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Abstract There is a widespread consensus that the earth
is experiencing a mass extinction event and at the
forefront are amphibians, the most threatened of all
vertebrate taxa. A recent assessment found that nearly
one-third (32%, 1,856 species) of the world’s amphibian
species are threatened. Amphibians have existed on the
earth for over 300 million years, yet in just the last two
decades there have been an alarming number of extinc-
tions, nearly 168 species are believed to have gone ex-
tinct and at least 2,469 (43%) more have populations
that are declining. Infectious diseases have been recog-
nized as one major cause of worldwide amphibian
population declines. This could be the result of the
appearance of novel pathogens, or it could be that
exposure to environmental stressors is increasing the
susceptibility of amphibians to opportunistic pathogens.
Here I review the potential effects of stressors on disease
susceptibility in amphibians and relate this to disease
emergence in human and other wildlife populations. 1
will present a series of case studies that illustrate the role
of stress in disease outbreaks that have resulted in
amphibian declines. First, I will examine how elevated
sea-surface temperatures in the tropical Pacific since the
mid-1970s have affected climate over much of the world
and could be setting the stage for pathogen-mediated
amphibian declines in many regions. Finally, I will dis-
cuss how the apparently rapid increase in the prevalence
of amphibian limb deformities is linked to the synergistic
effects of trematode infection and exposure to chemical
contaminants.
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Introduction

What does the global decline in amphibians have to do
with disease outbreaks in human populations and other
species of wildlife? In the past two decades at least 20
major human diseases have reemerged in novel, more
virulent forms (Epstein 1999). Worldwide, scientists
have discovered at least 30 previously unknown human
diseases, such as Ebola, AIDS, and SARS (Fauci 2001;
Weinhold 2004). Moreover, the last decade has seen a
number of epidemics that have caused large-scale
declines in several wildlife species (Dobson and Carper
1993; Daszak et al. 2000). These changes have occurred
in synchrony with the global decline of amphibian spe-
cies (Blaustein and Kiesecker 2002; Collins and Storfer
2003; Semlitsch 2003). The global loss of amphibian
populations was first recognized in 1989 as a phenome-
non that deserved world-wide attention (Blaustein and
Wake 1990; Blaustein et al. 1994). To date, approxi-
mately 168 species of frogs and salamanders are severely
threatened or have gone extinct (GAA 2004). Included
with many of these declines are reports of massive
mortality associated with pathogenic infection and an
increased incidence of developmental malformations
(Daszak et al. 2001; Blaustein and Kiesecker 2002). In
some populations, more than 80% of the individuals
exhibit severe deformities, including extra or missing
limbs (Ankley et al. 2002; Johnson et al. 2001, 2002;
Johnson and Sutherland 2003; see also Hayes et al.
2002a, 2002b, 2003). The widespread nature of the de-
clines and the apparent increase in the prevalence of
deformities has lead to substantial interest from scien-
tists and the general public.

How is the global decline of amphibians related to
increased disease prevalence in human and wildlife
populations? As human populations have grown, the
world has dramatically changed. Between one-third and
one-half of Earth’s land surface has been altered by
human action (Vitousek et al. 1997). The concentration
of carbon dioxide in the atmosphere has increased by
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approximately 30% since the late 1800s. Human actions
result in the fixation of more nitrogen than all natural
terrestrial sources and over half of accessible surface
freshwater is utilized by human actions (Vitousek et al.
1997). 1 suggest that these changes have created an
environment that fosters emergence of infectious dis-
eases for both wildlife and human populations (Fig. 1).

Emerging diseases are those that have increased in
incidence, pathogenicity, geographic range, have shifted
hosts or recently evolved new strains (Daszak et al.
2000). Emerging infectious diseases fall into two over-
arching categories. The first category includes parasitic
organisms that have invaded into new populations.
These diseases are characterized by an explosive spread
through the naive host population after the introduction
of the novel pathogen. The second category includes
outbreaks where the parasite is native to a particular
host and geographic range but is spreading because
some external factor either promotes transmission be-
tween hosts or decreases a host’s response to infection.

Amphibians as bioindicators of environmental health

Concern about amphibians is in large part due to their
value as indicators of environmental health (Blaustein
and Kiesecker 2002; Storfer 2003; Kiesecker et al. 2004).
Relative to other vertebrates, amphibians have unpro-
tected permeable skin, lacking scales or hair (Blaustein
and Bancroft 2007; Han et al. 2008). Their embryos
develop without the benefit of shells and thus are directly
exposed to environmental conditions. Their complex
lifecycles expose them to both aquatic and terrestrial
hazards. These characteristics make them particularly
sensitive to changes in environmental conditions. The
widespread nature of the disease-mediated declines and
the increase in deformities could be a warning of envi-
ronmental degradation (Lannoo 2008). Understanding
the factors that drive increased incidence of infectious
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Fig. 1 Relationship of habitat alteration often associated with
increased human development that may alter disease dynamics

