
DISEASES OF AQUATIC ORGANISMS
Dis Aquat Org

Vol. 80: 85–94, 2008
doi: 10.3354/dao01923

Published July 7

INTRODUCTION

The amphibian disease chytridiomycosis, caused by
the fungus Batrachochytrium dendrobatidis (Bd),
invaded Australia, probably in the 1970s (Berger et al.
1999). Infection with the amphibian chytrid fungus,
resulting in chytridiomycosis, is a ‘Key Threatening
Process’ for Australian frogs (Australian Government
Department of the Environment and Heritage
[AGDEH] 2006). This fungus has also caused the

decline and extinction of frogs in other countries, but
the distribution of Bd globally is not completely known
(Skerratt et al. 2007, Olson & Ronnenberg 2008, Berger
et al. in press). It occurs in all continents except Antarc-
tica, in a wide range of habitats and climates (Speare &
Berger 2007).

National mapping protocols to identify country-wide
distributions of chytridiomycosis have not been pub-
lished. The background document to the Australian
Government Threat Abatement Plan for chytridiomy-
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cosis discusses the issues involved (AGDEH 2006). Sci-
entists have done studies on the prevalence of chytrid-
iomycosis in populations at particular sites, but there
have been no systematic studies at a state/province or
national scale. Weldon et al. (2004), in their histological
study of museum specimens extending back to the
19th century, demonstrated that chytridiomycosis is
widespread in southern Africa. Ouellet et al. (2005)
performed a similar study on museum specimens from
25 countries but with the major focus on Canadian
amphibians. However, both studies were opportunistic
and not designed as systematic national surveys. Gar-
ner et al. (2005) used PCR to map Bd in 13 European
countries and reported results only as prevalence by
country.

Patchy data on the distribution of Bd in Australia
exists from opportunistic collection of sick or dead
frogs (Berger et al. 2004) and surveys of healthy frogs
from restricted locations including examination of
archived specimens (McDonald et al. 2005, Speare et
al. 2005, Kriger et al. 2007). The fungus has been found
on 46 species from 3 families (Hylidae, Myobatrachi-
dae and Bufonidae) in Australia (AGDEH 2006). It has
also been reported in 1 individual of Cophixalus orna-
tus (belonging to the family Microhylidae) (Kriger &
Hero 2006). However, this result needs to be inter-
preted with caution, as 557 microhylids, including C.
ornatus, from the areas surrounding the positive
record have tested negative for Bd by either quantita-
tive real-time PCR (qPCR) or histology (K. Hausel-
berger & D. Mendez et al. unpubl. data). Chytridiomy-
cosis is known to occur in eastern Australia from
Tasmania north to Cooktown (occurring mainly on or
between the Great Dividing Range and the coast),
around Adelaide in South Australia, and in southwest
Western Australia (Berger et al. 2004, Speare et al.
2005). Bd has been found in most areas in Australia
where it is predicted to occur based on modelling the
climatic variables that described the known distribu-
tion of Bd in Australia in 2003 (Retallick 2003). Al-
though this model may reflect some collection biases,
recent surveys have detected Bd in areas where the
model predicted a high likelihood of occurrence, such
as Tasmania, and have failed to detect it in hot or dry
areas where it is unlikely to occur, such as the North-
ern Territory, Cape York Peninsula, inland arid areas
of Queensland, and northwest Western Australia
(Speare et al. 2005). Ron (2005) produced a model that
is valuable in predicting climatic suitability for Bd at a
larger spatial scale. The known biology of Bd suggests
that high temperatures and lack of permanent water
bodies are likely to limit its distribution (Johnson et al.
2003, Berger et al. 2004, Piotrowski et al. 2004, Kriger
& Hero 2007a, Kriger et al. 2007). More detailed map-
ping is important as it will identify the exact limits of

the distribution of Bd, taking the guesswork out of
management decisions on quarantine and manage-
ment of frogs that have been translocated and helping
to direct conservation actions towards populations that
are most likely to be affected by chytridiomycosis. This
data will also improve the accuracy of a model of the
biogeographic requirements for Bd and help identify
naïve populations that would be at risk if Bd was intro-
duced.

