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Background

Amphibian population declines were first recognized as a global

phenomenon in the early 1990s (Wake, 1991). We now know that

current extinction rates for amphibians may be as much as 200 times

higher than background (Roelants et al., 2007). With 32% of the

world’s nearly 6600 amphibian species threatened with extinction,

43% experiencing declines and another 22% with insufficient data

(Stuart et al., 2004), this phenomenon represents the Earth’s sixth

mass extinction (Wake and Vredenburg, 2008).

A number of causes have been suggested to explain global

amphibian declines. Habitat modification (loss) has played a

significant role in many declines and is likely the single most

important cause of local declines (Adams, 1999; Becker et al., 2007;

Davidson et al., 2002; Davidson et al., 2001; Delis et al., 1996;

Eigenbrod et al., 2008; Harper et al., 2008; Smith et al., 2009). Other

factors may explain many local declines including the use of road

salt, catastrophic events, etc. The global phenomenon, particularly

declines in apparently physically undisturbed habitats [especially

so-called ‘enigmatic declines’ which represent 48% of threatened

amphibian species according to Stuart and colleagues (Stuart et al.,

2004)], begs other explanations, however. Identifying the most

urgent issues and those factors that are truly global is vital to

developing plans to halt declines or to provide whatever remediation

is possible.

A hierarchical approach to defining the causes

Here, we propose that ultimately there is no single cause of global

amphibian declines, but rather interactions between several factors

are important. Some local declines may primarily have single causes,

but we propose that even local declines and extinctions are likely

(and most often) caused by interactions between two or more factors.

Individual factors that interact likely differ from species to species

and even population to population, within a species. In addition,

several factors may be more detrimental when combined, and result

in emergent properties that render individual factors more severe

when combined with other factors.

Robert May recently addressed the ‘likely causes and

consequences of the manifest acceleration in extinction rates over

the past few centuries’ (May, 2010), with a focus on current

extinction rates in general. According to May, ‘the ultimate causes

are habitat destruction, alien introductions, overexploitation and

climate change’. Young and colleagues reported that declines in

amphibian populations due to overexploitation are concentrated in

East and South East Asia (Stuart et al., 2004); thus, overexploitation

is seemingly not a global concern for amphibians. This leaves habitat

destruction, alien introductions and climate change from May’s list.

Two additional factors are important in global amphibian declines,

however: environmental pollutants and pathogens. We propose that

none of these factors act alone, but that interactions between five

ultimate factors (atmospheric change, environmental pollutants,

habitat modification, invasive species and pathogens) are the cause

of amphibian declines. We are not the first to propose that there is

more than one cause of amphibian declines (Blaustein and Kiesecker,

2002; Blaustein and Wake, 1990; Kiesecker et al., 2001; Wake and

Vredenburg, 2008), nor are we the first to suggest that causative

factors interact (Boone and James, 2003; Boone and Semlitsch,

2002; Boone et al., 2007; Davidson et al., 2007; Davidson et al.,

2002; Davidson et al., 2001; Garcia et al., 2003; Jancovich et al.,

2005; Kiesecker and Blaustein, 1995b; Kiesecker and Blaustein,

1999; Marcogliese et al., 2009; Pounds et al., 2006; Pounds and

Crump, 1994; Relyea, 2003; Relyea, 2004b; Relyea and Hoverman,

2008; Sodhi et al., 2008; Wake and Vredenburg, 2008). As such,
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Summary

Greater than 70% of the world’s amphibian species are in decline. We propose that there is probably not a single cause for global

amphibian declines and present a three-tiered hierarchical approach that addresses interactions among and between ultimate and

proximate factors that contribute to amphibian declines. There are two immediate (proximate) causes of amphibian declines:

death and decreased recruitment (reproductive failure). Although much attention has focused on death, few studies have

addressed factors that contribute to declines as a result of failed recruitment. Further, a great deal of attention has focused on the

role of pathogens in inducing diseases that cause death, but we suggest that pathogen success is profoundly affected by four

other ultimate factors: atmospheric change, environmental pollutants, habitat modification and invasive species. Environmental

pollutants arise as likely important factors in amphibian declines because they have realized potential to affect recruitment.

Further, many studies have documented immunosuppressive effects of pesticides, suggesting a role for environmental

contaminants in increased pathogen virulence and disease rates. Increased attention to recruitment and ultimate factors that

interact with pathogens is important in addressing this global crisis.
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our goal here is not to present an exhaustive review of all of these

factors and interactions [an entire book has been written on the

disease chytridiomycosis, alone (Collins et al., 2009)]. Rather, our

aim is to focus on research areas that have received less attention

in the published literature. We present a scheme with three

hierarchical levels that depicts the immediate causes of amphibian

declines (proximate causes; Level 1), followed by multiple specific

causes (intermediate causes; Level 2), followed by these proposed

five ultimate causes of amphibian declines (Level 3) (Fig.1).

Level 1: proximate (direct) causes of amphibian declines

There are only two proximate (direct) causes of amphibian

population declines: death (or removal) of individuals from a

population and reduced recruitment within a population. This

observation may seem to state the obvious, but it is important to

point it out. Many population declines have received attention

because adults simply disappeared rapidly and/or massive die-offs

were documented (Crump et al., 1992; Pounds and Crump, 1994).

Just because adults are present at a locality and massive deaths

are not observed in a population does not mean that a given

population is not in decline. Populations can decline slowly if

otherwise healthy adults are not breeding or if progeny do not

develop properly.

These two causes of declines (death and recruitment failure), of

course, interact in that the death of individuals will ultimately result

in decreased recruitment. Although many studies have examined

declines in amphibian populations due to loss of individuals (death),

we are not aware of any studies in amphibians that have examined

population declines resulting from failed recruitment in populations

with otherwise physiologically healthy individuals (see discussion

below).

Level 2: factors contributing to death and failed recruitment

There are multiple factors that contribute to the death of local

populations. We include five major factors that contribute to local

declines as a result of death: (1) increased disease rates can lead to

individual deaths and population declines; (2) decreased nutrition

(loss of food base) can result in declining numbers within a

population; (3) predation can remove individuals from populations;

and (4) we consider human take (exploitation) separate from

predation by other animals. Finally, we have included a ‘catch all’

category, (5) ‘other mortality’, which represents everything from

death due to old age, to incidental deaths not due to the

aforementioned factors, to catastrophic events that may reduce or

even eliminate entire populations (Fig.1). Failed recruitment, on

the other hand, can result directly from reproductive failure or as a

result of some developmental failure not directly related to

reproductive function. Although important in local declines, the

factors presented at Level 2 are not likely to be universal factors

that contribute to global amphibian declines. In other words, it is

not likely that global amphibian declines are universally caused by

human take, predation, incidental or catastrophic events leading to

mortality, or decreased nutrition.

