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Abstract 

The spread of chytridiomycosis, an emerging infectious disease caused by the 

fungal pathogen Batrachochytrium dendrobatidis (Bd), is one of many threats facing 

amphibians worldwide. In New Zealand, Bd has been detected in both threatened native 

(Leiopelma spp.) and widespread introduced (Litoria spp.) anuran species, and many 

questions concerning its potential impact remain. In order to aid in the conservation 

management of New Zealand’s vulnerable amphibians, I tested the susceptibility of 

native frog species to this emerging pathogen. In addition, I investigated host 

infectiousness of both introduced and native frog species as a first step in the creation of 

a New Zealand specific Bd-host interaction model.  

It has been proposed that novel threats like chytridiomycosis have prompted a 

shift in the focus of amphibian researchers, resulting in the neglect of wide-reaching 

threats such as habitat loss. In Chapter 2, I tested the validity of this proposal by 

reviewing the literature on amphibian declines, categorizing articles by topic and 

comparing citation rates and journal impact factor among articles on these topics. From 

1990-2009, the yearly proportion of papers on habitat loss remained fairly constant. 

However, papers on chytridiomycosis were more highly cited and published in journals 

with higher impact factors, which may indicate this topic’s popularity. These results 

were not consistent with a shift in the research agenda on amphibians, but the perception 

of such a shift may have been supported by the higher citation rates of papers on 

chytridiomycosis. 

In Chapter 3, I assessed the susceptibility of two native species, Le. pakeka and 

Le. hochstetteri, to chytridiomycosis, utilizing the susceptible introduced species, Li. 

ewingii, as a positive control. Bd-naïve individuals were exposed to a New Zealand-

isolate of Bd, and their infection status monitored using quantitative real-time PCR. 

Native species demonstrated low susceptibility and all individuals cleared Bd infection 

(Le. hochstetteri by week 10, Le. pakeka by week 15) before manifesting any clinical 

signs of chytridiomycosis. However, zoospore load was low and not detected 

consistently each week. Le. archeyi similarly demonstrated low susceptibility in a 

previous study, indicating a genus-wide trend. These findings suggest that the risk of Bd 
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for Leiopelmatids in captive populations is low, but care needs to be taken when 

extrapolating these results to natural populations. 

Finally, I investigated an aspect of Bd that has yet to be quantified in any study: 

potential host infectiousness. In Chapter 4, I compared the longitudinal shedding of 

zoospores in three species with different susceptibilities to Bd: Le. pakeka, Le. 

hochstetteri and Li. ewingii. Frogs were exposed to Bd and then rinsed with artificial 

pond water at increasing intervals to measure free zoospores on the skin. Native species 

demonstrated low infectiousness with an overall mean shedding rate of only 4 zoospore 

equivalents (ZE)/hr. In the susceptible Li. ewingii, infectiousness was high (peaking at 

423 ZE/hr), but mortality rate was low (20%) in comparison to the previous 

susceptibility trial (100%).  These findings indicate that host auto-reinfection may be 

critical for Bd to reach lethal levels, and rinsing may have removed these zoospores.  
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Chapter 1 

General Introduction 

 The continued decline and loss of amphibian biodiversity is among the most 

pressing conservation issues of our time. With over 32% of amphibian species 

threatened with extinction, amphibians are considered one of the most threatened classes 

of vertebrates (IUCN 2008). One contributing factor to declines is the emerging 

infectious disease chytridiomycosis, caused by the skin-invasive fungal pathogen 

Batrachochytrium dendrobatidis (hereafter Bd; Skerratt et al. 2007). The demonstrated 

impact of this pathogen on amphibians worldwide is quite dramatic; Bd has been 

implicated in the declines of at least 200 species, with new Bd-affected localities and 

species being documented at an unprecedented rate (see http://www. 

spatialepidemiology.net/bd). In New Zealand, both endemic and widespread introduced 

anuran species have been found infected with Bd, and the rapid and progressive nature of 

declines in one species, Leiopelma archeyi, points to disease as the causal agent (Bell et 

al. 2004). All native New Zealand frogs are classified as threatened, both nationally and 

internationally, and the continued success of their conservation management depends on 

an increased understanding of the potential impact of this introduced pathogen (Bishop 

et al. 2009b, Newman et al. 2010). 

 This chapter first introduces Bd as one of many synergistic factors contributing to 

the worldwide amphibian decline crisis, and depicts its rise as an emerging infectious 

disease of wildlife. Second, I describe what is currently understood about the origin and 

spread, ecology, and pathogenicity of Bd. Third, I explain the incidence of Bd in New 

Zealand amphibians, the research that has resulted from this potential conservation 

threat, and the questions that remain unanswered. Finally, I review the proposed 

mechanisms for variation in susceptibility among hosts, and discuss how better 

understanding the epidemiology of Bd will assist in predicting the outcome of disease 

introductions in the future. 

1.1 Chytridiomycosis: one of many threats to amphibians 

Global enigmatic amphibian declines 

 The current rate of worldwide amphibian declines and extinctions is difficult to 

explain as a natural phenomenon when placed in a historical perspective (McCallum 
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2007). According to the 2008 Global Amphibian Assessment, between 38 and 159 

species are estimated to have become extinct since 1980 (IUCN 2008). The synergistic 

effects of habitat destruction, overexploitation, exotic species introduction, climate 

change, UV radiation and infectious disease have all been implicated in this loss of 

amphibian biodiversity (Stuart et al. 2004, Beebee & Griffiths 2005). However, of the 

435 species demonstrating rapid declines within the past three decades, nearly half have 

been classified as ‘enigmatic-decline species’, found in pristine locations without 

evidence of explicit environmental degradation (Stuart et al. 2004). In Australia and New 

Zealand, the percentage of rapidly declining species that are declining enigmatically 

significantly exceeds the global average (Houlahan et al. 2000, Stuart et al. 2004). Many 

of these enigmatic declines have now been undeniably linked to the recent emergence 

and spread of chytridiomycosis, an amphibian disease caused by the fungus Bd, and one 

of the many threats facing amphibian populations worldwide (Daszak et al. 2003, Berger 

et al. 1998, Longcore et al. 1999, Skerratt et al. 2007).  

An emerging infectious disease 

Chytridiomycosis is rapidly expanding in distribution and is associated with the 

decline of up to 200 amphibian species on every continent except Antarctica (Berger et 

al. 1998, Lips 1999, Speare 2001, Weldon et al. 2004, Speare & Berger 2005, Lips et al. 

2006, Skerratt et al. 2007). Bd has been identified as the cause of death in amphibians in 

North, Central and South America (e.g. Berger et al. 1998, Lips et al. 2006, Lips et al. 

2008, Vredenburg et al. 2010), Europe (e.g. Bosch et al. 2001, Bovero et al. 2008), 

Australia (e.g. Berger et al. 1999a, Woodhams & Alford 2005, Murray et al. 2009) and 

New Zealand (e.g. Waldman et al. 2001). After first identifying chytridiomycosis in sick 

and dying frogs in Australia and Panama (Berger et al. 1998), and the description of the 

pathogen in 1999 (Longcore et al. 1999), chytridiomycosis quickly demonstrated 

qualities of an emerging infectious disease of wildlife (Daszak et al. 1999).  

Emerging infectious diseases are pathogens that have recently increased in 

incidence, pathogenicity, impact, or geographic range and are thus considered a threat to 

biodiversity and ecosystem health (Daszak et al. 2003, Morehouse et al. 2003). 

Traditionally, infectious diseases were not thought to cause widespread extinction 

because as hosts become rare, the opportunity for pathogen transmission decreases 

(McCallum & Dobson 1995). In the case of chytridiomycosis, however, a broad 

diversity of host species, small host population sizes, and the possibility of reservoirs in 
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the environment or other species all increase the chances of causing rare host extinction 

(de Castro & Bolker 2005, Smith et al. 2006). In accordance with this trend, 

understanding how to prevent the further spread and mitigate the effects of Bd are 

research priorities (Johnson 2006, Skerratt et al. 2007). 

1.2 The ecology of Batrachochytrium dendrobatidis (Bd) 

Origin and spread  

Several questions surround the sudden emergence of Bd as an infectious 

pathogen, and many remain unanswered. The amphibian chytrid fungus, Bd, is the first 

described member of the phylum Chytridiomycota to infect vertebrate hosts (Berger et 

al. 1998, Longcore et al. 1999). Chytriomycetes are ubiquitous in water and soil in 

almost every type of environment, and are considered important primary biodegraders 

and parasites of plants, animals, and insects (Powell 1993). This ubiquity has lent 

support to the hypothesis that chytridiomycosis is an ‘emerging endemic’, and 

environmental change has led to the recent increase in virulence and incidence of this 

fungal parasite (Rachowicz et al. 2005, Skerratt et al. 2007). While global climatic shifts 

in temperature have been hypothesised to be a driver of Bd emergence at certain 

elevations (Pounds et al. 2006), the role of climate change remains controversial (Lips et 

al. 2006). Additionally, when Morehouse et al. (2003) performed multilocus sequence 

typing of 35 fungal strains from Africa, North America, and Australia, they found 

extremely low inter-strain genetic variation. More recently, James et al. (2009) compared 

DNA sequence variation among a global collection of Bd strains and found a low rate of 

DNA polymorphism, but a high diversity of diploid genotypes. This finding is consistent 

with a single-origin of the pathogen and a rapid and recent range expansion. Taken 

collectively, these results provide strong evidence for the ‘novel pathogen’ hypothesis, in 

which this highly transmissible, pathogenic disease is spreading to naïve populations 

from a common origin (Rachowicz et al. 2005).  

The earliest published record of Bd is from a Silurana (Xenopus) laevis specimen 

collected in 1938 from South Africa (Weldon et al. 2004), providing circumstantial 

evidence for a possible African origin. However, this conclusion would be premature 

considering that sampling has been focused on regions of high amphibian densities, 

leaving some regions completely data deficient (Fisher et al. 2009b). Regardless, the two 

prominent hypotheses are that Bd either originated from Africa and spread globally 

through the Xenopus trade, or originated from America and spread through the North 
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American bullfrog (Lithobates (Rana) catesbeianus) trade (Garner et al. 2006, Fisher & 

Garner 2007). More evidence exists for an American origin given that Bd strains exhibit 

more heterozygosity when isolated from bullfrogs than from Xenopus, but additional 

genotyping of Bd isolates from regions positive for Bd but not experiencing declines are 

needed to lend support to this hypothesis (Fisher et al. 2009b). 

The continued spread of Bd has largely been attributed to human-mediated 

factors, in which introduction of the disease is caused by the anthropogenic movement of 

biotic or abiotic material (Daszak et al. 2003). The human introduction of diseases to 

new regions and hosts has been termed “pathogen pollution” (Daszak et al. 2000). While 

commonly overlooked, this form of environmental change can have both immediate and 

insidious ecosystem consequences, and result in serious disease outbreaks and local 

extinctions, as has been observed with the spread of Bd (Cunningham et al. 2003). 

Chytriomycosis has been linked to the international movement of animals for the pet, 

laboratory, zoo specimen, and food trade, and the inadvertent or deliberate release of 

pets, laboratory animals, and biocontrol agents (Mazzoni et al. 2003, Daszak & 

Cunningham 2003, Weldon et al. 2004, Fisher & Garner 2007, Picco & Collins 2008). 

With increasing globalisation, the protection of sensitive species will depend on national 

risk-abatement plans to reduce the importation, release, and spread of Bd infected 

individuals in the environment (Fisher & Garner 2007). Great strides have been made in 

this direction with the recent listing of chytridiomycosis in the Aquatic Animal Health 

Code by the World Organisation for Animal Health, making it an internationally 

notifiable disease subject to OIE standards (Schloegel et al. 2010). 

The nature of Bd infection 

In amphibians, Bd infection is restricted to the superficial epidermis and 

keratinised tissues, causing hyperkeratosis of the skin and sometimes resulting in 

erosions or ulcerations (Berger et al. 1999a, Berger et al. 2005a). Although it can vary 

among individuals and species, usually the ventral surface of the body, limbs, and feet 

are most affected, often resulting in irregular and excessive sloughing of the epidermis 

(Berger et al. 1999a). Clinical signs of disease usually do not occur until the final stages 

of infection, but these include inappetance, abnormal posture, reddening of the ventral 

skin, and loss of righting reflex. In amphibians, the skin is a critical organ that plays an 

important role in maintaining homeostasis with the environment (Voyles et al. 2009). 

Recently, the pathogenesis of Bd, or the mechanism by which it becomes fatal, was 
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determined to result from impaired cutaneous respiration and osmoregulation, disturbing 

water, electrolyte, and oxygen balance across the skin, and eventually leading to cardiac 

arrest (Voyles et al. 2009).  