The aim of this survey protocol is to provide a simple
and standard method for sampling all wild frog popu-
lations in Australia for infection with Bd. It also pro-
vides priorities for surveillance and justification for
extrapolation of results to minimise the number of pop-
ulations that need to be surveyed. To systematically
survey all frog populations throughout Australia is a
major task logistically, due to the large land area, the
diversity of environments and the large number of
amphibian species. Therefore, there is a need to sim-
plify and prioritise the task by splitting the continent
into areas and allocating species of frogs into groups
that reflect the risk of exposure to Bd. This will result in
more manageable units (both area- and species-wise)
to survey initially and enable prioritisation of units to
survey. The number of areas and species that need to
be surveyed could be reduced if results from compar-
able areas and species were extrapolated. For ex-
ample, if species that are susceptible and likely to be
exposed to Bd are negative then it is likely that other
species in the same area are also negative. We discuss
these issues and how to prioritise the work, the number
of frogs that need to be sampled, the time of year to
sample, the life-stage to sample, the sampling strategy
to employ, the logistics of sampling, and which diag-
nostic test should be used. We designed the survey
protocol so that it could be used by professional and
amateur herpetologists and volunteers working with
conservation agencies and other institutions. This pro-
tocol could be adapted for surveying amphibian popu-
lations in other countries. As the World Organisation
for Animal Health moves towards implementation of
disease protocols for the international movement of
amphibians (OIE 2006), a standard technique that
can be used to assess the chytridiomycosis-status of
countries and demonstrate adequate surveillance will
become essential.

MATERIALS AND METHODS

Key aspects to consider when surveying. Priorities:
The task of surveying all Australian frog populations is
large. For many frog species, information on the extent
of their distribution patterns is unknown. Therefore,
this survey protocol aims to take into account the feasi-
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bility of such an undertaking. Surveys for chytridiomy-
cosis in threatened species/populations in infected
bioregions are the initial priority for conservation man-
agement. This has mostly been done in eastern Aus-
tralia and is currently underway in southern Australia.
The next priority would be to sample for Bd in those
frog populations near known infected populations,
working outwards incrementally from infected popula-
tions. Therefore, unsurveyed bioregions adjacent to
bioregions that have chytridiomycosis would be sur-
veyed next. This is because Bd spreads naturally and
chytridiomycosis has been found within coastal biore-
gions of Australia, which appear to be the preferred
habitat and climate for Bd, i.e. lower maximum tem-
peratures and higher rainfall (Berger et al. 2004). Mov-
ing inland and into hot monsoonal and arid areas, the
habitat and climate for chytridiomycosis becomes less
preferable; therefore it is less likely to be present. If
low-probability areas surrounding infected areas are
negative, then we do not recommend additional sam-
pling of areas with similar low probabilities further
inland or to the north, in order to reduce costs. This
sampling strategy is stratified on the basis of risk of the
occurrence of Bd. However, one must consider human-
assisted transport of Bd that occurs ahead of a naturally
spreading front (Laurance et al. 1996, Berger et al.
1998, Lips et al. 2006). One must also consider that
there may be pockets of favourable habitat for Bd
within inhospitable areas, where human assisted intro-
duction could occur. Surveying ecological groups that
have not been sampled previously within infected
bioregions is the next highest priority to assist manage-
ment. The last priority is to sample non-threatened
species in infected regions that have not been sam-
pled. This is because these species are likely to have a
similar infection status to other species within the same
ecological group.

Within the above priorities, surveys in eastern Aus-
tralia indicate that it is important to initially survey
species at high risk of chytridiomycosis. High risk spe-
cies are permanent stream- and then permanent pond-
associated species, especially those that have declined,
in mesic environments with air temperatures <27°C for
most of the year (Berger et al. 2004, Speare et al. 2005,
Kriger & Hero 2007a).

Area: Australia has a land area of 7 617 930 km2 (CIA
2007). In order to make sampling feasible, we propose
using interim biogeographic regionalisation of Aus-
tralia as defined by geology, climate and vegetation for
our sampling scale, and to prioritise sampling based on
likelihood of a region having Bd (Department of the
Environment, Water, Heritage and the Arts 2008). For
large bioregions, such as the Southern and Northern
Brigalow Belts, which are 1000 km in length and cover
25% of Queensland, it may be necessary to divide the

bioregion into smaller sub-regions or areas 200 km in
length, and to prioritise areas to be sampled first
(Department of the Environment, Water, Heritage and
the Arts 2008).

