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Thesis abstract

This thesis is about understanding the processes that explain the patterns of
extinction risk and declines that we see in amphibians, how we can use that
understanding to set conservation priorities, and how we can convert those
priorities into practical, hands-on research and management. In particular, |
focus on the threat posed by the emerging infectious disease,
chytridiomycosis, which is caused by the chytrid fungus, Batrachochytrium

dendrobatidis (Bd).

Amphibians display a non-random pattern of extinction risk, both
taxonomically and geographically. In chapter two | investigate the mechanism
behind the observed taxonomic selectivity and find that it is due to species
biology rather than heterogeneity in either threat intensity or conservation

knowledge.

In chapter three | determine which biological and environmental traits are
important in rendering a species susceptible to declines, focussing on
susceptibility to Bd. | found that restricted range, high elevation species with
an aquatic life-stage are more likely to have suffered a decline. Using these
traits, | predict species and locations that may be susceptible in the future,
and which should therefore be a high priority for amphibian research and

conservation.



The use of predictive models to set conservation priorities relies on the
accuracy of the modelling technique used. In chapter four | compare the
predictive performance of both phylogenetic and nonphylogenetic regression
and decision trees, and assess the suitability of each technique. Although
phylogenetic regression provided the most predictive models of extinction risk

and decline, decision trees could be a useful tool in future studies.

Once high priority species or locations have been identified as susceptible to
Bd, what should be the next step? In chapter five | identify highly susceptible
species that have suffered an increase in extinction risk as a result of threat
processes other than chytridiomycosis, and investigate the potential role of
the disease in their decline. | find that the historical range of one of the four
species investigated does harbour Bd at a relatively high prevalence, which
suggests that structured surveillance of Bd in this location, and further
investigation of the role of chytridiomycosis in the species’ decline would be

warranted.

In chapter six | describe such a structured, opportunistic screening for Bd on
the island of Sardinia. | assess the threat that chytridiomycosis may pose to
the threatened and endemic species of Sardinia and discuss future research

directions and conservation needs of the island’s amphibians.
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Chapter 1: General Introduction

The extinction crisis

The Earth’s biodiversity is facing a crisis, with current rates of species
extinction estimated to be much higher than the historical rate in several
taxonomic groups (Mace et al. 2005). Although biodiversity is defined and
measured on scales ranging from genes to ecosystems, conservation
attention is frequently focussed at the species level. The species level focus
is largely due to the practical advantages of using this unit of biodiversity:
most species are relatively easy to recognise (Balillie et al. 2004; but see Isaac
et al. 2004; Mace 2004); they are well suited to describing patterns in
biodiversity (Brooks et al. 2004); and they may be used to infer changes in the

state of biodiversity at other scales (e.g. Butchart et al. 2004).

With species being the focal point of so much conservation attention it is
necessary to have a robust metric with which we can assess their status.

The IUCN Red List (IUCN 2001; IUCN 2008) is the most widely recognised
and accepted method available for measuring a species’ risk of extinction (De
Grammont and Cuaron 2006; Rodrigues et al. 2006). The Red List
implements objective criteria, based on information on population size, rate of
decline and size of geographic distribution, to assign species to categories of
risk of extinction ranging from “Least Concern” through to “Extinct” (IUCN
2001). The Red List now contains assessments for over 41500 species,
including almost all birds, mammals, amphibians, conifers and cycads (IUCN

2008).
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Amphibians are the most recent large clade to have been systematically
assessed and introduced into the Red List (IUCN et al. 2004) and, relative to
other fully assessed groups, they are not faring well. 32% of amphibian
species are threatened with extinction compared to 23% of mammals and
12% of birds (IUCN 2004). Additionally, 23% of amphibian species were
classified as Data Deficient (DD), many of which are likely to be threatened
(Akcakaya et al. 2000). Not only are a high proportion of amphibian species
threatened, but in recent years there has been a decline of amphibian species
on all continents on which they live (ACAP 2005). It appears that not all
amphibian species are equally affected by extinction risk or population
declines: there is disparity in the proportion of both threatened and declining
species among clades (Baillie et al. 2004; Stuart et al. 2004), and certain
biological traits have been linked to species’ risk of local decline (Hero et al.
2005; Lips et al. 2003) and extinction (Cooper et al. 2008; Murray and Hose
2005). In gaining a better understanding of the mechanisms responsible for
differences in extinction risk and decline among amphibian lineages, we may

be able to mitigate the impacts of the active threat processes more effectively.

Several threat processes, such as habitat loss, overexploitation (Stuart et al.
2004), and introduced predators (Kats and Ferrer 2003), have been linked to
amphibian declines. Additionally, in recent years, declines and even
extinctions of species as a result of “enigmatic” threat processes have been
described in a several locations. A variety of mechanisms, including pollution

(Davidson 2004), UVB irradiation (Kiesecker et al. 2001), and climate change
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(Whitfield et al. 2007) have been linked to these declines in amphibians.
However, much recent attention has focussed on the role of the emerging
infectious disease, chytridiomycosis (Berger et al. 1998), caused by the fungal
pathogen Batrachochytrium dendrobatidis (hereafter Bd; Longcore et al.

1999).

Bd, a member of the phylum Chytridiomycota, was described as a species as
recently as 1999 (Longcore et al.). Generally, chytrid fungi are widespread
and common in nature, playing an important role in degrading substances
such as chitin, keratin, and plant detritus in the environment (Berger et al.
1998). Although chytrid fungi are known to parasitize a range of hosts,
including plants, fungi and invertebrates, Bd is the first reported case of a
chytrid parasitizing a vertebrate host (Berger et al. 1998; Longcore et al.
1999). Bdis aquatic, with water being essential for the survival and
propagation of the pathogen. It infects keratinised areas of the amphibian
host by means of a motile, waterborne zoospore. Infection typically occurs in
either the mouthparts of the larvae, the only keratinised body region in this
lifestage, or the epidermis of fully developed individuals (Berger et al. 1998;
Marantelli et al. 2004). Upon infection the zoospores develop into sporangia
which in turn produce and discharge more zoospores (Berger et al. 2005a).
Infection does not appear to be host-specific; Bd has been recorded as having
infected over 450 species on five continents
(http://www.parcplace.org/bdmap2008update.html). Further, the response to
infection may vary both inter- and intraspecifically (Rachowicz et al. 2006),

with some species seemingly acting as asymptomatic vectors (Daszak et al.
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2004), while others may suffer mortalities (Berger et al. 1998), and population
declines (La Marca et al. 2005). After such population declines, some
populations or species may persist (Retallick et al. 2004), whereas others may
experience local or even species extinction as a result of infection (Schloegel

et al. 2006).

The amount of research attention that the pathogen has attracted is perhaps
a result of the potential rapidity and severity of its effects (ACAP 2005; Lips et
al. 2006), and the fact that many of the declines in which Bd has been
implicated have occurred in relatively undisturbed habitat in protected areas
(Laurance et al. 1996; Lips 1998; Pounds and Crump 1994). Combined,
these characteristics of Bd-related decline suggest that traditional
conservation efforts may not be sufficient to reduce the impact of the disease:
more focussed, novel management strategies may be required. Such
strategies include the establishment of ex situ populations (Mendelson et al.
2006a), restriction of the multi-million dollar trade in amphibians (Fisher and
Garner 2007), and raising awareness of the possible modes of pathogen
dissemination (Johnson and Speare 2003; Johnson and Speare 2005).
However, instigating such management and policy is likely to be species- and
location-specific, labour intensive and expensive. Determining which species
are the most susceptible to the negative effects of Bd in the future, and may
therefore be a high priority for conservation actions, is therefore an important

and urgent objective.
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Given the scale and rate at which we are losing amphibian populations and
species, our ability to understand the patterns of decline and extinction that
we see and to tackle the underpinning causal mechanisms has assumed a
great deal of importance. In this thesis | aim to contribute to our knowledge of
the patterns of extinction risk that we observe, and the mechanisms
underpinning those patterns; | also aim to outline how this knowledge may

inform conservation efforts

Overview of thesis aims

In this thesis | aim to gain a better understanding of the processes
underpinning the observed taxonomic pattern of extinction risk, identify which
species are likely to be the most susceptible to future increases in extinction
risk, and evaluate how our predictions may vary according to the particular
modelling technique used. However, the knowledge gained is largely
academic unless it can be used to inform decisions on management or policy,
and it is not always immediately obvious how the link between academic
research and applied conservation is best fostered. | therefore use this thesis,
in part, to illustrate how the output of predictive models may be used to direct
further research with a view to informing decisions on the direction of future
policy, management and research. In order to do so, | focus upon amphibians
and aim to answer four questions. First, why are some clades more highly-
threatened than others? Second, what type of species are the most
susceptible to future increases in extinction risk? Third, which technique is
the most accurate in predicting species’ susceptibility to future elevation in

extinction risk? Lastly, how can we use our knowledge of species
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susceptibility to direct future research efforts and the resulting on the ground

management and policy?

Chapter organisation and objectives

My thesis is wide in scope, geographically, taxonomically, and analytically. It
begins at the global-scale, observing, describing and explaining global
patterns in taxonomic non-randomness in extinction risk at higher taxonomic
levels. Remaining at the global-scale, my thesis then moves to a lower
taxonomic level and focuses on testing which biological and environmental
traits are associated with the observed patterns of species decline. Using the
insight gained from the pattern analysis my thesis then makes the step from
pattern analysis to prediction, by predicting which species will be most
susceptible to decline in the future. In my final two empirical chapters, | then
illustrate how predictive models may be tested using directed field
observations on particular species, before finally moving into an example of
more detailed population monitoring and disease surveillance that may be

used to inform and direct conservation action.

In chapter two, | address the subject of taxonomic selectivity (non-
randomness) in extinction risk. Specifically, | use permutation tests on
different data treatments at several spatial scales to test for the presence of
selectivity, and to determine which of three suggested mechanisms contribute
to its presence. Heterogeneity in conservation knowledge, threat intensity and
distribution of biological traits among clades may all contribute to non-random

distribution of extinction risk. Since understanding which mechanisms are
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responsible for the pattern may be useful in conservation planning, these

hypotheses each need to be tested.

After demonstrating the taxonomic non-randomness of extinction risk, | next
ask which type of species are most likely to be susceptible to future declines.
Several studies conducted in a diverse range of taxonomic groups have
shown associations between amphibian species’ risk of extinction or decline
and information on their biology, environment, and the intensity of threat to
which they are exposed (see Fisher and Owens 2004; Lips et al. 2003; Sodhi
et al. 2008; Williams and Hero 1998). In chapter three, | ask which biological
and environmental characteristics affect amphibian species’ susceptibility to
increases in Red List status. In the 2004 Global Amphibian Assessment
(hereafter GAA; IUCN et al. 2004), 435 species, termed Rapid Decline (RD)
species (Stuart et al. 2004), were highlighted as having suffered an increase
in Red List status. By looking for consistent associations between the RD
status of species and biological and environmental traits, | aim to determine
which species are susceptible to decline in the future. Focussing on those
biological traits associated with decline as a result of infection by the pathogen
Bd, | then predict which species outside of the model-building dataset are
most likely to be susceptible to Bd related decline in the future. Although
correlation does not mean causation, and the results of such tests must
therefore be interpreted with care, the predictions highlight susceptible
species and identify locations with a high number of those species with a view

to informing applied conservation efforts.
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If models are to be useful in predicting a species’ level of risk or likelihood of
decline, we must be sure that their predictions are accurate and reliable. The
majority of studies seeking to model extinction risk have used linear model
techniques, often incorporating some kind of phylogenetic comparative
method (PCM). The widespread use of PCM in models of extinction risk
stems from the need to account for phylogenetic non-independence of
species level data, and the resulting increased rates of type | errors
(Felsenstein 1985). Recently, however, there has been some discussion as
to whether phylogenetic methods are required in studies of extinction risk
(Putland 2005); also, an alternative method to linear models, decision trees,
has been advocated as an ideal way to model a species’ level of extinction
risk (Jones et al. 2006; Sullivan et al. 2006). The advantages of decision
trees include their ease of use and ability to highlight some of the more
complex relationships among variables (Crawley 2002; De'ath and Fabricius
2000; Sullivan et al. 2006). In chapter four, | compare and contrast the
predictive performance of different modelling techniques, and make
recommendations for future efforts to model extinction risk. Specifically, |
assess the predictive accuracy of three techniques (PCM regression, TIPS
regression, and Decision Trees) in modelling Rapid Decline and Red List
status of frogs, and extinction risk in five mammalian clades. Based on the
results of the comparisons of predictive performance, | make

recommendations for future efforts to model extinction risk and decline.

The output of a predictive model will typically be a list of susceptible species,

or a geographic representation of the intensity of threat or a measure of
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species richness (e.g. Cardillo et al. 2006). In chapters five and six | outline
how such an output may be used to direct research, and how in turn more
focussed research may be used to inform policy and management of a
particular conservation issue. In chapter five | highlight four species from the
model of Bad—susceptibility produced in chapter three, each of which have
suffered either a decline or a mass mortality. | then use tissue samples from
those species to investigate the presence of Bd and hence the possibility that
the pathogen could have been implicated in those declines. Although the
presence of Bd does not prove that the pathogen is the cause of species’
decline (e.g. Daszak et al. 2005), it does indicate that further investigation is

worthwhile.

In chapter six, | describe a detailed surveillance scheme for Bd to illustrate
how knowledge of the distribution and epidemiology of the pathogen may
inform policy and management. Bd was first described on the island of
Sardinia in 2006, when infected specimens of the Sardinian brook salamander
(Euproctus platycephalus) in the south of the island displayed signs of
chytridiomycosis (Bovero et al. in press). | describe a systematic screening of
amphibian populations on Sardinia aimed at improving our knowledge of the
distribution and epidemiology of Bd on the island. As effective management
for preventing the introduction and dissemination of Bd may rely on
knowledge of the origin, distribution and mode of spread of the pathogen
(Rachowicz et al. 2005), such in-depth studies may be invaluable for informing
the decision making process and implementing the measures necessary for

limiting the impacts of Bd within a region.
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The final chapter summarises and synthesises my main findings. | argue that,
despite some idiosyncrasies that will occur as a result of the scale of the
analyses and factors not included in these predictive models, large-scale
models can be informative in directing future research and conservation
management and policy. Further, | make recommendations on improving the
performance and application of predictive models with a view to providing

focussed direction for the conservation of amphibian species.
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Chapter 2: Taxonomic Selectivity in Amphibians: Ignorance,
Geography or Biology?

The manuscript presented in this chapter is published as:
Bielby, J., Cunningham, A.A., & Purvis, A. (2006), Animal Conservation,

9,135-143

Abstract

Many taxa, including amphibians, have been shown to have a taxonomically
non-random distribution of threatened species. There are three possible non-
exclusive reasons for this selectivity: non-random knowledge of species
conservation status, clades endemic to different regions experiencing different
intensities of threatening process, and the effects of clade-specific biological
attributes on the susceptibility of species to those processes. This chapter
tests the sufficiency of the first two explanations using extinction risk
evaluations from the 2004 Global Amphibian Assessment. My results indicate
that they cannot alone account for the degree of non-randomness in extinction
risk among amphibian families. The overall distribution of threatened
amphibians remained taxonomically non-random when species of unknown
conservation status were omitted, and significant selectivity was detected not
only at a global geographic scale, but also in country- and site-specific data
sets. Furthermore, the same families tend to be over- or under-threatened

within different countries. Together, these results suggest that biological
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differences among amphibian families play an important role in determining

species’ susceptibility to anthropogenic threatening processes.

Introduction

Information available in IUCN Red Lists, such as overall level of threat,
prevalence and intensity of threatening processes, and geographic and
taxonomic distribution of threatened species, can have important implications
for conservation policy and practice. The recent GAA (IUCN et al. 2004)
provided the first comprehensive Red List evaluation of amphibian species.
An analysis of the assessments (Baillie et al. 2004) found extinction risk to be
non-randomly distributed among amphibian families; some families have
significantly more threatened species (i.e. species categorised as being
Vulnerable, Endangered, or Critically Endangered) than expected and others
have fewer, a pattern previously reported for mammals and birds (Bennett and
Owens 1997; Purvis et al. 2000a; Russell et al. 1998). Likewise, threatened
and Near Threatened amphibian species that are thought to be rapidly
declining were not evenly distributed between families (Stuart et al. 2004).
Such a non-random pattern has been termed “taxonomic selectivity”, and has
been observed in species extinctions as well as extinction risk (McKinney

1997).

What causes such selectivity? Explanations so far have centred around the
biological characteristics of lineages that make them more or less susceptible

to the mechanisms causing elevated risk of extinction (Bennett and Owens
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1997; Cardillo et al. 2004; Jones et al. 2003; McKinney 1997; Owens and
Bennett 2000; Purvis et al. 2000b). Here | consider two other possible

explanations.

The first possibility is that non-random patterns in risk are simply a
consequence of taxonomically non-random ignorance about the conservation
status of species. Taxonomic biases exist in both conservation research
(Bonnett et al. 2002) and practice (Seddon et al. 2005), with some clades
receiving more resource per species than others. The presence of such
biases suggests that the level of knowledge of species conservation status
could also be non-random, with species within some orders or families being
poorly understood relative to others. In the context of Red Lists, species for
which there is insufficient knowledge to make a full conservation assessment
are categorised as being “Data Deficient” (hereafter DD) (IUCN 2001). Some
amphibian families, such as Bufonidae, have a relatively small proportion of
DD species (59 of 461, 12% of species), whereas others such as Caeciliidae
have a much higher proportion (66 of 109, 60% of species) (IUCN et al. 2004).
In the analyses of distribution of threatened and rapidly declining species in
amphibians (Baillie et al. 2004; Stuart et al. 2004), DD species were treated
as though non-threatened. In previously-analysed taxa, few species are listed
as DD (birds 0.8%, mammals 5.3%) so the way in which they are treated is
unlikely to affect the results. By contrast, 22.5% of amphibian species are
classified as DD, so their treatment could have a large impact on the results.
If DD species are treated as either all threatened or non-threatened, because

of the uneven distribution of DD species across amphibian families, the
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analysis could give a false impression of threat prevalence within at least
some families, and hence of heterogeneity of threat prevalence among

families.

The second possible cause of apparent nonrandomness is that where, rather
than how, a species lives determines its risk of extinction (Russell et al. 1998).
Different locations have different intensities of threatening processes such as
habitat degradation, over-exploitation, invasive species and infectious disease
(Baillie et al. 2004; Stuart et al. 2004). The prevalence of extinction risk might
be higher in more heavily affected locations, where all species may be
exposed to higher levels of threat (but see Balmford 1996; Kerr and Currie
1995; McKinney 2001). If, additionally, particular clades are more or less
restricted to locations with a high threat intensity, we might expect them to
have a higher than average threat prevalence regardless of their biology,
leading to a taxonomically non-random pattern of global extinction risk. This
mechanism is of particular relevance in amphibians as they display more
endemicity than mammals or birds: 70% of amphibian species have restricted
geographic ranges (restricted range being a range of less than 50,000km?:
BirdLife International 2004a) compared to 25% of birds (IUCN et al. 2004),
with many families also having a relatively small distribution. For example, the
family Astylosternidae has a high prevalence of threat (21 of 29 species;
72%), and is restricted to West Africa, predominantly in habitats that are
heavily affected by agriculture and deforestation (Baillie et al. 2004). Do such
families have a high prevalence of threat solely because of their geographic

location? Although this mechanism has been in the literature for some years
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(Russell et al. 1998), it has not to my knowledge been explicitly addressed
previously, perhaps because relatively few bird and mammal families are
narrow-range endemics. The high levels of endemism in amphibians make it

a potentially powerful cause of selectivity in extinction risk within the clade.

In this paper | aim to determine whether the global pattern of non-random
extinction risk persists after the omission of DD species. | also assess
whether selectivity is independent of geographic differences by analysing
extinction risk at finer geographic scales, where the intensity of threatening
processes is more homogenous than at the global level. If the level of
extinction risk were purely due to the different intensities of threatening
processes among geographic locations, at a fine-scale each family should
display a similar proportion of threatened species. Persistence of a
taxonomically non-random pattern of extinction risk at small geographic scales
would therefore suggest that the non-randomness is not entirely due to
geography. Such a result would represent strong evidence that biological
differences are at least partly responsible for the observed selectivity,

indicating the potential for insightful analyses of correlates of extinction risk.

Methods

Data
The 2004 IUCN Red List assessments of the world’s amphibian species were

obtained from the 2004 GAA database (http://www.qglobalamphibians.org).

The database used Frost’s (2004) “Amphibian Species of the World” as its
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taxonomic basis. This taxonomy describes three amphibian orders which
together contain 48 families and 5473 species. For my analyses | used the
same version of the database as Baillie et al. (2004) and Stuart et al. (2004) to
allow direct comparison of results. This was a pre-launch version of the 2004
IUCN Red List assessments which differed from the finalised database for a
few species endemic to one country (Brazil): these differences were unlikely
to greatly affect the results. In order to remove the effects of taxonomically
non-random ignorance of conservation status, | omitted DD species from the
analysis to produce a global dataset of 4453 amphibian species, 1891 of them

threatened or extinct.

To assess whether selectivity in extinction risk results solely from geographic
differences in threatening processes, data sets were also constructed at two
finer spatial scales: countries and sites. Sites were defined as areas or
locations that were small enough to be conserved in their entirety (Alliance for
Zero Extinction 2005; BirdLife International 2004b). Country and site data
sets were subsets of the global data set, containing only those species listed
as occurring in the relevant country or site. Site species lists were obtained
from peer-reviewed literature, research station check-lists, websites, field
herpetologists, and GAA participants. Suitable data sets were selected
using the following criteria:

- Data sets must contain at least 30 species and ideally at least 10 threatened
species; this threshold was chosen to balance the conflicting aims of obtaining

a reasonable number of data sets and obtaining enough statistical power to
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identify deviations from a taxonomically random distribution of threatened
species.

- At least two amphibian families should be represented in the subset, one of
which should have enough species to offer sufficient statistical power to detect
families that were significantly over or under-threatened relative to the subset
as a whole.

- To be treated as independent, data sets at a given scale should have little
overlap in species lists and not be geographically close.

- Selected countries should have a relatively small geographic area, to
maximise the likelihood of homogeneous threatening processes within each
(largest analysed = 587,040km?).

- Countries were chosen if they contained a suitable site data set. One of my
sites is in Australia. However, at over an order of magnitude larger than the
other countries analysed, Australia itself was too large to be meaningfully
included. | therefore included the state (Queensland) as a further country-

level data set, despite its large geographic area (1.7 x 10°km?).

The above criteria were met by eleven countries (Cameroon, Costa Rica,
Cuba, Ecuador, Japan, Madagascar, Malaysia, Queensland, Spain, Sri Lanka,
Uruguay) and six sites (Mount Kinabalu, Malaysia (Malkmus et al. 2002),
Nkongsamba (Amiet 1975), Korup National Park (Lawson 1993), and Mount
Nlonako (Herrmann et al. 2005), Cameroon, La Selva, Costa Rica (Donnelly
1994), Australian Wet Tropics Australia (Williams and Hero 1998)). Three of
these sites were from the same country (Cameroon), and contained a large

degree of overlap in constituent species. In order to maintain independence
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of datasets only the results from the largest of these datasets, that of Mont
Nlonako (Herrmann et al. 2005), were included in this paper. However,
results of the analyses of Nkongsamba and Korup (after amendments
suggested by J.-L.Amiet (IUCN et al. 2004)) were consistent with those
obtained from analysis of Mont Nlonako. Many other site lists were found
(see Appendix 2.1) but contained either too few species or too few threatened

species for meaningful hypothesis tests.

Analyses

The aim of the first analysis was to test for deviations, at each spatial scale,
from the null expectation that threatened species are distributed randomly
among families. Within each data set, numbers of threatened and non-
threatened species in each family were tabulated. For the global data set,
these numbers were tested for variation in threat levels among families using
a chi-square test; at the country and site level Fisher’s Exact Test was more
suitable given the sample sizes involved (Crawley 2002). Fisher’'s Exact
Tests were therefore conducted on each dataset within each of these two
spatial scales. Within a spatial scale the p-values from contingency table
analysis of each dataset were combined using Fisher's method (Sokal and
Rolf 1995), treating the datasets as independent, to provide an overall test of

significance of extinction risk selectivity at that spatial scale.

In the presence of taxonomically non-random extinction risk, further analyses

were conducted with the aim of determining which families deviated from the

expected level of threat. Significant deviation could only be detected for
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families containing more than a threshold number of species, which depends
on the proportion of threatened species in the data set being analysed. For
each dataset, binomial-tests were used to determine the minimum family size
necessary to detect a significant deviation from the proportion of threatened
species. Families with fewer than the threshold number of species were not
tested in the subsequent analysis. For remaining families, a null frequency
distribution for the number of threatened species was obtained by 10000
unconstrained randomisations using a computer program written in the
statistical language R (Ihaka and Gentleman 1996): Red List data were
shuffled across all species in the data set, and the number of species in the
family that were assigned a threatened category (CR, EN or VU) was counted.
The actual number of threatened species was then compared with this null
frequency distribution, and the null hypothesis rejected if it lay in the 2.5% at

either tail of the null distribution.

