease. Major 
investments are also being made in the development 
of high level biosecurity facilities where studies can be 
carried out on the most hazardous pathogens. Advances 
being made have been greatly assisted by the reporting 
from all aspects of the news media including newspapers 
and weekly news magazines to television news shows 
and documentaries, and by the Hollywood spotlight that 
has made millions of people aware of emerging infections 
[e.g., “The Philadelphia Story” (AIDS) and “Outbreak” 
(Ebola)]. Therefore, it is fitting that the author of the 
book, “The Coming Plague: Newly Emerging Diseases 
in a World Out of Balance”343 earned a Pulitzer Prize for 
journalism.
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they catch. Public education has been helpful in informing 
the public of proper temperature and time required at that 
temperature to destroy toxins that may be present.

It is likely that the recent bird mortalities on Lake Erie are 
an indicator of environmental changes that are resulting in 
increased levels of type E botulinum toxin within the food 
chain of this lake, creating potentially severe ramifications 
for human and wildlife health. Similar to type C botulism in 
pelicans at the Salton Sea, exotic species also appear to be a 
major factor in toxin production within the food chain of Lake 
Erie. Tilapia, an introduced fish species, is a primary source 
for toxin production at the Salton Sea. Other introduced spe-
cies, such as the round goby fish, zebra mussel, and quagga 

Australia, Myxoma Virus, and the European 
Rabbit

Myxomatosis in Australia is a classic example of 
host-pathogen adaptation for the benefit of both parties.26 
Highly virulent strains of myxoma virus were introduced 
into European rabbit populations in an attempt to rid Aus-
tralia of this introduced species. The biological control 
program depended upon mosquitoes to vector the disease 
and spread it among the rabbit population. After several 
failed introduction attempts, the virus established an 
epizootic foothold, causing a case-fatality rate of over 99 
percent during the summer of 1952.27 However, instead of 
dying out during the winter as expected, some virus sur-
vived and established enzootic foci for the disease. Those 
foci produced mutant strains of virus with reduced viru-
lence, as evidenced by longer survival times for infected 
rabbits (weeks rather than days). Because of the longer 
survival times, the probability for mosquitoes to acquire 
and transmit the attenuated virus strains was far greater 
than that for the highly virulent strains. Within 3 years, this 
selective process resulted in the attenuated mutant viruses 
(70-percent to 90-percent case-fatality rate) becoming the 
predominant strains of myxoma virus in Australia.27,28

In addition to virus mutations, genetic selection for 
survival was also occurring within the rabbit population. 
Within 7 years, the susceptibility of the rabbits to the 
original virulent virus when tested in the laboratory had 
fallen from 90 percent to 25 percent. Thus, attenuation 
of the myxoma virus and genetic selection for resistance 
to myxoma virus by the rabbit population has resulted in 
host-pathogen adaptation that prevents the virus from kill-
ing all of the hosts that sustain its presence. While some 
rabbits still die in Australia from myxomatosis, many 
survive infection to produce young. The European rabbit 
remains a pest species in Australia, but populations are at 
levels considerably reduced from those that existed prior 
to the establishment of myxomatosis.26–29

A biological postscript is currently being written to 
the myxomatosis story. Rabbit hemorrhagic disease virus 
escaped from experimental studies on an offshore island, 
reached mainland Australia in October 1995, and rapidly 
spread. Rabbit hemorrhagic disease (RHD) has decreased 
long-term average numbers of rabbits by 85 percent in 
some arid areas. In the coastal areas, the numbers of 
rabbits were reduced by 73 percent in the first year, but 
gradually recovered to only 12 percent below pre-RHD 
numbers in the third year.30 As for myxomatosis, biological 
adjustments are occurring, although, now as a three-party 
interaction of RHD, myxomatosis, and rabbits.

The appearance of RHD has changed seasonal patterns 
of rabbit recruitment, rabbit abundance, and myxomatosis 
activity. RHD generally has a severe impact on rabbit 
populations through the breeding season, but compensa-
tory recruitment after RHD activity declines allows rab-
bit numbers to recover somewhat. Because of the loss of 
susceptible rabbit hosts, the seasonal peak in myxomatosis 
activity is slightly delayed. RHD is outcompeting myxo-
matosis because it kills most rabbits (2 days for viremia) 
before they become infective for myxomatosis (8–10 days 
for viremia).30 The final outcome from this competition 
remains to be learned.

mussel, are believed to be involved in toxin production or 
transport within Lake Erie.21

Evolutionary Considerations
In considering disease emergence and reemergence, one 

must recognize that disease is an outcome, not a cause; an 
outcome that can be viewed as a state of instability among 
coinhabitants of Earth due primarily to two associated 
instabilities, one of which is ecological and the other evolu-
tionary.22 The dynamic nature of these factors challenge the 
common belief that, “Given enough time, a state of peaceful 
coexistence eventually becomes established between any host 
and parasite.”23 Some notable evolutionary biologists chal-
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lenge the concept of benign coexistence between parasites 
(including microbes) and their hosts as being at odds with 
the fundamental principles of evolution on which they are 
based.24 Nevertheless, the long-term trend towards coadapta-
tion between hosts and pathogens is to the advantage of both 
because very severe impacts may result in the elimination 
of both species.25 

Coadaptation does not necessarily equate to benign coex-
istence. Mortality of the host may be replaced by disease 
that has less severe outcomes as pathogens mitigate their 
virulence in ways that do not compromise their continued 
existence, but may still negatively impact their hosts.

Infectious pathogens have great capability to make adjust-
ments that provide them with suitable hosts (e.g., cross spe-

cies barriers) and to sustain their invasiveness and spread 
(e.g., antibiotic resistance). Their superiority in numbers, 
species, and capability for genetic change allow pathogens to 
adapt to changing environmental and host conditions at a pace 
greater than humans can counteract in the short term.25,31 The 
continual need to develop vaccines against the latest strain 
of influenza virus and the growing problem of resistance to 
antibiotics long used to successfully combat serious human 
illness are familiar examples of the ability of microbes to 
make adaptive changes that sustain their infectivity for 
humans despite our technological capabilities.

Table 2.1.  Some of the many sources of human disease.

Infectious agents Zoonotic examples

Viruses

Bacteria

  Rickettsia

Fungi

Metazoan parasites

Protozoan parasites

Prions

Rabies, West Nile fever

Tuberculosis, Lyme disease

Rocky Mountain spotted fever, Q fever

Coccidioidomycosis (valley fever), histoplasmosis

Echinococcosis (hydatid disease), trichinosis

Toxoplasmosis, giardiasis

Bovine spongiform encephalopathy (BSE)

Noninfectious agents Disease examples

Microbial toxins

Algal toxins

Plant toxins

Synthetic chemicals

Heavy metals

Oil spills

Botulism, enterotoxemia

Domoic acid poisoning, saxitoxin (contaminated shellfish)

Aflatoxicosis (contaminated peanuts), mushroom poisoning (Amanita spp.)

Pesticide poisoning, drugs

Lead poisoning, mercury poisoning

Skin irritation from contact; liver disease from inhalation

Other causes Examples

Neoplasia

Genetic disorders

Diseases of immunity

Systemic diseases

Deficiency diseases

Psychoses

Physiological disorders

Trauma

Cancers

Down’s syndrome, hemophilia

Autoimmune disease, Chédiak-Higashi syndrome

Diabetes, gout

Malnutrition, vitamin deficiencies

Depression, post-traumatic stress syndrome

Endocrine disruption, hypothermia

Blunt impacts, gunshot
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The Human Influence
The instability of ecological conditions encountered by 

pathogens is primarily a result of human actions that alter 
the physical and biological environment, the microbial and 
animal tenants (humans included) of these environments, and 
human interactions (including hygienic and therapeutic inter-
ventions) with pathogens.22 The magnitude of human impacts 
contributing to this ecological instability is such, “…that 
humans may be the world’s dominant evolutionary force.”32 
Landscape disruption alone grossly reflects the magnitude 
of environmental change. About 40 to 50 percent of land on 
the Earth has been irreversibly transformed or degraded by 
human actions. An additional one-third of global land cover 
will be transformed over the next century.33 Changes in biotic 
diversity and alterations in the structure and function of eco-
systems are the two most dramatic ecological trends of the 
past century.34 Disease emergence and reemergence should 
be expected as continuing outcomes from this accelerated 
magnitude of ecological instability and associated changes 
in species abundance, presence, and interactions.

Perspectives

“Most of the infectious diseases…have now yielded up 
their secrets…. Many illnesses…had been completely 
exterminated; others had [been brought] largely under 
control….” (Sigerist, 1931, cited by Cohen)35

The Mirage of Health
Human experiences with infectious disease have stimu-

lated pursuit of a world free from the debilitation, suffering, 
and death that disease causes. Economic and other costs of 
disease stimulate this utopian vision, in addition to impacts 
on the personal health of individuals, families, and popula-
tions. Notable accomplishments in this quest during the 20th 
century include the global eradication of smallpox and major 
advances in the elimination of polio in much of the world.36 
Infectious disease mortality within the USA declined from 
797 deaths per 100,000 individuals in 1900 to 36 deaths per 
100,000 in 1980.37 These and other accomplishments have 
resulted in overoptimistic perspectives regarding human 
dominance over infectious pathogens (Box 2–2).

Figure 2.1  Locations of type C avian botulism outbreaks in the United States.
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Figure 2.2  Countries where type C avian botulism has occurred in wild birds (through 2003).

The euphoria associated with accomplishments in the 
conquest of infectious disease is based on reflections from 
a mirage rather than images of lasting substance. Those 
perspectives and the prediction that the history of human 
infection will progress steadily toward virtual elimination of 
infectious disease were replaced during the 1980s by a resur-
gence of human infections occurring on a global scale.3,38–40 
Instead of infectious disease being conquered by the end of 
the 20th century, the last two decades of that century initiated 
the start of an era of emerging and reemerging diseases of 
humans that, once again, reflects humanity’s vulnerability 
to invasion by parasitic forms of life.1 As we enter the third 
millennium, microbial diseases remain as the most frequent 
cause of human mortality worldwide.41 

The Process of Living

“Complete freedom from disease and from struggle 
is almost incompatible with the process of living” 
(Dubos).42

Human impacts result in a continuum of environmen-
tal changes, ecological disturbances, and adjustments by 

microbes and parasites to survive and flourish as part of 
these changing conditions. The current lesson being relearned 
from history, as evidenced by the more than 30 diseases of 
humans that have emerged during the past quarter century, is 
that environmental change leads to the continual emergence 
of infectious disease.7,35,43,44 Society is not only subject to 
diseases of antiquity, such as rabies and tuberculosis, but 
we have also facilitated the establishment of a host of new 
diseases, including some such as Legionnaires’ disease and 
toxic shock syndrome that are products of technological 
advances.

The Devil’s Cauldron
It is increasingly evident that the human pursuit of the 

“good life” is tainting the elixir of life with a potpourri of 
ingredients that enhance disease emergence. In some respects 
it seems as if that elixir is being brewed in the “devil’s caul-
dron” and that its consumption is a major factor leading to 
human disease. The number of infectious agents causing 
disease in humans is increasing and substantial, but difficult 
to quantify because of differences in the way disease agents 
are categorized and enumerated. For example, bacteria of 
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The historic impacts of infectious disease on human 
society are incomprehensible for most individuals living 
in the developed nations of the world. Epidemics of early 
times reflect a world that illustrates the German term 
Durchsevchung, which means thorough saturation of a 
population with infection.291 About 25 percent of the entire 
population of Europe was destroyed by the first waves of 
plague (Yersinia pestis) that swept through that continent. 
It is estimated that nearly 70 percent of the population 
was affected by the epidemic that began in 1348, with 
most infected individuals dying. Very few of those infected 
by another epidemic in 1361 survived, but only about 50 
percent of the population was affected. In the Americas, 
one infected individual who came ashore from the ship 
of an expedition introduced smallpox into native popula-
tions, resulting in a death toll of over 3 million. Epidemics 
from diseases such as plague, smallpox, measles, typhoid 
fever, and typhus were common events associated with 
global developments of earlier times and took a high toll 
on human life throughout the world.289

Modern medicine and its associated technology, along 
with greater understanding of the ecology of infectious 
disease, has helped to combat many of the diseases that 
have had the greatest impacts on human health. Impres-

sive accomplishments in reducing human cases of deadly 
and debilitating infectious diseases created hope and 
optimism that became translated into optimistic public 
statements by notable individuals. Especially noteworthy 
is the statement by medical historian Henry Sigerist35 (p. 
26) and those below by Nobel laureate Dr. Frank MacFar-
lane Burnet, and Dr. William Stewart, former U.S. Surgeon 
General of the USA.
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Box 2–2 Humans and Disease: From Despair to Optimism and a Return to Reality
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“One can think of the middle of the 20th century as the 
end of one of the most important social revolutions in 
history, the virtual elimination of the infectious disease 
as a significant factor in social life.”(Burnet)344

“…it is time to ‘close the book on infectious diseases.’” 
(Stewart)345

“During the last 150 years the Western world 
has virtually eliminated death due to infectious 
disease.”(Stewart, 1975, cited by Cairns)346

Similar statements were made by numerous other learned 
individuals of those times. These statements reflect 
general beliefs at the time they were made and a growing 
need to address a variety of disease conditions that, for 
the most part, do not involve infectious pathogens (e.g., 
heart disease and most cancers).

The resulting redirection from infectious disease to other 
human health issues has caused us to relearn two impor-
tant lessons of history noted by Zinsser:291

•	 “Infectious disease is one of the greatest trag-
edies of living things—the struggle for existence 
between different forms of life…Incessantly, the 
pitiless war goes on, without quarter or armistice—
a nationalism of species against species.”

Consider for example that World Health Organization 
figures for 1990 indicate human annual deaths from acute 
respiratory infections of 4.3 million, diarrheal diseases 
due to bacterial or viral infections of 3.2 million, 3 million 
deaths from tuberculosis, and millions of additional deaths 
from a variety of other infectious diseases. 

•	 “Swords and lances, arrows, machine guns, and 
even high explosives have had far less power over 
the fates of the nations than the typhus louse, the 
plague flea, and the yellow-fever mosquito.”

During the Spanish-American War, typhoid fever was a 
major factor contributing to death from infection causing 
seven times the number of fatalities as battle wounds.347 
During the Civil War of the USA, infectious diseases, 
such as typhoid fever, malaria, smallpox, and diseases of 
dysentery and diarrhea killed three times as many soldiers 
as died from battle wounds.289 Infectious disease has 
remained a formidable enemy in times of war and peace.

If these thoughts are viewed as simply reflections of the 
past, one should consider the reality of AIDS on the Afri-
can continent; the 50–100 million annual cases of dengue 
fever, many of which occur in the Americas; preparation 
being undertaken to protect humans against the potential 
reappearance of smallpox; and the 2003 pandemic of 
severe acute respiratory syndrome (SARS)338 that exempli-
fies:

“Mother Nature is by far the worst 
bioterrorist out there.”  
(Marjorie Pollack)338

 

Mortalities from the 10 most infectious global diseases (Johns Hopkins University).
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emerging zoonotic diseases being among the most important 
public health threats today.48 Human exposure to zoonoses 
is not restricted to direct interface between humans and 
nature (Table 2.2). The emergence of numerous foodborne 
diseases is particularly noteworthy. Increased globalization 
of food supplies and “novel dining experiences” associated 
with human travel are presenting new opportunities for 
pathogens to encounter naive hosts. The associated costs to 
society from emerging diseases go beyond illness and death 
by altering our way of life and causing major economic 
burdens (Box 2–3).

Many of the zoonoses affecting humans are of wildlife ori-
gin or wildlife have a role in their maintenance, transmission, 
and/or geographic spread. A recent analysis of the probability 
of known infectious agents becoming emerging diseases of 
humans disclosed that those agents infecting wildlife were 
twice as likely to become emerging diseases as those without 
wildlife hosts,49 which suggests that wildlife are an important 
aspect of the resurgence of infectious disease in humans. 
Therefore, it is noteworthy that disease emergence in humans 
has been accompanied by disease emergence and geographic 
spread in free-ranging wildlife populations. Companion 
animals, primarily cats and dogs that come into contact 
with infected wildlife, can provide a “bridge” for transport-
ing zoonoses of wildlife into households, veterinary clinics, 
boarding kennels, and animal shelters. Disease transmission 
to humans from companion animals often involves mechani-
cal processes (i.e., contaminated mouth parts) and transfer of 
infected arthropod vectors (i.e., ticks) rather than infections 
acquired from a clinically ill dog or cat.

The current magnitude of disease emergence in wildlife 
populations is unprecedented and appears to have begun 
about a decade earlier than that for humans. In general, 
wildlife have a greater intimacy with the environment than 
humans and that intimacy may provide enhanced sensitivity to 
environmental changes that are important indices for disease 
emergence. Therefore, disease surveillance in free-ranging 
wildlife populations may provide an early warning system.50 
This concept has been selectively applied for monitoring 
arboviruses, influenza, and some other diseases. For example, 
virus activity in birds has been the most sensitive index for the 
presence of West Nile virus. A greater focus on monitoring 
wildlife diseases may be especially valuable for protecting 
human health in natural areas with expanded human pres-
ence and for protecting economic interests associated with 
the domestic animal industry.

Wildlife and Zoonoses
Contact with wildlife, including animals being handled, 

animal bites, and the consumption of animals, all provide 
opportunities for the direct transmission of zoonoses. 
However, wildlife often have other roles in the ecology of 
diseases affecting humans (Box 2–4). Especially noteworthy 
are the ability of infectious disease agents to cross species 

the genus Salmonella cause the disease salmonellosis. That 
genus contains more than 2,300 variants (serotypes) of 
Salmonella spp. and each serotype causing disease could 
be individually enumerated. Alternatively, salmonellosis 
might be considered a single disease, or different forms of 
the disease might each be enumerated separately. Therefore, 
one evaluation places the number of zoonoses among infec-
tious diseases to be between 100 to 3,000 depending on 
the methods for enumeration. The lower figure is about 59 
percent of the diseases listed in a particular book on com-
municable diseases in humans.45 Another evaluation identifies 
1,415 species of infectious agents as having been reported as 
causes of disease in humans. Of those, 61 percent are known 
to be zoonotic.46

On a percentage basis, diseases of bacterial or rickettsial 
origin are the predominant types of infectious diseases. Zoo-
noses are most commonly caused by helminthes (parasitic 
worms) and bacterial or rickettsial disease agents. However, 
helminthes are by far the group of pathogens most associ-
ated with zoonoses. About 95 percent of helminth species 
pathogenic to humans are known to be zoonotic compared 
with 50 percent of bacteria and rickettsia (Fig. 2.3).

Zoonoses and Disease Emergence
Zoonoses are a prominent aspect of disease emergence. 

Over the past decade more than two-thirds of emerging 
diseases have animal origins,47 an outcome that results in 

Figure 2.3  (A) The percentage of infectious diseases caused 
by different classes of disease agents, (B) the percentage of 
agents within those classes causing zoonoses, and (C) the 
percentage of infectious agents known to be pathogenic for 
humans that are also zoonoses. (Adapted from data from 
Taylor et al.46)
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Table 2.2.  Common routes for human exposure to zoonoses.

Type of exposure Activity examples Wildlife and zoonoses examples

Direct contact with infected 
animals

•  Handling infected organs and tissues 
when processing carcasses for  
consumption

•  Handling infected live animals for bio-
logical, clinical, and other purposes

•  Processing carcasses for scientific 
study

•  Bite by infected animal

Rabbits, muskrats, and tularemia 

Migratory birds and chlamydiosis 
 
 
Staphylococcal and Erysipelothrix  
infections from deer and migratory birds 

Carnivores, bats, and rabies

Consumption of infected animal 
meat and other products

•  Preparation of smoked fish at  
temperatures too low to destroy  
potential pathogens

•  Preparation of game sausage  
contaminated with parasites

•  Inadequate cooking of infected meat

•  Raw consumption of parasite-laden 
foods

Salmonids, whitefish, and type E  
botulism  

Cougar jerky and trichinosis  

Deer and Escherichia coli

Cod and cod worm 

Bites by infected or  
contaminated vectors

•  Outdoor activities that provide  
exposure to ticks, mosquitoes, and 
other arthropods

Birds and West Nile fever

Contact with contaminated  
environments

•  Skin contact in infested environments

•  Aerosol exposure caused by  
disturbing soils and other substrates 
heavily laden with infectious agents

Waterfowl, rodents, snails, and  
swimmers itch 

Insectivorous bats, blackbirds, and, 
histoplasmosis

Ingestion of contaminated water •  Drinking untreated water from  
naturally flowing surface waters  
and lakes

Aquatic rodents and giardiasis

Companion animal bridge •  Contact with pets that have consumed 
diseased wildlife

•  Bites from infected ticks that transfer 
from wildlife to pets and their humans

Cats, prairie dogs, and plague  

Cats, rodents, and tularemia 



Number of people living with HIV/AIDS in 2002

Men 38.8 million

Women 19.6 million

Children <15 years 3.2 million

Total 42 million
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The definition of disease in medical dictionaries spans many pages to provide succinct gen-
eralizations of disease conditions from A (i.e., Acosta’s disease or acute mountain sickness) 
to Z (i.e., zymotic disease or a disease due to the action of an enzyme…).349 In contrast, the 
definition of disease in a standard dictionary, while still focusing on impacts on organism form 
and function, is brief and includes an added dimension, “…a harmful development (as in a 
social institution).”350 Disease affects our economy, behavior, and governmental regulations. 
Thus, emerging infectious diseases often have impacts that extend far beyond the clinical 
manifestations of specific diseases on individuals, the economic costs for diagnosis and 
treatment, and those collective costs on individuals, families, and populations. AIDS is but 
one of many examples.

The emergence of AIDS has been accompanied by social stigma for individuals testing 
positive for HIV, regardless of whether or not they have clinical disease. Various forms of 
discrimination have appeared in the work place and in other components of society as a 
response to beliefs, perspectives, and fear of AIDS. A variety of regulatory and procedural 
changes have been implemented that impact health-care providers, blood banks, and edu-
cation processes. Other adjustments in human behavior, our activities, and our way of life 
have also resulted from the emergence of this disease. Clearly, the burden of AIDS extends 
far beyond the pathogenesis of the causative virus. Similar broad-based responses are often 
associated with wildlife species that harbor diseases of concern.

Chronic Wasting Disease

Deer hunting is a traditional activity for millions of Ameri-
cans and in many rural areas it remains an important 
social activity with significant economic ramifications for 
communities. This activity also has significance for wildlife 
management agencies. For example: 

•	 In 1996, hunters spent $897 million within Wis-
consin in pursuit of their hunting activities. Those 
expenditures support a great deal of employment 
and provide a foundation for wildlife programs 
such as land acquisition and management, wildlife 
education, and research.351

•	 During recent years, more than 600,000 Wisconsin 
deer hunters have been spending nearly $500 mil-
lion annually in pursuit of their sport.352

•	 Deer hunting licenses in Wisconsin contribute $21 
million, or about one-third of the Wisconsin wildlife 
management budget.353

As with AIDS, public perceptions and fear about chronic 
wasting disease (CWD) are causing major adjustments 
in human behaviors, regulatory processes, agency and 
scientific priorities, and resource allocations. The general 
basis for human concern about CWD lies in the causative 
agent being a prion, the same type of agent responsible 
for bovine spongiform encephalopathy (BSE) or “mad cow 
disease.” Transformation of that agent has resulted in a 

Box 2–3 Social Impacts of Emerging Infectious Disease



Disease Emergence and Resurgence  33

Ph
ot

o 
by

 C
hr

is
tin

a 
Si

gu
rd

so
n

Ph
ot

o 
by

 M
ilt

on
 F

rie
nd

variant Creutzfeldt-Jakob agent that has caused approxi-
mately 100 human fatalities.354 Public concern is that a 
similar variant may evolve from prions associated with 
CWD. Agriculture agencies also are concerned because 
several captive elk and deer herds associated with game 
ranching and commerce have been infected by CWD. 
Another concern is that a high prevalence of CWD in wild 
cervids may enhance the potential for a variant to evolve 
and infect livestock. 

Because of CWD’s negative impacts on deer and elk 
health and survival, and the social and economic impor-
tance of these species, wildlife conservation interests also 
are involved. The focus for wildlife agencies is eradica-
tion of CWD where possible and preventing its spread to 
other states where this disease does not already exist. 
The result of these concerns is an unprecedented effort 
focused on combating a disease affecting free-ranging 
wildlife. 

•	 A multiagency plan involving the collaboration of 9 
federal agencies, 14 state agencies, 4 universities, 
the International Association of Fish and Wildlife 
Agencies, and others was developed to guide a 
coordinated effort to combat CWD.348

•	 CWD has been present in Colorado for several 
decades and recently the Colorado Division of 
Wildlife completed a 5-year Strategic Plan that 
establishes disease management and elimination 
as one of its highest priorities.355

Fiscal support for many state wildlife agencies is highly 
dependent upon license sales. Concern about consuming 
deer meat reduced Wisconsin deer license sales, which 
negatively impacts fiscal resources for carrying out deer 
and other wildlife conservation responsibilities. During 
2001, the Wisconsin Department of Natural Resources 
sold over 688,000 licenses to hunt deer. Survey results 
indicated a 10 to 20 percent reduction during 2002.352,353 
This relatively small percentage reduction results in a sub-
stantial loss of revenue and is compounded by the costs to 
combat CWD.

The 2002 appearance of CWD in white-tailed deer in Wis-
consin has been costly. The resources required to combat 
CWD, even with supplemental funding, burdens agency 
capabilities by redirecting funds and agency staff, thereby, 
compromising the ability to address other needs. 

•	 A variety of regulations promulgated in response 
to CWD and the processes for their enforcement 
impose still other costs, including adjustments in 
human activities. Those regulations establish inter- 
and intrastate conditions for the movement of live 
elk and deer, their carcasses, and components of 
those animals that have been harvested by hunt-
ers and commercial activities.351,354–357

•	 CWD in North America has resulted in the suspen-
sion by South Korea and Japan of the importation 
of deer, elk, and their products from the United 
States and Canada.356

•	 Indemnity payments are provided by the United 
States Department of Agriculture (USDA) for the 
voluntary depopulation of captive cervid herds 
within the United States that are infected with 
CWD.356

•	 Small business operations such as taxidermists, 
processors of elk and deer, and a variety of other 
services provided to deer hunters also are nega-
tively impacted, as are deer and elk farms found to 
be positive for CWD. 

•	 An intensive surveillance and testing program was 
implemented to determine the geographic distribu-
tion of CWD in Wisconsin. Hunter participation is a 
major component of these types of programs and 
the testing provides hunters with evaluations of the 
deer they harvest. 

•	 Construction of a state facility was required to pro-
cess the estimated 40,000 Wisconsin deer heads 
for sample extraction during 2002. Also, many 
people were needed to collect the deer heads in 
the field, to process them for sample extraction, 
and to do laboratory evaluations. 

There also are general community costs associated with 
CWD. For example:

•	 The projected net loss to Wisconsin’s economy 
as a whole from reduced spending by nonresident 
deer hunters alone was estimated to be approxi-
mately $5 million to $10 million for 2002.352



Reports of West Nile fever

No testing or
 no data

1999
2000
2001
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2003-2004
Animal cases only

Index case

Data as of Aug 2004
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Impacts from CWD are most notable in rural areas where 
deer hunting is a popular activity and are felt by those 
communities in many ways.

•	 Motels, restaurants, gas stations, and a number 
of other local businesses in rural areas are quite 
dependent upon deer hunting to bring business to 
their community during deer season.

•	 The revenue for a small, rural Wisconsin feed store 
in an area removed from the CWD focal area fell 
by tens of thousands of dollars due to the 2002 
statewide ban on deer feeding, one of the disease-
control actions initiated. A large business opera-
tion projected a reduction of $300,000 in revenue 
due to that ban.353

•	 A small business that sells archery equipment 
suffered a reduction of more than 50 percent of 
normal sales because of reduced deer-hunting 
activity.353

 
Clearly, the economic impacts in Wisconsin associated 
with CWD have substantial ramifications. Impacts of this 
disease outbreak on agencies and local communities are 
striking, especially considering the absence of a single 
documented human or livestock case of disease attrib-
uted to CWD during the more than two decades that this 
disease has been present in limited areas of the Western 
United States.

West Nile Fever

The 1999 appearance in North America of West Nile 
fever (WNF) is another vivid example of human impacts 
associated with disease emergence in wildlife. Unlike 
CWD, WNF is clearly a zoonosis. Its appearance was first 
detected because of a cluster of human cases, including 
several deaths, in the New York City area. The human 
cases occurred along with a cluster of bird deaths, primar-
ily crows. Since 1999, this disease has spread across the 
USA and into Canada. The host range for WNF includes 
horses as well as other domestic animals, a broad array 
of wildlife species (primarily birds), and humans. Thus, 
like CWD, attempts to combat WNF have an interagency 
orientation and are multifaceted. 

•	 Shortly after the diagnosis of WNF in New York 
City, the Centers for Disease Control and Pre-
vention (CDC) and the USDA cosponsored a 
workshop and developed guidelines for disease 
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surveillance, prevention, and control. Experts from 
federal, state, and city agencies joined members 
of the academic community and the private sector 
in that undertaking.358

•	 National guidelines developed for the control of 
West Nile virus (WNV) place a high priority on 
monitoring for the virus and providing guidance 
for the timing of that activity based on geographic 
regions in the USA.358

•	 Training workshops, protocols for diagnostic and 
surveillance activities, and data management are 
some of the integrated efforts established to com-
bat WNV.