An important logistic consideration in surveying is
ease of access to amphibian populations. This can be
the major consideration in remote areas. Typically sur-
veys are done close to road access.

Species: There are approximately 220 free-living
frog species in Australia. In order to minimise costs,
and target areas and species with a high probability of
Bd, there is a need to group frog species with similar
risk of exposure. Because Bd is a pathogen mostly
associated with aquatic or high rainfall habitats and
requires moisture for survival when in the environ-
ment (Johnson & Speare 2003, Johnson et al. 2003),
frogs have been grouped according to the type of
water body they typically utilize, which is usually
dependent on their breeding strategy. We define 3
ecological groups: (1) permanent water group, aquatic
frogs and those that breed in permanent (lentic or lotic)
water bodies (e.g. Litoria wilcoxii, L. rheocola, L. per-
onii, L. fallax, Limnodynastes peronii, Rheobatrachus
spp.); (2) ephemeral water group, frogs that breed in
temporary lentic water bodies (e.g. Litoria caerulea, L.
gracilenta, most Uperoleia spp, Cyclorana spp.); and
(3) terrestrial group, frogs that are not associated with
water bodies, such as those with intracapsular or direct
development (e.g. Assa darlingtoni and the micro-
hylids, such as Cophixalus ornatus) (Tyler 1994, Cog-
ger 2000). Some frog species typically breed in both
permanent and ephemeral water bodies (e.g. Litoria
rubella and L. inermis). If sampling these species, the
type of water body that they are associated with should
be recorded. Frog species associated with permanent
water should be targeted initially, as these have been
shown to be infected regularly with Bd, followed by
ephemeral water and terrestrial frogs (Berger et al.
2004, Speare et al. 2005, Kriger & Hero 2007a).

For each bioregion, at least 2 species from each
ecological group should be selected, and the required
number of individuals from each species throughout
the bioregion should be sampled (n = 60, see ‘Sample
size’). Although a plan is useful, we recommend that
surveyors be prepared to collect samples from species
that are readily detectable and in sufficient numbers
while in the field rather than to predetermine tar-
geted species, especially for the ephemeral water
group in more xeric habitats. This recommendation is
made to maximise outcomes for survey effort because
the majority of time and cost associated with the field
component of surveys in Australia is expended on
travelling to and from the survey site. In many
regions of Australia there may only be 1 ecological
group present.
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If insufficient animals are found then individuals
from both or more species from the same group may be
pooled. However, it is better to exclude negative
samples from 1 or 2 individuals from a species, as
they complicate the data without providing much
information.

It is better to use the same species where possible
throughout the distribution of the ecological group in
all bioregions for consistency, targeting the 46 species
currently known to be susceptible to infection with Bd
(Speare & Berger 2007). One must be sure that the spe-
cies targeted are not resistant to infection with Bd. For
many species of amphibians, population, metapopula-
tion or ecologically significant unit data are not avail-
able. For this survey, the population will be defined by
the distribution of the species within a bioregion (see
Cogger 2000 for a summary of indicative distributions
of species and McDonald 2002 for comments).

Life stage: Knowledge of whether results from 1 life
stage (e.g. tadpoles) can be extrapolated to another
(e.g. adults) is needed for different species. Surveying
tadpoles may be more sensitive than surveying frogs
since in some species, the prevalence of Bd in tadpoles
is higher than the prevalence in frogs; e.g. Mixophyes
spp. in southeastern and northeastern Queensland, and
Litoria ewingii in Tasmania (Berger et al. 1999, Wood-
hams & Alford 2005, Obendorf & Dalton 2006, Sym-
onds et al. 2007, S. Cashins pers. comm.). Tadpoles may
be a more convenient life stage to sample because they
can be collected at any time of the day, unlike nocturnal
adults, and they are present in water bodies for ex-
tended periods after breeding events when adults may
be absent. Identification to species may not be possible,
as many tadpoles remain undescribed. Only 1 refer-
ence identification book has been published, which is
for tadpoles in southeastern Australia, with the remain-
der of descriptions scattered in the literature (Anstis
2002). Data on the relationship between prevalence of
infection in tadpoles compared with frogs is required
from a range of species with different breeding strate-
gies, duration of tadpole stage and habitat types.
Length of tadpole stage appears to be important, as
higher prevalences have been observed in older tad-
poles (Symonds et al. 2007). In some species in open
forest and grasslands, such as Limnodynastes spp. and
Litoria rubella, the tadpole stage may only last between
2 and 3 wk and infection may not progress sufficiently
within that time to be readily detectable (Rachowicz &
Vredenburg 2004). Water temperatures in ephemeral
pools in monsoon and arid Australia may reach above
40°C (Tyler 1994), which would prevent infection with
Bd. Tadpoles that over-winter may be more likely to be
infected, as they may be exposed to water bodies conta-
minated with Bd for longer and at times when tempera-
tures favour Bd (Symonds et al. 2007).