In order to determine whether families were consistent in the direction of
deviation from expected levels of threat, for families present in three or more
countries, the p-values obtained for each family being over-threatened (Table
2.2, column 3) and each family being under-threatened (Table 2.2, column 4)
were combined across countries using Fisher's Method (Sokal and Rolf 1995).
A combined probability of <0.05 suggested that the deviation was significantly
different from random across countries and that the direction of deviation was
consistent at that spatial scale. Due to the shortage of suitable datasets,
consistency in direction of deviation could only be analysed at the country

level.
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Results

The global data set showed a significant deviation from a random distribution
of threatened species among amphibian families (Table 2.1).

Fisher's Exact Tests indicated that 7/11 countries analysed and 2/4 sites
showed selectivity of extinction risk (Tables 2.2 and 2.3). Combining the p-
values within each spatial scale using Fisher’s method indicated selectivity of
risk at both the country (32 = 159.8, d.f. = 22, p=<0.0001) and site (3 = 23.2,

d.f. = 8, p=0.0014) level.

Of the 48 families in the global data set, 29 had enough species to depart
significantly from the overall average extinction risk prevalence.
Randomisation tests showed seven of these to be over-threatened and ten to

be under-threatened (Table 2.1).

Of the 17 families that were over or under-threatened at the global level, 11
differed significantly from random within at least one country (Table 2.2). Five
families were analysable within at least three countries; each of these was
significantly either over-threatened or under-threatened, compared with co-
occurring families, when p-values from the separate countries were combined
(Table 2.4), indicating that the direction in which families deviated from
random was consistent among countries. Three families deviated significantly
from expected threat-levels within at least one site (Table 2.3). No families

were significantly non-random exclusively at a lower spatial-scale (e.g. if a

37



family was non-random at a site level, it was also non-random at the country

and global level).

Discussion

The persistence of selectivity in extinction risk after the omission of DD
species (Table 2.1) strongly supports the conclusion of Baillie et al. (2004)
and shows that their results were not purely an artefact of taxonomic bias in
knowledge of conservation status. Further, the persistent non-randomness at
both the country and site level (Tables 2.2 and 2.3) suggests that geographic
differences in the intensity of threatening processes were not solely
responsible for the selectivity observed at the global level. | discuss each of
these findings in turn. There are also a number of amphibian families with
insufficient species to statistically show a deviation, whose member species
are either all threatened (Rheobatrachidae, Rhinodermatidae, Sooglossidae,
Nasikabatrachidae and Leiopelmatidae), or all non-threatened (Allophrynidae,
Amphiumidae, Ascaphidae, Dicamptodontidae, Pelodytidae, and
Rhinophrynidae). Regardless of their lack of significance statistically, these
families represent evolutionarily distinct lineages, and their status supports the

overall finding of taxonomic selectivity.

Exclusion of DD species did not remove all taxonomic selectivity, but did
affect which families were found to be significantly over- or under-threatened.
The results for five families showed a qualitative difference between my study
and that of Balillie et al. (2004). Centrolenidae (51 threatened species out of

138) did not depart from the overall mean in Baillie et al’s (2004) analysis, but
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are overthreatened once the 49 DD species are excluded. Similarly,
Ichthyophiidae had been previously found to have unusually low prevalence of
extinction risk, with just 2 of 39 species listed as threatened; however, 32 of
the species are DD, with just 7 species of known conservation status, and the
family does not depart significantly from the overall proportion of threatened
species in my analysis. The results for families with a very large proportion of
DD species such as Ichthyophiidae, are unlikely to be accurate reflections of
their true conservation status, but they illustrate how the treatment of DD
species can affect the perceived level of threat within a clade. The changed
results in the other three families are not due to removal of their DD species,
but to the effect of the removal of all DD species on the mean prevalence of
threat. Scaphiopodidae has no DD species, and Limnodynastidae only two,
but my analyses find them to be under-threatened because the overall threat
prevalence has risen from 26% in Baillie et al.’s (2004) analyses to 33% here.
Also, Ranidae (630 species, 112 DD, 165 threatened) is under-threatened in

my analysis for this reason.

Most earlier analyses of selectivity have treated DD species as unthreatened,
whereas | removed them. Other possible data treatments, such as treating all
DD species as threatened, or randomly allocating DD species to Red List
categories to match the proportions within non-DD species, would also yield
different results. Which of these treatments reflects the actual situation in
amphibians most accurately? Classifying all DD species as non-threatened is
highly conservative and, while it may be valid for policy-aimed documents

(e.g., Baillie et al. 2004), does not give a true reflection of the 1294 DD

39



species’ actual conservation status. Amphibians are much more poorly
studied than mammals or birds (22.5% DD c.f. 5.3% mammals and 0.8%
birds), with many species being poorly described, having a high level of
taxonomic uncertainty, or being known purely from the holotype. For many
such amphibian species the categorisation as DD means that we simply do
not know where on the spectrum of extinction risk these species fit. Whereas
in other taxa that have been fully assessed for the Red List (e.g. mammals
and birds) it is likely that the majority of DD species are actually threatened
(Akcakaya et al. 2000), for amphibians, the treatment of all DD species as
being threatened is unlikely to be an accurate reflection of their true
conservation status. Random allocation of DD species to Red List categories
in accordance with the proportions in non-DD species would maintain the size
of the dataset being analysed. However, there is no evidence to suggest that
the proportion of DD species that would fall into each category matches that of
non-DD species, and the uneven taxonomic and geographic distribution of DD
species (IUCN et al. 2004) argues to the contrary. Exclusion of DD species
means that results and conclusions are derived solely from species for which
there was sufficient information to make conservation assessments, which
seems preferable to attempting to make generalisations about the

conservation status of the less well-known species.

The presence of selectivity in amphibian extinction risk at a range of spatial
scales suggests that geographic differences in threat intensity are not solely
responsible for the non-random pattern at the global level: once much of the

heterogeneity of threat intensity is accounted for, a taxonomically non-random
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distribution of threatened species remains (it is not possible to account for all
of the heterogeneity in threat, because it is likely to show some patchiness
even within sites). Many amphibian families, however, have a relatively
narrow distribution, making it possible that in some cases the distribution of
the species within the country or site analysed was the total global distribution.
If this were the case any deviation from the null distribution at the global level
would be a reflection of the situation at the finer-scale. However, of the 11
families that differed from random at the country level, none were endemic to

that particular country.

The non-random distribution of risk showed consistency among countries,
with the same families repeatedly being over-threatened (Leptodactylidae,
Bufonidae and Rhacophoridae) or under-threatened (Hylidae, Microhylidae
and Ranidae) (Table 2.4). Ideally the consistency of direction of deviation
would have been analysed at the site level. Unfortunately, | was unable to
find enough site-level datasets. Many other site species lists were considered
(see Appendix 2.1), but they either did not have enough species in total, or
contained too few threatened species for the analysis to have any power.
This paucity of data may reflect the low amphibian diversity, particularly of
threatened species, in sites that have been surveyed; it is also possible that
surveys tend to catalogue only the more widespread, common species, with
highly-threatened narrow range endemics rarely being catalogued without

specific efforts to do so.
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The consistency of amphibian families in the direction of deviation from
random expectations supports the remaining mechanism for taxonomic
selectivity in extinction risk; namely that biological differences among taxa
may interact with threatening processes to determine their extinction risk
prevalence (Purvis et al. 2005b). Over-threatened families such as Bufonidae
and Leptodactylidae contain genera with a relatively high proportion of
threatened species such as Atelopus and Eleutherodactylus respectively.
There is evidence that these two genera are susceptible to interactions
between chytridiomycosis and climate change (Burrowes et al. 2004; La
Marca et al. 2005; Pounds and Crump 1994; Pounds et al. 1999), which is
likely to be due to certain aspects of their biology(Lips et al. 2003). Not all
families containing such over or under threatened sub-clades will be
highlighted by my analysis. The relatively high level of biological variation
within amphibian families means that family-level analyses will not necessarily
highlight which families contain species with biological characteristics that
infer high or low susceptibility to threatening processes. It is therefore
important that correlative analyses are conducted at the generic, or preferably
the species level, in order to determine which biological traits underpin this
mechanism. In other vertebrate groups, traits such as large body mass
(Bennett and Owens 1997), low population density (Cardillo et al. 2004), and
low reproductive output (Bennett and Owens 1997; Cardillo et al. 2004) being
significantly correlated with high extinction risk. Previous correlative work on
amphibians has suggested that species with traits such as low fecundity, high
degree of habitat specialisation (Williams and Hero 1998), large body size and

highly aquatic lifestyle (Lips et al. 2003) are more likely to suffer population
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declines. The biology of species is also likely to contribute to their ability to
recover after such declines, and therefore might play a role in determining
their risk of extinction. The consistency of deviation from randomness for
amphibian families at all spatial scales analysed suggests either a common
global driver of increased extinction risk, or that the same biological traits infer
susceptibility to multiple drivers of amphibian decline (e.g. chytridiomycosis
(Berger et al. 1998; Daszak et al. 2003; Lips 1999; Lips et al. 2003), climate
change (Pounds 2001; Pounds and Crump 1994; Pounds et al. 1999), habitat
loss(Stuart et al. 2004), and interactions amongst these causes (Burrowes et

al. 2004; Kiesecker et al. 2001)).

Distinguishing between trait selectivity and geographic selectivity is difficult if
the intensity of threatening processes and the taxonomic mix of species vary
greatly among regions (Russell et al. 1998), as is the case in amphibians,
which show a higher degree of endemicity than mammals or birds. Testing for
geographic selectivity is more complex than testing for trait selectivity,
because a taxonomically random distribution of extinction risk would not be an
appropriate null hypothesis. Although the level of threatening processes at a
given geographic location will probably affect the prevalence of threatened
species (Kerr and Currie 1995; McKinney 2001), the consistent tendency for
particular amphibian families to be over-or under-threatened within countries,
and the selectivity in extinction risk at all spatial scales, strongly suggest that
biological differences among taxa play a role in determining their extinction
risk prevalence, independently of geographical differences in intensity of

threatening processes.
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Tables

Table 2.1: Results of chi-square test for random distribution of threatened

species at the global level, and subsequent analysis of distribution of

threatened species between amphibian families after the omission of DD

species. In all tables families are placed in descending order of the proportion

of threatened species. N/A denotes that the family did not have enough

species to reject the null hypothesis.

(Chi-square test, x? = 374.3, d.f.= N/A, simulated p=0.0001)

>Expected < Expected
Family Threatened Total
' _ threat-level p-  threat-level
species species
value p-value

Astylosternidae 21 28 0.000 1.000
Hynobiidae 27 40 0.001 1.000
Leptodactylidae 529 906 0.000 1.000
Plethodontidae 169 294 0.000 1.000
Centrolenidae 51 89 0.003 0.999
Rhacophoridae 113 201 0.000 1.000
Bufonidae 210 402 0.000 1.000
Bombinatoridae 5 10 0.428 0.794
Ambystomatidae 13 27 0.342 0.787
Dendrobatidae 65 136 0.115 0.914
Megophryidae 43 95 0.338 0.739
Arthroleptidae 13 34 0.747 0.372
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Salamandridae
Discoglossidae
Heleophrynidae
Proteidae
Petropedetidae
Ranidae
Hylidae
Ichthyophiidae
Mantellidae
Microhylidae
Hyperoliidae
Limnodynastidae
Myobatrachidae
Hemisotidae
Pipidae
Caeciliidae

Scaphiopodidae

21 61
4 12
2 6
2 6
24 73
165 518
211 686
2 7
35 123
71 261
49 195
10 48
13 65
1 5
3 23
2 43
0 7

0.919

0.828

0.808

0.800

0.963

1.000

1.000

0.874

0.999

1.000

1.000

1.000

1.000

0.937

1.000

1.000

1.000

0.127
0.370
N/A
N/A
0.061
0.000
0.000
0.363
0.001
0.000
0.000
0.001
0.000
N/A
0.003
0.000

0.022
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Table 2.2: Results of country level Fisher’s exact test and subsequent

analysis of distribution of threatened species between amphibian families after

the omission of DD species.

>Expected < Expected
Species  Species
Family threat-level  threat-level
threatened Number

p-value p-value
Cameroon Astylosternidae 20 26 0 1.00
(Fisher’s Bufonidae 10 22 0.05 0.98
Exact Test, Arthroleptidae 6 17 0.32 0.84
p=7.44x10%)  Petropedetidae 4 18 0.81 0.39
Ranidae 4 27 0.98 0.07
Pipidae 1 9 0.95 N/A

Hyperoliidae 5 53 1.00 0.0003
Caeciliidae 0 2 N/A N/A
Hemisotidae 0 2 N/A N/A
Microhylidae 0 1 N/A N/A
Rhacophoridae 0 1 N/A N/A
Costa Rica Plethodontidae 20 32 0.002 1.00
(Fisher’s Bufonidae 6 13 0.38 0.82
Exact Test, Hylidae 18 42 0.33 0.79
P=0.0048) Leptodactylidae 15 43 0.79 0.34
Dendrobatidae 2 8 0.88 N/A
Ranidae 1 4 0.86 N/A

Centrolenidae 0 12 1.00 0.0037
Microhylidae 0 3 N/A N/A
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Caeciliidae 0 2 N/A N/A

Rhinophrynidae 0 1 N/A N/A
Cuba Leptodactylidae 42 50 0.0728 0.9867
(Fisher’s Bufonidae 5 7 N/A 0.4351

Exact Test, Hylidae 0 1 N/A N/A

p=0.03175) Ranidae 0 1 N/A N/A
Ecuador Centrolenidae 18 26 0.0035 0.999
(Fisher’s Bufonidae 25 40 0.0054 0.998
Exact Test, Leptodactylidae 86 162 0.0003 1.000
p=2.56x10"%)  Plethodontidae 3 7 0.633 0.664
Dendrobatidae 12 33 0.825 0.287

Ranidae 1 4 N/A N/A

Hylidae 20 97 1.000 0.000
Caeciliidae 0 9 1.000 0.0064
Microhylidae 0 9 1.000 0.0056

Rhinatrematidae 0 2 N/A N/A

Pipidae 0 1 N/A N/A

Japan Salamandridae 2 3 N/A N/A
(Fisher’s Hynobiidae 8 17 0.163 0.948
Exact Test, Ranidae 10 22 0.141 0.948

p=0.05388) Rhacophoridae 0 8 1.000 N/A

Bufonidae 0 4 N/A N/A

Hylidae 0 2 N/A N/A

Cryptobranchidae 0 1 N/A N/A

Microhylidae 0 1 N/A N/A
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Madagascar Microhylidae 20 41 0.0053 0.999
(Fisher’s Mantellidae 35 123 0.904 0.166
Exact Test, Hyperoliidae 0 11 1.000 0.0147
p=0.00354) Ranidae 0 2 N/A N/A
Malaysia Bufonidae 13 33 0.038 0.986
(Fisher’s Megophryidae 10 26 0.079 0.968
Exact Test, Rhacophoridae 15 42 0.061 0.975
p=0.0001903) Microhylidae 4 25 0.927 0.178
Ranidae 3 51 1.000 0.0001
Queensland,
Rheobatrachidae 2 2 N/A N/A
Aus
(Fisher’s Microhylidae 6 15 0.220 0.9143
Exact Test, Myobatrachidae 7 24 0.544 0.651
P=0.3207) Hylidae 11 45 0.834 0.297
Limnodynastidae 4 18 0.821 0.376
Bufonidae 0 1 N/A N/A
Ranidae 0 1 N/A N/A
Spain Discoglossidae 2 8 0.190 N/A
(Fisher’s Salamandridae 1 10 0.722 N/A
Exact Test, Ranidae 1 11 0.762 N/A
P=0.839) Bufonidae 0 4 1.000 N/A
Hylidae 0 2 1.000 N/A
Pelodytidae 0 2 1.000 N/A
Pelobatidae 0 1 N/A N/A
Sri Lanka Rhacophoridae 47 56 0.000 1.000
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(Fisher’s Ichthyophiidae 3 N/A N/A
Exact Test, Bufonidae 8 N/A 0.484
p=7.49x107) Microhylidae 10 N/A 0.048
Ranidae 15 1.000 0.0031

Uruguay Bufonidae 9 0.0245 N/A

(Fisher’s Hylidae 15 0.832 N/A

Exact Test, Leptodactylidae 17 1.000 N/A

p=0.09145) Caeciliidae 1 N/A N/A

Microhylidae 1 N/A N/A
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Table 2.3: Results of site level Fisher’s exact test analysis, and subsequent
analysis of distribution of threatened species between amphibian families after

the omission of DD species.

>Expected < Expected
Species Species

Family threat-level  threat-level
threatened  Number

p-value p-value
Kinabalu Megophryidae 6 13 0.0328 N/A
(Fisher’s Bufonidae 4 10 0.1505 N/A
Exact Test, Rhacophoridae 6 22 0.3575 0.8263
p=0.006557) Ranidae 1 23 0.9992 0.0092
Microhylidae 0 8 1 N/A
Mount
Nlonako Astylosternidae 8 13 0.0008 N/A
(Fisher’s Ranidae 3 10 0.3632 N/A
Exact Test, Bufonidae 2 8 0.777 N/A
p=0.01129) Arthroleptidae 2 11 0.5747 N/A
Petropedetidae 2 13 0.819 N/A
Hyperoliidae 1 24 0.9991 0.0123
Pipidae 0 3 1.000 N/A
Caeciliidae 0 2 N/A N/A
Rhacophoridae 0 1 N/A N/A
La Selva Plethodontidae 2 3 0.0358 N/A
(Fisher’s Leptodactylidae 2 13 0.4985 N/A
Exact Test, Hylidae 1 13 0.8625 N/A
p=0.4121) Centrolenidae 0 4 1 N/A

50



Bufonidae 0 3 1 N/A

Dendrobatidae 0 2 1 N/A

Ranidae 0 2 1 N/A

Caecilidae 0 1 N/A N/A

Microhylidae 0 1 N/A N/A

Australian  Myobatrachidae 2 2 N/A N/A

Wet
Tropics

(Fisher’s Hylidae 5 12 0.5838 0.7059
Exact Test, Microhylidae 5 12 0.5877 0.7034

p=0.2918) Limnodynastidae 0 3 N/A N/A

Ranidae 0 1 N/A N/A
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Table 2.4: Combined p-values obtained from Fisher's method, illustrating the

tendency for families to be over- or under-threatened within different

countries.
Family % 2 (combined p- d.f. p Direction of
value) deviation from
From Fisher’s random
Method
Leptodactylidae 21.9 8 0.0050 over-threatened
Rhacophoridae 24.0 6 0.0005 over-threatened
Bufonidae 32.3 12 0.0012 over-threatened
Ranidae 35.4 8 2.2703x10° under-threatened
Hylidae 16.9 6 0.0096 under-threatened
Microhylidae 20.1 10 0.0285 under-threatened
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Chapter 3: Predicting susceptibility to future declines
in the world’s frogs

The manuscript presented in this chapter is published as:
Bielby, J., Cooper, N., Cunningham, A.A., Garner, T.W.J., & Purvis, A., (In

Press), Conservation Letters,

Abstract

The 2004 Global Amphibian Assessment demonstrated that almost 400
anuran species have recently moved closer to extinction due to a host of
threat mechanisms. Of particular concern is the role of the fungal pathogen,
Batrachochytrium dendrobatidis (Bd), for which more traditional conservation
management is not effective. Determining which biological and environmental
factors affect a species’ susceptibility to these mechanisms would greatly aid
conservation prioritisation and planning. | performed phylogenetic
comparative analyses to determine which biological and environmental factors
predict species’ susceptibility to rapid declines, both generally and in the
context of Bd. My results extend the findings of previous finer scale studies:
we find that high-altitude, restricted-range, aquatic species with low fecundity
are most likely to suffer Bd-related declines. | use my findings to identify
those species most at risk of Bd-related declines and global extinction in the
future, and identify areas where many species are predicted to be susceptible.
Identifying susceptible species in advance of their decline is particularly
important in setting priorities when, as here, declines are hard to arrest once

underway.
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Introduction

In recent decades, amphibian species have experienced serious population
declines on every continent on which they are found (Blaustein and Wake
1990; Houlahan et al. 2000; Wake 1991; Wyman 1990). The geographic
extent and severity of amphibian population declines make the subject a
conservation issue of high priority. Amphibian extinction risk and population
declines are taxonomically non-random (Bielby et al. 2006; Stuart et al.
2004), even at small geographic scales (Bielby et al. 2006; Lips et al. 2003;
Williams and Hero 1998), indicating that species biological attributes
influence susceptibility to decline. Understanding patterns in intrinsic
susceptibility is therefore an important step towards identifying locations with
many species susceptible to decline in future (Cardillo et al. 2006), and in

tailoring conservation management to the needs of particular species.

Previous analyses on susceptibility to population declines in amphibians
suggest that large size, restricted range, living at high altitude, ecological
specialism, and low-fecundity may all contribute to susceptibility (Lips et al.
2003; Murray and Hose 2005; Williams and Hero 1998), but these studies
have generally considered local declines rather than species-level dynamics
(but see La Marca et al. 2005; Sodhi et al. 2008). If global conservation
management decisions are to be directed by research (Mendelson et al.
2006b) we need to ensure that the information supporting decisions on the
allocation of conservation resource is robust, and that species most at risk of

future decline are identified. Knowing which type of species are the most
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likely to become globally more threatened would therefore be a powerful tool

to guide the allocation of conservation resource.

The GAA (IUCN et al. 2004), provided the first evaluation of all known
amphibian species according to the Red List criteria. Stuart et al. (2004)
described a total of 398 anuran species that had experienced a genuine
increase in extinction risk. These species, termed “Rapid Decline” (hereafter
RD) species, may represent some of the most urgent conservation problems
(Stuart et al. 2004) — species whose total population has declined to the point
that they have moved a step closer to global extinction. The status changes of
RD species were attributed to three causes: habitat reduction, over-
exploitation, and enigmatic decline. While the former two categories require
little explanation, the third is more complex. “Enigmatic decline” species have
declined for reasons that are not fully understood. Possible mechanisms
include climate change, UV-B irradiation, pollution, and infectious disease
(Collins and Storfer 2003; Stuart et al. 2004). In particular, many of the
species categorised as enigmatic RDs are thought to have declined due to
chytridiomycosis (e.g. Atelopus species, La Marca et al. 2005), caused by the

fungal pathogen, Batrachochytrium dendrobatidis (hereafter Bd).

Current understanding (Daszak et al. 1999; Lips et al. 2003; Murray and Hose
2005; Sodhi et al. 2008; Williams and Hero 1998) makes several predictions
about how biology and threat processes interact to dictate anuran
susceptibility to rapid declines. Using a large, geographically widespread

dataset, and controlling for phylogeny, | aimed to test some of these
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predictions, particularly in the context of Bd related declines. | analysed RDs

to find rules-of-thumb about which biological and environmental traits make

species more susceptible to increased extinction risk in the future, and to form

a basis for recommendations on future conservation efforts (Cardillo et al.

20086).

Specifically, we addressed the following hypotheses:

a)

Restricted range species will be more susceptible to rapid decline as
any threatening process is more likely to affect the entire distribution.
Species with small ranges will also tend to have small population sizes
and so may be more susceptible to stochasticity (Brown 1995).

Large species will be more susceptible to rapid decline. In many taxa,
large body size correlates with traits that elevate extinction risk or
likelihood of population decline such as low population density (Damuth
1987) or slow life history (McKinney 1997; Pimm et al. 1988). Large
anurans, particularly those with small ranges, have previously been
shown to have increased probability of local population decline (Lips et
al. 2003). Global extinction risk is also higher in large species in other
taxa (Bennett and Owens 1997; Cardillo et al. 2005).

Species with low reproductive rate and/or fecundity will be more
susceptible to decline as they will be less able to compensate for
increased mortality (MacArthur and Wilson 1967; McKinney 1997;
Purvis et al. 2000b).

High-altitude anurans will be more susceptible, as these species often
have restricted ranges and may be exposed to environmental

conditions that exacerbate certain threat processes such as
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chytridiomycosis (Bosch et al. 2007; Daszak et al. 1999; Laurance et
al. 1996). Additionally, high altitude species tend to have slower life
histories (Morrison and Hero 2003; Morrison et al. 2004).

Species that rely on freshwater habitats for one or more stages of their
lifecycle are likely to experience a wider range of threats (e.g. pollution,
infectious disease) than strictly terrestrial species, and are therefore
more likely to decline. Additionally as Bd is an aquatic organism,
species reliant on freshwater habitats are more likely to be exposed to
the pathogen.

According to the chytrid-thermal-optimum hypothesis (Pounds et al.
2006), species living in environmental conditions favourable to
propagation of Bd (Piotrowski et al. 2004) will be more likely to have
experienced Bd-related declines (Berger et al. 2004; Bosch et al.
2007). Additionally, species limited to a narrow range of environmental
conditions may have a lower tolerance to change and thus could be
more susceptible to RDs due to environmental peturbation (McKinney
1997; Purvis et al. 2000b).