disease in amphibian populations is central to under-
standing increased disease prevalence in human and
wildlife populations because the majority of emerging
diseases are linked to human-induced environmental
change (Daszak et al. 2001; Kiesecker et al. 2004).
Moreover, wildlife populations have long been consid-
ered an important link to pathogen emergence, as they
serve as reservoirs for zoonotic diseases (pathogens
transmissible between humans and animals). Many of
the emerging infectious agents of humans are zoonotic
diseases (Daszak et al. 2000). Thus, increased pathogenic
infection in wildlife populations could translate into in-
creased risk of human infection. Here I consider a few
cases of amphibian mortality and deformity that have
been associated with increased pathogenic infection to
demonstrate that the global decline in amphibians is
related to a larger phenomena associated with increased
disease prevalence in human and wildlife populations. 1
will examine cases of decline that fall under the two
broad classes of emerging infectious disease, environ-
mental stress and introduced pathogens, to illustrate the
similarity of mechanisms that have promoted disease
outbreaks.

Important amphibian pathogens

Although little is known about the effects of pathogens
on wild amphibians, there are a number of studies
showing that they may be significant contributors to
declining amphibian populations. A variety of patho-
gens may affect wild amphibian populations. These in-
clude viruses, bacteria, trematode parasites, protozoans,
oomycetes, and fungi. These pathogens can be the
proximate causes of mortality or they can cause suble-
thal damage such as severe developmental and physio-
logical deformities.

Three pathogens have received a great deal of atten-
tion recently with regard to amphibian population de-
clines and deformities; a chytridomycete fungus,
Batrachochytrium dendrobatidis, hereafter referred to as
BD (Berger et al. 1998), a fungal-like oomycete, Sapro-
legnia ferax, hereafter SF (Kiesecker and Blaustein 1995;
Kiesecker and Blaustein 1997a; Kiesecker et al. 2001a)
and a digenetic trematode, Ribeiroia ondatrae, hereafter
RO (Johnson et al. 2002). I recognize that numerous
pathogens are associated with the amphibian decline/
deformities phenomena (see for example Di Rosa et al.
2007; Greer and Collins 2007; Duffus et al. 2008) but
here I focus on these three pathogens because of the
wealth of studies examining the role of environmental
change in their emergence. BD is found in several areas
where population declines have occurred and is fatal to
frogs under certain experimental conditions (Berger
et al. 1998; Lips et al. 2003; Ron et al. 2003). Saprolegnia
has long been known to affect amphibian embryos, and
larvae and SF has been associated with massive embryo
mortality in the Cascade Mountains of Oregon, USA.
Recent experimental evidence suggests that SF may



affect amphibians in several ways and its infection rate
and virulence depend upon a number of factors
(Kiesecker and Blaustein 1995; Kiesecker et al. 2001a,
2001b). The presence of trematode parasite, RO has
been associated with the occurrence of limb deformities
at natural breeding sites. Experimental studies have
shown that tadpoles exposed to larval RO develop limb
deformities similar to those seen at natural breeding sites
(Blaustein and Johnson 2003). Below I examine the
context-dependent nature of these host—pathogen inter-
actions and compare these with representative disease
outbreaks in other wildlife species and human popula-
tions.

Environmental stress and increased disease prevalence

It has long been known that environmental stressors can
increase host susceptibility to disease (Daszak et al. 2001;
Lafferty and Holt 2003). A number of environmental
stressors (i.e., habitat modification, UV-B radiation, cli-
mate change, pesticides) have been correlated with disease
outbreak in amphibian populations as well as other
wildlife and human populations. In this section, I will
review some examples of environmental changes that af-
fect infection risk for amphibians and relate this to similar
outbreaks in other wildlife and human populations.

Global climate change and increased disease prevalence

Anthropogenic global climate change is likely to cause
changes in the geographic range and incidence of many
infectious diseases (Nicholls 1993; Dobson and Carper
1993; Reeves et al. 1994; Patz et al. 1996). Of particular
concern is the rapid warming that has occurred of the
latter half of the last century (Houghton et al. 2001). In
the last century, surface temperatures have risen an
average of 0.5°C, with concurrent changes in precipita-
tion patterns and an increase in the frequency and severity
of extreme weather events. In particular is the El Nifio-
Southern Oscillation (ENSO) phenomenon that results
from air—sea interactions in the Tropical Pacific that im-
pacts weather patterns over the entire globe (Timmer-
mann et al. 1999). El Nifio events refer to the replacement
of normally cold nutrient-rich water over most of the
equatorial Pacific Ocean with warm nutrient-deficient
surface water every 2—7 years. La Nifia, the opposite of El
Nino, refers extreme cold water over the equatorial
Pacific Ocean. In 1976, a large change in sea-surface
temperatures in the South Pacific resulted in an increase
in the frequency, duration, and intensity of ENSO events
(Timmermann et al. 1999). Because ENSO events affect
temperature and moisture patterns over land, amphibians
and other organisms are likely to be effected.