Therefore, we suggest swabbing tadpoles, as well as
frogs, when possible. Where results from tadpoles can
be confidently extrapolated to adults, then only tad-
poles need to be tested if they are the easier life stage
to sample. Testing tadpoles with grossly abnormal
mouthparts is a higher priority, as this may increase the
chance of obtaining positive results (Fellers et al. 2001,
Rachowicz & Vredenburg 2004, Obendorf & Dalton
2006, Symonds et al. 2007). However, the association
between mouthpart abnormalities in tadpoles and
infection with Bd may not occur in all species (Felger
et al. 2007, Padgett-Flohr & Goble 2007). In addition,
abnormalities may occur for other reasons, such as low
temperatures (Rachowicz & Vredenburg 2004).

Sample size: The necessary sample size is depen-
dent on the minimum prevalence expected if the pop-
ulation were infected. The expected apparent preva-
lence of chytridiomycosis depends on the sensitivity of
the diagnostic test. Using the TaqMan qPCR test
(Boyle et al. 2004) the minimum apparent prevalence
of Bd in infected Australian amphibian populations is
≥5% when conditions are optimal, such as when envi-
ronmental maximum air temperatures are <27°C
(Speare et al. 2005, Kriger & Hero 2007b, L. Skerratt et
al. unpubl. data). This expected minimum apparent
prevalence takes into account the sensitivity of the
qPCR test, which in wild frogs in northern Queensland
is approximately 75% (L. Skerratt et al. unpubl. data).
Therefore one needs to randomly sample 59 individu-
als (round up to 60) to be 95% certain of detecting 1
positive frog when the apparent prevalence is ≥5%
and when using a qPCR test with perfect specificity
(the accuracy of the diagnostic qPCR test needs to val-
idated in the diagnostic laboratory undertaking the
testing before one can assume the above sensitivity
and specificity) (DiGiacomo & Koepsell 1986). A close
approximation to the number of individuals that need
to be tested to be 95% certain of detecting at least 1
positive frog is n = 3/p where p is the prevalence
expressed as a proportion (Hanley & Lippman-Hand
1983).

Unfortunately, the qPCR test has not always been
100% specific in James Cook University’s laboratory
(L. Skerratt et al. unpubl. data). The reasons for this are
speculative but appear to be most likely due to conta-
mination either in the field or the laboratory (Rowley et
al. 2007, L. Skerratt et al. unpubl. data). The risk of
contamination can be reduced by good field hygiene
protocols and laboratory methods. Where the qPCR
test is less than 100% specific, a population should be
regarded as positive if a qPCR result has been con-
firmed by a consistently high specific test, such as
immunoperoxidase staining of a histological section
(Berger et al. 2002, Hyatt et al. 2007). This was recently
undertaken in Indonesia, where tadpoles with abnor-
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mal mouthparts were collected and preserved for his-
tological testing during a swabbing survey of frogs and
tadpoles (M. Kusrini et al. unpubl. data). Alternatively
in this situation, probability methods can be used to
determine the threshold number of positive test results
that must be obtained from the number sampled
before the disease is regarded as being present. This
method relies on knowing the sensitivity and speci-
ficity of the test, the minimum expected true preva-
lence (minimum apparent prevalence is 5% in Aus-
tralia), the probability of detecting disease at the
minimum true prevalence (we suggest 95% to be rea-
sonably confident in declaring a population free from
disease), the probability of incorrectly concluding that
disease is present when it is absent (we suggest 5% to
reduce the likelihood of falsely declaring populations
to be positive) and the population size (which one can
assume is generally very large) (Thrusfield 2005).
These are standard epidemiological methods used to
prove freedom from disease (Cameron 1999). Even
with a sensitivity and specificity both equal to 98%,
one would need to sample approximately 191 individ-
uals and have 8 positives before declaring the popula-
tion to have Bd, given a minimum true prevalence of
5%. Minimum true prevalence is in fact higher than
this in infected Australian frogs given that minimum
apparent prevalence is 5% and test sensitivity is
approximately 75%, and that specificity can vary
between 94 and 100% at James Cook University’s lab-
oratory and appears to be mostly dependent on field
and laboratory procedures (L. Skerratt et al. unpubl.
data). Using these probability methods will reduce the
likelihood of false positives affecting the assessment of
Bd distribution. It also highlights the importance of
determining the sensitivity and specificity of the labo-
ratory’s qPCR test and the need for quality control of
field hygiene methods and the diagnostic test to ensure
100% specificity of the testing procedure (see ‘Diag-
nostic tests’ section for further comments).