While tadpoles can become infected with Bd and suffer from developmental and 

growth costs, they do not succumb to disease (Berger et al. 1998, Parris & Cornelius 

2004, Davidson et al. 2007, Venesky et al. 2010). This is because Bd is localised in the 

only keratin-containing structure found on a tadpole: the mouthparts (Marantelli et al. 

2004). This localisation allows for the persistence of high infection rates in tadpole 

populations, which can then lead to widespread infection and mortality after the 

keratinisation of the epidermis at metamorphosis (Berger et al. 1998, Fellers et al. 2001, 

Waldman et al. 2001, Rachowicz & Vredenburg 2004, Woodhams & Alford 2005). For 

example, in mountain yellow legged frogs (Rana muscosa) in the Sierra Nevada (USA), 

infection prevalence among larvae reached up to 67% (Fellers et al. 2001), and in 

Australian rainforest frogs, >90% mortality rates were documented 2-3 weeks post-

metamorphosis (Berger et al. 1998). Tadpoles may act as living reservoirs for Bd in the 

environment, and therefore could be a major pathogen source for the delayed impact, 

persistence and translocation of chytridiomycosis among populations (Daszak et al. 

1999, Daszak et al. 2003, Woodhams & Alford 2005).  

The life history of Bd 

 The life cycle of Bd is made up of two stages: a motile flagellated zoospore, and 

a stationary thallus that develops into a reproductive zoosporangium (Longcore et al. 

1999, Piotrowski et al. 2004, Berger et al. 2005a). Zoospores can swim for up to 24 

hours under optimal conditions, and if successful, encyst in keratinocytes in the 

epidermis of amphibians, resulting in infection (Piotrowski et al. 2004). Zoosporangia 

produce new zoospores asexually via mitotic division, which then exit through a 

discharge tube or papillae towards the surface of the skin (Berger et al. 2005a). The 

duration of this life cycle is four to five days at 22˚C in vitro, and may be similar in 

amphibian skin, although this has yet to be tested (Berger et al. 2005a). The optimum 

temperature range for Bd growth is 17-23˚C, and as temperatures rise, the fungus goes 

into stasis (28-29˚C) and then dies (30˚C) (Piotrowski et al. 2004). However, Bd 

demonstrates temperature-dependent life-history trade-offs in order to maintain fairly 

consistent growth rates across a range of conditions. At low temperatures (7-10˚C), Bd 

grows slower but produces more zoospores, while at higher temperatures (17-25˚C), 
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zoospores mature into zoosporangia more quickly, despite producing fewer zoospores 

(Woodhams et al. 2008). 

A free living or saprobic stage of Bd is unknown, although the ability to culture 

the fungus in the laboratory suggests that such a stage may exist (Longcore et al. 1999). 

While Di Rosa et al. (2007) reported the discovery of a resting, encysted form of Bd that 

is capable of surviving for long periods of time in the environment, there has been no 

additional evidence to support this claim. Epidemiological models of host-Bd interaction 

indicate that the longer Bd can survive in water, either in a resting or saprobic state, the 

more likely it can cause extinction of its host (Mitchell et al. 2008). However, a new 

model that incorporates the Bd load (i.e. infection intensity) of individual frogs indicates 

that Bd can also cause extinction if host densities and re-infection rates are high (Briggs 

et al. 2010). Thus, even without conclusive proof for a resting stage, the effects of Bd 

can be devastating in the right conditions. 

1.3 Chytridiomycosis in New Zealand 

Endemic New Zealand Amphibians: A conservation priority 

 The native frogs of New Zealand, belonging to the genus Leiopelma, are of 

special conservation concern for their unique, evolutionarily significant biology.  Found 

only in New Zealand, the four extant species, Archey’s frog (Leiopelma archeyi), 

Hamilton’s frog (Le. hamiltoni), Hochstetter’s frog (Le. hochstetteri), and the Maud 

Island frog (Le. pakeka), are considered to be some of the most basal living anurans in 

the world, based on the retention of primitive anuran traits (Bishop et al. 2009a, Bishop 

et al. 2009b, Bell 2009). Once widespread throughout the lowlands of New Zealand, 

native frogs now only exist in fragmented populations on the North Island and small 

predator-free islands in the Marlborough Sounds and Cook Straight. All native frogs are 

ranked within the top 60 most Evolutionarily Distinct and Globally Endangered (EDGE) 

amphibians, and are listed as threatened both nationally and internationally (EDGE 

2008). Initial declines most likely occurred with the introduction of non-native predators 

and habitat loss as a result of Polynesian settlement (Towns & Daugherty 1994). Current 

agents of decline have not been substantiated, but predators, especially the introduced 

kiore (Rattus exulans, or the Pacific rat), habitat loss and modification, toxins, climate 

change, and disease are all considered to be threats (Thurley & Bell 1994, Bishop et al. 

2009b).  
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 Hochstetter’s frog, Le. hochstetteri (Figure 1.1a), is unique among the native 

frogs in that it is semi-aquatic and thus can be found along permanent streams under 

rocks and mossy logs. Le. hochstetteri is the most widely distributed of Leiopelma 

species, occurring in many isolated populations of varying sizes on the northern half of 

the North Island (Bell 1982, Bishop et al. 2009b). Total population size is estimated to 

be near 100,000 individuals, but recent genetic analysis by Gemmel et al. (2003) 

indicates that scattered populations may make up as many as eight “Conservation 

Management Units”. The IUCN currently lists Le. hochstetteri as ‘vulnerable’ (IUCN 

2008), but because of the discontinuous nature of the species both genetically and 

geographically, it has been suggested that conservation management should focus on 

specific populations rather than the species as a whole (Green 1994). The current Native 

Frog Recovery Plan emphasizes the need to identify agents of decline in this species, 

including susceptibility to disease (Bishop et al. 2009b). 

 The distribution of the Maud Island frog, Le. pakeka (Figure 1.1b), is extremely 

restricted. While the only natural population occurs on Maud Island, a small predator-

free island in the Marlborough Sounds, small, translocated populations on Motuara 

Island, Long Island, and the predator-excluded Karori Wildlife Sanctuary on the 

mainland do exist. The main population has recently been re-estimated to contain around 

25,000 to 30,000 individuals (Le Roux & Bell 2007). Le. pakeka is also listed 

internationally as ‘vulnerable’ (IUCN 2008), and has recently been reassessed as 

‘nationally vulnerable’ under the New Zealand Threat Classification (Newman et al. 

2010). In order to maintain populations of Le. pakeka, the continued exclusion of 

introduced predators and pathogens from the islands on which the species occurs is 

imperative (Bishop et al. 2009b).  This would require knowledge of the susceptibility to 

disease in this species. 

Introduced amphibians in New Zealand  

New Zealand is also home to three introduced species of frog, all in the genus 

Litoria: Litoria ewingii, Li. raniformis, and Li. aurea. These species were 

anthropogenically introduced from Australia over 100 years ago, and have since 

naturalised. While both Li. aurea and Li. raniformis are nationally vulnerable in their 

native Australia, all three Litoria species have established large populations in New 

Zealand (Vörös et al. 2008). In contrast to the endemic frogs, Litoria species in New 

Zealand are pond-breeding with free-swimming larvae. Li. aurea is sympatric with the  
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Figure 1.1 (A) Leiopelma hochstetteri, Hochstetter’s frog, and (B) Leiopelma pakeka, the 

Maud Island frog, photographed within natural habitat 

native species Le. archeyi and Le. hochsetteri on the northern half of the North Island 

(Vörös et al. 2008), and while they are thought to rarely interact, Thurley and Bell 

(1994) did find evidence of predation by Li. aurea on Le. archeyi. Despite a lack of 
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ecological overlap, there is the potential for disease spread between introduced and 

native Leiopelma species (Waldman et al. 2001, Bell et al. 2004). 

Incidence of Bd in New Zealand amphibians  

 Bd infection has been detected in one native and two introduced New Zealand 

frog species (Waldman et al. 2001, Bell et al. 2004).  In November and December 1999, 

16 sick and dying southern bell frogs, Li. raniformis, were found in a pond near 

Christchurch. The frogs showed impaired righting behaviour when placed on their backs 

and failed to flee when approached, and later all but one died after being placed in 

quarantine. Histological sections of the deceased frogs revealed the presence of Bd, but 

no lesions in the skin or other tissues were observed. The pond was then intensively 

monitored, but the many hundreds of adults and larvae still present at the pond appeared 

healthy. However, as the tadpoles developed, many manifested symptoms of disease and 

most post-metamorphic frogs died. These were diagnosed with chytridiomycosis. The 

pond population subsequently crashed, and later adults and tadpoles at nearby sites were 

found infected with Bd (Waldman et al. 2001). Further instances of Bd infection have 

since been found in Li. ewingii and Li. raniformis populations on the South Island 

(Speare & Berger 2005). 

 Of greatest conservation concern, Bd has also been detected in the native 

Archey’s frog, Le. archeyi. Long term monitoring of this species reported a large-scale 

population crash from 1996-2001, and in July 2001 a dead Le. archeyi was found 

positive for Bd in the Coromandel ranges (Bell et al. 2004). The progressive and rapid 

nature of this decline indicates that disease, particularly chytridiomycosis, may be 

responsible. In 2006, infected Le. archeyi were found in the Whareorino population 

(Shaw et al. 2008), and a 7% prevalence in live frogs was reported by the New Zealand 

Department of Conservation at monitoring sites there (Bishop et al. 2009a). While 

declines have not yet been described in this population, the discovery poses a 

tremendous threat. Surprisingly, disease surveys have not detected Bd in sympatric Le. 

hochstetteri populations (Thurley & Haigh 2008). As the only semi-aquatic native frog 

species, this finding is of particular interest, given that montane creek-dwelling species 

have been most impacted in Australia (Berger et al. 1998, Laurance et al. 1996, Kriger & 

Hero 2007).  

  Recently, 12 Le. archeyi from the Whareorino population were found infected 

with Bd, but 11 were able to clear themselves of infection within three months, and the 



1 General Introduction                                                                                                      11 

last with chloramphenicol treatment, after being brought into the laboratory (Bishop et 

al. 2009a). In addition, 6 of these wild-caught frogs were then re-infected with a North 

American isolate of Bd in the laboratory, but developed only low intensity infections and 

returned negative real-time quantitative PCR results for Bd within 2 weeks (Shaw et al. 

2010). Collectively, these findings suggest that the threat of chytridiomycosis for wild 

populations of adult Le. archeyi may be less severe than previously thought, although 

there have been no studies investigating the effects of Bd on possibly more vulnerable 

life-stages. A comparison of susceptibility in Le. hochstetteri and Le. pakeka will 

provide an important missing link in the current understanding of the threat of Bd to 

these endemic frogs.  

1.4 The host-pathogen interaction 

Susceptibility is Host Specific  

 Levels of susceptibility to chytridiomycosis vary widely within and among 

species, as evidenced by the differing degrees of decline documented in infected 

populations (Woodhams & Alford 2005, Woodhams et al. 2007a). Studies in Australia 

and Central America have shown that while some species decline rapidly, sympatric 

species may not (Alford & Richards 1999, Stuart et al. 2004, Lips et al. 2006). Some 

species are completely extirpated following infection, others experience moderate 

susceptibility resulting in catastrophic loss of many but not all individuals, and still 

others are able to tolerate infection while remaining functionally healthy (Berger et al. 

1998, Daszak et al. 2003, McDonald et al. 2005, Ouellet et al. 2005). Thus, host 

variation in susceptibility to Bd infection and subsequently disease can be thought of as a 

continuum, ranging from carriers (host-pathogen coexistence) to those that experience 

high levels of mortality (declines and extinctions) (Collins & Storfer 2003, Beldomenico 

& Begon 2010). Intraspecific variation at the population scale also exists (Davidson et 

al. 2003); some local populations of Rana muscosa in California have completely 

disappeared after infection, while others persist despite high prevalence among larvae 

(Briggs et al. 2005, Vredenburg et al. 2010).  

 Observed variation in susceptibility among amphibians is likely the combined 

result of variation in host ecology, pathogen biology, and environmental cofactors 

(Daszak et al. 2003, Richmond et al. 2009). These three variables have been termed the 

epidemiological triad, and all three play a role in determining the host’s response to Bd 
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(Fisher et al. 2009b). Most studies thus far have focused on the role of temperature in 

either the host’s survival or the pathogen’s virulence, and indeed there are optimal 

ranges within each operate (Woodams et al. 2003, Woodhams et al. 2008, Ribas et al. 

