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Abstract

Amphibians have declined dramatically inmany areas of the world. These declines seem to have worsened over the past 25 years and

amphibians are nowmore threatened than eithermammals or birds, though comparisons with other taxa are confounded by a shortage

of reliable data.Research into amphibiandeclines has focusedon: (1) documentation at the landscape or population level; and (2) obser-

vational and experimental work on potential causes of declines. Although loss of habitat is known to have impacted amphibians for

decades, recent research has focused on the effects of environmental contaminants, UV-B irradiation, emerging diseases, the introduc-

tion of alien species, direct exploitation, and climate change. Such factors may interact with each other, but high levels of mortality do

not necessarily lead to population declines.Major challenges remain in extrapolating fromexperimental data to population level effects,

and in developing methodologies that will provide unbiased descriptions of amphibian population dynamics. Although amphibians

have been widely advocated as good biological indicators, there is little evidence to suggest that they are more effective than other taxa

as surrogatemeasures of biodiversity or habitat quality.Asmany of the threats facing amphibians are extremely difficult to neutralize in

the short- to medium-term, the chances of ameliorating – let alone reversing – amphibian declines seem very poor.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The discipline of conservation biology emerged specif-

ically to understand, quantify and ameliorate the current

biodiversity crisis (Soulé, 1986). Amphibians are playing

an increasingly prominent role in this issue. The current
era of research into amphibian declines followed the

First World Congress of Herpetology in 1989 (Wake,

1991, 1998), though reports of declines go back at least

25 years before then (Pechmann and Wilbur, 1994).

However, the Congress certainly precipitated an upsurge

of interest as within a few years declines were reported

for more than 500 amphibian species out of an estimated

global total (at that time) of over 4000. A recent report
from the IUCN�s Global Amphibian Assessment indi-

cates that as many as a third of amphibian species,

now estimated at over 5700, have undergone severe de-

clines or extinction (Stuart et al., 2004) and that neotrop-

ical montane, stream-associated species are at particular

risk. The declines have various likely causes, but there

has been widespread controversy about their significance

(Pechmann et al., 1991; Pechmann andWilbur, 1994; Al-
ford and Richards, 1999; Blaustein and Keisecker, 2002).

In this review we: (1) briefly summarize research on caus-

ative factors (more comprehensive reviews on this aspect

have been published elsewhere); (2) discuss the difficulties

of extrapolation from experiments revealing possible

causes of decline to demonstrating effects at the levels

of populations and geographic ranges; and (3) consider

how the study of amphibian declines relates to wider bio-
diversity issues, and the prospects for preventing contin-

ued amphibian declines. It is, however, important to be

clear about how amphibian declines are defined (Green,

1997). In particular, we can identify declines in numbers

of populations at the relatively large scale of biogeo-

graphic range, and fine-scale declines of specific popula-

tions in terms of overall size. Both are important but, as

we shall see, the methods appropriate for investigating
them can differ substantially.
2. Possible causes of amphibian declines

2.1. Habitat destruction, agrochemicals and chemical

pollution

Some reasons why amphibians decline have been

understood for decades (Collins and Storfer, 2003).

Temporal patterns of amphibian decreases reflect the
major impact of habitat destruction in Europe during

the mid-twentieth century, in contrast with more recent

declines elsewhere (Houlahan et al., 2000). This conclu-

sion has been contested, with the suggestion that global

declines only began in the 1990s (Alford et al., 2001), but

intensive arable farming starting in the mid-20th century
has destroyed much habitat in the northern hemisphere

and led to general reductions of many species (Kolozs-

vary and Swihart, 1999; Ray et al., 2002). Road traffic

also impacts significantly on amphibians, particularly

during migrations to breeding sites (Hels and Buchwald,

2001). A general difficulty with assessing the effects of

habitat destruction is measuring the full consequences

over time and space. Findlay and Bourdages (2000)
demonstrated that although negative consequences of

road construction on amphibian populations were typi-

cally manifest within eight years, the full effects could

take several decades to develop. Similarly, amphibian

species richness in Ontario (Canada) ponds was heavily

influenced by forest cover and road density, the effects of

which were felt up to thousands of metres from the

ponds (Houlahan and Findlay, 2003). ‘‘Long-range’’
consequences of habitat alteration will probably often

lead to an underestimation of the significance of habitat

destruction.

Concordant with habitat destruction has been the

widespread use of fertilisers and pesticides that have also

had deleterious consequences. Unlike the effects of hab-

itat change that have been known for at least 100 years,

our understanding of the effects of chemicals on
amphibians is comparatively recent (Collins and Storfer,

2003). Atrazine, a widely applied herbicide, may cause

feminisation of frogs at extremely low concentrations

(<1 part per billion in pond water; Hayes et al.,

2002a,b). If confirmed in other species and systems,

these results could have serious ecological and economic

consequences. Proving deleterious effects of pesticides at

the population (as opposed to the laboratory, field
enclosure or mesocosm) level is a difficult problem, but

increasingly sophisticated analyses taking account of

historical pesticide application data have strongly linked

organophosphates and carbamates with the declines of

four Californian anurans (Davidson, 2004). Another po-

tential hazard to amphibians is acid precipitation.

Amphibian embryos and larvae are vulnerable to both

direct and indirect effects of low pH, but although local
effects have been reported there is no evidence to link

acidification with widespread amphibian declines

(Vertucci and Corn, 1997). Indeed, none of these factors
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readily account for the recent declines that have often

been in areas apparently remote from human influence.

In recent years, attention has therefore shifted to five

other possible culprits: increased exposure to ultraviolet

radiation, emerging diseases, the spread of alien species,

direct exploitation and climate change.

2.2. UV-B irradiation

Anthropogenic ozone depletion has significantly in-

creased UV-B (280–315 nm wavelength) radiation at

ground level in high latitudes. UV-B has multiple effects

on ecosystems, some harmful and some beneficial to

individual organisms (Paul and Gwynn-Jones, 2003).
Experiments in natural ponds, mostly in mountainous

regions of North America, implicated increases in UV-

B radiation as a possible cause of amphibian declines.