If a population is positive for chytridiomycosis, one
may stop testing from that population (there is no need
to test the remaining samples) and sympatric popula-
tions belonging to that same ecological group in the
bioregion (they are also likely to be infected unless
they are innately resistant).

We acknowledge that sampling is not random and
that the nature of the spatial distribution of chytrid-
iomycosis in frog populations is unknown. However, if
we assume that Bd spreads throughout a population
rather than forming discrete clusters of infection and
we sample systematically throughout most of the distri-
bution of a population, then the certainty of detecting at
least 1 positive frog will closely approximate 95%.

Surveying strategy: The spacing of sampling within
populations will vary depending on distribution and

accessibility of the population within the bioregion,
and the size of the bioregion. It is important to sample
as widely as possible for each population of interest
within the bioregion. This should result in sampling
from heterogeneous areas and provide a non-biased
sample of the population. For example, if the popula-
tion is spread over 100 km within the bioregion, then
the aim should be to collect periodically over the
100 km, i.e. collect 15 individuals every 25 km rather
than collecting all tadpoles or frogs from the same loca-
tion. We recommend sampling no more than 15 indi-
viduals of a species at a location, hence a minimum of
4 locations per population. Populations from different
ecological groups may overlap; therefore, it will be
possible to sample more than one ecological group
concurrently.

Active males will be more readily observed and cap-
tured. There was no evidence of a difference in preva-
lence between males and females in Taudactylus eun-
gellensis and Litoria jungguy/wilcoxii (n = 71)
(Retallick et al. 2004). In southeastern Queensland,
Kriger & Hero (2006) found male Litoria wilcoxii had a
higher prevalence, while in northern Queensland,
females and juveniles of L. rheocola, L. genimaculata
and L. nannotis may have a higher prevalence (L.
Skerratt et al. unpubl. data). As with many infectious
diseases, the epidemiology of chytridiomycosis will
vary with environment and host species.

It is important to test all sick frogs seen, as a previous
study found that >50% had chytridiomycosis (Berger
et al. 2004). It is also recommended that any ill or
recently dead frogs be retained as whole specimens for
necropsy, with a toe clip stored in 70% ethanol and/or
a swab taken for PCR and the body fixed in 10%
buffered neutral formalin or frozen at –20°C. Perform-
ing complete pathological examinations on all dead
frogs is essential to detect diseases other than chytrid-
iomycosis and to determine the cause of death.

Using this strategy the number of samples for Aus-
tralia could be relatively small, given that the current
predicted distribution of Bd in Australia is similar to the
current known distribution (Retallick 2003, Speare et
al. 2005). Further sampling is probably only required to
confirm this. For example, if areas with low probability
of having Bd continually test negative, then the current
predictive model of the distribution of Bd is correct and
only a proportion of these areas will need to be tested.
In addition, for populations in infected regions the
number of samples requiring testing will be greatly
reduced if the prevalence of chytridiomycosis is high
using the qPCR test (as testing will stop once there are
positive samples) and if some groups are absent from
bioregions. The number of samples will increase if sev-
eral species within an ecological group within a bio-
region need to be sampled, i.e. if the distribution of an
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ecological group within the bioregion is determined by
several species due to the heterogeneity of the bio-
region. The number will also increase as the accuracy
of the chosen diagnostic test decreases.