2009). Furthermore, all immune responses are costly, and there are not only trade-offs 

between immunity and reproductive success, growth, and development, but also 

temperature-related and seasonal trends in optimal immune function (Maniero & Carey 

1997, Raffel et al. 2006, McCallum & Trauth 2007). The innate immune responses of 

amphibians can provide a first line of defence against chytridiomycosis (Woodhams et 

al. 2007a,Woodhams et al. 2006a), and differences in innate immunity among taxa can 

result in differential disease susceptibility. Amphibians have both innate and acquired 

immune responses to pathogens (Carey et al. 1999), but most research to date has 

focused on the role of innate responses, particularly antimicrobial skin peptides, in 

susceptibility (see Rollins-Smith et al. 2006, Woodhams et al. 2007b). This partiality 

arose from the idea that the Bd spreads too quickly and doesn’t allow enough time for an 

acquired immune response to mount (Richmond et al. 2009). However, separating innate 

and acquired immune response is an artificial distinction, because one is evolutionarily 

derived from the other and therefore must have many immune modulators, cells, and 

signalling pathways in common (Flajnik & Du Pasquier 2004). Acquired defences have 

the ability to specialise against a specific pathogen, and innate responses can be seen as a 

‘stop-gap mechanism’ to buy time as acquired responses build a threshold level of 

antigens (Richmond et al. 2009). With that in mind, two studies thus far have examined 

both innate and adaptive immunity to Bd with varying results.  While the Bd resistant 

species, Xenopus laevis, demonstrated both innate and acquired immune responses in the 

form of skin peptide secretions and Bd-binding antibodies, the susceptible species, 

Silurana (Xenopus) tropicalis, demonstrated very little immune response, and even a 

decreased expression of some immune genes (Rosenblum et al. 2009, Ramsey et al. 

2010). This indicates that the immune response may be very different between 

susceptible and resistant species. Finally, on an individual level, host condition may also 

play a role in fighting infection and poor condition may undermine the immune response 

to Bd (Beldomenico & Begon 2010). Thus far, an experimental infection study of Bufo 

bufo found a positive correlation between metamorph body size and survival (Garner et 

al. 2009), but more research is needed to fully understand the relationship between host 

condition and susceptibility to Bd. 
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Transmission of Bd  

Transmission of chytridiomycosis has been proposed to operate according to a 

susceptible, exposed, infectious, recovered (SEIR) epidemic model with delayed density 

dependence (Lips et al. 2006). According to this model, Bd emerges at a particular site 

and then is transmitted from both ‘environment-to-frog’ and ‘frog-to-frog’ as disease 

incidence increases and infected frogs shed zoospores into the environment. However, 

because infection intensity is an important aspect of the pathogenesis of Bd, one must 

also understand pathogen dynamics on individual frogs (Briggs et al. 2010). To fully 

understand the mechanisms of transmission, the effects of within and between host 

zoospore transmission modes need to be taken into account.  

While chytridiomycosis has been identified in sick and dying amphibians, and 

individuals have been experimentally infected with laboratory cultures of zoospores 

(Waldman et al. 2001, Nichols et al. 2001, Berger et al. 1999b, Lips et al. 2006), few 

studies have actually documented the widely assumed mechanism of Bd transmission: 

direct transfer between conspecifics and heterospecifics.  Until recently, studies 

documenting the transmission of Bd within and between amphibian life stages were also 

sparse. Rachowicz and Vredenburg (2004) demonstrated that R. muscosa tadpoles were 

able to transmit infection to each other and postmetamorphic adults. This result indicates 

that congregations of infected tadpoles have the potential to act as reservoirs for Bd 

within a population, and facilitate the maintenance of the pathogen in the environment 

(Rachowicz & Vredenburg 2004).  

Survival in the environment and vectors of transmission 

If Bd can survive without its amphibian hosts for a given period of time or in an 

encysted phase, then all substrate and water associated with amphibians should be 

considered infective until proven otherwise. Bd has been shown to survive in tap and 

deionized water for three and four weeks respectively, and in lake water for up to seven 

weeks (Johnson & Speare 2003). For proposed translocation and reintroduction efforts, 

this time frame provides a window during which subsequent transmission of Bd via 

substrate is possible. In Bufo boreas, the length of survival of infected individuals 

decreases with increasing length of exposure and zoospore dosage in vitro (Carey et al. 

2006). Furthermore, the transmission of zoospores through water can lead to lethal 

chytridiomycosis in uninfected individuals. This conclusively demonstrates that direct 
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contact is not necessary to spread Bd, and individuals sharing the same water body can 

be temporally spaced (Carey et al. 2006, Nichols et al. 2001).  

 In addition to water, other forms of transmission may occur through moist soil 

and bird feathers. Johnson and Speare (2005) found that chytrid fungus could survive on 

sterile, moist river sand for up to three months with no other source of nutrients, and also 

grow on sterile bird feathers and successfully withstand desiccation in transport to a new 

culture. River sand and bird feathers have the tendency to move naturally, but the 

human-mediated spread of chytrid, whether it be on boots and field gear or through the 

translocation of amphibian hosts, is just as, if not more, likely. This has led to the 

development of field-based hygiene protocols to prevent disease dissemination both 

within-sites and between sites (Mendez et al. 2008, Phillott et al. 2010).  

1.5 Thesis objectives  

 The fungal pathogen Batrachochytrium dendrobatidis is one of many complex 

drivers of the global decline of amphibian populations (Collins & Storfer 2003, Beebee 

& Griffiths 2005). Research on direct threats, such as habitat loss and introduced or 

invasive species, and indirect threats, including climate change, UV radiation, toxins, 

and infectious disease, are equally important; we need to fully understand synergisms 

between threats in order to target them for particular species and localities (Collins & 

Storfer 2003). In New Zealand, many threats, both direct and indirect, put the range-

restricted endemic amphibian fauna at risk (Bishop et al. 2009b). However, given the 

emerging nature of Bd in New Zealand, there exists the possibility for disease-related 

declines in fragmented and offshore island anuran populations. Thus, further research is 

needed concerning the susceptibility of New Zealand frog species to Bd, and how this 

determined susceptibility relates to that species’ infectiousness to other hosts. 

Beyond the description of declines in Le. archeyi and the diagnosis of 

chytridiomycosis in both native and introduced species, many questions concerning the 

potential impact of Bd in New Zealand remain. It is a conservation priority to determine 

the susceptibility of New Zealand’s threatened endemic amphibians to Bd infection and 

subsequently disease (Bishop et al. 2009b). As a follow-up to studies with Le. archeyi 

(Bishop et al. 2009a, Shaw et al. 2010), experimental infection studies of Le. pakeka and 

Le. hochstetteri are a necessary first step in determining risk for these species. On a 

greater scale, taxonomically-focused experimental infection studies are greatly needed 

overall, and will benefit our understanding of the relationship between phylogenetic 
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similarity and susceptibility to Bd (Kilpatrick et al. 2010). If there is similarity in 

susceptibility level between Leiopelma spp., this may indicate a genus-wide trend. 

Furthermore, little is understood about the relationship between susceptibility to 

Bd and infectiousness, or the capacity of an infected host to transmit infection following 

contact with an uninfected host (Beldomenico & Begon 2010). A large gap in our 

current understanding of Bd is the nature of infection over time, particularly the rate of 

zoospore production and release from an infected host. Furthermore, there is no 

documentation of a latent period following infection with Bd during which a host is not 

yet infectious, or even how long a host remains infectious as a product of its 

susceptibility. By defining infectiousness for New Zealand’s endemic and introduced 

species over a range of susceptibilities to disease, there is the potential to develop 

species-specific epidemiological models that build upon those already developed (Briggs 

et al. 2010). No model takes into account the potential interaction of Bd with terrestrial 

frogs, away from a water body and thus a constant source of zoospores. Consequently, 

because New Zealand species are predominantly terrestrial, direct-developing frogs, the 

future development of a such a model will be influential not only for conservation of 

New Zealand species, but for other species with similar life histories. 

 

The specific objectives of this thesis are as follows: 

 

• Chapter 2: To investigate the claim that there is unnecessary emphasis on 

chytridiomycosis in the amphibian-decline literature, and relate the perception of 

subject bias to article citation rate and journal impact factor. 

• Chapter 3: To use controlled experimental exposure to determine the 

susceptibility of New Zealand amphibians (Leiopelma spp.) to infection with Bd 

and the disease chytridiomycosis. 

• Chapter 4: To measure the infectiousness of both endemic and introduced New 

Zealand frogs with different susceptibility levels to Bd, for potential use in 

epidemiological models in the future. 

 

These objectives were addressed separately and each chapter was written in the style 

of an independent paper, with the exception of overlap in methodology. Chapter five 

integrates the overall results of this thesis and discusses implications and future research 
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directions in the study of chytridiomycosis for amphibian conservation. All references 

are compiled in one section following this final chapter. 
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Chapter 2 

When presumed paradox leads to pitfalls: Citation rate and 
perceived subject bias in the amphibian decline literature 

This chapter is modified from: 

Michel E. Ohmer and Phillip J. Bishop. 2011. Citation rate and perceived subject bias in 

the amphibian-decline literature. Conservation Biology 25: 195-199. 

2.1 Abstract 

 As a result of global declines in amphibian populations, interest in the 

conservation of amphibians has grown. This growth has been fuelled partially by the 

recent discovery of other potential causes of declines, including chytridiomycosis (the 

amphibian chytrid, an infectious disease) and climate change. It has been proposed that 

researchers have shifted their focus to these novel stressors and that other threats to 

amphibians, such as habitat loss, are not being studied in proportion to their potential 

effects. I tested the validity of this proposal by reviewing the literature on amphibian 

declines, categorizing the topic of articles within this literature (e.g., habitat loss or UV-

B radiation) and comparing citation rates among articles on these topics and impact 

factors of journals in which the articles were published. From 1990-2009, the proportion 

of papers on habitat loss remained fairly constant, and although the number of papers on 

chytridiomycosis increased after the disease was described in 1998, the number of 

published papers on amphibian declines also increased. However, papers on 

chytridiomycosis were more highly cited than papers not on chytridiomycosis and were 

published in journals with higher impact factors on average, which may indicate this 

research topic is more popular in the literature. These results were not consistent with a 

shift in the research agenda on amphibians. I believe the perception of such a shift has 

been supported by the higher citation rates of papers on chytridiomycosis.
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2.2 Introduction 

Within the past two decades, research concerning the conservation of amphibians 

has grown extensively (see Alford & Richards 1999, Blaustein & Kiesecker 2002), and 

with good reason.  Over one third of described amphibian species are listed as 

threatened, and at least 42% are experiencing some form of population decline (IUCN 

2008). Furthermore, over half of all rapidly declining species are considered ‘enigmatic’, 

or occurring for unknown reasons in pristine habitat (Stuart et al. 2004). As a result, a 

multitude of decline hypotheses have been proposed (reviewed in Collins & Storfer 

2003, Semlitsch 2003, Beebee & Griffiths 2005), but currently there is little consensus 

among researchers regarding the most perilous threats to amphibian biodiversity.  

 Researchers are often enthused by new ideas when they provide a simple 

explanation for a widespread and poorly understood phenomenon (Poulin 2000), such as 

amphibian declines. Ecology is a pluralistic discipline that evolves conceptually rather 

than undergoing distinct paradigm shifts; thus, the effect of a wave of researcher 

enthusiasm for a novel idea can result in a subsequent wave of publications on that idea 

(Paine 2002). Gardner et al. (2007) propose there has been a shift in research on 

amphibians toward the study of “novel stressors” that has resulted in less attention to 

more serious threats such as habitat loss.  

 Indeed, loss of habitat is thought to affect loss of species in terrestrial ecosystems 

more than any other factor (Sala et al. 2000). However, the discovery of the fungal 

disease chytridiomycosis (Berger et al. 1998, Nichols et al. 1998), an emerging 

infectious disease of amphibians (Daszak et al. 1999), has resulted in considerable 

research on this disease. Furthermore, the possible interaction between global climate 

change and disease outbreaks in amphibian populations has received increased attention 

(Pounds et al. 2006, Bosch et al. 2007, Lips et al. 2008, Rohr et al. 2008). Although it 

may seem that these research topics are taking precedence in the literature, the subject-

area bias proposed by Gardner et al. (2007) has not been examined quantitatively. I 

tested the validity of Gardner et al.’s contention by reviewing the literature on amphibian 

declines, categorizing articles therein by topic of research, and then comparing citation 

rates of articles on the different topics and impact factors of journals in which articles on 

the different topics were published.  I sought to determine whether the focus of the 

literature on amphibian declines has shifted from changes in habitat to other types of 
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threats, in which habitat loss as a factor in amphibian declines is underrepresented in the 

literature.  

2.3 Methods 

The main topics of research on amphibian declines can be grouped into two 

categories: research on direct threats, including habitat change or fragmentation and 

introduction of non-native invasive species, and research on indirect threats, including 

climate change, UV-B radiation, toxins, and infectious disease (Collins & Storfer 2003, 

Beebee & Griffiths 2005). Although it is widely believed that amphibian declines are 

driven by multiple synergistic factors, many researchers test only one factor at a time 

(Blaustein & Kiesecker 2002). However, if indirect threats, such as chytridiomycosis, 

are receiving more attention than other threats, papers on two indirect threats, such as 

both chytridiomycosis and climate change, may receive even more attention. 

