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Conservation genetics of amphibians
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Amphibians are good models for investigating the genetics of
wild animal populations because they are: (1) widely
distributed in most ecosystems; (2) easy to sample in
breeding assemblages; (3) often philopatric to breeding
sites, generating high levels of population genetic structure;
(4) amenable to controlled crossings in the laboratory; and
(5) of major conservation concern. Neutral genetic markers,
mostly microsatellites, have been used successfully in
studies of amphibian effective population sizes and struc-

tures, and in assessing the consequences of hybridisation.
Phylogeography has provided important insights into popula-
tion histories and the fates of introductions. Quantitative
genetic methods have demonstrated adaptive variation in life
history traits of importance to fitness and therefore to
population viability.
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Introduction

Amphibians are found on all continents except Antarc-
tica, and more than 5700 species are recognised. They are
attractive subjects for population genetics for several
reasons. Most have limited mobility, thus predisposing
population structure over relatively short distances, and
many are easy to sample because they congregate at
specific localities (ponds) for reproduction (Beebee,
1996). Fertilisation in anurans (frogs and toads) is
external, and controlled crosses are often possible under
laboratory conditions. Unfortunately, amphibians are
also undergoing major global declines and in recent
decades have become more threatened than birds or
mammals (Stuart et al, 2004). This highlights a special
need for the application of conservation genetics to
amphibian populations, and many suitable molecular
markers have been developed (Jehle and Arntzen, 2002).
Space in this short review does not permit comprehen-
sive referencing, and instead I have therefore attempted
to summarise with examples some major findings of
recent studies. Inevitably, this means that many equally
interesting papers have not been cited.

Population size and diversity

It is widely recognised that determining the genetic
effective population size (Ne) is more important than
measuring census size (Nc) in wild populations because
Ne, usually a lot smaller than Nc, is a much better
indicator of long-term viability. Indeed, Ne is the
parameter of primary interest to population geneticists.
Unfortunately, demographic estimates of Ne are usually
difficult, but comparison of allele frequency changes
between generations permits estimation of Ne by genetic

methods. In general, amphibian breeding assemblages at
ponds commonly have Neo100 (Beebee and Griffiths,
2005). Theory suggests that such small populations are
susceptible to genetic depletion through drift and
inbreeding, with adverse consequences for viability.
Other genetic methods based on measuring a transient
excess of heterozygosity relative to allele numbers, or
ratios between numbers of microsatellite alleles and
distances between allele sizes, can also be used to assess
whether recent bottlenecks account for these small
population sizes. Heterozygosity excess, for example, is
a predicted consequence of the more rapid loss of rare
alleles than of overall heterozygosity during a rapid
population decline. In theory, it can demonstrate bottle-
necks over a period of 0.2–4.0�Ne generations, which
for an amphibian population of Ne¼ 100 translates into
approximately 70–1400 years before the present. The
usefulness of these methods has, however, proved
variable. Dramatic declines (480% over the past 30–40
years) of the Australian bell frog Litoria aurea generated
no bottleneck signatures when 21 populations were
assessed with four microsatellite loci (Burns et al, 2004).
By contrast, data from 12 microsatellite loci provided
evidence of recent bottlenecks in eight populations of
European tree frogs Hyla arborea in Denmark, where the
species has declined rapidly in recent decades. Moreover,
these populations showed low fitness (larval survival
correlated inversely with inbreeding coefficients) and
genetic diversity was positively correlated with popula-
tion size (Andersen et al, 2004). Similar consequences of
high genetic load have been detected in a small and
isolated natterjack toad Bufo calamita population in
Britain (Rowe and Beebee, 2003), and this problem seems
set to increase as habitat fragmentation continues apace.
The availability of museum specimens has permitted

some interesting studies of population size based on
comparisons of microsatellite genotypes in historic and
extant population samples. The leopard frog Rana pipiens
is widespread in North America, and though still
abundant in the east, it has declined recently in the
Pacific northwest. Eastern populations have maintained
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high genetic diversity (microsatellite heterozygosities
40.86) and effective population sizes between a few
hundred and less than 2000, although these estimates
depended somewhat on the precise analytical method
used to compare allele frequency changes over time
(Hoffman et al, 2004). Taken together, the data suggested
that these frog populations were relatively stable, rather
than comprising dynamic metapopulations with extinc-
tions and recolonisations. Currently isolated, peripheral
populations in the northwest had much lower genetic
diversity than those further east, but historic samples
suggested this had always been the case (Hoffman and
Blouin, 2004). This result suggests a cautious approach to
the increasingly popular idea of genetic rescue, the
adding of genetically diverse stock to invigorate small
isolated populations, since isolated range-margin popu-
lations with local adaptations may be of evolutionary
significance. In any case, large-scale patterns of genetic
diversity may not reflect differences between range-
margin and range centre populations based solely on
increased drift and restricted gene flow at the range
edge. In the Italian agile frog R. latastei postglacial
recolonisation from an easterly refugium probably
explains the current gradient of diversity at microsatellite
loci, in which peripheral populations in the east still have
relatively high heterozygosities (Garner et al, 2004).
History is clearly an important factor in determining
patterns of genetic diversity in amphibians as well as in
many other taxa.

