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General abstract
Amphibian species worldwide are under pressure from multiple threats,
including altered hydrological regimes, reduced habitat quality and extent,
predation and competition from introduced species, and the spread of novel
diseases. The impact of many of these threats can be influenced by the
underlying baseline climate. The impact of the disease chytridiomycosis,
caused by the fungal agent Batrachochytrium dendrobatidis (Bd), epitomises
the complex interaction between threatening processes and climate, having
contributed to the decline of more than 500 amphibian species (Scheele,
Pasmans, et al., 2019). While the majority of documented losses have
occurred in cooler temperate regions or at higher altitudes (Berger et al.,
1998), limited studies have been completed on the impact of Bd in semi-arid
or arid regions (J. Ocock, Rowley, Penman, Rayner, & Kingsford, 2013; Voros,
Price, & Donnellan, 2011).
I open this thesis with a systematic literature review (Chapter 2) on the role of
temperature in the epidemiology of Bd. Chapter 3 introduces the two study
regions: temperate southern Victoria and semi-arid south-western New South
Wales, with details of climate, wetland types, and baseline amphibian species
diversity and abundance which support an iconic endangered species, Litoria
raniformis. Chapter 4 explores the environmental drivers of Bd prevalence and
infection intensity in L. raniformis, at the two ends of their broad climatic range.
In Chapter 5, I go on to investigate the differences in age structure, growth and
survival rates between the populations in the two climatic regions based on
skeletochronological analysis. These population demographics are then used
in Chapter 6 to inform a stochastic population model, which was in turn used
to determine extinction risk of L. raniformis under alternate environmental
watering regimes in a semi-arid wetland. Chapter 7 draws the thesis to a close
and offers management implications and direction for future research.
The systematic review synthesized current knowledge on the role of
temperature as a driver of the pathogenicity and virulence of Bd. I identified
the inconsistencies in temperature measurement methods in the field and offer
guidelines for four levels of temperature monitoring in amphibian field studies:
regional climate, habitat level, microhabitat, and amphibian host. Furthermore,
20

I identified that each amphibian species and population vary in their
susceptibility to Bd and therefore research activities should be species
specific, especially for those vulnerable to extinction. As a result, I developed
this experimental design to explore the four levels of temperature impacting
Bd prevalence and intensity in L. raniformis in two climatically disparate
regions, and determine the impact this has on their growth and survival rates.
Wetland temperatures can be influenced by timing and duration of inundation;
therefore, I developed a population model to explore the ramifications of
different watering regimes for population viability for L. raniformis, based on
variation in the water temperature regime under these alternate watering
regimes, and resulting differences in Bd prevalence and infection intensity.
Surveys were completed at wetlands in the Lowbidgee region of New South
Wales (semi-arid climate) and East Gippsland region of Victoria (temperate
climate). Wetlands in both regions were selected based on known or historic
presence of L. raniformis and were surveyed for frogs four to six times over
the 2018/2019 breeding season (September to April). Survey sites were
restricted to the Lowbidgee only during the 2019/2020 breeding season during
which surveys were repeated monthly. Data collected by Geoffrey Heard in
the Melbourne region (2005/2006 and 2006/2007) were incorporated into this
thesis due to severe drought conditions leading to unexpected small sample
size in the Gippsland region in 2018/2019, and abandonment of fieldwork in
this region in 2019/2020. The additional data allowed for a comparison in
chytrid prevalence and intensity between climatic regions to be conducted.
Swabbing for Bd was undertaken during frog surveys, with the resulting data
demonstrating an overall prevalence of Bd infections of 7.9% among
L. raniformis in the semi-arid region (which was considered to be outside the
range of Bd prior to this study) and 23.4% prevalence in the temperate region.
Infection intensity (zoospore load) was seven times lower in the semi-arid sites
than the temperate sites on average. Prevalence and intensity varied
seasonally with higher infection rates in spring when temperatures are cooler.
Infection rates then decreased over summer to a low in January before
increasing again as the weather cooled. Water temperature, salinity and pH
were determined as the main drivers of chytrid prevalence in both climatic
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regions. Air temperature was found to be the strongest driver of infection
intensity, although the relationship was weak.
Toe clips were taken from L. raniformis during frog surveys in the first field
season for the purpose of aging via skeletochronology (2018/2019). Age
distributions of populations in both semi-arid and temperate regions were
skewed to relatively young individuals and were significantly more skewed in
the semi-arid region than the temperate regions. Wetland hydroperiod and
average seasonal air temperature were correlated with age, with a greater
frequency of older individuals at sites with longer hydroperiods and lower
average seasonal air temperature. Derived growth curves showed males had
a smaller asymptotic body size than females, with both sexes exhibiting a
faster growth rate in the semi-arid region than the temperate regions. Males
had a slightly higher annual survival rate than females (0.31 for males and
0.27 for females), and there was a weak positive correlation between survival
rate and hydroperiod.
In the final data chapter (Chapter 6), I present the results of a stochastic
population model which uses the survival rates determined in Chapter 5 to
build on a population model for L. raniformis developed previous (Rupert
Mathwin and Corey Bradshaw, University of Adelaide, under review). I found
the extinction probability at a key wetland in the Lowbidgee (Nap Nap) was
lower when the watering regime entailed inundation during September (5%)
or October (4%) compared with August (13%), due to the impact of water
temperature on Bd infection prevalence and resulting lower survival rates.
Exploration of the frequency of watering using this model also suggests that
the extinction probability for L. raniformis at Nap Nap is substantially lower
when managers ensure the wetland does not stay dry for more than one year.
The conclusions of this thesis provide new knowledge that: (1) Bd is present
in amphibian populations inhabiting semi-arid regions outside the previously
predicted range of the fungus; (2) although the prevalence and intensity of
infections is lower than that recorded in the temperate region, the
environmental drivers remain similar across climate zones; (3) populations in
both semi-arid and temperate regions are dominated by young individuals; (4)
stochastic population models can be successfully used to calculate extinction
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risk for endangered species under stress from multiple threatening processes.
This body of work contributes to decision-making surrounding the complex
task of water management for biodiversity conservation of wetlands in
regulated systems.
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1. General introduction: Amphibian chytrid fungus
Freshwater ecosystems are under continued threat from water extraction,
invasive species, pollution and climate change (Dodds, 2002; Ormerod,
Dobson, Hildrew, & Townsend, 2010; Woodward, Perkins, & Brown, 2010).
The loss and degradation of freshwater habitats is a major threat to
biodiversity, with amphibian populations being particularly vulnerable (Collins,
Crump, & Lovejoy III, 2009; Wake & Vredenburg, 2008). While direct loss of
habitat is a major driver of amphibian declines globally, other, often interacting
factors, contribute to population declines, including increased numbers of
exotic species, changing availability of resources and spread of diseases
(Cushman, 2006; Lehtinen, Galatowitsch, & Tester, 1999; Sodhi et al., 2008).
One particular threat is the disease chytridiomycosis, caused by the fungus
Batrachochytrium dendrobatidis (Bd), which has been linked to mass die-offs
and population extinctions of amphibians across the globe (Berger et al., 1998;
Daszak, Cunningham, & Hyatt, 2003; Lips, 1998).
Chytridiomycosis has led to the greatest recorded loss of biodiversity
attributable to a disease (Scheele, Pasmans, et al., 2019). It has contributed
to the decline of over 500 species, has been detected in at least 52 different
countries, and is the cause of 90 presumed extinctions (Fisher & Garner, 2020;
Longcore, Pessier, & Nichols, 1999; Rosenblum, Voyles, Poorten, & Stajich,
2010; Scheele, Pasmans, et al., 2019). Only 12% of declining species
impacted by Bd show signs of recovery and 39% are experiencing ongoing
declines (Scheele, Pasmans, et al., 2019). Although chytridiomycosis was first
identified in 1998, Bd has been found in museum specimens from Asia as
early as 1902 (Fisher, Garner, & Walker, 2009; O’Hanlon et al., 2018). The Bd
lineage responsible for the more recent population declines and extinctions is
the Global Pandemic Lineage (GPL). Most recent evidence shows GPL
emerged out of Korea (O’Hanlon et al., 2018). It is thought to have spread by
trade and globalisation (O’Hanlon et al., 2018).
Enigmatic amphibian declines were first reported in Brazil in the late 1980s
(Ruggeri et al., 2015). In North America, an epidemic wave of chytridiomycosis
resulted in population decline and local extinction of many species (BolomHuet, Pineda, Díaz-Fleischer, Muñoz-Alonso, & Galindo-González, 2019).
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Population declines have mainly occurred in cooler regions, during cooler
months or at higher elevations (Sapsford, Alford, & Schwarzkopf, 2013;
Woodhams & Alford, 2005). However, Bd has a wide climatic distribution:
mass mortalities have been observed in Neotropical Panama (Lips et al.,
2006), population declines of multiple species of stream-dwelling frogs
recorded in tropical Queensland, Australia (Woodhams & Alford, 2005) and Bd
has recently been detected in the dry Mediterranean climate of Baja California
(Luja, Rodríguez-Estrella, Ratzlaff, Parra-Olea, & Ramírez-Bautista, 2012).
In Australia, ‘infection of amphibians with Bd resulting in chytridiomycosis’ is
listed as a key threatening process under the Environmental Protection and
Biodiversity Conservation Act (EPBC Act, 2016) and has been linked to
declines of multiple amphibian species since its arrival in the 1970s (Berger et
al., 1998; Longcore et al., 1999). Batrachochytrium dendrobatidis has been
detected in all states except the Northern Territory. Of Australia’s 248 native
amphibian species (FrogID, 2022), four are extinct, a further three have not
been recorded for many years and appear to have been lost, and 36 have
suffered population declines with Bd one of the key causative agents (Scheele,
Foster, et al., 2019; Scheele, Skerratt, et al., 2017).

1.1.

Pathogenesis of Batrachochytrium dendrobatidis

Batrachochytrium dendrobatidis travels through water as a flagellated
zoospore. On contact with an amphibian host, it embeds in the epidermis and
develops into a sporangium, which releases up to 150 more zoospores within
4-5 days (Annis, Dastoor, Ziel, Daszak, & Longcore, 2004). The dermis and
epidermis of amphibians are extremely important for water, ion and oxygen
regulation (Heatwole, 1994). Some amphibian species lack lungs entirely and
rely on their epidermis for respiration. Chytridiomycosis occurs when a critical
density of Bd fungal population has developed in the host epidermis (Voyles
et al., 2007). The fungal hyphae consume keratin within the epidermal cells,
disrupting osmoregulatory and transport functions, altering electrolyte balance
and eventually leading to cardiac arrest (Longcore et al., 1999; Voyles et al.,
2007).
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Sensitivity to Bd infection varies between amphibian species. For some it is
highly virulent, while others are able to persist despite infection, thereby acting
as a reservoir for the disease (Scheele, Hunter, Brannelly, Skerratt, & Driscoll,
2017). Batrachochytrium dendrobatidis zoospores survive in moist substrates
for up to three months, increasing the pathogen’s capacity to persist in habitats
and reinfect individuals that recolonise wetlands after they have dried and
refilled (Johnson & Speare, 2003; Woodhams et al., 2007). The growth and
reproduction of Bd is influenced by the temperature and humidity of the air,
and the temperature, pH, and salinity of water in surrounding habitats
(Piotrowski, Annis, & Longcore, 2004).

1.2.

Temperature and Bd

Environmental temperatures impact frog feeding, behaviour, growth rate,
movement and breeding behaviour, as well as their immunocompetence and
susceptibility to disease (Carey, Cohen, & Rollins-Smith, 1999; Robak &
Richards-Zawacki, 2018). Batrachochytrium dendrobatidis is sensitive to
temperature and is known to grow and reproduce in pure culture between 4°C
and 27°C (Piotrowski et al., 2004). Optimal short-term growth of Bd occurs at
an air temperature of 17–26°C (Piotrowski et al., 2004; Stevenson et al., 2013).
The lethal thermal maximum of Bd in a constant temperature environment is
26–29°C, depending on the isolate (Stevenson et al., 2013). Batrachochytrium
dendrobatidis infections are known to vary seasonally, which is likely a
reflection of seasonal variation in air and water temperatures to which both
host and pathogen are exposed (Murray, Skerratt, Speare, & McCallum, 2009;
Retallick, McCallum, & Speare, 2004).
Behavioural thermoregulation can act to increase a frog’s body temperature
above the Bd threshold to reduce infection load (Woodhams, Alford, &
Marantelli, 2003). Individual body temperatures and thermoregulatory
behaviours, in addition to dominant climatic regimes, are therefore vital in
predicting climate-sensitive chytridiomycosis dynamics (Berger et al., 2016;
Greenspan, 2017; Rowley & Alford, 2013; Voyles et al., 2012). The
characteristics of an individual’s habitat, including availability of micro-habitats,
can influence the capacity to use thermoregulation against infection (Richards-
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Zawacki, 2009; Rollins-Smith et al., 2002; Woodhams et al., 2006). Emergent
vegetation may reduce temperatures by through shading (Heard et al., 2015),
alternatively, rocky platforms may provide warmth for amphibians to raise their
body temperature potentially reducing infection burdens. Despite much
research dedicated to understanding the epidemiology of the disease, both
under laboratory and field conditions, there remains much to learn about the
drivers of Bd-related population declines in amphibians (Berger et al., 2016; J.
Ocock et al., 2013; Voyles et al., 2017).

1.3.

Bd effect on population demographics

Several factors determine population growth or decline: population size,
density, age structure, fecundity, mortality and sex ratio (Dodge &
Commenges, 2006). Infection with Bd and the resulting mortality can reduce
longevity across the population and lead to a younger population on average
(Scheele et al., 2016). High rates of annual adult mortality in Bd-infected
populations severely truncated age structure (Scheele et al., 2016). Truncation
of age structure reduces the capacity of populations to tolerate other sources
of mortality as recruitment rates are already compromised. Older individuals
generally contribute more or higher quality offspring compared to first time
breeders (Berkeley, Chapman, & Sogard, 2004), with younger females being
smaller and generally displaying smaller average clutch volumes (Scheele et
al., 2016).
Quantifying age structure in amphibian populations can be challenging, as
methods for determining age of individuals requires substantial survey effort,
such as through mark-recapture studies. Skeletochronology is an alternative,
involving the taking of a toe-clip from members of a population and processing
these bone-samples using histological techniques to reveal lines of arrested
growth (LAG) observable in cross-section (Bastien & Leclair, 1992; Mann,
Hyne, Selvakumaraswamy, & Barbosa, 2010; Sinsch, 2015). The number of
LAGs corresponds with the number of over winter periods the frog has lived
through, from which age is determined. Only species that experience a clear
winter dormancy or a period of negligible to low growth will produce clear LAGs
(Hemelaar, 1985; Mann et al., 2010). For species for which this technique is
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possible, the resulting age structure data can be used to estimate growth and
survival rates and parameterise population models, from which population
viability analyses may be pursued to understand responses to stochastic
processes such as disease, drought and changing climate.

1.4.

Study species: Litoria raniformis

The southern bell frog (Litoria raniformis), also known as the growling grass
frog, is native to south-eastern Australia, including Tasmania. Once
widespread and abundant across a range of habitats and climates throughout
south-eastern Australia (Hero et al., 2004; Pyke, 2002), L. raniformis has
suffered significant population declines over the past 40 years (Heard,
Scroggie, & Malone, 2012b; Wassens, 2008). Remnant populations are
largely restricted to mild, low-elevation climates across their former range
(Mahoney, 1999; Wassens, 2008).
Litoria raniformis are considered habitat generalists, found to occupy
permanent lakes, dams and streams and seasonally flooded wetlands. They
are mostly found amongst emergent vegetation including Typha sp. (bullrush),
Phragmites sp. (reeds) and Eleocharis sp. (sedges) and are sensitive to
reductions in the percentage cover of floating and emergent vegetation
(Heard, Robertson, & Scroggie, 2008; Pyke, 2002; Wassens, Hall, Osborne,
& Watts, 2010). Aquatic vegetation is required for successful breeding as it
provides egg-laying sites, calling stages for males and food and shelter for
tadpoles (Wassens, 2008). Breeding usually occurs in still or slow-moving
water, in areas with extensive growth of either emergent or submerged
vegetation. Predation by introduced fish species such as European carp,
Cyprinus carpio and Gambusia, Gambusia holbrooki can severely reduce
breeding success (Wassens, 2008). Other factors driving declines include
large scale habitat loss, degradation and fragmentation caused by
urbanisation, agricultural practices, water regulation and disease (Clemann &
Gillespie, 2012).
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Plate 1-1 Female and male Litoria raniformis in amplexus. Bayil Creek, Gayini
Nimmie-Caira, Lowbidgee, NSW; December 2019. Photo: Anna Turner.

In the Murray-Darling Basin, Litoria raniformis generally breed between
October and March (Plate 1-1) following local flooding, which triggers calling
in breeding males. Females can breed in their first year with egg masses
containing up to 4000 eggs, depending upon condition. These eggs float in a
jelly raft that eventually breaks up and sinks (Anstis, 2013). Egg-laying can
occur within days to several months following flooding. Tadpoles hatch 2 – 4
days later (Anstis, 2013). Metamorphosis of tadpoles takes between 12 – 15
weeks depending on water temperature and permanence (Cree, 1984; Mann
et al., 2010; Pyke, 2002). Mark-recapture studies in the temperate southern
part of its range (Melbourne, Victoria) by Heard et al. (2012b) confirmed
L. raniformis displays rapid growth and maturation similar to the closely related
species (Litoria aurea) (Pickett et al., 2014). Their data also suggests
L. raniformis has low adult survival rates.
Batrachochytrium

dendrobatidis

has

been

identified

in

L. raniformis

populations in southern Victoria (Heard et al., 2014). The only published
literature describing inland surveying for Bd in L. raniformis was conducted in
the Coleambally (Mann et al., 2010) and Lower Murray in South Australia, both
with small sample sizes (Voros et al., 2011). To date, there has been limited
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sampling of Bd across the broad geographic range of the species, particularly
inland semi-arid areas.

1.5.

Aims of thesis

There are solid empirical grounds to suspect that variation in the temperature
regime to which L. raniformis are exposed will be a strong predictor of disease
risk in this species. Higher temperatures limit Bd growth rate, but within
warmer environments, there are likely to be cooler microhabitats that support
Bd growth. There are a range of habitat conditions, including water
permanence, shading and vegetation that may allow Bd to persist across a
wider geographic range than might be predicted when considering dominant
climatic regimes (Voros et al., 2011). The wide range and distribution of
L. raniformis across strong climatic gradients, plus recent population declines
and known susceptibility to Bd, make L. raniformis an excellent model species
for examining the macro and micro-scale effects of temperature on the
pathogen’s epidemiology.
Scheele, Pasmans, et al. (2019) highlighted that, despite Bd being described
over twenty years ago (Berger, Speare, & Hyatt, 1999), major knowledge gaps
remain. These gaps include: (1) the global extent of species declines
associated with Bd; (2) global spatial and temporal patterns of Bd impacts, and
(3) ecological and life history traits which have only been examined for a
portion of declined species (Scheele, Pasmans, et al., 2019). In this study, I
aimed to address part of these knowledge gaps for the endangered southern
bell frog, L. raniformis.
My first aim was to synthesise current literature on the extent of temperature
as a driver of Bd infection prevalence and intensity, and produce
recommendations for temperature measurements in the field to increase
consistency across global studies. My second aim was to assess the current
status of L. raniformis populations and amphibian communities in known and
former strongholds, in temperate and semi-arid regions. My third aim was to
quantify Bd prevalence and intensity in L. raniformis populations across two
contrasting climatic regions: the semi-arid and temperature portions of the
species’ range. Within each, I sought to also identify the leading environmental
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drivers of infection prevalence and intensity at the regional and multi-region
scales. My fourth aim was to determine the age structure of L. raniformis in
semi-arid and temperate regions, and to estimate growth and survival rates in
regions where Bd is found. I used these results to pursue my fifth aim of
developing a stochastic population model to predict the extinction risk of a
significant population of L. raniformis in semi-arid New South Wales, with
particular focus on the influence of the timing (and therefore temperature), of
environmental watering programs for the species. Controlled delivery of water
to wetlands for environmental purposes (environmental watering) is a key
management approach for supporting remnant populations of L. raniformis in
semi-arid New South Wales, but there has been no consideration of the role
of the timing or frequency of watering on Bd infection risk, and its implications
for population persistence.

1.6.

Structure of thesis

Chapters in this thesis are at various stages of publication in peer-reviewed
journals. The overall structure of the thesis is provided in Figure 1-1. The most
up-to-date version of each chapter (as of 25/03/2022) is provided here for the
purpose of this thesis. Where publication has taken place, the relevant citation
is provided, and where chapters have been submitted and in the editing
process, the current publication status is provided. There is some unavoidable
repetition in the chapters as they serve as stand-alone publications.
Chapter 2. Systematic review:
A published manuscript titled: “Temperature as a driver of the pathogenicity
and virulence of amphibian chytrid fungus: a systematic review” draws
together background literature used to develop the research questions for this
thesis. It presents the best methods for measuring temperature in the field in
relation to amphibians and the design of monitoring equipment used in this
study. This paper was accepted for publication in February 2021 and published
in the Journal of Wildlife Diseases in July 2021.
Chapter 3. Communities supporting Litoria raniformis.
An overview of the study regions and the selected survey sites, describing the
size and diversity of survey sites and their respective frog communities, from
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which the data for this thesis was collected. This chapter provides summary
statistics of the surveys conducted and background information before delving
into chytrid infection and population demographics of L. raniformis in the
subsequent chapters.
Chapter 4. Chytrid infection dynamics in frog populations from
climatically disparate regions.
Published in Biological Conservation (issue 264, 9/11/2021), this chapter
analyses the environmental drivers of Bd prevalence and intensity in
Litoria raniformis. This is presented at two scales: (1) across two climatic
regions which includes semi-arid Lowbidgee, and temperate Melbourne and
Gippsland, and (2) the regional scale, focussing on the Lowbidgee and the
environmental drivers of disease in this semi-arid environment.
Chapter 5. Age structure of amphibian populations with endemic
chytridiomycosis, across climatic regions with markedly different
infection risk.
Published in Ecology and Evolution as of 25th June 2022. I used
skeletochronology to determine the age structure of L. raniformis populations
in the semi-arid and temperate regions. I determined the environmental
correlates of age structure in these populations and derived growth curves for
male and females in each climatic region. Adult survival rates for L. raniformis
were also calculated for each region, which were used to inform the
subsequent chapter.
Chapter 6. Timing of environmental watering influences extinction risk
for chytrid-infected amphibian populations
In this manuscript prepared for publication (due to be submitted after
publication of Chapter 5, as it utilises data from both Chapter 4 and 5). I used
survival rates and predicted wetland temperature regimes to build upon an
existing stochastic population model for L. raniformis. I tested the effect of the
timing of environmental watering on population extinction risk for a remnant
semi-arid population of L. raniformis, due to the effect of the timing of watering
on the water temperature regimes, and in turn, Bd infection dynamics.
Chapter 7. Synthesis of findings
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This chapter provides a synthesis of the preceding chapters, and draws
together conclusions to inform a discussion of management implications
arising from this study.
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Figure 1-1 Flow chart of thesis structure.
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Abstract
Chytridiomycosis,

caused

by

the

chytrid

fungus

Batrachochytrium

dendrobatidis (Bd), is a leading cause of global amphibian declines. Severe
infections with Bd can lead to cardiac arrest, and mass deaths during
epidemics have been reported. Temperature, pH, salinity, and moisture are
important

determinants

of

the

survival,

growth,

reproduction,

and

pathogenicity of Bd, as well as its effect on amphibian populations. Here, we
synthesize current knowledge on the role of temperature as a driver of the
pathogenicity and virulence of Bd to better understand the effects of
temperature on amphibian defence mechanisms against infection. This review
advises on research direction and management approaches to benefit
amphibian populations affected by Bd. We conclude by offering guidelines for
four levels of temperature monitoring in amphibian field studies to improve
consistency between studies: regional climate, habitat, microhabitat, and
amphibian host.
Key words: Disease, environmental refuge, freshwater, guideline, intensity,
key threatening process, prevalence, thermal, wildlife health.

2.1.

Introduction

The amphibian chytrid fungus, Batrachochytrium dendrobatidis (Bd), is a
leading cause of amphibian declines globally (Berger et al., 1998; Scheele,
Pasmans, et al., 2019). Chytridiomycosis, the disease caused by Bd, impairs
critical skin functions in amphibians, including oxygen regulation, hydration,
and electrolyte balance (Voyles et al., 2007). Severe infections can lead to
cardiac arrest, and mass deaths can occur during epidemics (Bosch, Martın
́ ezSolano, & Garcıa
́ -Parıś , 2001; Lips et al., 2006). Chytridiomycosis has
contributed to the decline of more than 500 amphibian species, 18% of which
are inferred extinct in the wild, whereas a further 25% have experienced a 90%
reduction in abundance (Scheele, Pasmans, et al., 2019).
The global impact of Bd on amphibian populations has led to considerable
research since amphibian declines were first reported because of the fungus
in 1997 (Berger et al., 2016; Berger et al., 1998). Temperature, salinity, pH,
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and moisture availability are now recognized as important drivers of the
survival, growth, reproduction, and pathogenicity of Bd (Berger et al., 2016;
Skerratt et al., 2007; Voyles, Rosenblum, & Berger, 2011). The unique immune
response and skin microbiota of amphibians can interact with environmental
factors to determine their susceptibility to the pathogen (Carey et al., 1999).
Temperature has a key role in regulating the growth and survival of Bd both in
vitro and in vivo and is crucial in regulating the physiology and
immunocompetence of amphibian hosts (Carey et al., 1999; Robak &
Richards-Zawacki, 2018).
Temperature is one of the most important environmental factors influencing
the outcome of interactions between Bd and amphibian hosts. In the
laboratory, Bd can survive freezing, displays optimal growth between 17 and
25°C, and fails to grow at 28°C (Johnson, Berger, Phillips, & Speare, 2003;
Kriger & Hero, 2008; Piotrowski et al., 2004). Sensitivity to temperatures above
28°C is significant, with reports of 50% mortality of Bd cultures when held at
30°C for 8 days and 100% mortality of Bd cultures within 4 hours when held at
37°C (Johnson et al., 2003; Piotrowski et al., 2004). However, Bd is able to
survive at 4°C and can, therefore, overwinter in its hosts (Bosch, Carrascal,
Durán, Walker, & Fisher, 2007; Piotrowski et al., 2004).
The response of Bd to variations in temperature in culture does not fully
explain infection outcomes among hosts (Voyles et al., 2017). During in vitro
and in vivo experiments, Raffel et al. (2013) found that Bd grew slower at 15°C
than it did at 25°C but caused greater frog mortality at the lower temperature,
a finding consistent with reports of heightened virulence at cooler
temperatures (Bustamante, Livo, & Carey, 2010; Chatfield & RichardsZawacki, 2011; Raffel et al., 2013). These results align with patterns of
infection risk observed in the field: outbreaks of chytridiomycosis occur at
cooler, high-elevation sites and when temperatures are at seasonal lows
(Berger et al., 2004; Gillespie, Hunter, Berger, & Marantelli, 2015; Woodhams
& Alford, 2005). However, some studies have found increased Bd prevalence
at higher temperatures (Bosch et al., 2007; Pounds et al., 2006a), which
provides support for the thermal mismatch hypothesis. This hypothesis
suggests that host species adapted to warmer temperatures will be more
susceptible to disease at relatively cooler temperatures when pathogens are
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able to outperform their hosts because of their wider thermal breadths (Cohen
et al., 2017; Rohr et al., 2018).
Recent reviews have focused on quantifying global effects of Bd (Scheele,
Pasmans, et al., 2019); the actions, research, and resources required to
prevent extinctions; and overviews of taxonomy, phylogeny, distribution, and
ecology of the pathogen (Berger et al., 2016). Although reviews have
documented the role of environmental factors in determining the prevalence
and intensity of Bd in amphibians (Scheele, Hunter, et al., 2017), there are few
peer reviewed articles that draw together laboratory and field experiments
testing the role of temperature on infection risk with Bd (Cohen et al., 2017;
Rollins-Smith, 2020; Sauer et al., 2020). We present a systematic review on
temperature as a driver of the pathogenicity and virulence of chytridiomycosis
in anurans, with a secondary objective of reviewing methods of temperature
measurement during field-based research on Bd and provide guidance to
researchers on best practices. Increased consistency of temperature
measurement in the field will refine our theoretical understanding Bd-host
dynamics, determining species at risk and informing conservation efforts. This
is especially important in the face of a changing climate.

2.2.