What is mainly important with regards to recruitment is that a

number of factors (causes) can reduce recruitment in a population

without otherwise causing harm (developmental or physiological)

to exposed individuals. Decreased recruitment can result directly

from reproductive failure or from developmental failures that lead

to reproductive failure, i.e. failure of reproductive organs or

structures to develop properly. Developmental failures that do not

lead to death can also directly decrease recruitment (cause

reproductive failure). For example, limb deformities or decreased

growth are developmental effects that would limit reproductive

potential without killing affected individuals. This scenario is

especially true for short-lived species where failed recruitment for

one or two breeding seasons may be disastrous for populations

(Harper et al., 2008). Complete inhibition or delays in

metamorphosis that prevent reproduction should also be considered

here: although some salamander species can reproduce in the larval

form, anurans cannot (Hayes, 1997).

There are bi-directional interactions across Level 2 (horizontal

interactions), but only unidirectional (causative) interactions from

this level down (Level 2 to Level 1; Fig.1). In other words,

increased death does not influence predation, nutrition, etc., and

declining recruitment does not influence developmental or

reproductive failures or increase any of the proximate causes of

death (on the contrary, declining recruitment likely would cause

a decrease in these factors). However, any of the factors that may

affect death (human take, disease, nutrition, predation or other

mortality) may directly or through horizontal interactions affect

developmental and/or reproductive failure. For example, in many

species, growth rates (and, thus, body size) determine age at sexual

maturity (Hayes and Licht, 1992; Mays et al., 2006; Shine, 1979;

Shine, 1989). Body size is also the basis for intrasexual and

intersexual selection in many species and determines the maximum

number and size of eggs that a female can produce (Mays et al.,

2006; Shine, 1979; Shine, 1989). Decreased nutrition, due to loss

of food base or as a result of disease, can lead to developmental
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Fig.1. Tiered approach showing interactions of the many factors

that contribute to amphibian declines. Effects at any given level

have no impact on higher levels, but interact with other factors

on the same level and impact factors at lower levels. The five

ultimate factors at Level 3 affect multiple factors at Level 2,

which in turn interact with each other and ultimately contribute

to amphibian declines due to death and decreased recruitment

(Level 1). Line weights at Level 3 reflect rankings as described

in the text (‘Horizontal interactions at Level 3’).
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failures or have direct negative impacts on reproduction. Thus,

decreased nutrition could cause retarded development that could

lead to reproductive failure. Decreased nutrition could also directly

cause reproductive failure. Similarly, disease could cause

nutritional deficiencies which could increase predation rates or

lead to developmental failures that in turn lead to reproductive

failure and limit recruitment, and so on.

Many studies have examined death as a cause of amphibian

population declines; however, studies that examine factors that

contribute to recruitment failure are lacking. Declines in populations

of other animals due solely to failed recruitment have been

described occasionally. For example, a local population of cotton

rats (Sigmodon hispidus) in Texas appeared to decline as a result

of failed reproduction, but this decline occurred after a significant

die-off in younger animals in the population, leaving behind only

older adult animals that did not reproduce (Chipman, 1966). It is

not clear why reproduction was stalled in the cotton rat study, but

in other cases external factors are involved. For example, in a study

in snowshoe hares (Lepus americanus), it was proposed that

increased predation raised stress hormone levels enough that

reproduction was severely inhibited (Sheriff et al., 2009). Another

report of freshwater turtles in the Seychelle Islands describes three

species where adults are numerous, but reproduction has decreased

or ceased. In the case of the Seychelles turtles, habitat suitable for

adult survival is available, but suitable habitat for breeding is not.

In other cases, habitat fragmentation can be an impediment to

breeding, even though otherwise healthy adults are present

(Gerlach, 2008).

Recognizing decreased recruitment in amphibian declines is

important. In particular, many species of amphibians are rarely seen

outside of breeding aggregations. For example, one of the authors

(T.B.H.) studied woodfrogs (Rana sylvatica) for 3 years

(1986–1989) in Massachusetts. Based on the number of egg masses

produced each year, the breeding population numbered in the

hundreds at most study sites (Fig.2). Outside of the breeding season,

however, adults were rarely seen (two times in 3 years, including

one animal caught in a Sherman trap). At the same sites, although

spotted salamanders (Ambystoma maculatum) numbered in the

hundreds at breeding aggregations for a few days each year, these

fossorial animals were rarely seen otherwise. Similarly, from 1995

to 1999 T.B.H. studied boreal toads (Bufo boreas). During this time

period toads successfully bred each year (produced egg masses that

survived to hatching) at Del Peurto Creek, Stanislaus County, CA,

USA, in semi-isolated ephemeral pools along the creek (Fig.2) with

as many as 50 egg masses per 0.5miles (0.8km) in some years.

Over the following 10 years, increased housing developments,

agriculture, off-road recreational activity, mining and recovery from

droughts all resulted in changes in water flow in Del Peurto Creek,

which resulted in permanent standing water that allowed the

successful invasion of bullfrogs. Breeding sites for B. boreas were

eliminated due to the increased water flow, which filled in some

breeding ponds with sand (Fig. 2E–F) and eliminated other

previously isolated breeding pools by connecting them to the main

stream. Reproduction has not been observed there for the last 4 years,

even though adults are still present. The adults are not affected per

se, but recruitment has failed. Like the examples above, in some

cases it is possible that adult amphibians may survive for several

years after reproduction ceases, but may not be seen by researchers.

This observation is especially true for amphibians where populations

are monitored by vocalizations which are typically only produced

during mating. Should reproduction cease, the adults may survive

for quite some time but appear to be gone.

Level 3: ultimate causes of amphibian declines

There are at least five ultimate factors that influence all seven factors

at Level 2. These five (Level 3) represent the most likely factors to

have truly global effects on amphibian population declines, and

include atmospheric change (temperature, rainfall, UV levels, etc.),

environmental pollutants, habitat loss, invasive species and

pathogens. Atmospheric change is clearly a phenomenon that

amphibian populations will experience globally. Also, environmental

pollutants are widespread enough to have global effects. For

example, aerial transport of pesticides into California’s Sierra

Fig.2. A communal wood frog (Rana sylvatica) deposition site in Concord

(Middlesex County) Massachusetts from 1988 (A). Well over 100 egg

masses are shown just on the surface, indicating a local population of over

200 breeding adults. Similar numbers bred at this site in the previous 2

years, but in this same time frame only two adults were ever seen outside

of the breeding season. (B–F) Breeding sites for boreal toads (Bufo

boreas) along Del Peurto Creek in Stanislaus County, California. B shows

a pair of copulating toads with the strings of eggs wrapped around the pair.