Many agencies are incurring substantial costs for the 
surveillance and testing programs needed for guiding 
actions to protect human health. In addition, because of 
the risks to human health, mosquito abatement activities 
have increased, as well as the level of protective mea-
sures required for processing wildlife in disease diagnostic 
laboratories. 

•	 In early December 2000, the CDC provided 
16 States and local health departments along 
the East Coast of the USA with $2.5 million to 
enhance their surveillance for WNV and to develop 
local measures to prevent outbreaks. Pennsylvania 
anticipated it would spend $9.8 million in addition 
to CDC funds to develop internal mosquito-control 
and surveillance plans.360

•	 During the spring of 2001, New York received a 
$3.9 million grant from CDC to combat WNV, in 
addition to the $21.9 million for local virus control 
activities proposed by the Governor in the State 
budget to cover 2000–2001 costs.359

•	 During 2000 and 2001, the CDC provided more 
than $58 million to State or local health depart-
ments to develop or enhance epidemiologic and 
laboratory capacity for WNV and other mosquito-
borne diseases. In fiscal year, 2002, approximately 
$35 million in federal funds were awarded by the 
CDC to these agencies to address the continued 
spread of the virus.361

•	 Other societal costs include major investments 
in research on disease ecology and evaluation of 
vaccination as a means for combating WNF.

WNF also has ramifications for wildlife conservation and 
education programs. Many thousands of birds have died 
from this disease. Also, the specter of WNF looms as an 
ominous shadow over wildlife rehabilitation. The rehabilita-
tion of sick and injured wildlife is a popular activity and 
one that is primarily carried out by the private sector rather 
than by government agencies. Thousands of individuals 
participate, the majority as volunteers that have very lim-
ited training and knowledge of animal diseases. In general, 
the facilities where these activities are conducted are 
inadequate for the containment of WNF in the event of an 
outbreak. Also, protective measures for people are seldom 
adequate to prevent disease exposure in the event infec-
tious disease is brought into the facility. The emergence 
of WNF calls for additional knowledge of disease risks 
within wildlife rehabilitation programs and adjustments in 
how rehabilitation programs are conducted. WNF has also 
struck zoos, causing many bird deaths, and threatens cap-
tive breeding programs that enhance the populations of 
endangered avian species.

CWD and WNF are but two of the multitude of emerging and reemerging infectious diseases confronting soci-
ety. Human activities and behavior are major factors contributing to disease emergence. Hopefully, greater 
appreciation of the effects of these diseases on our way of life and things that we value will result in behavior 
that reduces the spread of pathogenic microorganisms.
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Wildlife may contribute to zoonoses in ways other than direct transmission between 
wildlife and humans. For influenza, the greatest wildlife contribution is the transfer 
of genetic material between influenza viruses that leads to disease emergence in 
humans, not direct contact between humans and wildlife. For some diseases, such 
as Lyme disease and ehrlichiosis, the major role for wildlife is disease maintenance 
in nature; for other diseases such as giardiasis, the primary role is environmental 
contamination by wildlife (e.g., shedding infectious agents into surface waters) 
leading to human infections. Birds infected with West Nile virus serve as a source 
for infection of mosquitoes that then infect humans, and the disease spreads 
through the movements of infected birds. The following examples highlight some 
of the major roles wildlife have in the ecology of zoonoses, besides direct contact 
transmission of the disease.

Tick Production
Lyme disease is typically contracted from the bite of 
infected ticks and not from contact with wildlife that may 
harbor the causative spirochete bacterium. Tick popula-
tions are dependent upon having adequate numbers of 
hosts to feed on as their growth and reproduction requires 
blood meals to provide the necessary nourishment. Typi-
cally, when larvae emerge from the egg, they feed on 
small rodents, such as mice; nymphs and adults feed on 
larger mammals. Thus, mice and white-tailed deer are the 
species that contribute to the maintenance of tick popula-
tions, and through that contribution, to the transmission of 
Lyme disease.

are the source of virus variants that are lethal for poultry 
and other variants that cause disease in humans.

Developmental Hosts
Many metazoan parasites require one or more wildlife 
hosts for the parasite to become pathogenic for humans. 
For example, wildlife species such as red foxes and 
coyotes are definitive hosts for the tapeworm Echinococ-
cus multilocularis, the cause of hydatid disease; they are 
essential components of the disease cycle. Infected wild 
carnivores imported into areas where this parasite is not 
yet established pose a significant threat to human health 
by introducing the parasite into the wildlife populations of 
the new area.

Gene Pool Contributions
Migratory birds, especially shorebirds, are an important 
source of influenza viruses but rarely suffer clinical illness 
or mortality from those viruses. However, recombination 
is a characteristic of influenza viruses, and involves the 
transfer of genetic material between different influenza 
viruses to produce new virus strains. These exchanges 
involve mammals, especially swine, as well as birds and 
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Box 2–4 Wildlife and Zoonoses: Different Roles for Different Diseases
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Environmental Contamination
Giardiasis is a common waterborne disease of humans. 
Cysts of the protozoan parasite that cause this disease 
are shed in the feces of infected animals, such as beaver, 
and are immediately infective. Surface waters become 
contaminated in this manner and unless adequately 
treated, become a source for human infections.

Amplification Hosts
The ability of arthropods to become infected (biological 
transmission) or for their mouth parts and excretions to be 
contaminated at levels sufficient for mechanical disease 
transmission is a function of the number of organisms 
present in the blood meal taken by the arthropod. The 
rapid spread of West Nile fever in North America has been 
facilitated by the high level of viremia in infected crows 
and some other bird species. Mosquitoes feeding on these 
birds become infected and continue the transmission 
cycle when they take their next blood meal from another 
susceptible host.

Interspecies Transfers
Wildlife often harbor microbes and parasites that are not 
pathogens for them, but become disease agents for other 
species that interface with those wildlife or environments 
contaminated by them. Human infections occur as a result 
of contact with other species, not with the wildlife host. 
Among numerous examples are the recent emergence of 
Nipah and Hendra virus infections. Both involve domestic 
animals as the source of human infections and fruit bats 
as the wildlife reservoir hosts.48

Spread of Infection
The movement patterns of wild birds have long been asso-
ciated with the spread of infectious disease, including zoo-
noses.362–367 Arthropod vectors often are “hitchhikers” that 
transfer to new environments and geographic areas during 
bird and other wildlife movements. These arthropods may 
provide means for transmission of indigenous patho-
gens or they may be infected with diseases new for the 
environments they enter. Infected wildlife also may serve 
as a source for infection of local arthropod populations as 
occurs for mosquitoes and West Nile fever. Earlier stud-
ies have suggested that infected migrating birds are the 
source for repeated West Nile virus (WNV) introductions 
in the central highlands of South Africa. Also, experimental 
studies and isolations from nature indicate that WNV can 
adapt to ticks and may be transferred by tick bite.363
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barriers. Recent examples include HIV-1 and HIV-2, Hendra 
and Nipah viruses, Streptococcus iniae,51 and other disease 
agents, suggesting that this ability may be more important 
than was recognized previously.48 Also, the natural move-
ments of wild birds can contribute to zoonoses by introduc-
ing arthropod vectors, by transporting disease agents, and 
by other means.52–55 This multiplicity of roles is interactive 
with environmental conditions. Therefore, the dynamics of 
environmental disruptions and change can greatly influence 
the role of wildlife in the ecology of zoonoses.

Disease Emergence in Wildlife

“Pathogens that infect wildlife are twice as likely to 
become emerging diseases of humans as pathogens 
without wildlife hosts” (Cleaveland et al.).49

More noteworthy disease events have affected free-ranging 
wildlife during the 20th century than have been collectively 

reported previously. Currently, infectious disease has become 
established as a prominent cause of mortality for wild birds, 
some enzootic diseases have increased in frequency of occur-
rence and geographic distribution, and rare or previously 
unreported diseases have taken a large toll on wildlife. The 
large number of avian mass mortality events in the USA and 
Canada stands as testimony to the toll of wildlife affected by 
disease (Fig. 2.4). Large numbers of other types of wildlife 
from amphibians to fishes to mammals are also victims of 
disease. Not all of these diseases are zoonoses, but in many 
instances there is no clear distinction between zoonoses and 
diseases that are not,56 because host susceptibility is medi-
ated by a number of factors.52 Impairment of the immune 
system, such as from HIV infections, poor nutrition, and 
other means, can result in disease from organisms generally 
of low virulence for humans.57–59 Tuberculosis due to human 
infection with avian strains of Mycobacteria in AIDS cases 
is an example.60

Figure 2.4  Avian mass-mortality events within different time periods in the United States.
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Marine Environment

“Of the natural factors that influence abundance of 
marine organisms, few are more spectacular or less 
understood than disease” (Sinderman).61

Human actions are increasingly challenging the oceans’ 
capabilities to sustain the abundance and diversity of life. 
Introductions of nonindigenous pathogens and other aquatic 
organisms from discharges from land, ballast water, and 
other means are altering ocean ecosystems, degrading the 
quality of the marine environment, and contributing to dis-
ease emergence in a wide variety of nearshore and offshore 
marine species (Fig. 2.5). Human health and well-being also 
are jeopardized by disease emergence and reemergence in 
those species as a result of:

•	 Consumption of finfish and shellfish contaminated 
by biological toxins (e.g., “red tides”), toxic chemi-
cals, and microorganisms;

•	 Reductions of fish stocks by disease, placing 
further stress on already overharvested fish popula-
tions that are important as a source of food for 
many people;

•	 Increased risk for exposure to pathogens when 
swimming in contaminated waters;

•	 Direct exposure to “red tides” causing serious ill-
ness; and

•	 Economic impacts associated with contamination 
of beaches, shellfish beds, and finfish.62

The frequency of infectious disease events in marine eco-
systems and the broad spectrum of marine species affected 
are unprecedented and have far-reaching implications for 
the integrity of those ecological systems and the biological 
services they provide. Therefore, it is not surprising that 
disease emergence in the marine environment was the focus 
for two international meetings in 1999 in which direct linkage 
between human disease and the marine environment were 
explored.63 The contributions of the marine environment to 
the maintenance and spread of cholera was one of the topics 
considered (Box 2–5).335

Plant Communities

Seagrass beds, such as eelgrass and turtlegrass, that serve 
as important habitat for a variety of waterfowl, shrimp, 

Figure 2.5  Examples of species affected by disease emergence in the marine environment.
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Country with cholera cases

Cholera (Vibrio cholerae) is an ancient “voyager” whose 
capacity to result in pandemic spread has left many 
footnotes to the story of civilization.289,291 Despite great 
advances in the control of many infectious diseases, chol-
era remains as an epidemic disease claiming hundreds 
of thousands of lives each year. The seventh pandemic is 
ongoing and includes noteworthy epidemics that began in 
1991 in India, Bangladesh, and the Americas.368

The continuing challenges posed by cholera, one of the 
most feared infectious diseases of humans, are integrally 
linked to marine environments.369 

•	 “Historically, most of the major epidemics or out-
breaks of cholera around the world have originated 
in coastal regions…There is compelling evidence 
that V. cholerae always is present in the aquatic 
environment and proliferates under non-epidemic 
conditions while still attached to, or associated 
with eucaryotic organisms…Zooplankton play a 
significant role as a reservoir of V. cholerae in the 
environment.”369 

•	 Cholera eruptions appear to be stimulated by 
global changes taking place, including ecosystem 
alterations resulting from human actions.369 

•	 Cholera was reintroduced into South and Central 
America during 1991–92 following over more than 
100 years of absence.370 By the end of August 
1992 more than 600,000 cases and 5,000 deaths 
were reported from 20 countries.371 From January 
1, 1991 to September 1, 1994, more than 1 million 
cases, including 158 cases in the USA, and nearly 
10,000 deaths occurred in 21 countries in the 
Western Hemisphere.372

•	 Since 1991, approximately 120 countries world-
wide have reported indigenous cases of cholera 
and in nearly half of them cholera has been a 
recurring problem.369

The marine environment is the natural habitat of V. 
cholerae; crustaceans and copepods are natural hosts for 
sustaining this organism. Linear correlation exists between 
the growth of V. cholerae and increased sea-surface 
temperature. Plankton blooms are dependent on warm 
ocean temperature. Cases of cholera are correlated with 
the response of phytoplankton to increased temperature 
and the subsequent appearance of the zooplankton 
blooms that harbor the cholera organisms. Other factors 
also are involved but the relations just noted illustrate the 
importance of the marine environment for sustaining V. 
cholerae.368 

The occurrence of the cholera bacterium in coastal 
waters of the USA has been well documented. However, 
despite the environmental presence of V. cholerae there 
is a paucity of cholera cases obtained from these waters 
because of the advanced sanitation practices and facilities 
that prevent the secondary spread of V. cholerae through 
drinking-water contamination.373 While these safeguards 
have served the people of the USA well, it is sobering to 
recognize that V. cholerae is present in our coastal waters, 
patiently waiting for an opportunity to mount a success-
ful invasion. It is also sobering to recognize that modern 
technology does not provide an invincible shield against 
waterborne diseases such as cholera. The 1993 invasion 
of cryptosporidiosis that resulted in 403,000 infections via 
the drinking water for Milwaukee, Wisconsin336 should be 
considered a “wake-up call.”
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Box 2–5 Cholera and the Marine Environment
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scallops, fish, and other aquatic species have been severely 
degraded in many areas and essentially eliminated in some. 
Many factors are involved, including the fungal pathogen, 
Labyrinthula zosterae. This marine slime mold is responsible 
for “seagrass wasting disease” along the Atlantic coast of the 
USA. Outbreaks of this disease off the coast of New England 
have most recently occurred during the 1980s and again in 
1997. Mass mortality of turtlegrass in Florida Bay is also 
associated with Labyrinthula.62

Disease in seagrass communities is noted to illustrate 
the pervasive nature of infectious disease occurring within 
natural biological systems. Because plant communities 
are a fundamental building block for biological communi-
ties, disease impacts on plant species can have far-reaching 
ecological impacts. For example, the seagrass community of 
Florida Bay supports over 100 species of finfish and over 30 
crustacean species, including both permanent residents and 
species that temporarily occupy this habitat as a major nurs-
ery.64 Seagrasses not only provide habitat for many species 
but they also are an important part of the food web for some 
species. Nutritional degradation of food webs can negatively 
impact immunocompetency in animals just as poor nutrition 
affects immunocompetency in humans.

Seagrass wasting disease is not a new disease. In the 
1930s, a similar disease of unknown etiology almost elimi-
nated eelgrass in the North Atlantic. That disease decimated 
eelgrass beds along the Atlantic coast from North Carolina 
(USA) to Nova Scotia (Canada). However, healthy eelgrass 
populations were reestablished by the 1960s over most of 
the affected area. Reappearance of the same, or a similar 
disease, occurred in 198765 in eelgrass beds on the border 
of New Hampshire and Maine (USA) and that same year in 
turtlegrass beds of Florida Bay.64 Seagrass epizootics that 
began in the 1930s and again in 1987 were not limited to 
the eastern seaboard of North America. Seagrass mortality 
during both time periods also occurred in Europe and along 
the Pacific coast of the USA.65

Coral Reef Communities

Coral reefs also sustain higher forms of life. Not only are 
coral reefs one of the world’s most spectacular ecosystems, 

they also are a critical resource for millions of people and 
are inhabited by between one-half million and 2 million spe-
cies, if not more.66 Coral reefs are home to about 25 percent 
of all marine species67 and recently have become a focus 
for investigations because of the emergence of diseases and 
other factors impacting reef viability. Disease has caused a 
dramatic loss of coral reef species and degradation of coral 
reefs in many areas of the world (Fig. 2.6). The magnitude 
of loss that has occurred is unprecedented in recent geologic 
history.68 

During the late 1980s, white-band disease almost elimi-
nated the dominant coral-space occupier in lagoonal reefs in 
Belize.69 On a regional scale, white-band disease has probably 
been the most significant factor in reducing populations of 
elkhorn and staghorn corals. Elkhorn coral, previously one of 
the most important and most common species of coral in the 
Caribbean, is now rare. The abundance of corals in Jamaica 
declined from a mean of 52 percent coral reef habitat along 
the coastline from 1977 to 1980 to 3 percent from 1990 to 
1993.70,71 

The continuum of new diseases and reef species being 
affected (Box 2–6) suggests that the coral reef systems are 
badly stressed and that additional diseases will continue 
to emerge. For example, in 1997, “rapid-wasting disease” 
appeared as a new pathology affecting the massive Mon-
tastraea and Colpophyllia corals of Caribbean reefs. Coral 
reefs of Florida vividly illustrate that disease impacts are 
increasing relative to the number of species being affected and 
geographic distribution of diseased coral. A 1999 evaluation 
found 82 percent of all reef study locations were affected, 
which is a 404-percent increase over 1996 and that 85 per-
cent of all reef corals were affected, a 218-percent increase 
over 1996.63

In addition to disease affecting hard corals, soft corals 
such as sea fans, along with sponges and sea urchins also 
have been affected by emerging diseases. The rapid spread 
since the 1980s by the variety of novel pathologies of reef 
organisms suggests that disease agents are entering naive 
populations that have little ability to reject their invasion.72 

The effects from these diseases threaten the viability of many 
reef systems. For example, a bright orange bacterial pathogen 

Figure 2.6  Locations of of coral disease. (Compiled from Spalding and Green66 and the World Conservation Coral Disease 
Monitoring Center—NOAA coral disease database.)
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Disease of Scleractinian Corals

Black-Band Disease

Black-band was the first disease reported to affect scler-
actinian corals and was first described in 1973 from Belize. 
Subsequently, reports followed during the 1970s from 
reefs off Bermuda and the Florida Keys.374 Black-band 
disease is now known to exist throughout the Caribbean, 
in reefs of the Indo-Pacific (Philippines, Fiji), the Red Sea, 
and the Great Barrier Reef.374–376 Hard corals such as star 
coral, fire corals, and soft corals such as gorgonians 
(sea fans) are affected. Acroporids (branching corals) 
have been found infected on the Great Barrier Reef.377 

Significant mortality from black-band disease has occurred 
in at least 13 species of coral378 and it is a major factor 
in the recent decline (1990s) of hard corals on reefs off 
Jamaica.375 
Black-band disease is caused by a microbial mat consist-
ing of a complex of organisms. The most dominant species 
are the cyanobacterium Phormidium corallyticum and bac-
terium of the genus Beggiatoa. Other species in the mat 

Coral reefs throughout the world have been severely degraded during recent decades. Emerging diseases 
are a major factor in this degradation, primarily through the destruction of scleractinian stone-like corals that 
provide the basic framework for reefs. Initial reports of disease affecting reef-building corals appeared during 
the early 1970s and were viewed at that time as unique situations. Today, disease has been observed in more 
than 100 coral species (primarily hard corals but also some soft corals) on reefs in more than 50 countries.66 

The areas involved include popular diving locations such as the Caribbean islands, Fiji, the Red Sea, and the 
Great Barrier Reef of Australia. However, the prevalence and diversity of coral disease appears to be great-
est in the tropical western Atlantic,374 primarily within the Caribbean.66 The number of distinct diseases being 
observed within this area, as well as globally, has increased substantially since the 1970s.
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complex include numerous heterotrophic bacteria (organ-
isms that derive energy from consumption or absorption of 
other organisms), marine fungi, and bacteria of the genus 
Desulfovibrio.379,380

Black-band disease.

Coral reef and tropical fish off of the coast of North Carolina.

Box 2–6 Emerging Disease and Coral Reefs
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Red-Band Disease
Red-band infections of corals were first noted during the 
early 1980s and thought to be a variant of black-band 
disease infecting sea fans off Belize,374 but was described 
as a separate disease based on observations made during 
1991 at a site southwest of Bimini in the Bahamas.381,382 

This disease is also known to be present on the west 
coast of Puerto Rico and in the Florida Keys383 and may 
be present as brown-band disease on the Great Barrier 
Reef. Infections have occurred in 20 coral species in five 
scleractinian families.374

A microbial mat similar to that for black-band disease 
is involved but differs in species composition, migration 
across the coral, and daily activity.381 Red-band disease is 
associated with a cyanobacterium of the group Oscillatoria 
spp. but the primary cyanobacteria present in the red-band 
may differ between geographic locations. Other organisms 
known to be part of the mat complex are other cyanobac-
teria, the bacterium Beggiatoa, heterotrophic bacteria, and 
the nematode Araeolaimus.374,383

White-Band Disease
Acroporid corals from St. Croix, U.S. Virgin Islands, were 
first reported infected with white-band disease in the 
1970s. Massive mortality of elkhorn corals occurred in 
1977 on the reefs of Buck Island and Tague Bay and was 
part of a progressive destruction of the majority of Carib-
bean Acropora during the late 1970s and early 1980s.374,383 
This disease is widespread, occurring in reefs throughout 
the Caribbean from the Florida Keys to Panama and 
Nicaragua. It is also present in reefs of the Philippines, the 
Red Sea, the Gulf of Oman (Arabian Sea), and the Great 
Barrier Reef.374 White-band disease attacks multiple spe-
cies of scleractinian corals but has been most destructive 
of branching corals.

The original form of white-band disease that emerged in 
the 1970s is referred to as Type I. Type II, a more aggres-
sive form relative to the speed of disease progression 
in infected coral, emerged during the early 1990s,377,383 
and has only been found in the Bahamas. Both diseases 
appear to be due to bacterial infections. Bacterial aggre-
gates have been identified in some, but not all cases of 
Type I disease. Specific species of bacteria have not been 
identified as the cause for this disease. Bacteria similar to 
Vibrio carchariae have been identified as a probable agent 
for Type II disease.384

Yellow-Band Disease (Yellow-Blotch Disease)
Some authors refer to this disease as yellow-blotch dis-
ease in the Caribbean and yellow-band disease in the Ara-
bian Gulf. Yellow-band disease was first reported as ring 
bleaching in the 1970s.385 In 1990 it was first associated 
with bleached corals in the Cayman Islands,386 and in 1994 
it was first noted as an independent disease in the lower 
Florida Keys.374 Yellow-band disease is now known to 
occur in many Caribbean reefs.383 Recent transect studies 
(1997–1998) revealed that this disease affects as much as 
90 percent of star coral.385 It is the latest coral disease in 
Colombian waters (observed in April 1998) and the cause 

of a major epizootic affecting several coral species.387 Yel-
low-band disease has also been observed in pristine reefs 
in San Salvador waters377 and in the Arabian Gulf at Jebel 
Ali in Dubai, United Arab Emirates.388

Yellow-band disease affects star coral in the Florida Keys 
and in the Netherlands Antilles, but different species 
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Yellow-band disease.

White-band disease.

Red-band disease.
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including branching corals are affected in the Arabian Gulf. 
Prior to its appearance in Colombian waters, this disease 
had only been known to affect two species of corals (star 
coral and mountainous star coral). An additional seven 
coral species were found affected in Colombia.387 The 
cause of this disease is unknown, but may be of bacterial 
origin.374 

Rapid Wasting Disease

This disease syndrome was first noted in Bonaire, Neth-
erlands Antilles during late 1996. It is a rapidly spread-
ing new condition that exists throughout the Caribbean 
affecting star coral and brain coral, two of the major reef 
builders of this region.377,383 A filamentous fungus and a 
ciliate (protozoan) parasite associated with the fungus 
were originally thought to be responsible for rapid wasting 
disease.72,383,389 However, recent observations indicate that 
parrotfish feeding on the coral may be the primary cause 
of this syndrome.388

Dark-Spot Disease
First observed in 1990, this disease affects massive 
starlet coral and some other star corals throughout the 
Caribbean. Transects during 1997–1998 disclosed up to 
56 percent of those species of corals to be affected.383,385 
Dark-spot disease was the first record of a coral disease in 
Colombia (1990 at the Rosario Islands) and has affected 
10 coral species in reefs of that country.387 The pathogen 
involved is unknown.

White Pox Disease
Elkhorn coral was found affected by white pox disease 
around 1995 in the Florida Keys. Rapid geographic expan-
sion has followed and this disease now occurs throughout 
most of the Caribbean. An unknown infectious agent is 
believed to be the cause for this disease.72,383

Coral (white) Plague
There are two distinct forms of white plague. Type I is 
a slowly progressing infectious disease and was first 
reported in 1977 on Alligator Reef in the Florida Keys. It 
has been documented for several species of nonbranching 
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corals such as brain coral and fleshy coral. Type II white 
plague was also first observed in Alligator Reef (1995), but 
in contrast to Type I, is a rapidly spreading disease.377,383 
The 17 scleractinian coral species infected is the great-
est number of these corals ever reported for any disease 
in the Caribbean region. Only nonbranching corals are 
affected. Type II white plague is the first known disease 
of elliptical star coral, the primary species affected during 
epizootics.390 
Three major epizootics of Type II white plague have 
occurred in different reef areas of south Florida: the middle 
Keys in 1995; the southern Keys and Dry Tortugos during 
1996; and reefs north of Miami during 1997. White plague 
(Type I and Type II combined) was first reported in Colom-
bian reefs in 1994 affecting only one species (Montastraea 
cavernosa). It is now widespread and has affected 21 hard 
coral species.387 A single dominant bacterium associated 
with the disease line has been isolated and shown to be 
contagious under experimental conditions. This organism 
is most closely related to Sphingomonas.390

Disease of Other Reef Organisms

Coralline Algal Disease [Coralline Lethal Orange 
Disease (CLOD)]
The orange-yellow growth of an unidentified bacterium 
that attacks coralline algae (Porolithon spp.) gives this 
disease its name.383 Initially observed in June 1993, coral-
line algal disease has spread over 10,000 km, affecting 

Dark-spot disease.

Coral (white) plague.

Coralline algae disease.
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South Pacific reefs from the Cook Islands to the Mariana 
Islands.391 In 1996, a new condition that attacks these 
algae but has a different appearance appeared in the 
Caribbean. Between 25 to 75 percent of the coralline 
algae has been killed at some Caribbean sites.383

Sea Fan Disease
Sea fans are soft coral life forms. Mass mortality events 
involving these species were first reported in the Carib-
bean during the 1980s: Trinidad (1981/82); Costa Rica 
(1982/83); Panama (1982/83); Colombia and San Andrea 
Island (1986/88). The causative agent, although unknown, 
was highly virulent, resulting in almost total mortal-
ity. Disease appeared to be restricted to the Caribbean 
continental coasts. A second, less virulent, epizootic wave, 
extending at least 2,500 km, began in January 1995. This 
event reached at least from Trinidad westwards to the 
Panama/Colombia border in the southern Caribbean, and 
northwestwards to the Bahamas and the Florida Keys 
in the northern Caribbean.392 This latest event has been 
shown to be caused by a fungus (Apergillus sydowii).393-395

Sponge Disease
Die-offs of barrel sponges have been reported from the 
Florida Keys since the 1980s. In 1996, mass mortality 

Noted reef biologists are obviously quite concerned about the magnitude of disease:

“The spread of coral reef diseases has become so commonplace, and with such intensity, that they have 
become the major cause of accelerating coral mortality in many locations and are likely to become far more 
prevalent in coming years” (Goreau et al.).383

(40–50 percent) affected the barrel sponge population 
in reefs along Palm Beach, Florida. The previous year 
mortality occurred off Key Largo in the Florida Keys.396 

Mortality is caused by a rotting disease that leaves holes 
in the sponge frame.

A rapidly spreading disease of large barrel sponges (Xes-
tospongia muta) appeared in the Belize Barrier Reef Tract 
during 1996 and spread to Curacao, Tobago, and Panama. 
Several different species of sponges were affected in Pan-
ama and a different species of barrel sponge in Tobago.383 

The pathogen involved has not been identified for any of 
the sponge disease events.

Sea Urchin Disease
During 1983 and 1984 the black long-spined sea urchin 
suffered mass mortality from disease throughout its entire 
geographic range. That initial epizootic is thought to be 
the most widespread epizootic ever recorded for a marine 
invertebrate.397,398 Approximately 3.5 million square km 
(not counting Bermuda) were impacted by this event.398 

In 1983, Jamaican reefs alone lost about 100 million sea 
urchins during an 8-week period.71 A second epizootic 
followed in 1984, further stressing any survivors from the 
previous event.397 Densities of this species in Jamaica 
were reduced by 99 percent from pre-die-off estimates and 
have remained suppressed.71 A similar die-off struck the 
Florida Keys during May 1991.569 Additional mass mortali-
ties from 1995–1997 affected sea urchins in Puerto Rico, 
Antigua, Aruba, Jamaica, and Curacao.383 Mass mortalities 
from 1980 to 1982 reduced green sea urchin populations 
in Nova Scotia by about 90 percent.62 The pattern of mor-
tality associated with sea urchin die-offs is consistent with 
infectious disease, but the causative agent(s) have not 
been determined. An amoeboid protist, Labyrinthula spp., 
is thought be the cause of the Nova Scotia die-off.