In the Pacific Northwest of the United States, massive
amphibian embryo mortality is associated with the
presence of the oomycete pathogen, SF (Kiesecker and
Blaustein 1997a). SF outbreaks have been linked to in-
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creased UV-B radiation (Kiesecker and Blaustein 1995).
Attempts to link these disease outbreaks with environ-
mental change have often postulated that these patterns
are connected to ozone depletion. However, in some
cases, climate change can be more effective than
stratospheric ozone depletion in increasing the exposure
of aquatic organisms to biologically effective UV-B
radiation (Yan et al. 1996; Kiesecker et al. 2001a).

Amphibians, particularly those that breed in shallow
montane lakes and ponds, may be quite susceptible to
climate-induced changes in UV-B exposure (Blaustein
et al. 1998; Blaustein and Belden 2003; Han et al. 2008).
Amphibian embryos developing in montane lakes and
ponds are often exposed to direct sunlight, yet the
overlying water column may attenuate UV-B radiation.
Where precipitation is reduced, however, associated
reduction in water depth at oviposition sites may en-
hance UV-B exposure (Yan et al. 1996). In the Pacific
Northwest of the United States, where SF outbreaks
have occurred, precipitation patterns are closely tied to
ENSO cycles (Redmond and Koch. 1991). For the Pa-
cific Northwest El Nifio events result in a decrease in
winter precipitation. Hence, the increase in frequency
and magnitude of El Nifio events following the step-like
warming of the tropical Pacific may have raised the
incidence and severity of SF outbreaks by increasing the
extent to which embryos are exposed to sunlight in
shallow water (Kiesecker et al. 2001a).

To test this hypothesis, we (Kiesecker et al. 2001a)
examined the relationship between pathogen-mediated
embryo mortality and climate by quantifying mortality
in relation to water depth at natural oviposition sites in
the context of interannual variation in precipitation and
the Southern Oscillation Index (SOI). We used experi-
mentation and observation to examine how mortality
associated with SF infections at natural oviposition sites
is related to the water depth in which embryos develop,
how water depth at an oviposition sites is a function of
variability in precipitation associated with ENSO cycles,
and how outbreaks of SF infection observed in shallow
waters is mediated by exposure to UV-B radiation.

Observations of embryonic mortality patterns were
consistent with the hypothesis that climate-induced wa-
ter depth fluctuations influence the exposure of devel-
oping embryos to UV-B radiation. The percentage of
mortality associated with SF infection was dependent on
the water depth in which embryos developed. More than
50% of the western toad embryos that developed in
relatively shallow water (<20 cm) consistently devel-
oped SF infections (Fig. 2). However, when eggs devel-
oped in water >45 cm, SF associated mortality was
never more than 19%. Water depth at oviposition sites
was in turn related to the amount of winter precipita-
tion. The amount of winter precipitation in Oregon’s
North Cascades Mountains during 1990-1999 was itself
a function of the ENSO. Results from field experiments
suggest that variation in water level influenced SF-
associated mortality patterns through exposure to UV-B
radiation (Fig. 2).
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Fig. 2 Translation of global-scale climatic change into local-scale
infection patterns of developing amphibian embryos in the Cascade
Mountains, USA (summarized from Kiesecker et al. 2001a)

These findings support the hypothesis that climate-
induced fluctuations in water depth have caused
unusually high mortality of embryos by influencing their
exposure to UV-B radiation and consequently their
vulnerability to SF infections. Because the survival of
amphibians is closely tied to water availability, climate
changes that alter hydrology may set the stage for sim-
ilar mortality events that are believed to contribute to
other disease-mediated population declines. These re-
sults are concordant with other studies that point to
Pacific warming over recent decades as a common
denominator for amphibian declines. The local mani-
festations of large-scale climate change, as well as their
effects on living systems, are varied (Epstein 1999;
Pounds 2001). Thus, the manner in which global climate
change ultimately contributes to amphibian declines will
likely differ among environments and species.

This pattern is mirrored in the amphibian declines in
the Monteverde Cloud Forest of Costa Rica, one of the
most notable cases of amphibian decline (Pounds and
Crump 1994). In 1999, Pounds et al. (1999) reported
massive population declines in approximately 40 species
of amphibian, including the apparent extinction of the
Golden Toad, Bufo periglenes. They suggested that the
declines were linked to climatic warming. Their evidence
indicated that increased numbers of dry days and longer