Season: The appropriate season to sample frogs will
vary throughout Australia and with habitat, elevation
and frog species. Successful collection of the desired
number of samples will depend on when frogs are
detectable, such as after rainfall events or when tem-
peratures are warmest; however, this may not be the
optimal time for chytridiomycosis. Temperatures ≥27°C
are known to be unfavourable for detecting chytrid-
iomycosis (Longcore et al. 1999, Berger 2001, Wood-
hams et al. 2003, Berger et al. 2004, Piotrowski et al.
2004, McDonald et al. 2005, Kriger & Hero 2007b).
Deaths from chytridiomycosis have occurred experi-
mentally from 27°C down to 12°C (Berger et al. 2004,
Carey et al. 2006). This means, for example, that sam-
pling in southern Queensland should be conducted in
spring, when temperatures are similar to those
favourable for chytridiomycosis and frogs are most
detectable. However, rainfall is still required to acti-
vate some frogs during this time, e.g. Litoria chloris, L.
dentata and burrowing frogs. In contrast, sampling in
the monsoonal dry tropics of Australia must occur in
summer, when ephemeral breeders are detectable.
This type of sampling depends on rainfall events and
accessibility to these inundated areas. Temperatures at
these times may be suboptimal for detecting chytrid-
iomycosis.

Diagnostic tests: The ideal diagnostic method for this
survey is swabbing frogs for the qPCR test (Boyle et al.
2004, Hyatt et al. 2007), which is more sensitive than
histology (Boyle et al. 2004, Kriger et al. 2006b, Hyatt
et al. 2007, L. Skerratt et al. unpubl. data). However,
false positives may occur when using qPCR tests if
stringent hygiene protocols are not followed in the
field or the laboratory undertaking the testing does not
have adequate quality control to prevent contamina-
tion. A poor pipetting technique or procedure appears
likely to lead to contamination (S. Garland et al.
unpubl. data). Unless a field worker and laboratory can
demonstrate that their testing is 100% specific, they
must attempt to confirm positive results by another test
where possible, especially when the result is very
important. The disadvantage of other diagnostic tests
like histology on toe clips, which are generally 100%
specific, is that they may have low sensitivity—25%,
compared with qPCR at around 75% on frogs in the
Wet Tropics of northern Queensland (Hyatt et al. 2007,
L. Skerratt et al. unpubl. data). Alternatively, one must
rely on probability methods and weigh up the cost of a
potential false positive. Other diagnostic tests, such as
alternative PCR tests, histology, immunostaining and
examination of skin scrapings, can be useful for diag-

nosis in different situations and may be more econom-
ical in certain situations (Berger et al. in press).

Studies indicate that the qPCR test appears to have
100% analytical specificity for Bd (Boyle et al. 2004,
Hyatt et al. 2007). However, it is important to intermit-
tently test this to make sure positive tests are actually
due to Bd detection. This will require sequencing of the
PCR product. Contamination of samples with Bd is the
most likely cause of false positives and could occur dur-
ing field collection or during laboratory testing. Adher-
ence to hygiene protocols in the field, such as wearing
new gloves/bags for each frog, will reduce contamina-
tion during collection (Speare et al. 2005). In the labora-
tory, negative controls will detect any systematic conta-
mination, although they may not indicate whether
infrequent contamination is occurring. The PCR test
can be run in triplicate for each sample and all 3 tests
must be positive before the swab is regarded as defini-
tively positive if one wants to ensure high specificity.
Whilst 1 or 2 of the 3 tests being positive may be an ac-
curate result due to low levels of DNA in the sample or
high levels of inhibition, it is more likely to be due to
contamination than if all 3 wells were positive (L. Sker-
ratt et al. unpubl. data). The animal should preferably
be resampled or the test repeated if contamination of
the sample can be ruled out (Hyatt et al. 2007). This will
reduce the likelihood of infrequent contamination dur-
ing the testing procedure leading to false positives
(Boyle et al. 2004, Hyatt et al. 2007). In ecological stud-
ies these false positives may not warrant consideration
if they occur at a low rate. One must also consider false
negatives due to inhibition of the PCR by dirt on swabs
or possibly secretions from frog skin (A. Hyatt pers.
comm., L. Skerratt et al. unpubl. data). As an additional
safeguard against false negatives, Hyatt et al. (2007)
used an internal positive control of nucleic acid from a
plasmid not known to occur in nature to detect inhibi-
tion of the PCR reaction. Data on the probability of inhi-
bition of PCR when testing wild populations has not
been published.