Numerous other maladies have also appeared as dis-
eases of reef organisms during recent years. For example, 
in 1996 an unnamed new disease appeared in Brazil in 
a colonial benthic (bottom dwelling) organism, commonly 
found on shallow reefs in the western Atlantic. Bacteria 
are thought to be the primary pathogens, and fungi and 
other organisms are most likely secondary invaders; it is 
widespread along the Brazilian coast but not seen else-
where.399
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Sea fan disease.
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that is lethal to coralline algae, living organisms that cement 
dead corals together to make reefs, was first recorded in the 
Cook Islands of the Pacific Ocean in June 1993. Within a 
year, this disease had spread over a distance of at least 6,000 
kilometers. In 1992, coralline lethal orange disease (CLOD) 
was nonexistent at Great Astrolabe Reef sites in Fiji, but by 

1993, it was present in 100 percent of the reefs. Because coral-
line algae play critical roles in forming reef rims throughout 
the Indo-Pacific region, CLOD may significantly affect reef 
ecology and reef building processes.73

Coral bleaching is an additional pathology of reef systems 
that is occurring over broad geographic areas. This malady 
(Fig. 2.7) is seen as a whitening of corals due to loss of 
symbiotic algae and/or their pigments.74 The first descrip-
tion of coral bleaching was in 1984, but scientists in French 
Polynesia made the first observations 11 years earlier. Coral 
bleaching occurs regularly in the Indian and Pacific Oceans 
and the Caribbean Sea, and is now common at many sites.74 

A major coral bleaching event occurred throughout the 
Caribbean in late 1995 (Table 2.3). For some places, such 
as Mexico, Cuba, Honduras, and Belize, this was the first 
occurrence. Bleaching was most evident in the western, 
central, and southern Caribbean.75 

The most geographically extensive and severe mass 
bleaching event occurred during 199866 (Fig. 2.8). High sea 
surface temperatures associated with El Niño were among 
the factors responsible for coral bleaching.69,76 This pathology 
has long-term impacts because of the magnitude of mortal-

Figure 2.7  Bleached coral. 

Figure 2.8  Locations of coral bleaching, 1998. (Data modified from Spalding and Green66 and the World Conservation Coral 
Disease Monitoring Center—NOAA coral disease database.)
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Table 2.3.  Relative severity of coral bleachinga within different areas of the Caribbean during a 1995 bleaching event.7,75

Unremarkable Slight Highly evident Severe

Tobago Barbados Bahamas (San Salvador) Bonaire

Bermuda Belizeb Cayman

Costa Rica Colombia Curacao

Saba Cubac Jamaica

St. John Dominican Republic Venezuela

Hondurasb Mexicob

Puerto Rico

aUnremarkable=percentage of coral affected too little to be noticeable; slight=bleaching of some coral evident but only a low 
percentage of coral affected; highly evident=bleaching readily visible because of the moderate to high amount of coral affected; 
severe=bleaching widely occuring and affecting most of the area.

bBleaching was a minor occurrence previous to this event.
cFirst bleaching event
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ity76 and the damage to the coral’s reproductive capacity 
that persists beyond the period of stress from elevated water 
temperatures.77 Also, coral bleaching is often followed by the 
appearance of infectious disease. It is not clear whether the 
damage caused by bleaching results in invasion by infectious 
disease or whether the physical appearance of bleached cor-
als masks the observability of lesions from some infectious 
diseases that already may be present. 

Finfish and Shellfish

Infectious disease emergence and reemergence in fish is a 
worldwide concern78 because of impacts being experienced 
by wild stocks of shellfish and finfish and those affecting 
mariculture, shrimp farming, and other forms of aqua-
culture. Several diseases of marine species that are caused 
by biotoxins also are noted because of the implications for 
human and wildlife health (Box 2–7).

Marine mollusks, such as oysters, clams, and abalone, 
and crustaceans, such as shrimp, have experienced increas-
ing numbers of mass mortality events during recent years. 
These events have been caused by a growing number of 
infectious agents and by other factors.79–81 Many recognized 
infectious diseases are associated with the commercial farm-
ing of these species. Pathways for pathogens to move between 
wild and commercial stocks of marine shellfish exist because 
of the close associations between these populations. Wild 
populations are the broodstock for some of these species 
and aquaculture often occurs within estuarine areas. The 
greater surveillance of cultured stock and the interface that 
often exists with wild stock can obscure the origin (wild vs. 
cultured stock) of diseases. Also, these relations make it dif-
ficult to separate the natural geographic distribution of the 
causative agents from distribution caused by industry move-
ment of broodstock and commercial shipment of products 
(Box 2–8).

Infectious disease also is occurring more frequently and in 
greater numbers of species of marine finfish than previously 
reported.78,82 Like shellfish, these diseases most often are first 
detected among captive populations of finfish, especially 
those raised in aquaculture facilities. Like shellfish, salmon 
and some other finfish are reared in estuarine environments 
that can provide a water corridor for disease transfer between 
wild and cultured stocks of finfish (Fig. 2.9). Two situa-
tions regarding infectious disease in shellfish and finfish are 
likely: aquaculture may be the probable source for many of 
the emerging infectious diseases being encountered (Table 
2.4) and/or aquaculture simply facilitates the detection of 
infectious agents present in wild populations.

Egtved disease, or viral hemorrhagic septicemia (VHS), 
is an example of how the interface between farmed and wild 
fish stocks can result in the emergence of highly virulent 
pathogens. This disease is caused by infection with viral 
hemorrhagic septicemia virus (VHSV). Different strains of 
VHSV exist in Europe and North America. The European 

strain is highly virulent for salmonids, causing mortality 
in juvenile fish that has approached 100 percent and up to 
25–75 percent in adults. In contrast, the North American 
strain is relatively avirulent for the salmonids evaluated, 
but causes occasional self-limiting epizootics in its Pacific 
herring reservoir host. The high virulence of the European 
strain of VHSV is thought to be the result of a mutant strain 
evolving from infection of rainbow trout.83 

VHS is the most serious viral disease of farmed rainbow 
trout and occurs widely in mainland Europe.84 Rainbow trout 
were imported from North America into Europe in the late 
1800s. Later infection by VHSV may have resulted in con-
taminated water from cultured fish infecting ocean salmon.83 
Recent findings suggest that rainbow trout initially became 
infected from a marine source rather than vice versa and that 
Atlantic herring fed to farmed fish may have been the original 
source for infection.85

VHSV was first isolated in North American salmon in 
1988 and recommendations have been made to eradicate 
VHSV-infected hatchery stocks to reduce the possibility 
of the North American strain evolving into a more virulent 
salmonid virus.83 The 1994 appearance of VHS in Scotland 
was the first in the British Isles and occurred in tank-reared 
turbot. All of the fish on the infected farm were destroyed to 
combat this infection.84

Among the viral diseases infecting marine finfish, the 
nodaviruses and the iridoviruses are the most prominent 
emerging diseases because of the frequency of disease events 
and the number of different fish species affected. Nodaviruses 
cause behavioral abnormalities prior to death because of 
their predilection for nerve tissue. This group of viruses has 
infected over 20 species of marine fish that belong to 11 dif-
ferent families; infections have been found throughout much 
of the world, except for the Americas and Africa.86 Atlantic 
salmon, sea bass, grouper, and Atlantic halibut are among 
popular food fish being infected.78 Red sea bream iridoviral 
disease is a major representative of the iridoviruses and first 
appeared in cultured red sea bream in Japan in 1990. Since 

Figure 2.9  An aquaculture net pen offshore of Catalina 
Island, California, 2000. The walkways provide access for 
commercial fish feeding and pen maintenance.
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Toxic Pfiesteria outbreak

Potentially toxic 
Pfiesteria outbreakWRIGHTSVILLE BEACH

TOPSAIL BEACH

NEW RIVER

BEAR CREEK

NEWPORT

NEUSE ESTUARY

PAMLICO SOUND

PAMLICO ESTUARY

NORTH CAROLINA

Large-scale algal blooms in marine environments have 
become an increasing focus for concern and study since 
the 1970s because of the potential for toxic side effects. 
Referred to as harmful algal blooms (HABs), these events 
include such conditions as red tides, brown tides, and 
cyanobacterial blooms. Wildlife die-offs,327,400 especially 
those involving fish,401,402 contamination of shellfish beds, 
and human illness have all been associated with HABs.62, 
402 During the past decade, Pfiesteria has become a 
high-profile disease because of large-scale fish kills and a 
reported association with human illness.

Pfiesteria piscicida is the representative species for a 
novel group of dinoflagellates (single-celled, plantlike 
organisms) first discovered in the 1980s.403 Association 
of these organisms with HABs was first described in 
1992401 and the taxonomy for dinoflagellates was resolved 
in 1996.404 An estimated loss attributed to Pfiesteria of 
more than 1 billion fish in 1991 occurred in the Neuse and 
Pamlico Estuaries of the Albemarle Pamlico System of 
North Carolina (USA).62 This System is the second largest 
estuary on the USA mainland and has been the site of 
numerous Pfiesteria-related fish kills between 1991 and 
2000.405 Pfiesteria was first linked to mortality in these fish 
by assays of water samples from a mass mortality site of 
Atlantic menhaden.401 Pfiesteria has also been implicated 
as the cause of mortality in a variety of other estuarine 
fish along the Atlantic coast.405,406 Blue crab also have 
been killed by Pfiesteria in some of those events. Labora-
tory studies have disclosed that a broad range of finfish (at 
least 33 species) and four species of estuarine inverte-
brates are susceptible to P. piscicida and Pfiesteria-like 
dinoflagellates.403 
	

Initially, it was thought that the open sores in Atlantic 
menhaden were caused by P. piscicida. However, skin and 
muscle ulcers in fish can result from numerous causes, 
are commonly associated with fungi, and, in general, 
are referred to as ulcerative mycosis.407,408 In one study, 
a highly pathogenic fungus, Aphanomyces invadans, 
not Pfiesteria toxins, was found to cause skin ulcers in 
menhaden.408 

Whether or not Pfiesteria is a threat for human health 
and to what extent is controversial. The first association 
between human illness and exposure to Pfiesteria was 
reported among laboratory personnel working with the 
organism during the early 1990s.409 In 1997, additional 
cases of human illness were associated with exposure 
to waterways where the dinoflagellate was present.410 

These and other reports suggest that chronic or recur-
rent high-level exposure to Pfiesteria toxin may result in a 
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Box 2–7 Biotoxins and Disease Emergence
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Red tide blooms are common on Florida’s west coast, 
thereby providing the potential for manatees to periodically 
become exposed to brevetoxin. The infrequency of mana-
tee mortality from this cause suggests that brevetoxicosis 
may be cumulative and require prolonged exposure and/or 
high dose exposure to this toxin.414 Retrospective analysis 
of tissues from a smaller 1982 epizootic415 support the 
involvement of brevetoxin as a component of that event.414 

A bloom of G. breve is also believed to have been the 
cause of an epizootic involving lesser scaup in the Tampa 
Bay area on the west coast of Florida. Several thousand 
birds died during that event.326,327 Another type of biotoxin, 
domoic acid (DA), caused the mortality of about 300 birds 
in Santa Cruz, California (USA) in 1991. Brown pelicans 
and Brandt’s cormorants were the primary affected 
species. The toxin was associated with a bloom of the 
diatom Pseudonitzschia australis. That event was the first 
reported incident of DA poisoning in free-ranging wildlife, 
the first documentation of DA in finfish (northern anchovy), 
the first report of DA being produced by the diatom P. aus-
tralis, and was the first report of DA outside of Canada’s 
Atlantic Coast.416 Previously, the only documented case 
of DA poisoning had occurred in 1987 on Prince Edward 
Island, Canada. More than 100 human cases, including 
three deaths resulted from the consumption of cultured 
blue mussels.259 Shortly after the bird event in California, 
DA was found in clams and crabs harvested in Wash-
ington and Oregon, and human cases may have resulted 
from ingestion of clams.320 
 
 
Poisoning of humans by DA is known as amnesic shellfish 
poisoning because of memory loss that sometimes occurs. 
DA has joined several other types of shellfish poisoning 
and ciguatera fish poisoning as examples of diseases 
caused by biotoxins that appear to be increasing.252,259, 
320 These diseases are associated with coastal marine 
ecosystems. The general increase in their occurrence 
in humans is associated with degradation of the marine 
environment.62,320 Human exposure to these toxins is not 
limited to consumption of contaminated foods. Aerosol 
exposure from contaminated environments has resulted in 
respiratory entry and disease. Therefore, HABs affect rec-
reation (e.g., swimming) and food consumption along with 
the attendant economic consequences that often result.

distinctive clinical syndrome characterized by difficulties 
in learning and memory.411 However, the general conclu-
sion reached during the National Conference on Pfiesteria: 
From Biology to Public Health412 is that, “The consequence 
of human exposure to Pfiesteria toxin and the magnitude 
of the human health problem remains obscure.”403 
Because of environmental conditions present, the states 
of Delaware, Florida, Maryland, North Carolina, South 
Carolina, and Virginia are most likely to be affected by the 
presence of P. piscicida in their estuaries.413 The high den-
sity of the human population along the eastern seaboard 
of the USA, the recreational use of estuarine areas of that 
region, and the commercial importance of those areas for 
finfish and shellfish ensures that Pfiesteria will remain a 
focus for intensive investigations until questions of human 
health risk are resolved. 

In 1996, another type of dinoflagellate resulted in an 
unprecedented epizootic that killed approximately 150 
West Indian manatees along the southwest coast of 
Florida. A red tide dinoflagellate bloom (primarily Gymno-
dinium breve) that produced brevetoxin was identified as 
the cause of that epizootic, the largest reported disease 
event affecting this species. The estimated population of 
West Indian manatees is only 3,000 animals;414 it is one 
of the most endangered marine mammals in the coastal 
waters of the USA. 

Gymnodinium breve.
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Table 2.4.  Examples of important emerging and reemerging diseases of marine finfish in North America (contribution of F. 
Panek, U.S. Geological Survey).a

Disease Type
Period of  

emergence
Geographic area Comments

Damselfish  
neurofibromatosis 
(DNF)

Virus-like agent 1980s Florida and  
Caribbean coral 
reefs

•  Transmissible cancer affecting bicolor 
damselfish.462

•  Exhibits many traits in common with  
neurofibromatosis type-1 in humans, 
including multiple plexiform neurofibro-
mas and areas of hyperpigmentation.463

Infectious salmon 
anemia virus

Orthomyxo-like 
virus

Late 1990s Maine and New 
Brunswick,  
Canada

•  Highly infectious disease of Atlantic 
salmon. First reported within Norwegian 
aquaculture facilities.464

•  First case confirmed in Maine net pens 
mid-February, 2001. 

Streptococcus iniae Bacteria 1970s USA Atlantic and 
Gulf coast waters 
and coral reefs

•  Worldwide distribution and usually  
associated with poor water quality or 
environmental conditions

•  Well-known in fish culture since the 
1950s; epizootics associated with wild 
fish since 1970s; most recently  
implicated as cause of mass mortalities 
of coral reef fishes.465

•  Recent human cases associated with 
processing fish.51

Mycobacteriosis Bacteria Mid-1990s Coastal waters •  A subacute to chronic wasting disease 
known to affect 167 species of  
freshwater and saltwater fishes.

•  Occurs in all coastal waters of the USA.

•  Mycobacterium marinum is primary 
agent although seven Mycobacterium 
species may be involved.466

•  Causes “fish-handler’s” disease in 
humans

Epizootic ulcerative 
syndrome

Fungus  
(oomycete)

1984 Coastal waters •  Widespread disease in estuarine fish 
along the USA Atlantic coast; first 
recognzed in this area in North Carolina 
estuaries.

•  High incidence of ulcerative lesions 
(see Box 2–7) in Chesapeake Bay and 
Florida. Atlantic menhaden young-of-
year are highly susceptible.467

a National Fisheries Research Center, U.S. Geological Survey.
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Figure 2.10  Fibropapillomas, or tumors, are an emerging 
disease of marine turtles. 
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then, it has been reported in 20 species of cultured marine 
fishes and it has become one of the most threatening viral 
diseases for several of those species, such as red sea bream, 
yellowtail, sea bass, and Japanese parrot fish.87

Piscirickettsiosis, an emerging rickettsial disease of sal-
monid fish, is caused by infection with the rickettsia-like 
organism Piscirickettsia salmonis and has been found in 
four different species of salmon and in rainbow trout reared 
in oceanwater. This disease has also appeared in freshwater-
reared coho salmon and rainbow trout.82 Rickettsia were not 
recognized as important pathogens of fish prior to 1989, but 
that year large-scale die-offs due to P. salmonis occurred in 
coho salmon reared in seawater net pens in southern Chile. 
This disease was then found during 1992–1993 in salmo-
nids on the west coasts of Canada, Norway, and Ireland,88 
and since has been found on the east coast of Canada.86 

Subsequently, several unidentified rickettsia-like organisms 
have also emerged as causes of fish mortality. Perhaps the 
most significant is the organism causing mortality in several 
species of tilapia in Taiwan where mortality has reached 95 
percent at some sites.88,89

Explosive epizootics also have appeared in wild fish 
without an association with fish culture. Beginning in March 
1995 and ending in September of that year, a mass mortality 
due to a herpesvirus infection spread around the coasts of 
Australia and New Zealand. At least 10 percent of the pilchard 
population in Western Australia died. No other species were 
affected. This epizootic was the first large-scale pilchard mor-
tality event reported for Australian and New Zealand waters. 
The characteristics of the disease pattern (focal origin, high 
mortality, and rapid spread) are indicative of an infectious 
agent entering a naive host population.90 The source of this 
pilchard herpesvirus epizootic is unknown. This event pro-
vides an example of the vulnerability of wild fish stocks to 
large-scale mortality from disease even under the unconfined 
conditions of the ocean environment.91

A substantial number of other diseases of marine finfish 
have been recognized in association with the expansion 
of species being cultured and the increasing magnitude of 
fish farming to meet human demands. Not addressed in the 
examples provided is the myriad of bacterial diseases that 
have appeared as expanding or previously unreported diseases 
of marine and freshwater finfish; nearly half of the unreported 
taxa involved have appeared in only two countries, Spain and 
the USA. The most dramatic increase of fish-pathogenic taxa 
is in the number of vibrios causing disease.92 

Disease emergence is not an unexpected outcome of fish 
farming. The environmental conditions of intensive aquacul-
ture facilitate the transmission and expression of infectious 
agents present within the farmed species and any infectious 
pathogens that enter these populations. The broad spectrum 
of wild and farmed fish species affected confirms the need 
for sound surveillance programs and aggressive management 
of diseases that appear.

Turtles

Fibropapillomas (Fig. 2.10) have become an important 
emerging disease of sea turtles since the early 1980s. This 
disease was first identified in green turtles in 1938 near Key 
West, Florida, USA,93 but it was rarely observed until the 
1980s.94 By late 1985, more than 50 percent of the green 
turtles in Florida’s Indian River Lagoon had external tumors.95 

This disease has now been reported in green turtles in every 
major ocean where this species exists94 and has also appeared 
in other species of marine turtles.96 The prevalence of tumors 
in some populations sampled has exceeded 90 percent.94,97 

These tumors are believed to be of viral etiology.98,99,573 
Several other diseases also have been recently identified 
in marine turtles, but too little information is available to 
determine whether or not these are emerging as new sources 
of mortality.

Three bacterial diseases (ulcerative stomatitis, obstructive 
rhinitis, and pneumonia) and associated complexes of disease 
were found to cause mortality rates of up to 70 percent in 
farmed and oceanarium-reared 3- to 52-week-old green and 
loggerhead turtles. Researchers concluded that obstructive 
rhinitis appears to be a new disease in sea turtles as is the 
disease complex of the three primary conditions observed. 
Vibrio alginolyticus, Aeromonas hydrophilia, and Flavo-
bacterium spp. were commonly isolated from turtles with 
ulcerative stomatitis and obstructive rhinitis, and from the 
trachea and bronchi of turtles with bronchopneumonia. These 
findings differ from those of other investigators that attributed 
pneumonia in farmed sea turtles to a herpesvirus infection 
and ulcerative stomatitis to a protozoan infection.100

Marine Mammals

Marine mammals worldwide have been affected by 
emerging disease during recent years.101–108 At least 20 spe-
cies of cetaceans (whales, dolphins, and porpoises) and 
15 species of pinnipeds (seals, sea lions, and walruses) 
have been victimized by more than 30 different emerging 
and reemerging disease agents and disease conditions.106 
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Throughout
Long Island Sound
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Piscataqua River
estuary

 •	MSX (Multinucleated Spore Unknown) is a 
protozoan disease (Haplosporidium nelsoni) of 
the eastern (American) oyster. MSX, or haplo-
sporidiosis, was first recognized in the late 1950s 
as the cause of 90 to 95 percent mortality of the 
oysters in lower Delaware Bay (USA).417 The initial 
appearance of this disease in nearby Chesapeake 
Bay in 1959 was followed by an epizootic killing 
45 to 55 percent of the oysters on some bars for 
several years.418 MSX rarely was found outside 
of the Delaware and Chesapeake Bay areas until 
the 1980s. MSX then reached the north shore of 
Long Island, New York in 1983, the south shore of 
Cape Cod, Massachusetts in 1995, the Maine-New 
Hampshire border in 1995, and by 1997 was found 
throughout Long Island Sound.417 This disease is 
one of the five shellfish pathogens whose appear-
ance is notifiable to the Office International des 
Epizooties (OIE) by member countries because of 
the high level of infectiousness and serious eco-
nomic consequences associated with epizootics.

 •	Withering syndrome (WS) was first detected in 
abalones in the California Channel Islands in 1985, 
spread throughout those islands, and by 1992 
black abalone were extirpated from six of the eight 
Islands. The fishery for this species was closed in 
1993.421 Mortalities of over 95 percent when water 
temperatures are 18–20°C are associated with 
this disease. The WS disease agent appears to 
be a rickettsial-like infection that is interactive with 

warm water conditions.81,420,421 However, the role of 
rickettsia has not been firmly established.420 Red 
abalone farms exhibited severe economic losses 
from WS in 1997–1998.

•	 Quahog parasitic unknown (QPX) is an important 
new disease of hard clams or quahogs (qua-
haugs) in the Northeastern USA. The causative 
organism is an unnamed microscopic parasite 
within the subkingdom Protozoa.422 This para-
site was first reported in a limited population of 
clams in New Brunswick, Canada, during the 
early 1960s, and later that decade in a shellfish 
hatchery on Prince Edward Island (PEI), Canada. 
QPX reappeared at the PEI hatchery in 1989 and 
has been a persistent problem since, causing 
significant mortality among hard clams. The extent 
of hatchery losses raised concern about QPX 
as a mortality factor in wild populations of hard 
clams.423 During 1995, QPX struck two locations 
on the coast of Massachusetts, causing high 
morbidity and mortality of hard clams. Anec-
dotal reports for the Provincetown site indicated 
nearly 90-percent mortality. However, scientific 
evaluations using random core samples averaged 
30-percent mortality. Microscopic evaluations 
of nongrowing hard clams indicated 90-per-
cent prevalence of infection. Also, retrospective 
analyses of archived hard clam tissues identified 
QPX as being present in a 1993 mortality event in 
Chatham, Massachusetts, and in a major mortality 
event in Barnegat Bay, New Jersey, in 1976.

•	 Juvenile oyster disease (JOD) is another major 
disease of eastern oysters. Since 1988, recurrent 
and widespread mortalities from this disease have 
affected nursery-reared oysters throughout the 
Northeastern USA. Total mortalities have ranged 
from 50 percent to nearly 100 percent of total nurs-
ery-reared stocks.424 The causative agent remains 
elusive. Some investigators present data that a 
microscopic protistan parasite is the cause and 

A wide variety of marine shellfish are being affected by an equally diverse array of pathogens, many of which 
are the causes of emerging and reemerging diseases.80,81 These diseases cause substantial economic impacts 
because of the high commercial values of mollusks and crustaceans as food products. The following examples 
are drawn from a more extensive list of pathogens affecting shellfish.
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GULF of
MEXICOreject a bacterial etiology;425 others present data 

supporting a link between infection by a strain of 
Vibrio bacteria and JOD.424

•	 Disseminated neoplasia (DN) emerged during the 
1980s and was first described in New England 
(USA) in soft-shelled clams and causing losses 
in Chesapeake Bay in 1983–1984.426 DN has been 
compared to vertebrate leukemia as a disease 
process. The causative agent and transmission in 
nature are unknown.437

•	 Mikrocytosis is caused by a microcell parasite 
(Mikrocytos mackini) and is another of the five 
shellfish pathogens notifiable to OIE. This disease 
was first confirmed in the USA in New Dungess 
Bay, Washington, as an infection of Pacific oysters 
in 2002. The source of the parasite and potential 
impacts are unknown.428 Mortalities of Pacific oys-
ters in British Columbia, Canada, were reported 
from this disease in 1960.429

•	 Dermo disease is another of the five shellfish 
pathogens notifiable to OIE. The protozoan para-
site (Perkinsus marinus) causing this disease is a 
significant pathogen of cultured and wild oysters 
along the Gulf Coast and East Coast of the USA. 
The oyster industry along the Gulf Coast of Mexico 
suffers 50-percent losses annually and this para-
site has decimated oyster populations in Chesa-
peake Bay along the East Coast.430 This pathogen 
has likely been present along the Gulf Coast since 
the early 1900s and in Chesapeake Bay since at 
least the 1940s. However, since the 1980s, the 
observed distribution of this disease has changed 
greatly by expanding northward along the East 
Coast. Major epizootics have been part of the 
range extension of more than 500 km north of 
Chesapeake Bay.431

•	 White spot syndrome virus (WSSV) emerged 
in 1995 as a serious disease in penaeid shrimp 
culture. This viral disease was first observed in 
East Asia in 1992–1993 and spread to the Western 
Hemisphere causing mass mortality in farmed 
shrimp in Texas and South Carolina in 1995–1997. 
Most recently, WSSV has erupted in the shrimp 
cultures of Central and South America.432

•	 Taura Syndrome disease (TS) emerged in 1991 
as a major epizootic disease of panaeid shrimp 
and spread rapidly during 1992–1993 from 
Ecuador to other regions of Latin America and 
to Mexico. TS subsequently occurred in Hawaii 
and Florida and by mid-1996, had expanded its 
distribution to include virtually all of the shrimp 
farming regions of the Americas, including Texas 
and South Carolina in the USA. This viral disease 
exists in wild and farmed shrimp and causes high 
mortality in both. The economic impact of TS in the 
Americas between 1992 and 1997 exceeded US 
$2 billion.79,80,433–435

•	 Shell disease of lobster and several species of 
crabs emerged during the 1990s along the East 
Coast of the USA from Long Island, New York to 
Massachusetts. This disease causes erosion of 
chitin (the principal constituent of the animal’s 
shell) and lesions and thinning of the carapace 
(the shell covering the back of the animal). Mortal-
ity is associated with incomplete sloughing of the 
shell during the molt and subsequent infections of 
the circulatory system.436

The examples cited attest to the diversity of species and types of infectious pathogens impacting wild and 
cultured shellfish populations. Toxins from algal blooms add to the impacts on these species. Clearly, dis-
ease emergence is a significant factor that is challenging the well-being of these important components of 
ecosystems and food-chains.
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1. Atlantic bottlenose dolphin
 1987–1988
 About 2,500
 Atlantic coast

2. Baikal seal
 1987–1988
 10,000 or more
 Lake Baikal, Siberia

3. Harbor seal
 1988
 18,000 or more
 Northwestern Europe
 (Denmark, Sweden, Norway,
 Netherlands, Germany, UK, 
 Ireland)

4. Striped dolphin
 1990 first wave
 1991–1992 second wave
 "thousands"
 Mediterranean coast
 1. Spain throughout western 
     Mediterranean Sea
 2. Eastward to southern Adriatic 
     and Ionian Seas, Sicilian 
     Channel, southern Tyrrhenian 
     Sea, coasts of Greece and 
     Turkey

5. Caspian seal
 1997
 "thousands"
 Caspian Sea

6. Mediterranean monk seal
 1997
 About 200
 (50 percent of last remaining colony
 of this endangered species)  
 West Africa's Mauritian coast

7. Caspian seal
 2000
 About 20,000
 Caspian Sea

8. Harbor seal
 2002
 About 750 initially (total unknown)
 Northwestern Europe
 (Denmark, Sweden, Netherlands)
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[ = dolphin morbillivirus = porpoise morbillivirus = canine distemper virus = phocine distemper virus ]
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Figure 2.11  Examples of recent marine mammal mass mortality events due to infection by morbilliviruses.

a newly recognized morbillivirus that was designated as 
phocine distemper virus.115,116 Mortality reached 25 percent 
of the seal population in large areas117 and was estimated to 
be as high as 60 percent in some areas.113 This event was the 
first identification of morbillivirus as a cause of an active 
epizootic in marine mammals. The findings provided a focus 
for evaluation of mass mortality events that followed, and 
for retrospective evaluations, such as the Atlantic bottlenose 
dolphin mortality of the previous year.118,119 An unusual 
southern movement of harp seals, possibly in response to food 
shortage, was thought to be the source of the virus introduced 
into harbor seals.120

The Mediterranean Sea was the next reported site of 
marine mammal mortality due to morbillivirus infections. 
More than 1,100 striped dolphin carcasses were recovered 
from the thousands of dolphins estimated to have died. That 
event began in 1990 and a second wave of mortality followed 
in 1991.104,121–124 The dolphin morbillivirus (DMV) causing 
this event, like the porpoise morbillivirus (PMV), is a newly 

Extensive mortality has been associated with some of these 
pathogens, especially infections caused by closely related 
viruses of the morbillivirus complex (Fig. 2.11).