Embryos of some species survived much better when

shielded from UV-B than when exposed to current

ambient levels (e.g., Blaustein et al., 1994). Similar dam-

aging effects of elevated UV-B have also been observed

in the laboratory, including with European species
(e.g., Pahkala et al., 2003a). Furthermore, satellite-based

measures of UV radiation levels at 20 sites in Central

and South America recorded increases between 1979

and 1998 that were greatest in areas where amphibian

declines have been most severe (Middleton et al.,

2001). However, embryos and larvae of many declining

species in tropical rainforests are not exposed to UV-B

in the same way as those reproducing in the open moun-
tain pools and lakes of temperate countries. Another

problem with attributing declines to increases in UV-B

radiation is that moderate concentrations of dissolved

organic matter (DOM) ameliorate the effects of UV-B

below the water surface. One recent study suggests that

eggs and larvae in the majority of breeding sites used by

amphibians in North American mountain regions are

well protected by the DOM (Palen et al., 2002). Never-
theless, the significance of increased UV-B radiation in

amphibian declines remains uncertain, and ongoing con-

flicts over methodologies, analysis and interpretation of

available data show no sign of waning (e.g., Kats et al.,

2000, 2002; Cummins, 2002; Blaustein et al., 2003;

Heyer, 2003; Licht, 2003). As is often the case with

amphibian responses to other anthropogenic factors, it

seems likely that responses to UV-B – as well as
interactions between UV-B and other agents of decline

– vary considerably between species, regions and

microclimates.

2.3. Diseases

Dramatic mass mortalities observed in some declin-

ing amphibian populations have provided evidence that
diseases may play a significant role in some species and

regions (e.g., Cunningham et al., 1996; Berger et al.,
1998; Lips, 1999; Daszak et al., 2003). Ranaviruses (Iri-

doviridae) cause high levels of mortality in tiger sala-

manders (Ambystoma tigrinum) but populations

usually recover afterwards (Jancovich et al., 1997,

2001). The genome of this virus is now completely se-

quenced, and there is no evidence of long-term persis-
tence of viral particles outside salamanders (Collins

et al., 2004). Ribeiroia ondatraeis is a trematode worm

that causes leg deformities in frogs. Increased eutrophi-

cation favours the snails that provide a secondary host

for this parasite (Johnson et al., 2002; Johnson and

Chase, 2004). In this situation, changes in water quality

caused by human activities have altered community

structures, and thus predation patterns, to favour snails
(Planorbella species) exclusively used as first intermedi-

ate hosts by R. ondatraeis. In this case, there is no evi-

dence that amphibian populations with high incidences

of parasite-caused deformities are undergoing declines,

but such subtle effects might well be important in other

host–pathogen and host–parasite systems. Complex

interactions such as this might explain why outbreaks

of disease are often not simply relatable to local presence
or absence of pathogens. Saprolegniaceous fungi can

cause high levels of egg mortality in amphibians and

in this case there may be synergistic effects between fun-

gal infection and UV-B (Kiesecker and Blaustein, 1995).

However, the taxonomy of these fungi is confused, and

different amphibian species may be vulnerable to differ-

ent strains of Saprolegnia (Robinson et al., 2003).

Undoubtedly the most worrying pathogen so far discov-
ered, however, is a chytrid fungus Batrachochytrium

dendrobatidis. This has been implicated in mass mortal-

ities and population declines of amphibians in the Amer-

icas, Europe, Australia and New Zealand (Berger et al.,

1998). It attacks the skin of post-metamorphic amphib-

ians and causes death by impairing cutaneous respira-

tion and osmoregulation. Disease outbreaks may

follow either: (1) a weakened immune response in the
amphibians caused, perhaps, by another stressor; or

(2) an increased virulence of the pathogen. A molecular

study on the phylogeography of the chytrid fungus indi-

cated that the recent spread of a new, virulent clone may

be responsible for its dramatic effects (Morehouse et al.,

2003). Nevertheless, there are some perplexing aspects of

chytrid infection that do not sit easily with a universal

destructor of amphibians. In Australia, chytrid infection
rate during 1994–1998 was higher in a species that has

not declined (Litoria wilcoxii) than in a sympatric spe-

cies (Taudactylus eungellensis) that had declined dramat-

ically, purportedly due to chytridomycosis, during the

1980s (Retallick et al., 2004). Furthermore, infected

specimens of T. eungellensis survived as well as unin-

fected specimens in the field. Rana catesbeiana may also

carry the pathogen without showing clinical signs of
chytridiomycosis (Daszak et al., 2004). Evidently there

is substantial interspecific and intraspecific variation in



274 T.J.C. Beebee, R.A. Griffiths / Biological Conservation 125 (2005) 271–285
susceptibility to this pathogen, and interaction with

other factors may be critical to its epidemiology. Chytrid

fungi might therefore be responsible for some amphib-

ian population declines, but it remains uncertain as to

whether they are primary or secondary causes.

2.4. Introduced species

Evidence for alien species impacting on amphibian

populations is based on two types of study: (1) negative

correlations between alien predators and amphibians;

and (2) experiments on the mechanisms by which aliens

affect amphibians. Declines and local extinctions have

been variously ascribed to introduced fish, other
amphibians such as bullfrogs R. catesbeiana and cane

toads Bufo marinus, and crayfish (Kats and Ferrer,

2003). Competition and predation generate the most

obvious effects, causing reduced growth or survivorship,

or alterations in behaviour or habitat use. Eggs and lar-

vae are usually the most vulnerable stages, but even with

very high levels of mortality, density dependence may

still permit coexistence (Vonesh and De la Cruz, 2002).
However, a well-studied example with clear population

effects concerns the introduction of trout, for sporting

purposes, into mountain lakes in the Californian Sierra

Nevada range. These fish precipitated a major decline in

mountain yellow legged frogs R. muscosa, which also

use permanent water bodies, by predation of their larvae

(Knapp and Matthews, 2000). By disrupting metapopu-

lation structure, it is likely that the fish introductions
ultimately also caused the demise of frog populations

even in sites lacking the new predators. This also pro-

vides one of the few examples where a decline hypothesis

has been tested empirically, with considerable success.