dry periods were caused by a climate change-mediated
rise in the altitude at which cloud formation occurred,
thus, impacting moisture inputs for this cloud forest.
Pounds hypothesized that as drying intensified, stressful
conditions may have made individuals more susceptible
to infection. As the environment dried, amphibian den-
sity increased in moist areas, which facilitated trans-
mission rates of a waterborne pathogen. Occurring in
synchrony with the decline in Monteverde are the de-
clines in harlequin frogs (Atelopus spp.) in mountainous
regions of Central and South America where 67% of the
110 species endemic to this region are believed to be
extinct (GAA 2004). The pathogenic chytrid fungus,
BD, has been implicated in these declines (Ron et al.
2003). In 2006, Pounds et al. (2006) offered a mecha-
nistic explanation of how climate change encourages
outbreaks of BD in Central and South America leading
to declines of the Atelopus spp. They present evidence to
suggest that night-time temperatures in these areas are
shifting towards the thermal optimum of BD. In addi-
tion, increased daytime cloudiness prevents frogs from
finding thermal refuges from the pathogen. While
additional studies on disease-mediated amphibian de-
clines support the climate-linked epidemic hypothesis
(Daszak et al. 2005; Alford et al. 2007; Bosch et al.
2007), several have raised issues with the mechanisms
linking the climatic change and disease outbreaks in
Atelopus spp. proposed by Pounds et al. (2006). For
example, Alford et al. (2007) suggest that the declines in
the Australian tropics agree with the climate-linked
epidemic hypothesis, but that the warming trend in
Australia is not consistent with the mechanism proposed
by Pounds et al. (2006). In addition, several studies have
questioned the existence of a link between climatic
change and declines of Arelopus spp. reported by Pounds
et al. (2006), For example, in their reanalysis of the
patterns of Atelopus spp. declines, Lips et al. (2008)
found no evidence to support the hypothesis that climate
change has been driving outbreaks of BD (see also
Kriger 2009). Instead, they propose a spatiotemporal-
spread hypothesis that states the declines are caused by
the introduction and spread of BD exhibiting a charac-
teristic spatiotemporal signature independent of climate.
In a recent rigorous independent assessment of both
hypotheses, Rohr et al. (2008a) examined the link be-
tween climate and spatial structure of the declines. They
demonstrated that there is a spatial structure to the
timing of Atelopus declines but that the cause of this
structure is unclear, emphasizing the need for additional
molecular characterization of BD. They also demon-
strated that the correlation between mean tropical air
temperature and Atelopus declines is robust, but that
evidence of a causal link is weak. Further investigation is
warranted to resolve this issue.

Despite the controversy around the declines of trop-
ical amphibians disease outbreaks associated with cli-
matic change are not limited to amphibian diseases and
underscore the concern regarding the potential influence
of global warming on certain human diseases (Epstein



1999). For example, cholera, a water-borne disease
caused by the bacterium Vibrio cholerae, continues to be
a serious global problem for many human populations
(Colwell 1996). In 1988 there were approximately 50,000
cases of cholera but by 1991 that number increased to
600,000. Moreover, deaths over the same time period
rose from 2,000 to 18,000. Like the SF outbreaks dis-
cussed above, cholera outbreaks are strongly related
with climatic cycles (e.g., ENSO) (Colwell 1996). Cli-
mate change in the Arctic has also altered the life cycle
of the nematode parasites of musk oxen (Kutz et al.
2005). With warmer temperatures, the worms can now
complete their lifecycles in 1 year rather than 2 years,
and their increase in numbers impacts musk oxen sur-
vival and reproduction. Moreover, these climate-in-
duced impacts are not limited to animal populations.
For example, warmer conditions in mountainous re-
gions of the western United States alter the mountain
pine Dbeetle (Dendroctonus ponderosae) life cycle,
increasing the impact they have on pine forests (Allen
and Breshears 1998). Like the chytrid fungus, these
changes are altering the composition of communities
over large geographic scales. These changes could ulti-
mately shift the tree line in these mountainous areas and
potentially increasing runoff and/or flooding.

Human-aided introduction of pathogens

One of the consequences of the human domination of
the earth’s ecosystems is a massive biotic homogeniza-
tion of the earth’s surface. This homogenization is the
result of the breakdown of biogeographic boundaries
that have historically maintained the distinctive flora
and fauna found in different regions of the world
(Mooney and Hobbs 2000). This breakdown is the direct
result of increased global travel and commerce. The
movement of organisms for conservation, agriculture,
and hunting occurs on a global scale, which can result in
the exposure of human and wildlife to exotic infectious
agents. These human-aided introductions, often referred
to as “biological pollution”, have caused the loss of
biodiversity on a global scale.

Chytridiomycosis, the newly discovered fungal dis-
ease of amphibians, which is caused by infection with
BD, has been suggested to be an introduced pathogen.
This pathogen has been associated with mass die-offs of
juvenile and adult frogs from Australia and Central
America as well as from the western US. The pathogen
was first described in 1998 from dead and dying adult
amphibians collected at sites of mass die-offs in Aus-
tralia and Panama (Berger et al. 1998). Signs of infection
include lethargy, abnormal posture, gross lesions, and
hemorrhages in the skin. Its association exclusively with
keratinized tissue suggests that BD uses amphibian
keratin as a nutrient. BD may cause death by both
damaging the epidermis and impairing essential cuta-
neous respiration. The chytrids are a ubiquitous fungi
found in moist soil and aquatic habitats where they act
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primarily as detritivores. Parasitic members of this
group infect plants, protists, and invertebrates, and BD
is the first chytrid known to infect a vertebrate (Berger
et al. 1998).