Materials and methods

Literature was systematically reviewed using the PRISMA (Preferred
Reporting Items for Systematic Review and Meta-Analysis) protocol (Figure
2.1) (Moher, Liberati, Tetzlaff, & Altman, 2009). Initial searches were
conducted through online databases Scopus (Elsevier, Amsterdam, the
Netherlands), Trove (National Library of Australia, Canberra, Australian
Capital Territory, Australia), OpenGrey (GreyNet International, Amsterdam,
the Netherlands), and Google Scholar (Google, Mountain View, California,
USA; from 11 April 2018 to 26 July 2018). The search was repeated using the
same terms in December 2020. Exploratory searches in Scopus included
search

term

‘‘chytridiomycosis,’’

which

returned

3,496

results;

‘‘Batrachochytrium dendrobatidis,’’ which returned 3,281 results; and
‘‘chytridiomycosis’’ OR ‘‘Batrachochytrium dendrobatidis,’’ which returned
4,635 results. We then refined the Scopus search to the effects of temperature
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on Bd using the search modifiers TITLE-ABS-KEY (which searches the title,
abstract, and key words) and LIMIT-TO-DOCTYPE ‘‘ar’’ (which limits the
results to article document types), and the search terms ‘‘chytridiomycosis’’
OR ‘‘chytrid’’ OR ‘‘Batrachochytrium dendrobatidis’’ AND ‘‘temperature*’’ OR
‘‘thermal,’’ which resulted in 193 documents. In Trove, the search term
‘‘Batrachochytrium dendrobatidis’’ was used and produced 37 articles; of
which, four contained temperature data. In OpenGrey, the same search term
produced seven papers; of which, none contained temperature data. Google
Scholar returned thousands of results. From reading titles, these soon became
irrelevant after 50 articles. For that reason, the first 50 were included; of which,
only 12 were articles not found through the other search methods. Repeating
the refined Scopus search in December 2020 returned an additional 43 articles
published since 2018; of those, 35 were included in this review after adhering
to selection criteria and are included in the figures.
All articles were first screened by their title and abstract. Articles were rejected
if they were 1) not Bd related (e.g., other chytrid species), 2) not temperature
related, 3) not Bd and temperature related, or 4) a review or survey protocol.
Reviews were not included in the Results and Discussion of this review;
however, they were used in the Introduction to provide background knowledge
and identify the knowledge gaps for this current review. The full text of selected
articles was examined, and articles were further excluded if they 1) did not
adequately report temperature and Bd in their study, or 2) were a modelling
study of Bd or frog populations with no temperature or Bd data included in the
analysis. Qualitative data analysis software, NVivo12 (2018; version 12, QSR
International Pty. Ltd., Doncaster, Victoria, Australia) was used to sort
information found in these selected articles using the Query tool.
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Figure 2-1 PRISMA flow diagram used for inclusion and exclusion of articles for this
review on temperature as a driver of the pathogenicity and virulence of amphibian
chytrid fungus Batrachochytrium dendrobatidis. Adapted from Moher et al. (2009).

2.3.

Results and discussion

2.3.1. Literature identified
One hundred and thirty-one articles met all criteria and were included in the
review. These were divided into four primary categories: 1) articles including
temperature data in a survey of Bd prevalence in the field (n=51), 2) articles
predicting Bd prevalence and intensity based on modelling of temperature
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regimes and other environmental factors (n=13), 3) in vitro laboratory studies
on growth of Bd under controlled conditions (n=18), and 4) in vivo laboratory
studies testing the effect of temperature on Bd (n=60). Seven articles were
included in multiple categories. Of the field studies, 25 were conducted in
tropical environments and 19 in temperate environments, with two across both
tropical and temperate. One field study was in the subarctic, two in arid
conditions, two in the Neotropics, and one was subtropical.

2.3.2. Synthesis of the literature
The relationships found between temperature and the prevalence and
intensity of Bd in frog populations across the globe are complex. Numerous
interacting factors drive temperature regimes to which frog populations are
exposed. In addition, studies that addressed temperature regimes under
laboratory conditions occasionally produced contradictory results to those
conducted under field conditions.

2.3.3. Temperature can influence both prevalence and
intensity of Bd
In epidemiology, ‘‘infection prevalence’’ is defined as the proportion of a
population that displays infection at a particular point in time, whereas
‘‘infection intensity’’ refers to the level of infection or pathogen abundance
(Porta, 2014). Prevalence may be high in species that are able to persist with
the pathogen, but immune defences or behavioural mechanisms may be
sufficient to limit pathogen growth; therefore, infection intensity remains low
(Daskin, Alford, & Puschendorf, 2011; Riley, Berry, & Roberts, 2013).
Multiple articles reported a significant effect of temperature on either Bd
prevalence or intensity (Table 2-1). A reoccurring variable in these articles is
the use of lagged temperatures to record the temperature regime experience
by an amphibian. Lagged temperature measurements were strong predictors
of Bd prevalence or intensity, with average daily air temperature during the 30
days prior being the most commonly used (Crawford et al., 2017; Kriger &
Hero, 2007; Murray et al., 2009). This aligns with clinical or lethal infections
developing after 30 days in infected frogs in laboratory studies (Daszak et al.,
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2004; Nichols, Lamirande, Pessier, & Longcore, 2001). Lagged measures
were typically derived from nearby weather stations or dedicated temperature
loggers deployed at survey sites (Kriger & Hero, 2007; Whitfield, Kerby,
Gentry, & Donnelly, 2012).
Table 2-1 Number of articles included in this review with temperature as a driver of
the pathogenicity and virulence of amphibian chytrid fungus Batrachochytrium
dendrobatidis (Bd) that report a significant effect of temperature on either Bd
prevalence or intensity in the field, laboratory, or a combination of both.
Total no.
of articles
included in
review

No. fieldbased
studies

No. of
laboratorybased
studies

Studies
including field
and
laboratory
components

Effect of temperature on Bd
infection prevalence and
intensity
Effect of temperature on Bd
infection prevalence

14

8

5

1

44

35

6

0

Effect of temperature on Bd
infection intensity

19

4

14

0

Effect of temperature on frog
mortality from Bd

7

0

7

0

No effect of temperature on Bd
infection prevalence or intensity

7

3

3

1

Effect inferred based on known
sensitivity of Bd temperature,
not specifically measured
Simulations of Bd prevalence or
intensity with temperature
variables included
Total no. articles

5

4

1

0

7

0

0

0

103

54

36

2

Significant effect detected

Experimental testing of temperature regimes on Bd prevalence and intensity
in the laboratory was conducted in 36 studies. In culture, Bd grows well
between 20°C and 26°C (Piotrowski et al., 2004); however, pathogen growth
in vitro does not necessarily reflect patterns of pathogenicity in vivo (Sonn,
Berman, & Richards-Zawacki, 2017). For that reason, it is important that
studies target specific species in different environments to better understand
the effect of Bd on wild populations. Furthermore, there are many variables
(Figure 2-2) that influence the temperature that amphibians are subjected to
in the wild; these are discussed further soon.
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2.3.4. Factors influencing temperature variation and
their effect on infection prevalence and intensity
Temperature regimes experienced by amphibian populations vary with
elevation, waterbody size and depth, and vegetation and canopy cover (Figure
2-2). Temperature variation among habitats can influence the prevalence and
intensity of Bd, as can temperature variation among microhabitats. The
presence of microhabitats can create refuges from Bd, both among and within
amphibian habitats (Heard et al., 2015; Scheele, Hunter, et al., 2017).
2.3.4.1. Temperature variation because of elevation:
Of the 131 articles, 25 mention elevation in their discussion of Bd infection
prevalence and intensity. However, only six studies included elevation as a
variable in their analysis (Drew, Allen, & Allen, 2006; Heard et al., 2015;
Kielgast, Rödder, Veith, & Lötters, 2010; Kriger & Hero, 2008; LaBumbard,
Shepack, & Catenazzi, 2020; Narayan, Graham, McCallum, & Hero, 2014). Of
those, three found elevation to be an important determinant of Bd infection
levels (Heard et al., 2015; Kielgast et al., 2010; LaBumbard et al., 2020).
LaBumbard et al. (2020) found prevalence decreased with elevation during the
wet season but not during the dry season. Heard et al. (2015) found a negative
relationship between elevation and night-time water-surface temperature,
which led us to infer that cooler temperatures at higher elevations affect Bd
infection status, but elevation alone, did not.
2.3.4.2. Temperature variation because of waterbody size and depth:
Large, deep water bodies are typically cooler and have temperatures less
variable than in small, shallow water bodies, leading to the hypothesis that frog
populations that inhabit deeper wetlands show greater Bd prevalence and
infection intensity (Figure 2-2). Five studies used waterbody depths as a
predictor of Bd prevalence or intensity (Beyer, Phillips, & Schooley, 2015;
Fellers, Cole, Reinitz, & Kleeman, 2011; Roznik & Alford, 2015; ValenciaAguilar, Toledo, Vital, & Mott, 2016; Woodhams & Alford, 2005), but only two
found water depth to be significant (Fellers et al., 2011; Valencia-Aguilar et al.,
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2016). Water-body surface area may also mediate the effects of water depth;
for example, there is evidence that the edges of larger, deeper water bodies
stay warmer later into the season than do smaller, shallower water bodies
(Heard et al., 2015). The effect appears to be driven by thermal inertia of water
bodies with larger volume, producing weaker reductions in water temperature
through the cooler months of the year and slower increases in water
temperature in spring. In turn, larger, deeper wetlands could also be
environmental refuges from Bd (Heard et al., 2015).
2.3.4.3. Temperature variation because of canopy cover and
vegetation:
Canopy cover increases shading, reduces ambient air and water
temperatures, and can reduce temperature variability. Reducing canopy cover
may increase temperatures and the likelihood of exceeding the critical thermal
maximum of Bd spores (Bell, Heard, Berger, & Skerratt, 2020; Beyer et al.,
2015; Heard et al., 2015). Influence of canopy cover on Bd prevalence or
intensity was mentioned in 19 articles. Seven of those examined the effect of
canopy cover in detail (Becker, Rodriguez, Longo, Talaba, & Zamudio, 2012;
Bell et al., 2020; Beyer et al., 2015; Heard et al., 2015; Korfel & Hetherington,
2014; Roznik & Alford, 2015; Valencia-Aguilar et al., 2016). Roznik, Sapsford,
Pike, Schwarzkopf, and Alford (2015) reported that a reduction in canopy
cover from a cyclone reduced the Bd infection risk in an endangered rainforest
frog Litoria rheocola by 11–28% relative to an unaffected site. Korfel and
Hetherington (2014) found the prevalence of Bd to be significantly greater in
frog populations inhabiting closed canopy streams (52.6% positive, n=247)
compared with those in wetlands with emergent vegetation only (15.4%,
n=26), but infection intensities, measured in genomic equivalents, tended to
be greater in wetlands with emergent vegetation (Korfel & Hetherington,
2014). Beyer et al. (2015) conducted a 2-yr survey of Bd prevalence in
wetlands in Illinois, US, and found that canopy cover only had an effect during
unusually warm and dry conditions, suggesting that the effect of canopy cover
on Bd prevalence may be greater in warmer climates. Bell et al. (2020) found
a tight inverse correlation between canopy cover and streamside air
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temperature, with infection probability increasing with canopy cover in the wet
tropics of Australia.
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Figure 2-2 Environmental factors which influence prevalence and intensity of Batrachochytrium dendrobatidis (Bd) in amphibians and their
associated relationships. (A) Relationships between elevation and Bd. (B) Relationship between waterbody size and depth and Bd. (C) Relationship
between canopy cover and Bd. (D) Relationship between microhabitats and Bd.
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2.3.4.4. Microhabitats act as temperature buffers to facilitate
behavioural thermoregulation and reduce Bd infections:
When Bd is enzootic, microhabitats enable amphibians to behaviourally
thermoregulate and the host’s infection levels can be determined as a result
(Barrile, Chalfoun, & Walters, 2020; Burrowes, Martes, Torres-Ríos, & Longo,
2017; Rowley & Alford, 2013; Roznik & Alford, 2015). Microhabitats comprise
abiotic factors, such as temperature, wind, and humidity, which can all influence
infection risk (Burrowes et al., 2017). Availability of microhabitats, such as a
rocks, shallow water, sunlit edges, or vegetation, might provide an opportunity for
frogs to raise their body temperature above the Bd threshold and clear the
infection (Heard et al., 2018). Even in habitats in which average environmental
temperatures are suitable for optimum pathogen proliferation, infection risk may
be influenced by host behaviours that briefly increase body temperatures to those
that are detrimental to Bd. Differences in infection prevalence have been
observed among species displaying different behaviours that influence their
temperature regimes (Burrowes et al., 2017; Daskin et al., 2011; Ruggeri et al.,
2015). For example, the common coqui (Eleutherodactylus coqui) had twice the
likelihood of Bd infection on the forest floor, where it was cooler and wetter,
compared with those active in vegetation above ground (Burrowes et al., 2017).
At thermal springs in Arizona, water temperatures reach more than 30°C and
provided a refuge for the lowland leopard frog (Rana yavapaiensis) from Bd,
which is present in nearby waters (Forrest & Schlaepfer, 2011; Schlaepfer, Sredl,
Rosen, & Ryan, 2007). Similarly, water pooled in bromeliads can reach more than
30°C in open patches of the Brazilian Atlantic forest and can provide a
microhabitat in which Phyllodytes edelmoi (endemic to the northern Brazilian
Atlantic Forest) can lower their infection load (Ruano-Fajardo, Toledo, & Mott,
2016).
Thirty-four articles mentioned microhabitat use by amphibians; however,
temperatures within those microhabitats were not always measured. Only nine
articles used microhabitat type as a variable in their analysis (Becker et al., 2012;
Burrowes et al., 2017; Greenspan, 2017; Korfel & Hetherington, 2014; McNab,
2015; Richards-Zawacki, 2009; Roznik & Alford, 2015; Ruano-Fajardo et al.,
2016). Twenty-one articles mentioned behavioural thermoregulation within their
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discussion. Of those, six were field studies (Becker et al., 2012; Forrest &
Schlaepfer, 2011; Richards-Zawacki, 2009; Rowley & Alford, 2013; Ruggeri et
al., 2015), and five studies were laboratory-based experiments on frog
thermoregulatory behaviour and its correlation with body temperature and the
level of Bd (Greenspan, Bower, Roznik, et al., 2017; Greenspan, Bower, Webb,
Roznik, et al., 2017; Karavlan & Venesky, 2016; Murphy, St-Hilaire, & Corn, 2011;
Woodhams et al., 2003). Barrile et al. (2020) found that Bd-infected boreal toads
selected warmer and more-open habitats; that, in turn, was associated with
elevated body temperatures and clearing of infection. However, there was no
evidence that the boreal toads pre-emptively avoided microhabitats in which
conditions were suitable for high Bd growth (Barrile et al., 2020).

2.3.5. Effect of temperature on amphibian defence
mechanisms
Amphibians use several mechanisms of defence against Bd (Robak & RichardsZawacki, 2018; Woodhams et al., 2014); all of which may be influenced by
temperature. Amphibians rely on environmental heat sources to maintain their
body temperatures (Richards-Zawacki, 2009; Voyles et al., 2017), and amphibian
immune function is dependent on temperature (Raffel et al., 2013). As such,
capacity to develop acquired immunity through the deployment of lymphocytes
and the production of antibodies (McMahon et al., 2014) is temperature
dependent. Likewise, the production of skin secretions that contain antimicrobial
peptides (AMPs), which have been shown to inhibit growth of Bd in vitro (RollinsSmith et al., 2002; Woodhams et al., 2012), are affected by temperature, as is
the efficacy of the skin microbial community in overcoming infections. In some
species, temperature- mediated skin sloughing is an important mechanism for
clearing Bd infections (Meyer, Cramp, Hernando Bernal, & Franklin, 2012).
2.3.5.1. Effects of temperature on amphibian AMPs:
The AMPs—small amino acid residues in the skin glands of amphibians—serve
as initial barriers against Bd (Márquez, Nava-González, Sánchez, Calcagno, &
Lampo, 2010; Ribas et al., 2009; Rollins-Smith et al., 2002). Three articles
described the effect of AMPs on Bd infection levels (Robak, Reinert, Rollins48

Smith, & Richards-Zawacki, 2019; Woodhams et al., 2007; Woodhams et al.,
2012), and five articles explicitly considered the effect of temperature on AMPs
in amphibians (Greenspan, 2017; Ribas et al., 2009; Robak et al., 2019; RollinsSmith et al., 2002; Sheafor, Davidson, Parr, & Rollins-Smith, 2008).
To determine whether temperature inhibits AMPs, Rollins-Smith et al. (2002)
tested the effectiveness of 10 peptides derived from North American ranid frogs
(Rana sp.) against Bd at 22°C and 10°C. Inhibition occurred at both temperatures;
however, the AMPs appeared more effective against zoospores at lower
temperatures. That trial was conducted in vitro and did not account for the effect
of temperature on the synthesis and release of the skin peptides (Rollins-Smith
et al., 2002). Greenspan (2017) found that cold-acclimated frogs may have
primed cellular immune systems that better respond to the challenges of Bd
infection than frogs in a warmer habitat do, whereas heat pulses simultaneously
hindered Bd growth and facilitated host immunity. Despite the relatively rapid
generation time of Bd, Litoria spenceri individuals were able to clear infection
when subjected to 4 hour heat pulses of 29°C Greenspan, Bower, Webb, Roznik,
et al. (2017) .
Clearance of Bd infection is related to the host’s innate immune system, rather
than to an adaptive immune response (Ribas et al., 2009); either Bd does not
stimulate or suppress adaptive immunity or trade-offs exist between the two
immune systems (Ribas et al., 2009). At cold temperatures, Silurana (Xenopus)
tropicalis loses the ability to mount an innate immune response against Bd, and
instead, an inflammatory reaction occurs. Although there may be differences
among species, this is a clear example of temperature dependency in an
amphibian response to infection and the importance of the innate immune
defences in resistance to Bd (Ribas et al., 2009; Woodhams et al., 2007).
2.3.5.2. Effects of temperature on amphibian skin microbial community:
The mucus on an amphibian’s skin is home to a rich community of bacteria, which
provides additional immune defence and varies among species (Assis, Bevier,
Chaves Barreto, & Arturo Navas, 2020; Daskin, Bell, Schwarzkopf, & Alford,
2014; Robak & Richards-Zawacki, 2018). That variability could contribute to
differences in susceptibility to chytridiomycosis (Robak & Richards-Zawacki,
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2018; Woodhams et al., 2014). Five articles explicitly studied the temperature
dependent effects of amphibian skin microbial community on the susceptibility to
chytridiomycosis (Ackleh, Carter, Chellamuthu, & Ma, 2016; Assis et al., 2020;
Robak & Richards-Zawacki, 2018; Ruthsatz et al., 2020; Woodhams et al., 2014).
Some skin bacteria have antifungal properties; for example, Janthinobacterium
lividum produces a fungicide called violacein (Ackleh et al., 2016; Sheafor et al.,
2008; Woodhams, Bletz, Kueneman, & McKenzie, 2016). The complex role of
temperature in Bd infection dynamics and control strategies was evident because
J. lividum was seen to be most inhibitory of Bd at 22°C, compared with other
cultures of bacterial metabolites that were more inhibitory at lower temperatures
(Woodhams et al., 2014). The skin bacterium Serratia plymuthica changed from
inhibiting to enhancing Bd growth with a shift in temperature from 18°C to 25°C.
Consistent with that, frogs survived longer at 14°C compared with 26°C after
inoculation with antifungal bacterium Stenotrophomonas maltophilia (Robak &
Richards-Zawacki, 2018).
Temperature not only affects the activity of Bd but also that of beneficial skin
microbes; low temperatures reduced anti-Bd activity in 11 of 24 bacteria tested
in vitro, which could explain why Bd-driven declines have occurred in cooler
regions (Daskin et al., 2014). Bacterial strains with strong inhibitory effects are
most likely to produce broad-spectrum antimicrobial agents at a range of different
temperatures and are, therefore, recommended when using antifungal bacteria
as a means to reduce infection burdens (Muletz-Wolz et al., 2017).
2.3.5.3. Effect of temperature and Bd on amphibian sloughing rates:
Sloughing occurs in amphibians on a regular basis, with the outer skin layer being
shed in its entirety (Fox, 1986; Jørgensen & Larsen, 1964). Sloughing is an
important first-line component of the innate immune system of amphibians (Meyer
et al., 2012; Ohmer, Cramp, White, & Franklin, 2015) and can determine the
levels of beneficial skin microbes and Bd zoospores retained on the skin (Meyer
et al., 2012). Excessive sloughing has also been described as a sign of infection
with Bd (Andre, Parker, & Briggs, 2008; Berger, Hyatt, Speare, & Longcore, 2005;
Woodhams et al., 2007).
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Two articles identified in this review considered the effect of temperature on
sloughing rates (Meyer et al., 2012; Murphy et al., 2011). Sloughing rate in
amphibians was influenced by temperature and by the level of Bd infection
(Murphy et al., 2011). In controlled laboratory trials, higher ambient temperatures
led to increased sloughing in Bd-infected cane toads (Rhinella marina) and boreal
toads (Anaxyrus (Bufo) boreas boreas) (Meyer et al., 2012; Murphy et al., 2011).
Those trials suggest that increased sloughing rates could be an important
defence mechanism to reduce levels of Bd infection because sloughing reduced
cultivable cutaneous bacteria by up to 100% (Meyer et al., 2012), thus would also
be expected to greatly reduce Bd loads on the skin.

2.3.6. Methods for measuring temperature
Of the 131 articles included in this systematic review, 54 articles provided detailed
information on temperature-measurement methods used during field studies of
Bd, including measurement of air, water, and host temperature.
2.3.6.1. Air and water temperate:
Thirty-seven articles detailed how air temperature data were obtained, and 17
studies detailed water temperature measurement methods. Those methods
included data collected from nearby weather stations, loggers deployed on-site,
handheld instruments, and weather station on site. Hobo loggers (UA-002-64,
Onset, Bourne, Massachusetts, USA) or iButtonst (Maxim Integrated Products,
Sunnyvale, California, USA) were installed when long-term temperature
measurement was required (Becker et al., 2012; Beyer et al., 2015; FernándezBeaskoetxea, Carrascal, Fernández-Loras, Fisher, & Bosch, 2015; Heard et al.,
2014; Heard et al., 2015). If conditions prevented long-term installation, such as
high flow rates, manual water-temperature measurements were taken (Kriger &
Hero, 2007). When sampling frogs in small microclimates, such as within
bromeliads, water temperature at the time of capture was measured with a probe
thermometer or infrared noncontact thermometer (Forrest & Schlaepfer, 2011;
Ruano-Fajardo et al., 2016). Those air and water temperature measurement
methods are evaluated in Table 2-2.
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Table 2-2 Evaluation of methods used to measure air and water temperature during fieldbased frog research on chytrid fungus Batrachochytrium dendrobatidis.
Method

Source

Evaluation

Nearby
weather
station
accessed via
online
database

Becker et al. (2012);
Bosch et al. (2007);
Drew et al. (2006);
Heard et al. (2015);
Holmes,
McLaren,
and Wilson (2014);
(Kriger
&
Hero,
2007); Murray et al.
(2009); Ruggeri et al.
(2015); Whitfield et al.
(2017); Woodhams
and Alford (2005)

Cost: No cost. Weather station installed and managed
by government.

Assis et al. (2020);
Bell et al. (2020);
Beyer et al. (2015);
Heard et al. (2014);
Korfel
and
Hetherington (2014);
Kriger
and
Hero
(2008); Sapsford et
al. (2013)

Cost: Low - Medium. $50-$100 USD per unit. Plastic dip
required to waterproof iButton. Mounting system such
as posts, cable ties and a shelter such as a plastic flower
pot. Multiple loggers required to deploy at individual
survey sites.

Thermochron
iButton or
Hobo
temperature
loggers
deployed at
site

Reliability: High.
maintained.

Good

quality

equipment

well

Accuracy: Medium - Low. Weather station is often over
20km from the research site which does not allow for
microclimatic effects.
Comments: Suitable weather station needs to be
chosen and accuracy determined based on proximity to
the research site.

Reliability: Medium. Potential for loggers to fail, water
damage, lost or stolen equipment.
Accuracy: High. Placed at specific sites where surveys
will take place.
Comments: Loggers need to be securely mounted on
site to avoid potential damage from livestock, wildlife or
theft. Loggers should be regularly maintained and
downloaded to avoid loss of data, one a month advised.

Probe or
handheld
instrument
including
infra-red
thermometer

Forrest,
Edwards,
Rivera, Sjoberg, and
Jaeger (2016); Kolby
et al. (2015); Kriger
and Hero (2007);
Richards-Zawacki
(2009);
RuanoFajardo et al. (2016)

Cost: Low - Medium. Regular electronic thermometer
(as low as $5 USD) or technical weather meter which
can also measure humidity and wind speed (e.g. Kestrel
3500 Waterproof weather meter $200- $400 USD).
Reliability: High. Measured at the site at the time of
survey. Not possible to collect regular longer term data
using this method.
Accuracy: Medium – High. Depending on quality of
equipment and sampling method.
Comments: Not possible to collect longer term data
using this method unless physically visiting the site on a
regular schedule. Low cost and minimal equipment
required if monitoring many sites.

Weather
station
deployed
site

at

Murrieta-Galindo,
Parra-Olea,
González-Romero,
López-Barrera, and
Vredenburg (2014)

Cost: High. $100 - $1000 USD depending on make and
model.
Reliability: Medium – High. If good quality equipment
and deployed correctly. Requires regular maintenance.
Accuracy: High. Located at site of survey.
Comments: Suitable for long term monitoring of sites to
provide reliable and accurate air temperature data.
Expensive if monitoring multiple sites.
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2.3.6.2. Host body temperature:
Skin temperature readings can provide a measure of the thermal regime
experience by both host and pathogen. Temperature-sensitive radio transmitters
have been used to measure the temperature of individual frogs over longer
periods (Greenspan, Bower, Webb, Roznik, et al., 2017; Rowley & Alford, 2013;
Stevenson, Roznik, Alford, & Pike, 2014)(Rowley and Alford 2013; Stevenson et
al. 2014; Greenspan et al. 2017a). Noncontact infrared thermometers have been
used in both field and laboratory studies (Kolby et al., 2015; Longo & Zamudio,
2017; McNab, 2015; Richards-Zawacki, 2009; Rowley & Alford, 2007, 2013;
Ruano-Fajardo et al., 2016).
Frog body temperature can be measured with a digital pen thermometer against
the body and under a folded rear leg (Catenazzi, Lehr, & Vredenburg, 2014;
Spitzen-van der Sluijs, Canessa, Martel, & Pasmans, 2017). Of the 54 studies
that met the criteria for the above review, 14 studies measured frog body
temperature in the field and reported the method used in detail (Table 2-3).
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Table 2-3 Evaluation of methods that have been used to measure frog body temperature
during field-based frog research on chytrid fungus, Batrachochytrium dendrobatidis.
Method
Contact
thermometer
against flank

Source
Catenazzi
(2014)

et

Comments
al.

Cost: Low. Ranges from $5 to $100 USD depending on
brand.
Reliability: Medium – High. Depends on quality of
instrument and methods of use.
Accuracy: Medium. Could be influenced more by
ambient temperatures depending on how wet the frog is
and wind chill factor.
Comments: The frog would need to be restrained to take
this measurement which could cause stress. However,
swabbing also requires restraint. The temperature
needs to be taken immediately upon capture.

Contact
thermometer
under folded
rear leg

Forrest et al. (2016)

Cost: Low. Ranges from $5 to $100 USD.
Reliability: Medium – High. Depends on quality of
instrument and methods of use.
Accuracy: High. By placing the thermometer between
the abdomen and folded rear leg a more accurate
reading for body temperature could be taken which is
less influence by wind chill.
Comments: Holding the thermometer in this location
could be more difficult than simply against the flank.

Non-contact
infra-red on
dorsal
surface

iButton
embedded in
agar placed
in
microhabitat

Barrile et al. (2020);
Kolby et al. (2015);
Richards-Zawacki
(2009); Rowley and
Alford
(2013);
Sonn,
Porter,
Mathewson,
and
Richards-Zawacki
(2020)

Cost: High. $400 - $600 USD.

Burrowes et al.
(2017);
McNab
(2015); Roznik and
Alford
(2015);
Roznik
et
al.
(2015); Stevenson,
Roznik,
Greenspan, Alford,
and Pike (2020)

Cost: Low - Medium. $50-$100 USD per unit. Plastic dip
required to waterproof iButton. Agar and mold required.

Reliability: High. Raytec ST-80 has been proven for use
in amphibians and Testo- 835-T1 has similar
specifications.
Accuracy: High. Within 0.5°C of cloacal temperature
(Rowley & Alford, 2007).
Comments: Instantaneous and accurate reading of skin
temperature which can be taken before handling the
frog. Make sure to take reading from suitable distance
depending on instrument specifications.

Reliability: Medium. Potential for loggers to fail, water
damage, lost or stolen equipment.
Accuracy: Medium. Placed in specific microhabitats
where target species are found. However, does not
encompass full range of temperatures experienced by
the frog throughout its daily routine.
Comments: Less invasive way to monitor frog body
temperature in specific microclimates. Requires a bit of
work in making, deploying and maintaining the models.
Data should be downloaded regularly to avoid loss.
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2.4.

Discussion

Temperature is a significant determinant of the epidemiology of chytridiomycosis.
It affects not only the viability of the causative agent, Bd, but also the behaviour,
immune response, and microbial community of the amphibian host. Each species
has a unique response to Bd, and each population and the individuals within it
have different capacities to fight the infection load, depending on the biotic and
abiotic characteristics of the habitat in which they occur, the microhabitats
available therein, and the individual amphibian’s microbial community. For
species under immediate threat of population declines, research describing the
thermal regime at multiple spatial scales is vital. Conservation implications
include identification of potential sites for translocations (Puschendorf et al.,
2011; Scheele et al., 2014; Woodhams et al., 2012) and manipulating
temperature regimes to mitigate Bd impacts.
There is considerable variability in measurement methods among field studies
determining the role of temperature in the epidemiology of Bd. This variability
produces challenges for developing an integrated understanding of the role of
temperature in Bd dynamics in the field. We, therefore, close with
recommendations for field data collection, which have been informed by this
literature review process and which seek to facilitate consistent methods of
temperature data collection and analysis in research on Bd epidemiology.