C and D show views of one ephemeral pool where a single clutch of eggs

(which can be up to 10,000 individuals) has hatched in 1996. E and F

show changes in a second nearby deposition site from 1995 (E) to 1999

(F). The breeding site is on the left in both panels with Del Peurto Creek on

the right. Arrow in E shows the location of the small breeding pool shown

in panels C and D. Because of anthropogenic activity, water flow has

changed at the site, these ephemeral breeding pools have disappeared,

and breeding has not occurred here for at least 4 years.
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Nevada likely contributed to amphibian declines there (Davidson

et al., 2002; LeNoir et al., 1999), and pesticides, like the popular

herbicide atrazine, can travel over 1000km in precipitation and

contaminate otherwise pristine habitats where they are not used

(Fenelon and Moore, 1998; Lode et al., 1995; Mast et al., 2007;

Müller et al., 1997; Thurman and Cromwell, 2000; Vogel et al.,

2008). Although direct habitat modification (loss) may not be

ubiquitous, it is indeed quite widespread, but furthermore other

global impacts (atmospheric changes, environmental pollutants and

invasive species) all generate habitat modifications. Invasive species

may be widespread, but are probably not as independently important

as other factors on this level (see below). Finally, at least some

pathogens may be widespread enough to have a global impact

(discussed below), but in most cases this factor is likely dependent

on many other factors.

Vertical interactions between Level 3 and Level 2

All five ultimate factors at Level 3 affect all factors at Level 2 and,

thereby, have the potential to affect both death and recruitment. The

impacts of all of the factors from Level 3 on factors at Level 2 that

affect death have been well covered in the literature (Adams, 1999;

Becker et al., 2007; Blaustein and Wake, 1990; Cunningham et al.,

2008; D’Amen and Bombi, 2009; Davidson et al., 2001; Harper et

al., 2008; Kats and Ferrer, 2003; Kiesecker et al., 2001; Kiesecker

and Blaustein, 1995b; Lips et al., 2008; Puschendorf et al., 2008;

Voyles et al., 2009; Vredenburg et al., 2008; Wake and Vredenburg,

2008). Therefore, we focus our discussion here on the impact of

atmospheric change, environmental pollutants, habitat modification,

invasive species and pathogens on factors at Level 2 that affect

recruitment.

Atmospheric change affects recruitment

Atmospheric changes can have a profound impact on reproductive

success in amphibians. Not only do temperature and precipitation

trigger reproductive function and physiology in amphibians but also

climate conditions determine the availability of suitable breeding

habitat. In particular, for amphibians that depend on snow melt to

fill breeding ponds or amphibians that breed in ephemeral ponds,

precipitation and temperature are critically important. Furthermore,

amphibians may experience temperature-induced stress when

exposed to temperatures above their physiological range (Jurani et

al., 1973; Pounds and Crump, 1994), which may suppress breeding

activity.

Environmental pollutants affect recruitment

Most studies of chemical contaminants and amphibians have

focused on toxicity or developmental effects that lead to poor

survivorship or death directly (Kerby et al., 2010; Relyea, 2005;

Relyea, 2004a; Relyea, 2009; Relyea and Jones, 2009; Rohr and

Crumrine, 2005; Rohr et al., 2003; Rohr and Palmer, 2005; Rohr

et al., 2006). However, environmental pollutants can cause

developmental and reproductive failures at sub-lethal doses that may

otherwise have no adverse physiological effects or health

consequences. In particular, atrazine has been well studied and is

a potent endocrine disruptor in amphibians. Atrazine is the most

common pesticide contaminant of ground, surface and drinking

water and is used in agriculture throughout North America, South

America, Asia and Australia (Solomon et al., 1996). Atrazine is

persistent, highly mobile, and can travel up to 1000km in rain water,

contaminating otherwise pristine habitats (Thurman and Cromwell,

2000). As such, atrazine has the potential to have global effects. At

sub-lethal ecologically relevant levels (0.1p.p.b. and higher), atrazine

causes a decrease in the gonadal volume and germ cells in exposed

Xenopus laevis larvae (Tavera-Mendoza et al., 2002a; Tavera-

Mendoza et al., 2002b). Further, atrazine induces hermaphroditism

in exposed X. laevis frogs (Carr et al., 2003; Hayes et al., 2002a;

Hayes et al., 2002b; Hayes et al., 2006b) and testicular oogenesis

in Ranid frogs exposed as larvae (Hayes et al., 2002c; Hayes et al.,

2006b; Orton et al., 2006). Sexual abnormalities are also associated

with atrazine contamination in free-ranging amphibians in the wild

(Hayes et al., 2002b; Hayes et al., 2002c) and where animals are

exposed in mesocosm studies (Langlois et al., 2009). Furthermore,

recent studies have shown that atrazine can completely feminize

exposed amphibians, resulting in genetic males that breed with other

males and produce viable eggs, but with skewed sex ratios (100%

male offspring), a scenario that has been proposed to drive species

extinction (Gutierrez and Teem, 2006). In addition, atrazine-exposed

males are incapable of competing for females, have feminized

laryngeal structures, decreased breeding gland size, decreased

mature sperm and very low fertility. Demasculinized and feminized

males have been identified in the field associated with agricultural

areas where atrazine is used (McCoy et al., 2008; McDaniel et al.,

2008; Mckoy et al., 2002) and where atrazine contamination occurs

(Du Preez et al., 2005; Murphy et al., 2006). Other environmental

pollutants may have similar endocrine-disrupting effects, but no

other current-use pesticides are as widespread and as persistent as

atrazine. Furthermore, data on endocrine disruption in amphibians

(or any taxa for that matter) by other pesticides are not as extensive

as they are for atrazine.

In addition to directly interfering with reproductive hormones,

environmental pollutants can inhibit reproductive function indirectly.

For example, pesticide mixtures containing atrazine can increase

stress hormone (corticosterone) levels in exposed adult amphibians

(Hayes et al., 2006a). Though moderate levels of corticosterone may

promote reproduction by mobilizing energy stores (Moore and

Jessop, 2003), chronically elevated corticosterone (and stress in

general) inhibits reproductive development, behavior and fertility

(Moore, 1983). Thus, environmentally induced stress may play a

role in decreased reproduction in amphibians. Increased levels of

corticosterone in amphibians can inhibit sex hormones (Burmeister

et al., 2001) and breeding behaviors (Moore, 1983; Moore and

Miller, 1984) necessary for reproductive function. Testosterone

regulates many functions necessary for reproduction in male

amphibians including sperm production and breeding behaviors, and

acute stress can decrease testosterone levels in amphibians (Licht

et al., 1983; Moore, 1983; Moore and Zoeller, 1985), thereby

negatively impacting reproduction.

Field studies of southern toads (Bufo terrestris) residing in areas

contaminated with coal ash effluent showed that they also exhibited

elevated corticosterone levels (Hopkins et al., 1997). The stress

response of male B. terrestris was characterized by significant

increases in corticosterone when control animals were transplanted

to enclosures at polluted sites. Male B. terrestris living in non-

polluted areas had increased levels of testosterone during the

months of reproductive activity (June and July), but testosterone

levels declined in the non-breeding period of August. Male toads

residing in coal ash-polluted sites had elevated testosterone levels

during both breeding (June–July) and non-breeding periods

(August). Thus, the impact of chemical-induced stress on amphibian

reproductive function is complex. Many factors such as season,

duration and magnitude of stress hormone secretion, behavioral

influence, and species-specific differences can alter the dynamics

of sex hormone suppression in reproduction (Wingfield and

Sapolsky, 2003) and need to be examined in this context.