Batch testing would reduce costs. Preliminary trials
indicate that up to 5 swabs from separate individuals
may be combined, but there is loss of sensitivity when
the amount of Bd in samples is low using the methods
of Hyatt et al. (Hyatt et al. 2007, L. Skerratt et al.
unpubl. data). In addition, a singlicate assay could be
used as a screening test with the triplicate assay used
in series to confirm any positives, which would reduce
costs. Kriger et al. (2006a), in a theoretical analysis,
had no significant loss in sensitivity in their survey of
frogs in southeast Queensland. When testing in
batches and there is a positive batch, individual
samples could be tested to ensure at least 1 sample
tests positive. To do this, each sample needs to be
extracted separately and aliquots pooled for testing.
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This may reduce the likelihood of contamination bias-
ing results.

Storing swabs at 23°C in the laboratory for at least
6 mo does not reduce sensitivity (Hyatt et al. 2007).
However, temperatures higher than this may reduce
the amount of DNA detected (Van Sluys et al. 2008).
We recommend a prudent approach of storing swabs at
4°C or lower when possible, such as in a cooler on ice.
If tests can not be done within 6 mo, freezing swabs is
recommended. There is no loss of sensitivity of frozen
swabs stored at <–20°C for 1 yr (Kriger et al. 2006b).

Most researchers in Australia use a specific swab for
the qPCR (Medical Wire and Equipment, UK MW 100-
100) (Hyatt et al. 2007). To allow comparison across
surveys using this swab and the qPCR test, a standard
swabbing method has been proposed. Although swab-
bing methods have not been compared, a standard
swabbing technique has been accepted that focuses on
skin surfaces that have the most frequent and intense
infections: ventral surfaces of the abdomen, thighs,
and hands and feet are swabbed twice (i.e. 2 strokes of
the swab) for surveying frog populations (Husbandry &
Hygiene Conference, 10-14 Dec 2004, Amphibian
Research Centre, Werribee; Berger et al. 2005,
Puschendorf & Bolaños 2006). A standard method for
swabbing mouth parts of tadpoles has not been sug-
gested to date and may not be practical because of the
diversity in mouthpart morphology, although methods
could be standardised by type of mouthparts i.e. sucto-
rial versus filter feeding (S. Cashins, pers. comm.). For
sampling tadpole mouthparts 2 techniques have been
described: (1) destructive sampling with excision of the
mouthpart (Obendorf 2005, Knapp & Morgan 2006,
Obendorf & Dalton 2006) and (2) non-destructive sam-
pling by touching the tip of the swab against the tad-
pole mouthpart (Obendorf & Dalton 2006) or by using
wooden toothpicks (Retallick et al. 2006).

Other outcomes of the survey: The survey may result in
additional information on habitat preferences, prevalence
and seasonal occurrence of chytridiomycosis. However,
these issues are more complex than mapping, requiring
greater sample sizes, so precise data will not be obtained.

Survey protocol methodology. The researcher
should conduct a survey for Bd as follows:

(1) Choose bioregions to sample initially based on
priorities of threatened species, regions next to
infected regions, ecological groups not sampled, and
species not sampled in infected bioregions

(2) Determine which ecological groups and species
are present within the bioregion

(3) Determine the distribution of species within the
ecological groups present

(4) Choose species (at least 2), from each of the 3 eco-
logical groups, to be sampled throughout the distribu-
tion of the ecological group within the bioregion

(choose species that are easy to find, widely distributed
and are likely to be infected with Bd)

(5) Select a time of year to sample those species
based on maximising the likelihood of detecting both
frogs and Bd. It may be necessary to wait for rain for
ephemeral water species

(6) Determine accessibility to the distribution of
those species within the bioregion

(7) Sample systematically throughout accessible parts
of the distribution for each species to be sampled within
the bioregion. It may be necessary to divide the distrib-
ution of species within a bioregion into smaller areas if
the bioregion is large and to prioritise sampling of areas
based on likelihood of Bd infection. The recommended
minimum area within a bioregion to be surveyed is 20%
of accessible distribution of targeted species. Accessible
areas may vary throughout the year, for example, access
is lower in the peak of the monsoonal wet, when species
are active, compared with the early and late monsoon