The patterns of amphibian death and population
declines associated with BD are characteristic of an
introduced virulent pathogen spreading through a naive
host population. Several lines of evidence suggest that
BD is indeed a novel pathogen that has been recently
introduced. In Central America and Australia, the
population declines have been severe, occurring over the
course of a few months with high rates of adult death
(Ron et al. 2003; Lips et al. 2003). Such high mortality
rates are often associated with introduced virulent
pathogens. Genetic variation of BD isolates has also
provided important information regarding the diver-
gence time of isolates found in diverse locals. Evidence
suggests that BD has recently emerged after examination
of DNA sequence data from isolates that have been
associated with mass mortality events (Morehouse et al.
2003). They found a maximum of 5% divergence among
all isolates, which is low for fungi. Moreover, some of
the Australian and Central American isolates are iden-
tical.

While the data discussed above are consistent with
the idea that a novel introduced pathogen is responsible
for the observed mortality, it is not possible at this time
to rule out other factors that may promote outbreaks.
According to the spatiotemporal-spread hypothesis,
declines of highland amphibians in Central America and
Australia are due solely to BD infection (Laurance et al.
1996; Rachowicz et al. 2005). This pathogen is an
obvious threat, but the single-disease model is likely to
be an oversimplification. As previously mentioned,
Pounds and colleagues reported that population declines
in amphibians of the cloud forests of Monteverde Costa
Rica and declines of Atelopus spp. in Central and South
America were related to climatic warming driving dis-
ease outbreaks. These declines have occurred synchro-
nously with declines that have been attributed to BD
infection. While the pathogen involved in the Montev-
erde declines has not been identified, BD is believed to
have been involved. However, some of the mysterious
declines of frog populations in Central America have
been accompanied by synchronous reptile and bird de-
clines (Pounds et al. 1999; Whitfield et al. 2007). The
aquatic-borne BD is unlikely to attack reptiles and birds,
so the explanation is likely to be more complicated.
Although there is considerable evidence to support that
BD is involved in the widespread declines in amphibians,
it remains unclear whether the pathogen is novel
(McCallum 2005). While it is not necessary that the
pathogen be novel for it to be implicated in the declines,
if a preexisting pathogen has only recently caused
extinctions, cofactors must be involved. Examination of
preserved museum specimens suggest that BD is widely
distributed and apparently enzootic in seemingly healthy
amphibians, and in certain areas appears as if infection
may have existed before declines (Ouellet et al. 2005;
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Puschendorf et al. 2006). Further investigation will be
required to resolve this issue.

Several other studies have suggested that the patho-
gens responsible for recent mass mortality events of
amphibians may have been introduced as a result of
human activity (Kiesecker 2003). SF, discussed above, is
a common disease of fishes, particularly those fish reared
in hatcheries (Kiesecker and Blaustein 1997a). Many of
the species introduced into Pacific Northwest lakes
(Salmo spp., Salvelinus spp., and Oncorhynchus spp.) are
common carriers of SF (Kiesecker et al. 2001b).
Experiments have shown that hatchery-reared rainbow
trout (Oncorhynchus mykiss) can potentially transmit SF
to developing amphibians and/or amphibian breeding
habitats (Kiesecker et al. 2001b). In the San Rafael
Valley in southern Arizona, populations of the Sonora
tiger salamander Ambystoma tigrinum stebbinsi have
experienced decimating epizootics. An iridovirus
(Ambystoma tigrinum virus, ATV) was isolated from
diseased tiger salamanders and determined to be the
causative agent involved in these epizootics (Collins
et al. 2004). They speculated that the origin of ATV at
their sites may have been introduced salamanders that
are used as fish bait. Research in Venezuela implicates
introduced bullfrogs Rana catesbeiana as a potential
vector and reservoir for BD (Hanselmann et al. 2004).
The direct impacts of bullfrog introductions can be
significant on native amphibians (Kiesecker and Blau-
stein 1997b, 1998; Kiesecker et al. 2001c). Samples from
apparently healthy bullfrogs introduced into the Vene-
zuelan Andes found that 96% of the animals tested
positive for BD. However, none exhibited clinical signs
of the disease, suggesting that they may be a good res-
ervoir and vector for the pathogen. Given the extensive
nature of introducing hatchery-reared fish and the re-
lease and spread of many other introduced species (IS)
that interact with amphibians, I suggest that IS could be
a major vector for diseases that are contributing to
amphibian losses. It is interesting to note that IS (e.g.,
introduced fish and bullfrogs) are found at sites where
disease outbreaks and catastrophic declines of amphib-
ians have been observed (e.g., the rainforest of eastern
Australia and montane streams of Central and South
America). Clearly more work is needed to assess the role
of IS as a vector for amphibian disease.