T. B. Hayes and others
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Furthermore, even for well-studied compounds like atrazine, the

number of species that has been examined is fairly small, and the

susceptibility to endocrine disruptors will likely vary between

species (Storrs and Semlitsch, 2008).

In addition, there are a number of environmental pollutants that

delay or, in some cases, completely inhibit metamorphosis.

Perchlorate, a contaminant associated with rocket fuel production,

is a well-known example (Goleman et al., 2002a; Goleman et al.,

2002b; Ortiz-Santaliestra and Sparling, 2007; Theodorakis et al.,

2006). A number of pesticides can inhibit or delay anuran

metamorphosis as well (Distel and Boone, 2009; Howe et al., 2004;

Mackey and Boone, 2009; Sparling and Fellers, 2009), including

atrazine (Carr et al., 2003; Sullivan and Spence, 2003). Some

pesticides accelerate metamorphosis – for example, atrazine

accelerated metamorphosis in at least two species of salamanders

(Forson and Storfer, 2006b; Rohr et al., 2004) – and some can even

have biphasic effects (Brodeur et al., 1997). Finally, pesticide

mixtures can also delay metamorphosis, probably via an increase

in corticosterone (Hayes et al., 2006a). Both delaying and inhibiting

metamorphosis and certainly complete inhibition of metamorphosis

will negatively impact reproduction, even though the exposed larvae

are not killed or otherwise harmed.

Habitat modification affects recruitment

Habitat modification (non-chemical) also directly impacts

recruitment in amphibians. Habitat fragmentation, logging, drainage

of wetlands and filling of wetlands that historically served as

breeding habitat for amphibian populations are all examples of

habitat loss that negatively impact recruitment by reducing available

habitats for breeding or limiting the ability of adults to reach suitable

breeding habitats (Adams, 1999; Davidson et al., 2002; Davidson

et al., 2001; Delis et al., 1996; Harper et al., 2008; Semlitsch et al.,

2008; Todd et al., 2009). As discussed earlier, habitat loss is the

most important cause of local declines and there is a vast amount

of literature addressing this issue, so we will not cover it extensively

here.

Invasive species affect recruitment

In addition to directly competing for food and preying on local

species (Adams, 1999; Boone et al., 2007; D’Amore et al., 2009),

invasive species may also inhibit recruitment and reproductive

success in native species. For example, invasive species may

compete with local amphibians for breeding sites. At least one study

suggests that male Rana blairi (a species that is currently expanding

its range) may directly compete with Rana pipiens (leopard frogs)

males for females, generating hybrids in areas where the species

now overlap (Di Candia and Routman, 2007). Similarly, B. boreas

males have often been observed in amplexus with invasive juvenile

Rana catesbeiana in California (T.B.H., personal observation).

Given the limited opportunities that some males may have to

copulate, the time spent with a non-conspecific may decrease

reproductive success.

Pathogens affect recruitment

Pathogens can lead to diseases that cause developmental failures

that can in turn lead to reproductive failures. For example, parasites

may cause nutritional losses that can lead to impaired development

or reproductive failure, but this possibility has not been adequately

addressed in the literature. At least one study has shown that ticks

can reduce growth in adult toads (Bufo marinus) (Lampo and

Bayliss, 1996). In larval amphibians, findings vary. For example,

one study reported that monostome trematodes both caused

malformations and reduced growth in exposed anuran larvae

(Rajakaruna et al., 2008). Belden (Belden, 2006) found that

echinostome trematodes did not affect larval growth, however.

Furthermore, Kiesecker and Blaustein (Kiesecker and Blaustein,

1999) demonstrated how complex these interactions can be. In a

study where Rana cascadae and Pseudacris regilla were exposed

to the water mold (Saprolegnia), R. cascadae survived in fewer

numbers, but larvae that survived were significantly larger at

metamorphosis.

In addition to affecting growth, however, malformations caused

by pathogens will also impact reproduction. Parasites that cause limb

deformities (Johnson et al., 1999; Johnson et al., 2007; Kiesecker,

2002; Linzey et al., 2003) or other malformations (Rajakaruna et

al., 2008) may not cause death of the infected host but may limit

the reproductive potential of males, which need functioning limbs

to copulate with females. The main point is, disease does not

necessarily lead to death, but may inhibit or even totally prevent

adults from reproducing.

Horizontal interactions at Level 3

There are multiple horizontal interactions between the factors listed

at Level 3. In examining which factors at Level 3 have greater global

influences we considered the ratio of the number of other factors

that are influenced by a given factor to the number of factors that

impact that given factor. We used evidence from the literature (not

weighted in any way) to determine this number. The highest ratios

were obtained for atmospheric change and environmental pollutants.

Atmospheric change affects pathogen prevalence, environmental

pollutant levels experienced by amphibians, habitat modification

and the success of invasive species, whereas only habitat

modification and environmental pollutants influence the impact of

atmospheric change (an affector:affected ratio of 4:22).

Environmental pollutants (score 4:22) similarly affect all other

factors at Level 3, but this factor is impacted by atmospheric change

and habitat modification only. Using this approach, these two factors

are followed in significance by habitat modification (score 4:31.33),

invasive species (score 2:40.5), and pathogens (0/50). Pathogens

become the least independently significant factor, because their

impact is determined or affected by environmental pollutants,

atmospheric change, habitat modification and invasive species, but

pathogens impact none of the other four factors at Level 3. Even if

we consider the possibility that local pathogens might limit the

success of an invasive species (for which there is no evidence, but

rather the contrary is supported by the literature), the score for

pathogens becomes 1/5 or 0.2.

These ‘rankings’ do not imply that any one factor is independently

more important or significant than another, but rather reflect a given

factor’s potential to interact with other factors in a way that

amplifies one or both factors. For example, as stated earlier, habitat

modification is likely the single most important factor affecting local

amphibian populations. However, halting deforestation at any given

locality will not slow amphibian declines globally, even though it

would have an important local effect. On the other hand, slowing

atmospheric change (e.g. slowing warming trends), will ameliorate

the impact of climate change on all seven factors at Level 2 (which

affect both death and recruitment). In addition, because atmospheric

change impacts all other factors at Level 3, slowing atmospheric

change would lessen the impact of habitat modification, invasive

species, environmental pollutants and pathogens on all seven factors

at Level 2; thus the higher ‘ranking’ of atmospheric change. Below,

we discuss in detail evidence for the impact (horizontal interactions)

of the five factors assigned to Level 3.
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Atmospheric change

Atmospheric change affects all four other factors at Level 3 (see

below). Atmospheric change is affected, in turn, by habitat

modification and environmental pollution only. Environmental

pollutants (such as greenhouse gases) increase temperature and

industrial chemicals can result in acidic rainfall, both of which

can negatively impact amphibians (Ling et al., 1986). As for the

effects of habitat modification on atmospheric change,

deforestation, as an example, contributes to the prevalence of

greenhouse gases because plants reduce CO2 in the atmosphere

(Turner et al., 2009). In addition, removal of trees increases

exposure of ground and aquatic habitats, increasing the temperature

extremes and fluctuations in available water to which amphibians

will be exposed. Habitat modification can similarly affect drainage,

and rainfall patterns. We could find no references indicating that

pathogens or invasive species affect atmospheric change directly.