The first recognized occurrence of a morbillivirus epizo-
otic in marine mammals was made retrospectively during a 
June 1987 to May 1988 mass mortality of Atlantic bottlenose 
dolphins along the eastern seaboard of the USA.109 An esti-
mated 50 percent of the in-shore population of this species 
died,110 causing an unprecedented population loss in recent 
history.111 Population recovery could take up to 100 years.112 

Several months after the onset of that event, a mass mortality 
of Baikal seals occurred in Lake Baikal, Siberia. An estimated 
10 percent of the total population of this species died.113 The 
virus involved was found to be a strain of canine distemper 
(CDV), a morbillivirus, and might have been introduced into 
the seal population by feral or domestic dogs.114

Northern Europe experienced its first marine mammal 
morbillivirus epizootic during the spring of 1988. More than 
18,000 harbor seals and a few hundred grey seals died from 
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recognized morbillivirus.108 Relatively small-scale mortality 
events due to morbillivirus infections followed in 1993–1994 
in Atlantic bottlenose dolphin in the USA portion of the Gulf 
of Mexico125 and in common dolphin, during 1994, along the 
Crimean coast of the Black Sea.126

The next major epizootic occurred in the Caspian Sea of 
the former Soviet Union. Thousands of Caspian seals died 
during the spring of 1997 from a strain of CDV that was 
different from the strain isolated during the mass mortal-
ity event at Lake Baikal a decade earlier.127 That same year 
approximately 200 of the 270 endangered Mediterranean 
monk seals living in a pair of caves on West Africa’s Medi-
terranean coast died, apparently from morbillivirus infection 
(virus isolated but lesions absent).128 This colony is the sole 
remaining population in the wild except for scattered small 
groups of about 20 animals each.129 Repeat morbillivirus 
epizootics struck the seal populations of the Caspian Sea in 
2000 and Northwestern Europe in 2002.

About 20,000 Caspian seals died from a strain of CDV that 
was isolated from a Caspian seal in 1997. The origin of the 
virus is unknown but anecdotal reports of contact between 
these seals and terrestrial carnivores of the region provide 
a plausible pathway for virus introduction.127,130,131 The mass 
mortality in 2000 was the second major epizootic within a 
5-year period and of great concern relative to the long-term 
survival of Caspian seals, a species identified by the World 
Conservation Union as being vulnerable to extinction.131 The 
2002 reappearance of PDV in harbor seals off the coasts of 
Denmark, the Netherlands, and Sweden is also reason for 
concern given the magnitude of loss experienced in 1988. 
Initial mortality reports for the 2002 event indicated about 
750 carcasses had been found132 but little information has 
been published about this event.

Other than morbilliviruses, influenza viruses are the only 
other viruses that have been associated with mass mortality 
of marine mammals. That association has been infrequent 
and has been limited to events along the New England (USA) 
coast. An estimated 600 harbor seals (at least 20 percent of 
the local population) died from pneumonia during 1979 along 
Cape Cod, Massachusetts. Influenza A virus was isolated 
from those animals and was attributed to be the cause for that 
mortality event.101,133 Smaller scale epizootic also occurred 
during 1982–1983, 1991, and again during 1992.101 Although 
not a cause of direct mortality, findings of papillomaviruses 
in Burmeister’s porpoise has raised concern that the genital 
warts associated with venereal transmission of these viruses 
may reduce reproductive success and suppress population 
numbers.108

Brucellosis is the most significant emerging bacterial dis-
ease of pinnipeds.106 Potential impacts on reproduction (i.e., 
abortion) rather than epizootic mortality of juveniles and/or 
adults is the concern. Nevertheless, until recently, brucel-
losis had not been reported as a cause of abortion in marine 
mammals. Serologic evidence for exposure to Brucella spp. 

first appeared during the early 1980s.134 Brucella spp. was 
first isolated during 1992 from aborted fetuses from captive 
bottlenose dolphins at a California military facility. Those 
animals had been captured from Mexican waters.135 A long 
list of marine mammals, including several species of whales, 
seals, dolphins, and porpoises, in addition to a river otter, have 
now been found to be exposed to Brucella spp.106,134,135

In 1970, leptospirosis emerged as a cause of epizootic 
mortality in California sea lions dying along the Oregon and 
California coast. Repeated epizootics of this bacterial disease 
have occurred between 1981 and 1994.136 Several hundred 
animals were involved during each of the earliest events and 
lesser numbers since then.137 

Numerous other emerging infectious diseases have 
appeared in marine mammals but have not resulted in docu-
mented mass mortality events.106 Included are diseases of 
bacterial;102,103 fungal;103,138 rickettsial;139 parasitic;140 and 
viral origin.105,108 A substantial number of these diseases, 
such as brucellosis, tuberculosis, and Erysipelothrix, are of 
zoonotic concern (Box 2–9 and Table 2.5). Some of those 
same diseases and others such as the marine caliciviruses 
are of economic concern because of their potential transfer 
to livestock.

Disease in the California sea otter (Box 2–10) is especially 
noteworthy because of the recent emergence of infectious 
disease as a factor inhibiting population recovery for this 
species.141 Zoonoses are among the diseases found.

Marine Birds

Globally, a wide variety of diseases have been associ-
ated with avian mortality, including birds within the marine 
environment. Remote areas such as Antarctica and the Gala-
pagos Islands off the coast of Ecuador have been impacted in 
addition to other areas. Disease emergence is thought to be 
a factor in the major decline of common eider populations 
since the late 1980s in the Gulf of Finland.8,142 

Mass mortality disease events on breeding colonies and 
other epizootics of disease along migrational routes and 
on wintering areas are taking a heavy toll on birds within 
marine environments. Avian cholera (Pasteurella multocida), 
a prominent infectious bacterial disease of poultry serves as 
an example. During the past two decades, major outbreaks 
of avian cholera have struck wild bird populations in marine 
environments of Europe, Africa, Antarctica, and North 
America (Table 2.6). Collectively, these events clearly illus-
trate the emergence of avian cholera as a mortality factor in 
marine birds, in addition to its impact on birds in freshwater 
environments.143

Infectious bursal disease (IBD) is a disease of domestic 
poultry147 that appears to be emerging in marine birds. Expo-
sure to IBD has been documented by the finding of anti-
bodies to the causative viral agent (IBDV) in sera collected 
from Emperor and Adelie penguins in Antarctica,144,145 from 
spectacled eiders nesting in a remote area of western Alaska, 
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Viral Diseases

To date, viral diseases of marine mammals have not been 
a major source for human disease. Sporadic cases of sev-
eral well-established marine mammal viral diseases have 
occurred and will continue to do so. Whether or not these 
agents will become a greater source for human disease 
and whether or not novel viral diseases will emerge over 
time due to environmental change are yet to be seen.

•	 Poxviruses—It is generally accepted that humans 
may acquire parapoxvirus infections through con-
tact with seals,437 but little documentation exists. 
In one instance, isolated, self-resolving lesions 
appeared on the hands of two of three people 
handling infected grey seals.438

•	 Calicivirus—A growing body of circumstantial 
evidence points to the zoonotic potential of calici-
viruses that are associated with handling infected 
animals.439 Deep skin lesions have appeared in a 
laboratory worker conducting San Miguel sea lion 
virus studies and antibody responses to this virus 
have been detected among coworkers.437 Also, 
there is a possible 1974 case involving “blisters on 
the eyes” of a biologist that handled a northern fur 
seal with flipper lesions suggestive of San Miguel 
sea lion virus.439 

The greatest significance of marine caliciviruses is not 
their low zoonotic potential or their impacts on marine 
mammals. Instead, it is their role as a significant pathogen 
of terrestrial livestock. Calicivirus serotypes circulating in 
southern California marine populations during the 1930s 
to 1950s are thought to be the origin of outbreaks of vesic-
ular exanthema of swine that swept across the USA. Eradi-
cation of this disease from the USA was accomplished by 

1956 after expenditures in direct costs of $39 million.439,440 
The host range for these viruses is now known to encom-
pass aquatic and terrestrial mammals, ocean fish, reptiles, 
amphibians, and insects,439 in addition to humans.440

•	 Influenza—Harbor seals are associated with 
human influenza and have caused localized infec-
tion in people handling these animals. In one situ-
ation, a handler’s eyes became infected following 
a sneeze by an infected seal; other conjunctival 
infections have also followed known contamination 
of the eyes.441 Recent findings indicate that seals 
serve as reservoirs for influenza B viruses that 
have circulated previously in the human popula-
tion.442 Also, seals may have a role in genetic 
reassortment of influenza A viruses; those viruses 
capable of infecting and replicating in seals may 
be more adapted to mammalian than to avian 
hosts.101

Marine mammals are some of the world’s most charismatic wildlife and are also an important source of food 
and other needs of native peoples. These factors result in direct interfaces between humans and marine mam-
mals. Responses to stranded marine mammals, associated on-site rescues, and rehabilitation programs are 
common ways humans can have contact with animals disabled due to various causes, including infectious 
disease. Also, the rearing and maintenance of cetaceans and pinnipeds in captivity for performance behaviors 
and other attributes provide potential exposure by their handlers and veterinarians to infectious diseases. 
Subsistence and cultural uses involving the harvesting, processing, and consumption of meat from seals and 
other species are additional contact situations.

Nevertheless, despite the variety of human interfaces with marine mammals, the transmission of infectious 
disease to humans has been minimal. Differences in the strains of some of the pathogens that affect marine 
mammals and those that affect humans are factors. However, disease transmission does occur and infectious 
disease emergence and resurgence in marine mammals are accompanied by a variety of causes of human 
disease acquired from these species. 
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Box 2–9Marine Mammals and Zoonoses
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Bacterial Diseases

The great majority of bacteria isolated from marine mam-
mals are not a public health concern. Nevertheless, a few 
problem pathogens exist and many others are capable 
of infecting persons with compromised immune systems. 
Bite wounds are a common means for human infections 
by marine mammals,437 and virtually dozens of potential 
infectious bacteria found in marine mammals have the 
potential to be transmitted to people by this means. Wound 
infections following close contact with marine mammals 
also broadens the potential for transmission of bacterial 
diseases from marine mammals to people.103

•	 Brucellosis—Beginning in the 1990s, there have 
been increasing reports of isolations of Brucella 
spp. from marine mammals and increased 
serological evidence of exposure to Brucella. 
These reports are from the United Kingdom, 
the USA, Canada, Norway, and Antarctica.102 
A case in a researcher working with Brucella 
strains recovered from marine mammals443 and 
two community-acquired human infections with 
marine mammal-associated Brucella spp.444 

emphasize the potential zoonotic aspects of these 
organisms.102 Recent isolations from stranded 
seals at necropsy, documented abortion in 
dolphins, and other findings strongly suggest 
the need for caution when handling animals in 
rehabilitation centers, working on seal rookeries, 
and the potential for exposure of native peoples 
who use seals as a food source.102,103,106,135,437

•	 Erysipelothrix—The potential for human infec-
tion by Erysipelothrix rhusiopathiae from infected 
marine mammals should not be underestimated. 
This organism has been isolated from the teeth 
or gums of elephant seals and northern fur seals, 
from tissues of stranded pinnipeds and cetaceans, 
and from many species of captive cetaceans.102 
Isolations also have been made from 12 of 116 bite 
wounds in handlers of marine mammals.445

•	 Leptospirosis—Veterinarians and others contact-
ing tissues and fluids from infected animals during 
necropsy have become infected by Leptospira 
interrogans.437 Transmission to humans can occur 
by contaminated water, urine, and tissues,103 
thereby, providing multiple potential routes for 
exposure at wildlife rehabilitation facilities.

•	 Tuberculosis—Mycobacteria spp. are the caus-
ative agents of several types of infections, includ-
ing tuberculosis in humans and animals. Not all 
Mycobacteria cause the type of infection known as 
tuberculosis nor are all species within this genera 
of bacteria pathogenic for humans. Reports of 
tuberculosis in pinnipeds have increased dur-
ing recent years; isolates from captive pinnipeds 
(1985–1986), wild pinnipeds (1989–1991), and 
an infected seal keeper (1988) are all identical. 

This is a unique strain of M. bovis that should be 
considered part of the M. tuberculosis complex.564 

In addition, a seal trainer had a unique strain of M. 
bovis that also was isolated from seals that died 
of tuberculosis.446 Cases of cutaneous mycobac-
teriosis in a manatee and its handler have been 
attributed to M. chelonei.437 Reports from the 
1970s indicate that a dolphin trainer developed M. 
marinum after a dolphin bite447 and an additional 
human infection developed after a seal bite.446

•	 Mycoplasmosis—“Whale finger” and “seal finger” 
are long-standing occupational maladies. The 
causative agent(s) have been elusive for decades 
despite the common occurrence of these condi-
tions among whalers and sealers;448 the Canadian 
Inuit and others living along coastal Canada, 
including the Maritime Provinces;449 and among 
seal trainers.450 A 1950 survey of a Norwegian 
sealing fleet disclosed over 10 percent of the indi-
viduals with cases of seal finger.450,451 
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A 1990 case resulted in the isolation of Mycoplasma 
phocacerebrale from the front teeth of a healthy seal and 
from the finger of a woman bitten by the seal. These find-
ings suggest that Mycoplasma is the cause of seal finger. 
The organism isolated in the 1990 case was first isolated 
in 1988 from diseased seals involved in the morbillivirus 
epizootic in the North and Baltic Seas. Also, a biologist 
contracted “seal finger” from the mouth of a sedated polar 
bear he handled.449 Seals and polar bears are the only 
known causes of M. phocacerebrale.437

•	 Vibriosis—A variety of pathogenic species of vib-
rios that are known to cause severe or fatal infec-
tions in humans are present in the marine environ-
ment. Some of these organisms are frequently 
encountered in cetaceans and less commonly in 
pinnipeds. Human exposures to these organisms 
most commonly occur through the ingestion of 
raw shellfish and by physical contact with marine 
waters with elevated levels of these bacteria.437 

The greatest human risks for infection by marine 
mammals is through wounds and abrasions in 
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the skin of people handling tissues from infected 
animals.

•	 Salmonellosis—Various species of Salmonella 
have been isolated from cetaceans and pin-
nipeds.103 The greatest risks for human disease 
appear to be associated with consumption of meat 
from these animals. An overall attack rate of 40 
percent occurred during one event in an Alaskan 
Eskimo village of 265 people. Whale meat was the 
source of the S. enteritidis gastroenteritis outbreak 
in that village. Whale meat has been implicated 
in other foodborne epidemics including an event 
in Japan in which 172 of 178 people who ate the 
meat became ill from S. enteritidis. Other events 
have occurred in Alaska and in Greenland.452

Rickettsial Diseases

Rickettsia are a specialized type of bacteria typically found 
in the gut of lice, fleas, ticks, and mites that vector the 
transmission of a variety of diseases caused by these 
microscopic life forms. Typically, rickettsia have not been 
associated with disease in marine mammals nor have 
marine mammals been a source for human infections.

•	 Q Fever—Coxiella burnetii, the causative agent 
of Q fever, was isolated in 1998 from the placenta 
of an adult female Pacific harbor seal at necropsy 
(seal died of other causes). This finding is the 
first record of infection by C. burnettii in a marine 
mammal and raises concern about the potential 
for zoonotic transmission to wildlife rehabilitation 
center workers that may be exposed to placental 
tissues or newborn seal pups.139

Fungal Diseases

Direct transmission of fungal diseases from marine mam-
mals is infrequent to rare because the vegetative stages 
of fungi generally found in diseased marine mammals 

are usually not infective for humans.437 However, derma-
tomycosis (fungal infections of the skin) and some other 
fungal diseases may be transmitted during close contact 
situations.103

•	 Lobomycosis—Lobo’s disease is a cutaneous-
subcutaneous chronic granulomatous disease 
resulting from infection by the fungus Loboa loboi 
(Lacazia loboi). This disease has primarily been 
reported in people living in Central and South 
America, especially the Amazon region of Brazil. 
Infection also occurs in bottlenose dolphins from 
the Atlantic Ocean and the Gulf of Mexico.453 A 
single instance of direct transmission from an 
infected dolphin to a dolphin handler was docu-
mented during the 1980s.437
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Parasitic Diseases

In general, parasites of marine mammals are not an 
important source for human infections. However, native 
peoples and others that use marine mammals for food 
may become infected with several species of nematodes 
(roundworms), such as hookworm and anisakis. Polar 
bear and walrus meat are potential sources of trichinosis 
because these species are part of the sylvatic cycle for 
Trichinella in the Arctic.140,454
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The southern sea otter is a California coastal species 
listed as threatened by the U.S. Fish and Wildlife Service 
in 1977. After experiencing steady but slow population 
growth since the late 1970s, in 1995 their population 
declined substantially, causing a reversal in plans for 
delisting this species from threatened status.455 Disease 
emergence is an important source of mortality for this 
species and appears to be a factor retarding population 
recovery.

Sea otter mortality was investigated by the California 
Department of Fish and Game beginning in 1968. By 
1989, nearly 1,700 carcasses had been evaluated, and 
more than half died from undetermined causes. Beginning 
in 1992, supplemental evaluations consisting of about 50 
sea otter carcasses per year for 5 years were necropsied 
by pathologists at the National Wildlife Health Center 
(NWHC) and associated laboratory analyses were con-
ducted to determine the causes of death. In contrast to the 
findings from 1968–1989, infectious disease was found to 
be the primary cause of death.141 Nearly 40 percent of the 
sea otters necropsied at the NWHC died from parasitic, 
fungal, or bacterial infections.455

Acanthocephalan parasites (Polymorphus spp.) are the 
most common cause of death. Historic evaluations indi-
cate that, in the past, the parasites causing this mortality 
were only found in small numbers within individual animals 
and that few otters were infected by these parasites. An 
increasing number of sea otters have now acquired large 
numbers of Polymorphus spp., along with the nonpatho-
genic species of acanthocephalans (Corynosoma enhydri). 
The findings of protozoal encephalitis and the fungal 
disease coccidioidomycosis141 are somewhat unexpected. 
Toxoplasma gondii and Sarcocystis neurona are the 
protozoan parasites associated with the encephalitis.456,457 
Generally, both agents are associated with terrestrial 
rather than aquatic species. 

Toxoplasmosis is typically a zoonosis associated with cats. 
Infections are believed to result from cat feces contain-
ing T. gondii oocysts that enter the marine environment 
through stormwater runoff. Otters eat invertebrates (i.e., 
mollusks) that may have ingested the oocysts.456 This 
supposition is supported by the finding that otters sampled 
between 1997 and 2001 near areas of maximal freshwater 
runoff into the marine environment were about three times 
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Coccidioidomycosis infection. Acanthocephalan infection.

Box 2–10 Infectious Disease and the Southern Sea Otter
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more likely to be seropositive for T. gondii than otters 
sampled in areas of low flow.458 A similar pathway involv-
ing opossum feces containing S. neurona sporocysts is 
thought to be the route for infection of that parasite.457,459

Coccidioidomycosis is also a land-based disease of 
mammals. The causative fungus, Coccidioides immitis, is 
found in soil and is the source of San Joaquin Valley fever 
of humans. Only one case of this disease had previously 
been reported in a sea otter (1976) prior to the eight cases 
diagnosed during the NWHC evaluations.141 The pathology 
seen is indicative of inhalation exposure and suggests that 
wind-borne spores from nearby land areas are the source 
for these infections.460

It is not known how much of the undiagnosed mortality 
during the period of 1968–1989 was due to infectious 
disease. Early necropsies were primarily conducted in 

the field by California Department of Fish and Game 
marine biologists. Small numbers of those animals were 
also evaluated under laboratory conditions by physicians 
and by veterinarians associated with the Monterey Bay 
Aquarium.461 It is likely that those individuals would have 
diagnosed acanthocephalan peritonitis and coccidioidomy-
cosis because of the severity of gross lesions associated 
with these diseases. Some of the miscellaneous bacterial 
infections encountered during the NWHC evaluations may 
not have been detected because of the limited amount of 
bacteriology done in association with those investigations. 
Nevertheless, it is reasonable to assume that much of the 
infectious disease encountered in the southern sea otter 
is of recent origin. Also, it is noteworthy that multiple infec-
tious diseases are involved rather than a single disease, 
suggesting that environmental changes are providing new 
opportunities for sea otters to encounter potential disease 
agents.

Information from the NWHC
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Table 2.6.  Examples of avian cholera (Pasteurella multocida) epizootics in marine environments.

Continent/
country

Geographic area
Primary species 

affected
Year of inital 

event
Comments

North America

  Canada East coast of Quebec Common eider 1964 Breeding colonies periodically 
experience epizootics.324,468

  USA East coast of Maine Common eider 1963 Breeding colonies periodically 
experience epizootics.469,470

Chesapeake Bay Long-tailed duck (old 
squaw), white-winged 
scoter, other waterfowl

1970 Large-scale winter and spring  
epizootics killing tens of  
thousands of birds every few 
years (a 1994 epizootic killed 
more than 80,000).

South America

  Chile Iquique Marine ducks 1941 Large-scale epizootic in  
unspecified marine ducks on 
beaches of Iquique; lesser 
numbers of pelicans and loons 
involved.471

Europe

  The Nether-   
  lands

Vlieland Common eider, herring 
gull, black-backed gull

1977 First occurrence in 1945; 
heavy mortality in winter popu-
lations from 1977 until 1980; 
breeding colony epizootic in 
1984.472

  Denmark Coast of Hov; Island of  
Hov Ron, other nearby 
areas

Common eider, her-
ring gull, other gulls 
and waterfowl, oyster-
catcher, cormorant 

1996 Spring epizootic followed by 
mass mortalities among  
breeding female eiders;  
mortality in affected breeding 
colonies close to 90 percent of 
breeding age females.473,474

Africa

  South Africa Dassen Island Black-backed gull 1951 Pasteurella aviseptica  
(P. multocida) outbreak.475

Coast of western part  
of South Africa

Cape cormorants 1991 Large-scale mortality event 
that killed more than 14,500 
adults; 16 percent mortality 
of breeders on Dassen Island 
and 8 percent overall for the 8 
islands involved.476

Antarctica Palmer Station Brown skua 1979 See citation.477

New Zealand Campbell Island Rockhopper penguin 1985 Chicks are primary age-class 
impacted; avian cholera found 
in four separate colonies on 
the Island; first report of this  
disease in this species.478
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Chiricahua leopard frog 
from Buenos Aires 
National Wildlife Refuge; 
absent from about 80 
percent of its historical 
range in the USA.

Iridovirus

Australia
England
Thailand
Panama
Croatia
Canada

(Saskatchewan)
USA

Chitridiomycosis

Australia
New Zealand
Panama
Costa Rica
Kenya
South Africa
Mexico
Ecuador

Uruguay
Venezuela
Peru
Germany
Italy
Spain
USA
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mortality off the coast of Alaska, Washington and Oregon, 
for loon mortality along the Florida Gulf coast, and for a 
number of other large-scale mortality events.16

Freshwater Aquatic Environments

Amphibians

Disease emergence and reemergence in amphibian popu-
lations (Fig. 2.12) has received recent attention because of 
the global distribution of mass mortalities;11,149–153 associa-
tions drawn between environmental quality for humans and 
amphibian health status;12 media coverage of amphibian 
deformities;154 and debate within the scientific community 
relative to the role of disease versus other factors in amphibian 
population declines.152,155 The global distribution of diseases 
as a cause of amphibian mass mortalities establishes dis-
eases as a contributing factor to population declines and to 
the disappearance of amphibian species. The magnitude of 
amphibian population declines is such that this problem has 
been identified as one of the most important emerging wildlife 
conservation issues of the latter part of the 20th century.12

The fungal disease chytridiomycosis and infections by 
ranaviruses are commonly associated with mass mortali-
ties of amphibians12 but are not the only emerging diseases 
involved (Table 2.7). Chytridiomycosis (Fig. 2.13) is caused 
by infection of the skin with chytrid fungi.11 This class of 
fungi is ubiquitous in nature and has important functional 
roles in ecosystem dynamics.149 The fungi causing disease 

Figure 2.12  Reported global distribution of chytridiomycosis and ranaviral (iridovirus) disease in wild amphibian 
populations.12

and in nesting common eiders and herring gulls in the Baltic 
Sea.146 Investigators were determining the causes of mass 
mortalities and population declines in those species when they 
discovered the presence of IBDV. In chickens infected at an 
early age, IBDV causes severe, prolonged immunosuppres-
sion.147 A similar host response in wild birds would enhance 
their susceptibility to other infectious diseases in addition to 
any direct mortality resulting from IBD.

The long-tailed duck is also experiencing population 
declines. Investigators isolated an adenovirus from dead and 
live ducks while investigating mortality of this species in 2000 
in Alaska.148 They found evidence of a greater frequency of 
exposure to the virus in live ducks at the mortality site versus 
those at a reference area, suggesting the virus was closely 
associated with the mortality event investigated. The role of 
the virus in relation to the decline of long-tailed ducks in 
Alaska since the 1970s is unknown. 

The causes for some mass mortality events of marine 
birds remain unknown even though they are recurring and 
the subject of considerable investigation. Numerous examples 
can be found in the wildlife mortality databases of the U.S. 
Geological Survey’s National Wildlife Health Center. For 
example, during the winter of 2000, several hundred Atlantic 
brant died along the New Jersey coast. Despite intensive field 
and laboratory investigations, the cause for this mortality 
and a similar event that followed could not be determined. 
Similar results have been associated with repeated seabird 
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Table 2.7.  Emerging and enzootic infectious diseases of amphibians (contributed by D.E. Green, U.S. Geological Survey).
a 

Disease/agent Type
Date first 
observed

Primary hosts
Geographic 

area
Comments

Frog virus-3 (FV-3) 
and tadpole edema 
virus (TEV)

Ranavirus c. 1963 Northern leopard 
frog, bullfrog, wood 
frog, spotted sala-
mander, others

Upper Midwest 
and Eastern 
USA

•  FV-3 first isolated amphibian ranavirus 
and type-species of the genus; isolated 
from cancerous renal tissue but not  
associated with morbidity or mortality.479

•  TEV first ranavirus associated with mass 
mortality of amphibians;480 numerous 
large die-offs of more than 10 species 
from Maine to Minnesota from 1995–
2002.157,565

Redwood Creek 
ranavirus 

Ranavirus 1991 Northern red-legged 
frog (tadpole),  
stickleback fish

California, USA •  Three virus isolates associated with 
sick and dying tadpoles and fish over 3 
years.481

Tiger salamander 
viruses

Ranavirus c. 1995 Tiger salamanders Western USA 
and 
Saskatchewan, 
Canada

•  Recurring mass mortality of larval and 
neotenic salamanders in cattle tanks,482 

reservoirs, and lakes;483 die-offs may kill 
thousands at a site.565

Bohle iridovirus  
(ranavirus)

Ranavirus c. 1989 Ornate burrowing 
frog

Queensland, 
Australia

•  Die-off of young captive frogs.484

Unnamed English 
ranaviruses

Ranavirus c. 1993 Common European 
frog

England •  Recurring widespread die-offs of adult 
frogs in garden ponds.485

Pig frog ranavirus Ranavirus c. 2000 American pig frog China •  Recurring mass mortalities of captive 
pig frogs raised for food.486

Other ranaviruses 
(isolates)b

Ranavirus 1996–2002 Numerous species USA (10 states) •  Numerous, occasionally recurring, mass 
mortality events in larvae of more than 
10 species of true frogs, chorus frogs, 
mole salamanders, and newts,157,487 
often killing thousands.

Chytridiomycosis 
(chytrid fungus)

Fungus c. 1974 Frogs, toads Global •  First identified in late 1990s in zoo and 
free-living frogs and toads in USA, Pan-
ama, and Australia; recently detected in 
museum animals involved in die-offs in  
mid-1970s.11,151

•  Causes rapid population declines even 
at pristine sites; occurrence corre-
sponds temporally with onset of global 
amphibian population declines and 
some amphibian extinctions.157

•  Molecular studies indicate global iso-
lates are very similar, indicating it is a 
newly emerged pathogen.488

Watermold  
infection  
(Saprolegniasis)

Fungus c. 1993 Toad eggs Oregon, USA •  Cause of massive destruction (1 year’s 
production) of toad eggs;439 rapidly 
invades infertile and dead eggs killed by 
other agents.

Ichthyophonus  
infection 
(Mesomycetozoa)

Fungus c. 1983 Frogs, newts,  
salamanders

Eastern USA, 
Canada

•  Primarily a fish disease, but causes 
three types of disease in amphibians: 
inapparent infections, swollen rumps in 
frogs and newts, and rarely, deaths in 
adult frogs.565,566
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Table 2.7.  Emerging and enzootic infectious diseases of amphibians (contributed by D.E. Green, U.S. Geological 
Survey)a—Continued.

Disease/agent Type
Date first  
observed

Primary hosts
Geographic 

area
Comments

Dermosporidium 
infection  
(Mesomycetozoa)

Fungus c. 1980 Toads Eastern USA  
and California

•  Nonlethal (so far) infection of adult toads 
causing skin pustules; may be related to 
Dermocystidium of European  
amphibians.151,565,567

Dermocystidium  
infection  
(Mesomycetozoa)

Fungus c. 1910s Frogs, toads Europe •  Apparently nonlethal infection causing 
skin pustules.568

Chlamydiosis Chlamydia 1980s? African clawed frogs Global? •  Lethal and occasionally nonlethal dis-
ease of captive clawed frogs associated 
with feeding raw beef liver; one report in 
free-living giant barred frog in Austra-
lia.490

Perkinsus-like 
infection  
(taxonomic status 
uncertain)

Protozoa? 1999 Tadpoles of true 
frogs

Alaska, Virginia, 
Minnesota,  
Mississippi, 
North Carolina, 
New  
Hampshire, 
USA

•  Newly identified emerging lethal sys-
temic infection of tadpoles only; often 
associated with massive die-offs.565

•  Molecular sequencing places organisms 
with the oyster pathogen Perkinsus sp.