Species exposed to higher human populations densities may be more
likely to have suffered RD as they are more likely to experience habitat
degradation and loss (but see Balmford 1996; Cardillo et al. 2004), and

are perhaps more likely to be overexploited.
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Methods

Data

As 91% (398/435) of amphibian RD species are anurans (frogs), and the
biology of the three amphibian orders are so different, | concentrated the
analyses solely on frogs. The final dataset contained 553 anuran species
representing 32 of the 33 anuran families, and containing species from all six
continents on which amphibians are present. Data were collected from a
range of sources, including peer-reviewed literature, grey literature, field
guides, web sites, and direct contact with GAA Red List species assessors (a
full list of sources used is included in appendix 3.1). When data were
collected for a species in a given geographic location, | collected data from
species of a range of statuses (i.e. non threatened, threatened, and RD) from
that location in order to reduce the probability that our results would merely
reflect geographic heterogeneity in threat intensity. | biased our data
collection towards RD species in order to maximise power to test our
hypotheses. The percentage of RD species in the final dataset (41.0%,
227/553) was therefore much higher than the percentage of RD species in all
anuran species (7.9%, 398/5066). Of the 227 RD species in the dataset, 15
(6.6%) were over-exploited, 77 (33.9%) were threatened by habitat reduction,
and 134 (59.0%) were enigmatic decline species (c.f. 11%, 42.1%, and 47.6%
respectively of RD species as a whole). One species was threatened by both
over-exploitation and enigmatic decline. Of the 326 non-RD species in the

dataset, 194 (59.5%) were non-threatened, and 132 (40.5%) were threatened
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(c.f. 57.8% non-threatened, 42.2% threatened respectively in anurans as a

whole after exclusion of DD species).

In order to determine which biological, environmental and anthropogenic
factors predicted species’ RD status, | collected information on the following
twelve variables using the taxonomy of Frost (2004) throughout:

Geographic ranges (in km?) and aquatic life-stage data came from the GAA
(IUCN et al. 2004) database. A species was classified as aquatic life-stage if
it relied on freshwater for any stage (e.g. reproduction, egg deposition,

development) of its life cycle.

Mean snout-vent length (mm) was used as a measure of species body size,
and mean clutch size (eggs per clutch) was taken as a measure of a species’
speed of life history. Where | had more than one value of a variable for a
species, | used the mean. In order to investigate the role of a species’
environment on RD status, | obtained representative values for a species
using geographic distribution data (IUCN et al. 2004) and spatial datasets of
altitude (m) (Hijmans et al. 2005), annual actual evapotranspiration (AET)
(mm) (Willmott 2001), net primary productivity (NPP) (mm) (Willmott 2001),
isothermality (a measure of annual temperature consistency), maximum
temperature of the warmest month, precipitation seasonality, and precipitation
in the driest quarter (Hijmans et al. 2005). To examine whether human
impacts played a significant role in RDs, | used a map of human population

density (people/km?) (CIESIN. 2000). To extract the spatial data required

from the GIS data layers, | overlaid shape files of species geographic ranges

66



on a 30-second grid and calculated the median grid cell value within the

geographic range.

| transformed explanatory data to meet requirements of normality where
necessary: geographic range (km?), snout-vent length (mm), eggs per clutch,
altitude, and human population density were all log transformed, and
precipitation of the driest quarter was square-root transformed; other variables

remained untransformed.

Analyses

| coded species according to their IUCN status, RD status and causal
mechanism (using information from the GAA), and whether Bd infection has
been reported (i.e. Bd'/Bd) (see appendix 3.2 for list of diagnosed species of
which | am aware, and of references used). This information allowed us to
make four binary comparisons, addressing four questions as follows

A) Do RD species differ biologically from other threatened species?

B) Do Enigmatic RD species differ biologically from other threatened and RD
species?

C) Do Bd + RD species differ biologically from Bd + species that have not
suffered a rapid decline?

D) Do RD species that have been infected/diagnosed as Bd + differ

biologically from RD species not infected/diagnosed with Bd ?

When comparing threatened and non-threatened species, there are two

possible problems of circularity. First, threat status might be autocorrelated
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with geographic range size, because species may be classified as threatened
based on their narrow distribution. This could also bias comparisons between
RD species (which are by definition at least Near-Threatened) and non-RD
species (many of which are Least Concern). Most of my tests are structured
to compare RD species with other RD or threatened species, minimising this
circularity. The remaining analysis (comparison C above) also included Least
Concern species in order to maximise the sample of Bd infected species. To
remove the circularity from this analysis, | omitted threatened species (RD or
otherwise) that had not been categorised under IUCN Criterion A (range
decline, rather than small range size), following Purvis et al. (2000). The
second possible problem is that RD status could be further autocorrelated with
geographic range size if estimates of decline rate are artefactually higher in
small-range species. This could occur if such species are easier to monitor,
or if small ranges are mapped at a finer scale than large ranges (Thomas and
Abery 1995). However, this artefact would predict that RD species tend to
have smaller ranges than other threatened species, which they do not (see

results of comparison A, below).

Due to the binary nature of the response variables, and the consequent non-
normal error structure, | conducted the analyses using generalized linear
models specifying the link function as either logit or complementary log-log,

and preferred the link with the lowest residual deviance (Crawley 2002).

We accounted for the strong phylogenetic signal within the dataset (see

appendix 3.3) using generalised estimating equations (GEE) as described by
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Paradis and Claude (2002). GEE are a procedure in which model parameters
in a generalised linear model framework may be estimated taking correlations
among observations into account. All GEE analyses were conducted using
the compar.gee function (package = ape; Paradis et al. 2005) in the software
package R (R Development Core Team 2005). In my analyses, the correlation
matrix describing the relationships among data was obtained from the recently
published genus-level amphibian phylogeny (Frost et al. 2006) with taxonomy
as a surrogate for phylogeny below the genus level. As a result of the lack of
branch length information, all branch lengths were set to two units. For each
of the four comparisons, A-D, | initially conducted single-predictor analyses for
each of the twelve explanatory variables. In two of the 48 bivariate analyses
performed, the model parameters would not converge when using one or both
of the possible link functions. | have indicated where this occurred in the
results section. To account for the possibility that the large number of
predictors tested would result in an increased rate of Type | errors, the Holm-
Bonferroni method was implemented on the bivariate analyses within each of
the four comparisons made. All Holm-Bonferroni adjustments were made
using the p.adjust function in the software package R (R Development Core

Team 2005).

Once bivariate relationships had been modelled, | investigated multipredictor
relationships, allowing determination of which variables were associated with
RD status when correlated variables were accounted for. Initially, all
significant single predictors were included in the model, and the predictor with

the highest p-value was successively removed until the remainder were
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significant. To check the robustness of the resulting model, each previously
excluded explanatory variable was added in turn until no more significant
predictors could be found. Additionally, | conducted the analyses including
variables that did not converge as single predictors in the first step of the
model building process. If no significant predictors were found in the bivariate
analyses, | built a minimum adequate model by including all predictors in the
first model and dropping those with the highest p-values until all remaining

terms had a p-value below 0.05.

For the multipredictor models obtained, cross-validation was used to obtain a
measure of model fit. For each of 1000 iterations, six species from the
original model were randomly selected, and brier scores calculated using the
observed and fitted values of those species. Brier scores (mean squared
error for binary data (Brier 1950)) are a measure of model fit: a model with
perfect predictive ability would obtain a score of 0.0, while a score of 1.0
would indicate a model with very poor predictive power. For all multipredictor
models, | calculated a mean brier score and standard error of the mean (SEM)

for the 1000 iterations.

Using the parameters from my most predictive model, that of Bd -related RD
(comparison C), and the relevant biological trait data | calculated the
probability of decline for 3976 anuran species. To illustrate those locations
with a high number of highly susceptible species, | mapped all species with a

probability of RD of 1.0 if infected with Bd (figure 3.1) using ArcMap 9.0.
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Results

When RD species were compared with other threatened species (comparison
A, Table 3.1), rapid declines were associated with aquatic life-stage in
bivariate comparisons. The multipredictor model included aquatic life-stage
as a significant predictor, with large geographic range approaching a
significant relationship with RD (p=0.061) (brier score 0.29 +0.002).
Compared with threatened species, RD species affected by enigmatic decline
(comparison B) were found to live in locations with low annual temperature
variation, and to have aquatic life-stages in bivariate analyses. In this
multipredictor model low annual temperature variation was no longer a
significant term, whereas clutch size was now significant, and high altitude
approached significance with a p-value of 0.09 (Table 3.2, brier score 0.26
+0.003). When only Bd + species were analysed (comparison C), RD was
associated with high altitude and small geographic range in the bivariate
analyses (Table 3.2). The multipredictor analysis also included aquatic
lifestage Bd * species alongside the significant bivariate predictors, as being
more likely to have suffered an RD (Table 3.3, brier score 0.06 £0.002).
When only RD species were included (comparison D) in bivariate analyses,
no predictor variables were significantly associated with a species’ Bd status,
though large range RD species in areas of low actual evapotranspiration

were more likely to be Bd + in the multipredictor model (Table 3.4).
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Discussion

These global analyses of RD anuran species strengthen and extend the
scope of the findings of finer scale studies of anuran declines (Lips et al.
2003; Murray and Hose 2005; Williams and Hero 1998). Species with aquatic
life-stages are particularly susceptible to rapid declines, while species with
restricted distribution at high elevations are most susceptible to Bd related

RD. I discuss these results and their possible implications for conservation.

Narrow geographic distribution is an important predictor of high extinction risk
and declines in many taxonomic groups (Cardillo et al. 2005a; Fisher and
Owens 2004; Purvis et al. 2000b) including amphibians (Cooper et al. 2008;
Murray and Hose 2005; Sodhi et al. 2008). However, the role of geographic
distribution in predicting RD status appears to be more complex. While
restricted range species were indeed more susceptible to decline in one of my
analyses (comparison C), two of the other comparisons (A and D) showed the
opposite. This observed change of role of geographic distribution may be
explained by the epidemiology and particularly the spread of chytridiomycosis.
Whereas wider ranging species are more likely to be infected and diagnosed
with Bd, it is restricted range species that are more likely to suffer serious

consequences of chytridiomycosis.

One of the three criteria for disease-induced extinction is a restricted
distribution, and associated small population size (de Castro and Bolker
2005). While wide-ranging species become infected (comparison D), and

even suffer local declines (e.g. Alytes obstetricans (Bosch et al. 2001),
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Salamandra salamandra (Bosch and Martinez-Solano 2006)), they are more
likely to recover or at least persist through recruitment, recolonisation, and
immigration than restricted range species. Of the 133 confirmed and possible
amphibian extinctions in recent years (IUCN et al. 2004; Schloegel et al.
2006), many of which are likely to have involved chytridiomycosis, the majority

of species had restricted ranges.

Aside from geographic range size, which other factors make a species more
susceptible to the deleterious effects of Bd infection? My analyses of both
enigmatic RD (comparison B) and Bd infected species (comparison C)
strongly support regional work on biological traits associated with amphibian
population declines in Central America and Australia (Daszak et al. 1999;
Hero et al. 2005; Lips et al. 2003; Murray and Hose 2005; Williams and Hero
1998): high altitude, small clutch size, partially aquatic species are most
susceptible. Caution may be required when using these variables to predict
RD: species with traits that place obvious restrictions on a distribution (e.g.
high elevation, or aquatic life-stage) are perhaps more likely to be classified
as RD simply because of a higher certainty of changes to the distribution of
those species. However, there are strong biological mechanisms that could
link aquatic life-stage and high altitude to RD (Lips et al. 2003; Williams and
Hero 1998). Aquatic life-stage species are reliant on more than one type of
habitat for completion of their life-cycle, and therefore may be exposed to a
wider range of threats likely to cause increased mortality. One such threat
would be Bd, whose aquatic life-cycle may mean that amphibians with an

aquatic life-stage are more likely to be infected than those species that do not.
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Given such an increased level of mortality, one way for a population to remain
stable or recover is through high recruitment in subsequent reproductive
events. This may explain the importance of clutch size as a predictor of
enigmatic RD with species with larger clutch size being less likely to suffer an

RD.

The inclusion of high altitude as a correlate of Bd -related decline, even
accounting for geographic distribution size, suggests that altitude does not
increase a species’ susceptibility to RD simply by limiting the species’
distribution. As with restricted range species, high altitude species may be
less able to offset mortality through recruitment, recolonisation, or colonisation
from other populations. Additionally, factors such as Bd, climate change and
pollution, may exert their influence most seriously at mid- to high-elevations
(Daly et al. 2007; Pounds et al. 2006), and could perhaps work in combination
to affect amphibian populations. The decline of sympatric species of reptiles
and birds (which are unaffected by Bd) at sites of amphibian declines
(Pounds et al. 1999; Whitfield et al. 2007), underlines the difficulty involved in
ascribing an ultimate cause to a decline (Collins and Storfer 2003; Mace and
Balmford 2000). Similarly, declines of Bd -infected amphibian populations as
a result of climatic conditions rather than disease (Daszak et al. 2005)
highlight the fact that the presence of Bd does not necessarily mean that it is
responsible for declines in the area, something that should be remembered
when interpreting the analyses presented here. So, while chytridiomycosis is

a major cause for concern in amphibian conservation, the effects of other
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enigmatic factors, either alone or in combination with infectious diseases,

must not be ignored.

The suitability of predictive models for conservation prioritisation depends
upon the strength of their predictive ability, which varied greatly in the models
presented here. Comparison of Bd " species (comparison C) resulted in a
model with extremely high predictive ability (brier score of 0.064 +0.002)
compared to the other models, particularly those for comparisons A and B
(brier scores of 0.29 +0.002 and 0.26 +0.003 respectively). The key to the
lower predictive ability of those models may lie with the greater geographic
and taxonomic coverage in the respective datasets. The data on Bd infection
were more limited geographically, taxonomically and in sample size than the
data forming the basis of the other comparisons, which therefore reduced the
variation in the dataset. However, given a suitable level of predictive ability,

such models may be of use in guiding conservation priorities.

Using those traits highlighted in the analyses we may be able to direct
conservation research and policy by predicting which species are most
susceptible in the future (e.g. Cardillo et al. 2006; Koh et al. 2004). | have
used the model parameters obtained in my most predictive model,
comparison C, to estimate the probabilities that each of 3976 anuran species
would decline rapidly if they became infected with RD (for list of species fitted
values, see Bielby et al. Conservation Letters, In press). Figure 3.1 shows a
map of the locations of those species with an estimated probability of RD of 1,

and identifies areas which may be particularly heavily hit if Bd were to be
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introduced into the region (figure 3.1). Given the susceptibility of their
species, these locations represent a high priority for pre-emptive conservation
policy and management efforts. | echo the call of Sodhi et al (2008) for multi-
foci management, which may include monitoring species population trends
(Collins and Halliday 2005); directing more detailed local studies (e.g. Bosch
et al. 2007; Pounds et al. 2006; Williams and Hero 1998); screening for
pathogens; the introduction of legislation to reduce the possibility of pathogen
introduction via the amphibian trade (Fisher and Garner 2007); preventing the
spread of Bd by establishing field hygiene protocols for people working in the
area (e.g. Australian Government 2006); possibly the establishment of ex-situ
populations (Mendelson et al. 2006b); and the development of national
abatement plans in countries in which Bd is already known to be present (e.qg.
Australian Government 2006). While some of the locations highlighted are
already the subject of Bd -related declines and associated conservation
attention (e.g. high altitudes in Latin America; Young et al. 2001) , and others
are already high profile recipients of conservation efforts (e.g. Madagascar),
other locations (e.g. New Guinea and the Western Ghats) have received little,

if any, amphibian conservation attention or management so far.

Of the 837 species with a predicted probability of RD of 1 in the event of Bd
infection, 385 are listed as data deficient in the IUCN Red List. The data
deficient status of so many susceptible species highlights the need for better
basic information on a large proportion of anuran species, including improving
our knowledge of population status and trends, particularly in Asia and Africa

(Collins and Halliday 2005).
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In order to maximise the utility and accuracy of such models we could
incorporate more detailed information on both predictor and response
variables into the models. Better knowledge of anuran life-history and ecology,
and more information on Bd distribution and pathogenicity of different strains
(Berger et al. 2005b) would add greatly to the prediction of response to Bd
infection. Likewise, using long-term species population data, rather than
solely using coarse measures such as change of Red List status, would add
further resolution to predictive modelling of species response to threatening
processes, and would represent a useful future avenue for research on the
subject of amphibian population declines (Collins and Halliday 2005).
Although my results are generally consistent with the results of finer-scale
studies, there were some differences. My analyses, for example, did not
identify any climatic predictors, or any effect of species’ habitat preference on
probability of decline, in contrast to finer-scale studies (Burrowes et al. 2004;
Daszak et al. 2005; Pounds et al. 2007; Williams and Hero 1998). The
advantages of studying single species or regions are the ability to include
such detailed information, which is unlikely to be available globally, and the
ability to inform focussed conservation goals (Fisher and Owens 2004).
However, detailed studies on single species suggest heterogeneity among
populations in likelihood of infection and development of disease (e.g. Alytes
obstetricans; S. Walker pers. comm), and results of regional studies may also
vary within a clade (e.g. Hero et al. 2005; e.g. Lips et al. 2003; Williams and
Hero 1998). These differences may reflect local idiosyncrasies in the exact

causal mechanism of decline. So while single species and regional studies
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have the ability to incorporate more detailed information, their findings may
not be applicable to wider sets of species and locations: large-scale studies
are also an important tool in identifying species’ susceptibility to threat

mechanisms.

As the IUCN systematically updates Red List assessments for a range of taxa,
the amount of information on species status over time will increase, and so
will our ability to look at trends and patterns in species’ status. Determining
susceptibility of species to declines in the future could complement schemes
monitoring changes in Red list status (Butchart et al. 2007; Butchart et al.
2006), help to set priorities for future conservation actions, and offer a useful
alternative to concentrating conservation efforts solely upon species already

experiencing a high risk of extinction (e.g. Ricketts et al. 2005).
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Tables

Table 3.1: Results of univariate and multipredictor analyses of comparison A (RD species vs threatened species). N/A indicates
that the analysis of this variable could not be completed for computational reasons related to the function compare.gee.

dfp = phylogenetic degrees of freedom.

T log geographic range could only be analysed using the clog-log function.

In the MAM reported below, n = 357, link = clog-log, deviance = 102.74, dfp = 49.95, brier score = 0.29 S.E.+/- 0.0022.

bivariate analyses MAM
n link t alil?.n;?:/gzle deviance t p-value
log geographic range 359 clog-logt  2.05 0.43 111.53 1.92 0.06
log snouth vent length 358 logit 1.09 1.00 81.22
log eggs per clutch N/A N/A N/A N/A N/A
log altitude 359 logit -0.99 1.00 83.69
log human population density 358 logit 0.33 1.00 83.70
Net primary productivity 331 clog-log -0.48 1.00 78.34
Actual evapotranspiration 354 clog-log 1.05 1.00 83.54
Isothermality 359 clog-log -0.48 1.00 84.90
Temp of warmest month 359 clog-log 0.44 1.00 85.73
Precipitation seasonality 359 clog-log 0.07 1.00 84.33
v precipitation of driest quarter 359 clog-log -0.15 1.00 84.20
Aquatic lifestage 357 logit 3.90 0.00 82.02 3.06 0.00
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Table 3.2: Results of univariate and multipredictor analysis of comparison B (enigmatic RD species vs threatened species).
In the MAM reported below, n = 120, link = clog-log, deviance = 30.02, dfp = 21.53, brier score = 0.26 S.E.+/- 0.003

bivariate analyses MAM
n link t a?j?_n:;ir/r;?e deviance t p-value
log geographic range 359 clog-log -0.80 1.00 87.81
log snouth vent length 358 clog-log -0.42 1.00 87.66
log eggs per clutch 106  logit -2.70 0.10 28.23 -2.569 0.02
log altitude 359 clog-log 0.78 1.00 88.36 1.77 0.09
log human population density 358 logit -0.43 1.00 87.05
net primary productivity 331  logit -0.51 1.00 82.35
actual evapotranspiration 354 clog-log 0.10 1.00 88.69
isothermality 359 clog-log 3.18 0.02 80.41
temp of warmest month 359  logit -0.71 1.00 86.35
precipitation seasonality 359  logit 1.50 1.00 91.10
V precipitation of driest quarter 359 logit -0.41 1.00 88.73
aquatic lifestage 357 clog-log 2.49 0.01 87.35 2.121 0.04
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Table 3.3: Results of univariate and multipredictor analysis of comparison C (Bd" RD species vs all other Bd * species).
T log eggs per clutch could only be analysed using the clog-log function.
In the MAM reported below, n = 102, link = clog-log, deviance = 7.37, dfp = 16.94, brier score = 0.06 S.E.+/-0.002

bivariate analyses MAM
Bonferroni
n link t adj. p-value deviance 't p-value
log geographic range 102 logit -4.37 0.01 13.44 -2.65 0.02
log snout vent length 101 cloglog  -0.85 1.00 21.14
log eggs per clutch 83 cloglogt -1.80 0.81 16.97
log altitude 102 logit 3.71 0.02 15.16 2.65  0.02
log human population density 102 cloglog  1.19 1.00 20.10
net primary productivity 102 logit -1.18 1.00 19.25
actual evapotranspiration 102 cloglog -0.84 1.00 19.53
isothermality 102 cloglog  1.17 1.00 25.79
temp of warmest month 102 logit  -2.04? 0.58 16.41
precipitation seasonality 102 cloglog  1.16 1.00 20.57
V precipitation of driest quarter 102 cloglog  -0.83 1.00 20.45
aquatic lifestage 102 logit 0.69 1.00 19.66 2.12  0.05
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Table 3.4: Results of univariate and multipredictor analysis of comparison D (Bd* RD species vs Bd ™ RD species). N/A indicates
that the analysis of this variable could not be completed for computational reasons related to the function compare.gee.
In the MAM reported below, n, = 227, link = logit, deviance = 32.83, dfp = 33.82, brier score = 0.14 S.E.+/- 0.003

bivariate analyses MAM
Bonferroni

n link t adjusted p-value deviance t p-value
log geographic range 227  logit 2.48 0.19 3405  3.24  0.003
log snout vent length 226  logit 2.64 0.14 34.55
log eggs per clutch 79  logit 1.88 0.72 18.83
log altitude 227 clog-log  0.48 1.00 47.05
log human population density 227 N/A N/A 1.00 N/A
net primary productivity 227 clog-log  -0.61 1.00 40.84
actual evapotranspiration 227  logit -0.34 1.00 42.64  -3.001  0.0052
isothermality 227 dlog-log  -0.90 1.00 38.91
temp of warmest month 227 clog-log  -0.45 1.00 44.75
precipitation seasonality 227 clog-log  -0.06 1.00 44.10
V precipitation of driest quarter 757 clog-log  -1.62 0.92 35.71
aquatic lifestage 227 clog-log  0.66 1.00 43.96
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Figure

Figure 3.1: Global distribution of anuran species with a predicted probability of Bd -related decline =1. Geographic ranges of those
species with a predicted probability of 1 are marked in red.
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Appendix 3.2: List of Bd+ species

Family Binomial Reference

Hylidae Acris crepitans Pessier, A.P.,et al. (1999). Cutaneous chytridiomycosis in poison dart
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Discoglossidae
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Ambystomatidae
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Ambystoma
macrodactylum

Ambystoma tigrinum

Atelopus bomolochos

Batrachochytrium dendrobatidis in the New World. Biotopica 37:209-221.
Bosch, J., . Martinez-Solano, and M. Garcia-Paris. 2001. Evidence of a
chytrid fungus infection involved in the decline of the common midwife
toad (Alytes obstetricans) in protected areas in central Spain. Biological
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Ron, S. 2005. Predicting the Distribution of the Amphibian Pathogen
Batrachochytrium dendrobatidis in the New World. Biotopica 37:209-221.
Davidson D, et al. Chytridiomycosis in Arizona (USA) tiger salamanders.
Getting the Jump! on amphibian disease: Conference and workshop
compendium. Cairns, 26-30 August 2000;23.

La Marca, E.,et al2005. Catastrophic population declines and extinctions

in neotropical harlequin frogs (Bufonidae: Atelopus). Biotropica 37:190-
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Bufonidae

Bufonidae

Bufonidae

Bufonidae

Bufonidae

Bufonidae

Atelopus carbonerensis

Atelopus chiriquiensis

Atelopus cruciger

Atelopus mucubajiensis

Atelopus pulcher

Atelopus sorianoi

201

La Marca, E.,et al2005. Catastrophic population declines and extinctions
in neotropical harlequin frogs (Bufonidae: Atelopus). Biotropica 37:190-
202
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203
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Bufonidae

Bufonidae

Bufonidae

Plethodontidae

Plethodontidae

Bombinatoridae

Atelopus spumarius

Atelopus varius

Atelopus zeteki

Bolitoglossa colonnea

Bolitoglossa schizodactyla

Bombina pachypus

La Marca, E.,et al2005. Catastrophic population declines and extinctions
in neotropical harlequin frogs (Bufonidae: Atelopus). Biotropica 37:190-
208

La Marca, E.,et al2005. Catastrophic population declines and extinctions
in neotropical harlequin frogs (Bufonidae: Atelopus). Biotropica 37:190-
209

Lips, K. R. et al. 2006. Emerging infectious disease and loss of
biodiversity in a Neotropical amphibian community. Proceedings of the
National Academy of Sciences of the United States of America 103:3165-
3170.