Removal of trout from some lakes has resulted in rapid

recovery of R. muscosa populations (Vredenberg, 2004).

Another danger of introduced species concerns the

pathogens they can bring with them. It has been discon-
certing to discover that the North American bullfrog,

R. catesbeiana, is an effective carrier of chytridomycosis

(Daszak et al., 2004). This large frog has become estab-

lished in many parts of the world well outside its natural

range.

Hybridization is another problem. In Switzerland

and in southern England, introduced Italian crested

newts (Triturus carnifex) have hybridized with native
northern crested newts (T. cristatus), but the impacts

on populations appear to be local rather than regional

(Arntzen and Thorpe, 1999; Brede et al., 2000). On the

other hand, introduced marsh frogs R. ridibunda have

replaced the related water frog R. lessonae in several

areas of western and central Europe, and probably this

is at least partly a result of complex genetic conse-

quences of hybridisation (Vorburger and Reyer, 2003).
Due to hybridogenesis, in which the lessonae genome

is lost in hybrid frog germ lines prior to meiosis, hybrid-
isation favours increasing numbers of R. ridibunda in sit-

uations where the incoming ridibunda genomes are novel

(i.e., have not been clonally cycled many times through

the fertile hybrid R. esculenta, with consequent loss of

viability). This is exactly the situation in places where

R. ridibunda has been introduced.

2.5. Exploitation

Humans have long exploited amphibians, particu-

larly the larger species, as a food resource in many parts

of the world. Although this is undoubtedly the most

substantial direct impact of human predation, others in-

clude collection for the pet trade, education and medical
research, use as bait by anglers, and even conversion

into leather as fashion accessories (Jensen and Camp,

2003). Tens of millions of amphibians, mostly large frog

species, are sacrificed for food each year. Only a tiny

proportion of this consumption is supported by captive

breeding or farming enterprises. The bulk is a result of

collection, much of it illegal, from wild populations in

Asia. Although local population declines have been
documented in areas of intense harvesting, there is

little information about long-term or large-scale

consequences.

2.6. Climate change

Recent changes in the global climate might impact

adversely on amphibian populations. Global mean tem-
perature rose by about 0.6 �C over the past 100 years

with an accelerating trend since the 1970s, and there is

increasing evidence for multiple effects of climate change

on wildlife and ecosystems (e.g., Walther et al., 2002;

Parmesan and Yohe, 2003). There is currently no evi-

dence that climate change has led to tolerance limits in

temperature or moisture being exceeded in amphibians

(Carey and Alexander, 2003). There have, however,
been detectable effects of climate change on breeding

phenology although the extent of this varies between

studies (Table 1). These differences may represent real

variation between species and regions, or may be a func-

tion of different methodologies or study timeframes.

Asynchronous changes in phenology might alter preda-

tion rates and thus disadvantage particular species

within communities. The golden toad (B. periglenes) of
the Costa Rican rainforest disappeared completely at

the end of the 1980s and has not been seen since (Pounds

et al., 1997). Many species of this rainforest biota de-

clined over the past 20 years and several taxa previously

restricted to lower altitudes have ascended higher into

the mountains. It seems that warmer sea surface temper-

atures in the Pacific have caused thermal uplift in the

atmosphere, such that cloud formation over the Costa
Rican mountains is higher than in earlier decades. The

forest has consequently become drier, and amphibian



Table 1

Summary of studies on long-term changes in breeding phenology in

amphibians

Species Time frame Location Breeding

Triturus vulgaris1 1978–1994 England Earlier

Triturus helveticus1 1978–1994 England Earlier

Triturus cristatus1 1978–1994 England Earlier

Rana esculenta1 1978–1994 England Earlier

Bufo calamita1 1978–1994 England Earlier

Rana temporaria1 1978–1994 England No change

Bufo bufo2 1980–1998 England No change

Bufo boreas3 1980–2000 USA No change

Rana cascadae3 1980–2000 USA No change

Bufo fowleri3 1980–2000 Canada No change

Pseudacris crucifer3 1980–2000 USA No change

Pseudacris crucifer3 1900–1999 USA Earlier

Rana sylvatica4 1900–1999 USA Earlier

Rana catesbeiana4 1900–1999 USA No change

Hyla versicolor4 1900–1999 USA Earlier

Bufo americanus4 1900–1999 USA No change

Rana clamitans4 1900–1999 USA No change

Data from Beebee (1995)1, Reading (1998)2, Blaustein et al. (2001)3,

Gibbs and Breisch (2001)4.
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breeding less successful (Pounds et al., 1999). However,

the recent climate patterns are not unprecedented and

there is no evidence that similar conditions within the

past 50 years led to amphibian declines (Alexander

and Eischeid, 2001). It is therefore uncertain as to

whether recent climate change is a significant cause of

amphibian declines. Carey and Alexander (2003) make

recommendations to address this issue, by suggesting
improved methodologies to investigate climate change

as an agent of amphibian declines.

2.7. Complex causes

The ‘‘context dependency’’ (Blaustein and Keisecker,

2002) of factors involved in amphibian declines is cur-

rently receiving increasing attention. A combination of
reduced precipitation, consequent increased exposure

to UV-B in shallow pools and high infestation with

pathogenic fungus has been suggested as a complex

cause of B. boreas declines (Kiesecker et al., 2001). Hab-

itat destruction and pesticide drift from nearby agricul-

tural areas were implicated as the main causes of

amphibian declines in California, with weak evidence

of UV-B and no evidence of climate change effects
(Davidson et al., 2001, 2002). Developmental abnormal-

ities in wood frog (R. sylvatica) tadpoles, caused primar-

ily by trematode infections, were strongly enhanced by

pesticides in agricultural run-off (Kiesecker, 2002).