2.4.1. Recommendations for field measurements of
temperature
To quantify the temperature regimes experienced by frogs in the field, we
recommend measurement of temperature at four spatial scales: regional climate,
habitat, microhabitat, and amphibian host. By including measurements of
temperature regimes at those four scales consistently among study species and
regions of the globe in which the impact of Bd varies, it may be possible to gain
an integrative, systematic, synthetic understanding of the role of temperature in
the epidemiology of Bd in anurans.
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2.4.1.1. Climatic regimes:
Climatic data can be accessed from online meteorological resources specific to
the region of study. Examples include the Commonwealth of Australia’s Bureau
of Meteorology (2018) and World-Clim (version 2.1; Fick and Hijmans (2017)).
Long-term climatic data are important for determining the average seasonal
maximum and minimum temperatures for a region, as well as the variability in
temperature regimes through time, which may be crucial for understanding Bd
outbreaks or periods of low prevalence. Observing trends in climate in relation to
the prevalence and intensity of Bd can enable predictions as to the spread of Bd
as changes in climate occur (Pounds et al., 2006a). Suggested temperature
variables to use are monthly mean temperature, mean daily minimum
temperature, and mean daily maximum temperature for the focal region.
Measures of variability at annual, monthly, and daily scales can also be used
(Rohr, Raffel, Romansic, McCallum, & Hudson, 2008).
2.4.1.2. Temperature regimes of the habitat patch:
Temperature regimes at a wetland scale can be measured using data loggers,
such as Thermochron iButton (accurate to 60.5°C) or Hobo loggers (0.1°C
resolution; Heard et al. (2015)). We recommend that at least two temperature
loggers be mounted at each site, one to record water temperature and one for air
temperature. Hobo loggers are waterproof, whereas iButtons must be sealed with
Plasti Dip (Plasti Dip International, Blaine, Minnesota, USA; Plasti Dip
International, Blaine, Minnesota, USA; Roznik and Alford (2012)). We
recommend that loggers be set to record water surface temperature within 10–
15 cm of the water’s surface to target the primary active zone, unless aquatic
species or tadpoles that experience temperatures at greater depths are the target
species.
Water temperature loggers can be mounted inside a slotted polyvinyl chloride
pipe, attached vertically on a post within the waterbody being surveyed (Plate
2-1A). Attaching a float to the logger enables it to move up and down within the
pipe to record water surface temperature (Plate 2-1B). Logger placement should
target the habitat zones of the target species (Plate 2-2 and Plate 2-3). For many
species, that will be the shallower verges within the littoral zone. However,
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reductions in water level may leave loggers in that zone exposed to the air,
producing inaccurate measurements. Waterline ‘‘tracking’’ may be required in
that case (by moving loggers), or a series of loggers could be placed
perpendicular to the waterline in deeper water to ensure continuous
measurement of water temperature as water levels retreat during warmer and
drier seasons.
The air temperature logger should be mounted in the shade, on a post, or on a
tree at a level that is representative of the zone occupied by the focal species.
The use of a Stevenson screen is most appropriate for providing shade from
radiant heat while still allowing the air to circulate (Bureau of Meteorology 2018).
However, simple alternatives may be constructed by placing the logger within an
upturned white plastic flowerpot (or equivalent), giving protection from rain and
disturbance while allowing free air circulation to ensure measurements are
representative of ambient shade temperature (Plate 2-1C). Both water and air
temperature loggers should be set to record on at least an hourly basis. Loggers
should be deployed at sites 30 d before the first Bd sampling. Loggers should
remain deployed for the duration of the study, or at least 1 full year to collect the
full annual temperature regime of that site. Examples of deployment in Plate 2-2
and Plate 2-3.
Temperature measures that may be derived from the logger data include daily
mean temperature, mean maximum temperature, and mean minimum
temperatures (Kriger & Hero, 2007; Spitzen-van der Sluijs et al., 2017; Spitzenvan der Sluijs et al., 2014). Temperature regimes at this habitat patch scale can
also be estimated using models of water temperature, either those constructed
using temperature measurements recorded during surveys (Heard et al., 2018)
or those constructed from first principles (Dietze, 2017; Kearney & Porter, 2017).
Building such models can be useful in determining the temperature regimes of
wetlands without the time and cost involved in deploying temperature loggers at
individual wetlands, especially when there are numerous study sites.
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Plate 2-1 (A) Setup for measuring water temperature using data loggers, with logger
placement in a protective polyvinyl chloride (PVC) pipe. Components are 1) a 90-mm
cap, taped on, screw-top fixture additional cost (plumbing supplies $1.80 AUD each); 2)
a 90-mm PVC white, slotted pipe, 2 m long (plumbing supplies $43 AUD for 6 m lengths);
3) rope to retrieve logger; 4) fencing wire to attached pipe to picket; 5) 170-cm steel
picket post (fencing supplies approx. $10 AUD each); 6) tag with contact details and
wildlife permits (not visible here); and 7) temperature logger inside post (see B). (B)
Logger attachment set up for placement within PVC pipe housing shown in Figure S1.
Components are 1) rope to retrieve logger from inside pipe; 2) wire to attach pieces
together; 3) Wilson Y3 small oval poly float ($20 AUD 12 pack); 4) sinker to keep logger
vertical, 10–15 cm below water surface; and 5) temperature logger (UA-001-08 Hobo
pendant data logger, $80 AUD per unit). (C) Setup for measuring air temperature using
data loggers, with logger placement in a protective whiteplastic flower pot. Components
are 1) wool tree guard for low-impact attachment to bank-side tree; 2) wire attachment,
with ID tag and tag with contact details and wildlife permits; and 3) white ultravioletprotected, plastic flowerpot. (D) Temperature logger (UA-001-08 Hobo pendant data
logger, $80 AUD per unit).

2.4.1.3. Temperature regimes of microhabitats:
Temperature regimes of specific frog microhabitats can be measured using data
loggers, such as those mentioned earlier, deployed directly in locations in which
frogs are detected within the survey sites (Becker et al., 2012; Roznik & Alford,
2015). Loggers can be deployed embedded in agar frog models (3% agar) and
placed in a range of microhabitats in which frogs are detected within the survey
sites (Burrowes et al., 2017; Roznik et al., 2015). Because of data required at this
58

scale, we suggest following the deployment method of Roznik and Alford (2015).
Models should be placed in diurnal locations used by frogs to measure
temperatures at 30-min intervals from 0700 to 1830 and, then, subsequently
moved to nocturnal locations for temperature measurements from 1900 to 0630;
these times should be adjusted to coincide with dawn and dusk times during the
survey period (Roznik & Alford, 2015). This scale of temperature measurement
will detect variation in temperature caused by variables such as changes in
shading throughout the day or small pockets of more-stable temperatures in
which frogs might be sheltered from a cooling breeze (Raffel, Michel, Sites, &
Rohr, 2010). Raw temperature measurements can be used in (e.g., mean ‘‘body’’
temperature or maximum diurnal temperature; Richards-Zawacki (2009)) or be
used to calculate the proportion of time the frog was subject to temperatures
below, within, or above the optimal range or above the lethal temperature for Bd
growth (<17°C, 17–25°C, >25°C, and >28°C, respectively; Johnson et al., 2003;
Piotrowski et al., 2004; Rowley & Alford, 2013; Roznik & Alford, 2015) .
2.4.1.4. Frog body temperature:
In some circumstances, thermoregulation by the frog ensures body temperatures
are higher or lower than environmental temperatures, on average; in which case,
environmental temperatures are not a good reflection of the thermal regime to
which Bd is being exposed in vivo. In turn, body temperatures may be superior to
environmental temperatures for explaining infection dynamics. Frog body
temperature is most effectively measured using a noncontact infrared
thermometer with a 50:1 distance: spot ratio, emissivity set at 0.95, and an
accuracy of 61.0°C (0.0 to +99.9°C). Raytek ST-80 (Fluke Process Instruments,
Everett, Washington, USA) has been proven for use in amphibians (Rowley &
Alford, 2007) and Testo-835-T1 (Titisee-Neustadt, Germany) has similar
specifications. Frog temperature should be taken on the dorsal surface, within 0.5
m, and either immediately before or immediately after capture.
In conclusion, the findings suggest that temperature is a significant driver of Bd
disease epidemiology. It not only affects the pathogen itself but also the
behaviour, immune response, and microbial community of the amphibian host.
Overall, climatic regimes may determine the infection prevalence of an amphibian
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population, but microclimate and the host’s immune capabilities significantly
determine Bd infection intensity. It is, therefore, important that the temperaturemeasurement recommendations made here be considered when conducting field
research on amphibian species at risk of decline from chytridiomycosis.
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Plate 2-2 Water and air temperature logger deployed at Pollen Dam in Gayini-Nimmie
Caira, Lowbidgee, NSW. December 2018.

Plate 2-3 Water and air temperature logger deployed at Robert Crombe’s wetlands in
Perry Bridge, Gippsland, Victoria. December 2018.
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3 Communities supporting Litoria raniformis
3.1.

Introduction

Amphibian species have experienced unprecedented declines across the globe
(Scheele, Pasmans, et al., 2019). Many species face multiple threatening
processes across their range including habitat loss, hydrological modification,
predation by invasive species, global heating and disease (Berger et al., 1998;
Scheele, Pasmans, et al., 2019). Australia has a high level of endemism and
amphibian diversity with 248 described species (ALA, 2022; Anstis, 2013; FrogID,
2022).

Under

the

Commonwealth

Environment

Protection

Biodiversity

Conservation Act 1999, the status of these amphibian species Australia-wide
includes; 11 listed as vulnerable, 9 endangered, 15 listed as critically
endangered, and four listed as extinct (EPBC Act, 2016; FrogID, 2022).
The bell frog complex is made up of five species, three of which have undergone
range contractions and substantial population decline (Mahoney, 1999;
Wassens, 2008). These species are Litoria castanea (Critically Endangered,
IUCN Red List of Threatened Species 2004 and EPBC Act 1999), L. aurea
(Vulnerable under IUCN Red List of Threatened Species 2004 and EPBC Act
1999) and L. raniformis (Endangered under IUCN Red List of Threatened Species
2004 and vulnerable under EPBC Act 1999).
Of the three species, L. raniformis has the widest historical distribution and was
considered to be common and widespread across a range of habitats up until the
1980s. The pattern of declines differs across its former range (Figure 3-1). In the
northern extent of its range, there have been marked range contractions from
cooler temperate areas in the east. Since 1970 the eastern edge of the
geographic range of L. raniformis has shifted 500 km west and the northern edge
has shifted 200 km south (Wassens, 2008). As of 2020, key populations in NSW
are largely restricted to the floodplain wetland systems in semi-arid regions of
western NSW including the Murrumbidgee River west of Hay (Lower
Murrumbidgee), the Lower Murray River and lower Lachlan River.
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Figure 3-1 Current and historic distribution of Litoria raniformis and chytrid. A) Extent all
time, B) Time steps of distribution and previously reported L. raniformis occurrences .
Note: some recent records and unverified (ALA, 2022).
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Large populations remain through southern and western Victoria, south-eastern
South Australia and in Tasmania. However, populations are highly fragmented,
with the loss of numerous historical populations and continued declining
abundances in some regions (Heard et al., 2012b). For example, in the temperate
areas of south-eastern Victoria (Figure 3-1), both L. raniformis and L. aurea, were
common in the area and underwent decline in the 1980s and 1990s, although
L. aurea may always have been more common than L. raniformis (Collyer, 2015).
During surveys conducted in 2015 (Collyer, 2015), out of the 46 survey sites
around the Gippsland Lakes, L. raniformis were detected at only five locations
restricted to the Clydebank Morass area (Figure 3-5).
Declines in L. raniformis have occurred due to habitat loss and fragmentation,
predation by invasive species and the disease chytridiomycosis caused by the
aquatic fungus Batrachochytrium dendrobatidis (Bd) (Heard et al., 2012b).
Populations of L. raniformis have been found infected with Bd in the Melbourne
region (Heard et al., 2014) and in Southern Australia (Voros et al., 2011) and
patterns of decline coincide with the spread of Bd. Limited surveillance for Bd in
L. raniformis populations has been conducted across the full extent of their range.
Litoria raniformis occupies a wide range of habitat types across its range. In the
semi-arid Lower Murrumbidgee, populations of L. raniformis inhabit large wetland
complexes, some as large as 1000 hectares, associated with the Murrumbidgee
River; a mosaic of permanent and ephemeral water bodies that flood in the spring
of most years (Figure 3-3). Within these habitats, probability of occupancy by
L. raniformis increases with increasing complexity of aquatic vegetation and
flooding frequency (Wassens et al., 2010; Wassens, Watts, Jansen, & Roshier,
2008). During dry periods and droughts they move into permanent refuge habitats
including the Murrumbidgee River, permanent creek lines and farm dams
(Wassens et al., 2008).
In the southern temperate areas individuals occupy smaller, more persistent
creeks, dams, rain fed wetlands and even disused quarries (Heard et al., 2008).
Patchy population distribution occurs among pools along streams and drainages,
as well as lentic wetlands, displaying dynamics consistent with metapopulation
dynamics (Heard et al., 2012b; Heard et al., 2015). A study of microhabitat use
in the south of their range (Heard et al., 2008) revealed that L. raniformis prefers
microhabitats with low structural complexity in the aquatic zone. Mats of floating
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and submergent vegetation provide platforms for nocturnal foraging, including
pursuing prey such as terrestrial and aquatic invertebrates (Heard et al., 2008;
Pyke, 2002). Emergent vegetation is also frequently utilised; however,
L. raniformis generally perch on platforms of horizontal stems instead of vertical
foliage. Amongst the riparian zone, L. raniformis are often observed on bare soil
and rocks close to the water’s edge (Heard et al., 2008).
Describing habitat types and understanding different factors driving populations
can be important when comparing habitat requirements, threats and disease risk
for species with wide geographic ranges. This chapter serves as a background
chapter to provide detailed site descriptions and amphibian species composition
of the research sites on which this thesis is written. The aim of this chapter is to
provide a clear understanding of the research regions and a justification of the
use of the Melbourne data set in Chapters 4 to 6. This chapter provides
background details of each study region, including location, extent and size of
wetlands, maps of each region and the sites selected, climate graphs and photos
of example wetlands. Summary statistics from frog surveys conducted in each
region provide perspective on overall species abundance and diversity.

3.2.

Methods

3.2.1. Site selection
This study focussed on populations of L. raniformis from the climatic extremities
of the species range; in the semi-arid Lower Murrumbidgee (‘Lowbidgee’) in
southwestern New South Wales (closest town: Hay, 34.4794°S, 144.3007°E) and
in temperate Gippsland (closest town: Sale, 38.1026°S, 147.0730°E; Figure 3-2).
The mean maximum summer temperature in the semi-arid region is 32.4°C
(Figure 3-4), which is near 7°C warmer than the temperate region (25.7°C; Figure
3-6). Autumn mean maximum temperature in the semi-arid region (24.3°C) is 3°C
warmer than the temperate region (20.8°C), and spring temperatures are 3.5°C
degrees higher in the semi-arid region (semi-arid = 24.8°C, temperate = 20.6°C).
Winter mean maximum temperatures are 1°C degree warmer on average in the
semi-arid region (16.4°C) compared to temperate region (15.5°C) (BOM., 2021).
Gippsland has, on average, double the annual rainfall of the Lowbidgee (640
mm/yr compared to 323 mm/yr; BOM 2021). These two climatic regions were
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selected as they encompass the geographic and climatic extremities of the
species range, and have known populations of L. raniformis which have
undergone range contraction and declines over the last thirty years.

Figure 3-2 Location of Lowbidgee and Gippsland study regions in south-eastern
Australia. Melbourne in also shown, from which additional data was integrated for this
study.

Sites were selected based on either known or historic populations of L. raniformis
or the presence of suitable habitat (Collyer, 2015; Heard et al., 2008; Wassens
et al., 2010).These included a range of waterbody types including permanent and
ephemeral wetlands, irrigation channels, creeks and dams. Fifteen survey sites
were identified in both the Lowbidgee (Table 3-1) and Gippsland region (Table
3-2) in the first season of surveys (2018/2019). These were subsequently
narrowed down to twelve sites in the Lowbidgee for 2019/2020; with
abandonment of sites in Gippsland due to poor capture rates and continuation of
severe drought conditions, and elimination of some sites in Lowbidgee that no
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longer contained water or had no L. raniformis captured and swabbed in the first
season.
In the Lowbidgee, sites from a long-term monitoring project Flow-MER were
included (Flow-MER is a government funded monitoring program for
environmental watering). Sites were at least 1 km from another, this being the
approximate dispersal distance of L. raniformis (Figure 3-3 and Figure 3-5)
(Heard, Scroggie, & Malone, 2012a; Wassens et al., 2010). Additional sites to
those in the Flow-MER program were identified based on examination of satellite
imagery and on ground searching for waterbodies with a range of vegetation and
habitat types which could be suitable for L. raniformis (Heard et al., 2008; Pyke,
2002; Wassens et al., 2010).
In the Gippsland region, survey sites were selected based on previous surveys
undertaken for the Department of Environment, land, Water and Planning in 2015
(Collyer, 2015) and with guidance from a local expert (Martin Potts, Greening
Australia). Surveys in Gippsland were only conducted during the 2018/2019
season, as above.

3.2.2. Lowbidgee
3.2.2.1. Location and brief history
The Lowbidgee floodplain is a wetland of national environmental significance.
Covering an area over 155,000 hectares, it has some of the largest lignum (Duma
florulenta) wetland complexes in the country, large colonial-nesting waterbird
rookeries, river red gum (Eucalyptus camaldulensis) and black box (E.
largiflorens) forest, floodplains and native grassland (R. Kingsford, Bino, Porter,
& Brandis, 2013; Usback & James, 1992; Woods, Woods, & Fitzsimons, 2021).
It is situated in the lower reaches of the Murrumbidgee catchment, between
Maude (50km west of Hay) (34.4794°S, 144.3007°E) and Balranald (34.6394°S,
143.5629°E) in south-western New South Wales, Australia (Figure 3-3). The
floodplain encompasses several land management areas including Yanga
National Park (Yanga NP) and Gayini Nimmie-Caira (Hardwick & Maguire, 2012).
Yanga NP makes up part of one of the world’s largest river red gum forests and
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has a rich First Nations and pastoral history. It was declared a national park in
2009 after years as a pastoral property.
Gayini Nimmie-Caira is located to the east of Yanga NP, and it too has a rich First
Nations and pastoral history (Woods et al., 2021). In 2013, 19 properties in the
Nimmie-Caira region were purchased by the government as a major water saving
project. In 2017, a consortium led by The Nature Conservancy was successful in
tendering for management of the 86,000-hectare property.
For this study, fifteen wetland sites were selected for L. raniformis surveys in the
Lowbidgee; four within Yanga NP, nine in Gayini-Nimmie Caira, and two at
neighbouring Nap Nap station (Figure 3-3).

Table 3-1 Survey sites in the Lowbidgee region. Note: House and Waugorah were only
surveyed 2018/2019 and Fairfax 2 was added for the 2019/2020 season. Land
management area: Yanga National park (YNP), Gayini-Nimmie Caira (GNC) and Nap
Nap Station (NAP). Site numbers align with Figure 3-3 Lowbidgee region survey sites,
refer to Table 3.1 for site names.
Site
number
1

Site name

Latitude

Longitude Brief description

-34.55727

144.18390

GNC, large lignum wetland

2

Bala
swamp
Bala gate

-34.49925

144.23515

3
4

Bala north
House

-34.53541
-34.50988

144.18762
144.06432

5
6
7

Mercedes
Nap Nap
Nap Nap
Levy
Piggery
Pollen
Dam
Fairfax
Fairfax 2
Fairfax
North
Bayil Bank

-34.38020
-34.43608
-34.43598

143.79779
144.11508
144.10231

GNC, irrigation channel between
permanent creek and wetland
GNC, large lignum wetland
GNC, flooded area off permanent
creek
YNP, Red Gum wetland
NAP, Red Gum wetland
NAP, levy bank on wetland

-34.42413
-34.50040

144.09326
144.093

-34.56953
-34.54473
-34.54308

143.99777
144.07778
144.05281

-34.51143

144.00124

Two
Bridges
Bayil
Creek
Waugorah

-34.40236

143.79106

GNC, Red Gum permanent creek,
along levy bank
YNP, Red Gum wetland

-34.51405

144.02411

GNC, Red Gum permanent creek

-34.38898

143.87791

YNP, permanent billabong

8
9
10a
10b
11
12
13
14
15
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YNP, wetland
GNC, collection of dam, irrigation
channels and lignum wetland
GNC, lignum wetland
GNC, lignum wetland
GNC, lignum wetland

Figure 3-3 Lowbidgee region survey sites, refer to Table 3.1 for site names.
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3.2.2.2. Water supply and vegetation
Gayini Nimmie-Caira lies to the east or upstream of Yanga NP. Water supply for
the lignum-dominated wetlands is through diversions from the Murrumbidgee
upstream of the Maude Weir. Water is distributed through a series of protected
land floodways and constructed channel systems aligned with creeks and palaeochannels based on the Nimmie and Caira Creek systems (Hardwick & Maguire,
2012). Yanga NP receives diversions from the Murrumbidgee River upstream of
Redbank weir as well as receiving waters exiting the western boundary of the
Gayini Nimmie-Caira. Yanga NP supports of a range of vegetation communities,
including extensive river red gum (Eucalyptus camaldulensis) forests and
woodlands, swamps dominated by spike rush (Eleocharis sp.) and common reed
(Phragmites sp.), Black Box (E. largiflorens) lined creeks with understories of
lignum (Duma florulenta), grasses and nitre goosefoot (Chenopodium
nitrariaceum).
The wetlands in this system have been significantly affected by alteration of flow
through water regulation and land clearing (Ren & Kingsford, 2014). Large
volumes of water are diverted upstream for irrigation and domestic use (R. T.
Kingsford, 2000). Modelling estimates that, between 1880 and 2010, there was a
60% reduction of annual average flows in the Lowbidgee wetlands (Ren &
Kingsford, 2014). This has led to reduced flooding frequency and therefore
accelerated decline of river red gum communities and wetland condition (Wen,
Ling, Saintilan, & Rogers, 2009). The importance of environmental flows has now
been recognised and inundation of the Lowbidgee wetlands is now tightly
managed and the environmental response monitored (Wassens et al., 2021).
Wetlands typical of those included in this study are shown in Plate 3-1.
3.2.2.3. Climate
The Lowbidgee has a semi-arid climate; the hottest month of January has a mean
maximum of 33.7°C and mean minimum of 17.5°C. July is the coldest month with
a mean maximum of 15.4°C and mean minimum of 4.3°C. Mean rainfall in the
region is 324.5 mm (Figure 3-4) (BOM., 2021).
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Figure 3-4 Average maximum (red) and minimum (blue) temperature for the Lowbidgee
region, with rainfall (blue bars) for each month of the year also depicted.
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(a)

(b)

(c)

Plate 3-1 Wetlands typical of those occupied by Litoria raniformis in the Lowbidgee study
area. Examples include: (a) Lignum wetland, Bala swamp, Gayini Nimmie Caira; (b)
Blackbox/lignum wetland on Nap Nap Station, Maude; (c) Spike rush dominated wetland,
Two Bridges, Yanga NP.
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3.2.3. Gippsland
3.2.3.1. Location and brief history
Surveys in the Gippsland Plains region were located between Sale (38.1026°S,
147.0730°E) and Bairnsdale (37.8333°S, 147.6167°E) in south-eastern Victoria,
approximately 300 km east of Melbourne (Figure 3-5). This survey region
incorporates sites within the Gippsland Lakes system, listed as a Ramsar site in
December 1982 which encompasses 60,015 hectares of lakes, swamplands and
lagoons. While some sites were within national parks (MacLeod Morass), others
were in state game reserves or on private land. On the private sites, the major
land use is dryland agriculture, particularly cattle grazing.
Sites included several different waterbody types including farm dams, spring,
lagoons, lakes, channels and water treatment ponds. Due to the drought
conditions in 2017 and 2018, many of the known sites occupied by L. raniformis
sites were dry and could not be surveyed. This necessitated searching upstream
of wetlands and creek lines in search of farm dams or soaks to which the frogs
may have retreated.
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Table 3-2 Survey sites in the Gippsland region. Site numbers align with Figure 3-4.
Site
Site name
number
1
Crombe
House
2
Crombe
North
3
Danny Irish
4
Frog Hollow

Latitude

5

Geoff
Gooch
Heart
Morass
Heart State
Game
reserve
(channel)
Heart State
Game
reserve
(west)
Lake
Kakydra
Lower
MacLeod

-38.14761

6
7

8

9
10

11
12
13
14
15
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-38.02157
-38.01398
-37.85472
-38.02359

-38.11705
-38.13752

Longitude Brief description during 2018/19
surveys
147.26283 Private, spring fed ponds on edge
of dry wetland
147.26106 Private, spring fed dam on side of
dry wetland
147.58615 Private, pond in dry water channel
147.18535 Parks Victoria, lagoon on edge of
dry wetland
147.04751 Private, lagoon on edge of
watercourse
147.19958 Parks Victoria, wetland on edge of
lakes
147.15524 Game reserve, channel between
river and wetland

-38.14109

147.16423

Game reserve, channel between
river and wetland

-38.06824

147.19541

-37.87973

147.65425

MacLeod
Long tunnel
Macleod
Ponds
Newman
Ribolli

-37.87981

147.65402

-37.83941

147.62396

-38.01558
-38.00224

147.21863
147.16991

Robyn
Koch

-38.01733

147.23839

Parks Victoria, storm water
channel leading to lake
Parks Victoria, wetland fed by
Bairnsdale storm water and
treatment plant
Parks Victoria, channel fed by
Bairnsdale treatment plant
Parks Victoria, pond in water
treatment plant
Private, small dam on dry wetland
Private, spring fed soak on dry
water course
Private, farm dam on edge of dry
wetland

Figure 3-5 Litoria raniformis survey sites in the Gippsland region, refer to Table 3.2 for site details.
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3.2.3.2. Water supply
Waterbodies selected are part of the Gippsland Lakes system which includes a
diverse fresh and estuarine environment with a variety of physical habitats in
deep and shallow lakes, fringing wetlands and estuarine reaches of inflowing
rivers and creeks. The Gippsland Lakes system receives freshwater inflow to
numerous interconnected waterbodies. The Latrobe River catchment in the west
contributes 44% of mean annual inflow to the lakes and the Mitchell River
catchment in the east contributes 35%. The lakes have a permanent entrance to
the sea which creates broad spatial variability in salinity across the system (BMT
WBM, 2011).
Sites selected on fringing wetlands were classified as deep and shallow
freshwater marshes. Conductivity was recorded at sites as a measure of salinity,
levels varied from highly saline at 79.3 mS/cm (55.3 ppt) to fresh at 0.377 mS/cm
(0.18 ppt). Three sites located in Bairnsdale are water treatment ponds and
associated wetlands. Farm dams on private property often had cattle access and
associated farm run-off. Wetlands typical of those included in this study are
shown in (Plate 3-2).
3.2.3.3. Climate
Gippsland has a temperate climate with a mean maximum January temperature
of 26.1°C, and a mean minimum temperature of 13.6°C. In July the mean
maximum temperature is 15.5°C and mean minimum is 3.6°C. The mean annual
rainfall in the region is 637mm (Figure 3-6). The region was experiencing a severe
drought period during the 2018/19 surveys. Bairnsdale’s long-term average
rainfall to October is 512.5mm; rainfall to October in 2018 was only 269.4mm
(BOM., 2021). Rainfall in Gippsland in 2018 and 2019 were in the lowest 10 per
cent of records It was also the fifth warmest year on record in Victoria, with the
State’s mean temperature being 1.05°C above average (BOM., 2021). These
exceptional dry and warm condition resulted in numerous wetlands where
L. raniformis have previously been detected being dry. Consequently, remnant
water such as farm dams and spring-fed wetlands were included in the surveys.
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Figure 3-6 Average maximum (red) and minimum (blue) temperature for the Gippsland
region, with rainfall (blue bars) for each month of the year also depicted.
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(a)

(b)

(c)

Plate 3-2 Wetlands occupied by Litoria raniformis in the Gippsland study area. (a, b)
spring dams at Crombe’s property, Perry Bridge; (c) Frog Hollow lagoon at Clydebank
morass, Clydebank.
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3.2.4. Frog surveys
Each frog survey site was defined as a 500 metre transect. Surveys were
conducted along the water’s edge between the hours of 2100 and 0300 and
incorporated 10 m either side of the water line. Where water bodies were smaller
than 500 m in circumference, the site was defined as the entire waterbody. In
some cases, there were multiple water bodies, such as dams or ponds along the
one 500 m transect, in which case they were identified as one site, but water
quality and vegetation were measured in each pond with a pond ID number noted
when frogs were captured. Each site was at least one kilometre away from
neighbouring sites to ensure independence, as above.
In Gippsland, a total of 58 frog surveys were conducted between September and
April of the 2018/2019 season. In the Lowbidgee, a total of 152 frog surveys were
conducted over the two seasons (66 in 2018/2019, 86 in 2019/2020). Surveys
included an initial audio period followed by a visual search.
3.2.4.1. Audio surveys
Point call surveys were conducted for the first five minutes prior to commencing
a visual survey, commencing no less than 30 minutes after sundown. Frog calls
were identified to species level and a count was made. If a new call was heard
during the visual encounter survey, it was recorded as incidental.
3.2.4.2. Visual encounter surveys
Visual encounter surveys targeting adult and metamorphs of all frog species were
conducted by two surveyors walking together along the 500 m transects. Each
transect was surveyed for a minimum of 50 minutes and up to a maximum of four
hours when many frogs were being seen and captured. Surveys were conducted
along the water line, with searches including 10 metres either side of the water
line. The water, shoreline, aquatic and dry vegetation, and tree trunks and fallen
logs were carefully scanned using a handheld Led Lenser spotlight and
headlamp. Detection of species and individuals were tallied. When uncertainty of
identity occurred, detailed notes and photographs were taken for later
consultation with Anstis (2013) and expert advice.
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3.2.5. Hygiene protocols
To minimise the risk of spreading disease, such as chytridiomycosis, the New
South Wales National Parks and Wildlife Service’s hygiene protocol was followed
(DECC., 2008). The Lowbidgee region was treated as one site, due to
waterbodies being connected and in the same system. In Gippsland, each
property was treated as a site. Disinfecting occurred between sites. Footwear,
nets and equipment coming in contact with the frogs or water was cleaned and
disinfected with veterinary grade disinfectant (F10 SC Veterinary disinfectant).
Frogs were handled with Nitrile, powder-free gloves, with gloves changed
between each frog.