2.3.1 Data collection 

 I searched the Thomson Reuters ISI Web of Science Science Citation Index 

Expanded database for papers on amphibian declines published from 1990 through 2009  

(Thomson Reuters 2009). I used the search terms amphibian decline* and amphibian 

conservation in the “topic field,” which includes title, abstract, keywords, and Keywords 

Plus (index terms created from significant, frequently occurring words in the titles of an 

article's cited references). I excluded review papers and conference proceedings. Within 

the papers returned under the initial search, I performed 7 searches to separate the papers 

by research topic (asterisk indicates search wildcard): chytridiomycosis (chytrid* or 

dendrobatidis), climate change (climat*), disease (disease* not chytrid*), habitat 

fragmentation and loss (habitat fragmentation or habitat loss), non-native invasive 

species (invasive OR introduced species), toxins (toxi* or pollutant* or pollution), and 

UV-B radiation (ultraviolet or UV-B).   

 Although research on chytridiomycosis (“chytrid”) can be considered a subset of 

research on amphibian diseases, the increased focus on this disease in the literature 

warranted its separation into a new category. An eighth search for over-exploit* or 

exploit* did not return a robust sample (n = 21) and therefore was not included in our 

analyses. I checked journal articles for relevance to the given research topics before 

exporting the records to Microsoft Excel (2008) (Appendix 1). Articles that fell into 

more than one research category were counted more than once. I recorded the number of 
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citations of each article, the journal and year in which the article was published, and the 

journal’s 2007 impact factor. Citation rates were used as an indication of interest (not 

necessarily scientific merit) and obtained from the ISI Web of Knowledge, which 

includes citations of conference proceedings. I used impact factors reported by the 2007 

Journal Citation Reports Science Edition (Thomson Reuters 2007). For journals that did 

not have impact factors, this field was left blank in our data set (see Appendix 1).  

I further separated journal articles in the chytrid category on the basis of whether 

the factor of climate change was either tested or implicated in the study. Two groups 

resulted: research on both chytrid and climate and research on chytrid that did not 

address the synergistic effects of climate change. In creating these groups, I sought to 

examine whether papers implicating a synergistic effect of climate change and 

chytridiomycosis were more highly cited or appeared in journals with higher impact 

factors than papers in which only one threat was proposed as a driver of amphibian 

declines. 

2.3.2 Statistical analyses 

 I performed a standard least-squares regression to determine whether the 

proportion (transformed to the arcsin square root) of published papers on each of the 7 

research topics changed significantly over time. To determine whether citation frequency 

was different among research topics, I used a generalised linear model (GLM) with a 

negative binomial distribution and a log-link function. The number of citations of an 

ecological paper is highly correlated with the number of years since publication and the 

impact factor of the journal in which the paper was published (Leimu & Koricheva 

2005); thus, I added these variables as covariates in the model. I used a GLM with 

tweedie mixed-model error distribution and a log-link function to determine whether the 

impact factor of the journal in which articles were published varied among topics. I also 

used a GLM to compare the number of citations of a paper (negative binomial, log-link 

function) and the impact factor of the journal in which the paper was published (tweedie, 

log-link function) for papers in which a synergistic effect between climate and chytrid 

was tested or suggested and papers in which only chytrid was examined. I performed 

pairwise post hoc comparisons of estimated marginal means for each model. For all 

statistical analyses, I used JMP (version 7.1.0.1, SAS 2007) and SPSS (version 17.0.2, 

SPSS 2009).  
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2.4 Results 

2.4.1 Focus of research on amphibian declines 

 The final set of papers I examined contained 1091 journal articles on the 7 

research topics (17.2% chytridiomycosis, 15.4% climate, 15.0% disease, 15.0% habitat 

loss or fragmentation, 7.8% non-native invasive species, 21.6% toxins or pollutants, and 

8.0% UV-B radiation).  Many articles fit into more than one category; thus, among 

research topics there were a total of 1495 articles. The overall number of articles 

increased from a low of 5 in 1990 to a high of 204 in 2007. Articles on chytridiomycosis 

began appearing in 1998, when the disease was first discovered. The proportion of 

papers published on chytridiomycosis increased over time (coefficient estimate [CE] = 

0.027, F1,8 = 73.7, p < 0.0001, R2= 0.90; Figure 2.1), and the proportion of papers on 

habitat loss remained relatively constant over time (CE = -0.0023, F1,18 = 0.50, p = 0.49, 

R2 = 0.027; Figure 2.1).  In addition, the proportion of papers on toxins, disease, and UV-

B, all indirect threats, decreased every year  (toxins, CE = -0.012, F1,18 = 8.54, p = 0.009;  

 

Figure 2.1 Number of papers on amphibian declines published annually from 1990-2009 
categorized by research topic. 
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disease, CE = -0.006, F1,18 = 4.65, p = 0.045, R2=0.21; UVB, CE = -0.011, F1,18 = 5.96, p 

= 0.027, R2=0.31; Fig. 1).  

2.4.2 Citation bias 

The number of citations a paper received was highly correlated with both the 

number of years since publication (Spearman !=0.465, p < 0.0001) and the impact factor 

(Spearman ! = 0.326, p < 0.0001) of the journal in which the paper was published.  

 
Figure 2.2 Estimated marginal mean of (a) number of citations papers received and (b) impact 
factor of journals in which papers were published for each of the research topics. Error bars 
indicate standard error. Categories with different letters have statistical values that are 
significantly different. 
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When impact factor and years since publication were treated as covariates, citation rates 

were not equal among research topics (Wald !2 = 32.0, df = 6, p < 0.0001). Papers on 

chytridiomycosis were cited more often than papers on any of the other topics (Figure 

2.2a). Also, journal impact factor was significantly different among topics (Wald !2 = 

30.2, df = 6, p < 0.0001). The topics of climate, chytridiomycosis, and U-VB were 

published in journals with the highest impact factors (Figure 2.2b). Within the 

chytridiomycosis literature (n =257), papers that suggest synergistic effects of 

chytridiomycosis and climate change (n = 52) were not cited more often than papers on 

chytridiomycosis that do not discuss climate change (Wald !2 = 0.25, df = 1, p = 0.62), 

but they were published in journals with higher impact factors (Wald !2 = 43.6, df = 1, p 

< 0.0001). 

2.5 Discussion  

Despite the claim made by Gardner et al. (2007) that the topic of habitat loss is 

becoming less prevalent in the literature on amphibian declines, I found that the 

proportion of articles on habitat loss has remained fairly constant since 1990. Although 

the study of chytridiomycosis became more common after its first description in 1998 

(from two papers in 1998 to over 50 in 2008), the number of publications on amphibian 

declines also proportionally increased. The majority of papers published on amphibian 

declines focused on disease and toxins, and this has not changed since 1990. Therefore, a 

bias in the literature toward the study of novel threats, such as chytridiomycosis 

(Gardner et al. 2007), does not exist. 

 If a subject-area bias, at least in terms of the proportion of publications on each 

research topic, does not exist when researchers believe it does, there must be a reason for 

such a perception. The different citation rates among the research topics indicated that 

although the body of literature may be relatively even in scope over time, some topics 

received more interest, particularly in terms of the number of times they were cited, than 

others.  Lortie et al. (2007) define publication bias as the degree of divergence between 

the relative actual merit and the relative perceived merit of a given publication, which 

can only be measured indirectly through the testing of proposed indicators of bias. 

Determination of the citation rate, no matter how unreliable an indicator of actual 

scientific merit this value is, while controlling for the impact factor of the journal and the 

publication date of the article should demonstrate the interest in a paper (Leimu & 
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Koricheva 2005). Therefore, the perceived bias that novel threats to amphibians, such as 

chytridiomycosis, are dominating the literature may have arisen because interest in these 

topics increased and because papers on these topics were published in journals with 

higher impact factors. Although the greatest proportion of papers in our data set were on 

toxins and diseases other than chytridiomycosis, papers on these two topics received the 

lowest number of citations; this again highlights a difference between the volume of 

work on a topic and the perceived importance of that research topic. 

 However, papers mentioning both climate change and chytridiomycosis, two 

seemingly popular topics, were not cited more often than papers examining only 

chytridiomycosis, despite the fact that such papers were published in journals with 

higher impact factors. The proposed synergism between chytridiomycosis and climate 

change is not only controversial and novel, but also lacks empirical support (see Lips et 

al. 2008), which may explain the difference between visibility (journal impact factor) 

and interest (citation rate). Heightened visibility does not reflect the amount of work 

being done on these topics, but may make them seem more studied. 

 Nevertheless, this is a purely correlational study that unavoidably lacks a control. 

Therefore, it is difficult to state that the proportion of amphibian decline literature on 

habitat loss would have increased if chytridiomycosis had never been discovered. This 

must be kept in mind when interpreting the results of this study. 

Gardner et al. (2007) assert that it is appropriate for research priority to be 

correlated positively with scientific uncertainty.  Although there has been a large 

increase in research on chytridiomycosis in the past decade, there is little evidence that 

insufficient research is being conducted on other, more direct causes of amphibian 

declines. New scientific discoveries spark innovative ideas and hypotheses, which result 

in high levels of interest. Consequently, one idea or hypothesis may draw a 

disproportionate amount of research funding and both scientific and public attention. In 

the field of amphibian conservation, in which declines are regionally unique and the 

result of constantly changing, often human-induced, processes (Blaustein & Kiesecker 

2002), the heightened interest in or visibility of some research topics may not detract 

from the volume of research in other areas.
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Chapter 3 

Determining the susceptibility of New Zealand’s threatened 
amphibians, Leiopelma spp., to Batrachochytrium 
dendrobatidis infection 
 

3.1 Abstract 

The spread of chytridiomycosis, an emerging infectious disease caused by the fungal 

pathogen Batrachochytrium dendrobatidis (Bd), is one of many threats facing 

amphibians worldwide. In New Zealand, Bd has been detected on both threatened native 

(Leiopelma spp.) and widespread introduced (Litoria spp.) anuran species. In addition, 

rapid and progressive declines in conjunction with Bd detection in wild populations of 

one native species indicate that this pathogen may be a threatening process. In order to 

comprehend the possible impacts of Bd on New Zealand’s native anuran fauna, I 

assessed the susceptibility of two native species, Le. pakeka and Le. hochstetteri, to 

chytridiomycosis. Bd-naïve individuals were exposed to a virulent New Zealand-isolate 

of Bd, and their infection status monitored using quantitative real-time PCR. Both 

species demonstrated low susceptibility and all individuals cleared Bd infection (Le. 

hochstetteri by week 10, Le. pakeka by week 15). While individuals of both species 

became infected, zoospore load was so low that Bd was not detected consistently each 

week. Furthermore, no frogs demonstrated clinical signs of chytridiomycosis. Le. 

archeyi similarly demonstrated low susceptibility in a previous study, indicating a genus-

wide trend. These findings suggest that the risk of Bd for Leiopelmatids in captive 

populations is low.  However, care needs to be taken when extrapolating results obtained 

in the laboratory to wild populations because both biotic and abiotic factors can affect 

morbidity and mortality due to Bd infection. Thus, rigorous field trials are the next step 

along the pathway to reintroducing protected populations of Leiopelma spp. into areas 

where Bd is present.  
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3.2 Introduction 

 Anthropogenically-driven environmental change has characterized this century 

with unprecedented species loss (Pimm et al. 1995, Smith et al. 2009b).  Habitat 

degradation and reduction, non-native species introductions, overexploitation, and 

climate change have not only contributed to declines and extinctions (Sala et al. 2000), 

but have also fostered the rise in emerging infectious diseases (EIDs) over the past 30 

years (Carey 2000, Daszak et al. 2000, Aguirre & Tabor 2008). Although historically 

overlooked, infectious disease poses a considerable threat to the conservation of 

biodiversity (Smith et al. 2009b). In particular, the human translocation of non-native 

species and their pathogens, termed pathogen pollution, can threaten naïve populations 

with novel pathogens (Daszak et al. 1999, Daszak et al. 2000). For range restricted 

wildlife populations that may be unable to rebound after a population crash, this threat 

can mean extinction (McCallum & Dobson 1995, Daszak et al. 1999, Daszak et al. 2000, 

Ouellet et al. 2005). One salient example of an EID spread globally is chytridiomycosis, 

the amphibian disease caused by the fungal pathogen Batrachochytrium dendrobatidis 

(hereafter Bd), and the role of this disease in the decline of amphibian populations 

worldwide (Skerratt et al. 2007). 