Below we discuss the impact of atmospheric change on the other

factors at Level 3.

Atmospheric change affects environmental pollutants 

Atmospheric change impacts environmental pollutants. The

metabolism and, thus, half-lives of chemical pollutants are

temperature dependent. Thus, increases in temperature might

reduce the impact of pesticides by decreasing their half-life in

some cases. Alternatively, in cases where the resulting metabolites

are more hazardous than the parent compounds, increased

temperatures could enhance the adverse effects of a chemical.

High temperatures and the lack of precipitation can also increase

the vaporization of volatile pesticides into the atmosphere.

Increased UV exposure may also affect environmental pollutants

because some chemicals are sensitive to UV light and might be

broken down into less harmful products (Chen et al., 2009). It is

possible that some chemicals may be modified into more harmful

ones, however. In addition, atmospheric moisture, such as fog,

scavenges contaminants and re-deposits air-borne chemicals back

to land at greater concentrations (Davidson et al., 2002; LeNoir

et al., 1999; Sparling et al., 2001) which amphibians can take up

through their skin. In areas where rainfall is increased, the

transport of environmental pollutants may be enhanced and

chemicals may travel further from the point of application (in the

case of pesticides) (Hatfield et al., 1996; Lode et al., 1995; Mast

et al., 2007; Vogel et al., 2008). Exposure to pesticides in the

aquatic environment, especially during larval stages, is one way

that amphibians are exposed. Adult amphibians also take up

pesticides from the soil even during adult terrestrial life phases.

Absorption of atrazine from the soil, for example, has been

demonstrated in Bufo americanus (Mendez et al., 2009). Further,

amphibians can absorb pesticides at greater rates relative to other

vertebrates. For example, one study showed that frogs absorbed

atrazine across their skin at rates 300 times higher than mammals,

in part explaining the greater sensitivity of amphibians to

environmental pollutants relative to mammals (Quaranta et al.,

2009).

In addition, there are indirect biological effects of atmospheric

changes on the impact of environmental pollutants. For example,

temperature affects amphibian larval developmental rates directly

(Hayes et al., 1993). Amphibian larvae develop and metamorphose

faster at higher temperatures, so the exposure time to water-borne

contaminants may be decreased. Alternatively, changes in

temperature may prematurely induce larvae to pass into more

sensitive developmental stages during the exposure periods and

thereby render larvae more vulnerable.

Atmospheric change affects habitat modification

There are numerous publications supporting the impact of

atmospheric change on habitat modification, so we will not review

these issues here. In terms of the impact on amphibians, both

increased and decreased precipitation affect and can lead to the loss

of amphibian habitat (Pounds and Crump, 1994). Changes in

temperature will affect habitat as well, in extreme cases contributing

to desertification and loss of habitat (Verstraete et al., 2008), which

has been shown to affect amphibian distributions (MacNally et al.,

2009).

Atmospheric change affects invasive species

Climate change also impacts the establishment of invasive species.

In areas where average temperatures increase, species formerly

restricted to warmer climates may extend their ranges both

away from the equator and into higher elevations (Ficetola et al.,

2007). Numerous examples showing changes in species

distribution are available, including several studies in

amphibians (D’Amore et al., 2010). For example the successful

invasion of bullfrogs (R. catesbeiana) in the western United

States is in part due to changing climate (Ficetola et al., 2007).

Other invasive species are similarly predicted to extend their

ranges if warming trends continue (Rodder and Weinsheimer,

2009).

Atmospheric change affects pathogens

Several studies have addressed the potential for atmospheric

change to affect the prevalence and impact of pathogens. Some

authors have suggested that atmospheric change has contributed

to the spread of the disease chytridiomycosis in the neotropics,

because increased cloud cover has shifted temperatures towards

optimal growth conditions for the fungus that causes the disease

(Pounds et al., 2006). Other researchers agree that the correlation

is robust, but question whether there is evidence for causation

(Rohr et al., 2008a). Regardless, changing climate may contribute

to increased disease in two ways: changes in average temperature

may impact pathogens directly, or shifts in temperature may affect

the ability of exposed amphibians to mount appropriate immune

responses (Rohr et al., 2008a). These effects can happen in

concert: a given temperature shift may simultaneously increase

a pathogen’s virulence and decrease the immune response of the

amphibian host, or may decrease a pathogen’s virulence and

increase the immune response in the host. Alternatively,

conflicting effects may occur: a pathogen’s virulence may be

decreased but the disease rate may increase if the immune

response of amphibians is decreased over this same temperature

shift. Some researchers point out that there may also be seasonal

lag times; for example, seasonal temperatures may change in favor

of amphibian immune responsiveness but the physiological

response may be delayed (Raffel et al., 2006).

Environmental pollutants

The impact of environmental pollutants on amphibian populations

is affected by atmospheric change and habitat modification only.

Climate change will impact environmental pollutants as described

above (see ‘Atmospheric change’ section). Habitat modification,

such as draining wetlands, may further increase exposure to

chemicals such as pesticides, which may become concentrated as

ponds, lakes and rivers desiccate (Hayes et al., 2006a). Various other

alterations of ground water supplies and surface water flow will

similarly affect the transport of chemicals released into the

environment.

T. B. Hayes and others

THEJOURNALOFEXPERIMENTALBIOLOGY



927Amphibian declines and stress

Environmental pollutants affect atmospheric change,

habitat modification, invasive species and pathogens 

Environmental pollutants, in turn, affect all other factors at Level

3: atmospheric change (see above), habitat modification, invasive

species and pathogens (see below). Because most of these impacts

are discussed elsewhere in this paper, we limit our discussion here.

The exception is the impact of environmental pollutants on the

survival of pathogens, which we describe now.

At least one study reports that pesticides (atrazine and

metolachlor) can affect survivorship of amphibian pathogens (Griggs

and Belden, 2008). At the higher doses tested, the mixture of these

two herbicides reduced survivorship of free-living cercaria of

echinostome trematodes. Environmental pollutants may also affect

survivorship of a pathogen’s intermediate host (Koprivnikar et al.,

2007). For example, the herbicide atrazine suppresses immune

function in snails (Russo and Lagadic, 2000). Snails serve as the

first host for trematode parasites that induce limb deformities in

amphibians. By suppressing immune function in the first host, more

cercaria are available to affect amphibians. Further, atrazine

suppresses immune function in amphibians, leading to more limb

deformity-inducing infections by trematodes (Kiesecker, 2002) and

to an increased number of trematode infections in the kidney (Rohr

et al., 2008c). In addition, atrazine increases attached algae, which

increases snail populations that serve as hosts for the trematodes

(Rohr and Crumrine, 2005). Thus, atrazine influences limb

deformities by habitat modification (making the habitat more

suitable for the intermediate host), by lowering immune function

in the intermediate host so that more parasites are available, and by

lowering immune function in larval frogs so that a greater number

of frogs are infected by a greater number of successful trematodes.