Lips, K. R. et al. 2006. Emerging infectious disease and loss of
biodiversity in a Neotropical amphibian community. Proceedings of the
National Academy of Sciences of the United States of America 103:3165-
3170.

Lips, K. R. et al. 2006. Emerging infectious disease and loss of
biodiversity in a Neotropical amphibian community. Proceedings of the
National Academy of Sciences of the United States of America 103:3165-
3170.

Ron, S. 2005. Predicting the Distribution of the Amphibian Pathogen
Batrachochytrium dendrobatidis in the New World. Biotopica 37:209-221.

94



Bufonidae
Bufonidae

Bufonidae

Bufonidae

Bufonidae

Bufonidae

Centrolenidae

Centrolenidae

Bufo boreas
Bufo bufo

Bufo canorus

Bufo coniferus

Bufo haematiticus

Bufo marinus

Centrolene ilex

Centrolene prosoblepon
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Centrolenidae

Centrolenidae

Dendrobatidae

Dendrobatidae

Dendrobatidae

Cochranella albomaculata

Cochranella euknemos

Colostethus flotator

Colostethus nubicola

Colostethus panamensis

3170.
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Dendrobatidae

Dendrobatidae

Leptodactylidae

Leptodactylidae

Leptodactylidae

Colostethus pratti

Colostethus talamancae

Craugastor azueroensis

Craugastor bransfordii

Craugastor bufoniformis
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Leptodactylidae

Leptodactylidae

Leptodactylidae

Leptodactylidae

Leptodactylidae

Craugastor cerasinus

Craugastor crassidigitus

Craugastor fitzingeri

Craugastor gollmeri

Craugastor megacephalus
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Leptodactylidae

Leptodactylidae

Leptodactylidae

Leptodactylidae

Leptodactylidae

Craugastor noblei

Craugastor podiciferus

Craugastor punctariolus

Craugastor tabasarae

Craugastor talamancae

3170.
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Myobatrachidae
Myobatrachidae
Myobatrachidae
Myobatrachidae

Dendrobatidae

Dendrobatidae

Dendrobatidae

Hylidae

Crinia georgiana
Crinia glauerti

Crinia insignifera
Crinia pseudinsignifera

Dendrobates auratus

Dendrobates pumilio

Dendrobates vicentei

Duellmanohyla uranochroa
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Hylidae

Leptodactylidae

Leptodactylidae

Leptodactylidae

Leptodactylidae

Ecnomiohyla miliaria

Eleutherodactylus
caryophyliceus

Eleutherodactylus cruentus

Eleutherodactylus
diastema

Eleutherodactylus emcelae
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Leptodactylidae

Leptodactylidae

Leptodactylidae

Leptodactylidae

Leptodactylidae

Leptodactylidae

Eleutherodactylus
melanostictus
Eleutherodactylus
museosus
Eleutherodactylus patriciae

Eleutherodactylus pituinus

Eleutherodactylus ridens

Eleutherodactylus vocator
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Leptodactylidae

Leptodactylidae

Myobatrachidae
Myobatrachidae
Myobatrachidae
Myobatrachidae
Myobatrachidae

Centrolenidae

Hylidae

Gastrotheca cornuta

Gastrotheca pseustes

Geocrinia rosea
Geocrinia vitellina
Helioporus australiacus
Helioporus barycragus
Helioporus eyrei

Hyalinobatrachium
colymbiphyllum

Hyla arenicolor

3170.

Lips, K. R. et al. 2006. Emerging infectious disease and loss of
biodiversity in a Neotropical amphibian community. Proceedings of the
National Academy of Sciences of the United States of America 103:3165-
3170.

Ron, S. 2005. Predicting the Distribution of the Amphibian Pathogen
Batrachochytrium dendrobatidis in the New World. Biotopica 37:209-221.

URL: http://www.jcu.edu.au/school/phtm/PHTM/frogs/chy-au-status.htm
URL: http://www.jcu.edu.au/school/phtm/PHTM/frogs/chy-au-status.htm
URL: http://www.jcu.edu.au/school/phtm/PHTM/frogs/chy-au-status.htm
URL: http://www.jcu.edu.au/school/phtm/PHTM/frogs/chy-au-status.htm

URL: http://www.jcu.edu.au/school/phtm/PHTM/frogs/chy-au-status.htm
Lips, K. R. et al. 2006. Emerging infectious disease and loss of
biodiversity in a Neotropical amphibian community. Proceedings of the
National Academy of Sciences of the United States of America 103:3165-
3170.

Sredl, Michael and Dennis Caldwell. (2000). Wintertime Population

Surveys - Call for Volunteers. Sonoran Herpetologist (Tucson

103



Hylidae

Hylidae

Hylidae

Hylidae

Hylidae

Hylidae

Hyla regilla

Hyla vasta

Hylomantis lemur

Hyloscirtus colymba

Hyloscirtus palmeri

Istmohyla pseudopuma
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Myobatrachidae

Leiopelmatidae

Leptodactylidae

Myobatrachidae
Myobatrachidae
Myobatrachidae

Myobatrachidae

Hylidae
Hylidae
Hylidae

Lechriodus fletcheri

Leiopelma archeyi

Leptodactylus
pentadactylus

Limnodynastes dorsalis
Limnodynastes dumerilii

Limnodynastes
tasmaniensis
Limnodynastest
terraereginae

Litoria adelaidensis
Litoria aurea

Litoria barringtonensis
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Hylidae
Hylidae
Hylidae
Hylidae
Hylidae
Hylidae
Hylidae
Hylidae
Hylidae
Hylidae
Hylidae
Hylidae
Hylidae
Hylidae
Hylidae
Hylidae

Litoria booroolongensis
Litoria caerulea
Litoria chloris

Litoria citropa
Litoria ewingii
Litoria genimaculata
Litoria gracilenta
Litoria infrafrenata
Litoria lesueuri
Litoria moorei
Litoria nannotis
Litoria nasuta
Litoria pearsoniana
Litoria peronii
Litoria phyllochroa

Litoria raniformis
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Hylidae
Hylidae
Hylidae
Myobatrachidae
Myobatrachidae
Myobatrachidae
Myobatrachidae

Bufonidae

Microhylidae

Myobatrachidae
Hylidae
Plethodontidae

Litoria rheocola
Litoria spenceri
Litoria verreauxii
Mixophyes balbus
Mixophyes fasciolatus
Mixophyes fleayi
Mixophyes iteratus

Nectophrynoides
asperginis

Nelsonophryne aterrima

Neobatrachus pelobatoides
Nyctimystes dayi

Oedipina collaris
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Plethodontidae

Dendrobatidae

Leptodactylidae

Myobatrachidae
Myobatrachidae
Salamandridae

Ranidae

Oedipina parvipes

Phyllobates lugubris

Physalaemus pustulosus

Pseudophryne corroboree
Pseudophryne pengilleyi
Pseudotriton ruber

Ptychadena anchietae

3170.
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Hylidae

Ranidae

Ranidae

Ranidae

Ranidae

Ranidae

Ranidae

Ptychohyla hypomykter

Rana arvalis

Rana berlandieri

Rana blairi

Rana catesbeiana

Rana chiricahuensis

Rana pipiens
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Ranidae

Ranidae

Ranidae

Ranidae
Salamandridae

Ranidae

Myobatrachidae
Myobatrachidae
Leptodactylidae

Rana sphenocephala

Rana vibicaria

Rana warszewitschii

Rana yavapiensis
Salamandra salamandra

Strongylopus grayii

Taudactylus acutirostris
Taudactylus eungellensis

Telmatobius niger
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Appendix 3.3: Results of ANOVAs used to determine whether there were
significant differences between anuran families in the explanatory variables
used in the analyses. Significant results indicate the presence of a
phylogenetic structure in the data. *p<0.05, **p<0.01, ***p<0.001

Variable d.f. F-statistic
Log geographic range 30 and 522 7.28"**
Log snout-vent length 30 and 521 9.10***
Log eggs per clutch 25 and 224 9.73***
Log altitude 30 and 522 3.07***
Log human population 30 and 521 713"
density

Net primary productivity 29 and 495 3.08***
Net actual evapotrans 28 and 519 9.94***
Isothermality 30 and 522 12.35"**
Mean temperature of the 30 and 522 3.72***
warmest month

Precipitation seasonality 30 and 522 5.09***
Square root of the 30 and 522 4.18***
precipit ofdriest quarter

Freshwater dependence 30 and 520 22.98***
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Chapter 4: Modelling extinction risk in multispecies
data sets: phylogenetically independent contrasts vs.

decision trees

Abstract

In recent years there has been an increase in the number of studies of
extinction risk attempting to determine what differences exist between
threatened and non-threatened species. One potential problem in such
studies is the existence of phylogenetic non-independence that species-level
data may contain. However, the use of phylogenetic comparative methods
(PCM) to account for non-independence remains controversial, and some
recent studies of extinction have recommended the use of other methods that
do not account for phylogenetic non-independence, notably decision trees
(DTs). Here | perform a systematic comparison of techniques, comparing the
performance of PCM regression models with corresponding non-phylogenetic
regressions and DTs over different clades and response variables. | found
that predictions made were broadly consistent among techniques, but that
predictive precision varied across techniques with PCM regression and DTs
performing best. Despite their inability to account for phylogenetic non-
independence, DTs were useful in highlighting interaction terms for inclusion
in the PCM regression models. We discuss the implications of these findings

for future studies of extinction risk.
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Introduction

Given the current loss of biodiversity that we face, there is a real need for
ecology and conservation to become more predictive in order to make
predictions that practitioners or policy-makers can use (e.g. Sutherland 2006).
One area in which predictive models have become more common in recent
years is in the examination of species’ susceptibility to the processes causing
increased levels of extinction risk. In particular, there has been an increased
interest in how inherent traits, such as species life-history and ecology, and
external factors, such as human population pressure, interact to produce the
current pattern of species risk. As a result the number of studies looking for
correlates of extinction risk has grown considerably, incorporating a wide
range of taxonomic groups (Cardillo et al. 2005a; Cooper et al. 2008; Koh et
al. 2004; Laurance 1991; Owens and Bennett 2000; Reed and Shine 2002;
Sullivan et al. 2000) at a range of scales (Fisher and Owens 2004; Purvis et
al. 2005a) . These studies have two main aims. First, they can discriminate
among competing hypotheses about which intrinsic traits of species’ biology
predispose species to decline in the face of anthropogenic impacts. Second,
quantitative models linking biological traits to extinction risk can be used to
predict which species may face a high risk of extinction in the future, and
therefore inform conservation management options (Cardillo et al. 2006;

Cardillo et al. 2004; Jones et al. 2006; Sullivan et al. 2006) .

With these aims in mind, many comparisons between threatened and non-

threatened species have been made. However, although extinction risk itself
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is not an evolved trait (Cardillo et al. 2005b; Putland 2005) , it often has a
phylogenetic signal (Bennett and Owens 1997; Bielby et al. 2006; McKinney
1997; Purvis et al. 2000a; Russell et al. 1998) as do many of the proposed
predictor variables (Freckleton et al. 2002; Purvis et al. 2005a). Ignoring this
phylogenetic signal and treating species level information as independent
data is likely to result in pseudoreplication (Felsenstein 1985) which may
render subsequent analyses statistically invalid, with an elevated Type | error
rate (Harvey and Pagel 1991; although Type Il errors may also occur
Gittleman and Luh 1992). In order to avoid such errors, the use of
phylogenetically independent contrasts (Felsenstein 1985), or other similar
methods such as generalised estimating equations (Paradis and Claude
2002), has become widespread when testing proposed correlates of extinction

risk (Fisher and Owens 2004; Purvis 2008) .

Although their use is widespread, there are questions about the suitability of
phylogenetic comparative methods (PCM) in studies of extinction risk.
Although extinction risk often shows a phylogenetic signal, the signal is not
necessarily as strong as assumed by the most commonly used approach, the
independent contrasts method (Collen et al. 2006; see also Cardillo et al.
2005a; Purvis et al. 2005a) . The correction for non-independence may
therefore be too severe, potentially leading to ‘over-correction’ (Ricklefs and
Starck 1996) , with younger nodes having undue influence on subsequent
analyses (Purvis 2008). While some studies have incorporated data-led
branch length adjustments in order to at least ameliorate over-correction (e.g.

Cardillo et al. 2005a; Halsey et al. 2006; Stuart-Fox et al. 2007) these may
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not remove the problem entirely. Further error may be introduced into PCM
analyses as a result of inaccuracies in the phylogenetic tree, branch lengths,
and violations of assumptions made regarding the mode of evolution (lves et
al. 2007; Ricklefs and Starck 1996; Symonds 2002) limiting the benefits of
using PCM. Additionally, the sheer number of candidate predictor variables
included in models of extinction risk may potentially remove the need to
account for phylogeny: if a model contains most of the important variables that
produce non-independence in the error term of the model, the need to correct

for phylogenetic relationships can be greatly reduced (Grafen 1989).

Although categorical predictor and response variables are frequently included
in analyses (Fisher and Owens 2004) , most PCM approaches are designed
to deal with continuous traits. Some methods (e.g. Grafen 1989) permit
predictors to be continuous or discrete, but very few (e.g. Paradis and Claude
2002) are intended for binary response variables (e.g., threatened vs. not
threatened), which may be important in studies of extinction risk, but remain

problematic (Purvis 2008; Read and Nee 1995).

The early focus in PCM was testing whether an association between two
variables was significant when pseudoreplication was removed (Felsenstein
1985; Ridley 1983), more than investigating the form of the relationship (e.g.
nonlinearity) or estimating parameters. Extinction risk models are often
complex, with many hypothesised predictors potentially interacting, and
parameter estimation is now more commonly of interest as PCM are being

used to build predictive models with the aim of, for example, prioritising
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conservation actions (Cardillo et al. 2006). Although phylogenetic and
nonphylogenetic approaches estimate the same underlying parameters (Pagel
1993) , measurement error of the traits used has a greater effect on
phylogenetic than nonphylogenetic comparative studies (Harmon and Losos
2005; Purvis and Webster 1999; Ricklefs and Starck 1996). Additionally, most
implementations of PCM assume linearity of relationships and do not lend
themselves to straightforward testing of this assumption. Although
complexities such as non-linearities and interactions between explanatory
variables can be included in the environment of a model incorporating PCM
(e.g. Cardillo et al. 2005a; Cooper et al. 2008) , more commonly they are not
(Quader et al. 2004). Visualising such complexities when using contrasts is
more difficult than with raw species data, which perhaps explains why they are
not more often included in analyses. The addition of non-linearities and
interaction terms alongside numerous predictor variables may also lead to
‘parameter proliferation’ and further reduce the power of the analyses in

question (Crawley 2002).

Decision trees (hereafter DTs) provide an alternative approach for building
complex predictive models that may be more capable of dealing with some of
these obstacles (Breiman et al. 1984; Crawley 2002; De'ath and Fabricius
2000) . DTs are statistical models that highlight which explanatory variables
(continuous or categorical) are the most important in explaining variation in a
specified response variable (continuous or categorical). DTs are built by
repeatedly splitting the data into two subsets. At each split, or branch, the

data is partitioned on the basis of whether it falls above or below a threshold
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value of a selected predictor variable. The predictor variable and threshold
value are selected that explain most deviance in the response variable,
making the two subsets as homogenous as possible. The process is
continued until further splits explain no further deviance or the terminal node
reaches a minimum size (i.e., number of cases). In explaining variation in the
response, each variable may be used once, more than once, or not at all; this
allows identification of variables that interact, have nonlinear effects, or are
not included in the model. In recent years the utility of DTs has been reflected
in the number of publications using them for a range of purposes, such as
modelling climatic niches (e.g. Araujo et al. 2005a; Araujo et al. 2005b) and
species distributions (Elith et al. 2006) . It has recently been argued that DTs
are an ideal way to model extinction risk (Sullivan et al. 2006) and
conservation status (Jones et al. 2006; Koh et al. 2004) but, while they are
able to highlight important interactions, they do not account for the

phylogenetic structure in comparative data.

If PCMs and DTs are both considered as useful tools in modelling extinction
risk, it is important to clarify how the two approaches perform relative to each
other and non-PCM (hereafter TIPS) regression models when analysing trait
associations with extinction risk. Although Sullivan et al. (2006) advocated
the use of DTs, they did not perform suitable comparable analyses using
independent contrasts or an alternative PCM. Here, we analyse extinction
risk (which we treated as a coarsely measured continuous response variable;
see Purvis 2005a) in both amphibians and mammals, and Rapid Decline (a

binary response variable) in amphibians, using PCM, TIPS regression models
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and DTs. The use of different clades, kinds of response variable, and
phylogenetic hypotheses of differing certainty allow us to compare how the
modelling techniques perform under a range of conditions with the aim of
evaluating the strengths of each in building predictive models of extinction

risk. Specifically we aimed to address the following four questions:

1. Do DTs identify interactions and non-linearities of explanatory variables?
2. Are the results of DTs and TIPS regressions affected by the possible non-
independence of species level data?

3. Are the predictions made regarding species susceptibility to extinction risk
consistent across modelling techniques?

4. How precise are the predictions made by the different techniques?

By highlighting strengths and weaknesses of all three approaches and
evaluating how similar their results are, we hope to be able to make

recommendations for future analyses of extinction risk.

Methods

Data

Response variables

We took PCM analyses of extinction risk from three recent completed studies
and applied TIPS and DT to them. Following the original analyses (Bielby et
al. 2008; Cardillo et al. 2008; Cooper et al. 2008), we modelled extinction risk
in two clades (mammals and frogs) and four separate orders within mammals,

using both PCM and TIPS regression models, and DTs. In both mammalian
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and anuran analyses our measure of extinction risk were the [IUCN Red List
categories (IUCN 2004) converted to a continuous index ranging from 0-5, 0
corresponding to “Least Concern”, 5 to “Extinct in the Wild” or “Extinct”
(Cardillo et al. 2005a; Cooper et al. 2008; Purvis et al. 2005a) . We excluded
threatened species not listed under criterion A of the Red List from our

analyses of extinction risk to avoid circularity.

Additionally, we modelled a binary variable, Rapid Decline (hereafter “RD”), in
anurans. RD species are those that have experienced a genuine increase in
IUCN Red list category since 1980. In addition to comparing all RD species
with non-RD threatened species, we analysed susceptibility to RD as a result
of different threatening processes: “enigmatic” threats (Stuart et al. 2004),
chytridiomycosis, and infection by the pathogen Batrachochytrium
dendrobatidis (hereafter “Bd’) among RD species. The range of comparisons
made allowed us to evaluate the utility of DTs, phylogenetic comparative
method (PCM), and TIPS regression models in a number of different clades,
using phylogenetic trees of different certainty, with different types of response
variables (i.e. binary and continuous). The exact details of the analyses

performed are described in Table 4.1

Predictor variables

Anurans

Biological data on frogs species came from the dataset underlying two
previous analyses (Bielby et al. 2008; Cooper et al. 2008). Full details of data

collection, and variables examined are provided in Cooper et al. 2008, chapter
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3 and appendix 3.1. The final anuran dataset contained 553 frog species,
representing 32 of 33 families from all six continents on which amphibians are
present. The number of species in the dataset was restricted largely by the

lack of biological and life history data available.

Mammals

Biological data on mammalian species came from the “PanTheria” database,
a dataset of ecological and life-history traits for 4030 mammalian species,
from over 3300 published literature sources. Full details of data collection and
quality checking are provided in K. Jones et al. (manuscript in preparation).
Mammalian geographic distributions (Grenyer et al. 2006; Sechrest et al.
2002) were used to calculate range size and for summarizing human impact
and environmental conditions within each species’ range. Details of the
predictor variables included in the mammalian analyses are in Cardillo et al.

(2008).

Analyses

Phylogenetic and non-phylogenetic regression models

Modelling extinction risk in anurans (comparison A)

In frogs, the relationship between extinction risk and the predictor variables
outlined in chapter 3 were explored using phylogenetically independent
contrasts as outlined in Cooper et al. (2008). A minimum adequate model
(MAM) was built by including all variables in the model and deleting those with

the highest p-value until all remaining terms were significant.
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Modelling RD in anurans (comparisons B-E).
Phylogenetic models of frog susceptibility to Rapid Decline were built using
generalised estimating equations (GEEs) (Paradis and Claude 2002), as

described in Bielby et al. (2008 in press).

For all of the frog analyses, we used a recently published genus-level
amphibian phylogeny (Frost 2007) with taxonomy as a surrogate for
phylogeny below the genus level. As we did not have branch lengths for all
species, we set branch lengths to equal 1 unit. All frog regression models can

be found in appendix 4.1.

Modelling extinction risk in mammals and mammalian orders (comparisons F-
J).

In mammals as a whole (comparison F) and each of four clades (comparisons
G-J) extinction risk was modelled using phylogenetically independent
contrasts using a dated, composite supertree phylogeny of 4510 mammalian
species (Bininda-Emonds et al. 2007) , and following the protocol of Cardillo
et al. (Cardillo et al. 2008). MAMs were built by starting with a full set of
predictor variables, including additive effects only and followed the model
building procedures described in Cardillo et al. (Cardillo et al. 2004) and
Purvis et al. (2000b). For all analyses using PCM, equivalent TIPS models
were built using the same model-building algorhythms. Contrasts were
calculated after transforming phylogenetic branch lengths by raising them to a

power (k), with the value of k optimized for each variable to minimize the
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correlation between absolute scaled contrasts and their standard deviations
(Garland et al. 1992). All mammalian and mammalian clade regression

models can be found in appendix 4.2.

Tree models

DTs were first of all grown to a maximal size, that is, until further splits result
in no decrease in the residual deviance or terminal nodes reach a minimum
size (n=5), and then pruned to an optimum that is determined by cross-
validation techniques. However, as a result of the high occurrence and the
uneven distribution of missing values of predictor variables among cases, we
first needed to reduce the impact of missing values on the tree-building
process and the results obtained. The default setting is for DTs is to leave out
any cases with missing values, which may result in a tree built on a subset of
the data that is limited in size by an unimportant predictor variable (i.e. one
that does not explain variance in the response variable). Here we suggest a
process maximising the sample size of cases included in the DT. A maximal
tree was grown from the full set of predictor variables. Of the predictor
variables not included in the maximal tree, the sample-limiting variable was
removed from the dataset. This reduced the number of cases with missing
values, and increased the number of cases entering the tree building process.
The full-sized tree was then rebuilt with the new, reduced data subset. Once
again the unimportant predictor most limiting sample size was dropped from
the tree building subset. This process was continued until no further changes

to the full tree occurred.
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The tree size (i.e. the number of terminal nodes) was then optimised using 10-
fold cross-validation conducted on each tree size from the maximum to the
minimum number of terminal nodes. For each of 500 iterations, the dataset
was split into 10 subsets, each of which in turn was excluded from the tree-
building process, while the remaining nine were used to model the data. The
excluded subset was then used to validate the model by comparing the
predicted fitted values with observed values of the response, yielding an
estimated error (i.e. squared errors; SE) for that subset. The 500 iterations of
the ten-fold validation process therefore led to 5000 values of SE for a tree of
the specified size, which were used to calculate a mean squared error (MSE)
and associated standard error. The optimal tree size was the smallest tree
within one standard error of the tree size with the lowest MSE. Once the
optimal tree size was known, a tree of that size was built using the dataset
obtained in the sample size maximising process (De'ath and Fabricius 2000).
All DTs were built using the tree function (package = tree) of the statistical
language R (R Development Core Team 2005), and all cross-validation was

performed using scripting written in R.

Predictive performance

Consistency of model predictions

In order to check the consistency of the predictions made by different
modelling techniques, we performed pairwise correlations of fitted values
obtained using each technique. The correlations were limited to those

species that were common to the two techniques being compared.
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Precision of model predictions

Although strong correlations between fitted values may indicate that
predictions are consistent across techniques, they do not indicate how precise
these predictions were. In order to determine whether the prediction precision
varied significantly among techniques the residual values obtained from the
models were squared and compared using Kruskal-Wallis tests with modelling
technique as a factor, the null hypothesis being that no significant differences
existed. In the case of a significant difference among techniques, post-hoc
non-parametric multiple comparison tests were conducting to determine
where those differences lay. Squared residual values (squared error) were a
suitable measure of predictive precision as they quantify the difference
between the predicted and observed extinction risk of a given species. All
Kruskal-Wallis and subsequent post-hoc tests were conducted using the
kruskal.test and npmc (library = npmc) functions of the statistical language R

(R Development Core Team 2005).

Phylogenetic structure in model residuals

The squared residual values obtained from each model were analysed using
ANOVA with taxonomic Family as a factor to determine whether a
phylogenetic structure was present. The presence of a phylogenetic
structure in the model residuals suggests that the predictions made varied in

precision among subclades at or below the Family level.
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Complexities in the data

In order to determine whether DTs were useful in outlining complexities in the
data we compared interactions and non-linearities included as significant
predictors in the regression models to those outlined in the DTs. This allowed
a qualitative comparison of complexities in the data. Additionally, we also
fitted in PCM regression models any important interactions highlighted by DT
models, with the aim of seeing whether they were significant predictors of
extinction risk, and whether they improved the predictive precision judged by
the MSE. In order to fit interaction terms, the single predictors within the term

were also included in the model.