3.2.6. Water quality, environmental variables, chytrid
swabs and toe clips.
During the surveys described here, additional data were collected that, to avoid
repetition, will be covered in detail in the following chapters. These data include
water quality measurements and habitat assessments at each site; variables
recorded are summarised in Figure 3-7. Each L. raniformis sighted was captured
and swabbed for the chytrid fungus (Batrachochytrium dendrobatidis) (Chapter
4). During the 2018/2019 season, one toe clip was taken from each L. raniformis
captured during December to April surveys. This toe clip was processed via
standard histological techniques in order to determine the age of the frogs via
skeletochronology (Chapter 5).
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Figure 3-7 Overview of survey data collected and used throughout the subsequent
chapters of this thesis.
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3.3.

Results

Both Lowbidgee and Gippsland sites were surveyed during the 2018/2019
breeding season. In total, 3,723 frog observations (1,736 L. raniformis) were
made in the Lowbidgee in 2018/2019 and a further 4,169 frog observations were
made in the Lowbidgee during the 2019/2020 season, 1,981 of which were
L. raniformis. In Gippsland, 667 frog observations (18 L. raniformis) were made
during the 2018/2019 field season.
Frog diversity was higher in Gippsland; with nine species detected: Peron’s tree
frog (Litoria peronii), striped marsh frog (Limnodynastes peronii), whistling tree
frog (Litoria verreauxii), spotted marsh frog (Limnodynastes tasmaniensis),
southern bell frog (Litoria raniformis), brown tree frog (Litoria ewingii), eastern
banjo frog (Limnodynastes dumerilli), green and golden bell frog (Litoria aurea)
and the common eastern froglet (Crinia signifera) (Figure 3-8). Six species were
detected in the Lowbidgee; Peron’s tree frog (Litoria peronii), spotted marsh frog
(Limnodynastes tasmaniensis), southern bell frog (Litoria raniformis), giant banjo
frog (Limnodynastes interioris), barking marsh frog (Limnodynastes fletcheri) and
the eastern sign-bearing froglet (Crinia parinsignifera) (Figure 3-8).
While species diversity was higher in Gippsland, frogs were more abundant in the
Lowbidgee, with a maximum average of 124 frogs sighted or heard calling during
a single survey. In comparison, the highest count in Gippsland was an average
of 23 frogs heard calling or sighted during surveys in 2019. In the Lowbidgee,
L. raniformis, L. fletcheri, L. tasmaniensis and C. parinsignifera were the most
abundant and widespread species. Whereas L. aurea, Lim. peronii and C.
signifera were found in highest numbers in Gippsland (Figure 3-8).
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Lowbidgee
Gippsland
Figure 3-8 Average number of frogs either heard calling or observed during surveys
conducted in the Lowbidgee region during the 2018/19 and 2019/20 survey seasons and
the Gippsland region in 2018/19 only.

In the Lowbidgee, Litoria raniformis were the most frequently recorded frog
species across the survey sites (1,426 total heard calling and 2,291 observed
across the two survey seasons, Figure 3-9). Calling peaked in November and
December (Figure 3-9), and metamorphs were observed in January in both years.
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Lowbidgee
Gippsland
Figure 3-9 Mean number (log scale) of Litoria raniformis heard calling and observed
each month during the 2018/2019 and 2019/2020 survey season at the Lowbidgee and
Gippsland regions.

In Gippsland, Litoria raniformis were recorded at only four of the fifteen survey
sites: both sites on the Crombe property, Frog Hollow and at the Newman
property (Figure 3-5). Only one individual L. raniformis was heard calling over the
entire survey period (November 2018). The highest number of L. raniformis
recorded was seven frogs at the Frog Hollow site; a billabong adjacent to the dry
Clydebank Morass. Frogs at the Newman property were only observed on one
survey occasion, as the waterbody subsequently dried out. The only repeat
detection of L. raniformis over the course of the season was at the Crombe
property.

3.4.

Discussion

Low numbers in the Gippsland region, despite thorough and repeat surveys,
indicate L. raniformis populations in the area are at risk of local extinction. While
this species, along with many other amphibian species, have boom and bust
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cycles (Marsh, 2001), habitat loss and fragmentation, predation by invasive
species such as carp (Cyprinus carpio), increasing salinity levels in the region
and chytrid fungus, significantly challenge the ongoing persistence of
L. raniformis in Gippsland . The high numbers of L. raniformis in the Lowbidgee
region may be attributable to more focussed management through strategic
delivery of water to significant wetlands for the purpose of supporting L. raniformis
and other water dependent species. In contrast, the hydrological regimes of
wetlands in the Gippsland area have been impacted by landscape change and
water extraction, and are strongly influenced by local rainfall. Given this, it is likely
that the drought conditions experienced in Gippsland in 2018-2019 were a driving
force in low frog abundance reported. However, it is possible the sites in which L.
raniformis were detected are vital refuge habitats from which nearby wetlands
can repopulate when inundation reoccurs. Maintaining connectivity between
these refuge habitats and adjacent wetlands is vital to ensure successful
dispersal during wet years.
In Gippsland, the higher number of L. aurea detected compared with L. raniformis
(197 L. aurea, 18 L. raniformis) is consistent with surveys conducted by Wildlife
Unlimited Pty. Ltd in 2014/2015 and 2015/2016 (Collyer, 2015). However,
numbers were far fewer than previously detected; at Heart Morass and
Clydebank Morass, approximately 100 L. aurea individuals were detected in a
single night during earlier surveys. In comparison, 197 L. aurea were detected
during the whole 2018/2019 survey season (32 nights of survey), 108 of which
were recorded on the Crombe property. Litoria aurea were detected at seven of
the fifteen survey sites, compared with being detected across eleven wetlands in
2014/2015 and 2015/2016. As for L. raniformis, the total number of individuals
detected in the study area was between 26 and 40 during the Wildlife Unlimited
surveys, with 15 individuals detected on a single night north of Clydebank
Morass. This wetland was dry during 2018/2019, with efforts to find L. raniformis
focussed on adjacent farm dams or remnant waterholes. Only 18 L. raniformis
were detected in total across four different sites, with up to five survey occasions
at each site.
In both the Lowbidgee and Gippsland region, multiple sympatric species were
detected alongside L. raniformis (Figure 3-8). Those species can act as reservoirs
for diseases such as chytridiomycosis (Brannelly et al., 2018). Reservoir hosts
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are species that can harbour a pathogen by transmitting it among themselves
and others whilst exhibiting either sub-lethal effects or no clinical signs
(Casadevall & Pirofski, 2000). In the Lowbidgee region, sympatric species
included Crinia parinsignifera, Limnodynastes interioris, Lim. tasmaniensis, Lim.
fletcherii and Litoria peronii (Figure 3-8), none of which are listed under the EPBC
Act or have suffered population decline despite spread of Bd (Anstis, 2013).
However, Bd has been detected in at least two (possibly all) of these species;
Lim. tasmaniensis (Woodhams et al., 2007) and Litoria peronii (Stockwell, Clulow,
& Mahony, 2012). In the laboratory, L. peronii develops infection (Stockwell et al.,
2012) but remains abundant in the wild across the majority of eastern Australia
(Anstis, 2013). In contrast, Lim. tasmaniensis is completely asymptomatic and
can test negative for Bd despite intentional infection under laboratory conditions
(Woodhams et al., 2007). This characteristic leads Lim. tasmaniensis to act as a
reservoir host and likely contributes to ongoing disease impact in populations of
L. raniformis, and other threatened species, long after the arrival of Bd (Brannelly
et al., 2018).
Lim. tasmaniensis is one species which is common across both the Lowbidgee
and Gippsland study regions; therefore differences in reservoir host dynamics are
unlikely to be a major driver of any differences in Bd dynamics. Additional
sympatric species in the Gippsland region include; Crinia signifera, Lim. dumerilli,
Lim. peronii, L. ewingii and L. verreauxii. Long-term and large scale field studies,
alongside laboratory trials, show C. signifera is a competent reservoir host and
can maintain high prevalence and intensity of infections with no signs of sublethal effects or clinical disease (Brannelly et al., 2018). Furthermore, individuals
can live up to six years in the wild despite high infection rates, acting as a
significant reservoir for Bd. Although little surveillance has been conducted on the
closely related Crinia parinsignifera, present in the Lowbidgee, it is possible that
they may show similar resistance against Bd (J. Ocock et al., 2013).
L. raniformis are known to be susceptible to Bd (Heard et al., 2014; Obendorf &
Dalton, 2006) and population declines have coincided with the reported spread
of the fungus. The presence of competent reservoir hosts as sympatric species
in L. raniformis populations — plus the capacity of the fungus for environmental
latency — means they are likely to face ongoing risk of infection with Bd. A better
understanding of the environmental drivers of disease prevalence and intensity
86

will assist in guiding management decisions which provide L. raniformis the best
opportunities for reducing their infection burdens. This is especially important for
highly regulated systems such as the Lowbidgee wetlands, or where habitat is
being created for the purpose of conservation.
With the numbers of L. raniformis in Gippsland being too low to provide a robust
comparison between regions, it was decided to include an additional data set
collected by Dr. Geoffrey Heard during the 2004/2005 and 2005/2006 surveys
seasons in the Merri Creek catchment area north of Melbourne (Heard, 2010;
Heard et al., 2014; Heard et al., 2012b; Heard et al., 2015). These data align
closely with those collected for this thesis. Litoria raniformis were swabbed for Bd
in strategic surveys across multiple sites in the catchment area. Toe clips were
also taken for use in skeletochronology. Similar environmental data was collected
during surveys, including temperature logger deployment in waterbodies. By
combining these data with that collected in Gippsland to create a ‘temperate
region’ dataset, it was possible to continue with the original research aims of
comparing environmental drivers of Bd prevalence and intensity in L. raniformis
between climatic regions (semi-arid and temperate) and the subsequent effect on
population demographics. Consequently, the following chapters of this thesis
include data collected in 2018/2019 and 2019/2020 from the Lowbidgee region,
the semi-arid region; data collected in Gippsland 2018/2019; and data collected
in 2004/05 and 2005/06 from the Melbourne region.
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Limnodynastes interioris

Litoria peronii

Limnodynastes tasmaniensis

Litoria ewingii

Litoria aurea

Limnodynates dumerilii

Figure 3-10 A sample of frogs, in sympatry with Litoria raniformis, from the study
areas. Photos: Anna Turner.
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Abstract
Batrachochytrium dendrobatidis (Bd), the causative agent of chytridiomycosis
and the leading cause of amphibian declines across the globe, is sensitive to
temperature and thought to be restricted to certain climatic regions as a result.
This study sought to assess the prevalence and intensity of chytridiomycosis
among populations of a widespread frog species, Litoria raniformis, in cool
temperate and semi-arid regions. We show that Bd can infect amphibian
populations well beyond its predicted geographic range, although infection
prevalence was three times lower and maximum infection intensity was seven
times lower in semi-arid sites relative to temperate ones. Strong seasonal
patterns for both prevalence and intensity were identified in each region.
Consistent environmental drivers were also identified, including

water

temperature, wetland salinity and pH. This is the first study to report a quadratic
effect of pH on Bd prevalence in the field, as expected from laboratory studies.
Empirical data on the distribution and key environmental drivers of Bd infections
is vital to identify environmental refuges from the pathogen, and to guide
management to reduce disease impact.
Keywords: wildlife, climate, conservation, environmental refuge, disease, aquatic
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4.1.

Introduction

Species with widespread geographic ranges and broad habitat requirements can
present challenges for conservation planning as the intensity of different
threatening processes can vary across their range (Channell & Lomolino, 2000).
Disease driven declines often co-occur with other processes such as habitat loss
and competition with invasive species (Munns, 2006). Chytridiomycosis varies in
its prevalence and intensity depending on a complex interaction between the
optimal

conditions

for

growth

and

spread

of

the

causative

agent,

Batrachochytrium dendrobatidis (Bd) (Piotrowski et al., 2004), and the optimal
conditions for the amphibian host (Berger et al., 2004; Forrest & Schlaepfer,
2011).
Chytridiomycosis is estimated to have caused the decline of at least 500
amphibian species worldwide since its emergence in the 1970s (Scheele,
Pasmans, et al., 2019), and is one of the most significant infectious diseases to
impact wildlife (Berger et al., 1998). The susceptibility of individual species is
determined by their immune capabilities and behaviour (Greenspan, Bower,
Webb, Berger, et al., 2017), as well as correspondence between their
environmental niche and that of Bd (Scheele, Foster, et al., 2019). Exposure to
environmental reservoirs of Bd (Scheele, Hunter, et al., 2017) and local
environmental conditions are also important determinants of the severity of
impacts of chytridiomycosis (Heard et al., 2014).
Chytridiomycosis is most prevalent in areas with temperatures close to the
fungus’ optimum growth range of 17°C to 26°C and continual presence of water
(Pounds et al., 2006a; Turner, Wassens, Heard, & Peters, 2021). Models of Bd
occurrence generally predict absence of the pathogen in arid and semi-arid
regions globally due to prevailing hot, dry conditions (Ron, 2005). Despite limited
surveillance in semi-arid and arid regions Bd has been detected in semi-arid and
arid regions of North America (Lannoo et al., 2011) and Australia (Murray et al.,
2010; J. Ocock et al., 2013; Voros et al., 2011). This suggests current distribution
models (Murray et al., 2011; Ron, 2005) may underestimate the geographic range
of Bd impact.
In this study we examined the prevalence and intensity of Bd infections among
populations of the threatened Australian hylid frog Litoria raniformis in climatically
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disparate regions of south-eastern Australia (Figure 4-1). The warm semi-arid
Lower Murrumbidgee ‘Lowbidgee’ which is outside the predicted range of Bd
based on previous modelling of Bd distribution in Australia (Murray et al., 2011).
As well as the cool temperate ‘Gippsland’ and ‘Melbourne’ regions which are
inside the predicted Bd range and are known to have high levels of Bd infection
(Heard et al., 2014). Chytridiomycosis, along with habitat loss and fragmentation,
river regulation, invasive species and drought, are key threatening processes for
L. raniformis (Endangered E2 IUCN Red List 2004) (Pyke, 2002; Wassens,
2008). Field and laboratory studies confirm that L. raniformis is susceptible to
chytridiomycosis and displayed a pattern of decline similar to Bd-related declines
of other frogs in Australia (Berger et al., 2004; Heard et al., 2014). Once common
and widespread throughout south-eastern Australia, L. raniformis has undergone
substantial decline from higher altitude cold temperate regions with larger
populations persisting in the lowland semi-arid floodplains (Pyke, 2002;
Wassens, 2008).
We sought to identify differences in the prevalence and intensity of Bd infections
between L. raniformis populations in semi-arid and temperate climatic regions
and assess relationships between infection levels and a range of environmental
variables. We hypothesised that: 1) there would be major differences in infection
prevalence and intensity between temperate and semi-arid regions; 2)
temperature regimes would be the primary drivers of Bd prevalence and intensity
in both climatic regions; 3) water quality and hydrological parameters such as
salinity, pH and wetland hydroperiod would be important drivers of the prevalence
and intensity of Bd in both regions, and; 4) both aquatic and terrestrial shading
vegetation would influence Bd prevalence and intensity due to its impact on
thermoregulation.

4.2.

Methods

4.2.1. Study species
Litoria raniformis are a largely aquatic species that inhabit a range of waterbody
types (Wassens et al., 2010). Populations in the cooler extent of their range are
often associated with small permanent waterbodies (Heard et al., 2008),
whereas, those in the drier extent utilize large floodplain wetland systems and
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irrigation structures (Mann et al., 2010; Wassens et al., 2010). Breeding occurs
in the spring, and frogs remain active throughout summer making this ‘active
period’ the ideal time for surveys. A shorter active period is seen in the southern
temperate regions (October to March) compared with the semi-arid region
(September to April) and surveys are reflective of this.
Historically, L. raniformis individuals were widespread and locally abundant
throughout New South Wales (NSW) and the Australian Capital Territory (ACT),
eastern South Australia (SA) and Victoria on the mainland, as well as King Island,
Flinders Island and north-eastern Tasmania (Pyke, 2002; Wassens, 2008).
Numbers of L. raniformis dropped rapidly in the south eastern highlands of NSW
and the ACT in the late 1970’s (Osborne, Littlejohn, & Thomson, 1996). Similar
declines occurred prior to 1989 in the western division of NSW, central Victoria
and parts of Tasmania and South Australia (Pyke, 2002; Schultz, 2008; Wassens,
2008). Litoria raniformis is susceptible to infection with Bd (Heard et al., 2014; J.
Ocock et al., 2013; Voros et al., 2011) and severe infections can reduce monthly
survival probability by one third (Heard et al. 2014). Chytridiomycosis, in addition
to habitat loss and invasive species, is one of the leading causes of population
declines (Heard et al., 2012b).

4.2.2. Location and climate of selected regions
The two climatic regions selected for sampling were the semi-arid Lower
Murrumbidgee (‘Lowbidgee’) in south western New South Wales (closest town:
Hay, 34.4794°S, 144.3007°E) and temperate Gippsland (closest town: Sale,
38.1026°S, 147.0730°E) and Melbourne (37.7597°S, 144.9814°N) in southern
Victoria (Figure 4-1). Thirty-year averages (1990–2020) in seasonal temperature
were extracted from data collected by the Bureau of Meteorology from weather
stations in the closest town to each survey region to highlight the climatic disparity
between regions since introduction of Bd into Australia (BOM., 2021; Murray et
al., 2010). The mean maximum summer temperature in the semi-arid region is
32.4°C which is near 7°C warmer than the temperate region (25.7°C). Autumn
mean maximum temperature in the semi-arid region (24.3°C) is 3°C warmer than
the temperate (20.8°C) and spring temperatures are 3.5°C degrees higher in the
semi-arid region (semi-arid = 24.8°C, temperate = 20.6°C). Winter mean
maximum temperatures are 1°C degree warmer on average in the semi-arid
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region (16.4°C) compared to temperate (15.5°C) (BOM., 2021). Melbourne and
Gippsland have on average double the annual rainfall of the Lowbidgee (640
mm/yr compared to 323 mm/yr; BOM 2021).

Figure 4-1 Location and climate classification of the three study regions in south-eastern
Australia with pie charts depicting Bd prevalence detected in this study across the semiarid (Lowbidgee) and temperate (Melbourne and Gippsland) regions.

4.2.3. Frog survey methods
Sites were selected on the basis of previous knowledge of wetland occupancy
patterns by L. raniformis in each region (Heard, Robertson, & Scroggie, 2006;
Heard et al., 2008; Wassens, 2008). Fifteen sites were established in both the
Lowbidgee and Gippsland to sample individuals from across a range of different
habitats, from multiple populations and sub-populations. During the 2018/2019
active period, surveys were conducted every other month in the Lowbidgee and
Gippsland region (total number surveys; Lowbidgee=70, Gippsland=54). During
the 2019/2020 active period, monthly surveys were conducted at each of the sites
94

in the Lowbidgee (n=86). In Melbourne, surveys were conducted every two to
three weeks across 17 sites (total number surveys=80) during the 2004/2005
active period. In 2005/2006, this was reduced to seven sites, however surveys
were conducted weekly (total number surveys=43)(as per Heard et al., 2014).
In all three regions, surveys of adult frogs were conducted at night between 2100
and 0300 hours, following the waterline on a pre-determined 500m transect.
Visual census of transects was undertaken with the aid of spotlights, by two
people, following the procedures of Crump and Scott (1994). In the Lowbidgee
and Gippsland regions, body temperature and substrate temperature were taken
at time of capture for each individual frog with an infra-red temperature gun
(Testo- 835-T1, emissivity set to 0.95, Rowley and Alford (2007)). Frogs were
released at point of capture after swabbing for Bd (within 20min).
In the Melbourne region, body and substrate temperature for each frog were
predicted with the aid of their relationships with air temperature, estimated using
a dataset collected in the same study area during the 2002/2003 active period
(Heard et al., 2006, 2008). In that year, a digital probe thermometer was used to
record air, substrate and body temperature for 92 L. raniformis, with body
temperature recorded in the apex of the groin with the hind-limb closed around
the probe. Relationships between air temperature and body temperature, and
between air temperature and substrate temperature, were estimated with the aid
of break-point regression models in R (R Development Core Team, 2021) using
the ‘segmented’ package (Muggeo, 2021). Both models had high predictive
capacity (R2  0.72).

4.2.4. Chytrid sampling
Swabbing for Bd followed a standardised protocol in which the dorsal, lateral and
ventral surfaces, inner thighs and palms of hind feet were rubbed gently with finetip sterile swab (Copan CLASSIQSwabs 155C for Lowbidgee and Gippsland;
Medical Wire and Equipment P/L MW100 swabs for Melbourne). Swabs from the
Lowbidgee (n=194 in 2018/2019; n=404 in 2019/2020) and Gippsland (n=17 in
2018/2019) regions were analysed by Cesar Australia (independent research
laboratory, Melbourne, Australia). Swabs collected in the Melbourne region
(n=598 in 2004/2005 and 2005/2006; Heard et al., 2014) were analysed by
Ecogene (independent research laboratory, Auckland, New Zealand) both
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laboratories followed methods by Boyle et al. (2004). Both analyses tested for the
presence of Bd using quantitative polymerase chain reaction (qPCR) assays.
Cesar used KAPA probe force PCR Master Mix (Merck) as the reagent rather
than the TaqMan Master Mix used in Boyle, Olsen, Morgan, and Hyatt (2004) to
minimise the impact of contaminants. At both laboratories, all samples were run
in triplicate. An individual was considered ‘infected’ when all three PCR runs
returned positive for Bd, one or two positive runs were considered ‘equivocal’,
while no positives were ‘negative’ (Hyatt et al., 2007). ‘Equivocal’ results were
omitted from this analysis due to their unknow infection status. For positive
samples, a single estimate of ‘zoospore equivalents’ was provided, those with
>0.1 zoospore equivalents were considered Bd positive.

4.2.5. Environmental variables
Twelve environmental variables were measured at each study site on the basis
of having plausible mechanisms supported by published literature linking them to
the prevalence and intensity of Bd infection levels in L. raniformis (Table A4. 2).
Ambient air temperature and water temperature were measured at the start of
each survey using a handheld weather meter (Kestrel3500; Lowbidgee and
Gippsland) or a whirling psychrometer and digital temperature probe
(Melbourne). Air and water regimes were monitored at each site using loggers
(Lowbidgee

and

Gippsland:

HOBO

Pendant®

UA-001-08,

Melbourne:

Thermocron iButton, Maxim Integrated, Sunnyvale, California, USA) mounted at
each site for the duration of the project following the methods outlined in Turner,
Wassens, Heard, et al. (2021) (Chapter 2).
Percentage of emergent and shading vegetation were estimated based on visual
rapid assessment at three points within a five meter wide transect running into
the waterbody. Water quality measurements were taken during the afternoon
preceding each survey occasion using a hand-held meter (Lowbidgee and
Gippsland: Horiba U-52 MultiParameter Water Quality Meter - U52-2M;
Melbourne: Oakton CON11 water quality meter, Oakton Instruments, Vernon
Hills, Illinois, USA). Of the water quality parameters measured, pH and salinity
(as electrical conductivity) were included in the analysis as they are known to
have an effect on Bd growth rates in vitro and infection prevalence and intensity
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in the field (Dickman & Christy, 2002; Heard et al., 2014; Murphy et al., 2011;
Piotrowski et al., 2004).

4.2.6. Data analysis
Prior to development of the candidate model set, variables were first tested for
correlation (Pearson’s correlation coefficient), with any variables displaying a
correlation of >0.5 excluded from consideration in the same model.
Lagged air and water temperature variables, as per Table A4. 1. were compiled
from temperature loggers, but ultimately excluded due to the large amount of
missing data, resulting from logger loss and wetland drying. Fifty-three candidate
models (Table A4. 2) were constructed from the remaining environmental
variables, guided by specific hypotheses linking them to Bd infection prevalence
and intensity (Table A4. 2).
Analysis was conducted at two levels throughout this study. The first level, called
‘multi-region’, includes all data from both the semi-arid Lowbidgee region and the
temperate Melbourne and Gippsland region. At the second level, ‘semi-arid’, we
focus on the semi-arid region only. Candidate models were fitted to the infection
prevalence data as generalised linear mixed-effects models with a binomial
distribution with the aid of the LME4 package (Bates et al., 2011) in R version
4.0.3 (R Development Core Team, 2021). The effect of climate (categorical
variable; semi-arid and temperate) was treated as the null hypothesis to which
different variables were added for each candidate model. ‘Site’ was included as
a random effect to account for multiple samples from the same site. Models of
infection prevalence were ranked using the Akaike Information Criterion (AIC;
Burnham & Anderson, 2002) and Area Under the Curve (AUC) (Vrieze, 2012).
Fitting the candidate model set to zoospore equivalent data among infected
individuals was achieved with a linear mixed-models using the LME4 package in
R (Bates et al., 2011). A null model was included to test the effect of ‘climate’ on
zoospore equivalents. ‘Site’ and ‘climate’ were included as random effects at the
multi-region level, with only a ‘site’ random effect applied for the semi-arid
Lowbidgee only dataset. Models were ranked by R² values. Zoospore equivalents
and salinity (conductivity) were log transformed prior to the analysis. To aid
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convergence, all covariates were standardised by subtracting the mean from
each observation and dividing by two standard deviations (Gelman & Hill, 2007).

4.2.7. Ethics
Ethical approval was granted by Charles Sturt University for this study under
permit A18033 entitled ‘Multi-scale mechanisms determining the effect of
temperature on disease risk in bell frogs’. Ethical approval for sampling in the
Melbourne region was provided by Charles Sturt University under permit
AEC0424(L)V1 entitled ‘Population ecology of the Growling Grass Frog within an
urban-fringe environment’.

4.3.

Results

4.3.1. Summary statistics
A total of 1,213 swabs were collected from L. raniformis to test for Bd, 182
(15.7%) swabs returned positive, 973 were negative, 58 equivocal results were
excluded from analysis. In the semi-arid Lowbidgee, overall infection prevalence
was 7.9% (45 positive, 526 negative), zoospore equivalents of Bd positive frogs
ranged from 0.40 to 32,467. In Gippsland, prevalence was 17.6% in the 17
L. raniformis swabbed (3 positive, 14 negative) with zoospore equivalents
ranging from 1.0 to 101. In Melbourne, prevalence was 23.6% (134 positive, 433
negative) and zoospore equivalents of positive frogs ranged from 0.40 to
216,443. Combined the total prevalence of the temperate region was 22.3%
(Figure 4-1).
Seasonal variation in prevalence was greatest in the temperate region with 64.3%
(36 positive from 56 swabs) in October, the coolest month of the breeding season,
reducing to 6% in January (12 positive from 200 swabs), the hottest month of the
breeding season (Figure 4-2). In the semi-arid region, Bd prevalence was 21.4%
(6 positive from 28 swabs) in September, increasing to 25% (11 positive from 44
swabs) in November and reducing to zero in January (187 swabs collected). After
these summer lows, Bd prevalence increased to 15% in February (12 positive of
80 swabs) in the temperate regions and 12.8% in March in the semi-arid (14
positive of 109 swabs). Average infection intensity (zoospores equivalents) also
displayed a strong seasonal pattern in both climatic regions (Figure 4-2). In the
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semi-arid region, mean zoospore equivalents was at its highest in September
(13 480 ± 5,962 [SE] zoospores), dropping to 1,027 ± 986 (SE) in October and
zero by January. There was a slight increase in average zoospore equivalents to
336 ± 165 (SE) by March. In the temperate region, mean zoospore equivalents
was at its highest in October at 4,060 ± 1,359 (SE) zoospores, it then dropped to
978 ± 597 (SE) and 1,313 ± 642 (SE) in December and January, and then
reduced further to a low of 28 ± 8 (SE) in March (Figure 4-2).

Figure 4-2 Percent Bd prevalence and average zoospore equivalents amongst
Litoria raniformis in the temperate (left) and semi-arid (right) regions with mean maximum
temperature (dark grey line) and mean minimum temperature in the region (pale grey
line) shown in the Bd prevalence graphs. Calculations of Bd prevalence contain ‘positive’
and ‘negative’ Bd samples only (not equivocal), with total number of samples in numerals
above respective bars. Monthly mean zoospore equivalents (black diamond) from
positive samples only (grey dots) with error bars representing standard error from the
mean. Note: surveys did not take place in the temperate regions during September and
April.
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No surveys took place in September and April in the temperate regions due to
shorter active periods in these regions. Although the average zoospore
equivalents in the semi-arid region is higher in September than the temperate
region, sample size was a smaller (6 compared to 36). In the temperate region a
zoospore equivalent of 216,444 was detected in November, however this was
treated as an outlier when calculating monthly means (Figure 4-2).