Finally, it is also conceivable that environmental pollutants may

affect the prevalence of invasive species, as some invasive species

may be less susceptible to contaminants than others (Storrs and

Semlitsch, 2008).

Habitat modification

Environmental contaminants, climate change and invasive species

all affect habitat modification. Environmental pollutants (such as

herbicides) are potent agents of habitat modification. In addition to

losing plant life due to herbicide application (including aquatic plants

that serve as food for anuran larvae), the loss of plants can lead to

increased erosion, which will affect water quality. Climate change

itself will obviously cause habitat modification and invasive species

can modify habitat.

Habitat modification in turn affects several of the factors on Level

3. Habitat modification can determine the success of invasive species

(D’Amore et al., 2010). For example, the damming of rivers and

streams may be preferable to some species which can then establish

themselves and out-compete local species. In addition, habitat

modification impacts pathogens (see below), environmental

pollutants (see above), atmospheric change (see above) and invasive

species (see below).

Invasive species

Pathogens, environmental contaminants, atmospheric change and

habitat modification can all potentially influence the success of

invasive species. In most cases, invasive species are less susceptible

to disturbances, and so these factors increase their success at the

expensive of local species (D’Amore et al., 2010; D’Amore et al.,

2009; Ficetola et al., 2007; Kats and Ferrer, 2003; Kiesecker and

Semlitsch, 2003). In turn, invasive species may potentially affect

habitat modification and pathogen success (see below).

Pathogens

Because of the recent focus on pathogens in amphibian declines,

this topic is worth significant discussion. Disease is one of the most

widely reported causes of the rapid decline of amphibian populations

(Berger et al., 1998; Cunningham et al., 2008; Daszak et al., 1999;

Lips et al., 2008; Stuart et al., 2004). The greatest volume of evidence

that specific pathogens may lead to amphibian deformity, disease

or death exists for two species of fungi (Batrachochytrium

dendrobatidis and Saprolegnia ferax), an iridovirus (ranavirus), and

the trematode parasite (Ribeiroia) (Berger et al., 1998; Bollinger et

al., 1999; Green et al., 2002; Jancovich et al., 1997; Johnson et al.,

1999; Kiesecker and Blaustein, 1995a; Rohr et al., 2008c; Romansic

et al., 2009).

In particular, chytridiomycosis, caused by the fungus B.

dendrobatidis (Bd), has been the focus of much attention and

deserves special treatment here. Some researchers even suggest that

chytridiomycosis is the sole cause of amphibian declines (Collins

et al., 2009). Bd was first linked to declines of anurans in Australia

and South America in 1993 (Berger et al., 1998). Since then, the

fungus has been identified in amphibian communities on all

continents where amphibians occur: Europe (Bovero et al., 2008;

Garner et al., 2005), North America (Frias-Alvarez et al., 2008;

Rachowicz et al., 2006) and Africa (Goldberg et al., 2007).

Retrospective analysis of preserved specimens has revealed a longer

history between Bd and amphibians than was anticipated, with the

earliest evidence from Africa in the 1930s (Weldon et al., 2004).

In California, where Bd has been implicated in recent declines of

Rana muscosa (Rachowicz et al., 2006), Bd can be traced back to

the 1960s in preserved specimens of the native anuran P. regilla

(Padgett-Flohr and Hopkins, 2009) with similar introduction times

in other localities in North America (Ouellet et al., 2005).

An explanation for the current increase in disease occurrence,

especially chytridiomycosis, is debated (Rachowicz et al., 2005).

That researchers are documenting recent population declines from

Bd in numerous anuran species with very different geographic

locations suggests either that some large-scale environmental

variable has changed in recent years or that the pathogen itself has

evolved to be more virulent. Recently, Bd has been introduced to

naïve populations such as those species experiencing declines in

relatively undisturbed montane regions of the western United

States, Central America and Australia (Lips et al., 2004).

Introduction into previously isolated populations, such as these

localities, may be enough to decimate exposed populations. At least

one study suggests that Bd has recently evolved to be more virulent,

however (James et al., 2009).

While it seems that some populations, especially relatively

isolated ones, such as mountain-top species (Rachowicz et al., 2006;

Woodhams et al., 2008), may decline solely because of Bd

introduction, in many cases Bd may take its toll on amphibian

populations because exposed individuals are stressed by other factors

already. For example, in North America, the recently separated

temperate species R. muscosa and Rana sierrae (Vredenburg et al.,

2007) are currently experiencing dramatic declines from Bd

(Rachowicz et al., 2006). Historically, introduced species have been

implicated in declines in California (Bradford et al., 1998;

Vredenburg et al., 2007) and further fragmentation of R. muscosa

populations may have rendered them more susceptible (Bradford et

al., 1993). In other words, Bd may simply be spreading

advantageously through populations and species already threatened

by other factors (Wake and Vredenburg, 2008). There are many

amphibian species in a similar predicament, where longstanding

threats from habitat modification, environmental pollutants and
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invasive species have already decreased their population sizes. Thus,

even in the absence of the evolution of more virulent pathogen

strains, amphibian populations already stressed by other factors may

lack the immunological capacity to ward off disease.

The possible significance of impaired amphibian immune function

and resulting increased disease susceptibility in global amphibian

declines is supported by the survival of some amphibian species

despite the introduction of pathogens. For example, not all amphibian

species are susceptible to pathogens of global concern. American

bullfrogs (R. catesbeiana) and X. laevis carry Bd infections without

significant signs of chytridiomycosis (Hanselmann et al., 2004;

Schloegel et al., 2009; Weldon et al., 2004). Pseudacris regilla are

more resistant to infections with S. ferax than are B. boreas and R.

cascadae (Kiesecker and Blaustein, 1995b). These findings suggest

that specific immune defenses are required for protection against

pathogens and play a key role in population success, rather than

success depending on the pathogen’s virulence alone. The greatest

evidence for the importance of the role of amphibian immune

function in global disease will come from pathogen challenge

experiments involving other stressors, i.e. pesticides, fertilizers and

UV radiation. As described below, amphibians are often more

susceptible to disease when challenged with environmentally

relevant stressors.