There are numerous examples that parallel the larger
paradigm of introduction, spread, and impact of novel
pathogens on wildlife and human populations (see
Daszak et al. 2000, 2001 for a review). Examples extend
from the early human colonization of the globe (i.c.,
Spanish conquistadors introduced smallpox and mea-
sles to the New World) to today’s headlines (Desowitz
1997). For example, in recent times, chronic wasting
disease (CWD), or transmissible spongiform encepha-
lopathy, appears to be spreading through wild ungu-
lates populations when infected elk are transported
among game ranches (Prusiner 1997; Williams and
Miller 2002). Duck plague, one of the most important
emerging diseases of North American wildfowl was

introduced to the continent through the importation of
infected waterfowl (Leibovitz and Hwang 1968). Rac-
coon rabies was also introduced into the eastern USA
when infected raccoons were released for hunting pur-
poses (Dobson 2000). Another example taken right
from recent headlines, West Nile virus (WNV) is also
believed to have been introduced into North America
as a direct result of human activity (LaDeau et al.
2007). WNV is an arthropod-borne flavivirus trans-
mitted by mosquitoes, Culex spp., infecting humans,
horses, as well as birds. The virus has a widespread
distribution in Africa, Asia, and the Middle East. The
recent appearance of this virus in the northeastern
United States was associated with a large outbreak
(epizootic) in wild and captive zoo birds. The close
phylogenetic relationship between the American isolate
and an isolate collected from Israel, suggests that WNV
was imported from the Mid-East. The WNV could
have entered through a number of avenues, including
travel by infected humans, importation of infected
domestic pets, or unintentional introduction of infected
mosquitoes (LaDeau et al. 2007). Since its introduction,
the virus has spread across much of North America,
causing upwards of 5,000 confirmed cases, including
~500 human fatalities. WNYV illustrates the rapid de-
gree in which a novel path can spread once it has
encountered new naive hosts populations.

Amphibian deformities

Amphibian deformities, in particular those related to
limb development, have now been reported in 46 US
states and in five Canadian provinces, as well as in
several other countries around the world (Blaustein and
Johnson 2003; Ouellet et al. 1997). The occurrence of
amphibian limb deformities is not a new phenomenon,
in fact, amphibian limb deformities can be found in re-
ports dating back to the early 1700s, suggesting that the
processes that are responsible for deformities have been
present for centuries (Ouellet et al. 1997; Kiesecker et al.
2004). While a small number of deformities can be ex-
pected in any amphibian population, their occurrence is
typically not more than 5%. Historical reports describe
one or two affected frogs in a population, while con-
temporary reports document high frequencies (15-90%),
which often impact several species at a given site
(Blaustein and Johnson 2003). Hypotheses proposed to
explain the deformities fall into two broad camps:
chemical contaminants, and trematode infection (see
Blaustein and Johnson 2003 for a review). While previ-
ous studies have linked deformities to either infection by
some species of trematode or exposure to certain con-
taminants alone, here we focus on studies that have
examined how environmental change has promoted in-
creased infection and in turn increased limb deformities
and not an exhaustive review of the factors surrounding
amphibian limb deformities.



Habitat modifications that promote trematode infection

A great variety of parasites are dependent on freshwater
environments. The digenetic trematodes, or flukes, are a
prominent example, whose members usually have free-
swimming aquatic forms and whose intermediate hosts
are often freshwater organisms. Digeneans are the
agents of several well-known human diseases including
schistosomiasis, echinostomiasis, and cercarial dermati-
tis. Collectively, these diseases are known to impact
hundreds of millions of people around the world.
However, digeneans have received close attention re-
cently because of their suspected role in outbreaks of
amphibian deformities (Sessions and Ruth 1990). In
fact, there is a broad perception among epidemiologists,
parasitologists, and health professionals that the inci-
dence of several trematode diseases is greatly affected by
human-mediated changes in freshwater environments
(Lardans and Dissous 1998). As humans develop the
landscape, bodies of freshwater are often modified
(Blaustein and Johnson 2003). There are numerous
studies reporting correlations between human modifi-
cations of fresh waters and associated changes in the
incidence of human disease (Alemayehu et al. 1998). In a
number of these cases, scientists have been able to link
disease outbreaks with increases in snail abundance
(Molyneux 1998). A commonly invoked hypothesis
holds that humans often modify freshwater environ-
ments in ways that increase the abundance of a critical
host for digenetic trematodes. Thus, humans may
inadvertently alter the environment in ways that increase
human health risks. Recent evidence suggests that sim-
ilar changes may positively impact the occurrence of
RO, the trematode associated with amphibian limb
deformities (Kiesecker 2002).