Low pH (4.5) acting synergistically with UV-B sharply

reduced the survival of common frog (R. temporaria)

tadpoles in a north Swedish population, but there were

no significant effects on a southerly population with a
history of exposure to low pH (Pahkala et al., 2003b).

We should not be surprised that these complex studies
are more realistic than those focusing on single putative

agents of decline, and they certainly give a good idea of

the difficulties faced when dealing with wild populations.

Clearly, multifactorial approaches to testing agents of

decline will continue to play a prominent role in future

studies (Storfer, 2003).
3. Outstanding problems in the study of amphibian

declines

3.1. Measuring effects at the distributional level

The overall significance of amphibian declines is
manifest at the geographical range scale. Determining

trends across a range requires an estimation of numbers

of occupied sites at the landscape level (Green, 1997),

usually with substantial resource implications due to

the amount of effort involved. It is nevertheless essential

because instability – or even declines – of local popula-

tions may not be reflected in overall changes at larger

geographic scales. Green frog R. clamitans populations,
for example, showed local instabilities but no overall

trends across a larger spatial scale (Hecnar and M�Clos-
key, 1997). Estimates of overall distributional changes

are very sensitive to survey effort and require multiple-

year resurveys for high confidence (Skelly et al., 2003).

For relatively rare species it may be possible to assess

range scale effects directly, by intensive survey over

many years (e.g., Buckley and Beebee, 2004). For more
widespread species, methods have been developed to

estimate site occupancy using techniques analogous to

mark-recapture for estimating individual population

sizes (MacKenzie et al., 2002). This approach has been

developed by Royle (2004) to allow for varying abun-

dance levels (not just presence or absence) when record-

ing anuran calls. In a recent application of the

MacKenzie et al. (2002) method with call surveys for
four species of European anurans, Pellet and Schmidt

(2005) showed that multiple (up to six) visits to each site

were needed to establish presence or absence of three

species with high confidence. The fourth species was

too rare to make a robust assessment. This gives some

idea of the high workload needed to assess potential de-

clines at the range scale.

3.2. Measuring effects at the population level

A second aspect of the assessment of amphibian de-

clines is the accurate measurement of changes in the

sizes of individual populations. Obtaining quantitative

data for this more finely scaled type of analysis has

proved difficult in amphibians for several reasons

(Green, 1997). A non-trivial issue is how to define a pop-
ulation in the first place. For pond-breeding species it

has been common practice to treat breeding assemblages
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as populations (i.e., pond = population), and that has

been the case in many of the studies discussed below.

However, this is obviously unsafe in many situations,

for example in habitats where multiple temporary ponds

occur in close proximity. Petranka et al. (2004) showed

that for two North American species (Ambystoma mac-

ulatum and R. sylvatica) there was often a lack of demo-

graphic independence among clusters of ponds a few

hundred metres apart, and genetic studies are arriving

at similar conclusions. Gene flow among bullfrog (R.

catesbeiana) breeding ponds in Canada, and common

frog (R. temporaria) breeding ponds in Britain, is so high

over distances of several kilometres (Austin et al., 2004;

Brede and Beebee, 2004) that individual pond assem-
blages cannot meaningfully be treated as discrete popu-

lations. This problem is of course even more difficult

with respect to stream breeding and fully terrestrial spe-

cies, and these constitute the majority of amphibians

globally. Amphibian populations may behave as meta-

populations with boundaries that are difficult to delimit.

Of course, breeding aggregations will remain valuable as

sampling sites, but assessing demographic trends will
need to take account of population structure in ways

that will vary substantially among species.

A secondmajor problem arises because many amphib-

ians display wide natural fluctuations in population size

over time. Frogs and salamanders in South Carolina,

for example, showed substantial variations in both num-

bers of breeding adults and annual recruitment between

1979 and 1990 (Pechmann et al., 1991), suggesting that
short-term �snap-shot� surveys may be misleading. If

amphibians breed repeatedly but have intermittent repro-

ductive success, then populations may display short peri-

ods of rapid recruitment followed by longer periods of

gradual decline. This suggests that a population can be

declining for most of the time, yet remain stable in the

long-term (Pechmann and Wilbur, 1994; Alford and

Richards, 1999). Three common frog (R. temporaria)
populations in Switzerland all followed this model over

a 23–28 year period, and only one population – which

was suffering predation from introduced fish – really de-

clined over the same timeframe (Meyer et al., 1998).

However, a meta-analysis of amphibian population fluc-

tuations showed that life history mode, family and lati-

tude were all predictors of variation in population size

(Marsh, 2001). Variation in the fluctuation of population
size over time decreased in the order: pondbreeding spe-

cies, stream-breeding species, terrestrial species, suggest-

ing (for example) that land-dwelling salamanders display

more stable populations than aquatic frogs (Green,

2003). Contrary to earlier work, this study indicated that

relatively long periods of decline compensated for by

short periods of rapid recruitment are not universal prop-

erties of amphibian populations. Indeed, most species do
not show this pattern. It follows that the ease of interpret-

ing declines in population size with respect to long-term
threat varies among species. Certainly for most pond-

breeding amphibians, however, populations need to be

monitored for multiple generations before trends can be

reliably detected (Blaustein et al., 1994).

The practicalities of monitoring amphibian popula-

tions over time also constitutes a substantive problem,
yet adequate monitoring is vital both for detecting de-

clines and measuring any recoveries subsequent to con-

servation efforts. Amphibian populations are usually

censused at one of three levels: presence–absence, rela-

tive abundance or estimates of actual population size.