Anchorworms Copepod Unknown Bullfrog tadpoles Global? •  Primarily a parasite of fish; also an  
infrequent cause of morbidity and mor-
tality in larval and adult amphibians.158

Leeches Leech Unknown Frogs, toads,  
salamanders

Australia,  
Canada, 
Germany, 
USA (probably 
global)

•  Usually innocuous, but may kill tadpoles 
in USA and Canada; associated with leg 
malformations in Germany.

Ribeiroia infection Fluke 1990s Frogs, toads,  
salamanders

USA, Canada •  Immature stages (cercaria) kill large  
numbers of captive tadpoles but deaths 
in free-living tadpoles have not been 
diagnosed; major cause of leg malfor-
mations in frogs and the only known 
cause of extra legs.158,492

Malformations Multiple 1995 Frogs, toads,  
salamanders

USA, Canada •  Unusually high prevalence of deformed 
frogs were found in most states after 
initial media reports in 1995.154,565

•  A wide range of deformities found;154,159 
main cause in Americas is the para-
site, Ribeiroia sp.491,492 but ultraviolet 
light causes leg deformities in experi-
ments.493

•  Almost no chemicals have been properly 
tested experimentally to determine their 
role in malformations. 

 

a National Wildlife Health Center, U.S. Geological Survey.

b Isolates differ from tiger salamander virus and FV-3 by restriction fragment length polymorphism analysis.
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Boreal toad from Rocky Mountain National 
Park, Colorado; the species has undergone 
about an 80 percent decline in the southern 
Rocky Mountains.
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Figure 2.13  A tiger salamander with a skin ulcer caused 
by iridovirus. 

Figure 2.14  Reported distribution as of July 2004 of chytridiomycosis and ranaviral (iridovirus) disease in wild populations of 
amphibians in the United States. (USGS National Wildlife Health Center data; D.E. Green, personal communication.)

in amphibians have been placed in a new genus, Batracho-
chytrium,156 and have been responsible for mass mortalities 
of amphibians on several continents. 

Chytrid epizootics have occurred at numerous locations 
within the USA (Fig. 2.14) and because of their insidious 
nature may easily be overlooked.157 The causative agent, B. 
dendrobatidis, has been reported in more than 75 species 
of amphibians captured worldwide in the wild. Forty-seven 
of those species are from Australia. Other reports are from 
Europe, Africa, South America, Central America, and North 
America.150 It is not known what has triggered epizootics of 
this disease; however, experimental studies have resulted in 
100 percent mortality in conditions where uninfected amphib-
ians remained healthy, thereby suggesting that predisposing 
immunosuppression is not a requirement for disease in indi-
vidual animals or for epizootics.149 
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Figure 2.16  Deformi-
ties of northern leopard 
frogs.

Figure 2.15  (A) Oral disc of tad-
pole with chytrid fungus infection 
showing complete loss of black-
pigmented keratin from tooth rows 
and jaw sheaths. (B) Chytrid fungus 
infection in adult Chiricahua leop-
ard frog showing hyperemia of the 
feet. (C) Chytrid fungus infection in 
harlequin frog showing abnormal 
molting of skin. (D) Larval tiger 
salamander with Ranavirus infec-
tion showing reddening of ventral 
skin and marked hemorrhages. (E) 
Wood frog tadpole with Ranavirus 
infection showing skin hemor-
rhages.Al
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Epizootics due to infection by iridoviruses (Fig. 2.15) 
also have been the cause of mass mortalities of amphibians. 
These viruses have been isolated from amphibians from 20 
states within the USA (Fig. 2.14). Viruses within the genus 
Ranavirus of the family Iridoviridae are the agents involved 
in these mortalities. These often highly virulent agents cause 
systemic infections in amphibians. Tadpoles appear to be the 
most susceptible developmental stage for ranavirus infection 
and death rates of 100 percent may occur. A variety of viruses, 
rather than a single agent, are involved (Table 2.7). Some 
of these viruses appear to be newly emerging as causes for 
amphibian mortality, while others have been known for some 
time and are reemerging. Recent translocations by humans of 
amphibians or their egg masses and larvae may be responsible 
for the dissemination of ranaviral disease.12

In addition to the diseases just noted, there is widespread 
recognition of amphibian malformations (Fig. 2.16). In 1995, 
a student field trip to a Minnesota (USA) pond disclosed 
numerous frogs with malformations. The publicity associated 
with those and subsequent findings and the investigations that 
followed resulted in 38 species of malformed frogs and 19 
species of toads being reported from 44 states in the USA 
by 2000 (Fig. 2.17).154,159 Similar findings have been reported 
from several Canadian provinces. Multiple factors are 
involved as causes for these abnormalities.154,159 Despite this 
broad geographic occurrence, malformations do not appear 
to be a major cause for amphibian population declines.12 
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Reports of malformed amphibians 
by county
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Several other notable diseases of freshwater fish have 
also emerged within the USA (Table 2.8). For example, an 
epizootic disease, spring viremia of carp, killed about 10 
tons of carp in one lake in Wisconsin.164 Yellow perch in 
Wisconsin also have been affected by a new pathogen, the 
protozoan parasite Heterosporis sp.165

Aquaculture and hatcheries have been sources for numer-
ous disease introductions and will continue to provide new 
opportunities for diseases that are brought into those facili-
ties from wild and cultured founder stocks. These diseases 
accompany fish that are released or escape into the wild from 
those facilities. Recognition of this problem has resulted in 
the development of a number of fish health inspection and 
certification programs for the release of certain types of fishes 
into some watersheds with the USA, Canada, and other coun-
tries. Examples include integrated fish health management 
in the Great Lakes Basin166 and the programs of the Office 
International des Epizooties (OIE). A primary goal for this 
global organization for animal health is to facilitate interna-
tional trade in animals and animal products (including aquatic 
species) while reducing the risk of transfer of serious diseases 
from one country to another. 

Freshwater Fish

Disease emergence and reemergence are a continual chal-
lenge for wild and captive fish populations,78 and disease 
often moves freely between both because of human actions 
associated with the movement of live fish, fish culture, and 
releases of hatchery-reared fish. For example, the protozoan 
Myxobolus cerebralis causes whirling disease in rainbow 
trout, but coexists with native European brown trout. Rainbow 
trout were introduced into Europe near the start of the 20th 
century88 and the first cases of whirling disease were seen in 
1903.160 Myxobolus cerebralis reached the USA about 1955 
in imported frozen trout shipped to Pennsylvania161 and now 
affects trout and salmon in at least 21 states.88 To combat this 
disease, some fish hatcheries destroy their stock because of 
the magnitude of losses possible and regulations that prevent 
the release of fish from infected hatcheries. Whirling disease 
can decimate wild populations of rainbow trout. In 1994 this 
disease was introduced into the Madison River in Montana, 
and the rainbow trout population plummeted from 3,500 
fish per mile (1990 evaluation) to 300 per mile by 1994.162 

More recently, whirling disease appeared for the first time 
in a Wyoming watershed with an important rainbow trout 
fishery.163

Figure 2.17  United States counties in which amphibian malformations have been reported as of 2003 (data from North Ameri-
can Reporting Center for Amphibian Malformations, National Biological Information Infrastructure).
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Table 2.8.  Examples of emerging diseases of freshwater finfish within the USA (contribution of F. Panek, U.S. Geological 
Survey).a

Disease Type
Period of  

emergence
Geographic area 

of concern
Comments

Asian tapeworm 
(Bothriocephalus 
acheilognathni)

Parasite  
(cestode)

1980s Continental •  Serious exotic parasite that affects many native 
(USA) cyprinids (minnow family), carp, and 
some catfish species; probably introduced with 
grass carp.

•  Threat to native cyprinids in the Colorado River, 
including the endangered humpback chub.494

Spring viremia  
of carp

Virus  
(rhabdovirus)

Late 1990s North Carolina, 
Wisconsin,  
Mississippi River 
drainage

•  Notifiable foreign animal disease to the Office 
International des Epizooties (OIE).

•  Serious threat to aquaculture industry and 
potentially to native fish populations.

•  North Carolina aquaculture facility first USA 
documentation; epizootic in wild carp from the 
Mississippi River in Wisconsin.495

Koi herpesvirus Virus 
(herpesvirus)

1998 Mid-Atlantic 
States and south-
ern California

•  Epizootics involving common carp and koi first 
appeared in mid-Atlantic area, followed by 
epizootics the following year (1999) in southern 
California.496

Largemouth bass 
virus

Virus 
(iridovirus)

Mid-1990s 17 southeast and 
southwest states 

•  First isolated from largemouth bass from Lake 
Weir, Florida501 and linked to largemouth bass 
mortalities at Santee-Cooper Reservoir, South 
Carolina.498

•  Transmissible in water and orally.499

White sturgeon 
iridovirus

Virus 
(iridovirus)

1988 Oregon, Idaho, 
California

•  Highly virulent, serious threat to cultured white 
sturgeon.

•  First isolated from cultured fish in northern 
California.500

White sturgeon 
herpesvirus

Virus 
(herpesvirus)

1989 California, Oregon •  Cause of juvenile mortality among intensively 
reared white sturgeon populations.501

Whirling disease 
(Myxobolus  
cerebralis)

Parasite 
(protozoan)

1990s Occurs in at least 
21 states 

•  Chronic debilitating disease that is generally 
considered a disease of cultured trout; several 
“blue ribbon” trout waters in Colorado and Mon-
tana severely impacted during 1990s.162

a National Fisheries Research Center, U.S. Geological Survey.
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Table 2.9.  Finfish diseases notifiable to the Office International des Epizooties because of their significance as 
challenges to aquaculture and wild fish stocks.

Disease Agent type Comments

Epizootic  
hematopoietic  
necrosis (EHN)

Virus •  Systemic iridovirus (ranavirus) infection caused by three similar viruses; EHN virus 
(EHNV) is limited to Australia and the other two viruses (European sheatfish virus, 
European catfish virus) to Europe.86

•  EHNV remains infective for 100–200 days on dry surfaces and in frozen tissue for 
more than 700 days.12

•  Susceptible host species for the purpose of the International Aquatic Animal Health 
Code are redfin perch, rainbow trout, Macquarie perch, mosquito fish, silver perch, 
and mountain galaxias.502

Infectious 
hematopoietic  
necrosis (IHN)

Virus •  Rhabdovirus with a historic range in western parts of North America; spread to 
Europe and Far East via importations of infected fish and eggs.86

•  Susceptible host species for the purpose of the International Aquatic Animal Health 
Code are rainbow/steelhead trout, sockeye, Chinook, chum, yamame, amago, 
coho, and Atlantic salmon.502

Oncorhynchus 
masou disease

Virus •  Herpesvirus causing oncogenic and skin ulceration disease; present in Japan and 
probably coastal rivers of Eastern Asia having Pacific salmon.86

•  Susceptible host species for the purpose of the International Aquatic Animal Health 
Code are kokanee, masou, chum, and coho salmon, and rainbow trout.502

Spring viremia  
of carp

Virus •  Rhabdovirus; in addition to transmission by fish, parasitic invertebrates, including 
leeches, can transmit this disease from diseased fish to healthy fish.86

•  Until recently, confined to Europe;502 now in USA.164

•  Susceptible host species for the purpose of the International Aquatic Animal Health 
Code are common, grass, silver, bighead, and crucian carp, goldfish, tench, and 
sheatfish.502

Viral hemorrhagic 
septicemia

Virus •  Disease agent recently classified as a Novirhabdovirus, a new group of rhabdovi-
ruses; until mid-1980s thought to be confined to hatcheries in Europe. Now known 
to occur in wild fish stocks and in marine environments of North America, part of 
the Pacific Ocean, North Atlantic, and the Baltic Sea; marine fish isolates from  
species other than salmonids.86

•  Susceptible host species for the purpose of the International Aquatic Animal Health 
Code are rainbow trout, brown trout, grayling, white fish, pike, turbot, herring and 
sprat, Pacific salmon, Atlantic cod, Pacific cod, haddock, and rockling.502



Disease Emergence and Resurgence  71

The Fish Diseases Commission of the OIE has developed 
a code and manual to guide disease prevention and within 
that code has developed lists of “notifiable diseases” (Table 
2.9) and “other significant diseases.” Notifiable aquatic ani-
mal diseases are those considered to be of socio-economic 
or public health importance within countries involved in 
the international trade of aquatic animals and products. The 
focus is on diseases with potential to cause serious damage 
to the aquaculture industries of those countries or their wild 
populations of fish, mollusks, and crustaceans.167 Spring 
viremia of carp recently entered the USA, and is one of the 
OIE notifiable diseases.

In some instances, transfer of disease agents may occur via 
birds feeding in hatchery and wild environments. Indigenous 
and exotic pathogens also will continue to be introduced 
into fish populations by other means, such as bait fish used 
by fishermen, contaminated surfaces of boats, ballast water 
discharges, and unauthorized fish introductions. The signifi-
cance of disease introduction to farmed and wild stocks of 
fish only becomes apparent with time92 despite the explosive 
expression of disease that may appear in association with 
initial disease appearances in fish populations. Disease 
agents released into aquatic environments may not survive 
for a variety of reasons or they may also adapt to their new 
environment in unanticipated ways, sometimes as agents 
of mass mortality or as a source for high levels of chronic 
morbidity and mortality for species they are able to infect. 
Thus, disease emergence can appear in different forms and at 
different times following agent entry into fish populations. 

Gyrodactylosis is an example of a parasitic disease on the 
OIE list of Other Significant Diseases that was not recognized 
as a problem when the causative parasite Gyrodactylus salaris 
was first noted in Swedish hatcheries at the beginning of the 
1950s. More than two decades later, following introduction 
into Norway, this parasite was found to be highly pathogenic 
for wild and farmed Atlantic salmon parr and smolt and 
several other species of salmonids. It has been found in wild 
populations from rivers in Russia, Sweden, and Norway, and 
is present in farmed Atlantic salmon and rainbow trout in 
several Northern European countries.86

A host of infectious agents in addition to those already 
noted have been identified during the past 3 decades as causes 
of sporadic mortality or reduced body condition of freshwater 
fish.82,168,169 In addition, common, well-established diseases of 
fish culture continue to appear in new geographic areas and 
to reappear in areas where the disease had been eradicated. 
For example, the first occurrence of bacterial kidney disease 
(Renibacterium salmoninarum) in Denmark was documented 
in 1997 in a rainbow trout hatchery.170 Infectious pancreatic 
necrosis virus (IPNV) reappeared in Northern Ireland in 
2003 for the first time since 1996.171 IPNV is one of several 
emerging pathogens causing serious economic damage to 
aquaculture around the world, including Scotland where 

the increase in the prevalence of this virus was 10 percent 
annually at saltwater sites from 1996 to 2001, and 2 to 3 
percent at freshwater sites, except for a 6.5 percent increase 
in Shetland.172 Tons of hatchery fish are destroyed to combat 
these diseases, but concerns exist that prior to disease control 
actions these pathogens already may have spread to wild fish 
stocks in those areas.

Human alterations of the environment also provide new 
opportunities for fish pathogens by creating unique habitats 
with novel host-agent interactions. The primary fish species 
of the inland saline Salton Sea in California are all exotics, 
except for the desert pupfish, and include tilapia, typically 
a freshwater fish, in addition to marine fish.173,174 The first 
report of the flagellate ectoparasite Cryptobia branchialis 
in a highly saline waterbody is from the Salton Sea where 
it causes heavy infection. The gill function of young tilapia 
fry is affected to the extent that this parasite may be causing 
significant mortality.175 Both the parasite and the fish host 
are introduced species within a human altered and sustained 
environment.176

Little doubt exists about the significance of disease in 
wild, as well as cultured, populations of freshwater finfish 
and of the movement of infectious disease between these 
populations. Also, some serious fish pathogens, such as viral 
hemorrhagic septicemia, can move between freshwater and 
saltwater fish species. Greater efforts are needed to minimize 
the potential for such transfers because of the consequences 
associated with disease emergence. Disease emergence 
must be considered in conjunction with the development of 
transgenic fish, which are being proposed to help meet the 
growing demands for fish.177–179 

Waterbirds

Birds in freshwater environments, even if they are only 
seasonal visitors, have been affected by a broad array of 
emerging diseases caused by viruses, bacteria, and parasites.8 

Notable viral diseases include duck plague (DP) or duck virus 
enteritis (DVE) and Newcastle disease (ND). DP is caused 
by a herpesvirus and only affects waterfowl (ducks, geese, 
and swans). This European disease of domestic ducks first 
appeared in North America in 1967. An epizootic within the 
Long Island, New York (USA) commercial duck industry was 
accompanied by a small number of deaths in wild waterfowl 
in close proximity to the commercial duck operations.180,181 
Because of the exotic status of DP and its importance as a 
disease of domestic waterfowl, a major disease eradication 
effort was undertaken that included depopulating infected 
commercial duck flocks. Following an initial period when DP 
was thought to have been eradicated in the USA, the disease 
reappeared in captive and feral waterfowl and has gradually 
spread to many states and several Canadian provinces. The 
majority of this expansion has occurred during the last two 
decades of the 20th century (Fig. 2.18). The great majority 



Year of first reported  
occurrence of duck plague 

1967–69

1970–74

1975–79

1980–84

1985–89

1990–94

1995–June 2002 

No duck plague reported 

72  Disease Emergence and Resurgence: The Wildlife–Human Connection

Figure 2.19  During the 1975 outbreak of duck plague at Lake 
Andes National Wildlife Refuge in South Dakota, USA, more 
than 40,000 mallards died. 
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Figure 2.18  Reported North American distribution of duck plague by period of first occurrence.

of DP outbreaks have involved urban/suburban waterfowl, 
many of which are semicaptive and of mixed breeding 
involving domestic species. On two occasions, migratory 
populations have experienced mass mortalities from DP 
(Fig. 2.19).182,183

Double-crested cormorants have been the primary 
wild bird species victimized by Newcastle disease virus 
(NDV).184,334 Highly virulent forms of this virus (velogenic 
strains) were eradicated from the poultry industries of the 
USA and Canada during the early 1970s. If velogenic New-
castle disease virus (VNDV) reappears in poultry and other 
captive species, usually the infected flocks are killed to 
prevent reestablishment of these strains. A VNDV outbreak 
causes severe economic impacts for the poultry industry. For 
example, millions of commercial chickens were destroyed 
in infected areas of southern California along with some 
backyard flocks in California and Nevada during 2002 and 
2003 as part of the disease eradication effort.

In 1990, ND was determined to be the cause of a mass 
mortality in cormorants in Canada,334 and in 1992 a more 
extensive epizootic swept across the Great Lakes area of 
North America killing thousands of cormorants, a small num-
ber of other waterbirds, and eventually appeared in a North 
Dakota poultry flock (Fig. 2.20). Additional mortality events 
followed in cormorant flocks at other locations, including 
California’s Salton Sea (Fig. 2.21), which marked the first 
mass mortalities west of the Rocky Mountains caused by 

ND in wild birds.184 Mass mortalities caused by this disease 
are rare in wild birds, so the cormorant ND epizootics are 
especially noteworthy.

Type C avian botulism (Clostridium botulinum) (Fig. 
2.22) is a bacterial disease that has greatly expanded its 
historic range within North America during the latter half 
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Figure 2.21  Double-crested cormorant chicks that died on 
the nest from Newcastle disease. 
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of the 20th century and its global distribution during the past 
three decades (see Figs. 2.1, 2.2). Individual epizootics have 
killed a million or more birds.13 Another bacterial disease, 
avian cholera (Pasteurella multocida), has become the most 
important infectious disease of North American waterfowl 
(Table 2.10). The North American geographic distribution 
of this disease in wild birds has expanded greatly since the 
1970s143 and is being reported with increased frequency as a 
cause of wild bird mortality (Fig. 2.23). Collectively, during 
most years, avian botulism and avian cholera kill more wild 
waterbirds than all other diseases combined.

Outbreaks of chlamydiosis (Chlamydia psittaci) among 
wild waterbirds also appear to be increasing.16 Gulls, water-
fowl, white pelican and double-crested cormorant are the 
primary species associated with recent epizootics (mid-1980s 
through 2002). This bacterial zoonosis has been a source for 
infection in biologists handling wild birds185,186 and is a threat 
for those that may enter infected bird colonies.

Figure 2.20  Locations in North America where Newcastle disease has caused mortality in double-crested cormorants, 
1990–2000.
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Table 2.10.  Examples of wild bird mass mortalities from avian cholera (Pasteurella multocida) in nonmarine environments.

Geographic area Year
Estimated 

loss
Primary species 

affected
Comments

Texas Panhandle, USA 1947 30,000 Ducks •  Wintering area epizootic during winter of 
1947–1948;503 avian cholera first appeared 
in wild waterfowl in USA in 1944; Texas 
Panhandle and the San Francisco Bay 
area, California, were the two sites having 
simultaneous epizootics that winter.143

1956 60,000+ Ducks •  Wintering area epizootic at Muleshoe 
National Wildlife Refuge.504

San Francisco Bay area,  
California, USA

1948 40,000 Ducks, geese, 
swans

•  Wintering area epizootic; freshwater ponds 
and marshes sites for most mortality.505,506

Missouri, USA 1963 7,000+ Ducks, geese •  Approximately 7,000 carcasses collected 
during winter of 1963–1964 at Squaw 
Creek National Wildlife Refuge; single night 
mortality of 1,110 snow geese from flock of 
20,000 that landed on the refuge.507

Florida Everglades, USA 1967 5,000 to  
6,000

American coots •  Wintering area epizootic in Everglades 
National Park; small numbers of other  
species also died.508

Rainwater Basin,  
Nebraska, USA

1975 25,000 Crow, ducks, 
geese

•  Initial avian cholera epizootic in spring 
migration stopover area.509

1980 30,667 Ducks, geese •  Actual carcass pickup;510 total mortality 
estimated to be 80,000.

1998 26,225 Ducks, geese •  Actual carcass pickup; total mortality much 
greater.16

Salton Sea, 
California, USA

1979 9,037 Waterfowl •  Actual carcass pickup; total mortality much 
greater.511

Back Bay, Virginia, USA 1976 25,000 American coots •  Brackish water wintering and migration  
stopover area.512

Saskatchewan, Canada 1988 5,000 Redhead duck •  4,900 carcasses of 20 species recovered; 
75 percent redheads. Epizootic at major 
molting area; first avian cholera in ducks in 
Western Canada.513 

Banks Island, Northwest  
Territories, Canada

1995 30,000 Snow goose •  Breeding colony epizootic.514

1996 20,000 Snow goose •  Breeding colony epizootic.514

Utah, USA 1994 15,000 Ducks •  Fall migration epizootic.16

Great Salt 
Lake, Utah

1998 44,000 Eared grebe •  Fall migration epizootic.16

California, USA 1990 12,131 Geese, ducks •  Actual carcass pickup; total mortality much 
greater. Fall migration epizootic.16

1997 12,500 American coots, 
waterfowl

•  Fall migration epizootic.16

1998 16,062 American coots, 
waterfowl

•  Actual carcass pickup; total mortality much 
greater. Wintering area epizootic.16
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Figure 2.22  (A) Dead birds are often found along the shore in parallel rows that represent receding water levels. (B) Botulism-
intoxicated birds often exhibit “limberneck,” the inability to maintain posture. (C) Botulism-intoxicated birds that have lost the 
power of flight and the use of their legs often attempt escape by propelling themselves across the water using their wings. (D) 
Paralysis of the inner eyelid is a common sign of botulism-intoxicated birds.
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American coots are susceptible to a new parasitic disease 
for the USA. The trematode (fluke) (Leyogonimus polyoon) 
previously had only been known to exist in Europe. In 1996, 
a mass mortality of American coots was caused by infection 
by this parasite in a Wisconsin (USA) lake. American coots 
and common moorhen have died during additional epizootics 
at that location.187

The causes remain elusive for some mass mortalities of 
wild waterbirds, despite repeated occurrences with recogniz-
able clinical signs and tissue pathology associated with those 
bird deaths. For example, in 1992 more than 150,000 eared 
grebes died at the Salton Sea from a malady that has reap-
peared during most years since then, killing varying numbers 
of eared grebes each time.16 This disease condition is readily 
identifiable by a series of behavioral abnormalities seen in 
these birds such as coming up on land, gulping of water, and 
excessive preening.

A condition that causes vacuolation in myelinated central 
nervous system (CNS) tissue such as brain and spinal cord 
is affecting bald eagles and several other species of birds, 
including waterfowl and coots. Microscopically, the lesions 
of avian vacuolar myelinopathy (AVM) appear as holes in 
myelinated areas of CNS tissues (Fig. 2.24). About 30 of the 
bald eagles (65 percent) wintering at an Arkansas (USA) res-

ervoir died from AVM during the winters of 1994–1995 and 
1996–1997.188 Following those initial events, AVM has been 
documented in several other locations and has caused mor-
tality in additional species189 (Fig. 2.25). More than 80 bald 
eagles have been documented to have died from AVM.

Terrestrial Environment
A broad spectrum of diseases has emerged and reemerged 

as causes of mass mortality of wildlife in terrestrial environ-
ments (Table 2.11). The following examples illustrate the 
scope of diseases relative to the types of species impacted, 
magnitude of losses, global distribution, and types of infec-
tious agents involved. The rapid geographic spread by several 
of these diseases has been unprecedented for wildlife popula-
tions. Also, their high rates of infection and severity of disease 
in some species are indicative of novel infectious pathogens 
entering naive host populations (Table 2.12).

Birds

West Nile fever (WNF) stands out as an emerging disease 
of wild birds in terrestrial environments and as an emerging 
viral disease that also affects mammals such as bats, horses, 
and humans. Following its initial appearance in 1999 in the 
New York City area (USA), West Nile virus (WNV) appeared 
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Table 2.11.  Examples of wildlife mass mortality events in terrestrial environments.

Disease Type
Primary  
species

Year
Geographic 

area
Magnitude of mortality

Canine distemper Virus African lion 1994 Serengeti National 
Park, Tanzania

Approximately one-third of the 3,000 lions 
in the population died.200,202,515

Adenovirus hemorrhagic 
disease

Virus Mule deer 1993–1994 California, USA “Thousands”516–518

Plague 
(Yersinia pestis)

Bacteria Gunnison’s  
prairie dog 

1984–1985; 
1987

New Mexico, USA Epizootic wave in this event covered a 
100 square kilometer area and killed 
more than 99.5 percent of the more than 
100,000 animals present.519

Anthrax  
(Bacillus anthracis)

Bacteria White-tailed deer 1997; 2001 Texas, USA Extensive losses in parts of southwest 
Texas; approximately 80 percent of the 
deer in some areas died during 1997.  
Epizootic in 2001 more severe than 1997 
event.520

Rinderpest Virus Buffalo, eland, 
lesser kudu, 
giraffe

1993–1997 Kenya, East Africa Epizootic wave extending over large 
geographic area; buffalo population in 
the Tsavo system declined by about 50 
percent between October 1994 and July 
1995; overall reductions in wild ruminants 
between 1991 population estimates 
and 1997 estimates of up to 80 percent. 
Losses of buffalo (29,095) were 84 per-
cent, eland (4,279) 84 percent, and giraffe 
(6,936) 77 percent. Other ecosystems also 
lost large numbers of animals.521

Rabbit hemorrhagic 
disease

Virus European rabbit 1988 Spain Subsequent spread throughout Europe. 
Extensive mortality; has killed 50 percent 
or more of populations during epizoot-
ics.522

Sarcoptic mange  
(Sarcoptes scabiei) 

Parasite Many species of 
mammals, includ-
ing marsupials 
(100+)

Variable Global Periodic epizootics that decimate  
populations; entry during 1970s into red 
fox in Sweden killed over 50 percent of 
population (about 90 percent in some 
regions). Main cause of extinction of red 
fox on the island of Bornholm, Denmark; 
most common cause of death of chamois 
and ibex in Europe. Disease also is threat 
to long-term survival of small remnant 
wombat populations in Australia.523–525

West Nile fever Virus Crow 1999 USA Rapid spread of disease following 
introduction into New York City area; tens 
of thousands of birds have died.526

Trichomoniasis 
(Trichomonas gallinae)

Parasite Band-tailed 
pigeon

1988 California, USA More than 16,000 birds died.16

Intoxication Drug Vultures 1999 India Populations had fallen to less than 5 
percent of abundance prior to mortality 
events.8,197,527

Aflatoxicosis Fungal 
toxin

Snow goose 1998 Louisiana, USA More than 10,000.16,528

Salmonellosis  
(Salmonella typhimurium)

Bacteria Pine siskin 1992 Western Canada More than 10,000.16

Mycotoxicosis Fungal 
toxin

Sandhill crane 1985 Texas Panhandle About 5,000.325
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Figure 2.23  (A) Reported occurrences of avian cholera in free-ranging birds in the United States and Canada.  (B) Lesions 
in the liver of avian cholera-infected birds generally appear as small, discrete, yellowish spots. Pinhead-sized hemmorhages in 
the coronary band and heart muscle are also common.
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in 44 of the contiguous states within the USA and also reached 
Canada within 3 years (Fig. 2.26). WNV has killed many 
thousands of birds, lesser numbers of other species, caused 
a few human deaths, and many cases of human illness. The 
2002 eruption of WNF in hawks and owls created consider-
able concern among the wildlife conservation community 
because mortalities occurred in at least 12 states.16

Usutu virus is closely related to WNV and in 2001 
emerged as the cause of bird mortality in and around Vienna, 
Austria. The initial epizootic killed a substantial number of 
free-ranging Eurasian blackbirds (a thrush species closely 
related to the American robin and not closely related to North 
American blackbirds of the Icteridae family) and several great 
grey owls housed at the Vienna Zoo. An epizootic among 

barn swallows in Upper Austria, 200 kilometers west of 
Vienna, followed the initial event. Retrospective analysis of 
archived bird samples disclosed that Usutu virus was pres-
ent in Austria in 2000, even though no epizootic from this 
disease was diagnosed until 2001. This virus had never been 
observed outside of tropical and subtropical Africa nor had 
it been associated with severe or fatal disease in animals or 
humans.190 Possibly, Usutu virus may become a recurring 
cause of mass mortality in birds.