Results

Optimal tree size

The optimal DT size obtained through 10-fold cross-validation for each
comparison is given in table 4.1. The size of optimum trees varied greatly
ranging from only two terminal nodes for comparison A to 13 terminal nodes
for comparison | (for details of each optimal DT model, please see appendix

4.3).

Consistency of model predictions

The consistency of the predictions made by all the three techniques was
strong and the fitted values were always significantly correlated (see Table 4.2
for summary, appendix 4.4 for full details). However, there was variation in the
strength of the correlations among comparisons. In two of the four analyses

with a binary response (comparisons C and E), there was a marked difference
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in predictive consistency between methods. In these comparisons the
consistency was lower between PCM and the other methods (see Table 4.2)
than between TIPS regression and DTs, suggesting that non-phylogenetic
approaches made more consistent predictions. However, in comparisons with
a continuous response variable (A, F-J) there was generally a stronger
correlation between PCM and TIPS regression than between DTs and the

other methods (Table 4.2).

Precision of the model predictions

Kruskal-Wallis tests on the model residuals showed that there were significant
differences in the predictive abilities of modelling techniques within a
comparison. Results of non-parametric multiple comparison tests show where
these differences lay (see Figure 4.1 and Table 4.2 for summary, appendix
4.5 for full details). In three comparisons, DTs predicted level of risk more
precisely than PCM (comparisons B, C, and J), whereas PCM was more
precise in two comparisons (A and G). DTs and PCM performed equally well
in five comparisons (D, E, F, H, and ). In comparisons with a binary response
(B-E) DT performed particularly well having a predictive precision that was
better or on a par with PCM (Table 4.2). In two of the six comparisons with a
continuous response variable, PCM made predictions that were more precise
than DT (comparisons A and G, but not F, H, | or J), whereas DT was more
precise in one of these comparisons (J). TIPS regressions had significantly
higher residual values, and therefore lower predictive precision, than PCM in

all but one comparisons (comparison J).
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Phylogenetic signal in model residual values

Analysis of residuals from PCM models suggest the presence of a strong
phylogenetic effect at the Family level in eight of the ten comparisons made
(A, B, C, E, F, H, I, and J) (see Table 4.2 for summary, appendix 4.6 for full
details). In one further comparison (G), model residuals had a phylogenetic
signal with a p-value of between 0.05-0.1. The residuals of four TIPS
regression models (comparisons A, B, C, and F) contained a significant
phylogenetic signal at the Family level. Similarly, the residuals of the DTs in
four of the comparisons contained a phylogenetic signal (comparisons B, C, F,
and J). In TIPS regression, comparisons G, | and J had a phylogenetic signal
that had a p-value of less than 0.1. Model residuals from all three techniques
of comparison D lacked a phylogenetic signal. However, the small number of
degrees of freedom in this and some other comparisons (e.g. E, H, and I)
means that these analyses may have very low power to detect a phylogenetic

pattern.

Non-linear relationships

In PCM regression models, 11 non-linear relationships were identified as
significant predictors of extinction risk in five comparisons (Comparison A:
geographic range?, geographic range®, temperature® and temperature®;
Comparison F: HPD? and Population density 2; Comparison G: adult body
mass?, geographic range?, and HPD of the 5™ percentile?; Comparison H:
geographic range?; Comparison I: HPD of the 5" percentile?). Fewer (six)

significant non-linear relationships were found in TIPS regression models

128



(Comparison A: geographic range?, geographic range®, temperature?,
temperature® snout-vent length? and snout-vent®). None of the non-linear
relationships outlined in PCM or TIPS regression models were obvious from

the corresponding DTs.

Interactions between predictor variables in regression models

In the PCM regression models, four significant interaction terms in three
comparisons were found to be significant predictors of extinction risk
(Comparison F: geographic range:HPD, and population density:HPD;
Comparison G: geographic range:Actual Evapotranspiration; Comparison I:
adult body mass:absolute latitude). No significant interaction terms were

found in the TIPS regression models.

Inclusion of Interactions from DTs.

The interaction terms added to the PCM regression model on the basis of the
DTs are presented in Table 4.3. None of the interaction terms added to
models of extinction risk/RD in anurans were significant predictors, although in
comparison B the predictive precision of the model was improved by the
addition of the term. In contrast, the interaction terms added to three of the
four mammalian clade models (comparisons F, G, |, but not J) were significant
predictors of extinction risk and improved the predictive precision of the

models.

Discussion

The analyses of extinction risk and RD presented here were used to assess

the utility of three different approaches: PCM, TIPS regression, and DTs.
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Although there has been much discussion surrounding the use of these three
techniques (Harvey and Rambaut 1998; Putland 2005; Sullivan et al. 2006) ,
these analyses represent the first systematic comparison of the methods, and

have important implications for future studies.

Generally, both PCM and DTs performed well in terms of the precision of the
predictions of a species’ extinction risk. DTs were more precise than PCM in
three comparisons, while PCM were more precise in two comparisons. There
were no significant differences between the predictive performance of PCM
and DTs in five of the ten comparisons made. One thing that was clear from
the assessment of predictive precision was the poor performance of TIPS
analyses relative to the other techniques. In addition to their inability to
account for phylogenetic non-independence, and higher rate of type | and
type Il error (Harvey and Rambaut 1998) TIPS regression methods are less
precise in their predictions than alternative modelling techniques (either PCM
or DT). We therefore cannot recommend the use of TIPS regression models

in modelling extinction risk.

Although both PCM and DT performed well in terms of precision and
consistency, some of the differences between the results suggest that DTs
are not well so suited to modelling continuous, rather than binary, response
variables. The limited range of predictions available via the DT approach may
explain some of the technique’s relatively poor performance compared to
PCM in comparisons with a continuous response variable. In analyses of

extinction risk, the observed values of the response variable ranged from 0-5,
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as did the fitted values obtained via PCM and TIPS regression. However, with
DT the fitted values were restricted to a finite number of discrete values
defined by the terminal nodes of that DT. The lower consistency in
predictions made by DTs versus the regression techniques may in part be
explained by the correlation of continuous and discrete fitted values in these
comparisons. Likewise, the limited number of fitted values obtained via DTs
compared to PCM reduced the precision with which DTs resulted in larger
residual values in comparisons with continuous response variables leading to
a reduced precision compared to PCM. Although in comparisons with a
binary response variable DT fitted values are also limited to a finite number of
discrete values, the range of possible fitted values is much lower, making this
artefact less likely to dominate the differences in consistency and precision
among techniques. Furthermore, the continuous response used in our
analyses only ranges from 0-5; perhaps with a larger range there may be
more of a discrepancy in the predictive precision of DTs and PCM

regressions.

In addition to their relatively strong predictive ability, on the basis of our results
DTs may be a useful tool in identifying informative interactions in datasets
(De'ath and Fabricius 2000; Jones et al. 2006; Sullivan et al. 2006). The
inclusion of interaction terms in PCMs on the basis of their appearance in DT
resulted in interactions remaining as significant terms which improved
predictive ability in three of five of our analyses of mammalian extinction risk
(comparisons F, G, and I). The inclusion and impact of these interactions,

highlights how insightful DT models may be in informing PCMs with regards
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complexities in the dataset. The fact that DTs did not identify all significant
interactions and nonlinearities suggests that they should not be used as the
sole method for finding such complexities, but that they could usefully

supplement existing model building algorhythms.

One potential weakness that DT, or any other non-PCM, may have in
modelling extinction risk is their inability to account for phylogenetic non-
independence, a subject that has generated much discussion (Cardillo et al.
2005b; Harvey and Rambaut 1998; Putland 2005; Sullivan et al. 2006). The
strong performance of PCM in the analyses presented here suggests that
accounting for phylogeny does allow precise predictions of species’
conservation status. Additionally, the residuals obtained from PCM analyses
suggest the presence of a phylogenetic signal among taxonomic Families
within a comparison, a signal that was not obvious from the corresponding
TIPS and DT analyses. The existence of a phylogenetic signal in PCM
analyses is perhaps not surprising. The strong signal suggests that the
relationships between explanatory and response variables varied among
subclades within a comparison. By design, PCM models reduce the influence
of clade-specific relationships when the overall model is fitted, which in the
presence of strong among-clade differences would result in the observed
structure in the residual values (see Purvis et al. 2000b). Any variation in
regression parameters among subtaxa may be important in conservation
planning as they highlight the importance and utility of focussed taxonomic
studies if predictive models are to be used for directing applied management

or policy (Cardillo et al. 2008; Fisher and Owens 2004).
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So, in the context of modelling extinction risk, what implications do our results
have? They suggest that, although the predictions of all three methods are
consistent, there are important differences between them. The strong
predictive ability of PCM and their ability to reduce the influence of clade
specific relationships in the data, provide support for the use of PCM
techniques as the mainstay of future efforts model extinction risk. However,
the strong predictive precision of DTs, in conjunction with their ability to
highlight important interactions within the data, suggests that they can also
play an important role in this field. We suggest that DTs may be used as a
first step in identifying terms for inclusion in a suitable method of PCM in

future efforts to predict species susceptibility to extinction.
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Tables

Table 4.1: Description of the comparisons made and optimal tree size

(defined by the number of terminal nodes) for each as determined by ten-fold

cross validation.

Comparison Comparison Type of Optmal tree
reference variable size
A Extinction risk in frogs Continuous ,
B RD vs. non-RD threatened frogs Binary .
Enigmatic RD vs. non-Enigmatic ,
C RD threatened frogs Binary 4
Bd+ RD species vs. Bd+ non-RD ,
D : Binary
species of frogs 3
Bd+ RD species vs. Bd- RD .
E , Binary
species frogs 4
F Extinction risk in mammals Continuous 0
G Extinction risk in bats Continuous o’
H Extinction risk in marsupials Continuous ;
| Extinction risk in primates Continuous 3
J Extinction risk in rodents Continuous
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Table 4.2: Summary of technique performance in terms of consistency,

precision, and presence of a phylogenetic signal.

Correlation coefficient
of fitted values

Comparison Model{ing % & g Mean Squared . Phy/'ogengtic
Technique e = = Error signal in residuals
PCM - 0.96"* 0.78*** 0.17 (A) F=5.03***
A TIPS - - 0.84% 0.83 (C) F=2.47"*
DT - - - 0.76 (B) F=1.45
PCM - 0.58*** 0.66*** 0.29 (B) F=20.43***
B TIPS - - 0.53*** 0.42 (C) F=4.26***
DT - - - 0.22 (A) F=3.39***
PCM - 0.40"* 0.20* 0.26 (B) F= 6.84***
C TIPS - - 077 0.37 (C) F=4.66***
DT . - - 0.23 (A) F=6.12***
PCM - 0.97* 0.87* 0.06 (A) F=1.52
D TIPS - - 0.86** 0.29 (B) F=0.51
DT - - - 0.11 (A) F=1.396
PCM - 0.48** 0.43*** 0.14 (A) F= D 05w+
E TIPS - - 071 0.40 (B) F=0.58
DT - - - 0.22 (A) F=1.05
PCM - 0.81"* 0.66*** 0.12 (A) F=2.52***
E TIPS - - 0.70** 0.42(B) F=1.55"*
DT - - - 0.24 (A) F=1.89***
PCM - 0.72*** 0.55*** 0.20 (A) F=1.59°
G TIPS - - 0.35" 0.42 (C) F=1.56’
DT - - - 0.21 (B) F=1.19
PCM - 0.67*** 0.63*** 0.01 (A) F= 3.53**
H TIPS - - 0.75"* 0.22(B) F=1.209
DT - - - 0.13 (A) F=1.52
PCM - 0.90%** 0.75*** 0.17 (A) F= 3.38***
| TIPS - - 075" 0.66 (B) F=1.65"
DT - - - 0.27 (A) F=1.85
PCM - 071" 0.39% 0.39 (B) F= 3.47**
J TIPS - - 0.45 0.32 (B) F=2.00’
DT - - - 0.28 (A) F=2.99***
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Table 4.3: Interaction terms added to the PCM regression models based on

the corresponding DT. In comparison A and H there were no informative

interactions in the optimal tree to add to the PCM model.

Predictive accuracy

. . Significant ~_Orgina (MSE) after the
Comparison Interaction term as a term? predictive addition of
accuracy (MSE) interaction ferm
A N/A N/A N/A N/A
B Aquatic lifestage and NPP No 0.29 0.22
C HPD and isothermality No 0.23 0.262
C Isothermality and Temp No 0.23 0.247
D Geographic range and altitude No 0.06 0.07
E Clutch size and HPD No 0.14 0.21
E Clutch size and altitude No 0.14 0.22
F Neonatal body mass and litters per year Yes 0.12 0.02
G Adult body mass and geographic range Yes 0.2 0.08
H N/A N/A N/A N/A
| Adult body mass and geographic range Yes 0.17 0.07
J Geographic range and AET No 0.09 0.23
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Figure

Figure 4.1: Significant differences in MSE among techniques for each
comparison. Squares = PCM, Triangles = DT, Circles = TIPS.
Horizontal bars are placed between techniques where non-parametric multiple

comparisons show significant differences to occur.
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Appendices

Appendix 4.1: Frog regression models. Further explanation of which

taxonomic group each comparison relates to can be found in table 4.3.

Comparison A

Phylogenetic MAM of comparison A: extinction risk in frogs.

d.f. =129, R? = 0.59, MSE = 0.17

Coefficient t p-value
Geographic range’2 -0.07 -8.15 <0.001
Geographic range”3 <0.01 6.57 <0.001
Mean annual temp”2 0.69 2.05 <0.05
Mean annual temp”2 -0.18 -2.16 <0.05

Non-phylogenetic MAM of comparison A: extinction risk in frogs.

d.f. = 506, R? = 0.69, MSE = 0.83

Geographic range
Geographic range”2
Geographic range’3

Snout vent length

Snout vent length”2

Snout vent length A3

Mean annual temperature
Mean annual temperature”2
Mean annual temperature”3

Coefficient t p-value
1.11 6.24 <0.001

-0.17  -8.23 <0.001
<0.01 7.81 <0.001
27.3 3.83 <0.001
-6.92 -3.7 <0.001
0.58 3.6 <0.001
-8.24 -2.85 <0.01
45  3.31 <0.01
-0.74  -3.71 <0.001
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Comparison B
Phylogenetic MAM of comparison B (RD species vs threatened species).
n = 357, link = clog-log, deviance = 102.74, dfp (phylogenetic degrees of

freedom) = 49.95, MSE = 0.29

coefficient t p-value
log geographic range 0.20 1.92 0.06
Aquatic lifestage 0.75 3.06 0.00

Non-phylogenetic MAM of comparison B (RD species vs threatened species).

n = 327, link = logit, df =326, MSE = 0.42

Coefficient z-value p-value

log snout-vent length 2.57 3.13 0.002
log HPD -0.601 -2.694 0.007
Max temp -0.0176 -3.657  0.0003
Precip seasonality -0.0277 -3.665 0.00024
NPP -1.345 -2.234 0.025
log altitude -0.3355 -1.1912  0.055
log geographic range 0.257 1.914 0.056
aquatic lifestage 0.874 2.892 0.0038
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Comparison C
Phylogenetic MAM of comparison C (enigmatic RD species vs threatened

species). n =120, link = clog-log, deviance = 30.02, dfp = 21.53, MSE = 0.26

Coefficient t p-value
log eggs per clutch -0.75 -2.569  0.02
log altitude 0.31 1.77 0.09
aquatic lifestage 1.19 2.121 0.04

Non-phylogenetic MAM of comparison C (enigmatic RD species vs threatened

species) n = 356, link = clog-log, df = 355, MSE = 0.37

Coefficient z-value p-value

log geographic range -0.202 -2.298 0.0215
log HPD -0.599 -3.959 7.53E-05
Isothermality 0.0171 2165 0.0304
Max temp -0.01179  -5.617 1.95E-08
Precip driest quarter 0.05499 2.728 0.00637
aquatic lifestage 0.9559 3.841 1.23E-04

140



Comparison D
Phylogenetic MAM of comparison D (Bd" RD species vs all other Bd* species)

n =102, link = clog-log, deviance = 7.37, dfp = 16.94, MSE = 0.06

Coefficient t p-value
log geographic range -1.57 -2.65  0.02
log altitude 1.15 2,66  0.02
aquatic lifestage 2.88 2.12 0.05

Non-phylogenetic MAM of comparison D (Bd" RD species vs all other Bd*

species).
n =102, link = clog-log, df = 101, MSE = 0.29

Coefficient z-value p-value
-1.723 -3.843 0.000122
1.1753 3.312  0.000927
-0.023 -2.078 0.03773
4.392 2.995 0.002747

log geographic range
log altitude

Max temp

aquatic lifestage
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Comparison E

Phylogenetic MAM of comparison E (Bd" RD species vs Bd RD species).

n =227, link = logit, deviance = 32.83, dfp = 33.82, MSE = 0.14

Coefficient t p-value
log geographic range 0.47 3.24  0.003
actual evapotranspiration -0.02 -3.001  0.0052

Non-phylogenetic MAM of comparison E (Bd" RD species vs Bd RD species).

n = 90, link = clog-log, df = 89, MSE = 0.40

Coefficient z-value p-value

log clutch size 0.7136 2.811 0.00494
log HPD -1.1526 -3.995 6.48E-05

log altitude 0.4364 2.356 0.01849
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Appendix 4.2: Mammalian regression models.

Comparison F

Phylogenetic MAM of comparison F (Extinction risk in Mammalia).

d.f. = 302, R? = 0.273, MSE = 0.14

t p-value
weaning age 226 <0.05
home range size 4.02 <0.001
population density -1.83 <0.1
population density"2 217 <0.05
geographic range size -3.23  <0.01
HPD 4.35 <0.001
HPD"2 -3.9 <0.001
geographic range size:HPD -3.39 <0.001
population density:HPD -2.84  <0.01

Comparison F

Non-phylogenetic MAM of comparison F (Extinction risk in Mammalia).

d.f. = 254, R? = 0.4456 , MSE = 0.40

t

p-value

terrestriality -1.986
log habitat breadth 4.535
log geographic range -7.781
log litters per year -2.101
log neonatal body mass  4.75

log home range 1 -2.361
log mean HPD 2.02

ETI 3.788

0.048
<0.001
<0.001

0.037
<0.001

0.019

0.044
<0.001
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Comparison G
Phylogenetic MAM of comparison G (Extinction risk in Chiroptera).

d.f. = 368, R = 0.419, MSE = 0.12

t p-value
adult mass -1.87 <0.01
adult mass”2 2.19 <0.05

geographic range size  0.55
geographic range size’2 -2.86 <0.01
latitude 249 <0.05

HPD 5th percentile -1.52
HPD 5th percentile”2 2.75 <0.01

Comparison G
Non-phylogenetic MAM of comparison G (Extinction risk in Chiroptera).

d.f. = 673, R? = 0.246, MSE = 0.42

t p-value
log mean HPD -8.713 <0.001
log HPD 5th percentile  13.21 <0.001
ETI 0.224 0.099
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Comparison H

Phylogenetic MAM of comparison H (Extinction risk in Marsupiala).

d.f. = 145, R? = 0.649, MSE = 0.01

t p-value
adult mass -413 <0.001
geographic range -15.57 <0.001

geographic range:adult mass 5.39 <0.001

Comparison H

Non-phylogenetic MAM of comparison H (Extinction risk in Marsupiala).

d.f. = 62, R® = 0.55, MSE = 0.22

t p-value
terrestriality 2971 0.004
log geographic range -7.021  <0.001
log population density -4.447 <0.001
log age at sexual maturity -3.313 0.00154
mean temperature 2.883 0.0054
mean AET -3.4 0.00118
log mean HPD -2.835 0.00618

145



Comparison |

Phylogenetic MAM of comparison | (Extinction risk in Primates).

d.f. = 129, R? = 0.346, MSE = 0.17

t p-value
adult mass 0.74
geographic range size -5.67 <0.001
precipitation 3.05 <0.01
latitude -2.19 <0.05

HPD 5th percentile  -1.53
HPD 5th percentile 22 -2.1  <0.05
adult mass:latitude 2.86 <0.01

Comparison |

Non-phylogenetic MAM of comparison | (Extinction risk in Primates).

d.f. = 86, R® = 0.5511, MSE = 0.66

t p-value
log geographic range  -7.755 <0.001
log home range 4.775 <0.001
log mean HPD 4.693 <0.001
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Comparison J

Phylogenetic MAM of comparison J (Extinction risk in Rodentia).

d.f. = 590, R? = 0.156, MSE = 0.09

t  p-value
geographic range size  -7.25 <0.001
latitude 3.82 <0.001
HPD 5th percentile 252 <0.05

Comparison J

Non-phylogenetic MAM of comparison J (Extinction risk in Rodentia).

d.f. = 287, R? = 0.256, MSE = 0.32

t p-value
log geographic range  -7.253 <0.001
log sexual maturity 4576 <0.001
rate of HPD -4.326 <0.001
ETI 4501 <0.001
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Appendix 4.3: Optimal decision tree models.
Decision tree of comparison A (extinction risk in frogs)

n =125, mean squared error = 0.7616

Geographic ralnqe < 21331km?

3.4720 0.2679
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Decision tree of Comparison B (RD species vs threatened species).

n=112, MSE = 0.217

Aquatic Iifelstage <0.5

Net Primary Praductivity < 1.075

0.4545

0.8765 0.3333

149



Decision tree of Comparison C (enigmatic RD species vs threatened species)

n =327, MSE = 0.228

Mean temp of warmest month< 21.4C
i

Isothermality < 79.5

0.9286

Human population density < 2.32

0.5769

0.5349 0.1737
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Decision tree of Comparison D (Bd* RD species vs all other Bd* species)

n=101, MSE = 0.105.

Altitude <

Geographic range < 81.04km?
[

288.59m

0.14290

0.95240
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Decision tree of Comparison E. (Bd" RD species vs Bd RD species) n = 84,

MSE = 0.22.
Eggs per clutch < 10.64
I
HPD k 2.32 Altitude <|164.84
0.28570 0.86670
0.57140 0.09091
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Decision tree of Comparison F (extinction risk in Mammalia)

n = 400, MSE = 0.237.

Neonatal body mass < 937.3g
I

Geographic rangef < 62498km® Litters per year <0.67
Island.stat 0.5 Rainfall 4 27.26
sland.status < 0.
© 3.0 l__l
1.65 Neonatal bm < 6447g | 25 1.2
Neonata 46.92¢g

Pof dens % 0.09 HTl< 0.33( 0.33 2.0

1.4 0.08 022 15
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Decision tree of Comparison G (extinction risk in Chiroptera)

n =268, MSE = 0.2007

Body mass <

Geographic range < 299479km”

Geographic range
< 176133km®

|__| 2.67

1.60

0.40

21.18g

0.89

Latitude <|21.4013

Precipitation
< 64.4837

‘ aetmepn < 1374.02

1
0.06 0.60
ETI
ETI < 0.41
0.36 1.16
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< 745.821

ranspiration

5" o HPD
< 6.49km™

Geographic range
< 1149916km®

0.55
1.13

0.095

[ |
2.00 1.20



Decision tree of Comparison H (extinction risk in Marsupiala)

n =48, MSE = 0.1316

Geographic range < 59749km®
I

E.T.l.<0.60
» 05 Interbirth interyat<+52—— hic lovel < 15 |
. Hophic level < 1.
oloo | = a 0.00
: 0.66 0.14
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Decision tree of Comparison | (extinction risk in Primates)

n =98, MSE = 0.27027

Geographic ran

Bod

Geographic range < 595169km”

y mass < 36459

Popn. Gestation
density < 236km® < 165 days
[ 1 | |
2.00 12059

.

3.20

Popn density <0.58knf™

3.00 2.00
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Body majss < 6435¢g

ctu
<

0.38

0.07

ge < 69251km? Geopraphic range < 70566km”

PD 60km?
Latitude < 11.9

0.60 2.20

evapotranspiration

F27q6

1.50



Decision tree of Comparison J (extinction risk in Rodentia)

n=1213, MSE = 0.2779

Geographic range < 39493km®

Body masg < 455.64g HPD < 1.25km™
. HPD < 104km?
HPD < 1.52km Precipitation < 85.9673 Geographic range
r 237875k
AET < 541.756
Body, 12.79 Body mass <|13.6
1.50 031 o011 Y g

1.88 0.58
128 038

1.42  0.29
2.40 0.40
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Appendix 4.4: Correlations coefficients of fitted values obtained from three

different modelling techniques for ten different comparisons.

df=degrees of freedom,

*p<0.05, **p<0.01, ***p<0.001,

PCM vs. TIPS PCM vs. DT TIPS vs. DT
Comparison A 0.96*** 0.78*** 0.84***
(t=44.32, df =146) (t=15.39, df =146) | (t=19.43, df =146)
Comparison B 0.58*** 0.66*** 0.53***
(t=7.40, df =110) (t=9.09, df =110) | (t=6.51,df =110)
Comparison C 0.40*** 0.20* 0.77***
(t=4.75, df =117) (t=2.14, df =111) | (t=21.92, df =325)
Comparison D 0.97*** 0.87*** 0.86***
(t= 38.66, df =100) (t=15.58, df =81) (t=14.92, df =81)
Comparison E 0.48*** 0.43*** 0.71**
(t=5.14, df =88) (t=4.41, df =82) (t=9.30, df =82)
Comparison F 0.81*** 0.66*** 0.70***
(t=20.29, df =215) | (t=15.08, df =294) | (t=15.06, df =231)
Comparison G 0.72*** 0.55*** 0.35***
(t=26.98, df =663) | (t=10.64, df =266) | (t=6.02, df =264)
Comparison H 0.67*** 0.63*** 0.75**
(t=7.46, df =69) (t=5.56, df =46) (t=6.53, df =34)
Comparison | 0.90*** 0.75*** 0.75**
(t=19.50, df =87) (t=11.27, df =96) (t=9.19, df =65)
Comparison J 0.71*** 0.39*** 0.45***

(t=16.97, df =290)

(t=14.91,df =1208)

(t=8.48, df =278)
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Appendix 4.5: Mean squared error of extinction risk models obtained from
different modelling techniques for ten different clades.