The Bd panzootic is an extreme example of the effect an EID can have on 

wildlife populations. From the time of its first description in 1998, chytridiomycosis has 

been implicated in population declines, population extirpations, and extinctions in up to 

200 amphibian species in North, Central and South America, Europe, Australia, and 

New Zealand (Berger et al. 1998, Bosch et al. 2001, Bell et al. 2004, Stuart et al. 2004, 

Lips et al. 2006, Rachowicz et al. 2006, Skerratt et al. 2007). As a generalist pathogen 

that infects a wide range of amphibian hosts, Bd poses a particular threat to naïve 

endemic amphibians in small, fragmented populations with low genetic variability (see 

de Castro & Bolker 2005). The international trade of amphibians for human 

consumption and the pet trade has played a key role in the spread of this pathogen to 

naïve populations (Mazzoni et al. 2003, Daszak et al. 2003, Fisher et al. 2009b, 

Schloegel et al. 2010), primarily because resistant introduced species can act as exotic 

host reservoirs in which Bd infection can reach high levels, and then spill-over into 

native hosts (Daszak et al. 2000, Schloegel et al. 2006). In addition to amphibian 

reservoirs, Bd can survive in the enviroment for up to 12 weeks (Johnson & Speare 

2005), and has been detected on damp substrate in amphibian die-off locations (Lips et 
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al. 2006, Walker et al. 2007). These factors may allow for the persistence of Bd, even at 

low susceptible-host densities, theoretically allowing Bd to push a host population to 

extinction without the need for extraneous factors (Daszak et al. 2000, Daszak et al. 

2003, Mitchell et al. 2008). Thus, once introduced, it is imperative for conservation 

managers to understand the risk Bd poses to native amphibian fauna, particularly those 

previously or currently under threat from other agents of decline. 

Determining disease risk is not an easy task, however, because susceptibility to 

chytridiomycosis varies widely within and among species, as evidenced by the differing 

degrees of decline documented in infected populations (Woodhams & Alford 2005, 

Woodhams et al. 2007a). Studies in Australia and Central America have shown that 

while some species decline rapidly, other species in sympatry do not (Alford & Richards 

1999, Stuart et al. 2004, Lips et al. 2006). Although susceptibility is typically thought of 

as a dichotomous variable, i.e susceptible or not, amphibian susceptibility to 

chytridiomycosis is more accurately expressed as a continuum (Beldomenico & Begon 

2010). Some species are completely extirpated following infection, others experience 

moderate susceptibility resulting in catastrophic loss of many but not all individuals, and 

still others are able to tolerate infection while remaining functionally healthy (Berger et 

al. 1998, Daszak et al. 2003, McDonald et al. 2005, Ouellet et al. 2005). Observed 

variation in susceptibility among amphibians is likely the combined result of variation in 

host ecology, pathogen biology, and environmental cofactors (Daszak et al. 2003, 

Richmond et al. 2009). Thus, as a first step, experimental infection studies can provide 

an accurate understanding of host-Bd interaction under controlled environmental 

conditions. 

In adults, Bd infection is restricted to the keratinised epidermal tissues, causing 

hyperkeratosis of the skin and sometimes resulting in erosions or ulcerations (Berger et 

al. 1999a, Berger et al. 2005a). Different amphibian individuals and species vary 

considerably in their infection response, but most often the ventral surface of the body, 

limbs, and feet are affected, resulting in excessive sloughing of the epidermis (Berger et 

al. 1999a). Signs of severe infection include weight loss, skin discolouration, lethargy, 

inappetence, and abnormal posture and behaviour (Padgett-Flohr 2008, Voyles et al. 

2009). Recently, the mechanism by which chytridiomycosis becomes fatal was 

determined to be the result of impaired cutaneous respiration and osmoregulation, 

disturbing electrolyte balance and eventually causing asystolic cardiac arrest (Voyles et 
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al. 2009). By experimentally infecting individuals at a suitable temperature for Bd 

infection, susceptibility can be measured by determining how infection manifests over 

time, not only in terms of Bd load, but also through monitoring basic signs of health, 

including weight and reflexes.  

In this study, I utilize experimental infection to determine, for the first time, the 

susceptibility of two endemic New Zealand amphibian species, Leiopelma pakeka and 

Le. hochstetteri, to Bd. New Zealand is home to four species of endemic frog in the 

plesiomorphic genus Leiopelma, all of which are threatened with extinction (Newman et 

al. 2010). Three of the four species are entirely terrestrial with direct-developing larvae, 

while the fourth, Le. hochstetteri, is a semi-aquatic stream-dweller with non-feeding 

tadpoles (Bell 1978). Once widely distributed throughout New Zealand, native frogs are 

now restricted to the North Island and offshore islands in fragmented populations, 

largely the result of predation from introduced mammalian predators and habitat loss 

(Worthy 1987, Towns & Daugherty 1994, Bishop et al. 2009b). Bd was first discovered 

in New Zealand in 1999 in a population of human-introduced southern bell frogs (Litoria 

raniformis) on the South Island. This population was a common source of tadpoles for 

the pet trade, and collectors may have come in contact with Bd from imported stock, thus 

possibly transmitting the disease to this naturalised population (Waldman et al. 2001). 

Thereafter, the disease has been found in all introduced Litoria spp. in New Zealand, and 

was positively identified in both of the remaining Leiopelma archeyi populations in 2001 

and 2006 (Bishop et al. 2009b). While chytridiomycosis was thought to be the most 

likely cause of the Le. archeyi wave-like population crash from 1996-2001 (Bell et al. 

2004), subsequent experimental infection studies indicate that these frogs have a low 

susceptibility to Bd (Bishop et al. 2009a, Shaw et al. 2010). None of the remaining three 

species have been found infected with Bd in the wild, including Le. hochstetteri, which 

is sympatric with Le. archeyi over part of its range (Green & Tessier 1990, Thurley & 

Bell 1994). However, both Le. pakeka and Le. hamiltoni are extremely restricted in 

distribution, occurring solely on offshore islands and mainland sanctuaries (Lukis & Bell 

2007, Bishop et al. 2009b). Thus, understanding these species’ susceptibility to Bd is 

imperative if conservation managers are to sufficiently mitigate this potentially 

threatening process to amphibian biodiversity in New Zealand.  

The aims of this study are threefold. First, to test the virulence of a New Zealand-

isolated strain of Bd, RTP4 (R. Poulter, University of Otago), by experimentally 
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infecting both an introduced species (Litoria ewingii) and two native species (Le. pakeka 

and Le. hochstetteri). This is the first experimental infection study in New Zealand to use 

a local strain, which is important given that strains can vary in virulence (Berger et al. 

2005b, Retallick & Miera 2007). Second, to investigate the susceptibility of Le. pakeka 

and Le. hochstetteri to Bd by monitoring infection prevalence and intensity over time. 

Finally, to interpret the results of this study with implications for the conservation of 

these threatened species in the wake of a possible disease epidemic in New Zealand. 

3.3 Methods 

3.3.1 Field collection of study individuals 

All Leiopelma species are classified as either ‘threatened’ or ‘at risk’ in the New 

Zealand Threat Classification System (Newman et al. 2010), therefore sample sizes were 

necessarily restricted. Adult Le. hochstetteri were collected from mountain streams in 

the Pukeamaru region on the east coast of the North Island, NZ (37°38"S, 178°15"E) 

between the 14th and 19th September, 2009 (Figure 3.1, Table 3.1). This area was 

selected for collection because it does not overlap with the distribution of Le. archeyi or 

known populations of introduced Litoria spp., which have been found infected with 

chytridiomycosis. Thus it is reasonable to expect that these frogs were not previously 

exposed to Bd. Adult Le. pakeka were obtained from the captive population housed at 

the Zoology Department, University of Otago, which had been collected in 2004, 2007, 

and early 2009 from Maud Island. These were then supplemented with five newly caught 

adult Le. pakeka, which were collected by Department of Conservation managers on 

Maud Island in the Marlborough Sounds (41°01"S, 173°53"E), and flown down to 

Dunedin the week of 14 September 2009 (Figure 3.1, Table 3.1). These newly caught 

individuals allowed for the comparison of Bd susceptibility in captive and wild Le. 

pakeka. All frogs tested negative for Bd prior to experimental infection.  

In order to confirm the virulence of the Bd strain, Li. ewingii served as positive 

controls for the susceptibility trials. Li. ewingii is a non-native frog species in New 

Zealand and has previously been shown to be highly susceptible to Bd in the laboratory 

(Berger et al. 2004; Bishop et al. 2009a). Initially, 20 adult Li. ewingii were collected 

from an ephemeral pond near Redbank Road in Macraes Flat, Central Otago (45˚22’S, 

170˚25’E), in the week of 14 September 2009 (Figure 3.1). Testing revealed that all 20 
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of these frogs were already infected with Bd prior to collection, and all died within 42 

days post collection with high levels of Bd infection (Appendix 2). 

 

 
Figure 3.1 Map of New Zealand indicating locations of field populations and captive 

individuals sampled for this study. 
 

To re-test the virulence of the Bd strain with uninfected Li. ewingii, I used 18 

adult animals from a captive population (collected from Macraes Flat in 2008) and an 

additional two collected from an abandoned swimming pool in Winton, Southland in 

2010 (46˚8’S, 168˚20’E, Figure 3.1, Table 3.1). These frogs were experimentally 

exposed to Bd and monitored under the exact same conditions as Le. pakeka and Le. 

hochstetteri, but the trial was carried out three months later. All Li. ewingii in the re-trial 

were negative for Bd prior to experimental infection. It was not ideal to include Li. 
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ewingii from different populations, but given the shortage of uninfected wild frogs, it 

was necessary to do so. 

Each frog was collected with a new plastic bag and pair of disposable latex 

gloves, placed inside a small plastic container (680 ml, 11 x 10 cm) with a dampened 

paper towel, and transported within an insulated, padded box. During collection, strict 

hygiene protocols were followed to prevent any possibility of spreading Bd between sites 

(Speare et al. 2004). All field equipment, footwear, and clothing was thoroughly cleaned 

before and after leaving a site by removing all organic matter, rinsing with water, and 

disinfecting with Tri-gene (1.5 or 2%) for a minimum of one minute.  

Table 3.1 Initial weight and snout-vent length (SVL) of control and Bd-exposed groups in Litoria ewingii, 
Leiopelma pakeka, and Le. hochstetteri. 

Species Group N Weight (g) SVL (mm) 

   Mean SD* Mean SD* 

Li. ewingii Control 10 2.72 1.11 35.04 3.59 

 Exposed 10 2.90 1.08 35.29 4.07 

Le. pakeka Control 10 8.19 2.56 41.93 4.25 

 Exposed 15 7.66 1.65 41.85 3.45 

Le. hochstetteri Control 10 4.07 2.10 32.92 6.30 

 Exposed 10 3.87 1.93 32.47 5.47 
* = standard deviation 

3.3.2 Animal husbandry 

 All 65 frogs (20 Li. ewingii, 25 Le. pakeka, 20 Le hochstetteri) were kept 

between 15-17˚C at near-100% humidity and a 12-hour photoperiod in the frog 

husbandry room at the Zoology Department, University of Otago. Frogs were 

individually housed in semi-transparent 5 L (20 cm x 29 cm x 9 cm) plastic containers 

with a substrate of damp paper towels. Containers were disinfected with 70% ethanol 

and rinsed and dried before use (Bishop et al. 2009a). Each week, paper towels were 

replaced, and native frogs fed 5-10 very small crickets (~2 mm), 2-3 small locusts (~4 

mm), 1-2 small or mini mealworms (~6 mm), and 1-2 isopods (~4 mm), depending on 

availability. Li. ewingii were fed 5-6 small locusts or crickets (~4 mm). Frogs of each 

species were paired by similar SVL and then one of each pair was randomly assigned as 

a control with the flip of a coin (Table 3.1). Great care was taken to avoid cross-
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contamination by changing gloves between individuals and attending to controls before 

exposed frogs during daily monitoring and weekly maintenance. All five newly collected 

(2009) Le. pakeka were placed in the exposed group. 

3.3.4 Inoculum preparation 

Frogs were exposed to Bd strain RTP4, which had been isolated from a diseased 

Li. aurea (another introduced frog species) obtained from a pet shop in the central North 

Island of New Zealand in late 2008 (Russell Poulter, Biochemistry Department, 

University of Otago). This isolate was cryoarchived shortly after isolation and thawed 

for this experiment on 8 September 2009 following the protocols of Boyle et al. (2003). 

Cultures were maintained on 1% agar, 1% tryptone plates at 4˚C. After eight days, 25 

new plates of RTP4 were cultured and incubated at 15˚C for 6 days. To harvest 

zoospores, plates were flooded with 6 ml artificial pond water (APW) (which mimics the 

pH and salt concentration of pond water, comprised of 6 mM NaCl, 0.6 mM CaCl2, and 

0.1 mM NaHCO3; Wright & Whitaker 2001) and allowed to sit for 30 minutes with 

periodic gentle agitation. The zoospore suspension was then collected from the plates. 

Zoospore concentration per ml was determined by taking three 20 !l subsamples diluted 

to a 1:10 concentration with 20 !l Lugol’s solution and 60 !l 1% tryptone broth. 