As discussed above (measuring effects at the distribu-

tional level), presence–absence surveys are useful for

determining changes in distribution patterns and num-
bers of populations (Green, 1997), but – by definition

– yield no information about trends within individual

populations. Measuring relative abundance of amphibi-

ans involves counting individuals or scoring populations

on an ordinal scale. Search effort may be standardized

by using time-constrained or area-constrained protocols

(e.g., transects or quadrats) and population densities

may be obtained (Heyer et al., 1994; Griffiths et al.,
1996). In Britain, for example, a night count by torch-

light is the most widely used general survey method

for newts (e.g., Griffiths and Raper, 1994; Cooke,

1995). Surveying for male advertisement calls (e.g.,

Bridges and Dorcas, 2000; Crouch and Paton, 2002)

and counting spawn clumps or strings (e.g., Crouch

and Paton, 2000) also fall into this category. However,

all methods that involve making simple counts of
amphibians have limitations in terms of how the result-

ing data may be interpreted (e.g., Buckley and Beebee,

2004). The main problem lies with the lack of control

over detection probabilities that is inherent in such stud-

ies. The probability of detection of an amphibian varies

between recorders, between habitats and between time

periods. Unless this can be quantified, extrapolating

from simple counts even to relative population size esti-
mates is highly problematical, and this may confound

the analysis of population trends even within long-term

data sets that have been collected in a standardized way

(Schmidt, 2003, 2004a). In addition to this general issue,

there may also be problems with specific methods that

use indices of population size. For example, it is not

straightforward to relate calling males to population size

(Shirose et al., 1997), and spawn counts may vary
according to the proportion of females choosing to

breed in any one season as well as to changes in the ac-

tual population size (Denton and Beebee, 1993).

When it is combined with demographics, estimating

actual population size is the highest level of census

and the one that provides the most useful data for anal-

ysing long-term population trends. In some cases it may

be possible to achieve this using a complete census in
which every individual in the population is identi-

fied or counted (e.g., in very small pools). More often,



Table 2

Amphibian Ne/Nc ratios

Species Ne/Nc Reference

Bufo marinus 0.016–0.088 Esteal and Floyd

(1986)

Bufo bufo 0.007–0.012 Scribner et al.

(1997)

Bufo calamita 0.02–0.19 Rowe and Beebee

(2004)

Rana pipiens 0.01–0.67 Merrell (1968)

Rana sylvatica 0.21–0.81 Berven and Grudzien

(1990)

Geocrina alba/G. vitellina c.1.0 Driscoll (1999)

Triturus cristatus/T. marmoratus 0.09–0.16 Jehle et al. (2001)
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however, an incomplete census is undertaken that re-

quires extrapolation from a sample. Such a sample

may be obtained from a series of quadrats or transects

placed randomly within a habitat, and the actual popu-

lation size estimated by extrapolating up to the total

area of habitat available. However, amphibians often
have contagious distributions even within superficially

homogenous areas of habitat that may make such

extrapolations tenuous, and this method still suffers

from the detection probability issues described above.

Incomplete censuses that utilize mark–release–recapture

(MRR) methods, distance sampling or Bayesian ap-

proaches provide the most informative data on popula-

tion size (Schmidt, 2003, 2004a). Such methods can
control for variation in detection probabilities and allow

the attachment of confidence limits to population esti-

mates. Although MRR models make explicit assump-

tions about the properties of the data, it is possible to

test these assumptions using goodness-of-fit tests, and

arrive at a model that provides an optimum fit to the

data. This is a major advantage of MRR over census

methods based on simple counts, which make implicit
assumptions that cannot be tested. On the down side,

it will often be impractical to carry out a detailed

mark–recapture analysis at large spatial scales for logis-

tical reasons, and where the data that informs conserva-

tion decision-making is collected largely by teams of

volunteers (e.g., Britain), the methodologies may be

too unwieldy to implement.

An altogether different approach to estimating spe-
cies abundance is based on the combined use of resource

selection functions (RSFs) and geographical informa-

tion systems (GIS). This method is habitat-based, and

relies on a thorough knowledge of habitat requirements

to estimate the probability of species presence and thus

population density (Boyce and McDonald, 1999). How-

ever, this technique has substantial difficulties for

amphibians because they often require complex combi-
nations of aquatic and terrestrial habitats. It also as-

sumes equilibrium population dynamics, and the

method may be difficult to apply where declines are

occurring rapidly, especially where these are disease-

mediated with no concurrent change in habitat.

3.3. Effective population size

Assuming it is possible to obtain a meaningful esti-

mate of actual (census) population size (Nc) for an

amphibian species, a further issue arises concerning the

value of such data for conservation planning (Green,

1997). A measure of the genetically effective population

size (Ne) may be much more useful for analysing the

viability of a population than either breeding numbers

or census population size estimates, because Ne more
accurately reflects the evolutionary potential of a

population. Unfortunately, it is even more difficult to
estimate Ne than it is to estimate Nc, but it is well known

that Ne tends to be much smaller than Nc (Frankham,
1995) and this is certainly true for most amphibians

(Table 2). This means that many amphibian populations

have very small effective population sizes, commonly

less than 100 (Funk et al., 1999). This in turn makes

amphibian populations especially susceptible to loss of

genetic diversity by random drift, and ultimately to the

effects of inbreeding depression and high genetic load

(Frankham et al., 2002; Rowe and Beebee, 2003). Con-
servation measures for declining amphibian populations

will need to take account of this vulnerable type of pop-

ulation structure, especially in fragmented landscapes

where the risks of population isolation are tending to

increase.

Molecular genetic methods are increasingly used for

the estimation of Ne, though the best ones have the dis-

advantage of requiring two population samplings taken
at least one generation apart (e.g., Waples, 1989; Wang

and Whitlock, 2003). However, genetic analyses with

highly polymorphic markers such as microsatellites

can provide valuable information about recent popula-

tion trends based on single population samplings.