The development of the amphibian immune system and functions

used to defend against pathogens have been reviewed elsewhere

(Carey et al., 1999; Du Pasquier et al., 1989; Rollins-Smith, 1998;

Rollins-Smith, 2009; Rollins-Smith et al., 2002; Rollins-Smith,

2001), so will not be addressed here. Although the impact of other

stressors on immune function as they relate to Bd spread has not

been fully examined directly, the impacts of stress on immune

function and subsequent disease susceptibility, in general, have been

demonstrated in numerous cases. Amphibians show particular

sensitivity to environmental stressors, both natural and

anthropogenic in origin (but see Kerby et al., 2010). In addition to

naturally occurring factors that influence disease resistance, such

as season, temperature and developmental stage (Maniero and Carey,

1997; Raffel et al., 2006; Rollins-Smith, 1998), host–pathogen

ecology may also be affected by anthropogenic activity. For

example, altered environmental conditions may increase the success

of pathogens by enhancing their growth or virulence. These

advantages may be facilitated through increased population size or

crowding of hosts, increased populations of secondary host,

eutrophication, general increase in pathogen resources, or

atmospheric changes toward pathogen optimum conditions. Many

of these factors have already been discussed here.

Pathogen success may also be increased due to decreased

immune function in the host. This effect could potentially occur

through two mechanisms, direct immune suppression or indirect

immune suppression. Direct immune suppression may occur

through compromised epithelial barriers or chemical interference

with immune responses. Immune function may also be

compromised indirectly through general disruptions in

homeostasis or altered ecology of the host, which culminate in

artificially stressful conditions and immune suppression. These

indirect stressors may include a lack of resources or prey,

increased predators or competitors, or inability to compete for

resources with con-specifics. Below, we address the other factors

at Level 3 that impact pathogens.

Atmospheric change and pathogens 

The effects of UV radiation on immune function in amphibians

have not been examined thoroughly. However, exposure of egg

masses to environmental UV radiation significantly increased

infections with the fungal pathogen S. ferax (Kiesecker et al., 2001;

Kiesecker and Blaustein, 1995a; Kiesecker and Blaustein, 1995b).

The infections were most pronounced in species experiencing

population declines, suggesting species-specific defense

mechanisms (Kiesecker and Blaustein, 1995a; Kiesecker and

Blaustein, 1995b).

Amphibians must regulate immune function across dynamic

temperature regimes without the aid of constant body temperatures.

This observation becomes particularly important for amphibians

inhabiting temperate climates. Amphibians experimentally held at

low temperatures have decreased lymphocyte proliferation,

decreased serum complement activity, increased neutrophils and

decreased eosinophils (Maniero and Carey, 1997). Season-specific

patterns in peripheral blood cell counts were also observed in field-

collected amphibians (Raffel et al., 2006; Raffel et al., 2009). These

effects may be exacerbated in the face of a changing climate. For

example, Kiesecker and colleagues (Kiesecker et al., 2001) studied

the impact of precipitation patterns on disease in the Pacific

Northwest. The authors found a correlation between decreased

rainfall, decreased water levels at oviposition sites of toads, increased

exposure to UV radiation, and increased susceptibility of the egg

masses to infection. Thus, there is evidence that atmospheric change

will affect pathogen virulence and/or disease rates.

Environmental pollutants and pathogens 

Numerous studies have documented the effects of environmental

pollutants on the amphibian immune system. Nearly all of these

studies suggest that amphibians are particularly sensitive to

contaminants in laboratory tests, experimental field manipulations

and field observations as described below.

Pesticide exposure results in a number of effects that are indicative

of decreased immune function, leading to increased disease

susceptibility in amphibians. Laboratory exposure of amphibians to

agricultural pesticides can result in decreased melanomacrophage

aggregates in the liver (Rohr et al., 2008c), altered spleen cellularity

(Linzey et al., 2003), decreased lymphocyte proliferation responses

(Christin et al., 2003a; Christin et al., 2004), decreased skin peptide

defenses (Davidson et al., 2007) and decreased peripheral leukocyte

levels (Forson and Storfer, 2006a; Forson and Storfer, 2006b).

Langerveld and others (Langerveld et al., 2009) showed that chronic

exposure to atrazine resulted in the modulation of genes involved

in growth and metabolism, proteolysis, fibrinogen complex

formation and immune regulation in X. laevis. Seven genes

associated with immune system function, specifically defense

molecules present in the skin (e.g. magainin II, levitide A,

preprocarulein, skin granule protein), were significantly down-

regulated in female tadpoles.

Legacy pesticides also have detrimental effects on immune

function in amphibians. DDT, DDE and other organochlorines in

soil, amphibian food and liver tissue caused increased

melanomacrophage aggregates in liver, increased limb deformities

and decreased white pulp in the spleen of exposed marine toad (B.

marinus) individuals (Linzey et al., 2003). Albert and others (Albert

et al., 2007) showed that dietary exposure to DDT or dieldrin for

10 weeks through eating dosed crickets, suppressed antibody and

DTH responses. Other researchers (Barni et al., 2007) showed that

several changes in blood cell properties, indicative of impaired

immune function, occur in Rana esculenta in polluted rice fields.

Gilbertson and others (Gilbertson et al., 2003) found that DDT

(923ngg–1 wet mass), malathion (990ngg–1 wet mass) and dieldrin

(50ngg–1 wet mass) injections decreased antibody production,

T. B. Hayes and others

THEJOURNALOFEXPERIMENTALBIOLOGY



929Amphibian declines and stress

decreased oxidative burst of peripheral leukocytes and altered

delayed-type hypersensitivity (DTH) response in R. pipiens.

Consistent with their adverse effects on immune function in

amphibians, environmental contaminants such as pesticides increase

pathogen success and disease rates in exposed amphibians. In

particular, the widespread herbicide atrazine impairs immune

function and increases disease rates, both alone and when part of a

mixture of other pesticides. Christin and others (Christin et al.,

2003b) showed that a mixture of pesticides that included atrazine

decreased T-cell responses and decreased phagocytosis and spleen

cellularity during exposure when frogs were challenged with

parasites. This pesticide mixture also increased parasite infections

with Rhabdias ranae in R. pipiens (Christin et al., 2003b). Similarly,

a pesticide mixture containing atrazine decreased thymus size and

cell density, and resulted in the induction of flavo-bacterial

meningitis in the same species (Hayes et al., 2006a). A pesticide

mixture containing atrazine also decreased spleen cellularity in X.

laevis, increased phagocytic cells in X. laevis spleen, and decreased

T-cell proliferation in R. pipiens (Christin et al., 2004). Kiesecker

(Kiesecker, 2002) showed that wood frogs experienced increased

parasitic limb deformities when exposed to atrazine, malathion or

esfenvalerate. These pesticides also decreased eosinophils and

increased encysted cercariae (Telorchis, Ribeiroia) in exposed

amphibians (Kiesecker, 2002). Increased infections with parasites

in pesticide-exposed amphibians have also been noted for R. ranae

(Christin et al., 2003b; Gendron et al., 2003), Ribeiroia (Kiesecker,

2002) and trematode spp. (Rohr et al., 2008c), and Echinostoma

trivolvis (Budischak et al., 2008; Rohr et al., 2008b).