Zoospore numbers were counted in 4 leukocyte squares of an improved Neubauer 

haemocytometer (Clay-Adams, Inc., New York, USA) under a compound microscope at 

400x magnification.  

3.3.5 Experimental infection 

 Each frog was placed in a 100 x 130 mm sealable plastic bag containing a 

suspension of an estimated 250,000 zoospores (harvested less than 30 minutes prior) in 

10 ml of APW for 4 hours at 15˚C. Controls were ‘sham exposed’ in the same manner, 

but were placed in 10 ml sterile APW containing no zoospores. Sealed plastic bags 

prevented frogs from climbing out of the solution (Shaw et al. 2010). After 4 hours, 

frogs were returned to their containers, and the remaining liquid from the plastic bag was 

added to their substrate to increase the likelihood of exposure. 

3.3.6 Monitoring regime and humane endpoint 

 After inoculation, frogs were monitored daily for both behavioural and physical 

signs of disease.  Signs monitored included lethargy, inappetence, abnormal posture, 
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delayed stimuli response, and loss of righting reflex, as well as discoloured or reddened 

skin, extensive sloughing or partial-sloughing of the skin, and anorexia (Nichols et al. 

1998; Daszak et al. 1999; Nichols et al. 2001). Prior to infection and each week 

subsequently, frogs were weighed and underwent a righting-reflex test. This test 

involves placing a frog on its back and recording how long it takes it to right itself; in 

healthy frogs, the response should be instantaneous (<1 second).  

 In addition to qualitative monitoring of frogs for clinical signs, Bd infection 

status was measured by quantifying zoospore load. This was accomplished by swabbing 

each frog 1) before inoculation to ensure no frogs were infected prior to the experiment, 

2) weekly after inoculation to monitor infection intensity and 3) at death or humane 

endpoint (if applicable). The swabbing protocol involved firmly running a sterile fine-

tipped cotton swab (MW100-100; Medical Wire & Equipment, Wiltshire, England) three 

times over the frog’s dorsum, abdomen (including drink patch), sides, thighs, feet, 

webbing, and toes (Kriger et al. 2006, Retallick et al. 2006). Swabs were extracted in 50 

!l of Prepman Ultra and analysed in triplicate for the presence of Bd DNA by TaqMan 

real-time quantitative PCR (qPCR) to determine zoospore equivalents (ZE) per swab 

(Boyle et al. 2004, Hyatt et al. 2007). Hyatt et al. (2007) suggest that equivocal results, 

in which only one or two replicates are positive for Bd, most likely represent low 

zoospore counts and thus light infection. Frogs were considered to have cleared 

themselves of Bd infection after three consecutive weekly swabs returned negative 

results (Rick Speare, pers. comm.).  

 A humane endpoint protocol was implemented for heavily infected moribund Li. 

ewingii demonstrating severe clinical signs, including total loss of righting reflex, 

lethargy, and weight loss. Individuals were euthanized following standard protocols by 

bathing in neutralised 0.2% MS 222 (tricaine methanesulfonate) (Ruth Consolidated 

Industries, Annondale, NSW, Australia), and then swabbed post-mortem to confirm Bd-

infection at the time of death.   

3.3.7 Statistical analyses 

 Differences among control and exposed groups (within species) in initial weight 

(g), SVL (mm), and change in weight (initial weight - final weight) were analysed using 

two-tailed t-tests. The prevalence of Bd infection in each species was calculated as the 

proportion of individuals found to be positive. Zoospore equivalents were calculated by 

multiplying genomic equivalent values determined by the real-time qPCR assay by 100, 
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thereby accounting for the 100-fold dilution of DNA that occurred during extraction and 

PCR. Parametric survival analysis with a Weibull distribution was used to test if initial 

mass (g), initial Bd load post-exposure, or final Bd load (ZE) at or just before death was 

significantly associated with the survival time (days) in Li. ewingii. A generalised linear 

model with Poisson distribution and log-link function was used to determine if initial 

mass (g) or mean Bd load (ZE) was significantly associated with the number of weeks 

positive for Bd in Le. pakeka and Le. hochstetteri. A post-hoc pairwise contrast was then 

employed to determine if the number of weeks positive was statistically different 

between species. All statistical analyses were conducted using JMP version 9.0 (SAS 

Institute Inc., Cary, NC).   

3.4 Results 

 Difference in initial weight (g) or SVL (mm) between control and exposed 

groups for all three species was not significant (Table 3.2).  

Mortality was 100% in the Li. ewingii exposed group (N=10), and 0% in the 

control group (N=10), and control animals remained negative for Bd for the duration of 

the experiment. Infected individuals experienced high infection intensities as 

demonstrated by zoospore load before death (range: 317- 409,000 ZE); mean = 

135,300.2; 26,295 < 95% confidence interval (CI)  < 244,305.4), and the mean time to 

death was 44.8 days (37 < 95% CI < 52.6). Infected individuals demonstrated all or some 

of the following symptoms characteristic of chytridiomycosis: lethargy, inappetence, 

severe weight loss, abnormal skin sloughing (frequently and in small pieces), abnormal 

posture with legs splayed out, and cutaneous erythema (reddening of the ventral skin) 

(Voyles et al. 2009). Weight loss was significantly greater in the exposed group than in 

the control group (Table 3.2). 24-48 hours before death, all individuals were unable to 

right themselves within 10 seconds. Three frogs that were completely unable to right 

themselves were humanely euthanized to minimise suffering. In infected frogs, survival 

time was significantly affected by the initial weight of the frog, in which shorter survival 

times were associated with smaller initial frog masses (Coefficient estimate (CE) = 0.12, 

!2=5.83, p = 0.016, 0.027 < 95% CI < 0.24). However, initial Bd load (ZE) did not 

significantly affect survival time (CE = -7.39x105, -0.0002 < 95% CI < 8.7x105, !2=1.09, 

p = 0.30). 
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Table 3.2 T-test results for differences in weight (g) and snout-vent length (SVL) at different times pre- 
and post-Bd exposure between control and Bd-infected groups in Litoria ewingii, Leiopelma pakeka, and 
Le. hochstetteri 

Species Variable Time t df p† Effect size! 
Li. ewingii Weight (g) Pre-exposure 0.35 18 0.73  

 SVL (mm) Pre-exposure 0.14 18 0.89  

 Change in weight 65 days (controls) 

or until death 

3.3 18 0.002 4.95 

Le. pakeka Weight Pre-Exposure -0.57 22 0.58  

 SVL Pre-Exposure -0.11 22 0.91  

 Change in weight 15 weeks 2.91 22 0.008 2.06 

 Change in weight 11 months -2.47 22 0.022 1.07 

Le. 

hochstetteri 

Weight Pre-exposure -0.006 17 1.00  

 SVL Pre-exposure -0.049 17 0.96  

 Change in weight 15 weeks -0.52 17 0.61 0.251 

 Change in weight 11 months -0.18 17 0.86 0.085 
 

!Cohen’s d, where 0.1 indicates a small effect, 0.4 indicates a medium effect, and >0.8 indicates a large 
effect. 
 

In contrast, mortality was 0% in the Le. pakeka (N=141) and Le. hochstetteri 

(N=92) exposed and control groups (N=10 for each species). All control individuals 

remained Bd negative for the duration of the experiment. Native frogs did not exhibit 

any clinical signs of disease, although the Le. pakeka exposed group did lose 

significantly more weight than the control group after 15 weeks of monitoring (Table 

3.2). It is possible that the newly collected Le. pakeka lost more weight directly after 

collection than those that had been in captivity since 2004/2007/early 2009, but even 

with these frogs excluded, the exposed group lost significantly more weight (t = 2.7, df = 

                                                
1One Le. pakeka in the exposed group was excluded from analyses because it tested positive in one 
replicate for Bd (8.1 ZE) before being exposed in the susceptibility trial. This was likely due to 
contamination. This individual cleared infection in 4 weeks. 

2One Le. hochstetteri in the exposed group died 7 weeks post Bd exposure. It had tested negative for Bd 
for two consecutive weeks prior, and a post-mortem (Appendix 3) and final qPCR analysis found no 
evidence for Bd infection. Possible cause of death was a large (~4 mm) insect appendage that had been 
ingested prior to collection and had punctured the intestine, although recent evidence suggests that 
amphibians can usually expel foreign objects through their bladders (Tracy et al. 2010). 
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18, p = 0.014, Cohen’s d effect size = 1.2). Furthermore, this weight loss in the exposed 

group was sustained even 11 months after all individuals had cleared infection (Table 

3.2). In contrast, there was no significant difference in weight loss between the Le. 

hochstetteri control and exposed groups after 15 weeks or 11 months post Bd exposure 

(Table 3.2).  

Le. pakeka (Mean ± std. deviation (SD) = 3.6 ± 2.9) were infected for 

significantly more weeks than Le. hochstetteri (Mean ± SD = 1.1 ± 0.6; "2 = 6.1, df =1, p 

= 0.014). In Le. pakeka only, weeks infected was positively associated with individual 

mean Bd load (ZE) (CE = 0.032, "2= 16.3, p < 0.001, 0.021 < 95% CI < 0.045) but not 

initial mass (CE = 0.015, "2= 0.046, p =0.83, -0.12 < 95% CI < 0.15), with larger Bd 

loads being associated with a greater number of weeks infected. 

 
Figure 3.2!Infection prevalence over time, post Bd exposure, in Leiopelma pakeka (N=14) !

and Leiopelma hochstetteri (N=9). 
 

In Le. pakeka, two frogs never tested positive for Bd, and the remaining 12 tested 

positive at least once by day 21 post Bd exposure. Infection prevalence peaked at 50% at 

week 1, decreased to 0% by week 13, and then remained at 0% for three consecutive 

weeks (Mean ± SD = 0.23 ± 0.17, Figure 3.2). Individual frogs often did not test positive 

for Bd in consecutive weeks; the longest an individual tested positive was 5 weeks. 
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Infection intensity was also low, ranging from 3-260 ZE (Mean ± SD = 19.4 ± 44.5 ZE, 

Figure 3.3). 

One Le. hochstetteri never tested positive for Bd, and six tested positive only 

once. Infection prevalence peaked at 56% at week 1 and decreased to 0% at weeks 2, 6 

and finally 8, then remaining at 0% for three consecutive weeks (Mean ± SD = 0.11 ± 

0.16, Figure 3.2). Infection intensity ranged from 6-71 ZE (Mean ± SD = 3.7 ± 11.8 ZE, 

Figure 3.3).  

 
Figure 3.3 Mean Bd zoospore equivalents (ZE) over time in infected Leiopelma pakeka (N=14) and 

Leiopelma hochstetteri (N=9) post exposure. Error bars indicate standard error. 
 

 

3.5 Discussion 

This experimental infection study had four important findings: 1) a New Zealand 

isolated Bd strain, RTP4, was virulent and resulted in infection and subsequent mortality 

in a susceptible species, Li. ewingii, 2) New Zealand endemic species, Le. pakeka and 

Le. hochstetteri, demonstrated low susceptibility to chytridiomycosis and cleared Bd 

infection at a temperature amenable to host and pathogen in the laboratory, suggesting a 

genus-wide trend, 3) weight loss, a sub-lethal effect of Bd infection, persisted long after 

immunological clearance in Le. pakeka, and 4) smaller frogs succumbed to 

chytridiomycosis faster than larger frogs, but only in highly susceptible species (Li. 
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ewingii). These findings have important consequences for the continued conservation 

management of New Zealand frog species. 

Serving as the positive control, the species known to be susceptible, Li. ewingii, 

demonstrated 100% mortality in the laboratory after successful infection with the New 

Zealand isolate of Bd, RTP4. This confirmed the virulence of a New Zealand isolate for 

the first time, and validated the assumption that the strain used in this experimental 

infection study was capable of causing clinical chytridiomycosis and mortality in a 

susceptible species. The mortality observed in Li. ewingii also confirmed that the 

environmental conditions and husbandry techniques used were adequate to allow Bd to 

demonstrate virulence. Additionally, 100% disease prevalence in exposed Li. ewingii 

after only one week indicated that the exposure procedure was effective. Genetic 

differentiation among global Bd isolates is correlated with traits known to affect 

virulence, including protein-expression profiles and zoosporangium size (Fisher et al. 

2009a). Thus, using a strain isolated locally allows for better extrapolation of 

experimental infection results to natural populations. 