Population structure

For the European tree frog, a breeding assemblage
approximated to a discrete population and there was
little gene flow between ponds (Andersen et al, 2004).
The pattern of population structure, however, varies
substantially even among apparently similar species. The
frog R. temporaria and the toad B. bufo are widespread
and syntopic in Britain, and often share the same
breeding sites. However, whereas toads formed discrete
populations associated strongly with individual ponds,
with high intersite Fst estimates, gene flow among frog
ponds was much higher over the same geographical
distances, to the extent that it made little sense to define a
pond aggregation as a discrete population for R.
temporaria (Brede and Beebee, 2004). Genetic analysis of
amphibians has therefore highlighted a general problem
in ecology, the functional definition of a population.
However, genetic methods also offer a solution. Max-
imum likelihood and Bayesian approaches underpin
assignment methods based on genotypic disequilibria
that do not depend on genetic equilibrium in the way
that classical F-statistics do. Assignment methods allow
populations to be defined from genotype clusters with-
out any preconceptions based on the sampling sites.
They also permit the detection of current migrants in
populations, whereas F-statistics give only an average
rate of gene flow over historical time, assuming
equilibrium conditions apply. Andersen et al (2004)
employed assignment methods to define their tree frog
populations. Application of assignment tests using
genotype data from multiple ponds to a newt Triturus
cristatus metapopulation in France demonstrated asym-
metric migration patterns between ponds, while simul-
taneously estimating Ne at each pond (Jehle et al, 2005).

Such methods have great power to quantify fine-scale
population processes and are likely to become
increasingly sophisticated and valuable in conservation
genetics.

The relatively low mobility of amphibians makes them
ideal for studying barriers to dispersal, both ancient and
modern. Microsatellite analysis of Columbia spotted
frogs R. luteiventris in the western USA demonstrated,
using partial Mantel tests, that mountain ridges between
valleys effectively limit migration (Funk et al, 2005). A
combination of exact tests and Bayesian clustering
methods also permitted upper and lower estimates for
the number of genetically distinct populations occupying
the 28 study ponds. Recent, anthropogenic changes
in habitat structure can also be detected. A mixture of
microsatellite and AFLP markers was employed to
investigate how the stream-breeding salamander Di-
camptodon tenebrosus has responded to forest clearances
in British Columbia (Curtis and Taylor, 2004). This
species occurs at greatly reduced population densities
after clear-felling, and the study showed that this was
associated with a much lower genetic diversity than is
found in native woodland. It was estimated in this case
that the genetic diversity of salamanders in cleared areas
would take at least 200 years to recover, assuming
regrowth of the forest permitted population recovery.
Agricultural intensification has posed serious threats to
amphibians, one of which is the fragmentation of natural
habitats and increased population isolation. Studies of
toads (B, bufo) in English farmland showed that popula-
tion size and genetic diversity (assessed at three
minisatellite loci) were correlated with pond density
and land use, highlighting critical components such as
woodland, hedgerows and sheep pasture in the con-
nectivity of these populations (Scribner et al, 2001).
Spatial autocorrelation of allele frequencies permitted
estimation of ‘patch size’, in this case interpond intervals
of r2 km, associated with significant gene flow and thus
the spatial scale at which landscape features become
important.

Finally, it is also possible to address the intriguing
question of sex-specific differences in dispersal rates
using microsatellite data. ‘Instantaneous’ (single-genera-
tion) comparisons of F-statistics between the two sexes,
and assignment tests, indicated the occurrence of female-
biased dispersal in bullfrogs R. catesbeiana (Austin et al,
2003) and subsequent studies have found sex biases,
usually minor, in several other species. Such information
will be very useful in understanding both reproductive
behaviour and colonisation patterns.