Work in the western United States suggests that RO
occurrence and limb deformities were associated with
highly productive artificial ponds often associated agri-
cultural areas (Blaustein and Johnson 2003; Johnson
et al. 2001). These systems are highly productive because
of fertilizer use and the presence of cattle manure. This
leads to increased algal growth and increased snail
density. These environments are also readily used by
both amphibians and birds, the latter necessary hosts for
RO. The number of these types of artificial wetlands has
increased dramatically since the 1940s (Blaustein and
Johnson 2003).

Schistosomiasis, a trematode parasite that infects
human and causes an estimated 1 million deaths a year,
is expanding worldwide. This increase is due to a rise in
suitable habitat for the snail intermediate host, resulting
from various human activities, including dam con-
struction, deforestation, and eutrophication (Molyneux
1998). Human habitat modifications have not only
influenced water-borne diseases. Complex interactions
among the ecology of hosts, vectors, and human-habitat
alterations can have surprising consequences for disease
emergence. The abandonment of agriculture and
the resulting reforestation of former farmland in the
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northeastern USA likely fostered the emergence of Lyme
disease (Ostfeld and Keesing 2000a, b).

Pesticide stress and decreased host immunocompetency

The same kinds of human induced environmental deg-
radation that would result in increased snail densities
could also result in increased exposure to immunotoxic
pollutants such as pesticides. Many deformed frogs have
been found in agricultural areas where insecticides are
applied extensively (Ouellet et al. 1997; Storrs and Kie-
secker 2004). Since the first use of pesticides for crop
protection in the mid-1940s, the global use of pesticides
has continued to expand. In the mid-1940s, approxi-
mately 50 million kg/year of pesticides were applied;
today approximately, 2.5 billion kg/year are applied
globally (Colborn and Thayer 2000). However, the po-
tential hazard is greater than the increase in applied
amounts alone since many modern pesticides are con-
siderably more toxic to organisms.

To examine the relationship between trematode-
mediated limb deformities and chemical contaminants, I
quantified limb deformities in relation to trematode
infection at natural breeding sites in the context of
variation in exposure to pesticides (Kiesecker 2002).
These findings supported the hypothesis that parasite
infection explains the development of limb deformities
observed in wood frog populations in nature. When
cercariae were prevented from accessing the developing
amphibians, developmental abnormalities were pre-
vented (Fig. 3). The results suggest that the occurrence
of limb deformities at natural oviposition sites is directly
related to trematode infection of developing amphibi-
ans. The occurrence of trematode-mediated limb defor-
mities was, however, dependent upon the context of the
interaction. Frogs in ponds adjacent to agricultural
fields developed a significant number of limb deformi-
ties. In contrast, the impact of trematode exposure was
reduced in ponds not receiving agricultural runoff
(Fig. 3). Stress in the form of pesticide exposure may
have decreased the host tadpoles’ ability to resist infec-
tion, resulting in higher parasite loads and a higher risk
of limb deformities. Laboratory experiments revealed
association between pesticide (atrazine, malathion, and
esfenvalerate) exposure and increased infection. Pesti-
cide levels used in laboratory experiments reflected EPA
maximum contaminant levels for drinking water and
thus likely reflected realistic exposure levels. Exposure to
low concentrations of contaminants had dramatic effects
on the immunocompetency of wood frogs. For each of
the contaminants tested, exposure increased the pro-
portion of cercariae that successfully encysted (Fig. 4).
Likewise, exposure also altered the number of wood
frogs’ circulating eosinophils, which are believed to play
a role in controlling macroparasite infections (Fig. 4).
Further support for this pattern has been provided
through field surveys and mesocosm experiments
examining trematode infection patterns and exposure to
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Fig. 3 Summary of field experiments examining how exposure to
trematode infection (exposed or protected) affects limb deformities
in wood frogs at natural breeding sites. Developing wood frog
larvae exposed to natural levels of infection developed limb
deformities, while counterparts in cages with a screen that

agrochemicals in the northern leopard frog, Rana pipiens
(Rohr et al. 2008b). Field surveys demonstrated that the
combination of atrazine and phosphate accounts for
74% of the variation in the abundance of larval trema-
todes in amphibian hosts. A mesocosm experiment
demonstrated that exposure to atrazine resulted in
immunosuppressed tadpoles with elevated trematode
loads and, more attached algae and snails, further sup-
porting a causal link between pesticide exposure and
elevated trematode infection (Rohr et al. 2008b). There
is also evidence to suggest that exposure to pesticides
results in increased infection risk for amphibians beyond
trematode infections. For example, low-level pesticide
exposure can result in immunosuppression in ranid
frog species (Gendron et al. 2003) and ambystomatid

@ 100X

Deformities; higher
prevalence at sites
exposed to agricultural
runoff

prevented access by cercariae did not. Levels of deformities were
also higher in ponds contaminated by runoff from agricultural
pesticides. (Inset) Schematic of Nitex screens used in field enclosure
arrays (data summarized from Kiesecker 2002)

salamanders (Forson and Storfer 2006) resulting in
increased development of lungworms and susceptibility
to viral infections, respectively.