Significant differences in the residual values, tested by use of Kruskal-Wallis
with modelling technique coded as a factor and non-parametric multiple

comparison tests, are represented by allocation of A, B and C.

PCM TIPS DT

Comparison A*** | 0.17 (A) 0.83 (C) 0.76 (B)
df2,836, F15.07

Comparison B 0.29 (B) 0.42 (C) 0.22 (A)
dfz,703, F7.19

Comparison C 0.26 (B) 0.37 (C) 0.23 (A)
df2,800, F22.54

Comparison D 0.06 (A) 0.29 (B) 0.11 (A)
df2,284, Fo.46

Comparison E 0.14 (A) 0.40 (B) 0.22 (A)
df2,308, Fo7.81

Comparison F 0.12 (A) 0.42 (B) 0.24 (A)
dfz,1024, F19.85

Comparison G 0.20 (A) 0.42 (C) 0.21 (B)
dfz,1286, F18.45

Comparison H 0.01 (A) 0.22 (B) 0.13 (A)
df2,303, F3a.28

Comparison | 0.17 (A) 0.66 (B) 0.27 (A)
df2,364, F25.88

Comparison J 0.39 (B) 0.32 (B) 0.28 (A)
dfz,3147 F32
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Appendix 4.6: Results of analysis of model residuals for phylogenetic signal.

df = degrees of freedom, °0.05-0.1,*<0.05, **<0.01, ***<0.001

Comparison TIPS

DT

PCM

A

F=2.47"**, df31 481
F= 4.26***, df1 308
F=4.66""*, df22.333
F=0.51, dfi38s

F= 0.58, df{574
F=1.55"*, df70,193
F=1.56", df1462
F=1.209, dfi357
F=1.65, dfio77

F=2.00°, dfz3.268

F= 1.45, df22,125

F=3.39""*, dfi6,05

F=6.1 2***, df21’305

F=1.396, dfi270

F=1.05, dfis6s

F= 1.89***, df72’327

F=1.19, 13254

F= 1.52, 12,35

F=1.85, 1285

F=2.99""", 57,1185
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F=5.03"**,,df31 481
F=20.43***, dfop334
F=6.84***, dfi7.102
F=1.52, df 13,88
F=2.25"**, dfis.20s
F=2.52*** df1 299
F=1.597, dfi4747
F=3.53"*, df17,173
F=3.38", df1.168

F= 3.47***, df27’1617



Chapter 5: Ground-testing a predictive model of Bd-
susceptibility with the aim of directing further

research.

Abstract

Predictive models of extinction risk and decline, such as those produced and
assessed in chapters three and four of this thesis highlight species that,
according to their biology and environment, are highly susceptible to
extinction risk or population decline. The approach of identifying susceptible
species may be particularly useful in prioritising conservation actions when
management options are species-specific and labour intensive, as may be the
case with amphibian declines caused by chytridiomycosis. In this chapter |
combine the predictions made by a model of Bd susceptibility produced in
chapter three with information on species’ population declines or the
occurrence of mass mortality events to select four target species that had not
previously been recorded as having been affected by Bd. | then investigate
the possibility that chytridiomycosis may have been related to the decline or
mortalities of those species. | find that sympatric species of one of the four
species, Hyperolius cystocandicans, have been infected with Bd in the
Aberdares National Park, Kenya. The other three species, and sympatric
species in the historic range did not appear to have been infected. | interpret

these results and their conservation implications.
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Introduction

Predictive models provide a useful tool in the field of conservation biology,
and, as a consequence, the frequency of their use in ecological and
conservation research has increased in recent years (Elith et al. 2006; Koh et
al. 2004; Kotiaho et al. 2005). Modelling past trends and extrapolating the
observed patterns taxonomically (Koh et al. 2004), geographically (Bielby et
al. 2008; Cardillo et al. 2006) or temporally (Araujo et al. 2005a), may be
useful in predicting future events (Sutherland 2006), or the status of regions or
taxa outside of the original dataset. The predictions made may be used to
direct future research, management or policy. In the field of conservation
biology, predictive models have been used to address subjects such as
extinction risk (Cardillo et al. 2006), species’ actual and realised distributions
(Elith et al. 2006), climatic change (Araujo et al. 2006), and species decline

(Sodhi et al. 2008).

Amphibian population declines are a subject that can greatly benefit from the
use of predictive models as, once underway, some declines, particularly those
occurring in connection with the disease chytridiomycosis, may be very rapid,
and may be very difficult to arrest. The disease has been implicated in severe
population declines in many species worldwide, and has been responsible for
at least one species extinction (Schloegel et al. 2006), possibly many more
(IUCN et al. 2004; La Marca et al. 2005). Many of the most high profile
declines have occurred in protected areas with relatively undisturbed habitat
(Berger et al. 1998; Bosch et al. 2001; Lips 1998; Lips 1999; Rachowicz et al.

2006), implying that traditional conservation measures, such as habitat
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protection, may be ineffective against the threat posed by Bd. More effective
conservation measures may include enforcing policy to restrict the movement
of amphibians for trade purposes (Fisher and Garner 2007), monitoring the
extraction and transportation of water (Johnson and Speare 2003), and
ensuring disinfection of equipment between sites (Australian Government
2006) to reduce the risk of spreading the pathogen, and perhaps establishing
ex situ populations (http://www.amphibianark.org/ 2008). Regardless of
whether the measures are applied proactively or reactively, they are likely to
be labour-intensive, financially expensive and logistically difficult, rendering
the wide-scale application of such management options impractical or
unfeasible. There is therefore a need to highlight which species should be the

recipients of further conservation research and attention.

The output of predictive models may provide the first step in helping to
highlight which species or locations should be the recipients of such
management and may also serve to highlight those that may have already
suffered the ill-effects of Bd infection. In the case of the latter, susceptible
species that have suffered an observed population decline or mass mortality
may warrant further attention. While linking the presence of a pathogen to the
decline of a species is not straightforward (e.g. Daszak et al. 20083; e.g.
Daszak et al. 2005), a close link between the appearance of Bd and the
decline of a species would be consistent with the hypothesis that
chytridiomycosis was involved. ldeally, the role of Bd in a specific decline
would be investigated by comparing the population dynamics of both infected

and non-infected populations of a given species (Rachowicz et al. 2006).
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Unfortunately, due to the lack of suitable sites and species for which long-term
population data and both infected and non-infected populations are available,
such studies are a rarity in current research and theory (but see Bosch and
Martinez-Solano 2006; Bosch et al. 2001; Lips et al. 2006; Rachowicz et al.
2006). The majority of studies linking disease to decline have therefore
generally made the link between disease and decline retrospectively using
historical specimens and dead or dying individuals (Bosch et al. 2001;

Burrowes et al. 2004; Muths et al. 2003).

The first step in such a retrospective process linking Bd to past declines would
be to determine whether the pathogen was present or absent at the sites of
decline or mortality within those species (Lips et al. 2008). Any species that
were found to harbour Bd infection could then be identified and highlighted for
further investigation regarding the role of Bd in that species decline or
mortality. Given the absence of detailed population trend data for most
amphibian species, in the interim it would be useful to have a surrogate
measure of population trend to identify which susceptible species may already
be in decline. In this chapter, | use the Rapid Decline status of species, or the
occurrence of mass-mortalities, to identify susceptible species that may have

already suffered negative consequences of Bd infection.

| selected a small number of target species with the aim of investigating the
role of Bd in their decline. With the null hypothesis that Bd was not present at
locations within the species’ former range, and therefore could not have been

related to the target species’ declines, | collected tissue samples from the
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target or sympatric species, and used molecular diagnostic tests to determine
whether Bd was present at those locations. In the presence of Bd, | could
therefore reject the null hypothesis and highlight these species as warranting

further investigation regarding the role of Bd in their decline.

Methods

Target species

We selected four target species according to three criteria. First, species
must have a high fitted value from the model of Bd susceptibility produced in
chapter three or be the subject of a conservation project which would be
compromised by the presence of Bd. Second, species must have suffered a
population decline or a recent mass mortality. | defined a population decline
as a species that has suffered a Rapid Decline: that is it has moved up a Red
List category, according to the 2004 GAA. Third, there must have been no
records of Bd infection in the species.

The following four target species were selected from the candidate list:

Bufo brauni

Predicted susceptibility to Bd related decline = 0.89

Bufo brauni occurs in the West and East Usambaras, the Ulugurus, and the
Udzungwa Mountains in eastern Tanzania, with a total area of occupancy of
less than 5000km?, at altitudes of 750-1800m above sea level (a.s.l.) (IUCN et
al. 2004). As aresult of its restricted distribution, the species is classified as
Endangered B1ab(iii,v). In recent years the montane and sub-montane forest

zones on which B. brauni relies have been degraded; as the species does not
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tolerate modified habitat it has declined in population size. However, the high
elevation at which the species resides in conjunction with its restricted range
and reliance on water for breeding, results in a fitted value of 0.89, suggesting

that it would be highly susceptible to Bd induced decline if infected.

Bufo lemur

Predicted susceptibility to Bd related decline = 0.28

The Puerto Rican crested toad (Bufo lemur) is currently restricted to a single
location, Guanica National Forest, in the south of Puerto Rico. Historically B.
lemur was distributed throughout both the north and south regions of the
island. However, in recent years populations at many locations throughout
the island have disappeared and, since 1988, no individuals have been
observed in the northern section of the species’ range (Johnson 1999). In
addition to the disappearance of populations at locations throughout the
island, the one remaining breeding site has declined in size from 900 mature
individuals in 1980, to approximately 100 at present (IUCN et al. 2004). On
account of its restricted range and recent decline in population number and
size, B. lemur was categorised as Critically Endangered on multiple criteria:
A2a, Bilab(v)+2ab(v), and C2a(ii) (IUCN et al. 2004). Although habitat loss is
believed to have been responsible for the decline of this species, given the
presence of Bdin other locations on the island (Burrowes et al. 2004),
chytridiomycosis may have been involved. B. lemur did not have a
particularly high susceptibility of decline (0.28). However, the species is the

subject of a planned re-introduction which could be highly compromised if Bd
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were implicated in the species’ decline. Thus information on the Bd infection

status of amphibians at the site of reintroduction is very important.

Hyperolius cystocandicans

Predicted susceptibility to Bd related decline = 0.87

Hyperolius cystocandicans is endemic to the Kenyan highlands, occurring in
less than 10 localities (IUCN 2004), and having a distribution of less than
20,000km?. The restricted range and population decline of H. cystocandicans
have resulted in the species being listed as Vulnerable under criterion B1
a,b(v) (IUCN et al. 2004). The GAA states that although its natural habitats
(montane grassland and pastureland habitats) are not seriously threatened in
recent years there has been a general population decline for reasons that are
not fully understood. The restricted range, reliance on temporary pools for
breeding purposes, and high altitude (the type locality is at 2200m a.s.l.)

resulted in a fitted value of 0.87 in my model.

Xenopus longipes

Predicted susceptibility to Bd related decline = 1.0

Xenopus longipes is a fully aquatic species that is endemic to Lake Oku,
which has an area of less than 10km? at an altitude of 2200m a.s.l. in the
Cameroon highlands. Accordingly the species is listed as Critically
Endangered under criterion B1ab(v)+2ab(v) on account of its severely
restricted distribution (IUCN et al. 2004). Several genera within the family
Pipidae (Xenopus; Weldon et al. 2004; Silurana; Parker et al.2002) and the

Xenopus genus (Xenopus gilli, laevis, muelleri; Weldon et al. 2004) are known
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to be susceptible to Bd infection, while at least one member of the family is
known to be susceptible to chytridiomycosis (Silurana tropicalis; Parker et al.
2002). On account of X. longipes’high elevation, restricted range, and
aquatic lifestyle, my model predicted its probability of decline on account of Bd

infection as 1.0.

Collection of samples

| used samples of amphibian tissue from within the historical range of the four
species to determine whether Bd was present, and therefore could have been
involved in the observed mortalities or declines of these species. Although
efforts were made to collect samples from the focal species, given the
declines of my target species and hence the low abundance at which they
were generally found, sympatric species which may act as reservoir hosts for
Bd (Daszak et al. 2003; Daszak et al. 2004) were also sampled. Tissue

samples were obtained from a variety of sources as described below:

Type of tissue samples taken

For each species one or more of three types of tissue sample were collected:
toe-clips, skin swabs using either fine-tip swabs (MW100, Medical Wire and
Equipment Ltd.) or interdental 3.2-6.0mm refill brushes (Oral-B Laboratories),
or larval mouthparts. Single toe-clips were taken from adult animals and
stored in 70% ethanol in individually marked tubes. Mouth-parts were taken
from euthanized larvae and stored in 70% ethanol. Swab samples of live
individuals were taken using fine-tip swabs by firmly running the swab over

the ventral surface of the lower abdomen, drink-patch, all four limbs and all
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digits of the individuals. Swab samples of archived specimens were taken by
firmly running the dental refill brushes over the ventral surfaces of the lower
abdomen, limbs and digits of each individual. All swab samples of both
archived and live individuals were stored in individually marked tubes to avoid
cross-contamination. In order to further minimise the possibility of cross-
contamination of samples and subsequent false-positives, a new pair of
disposable gloves were worn for each specimen handled, or in the case of
archived specimens, for each specimen jar that was opened. Toe-clips, larval
mouthparts and swabs of both live and dead specimens have all been
successfully used in detecting Bd infection in the field and laboratory in

previous studies (Hyatt et al. 2007; Kriger et al. 2006b; Soto-Azat 2007).

Bufo brauni,

Samples were collected from live individuals from the Amani Nature Reserve,
in the east Usambara region of the Eastern Arc Mountains, Tanzania in a
period of time between 27" June and 20" July 2006 (although precise GPS
coordinates are unavailable for exact collection sites, the Amani Nature
Reserve is located between S5°14’107-S5°04°30”, E38°30'34”-38°40°06").
Historical specimens that had been preserved in ethanol in a time period
between 1935 and 2005 were obtained from the archives of the Natural

History Museum, London.
Bufo lemur,

Collection and surveillance took place within a section of the historical range

of the species in the northern karst region of Puerto Rico at El Tallonal private
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land (N18°24°22.2”, E66°43’'52.7”, 75m a.s.l.) in October 2005. El Tallonal
was to be the site of reintroduction of larvae of the target species in 2006. All
samples obtained were of sympatric species rather than B. lemur due to the

extirpation of the target species in the northern part of its range.

Hyperolius cystocandicans,

Samples were collected from five sites within the historical range of the target
species by Stefan Lotters in 2001 (Site 1: Aberdares National Park#1,
S00°31°29”, E35°22’35”, 2193m a.s.l.; Site 2:Aberdares National Park#2,
S00°24’'41”, E36°43'27”, 3116m a.s.l.; Site 3:Aberdares National Park#3,
S00°28°51”, E36°44°56”, 2900m a.s.l.; Site 4:Chogoria Route, Mount Kenya,
S00°09'40”, E37°26’46”, 2997m a.s.l.; Site 5:lrangi Forest, Mount Kenya,
S00°20°'50”, E37°29°02, 2013m a.s.l.). All tissue samples came from
sympatric species rather than the H. cystocandicans itself because of the low

abundance of the target species.

Xenopus longipes,

Tissue samples were collected from June-August 2006 in the north west
province of Cameroon, from thirteen locations in the vicinity of the Kilum-Ijim
Forests that surround Mount Oku (N6°12'02.5", E10°27'35.4"; N6°12'11.9",
E10°22'42.5"; N6°12'43.8", E10°23'45.9"; N6°12'46.0", E10°23'39.3";
N6°12'50.7", E10°23'52.3"; N6°12'54.0", E10°24'24.7"; N6°12'55.0",
E10°23'56.4"; N6°13'04.1", E10°24'05.8"; N6°13'06.1", E10°24'06.8";
N6°13'39.6", E10°25'19.3"; N6°13'50.4", E10°24'53.7"; N6°13'56.9",

E10°25'14.0”; N6°17'3.6", E10°21'08.8"). During the sampling period the
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collector, Thomas Doherty-Bone, observed unusual mortalities of X. longipes.
Samples of the target and sympatric species in the vicinity of Lake Oku were

collected.

Molecular screening of samples

DNA was extracted from swab samples, toe-clips and larval mouthparts using
a bead beating protocol (Boyle et al. 2004), extractions were diluted 1/10 with
distilled water and then subjected to real time quantitative polymerase chain
reaction (QPCR) developed specifically for the detection of Bd (Boyle et al.
2004). DNA extractions were performed on the tips of both fine-tip swabs and
dental-brush swabs. All samples were screened in duplicate with four
concentrations of standard Bd and a negative control. If the standard curves
of the four concentrations of Bd did not amplify successfully then the samples
in that plate were retested. The unit of infection burden was the Genomic
Equivalent (GE); one GE being equal to the amount of Bd-DNA present in the

genome of a single zoospore.

Results

Bufo brauni

A summary of tissue samples collected from Amani Nature Reserve is
presented in Table 5.1. In total, 267 swab samples were taken from 21
species, including 4 samples of live B. brauni, and 66 historical specimens.
None of the DNA extractions taken from the samples successfully amplified,
suggesting that Bd DNA was not present in those samples. With 267

samples, there is a 95% probability that Bd would be detected in a population
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of any size if the pathogen was present at a prevalence of 2% or higher
(Thrusfield 2005). For the table used to calculate the number of samples
required to detect a disease at a stated prevalence with a confidence of 95%,

please see appendix 5.1.

Bufo lemur

A summary of the tissue samples obtained from El Tallonal is presented in
Table 5.2. 179 samples were taken in total: 100 samples of larval
mouthparts, and 79 swabs. None of the DNA extractions taken from the
samples successfully amplified. With 179 samples, there is a 95% probability
that Bd would be detected in a population of any size if the pathogen was

present at a prevalence of 2% or higher (Thrusfield 2005).

Hyperolius cystocandicans

15 tissue samples of 10 sympatric species were obtained from the five sites
surveyed (see Table 5.3). Of the fifteen samples, three successfully amplified
with genomic equivalents of 234.8+116.1; 0.2+0.05; and 44.9+20.9. All three
infected specimens, which were Ptychadena spp., Unknown spp., and Amieta
angolensis, came from the Aberdares National Park, although from different
sites within the park. With 15 samples we can state with 95% confidence that
Bd would be detected if the pathogen was present at a prevalence of 20% or

higher (Thrusfield 2005).
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Xenopus longipes

A total of 283 tissue samples taken from 28 species were collected at Lake
Oku, including 74 samples of Xenopus longipes (see Table 5.4). None of the
tissue extractions successfully amplified, suggesting that Bd was not present
at this site. With 283 samples we can state with 95% confidence that Bd
would be detected in a population of any size if the pathogen was present at a

prevalence of 2% or higher (Thrusfield 2005).

Discussion

The results of the model ground-testing presented here may be used to draw
preliminary conclusions about the threat mechanisms responsible for the
declines of the four target species. In doing so, they may be helpful in
directing more detailed research into the observed declines and perhaps the
management for those species. On the basis of my results, | could reject the
null hypothesis for only one of the four selected target species: H.
cystocandicans. The infected status of this target species indicates that Bd is
present in the surveyed populations, and that chytridiomycosis may be
implicated in the declines of H. cystocandicans. In contrast, the non-infected
status of the remaining three species provides some preliminary evidence that
chytridiomycosis was not implicated in the declines of these species at the

sites surveyed. | discuss the implications of these findings.

The fact that sympatric species of H. cystocandicans tested positive for Bd at
three sites within the Aberdares National Park leaves open the possibility that

Bd was involved in the decline of this target species. Coupled with the
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mysterious nature of the decline, which had no obvious causal mechanism
associated with it (IUCN et al. 2004), the presence of Bd warrants urgent
investigation into the role of chytridiomycosis in the decline of this target
species. The presence of Bd within the Aberdares National Park suggests
that population monitoring and further surveillance of Bd in the region are
warranted to gain a better understanding of the threat posed by the pathogen
in the Kenyan highlands, an area high in amphibian endemicity and species
richness (BirdLife International 2007; Conservation International 2005).
Investigating the role of chytridiomycosis in declines of African species such
as H. cystocandicans is further complicated by the hypothesis that Bd may
have originated in sub-Saharan Africa, and may have a wide distribution,
being endemic in some locations on the continent (Morehouse et al. 2003;
Weldon et al. 2004). Species from areas in which Bd is endemic may not be
expected to suffer such serious consequences of infection as novel host
species in other regions (Weldon et al. 2004), because of host-pathogen co-
evolution resulting in the historical selection for genetically resistant animals
(Thrusfield 2005). In this respect, the co-evolution of Bd and host species
may potentially bias the model predictions regarding species susceptibility.
However, despite the possible endemism of Bd' in parts of Africa, the exact
location of origin is still not known, and the large land mass of the continent
suggests that not all species have been historically exposed to Bd. Declines
of other high elevation species within sub-Saharan Africa have been linked to
chytridiomycosis (e.g. Nectophrynoides asperginis; Weldon and du Preez,

2004), suggesting that some African species can be adversely affected by Bd.
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For the remaining three target species | could not reject the null hypothesis
that Bd was not present at the location of decline. The apparent lack of
infected individuals at these sites has different conservation implications for
each of the three species. B. lemur was to be the subject of a reintroduction
at a site in the northern section of the species’ historical range. The fact that
the location appears to be free from Bd suggests that this factor, at least,
should not hinder the efforts to reintroduce the species at this location.
However, Bd has a confirmed presence on the island, and has been involved
in the decline and possible extinction of at least three Puerto Rican species
(Eleutherodactylus eneidae, E. karlschmidlti, E. jasperi; Burrowes et al. 2004;
IUCN 2004). Further, the island has a number of species, both native and
introduced, that may have acted as vectors of Bd in other regions (e.g.
Eleutherodactylus coqui, Bread and O’Neill 2005; Rana catesbeiana, Daszak
et al. 2005, Garner et al. 2006). Therefore surveillance to monitor the spread
of Bdin conjunction with threat abatement plans to prevent the transportation
of the pathogen (e.g. Australian Government 2006) could be important to
reduce further negative impacts of Bdin Puerto Rico. However, the apparent
absence of Bd in the northern section of its range implies that the cause of the
historical decline and extirpation of B. lemur is still at large and may therefore
hinder the success of the reintroduction. Historically the drivers of a species’
decline have not always been taken into account in reintroduction and
translocation efforts (Dodds and Seigel 1991). Habitat loss and degradation
are thought to be the main mechanisms behind the historical decline of B.
lemur (IUCN 2004), in which case, habitat protection of the remaining sites

and successful reintroductions may aid recovery. However, Puerto Rico has
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been the subject of a number of introductions of species such as Bufo
marinus, and the Indian mongoose (Herpestes auropunctatus) which may
adversely affect native species through competition or predation (e.g. Vilella
and Swank 1993). These factors warrant further investigation as drivers of

decline if the reintroduction is to be effective.

Although mass mortalities of Xenopus longipes were observed, and tissue
samples were taken from dead and moribund individuals, no infected
individuals were identified. On one hand, the apparent absence, or at least
very low prevalence of occurrence, of Bdis a positive finding for the
amphibians of the Cameroon highlands: Bd, a major threat to amphibian
biodiversity, may not be present in the region, which harbours a number of
endemic and restricted range species that may be naive to the effects of
introduced pathogens. On the other hand, the cause of the mortalities in X.
longipes remains unknown and could be a potential threat to the amphibian
assemblage of the region. The DNA extractions obtained from the tissue
samples of X. longipes successfully amplified when screened for the major
capsid protein of frog virus 3 (Duffus pers. comm.) indicating the potential
presence of a ranavirus in those individuals. Ranaviruses have been
implicated in mass mortality events in a number of species and locations
(Cunningham et al. 2007; Fox et al. 2006; Green et al. 2002). My results
suggest that further efforts should be made to discover the cause of the Lake
Oku mortalities with particular attention to the role of ranavirus, and schemes
to monitor the populations of susceptible species should be implemented.

The establishment of ex situ populations should also be a priority for a
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species such as X. longipes, which is Critically Endangered, endemic, and

has suffered an unusual mortality event.