The native Leiopelma species demonstrated low infection prevalence, low 

infection intensity, and 0% mortality after exposure to Bd. Infection prevalence peaked 

at 50% after one week in both species, and had cleared by week 10 and 15 in Le. 

hochstetteri and Le. pakeka, respectively. However, individual frogs were not 

consistently positive for infection each week, and fluctuation in Bd prevalence in both 

Le. hochstetteri and Le. pakeka over time was likely due to low intensity or localised 

infections on the epidermis. It is likely that swabbing underestimates the number of 

zoospores actually present on an individual, and thus very light infections may 

sometimes go undetected (Hyatt et al. 2007, Kriger et al. 2007). Furthermore, it is 

possible that exposed frogs shed zoospores that subsisted within their containers, despite 

the fact that the substrate (dampened paper towels) was replaced weekly. Thus, low-level 

re-infection may have occurred after initial exposure. Even with re-infection possible, 

however, all Le. pakeka and Le. hochstetteri individuals eventually tested negative for 

Bd for at least three weeks in a row, indicating likely infection clearance. 

Frogs were housed at 15-17˚C and 100% humidity, which are not only ideal 

conditions for the cold-adapted Leiopelma species, but also fall in the range of 

temperatures amenable to Bd growth (4-25˚C; Piotrowski et al. 2004, Bishop et al. 
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2009a). Temperature and moisture are important factors influencing the growth, survival 

and life history strategy of Bd in the laboratory (Johnson et al. 2003, Piotrowski et al. 

2004, Woodhams et al. 2008) and both are linked to the distribution of Bd in the 

environment (Ron 2005, Puschendorf et al. 2009). Frogs housed at elevated temperatures 

that are sub-optimal for Bd growth have been shown to clear infection in the laboratory 

(Woodams et al. 2003, Berger et al. 2004, Retallick & Miera 2007), but host immune 

response is also temperature dependent (Maniero & Carey 1997, Raffel et al. 2006, 

Andre et al. 2008, Ribas et al. 2009) and may play a role in variable susceptibility at 

different temperatures (Fisher et al. 2009b, Kilpatrick et al. 2010). In fact, amphibian 

immune response may be completely independent of the temperature-dependent growth 

rate of Bd, as suggested by models of infection dynamics in Silurana tropicalis (Ribas et 

al. 2009). The clearance of Bd observed in Leiopelmatids in this study occurred at 

temperatures that were biologically relevant for extrapolation to natural conditions for 

these frogs, but a better understanding of Bd-host interaction at a range of temperatures 

will be important, especially in the face of worldwide changing climatic conditions. 

All of New Zealand’s amphibian species, with the exception of Le. hamiltoni, 

have now been experimentally infected with Bd in the laboratory, and subsequently 

cleared infection. Le. hamiltoni is morphologically and genetically similar to Le. pakeka, 

and its distinct species status has since been challenged (Holyoake et al. 2001), therefore 

the two species may experience a similar level of susceptibility to the disease. While 

there appears to be a gradient of susceptibility to Bd infection among Leiopelma species, 

none experience mortality post Bd exposure, indicating low susceptibility to clinical 

chytridiomycosis in the laboratory. In a previous study, wild-infected Le. archeyi cleared 

infection upon transfer to captivity, and in subsequent experimental re-infection, all 

individuals were negative for Bd by week 5 (Bishop et al. 2009a, Shaw et al. 2010). 

Although this experimental infection used a North American derived isolate of Bd 

(JEL197) and cannot be directly compared with this study, it was performed under the 

same temperature and humidity conditions, as well as in the same facility with identical 

husbandry techniques. Therefore, it would appear that the capacity to clear Bd infection 

is a genus-wide trend in Leiopelma, and warrants further study of the genetic basis of 

their immune response, both innate and adaptive. Melzer and Bishop (2009) determined 

that native Leiopelmatid species produce skin secretions containing antimicrobial 

peptides that are active against Bd growth in vitro, suggesting the effectiveness of one 
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component of their innate immune system. However, while innate responses such as skin 

secretions may provide the first line of resistance against pathogens, acquired responses 

are required to build a threshold level of antigens necessary for complete resistance 

(Richmond et al. 2009). Thus, the next step would be immunogenetic studies 

investigating potential gene families expressed when and if Leiopelma species mount 

immune defences against Bd, in order to typify the genetic component of this apparent 

genus-wide resistance to infection (Richmond et al. 2009, Rosenblum et al. 2009). 

While no evident signs of chytridiomycosis were observed in Le. pakeka, 

exposed individuals did lose significantly more weight over the course of the experiment 

than controls, indicating possible sub-lethal effects from infection. Eleven months 

following the end of the experiment, Bd-exposed frogs had not fully recovered the 

weight they lost, and the difference in average weight between control and exposed 

groups was sustained. Sub-lethal effects evident in the laboratory have the potential to 

cause mortality or reduced fitness under natural conditions, particularly when combined 

with other stressors (Relyea 2003, Quimby et al. 2005, Boone et al. 2007). Based on 

trade-off theory, in which an organism has a limited resource base to fuel all necessary 

physiological processes, mounting an immune defence can be costly (Zera & Harshman 

2001, Viney et al. 2005, McCallum & Trauth 2007), and has been shown to reduce 

reproductive success in birds and bees (Brown et al. 2000, Bonneaud et al. 2003). Thus, 

weight loss may be the cost of immune defence against Bd in Le. pakeka, and may not be 

easily reversible, as exposed Le. pakeka had not regained weight lost during infection 

even almost a year after infection clearance.  

Finally, smaller frogs succumbed to the lethal effects of Bd infection faster than 

larger frogs in the highly susceptible species Li. ewingii. A similar trend was found in 

experimentally infected Bufo boreas (Carey et al. 2006), and indicates that a threshold 

value of encysted Bd thalli related to the surface area of the frog may be necessary to 

result in death. However, in Le. pakeka, frog mass was not associated with the number of 

weeks infected, but rather the individual mean Bd load. Smaller frogs may not be 

inherently more susceptible, but simply reach a size-dependent infection threshold more 

rapidly. Thus, in frogs able to clear infection long before infection intensity thresholds 

are met, no clear size-infection relationship would be expected to exist. 
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On the basis of these results, I have several recommendations for the continued 

conservation management of New Zealand’s native frogs. It would appear that the risk of 

chytridiomycosis for captive Leiopelma species is low, given their ability to clear 

infection after exposure to a high dose of Bd in the laboratory. This finding is significant 

because captive breeding programs are or soon will be in place for both Le. pakeka and 

Le. hochstetteri on the mainland of New Zealand (Lukis & Bell 2007, Bishop et al. 

2009b). Colony managers should be confident that the risk of disease outbreaks in 

captivity is low, but should keep quarantine protocols in place given possible sub-lethal 

effects of infection in Le. pakeka. Native frogs are difficult to breed in captivity, and 

additional stressors, such as disease, may reduce success further. Extremely low 

infection intensities in the laboratory in combination with finding no Bd-infected Le. 

hochstetteri in wild populations after intensive disease screening (Thurley & Haigh 

2008, Puig 2009) indicate that disease risk is particularly low for this species.  

However, care needs to be taken when extrapolating these results obtained in the 

laboratory to natural populations. Both biotic and abiotic factors can affect morbidity 

and mortality due to Bd, and susceptibility is dependent on the host, pathogen, and 

environment (Fisher et al. 2009b). As demonstrated above, an interaction between 

multiple stressors, such as introduced predators and disease, may result in reduced 

immunocompetence in wild native amphibians. These factors must be taken into 

account, especially when considering translocations or reintroductions of native frogs 

into areas currently harbouring introduced Litoria species infected with Bd. Yet for 

severely range-restricted species such as Le. pakeka, the establishment of additional 

populations may be necessary to ensure species survival (Bishop et al. 2009b).  Thus, 

rigorous translocation field trials are the next step along the conservation pathway, and 

should involve assessments of individual frog condition, including disease status, via 

mark-recapture over time. Lastly, a recent study by Longo & Burrowes (2010) found 

that juvenile amphibians of direct-developing frogs may be more susceptible to Bd 

infection than adults, suggesting that immune response can vary between life stages. 

Leiopelma species are long lived and have a low reproductive output (Bell 1978), and 

reduced recruitment may have a marked effect on population stability. While potentially 

difficult, juvenile Le. pakeka and Le. hochstetteri need to be tested for Bd susceptibility 

as well in order to make informed decisions about the resistance of all life stages to Bd.  
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This study is the first step in elucidating the possible effects of Bd on the highly 

fragmented and range restricted native Leiopelmatids of New Zealand. While laboratory 

infection studies can inform captive management, there is still much work to be done, 

particularly monitoring disease in natural and future translocated populations. New 

Zealand’s landscape has been highly modified not only physically, but also with the 

introduction of both mammalian predators, such as rats and stoats, and pathogen 

reservoirs, such as non-native Litoria species. Thus, the next steps in the management of 

disease for New Zealand native frogs will be to consider the community context of these 

species, in which multiple stressors and disease spillover from introduced anurans are 

likely possibilities.
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Chapter 4 

The relationship between infectiousness and susceptibility: 
Preventing re-infection by Batrachochytrium dendrobatidis 
influences host-disease dynamics in New Zealand’s frog 
species 
 

4.1 Abstract 

Chytridiomycosis, an emerging infectious disease caused by the fungal pathogen 

Batrachochytrium dendrobatidis (Bd), was identified as a key threatening process to 

New Zealand’s endemic frog fauna, Leiopelma spp., after its first discovery in a 

population of introduced frogs in 1999.  In laboratory susceptibility trials, two native 

species, Leiopelma pakeka and Le. hochstetteri, demonstrated low susceptibility to Bd, 

while one introduced species, Litoria ewingii, experienced 100% mortality. Using these 

results, I investigated another aspect of this disease that has yet to be quantified in any 

study: infectiousness, or the capacity of an infected host to transmit infection to a 

susceptible host. To do this, I compared zoospore numbers shed over time in these three 

species with different susceptibilities to Bd infection. Frogs were exposed to Bd and then 

rinsed with artificial pond water at increasing intervals to measure free zoospores on the 

skin. Zoospore numbers in the rinse water were quantified with real-time PCR. Species 

with low susceptibility to Bd demonstrated low infectiousness that peaked early and 

quickly subsided, with mean zoospore equivalents (ZE) shed per hour remaining below 4 

for the duration of the experiment (113 days). In Li. ewingii, a highly-susceptible 

species, infectiousness increased over time on average, reaching a mean high shed rate 

of 423 ZE/hr on day 69, but with only a 20% mortality rate by 138 days post-exposure. 

These findings indicate that re-infection of the host from zoospores released on the skin 

may be critical for Bd to reach lethal levels, and rinsing may have removed these 

zoospores. Thus, this measure of infectiousness may be skewed by this secondary effect. 
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4.2 Introduction 

Batrachochytrium dendrobatidis (Bd), a chytrid fungal pathogen of amphibians, 

is responsible for a panzootic that has resulted in the greatest disease-related loss of 

vertebrate biodiversity in recorded history (Skerratt et al. 2007). Since the discovery of 

the disease, termed chytridiomycosis, in 1998 and the formal description of the organism 

in 1999 (Berger et al. 1998; Longcore et al. 1999; Pessier et al. 1999), over 350 species 

of amphibians on six continents have been found infected with Bd (Fisher et al. 2009b, 

www.spatialepidemiology.net/Bd-maps). Across this extremely broad host range, the 

effect of Bd infection on amphibians ranges from asymptomatic with minimal negative 

effects to widespread mortality. Even within species, variation in disease prevalence, 

intensity, and impact can be seen at both the individual and population scale (Skerratt et 

al. 2007, Briggs et al. 2010,Vredenburg et al. 2010).  

For a generalist pathogen with a variable host response, a key concern for 

wildlife epidemiologists is predicting whether the introduction of a novel pathogen will 

result in persistence or extinction of a naïve population (Briggs et al. 2010). In order to 

predict the impact of a pathogen at the population scale and develop effective control 

strategies for mitigating potential effects, we must first understand disease transmission 

(Rachowicz & Briggs 2007). Transmission is the driving force of the spread and 

perpetuation of any infectious disease, and for directly transmitted diseases, it is 

determined by three factors: i) contact rate, ii) the probability that contact is with a 

susceptible host, and iii) the probability that contact leads to successful infection 

(McCallum et al. 2001, Begon et al. 2002). Consequently, differential host contact rate, 

susceptibility, and infectiousness are the key determinants of heterogeneity in pathogen 

transmission (Kilpatrick et al. 2006).  

Bd is transmitted between hosts via aquatic flagellated zoospores that infect the 

keratinised tissues of amphibians (Longcore et al. 1999). In adults, the target of infection 

is the epidermis, specifically the stratum granulosum and stratum corneum. Here 

zoospores encyst to form thalli and develop into zoosporangia, which release zoospores 

through a discharge papilla upon maturity (Longcore et al. 1999, Berger et al. 2005a). 