This work parallels a number of other disease
outbreaks, including situations where pathogens have
invaded a host population that is immunocompromised
because of human-induced environmental stress. In a
recent example, phocine distemper virus (PDV) invaded
the North Sea pinniped populations after the harp seal,
its native host shifted its range southward. Evidence
suggests that the North Sea pinnipeds might also have
been particularly sensitive because exposure to pollu-
tants had left them immunocompromised (Kendall
et al. 1992). Work on aquatic mammals indicates that
pollutants, in particular pesticides, have immunotoxic
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properties, impairing the ability of hosts to illicit an
effective immune response.

Decreased biodiversity and increased disease risk

Proponents of biodiversity conservation have often at-
tempted to place value on animals, plants, and microbes
as sources of medicines or other products useful for
society (Daily 1997). However, species diversity may
play a more tangible role regarding the influence of
disease risk. The dilution effect hypothesis suggests that
diversity per se may influence risk of exposure to disease
(Ostfeld and Keesing 2000a, b). The concept was
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developed to understand how changes in the diversity of
terrestrial vertebrates in North America could alter the
risk of human exposure to Borrelia burgdoferi, the tick-
transmitted spirochete that causes Lyme disease. In a
diverse community, many ticks do not become infected
because some vertebrate hosts are inefficient at trans-
mitting the spirochete infections to feeding ticks. As
habitats are degraded by human influences, many spe-
cies of the vertebrate community disappear. The most
effective reservoir, the white-footed mouse, Peromyscus
leucopus, is one of the species that remains in disturbed
habitats. Increased species diversity may dilute the
power of the white-footed mouse to infect ticks by
causing ticks to feed on hosts that are less effective at
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transmitting the spirochete. Thus, higher species diver-
sity should result in lower prevalence of infection in
ticks, and in turn, lower the local risk of infection for
humans. The role of habitat disturbance and diversity
loss in disease emergence on a global scale are in need of
serious assessment. Changes in diversity are likely to co-
vary with a number of factors that influence infection
patterns (Fig. 1). For example, the remaining species
that persist in disturbed habitats may be released from
competition or predation that keeps them in check in
undisturbed settings. Alternatively, the same factors
(e.g., fragmentation, eutrophication, and pesticides) that
influence diversity may stress organisms, decreasing their
ability to resist infection. Any factor that concentrates
wildlife can ultimately increase transmission rates be-
tween hosts. For example, habitat fragmentation may
increase the contact between wildlife that remain in
undisturbed areas and increase contact between other
host species living in the disturbed areas, which facili-
tates cross-species transmission. Furthermore, species
that are able to persist with habitat disturbance may
reach high densities because factors that regulate their
populations may be altered. The high densities that
species may be able to reach in disturbed habitats could
facilitate transmission rates between hosts. Whether
differences in diversity directly influence infection risk
will need to be examined in greater detail. If the rela-
tionship between species diversity and disease risk is a
general one, then the debate about the benefits of bio-
diversity to human welfare will become more tangible
and more pressing.

Conclusions

Global biodiversity loss and increased prevalence of
infectious disease are two of the most serious global
environmental concerns facing humanity. The dynamics
of biodiversity loss and disease emergence are tightly
intertwined, with emerging infectious disease acting as
both a cause for (and consequence of) biodiversity loss.
The impact of human environmental change on biodi-
versity loss is clear. There is no doubt that human
population growth is accompanied by biodiversity loss.
In fact, the past 50 years has seen an unprecedented loss
of habitat and species. However, not all organisms are
negatively impacted by human environmental change.
Indeed, some organisms respond in a positive way to
these changes. Many pathogens and parasites are among
the organisms that appear to be included in this bene-
fited group. Thus, if human habitat disturbance and
biodiversity loss is left unchecked, it is likely we will see a
continued increase in disease causing organisms for both
wildlife and human populations.

The global decline of amphibians has been considered
by some to be separate from the overall biodiversity
crisis. It i1s now clear that the global decline in amphib-
ians is related to a larger phenomena associated with

increased disease prevalence in human and wildlife
populations. Like other wildlife diseases, emerging
infectious diseases of amphibians appear to be both a
cause for amphibian loss and a consequence of biodi-
versity loss. The key for the future will be to understand
and predict future disease outbreaks. Given their life-
history characteristics, amphibians may be particularly
sensitive to changes in environmental conditions. This
sensitivity may make them an early warning system of
environmental degradation. Amphibians are also ame-
nable to experimental manipulations. This will allow
experimental regimes that simulate key aspects of hu-
man environmental change (e.g., habitat destruction,
fragmentation, and pollution) and the impacts of disease
emergence assessed. Thus, amphibians can also serve as
a model system to understand disease emergence.
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