There was no sign of Bd infection in the historical or recent specimens of B.
brauni. The apparent lack of infection in this species suggests that Bd was
not involved in the recent decline of the species. Other factors are therefore
likely responsible for the increase in risk of extinction that this species has
experienced in recent years. Habitat conversion of its forest habitat for
farming, mining, and timber products is the most likely cause of the declines
of this species, however, the presence Amani Nature Reserve and the
Udzungwa National Park within the species’ distribution provides some
protection for the habitat of the species. Given the susceptibility of B. brauni
and the presence of Bd in other regions in East Africa (Goldberg et al. 2007),
including the parts of the Udzungwa mountains (Moyer and Weldon 2006),
population monitoring and further surveillance of the distribution of Bd are

recommended to assess future threats to the status of the species.

Despite the utility of the targeted sampling advocated here, there are
limitations to using the approach in directing further conservation research.
Some of the problems stem from the difficulty in interpreting the results of a
Bd screen. In three of the species investigated here | could not reject the null
hypothesis that Bd was not present at the site of decline. However, although
we can say with 95% confidence that Bd is not present at a prevalence of
above a stated threshold, we cannot state that a pathogen is entirely absent

from a location, highlighting the difficulty in rejecting the possibility that Bd
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was present. Additionally in calculating the required sample size we must
make some assumptions about the diagnostic tests used, and the samples
upon which our results are based. For the purposed of this analysis | have
assumed that infection is equally probably across different epidemiological
units (i.e. species and life-history stages within a species). Although Bd may
well be transferable among species and life-stages (Rachowicz and
Vredenburg 2004), this assumption may be violated with some species and
systems. A result of such violation would be the inaccurate calculation of the
necessary sample size to detect infection at a stated population size and
prevalence. To improve upon this, future efforts should use samples from the
target species, and the same life-stage within a species whenever this is
feasible. Further, the calculation of the required sample size also relies on the
accuracy of gPCR, the diagnostic test for Bd, being perfect, which it may not
be (Boyle et al. 2004). In the case of QPCR accuracy being less than 100%,
the sample size for detection at a stated prevalence may be higher than

calculated.

Even if the assumptions regarding the accuracy of gqPCR and the infection
among epidemiological units were not violated, the low prevalence at which
Bd may exist could result in inaccurate conclusions regarding the infection
status of a site. According to the epidemiological model used in this study
(Thrusfield 2005), the sample sizes for the three target species from
apparently uninfected sites were insufficient to detect Bd below a threshold of
2%. Previous studies have reported prevalences of less than 1% (Lips 1998;

Ouellet et al. 2005) which suggests that Bd may persist at such low levels.
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Additionally, seasonal variation in the infection prevalence and presumably in
infection burden and the zoospore density in the environment (Kriger and
Hero 2007) may lead to non-representative results in surveillance of Bd
depending upon the time-period in which sampling is conducted. However, in
larval oral-discs, toe-clips and swabs, we used the most accurate and cost-
effective methods to sample for the presence of Bd, and our sample sizes
were well above those required to detect Bd with 95% confidence at the
stated prevalence and population size. The molecular diagnostic test (QPCR)
used in this study is highly sensitive, being able to detect and quantify a single
zoospore in a diagnostic sample (Boyle et al 2004), and has been
recommended as the standard method for Bd detection (Kriger et al. 20063a;
Kriger et al. 2006b). Therefore even at times when prevalence and zoospore

density is low, very light infections may be identified.

Even a positive result to a Bd test, suggesting that a species or population is
infected, cannot be easily interpreted. The presence of Bd does not
necessarily mean that chytridiomycosis is responsible for any amphibian
population declines in that location (e.g. Daszak et al. 2005). In all cases,
care should therefore be taken to ensure that other possible causal
mechanisms are properly investigated. In the context of Bd there are some
important examples of studies in which alternative causes may have been
implicated in declines in areas of Bd infection (Daszak et al. 2005; Davidson
et al. 2007; Whitfield et al. 2007), suggesting either the involvement of
cofactors or that despite Bd infection, chytridiomycosis was not responsible

for those declines. However, given the severity of the possible effects of Bd
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(La Marca et al. 2005; Lips et al. 2006), an approach in which we take the
presence of Bd as a potential threat to amphibian diversity is surely to be
recommended, particularly given the speed of the effects Bd may have on a

species or assemblage (e.g. Lips et al. 2006; Rachowicz et al. 2006).

Despite its limitations the approach outlined here is useful in terms of an initial
survey to determine the necessity of further work on Bd in the region of a
given decline. Implementing in-depth Bd and population monitoring schemes
does not come cheaply. Therefore the approach of identifying declining
species that are susceptible to the effects of Bd, and targeting those species
for initial surveys is a relatively quick and inexpensive way of choosing which

species should be the recipients of more focussed attention.
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Tables

Table 5.1: Summary of Bd surveillance results for Bufo brauni.

Species Sample type n +Vve % GE

Afrixalus fornasini Swab 2 0 0 n/a
Arthroleptis affinis Swab 5 0 0 n/a
Arthroleptis stenodactylus Swab 8 0 0 n/a
Boulengerula boulengeri Swab 1 0 0 n/a
Bufo brauni Swab 4 0 0 n/a
Bufo brauni (archived specimens) Swab 66 0 0 n/a
Callulina kreffti Swab 7 0 0 n/a
Hoplophryne rogersi Swab 4 0 0 n/a
Hyperolius mitchelli Swab 41 0 0 n/a
Hyperolius puncticulatus Swab 46 0 0 n/a
Hyperolius spinigularis Swab 4 0 0 n/a
Hyperolius spp. Swab 3 0 0 n/a
Hyperolius tuberilinguis Swab 4 0 0 n/a
Hyperolius viridiflavus mariae morph 1 Swab 11 0 0 n/a
Leptopelis flavomaculatus Swab 29 0 0 n/a
Leptopelis vermiculatus Swab 5 0 0 n/a
Nectophrynoides tornieri Swab 8 0 0 n/a
Phrynobatrachus kreffti Swab 12 0 0 n/a
Rana angolensis Swab 3 0 0 n/a
Schoutedenella xenodactyloides Swab 2 0 0 n/a
Schoutedenella spp Swab 1 0 0 n/a
Scolecomorphus vittatus Swab 1 0 0 n/a
Total 267 0 0 n/a
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Table 5.2: Summary of Bd surveillance results for Bufo lemur at El Tallonal,

Puerto Rico.
Species Sample type n +ve % GE
Bufo marinus (adults) Swab 28 0 0 n/a
Bufo marinus (larvae) Mouthparts 100 0 0 n/a
Eleutherodactylus antillensis ~ Swab 11 0 0 n/a
Eleutherdactylus coqui Swab 35 0 0 n/a
Eleutherodactylus spp. Swab 1 0 0 n/a
Leptodactylus albilabris Swab 1 0 0 n/a
Rana catesbeiana Swab 1 0 0 n/a
Total 179 0 0 n/a
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Table 5.3: Summary of Bd surveillance results for Hyperolius cystocandicans

in central Kenya.

Site Sample type Species n +ve
1 - Aberndares NP1 Toe-clip Hyperolius glandicolor 2 0
1 - Aberndares NP1 Toe-clip Ptychadena spp (adult) 4 1
1 - Aberndares NP1 Toe-clip Xenopus borealis 1 0
2 - Aberdares NP2 Toe-clip Amietia wittei 1 0
2 - Aberdares NP2 Mouthparts Unknown spp (larvae) 1 1
3 - Aberdares NP3 Toe-clip Amiettia angolensis 1 1
4 - Chogoria Route, Mt Kenya ~ Mouthparts Unknown spp (larvae) 1 0
5 - Irangi Forest, Mt Kenya Toe-clip Afrana angolensis 1 0
5 - Irangi Forest, Mt Kenya Mouthparts Hyperolius spp (larva) 1 0
5 - Irangi Forest, Mt Kenya Mouthparts Ptychadena spp (larva) 2 0
Total 15 3
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Table 5.4: Summary of Bd surveillance results for Xenopus longipes at Lake

Oku, Cameroon.

Species Sample type n +ve Yo GE
Afrixalus fulvovittatus Toe-clips 6 0 0 n/a
Arthroleptis adelphus Toe-clips 3 0 0 n/a
Artholeptis cf. poecilinotus Toe-clips 6 0 0 n/a
Artholeptis poecilinotus Toe-clips 6 0 0 n/a
Arthroleptis variabilis Toe-clips 2 0 0 n/a
Astylosternus ranoides Toe-clips 2 0 0 n/a
Astylosternus rheophilus Toe-clips 4 0 0 n/a
Bufo maculatus Toe-clips 2 0 0 n/a
Bufo regularis Toe-clips 1 0 0 n/a
Cardioglossa oreas Toe-clips 5 0 0 n/a
Crotaphatrema lamoteii Toe-clips 1 0 0 n/a
Hyperolius hieroglyphicus Toe-clips 20 0 0 n/a
Leptodactylodon bicolor Toe-clips 3 0 0 n/a
Leptodactylodon perreti Toe-clips 3 0 0 n/a
Leptopelis modestus Toe-clips 1 0 0 n/a
Phrynobatrachus cf. natalensis Toe-clips 1 0 0 n/a
Phrynobatrachus cf. steinadachneri  Toe-clips 30 0 0 n/a
Phrynobatrachus cf. werneri Toe-clips 25 0 0 n/a
Phrynobatrachus sp. Toe-clips 4 0 0 n/a
Phrynobatrachus steinadachneri Toe-clips 39 0 0 n/a
Phrynobatrachus werneri Toe-clips 10 0 0 n/a
Ptychadena bibrioni Toe-clips 1 0 0 n/a
Trichobatrachus robustus Toe-clips 5 0 0 n/a
Werneria bambutensis Toe-clips 4 0 0 n/a
Xenopus amieti Toe-clips 5 0 0 n/a
Xenopus laevis Toe-clips 1 0 0 n/a
Xenopus longipes Toe-clips 74 0 0 n/a
Xenopus sp. Toe-clips 2 0 0 n/a
Unidentified frogs Toe-clips 17 0 0 n/a
Total 283 0 0 n/a
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Appendix

Appendix 5.1: Sample size required for detecting disease where the

probability of finding at least one case in the sample is 5%.
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Chapter 6: Distribution of Batrachochytrium

dendrobatidis on the Mediterranean island of Sardinia.

Abstract

Batrachochytrium dendrobatidis (Bd), the causative agent of the amphibian
disease chytridiomycosis, has been implicated in the decline of amphibians
around the world, and has been reported on every continent on which
amphibians live. Although Bd has a wide but patchy distribution within
Europe, clinical signs of chytridiomycosis had been limited to Pefalara
National Park, Spain. However, a second occurrence of chytridiomycosis was
recently reported in Euproctus platycephalus from the Mediterranean island
Sardinia. Given the endemicity and threat level of species on the island, the
occurrence of chytridiomycosis is a serious cause for concern for the
conservation of the amphibians of Sardinia. In order to gain a better
understanding of the distribution of Bd on Sardinia, | conducted an
opportunistic surveillance for the pathogen on the island sampling 528
individuals of five species at 19 sites. Bd was found to be present in two
locations in two separate drainage basins in the vicinity of the northern
Limbara mountains. Further, both sites are known to have experienced
unusual mortalities of the Tyrennhian painted frog, Discoglossus sardus in the
recent past. In addition to the first described occurrence in the Sette Frattelli
mountains, Bdis now known to be present in at least two additional

populations of amphibians in Sardinia. | discuss the distribution of Bd on the
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island the implications of these findings for the conservation of Sardinian

species.

Introduction

The emergence and spread of Batrachochytrium dendrobatidis (Bd), the
causative agent of chytridiomycosis, has been strongly linked to the global
decline of amphibian species. Chytridiomycosis has been implicated in mass
mortality events (Bosch and Martinez-Solano 2006), population declines
(Bosch et al. 2001; Lips et al. 2006), and both regional and global extinctions
(La Marca et al. 2005; Schloegel et al. 2006) since the mid-1980s. As a result
of the severity of its effects, chytridiomycosis has been described as “the
worst infectious disease ever recorded amongst vertebrates in terms of the
number of species impacted, and its propensity to drive them to extinction”
(ACAP 2005). So far, Bdis known to occur on six continents and to have
infected over 450 amphibian species

(http://www.parcplace.org/bdmap2008update.html) , although the real figure is

probably much higher due to current biases and limitations in sampling.
Given the potential severity and rapidity of its effects, gaining a better
understanding of the epidemiology and distribution of the pathogen is urgent

and of global importance.

Within Europe, Bd is known to have a relatively wide, although patchy,
distribution (Garner et al. 2006; Garner et al. 2005), and to have infected at
least 27 of the 81 European amphibian species (Bosch and Martinez-Solano

2006; Bosch et al. 2001; Bovero et al. in press; Fisher and Garner 2007,
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Garner et al. 2006; Garner et al. 2005; Simoncelli et al. 2005; Stagni et al.
2002; unpublished data) . However, despite our improving knowledge of the
geographic and taxonomic distribution of Bd within Europe our knowledge of
host-pathogen dynamics and its effects on European species remains
relatively poor. The best-studied system in Europe is Penalara National Park
in central Spain, which until recently was the only European location where
the occurrence of chytridiomycosis had been observed (Bosch et al. 2001).
The negative effects of chytridiomycosis at Penalara were first noticed in the
common midwife toad, Alytes obstetricans, between 1997 and 1999, when
mass mortalities led to population declines and the extirpation of the species
in 86% of the ponds in the natural park (Bosch et al. 2001). Since then,
chytridiomycosis has been implicated in mass mortalities of the fire
salamander (Salamandra salamandra) and the common toad (Bufo bufo) in
Penfalara, with population declines of the former species also being recorded

(Bosch and Martinez-Solano 2006).

Recently, a second occurrence of chytridiomycosis in European amphibians
was reported in the endemic Sardinian newt, Euproctus platycephalus
(Bovero et al. in press). In 2005, several individuals were observed with
possible signs of chytridiomycosis at a site in the south of Sardinia, including
ulcerative damage and degradation to the digits of both fore- and hindlimbs.
Three of the five individuals exhibiting these signs were subsequently found to
be infected with Bd (Bovero et al. in press). Although ulceration may be
associated with other amphibian diseases (e.g. Ranavirus; Cunningham et al.

1996), and damaged limbs have been observed in other aquatic salamanders
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infected by Bd (e.g. Cryptobranchus alleganiensis; Missouri Department of
Conservation 2007), at present it is not clear whether ulceration and digit loss

is a reliable sign of Bd infection.

E. platycephalus is a highly specialised, fully aquatic newt (Andreone and
Luiselli 2000; Van Rooy and Stumpel 1995), that inhabits still or running
freshwaters, including rivers, streams and pools, usually in hilly or
mountainous areas between 500-900m above sea level (asl) (Lecis and
Norris 2003). The historical range of E. platycephalus covered most of the
mountainous areas of the island (Carruccio 1869; Gene 1839). However, the
species is currently restricted to mountain regions on the east side of Sardinia
in the northern Limbara region, the central Gennargentu region and southern
Sette Fratelli region (Bovero et al. 2005; Lecis and Norris 2003). Genetic
studies suggest that the E. platycephalus populations of the three mountain
regions are genetically distinct, and should therefore be considered as

separate management units (MU) (Lecis and Norris 2004).

Declines of E. platycephalus in all three MUs have been reported since the
early 1980s in terms of both the number of populations and in mature
individuals per population (Colomo 1999; Puddu et al. 1988) with presumably
few viable populations remaining (Lecis and Norris 2003). The species has
been described as Europe’s rarest amphibian (Van Rooy and Stumpel 1995)
and “the nearest urodele to extinction in Europe” (Grossenbacher, cited in
Andreone and Luiselli 2000), and is an example of the urgent need for

amphibian research in Europe (Pasmans et al. 2007). As a result of its
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restricted range and the declines that it has experienced, the species is
classified as Endangered according to the IUCN Red List (IUCN et al. 2004),
and receives conservation attention at both the regional and national levels in
Italy. Degradation of habitat via water extraction, pollution, illegal fishing
methods, and introduced fish species (Read 1998; Schenk et al. 1995) have
all been proposed as causes of decline and local extirpation. The presence of
Bd on the island suggests that disease may be another, potentially important,
driver of decline. However, at present we know little about the severity of the

effects of Bd infection on Sardinian amphibians.

The presence of Bd on the island, and chytridiomycosis in E. platycephalus
(Bovero et al. in press) provide cause for serious concern. Of Sardinia’s eight
native amphibian species, five are endemic, and a further two have extremely
restricted ranges limited to Sardinia, Corsica and nearby islands. Sardinia’s
amphibian fauna includes five species of the genus Speleomantes, which
represent over half of the eight species of plethodontid salamander found
outside of the Americas; one of only six extant members of the genus
Discoglossus; and one of only two currently recognized members of the
genus Euproctus. Of these species, one is near threatened (Speleomantes
imperialis), two are vulnerable (S. genei and S. flavus), and two are
endangered (S. supramontes and E. platycephalus) according to the IUCN
Red List. Given the high endemicity and level of extinction risk of Sardinian
species, identifying which species are susceptible to infection and may act as
alternative hosts for Bd is of great importance to conservation efforts for

Sardinian amphibians (Van Rooy and Stumpel 1995).
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Here | describe a systematic surveillance of Bd on Sardinia, focussing on E.
platycephalus. In so doing, | aim to improve our knowledge of the distribution
of Bd on Sardinia and how the observed distribution fits in with current
epidemiological theory. By conducting an opportunistic screening | also aim
to determine whether alternative hosts exist among Sardinia’s amphibian
species, and whether the ulceration and loss of digits in E. platycephalus is a
reliable indication of Bd infection. | aim to use the information obtained to
determine which species and sites should be the focus of conservation
management plans such as the collection of individuals for ex situ
conservation, and of special efforts to prevent the further spread of the

pathogen on the island.

Methods

Study system

In each of our three collecting trips | concentrated on sampling a different MU,
aiming to collect samples from at least six sites within each MU. Sites are
defined here as stretch of river or stream no more than 100m in length and
separated from other sites by at least 5km. The three collection trips ran
from the 10"-15" May, 7"-14"™ August, and 15-10" November 2007, and
focussed upon the Sette Fratelli (southern MU), Limbara (northern MU), and
Gennargentu regions (central MU) respectively. Although species presence
and abundance, and potentially also the presence of Bd (Kriger and Hero
2007), vary through the year, it was logistically impossible to conduct field-
work in all regions simultaneously for this study. However, water

temperatures obtained at each site during the collecting period were between
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11-20.0°C which are all amenable for the survival and reproduction of the

pathogen (Berger et al. 2004; Longcore et al. 1999; Piotrowski et al. 2004).

Sample sizes

At each site | aimed to collect and sample at least 30 individuals of E.
platycephalus. A sample size of 30 allows the determination of whether Bd
was present in a population of any size with 95% confidence, assuming a
prevalence of Bd of over 10% (Thrusfield 2005). Although it would be
desirable to use a lower prevalence threshold, the required sample size
increases very rapidly to a point that would be unfeasible for E. platycephalus
collection (e.g. for a population with an assumed size of 100 individuals, 45
would need to be sampled for a population with a 5% prevalence, or 96 for a
population with a prevalence of 1% c.f. 29 with a prevalence of 10%)

(Thrusfield 2005).

Diurnal visual surveys for E. platycephalus were conducted, searching each
section of stream bed and each pool exhaustively by lifting rocks, substrate
and leaf litter and capturing each animal encountered. In deeper pools, a
scuba mask, snorkel, and long-handled net were used to capture any
specimens that were present. Whenever possible, transects ran downstream

to avoid the possibility of spreading chytrid upstream into non-infected areas.

Target Species

As infection and signs of chytridiomycosis on Sardinia had previously only

been observed in E. platycephalus we concentrated our survey efforts on this
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species. However, due to the potential importance of alternative hosts as
reservoirs of Bd, | also sampled sympatric species if they met any of the
following criteria:

- As introduced species have been suggest as a point of introduction and
vectors of Bd (Fisher and Garner 2007; Garner et al. 2006) they are an
important target for sampling on Sardinia. One population of introduced
waterfrogs (Pelophylax/Rana spp. hybridogenetic complex) was sampled by
capturing frogs in the pond by hand.

- Species that have suffered unusual mortality events may have been
affected by chytridiomycosis and therefore should be a high priority for Bd
screening, particularly those populations in which mortality events have
occurred. For example, in June 2004 six dead adult individuals of
Discoglossus sardus were discovered in a stream feeding a freshwater lake,
‘Laghetto dei Pompieri’, located in the Limbara Mountains in northern Sardinia
(N40° 50’ 20.0”, E9° 8’ 35.0”). (Bovero pers comm). Similarly, in May 2006,
approximately 15-20 D. sardus mortalities were discovered within close
proximity of one another in the water body at Monte Olia forest camp, also in
the vicinity of the Limbara Mountains (N40 © 44’ 45” E9 °21’ 40”). D. sardus
was therefore an important species to sample.

- Congeners of species that have been infected with Bd in other locations
may be suitable alternative hosts for Bd. For example, Hyla arborea has been
infected by Bd on continental Europe, implying that the closely related
H. sarda (formerly a sub-species of H. arborea) is a possible alternative host.
| conducted a number of nocturnal visual surveys to sample both

Discoglossus sardus and Hyla sarda. The search process for D. sardus was
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similar to that used for E. platycephalus, while for H. sarda calls were followed
and vegetation was searched for individuals.

- Due to the endemicity and high level of extinction risk of the plethodontid
salamanders of Sardinia, sampling populations of the genus Speleomantes
was a priority to ascertain whether populations are threatened by
chytridiomycosis. Therefore | additionally sampled a population of

Speleomantes imperialis from the Sette Fratelli region.

Collection and field hygiene

All amphibians were caught on sight and kept individually in re-sealable
plastic bags to avoid cross infection. All individuals were sexed, weighed,
measured (snout-vent length for anurans, both snout-vent length and total
length for caudates), classified to life-history stage as well as surveyed for
distinguishing features such as digit loss or presence of lesions or ulceration.
Sampling for infection consisted of taking digit-tips and/or swab samples from
each individual that was captured. Digit-tips were collected from the first digit
on the right rear foot and stored in 70% ethanol. Swab samples were taken
by firmly running a fine-tip swab (MW100, Medical Wire and Equipment Ltd.)
over the lower abdomen, drink-patch, all 4 limbs, and digits of all limbs. A
clean pair of disposable powder-free nitrile gloves were worn from each
individual handled. Dead individuals found at any site were collected and
stored in 70% ethanol. Tissue samples of dead individuals were taken from
hindlimb digits and the drink-patch for DNA extraction. Additionally, in order
to visualise any Bd infection of the epidermis, tissue samples from any

infected dead specimens collected were embedded in paraffin, stained,
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sectioned and submitted to a commercial laboratory for histological

processing.

Between sampling sites all equipment was disinfected for 10 minutes in
household bleach containing at least 1% sodium hypochlorite (Australian

Government 2006; Johnson et al. 2003) and rinsed well with water.

Laboratory techniques

DNA was extracted from both the swab samples and tissue samples using a
bead beating protocol (Boyle et al. 2004). Extractions were diluted 1/10 with
distilled water and then subjected to real time quantitative polymerase chain
reaction (QPCR) developed specifically for the detection of Bd (Boyle et al.
2004). All samples were screened in duplicate with four concentrations of
standard Bd and a negative control. The unit of infection burden was the
Genomic Equivalent (GE); one GE being equal to the amount of Bd-DNA

present in the genome of a single zoospore.

Results

Between May and November 2007, a total of 528 individuals at 18 sites were
sampled in the three mountain regions of Sardinia (Fig. 6.1, Table 6.1). The

predetermined level of thirty specimens was achieved at 10 of the 18 sites.

Region 1 - Sette Fratelli
A total of 228 amphibians were sampled at seven sites in the Sette Fratelli

mountain range (see Figure 6.2 and Table 6.1). The specimens included 141
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E. platycephalus, 61 Speleomantes imperialis, 16 D. sardus, and 10 H. sarda.
At site M1 (Rio Marani) tissue damage was observed on the digits of either
front or hind limbs of a relatively large number of individuals (10 of 30
collected, perhaps indicating chytridiomycosis (e.g. see figure 6.3). Sufficient
individuals were collected at four of the sites in Sette Fratelli (M1, M4, M5 and
M6) to have 95% confidence of detecting Bd assuming a prevalence of 10% .
In the remaining three sites enough samples were collected to have 95%
confidence of Bd detection assuming a prevalence of 15% (n=19; Thrusfield
1995). Despite this MU having a site with a high prevalence of damaged
digits (site M1; Rio Marani) and also including the site of first Bd description in
Sardinia (Bovero et al. in press), no successful amplifications of Bd DNA were

obtained from these samples.