Hybridisation

Hybridisation following admixture of species that are
normally allopatric can lead to homogenisation of the
parental genotypes, or to the decline of one or other of
them. This threat to biodiversity can arise after anthro-
pogenic translocation of one species outside its natural
range. There are examples of this problem among the
amphibia, including the hybridogenetic frogs R. lessonae
and R. ridibunda in Europe. Hybridogenesis is a very
unusual form of reproduction in which a hybrid (‘R.
esculenta’) persists and spreads in populations with just
one or other parent, usually R. lessonae, with which it
backcrosses over multiple generations. This is possible
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because one of the parental genomes (usually lessonae) is
destroyed in germ cells prior to meiosis (for a summary
see Beebee, 1996). The initial crosses (lessonae� ridibunda)
are relatively rare, with the result that esculenta have a
restricted subset of the available ridibunda genotypes,
often only one in any particular population. Because the
ridibunda genome essentially becomes clonal in the
hybrids, it is expected to accumulate deleterious muta-
tions over time. Recent studies have confirmed this
prediction. Crossing esculenta individuals bearing differ-
ent ridibunda clones, derived from different initial
hybridisations, yielded viable progeny whereas crosses
bearing the same clone (as commonly occur together in
natural populations) were nonviable (Guex et al, 2002).
Introduced R. ridibunda have replaced R. lessonae in
several areas of western Europe in recent decades,
probably because hybridisation favours increasing num-
bers of R. ridibunda in situations where the incoming
ridibunda genomes are novel, and thus still viable in
interhybrid matings (Vorburger and Reyer, 2003). The
hybrids are then able to overwhelm R. lessonae in shared
habitats. This is exactly what has happened in places
where R. ridibunda has been introduced.

The source of potentially damaging introductions,
when undocumented, can also be investigated using
molecular markers. Sometimes this can give important
clues about the future potential invasiveness of the
species in question. Analysis of 40 allozyme loci strongly
suggested that the origins of introduced Italian crested
newts T. carnifex in Switzerland, where the congener
T. cristatus is native, were probably in the Tuscany region
(Arntzen, 2001). These two species of newt hybridise
freely, and the F1 offspring have high viability but low
fertility, thus potentially compromising populations of
the native species.

Phylogeography

Phylogeographic analysis, mostly using mitochondrial
(mt) DNA, has been very successful in elucidating the
history of wildlife populations. The uniparental inheri-
tance and (virtual) lack of recombination in mtDNA
makes it highly suitable for tracking genealogies through
time. With amphibians mtDNA studies have indicated
probable sites of glacial refugia, likely postglacial
migration routes, and evidence of other vicariance events
including some of unknown character. Cytochrome b
sequence comparisons in the red-legged frog R. aurora,
for example, confirmed the distinctiveness of two
lineages separated by a phylogeographic boundary of
uncertain origin shared by several other taxa in northern
California (Shaffer et al, 2004). This study also high-
lighted the populations most appropriate, on the basis of
genetic similarity, for future reintroductions planned for
an area of California. However, studies on another
montane frog (R. cascadae) in the same region of western
North America highlighted the difficulties of using
molecular data to define distinct population segments
(DPS) for conservation management (Monsen and
Blouin, 2003). In this case, mtDNA sequences indicated
the existence of three distinct DPS whereas microsatel-
lites suggested just two. Possible explanations for the
discrepancies between the inferences from these markers
include sex-biased gene flow and the higher probability
of mitochondrial haplotype fixation, compared with

fixation of microsatellite alleles, in small populations
due to the four-fold lower Ne of mtDNA compared with
nuclear loci.
The population dynamics of species introductions can

also be investigated retrospectively using polymorphic
genetic markers. In this context the complex introduction
history of cane toads B. marinus on tropical islands in the
Pacific and Caribbean regions was investigated using
a Bayesian model with data from microsatellite and
allozyme markers, coupled with extensive nongenetic
information (Estoup et al, 2001). Evidence of early
admixture from multiple releases, initial bottlenecks,
population expansions and later stabilisations was
sought and often found by the genetic analysis. This
paper provides a valuable comparison of information
obtained with different marker types in populations not
yet at equilibrium.
By contrast, it is sometimes not clear whether a

population near a range margin is native or the
consequence of a human translocation. This is particu-
larly problematic when a suspect population is separated
from others by a major barrier to movement, such as
seawater. Phylogeographic analysis using microsatellites
and RAPD markers has been used to investigate a case of
this type in Britain, notably the status of the pool frog R.
lessonae. Two independent studies concluded that this
frog, previously a presumed introduction, was actually
a long-standing native at its range edge (Zeisset and
Beebee, 2001; Snell et al, 2005). The distinction is
important because it can make the difference between
extirpation as an undesirable alien or conservation as an
endangered species.