House finch conjunctivitis (Fig. 2.27) is an example of 
an emerging disease caused by the bacterium Mycoplasma 
gallisepticum that spread rapidly following the first reported 
case in 1994. The initial case was seen at a bird feeder in the 
Washington, D.C. area. Within 3 years this disease reached 
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Figure 2.24  The most consistent pathology finding of avian 
vacuolar myelinopathy (AVM) is the small white dots that 
represent spaces between the myelin layers surrounding the 
nerves.
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Figure 2.25  Locations of free-ranging bird mortalities from 
avian vacuolar myelinopathy (AVM) in the USA, 1994–2002.

west to the Mississippi River, north to Canada, and occurred 
throughout the range of the eastern population of the house 
finch, the primary affected species (Fig. 2.28).191,192

Salmonellosis is another bacterial disease affecting birds. 
This zoonosis has long been a major disease of poultry and 
an important foodborne disease of humans, but epizootics 
involving free-ranging wild birds have been rare. However, 
since the mid-1980s, recurring epizootics of Salmonella 
typhimurium have taken a large toll on songbirds in the USA, 
Canada,193 and in the United Kingdom.194 The majority of 
mortalities occur at bird feeders. Other large-scale epizootics 
have occurred in egret and heron colonies.16 An outbreak of 
S. typhimurium DT160 in New Zealand in the winter of 2000 
that first appeared in sparrows in eastern parts of the South 
Island spread throughout the country killing large numbers 
of birds and infected other species including livestock and 
humans.195 Handling dead wild birds, primarily sparrows, was 
associated with 13 human cases of salmonellosis; six of these 
cases were in children less than 5 years of age.196 

Just as for birds utilizing freshwater and marine environ-
ments, notable diseases for which the causes remain unknown 
have emerged in birds within terrestrial environments (Table 
2.12). Since the winter of 1994–1995, more than 50 bald 
eagles have died from unknown causes in Wisconsin, USA.16 
Despite intensive investigations and common pathological 
findings among many of these birds, a diagnosis has not been 
reached. These deaths differ from AVM based on the primary 
pathology being associated with the liver (Fig. 2.29) rather 

than central nervous system tissue. Also, cases have not been 
seen in other species or outside of Wisconsin.

Tortoises

Emerging disease also has victimized the federally listed 
desert tortoises and gopher tortoises, legislatively protected 
species throughout their range in the Southwestern United 
States. Upper respiratory tract disease (URTD) has been 
associated with population declines in both species of 
tortoises. The bacterium Mycoplasma agassizii has been 
identified as the primary factor causing this disease.203,204 

Tortoises with URTD were observed in 1988 in California 
and a survey the following year disclosed 43 percent of 468 
live desert tortoises had clinical signs of this disease.205 The 
first documented large-scale mortality event from URTD in 
gopher tortoises occurred in 1989 in Florida. An estimated 
25–50 percent of the breeding adults on Sanibel Island died 
during that event.206 URTD has become a significant hurdle 
for conservation efforts to restore tortoise population levels, 
in addition to a disease causing shell necrosis. The fungus 
Fusarium semitectum has been identified as the cause of 
necrotizing scute disease.207

Tortoises on Ecuador’s Galapagos Islands have not 
escaped recent disease. Giant tortoises at that location died 
in unprecedented numbers during 1979 (5), 1996 (21), and 
1999 (22). Multiple mortalities are unusual for this species 
and a major departure from a 20-year history in which not 
more than one tortoise has been found dead in any year other 
than those noted above.208 The cause for these mortalities has 
not been determined.
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Figure 2.26  (A) The geographic distribution of domestic animal cases of West Nile virus in the United States.

Figure 2.26  (B) The geographic distribution of bird cases of West Nile virus in the United States.
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Table 2.12.  Examples of emerging and reemerging infectious diseases of free-ranging terrestrial wildlife populations.a

Disease Agent type

Time 
of  

emer-
gence

Geographic  
area

Primary  
species 
affected

Comments

Mammals

Hog cholera 
(Classical swine 
fever)

Virus 1980s Europe Wild boar •  Serious problem with multiple out-
breaks involving several countries 
during period of 1983–2001; most 
occurrences during 1990s.529

Chronic wasting  
disease

Prion 1980s USA, Canada Deer, elk •  Original foci in adjoining areas of Col-
orado and Wyoming; spread to wild 
deer in adjacent states of Nebraska 
and South Dakota.357,530,531

•  Spread to wild deer in Wisconsin, Illi-
nois, New Mexico, and Saskatchewan, 
Canada, since 2002.

Tuberculosis 
(Mycobacterium 
bovis)

Bacteria 1994 USA White-tailed 
deer

•  Michigan is only known USA focus in 
free-ranging deer.532

Tuberculosis Bacteria 1990s Kruger 
National 
Park, South 
Africa

Lion and other 
species

•  Spread from long-time presence of 
disease in African buffalo. No evi-
dence in 1993 of spread to other spe-
cies, now widespread.533

Infectious  
keratoconjunctivitis  
(Mycoplasma  
conjunctivae)

Bacteria 1980s Europe Ibex, chamois, 
mouflon, thar

•  First reported in wildlife in early 1900s 
from Austria. Mortality during recent 
epizootics has reached 30 percent; 
numerous outbreaks during 1990s.534

Adenovirus  
hemorrhagic  
disease

Virus 1993 USA Mule deer •  Novel virus responsible for mortalities 
in 17 counties in California.517,518

Canine distemper Virus 1994 Tanzania, 
Africa

African lion •  First epizootic of this canine virus in 
free-ranging large cats.200,202,515

Rabies Virus 1977 Eastern USA Raccoon •  Index case followed translocation of 
wild-caught raccoons from enzootic 
area in the southern USA; new epi-
zootic and enzootic foci now estab-
lished.199,535–538

Canine parvovirus Virus 1978 Global Canids •  Appears to have emerged in dogs 
in Europe; rapid worldwide spread. 
Infects many species of wild canids 
including coyote and gray wolf.539

Rabbit  
hemorrhagic  
disease

Virus 1988 Europe European 
rabbit

•  Spillover infection from domestic rab-
bits; rapid spread throughout much of 
Europe; also present in Australia and 
New Zealand.522

Plague  
(Yersinia pestis)

Bacteria 1980s USA Prairie dogs •  Historic disease that has been 
expanding its geographic range; has 
caused mortality in endangered black-
footed ferrets.540,541
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Table 2.12.  Examples of emerging and reemerging infectious diseases of free-ranging terrestrial wildlife populations—
Continued.a

Disease Agent type

Time 
of  

emer-
gence

Geographic  
area

Primary  
species 
affected

Comments

Birds

Woodcock reovirus 
infection

Virus 1989 Eastern USA American  
woodcock

•  Novel virus causing large-scale mor-
tality in declining eastern  
population of woodcock; epizootic 
areas are New Jersey and  
Virginia.542,543

West Nile fever Virus 1999 USA American crow •  Coast-to-coast spread in USA since 
index cases in New York City area; 
spread to Canada and Puerto Rico. 
Hundreds of species affected.526

Usutu virus  
infection

Virus 2001 Austria Eurasian 
blackbird; barn 
swallow

•  First mortality caused by this virus in 
any species.190

Salmonello-
sis (Salmonella 
typhimurium)

Bacteria 1980s USA,  
Canada, 
England

Passerine birds 
(songbirds)

•  Widespread common disease at bird 
feeders.193,194,544

Mycoplasmosis 
(Mycoplasma  
gallisepticum)

Bacteria 1994 USA, Canada House finch •  Rapid spread of disease throughout 
entire geographic range of eastern 
population of house finch.191,192

Intoxication Drug 1999 Pakistan Vultures •  Disease was thought to be of viral  
etiology and to have spread to 
Pakistan and Nepal; now known to be 
caused by an anti-inflammatory and 
painkiller, Diclofenac.197,198,572

Avian pox Virus Late 
1970s

USA Passerine 
birds, bald 
eagle

•  Increasing frequency at bird feeders 
and factor contributing to Hawaiian 
forest bird mortality; numerous cases 
in bald eagles since species index 
case in 1979. Epizootics in breeding 
colonies of marine birds.545

Reptiles

Upper respiratory  
tract disease  
(Mycoplasma  
agassizii)

Bacteria 1988 USA Desert tortoise, 
gopher tortoise

•  First observed in endangered desert 
tortoise in California then in gopher 
tortoises in Florida.205,206

Ranavirus  
infection

Virus 1998 Indonesia Green python •  First isolation of systemic infection by 
any ranavirus in any species of snake; 
detection made in Australia from ille-
gally imported snakes collected from 
the wild in Indonesia.546

a Representative examples of emerging and reemerging diseases causing mortality in wildlife; diseases such as Lyme disease that 
impact species other than wildlife are not included. 



Year of first laboratory
 confirmed cases

Suspect Cases

1994

1995

1996

1997

1998

1999

2002

2001, 2002

82  Disease Emergence and Resurgence: The Wildlife–Human Connection

Figure 2.28  Reported geographic spread of house finch inner eyelid inflammation (conjunctivitis) since the initial 1994 Myco-
plasma gallisepticum observation. (Data adapted from reports in the scientific literature and personal communications between 
the USGS National Wildlife Health Center and other scientists. See updated data in figure 3.28.)

Figure 2.27  Field signs of Myco-
plasma gallisepticum infections in 
house finches include eye inflammation 
(conjunctivitis). 
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Figure 2.29  Numerous round, empty 
spaces in liver cells indicate vacuolar 
degeneration in an eagle that died from 
unknown causes in Wisconsin, USA. Ph
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Mammals

Rabies is an example of a resurging viral zoonosis that has 
recently become more prominent within the Eastern USA. 
This age-old disease is the cause of a multistate, long-term 
epizootic in raccoons with spillover into other species and 
human exposures. In 1977, some raccoons were moved from 
an area where raccoon rabies is enzootic within the USA into 
the border areas of West Virginia and Virginia. Rabies then 
spread more than 400 miles (approximately 650 kilometers) 
northeast by 1993, killing large numbers of raccoons and a 
number of other species along the way.

In 1994, canine distemper, another common viral disease 
of canids, emerged as a cause of mortality in African lions. 
Canine distemper virus had previously only rarely been asso-
ciated with infection in large cats and only within zoos.200 

However, distemper swept through the lion population and 
killed many of them at Serengeti National Park, Tanzania 
(Table 2.12).201,202 A new variant of the classical canine 
distemper virus that emerged from local canid populations 

Rabies and Raccoons
Historically, in the northern parts of the USA small 

numbers of raccoons have become infected with rabies 
through exposure during epizootics in other species such 
as foxes and skunks. The establishment of rabies as an 
enzootic disease of raccoons in several northeastern states 
is a dramatic example of how old diseases can exploit new 
opportunities. The spread of rabies in Connecticut during 
the epizootic wave of raccoon rabies that began in West 
Virginia illustrates how quickly disease status can change. 
The first rabid raccoon in Connecticut was detected in 
1991. Prior to that time, Connecticut had been without 
any cases of rabies in terrestrial vertebrates for more than 
a decade. In less than 4 years following the 1991 index 
case, 2,500 rabies-positive animals, 80 percent of which 
were raccoons, were detected in Connecticut.199

caused this mortality, and bridged the species barrier between 
canids and felids.202 

Numerous other emerging and reemerging infectious 
diseases are affecting terrestrial mammals (Table 2.12). 
Some diseases, like tularemia and plague, are old diseases 
capable of causing mass mortalities in small mammals that 
are now appearing in new locations and under differing 
environmental conditions. Others, such as chronic wasting 
disease of deer and elk, are new diseases causing insidious 
impacts. The spectrum of disease and impacts also includes 
diseases, such as tuberculosis in deer and hydatid disease, 
which are of primary importance because of their impacts on 
other species (including humans), rather than being a cause 
of wildlife mass mortalities.

Perspective

The magnitude and complexity of emerging infectious 
diseases will continue to be a major challenge for the fore-
seeable future. The examples cited provide a cross-section 
of disease emergence in wildlife, rather than a holistic com-
pendium. Clearly, disease emergence is affecting the broad 
spectrum of animal resources worldwide in virtually all types 
of environments. Reptiles have not been fully considered in 
this evaluation, and other species groups have only received 
moderate coverage, at best, relative to the spectrum of emerg-
ing and reemerging diseases. Listings soon become incom-
plete because of the dynamic nature of disease emergence. 
Pathogens that cross species barriers are likely to become a 
more frequent source for disease emergence. These events 
will result from new opportunities for pathogens that arise 
from exposure to changing environmental conditions, new 
species interactions, and increasing densities of potential host 
species as humans and animals are compressed into dimin-
ished amounts of living space. Discoveries associated with 
technological advances, increased investigational activities, 
and truly new disease events also assure a continuum of new 
findings. Captive-reared wildlife are an additional component 
of emerging diseases. Other emerging diseases are affecting 
native plants209–211 and insect populations. 

Disease emergence is often associated with conditions of 
ecosystem stress212 caused by landscape alterations, social 
upheaval, and the conditions of war, which are situations that 
are likely to continue within different regions of the world. 
The increased levels of environmental stress affecting diverse 
systems from coral reefs to polar ice caps will be further 
intensified as humans attempt to provide living space, food, 
water, recreation opportunities, sustained economic growth 
and attempt to meet other societal needs.

Contact between humans and wildlife is likely to increase 
and may lead to more opportunities for disease emergence. 
Ecotourism associated with African wildlife is but one 
example. The close association between humans and baboons 
in the Kruger National Park provides a potential bridge 
for the transfer of tuberculosis from other Park wildlife 



P
E

R
C

E
N

T

Illnesses DeathsHospitalizations

Bacterial disease 
Viral disease 

Parasitic disease 

0

10

20

30

40

50

60

70

80

Figure 2.30  Estimated percentage of total illnesses, hos-
pitalizations, and deaths in the United States caused by dif-
ferent classes of foodborne pathogens (adapted from Mead 
et al.).218
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through infected baboons to humans.213 Also, there is grow-
ing concern among the wildlife conservation community 
about ecotourists and others transferring human diseases 
into wildlife populations. Outbreaks of tuberculosis among 
mongooses and meerkats in Botswana have been attributed 
to humans as the source for infection.214,215 An undiagnosed 
1988 epizootic among the endangered mountain gorilla in 
Rwanda is thought to have been measles of human origin.216 
Also, new intestinal parasites have been found in the feces of 
mountain gorillas since tourists began visiting their habitat 
in large numbers.214,215

Increased globalization of society and the speed of modern 
transportation enhance the opportunities for disease agents 
to enter new geographic areas and naive host populations. 
Therefore, actions are needed to minimize opportunities for 
disease emergence in wildlife as precursors for the establish-
ment of new zoonoses and to prevent continued escalation 
of zoonoses as a public health problem.

Emerging Foodborne Diseases

“…to speak of “foodborne disease” is to speak of many 
pathogens and many diseases” (Tauxe).217

Foodborne transmission has been documented for more 
than 200 known diseases caused by a spectrum of pathogens 
ranging from infectious agents to biotoxins.217,218 Viruses 
are the leading cause of foodborne disease in the USA, but 
bacteria are the most prominent causes of foodborne disease 
resulting in hospitalizations and deaths (Fig. 2.30). Zoonoses 
are associated with the great majority of those deaths in the 
USA (Fig. 2.31). It is estimated that one in four Americans 
have a significant foodborne illness each year with the major-
ity of illness being due to pathogens yet to be identified.217 

The human health toll in the USA from these diseases is 
estimated in one evaluation to be 40 million cases and 9,000 
deaths annually.219 Another evaluation places this toll at 76 
million cases of illness, 323,000 hospitalizations per year, 
and 5,000 deaths.218

Transitions and Transgressions
The general safety of food and drinking water has long 

been a matter for public concern and regulatory processes. 
Tainted food and water are often a source for disease, which 
is reflected in the writings of early history and forms the basis 
for some of the dietary laws of various religions. The develop-
ment of sanitary codes, regulatory processes, and a host of 
other actions focused on sources of contamination, have been 
created and implemented to maintain health risks at minimal 
practical levels consistent with technical feasibility.

Within the USA, and in many other areas, bacterial dis-
eases such as streptococcal infections, brucellosis and tuber-
culosis in milk and other dairy products, and salmonellosis 
in poultry and eggs have been primary concerns. Trichinosis 

(trichinellosis) has been an important parasitic disease associ-
ated with swine. Pasteurization has been notable in combating 
brucellosis, as has mandated cooking of garbage fed to swine 
in combating trichinosis. Chlorination and other treatments 
of drinking water supplies have helped to combat a host of 
enteric pathogens such as Salmonellae. Because of these 
preventive measures, typhoid fever, tuberculosis, brucellosis, 
and septic sore throat, a zoonotic streptococcal infection, 
have been essentially eliminated as foodborne diseases in 
developed nations. Most instances of trichinosis have also 
been eliminated.217 

Although many foodborne zoonoses of the past have 
diminished as human health problems throughout most 
developed nations, there has been a resurgence of foodborne 
zoonoses augmented by a variety of infectious pathogens 
that previously were not important sources of foodborne 
disease.220–223 Every 2 years since 1977, a new foodborne 
pathogen or a pathogen newly recognized as being foodborne 
has appeared, many of which are zoonotic in origin.217 The 
Pan American Health Organization reports that many food-
borne zoonoses have increased by as much as 100 percent 
within recent years. The number of cases of foodborne illness 
in some developing countries is estimated to be as high as 
10 percent of the population.224,225 Typically, livestock and 
poultry have been the dominant domestic animal species 
involved in foodborne zoonoses. Within the USA, more than 
a dozen foodborne diseases have emerged during recent years 
(Table 2.13). 
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a strain responsible for human deaths in Denmark was traced 
to a Danish pig herd.230

The bacterial diseases yersiniosis and a new serotype of 
Vibrio parahaemolyticus also have been recently identified as 
pandemic foodborne diseases. The strains of Yersinia entero-
colitica involved appear to be associated with consumption 
of or contact with raw pork or pork products. Consuming 
contaminated seafood is the cause of disease from the new 
serotype of V. parahaemolyticus, which emerged in South-
east Asia in the early 1990s, then spread to Japan and the 
USA.217

Escherichia coli O157:H7 became a focus for concern in 
January 1993, with the detection of what turned out to be a 
multistate epizootic infecting more than 500 people, includ-
ing four fatalities in children. At least 93 restaurants in a 
national chain were implicated, all of which obtained meat 
from one processing plant.231 The first two outbreaks by this 
agent in the USA probably occurred in 1982 in Oregon and 
Michigan. Both events were associated with consumption 
of fast-food hamburgers. Microbial evolution is the basis for 
the emergence of E. coli O157:H7. This strain arose from a 
common origin to diverge genetically, causes three different 
forms of disease, and has become a worldwide pathogen. 
The variability of epidemics it causes reflects its adaptive 
capabilities, and its pattern of development has resulted in 
E. coli O157:H7 being categorized as a “disease of human 
progress.”232

Cattle are the most significant reservoir of E. coli O157:
H7 and other Shiga-toxin producing E. coli. However, the 
current occurrence of more foodborne outbreaks of O157:
H7 linked to beef than any other single food source may not 
prevail over time, considering the range of foods that have 
been sources for human infection (Table 2.14) and species 
that this pathogen has been found in other than cattle and 
humans (e.g., birds, sheep, and deer). E. coli O157:H7 was 
first isolated in swine feces in the USA in 2001, joining Japan, 
Norway, and Chile, where it has been found previously.233 
Live cattle-to-human transmission, human infections from 
contaminated drinking water and from recreational water 
use, and other means of infection have been documented. 
Disease emergence also has been facilitated by the prolonged 
environmental persistence of the pathogen (several months) 
in water and other substrates and its unusual tolerance to 
environmental stresses.232

Campylobacteriosis is currently one of the most notewor-
thy foodborne diseases worldwide. Infections are acquired 
by consuming contaminated water, unpastuerized milk, 
undercooked poultry or red meat, and direct contact with 
infected human shedders and contaminated surfaces. Children 
often acquire infection from immature, diarrheic companion 
animals.238 Campylobacteriosis became recognized as an 
emerging foodborne disease during the late 1970s.239 In 
1997, this disease accounted for approximately 14 percent 
of all diagnosed foodborne infections in the USA. The total 

Bovine spongiform encephalopathy (BSE) is an example 
of not only a new foodborne zoonosis, but recognition of a 
new type of zoonotic agent. BSE was first diagnosed in the 
United Kingdom (UK) in 1986, and by August 1998 more 
than 174,000 cattle were reported as infected. However, it was 
estimated that one million cattle had probably been infected 
by that time and that about half of those had entered the food 
chain. Human infection by the prion causing BSE was first 
reported in 1995 as a new human zoonotic disease designated 
as new-variant Creutzfeldt-Jakob disease. By mid-1998, more 
than two dozen human cases of this generally fatal disease 
were associated with the BSE epizootic in the UK.219

The global dissemination of some foodborne pathogens 
in pandemic form is another example of the changing pre-
sentation of foodborne disease. Salmonellosis serves as an 
example. With the exceptions of Australia and New Zealand, 
strains of Salmonella enteritidis embarked on a global journey 
in the 1980s that has resulted in this cause of salmonellosis 
becoming the most common Salmonella serotype worldwide. 
A similar journey, with the same exceptions, began in the 
1990s for antibiotic-resistant strains of S. typhimiurium.217

Associating S. enteritidis with eggs rather than poultry 
meat is a new dimension for this disease226 and has resulted 
in debate relative to the roles of poultry and traditional rodent 
hosts in the ongoing pandemic.226–228 Also, in 1993 an epi-
demic caused by S. enteritidis resulted in nearly a quarter of 
a million people in the USA becoming ill from the ingestion 
of ice cream.229 Antibiotic-resistant strains of S. typhimurium 
have been linked with antibiotic use in livestock. For instance, 

Figure 2.31  The percentage of food-related deaths by 
disease in the United States (adapted from Mead et al. ).218
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estimated number of cases that year exceeded 2.5 million 
with 13,000 hospital admissions and 124 deaths.238 In the 
UK, about 500,000 people became ill with campylobacter 
enteritis during 1999.240 Campylobacter infections have been 
reported to be the most common bacterial cause of acute 
gastroenteritis in the industrialized world and a major cause 
of intestinal disease in very young children in developing 
countries.240,241

Campylobacter jejuni is responsible for more than 90 per-
cent of diagnosed human cases of this disease240 and is preva-
lent in all types of commercial poultry flocks worldwide.238 
An estimated 20 to 40 percent of sporadic Campylobacter 
cases may involve the consumption of chicken.240 Wildlife 
also are known to harbor this organism.242–244 

In the 1990s, cryptosporidiosis emerged as an important 
gastrointestinal infection transmitted by food and water con-
taminated by the protozoan parasite Cryptosporidium parvum 
and associated species. Human cases of this disease have 
been reported in more than 40 countries in 6 continents.246 
The 1993 waterborne outbreak that affected several hundred 

thousand people in Milwaukee, Wisconsin,247 is well known. 
Analyses of that epidemic indicate that the elderly had an 
increased risk of severe disease, a shorter incubation period 
than previously reported for adults, and a higher risk of 
secondary person-to-person transmission.248 The total cost 
of outbreak-associated illness was $96.2 million, nearly $32 
million of which was medical costs and the remainder was 
productivity losses.249 Cryptosporidiosis has also resulted 
from the consumption of contaminated apple cider, bovine 
and goat milk, fruits and vegetables, and other foods such 
as sausage, tripe, and chicken salad. Oocysts (eggs) of the 
parasite have also been detected in vegetables, meats, and 
a variety of shellfish that were not associated with human 
cases of disease.246

Seafood consumption also can cause foodborne disease. 
Marine and freshwater shellfish and finfish are all involved. 
Most seafood is safe, as are other commercial foods. How-
ever, cultural and changing food habits, such as the consump-
tion of raw seafood and undercooking seafood, are providing 
increased opportunities for diseases to emerge. Parasitic 

Table 2.13.  Principal foodborne infections that have emerged during the past three decades (adapted from Tauxe).217

Disease agent Zoonoses Primary hostsa

Viral diseases

Astrovirus Humans

Norwalk-like viruses Humans

Rotavirus Humans

Prion diseases

Prions  Cattle

Bacterial diseases

Campylobacter spp.  Poultry, swine, pets, migratory birds

Escherichia coli O157:H7  Cattle

Enterotoxigenic E coli.  Cattle

Listeria monocytogenes  Many domestic and wildlife species

Salmonella enteritidis  Poultry

Vibrio (non-cholera)  Shellfish and finfish

Vibrio cholerae, toxigenic Humans

Vibrio vulnificus  Shellfish

Yersinia enterocolitica  Swine, pets

Parasitic diseases

Anisakis spp.  Fish

Pseudoterranova spp.  Fish

Cyclospora cayetanensis  Humans

 Zoonotic infection

 Not a zoonotic infection

a Primary sources for human infections; in most instances a much greater range of species may become infected and be an occasional source for human cases of disease.
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Migratory Birds As Reservoirs For Campylobacter
Several species of domestic and wild animals (including birds) serve as reservoir hosts for C. jejuni. Migratory birds, espe-

cially waterfowl, may be the most important wildlife reservoir because of their potential to contaminate waterways and other 
habitat through their feces. The role of migratory birds as a reservoir for Campylobacter has been established by the findings 
of high percentages of some species (overall infection rate of 73 percent in one study) being infected with C. jejuni.242–244 
A far greater percentage of ducks have been found infected than 
Canada geese (5 percent in a Washington study) and the greatest 
percentage (81 percent) was found in sandhill cranes.243 However, 
not all evaluations of wild birds have yielded positive results. No 
isolations of C. jejuni were made along the Mississippi River in 
Wisconsin from waterfowl, or from sediments and water where 
these birds roost and feed.245 Nevertheless, the high rate of infec-
tion found in some populations of wild birds should be considered 
when field dressing and preparing these birds for consumption. 
Appropriate measures should be taken to avoid contaminating 
hands, surfaces, utensils, and containers used for processing other 
foods.

zoonoses resulting from these food habits are testimony to 
the risks involved.223 The consumption of raw fish has led 
to major increases of anisakiasis and gnathostomiasis in the 
USA and elsewhere.250 Both diseases are caused by infections 
with different species of nematodes (roundworms). More 
than 90 percent of cases of seafood-borne illnesses within the 
USA are associated with ciguatoxin and “scombrotoxin.”251 

Ciguatoxin is produced by the dinoflagellates Gambierdis-
cus toxicus and is concentrated up the food chain where it 
accumulates in carnivorous reef fish such as barracuda and 
popular table fish such as grouper, snapper, and sea bass. 
Ciguatera is the most common fishborne illness worldwide.252 

Scombroid poisoning is a result of inadequate refrigeration of 
fish. Bacteria (Proteus and Klebsiella) present on the surface 

Table 2.14.  Sources of human infections by Escherichia coli O157:H7 (developed from Park et al.).233

Country Sources Comments

USA Hamburgers and other beef products, drinking 
water, lettuce, apple cider, venison, apple juice, and 
recreational swimming

Average incidence of 2.1 cases per 100,000 people in 
1997; outbreaks occurred in 1997 and 1998 among people 
eating alfalfa sprouts.547

Canada Direct contact with cattle, contaminated ground water, 
exposure to rural environments, undercooked ground 
beef

Incidence of infection ranged from 3.0 to 5.3 cases per 
100,000 people from 1991 to 1996.

Japan White radish sprouts About 6,000 people, mostly children, infected in 1996 from 
luncheon containing radish sprouts; a second outbreak the 
following year infected 126 people who ate white radish 
sprouts.547

United Kingdom Hamburger and other beef products Laboratory confirmed cases increased from 1 in 1982 to 
1,039 in 1995; isolated from 18.7 percent of cattle feces 
tested.

Germany Goat milk, cheese, swimming in lakes, person-to-per-
son transmission

Hamburgers and other beef products not common sources 
for infection.