(8) Initially sample groups likely to be infected, such
as permanent water species, followed by ephemeral
water species if present

(9) Collect samples from at least 60 individual frogs
from each species sampled. More frogs will need to be
sampled from parts of the distribution where they are
more abundant in order to ensure sampling fractions
are consistent and that the sample is representative of
the population

(10) Sample the mouthparts of 60 tadpoles from each
species concurrently when sampling frogs, if possible,
if the likelihood of infection of tadpoles is unknown.
Alternatively, if likelihood of infection of tadpoles is
known then they may be sampled instead of frogs if
they are more convenient to sample and their infection
status can be extrapolated to adults

(11) Take a GPS reading at each collection point. A
collection point is defined by a 1 km radius, and a max-
imum of 15 individuals should be collected from
each collection point. Space collection points evenly
throughout the bioregion to be surveyed for target spe-
cies. This may not be possible if the species and pre-
ferred habitat is not distributed evenly across the land-
scape and environmental conditions vary within the
collection period, e.g. rainfall event

(12) Combine sampling of species from different eco-
logical groups where possible

(13) Test the 60 samples until at least 1 positive is
found, given perfect specificity or, alternatively, test
the number of samples until 1 more than the threshold
number of positives are detected, given an imperfect
specificity. Use software such as Freecalc (AusVet) to
calculate the number of samples and threshold number
of positives needed. The remaining samples may be
tested if additional information on the distribution of
Bd within a bioregion is needed
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DISCUSSION

Using these protocols the approximate number of
samples needed to survey for chytridiomycosis in Aus-
tralian frog populations could be relatively small. Not
all samples will need to be analysed, given that once
enough positives are detected, the remaining samples
from the positive population will not be tested. Groups
in some bioregions will not need to be surveyed if sym-
patric populations of species at higher risk of infection
with Bd are negative or the group does not occur.
Results already exist for some bioregions, e.g. the Wet
Tropics and Southeast Queensland bioregions (Speare
et al. 2005). The cost of sample collection includes
salary, vehicle, field equipment and consumable costs.
This approximates AU$20 per sample in bioregions
close to population centres, such as the Wet Tropics,
where frog numbers are higher and found over a
smaller distance. Field collection costs will rise sharply
in remote areas, such as the Gibson Desert, Fink or
Cape York bioregions — although climatic modelling
suggests that large parts of these regions are unlikely
to support Bd and therefore are of low priority for sur-
veying (Retallick 2003, R. Puschendorf et al. unpubl.
data). Laboratory costs for testing samples, including
reagent and labour costs, are a minimum of approxi-
mately AU$25 per sample using the qPCR. This does
not include overhead and equipment costs and the cost
of expertise to manage and interpret the qPCR (Speare
et al. 2005).

This protocol should be continually adjusted to
account for new findings as knowledge about chytrid-
iomycosis is rapidly increasing. As crucial information
on the distribution of chytridiomycosis is lacking in
some species and groups, we recommend more
detailed targeted surveying in the first year of imple-
mentation of this protocol, then reassessing the proto-
col to increase its efficiency.

We recommend that the current Australian national
database on distribution of Bd (Speare et al. 2005) be
upgraded and that the mapping protocol be dissemi-
nated to interested parties, such as conservation land
managers and frog groups. The Australian Wildlife
Health Network could maintain this national database
and provide updates on distribution on its web site. It
could also regularly update a predictive model of the
distribution of Bd to direct future surveys. It is impor-
tant to fund all aspects of this work, including surveys,
competent diagnostic facilities, database management,
data analysis and interpretation, and information dis-
semination.

We have provided a template for other countries and
international bodies, such as the World Organisation
for Animal Health (OIE), to map the distribution of Bd
and determine areas where the fungus could spread.

This will inform countries of the risk of introduction
and exportation of Bd and its likely impact on their
native frog fauna. Appropriate preventive measures,
such as quarantine and testing of imported frogs and
their products, such as fresh legs, can be undertaken to
prevent introduction (AGDEH 2006). This single action
may have the greatest impact on global frog conserva-
tion because the spread of Bd is driving frog extinc-
tions (Skerratt et al. 2007). Our protocol will also
enable conservation actions to be directed towards
populations most likely to be affected by chytridiomy-
cosis.
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