Adaptive variation in amphibians

Anuran amphibians have features that make them useful
subjects for investigating adaptive variation using the
standard techniques of quantitative genetics. Explosive
breeding cycles, external fertilisation and high fecundity
make controlled crosses relatively easy. Furthermore,
growth and development rates, and survival, during
embryogenesis and the larval phase as well as size at
metamorphosis are all well established and conveniently
measured life history fitness traits (Beebee, 1996). The
European common frog R. temporaria has been the subject
of many studies of adaptive variation, particularly by
comparing populations at different latitudes and thus
likely to be adapted to very different environmental
conditions. All the above fitness traits proved heritable in
this species, and both additive and nonadditive genetic
variances were significant in all or most of them (Laurila
et al, 2002). By contrast, this study also showed that
plasticity in larval growth rates (the ability to develop
faster when pond desiccation threatens) differed be-
tween populations at high and low latitudes but showed
no genetic variation within populations. The low-latitude
frog population had a higher desiccation risk that in the
north, primarily due to the warmer climate, and response
plasticity was present in the south but not the north.
Genetic variation in plasticity within populations has
however been detected in other anurans.
Maternal effects, mostly related to variations in egg

size, were also significant in the cases of larval growth
rates and sizes of R. temporariametamorphs (Laugen et al,
2002). Egg size variation was probably mediated mainly
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by environmental effects on female size, although there
may also have been genetic components to this variable.
In general, though, the largest females produced the
largest eggs (presumably a consequence of living in
resource-rich habitats) and these were positively corre-
lated with subsequent fitness traits. Surprisingly, in
laboratory experiments the heritability of larval growth
rates was highest at optimal growth temperatures rather
than at (presumably) more stressful suboptimal ones,
and environmental variance was a stronger determinant
of variation in heritability of this trait than additive
genetic variance (Uller et al, 2002). However, in general,
the heritabilities of these traits have proved rather low, as
expected for attributes strongly correlated with fitness.
Furthermore, different stresses do not always have the
same consequences. Anthropogenic acidification of
breeding ponds has posed a threat to many amphibians,
because the viability of embryos of many species declines
sharply at low pH. However, pH-induced stress did not
significantly alter the heritabilities of critical viability
factors (survivorship, deformity, body size and shape) in
R. temporaria larvae, implying that acidification is
unlikely to compromise the adaptive potential of these
frogs in the polluted environment (Pakkasmaa et al,
2003). This study also found approximately equal
contributions of additive and dominance genetic compo-
nents, and a strong influence of maternal effects, on
variation in all the studied traits.

Another interesting question relates to the super-
imposition of fine-scale (local) environmental variation
on large-scale selection pressures. Comparisons of multi-
ple frog populations from a range of different latitudes in
Sweden demonstrated countergradient variation in
larval development rates, which in the laboratory
increased as a function of latitude as expected (where
the available growth period is shorter) but which in the
field were not latitudinally ordered (Laugen et al, 2003).
Evidently local environmental effects were able to
override clinal genetic variation in this trait. This leads
to a related question about how genetic variety is
compartmentalised among populations at various levels
of geographic scale. Comparisons of genetic differentia-
tion among common frog populations at neutral (micro-
satellite) loci, as estimated by Fst, and in the life history
traits described above as estimated by Qst, has shown
that the latter are more strongly differentiated than the
former, while both exhibit isolation-by-distance effects
(Palo et al, 2003). These investigations have important
implications for conservation managers considering the
translocation of amphibians, and strongly imply that
selection is acting on these quantitative traits that are of
high significance for fitness.

Future directions

Not all amphibians are equally amenable to population
genetic studies. Urodeles (newts and salamanders)
usually have internal fertilisation, lower fecundity than
anurans, and produce larvae that are harder to rear in
captivity than frog tadpoles. Many anurans, especially
tropical species, do not assemble at ponds and produce
few offspring. No doubt future work will focus mainly
on the most tractable species, a selection of which is
mentioned in this review. A more general limitation for
genetic work with amphibians is their long generation

time, which for most species is several years. Never-
theless, for many types of study this is not critical and
there is great potential for more genetic research using
wild populations of these widely available vertebrates.
A major concern in conservation genetics is the extent
to which variation at neutral loci, relatively easy to
estimate, reflects adaptive variation that is more directly
relevant to long-term population viability but which is
more difficult to measure. Future work with amphibians
could make a useful contribution to this debate because,
as outlined above, some of these organisms are particu-
larly amenable both to molecular and quantitative
genetic investigations. Recent studies with common
frogs R. temporaria indicate that such comparisons can
indeed be very fruitful. Genetic diversity (at microsa-
tellite loci) and larval fitness correlations were evident in
this species, most strongly in stressful environments and
best explained by the general (global genomic) rather
than local (linkage) hypotheses (Lesbarrères et al, 2005).

Unfortunately the model amphibian most used in
molecular biology (Xenopus laevis), and for which the
most DNA sequence information is currently available, is
of little value for population genetic work because it is
tetraploid and because its ecology has been little studied
in the wild. Genomic approaches involving the full
sequencing of one or more anuran genomes from species
useful in field studies are now highly desirable, and
should eventually lead to the identification and char-
acterisation of loci involved in the now well known
fitness traits. This exciting prospect is certainly feasible in
the near future.
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