Similar to the effects of experimental exposure to pesticides in

the laboratory and mesocosms described above, field studies support

the view that exposure to agricultural chemicals is associated with

impaired immune function and increased disease states in the wild.

Agricultural chemical use is correlated with increased parasite

infection and limb deformities in the field (Kiesecker, 2002).

Amphibian parasite communities have altered ecology in regions

of high agricultural pesticide use (King et al., 2007). Rana pipiens

showed a decrease in the diversity of parasites with only generalists

present in a 2 year study in Canada. In field studies, atrazine and

phosphates were correlated with increased trematode loads in R.

pipiens (Rohr et al., 2008c). These findings were supported by

mesocosm studies that showed that atrazine increased attached algae,

resulting in increased snails, increased trematode infections,

immuno-suppressed tadpoles and, ultimately, increased infections

(Rohr et al., 2008c) (as discussed above). Further, Rohr and others

showed that atrazine, glyphosate, carbaryl and malathion increased

parasitic infections in Rana clamitans in mesochosm studies (Rohr

et al., 2008b). Woodhouse’s toads developed clinical disease,

hepatomegaly, and died at higher rates when exposed externally to

malathion and challenged with the bacterium Aeromonus hydrophila

(Taylor et al., 1999). Exposure to atrazine and sodium nitrate

decreased peripheral leukocyte levels, and increased infections with

Ambystoma tigrinum virus (ATV) in Ambystoma tigrinum

nebulosum (Forson and Storfer, 2006a; Forson and Storfer, 2006b).

Gendron and others (Gendron et al., 2003) showed that 21days

exposure to atrazine, metribuzin, aldicarb, endosulfan, lindane and

dieldrin accelerated the migration of parasites into the lungs and

increased the number of parasites in the lungs when pesticide-

exposed R. pipiens were subsequently challenged with the parasite

R. ranae. After 7 weeks of development in water with no malathion,

tadpoles previously exposed as embryos for only 96h to 60 and

600gl–1 malathion suffered from an increased number of E.

trivolvis cysts when compared with controls (Budischak et al., 2008).

Habitat modification and pathogens

Habitat modification can increase pathogen virulence. As already

discussed above, changes in algae in ponds can create refuges for

parasites and/or their hosts, thus increasing parasite prevalence. The

impact of habitat modification may be indirect, as degraded habitats

may increase stress (references herein), which decreases immune

function and thus increases susceptibility to disease.

Invasive species and pathogens 

Invasive species may again simply serve as another stressor that

contributes to immune function failure, which can increase

susceptibility to disease in native amphibians. Invasive species may

also increase pathogen prevalence by introducing the pathogens,

however. For example the copepod parasite Lernaea cyprinacea is

an Asian species that was most likely introduced by fish and then

passed to bullfrogs (R. catesbeiana) (Kupferberg et al., 2009), which

then introduced the pathogens to the habitat of native frogs, such

as Rana boylii in California. The case of Lernaea infections in R.

boylii is also an excellent example of the role that multiple

interactive factors play in amphibian declines. Here, invasive

bullfrogs not only compete for resources and prey on R. boylii but

are also responsible for introducing a pathogen that causes disease,

which leads to malformations and decreased growth (Kupferberg

et al., 2009). In addition, the infections increase with increasing

temperature (e.g. atmospheric change). Further, infections were

increased in years when there was decreased discharge in the river

due to drought (habitat modification). Thus, here we have four

interacting factors at Level 3, affecting at least four factors on Level

2, which likely affect both death and recruitment at Level 1.

Similarly, chytridiomycosis may have been introduced through an

invasive species, X. laevis (which appears resistant) (Weldon et al.,

2004), and invasive bullfrogs may serve as reservoirs for the fungus

in the western United States (Green and Dodd, 2007; James et al.,

2009; Pearl et al., 2007; Schloegel et al., 2009). As discussed earlier,

habitat modification and atmospheric changes likely contribute to

the success of these invasive species and likely affect the

survivorship and virulence of the pathogen itself. So, again, multiple

factors likely interact in determining the spread of this disease in

this example.

Conclusions

Though much attention has been paid to chytrid recently, and though

chytrid and other diseases undoubtedly play important roles in

amphibian declines, research on the factors that contribute to

pathogen virulence and the subsequent spread of disease is still

needed. Further, studies that focus on failed recruitment in addition

to examination of factors leading to the death of individuals need

to be conducted. A better understanding of the ultimate factors at

Level 3 and their interactions with pathogens and a better

understanding of the remaining proximate factor (failed recruitment,

Level 1) will help us to develop a better approach to mitigate

amphibian declines.

Ultimately, the answers may impact more than just amphibian

survival. Many scientists argue that amphibians are ‘canaries in the

coal mine’ and that the rapid declines in the amphibian population

are an environmental warning. Although a recent review argues that

amphibians are not more sensitive than other taxa (Kerby et al.,

2010), Kerby and colleagues examined sensitivity to chemicals only,

e.g. environmental pollutants. Further, they examined only one

aspect of the impact of environmental pollutants, direct toxicity

(‘relative responses to water-borne toxins’ as described by the

authors) and did not consider the greater exposure risk of amphibians
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as a result of their highly permeable skin. Furthermore, they ignored

developmental effects, endocrine-disrupting effects, or interactions

between environmental contaminants and other factors. What is

more, the authors’ conclusion that amphibians are not particularly

sensitive is not based on comparisons between amphibians and other

vertebrate classes, but rather on comparisons of toxicity between

amphibians and invertebrates only. Certainly, it is not surprising

that insects, or other invertebrates, are more sensitive to pesticides

designed to kill insects. In addition to not considering the

developmental and endocrine-disrupting effects of chemicals on

amphibians, Kerby and colleagues ignore the fact that the targets

of chemicals such as insecticides are prey species for amphibians,

thus potentially leading to bioaccumulation of chemicals in some

cases and adverse effects that do not manifest as direct toxicity. By

analogy, birds are not necessarily more sensitive to DDT, but after

consuming exposed insects and other prey, DDT levels accumulated

in birds leading to high mortality and failed recruitment (Bernard,

1963).

These issues aside, however, as May points out (May, 2010),

when we examine the fraction of species threatened relative to the

total number of species that have been examined (as opposed to the

total number of known species in a taxon), reptiles and fish exceed

amphibians (among vertebrates) and plants and invertebrates exceed

amphibians by a factor of two in the proportion of species threatened.

Thus, as Kerby and colleagues (Kerby et al., 2010) suggest, perhaps

‘amphibians are not particularly sensitive and might more aptly be

described as “miners in a coal mine”’. If this is the case,

understanding the factors and interactions that contribute to

amphibian declines becomes even more urgent and amphibian

studies even more important. At least with amphibians, we have a

starting point for defining the global issues that have driven us to

the Earth’s sixth mass extinction.
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