4.3.2. Probability of infection with Bd
In the multi-region analysis the null model, in which the probability of infection
differed only between the two climatic regions, had no support (model weight =
<0.01), while models including effects of proximate temperature and wetland
characteristics in the multi-region analysis ranked consistently higher. However,
the estimates of the climate-based random effect from the top model confirm
significant variation in Bd prevalence between climatic regions even after
accounting for proximate environmental variables, with the random effect
estimated at -1.34 for semi-arid sites and 1.54 for temperate sites.
The top model of infection prevalence in the multi-region and the semi-arid region
analysis included effects of water temperature at the time of capture, wetland
salinity and a quadratic effect of wetland pH, with the resulting models having
high AUC estimates of 0.85 and 0.92 respectively (Table 4.2). Water temperature
at capture displayed a strong negative effect on prevalence of Bd infections, in
the multi-region and in the semi-arid region analysis (Table 4.2, Figure 4-3). In
the multi-region analysis, predicted probability of infection dropped by 68% from
the minimum temperature (13°C, prevalence = 0.69; Figure 4-3) to the maximum
temperature (31°C, prevalence = <0.01, Figure 4-3). Similar predictions were
derived when considering only the semi-arid region (13°C, prevalence = 0.66;
31°C, prevalence = <0.01; Figure 4-3).
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Table 4-1 Ranking of the top five models describing the environmental correlates of the
probability of Bd infection and infection intensity (zoospore equivalents) of Litoria
raniformis from both climatic regions. All multi-region models include ‘Site’ and ‘Climate’
as random effects, all Lowbidgee models include ‘Site’ as a random effect. The number
of parameters (K), the log likelihood (LogLik), Akaike’s Information Criterion (AIC),
distance from the most parsimonious model (ΔAIC), model selection weight (W) are
provided. Area under curve (AUC) was used for probability of infection, R2 for zoospore
equivalents.
Probability of infection
K

LogLik

AIC

ΔAIC

W

AUC

7

-409.65

833.40

0.00

0.31

0.85

8

-408.77

833.66

0.26

0.27

0.85

8

-409.33

834.80

1.39

0.15

0.85

8

-409.57

835.26

1.86

0.12

0.85

5

-413.40

836.86

3.46

0.06

0.83

Water temperature + Salinity + pH
+ pH²
30
Water temperature + Shading
vegetation + Salinity + pH + pH²
27
Water temperature + Emergent
vegetation + Salinity + pH + pH²
38
Water temperature + Water
temperature²+ Salinity + pH + pH²
29
Water temperature + Shading
vegetation + pH + pH²
Zoospore equivalents

6

-106.26

224.67

0.00

0.38

0.92

7

-105.61

225.41

0.75

0.26

0.92

7

-105.83

225.87

1.20

0.21

0.92

7

-106.09

226.38

1.71

0.16

0.92

6

-112.50

237.15

12.49

0.00

0.91

Model

K

LogLik

AIC

ΔAIC

W

R2

5
6
6

-411.83
-411.58
-411.63

834.01
835.65
835.74

0.00
1.63
1.73

0.27
0.12
0.11

0.09
0.09
0.09

6

-411.77

836.03

2.02

0.10

0.09

6

-411.83

836.15

2.14

0.09

0.09

5
7

-94.13
-91.38

199.84
199.87

0.00
0.04

0.22
0.21

0.28
0.36

5

-95.03

201.64

1.80

0.09

0.24

5

-95.24

202.06

2.22

0.07

0.24

5

-95.42

202.43

2.59

0.06

0.23

Model

Variables
Multi-region

7
30
27
38

4

Water temperature + Salinity + pH
+ pH²
Water temperature + Shading
vegetation + Salinity + pH + pH²
Water temperature + Emergent
vegetation + Salinity + pH + pH²
Water temperature + Water
temperature ² + Salinity + pH +
pH²
Water temperature + Salinity
Semi-arid only

7

Variables
Multi-region

10
31
15
16
11

Air temperature at capture
Air temperature + Air temperature²
Air temperature + Emergent
vegetation
Air temperature + Shading
vegetation
Air temperature + Salinity
Semi-arid only

32
37
42
16
18
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Air temperature + Air temperature²
Water temperature + Water
temperature² + pH + pH²
Body temperature + Shading
vegetation
Air temperature + Shading
vegetation
Water temperature + Shading
vegetation

Figure 4-3 Estimated relationships between the probability of Bd infection of
Litoria raniformis and the environmental variables in the top model (water temperature,
pH and salinity) both at the multi-region scale (left) and for the semi-arid Lowbidgee alone
(right). The dark line represents the mean estimate, with the shaded area giving the 95%
confidence intervals. The range for each predictor variable is that observed in the field.
Note that predictions for water temperature are with all other variables held at their mean,
while the predictions for salinity and pH are for the minimum observed water temperature
and mean pH and salinity respectively (allowing this relationship to be seen more
clearly).
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Salinity levels across all sites ranged from 84 µS/cm to 18 800 µS/cm. A negative
effect of salinity on the probability of Bd infection was detected in the multi-region
and the semi-arid analysis (, Figure 4-3). For a L. raniformis experiencing the
minimum water temperature and mean pH, probability of infection dropped from
0.76 at the minimum conductivity to 0.02 at maximum conductivity (Figure 4-3).
In the semi-arid region, a narrower range of salinity levels was detected (84–
689 µS/cm). Predicted probability of infection, when at the minimum water
temperature and mean pH, dropped from 0.98 at the wetland with the lowest
conductivity to 0.43 at the highest conductivity (Figure 4-3).
At the multi-regional level, pH ranged from 5.66 to 10.69. A quadratic effect was
apparent between pH and probability of Bd infection both across climatic regions
and in the semi-arid region alone, although neither were significant (Table 4-2,
Figure 4-3). For a L. raniformis experiencing the minimum water temperature and
mean salinity, probability of infection dropped from 0.75 at the site with the lowest
pH to 0.18 at the site with the highest pH (Figure 4-3). In the semi-arid region, the
probability of infection was estimated at 0.98 at the site with the lowest pH
compared with 0.16 at the site with the highest pH (Figure 4-3).
Shading and emergent vegetation appeared in the second and third ranked
models, for the multi-region and the semi-arid analysis respectively. However,
these vegetation variables both had a weak negative correlation with probability
of infection (Table 4.2)
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Table 4-2 Coefficient estimates for each environmental variable identified in the top three
models of the probability of Bd infection of Litoria raniformis across climates and in the
semi-arid region. Note that electrical conductivity (salinity) was originally measured in
µS/cm, and was log-transformed prior to model fitting. Estimates derive from the top
model in which they appeared, with the exception of variables with a quadratic effect, in
which estimates derive from the top model including the quadratic effect.
Variable

Estimate

Std. Error

z-value

p-value

Intercept
Water temperature at capture
Salinity

-2.17
-2.36
-2.44

1.11
0.27
0.75

-1.96
-8.64
-3.26

0.05
< 0.01
< 0.01

pH
pH2
Shading vegetation
Emergent vegetation
Semi-arid Lowbidgee only
Intercept

3.56
-4.61
-0.63
-0.27

4.32
4.56
0.48
0.34

0.82
-1.01
-1.33
-0.80

0.41
0.31
0.18
0.42

-3.98

0.73

-5.47

< 0.01

Water temperature at capture

-3.75

0.68

-5.54

< 0.01

Salinity
pH
pH2
Shading vegetation

-1.96
4.25
-6.48
-1.13

0.53
6.79
7.08
1.09

-3.68
0.63
-0.92
-1.04

< 0.01
0.53
0.36
0.29

Emergent vegetation

-0.46

0.51

-0.91

0.36

Multi-region
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4.3.3. Infection intensity
The null model, comparing the two climatic regions only and no other variables,
has no support (model weight = <0.01). However, estimates of the climate-based
random effect from the null model confirmed significant variation in Bd infection
intensity between the semi-arid = -0.36 and temperate = 0.36 regions. In the
multi-region analysis, the strongest model for infection intensity included only one
variable: air temperature at the time of capture (Table 4.3, Figure 4-4). In the
semi-arid analysis the top model included a convex quadratic effect of air
temperature at the time of capture (Table 4.3, Figure 4-4). This relationship was
the inverse to that predicted (Table A4. 2). The R² values estimates for the top
models at the multi-region and Lowbidgee analysis were low, being 0.09 and 0.28
respectively. As such, substantial variation in infection intensity was unexplained
by the top models.

Table 4-3 Coefficient estimates for each environmental variable identified in the top three
models of Bd zoospore equivalents in Litoria raniformis across climatic regions and in
the semi-arid region.
Estimates derive from the top model in which they appeared, with the exception of
variables with a quadratic effect, in which estimates derive from the top model including
the quadratic effect.
Variable

Estimate

Std. Error

df

tvalue

p-value

Multi-region
(Intercept)

5.10

0.18

180.00

28.71

< 0.01

Air Temperature

-1.48

0.36

180.00

-4.17

< 0.01

Air Temperature
Air Temperature2
Emergent Vegetation

-2.43
0.98
-0.23

1.38
1.38
0.36

180.00
180.00
180.00

-1.76
0.71
-0.64

0.08
0.48
0.52

4.30

0.31

44.00

13.87

< 0.01

Air Temperature
Air Temperature²

-21.93
20.04

7.78
7.78

44.00
44.00

-2.82
2.58

< 0.01
< 0.01

Water Temperature
Water Temperature²

-47.57
46.05

11.53
11.61

44.00
44.00

-4.13
3.97

< 0.01
< 0.01

pH
pH²

10.61
-13.63

16.13
16.34

44.00
44.00

0.66
-0.83

0.51
0.41

Body Temperature

-1.82

0.65

44.00

-2.81

< 0.01

Shading Vegetation

-1.70

0.63

44.00

-2.68

< 0.01

Semi-arid only
(Intercept)
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Figure 4-4 Estimated relationship between Bd zoospore equivalents in Litoria raniformis
and air temperature at capture, from across climatic regions (Multi-region) and
Lowbidgee only (Semi-arid). The dark line represents the mean estimate, with shaded
area the 95% confidence limits. The range for air temperature is that observed in the
field.
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4.4.

Discussion

We compared chytrid infection dynamics in populations of Litoria raniformis in
temperate and semi-arid regions of south-eastern Australia. Batrachochytrium
dendrobatidis was detected in hot, semi-arid areas, outside its predicted range
(Murray et al., 2011). Similarities in overall patterns of seasonal prevalence and
intensity were observed between the two climatic regions. However, Bd
prevalence in the semi-arid region (7.9%, 45 positive of 572 swabs) was three
times lower than that in the temperate region (23.4%, 137 positives of 584
swabs). Similarly, maximum infection intensity detected was seven times lower
in the semi-arid sites (32,467 zoospore equivalents) than in the temperate sites
(216,443 zoospore equivalents).
The Lowbidgee has on average 76 days when daily maximum air temperature is
equal to or exceeds 30°C compared with Melbourne and Gippsland which have
30 and 24 days, respectively (BOM., 2021). As 30°C is above the optimum growth
range for Bd, the persistence of Bd in the hot, semi-arid floodplain environment
indicates suitable microclimates supporting Bd growth and survival are present
and may act as reservoirs for environmental latency and transmission. The higher
prevalence and intensity levels in the temperate region is in line with expectations
from previous macroclimate correlates of Bd occurrence and prevalence
identified (Murray et al., 2011; Ron, 2005), and consistent with historical declines
and loss of frog species from cooler, wetter regions (Berger et al., 1998; E. Muths,
Pilliod, & Livo, 2008; Wassens, 2008). However, during 2018 and 2019 the
Gippsland region was warmer and drier than average (BOM., 2021). Below
average rainfall was recorded in Gippsland in most months and annual rainfall for
2018 and 2019 was in the driest 10 per cent of records (BOM., 2021). This may
mean that Bd prevalence and intensity detected in the Gippsland region was
lower than average due to these climatic conditions.
The Bd infection prevalence and zoospore equivalents in L. raniformis varied
seasonally with generally higher prevalence and zoospore equivalents (Figure
4-2) in spring, at the start of the frog breeding season. The rapid drop off in
zoospore equivalents from September to October in the semi-arid region
demonstrates the short temporal pattern in this region compared to the temperate
region where infection levels remain higher through October and November. The
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lowest Bd prevalence was detected in mid-summer (January) in both climatic
regions. This is possibly due to high summer temperatures outside the optimum
growth range for Bd. High prevalence in spring aligns with previous studies that
show clear seasonal changes, peaking during periods that are climatically most
suitable for the fungus (Ruggeri et al., 2015; Watters et al., 2019). Additionally,
increased transmission of Bd may occur in spring with increasing physical contact
between frogs during the breeding season

(Briggs, Vredenburg, Knapp, &

Rachowicz, 2005).
Water temperature, salinity and pH were determined as the main drivers of Bd
prevalence across both regions. A consistent negative relationship was found
between the probability of Bd infection and water temperature (Table 4.2). Water
temperature is driven by a number of factors including climatic patterns, elevation,
waterbody size and depth, hydroperiod, flow rate and water source, shading and
aquatic vegetation (Chestnut et al., 2014; Heard et al., 2015). Thermal inertia
means large, deep wetlands maintain a relatively stable temperature compared
with shallow ones which fluctuate with ambient temperatures (Martinsen,
Andersen, & Sand-Jensen, 2019). In this study we intentionally sampled from a
range of wetlands varying in size and depths which changed over the season as
they dried out. The thermal regime of waterbodies may support optimal conditions
for the growth of Bd for longer periods than might be predicted from air
temperature alone and may change over the season in line with water levels.
The susceptibility of Bd to increasing salinity has been demonstrated in culture
through reduced growth rates, motility and viability (Stockwell et al., 2012).
Evidence of this effect has been observed in the field; however, studies have
been mostly in Australia (Bramwell, 2011; Clulow et al., 2018; Heard et al., 2014;
Stockwell et al., 2012; Stockwell, Clulow, & Mahony, 2014). The relatively high
levels of salinity in the Gippsland sites suggests they may be acting as refuge
habitat for L. raniformis, given the highly suitable climate for Bd in this region.
More data would need to be collected, over a number of years and breeding
seasons, to confirm this as sample size was small in this region. However, this
does not explain the presence of salinity in the top model for the semi-arid region
which had comparatively lower conductivity. As such, this study confirms that the
negative relationship observed between Bd infection prevalence and salinity for
L. raniformis previously reported from a subset of the data presented here (Heard
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et al. 2014, 2015) holds for other regions across the species’ broad geographic
distribution, even when variation in salinity is comparatively small. Whilst
wetlands with higher salinity may reduce Bd infection burdens, higher salinity may
not be ideal for breeding to occur. We suspect that although L. raniformis were
captured from ponds with higher salinity, breeding was occurring in fresher water
nearby due to the nature of the system.
In this study, pH ranged from 3.44 to 10.69. The quadratic effect of pH was
included in the top model of Bd prevalence in L. raniformis populations both within
Lowbidgee and in the multi-region analysis (Table 4.2). To our knowledge, this is
the first study of Bd infection dynamics in a single species across such a broad
climatic gradient, and the first report of a quadratic effect of pH on Bd prevalence
being detected in the field. This result is consistent with the sensitivity of Bd to pH
when grown in culture, with lower growth under both acidic and alkaline
conditions (Piotrowski et al., 2004). A linear positive relationship between pH and
Bd has been reported in the field elsewhere (Chestnut et al., 2014; Kärvemo,
Meurling, Berger, Höglund, & Laurila, 2018), however, this is the first report of a
quadratic effect detected in the field.
Shading and emergent vegetation featured in top ranked models. Relationships
with Bd were opposite to what was predicted; however, they were weak. Heard
et al. (2015) demonstrated a strong negative effect of riparian and emergent
vegetation cover on water temperature, and a strong negative relationship
between water temperature and Bd infection prevalence at a subset of the sites
included in this study. The lack of a clear effect of shading and emergent
vegetation cover on Bd prevalence in this study may result from dominance of
the proximate effect (water temperature), or inconsistency in vegetation
estimates across survey regions. Furthermore, body temperature was predicted
to influence Bd prevalence however it did not rank in the top models. We believe
there could be more variation in body temperature compared to water
temperature, and as a result a clear relationship could not be detected.
Air temperature was the top variable influencing Bd zoospore equivalents in
L. raniformis in the multi-region analysis. In the semi-arid region, the top model
of zoospore equivalents included a convex quadratic effect of air temperature at
time of capture (Table 4-3). However, inspection of the raw data revealed that
seven L. raniformis identified as positive for Bd were caught at the same site on
109

a single night in December 2019 with an unseasonably high night time air
temperature (27.5°C). The convex quadratic relationship is driven by these
outlying individuals.
Field studies such as ours deliver insights into the considerable intraspecific
variation in the impact of Bd that has been documented (Kriger & Hero, 2007;
Ruggeri et al., 2015). Results from this study demonstrate the importance of
refugial habitat from Bd. Wetlands with particular water chemistry profiles and
higher stable water temperatures may act as important environmental refuges
from Bd. Such environmental refuges may be crucial in ensuring the survival of
species under threat from Bd, such as L. raniformis, and should be priorities for
protection and appropriate management. Dedicated habitat manipulations that
seek to replicate these conditions may also be pursued where feasible and
appropriate, such as bolstering water temperatures or manipulating salinity or pH
(Stockwell et al., 2014). Managing canopy cover and shading from emergent
vegetation is a viable option for manipulating water temperature in smaller or
already intensively managed systems (Becker et al., 2012; Dalbeck, Lüscher, &
Ohlhoff, 2007). In constructed wetlands, percentage canopy cover can be kept
low to prevent overshading of the waterbody. Emergent vegetation can provide
important habitat for frogs, providing calling platforms and substrate to which
eggs are attached. Increased vegetation complexity and emergent cover has
been seen to positively influence abundance of adult L. raniformis which will
increase physical contact between species and, consequently, Bd transmission
(Littlefair, Nimmo, Ocock, Michael, & Wassens, 2021); however, if vegetation
dominates the waterbody, excessive shading can reduce water temperature and
therefore increase prevalence of Bd (Roznik et al., 2015).
In extensive wetland systems, such as the Lowbidgee, direct management of
vegetation may not be possible, especially where it is vital for other biodiversity
objectives. Management of watering regimes to mimic natural wetting and drying
patterns can help maintain a diversity of vegetation and prevent overabundance
of emergent vegetation (Wassens et al., 2010). Where wetland inundation is
heavily managed, timing of environmental watering events to prevent cold water
pollution could reduce heavy Bd infections, with water temperature being the top
predictor of Bd prevalence in this study. Likewise, providing small-scale refugia
within a waterbody in which water temperatures can rise above the thermal
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optimum for Bd growth could enable host frogs to reduce infection rates and
intensities.
This, and other observational studies, have identified clear environmental drivers
of infection risk for amphibians threatened by Bd. Modelling studies and
mesocosm experiments have likewise suggested that the capacity exists to
mitigate Bd infection risk for threatened species by manipulating local habitat
conditions (Clulow et al., 2018; Heard et al., 2018). Large-scale field experiments
represent the next step for proof of concept and should be a priority for future
studies on mitigating Bd impacts.
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Abstract
Threatening processes such as disease can drive major changes in population
demographics of the host. Chytridiomycosis, caused by the fungal pathogen
Batrachochytrium dendrobatidis (Bd), has led to the decline of at least 500
amphibian species across the globe and has been shown to truncate host age
structure by lowering adult survival rates. This results in heavy reliance on annual
recruitment and the inability to recover in the event of periodic recruitment failure.
We used skeletochronology to determine the age structure, growth and survival
rates of populations of an endangered amphibian, Litoria raniformis, with endemic
chytridiomycosis across two climatically disparate regions in south-eastern
Australia: semi-arid and temperate. Contrary to predictions, populations in the
semi-arid region (in which chytrid prevalence is substantially lower due to higher
temperatures) displayed a more truncated age structure than populations in the
temperature study regions. Maximum recorded age was only two years in the
semi-arid region compared with up to four years in the temperate region. Wetland
hydroperiod and average seasonal air temperature were correlated with age, and
males had a slightly higher survival rate than females (0.31 for males and 0.27
for females). Despite the differences in chytrid prevalence between the two
climatic regions, water availability and wetland hydroperiods appear the overriding determinants of the age structure and survival rates of L. raniformis.
Targeted management which ensures water availability and improves survival of
one year old frogs into their second and third breeding season would reduce the
impact of stochastic events on L. raniformis, and this may be true for numerous
frog species susceptible to chytridiomycosis.

Keywords
Life-history, conservation, amphibian declines, demography, growth curves
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5.1.

Introduction

Amphibian populations are in decline globally and therefore classified as the most
threatened group of vertebrates (Scheele, Pasmans, et al., 2019; Wake &
Vredenburg, 2008). When populations are under threat, an understanding of the
demographics and factors driving survival rates can help target conservation
efforts (E. Muths, Scherer, Amburgey, & Corn, 2018). Population age structure
and survival rates in amphibians are driven by a number of factors, including
extent and continuity of suitable breeding habitat (R. M. McCaffery, Eby, Maxell,
& Corn, 2014), water quality (Bounas et al., 2020), presence of invasive species
(Falaschi, Melotto, Manenti, & Ficetola, 2020) and disease (Campbell et al., 2018;
R. McCaffery, Richards-Zawacki, & Lips, 2015). The age structure of a population
can provide insights into the potential for population size fluctuations (Sinsch,
2015). In stable populations, where recruitment and mortality are consistent, it is
expected that the number of individuals will gradually reduce over successive age
classes from youngest to oldest (Biek, Funk, Maxell, & Mills, 2002; Middleton &
Green, 2015). Sporadic recruitment or mortality can lead to variability in age
structure and consequently an unstable population (R. McCaffery et al., 2015; R.
M. McCaffery et al., 2014).
Populations of short-lived individuals are especially prone to size fluctuations
when recruitment failure occurs (Angelini, Tiberi, Cari, & Giachi, 2018; Biek et al.,
2002). High rates of adult mortality in amphibian populations suffering from
chytridiomycosis, the disease caused by aquatic fungus Batrachochytrium
dendrobatidis (Bd) (Berger et al., 1998), can lead to a truncation of age structure,
reducing the number of individuals capable of reproducing (Campbell et al.,
2018). Chytrid infected amphibian populations therefore rely heavily on
consistent annual recruitment, and, in the event of periodic recruitment failure,
any population with a truncated age structure is often unable to recover (Scheele
et al., 2016).
The endangered southern bell frog, Litoria raniformis, is an Australian hylid
species that has suffered population declines due to Bd (Heard et al., 2012b), in
combination with other stressors such as habitat loss and fragmentation
(Wassens et al., 2010). Previous research using mark-recapture has
demonstrated L. raniformis displays rapid growth and maturation and suggests
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that populations with endemic chytridiomycosis display low adult survival rates
with very few animals likely to live beyond their first breeding season (Heard et
al., 2012b). However, survival rates for L. raniformis may be generally higher than
those estimated by Heard et al. (2012b), as their mark-recapture data did not
separate mortality from permanent emigration from the study area.
Amphibian growth is often rapid until sexual maturity, then slows, making size a
poor indicator of age (Sinsch, 2015). For species with clear annual cycles of
activity and growth, skeletochronology may be used to construct age structures,
estimate annual survival rates and derive growth curves (McCreary, Pearl, &
Adams, 2008; Sinsch & Aguilar-Puntriano, 2021). Skeletochronology is based on
the observation of lines of arrested growth (LAGs) in a cross section of bone,
taken non-lethally from a phalange clipped from a captured individual (McCreary
et al., 2008; Székely, Székely, Stanescu, Cogalniceanu, & Sinsch, 2018).
Successful aging of L. raniformis has been achieved using skeletochronology for
populations in Tasmania (Ashworth 1998) and in the semi-arid Coleambally
region in south-western New South Wales (Mann et al., 2010). In the latter study,
laboratory-reared animals of known ages were used to test the method and
displayed clear LAGs corresponding to over-wintering periods (Mann et al.,
2010). Results suggested survival rates in semi-arid New South Wales may be
higher than those in temperate regions as estimated by Heard et al. (2012b). If
so, this disparity in survival rates may stem from differing levels of exposure to
chytridiomycosis. It is plausible that the demographic impact of chytridiomycosis
varies markedly across the range for L. raniformis, with the geographic
distribution of this species spanning from cool temperate in the south of its range
to semi-arid in the north (Pyke, 2002; Schultz, 2008; Wassens, 2008).
The prevalence and intensity of Bd infections varies with water temperature at
time of capture, and the pH and salinity of the wetland of capture which, in-turn,
may influence survival (Chapter 4; Turner, Wassens, & Heard, 2021). Prevalence
of infection differs between the semi-arid region (7.9% prevalence) and the
temperate region (23.4% prevalence); however, the environmental drivers are
consistent across both climatic regions. These results demonstrate the difference
in prevalence and intensity between the two regions and enable us to examine
the impact this may have on population demographics.
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Here we survey L. raniformis from two climatically disparate regions; the semiarid Lowbidgee in south-western New South Wales and temperate Melbourne
and Gippsland regions (Figure 5-1). While we may expect to see greater
truncation of age structure in temperate sites relative to semi-arid sites due to the
higher prevalence of Bd (Scheele et al., 2016), age structure may also be
influenced by specific climate and water chemistry factors between wetlands.
Beyond chytrid impacts, local determinants of habitat quality may impact age
structure and survival rates. For amphibians, wetland hydroperiod is known to
be particularly important, as is vegetation structure, terrestrial habitat attributes
and predator densities (Sredl & Collins, 1992; Van Buskirk, 2005; Wassens et al.,
2010).
This study sought to explore the demography of temperate and semi-arid
populations of L. raniformis using skeletochronology, asking four specific
questions:
1. How does the age structure of L. raniformis populations differ between
temperate and semi-arid regions with variable disease risk?
2. Within regions, which local environmental variables affect age structure?
3. Do growth rates of L. raniformis differ between temperate and semi-arid
regions?
4. What factors influence survival rates of L. raniformis?

5.2.

Methods

5.2.1. Study species
Litoria raniformis is considered a habitat generalist, found to occupy permanent
lakes, dams, streams and seasonally flooded wetlands (Anstis, 2013).
Historically, L. raniformis was widespread and locally abundant through southern
New South Wales (NSW), the Australian Capital Territory (ACT), eastern South
Australia and Victoria on the mainland, as well as King Island, Flinders Island and
northern and eastern Tasmania (Pyke, 2002; Wassens, 2008).
The abundance and geographic range of L. raniformis declined rapidly in the
south-eastern highlands of NSW and the ACT in the late 1970’s and early 1980’s
(Osborne et al., 1996). Similar declines in populations of L. raniformis occurred
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prior to 1989 in the western division of NSW, central Victoria and parts of
Tasmania and South Australia (Mann et al., 2010; Pyke, 2002; Schultz, 2008;
Wassens, 2008). Declines have occurred due to habitat loss and fragmentation,
competition with invasive species and Bd (Clemann & Gillespie, 2012; Wassens,
2008). Current populations exist in strongholds in the lower Murrumbidgee, lower
Murray and parts of southern Victoria, South Australia and Tasmania where they
are still relatively abundant.

5.2.2. Location and climate of study regions
Here we incorporate data collected from two climatically distinct regions in southeastern Australia (Figure 5-1). A total of seventy surveys were conducted across
fifteen sites in the semi-arid environs of the Lower Murrumbidgee floodplain
(‘Lowbidgee’) in south-western New South Wales (closest town: Hay, 34.504°S,
144.844°E) during the 2018/2019 breeding season of L. raniformis (September–
March). In the temperate Gippsland region of Victoria (closest town: Sale,
38.102°S, 147.073°E), fifty-four surveys were conducted across fifteen sites
during the 2018/2019 breeding season. Surveys in the Melbourne region (Merri
Creek: 37.761°S, 144.983°E) were conducted during the 2004/2005 and
2005/2006 breeding seasons, covering 17 sites in the first season and seven in
the second (123 surveys in total; see Heard et al. 2012, 2014). Data from
Melbourne surveys were combined with that from Gippsland to represent
temperate populations, given poor captures rates in Gippsland.
Average seasonal temperature (1990–2020) in each town closest to the survey
points highlights the climatic disparity between regions (BOM., 2021; Murray et
al., 2010). The mean maximum summer temperature in the semi-arid region is
32.4°C which is near 7°C warmer than the temperate region (25.7°C). Autumn
mean maximum temperature in the semi-arid region (24.3°C) is 3°C warmer than
the temperate (20.8°C) and spring temperatures are 3.5°C degrees higher in the
semi-arid region (semi-arid = 24.8°C, temperate = 20.6°C). Melbourne and
Gippsland have on average double the annual rainfall of the Lowbidgee (640
mm/yr compared to 323 mm/yr; BOM 2021).
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Figure 5-1 Location and climate classification of the three study regions in south-eastern
Australia, the semi-arid (Lowbidgee) and temperate (Melbourne and Gippsland) regions.

5.2.3. Frog surveys and tissue sampling
Spotlight surveys were conducted after dark, along the water’s edge of streams,
farm dams, swamps and flooded quarries. Frogs were captured by gloved (nitrile
glove) hand or small hand-held net. Snout-vent length (SVL) of each captured
individual was recorded and frogs were weighed (0.01 g precision) using a spring
balance (Pesola Micro-Line Spring scale, 100 g, Pesola Präzisionswaagen AG,
Switzerland). Males were identified by the presence of nuptial pads and throat
colouration of yellow, brown or black (Ashworth, 1998; Hamer & Mahony, 2007;
Heard et al., 2012b). Adult females lacked these secondary sexual
characteristics; their throat is white and their body size generally larger than adult
males.
The third digit on the left forehand was clipped for the purposes of
skeletochronology. Standard procedures were followed (DECC., 2008; Mann et
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al., 2010; McCreary et al., 2008). Wounds were treated with Bactine® (Bayer,
Morristown, New Jersey, USA) — a topical antiseptic and anaesthetic — and the
wound sealed with the surgical glue Vetbond® (3M Animal Care Products, St.
Paul, Minnesota, USA). The tissue and bone sample were stored in a 5 ml vial of
95% ethanol. In the Lowbidgee, 184 toe clips were obtained, 11 from Gippsland,
and 393 from Melbourne.