Changes in Ne generate transient increases or decreases

in expected heterozygosity, relative to allele numbers,

during population bottlenecks or increases, respectively
(Cornuet and Luikart, 1996). Empirical tests comparing

levels of heterozygosity excess and known bottleneck

history in British natterjack toad populations demon-

strated a high level of congruence (Beebee and Rowe,

2001). The heterozygosity excess persists until a new

equilibrium is reached and thus can only detect bottle-

necks over a relatively short time period (0.2–4.0 Ne gen-

erations), though this should make it particularly useful
in the context of recent and severe population declines.

3.4. Relating cause and effect in population declines

Despite the results of elaborate field and laboratory

experiments, and correlative work between amphibian

abundances and environmental characteristics, relating

this information to effects at the population level
remains a major challenge and a source of ongoing
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debate (Sih et al., 2004a,b; Schmidt, 2004b). For exam-

ple, does the fact that elevated UV-B significantly re-

duces embryonic survival of some amphibians mean

that populations will decline as a result? Or might mech-

anisms such as reduced density-dependent competition

among larvae compensate for high embryonic mortality
(Vonesh and De la Cruz, 2002)? Experimental and

observational approaches alone are unlikely to answer

this question, which is central to understanding (and

potentially reversing) the declines of wild populations.

As better empirical data accumulate they should be used

to develop and refine models of amphibian population

dynamics that might help reveal the potential of regula-

tory processes. Norris (2004) reviewed the methods
available to conservation biologists for predictions of

future trends. These fall into three main classes, notably

statistical, demographic and behavioural modelling. All

require substantive data on environmental factors,

demographic parameters or individual behaviour pat-

terns relevant to the species in question. Demographic

modelling has been the basis of much work on popula-

tion viability analysis, but behavioural modelling may
offer the best prospects of predicting population changes

under unprecedented circumstances. All three modelling

approaches have their place in the investigation of

amphibian declines, but all require detailed information

that will often not be available except for the relatively

few well-studied species. Consequently, the species that

are easiest to model are likely to be those of least conser-

vation concern. It will nevertheless be interesting to see
how well modelling methods predict susceptibility to de-

clines – as well as the impact of ameliorative manage-

ment – in those situations where they can be applied

with robust data. In particular, modelling population

dynamics and life history effects on population growth

will no doubt provide increasingly useful guidance for

population management (Griffiths and Williams, 2000;

Biek et al., 2002; Sjögren-Gulve, 2004).
Life history studies have shed light on some of the

more puzzling aspects of amphibian declines that have

been occurring in relatively pristine montane areas that

are remote from direct human disturbance. Amphibians

from high altitudes or high latitudes tend to have short

breeding seasons, resulting in few clutches of eggs. Cool

temperatures in these regions also mean that larval

development is slow, size at metamorphosis is large,
and it takes a long time to reach sexual maturity. The

cumulative effect of these life history attributes is a long

generation time coupled with low fecundity. This in turn

makes the populations unable to recover quickly from

disturbance, and thus particularly vulnerable to extinc-

tion (Morrison and Hero, 2003). In Central America,

declining amphibian species have certain features in

common (use of aquatic habitats, restricted elevational
ranges and large body size) that set them apart from

non-declining species (Lips et al., 2003). While not al-
ways revealing the causes of decline, analyses of this

type at least permit testable predictions of which other

species are likely to decline in future.
4. Amphibians and the wider biodiversity crisis

Within the context of the wider biodiversity crisis,

two fundamental questions about amphibian declines

arise: (1) Are amphibians particularly good indicators

of a wider biodiversity malaise? (2) Are amphibians

declining faster than other taxa? Since 1989 amphibians

have been widely advocated as excellent �biological indi-
cators� or sensitive indicators of environmental health
(e.g., Blaustein and Wake, 1990; Vitt et al., 1990; Wy-

man, 1990; Wake, 1991). These claims have been reiter-

ated in more recent literature (e.g., Collins and Storfer,

2003; Storfer, 2003; Blaustein et al., 2003). Despite some

confusion in the literature over the precise definition of

�biological indicator� and associated terminology, there

is a consensus that a good biological indicator serves

as a surrogate measure of: (1) environmental contamina-
tion and/or habitat quality; or (2) population trends in

other species. (e.g., Landres et al., 1988; Noss, 1990;

Simberloff, 1998; Caro and O�Doherty, 1999). To be use-

ful as such a surrogate, then, covariation between the

abundance of the indicator and the parameter of interest

must be strong and well understood, and the indicator

must be relatively easy to measure (Table 3). Probably

because of the problems described above in quantifying
amphibian populations, few studies provide compelling

data for strong covariation between amphibian abun-

dance and contaminants or the abundance of other taxa.

Some of the early amphibian decline literature therefore

represents a paradox – amphibians were flagged as good

biological indicators despite the fact that the authors

concerned had little idea at the time what they were indi-

cating! Although our understanding of the relationships
between amphibian abundance and various types of

environmental degradation has improved immeasurably

over the past decade or so, there have still been no expli-

cit tests of amphibians as biological indicators and there

are few data to suggest that they are any better than

other taxa in this respect. Lawler et al. (2003), for exam-

ple, compared the ability of seven potential indicator

groups to provide protection for other species in the
Middle Atlantic region of the USA. Although amphibi-

ans performed better than mammals and birds, this was

because the latter taxa did not embrace aquatic habitats.

Moreover, using amphibians as indicators resulted in

fewer �at risk� species being embraced than when fish

were used. Kati et al. (2004) compared six groups of

taxa to determine their efficiency as biodiversity indica-

tors in northern Greece. Although amphibians were
lumped with freshwater turtles as �aquatic herpetofa-

una�, the best correlations between different taxa were



Table 3

Amphibians as potential biological indicators

Biological indicator properties Present in

amphibians?