Scotland Ground beef 1996 outbreak of 496 cases with 20 deaths.

of the fish proliferate and invade the muscle tissue where bac-
terial degradation processes result in a histamine-like chemi-
cal that causes human illness when ingested. Fish species 
most commonly associated with this food poisoning are tuna, 
mackerel, jacks, dolphins (mahimahi), and bluefish.252

Hepatitis A virus (HAV) and Norwalk-like viruses (NLVs) 
(Norovirus)254 are the two most important viral diseases 
transmitted by seafood. HAV is the fourth leading cause of 
foodborne disease in the USA, causing 4 percent of the out-
breaks and 6 percent of the cases when an etiology could be 
determined. Nevertheless, NLVs may be the most common 
cause of foodborne disease. They are the most commonly 
identified cause of infectious intestinal diseases in Western 
Europe253 and account for greater than 95 percent of nonbacte-
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rial outbreaks in Denmark, England, Wales, Finland, France, 
and Sweden. The percentage is slightly lower (84 percent) in 
the Netherlands.254 Human contamination by food handlers is 
the primary source for these diseases.221 Multiple outbreaks 
of gastroenteritis associated with norovirus on cruise ships 
entering USA ports occurred during 2001 and 2002.255 Fecal 
contamination is the source for HAV and NLVs, but shellfish 
are often a vehicle for human exposure to these viruses256 

(Table 2.15). Shellfish also are a source of bacterial infec-
tions. In the USA, Vibrio spp., and in particular V. vulnificus, 
account for the second highest number of infectious disease 
cases associated with shellfish (behind viral agents) and 95 
percent of all shellfish-related deaths.257,258

In Canada, seafood is the source of about 7 percent of all 
outbreaks of foodborne disease and 4 percent of all reported 
cases. About 60 percent of cases are due to microorganisms, 
31 percent to seafood toxins, and 9 percent to other chemical 
agents. Between 1973 and 1987, there were multiple seafood-
related disease outbreaks involving infectious agents, several 
resulted from home food processing (canning and smoking) 
(Table 2.16).259

Foodborne diseases associated with fruits and vegetables 
are increasing. The mean number of reported outbreaks asso-
ciated with produce more than doubled from the period 1973 
to 1987 to the period 1988 to 1991 (from 4.3 outbreaks per 
year to 9.75 per year, respectively). The number of human 
cases of produce-related illness rose from 242 per year to 614 
per year when comparing these same time periods.261 Inter-
national in scope,260 this problem is not entirely independent 
of pathogens in animals, because some of the disease agents 
involved have animal hosts (Table 2.17). The use of improp-
erly composted manure, contaminated water, and contact with 
products of animal origin are all factors contributing to the 
increasing incidence of human illness associated with the 
consumption of uncooked fruits and vegetables.262

Many diseases acquired as foodborne infections also 
may be directly acquired as waterborne infections and some 
of the cited nonfoodborne diseases use water as a patho-
gen-delivery system for infection. The route for disease 
transmission as foodborne or waterborne may be altered by 
changing environmental conditions. For example, giardia-
sis and cryptosporidiosis are more likely to be transmitted 
through water than food, while the reverse has been true for 
toxoplasmosis. Nevertheless, giardiasis and cryptosporidi-
osis are emerging foodborne diseases and toxoplasmosis is 
an emerging waterborne disease. A recent study of water-
borne toxoplasmosis in Brazil disclosed that 84 percent of a 
subset (lower socioeconomic group) of nearly 1,500 people 
along a continuum of socioeconomic status in a serological 
survey had antibody to T. gondii, as did 62 percent and 23 
percent of the people in middle and upper socioeconomic 
groups, respectively. Those findings reflect the importance 
of oocyst transmission by water and the risks for exposure 
from drinking unfiltered water.263 It is likely that increases 
in waterborne zoonotic disease will continue as an outcome 
of degrading water quality associated with increasing human 
populations.

The specter of waterborne zoonotic disease extends to 
bottled drinking water. Recent epidemiological investiga-
tions have resulted in the three species of Campylobacter 
that cause disease being identified with different types of 
exposure; C. coli infections were most frequently associated 
with patients consuming bottled water. The rapidly expand-
ing bottled water industry (5 billion gallons consumed in 
the USA in 2000; 7.3 billion gallons predicted for 2005) 
coupled with C. coli findings suggest the possible need for 
enhanced bottled water standards to protect human health 
from campylobacteriosis.240

Wild game meat also may be a source for human disease. 
Tularemia acquired from rabbits and hares, and toxoplasmo-

Table 2.15.  Examples of outbreaks of foodborne viral diseases from the consumption of contaminated shellfish.

Disease agent Food item Human cases Location Year

Norovirus Raw clams 813 New York, USA 1982252

Norovirus Raw oysters 204 New York, USA 1982252

Hepatitis A virus Raw clams 300,000 Shanghai, China 1988256

Hepatitis A virus Raw oysters 61 Alabama, Georgia, 
Florida, Tennessee, 
Hawaii, USA

1988256

Norovirus Oysters 175+ Eastern Canada 1991259

Gastrointestinal virusa Raw/steamed oysters 180 Louisiana, Maryland,  
Mississippi, Florida, 
North Carolina, USA

1993256

aSmall round-structured gastrointestinal viruses related to noroviruses.
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Table 2.17.  Foodborne infections from produce in the USA that have emerged during the past 3 decades (adapted from 
Tauxe,217 with additions from Millar et al.246).

Pathogensa

Produce type Viral Bacterial Parasitic

V1 V2 B1 B2 B3 B4 B5 B6 B7 B8 P1 P2

Lettuce/cabbage/ 
greens

           

Carrots/celery/ 
scallions

           

Sprouts            

Tomatoes            

Melons            

Raspberries/ 
strawberries

           

Fruit/vegetables 
(unspecified)

           

Chopped garlic            

Apple cider            

Orange juice            

Coconut milk            

 Pathogen found in produce type   Pathogen not found in produce type

a V1—Hepatitis A	 B2—Clostridium botulinum	 B5—Listeria monocytogenes	 B8—Toxigenic Vibrio cholerae 01

V2—Noroviruses	 B3—Enterotoxigenic Escherichia coli	 B6—Salmonella spp.	 P1—Cryptosporidium parvum

B1—Bacillus cereus	 B4—E. coli O157:H7	 B7—Shigella spp. 	 P2—Cyclospora

All of these pathogens, except V1, V2, and P2, are zoonotic

Table 2.16  Sources of infectious foodborne illness from seafood in Canada, 1973 to 1987 (adapted from Todd).259

Disease agent Number of incidents Primary sources of infection

Staphylococcus aureus 28 Commercial and home-canned finfish, primarily 
salmon (12 events); crab (4 events)

Salmonella spp. 17 Tuna, salmon, lobster, and crab

Bacillus cereus 15 Shrimp, lobster chowder, various crab products, 
clams, scallops

Clostridium botulinum 11 Home-fermented salmon eggs; home-smoked 
salmon, trout, or char

Clostridium perfringens 5 Fish

Norovirus 1 New Brunswick oysters (~175 people infected)

Anisakiasis (parasite not reported) 1 Sushi from an unidentified species of fish; a case the 
previous year was reported from eating cod cooked 
on a campstove
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Figure 2.32  Global examples of nature tourism during the 1990s. 266

Figure 2.33  Harvested wildlife. 
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sis acquired from birds and other species, are examples of 
diseases more commonly acquired within developed nations 
when wildlife is a common component of the foodbase. The 
transition from wildlife sources to domesticated sources of 
food resulted in more foodborne zoonoses being acquired 
from domestic animals than from wildlife. However, the 
wildlife component of foodborne disease is sustained in sub-
sistence cultures and to a lesser degree among sportsmen. In 
the USA, from 1981 to 1996, nearly 40 percent of all cases 
of human trichinosis were from eating game meat.264 Wildlife 
also are a disease dimension associated with aquaculture, eco-
tourism, and changes in human lifestyles and food habits.

“Going Native”
The tourism industry is the world’s largest employer 

with nearly 200 million jobs or about 10 percent of the jobs 
globally.265 More than 663 million tourists traveled interna-
tionally in 1999 and spent more than US$453 billion in the 
pursuit of their activities. Ecotourism has become a major 
component of international travel, increasing annually at 10 
to 30 percent.266

People travel the globe each year to visit exotic places 
and experience the wildlife and cultures of the area (Fig. 
2.32). These sojourns generally provide new experiences, 
including new types of food and beverages. Wild game, 
native fruits, and other local items often are the major foods 
for people in remote areas and in cultures that are closely 
tied to nature. Tourists often consume these foods as part of 
their trip experiences. In many situations, those food items 

are locally harvested and may have minimal to no external 
oversight relative to health standards. Therefore, it is prudent 
to obtain basic knowledge of zoonoses that are commonly 
transmitted through food and water in areas to be visited. 
Advance knowledge provides a foundation for choices on 
what one consumes when in those areas and how that food 
is prepared. These considerations extend to raw fruits and 
vegetables, as well as to cooked meats, dairy products, and 
other food items.

Millions of people in the mainstream of industrialized 
society also “return to nature” through transient personal har-
vests of shellfish, birds, mammals, and other types of wildlife 
(Fig. 2.33). These harvests, which generally are devoid of 
any external food safety evaluations, supplement people’s 
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Deer and Escherichia coli O157:H7
Annually, about 10 million Americans hunt deer.234 

Venison supplements many larders and is an important 
staple for some. Preparation of deer meat includes veni-
son summer sausage, jerky, and fondue, in addition to 
grilling, roasting, and other common ways for cooking 
beef and other meats. Mule deer (black-tailed deer) and 
white-tailed deer both have been the source of E. coli 
O157:H7 infections in humans. In 1995, an outbreak 
involving 11 human cases was traced to the consumption 
of jerky made from the meat of a mule deer killed the 
previous week in Oregon.235 A spontaneous human case 
was also diagnosed following the consumption of venison 
from a white-tailed deer killed in Vermont. The meat had 
been grilled and served rare.236 Both events were the first 
documented for the deer species involved. The mule deer 
event was the first time jerky had been documented as a 
source for infection.

Deer previously had been linked to human cases of 
E. coli O157:H7 but proof is lacking for those reports. 

In 1987, the organism was recovered from venison that 
caused an isolated human case in Washington State. 
However, cross-contamination from beef butchered at 
the same facility may have been the source of the organ-
ism.235 In another situation, contamination of an apple 
orchard by deer feces was hypothesized to be the source 
for an E. coli O157:H7 outbreak caused by unpasteurized 
apple cider.237
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foodbase in various ways from basic staples to novel food 
items. Some tangential protection is provided by regulatory 
agencies through health advisories issued by government 
agencies to alert those harvesting wildlife for personal and 
family consumption about certain types of risks that may be 
present in specific areas.

However, because there are no programs that routinely 
and continuously monitor free-ranging wildlife populations 
for foodborne infectious pathogens, consumers of wildlife 
are primarily left to their own judgments relative to what to 
eat and how to prepare it. Experience gained over time in the 
proper handling and preparation of wild game in ways that 
minimize risks for foodborne illness is useful, but foodborne 
illnesses may be obtained from wildlife (and other animals) 
with no overt clinical signs or gross lesions of disease. There-
fore, local knowledge of diseases present in the pursued wild-
life also needs to be considered. This is a cumulative learning 
process that becomes strengthened by becoming familiar with 
the areas where wildlife are harvested.

The common sense of most people, coupled with the 
general good health of most wildlife, are major factors why 
wildlife, from shellfish to mammals, provide wholesome food 
for millions of people (Fig. 2.34). Nevertheless, problems 
do occur. Within the USA, home preparation of novel foods 
often is the cause for the infrequent occurrence of foodborne 
illness from wildlife. For example, during 1995, cougar jerky 
was the source for 10 cases of trichinosis in Idaho. All of 
those cases involved jerky made from a single animal taken 
by a hunter. The meat was not sufficiently heated during 

the smoking process to kill the parasites present. In North 
America, wildlife-associated cases of trichinosis most com-
monly result from the consumption of insufficiently cooked 
bear, wild boar, and walrus meat.267 Wild boar is an important 
species associated with trichinosis in Europe, where this dis-
ease appears to be an emerging zoonosis.268 Wildlife also are 
sources for this disease in South America and Asia.269

Perspective
Information provided here and elsewhere clearly illustrates 

that the nature of foodborne diseases has changed greatly in 
the USA and globally during the 20th century. A substantial 
number of the pathogens of greatest concern today have 
only recently (within the past 25 years) been recognized as 
causes of foodborne illness.218 In part, improved technol-
ogy has helped scientists detect and study the pathogens 
involved, especially enteric viruses.221 Nevertheless, the threat 
from emerging foodborne disease is more a product of our 
global marketplace and mobile society, than it is a result of 
advanced technology. Consider for example that the USA is 
the world’s second largest importer, as well as the second 
largest exporter, of seafood.251 

The consequences for human health following infection 
by foodborne diseases often extends beyond initial illness 
by causing chronic sequelae or long-term disability (Table 
2.18).218,220 The large number of foodborne diseases involving 
pathogens of animal origin indicates that consideration should 
be given to disease emergence in wildlife and other animals 
as factors influencing foodborne and waterborne diseases.
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Table 2.18.  Examples of chronic sequelae or disability associated with foodborne disease.

Disease Sequelae/disability Commentsa

Campylobacteriosis Guillain-Barré syndrome (GBS) One of the most common causes of flacid paralysis in the 
USA. An estimated 1,360 cases in 1997 were associated 
with Campylobacter infections; about 30 percent of infec-
tions are followed by GBS.

Escherichia coli  
infections

Hemolytic uremic syndrome (HUS) E. coli O157:H7 is a leading cause of HUS, the most  
common cause of acute kidney failure in children in USA; 
about 4 percent of all reported cases develop HUS. In 
Canada, non-O157 cases of E. coli contribute to at least 7 
percent and perhaps 20 percent of the HUS cases.

Listeriosis Miscarriages, meningitis Cases of meningitis are associated with patients with 
chronic diseases.

Cryptosporidiosis Diarrhea Persons with AIDS generally have a severe  
protracted course of diarrhea.

Toxoplasmosis Congenital malformation; retinitis,  
encephalitis

Involved in mental and physical retardation cases in 
Korea.548 In USA, 1:10,000 births results in congenital  
toxoplasmosis; 300 to 2,100 ocular cases estimated  
annually. Each year an estimated 4,000 AIDS patients 
develop Toxoplasma encephalitis.

Trichinosis Chronic illness In 10 to 20 percent of cases, neurological or cardiac  
symptoms develop, many are severe and may lead to 
chronic illness.

Salmonellosis Arthritis Infection may cause invasive disease or reactive arthritis.

aInformation from Altekruse et al., 220 and Mead et al.,218 unless otherwise noted.

Figure 2.34  (A) Outdoor recreation experi-
ences often involve the harvest of wildlife and 
(B) consumption of some of the harvest under 
field conditions.
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Disease Emergence and Companion 
Animals

“More than half the households in the English speaking 
world keep a pet. The most common pets are cats and 
dogs” (Riordon and Tarlow).270

Nearly 60 percent of all households within the USA own 
either a dog or a cat.250 Results from a recent survey indicate 
an estimated 68 million dogs and 73 million cats among the 
63 million USA households that own pets.271 Of the house-
holds that owned a pet, the 2000 USA census reports that 
36 percent had a dog and 32 percent had a cat.271 Over 98 
million other types of pets, from fish and reptiles to horses, 
also are part of 20.6 million USA households.272 The esti-
mated numbers of animals involved are 19 million birds, 19 
million small animals of various species, 9 million reptiles, 
159 million freshwater fish, and 6 million saltwater fish.271 

An estimated 15 to 20 percent of American households have 
pet birds and 20 million households have aquariums.273 Many 
other countries also have a high percentage of households 
with pet ownership (Fig. 2.35). Pets can contribute to the 
physical, social, and emotional health of many, especially 
enhancing the development of children and the well-being of 
the elderly.274 The popularity of companion animals is likely 
to continue to increase, as is the increase in different spe-
cies, other than dogs and cats, kept as pets. For example, the 
number of iguanas imported into the USA rose from about 
28,000 in 1986 to nearly 800,000 in 1993.275

People are generally aware of health hazards associated 
with pet ownership such as animal bites, allergies, and high-
profile diseases like rabies in dogs. However, most individuals 
are unfamiliar with the diversity of other diseases transmis-
sible to humans that pets may harbor (Table 2.19). There is 
even less appreciation of emerging diseases as a component 
of pet ownership.274,276

Risk Factors
Health hazards associated with pet ownership can be 

classified into three classes of disease.277 Allergic response, 
asthma, and/or hypersensitivity pneumonitis are immunologic 
conditions and are not considered here. Bites and/or scratches 
may induce infections by microbes present in the saliva and 
on the mouth parts of the pet. For venomous species, toxins 
may be injected into the body. In the USA, there are an esti-
mated 1 to 2 million dog bites and 400,000 cat bites each year, 
many of which result in bacterial contamination.277 Infections 
occur in about 5 percent of dog bites and 16 to 35 percent of 
cat bites.270 A mixture of microorganisms frequently causes 
these infections. Those most commonly involved include 
Staphylococcus spp., Streptococcus spp., Corynebacterium 
spp., Pasteurella multocida, Capnocytophaga canimorsus 
(formerly called DF–2), and a variety of anaerobes.278 The 
third health-hazard category is transmission of infectious 
diseases.

The risks of acquiring zoonotic diseases from companion 
animals differ among groups of people and animal species 
kept as pets. Factors influencing disease risk include age and 
source of the animals, type of environment within which the 
animals are maintained, and physiological status and age of 
the pet owners. Investigations involving these factors have 
disclosed that many new dogs and cats are acquired as pup-
pies and kittens. Typically, these young animals have a higher 
prevalence of parasitism and, if untreated, provide more risk 
for infection of household members. Young children tend 
to have a great deal of close contact with those animals and 
are at increased risk. Pets acquired from animal shelters and 
pet stores often have greater parasite burdens than pets in 
personal ownership.274 

Diseases involving wildlife as companion animals are 
addressed elsewhere. Here the focus is on dogs and cats, and 
on providing a conceptual awareness of disease aspects asso-
ciated with pet ownership. Numerous evaluations of zoonoses 
transmitted by dogs and cats have been published270,277–279 
including the recent book, “Dogs, Zoonoses and Public 
Health.”280 Those publications include specific information 
about infections acquired from dogs and cats.

Dogs and cats confined to the home and those that have 
controlled outdoor excursions within urban environments 
have less opportunity to acquire pathogens from wildlife than 
pets living in rural settings and most hunting dogs that are 
allowed to roam in adjacent fields and wooded areas. Hunt-
ing dogs are generally controlled during their field activities. 
Dogs and cats that kill and consume small rodents, feed on 
carrion encountered in the field, or are fed viscera and other 
waste from animals harvested and processed by humans for 
food are at risk of acquiring infectious agents. Often the dog 
or cat does not become infected by the pathogen. Instead, its 
mouth and claws become contaminated by the pathogen. 

Figure 2.35  The percentage of households with pets, 
1990.
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Transmission of disease agents by pets to humans often 
occurs during play and other close contact. Typically, this 
results from dogs licking the skin of people and through 
scratches inflicted to skin surfaces by dogs and cats. Per-
sistence of pathogens in the mouths of pets is much more 
prolonged than that on the feet. For example, Pasteurella 
multocida has been isolated from the mouths of 50–70 per-
cent of healthy cats. Typically this bacterium causes local-
ized infections in association with bite wounds279 but more 
severe outcomes can occur. This same organism has caused 
meningitis in infants following their faces being licked by 
dogs.281 Cat scratch disease, or bartonellosis, is an example 
of a disease associated with young kittens that is transmit-
ted by scratches, and less frequently by being licked on the 
face.270,277

Dogs and cats may have, or can acquire, ticks and bit-
ing insects that are either infected or contaminated with 
infectious agents. Those arthropods may be transferred 
within the home environment to members of the household. 
Infection of humans occurs when the arthropod feeds on 
the human. Examples include ticks that transmit tularemia, 
Rocky Mountain spotted fever, and Lyme disease, and fleas 
that transmit plague, bacillary angiomatosis, scabies, and 
Cheyletiella infections. The use of tick and flea collars to 
prevent attachment of these arthropods to pet animals along 
with the timely inspection and careful removal of ticks from 
pets (tularemia has been transferred to humans by crushing 
infected ticks during removal) can minimize this potential 
source for human infections.

The probability of dogs being infected with Giardia and 
the chance for acquiring this protozoan parasite is greatest in 
households with multiple dogs. This is true for a number of 
parasitic zoonoses where the eggs of these parasites are shed 
in feces and may persist for some time. Home environments 
can become heavily contaminated by parasites transmitted 
by fecal-oral routes if feces are not regularly removed from 
yards and if cat litter boxes are not cleaned often.282 Toxo-
plasmosis, hookworms, and roundworms are examples of 
these situations. Cats are the major source for transmission of 
toxoplasmosis and because it takes 1–5 days for the oocysts 
to become infective, cat litter should be disposed of daily.270 
Dog and cat hookworms are the cause of cutaneous larva 
migrans and dog and cat roundworms of the genus Toxocara 
are the most common causes of visceral larva migrans. Both 
types of infection are acquired from soils contaminated by 
pet feces.

Immunocompetency as a Factor
The potential for humans to become infected by disease 

agents associated with their companion animals is often 
related to the physiological condition of the person. Disease 
emergence and reemergence have been a hallmark of AIDS 
because of the immunosuppression associated with this 
disease. For example, the average annual incidence of sal-

monellosis among AIDS patients is 19.2 times greater than 
the population without AIDS, that for campylobacteriosis 39 
times greater, and between 30 percent and 50 percent of AIDS 
patients have disseminated tuberculosis caused by the Myco-
bacterium avium complex,60 organisms that seldom cause 
disease in humans. Similarly, infectious diseases are often 
complications for patients whose immune systems have been 
suppressed by treatments associated with organ transplants, 
cancer therapy, and by other conditions. When the degree 
of immunosuppression is great, organisms that typically 
are unable to cause disease or only minor illness in healthy 
persons may cause serious disease in immunosuppressed indi-
viduals. Similarly, the very young also have increased vulner-
ability until their immune system becomes fully developed. 
Vulnerability of the fetus is a factor in protecting pregnant 
women from disease agents such as Toxoplasma gondii that 
can invade the fetus. This parasite can cross the placenta and 
cause chorioretinitis and severe brain damage in the fetus.270 
These conditions should be considered in contacts between 
humans and their companion animals and appropriate steps 
taken to minimize health risks.

The aging human population is another aspect of reduced 
immunocompetency that, like AIDS and organ transplants, is 
an emerging component of modern society. A consequence of 
aging relative to disease emergence is the potential waning of 
immunocompetency. In the United States, 2.6 percent of the 
population was 74 or older in 1950. By 1995, that percent-
age had more than doubled to 5.6 percent and represented 
14.7 million persons versus 3.8 million in 1950.283 Currently, 
20 percent of the USA population is comprised of the very 
young, the elderly, pregnant women, and immunocompro-
mised individuals. This percentage is expected to increase 
substantially.60 The increasing percentage of senior citizens 
in society has been projected for the near term by the Bureau 
of Census and potentially indicates a greater pool of human 
hosts with increased susceptibility to pet-transmissible zoo-
noses. They report that at the beginning of the 20th century 
less than 5 percent of the United States population was over 
65, but by the year 2040, more than 25 percent of the popula-
tion will be that age or older.284

The aging human population is an important consider-
ation relative to the role of companion animals in disease 
emergence because of current trends to incorporate animals 
within the environment of nursing homes. These animals 
provide companionship and other attributes that are impor-
tant benefits for improving the quality of life for many of the 
elderly confined to these facilities. The aggregation of elderly 
within the space limitations of nursing homes provides a 
potential for epidemics of zoonotic disease transmissible by 
companion animals. Therefore, it is important that adequate 
health maintenance be provided for animals maintained 
within nursing homes and that informed decisions are made 
on species acquisitions and the sources of animals brought 
into those facilities.
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Figure 2.36  Epizootics can cause many wild bird mortali-
ties in a short time period. (A) Mallard mortalities due to duck 
plague at the Lake Andes National Wildlife Refuge, South 
Dakota, USA, in 1973. (B) Wild bird mortalities due to avian 
cholera in the Rainwater Basin, Nebraska, USA, 1975.
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Pets and Human Wellness
In general, humans benefit from pet ownership. Dogs and 

cats are a source of great pleasure for humans and signifi-
cantly contribute to the physical and emotional well being of 
the elderly, as well as to their safety.59 For example, a Euro-
pean evaluation disclosed that, in general, pet owners have 
lower blood pressure and cholesterol levels than non-pet own-
ers and use fewer medications.285 A study of AIDS patients 
disclosed less depression among patients who owned pets 
than for patients who did not.286 Nevertheless, the potential 
health risk to humans from enteric parasites harbored by pet 
dogs and cats is a significant problem throughout the world276 

and the elderly are among those at greatest risk.287 As noted 
above, dogs and cats also are sources for diseases caused by 
a variety of microbes. The challenge is to maximize human 
benefits from pet ownership by minimizing any associated 
risks from disease. To do this, there is a need to fully appre-
ciate the nature of the disease risks and how those diseases 
are transmitted. That information provides the foundation 
for strategies and actions needed.60 Public education is an 
important component of those strategies and actions.274,276

Factors Contributing to Disease 
Emergence

“We have the met the enemy and he is us” (Pogo).

The emergence of infectious disease can be viewed as a 
two-step process. First, the pathogen is introduced into a new 
host population; the pathogen then becomes established and is 
further disseminated within that population.288 Disease expan-
sion to other populations often follows. Numerous examples 
have been provided regarding the introduction of pathogens 
into new wildlife host populations. The steep mortality curves 
and relatively short duration of the epizootic stage of many 
wildlife disease events (Fig. 2.36) are typical of “virgin soil 
epidemics” that occur in naive human populations. World his-
tory has documented many such past events having profound 
impacts on human populations.1,291–293 The AIDS pandemic 
and the recent reintroduction of cholera (Vibrio cholerae 
O1) into the Americas are current examples of significant 
pathogens introduced into human populations.

Pathogens are introduced by numerous means, but these 
introductions do not necessarily result in disease establish-
ment, further dissemination of disease within the population, 
or further dissemination of the pathogen to other populations 
and geographic areas. Numerous novel pathogens and disease 
conditions have been observed as isolated events, and com-
monly appear in scientific journals as brief case reports to 
document the occurrence of the pathogen or disease condition 
in wildlife and to alert others. In some instances, diseases 
encountered may be zoonoses.292–294 For example, a wildlife 
biologist acquired an isolated case of an exotic fungal disease 
(streptothricosis) (Fig. 2.37) while checking hunter-killed 
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deer, a routine activity conducted by hundreds of biologists 
and technicians every year. Intensive follow-up investigations 
failed to disclose additional cases.292

In many instances, it is the interactions among several 
factors that facilitate disease establishment within new host 
populations and the subsequent outcomes of disease ende-
micity and geographic spread. Lists of the primary factors 
involved have been developed for emerging and reemerging 
infectious diseases of humans (Table 2.20). Those concepts 
have also been extended to disease emergence affecting other 
species.3–6,28,39,43,46,49,283,295–301

Different factors are more important for some classes of 
disease agents (e.g., viruses and protozoan parasites) than 
others. For example, the absence of a suitable intermediate 
host for completion of a parasite life cycle can prevent the 
establishment of a highly pathogenic parasite following its 
introduction into a susceptible host population. In contrast, 
if a parasite or microbe that does not require an intermediate 
host is directly introduced into that same host population, the 
pathogen could become established and spread to additional 
populations and geographic areas. Other pathogens may 
require arthropod vectors for their development, transmission, 
or maintenance in nature. For example, the introduction of 
appropriate species of ticks can result in those ticks becoming 
reservoir hosts that sustain an indigenous pathogen between 
periods of disease epizootics/epidemics. Also, pathogen 
numbers may be amplified through biological multiplication 
within the body of the infected tick. When they take a blood 
meal, these ticks then transmit the pathogen to susceptible 
hosts.

Hawaii serves as a classic example of wildlife disease 
resulting from introduced arthropod vectors. Mosquitoes 
were introduced and became established during the early 
1800s into these previously mosquito-free islands. They 
provided the vectors needed to sustain two important patho-

gens, avian poxvirus and the protozoan parasite responsible 
for avian malaria (Plasmodium relictum). Both pathogens 
became established in the Hawaiian Islands after the introduc-
tion of mosquito vectors. Pox was present by the late 1800s,302 

but malaria did not reach epizootic status until the early 
1900s. Introduced exotic bird species, especially those from 
Asia, were the probable source for the malaria parasite.303 

Within native forest bird habitat, mosquitoes have become 
established because introduced pigs create mosquito-breeding 
habitat in the base of tree ferns that the pigs uproot.304

Mosquitoes are mechanical vectors for avian pox. Con-
ceptually, they are a “flying syringe” that transfers the virus 
taken in by the mosquito when they previously fed on infected 
birds. The same species of mosquitoes are biological vectors 
for avian malaria. In this situation, the mosquito is a required 
component for the development and multiplication of the 
malaria parasite and also is a vector for disease transmission. 
Avian malaria and, to a far lesser extent, avian pox have 
become limiting factors for populations of native birds on 
the islands of Hawaii.302,303,305

Pathogen Factors
The development of pathogen genotypes better adapted 

for infection of humans and genotypes or phenotypes asso-
ciated with a specific pathogenic capacity are factors in 
disease emergence and reemergence.306 These attributes of 
the disease agent are not independently adequate for disease 
emergence to occur. The predictability of disease emergence 
in humans based on evaluations of only pathogenic agents 
is complicated by inadequate knowledge of the ecology of 
many known diseases and other factors. For example, the 
routes for transmission of over 200 human pathogens are 
unknown. Nevertheless, it has been shown that emerging 
diseases of humans are not caused by a random selection of 
pathogens. Zoonotic pathogens are overall twice as likely to 
be associated with emerging diseases than nonzoonotic patho-
gens. Also, viruses and protozoan parasites are especially 
likely to emerge as diseases of humans, while helminthes 
(parasitic worms) are very unlikely to emerge, regardless of 
their transmission routes or zoonotic status. The reasons for 
these outcomes have not been adequately determined. Genetic 
diversity, generation time, and existence of a reservoir for 
maintenance of the pathogen between periods of disease 
outbreaks are among the salient factors.46

Life as a Pathogen

The biologically relevant endpoints for pathogens are sur-
vival, proliferation, and transmission. These endpoints drive 
pathogen adaptation to their environment. Microbes gener-
ally have greater capacity to rapidly adjust to environmental 
changes than helminth parasites because of their greater 
genetic capabilities and much shorter generation times. Those 
capabilities and other attributes also provide microbes with 
evolutionary advantages over humans and other species that Figure 2.37  Hand lesions caused by streptothricosis. 
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Table 2.20.  Primary factors associated with disease emergence and reemergence in humans.