5.2.4. Environmental variables measured at survey sites
Site hydroperiod was scored as the period of inundation, using the following
ordinal scale: ‘Ephemeral’ (1), ‘Semi-permanent’ (2) and ‘Permanent’ (3).
Ephemeral sites were those considered to fill intermittently, retaining water for
only months at a time after filling events. Semi-permanent sites were those that
retain water in most years but are dry during low rainfall periods. Permanent sites
were those that always hold water, regardless of climatic fluctuations. Percentage
emergent vegetation in the survey transect was visually assessed according to
Sainty and Jacobs (2003). Water chemistry parameters (temperature [°C], pH,
conductivity [mScm-¹]) were measured using a hand-held meter (Horiba U-52
Multiparameter meter, Horiba, Ltd. Kyoto, Kyoto, Japan or Oakton CON11 water
quality meter, Oakton Instruments, Vernon Hills, Illinois, USA). Temperature
loggers deployed at each site were used to calculate average seasonal air and
water temperatures along with proportion of air and water temperatures within the
chytrid thermal optimum (17–26°C) (Chapter 4).

5.2.5. Age determination via skeletochronology
Bone specimens were processed using conventional histological methods
involving paraffin embedding, sectioning and staining (McCreary et al., 2008).
Melbourne samples were processed following Scheele et al. (2015), Lowbidgee
and Gippsland samples were processed following McCreary et al. (2008).
Differences in the methods were slight changes to decalcification and staining
times, and had negligible effects on the outcomes. Bone samples from
Lowbidgee and Gippsland were decalcified in 5% formic acid for 8 hours and
rinsed overnight after initial testing for appropriate levels of decalcification given
the size of specimens. Specimens were cut at the midsection of the middle
phalange using a stereomicroscope. Bone sections were mounted vertically in
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paraffin wax with mid diaphysis region outermost. Slices (10 μm thick) were then
taken with a rotary microtome, mounted on slides and stained with Harris
Hematoxylin for 8 mins. Melbourne samples were decalcified in 10% formic acid
for 14 h, followed by rinsing in running water for 3 h. Section were stained for 30
mins using Harris’s haematoxylin. Both decalcification and staining methods
produced clear LAGs in most cases.
Each line of stain visible in the bone cortex was taken to represent one period of
arrested growth (LAG) (Figure 5-2) (Mann et al., 2010). For Lowbidgee and
Gippsland specimens, two LAG assessments of prepared histological slides were
made independently of each other (by AT and GH). Each assessment was given
a read quality score based on the clarity of the specimen and the confidence in
determining age (high, medium, low, discard). Where discrepancies between the
two assessments occurred, the specimen was re-evaluated. Melbourne samples
were aged by GH using the same protocol, with equivalent scoring of reliability.
In both cases, timing of capture and body size were used to guide aging when
LAGs were faint or ambiguous. Individuals of any size captured in September,
October or November with a weak or partial LAG could be confirmed to have
passed through one winter, as overwintering of tadpoles has not been observed
in the field (A. Turner, G. Heard, S. Wassens pers. obs.) and is very unlikely given
their sensitivity to low water temperatures (Cree, 1984). As such, even individuals
at metamorph size with a weak or partial LAG that were captured in spring could
confidently be assigned to one-year old. Similarly, individuals with no obvious
LAGs captured in November–April (semi-arid sites) or December–April
(temperate sites) with SVL <50 mm were assumed to be young-of-the-year
(YOTY). The reasoning was as follows: (i) metamorphs were detected from
November (semi-arid) or December (temperate) both visually and through highquality skeletochronology samples; (ii) the rapid growth rates of L. raniformis
(Heard et al., 2012b) ensures one-year old individuals would be larger than 50
mm SVL by that point in the season. Nevertheless, caution was applied, and a
conservative approach taken where ambiguity remained. For example, several
individuals from Lowbidgee captured late in the season with SVLs just above 50
mm SVL and with no obvious LAGs were not aged due to poor quality sections,
despite captures of zero-aged individuals of the same size captured at the same
site on the same date. After discarding unreliable sections (those scored as
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‘discard’ or ‘low’), 82 remained from Lowbidgee, nine from Gippsland and 296
from Melbourne. A selection of slides is presented here (Figure 5-2) as examples
of the skeletochronology results and LAG readings obtained in the study. In total,
387 skeletochronological readings were available for analysis.
To supplement the skeletochronology data, individuals that could be confidently
assigned to young-of-the-year (YOTY) that were captured during surveys but not
toe-clipped were also compiled. Doing so was necessitated by the
underrepresentation of YOTY in the skeletochronology data relative to their true
abundance, due to large numbers of YOTY encountered during some surveys
and the inability to include all these individuals in skeletochronological
assessments for both logistical and financial reasons. The rules above were
followed to identify YOTY that were not bone-sampled. A total of 73 YOTY were
added from semi-arid sites and 307 from temperate sites.
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Figure 5-2 Histological sections of toe-bones of Litoria raniformis. In each micrograph,
thick black arrows indicate the line of metamorphosis (the limit of bone resorption)
separating the inner endosteal bone and outer periosteal bone. White arrows indicate
lines of arrested growth (LAG). A) Young of year (zero LAG) with SVL of 46.8 mm, caught
24th January 2019 at Nap Nap, Lowbidgee; B) One LAG, SVL of 66.5 mm, caught 25th
November 2018 at Pollen Dam, Lowbidgee; C) Two LAG, male, SVL of 79 mm 4th Feb
2019 Crombe wetland, Gippsland; D) Two LAGs, male, SVL 64.1 mm, caught 4th Feb
2019 Crombe wetland, Gippsland. The scale bar in each micrograph is 100 µm.
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5.3.

Data analysis

5.3.1. Development of candidate model set for age
structure
Ten environmental variables were identified as having plausible mechanisms
linking them to survival rates and age structure of L. raniformis in both climatic
regions, either directly or through their effect on chytrid prevalence and intensity
(Table 5-1). Correlations between variables were tested first, with pairs of
variables with correlation coefficients >0.5 excluded from the same model. Due
to high correlations between temperature variables, only the following were
included: (i) the average night-time air and water temperature across the active
season, and; (ii) the proportion of night-time air and water temperature recordings
across the primary active season in the range 17–26°C (the optimal range for
growth of chytrid zoospores). Night-time temperatures were defined as the mean
of the eight-hour period centered on solar midnight (between 21:00 and 05:00
Australian Eastern Daylight-Saving time), and the primary active season defined
as beginning of October to the end of March.
Nineteen candidate models were developed in total (Table A5. 1), guided by: 1)
temperature, pH and salinity as drivers of Bd infection prevalence and intensity
identified in Turner, Wassens, and Heard (2021), and; 2) other potential drivers
of survival and age of amphibians such as hydroperiod and aquatic vegetation
(Wassens et al., 2010). Despite a predicted effect of sex on survival rate and
therefore age structures, sex was not included in the model set as it was unknown
for immature individuals. It was not possible to include and analysis of Bd
prevalence at the site level, due to lack of data. Therefore, predictor variables
were included instead as surrogates.

5.3.2. Model fitting for age structure
Only frogs with a skeletochronology reading of medium or high reliability were
used in the analysis. Salinity (conductivity) data were log transformed prior to
analysis. All variables were standardized by subtracting the mean and dividing
by two standard deviations (Gelman 2008).
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The candidate model set was fitted to the full age structure data to determine
relationships between age of L. raniformis and the environmental covariates
listed in Table 5-1. Generalized linear mixed effects models with a Poisson
distribution were fitted to the age structure data with the aid of LME4 package in
R version 4.0.3 (R Development Core Team, 2021). ‘Climate’ (as a categorical
variable, either semi-arid or temperature) was included as a random effect in all
models to estimate the systematic differences in age structure hypothesised
between semi-arid and temperate regions, due to differences in chytrid infection
risk. ‘Site’ was also included as a random effect to allow frogs from the same site
to have correlated age structures. Models were ranked using Akaike Information
Criterion (AIC; Burnham and Anderson 2002).
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Table 5-1 Environmental variables considered potential determinants of age of
Litoria raniformis at semi-arid and temperate sites. Variable selection and expected
relationships are based on mechanisms linking them to the prevalence and intensity of
Bd identified in Turner, Wassens, and Heard (2021) along survival and growth of Bd in
vitro, in vivo (in laboratory experiments) and in situ (in the field) identified in the literature
and the possible impact on age of individual frogs (see ‘Source’).
Variable

Relations
hip/s

Mechanism (s)

Source

Negative
linear

Within the specified season,
as the proportion of nighttime temperature, in the
optimum growth range for Bd
increases, Bd prevalence will
increase
and
therefore
decrease annual survival
rates of L. raniformis.

Longcore et al.
(1999)
Murray et al.
(2009); Whitfield
et al. (2012);

Positive
linear

As percentage of emergent
vegetation
increases,
waterbodies
potentially
become more thermally
stable within the optimum
growth range for Bd. This
could lead to higher infection
rates and decreased survival.

Clemann,
Scroggie, Smith,
Peterson, and
Hunter (2013);
Heard et al.
(2014); Heard et
al. (2015)

Lagged temperature variables
1. Proportion of night-time
water/ air temperature
readings between 17◦C and
26◦C during spring.
2. Proportion of night-time
water/ air temperature
readings between 17◦C and
26◦C during summer.
3. Proportion of night-time
water/ air temperature
readings between 17◦C and
26◦C during frog active
season spring – autumn.
4. Average night-time water/
air temperature in spring.
5. Average night-time water/
air temperature in summer.
6. Average night-time water/air
temperature during frog
active season.
Vegetation parameters
Emergent vegetation cover (%)

Negative
linear

However,
emergent
vegetation provides shelter
from
predators,
calling
platforms
for
breeding,
substrate to attach frog
spawn, food for tadpoles,
diversity for insects and other
species as food source which
could increase survival rates.

Table 5.1 continued. Environmental variables considered potential determinants of age of
Litoria raniformis at semi-arid and temperate sites. Variable selection and expected relationships
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are based on mechanisms linking them to the prevalence and intensity of Bd identified in Turner,
Wassens, and Heard (2021) along survival and growth of Bd in vitro, in vivo (in laboratory
experiments) and in situ (in the field) identified in the literature and the possible impact on age of
individual frogs (see ‘Source’).
Variable
Relations
Mechanism (s)
Source
hip/s
Salinity
(as
electrical Positive
A negative linear relationship Heard et al.
conductivity, µS/cm)
linear
was
detected
between (2014);
salinity
and
chytrid Stockwell et al.
prevalence
in
Turner, (2012, 2014)
Wassens, and Heard (2021)
as Bd is intolerant of saline
conditions.
Therefore,
increasing
salinity
will
decrease
prevalence
of
infections. This in turn will
increase chances of survival
Quadratic and older frogs detected in
effect
the population.
A quadratic effect of salinity
could also be possible due to
extremely
high
salinity
recordings in the Gippsland
sites. Very high levels of
salinity are not tolerated by
amphibians, leading to a
decrease in survivability.
pH

Quadratic

Hydroperiod*

Positive
linear

Chytrid is sensitive to pH,
displaying markedly higher
growth and survival in a
narrow band of slightly acidic
to neutral conditions (pH of 67). We detected a quadratic
effect of pH on chytrid
prevalence.
Infection
prevalence and intensity may
be higher within this band,
decreasing survival and age
of individual frogs.
As Bd is an aquatic fungus
and
is
sensitive
to
desiccation, waterbodies that
dry out for a period may have
reduced levels of Bd.
However, frogs also need a
certain length hydroperiod to
complete metamorphosis, an
intermittent hydroperiod may
mean frogs only breed in
certain years, reducing the
survival rate.

Piotrowski et al.
(2004)

Murphy et al.
(2011);
Stockwell et al.
(2012)

* Hydroperiod was scored as the frequency of inundation, using the following ordinal
scale: ‘Intermittent’ (1), ‘Ephemeral‘ (2), ‘Semi-permanent’ (3) and ‘Permanent’ (4)
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5.3.3. Growth curves
Post-metamorphic growth rates of male and female L. raniformis were estimated
by fitting the von Bertalanffy model (Von Bertalanffy, 1938) to size-at-age data
using Bayesian non-linear regression with Markov Chain Monte Carlo (MCMC)
sampling in JAGS (Plummer, 2003) called from R via the R2jags package (Su,
Yajima, Su, & SystemRequirements, 2015). The von Bertalanffy model has been
successfully used for post-metamorphic growth rates of numerous amphibians
(Gibbons & McCarthy, 1984; Heard et al., 2012b; Hemelaar, 1988; Miaud,
Guyetant, & Faber, 2000). The classical ‘size-at-age’ version of this model
predicts body size (SVL) at a given age, t, as:
𝑆𝑉𝐿 = 𝛼[1 − 𝛽(𝑒 −𝑡 )],
Where 𝛼 is the asymptotic body size, 𝛽 is the fraction of the asymptotic body size
yet to be attained at birth (where ‘birth’ is metamorphosis and metamorph body
size was set to 34.3 following Heard et al. 2012), and  is the growth coefficient
(i.e. shape of the growth curve). Only individuals whose sex could be reliably
determined were included in the analysis. Estimates of the parameters of the von
Bertalanffy model were obtained from 30,000 MCMC samples after discarding
the first 30,000 samples as a burn-in.
Frogs with zero LAGs that were >40 mm were excluded from the data as their
age could have ranged from weeks to many months of age, and their inclusion
led to poor model fit. For each sex, asymptotic size and growth rate were allowed
to vary between semi-arid and temperate regions by drawing both parameters
from a normal distribution with a mean defined by the estimates of these
parameters from Heard et al. (2012b), and a standard deviation to be estimated
from the data. Growth curves were subsequently estimated for semi-arid and
temperate sites for both sexes.

5.3.4. Survival rates
Annual survival rates of adult L. raniformis were estimated from the age structure
data using the ‘catch-curve’ approach of Scroggie (2012). Under the assumption
that all adult age classes experience equivalent survival rates, age structure data
are decreasing geometric series (Seber, 1986) from which the interval survival
rate may be estimated (Chapman & Robson, 1960; Jensen, 1985). The approach
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has been widely used in fisheries research, with several applications to
amphibians aged by skeletochronology (Lee et al., 2010; Miaud et al., 2000). The
approach of Scroggie (2012) allows survival rate to be modelled as a function of
covariates using a linear equation and logistic link function. The ‘catch-curve’
method was applied using MCMC sampling in JAGS, again with the aid of the
R2jags package for R.
Only adults were included due to the assumption of constant survival rate
between age classes, which is unlikely to hold for metamorphs and YOTY (Wells,
2010). A null model including only an effect of ‘sex’ was first fitted to the data,
with the assumption that survival rate of males will be lower, as is commonly
observed in anurans. The alternate model was guided by the age structure
analysis, including additional effects of wetland hydroperiod and seasonal
average air temperature. Missing values of seasonal average air temperature
were set to the average air temperature for the season at that site. A climatebased random effect, allowing for systematic variation in survival rate between
semi-arid and temperate sites, was excluded, as models including this term failed
to converge. Models were compared using the Deviance Information Criterion
(DIC) and annual survival rates calculated for both sexes. Parameter estimates
were obtained from 30,000 MCMC samples after a burn-in of 30,000 samples.

5.4.

Results

5.4.1. Age distribution
In the semi-arid region, ages ranged from zero to two years old for L. raniformis,
and 92% of those captured were young-of-the-year (YOTY). In temperate sites,
ages ranged from zero to four-years-old, with a median age of one year. The
semi-arid sites had a substantially higher proportion of YOTY (0.92) than
temperate sites (0.55) (Figure 5-3). In the temperate region, there was a higher
proportion of one and two-year-old frogs (0.29 and 0.12 respectively) than the
semi-arid region (0.05 and 0.03 respectively). In the semi-arid region, there were
no frogs detected over the age of two, whereas in the temperate region 15 threeyear-old and six four-year-old frogs were identified, making up 2.5% and 1.0%
respectively of those sampled.
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Figure 5-3 Proportion of Litoria raniformis in each age group sampled across the two
climatic regions, either based only on ages determined by skeletochronology (A) or
including all young-of-the-year captured during surveys (B).

5.4.2. Drivers of age in Litoria raniformis
Hydroperiod appeared in the top three models of the drivers of age in
L. raniformis across the two climatic regions (Table 5-2). The top model also
included seasonal average air temperature, while the second-best included
proportion of water temperature between 17–26°C.
Hydroperiod was positively correlated with age (model coefficient = 1.32, p =
<0.01) indicating a greater frequency of older individuals with increasing water
permanence. A negative relationship between age and seasonal average air
temperature was also evident (model coefficient = -1.44, p = <0.01). Similarly, a
negative relationship was detected between age and proportion of seasonal
water temperature between 17 and 26°C (model coefficient = -1.13, p = <0.01;
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Table 5-3).
The climate-based random effect could not be estimated for the first two models,
being correlated with the seasonal air temperature variables included in these
models. However, estimates from the third top model, including an effect of
hydroperiod only, confirmed a markedly younger average age for L. raniformis in
the semi-arid Lowbidgee relative to the temperate sites sampled. The intercept
for semi-arid sites was -1.85 compared to -0.52 for temperate sites.
Table 5-2 Ranking of the top five models describing environmental correlates of age of
Litoria raniformis across the Lowbidgee, Gippsland and Melbourne regions. All models
include ‘Site’ as a random effect. The number of parameters (K), the log likelihood
(LogLik), Akaike’s Information Criterion (AIC), distance from the most parsimonious
model (ΔAIC) and model selection weight (W) are provided.
Model
19

K
5

LogLik
-567.80

5

-569.74

6

Variables
Hydroperiod + Season air temperature
average
Hydroperiod
+
Season
water
temperature proportion 17-26◦C
Hydroperiod

4

-574.85

3

pH + pH²

5

-575.53

13

pH + Season air temperature average

5

-575.92

18

AIC
1145.6
9
1149.5
7
1157.7
5
1161.1
5
1161.9
3

ΔAIC
0

W
0.9

3.87

0.1

12.05

<0.01

15.45

<0.01

16.23

<0.01

Table 5-3 Coefficient estimates for each environmental variable identified in the top three
models determining age of Litoria raniformis. Estimates derive from the top model in
which they appeared, with the exception of variables with a quadratic effect, in which
estimates derive from the top model including the quadratic effect.
Variable
Intercept
Hydroperiod
Season air temperature average
Season
water
temperature
proportion 17-26◦C
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Estimate
-0.89
1.32
-1.44
-1.13

Std. Error
0.14
0.26
0.32
0.29

z-value
-6.59
5.07
-4.48
-3.81

p-value
<0.01
<0.01
<0.01
<0.01

5.4.3. Growth curves
The largest male L. raniformis captured in the semi-arid region was a two-year
old with SVL of 79 mm. In the temperate region, the largest male captured, a fouryear-old, measured 71 mm. The largest females captured in the temperate region
included two four-year-olds measuring 97 mm and 92 mm. As sexing is based on
secondary sexual characteristics of the male, it was not possible to sex
individuals under 53 mm (the smallest SVL in which male secondary sexual
characteristics were detected). Juveniles were therefore those lacking secondary
sexual characteristics with SVL <53 mm. The smallest juvenile captured was 33.5
mm.
Derived growth curves (Figure 5-4) reveal that SVL increases rapidly and
exponentially between metamorphosis and one year old and that growth then
largely plateaus. Estimates of the asymptotic body size, 𝛼, were lower for males
than females in both the semi-arid (males = 71.15 mm; females = 86.7 mm) and
temperate regions (males 66.56 mm and females 85.68 mm), with nonoverlapping 95% CI’s (Table 5-4). The asymptotic body size yet to be attained at
birth (𝛽) was identical for females in both climates at 0.60, however, there was a
slight difference between the regions for males (𝛽: semi-arid = 0.52; temperate =
0.49). Estimates of the growth parameter () indicate growth rates are slightly
faster in the semi-arid region (males = 1.95; females = 1.74) than in the temperate
region (males = 1.71; females = 0.91; Figure 5-4).
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Table 5-4 Estimates of the paraeters of the von Bertalanffy growth model for male and
female Litoria raniformis in the semi-arid and temperate regions. Parameters are: α – the
asymptotic snout-vent length (mm); β – the fraction of the asymptotic body size yet to be
attained at birth; and  – the growth constant. The 95% confidence interval (95% CI) is
provided for each parameter.
Sex

Climate

α
(95% CI)

β
(95% CI)

(95% CI)

Male

Semi-arid

71.15
(66.05–76.62)
66.56
(64.59–68.78)
86.7
(77.37–96.10)
85.68
(80.32–88.5)

0.52
(0.48–0.55)
0.49
(0.47–0.50)
0.60
(0.56–0.64)
0.60
(0.57–0.61)

1.95
(1.15–5.29)
1.71
(1.36–2.16)
1.74
(0.61–7.56)
0.91
(0.79–1.14)

Temperate
Female

Semi-arid
Temperate
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Figure 5-4 Post metamorphic growth curves for male (A.) and female (B.)
Litoria raniformis across two climatic regions: temperate and semi-arid. Curves were
derived for each sex by estimating the parameters of the von Bertalanffy growth model.
Dots are the underlying size-at-age data for frogs from both climatic regions. Dots have
been slightly jittered on the x-axis to improve readability. The black line represents the
predicted average growth rates for each region.
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5.4.4. Survival rates
Two model structures were developed for annual survival rates of L. raniformis
across the two climatic regions: a null model in which only an effect of ‘sex’ was
included, and an alternate model including effects of wetland hydroperiod and
seasonal average air temperature (guided by their effects on age structure).
Support for the null and alternate models was nearly identical (DIC of 5,476.80
and 5,477.32 respectively). Males were found to have a slightly higher survival
rate than females in both the null and alternate models (0.31 for males and 0.27
for females in null model, although 95% CIs overlapped) (Table 5-5). Survival rate
showed a weak positive correlation with increasing water permanence (mean
estimate = 0.23, 95% CI = -0.66–1.12: Table 5-6). There was essentially no effect
of seasonal average air temperatures on survival rate (estimate = -0.09, 95% CI
= -1.35–1.16) (Table 5-6).
Table 5-5 Mean survival rates of male and female Litoria raniformis from the null model
(sex only) and for each hydroperiod classification (model with hydroperiod).
Sex
Male

Female

Model
Null
Ephemeral
Semi-permanent
Permanent
Null
Ephemeral
Semi-permanent
Permanent

Mean survival rate

SD

95% CI

0.31
0.27
0.30
0.33
0.27
0.23
0.25
0.28

0.04
0.08
0.05
0.06
0.04
0.08
0.05
0.06

0.23–0.39
0.13–0.46
0.20–0.40
0.22–0.45
0.18–0.36
0.10–0.41
0.16–0.36
0.17–0.39

Table 5-6 Parameter estimates for the effects of sex, hydroperiod and seasonal average
air temperature on adult survival rate of Litoria raniformis.
Variable
Sex
Hydroperiod
Seasonal average air temperature
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Parameter estimate

SD

95% CI

0.24
0.23
-0.09

0.24
0.45
0.64

-0.22–0.72
-0.66–1.12
-1.35–1.16

5.5.

Discussion

Populations of Litoria raniformis in both the semi-arid and temperate regions were
dominated by 1–2-year-olds. The skew of the age structure was more
pronounced in the semi-arid region, with 92% of those sampled being young of
year (Figure 5-3). While we expected a greater skewing of age structure in the
temperate region due to higher prevalence of Bd (Turner, Wassens, & Heard,
2021), as detected in populations of Litoria verreauxii alpina (Scheele et al.,
2016), this was not observed. The numerical dominance of younger individuals
in semi-arid regions could be a result of the difference in the dynamics of the
habitat in this region. The temperate system in this study had a greater number
of permanent sites compared to the floodplain wetlands of the Lowbidgee. These
permanent sites are suitable refuges for populations of L. raniformis during dry
periods enabling them to persist.
Similar higher rates of detection of four- and five-year-old L. raniformis were
reported in agricultural habitats in the semi-arid Coleambally Irrigation region
where permanent dams and canals are common (Mann et al., 2010).
Litoria raniformis and other frog species inhabiting this irrigation area have
access to extensive permanent water channels enabling them to survive to ages
reflective of those in the temperate regions (Ashworth, 1998; Heard et al., 2012b).
Despite having similar climates, habitat availability in the Lowbidgee is more
dynamic with high annual variability in the availability of breeding habitats and
fewer persistent refuges. This corresponds with the positive effect of hydroperiod
on age structure (Table 5-3) detected in this study.
Growth rates were estimated for males and females in both climatic regions.
However, the very small sample size for females in the semi-arid region (n = 1)
does not allow for firm conclusions. The growth curves (Figure 5-4) indicate that
almost all growth occurs within 200 days of metamorphosis for both male and
female L. raniformis, consistent with mark-recapture data by Heard et al. (2012b).
Regional differences in growth rates were observed with frogs in the semi-arid
region growing slightly faster and to a marginally larger body size for both males
and females than those in the temperate region (Figure 5-4). However, larger
female sample size would need to be obtained from the semi-arid region to verify
this difference. Life-history theory predicts that increased adult mortality can
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result in earlier maturation (Stearns, 2000). Prior studies have shown that
increased adult mortality in fish and mammals caused by disease has resulted in
earlier maturity (Jones et al., 2008; Ohlberger et al., 2011; Scheele et al., 2016).
By reaching a larger body-size more rapidly, it could be possible that L. raniformis
in the semi-arid region are reproducing with a larger clutch volume earlier in their
life than those in the temperate region, a possible compensation for higher rates
of adult mortality (Scheele et al., 2016). However, the small differences in growth
rates between the climatic regions along with the small sample size in the
Lowbidgee do not allow for firm conclusions. A larger sample size would be
required to confirm this life-history theory.
Survival rates could not be compared between climatic regions, as models
including a climate-based effect failed to converge. Therefore, an overall survival
rate of males and females across both climatic regions was estimated, with
hydroperiod and seasonal average air temperature as additive effects based on
the results of the age structure analysis. Annual survival rates were found to be
marginally higher for males (0.31) than females (0.27) across both climatic
regions, and were slightly higher at permanent sites (Table 5-5). There was a
weak effect of sex (estimate = 0.24, 95% CI = -0.22–0.72) and hydroperiod
(estimate = 0.23, 95% CI = -0.66–1.12) on adult survival rates. Compared to the
mark-recapture data of Heard et al. (2012b), which suggested L. raniformis
display very low annual rates of survival (estimated at ~0.03), the estimates
produced here are considerably higher, at 0.31 for males and 0.27 for females
(Table 5-5). As such, the skeletochronology data acquired in this study support
the supposition that estimates of survival of Heard et al. (2012b) were lower than
expected due to emigration. The survival rate determined in this study was
comparable to that detected in the sister species, Litoria aurea; Pickett et al.
(2014) calculated a mean annual adult survival probability of 0.217 (SD = 0.087).
Furthermore, Pickett et al. (2014) found males to have a higher survival rate than
females.
It was hypothesised that age structure and survival rates would differ between
regions and across gradients of local temperature regimes, pH and salinity, given
the effects of these variables on the prevalence and intensity of Bd infections in
L. raniformis (Chapter 4, Turner, Wassens, & Heard, 2021). Little evidence was
found to support these hypotheses. Regional differences were suggested by the
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effect of average seasonal air temperature on age structure (largely a proxy for
climatic differences); however, the negative effect was opposite to that
hypothesised based on the supposed higher survival rates with warmer
temperatures due to lower Bd infection risk. Age structure was more skewed in
the semi-arid region. Localised factors may therefore have a higher effect on
survival of L. raniformis than Bd alone, diffusing or over-riding the environmental
relationships anticipated from Bd dynamics. Such factors include hydroperiod
and flooding regime (which received some support in this study), along with the
physiological stresses of the climate itself. Litoria raniformis is at the limit of its
range in the semi-arid region surveyed during this study, experiencing greater
extremes of temperature and evaporative water loss than temperate region
populations. Hence, despite lower Bd prevalence and infection intensity,
physiological stressors and other environmental factors may have dominant
effects on survival rates for L. raniformis in semi-arid environments.
Despite the higher prevalence and intensity of Bd in the temperate region
(Chapter 4, Turner, Wassens, & Heard, 2021), the overall environmental
conditions appear to confer higher annual survival rates for L. raniformis. The
detection of three- and four-year-olds in the temperate population ensures that at
least some individuals survive to reproduce in multiple seasons, conferring
populations with lower susceptibility to environmental stochasticity, particularly
that resulting in recruitment failure. Nevertheless, local population extinction and
re-colonisation is commonplace in the temperate environments studied here
(Heard et al. 2012a, 2013, 2015). Hence, while the greater longevity of
L. raniformis in temperature regions indicated by this study is suggestive of
greater population stability than in semi-arid landscapes, they remain
fundamentally unstable and reliant on metapopulation processes for persistence.
It is important to acknowledge that longer-term data may be necessary to
ascertain the true demographic differences across the range of L. raniformis.
Sampling occurred over only one season in the semi-arid region, and over two
seasons for most sites sampled in the temperate region (Mann et al., 2010;
Scheele, Hunter, Skerratt, Brannelly, & Driscoll, 2015). Consequently, the age
structures observed may not be characteristic of these populations, particularly if
they display considerable variation from year-to-year (Heard et al., 2012b; Erin
Muths, Scherer, & Pilliod, 2011). A larger sample size from both temperate and
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semi-arid region along with repeat sampling over a number of years (4–10) would
enable stronger conclusions.
Age structure, growth and survival rates are vital demographic parameters for
guiding the conservation management of species at risk of decline or extinction.
Estimates of demographic parameters can be used for population modelling and
population viability analysis (PVA) (Morris & Doak, 2002), which may in turn be
used to identify key life stages as management targets, determine minimum
viable populations sizes, determine how many individuals to release into a
population for augmentation purposes, or decide how many populations are
needed to protect a species from regional or global extinction (Morris & Doak,
2002). Furthermore, PVA’s can be used to project the likely impact of stochastic
events such as disease, fire, drought, or wetland inundation frequencies on
populations at risk (Mathwin, Wassens, Young, Ye, & Bradshaw, 2021; Potvin et
al., 2017). For species such as L. raniformis in the Lowbidgee wetlands, where
inundation frequency, extent and duration are heavily managed, using survival
rates to inform PVA’s could lead to management actions which ensure long-term
survival. Factors such as the timing of environmental watering, the resultant
water temperature and the impact on chytrid infection burdens and therefore
survival rates could be further explored.
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Plate 5-1 Recaptured frog (Litoria aurea) in Crombe wetland, Gippsland, Victoria,
showing healed digit after removal of phalange for skeletochronology.
Note: Litoria aurea specimens were collected but not used during this thesis.
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Abstract
Chytridiomycosis, the disease caused by the aquatic fungus Batrachochytrium
dendrobatidis, has caused mass declines in amphibian populations globally. The
pathogen often interacts with other threatening processes to drive declines,
including predation by introduced species, habitat loss and fragmentation, and
regulation of river systems. In the highly regulated floodplain ecosystems of
south-western New South Wales, Australia, Batrachochytrium dendrobatidis has
been detected within populations of the endangered southern bell frogs
Litoria raniformis, despite the region’s hot semi-arid climate. However, the effect
of chytridiomycosis on the long-term persistence of L. raniformis populations in
this region is unknown. We developed a stochastic population model to test the
impact of timing of environmental water delivery on extinction risk of L. raniformis.
Model simulations suggest that populations are less likely to go extinct when
wetland inundation occurs in spring compared to late winter. Inflows of cold river
water in August (10°C) lead to an estimated chance of population extinction of
13% over 50 years, whereas under inflows of water with temperatures of 15°C
(September) or 20°C (October), the chance of population extinction dropped by
>60% (to 5% and 4%, respectively). In regulated wetland systems, timing of
inundation that coincides with cooler temperatures can therefore affect the longterm persistence for amphibians with endemic chytridiomycosis. In addition to
watering frequency and scale, flow timing could be an important component of
environmental watering schemes for threatened amphibians in floodplain
systems.