Region 2 - Limbara

Between 7th and 14th of August in the northern Limbara mountain range
more sites (n=8), and individual amphibians were sampled (n=267) than in the
other regions (see Figure 6.4). The majority of samples were H. sarda
(n=154), as the period of time in which sampling was conducted coincided
with the metamorphosis and emergence of this species from natal ponds.
Additionally tissue samples were collected from an introduced population of
water frogs (Pelophylax/Rana spp. hybridogenetic complex) (n=32) to assess
the possibility that this population acts as a reservoir or possible point of
introduction for the fungus on the island (Fisher and Garner 2007). D. sardus
was sampled at four sites (n=28). 62 samples of E. platycephalus were

collected, including 53 individuals from one site outside of the documented
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range of this species in Limbara (site A8). Of the eight sites sampled in the
Limbara region, six yielded enough samples to detect Bd assuming a
prevalence of 10% (A2, A3, A4, A5, A6, A8), one (A7) had enough samples to
detect Bd given a prevalence of 15% (required n=19), and at the remaining
site (A1) enough samples were collected to detect Bd given a prevalence of

20% (required n=14).

DNA extractions from samples collected in the Limbara Mountains
successfully amplified in three of 17 samples taken from apparently healthy
metamorphic individuals of Discoglossus sardus sampled at site A7 (table
6.1). The mean GE for these amplifications were 0.11 ge +0.03, 10.81 ge
+0.60, and 83.18 ge +7.27. We obtained a single preserved adult specimen
of undetermined sex from the mass mortality event at Monte Olia Forestry
Park in 2006 in the Limbara region (N40° 44’ 45”, E9° 21’ 40”) described in
the methods section. Tissue extractions from the dead specimen successfully
amplified, with a GE of 55.2+ 13.5 for the digit tissue and a mean GE of
78.3+15.7 for the drink patch tissue. Tissue samples from the specimen were
processed and inspected as histological samples. Unfortunately very few
epidermal cells remained after the histological preparation, most likely
because the corpse was already badly decomposed when it was collected in
2006. Inspection of Figure 6.5 suggests that the two positive sites in the
Limbara region are in separate drainage basins.

Region 3 - Gennargentu

Between 1st and 10th November a small number of samples (n=33) were

collected in the central region of Gennargentu, taken from three sites at which
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E. platycephalus were found (see Figure 6.6). In order to increase the sample
size for the Gennargentu region | included specimens of E. platycephalus
collected in 2005/06 (n=87). No successful amplifications of DNA extractions

were obtained from any of the samples collected in Gennargentu.

Discussion

These results, in conjunction with previous studies on Sardinia, describe the
presence of Bd at a minimum of three sites: the Maidopis stream system in
the southern Sette Fratelli region (Bovero et al. in press), and two sites
located in separate water basins in the vicinity of the Limbara Mountains in
northern Sardinia (See Table 6.1 for details of all sites). Here we discuss the
implications of our results focussing on the potential susceptibility of Sardinian
species, the possible epidemiological reasons for the observed distribution,

and future directions for research and management of Bd on Sardinia.

Increasing our knowledge of the emergence and epidemiology of Bdin a
given location may help in our efforts to implement the most suitable and
effective conservation management. The recent emergence of Bd has been
explained by two mechanisms that are not mutually exclusive: the Novel
Pathogen Hypothesis (NPH) and the Endemic Pathogen Hypothesis (EPH)
(Rachowicz et al. 2005). The former suggests that Bd has recently spread
into new geographic areas, while the latter states that hosts are becoming
more susceptible to pre-existing infections as a result of changes to the
environment. Determining which of these hypotheses is most accurate in a

given location (and indeed more generally) will have important implications for
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disease control: a novel origin would require identification and management of
vectors of spread, whereas an endemic pathogen would require management
of co-factors and synergistic agents. Our results suggest that Bd is present at
only three of the surveyed sites (Table 6.1; Figure 6.1). In theory, either the
EPH or NPH could explain the observed distribution: the pathogen could have
been recently introduced into those sites, or it could be endemic to a small
number of populations on the island. However, the rate of spread of Bdin
other infected regions has been estimated as 40-60 km/yr in Queensland,
Australia (Alexander and Eischeid 2001), 15-33km/yr in Costa Rica and
Panama and 25-282km/yr in the South American Andes (Lips et al. 2008).
With those estimated rates of spread, it seems likely that an endemic
pathogen would have a wider distribution and infected a larger number of
populations, given a suitable method of dispersal and suitable hosts and
conditions at other sites. As Bd may potentially be transported via
amphibians (Fisher and Garner 2007), water (Johnson and Speare 2003),
substrate (Johnson and Speare 2005) and even bird feathers (Johnson and
Speare 2005), such vectors are present and available on Sardinia, as are
apparently suitable habitat, conditions and hosts elsewhere on the island. It
therefore seems likely that, if Bd were endemic it would be present at more
sites than our results suggest supporting the hypothesis that Bd is a novel
pathogen that was recently introduced to Sardinia. However, as no
epidemiological analyses were conducted on our analyses it is not possible to
disentangle whether the EPH or NPH is responsible for the observed
distribution of Bd on Sardinia. With further surveillance, and consequent

larger samples sizes, such epidemiological analyses may be possible and in
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conjunction with genotyping of the Bd strains present, we may be better able
to understand the distribution and epidemiology of the pathogen on Sardinia.
Further investigation of the suitability of presumed non-infected sites for Bd
might also be warranted to determine whether conditions conducive to the
pathogen prevail throughout the year. For example, does the complete drying
of some streams during summer months preclude the possibility of Bd

persisting at those sites?

In total five species of amphibians were screened for Bd infection on Sardinia
(table 6.1). In addition to E. platycephalus only D. sardus could be confirmed
as an alternative host of Bd. The results of this screening cannot confirm that
native species such H. sarda, or S. imperialis are acting as an alternative host
for Bd on the island. Additionally, based on the evidence from this
surveillance it does not appear that the population of introduced
Rana/Pelophylax species complex surveyed (site A4) have acted as a point of
introduction or a reservoir for Bd on Sardinia. However, given the history of
invasive species as potential routes of Bd introduction, identification of further
populations and investigation of their Bd status may be warranted. The two
infected populations of D. sardus identified in this study (A7 and Monte QOlia)
have both suffered unusual mortalities in recent years, meaning that all sites
at which infection has been found on Sardinia have shown either signs of
chytridiomycosis (Rio Maidopis; Bovero et al. In press) or have experienced
mass mortalities (e.g. Laghetto dei Pompieri in 2004 and Monte Olia 2006).

Additionally, both D. sardus and E. platycephalus have aquatic life-stages and
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relatively restricted, high altitude distributions all of which may increase a
species’ susceptibility to Bd related decline (see chapter 3).

In combination, their biological profiles and the signs of chytridiomycosis in
infected populations suggest that Sardinian amphibian species such as E.
platycephalus and D. sardus could face severe consequences as a result of

infection.

Given the potentially severe effects of chytridiomycosis on Sardinian species,
there is a need for careful direction of future work on the distribution and
effects of Bd on the island. The results of the opportunistic surveillance
described in this chapter can be used to set such aims and objectives for
future work. A priority would be to increase the sample size of amphibians
screened at each site in all regions of Sardinia in order to improve our ability
to detect Bd at a lower prevalence. Further, false negative results could also
occur as a result of PCR inhibitors in the environment. Future work should
incorporate internal positive controls (IPC) in at least a subset of the samples
from each site in order to establish whether inhibition has occurred as a result

of environmental inhibitors (Walker et al 2007).

Ideally collections would be conducted in all regions simultaneously, when
amphibian densities are high, and conditions are most likely to suit high Bd
prevalence (Kriger and Hero 2007). From our experience early summer
(May) would be the most suitable time to collect samples. Later in the
summer (August) many streams had dried out, whereas in winter (November)

the water and air temperatures were too low to obtain enough amphibians.
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Within the most suitable season, it may be useful to sample at different times
during the day. Little is currently known about the activity cycle of the
species, which therefore may be active and easier to find at night. The
logistics of sampling stream-dwelling E. platycephalus at night made it
impossible to do so during this study. However, with a better knowledge of
the inhabited sites, efforts to conduct nocturnal collections of E. platycephalus
would be a worthwhile endeavour. Finally, in the absence of a sufficient
number of amphibians, environmental sampling (Walker et al. 2007) for Bd
could be a useful tool in future efforts to map the distribution of Bd on

Sardinia.

The results of this surveillance can also be used to prioritise populations and
regions for directing future efforts to map Bd on Sardinia at a finer scale. The
first priority should be to screen the infected populations of D. sardus at Monte
Olia and Laghetto dei Pompieri and E. platycephalus at Maidopis more
extensively in terms of both the number of sites screened in the surrounding
area and the number of individuals sampled per site. As a future direction we
recommend focussed efforts to sample and observe the population for clinical
signs of disease and unusual mortality at the time of breeding and
metamorphosis when densities of amphibians are highest, and the effects of
Bd most likely to be observable (Rachowicz et al. 2006). Based on the
occurrence of abnormalities in the digits of E. platycephalus in apparently
non-infected individuals at site M1 (Rio Marani), it appears that loss of digits is
not a reliable sign of infection status. However, in other species of aquatic

salamander (e.g. Cryptobranchus alleganiensis; Missouri Department of
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Conservation 2007) it appears that the presence of lesions and Bd infection
may be linked, so perhaps this association warrants further investigation in E.
platycephalus. The role of other potential cause of the loss of digits should
also be examined. For example, ranaviruses have been linked to mass
mortality events in a number of amphibian species (Cunningham et al. 2007;
Fox et al. 2006), and one of the signs of infection by the virus is the loss or
deformation of digits. The incidence of ranavirus on Sardinia, particularly in
populations where individuals have deformed limbs and digits, may be worth

further investigation.

Islands such as Sardinia represent an opportunity to tackle conservation
issues on a more manageable scale than continental sites facing similar
problems. If, as our results suggest, Bd is limited to a relatively small number
of sites on Sardinia, efforts must be made to prevent the spread of the
pathogen, and to limit its impact at infected sites. Two obvious modes of
dissemination of Bd, which may remain infective in water or substrate for up to
seven weeks (Johnson and Speare 2003; Johnson and Speare 2005), are the
extraction and transportation of water and the movement of human traffic. In
addition to reducing the amount of available habitat and increasing disease
transmission among individuals (Burrowes et al. 2004), the extraction and
translocation of water from streams and ponds could also aid the spread of
Bd. Careful monitoring of the movement of extracted water on the island
would reduce the risk of disease transmission via this potential route of
pathogen spread. Additionally, human traffic, specifically forestry workers

who may travel between multiple sites in one day, could transport Bd in
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substrate or water attached to their equipment, vehicles and clothing
(Johnson and Speare 2005). Raising awareness of the potential risk of Bd
transportation, and the ease with which forestry equipment and footwear can
be disinfected with suitable anti-fungal agents between sites would be a
simple way to reduce the likelihood of disease transmission via this route

(Australian Government 2006; Johnson et al. 2003).

To summarise, our results suggest that, in addition to the multiple threats
already faced by Sardinian amphibians, chytridiomycosis poses a further risk;
they also provide us with future directions for sampling efforts. In the context
of chytridiomycosis, a better understanding of the distribution and
epidemiology of the pathogen would aid policy-makers and conservation
practitioners in efforts to stem the spread and to reduce the effects of the
disease. Our study can serve as an example of how, with systematic
sampling, we can set conservation guidelines with the aim of preventing the

further introductions and stemming the spread of Bd within a system.
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Table

Table 6.1: Details of populations of Sardinian amphibians sampled in the 2007 field-season.
E. p.= Euproctus platycephalus, H. s.= Hyla sarda, D. s.= Discoglossus sardus, S. i.= Speleomantes imperialis,
R/P = Rana/Pelophylax complex

% Elevation

Region Site Coordinates n positive GE+/- S.E. (m)
Sette Fratelli M1) Rio Marani N39°20'51.2" E9°26'27.6" 30 (E. p.) 0 n/a 162
Sette Fratelli M2) Forestry station N39°16'26.7" E9°24'58.4" 26 (10 H.s.,16 D. s)) 0 n/a 517
Sette Fratelli MS3) Rio Sa Ceraxa N39°16'22.0" E9°26'29.1" 25 (E. p.) 0 n/a 579
Sette Fratelli M4) Sopra Burcei N39°21'52.5" E9°20' 39.0" 37 (E. p.) 0 n/a 262
Sette Fratelli M5) Speleomantes cave N39°17'42.8" E9°26'46.2" 61(S. 1) 0 n/a 769
Sette Fratelli M6) Su Baccu de is Angiulus  N39°20'21.9" E9°28' 01.3" 30 (E. p.) 0 n/a 136
Sette Fratelli M7) Maidopis system N39°18'08.9" E9°24'15.4" 19 (E. p.) 0 n/a 410
Limbara A1) Li Reni N40°52'30.6" E9°10'40.7" 14(8D.s.,4E.p.,2H.s) 0 n/a 749
Limbara A2) Fontana Fratelli N40°52'57.2" E9°9'48.8" 45 (44 H.s.,1 D. s) 0 n/a 673
Limbara A3) Samela N40°49' 20.1" E9°9' 54.9" 48 (43 H.s.,5 E. p) 0 n/a 676
Limbara A4) Su Bullone N40°46' 47.3" E8°52' 30.2" 32 (R/P) 0 n/a 153
Limbara Ab5) Pisciaroni N40°51'42.1" E9°08' 16.4" 30 (H. s.) 0 n/a 716
Limbara A6) Legata Fontana N40°48'59.5" E9°8'26.7" 32(80H.s,2D.s) 0 n/a 643
Limbara A7) Laghetto dei Pompieri N40°50'20.0" E9°08' 35.5" 22(17D.s.,5H.s) 13.6 31.36 +/-16.56 983
Limbara A8) Culumbanu N40°50'30.3" E9°06'50.9" 53 (E. p.) 0 n/a 983
Gennargentu N1) Pischina Urtadala N40°10'22.3" E9°29'17.25" 3(E.p) 0 n/a 720
Gennargentu N2) Iseriagos saminna N39°59'22.4 E9°18' 34.3" 2(E.p) 0 n/a 1279
Gennargentu N3) Perdas de Fogu N39°36'12.6" E9°29'29.6" 28 (E. p.) 0 n/a 486
Limbara Monte Olia N40° 44’ 457, E9° 21’ 40” 1D. s. 100 66.70+/-14.6 -

Gennargentu  Su Gunnue e Sebba N40°10'20.28" E9°29'2§©5" 87 (E. p.) 0 n/a 625



Figures

Figure 6.1: Locations of all populations sampled in the 2007 field season.
Blue denotes the Sette Fratelli region, red denotes the Gennargentu region,

and yellow denotes the Limbara region.
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Figure 6.2: Locations of sampled populations in the southern Sette Fratelli

mountain region.
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Figure 6.3: One of 10 specimens of Euproctus platycephalus with damaged

digits collected at site M1, Rio Marani.
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Figure 6.4: Locations of sampled populations in the northern Limbara

mountain region.
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Figure 6.5: Locations of positive sites in the Limbara mountain region.
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Figure 6.6: Locations of sampled populations in the Gennargentu mountain

region.
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Chapter 7: General Conclusions

Given the finite resources available to tackle the current biodiversity crisis, it is
important that the available time and money are allocated in a cost-effective
manner. Many approaches have been advocated for doing just that (Brooks
et al. 2006). At a species-level, prioritisation schemes may tally the number of
species to obtain a spatial measure of species richness (e.g. Myers et al.
2000) or endemism (BirdLife International 2004a). The information obtained
is then used to highlight ‘hotspots’ where we may focus conservation attention
in order to protect as many species as possible, and maximise the ‘bang for
our buck’. Although raw counts of species are informative, other information,
such as the level of a species’ extinction risk (Alliance for Zero Extinction
2005) or evolutionary history (Isaac et al. 2007; Redding and Mooers 2006),
may also be taken into account in order to highlight particularly vulnerable or
irreplaceable species or sites. However, current schemes focussing on
species vulnerability generally use spatial and environmental variables as a
surrogate of habitat degradation in order to quantify the intensity of threat
(Brooks et al. 2006). There are a number of drawbacks to the use of habitat
loss as a measure of vulnerability of a region: it is retrospective rather than
proactive in nature; it does not take account of the variety of threat processes
that may be acting upon species within a system; and it does not take into
account the varying susceptibility of different species. An alternative
approach, which addresses these problems, is to use information on a
species’ biology, environment, and the intensity of threat experienced, to

predict susceptibility to decline and an increase in threat status in the future,
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and highlight those species as being suitable for pre-emptive conservation

action (e.g. Cardillo et al. 2006).

| have focussed my doctoral research on gaining a better understanding of the
observed patterns of amphibian extinction risk, with the aim of using this
knowledge to predict species’ susceptibility to chytridiomycosis and direct
subsequent conservation efforts. In doing so, my work has contributed new
insights into how comparative studies may be used to inform the direction of

cost-effective, focussed research and applied conservation.

In the first empirical chapter of my thesis (chapter 2), | assessed how
heterogeneity in threat intensity, knowledge of conservation status, and
species biology underpins the taxonomic distribution of extinction risk in
amphibians. Although these mechanisms have been discussed at length in
the literature (Russell et al. 1998), to my knowledge this analyses represents
the first explicit test of their role in selectivity in extinction risk. My analyses
suggest that all three mechanisms contribute to the observed pattern. The
implications of this are two-fold. Firstly, the treatment of data deficient species
should be carefully considered before analyses are conducted or status
reports are prepared (e.g. Baillie et al. 2004; Stuart et al. 2004). A failure to do
so may result in inaccurate conclusions regarding the proportion of threatened
species recorded at higher taxonomic levels, and those conclusions may not
be restricted to poorly studied taxa with a high proportion of DD species.
Second, the role of biology in determining a species level of risk indicates that

conservation actions based on threat intensity alone is unlikely to be effective;
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the biology of species should be explicitly considered in conservation

decision-making.

If biology is important in rendering a species more or less susceptible to
threatening processes, it is important to understand which biological traits
increase the susceptibility of a species. Although several studies have looked
at associations between traits and declines at a local or regional level in
amphibians (Lips et al. 2003; Murray and Hose 2005; Williams and Hero
1998), my third chapter represents the first published study of such
associations in amphibians that have experienced an increase in extinction
risk at the global level using the phylogenetic comparative method. Although
more focussed, regional analyses may be particularly insightful for directing
conservation management of a specific system (Fisher and Owens 2004),
when regional or even population level idiosyncrasies in response to a threat
exist, global analyses can highlight overall trends and commonalities that are
more likely to be transferable among regions. Chapter 3 also takes a further
step by using the output of the most predictive model to highlight which
species are most likely to be susceptible to future declines as a result of
infection by Batrachochytrium dendrobatidis (Bd). Although such predictions
are based on extrapolations from past trends, and therefore assume that
current conditions and trends remain linear and constant, they can be very
effective in highlighting robust trends in the data with a view to making
predictions on what will happen next, and directing conservation resources
accordingly (Sutherland 2006). While some of the locations | identified with a

large number of susceptible species are already the subject of Bd sampling
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(e.g. the Andes), others, such as the Western Ghats in India, New Guinea,
and southern China have received little if any sampling as yet. These
locations therefore represent a high priority for future efforts to sample for Bd

and to monitor populations (Collins and Halliday 2005).

The model presented in chapter 3 represents a starting point in predicting
species susceptibility to Bd infection. It is important that if models are to be
useful in directing conservation, they are fine-tuned and improved as our
knowledge of both the pathogen and hosts improves. The incorporation of
more amphibian ecology and life-history traits would be useful in gaining a
better understanding of the role of species biology in susceptibility to decline.
Unfortunately. at the global level, the lack of such biological information has
limited the number of traits and species included in the analyses. In the short-
term, while more information on amphibian biology in certain regions is
lacking, more focussed models on regional systems, with finer scales of
decline may be useful for optimising the predictor and response variables that

we use and in improving the accuracy of predictions of species’ susceptibility.

As well as improving the quality and quantity of the information included in the
model, it is also important to consider factors that may affect a species
response but that are presently absent from the model (see Mustin et al.
2007). In the case of the model presented in chapter three, species
susceptibility is likely to be affected by additional factors, such as a species
immune defences (Woodhams et al. 2007); variation in the virulence of the Bd

strain that is present (Berger et al. 2005b), and Bd's biological or
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environmental requirements (Ron 2005). Efforts to include these extra
sources of variation would be an interesting extension of the work presented
here. Indeed, | am currently involved in a project to combine the predictions
made on Bd susceptibility with niche models that predict the pathogen’s

potential distribution.

If predictive models of extinction risk are to be useful for practical
conservation, we need to ensure that we use the best methods available.
Chapter four of my thesis assessed the use of three techniques that have
been advocated for modelling extinction risk, providing the first systematic
comparison of regression techniques, both with and without incorporating
phylogeny, and decision trees. On the basis of my results, future attempts to
model extinction risk should incorporate a suitable phylogenetic comparative
method to account for phylogenetic non-independence and to increase the
precision of the predictions made. However, decision trees may prove useful
in preliminary analyses, given their potential to highlight complex relationships
among variables, which can then be specified as interaction terms in the

phylogenetic comparative analyses.

An ultimate aim of predictive modelling in ecology and conservation is to make
predictions that others, whether they be researchers or conservation
practitioners, can use (Sutherland 2006). My fifth and sixth chapters illustrate
a simple way in which we can use these predictions to direct further research,
specifically sampling for Bd. So far, much of the Bd sampling conducted for

research purposes has been based around long-term study sites or species
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(e.g. Bosch et al. 2001; e.g. Lips et al. 2006; Rachowicz et al. 2006) or
focussed on a particular geographic region (e.g. Garner et al. 2005). In
chapter five | highlight how, using the output of the model of Bd susceptibility
from chapter three, model predictions can direct sampling of target species
with the goal of expanding global Bd surveillance in a more systematic and
cost-effective manner. This is of particular importance in regions lacking any
current sampling efforts such as South and South-East Asia, which are too
large for systematic geographic surveillance (e.g. chapter six). The procedure
presented here highlighted one species that, given its declining population
and the presence of Bd, certainly warrants further, more focussed, research
with regards its population status and the role of chytridiomycosis in its
decline. Ideally, the targeted surveillance presented here would have been
even more focussed in terms of the number of samples taken to detect Bd
presence. Several procedures exist in the literature for calculating the
minimum sample size required to gain an accurate impression of the presence
of a trend or pattern (e.g. Balillie et al. In Press; Franco et al. 2007). If such a
procedure could be developed for Bd sampling and compared and contrasted
with current epidemiological models (e.g. Thrusfield 2005) we may be able to

increase the cost-effectiveness of Bd sampling in new regions.

Chapter six described one such piece of focussed research, which assessed
the distribution of Bd on the island of Sardinia, one of the most endemic and

highly threatened amphibian assemblages in Europe. This chapter stands as
an example of how, for a relatively small amount of time and money, directed

research can be used to recommend a number of future directions for the
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management of Bd. The results of chapter six suggest that Bd is restricted in
its distribution on the island and that, in addition to more research on the
subject, efforts should be made to prevent further dissemination of the
pathogen. In order to do so, collaboration between the local conservation
practitioners and policy-makers is vital. Given the enthusiasm and interest
that the forestry workers and managers of Sardinia showed in this research, it
seems likely that further plans to involve the forestry department in this work
in order to set conservation targets would be welcomed, and this is something
that my collaborators on the island and | are actively pursuing. Given the
importance of increasing the flow of information between research and
conservation practitioners and policy-makers, such collaboration can only be a

positive move for the conservation of Sardinia’s amphibian species.

Amphibian conservation faces some major challenges in the near future. The
conversion of academic research into applied conservation is one such
challenge, and this is an area | aimed to tackle in my doctoral research. In
doing so, | have illustrated one method of prioritising species for conservation
action, and highlight how the model output may be used to direct
conservation management and policy. However, amphibian conservation
faces some major challenges in how it deals with the threat caused of Bdin
the future. Improving our knowledge of the basic biology and population
trends of susceptible species is an obvious, yet important, area in which we
need to invest time and money if we are to accurately monitor the future loss
of amphibian populations, and ascertain which species are most susceptible

to those declines (Collins and Halliday 2005). In conjunction with better
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knowledge of biology and population status, Bd surveillance in poorly-known
regions would help efforts to understand species response to Bd exposure,

infection, and disease occurrence.

For populations suffering declines as a result of Bd infection, the ultimate
objective must be to find an effective treatment for the pathogen at a
landscape level. At present, although individually infected animals can be
treated in captivity, no suitable wide-scale applications exist. In the interim,
the aim of many conservation organisations and animal collections is to
establish ex situ collections of animals with the aim of reintroduction at a later
date (http://www.amphibianark.org/ 2008). However, landscape level
treatment and ex situ management, are major challenges that are unlikely to
have a silver-bullet solution; many species and sites may have idiosyncrasies
and special requirements. It is therefore important that at each step along the
way there is clear communication between field-researchers, and
conservation practitioners and managers in order to improve the flow of
information on species population trends, infection status, response to
infection, management of ex situ populations, and landscape level trials.
Several large-scale, collaborative projects are already in place (e.g.
http://www.amphibianark.org/ 2008; http://www.spatialepidemiology.net/bd),
which may be extended in size and scope to share knowledge that may
otherwise not reach the published literature (e.g. species response to
exposure to Bd, or species optimal ex situ husbandry). Additionally the use of
adaptive management regimes, and the communal databases of conservation

successes and failures (Sutherland et al. 2004) may play an important role in
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combating future declines and preventing further extinctions as a result of

chytridiomycosis.
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