Category/factorsa Comments

Agent (pathogen)

Microbial adaptation and change •  Includes selective pressures, mutations, evolution, and associated 
changes.3–5,28,549

Ability to cross species boundaries •  Invasion and establishment in nontraditional hosts of dissimilar 
species.48,307,550

Transmissibility, pathogenesis,  
and virulence

•  Ability to invade hosts, cause disease, and be transmitted to new hosts.28

Survival and maintenance •  Environmental persistence during periods of disease quiescence.

Environment

Ecological change •  Includes climate change and natural processes such as vegetation  
succession, seismic activity, fires, major flood events, and other weather 
related events that cause large-scale landscape impacts.3,28,549

Animal migration •  Natural cycles of animal movements such as seasonal movements of 
migratory birds, pursuit of water in arid regions, and movement to calving 
areas by large mammals.549

 Humans

Population •  Includes growth, distribution (changes in demography) and density  
(crowding).4,5,549

Behavior •  Includes sexual (e.g., AIDS), social, cultural, and other behaviors as well as 
attitudinal perspectives and actions.3–5,549

Urbanization •  Movement of people from rural to larger communities.4,549

Modern travel and commerce •  Movement of goods and people associated with international travel,  
ecotourism, and the global marketplace.4,5,301,549–551

Changes in agriculture and food  
practices

•  Includes cropping patterns, methods of rearing animals for food production, 
aquaculture development, and food processing and packaging.3,28,549,550

Modern medicine •  Includes organ transplants, antibiotics, increasing longevity of human  
population, and other aspects of health care.3,4,28,549

Breakdown in public health  
infrastructure and measures

•  Includes reductions in arbovirus surveillance and other activities and  
shifting emphasis away from infectious disease.3–5,549

Animal relocations •  Includes introductions of exotic species, human movements of agricultural 
species and wildlife (including fish), and commerce in companion animals 
(domestic and wild species).5,549,550

Environmental change •  Land-use impacts due to human actions such as deforestation, dam  
construction, large-scale agriculture, urban development, and the 
development of recreation areas.3–5,28,550

Societal events •  Includes war or civil conflict, urban decay, day care for children, and politi-
cal actions that degrade standards of living.3,28

Technology and industry •  Increased speed of transportation (jet aircraft), water reclamation, medical 
capabilities, air conditioning, and other beneficial products and capabilities 
that have “side-effects” relative to disease emergence.4,5,28,301

a Considerable overlap exists among factors within categories and categories are interactive with one another.
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Table 2.21.  Examples of emerging and reemerging infectious diseases of humans that have crossed species barriers. 

Disease Type Comments

Influenza Virus •  Human infections involve viruses composed of a reassortment of genetic 
material from viruses infecting birds and domestic animals. 
552–554

•  The 1957 and 1968 influenza pandemics contained genes derived from 
avian influenza viruses; the 1997 locally lethal occurrence of Hong Kong 
Flu and the 1999 Hong Kong isolates from two severe human cases of 
disease had all their eight gene segments of avian origin.48 H5N1 avian 
influenza has killed poultry in nine Asian nations since its appearance 
in the late 1990s. Twenty-six people, domestic and large zoo cats, and 
swine also have died.570 This virus could potentially evolve into one that 
can spread amongst humans, causing a pandemic.571

•  Influenza B viruses that circulate among the human population have now 
been isolated from infected marine mammals (seals).442

AIDS Virus •  About 35 million people worldwide have been infected by HIV-1 virus that 
originated in the chimpanzee; the sooty mangabey is the source of HIV-2 
virus.48 

B-virus (Cercopithecine  
herpesvirus 1)

Virus •  Only 40 human cases have been documented since the 1932 index case, 
but the case-fatality rate prior to the availability of antiviral therapy was 
greater than 70 percent.555

•  Rhesus macaque and cynomolgus macaque are commonly found with 
B-virus infection and are commonly used in AIDS and other biomedical 
research. Other species also found infected.555

Marburg hemorrhagic fever Virus •  Infrequently occurring deadly hemorrhagic fever first seen in 1967 among 
laboratory workers in Germany and Yugoslavia; all had handled tissues 
from African green monkeys.556

Ebola hemorrhagic fever Virus •  First occurrence in 1976 in Zaire followed by epidemics elsewhere in 
1995 and 1996; case-fatality rate reached 88 percent in initial event (280 
deaths).48,556

•  As with Marburg hemorrhagic fever, primates are associated with Ebola 
fever in humans, but the reservoir hosts are unknown.48

Hendra virus infection Virus •  First appeared in Australia in 1994; fatalities in horses and a horse trainer. 
Reappearances in 1995 and 1996; fruit bats appear to be reservoir 
hosts.557 

Nipah virus infection Virus •  First appeared in Malaysia during 1998 to 1999; up to 40 percent case-
fatality rate in people having close contact with sick pigs. Dogs and cats 
also died; fruit bats appear to be the reservoir hosts.48,557

Bovine spongiform encepha-
lopathy (BSE or “mad cow 
disease”)

Prion •  Documented in the United Kingdom in 1985 as a fatal disease of cattle; 
several species of zoo animals and cats died in 1990s following con-
sumption of food containing material from infected cattle. First human 
case documented in 1995.48
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are increasingly being expressed as emerging diseases.31 
Those capabilities also have converted challenges for 
pathogen survival posed by antibiotics into opportunities 
for the emergence of antibiotic-resistant bacteria. Human 
actions that have resulted in the ubiquity of antimicrobials 
in the environment have been instrumental in facilitating 
the resulting evolutionary lessons that continue to occur on 
microbial adaptation and the power of natural selection in 
species with the population dynamics and genetic capabili-
ties of microbes.5,25,31

The ability of pathogens to cross species boundaries is 
another important biological aspect of disease emergence. 

Free-ranging wildlife populations and humans have been 
victimized by such events.307 Notable examples of pathogens 
crossing species boundaries include diseases in humans 
caused by viruses, rickettsia and other bacteria (Table 2.21), 
and parasites. The factors that influence the ability of each 
infectious agent to effectively cross the species barriers are 
poorly understood. However, human actions can create oppor-
tunities for species boundaries to be bridged.48 In essence, 
humans set the table at which microbes and parasites feed. 

Table 2.21.  Examples of emerging and reemerging infectious diseases of humans that have crossed species barriers—
Continued.

Disease Type Comments

Monkeypox Virus •  First identified in 1970 in the Democratic Republic of the Congo (DRC); 
probably existed before but it was confused with smallpox. Only 14 cases 
in DRC from 1987 to 1992, none from 1993 to 1995; major resurgence 
of human cases since 1996 (more than 500).558 The disease appeared in 
North America for the first time in 2003.

Hantaviruses Virus •  Initial US event in 1993 among Native Americans in the Southwest. Deer 
mouse is the natural host and reservoir for the virus, which is shed in 
their urine and feces. Human infection is often fatal.559,560

Ehrlichiosis Rickettsia •  Human monocytic ehrlichiosis (HME) first identified in USA in 1986, 
mainly occurs in southwestern and south central USA. Tick transmitted. 
White-tailed deer are primary definitive hosts for tick vectors.561

•  Human granulocytic ehrlichiosis (HGE) first identified in USA in 1995, 
mainly occurs in Northeast and northern Midwest. Tick transmitted. White-
footed mouse is primary reservoir host.

•  White-tailed deer may be an important reservoir host for Ehrlichia ewingii, 
one of the several causative agents of ehrlichiosis.562

Leptospirosis Bacteria •  Contaminated recreational waters becoming an increasing source  
for human infections. Reservioir hosts range from rodents to large mam-
mals to marine species, wild and domestic.48

Babesiosis Parasite •  Distinct species first observed in Eastern and Western USA in 1968; 
more than 200 cases in eastern USA since 1982 where white-footed 
mouse is primary reservoir host and white-tailed deer the definitive host 
for the tick vectors; blood transfusions also can transmit  
disease.563

•  The western species (WAI-type Babesia) reappeared during the early 
1990s; isolates from human cases from California are indistinguishable 
from those from mule deer and suggest large ungulates as the primary 
reservoir hosts.563

Tuberculosis Bacteria •  Avian and fish strains (Mycobacterium avium and M. marinum) of the 
tuberculosis complex are generally of low virulence for humans, however, 
these strains can cause mortality in people with AIDS.277
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The Human Factor
In 1992, the Institute of Medicine published an insight-

ful evaluation of disease emergence titled, “Emerging Infec-
tions: Microbial Threats to Health in the United States.”4 That 
evaluation addressed the primary factors driving infectious 
disease emergence. Human actions clearly are an important 
component in each of the six primary factors identified. To a 
large extent, these same factors apply to disease emergence 
in wildlife populations. Understanding and addressing this 
interconnectivity is important in combating zoonotic diseases 
and for minimizing the potential for the emergence of these 
types of diseases. 

Human Demographics and Behavior

Population growth, density, and distribution have changed 
significantly in a manner that facilitates the transmission and 
maintenance of infectious disease within human populations. 
Worldwide, less than 1.7 percent of people lived in urban 
communities in 1800 compared to more than one-third by 
1970 and one-half by 2000. This shift in demographics is also 
accompanied by increased population density in urban com-
munities because of population growth; 225 cities reached 
population levels of over 1 million in 1985, and 445 cities 
reached that level by 2000. Twenty-five cities have popula-
tions exceeding 11 million people. Often, the infrastructure 
and economy of these large urban areas is insufficient to 
provide adequate living space, sanitation, and clean water for 
many of the inhabitants. Associated conditions of overcrowd-
ing, poor sanitation, and degraded environmental conditions 
facilitate the emergence of various pathogens and disease 
vectors such as mosquitoes. These factors have facilitated 
the emergence of dengue fever in the Americas.4 

A somewhat analogous situation exists for North Ameri-
can waterfowl populations. The millions of ducks, geese, and 
swans that constitute this biological resource are typically 
migratory and gregarious species. Population maintenance is 
accomplished through annual cycles that involve breeding in 
northern areas followed by seasonal movements along general 
geographic corridors (referred to as “flyways”) to winter-
ing areas and then back to the breeding areas. The greatest 
numbers of waterfowl are found in the Pacific Flyway, where 
millions of these birds begin to move southward each fall. 
Historically, there was an abundance of wetlands available 
to provide for resting, feeding, and wintering areas along 
this annual journey. However, between the 1780s and the 
mid-1980s, 22 of the conterminous 48 states within the USA 
drained, filled, or otherwise destroyed more than 50 percent 
of their wetlands. California leads the nation with a loss of 91 
percent of its historic wetlands.308 The significant degradation 
of an additional 4 percent of the remaining wetlands results in 
an effective loss of 95 percent of the historic habitat base for 
migratory birds dependent on wetlands. More than one-half 
of the 7 million waterfowl wintering in the Pacific Flyway 
depended on California wetlands during 2000.309 

Wetland loss has resulted in dense aggregations of water-
fowl on the remaining habitat for prolonged periods of time 
(Fig. 2.38). Fecal contamination from these birds is extensive 
and degrades the water quality of their habitat.310 These situ-
ations facilitate the transmission of infectious agents shed 
in the feces. Waterfowl also can be exposed to infectious 
agents present in wastewater that has not been adequately 
treated. Birds make heavy use of sewage lagoons and other 
wastewater sites as feeding and loafing areas. In addition, 
historic migratory patterns have been altered to the extent 
that Canada geese and some other species have established 
nonmigratory urban/suburban populations that make continu-
ous use of the same water bodies (Fig. 2.39). These altered 
environmental conditions have substantially contributed to 
the unprecedented occurrence of infectious disease as a major 
mortality factor in migratory birds. Prior to the 1970s, infec-
tious disease was infrequently observed among free-ranging 
waterfowl populations and seldom accounted for large-scale 
epizootics, such as those that now commonly kill thousands 
to tens of thousands of birds per event.8

Figure 2.39  Wild waterfowl are becoming increasingly 
urbanized.
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Figure 2.38  Waterfowl often gather in dense groups.
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Figure 2.40  Pre-exposure to chemical agents increases 
susceptibility of mallard ducklings to duck virus hepatitis (DVH). 
Darker shades reflect higher dosage of agent.

Figure 2.41  “Cheesy” plaques and fungal growth in the lungs 
and air sacs of a bird with aspergillosis.

Immunosuppression is another factor that influences the 
occurrence of infectious disease in humans.4 For waterfowl, 
malnutrition associated with altered diets and the potential 
immunological effects of pesticide exposure threaten their 
populations. Replacement of wetlands with large-scale agri-
culture has resulted in a shift to cereal grains as a primary 
food source for some waterfowl species. These high-energy 
foods do not meet the full dietary requirements for waterfowl 
and this inadequacy can increase susceptibility to disease 
agents. A classic situation is lead poisoning. The toxic effects 
of ingested lead shot are increased in birds feeding on corn 
rather than natural foods.311 

Exposure to pesticides by waterfowl and other wildlife is 
well documented and often postulated to be an interactive 
factor with microbes that enhances wildlife susceptibility 
to mortality. The potential for such occurrences have been 
demonstrated experimentally by using a duck virus hepatitis-
mallard duck model (Fig. 2.40).312–316 Concurrent disease is 
another condition that occurs in wildlife as well as humans. 
Aspergillosis (Aspergillus fumigatus) is a common cause of 
death in Canada geese and swans (Fig. 2.41) that have been 
incapacitated by lead poisoning.317

Technology and Industry

Modern medicine, food processing and handling, and 
water treatment are primary components contributing to 
disease emergence in humans as a result of technology and 
industry. Nosocomial (hospital acquired) infections are a 
major “side effect” of modern medicine that results in an 
estimated 2 million cases and 20,000 deaths annually in the 
USA.4 Antibiotic resistance is a major part of this problem. 
Technological changes in agriculture, food processing, and 
food handling to provide greater yields, operational effi-

ciencies, and other benefits have also had emerging disease 
“side-effects.” Feedlots, large-scale poultry operations, and 
the growth of aquaculture have all provided new environ-
mental opportunities for human pathogens. Hamburger 
and Escherichia coli infections and poultry and Salmonella 
enteritidis are examples of disease emergence associated 
with the food industry.4

Wildlife Rehabilitation—Public values associated with 
the well-being of wildlife have resulted in a large number of 
independent, largely private sector, wildlife rescue and reha-
bilitation programs where oiled, injured, and other afflicted 
wildlife are brought for treatment. Wildlife with infectious 
disease are commonly among the animals submitted. The 
opportunity for wildlife to acquire “nosocomial infections” 
in these facilities is substantial because of the physical 
limitations and other inadequacies often present relative to 
disease containment. The return of infected, but clinically 
inapparent wildlife, to nature may be a source for disease 
introductions and epizootics.

Antibiotic Resistance—The role of wildlife as contributors 
to the development of antibiotic-resistant pathogens has not 
been seriously explored and questions remain. Wildlife are 
exposed to antibiotic use in wildlife rehabilitation programs 
and in nature. Antibiotics enter waters that are feeding areas 
for wildlife and also may be present in poultry and other 
domestic animal wastes spread on fields where wildlife 
feed. Some species of birds actively feed on materials pres-
ent in fresh feces of cattle and some feed among livestock 
in feedlot operations (Fig. 2.42). Therefore, considerable 
opportunity exists for some species of wildlife to become 
exposed to antibiotics. These same wildlife may be involved 
in the maintenance and transmission of disease agents that 
affect domestic animals and humans. The effects of antibiotic 
exposures of wildlife on the pathogenicity of the myriad of 
microbes and parasites that wildlife share with other species 
are unknown.
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mental beginning into major businesses.79 Shrimp aquaculture 
grew by 430 percent between 1985 to 1994 and a high rate 
of growth continues.80 This growth has been accompanied 
by recognition of a host of previously unknown infectious 
disease agents.79 Fortunately, for human health, few of these 
pathogens are zoonoses; however, their emergence commonly 
impacts wild stocks of the same or similar species. Ecological 
damage resulting from these diseases can be substantial with 
staggering economic losses.79

Farming of the Chinese or soft-shelled turtle has also 
developed rapidly in recent years and has been accompanied 
by an increasing number of diseases. A new iridovirus with 
the proposed name of soft-shelled turtle iridovirus was found 
to be the cause of an epizootic of “red neck disease” on a 
turtle farm in China.321

Economic Development and Land Use

Changes in land use commonly are associated with settle-
ment of wild lands or economic development activities. The 
resulting landscape changes alter the habitat base for verte-
brates and invertebrates as well as species interactions. For 
example, the geographic prevalence of tularemia within the 
USA has shifted greatly during recent decades, in part due to 
landscape changes that have altered the habitat base for the 
mammalian hosts and tick vectors for this disease.

Dam building and reforestation provide examples of 
landscape changes resulting in the emergence of diseases 
impacting humans. Mosquito-borne Rift Valley fever (RVF) is 
primarily a disease of sheep and cattle. This disease had only 
been known to occur in Africa south of the Sahara. In 1977, 
following the completion of the Aswan Dam, RVF caused an 
estimated 200,000 human cases of clinical illness and nearly 
600 deaths in Egypt. In 1987, following the completion of 
the Diama Dam, RVF caused more than 1,200 cases of severe 

Aquaculture and Disease Emergence—Aquaculture has 
become an increasing source of the human foodbase because 
of shifting dietary preferences and the inability of natural 
stocks of finfish and shellfish to supply the needs of the 
growing human population. In the USA there is large-vol-
ume fish consumption, with prices, in some cases, exceeding 
those for beef, even for species that a half-century ago were 
considered “trash fish” eaten only by those of low economic 
status. The growth of aquaculture as a greater component of 
world food supplies has been stimulated by increased product 
value, allowing enhanced investments by that industry. These 
investments lead to technological advances providing an 
increasing array of shellfish and finfish at marketable volumes 
that provide adequate economic returns to stimulate further 
production. Aquaculture contributes up to 15 percent of the 
seafood utilized in the USA251 and supplies one-third of the 
seafood consumed worldwide.318

The continued growth of the aquaculture industry is 
expected, as are emerging diseases as a component of this 
form of agriculture.251 For example, in 1987 several hundred 
persons in the Montreal area of Quebec, Canada, became 
ill and several died from eating cultured blue mussels. 
This malady was termed “neurovisceral toxic syndrome” 
and was found to be a domoic acid toxin associated with 
the pennate diatom Nitzschia pungens. That event was the 
first recognized occurrence of this shellfish-induced toxic 
syndrome.319,320

The most significant diseases of mollusks in cultured and 
wild stocks have been linked to the introduction and trans-
fer of infectious agents. During recent years, many disease 
problems in these species appear to be related to changing 
culture techniques and the diversification of species under 
culture.81 Similarly, in less than 30 years, the penaeid shrimp 
culture industries of the world have grown from an experi-

Figure 2.42  (A) Wild birds, such as sandhill cranes, often feed among cattle. (B) Wild birds also congregate near cattle feedlots, 
may feed among the cattle, or feed in adjacent habitat receiving waste runoff from the feedlot.
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Figure 2.43  Sandhill crane that died 
from eating peanuts contaminated with 
mycotoxins. 
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illness and nearly 250 deaths in the Senegal River Basin. 
Sheep and cattle were also affected during both events. In 
both situations, dam building contributed to the emergence 
of RVF by providing breeding habitat for the mosquitoes that 
transmit this disease.4

Lyme disease (Borrelia burgdorferi) is transmitted by 
several species of Ixodes ticks. In the Midwestern and Eastern 
USA, the white-footed mouse is the reservoir host for the 
causative bacterium and white-tailed deer are definitive hosts 
for the tick vectors. Early development in areas east of the 
Mississippi River resulted in extensive deforestation and the 
demise of deer due to the loss of their woodland and forest 
habitat. Changes in land use that followed the movement of 
much of agriculture westward, resulted in dramatic reforesta-
tion that exceeds the forest cover at the time of settlement. 
Changes in lifestyles have resulted in the development of 
suburban communities within these reforested areas. High 
deer and mouse populations have accompanied the refores-
tation. The close proximity of human hosts (living in those 
reforested areas) to the ticks that transmit Lyme disease add 
to this problem. Lyme disease has become the most common 
vector-borne disease in the USA and it has been reported 
in all 50 states.4

Disease emergence impacting free-ranging wildlife popu-
lations has also occurred from economic development and 
land use. Agriculture practices have directly contributed to 
disease emergence in wildlife as a result of cropping patterns 
and the replacement of natural foods with grain as a primary 
wildlife foodbase. Agricultural crop-related diseases of wild 
birds include aflatoxicosis,322 castor bean poisoning,323 and 
enterotoxemia due to Clostridium perfringens.324 A wintering 
area for sandhill cranes in the Texas/Oklahoma panhandles of 
the USA was developed for peanut farming, which resulted 
in the emergence of mycotoxicosis as a cause of mortality for 
these birds. The climate of that area is conducive to freeze-
thaw cycles, a condition required for growth of the causative 
fungi and production of toxin. Waste peanuts left from harvest 
provide the growth medium for the fungi and cranes then eat 
the toxic peanuts (Fig. 2.43). Approximately 10,000 sandhill 
cranes died during the initial epizootics.325

The development of livestock and poultry operations has 
provided various interfaces that have facilitated the trans-
fer and emergence of infectious diseases of commercially 
raised animals into free-ranging wildlife populations. Avian 
cholera (Pasteurella multocida) in wild birds and brucellosis 
(Brucella abortus) in bison and elk are only two of many 
diseases that can be cited. Aquaculture has provided a host of 
diseases from finfish and shellfish culture that have emerged 
in wild populations of these species, such as whirling diseases 
(Myxobolus cerebralis) in rainbow trout and Taura syndrome 
virus in shrimp. 

Agriculture also affects wetland water quality. Nutrient 
loading from fertilizer residuals contributes to eutrophica-
tion that results in algal blooms, some of which have been 

associated with wildlife toxicity.62,326–328 Water quality is 
closely associated with the increased geographic distribution 
of type C avian botulism (Clostridium botulinum) within the 
USA and globally.329,330 Wastewater treatment ponds, storm-
water runoff into wetlands, and wastewater discharges from 
the processing of agricultural commodities have all been 
associated with avian botulism epizootics. 

International Travel and Commerce

The emergence of infectious disease as a “by-product” of 
the movement of people and goods from one region to another 
is well documented throughout human history. The introduc-
tion of smallpox into the New World and syphilis into the 
Old World are classic diseases associated with human travel. 
The movement of infected animals and arthropod vectors of 
disease into new regions has occurred through commerce, 
often as hitchhikers present in the transport vessels.4 For 
example, introduction of the Asian tiger mosquito into the 
USA occurred in used tires, rats infected with disease have 
entered various ports from ships that began their voyages in 
other parts of the world, and the discharge of ballast water 
is thought to be the source of the cholera (Vibrio cholerae) 
outbreak in the Americas that began in 1991. Also, the speed 
of modern transportation facilitates the movement of diseases 
between continents by travelers who are incubating serious 
infections, such as SARS. Contacts with people along the 
way at the time when infected individuals are shedding 
disease agents further enhance the potential for disease 
distribution.301

Wildlife also are moved regionally and internationally 
by human actions. The raccoon rabies epizootic of the 
eastern USA is the result of a translocation of raccoons for 
sporting purposes.537 Inclusion body disease of cranes was 
likely brought into the USA in zoological collections or in 
cranes needed for captive breeding programs. Diseases of 
finfish and shellfish have been moved between continents 
in founder stocks for aquaculture and by trade in aquarium 
fish. Bovine tuberculosis and malignant catarrhal fever have 
jeopardized captive-breeding populations of endangered spe-
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factor.4 A recent vivid example is the devastating diphtheria 
epidemic that occurred in Russia following the breakdown 
of the Soviet Union and its transition to other forms of 
government. When the epidemic began in 1990, reported 
diphtheria (Corynebacterium diphtheriae) cases increased 
from 603 in 1989 to 47,802 in 1994 causing 746 deaths that 
year.333 More than 80,000 people were infected and more 
than 2,000 died by early 1995.332 In addition, several major 
outbreaks of tularemia have occurred in postwar Bosnia and 
other nearby areas associated with that conflict. Contamina-
tion of water supplies by diseased animals is thought to be 
the source for those events.331 The 1993 cryptosporidiosis 
outbreak in Milwaukee, Wisconsin, USA due to failure of 
water treatment, resulted in 403,000 human cases of this 
emerging disease.247,336

Unlike human and domestic animal health, there is no 
comparable infrastructure for wildlife health. Short-term 
crisis response is the general action the wildlife conservation 
community takes. As a result, infectious diseases may be able 
to establish a foundation for their perpetuation before they 
become recognized as emerging infections. During recent 
decades, several multidimensional programs devoted to 
addressing disease in free-ranging wildlife populations have 
been developed within government agencies and the university 
community (Table 2.22). These programs complement other 
programs within wildlife conservation agencies that respond at 
various levels to wildlife health issues. While these programs 
have continually demonstrated their value, they remain few 
in number, small in size, and isolated from the much larger 
programs developed to address infectious diseases in humans 
and domestic animals. To help combat wildlife disease, there 
is a need to enhance infrastructure and wildlife programs 
to provide essential information on wildlife diseases. The 
need for enhanced coordination and integration of efforts 
is evident from the high percentage of zoonoses that are of 
wildlife origin and the increasing interface between humans 
and other species that will continue to occur as a result of 
human population growth and associated landscape changes. 

Milton Friend

cies of wild ruminants following the international movement 
of infected animals into those breeding populations. Other 
disease introductions and the emergence of novel diseases 
for captive and free-ranging wildlife populations also have 
occurred by this means.

Microbial Adaptation and Change

The adaptation of microbes to their environment is highly 
complex, involving such components as natural variation or 
mutation by microbes (e.g., influenza A virus), and selec-
tive pressure and the development of resistance in known 
infectious agents (e.g., multidrug-resistant tuberculosis); and 
microbes acting as cofactors in chronic disease (e.g., Chla-
mydia pneumoniae and atherosclerosis).4 It is reasonable to 
assume that similar adaptations are occurring within wildlife 
populations. Examples have been cited within this chapter 
of classic pathogens (e.g., canine distemper virus emerging 
as a cause of disease in new hosts, such as lions and marine 
mammals). Historic diseases such as rabies are now known 
to have strain variants that are adapted to specific groups of 
animals. Continual opportunities for adaptation are provided 
to microbes by the plethora of introductions of exotic spe-
cies of vertebrates and invertebrates associated with human 
induced landscape changes and other actions. New species 
interactions including the potential for transfer of microbes 
and parasites between naive hosts and the involvement of new 
arthropod vectors are potential outcomes from these introduc-
tions. Human engineered, newly created major ecosystems 
appear within short time frames around the globe as a result 
of dams, deforestation, and urban development. In addition, 
alteration of the gene pool for some vertebrate species as 
a result of large-scale releases of captive-reared animals is 
another potential opportunity for microbes to exploit.

Breakdown of Public Health Measures

The reappearance of diseases such as cholera (Vibrio 
cholerae) due to inadequate sanitation, measles due to 
complacency towards immunization, and a host of other 
diseases associated with the conditions of war and postwar 
periods are components of the public health infrastructure 
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Table 2.22.  Major North American wildlife disease programs (free-ranging wildlife).a

Program Type Comments

Canadian Cooperative 
Wildlife Health Center

Cooperative •  Four regional programs operate out of the Schools of Veterinary Medicine, 
University of Prince Edward Island; University of Guelph; Université de 
Montréal; and University of Saskatchewan.

•  Program support and interfaces with Environment Canada (federal), 
Provincial and Territorial wildlife departments, other government agencies, 
and private sector organizations.

•  Conduct laboratory and field investigations to determine causes of wildlife 
mortality; research to resolve the ecology of various diseases; public  
outreach and education; and train students.

National Wildlife 
Health Center

Federal •  Federally funded science program of the U.S. Geological Survey; head-
quarters in Madison, Wisconsin, with a field station in Honolulu, Hawaii.

•  Government owned and operated site with biosecurity level-3 facilities for 
both laboratory and live animal investigations.

•  Conduct laboratory and field investigations to determine causes of wildlife 
mortality; research to resolve the ecology of various diseases; public 
outreach and education; and train students.

Northeastern Research 
Center for Wildlife  
Diseases

Cooperative •  Established within the Department of Pathobiology, University of  
Connecticut, Storrs, Connecticut.

•  Program support provided by numerous sources, including member state 
wildlife agencies.

•  Conduct laboratory and field investigations to determine causes of wildlife 
mortality; research to resolve the ecology of various diseases; public  
outreach and education; and train students.

Southeastern Cooperative 
Wildlife Disease Study

Cooperative •  Established within the School of Veterinary Medicine, University of  
Georgia, Athens, Georgia.

•  Program support provided by numerous sources, including southern and 
eastern member state wildlife agencies.

•  Conduct laboratory and field investigations to determine causes of wildlife 
mortality; research to resolve the ecology of various diseases; public  
outreach and education; and train students.

 aDoes not include programs devoted solely to fish disease or small scale wildlife disease programs such as those carried out by a 
number of state wildlife agencies.
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