Keywords: Environmental water, regulated, hydroperiod, disease, population
viability analysis, microclimate.
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6.1.

Introduction

Seasonally inundated wetlands provide valuable habitat and breeding grounds
for many species of birds, fishes, and amphibians (DeAngelis, Trexler, Cosner,
Obaza, & Jopp, 2010; Paillisson, Reeber, & Marion, 2002). The timing and
duration of wetland inundation can alter recruitment success for many wetlanddependent species (Beesley et al., 2014; Jenkins & Boulton, 2007; King,
Humphries, & Lake, 2003). Furthermore, the frequency of inundation can
determine species diversity, as extended dry periods may lead to local extinctions
when the dry period is longer than the lifespan of the species or no refugia are
present. Amphibians often have specific windows for breeding (Anstis, 2013) tied
to historic patterns of wetland inundation, with resulting sensitivity to alterations
to the timing of wetland inundation (Green, 2017) . Water characteristics such as
pH, salinity, turbidity, dissolved oxygen concentration, and temperature can also
modify the response of different species to inundation (Albecker & McCoy, 2017;
Boyer & Grue, 1995; Bramwell, 2011).
Connectivity between rivers and wetlands during large flood events has the
potential to transport invasive species and novel pathogens such as the aquatic
fungus Batrachochytrium dendrobatidis (Bd) that causes the amphibian disease
chytridiomycosis (Johnson & Speare, 2005). Infection with Bd primarily occurs
following exposure to water containing free-living aquatic zoospores or via
contact with another host (Carey et al., 2006; Johnson & Speare, 2005). In
laboratory experiments, Bd remains infective in lake water for up to seven weeks,
which implies amphibian populations could become infected by inflows during
wetland inundation (Johnson & Speare, 2003). Furthermore, Bd survives up to
three months in moist river sand (Johnson & Speare, 2005).
Bd zoospores, are sensitive to temperature, salinity and pH (Piotrowski et al.,
2004), producing variation in the prevalence and intensity of infections among
amphibian populations dependent on the characteristics of their resident
wetlands (Chapter 4) (Heard et al., 2014; Turner, Wassens, & Heard, 2021).
Importantly, the temperature and water chemistry of floodplain wetlands can be
affected by the timing, duration, and source of river flows, in which case we may
anticipate variation in disease risk among amphibian populations in floodplain
wetlands dependent on inundation dynamics.
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As with many other river systems, the timing, frequency and duration of
inundation of wetlands in the Lower Murrumbidgee (‘Lowbidgee’) in southwestern New South Wales, Australia has been heavily impacted by upstream
water development and extraction. More recently, key wetlands — including
those that support populations of the endangered southern bell frog
(Litoria raniformis) — have been managed through the delivery of “environmental
water”, which involves the managed delivery of water as a tool to restore
elements of the natural (unregulated) flow regime (Arthington, 2012; Konrad,
Warner, & Higgins, 2012). Despite being a semi-arid environment outside the
predicted range of Bd (Murray et al., 2010), an infection prevalence of ~8% has
been detected in populations of L. raniformis in wetlands of the Lowbidgee
(Chapter 4) (Turner, Wassens, & Heard, 2021).
Once widespread, habitat loss and fragmentation, predation by introduced
species, and Bd have caused extensive declines of L. raniformis across its range
(Heard et al., 2012b; Pyke, 2002; Wassens, 2008)(Chapter 3). However, little is
known about impact of Bd on frog communities in semi-arid regions (J. Ocock et
al., 2013). The prevalence of Bd in these populations is negatively correlated with
water temperature regimes, as it is in temperate populations (Chapter 4). As
such, we hypothesise that the impact of Bd in semi-arid populations is correlated
with water temperature regimes, and in turn, that environmental flows delivered
to wetlands in late winter or early spring could increase the risk of Bd infection for
remnant populations of L. raniformis in floodplain environments.
We developed models of Bd prevalence and intensity (Chapter 4) and estimated
annual survival rates (Chapter 5) to inform a stochastic population model for
L. raniformis. We used this model to estimate extinction risk for a population of
this species in the Lowbidgee under alternate watering regimes. We tested how
water temperature, determined by the timing of environmental water delivery,
influences the population size and extinction risk of L. raniformis. We
hypothesised that delivery of cold environmental water would increase rates of
extinction compared with environmental water delivered later in spring.
Furthermore, increasing the number of sequential dry years from one to two will
further increase rates of extinction. We show that stochastic population models
that account for the risk posed by endemic Bd are useful tools for informing
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environmental watering regimes for amphibians that are susceptible to this
pathogen.

6.2.

Methods

6.2.1. Study system and species
We focused on a population of L. raniformis from the ‘Nap Nap’ wetland system
on the Lowbidgee floodplain of south-western New South Wales, Australia
(Figure 6-1; closest town: Maude at 34° 28′ 45.8″ S; 144 18′ 2.5″ E). The
Lowbidgee floodplain has a semi-arid climate with an average rainfall of 323 mm
year-1, a mean maximum summer temperature of 30.9°C, and mean maximum
winter temperature of 16.1°C (Bureau of Meteorology 2021). The Lowbidgee
floodplain covers an area of > 2,000 km2 and is the largest wetland on the
Murrumbidgee River, which is a tributary of the Murray-Darling Basin.
Approximately 75% of the Lowbidgee floodplain was lost or degraded from 1855
to 1998 (R. Kingsford & Thomas, 2004). As such, much of the floodplain no longer
experiences natural flooding; however, targeted environmental water delivery to
Lowbidgee wetlands since 2010 has increased biodiversity and conservation
outcomes (Bino, Wassens, Kingsford, Thomas, & Spencer, 2018; J. F. Ocock et
al., 2018)
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Figure 6-1 Location of the Nap Nap wetland system (circled) in the Lowbidgee floodplain,
located in the Murray-Darling Basin (shaded grey in inset), Australia. Grey shading in the
main plot indicates floodplain wetlands as classified by Interim Classification of Aquatic
Ecosystems in the Murray-Darling Basin based on the Australian National Aquatic
Ecosystems Classification.

Nap Nap — a seasonally inundated lignum (Duma florulenta)/ black box
(Eucalyptus largiflorens) /river red gum (Eucalyptus camaldulensis) floodplain
swamp (Figure 6-1) — that has been targeted for environmental water flows and
maintained as a refuge for L. raniformis (Wassens et al., 2010). Population size
of the frog has been increasing since 2010, with approximately 900 adults
recorded during monitoring in the 2018–2019 breeding season (Wassens et al.,
2021). The growth of this population is primarily due to targeted environmental
water actions that have increased recruitment at Nap Nap (Wassens et al., 2021).
It is therefore an ideal study site to examine the impact of inundation timing and
frequency on chytrid prevalence, and its influence on population persistence for
L. raniformis, as the species is abundant, the population has recovered from
previous lows due to environmental (regulated) watering, Bd has been detected
(Chapter 4), and the timing and duration of inundation can be controlled.
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6.2.2. Modelling framework
To estimate patterns of chytrid infection and L. raniformis population dynamics
under alternate watering scenarios, we coupled statistical models of air and water
temperature regimes at Nap Nap with statistical models of the effects of air and
water temperature on chytrid infection prevalence and intensity for L. raniformis
in the Lowbidgee (Chapter 4) and a stochastic population model for L. raniformis
(a customised version of the model presented in Mathwin et al., under review).
We describe each element of this modelling framework below, and provide a
conceptual model of the framework in Figure 6-2.
We estimated population-dynamics using this modelling framework over a period
of 52 years under a series of realistic watering scenarios (Figure 6-3), with the
specific time-period selected coinciding with the length of the available climate
record for the Lowbidgee region (see below, section 6.2.4). We forecast our
coupled models of microclimate, Bd infection dynamics, and population dynamics
using this climate record to avoid the need to forecast climate patterns. While this
choice ignores climate change, it isolates the risks of decline under differing
environmental watering regimes for a known (real) climatic regime for the region.
We developed all component models and simulation code in R version 4.1.0 (R
Core

Team

2021).

Code

https://doi.org/10.5281/zenodo.6302484
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and

data

are

available

at

Figure 6-2 Schematic diagram of the modelling framework. The diagram reads from left to right defining the model inputs, how they inform the model
and how that is utilised in the following model. Arrows indicate direction, the final output of the stochastic population model produced estimated
population trajectories. Model scenarios are defined in a separate schematic Figure 6-3.
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6.2.3. Watering scenarios
To predict the population dynamics for L. raniformis at Nap Nap over the 52-year
forecast window, we needed to define environmental watering sequences for the
site. During years when the site received environmental water, we classed the
site as ‘wet’, and the model allowed all frogs to breed. Conversely, breeding did
not occur during a ‘dry’ year. We chose three specific watering scenarios: (i)
watering the site 7 years out of 10 on average (as is the current practice), with
watering occurring regardless of the antecedent watering history, (ii) watering the
site 7 years out of 10 on average, but ensuring the site does not remain dry for
more than two consecutive years, and (iii) watering the site 7 years out of 10 on
average, but ensuring the site does not remain dry for more than one year at a
time. These scenarios and how they inform the model are depicted in Figure 6-3.

148

Figure 6-3 Conceptual diagram of modelling framework with watering scenarios.
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6.2.4. Predicting local air and water temperatures
The temperature of surface water as well as wetland salinity and pH are the key
environmental correlates of the prevalence of chytrid infection in the Lowbidgee
(Chapter 4). Air temperature correlates with infection intensity (defined as
zoospore load; Chapter 4). Local-scale air temperature and water temperature
can therefore be used to estimate Bd infection dynamics across the potential
active season of L. raniformis at Nap Nap (August–April, inclusive).
We estimated air and water surface temperature at midnight (the middle of the
nocturnal activity period for L. raniformis) every day of the active season for the
52 focal years based on linear models relating these parameters to maximum
daily air temperature recorded at Hay, approximately 67 km to the west of Nap
Nap (Bureau of Meteorology, Hay Airport). We constructed these models using
temperature loggers deployed at Nap Nap between October 2018 and February
2020 (as describe in Chapter 2). In addition to the effects of maximum daily
temperature at Hay on the local nightly air and water temperature at Nap Nap,
we included a cosine function of Julian date to capture the seasonal rise and fall
of local temperatures, plus an autoregressive term to describe temporal
correlation in daily air and water temperatures. Both models had strong predictive
performance (local air temperature: R2 = 0.82; water temperature: R2 = 0.75). We
predicted nightly air and water temperature for the 52 years for which climate data
were available from Hay, using the coefficient estimates for these models. We
calculated average air and water temperatures at midnight from these predictions
for each month of the active season for all 52 years.

6.2.5. Predicting survival rate distribution
We predicted survival probability of post-metamorphic L. raniformis at Nap Nap
for each of the 52 years based on chytrid-infection dynamics, which were in turn
a function of the predicted monthly air and water temperatures (as derived above)
and the presence or absence of water each year. We first produced 10,000
sequences of environmental watering of the site (watered or not in each year)
under the three watering regimes described above. In each case, we estimated
whether the site held water or not in each year from a random binomial
distribution with a probability of 0.7. However, we modified these random
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sequences for the second and third scenarios to ensure the site was dry for no
more than two consecutive years (second scenario) or no more than one
consecutive year (third scenario).
For each of these 10,000 watering sequences, we estimated a distribution of
annual survival for post-metamorphic L. raniformis for each year. We derived
these estimates by coupling estimates of annual survival rate for L. raniformis
from skeletochronology data (Chapter 5) with a function describing the effect of
chytrid infections on post-metamorphic survival for this species (Heard et al.
2014). For clarity, we describe the process for a single iteration of the simulation
below, without referencing the timing of watering (described later, see section 0).
We repeated these simulations 500 times to derive the distribution of annual
survival probability for post-metamorphic L. raniformis in each year, for each of
the 10,000 watering sequences.
Think of each simulation as an individual frog. For each frog in each month of the
active season, we predicted its probability of infection with Bd and the intensity of
its infection (zoospore load) using the top-ranked models for these variables
identified previously (logistic regression for infection probability and linear
regression for zoospore load; Chapter 4). For years in which water was present
in a given sequence, we defined the probability of infection in each month of the
active season by the mean midnight water temperature for that month and the
average salinity (223 µS cm-1) and pH (7.9) of Nap Nap, (recorded during the
2018–2019 and 2019–2020 breeding seasons; Chapter 3). For years in which
water was absent in a sequence, we defined the probability of infection by the
intercept of the top-ranked logistic regression, corresponding to a probability of
~0.05 (Bd transmission primarily comes through contact with waterborne
zoospores, so the effects relevant to this mechanism of transmission — water
temperature, salinity and pH — are irrelevant in dry years). In both wet and dry
years, the intensity of infection was a function of mean midnight air temperature
alone, following the top-ranked linear model (Chapter 4). For each frog, we
estimated the probability of infection and intensity of infection using a random
draw from the distributions of the coefficients of the two relevant models to
propagate their parameter uncertainty. For each frog in each month of the active
season, we set infection with Bd as a Bernoulli trial with success rate defined by
the estimated probability of infection. Infected frogs retained their estimated
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infection intensity (zoospore load), while we reset zoospore load to zero for
uninfected frogs.
We estimated survival probability for each frog in each month of the active season
using the relationship between daily survival probability and zoospore load for
L. raniformis derived by Heard et al. (2014). However, we altered the intercept of
this function (a logistic regression model) to match the daily survival probability
derived for L. raniformis using skeletochronology (Chapter 5), where the daily
probability of survival = annual survival probability1/365. This was important, as the
daily survival probabilities estimated by Heard et al. (2014) using mark-recapture
data are biased low given that they did not account for permanent emigration. For
each frog in each month, we sampled the intercept (base daily probability of
survival) from a distribution estimated using the skeletochronology data (mean =
0.996, sd = 0.001) and estimated the final daily survival probability by weighting
this value according to the relationship between daily survival probability and
zoospore load estimated by Heard et al. (2014) (again using a random draw from
the distribution of the coefficient for this effect, as reported by Heard et al. 2014).
Survival probability for each frog for each month of the active season for each
year was then simply the corresponding daily probability of survival raised to the
power of the number of days over which the month extended.
Finally, we estimated the annual probability of survival for each frog in each year
by multiplying the monthly survival probabilities across the active season (giving
a survival probability for the entire active season) by an estimate of the winter
survival probability (0.692; calculated by raising the base daily survival probability
to the power of the number of days in the winter inactive period of May–July). We
did not include an effect of Bd on survival during the winter inactive period,
because there are currently no data available for L. raniformis on this effect.
However, the species are reported to overwinter in mud at the bottom of ponds
or under logs and stones (Cree, 1984), so exposure to motile zoospores is
probably minimal during this period.
As above, we repeated these simulations 500 times for each of 10,000 watering
sequences, providing a distribution of estimates of annual survival for every year
of the simulation. We retained the mean and standard deviation of these
distributions as parameters for the stochastic population model.
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6.2.6. Stochastic population model
To model the population dynamics of L. raniformis at Nap Nap, we modified the
approach of Mathwin et al. (under review) and maintained the same vital rates
used therein, with the exception of adult survival probability. In summary these
are: eggs hatch two to four days after laying (Anstis, 2013), the probability of
hatch is 0.933–1.000 followed by a larval duration of 70–80 days (Cree, 1984)
and both sexes reach maturity in their first year (Heard et al., 2012b); females
̅ = 3,244; s = 897)
breed annually and fertility is drawn from a normal distribution (𝒙
(Germano, Molinia, Bishop, & Cree, 2009; Humphries, 1979). We calculated adult
survival rates as above (section 6.2.5). Skeletochronology results (Chapter 5)
determined a maximum age of 2 years in the Lowbidgee populations, although
sample size was small and (Mann et al., 2010) reported a maximum age of 4–5
years for populations in the Coleambally region of south-western NSW. We
applied a maximum age class of 5–6 years and enforced complete mortality
during the fifth year.
We populated a Leslie matrix with these vital rates (Leslie, 1945) considering only
females. Our model assumes that all emigration and immigration is balanced. To
prevent infinite population growth, we implemented three negative density
feedback relationships. The first reduces rates of egg laying as the site exceeds
the carrying capacity (K) for egg masses, the second reduces survival of tadpoles
as the number of tadpoles exceeds the carrying capacity for tadpoles, and the
third feedback reduces the survival of the 1–2 year age class as the number of
adults exceeds the carrying capacity of adults at the site. We estimated maximum
K for the three life stages (egg mass, tadpole, adult; Table 6-1) based on numbers
detected during long-term monitoring (Wassens et al., 2021) and recent surveys
(2018–2019 and 2019–2020 breeding season) (Chapter 3). K values in the model
ensure the populations vary stochastically around an expected population size
for Nap Nap based on historic monitoring data, they do not act as a cap on frog
number at the site. This ensures a more realistic simulation and as such enables
a comparison between the relative likelihood of impacts from Nap Nap disease
dynamics on a population the approximates the population from which it was
collected.
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Table 6-1 Carrying capacity (K) of Litoria raniformis at Nap Nap wetland for each life
stage.
Life stage
Spawning masses
Tadpoles
Juveniles
Adults

Estimated k
500
5000
2000
2000

Rising water levels during spring trigger breeding for L. raniformis; historically this
would have occurred during natural flooding events. However, the highly
regulated nature of Nap Nap means most inundation events are a result of
management decisions. We assumed that breeding would only occur during wet
years, and would always occur in October triggered by the combination of
inundation and suitable temperatures for breeding (Cree, 1984; Pyke, 2002).
Field observations during long-term monitoring (Wassens et al., 2021) support
the assumption that the timing of breeding is dually related to temperature
regimes and inundation timing.

6.2.7. Timing of watering scenarios
To examine the effect of timing of watering on population dynamics, mediated
through the effect of water temperatures on Bd infection dynamics and adults
survival rates, we ran the population model under three different scenarios: (i)
watering in August, with a water temperature of 10°C; (ii) watering in September,
with a water temperature of 15°C, and; (iii) watering in October, with a water
temperature of 20°C. We assumed that the temperature of water entering the
system in these months would be equivalent to that for the source river — the
Murrumbidgee River. River water temperatures in each month were the average
from records taken in the period 1993–2021 downstream of Balranald Weir (the
closest recording station to the offtake for Nap Nap; Figure 6-1). To implement
each of these scenarios, we over-rode the estimated water temperature at Nap
Nap for the relevant months with these river temperatures, with this effect
influencing chytrid infection rates and intensities, and therefore, the distribution
of post-metamorphic survival sampled by the population model.
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6.2.8. Model runs and outputs
We ran the stochastic population model for the 52-year projection interval for
each of the 10,000 watering sequences, and for each of the three frequency of
watering scenarios and each of the three timing of watering scenarios (9
scenarios total, Figure 6-3). In each scenario, the model sampled postmetamorphic survival probability from the distribution generated for each year of
each of the 10,000 watering sequences. We derived the starting population
structure (female individuals in each age class, including tadpoles) from the
terminal population structure of an initial run, ensuring the starting population
structure was always a sample from the stable age structure for each scenario
considered.
For each run, we recorded the minimum adult population size (females only)
across the 52 years, as well as terminal population size and structure. We
calculated the probability of extinction of the adult female population as the
proportion of the 10,000 runs in which abundance dropped to zero.

6.3.

Results

Stochastic population modelling suggested an effect of the timing of watering on
the risk of population decline and extinction for L. raniformis. Irrespective of the
watering scenario, a higher probability of extinction (Table 6-2) and greater
probability of approaching extinction (classified here as a minimum population
size of 20) occurred with August inundation compared to September and October
inundations (Figure 6-4).
When watering occurred at a frequency of 7/10 years without considering the
previous inundation history (first watering frequency scenario), the probability of
extinction of the female population was 0.13 when environmental flows were
delivered in August (water temperature = 10°C). This probability decreased to
0.05 and 0.04 with environmental flows delivered in September (water
temperature = 15°C) and October (water temperature = 20°C), respectively
(Table 6-2). The probability of the minimum population dropping below 20 adult
females decreased from 0.95 with August inundation to 0.78 with October
inundation (Figure 6-4i).
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When the number of sequential dry years was capped at two, the probability of
population extinction was 0.025 when watering during August, compared with
0.0004 with watering in September and < 0.0001 with watering in October (Table
6-2). Notably, while extinction probability was low across all timing of watering
scenarios, the probability of the female population dropping below 20 was
considerably higher with August watering (0.95) compared to watering in
September (0.62) or October (0.44) (Figure 6-4ii).
When the number of sequential dry years was capped at one, probabilities of
extinction across all timing of watering scenarios were very low (<0.001 in all
cases. However, differences between timing of watering scenarios in the
probability of the minimum female population size declining below 20 were
particularly pronounced (Figure 6-4iii). The probability of decline was 0.5 with
watering in August, compared with 0.07 and 0.02 in September and October,
respectively (Figure 6-4iii).

Table 6-2 Probability of extinction of the adult female population of L. raniformis at Nap
Nap under alternate environmental watering strategies. Scenarios were flows in August,
September, or October under three different frequencies of inundation: (i) inundated in ~
70% of years, but with an independent probability of inundation each year; (ii) inundated
in ~ 70% of years, but with a maximum of two sequential dry years, and; (iii) inundated
in ~ 70% of years, but with a maximum of one sequential dry year.
Timing of watering

Frequency scenario

Frequency scenario

Frequency scenario

1

2

3

August

0.1296

0.0249

0.0012

September

0.0491

0.0004

< 0.0001

October

0.0411

< 0.0001

< 0.0001
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Figure 6-4 Probability of minimum population size of Litoria raniformis at Nap Nap
decreasing below varying thresholds under alternate watering scenarios. Scenarios were
flows in August, September, or October under three different frequencies of inundation:
(i) inundated in ~ 70% of years, but with an independent probability of inundation each
year; (ii) inundated in ~ 70% of years, but with a maximum of two sequential dry years,
and; (iii) inundated in ~ 70% of years, but with a maximum of one sequential dry year.
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6.4.

Discussion

Despite a low prevalence of Bd in populations of Litoria raniformis from the semiarid Lowbidgee system (Chapter 4), our stochastic population model suggests
the timing of environmental watering can influence extinction risk for this species,
through its effect on water temperature regimes and chytrid infection dynamics.
There was a 13% chance of extinction of the adult female population when
environmental water was delivered to Nap Nap during August, when river
temperature average 10°C. Extinction risk was smaller with later, and therefore
warmer, inflows; in September (water temperate = 15°C; extinction probability =
0.05) or October (water temperature = 20°C; extinction probability = 0.04). This
effect arises because of the strong effect of water temperature on chytrid
prevalence in the Lowbidgee (Chapter 4), with resulting effects on adult survival
rates for L. raniformis populations.
In the laboratory, chytrid zoospores are able to grow and reproduce at
temperatures between 4°C and 25°C; however, growth is maximal between 17°C
and 25°C (Piotrowski et al., 2004). However, under natural conditions, other
cofactors determine infection prevalence and virulence, including the hosts
immune response and anti-microbial peptides on the skin that provide defence
(Robak & Richards-Zawacki, 2018; Woodhams et al., 2007; Woodhams et al.,
2016). Both these defence mechanisms are influenced by temperature (Robak &
Richards-Zawacki, 2018; Woodhams et al., 2014). The cutaneous microbial
community complements the immune system as a protective barrier; some have
antifungal properties while others reduce the surface area on which pathogens
can settle (Assis et al., 2020; Ruthsatz et al., 2020). Furthermore, skin sloughing
in amphibians can reduce infection load, and the rate at which this can occur is
also dependent on temperature (Ohmer et al., 2015). These multiple biological
processes help explain why infection prevalence is highest in L. raniformis
populations when temperatures are below the optimum in vitro growth range for
Bd, as demonstrated by Heard et al. (2014) and in Chapter 4. This result
emphasises the importance of understanding in vivo infection dynamics for
amphibian species susceptible to Bd, particularly in field conditions.
Our population modelling suggests that amphibians exposed to cold-water
flushes, either through regulated or unregulated flooding events, may be more
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prone to Bd infection and potentially have higher extinction risk. This pattern
replicates the broad macro-scale pattern of amphibian declines and extinctions
being more prevalent in cooler climates such as montane regions (Berger et al.,
1998; Murrieta-Galindo et al., 2014; Nava-González, Suazo-Ortuño, Parra-Olea,
López-Toledo, & Alvarado-Díaz, 2020), or during cooler times of the year (Berger
et al., 2004; Phillott et al., 2013). At a local scale, differences in wetland
microclimates within a wetland complex can provide environmental refugia from
disease (Heard et al., 2014; Heard et al., 2015). Deeper and warmer wetlands
may provide conditions in which Bd infection prevalence and intensity may be
reduced, however cold-water flushes either due to regulated inundation or from
natural events may eliminate their refugial properties.
There may be other pathways, in addition to the impacts of increased prevalence
of Bd infections, through which cold-water flushes from early watering could
impact L. raniformis. Over winter, metabolic rates decrease as temperatures
decline, and individuals are not physically active <7°C

(Cree, 1984).