Covariation of population

size with other taxa

Not known

Covariation of population

size with environmental

contaminants

Some species

Covariation of population

size with habitat change

Some species

Well-known biology Some species

Easily sampled Some species

Low variability in response

to environmental stressors

No

Easy to distinguish natural

population changes from

those induced by environmental

stressors

No

The list of biological indicator properties has been distilled from the

reviews by Landres et al. (1988), Noss (1990) and Caro and O�Doherty

(1999).
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between woody plants and small terrestrial birds. �Aqua-

tic herpetofauna� correlated with woody plants and

birds, but overall, woody plants and small terrestrial

birds were the best indicators of other taxa.

Two features of amphibians – their use of both aqua-

tic and terrestrial habitats and their sensitive skin – are

often quoted as making them particularly vulnerable

to environmental change and therefore good indicators
(e.g., Blaustein and Wake, 1990; Wyman, 1990; Lips,

1998). This assumption may be over-simplistic. Very

few amphibians divide their time equally between water

and land, either within or between life-history stages.

Moreover, a large number of species lead either entirely

terrestrial or entirely aquatic existences through direct

development or paedogenesis. Consequently, there is

likely to be a considerable imbalance between the rela-
tive impacts of aquatic and terrestrial stressors for most

species, and where both types of stressor are important,

the complexity involved with disentangling their respec-

tive impacts may mitigate against using amphibians as

surrogates for measuring those stressors. Equally, there

are many other physiological parameters apart from

skin sensitivity that may affect vulnerability to contam-

inants. Indeed, what little comparative literature exists
suggests that amphibians vary considerably in their sen-

sitivity to chemicals, and the notion that they are more

sensitive than other taxa is not supported (e.g., Hall

and Henry, 1992; Pechmann and Wilbur, 1994; Zhang,

1999). Of course, it is important to recognise that

amphibians are a diverse group that may contain some

as yet undiscovered and highly effective biological indi-

cators. Nevertheless, as a class, they do seem to lack
some of the fundamental properties of good indicators

(Table 3). As previous authors have pointed out, all

too often the advocacy of indicator groups is more re-
lated to the interests of their main proponents than to

evidence that they are effective in this regard (Williams

and Gaston, 1994; Stork and Samways, 1995; McGeoch

and Chown, 1998). At present then, it may be easier to

measure environmental stressors directly rather than

attempting to use amphibians as surrogates.
Rather more progress has been made on the second

issue of whether amphibians are declining faster than

many other taxa. Reviewing evidence of status

changes between 1600 and the 1970s, Honegger

(1981) discovered only two amphibian extinctions

compared with 28 for reptiles. Similarly, Smith et al.

(1993) concluded that only around 0.07% of amphib-

ian species were lost since 1600 and about 2% were
under threat, in both cases the lowest figures for any

vertebrate group. By striking contrast, Stuart et al.

(2004) concluded that some 1856 amphibian species

(32.5% of the total) are currently under threat, with

427 species (7.4%) critically endangered, according to

IUCN categorisation. This compares with 12% of

birds and 23% of mammals in the IUCN ‘‘under

threat’’ designations. The situation for amphibians
therefore seems to have worsened dramatically over

the past 25 years. The evidence upon which these

conclusions are based is rather scanty for many spe-

cies, but there seems little doubt that the problem is

now both real and serious. Nevertheless, even in rela-

tively recent times the evidence suggests that in

Europe reptiles have declined at least as much as

amphibians (Beebee, 1992). It is also important to
note that not all amphibians are declining. Many

species remain apparently stable, including some that

breed in the same ponds as declining species. A few,

such as introduced cane toads B. marinus, are

expanding their ranges to the extent of becoming pests

(Lever, 2001).

Although, we might hope to learn some general prin-

ciples about threats to species from the study of amphib-
ian declines, the converse may be at least equally

important. There is widespread evidence of long-term

bird declines around the world, including studies that

cover multi-decade time series (e.g., Pain et al., 1997;

Holmes and Sherry, 2001; Lane and Alonso, 2001). As

with amphibians, situations in which declines of some

species are occurring commensurate with stability or in-

creases of others are not uncommon (e.g., Fuller et al.,
1995; Coppedge et al., 2001). Unlike amphibians, how-

ever, most recent bird declines are readily explained by

habitat change or destruction, or direct persecution.

However, half a century ago many raptor species de-

clined dramatically across much of Europe and North

America. Most other birds were much less affected by

what at the time was a completely mysterious problem.

The cause turned out to be the widespread post-war
application of organochlorine insecticides, residues of

which accumulated in predatory birds, causing the
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thinning of egg shells and thus dramatically increasing

embryonic mortality. The discovery of this complex con-

sequence of pesticide applications was a dramatic piece

of detective work including both field observations and

laboratory experiments (e.g., Moore, 1967; Ratcliffe,

1970). Proof of its importance was provided by
the subsequent recovery of many raptor populations

following the gross reductions in application rates of

the offending chemicals that began during the 1970s.

Earlier work on pesticides and birds could therefore

provide a valuable paradigm for current concerns

about amphibians. Arguably the only meaningful test

of whether a cause of decline has been discovered is

the subsequent recovery of natural populations when
the cause is removed (Caughley, 1994). For raptors

this has taken decades and remains incomplete. If

ozone holes or global warming really are major agents

underpinning amphibian declines (and probably many

other ecosystem effects) it will probably be at least as

long before we know for sure. Even this presupposes

that political and legal instruments designed to ad-

dress global threats to biodiversity – such as climate
change – are implemented at the international level

and work effectively. This will be a much more daunt-

ing task than the control of pesticides or removal of

predators. At present the prospects for reversing

anthropogenic climate change look bleak, though ef-
Table 4

Possible causes of amphibian decline and prospects of amelioration

Cause of decline Major life stages

affected

Possible amelioration

Habitat destruction All Protection of natural sites

Creation of amenity habitats

(e.g., garden ponds)

Road traffic Adults and

juveniles

Under-road tunnels

Pollution All Control of pollutant emissio

Development of natural resi

Pathogens All Reduce transmission by strin

hygiene rules

Selection for resistance

Increased UV

irradiation

Eggs, embryos

and larvae

Control of ozone-depleting c

Dissolved organic matter in

Density dependent effects on

Alien species Eggs, embryos

and larvae

Extirpation of aliens

Persistence of habitats inacc

Climate change Eggs, embryos

and larvae

Reduce emission of greenho

Facilitate change of biologic

suitable areas

Collection by

humans

Adults Laws to control exploitation
forts to this end will no doubt continue. So far, and

aside from habitat restoration, only in the specific

and localised case of predatory fish introductions has

a cause of amphibian declines been confirmed by re-

moval (Vredenberg, 2004). Perhaps most difficult of

all to address will be the consequences of emerging
diseases, if these are confirmed as major causes of

amphibian declines.
5. Conclusions

What, then, should be the priorities for research into

the amphibian decline phenomenon? In a thought-
provoking essay, Caughley (1994) opined that conser-

vation biologists would be unable to realise their goals

of saving species from extinction unless empirical case

studies of declining populations were underpinned by

more theory. He argued that conservation biology is

therefore progressing in two directions – enshrined

within the �declining population paradigm� and the

�small population paradigm�, respectively, – and that
these need to be better integrated in conservation pro-

grammes. The problem of amphibian declines is firmly

rooted in the �declining population paradigm�. Re-

search has gene-rally focused on documenting empiri-

cal case studies of particular species or habitats, with
Limits to amelioration

Habitat still fragmented

Not all species benefit

Expensive; may not be adequately used by

many species

ns Economic pressures

stance Probably too slow in most situations

gent Will not control spread by non-human agents

Probably not possible in small populations or

too slow for novel, virulent pathogens

hemical emissions Long time-frame, may be too late

breeding ponds Not easily manipulated and may have other

unpredictable effects

survival Only helps if larval survival initially regulated

by density

Often impracticable or impossible

essible to aliens Often few or nonexistent

use gases Long time-frame, may be too late

al range to new, Difficult in developed landscapes and for

endemics with no alternative sites

(e.g., for food) Difficult to enforce; probably not a major

cause of declines
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little underpinning by the more theoretical approaches

enshrined within the �small population paradigm�.
Revisiting Caughley�s (1994) declining population para-

digm, Norris (2004) points out that much of the theory

that it requires is, in fact, well established but has just

not been put into practice. As alluded to by Biek et al.
(2002), what is therefore missing from amphibian de-

cline research are explicit applications of the theoretical

approaches embraced within the small population

paradigm.

In practical terms, there is the crucial question of

population monitoring. This is important both to detect

declines and to determine responses to conservation

work. In general, it will be more practicable to concen-
trate on methods for recording presence/absence (i.e.,

large scale changes) than to measure changes in individ-

ual population sizes. Exceptions to this could include

species with relatively small numbers of well-character-

ised populations, such as B. calamita in Britain (Buckley

and Beebee, 2004).

Although plausible causes of amphibian declines

have been identified, we still do not fully understand
how they operate at the population level. The effects

of direct exploitation and habitat loss are often self-

evident. More problematic are the consequences of

climate change, pollutants and disease. Density-

dependence of larval survival may dampen the effects

of high early mortality (e.g., from UV-B) on adult

population sizes (Kiesecker et al., 2001; Vonesh and

De la Cruz, 2002; Schmidt, 2004b). High levels of
mortality therefore do not necessarily translate into

population declines. Of the various pathogens that

have been investigated, chytrid fungi provide the most

compelling link between amphibian die-offs and popu-

lation declines (Daszak et al., 2003), though even this

organism is evidently tolerated in some situations

(Daszak et al., 2004; Retallick et al., 2004). Clearly,

bridging the gap between studies of the effects of
agents of decline on individuals and landscape-level

impacts on populations will require a multidisciplinary

approach including experimental and modelling meth-

ods, and thus a much closer integration of �declining
population paradigm� and �small population paradigm�
approaches.

Finally, there should be increased efforts to test

decline hypotheses at the population level. Successful
re-establishment of amphibian populations by reintro-

ductions to sites where the species recently became

extinct is a potentially powerful way of demonstrating

that the original causes of decline were correctly

identified and remedied (Denton et al., 1997).

It seems likely to be some time before we can be sure

that the main causes of amphibian declines have been

accurately identified, by which point it will probably
be too late to save many species. For reasons summa-

rised in Table 4, it will be exceedingly difficult to amelio-
rate any of the likely major causes of amphibian

declines sufficiently to prevent many more losses over

the coming decades. Habitat destruction, road traffic

and direct exploitation are likely to accelerate as the hu-

man population continues to increase. Global pollution

levels will be difficult to control for the same reason,
though tighter regulations have led to local improve-

ments in some instances. The ever-increasing mobility

of humans makes controlling the spread of aliens and

pathogens less and less feasible. UV irradiation levels

will take decades to fall back to pre-21st century levels,

assuming high rates of compliance with the interna-

tional treaties. Amphibians often have rather long gen-

eration times and small effective population sizes,
features that mitigate against adaptive responses to

pathogens or pollutants within short time frames. Pro-

duction of corridors or other movements of species in

response to climate change are likely to be impractical

in most situations, especially for rare endemics. We

therefore take a pessimistic view of the future prospects

of amphibian biodiversity on earth, while of course sup-

porting further research on causes of the problem and
advocating urgent remedial action wherever possible

in the hope of making a dire situation slightly less

dreadful.

Although biological research has led to great strides

in our understanding of amphibian declines, apart

from continuing to inform the issues with rigorous sci-

entific data, it can do little about reversing global

threats. Addressing this problem lies firmly within
the disciplines of politics, legislation and socioeconom-

ics. A major challenge for the future therefore lies in

breaching traditional boundaries between scientific

and social scientific approaches to the biodiversity

crisis.
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