Litoria raniformis emerge from this period of winter dormancy as temperatures
begin to increase in spring (Cree, 1984; Pyke, 2002). At this time, food availability
can be low, as are energy stores of newly active individuals. Should a cold-water
flush be added to these environmental stressors, mortality spikes could occur,
with resulting crashes in population size before breeding can take place. Breeding
is triggered by rise in water levels (Ehmann & White, 1997; Pyke, 2002) and water
temperatures suitable for larval growth (16-20°C, Cree, 1984), which are typically
not reached until late September or October. As such, while we did not include
this mechanism in our modelling, it is possible that adult mortality between the
window of late winter inundation and the commencement of breeding activity (with
mortality resulting from Bd impacts, physiological stresses, or both) could lead to
significant local population declines and even local extinction of small
populations.
Watering frequency scenarios demonstrate that L. raniformis populations at Nap
Nap are sensitive to recruitment failure. Predicted extinction risk was significantly
reduced when watering scenarios ensured sites were not dry for more than two
years, with a further reduction in extinction risk when sites were dry for no more
than one year. As annual survival rates are low and variable, with a resulting
truncated population age structure (Chapter 5), population persistence is
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dependent on consistent successful recruitment. Low and fluctuating adult
survival rates means amphibian populations are prone to large size fluctuations
when recruitment fails (Driscoll, 1999; Potvin et al., 2017). This is consistent with
observations by Scheele et al. (2016) in populations of L. verreauxii alpina, in
which population resilience to periodic recruitment failure has been drastically
reduced since the arrival of Bd, given significant reductions in adult survival rates
and longevity.
Nap Nap wetland forms part of a major wetland complex at the end of the
Murrumbidgee River, not far from the confluence with the Murray River. As such,
it is a highly regulated system, much like the majority of rivers in the MurrayDarling Basin (R. Kingsford & Thomas, 2001). Wetland inundation is tightly
managed and environmental response strategically monitored (Wassens et al.,
2021). As Bd has been detected in the Lowbidgee system (Chapter 4), it is vital
that decisions on environmental water delivery consider the epidemiological and
ecological mechanisms describe in this study. Due to populations of L. raniformis
being dominated by young individuals, ensuring an inundation frequency of at
least 7/10 years with no more than one or two dry years in sequence will reduce
the probability of local extinction in this population. By releasing water into Nap
Nap when river temperatures are over 15°C, the impact of Bd on survival rate
and extinction risk is reduced. More broadly, Bd dynamics should be considered
when designing watering strategies for any species afflicted by Bd. Both the Bd
dynamics and the life-history of the species should be taken into account in this
regard.
Modelling studies are valuable for informing management decisions, especially
when considering species or populations at risk of extinction. Here we created a
complex population model which integrated microclimate, Bd dynamics and
population dynamics in order to inform management of environmental water
delivery to a key wetland habitat to reduce the probability of extinction for L.
raniformis. This model draws together extensive field data (Chapters 3, 4 and 5)
to create a realistic model that can be applied to specific management questions.
This work provides a novel approach to integrating the many complexities of Bd
dynamics and amphibian population dynamics and could be applied to other
species impacted by Bd and their specific management scenarios.
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(A)

(B)

(C)

(D)

Plate 6-1 Nap Nap wetland at various water levels over the 2018/2019 and 2019/2020
survey season. A) November 2018, B) March 2019, C) September 2019, D) February
2020. Water temperature logger pictured left of centre in each photo.
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7 Synthesis of findings
Global amphibian decline due to the chytridiomycosis panzootic has been
labelled as ‘one of the most impactful examples of disease spread’ that has led
to the ‘greatest documented loss of biodiversity attributable to a pathogen’
(Scheele, Pasmans, et al., 2019). Almost 25 years since the discovery of
chytridiomycosis (Berger et al., 1998), with substantial research across the globe,
major knowledge gaps still remain. In this final chapter, I discuss the main
research

findings

of

my

thesis,

the

management

implications

and

recommendations for future research.
From initial reading of literature, I identified several knowledge gaps on which to
focus my research. It is well recognised that temperature plays a part in the
prevalence and intensity of chytrid (Bd) infections in amphibian populations
across the globe (Chapter 2). I soon realised that little data has been collected
and published on chytrid infection levels in semi-arid or arid regions. This is
understandable, as Bd is an aquatic fungus that requires wet or moist
environments to survive. In the semi-arid regions of eastern Australia, there are
several major floodplain wetland systems fed by major westward flowing rivers.
These wetland systems derive most of their water from rainfall and snow melt in
the upper catchments, and their inundation is typically independent of local
rainfall. Large floodplain complexes such as the Lower Murrumbidgee floodplain
are persistently wet mosaics within semi-arid landscapes. These floodplains,
therefore, have potential to support Bd that may impact on amphibian
populations.
Due to historical high levels of abstraction from the Murrumbidgee River, a
program of environmental water allocations was implemented to restore its
nationally significant wetlands. This includes inundation of wetlands targeted for
successful breeding and recruitment of the endangered L. raniformis. Limited
environmental water allocations must be carefully managed to get the best
outcomes for biodiversity persistence. Hence, knowledge of the prevalence and
impact of Bd on L. raniformis is valuable to enable management practices to
improve their long-term persistence. Given that susceptibility to chytridiomycosis
varies greatly between species and between populations, specific investigations
into the prevalence and intensity of Bd in valuable remnant L. raniformis
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populations present in the lower Murrumbidgee wetlands are required. However,
little research has been conducted on the prevalence and intensity of Bd
infections in this species (Heard et al., 2014; Heard et al., 2018; Heard et al.,
2015) and only two studies have tested for Bd in semi-arid or arid regions (J.
Ocock et al., 2013; Voros et al., 2011).
Litoria raniformis is a widespread species, and occupies a range of climatic zones
from hot semi-arid to temperate regions of southern Victoria and Tasmania (Pyke,
2002; Wassens, 2008). While it exhibits ‘fast’ life history traits including high
fecundity (Heard et al., 2012b), it has suffered population declines and is
classified as Endangered in NSW and Vulnerable in Victoria (EPBC, 1999).
These declines result from a combination of stressors, including habitat loss and
degradation, predation by invasive species and chytridiomycosis; a situation in
which predicting population trajectories to guide conservation initiatives is both
complex and context-dependent.
In this thesis, I surveyed L. raniformis populations for Bd in two regions at the
extremities of the species’ range (Figure 7-1). Firstly, the relatively hot, dry semiarid climate of the lower Murrumbidgee, and secondly, the temperate coastal
wetlands around Gippsland Lakes in south-eastern Victoria. This is the first study
in Australia to assess Bd infection rates in a single species across such
climatically distinct environments. By doing so, I could investigate the prevalence
and intensity of Bd infections under contrasting temperature regimes. Whilst this
has been previously conducted in laboratory experiments on other species, data
from in situ studies have not been published for L. raniformis or, to my knowledge,
any other Australian species. Once the first season of data collection had been
completed, I realised the number of L. raniformis in the Gippsland region was too
low (only 18 caught during the entire season) to perform reliable analysis
(Chapter 3). To compensate for this, data from L. raniformis surveys conducted
in the nearby temperate Melbourne region (between 2004 and 2006, collected by
Dr Geoffrey Heard) were incorporated into the analysis. I was therefore able to
compare the environmental drivers of Bd prevalence and intensity in two
climatically disparate regions (Chapter 4), investigate population age structure,
growth and survival rates (Chapter 5) and from that build a population viability
analysis for a key L. raniformis population within the lower Murrumbidgee
(Chapter 6).
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Environmental drivers were consistent between the two climatic regions despite
the differences in prevalence of Bd. Water temperature at time of capture, salinity
and pH were identified as significant environmental determinants of disease
prevalence. Infection intensity did not have such clear drivers, although air
temperature at the time of capture was the top predictor in both regions. Bd
prevalence (proportion of the population infected) in the semi-arid region was
7.9% compared to 23.4% in the temperate region. Infection prevalence varied
seasonally, with higher infection rates in the spring, decreasing into summer as
temperatures rose. This pattern was more pronounced in the temperate region
with higher prevalence in the spring compared with the semi-arid region. In the
semi-arid region, prevalence reduced to zero in January, unlike the temperate
region where infections were still detected, albeit at low levels. Infection intensity
also displayed seasonal patterns in both regions; however, where intensities in
the semi-arid region increased after summer lows as temperatures cooled into
autumn, this pattern was not observed in the temperate region (although
sampling into April was limited in this region).
Having detected Bd in both climatic regions, I could then use skeletochronology
to investigate what effect these infection rates could have on survival rates for
L. raniformis (Chapter 5). There is a deficit of information on the life history traits
of declining amphibian populations (Scheele, Pasmans, et al., 2019), although
limited studies on L. raniformis were available prior to my study, including through
mark-recapture efforts in the Melbourne region (Heard et al., 2012b) and through
skeletochronology in the Coleambally irrigation region of NSW (Mann et al.,
2010). I was able to provide new data on the life-history traits of L. raniformis for
populations with endemic Bd infections.
I found that the populations were dominated by young-of-year in both regions;
but was more pronounced in the semi-arid region, where 92% of those sampled
were young-of-year and the maximum age detected was two years old. In the
temperate region, 55% were young-of-year and the maximum age was four years
old. This pattern was counter to my prediction, which was that higher chytrid
infection prevalence and intensity in the temperate region would translate to
greater impacts on survival rates, and therefore greater truncation of age
structure in the temperate region. The result likely reflects the broader stresses
faced by L. raniformis on the limit of its geographic range. Populations in the lower
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Murrumbidgee have high reliance on more variable water resources, and
therefore appear to exhibit more boom-bust dynamics than in the temperate
region. As a result, these semi-arid populations are likely to be more vulnerable
to other stochastic events. If drought or disease prevent recruitment occurring
over a whole season, then populations with short lived individuals are likely to be
unable to recover (Scheele et al., 2016).
The key site-level environmental correlates of age in L. raniformis were in-season
hydroperiod and average air temperature. This was closely followed by the
proportion of water temperature at 17–26°C (Chapter 5). Knowing this, I
estimated the annual survival rate of both males and females under different
hydroperiod classifications: ephemeral, semi-permanent and permanent. Annual
survival rate ranged from 0.28 to 0.31 under these classifications. Males had a
slightly higher survival rate over the three hydroperiods however confidence limits
overlapped with survival rates of females. Growth curves were generated for both
males and females and showed rapid rates of growth in the first year which then
slow and largely plateau after two years of age. Males reach an average body
size of 70 mm compared with 86 mm for females. The results of these models
were used in the population viability analysis of the following chapter (Chapter 6).
Population viability analyses (PVA) are a valuable tool for determining extinction
risk of species under different management scenarios. At the time of the study,
wetlands on Nap Nap Station in the Lowbidgee region supported a large
population of L. raniformis, although this population is known to have undergone
significant fluctuations in the past, with local extinction of the population between
2006 and 2011 when natural inundation of the wetland was cut off. Nap Nap
wetland is now protected, and inundation frequency has been restored through
managed delivery of environmental water. Management of this wetland into the
future is essential for maintaining a refuge habitat for L. raniformis.
I customised a stochastic population model for L. raniformis developed previously
to investigate the ramifications of different environmental watering scenarios for
the species at Nap Nap. Based on the results of this PVA (Chapter 6), under a
seven in ten-year inundation regime and with number of sequential dry years
limited to one only, the probability of extinction over 50 years was predicted to fall
from 13% to 4%, assuming the release of environmental water into the wetland
only occurs when water temperatures are 15°C or above. In this case, water
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temperature can be measured at Maude weir on the Murrumbidgee River, a short
distance upstream of the offtake to Nap Nap wetland, and water released into
Nap Nap when the suitable temperatures are reached. The proximity of this
wetland to the water source, the Murrumbidgee River, make it an ideal refuge site
as, with careful management, inundation can be achieved even during years with
limited water availability.

Figure 7-1 Schematic representing key research findings.
The understanding that Bd can survive outside its predicted range-limits, when
water and possible climatic microhabitats are present, emphasises that
amphibian declines may have occurred due to Bd in regions previously thought
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to be protected from the effects of the disease. With a better understanding of the
drivers of Bd prevalence and intensity across its entire climatic range, better
management decisions can be made for future conservation of the species. This
thesis provides a novel model for species specific conservation through
consideration of life history traits and region-specific threat that can be valuably
applied to amphibian populations more broadly.

7.1. Broader implications
Collectively, the results from this thesis have improved understanding of the
distribution of Bd into semi-arid regions of Australia and the environmental drivers
determining infection risk in the endangered species, L. raniformis. With better
knowledge of how this then impacts age structure and survival rates and resultant
long term population trajectories, management strategies to preserve populations
can be derived. Although this study was focused on one species, across two
specific climatic regions, the knowledge gained can be applied more broadly. The
environmental drivers of Bd prevalence, water temperature, pH and salinity were
consistent between the two study regions, indicating that Bd infection rates in
resident susceptible species are likely to be driven by the same key factors
regardless of differences in climate. The results of this thesis provide information
required for potential management interventions, such as manipulating wetland
water temperate, pH or salinity, to reduce infection burdens in susceptible
amphibian species. However, care to prevent possible unintended deleterious
ecological impacts beyond Bd infection is vital.
I was able to advance our understanding of the population age structure of
L. raniformis with endemic Bd infection. The high proportion of young-of-year and
one-year olds in both semi-arid and temperate regions indicates that survival
across years is poor, and that high frequency breeding events are required to
maintain populations. Management strategies that target survival of young-ofyear to their first and second year of breeding could ensure populations have
greater chance of survival should periodic recruitment failure occur.
I have demonstrated in this thesis (Chapter 6) that customisation of population
viability analyses (PVA) can be a useful approach to explore extinction risk for
amphibians afflicted by Bd, with the potential to include key environmental drivers
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of infection risk and management actions arising from these environmental
drivers. For L. raniformis in semi-arid NSW, the focus was on the timing of
wetland inundation to control inflow temperatures. Using this approach for other
species under threat of extinction could provide valuable management advice.
For L. raniformis populations in the Nap Nap wetland, inundation frequency is a
key driver of population dynamics through its effect on recruitment, although
chytridiomycosis was demonstrated to have the capacity to increase population
extinction risk. Being able to model population trajectories and target specific
cohorts for conservation efforts may well prevent further population decline and
increase chances of survival.

7.2.

Moving forward in research and management

Amphibian species continue to decline globally. Multiple threatening process
such as increasing rates of habitat loss, changes in water management, ongoing
competition with invasive species, changing climate and spread of novel diseases
make conservation efforts challenging (Canessa, Bozzuto, Pasmans, & Martel,
2019; Dudgeon et al., 2005). Despite concerted research effort, much remains
unknown as to the spread and pathogenicity of the chytrid fungus
Batrachochytrium dendrobatidis. In this thesis, I filled in some of the knowledge
gaps using novel approaches for an endangered species, L. raniformis, in two
climatically distinct regions. I determined that susceptibility to chytridiomycosis
may vary across the range of a single species, dependent on multiple influencing
factors; those environmental factors examined in this thesis (Chapter 4). These
factors are in addition to innate immune capabilities, skin microbial communities
and even sloughing rates of individuals identified in other studies, each of which
are sensitive to temperature (Chapter 2).
It can now be assumed that Bd has spread to the majority of climatically suitable
(both moist and temperate) regions across the globe. Despite trials and success
of treatment in captive laboratory environments, such as anti-fungal, heat
therapy, increased salinity and inoculation with antimicrobial skin peptides,
implementing such treatment in the wild would not be possible in most cases.
Where wetlands form part of highly regulated systems, and the inundation
regimes are tightly managed, there is opportunity to reduce extinction probability
due to Bd infection by controlling wetland water temperatures, such as through
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the timing of wetland inundation. As seen for our case study wetland, Nap Nap,
colder water temperatures during wetland inundation could lead to increased Bd
infection probability and reduced survival rates. In that system, my modelling
indicates that by only filling wetlands when water temperatures are over 15°C will
reduce the probability of local extinction from 13% to 4%. As more wetlands
across the globe are restored via environmental water delivery programs, such
management decisions could mean the difference between success or failure in
recruitment and survival of amphibian populations. There is considerable scope
for further research on this topic, and for the broader role of manipulating wetland
conditions to mitigate Bd impacts.
Increasing the survival rates of young-of-year and one-year olds to achieve
successful recruitment over multiple years will reduce truncation of age structure
and vulnerability to stochastic events. In the face of a changing climate, drought,
floods and extremes in temperature will become more frequent. Only populations
that can persist despite periodic recruitment failure will be able to survive.
Approaches to minimising the risk of recruitment failure, and enhancing survival
rates post-metamorphosis, are also key avenues for future research on mitigating
Bd impacts for threatened species.
More broadly, building resilience to Bd impacts should be seen as a key focus for
research and management of susceptible amphibian species. There are
numerous mechanisms that can be pursued in this regard, including through
maximising microhabitat availability and heterogeneity, as well as habitat
connectivity between populations to support metapopulation function. Likewise,
managing invasive (or even native) predators can enhance survival rates
(Falaschi et al., 2020), as could controlling reservoir hosts or protecting refuges
free from reservoir hosts (Brannelly et al., 2018).
This thesis contributes to the growing body of evidence that threatened
amphibians, even those that are highly susceptible to Bd, can be conserved
through on-ground management activities, and that a suite of management
options present themselves when detailed research on the subject is pursued.
Continued research on the subject is vital, including experimental research that
tests the efficacy of management actions suggested by ecological studies, such
as those identified in this thesis. This is crucial not only in Australia but for
amphibian populations across the globe.
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Plate 7-1 Swabbing Litoria raniformis for Bd at Nap Nap wetland, Lowbidgee, NSW
February 2020.

Plate 7-2 Litoria raniformis detected with spotlight during chytrid surveys, Lowbidgee,
NSW November 2018.
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Appendix 1
Table A4. 1 Environmental variables considered potential determinants of the
prevalence and intensity Bd infections in Litoria raniformis in the study areas (Chapter
4). Variable selection and expected relationships are based on mechanisms linking them
to the survival and growth of Bd in vitro, in vivo (in laboratory experiments) and in situ (in
the field) identified in the literature (see ‘Source’).
Variable
Climate

Relationsh
ip/s
Reduced
Bd in semiarid climate

Mechanism (s)

Source

Prevalence and intensity of Bd infections
will vary between climates based on
differences in overall temperature regime
and rainfall.

Murray et al.
(2011); J. Ocock
et al. (2013); Rohr
et al. (2008);
Rowley and
Alford (2010)

Temperature at time of capture
Ambient air
temperature
(◦C)

Negative
linear

As Bd growth rate and mortality is highly
sensitive to temperature, the temperature
of either the air, water, body and substrate
may influence prevalence and intensity of
Bd infections. A negative linear
relationship will result due to the
combination of the sensitivity of Bd to
temperature interacting with the role of
temperature in the immunocompetence of
the frog hosts.

Quadratic

A quadratic effect could be seen due to
the pathogen’s response to temperature.
Frogs experiencing temperatures within
the optimum range for Bd growth (1726°C) will have the highest level of
infection prevalence and intensity.

Water
temperature
(◦C)
Body
temperature
(◦C)
Substrate
temperature
(◦C)

Daskin et al.
(2011); Forrest et
al. (2016); Heard
et al. (2014);
Heard et al.
(2015); Kriger and
Hero (2007,
2008); McNab
(2015); Piotrowski
et al. (2004);
Pounds et al.
(2006b);
Richards-Zawacki
(2009); Rowley
and Alford (2013);
Sonn et al.
(2017);
Stevenson et al.
(2013)

Lagged temperature variables
Mean air and
water
temperature
(◦C) in the 7
and 28 days
prior to
swabbing
Proportion of
water
temperature
recordings
above 28°C
in the 7 days
prior to
swabbing

Negative
linear

Temperature effects could stem from the
average conditions experienced by host
and pathogen, or be more influenced by
exposure to lethal temperatures for Bd
(over 28°C). Alternate lags for measuring
impact come from: (i) the lifecycle of Bd,
which has been observed in vitro at 4-5
days (in which case we may predict that
the environmental conditions of the 7 days
prior to swabbing will be the most
influential in determining the prevalence
and intensity of Bd), or; (ii) literature
supporting the month prior to sampling as
having the strongest relationships with Bd
prevalence (capturing longer-term
infection dynamics in situ).

Bosch et al.
(2007); Crawford
et al. (2017);
FernándezBeaskoetxea et
al. (2015); Kriger,
Pereoglou, and
Hero (2007);
Longcore et al.
(1999); Murray et
al. (2009);
Savage, Becker,
and Zamudio
(2015); Whitfield
et al. (2017);
Whitfield et al.
(2012)

Table A4.1. cont. Environmental variables considered potential determinants of the
prevalence and intensity Bd infections in Litoria raniformis in the study areas. Variable
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selection and expected relationships are based on mechanisms linking them to the survival
and growth of Bd in vitro, in vivo (in laboratory experiments) and in situ (in the field) identified
in the literature (see ‘Source’).
Variable
Relationsh
Mechanism (s)
Source
ip/s
Proportion of Positive
As the proportion of water temperature
Bosch et al.
water
linear
measurements within the optimum growth (2007); Crawford
temperature
temperature range (17-26°C) increases,
et al. (2017);
recordings
we may predict that Bd infection
Kriger et al.
between
prevalence and intensity will also
(2007); Longcore
17°C and
increase.
et al. (1999);
26°C in the 7
Murray et al.
and 28 days
(2009); Whitfield
prior to
et al. (2017);
swabbing
Whitfield et al.
(2012)
Vegetation parameters
Emergent
vegetation
cover (%)

Negative
linear

Shading
vegetation
cover (%)

Waterbodies with greater percentage of
shading, both from emergent vegetation
and shading vegetation, will be cooler. Or,
shading vegetation cover may limit the
capacity of frogs to reduce pathogen
burdens through thermoregulation,
particularly basking. A negative linear
relationship fits the predicted relationship
of increasing impact with increasing
shade (=decreasing temperatures).

Becker et al.
(2012); Beyer et
al. (2015);
Clemann et al.
(2013); Fellers et
al. (2011); (Heard
et al., 2015);
Kolby et al.
(2015); Korfel and
Hetherington
(2014); MurrietaGalindo et al.
(2014)

Clulow et al.
(2018); Heard et
al. (2014);
Stockwell et al.
(2012, 2014);
Stockwell, Storrie,
Pollard, Clulow,
and Mahony
(2015)
Piotrowski et al.
(2004)

Water quality parameters
Salinity (as
electrical
conductivity,
µS/cm)

Negative
linear

Bd is intolerant of saline conditions,
therefore, increasing salinity will decrease
prevalence and intensity of infections.

pH

Quadratic

Chytrid is sensitive to pH, displaying
markedly higher growth and survival in a
narrow band of slightly acidic to neutral
conditions (pH of 6-7). As such, infection
prevalence and intensity may be higher
within this band.

Hydroperiod*

Positive
linear

As Bd is an aquatic fungus and is
sensitive to desiccation, waterbodies that
dry out for a certain period of time may
have reduced levels of Bd.

Murphy et al.
(2011); Stockwell
et al. (2012)

*Hydroperiod was scored as the frequency of inundation, using the following ordinal
scale: ‘Intermittent’ (1), ‘Ephemeral‘ (2), ‘Semi-permanent’ (3) and ‘Permanent’ (4))
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Table A4. 2 Hypothesised effects of environmental variables on the probability and
intensity of Bd infections in Litoria raniformis across semi-arid (Lowbidgee) and
temperate regions (Melbourne and Gippsland) (Chapter 4).
Arrows indicate the direction of the proposed relationship with the corresponding model
structure provided. All models include ‘site’ and ‘climate’ random effects.
Candidate
model
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
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Hypothesis
↓ in arid zone compared with temperate
↓ with ↑ in water temperature
↓ with ↑ increase in salinity
↓ with ↑ water temperature and salinity
↑ with ↑ in pH and ↓ with ↑ pH2 (hereafter
referred to as ‘pH hypothesis’)
↓ with ↑ in water temperature, plus pH
hypothesis
↓ with ↑ in water temperature and salinity,
plus pH hypothesis
↑ with ↑ in hydroperiod
↓ with ↑ in water temperature and
hydroperiod
↓ with ↑ in air temperature
↓ with ↑ in air temperature and salinity
↓ with ↑ air temperature and salinity, plus
pH hypothesis
↑ with ↑ in emergent vegetation
↑ with ↑ in shading vegetation
↓ with ↑ in air temperature and ↓ in
emergent veg
↓ with ↑ in air temperature and ↓ in shading
veg
↓ with ↑ in water temperature and ↓ in
emergent veg
↓ with ↑ in water temperature and ↓ in
shading veg
↓ with ↑ in air temperature and salinity, and
↓ in emergent veg
↓ with ↑ in air temperature and ↓ in
emergent veg, plus pH hypothesis
↓ with ↑ in air temperature, salinity, ↓ in
emergent veg, plus pH hypothesis
↓ with ↑ in air temperature and salinity and
↓ in shading veg
↓ with ↑ in air temperature and ↓ in shading
veg, plus pH hypothesis
↓ with ↑ in air temperature and salinity and
↓ in shading veg, plus pH hypothesis
↓ with ↑ in water temperature and salinity
and ↓ in emergent veg
↓ with ↑ in water temperature and ↓ in
emergent veg, plus pH hypothesis
↓ with ↑ in water temperature and salinity
and ↓ in emergent veg, plus pH hypothesis
↓ with ↑ in water temperature and salinity
and ↓ in shading veg

Corresponding model
Climate
Water temperature
Salinity
Water temperature + Salinity
pH + pH²
Water temperature + pH + pH²
Water temperature + Salinity + pH
+ pH²
Hydroperiod
Water temperature + Hydroperiod
Air temperature
Air temperature + Salinity
Air temperature + Salinity + pH +
pH²
Emergent vegetation
Shading vegetation
Air temperature + Emergent
vegetation
Air temperature + Shading
vegetation
Water temperature + Emergent
vegetation
Water temperature + Shading
vegetation
Air temperature + Emergent
vegetation + Salinity
Air temperature + Emergent
vegetation + pH + pH²
Air temperature + Emergent
vegetation + Salinity + pH + pH²
Air temperature + Shading
vegetation + Salinity
Air temperature + Shading
vegetation + pH + pH²
Air temperature + Shading
vegetation + Salinity + pH + pH²
Water temperature + Emergent
vegetation + Salinity
Water temperature + Emergent
vegetation + pH + pH²
Water temperature + Emergent
vegetation + Salinity + pH + pH²
Water temperature + Shading
vegetation + Salinity

Table A4.2. cont. Hypothesised effects of environmental variables on the probability and
intensity of Bd infections in Litoria raniformis across semi-arid (Lowbidgee) and temperate
regions (Melbourne and Gippsland). Arrows indicate the direction of the proposed relationship
with the corresponding model structure provided. All models include ‘site’ and ‘climate’
random effects.
Candidate
model
29
30
31

32

33
34
35
36
37
38

39
40
41
42
43
44
45
46

47

48
49
50

51
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Hypothesis
↓ with ↑ in water temperature and ↓ in
shading veg, plus pH hypothesis
↓ with ↑ in air temperature and salinity and
↓ in shading veg, plus pH hypothesis
↑ with ↑ in water temperature and ↓ with ↑
water temperature² (hereafter referred to
as ‘water temperature hypothesis’)
↑ with ↑ in air temperature and ↓ with ↑ air
temperature² (hereafter referred to as ‘air
temperature hypothesis’)
↓ with ↑ increase in salinity, plus air
temperature hypothesis
As per air temperature hypothesis and pH
hypothesis
↓ with ↑ increase in salinity, plus air
temperature hypothesis and pH hypothesis
↓ with ↑ increase in salinity, plus water
temperature hypothesis
As per water temperature hypothesis and
pH hypothesis
↓ with ↑ increase in salinity, plus water
temperature hypothesis and pH hypothesis
↓ with ↑ in body temperature
↓ with ↑ in substrate temperature
↓ with ↑ in body temperature and ↓ in
emergent veg
↓ with ↑ in body temperature and ↓ in
shading veg
↓ with ↑ in body temperature and salinity
↓ with ↑ in body temperature, plus pH
hypothesis
↓ with ↑ in body temperature, salinity, plus
pH hypothesis
↑ with ↑ in body temperature and ↓ with ↑
body temperature2 (hereafter referred to
as ‘body temperature hypothesis’)
↑ with ↑ in substrate temperature and ↓
with ↑ substrate temperature2 (hereafter
referred to as ‘substrate temperature
hypothesis’)
↓ with ↑ increase in salinity, plus body
temperature hypothesis
As per body temperature hypothesis and
pH hypothesis
↓ with ↑ increase in salinity, plus body
temperature hypothesis and pH hypothesis
↓ with ↑ increase in salinity, plus substrate
temperature hypothesis

Corresponding model
Water temperature + Shading
vegetation + pH + pH²
Air temperature + Shading
vegetation + Salinity + pH + pH²
Water temperature + Water
temperature²
Air temperature + Air
temperature²
Air temperature + Air temperature
² + Salinity
Air temperature + Air temperature
² + pH + pH²
Air temperature + Air temperature
² + Salinity + pH + pH²
Water temperature + Water
temperature² + Salinity
Water temperature + Water
temperature² + pH + pH²
Water temperature + Water
temperature² + Salinity + pH +
pH²
Body temperature
Substrate temperature
Body temperature + Emergent
vegetation
Body temperature + Shading
vegetation
Body temperature + Salinity
Body temperature + pH + pH²
Body temperature + Salinity + pH
+ pH²
Body temperature + Body
temperature²
Substrate temperature +
Substrate temperature²

Body temperature + Body
temperature² + Salinity
Body temperature + Body
temperature² + pH + pH²
Body temperature + Body
temperature² + Salinity + pH +
pH²
Substrate temperature +
Substrate temperature² + Salinity

Table A4.2. cont. Hypothesised effects of environmental variables on the probability and
intensity of Bd infections in Litoria raniformis across semi-arid (Lowbidgee) and temperate
regions (Melbourne and Gippsland). Arrows indicate the direction of the proposed relationship
with the corresponding model structure provided. All models include ‘site’ and ‘climate’
random effects.
Candidate
model

Hypothesis

52

As per substrate temperature hypothesis
and pH hypothesis

53

↓ with ↑ increase in salinity, plus substrate
temperature hypothesis and pH hypothesis
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Corresponding model
Substrate temperature +
Substrate temperature² + pH +
pH²
Substrate temperature +
Substrate temperature² + Salinity
+ pH + pH²

Table A5. 1 Hypothesised effects of environmental variables on the age of Litoria
raniformis across semi-arid and temperature regions. Arrows indicate the direction of the
proposed relationship with the corresponding model structure provided. All models
include site as a random effect (Chapter 5).
Candi
date
model
1
2
3
4
5
6
7
8
9
10
11
12

13
14
15

16
17
18
19
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Hypothesis
Null hypothesis
↑ Bd prevalence with ↑ in pH, ↓ age
↑ Bd prevalence with ↑ in pH and ↓ with ↑
pH2, ↓ age
↓ in salinity , ↑ Bd prevalence, therefore ↓
age
↑ emergent vegetation, ↑ Bd prevalence, ↓
age
↑ in age with ↑ in hydroperiod
↓ age with ↑ in proportion night time air
temperature between 17-26◦C
↑ age with ↓ in average night time air
temperature
↓ age with ↑ in proportion night time water
temperature between 17-26◦C
↑ age with ↓ in average night time water
temperature
↑ in pH, ↑ in proportion night time water
temperature between 17-26◦C, ↓ age
↑ in pH and ↓ with ↑ pH2, ↑ in proportion
night time water temperature between 1726◦C, ↓ age
↑ in pH, ↑ in average night time air
temperature, ↓ age
↑ in pH, ↑ average night time air
temperature, ↓ age
↓ in salinity , ↑ in proportion night time
water temperature between 17-26◦C, ↓
age
↓ in salinity , ↑ in average night time air
temperature, ↓ age
↓ in salinity , ↑ in average night time water
temperature, ↓ age
↓ in hydroperiod, ↑ in proportion night time
air temperature between 17-26◦C, ↓ in age
↓ in hydroperiod , ↑ in average night time
air temperature, ↓ age

Corresponding model
pH
pH + pH²
Salinity
Emergent vegetation
Hydroperiod
Season air temperature proportion
17-26◦C
Season air temperature average
Season water temperature
proportion 17-26◦C
Season water temperature average
pH + Season air temperature
proportion 17-26◦C
pH + pH² + Season air temperature
proportion 17-26◦C
pH + Season air temperature
average
pH + pH² + Season air temperature
average
Salinity + Season air temperature
proportion 17-26◦C
Salinity + Season air temperature
average
Salinity + Season water
temperature average
Hydroperiod + Season air
temperature proportion 17-26◦C
Hydroperiod + Season air
temperature average

Appendix 2
Chapter 5 was published between thesis submission and approval. The
published

version

is

presented

http://dx.doi.org/10.1002/ece3.9123.
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here

and
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Plate 8-1 The 1000th Bd swab, February 2020. Nap Nap wetland, Lowbidgee, NSW.
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