Zoosporangia typically develop in timing with the life cycle of the epidermal cells they 

parasitize (Berger et al. 2005a). As epidermal cells mature and keratinise while moving 

to the skin surface, they bring zoosporangia with them. The parasitizing zoosporangia 

then complete their development in dead cells at the skin’s surface with the release of 
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zoospores outwards (Berger et al. 2005a). In culture, the life cycle of Bd is temperature-

dependent, and takes on average 3.5 to 9.5 days in culture at 23˚C and 10˚C, respectively 

(Woodhams et al. 2008). As the number of zoosporangia increase in the epidermis, 

cutaneous osmoregulatory function is disabled, leading to electrolyte imbalance and 

cardiac arrest (Voyles et al. 2009). Therefore, the infection intensity, or the number of 

zoosporangia and zoospores in or on the skin, strongly determines both the 

infectiousness of the individual and the outcome of infection (Carey et al. 2006, Voyles 

et al. 2009, Briggs et al. 2010). 

Much of what we currently know about the dynamics of infectious diseases has 

been inferred from mathematical modelling (Grenfell & Dobson 1995, Begon et al. 

2002). Thus, a model for Bd-host interaction is invaluable if we are to predict the 

outcome of Bd introduction into an amphibian population (Mitchell et al. 2008). Given 

the nature of Bd infection and pathogenesis, Briggs et al. (2010) recently created an 

epidemiological model of Bd-host interaction that incorporates not only the density of Bd 

in the environment, but also the intensity of infection on individual frogs. Unlike 

previous models for Bd (see Briggs et al. 2005, Mitchell et al. 2008), this model 

considers both the infection status of the host (as infected, susceptible, or recovered), and 

the influence of re-exposure in determining infection outcome (Briggs et al. 2010). As a 

result, Briggs et al. (2010) determined that two parameters were essential to measure in 

order to gain further insight into host-Bd interaction: 1) the rate of Bd-load build-up on 

individual frogs, and 2) the rate of zoospore shedding into the environment. 

Experimental infection studies of a range of species with different susceptibilities have 

contributed to our understanding of how Bd infection manifests in individuals, and how 

mortality is related to Bd load (for a review, see Kilpatrick et al. 2010). However, no 

study has directly measured the rate of Bd shedding, or the infectiousness, of infected 

individuals, let alone how it varies among species or relates to their susceptibility level. 

While there may be external factors that influence the rate of zoospore shedding, such as 

the amount of time the host is exposed to water, rate of water flow, or environmental 

temperature, zoospore shedding under constant laboratory conditions could be 

considered the general infectiousness of the host. 

In this study, I experimentally quantify the infectiousness of three species of New 

Zealand frogs with different susceptibilities to Bd infection. Bd was first found in New 

Zealand in a population of non-native frogs in 1999 (Waldman et al. 2001). Thereafter, 

chytridiomycosis has been considered a key conservation threat and considerable effort 
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was made to ascertain the risk of this disease to the endemic frog fauna, Leiopelma spp. 

(Bell et al. 2004, Bishop et al. 2009a, Bishop et al. 2009b, Shaw et al. 2010). There are 

only four native frog species in New Zealand; three are terrestrial and direct-developing, 

while the fourth is semi-aquatic with non-feeding larvae (Bell & Wassersug 2003). New 

Zealand is also home to three species of pond-breeding Litoria with free-feeding aquatic 

larvae that were introduced from Australia and have since naturalized. All four endemic 

species are threatened with extinction and found in either fragmented populations or 

restricted to predator-free off-shore islands, while Litoria species are much more 

widespread (Bishop et al. 2009b, Newman et al. 2010). Wave-like declines were 

documented in one of the two remaining populations of terrestrial Leiopelma archeyi 

from 1996-2001, and Bd was hypothesised to play a role when it was positively 

identified in individuals from 2001-2002 (Bell et al. 2004). However, when infected Le. 

archeyi were collected and brought into the laboratory, this species demonstrated low 

disease susceptibility by immunologically clearing infection (Bishop et al. 2009a).  

Recently, experimental infection trials with Leiopelma hochstetteri and Le. 

pakeka determined that these species, similar to Le. archeyi, demonstrate low 

susceptibility to Bd infection under laboratory conditions, exhibit no clinical signs of 

disease, and clear infection within 15 weeks post-exposure (see Ch. 3). These results 

indicate that low susceptibility to Bd infection may be a genus-wide trend in Leiopelma 

spp.  In contrast, one introduced species in New Zealand, Litoria ewingii, experienced 

100% mortality when infected with Bd in the laboratory (succumbing to infection 30-65 

days after exposure, see Ch. 3). Given the variation in susceptibility of New Zealand’s 

frogs to Bd, these species provide an important opportunity to investigate infectiousness, 

or the capacity of an infected host to transmit infection following contact with a 

susceptible host (Beldomenico & Begon 2010). A major gap in our current 

understanding of chytridiomycosis involves the rate of zoospore production and release 

from an infected host over time, and how this in turn relates to a frog’s susceptibility 

level. In addition, it is unknown whether there is a latent period following exposure to 

Bd during which a host is not yet infectious, and if so, how long are hosts infectious after 

this latent period? Understanding the answers to these questions will better inform the 

creation of species-specific epidemiological models.  

In order to best define parameters for use in predictive models, we need to first 

measure them under controlled conditions. Thus, the aim of this study was to quantify 

the infectiousness of Le. pakeka, Le. hochstetteri, and Li. ewingii, via experimental 
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infection, and evaluate these results in light of their known susceptibilities to Bd 

infection. I use the rinsing technique developed by Hyatt et al. (2007) rather than the 

traditional swabbing technique as this is the only method that can collect zoospores from 

the entire surface of the animal, and thus may be the only reliable method to accurately 

quantify zoospore production at a given time (Hyatt et al. 2007). This allows for the 

creation of a detailed picture of zoospore production on hosts of different 

susceptibilities, and how this changes as infection either progresses (in Li. ewingii) or 

clears (in Leiopelma spp.). Furthermore, I characterised the variation in latent and 

infectious periods of Bd infection in each species, and relate these attributes to infection 

intensity. In doing so, I investigate the implications of these disease parameters for 

modelling Bd epidemiology in New Zealand amphibians. However, I also examined the 

possible confounding effects of the zoospore collection method on not only the measure 

of infectiousness in individual frogs over time, but also on the outcome of infection. 

4.3 Methods 

4.3.1 Animal husbandry 

 Native species used in this study, Le. pakeka and Le. hochstetteri, were obtained 

from captive populations housed at the University of Otago. These frogs were wild-

collected, but had been in captivity for 1-5 years (see section 3.3.1). Frogs of the Bd-

susceptible introduced species, Li. ewingii, were also sourced from captive populations 

at the University of Otago, and had been in captivity for 5 months to two years. Li. 

ewingii were originally collected from one of two locations: a swimming pool in Naseby 

(45˚1’S, 170˚10’E; 2010), and an ephemeral pond at Macraes Flat (2008), both of which 

are in Otago, on the South Island of New Zealand. It was not possible to obtain all Li. 

ewingii from the same population after I confirmed in September 2009 that Bd had 

spread to the Macraes Flat population (see section 3.2.1). 

All frogs (143 Li. ewingii, 15 Le. pakeka, 15 Le. hochstetteri) were housed and 

fed in the same manner as described previously in Chapter 3 (section 3.3.2). As before, 

                                                
3 One Li. ewingii in the control group tested positive for Bd pre-trial, and was excluded from the 

experiment. 
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cross-contamination was avoided by changing gloves and sterilising surfaces between 

frogs, and servicing control groups before exposed groups.  

4.3.2 Inoculum preparation and experimental infection 

Frogs were exposed to 250,000 zoospores of Bd strain RTP4 (Russel Poulter, 

Biochemistry Department, U. of Otago) following the bath inoculation procedure 

described in sections 3.3.4 - 3.3.5. This isolate was sourced from a cryoarchive on 8 

September 2009, and then maintained in culture on 1% agar, 1% tryptone plates at 4˚C. 

Plates were re-cultured once monthly for almost a year using standard protocols (Boyle 

et al. 2003, Voyles 2011). On 19 August 2010, 25 new plates of RTP4 were cultured and 

incubated at 15˚C for 6 days. On 26 August 2010, zoospores were harvested from these 

plates and zoospore concentration estimated following the same procedures described in 

Chapter 3 (section 3.3.4). Frogs were exposed to harvested zoospores within 30 minutes 

of collection. 

4.3.3 Monitoring infectiousness  

Prior to infection and each week subsequently, frogs were weighed (in grams) 

and underwent a righting-reflex test before enclosures were cleaned and food 

administered. After inoculation, frogs were monitored daily for both behavioural and 

physical signs of chytridiomycosis in the same manner as previously described in 

Chapter 3 (section 3.3.6). Using the swab protocol also described in Chapter 3 (section 

3.3.6), I swabbed all frogs before commencing the experiment to ensure they were 

negative for Bd. Frogs were also swabbed either at the time of death or at the end of the 

experiment (113 days post exposure) to compare results between the two zoospore 

collection methods. All swabs were analysed for the presence of Bd DNA using TaqMan 

real-time quantitative PCR (qPCR), as described in section 4.3.4.  

In order to quantify infectiousness, frogs were rinsed with a surface area 

dependent amount of artificial pond water (APW)4 at increasing intervals post Bd 

exposure (Table 4.1). The first wash occurred four days post exposure to allow for one 

life cycle of Bd to be completed (Berger et al. 2005a). Thereafter, frogs were initially 

                                                
4 Mimics the pH and salt concentration of pond water, comprised of 6 mM NaCl, 0.1 mM NaHCO3 and 

0.6 mM CaCl2 (see section 3.3.4) 
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rinsed every two days, after which the interval increased to four days, then six days. 

After day 26, frogs were washed at greater intervals (between five and 32 days). Frog 

surface area (SA) was calculated using the standard equation for amphibians: SA = 

9.9(mass in grams)0.56 (McClanahan Jr & Baldwin 1969). To keep the wash volume less 

than 15 ml, surface area was then multiplied by 0.35 ml, and the resulting frog wash 

volume rounded to the nearest ml. To collect zoospores, each frog was placed in a small 

opaque plastic container (200 ml, 9 x 4.5 cm) and a corresponding wash volume of APW 

administered to the dorsal surface in a steady stream with a 20 ml plastic syringe. After 

carefully placing a lid on the container to prevent escape and ensure the safety of the 

frog, I then gently agitated the container for 20 seconds. The frog was then immediately 

returned to its enclosure, and the rinse water was transferred to a 15 ml falcon tube that 

was then maintained at 4˚C until DNA extraction. 

Table 4.1!Mean initial weight , snout-vent length (SVL), and surface area of control and Bd-exposed 
groups in Litoria ewingii, Leiopelma pakeka, and Le. hochstetteri. 

Species Treatment N Weight (g) SVL (mm) Surface Area 

(cm2) 

   Mean SD* Mean SD* Mean SD* 

Li. ewingii Control 4 2.73 0.41 32.7 3.14 17.35 0.82 

 Exposed 10 2.09 0.49 34.19 2.82 17.59 0.52 

Le. pakeka Control 5 7.15 1.20 42.82 2.76 29.70 2.90 

 Exposed 10 7.98 2.20 41.85 3.45 31.40 5.04 

Le. hochstetteri Control 5 4.48 1.18 35.00 6.97 22.75 3.51 

 Exposed 10 4.16 1.17 32.91 6.30 21.83 3.33 

* SD = standard deviation 

 

 From days 26-70 post-exposure, rinses alternated in length between 20 seconds 

and 15 minutes, interspersed by 1-7 days. 15 minute rinses were added after concern that 

the 20 second rinse was not adequate to determine the amount of Bd zoospores on the 

skin of a frog at a given time. However, this concern was not warranted, and these rinses 

were not included in the main analyses because they could not be directly compared with 

20-second rinses (see Appendix 4). 
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4.3.4 DNA extraction and qPCR analysis 

DNA was extracted from wash water following the procedure and timing 

described in Hyatt et al. (2007). To prevent zoospore adhesion to the sides of the falcon 

tube, wash water was pelleted on a Sanyo Mistral 3000i bench centrifuge for 15 minutes 

at 1700 x g within 8 hours of collection. The supernatant was aspirated, and the 

remaining liquid and pellet vortexed before transfer to a 1.5 ml tube. Tubes were 

microfuged for 3 minutes at 21,000 x g, the remaining supernatant was removed, and the 

pellet resuspended in 50 !l Prepman Ultra (Applied Biosystems). Extraction was then 

completed by vortexing each sample for 20 seconds, heating for 10 minutes at 100˚C in a 

Ratek Solid State Control Dry Block Heater, and then centrifuging the sample for 3 

minutes at 16,000 x g. 20 !l of the supernatant was removed and stored at -20˚C. DNA 

was extracted from swabs following the standard procedure, also detailed in Hyatt et al. 

2007). 

Wash samples were analysed in triplicate for the presence of Bd DNA by 

TaqMan real-time quantitative PCR (qPCR) with both positive and negative controls on 

a Mx3000P Real-Time PCR machine (Boyle et al. 2004, Hyatt et al. 2007). A modified 

15 !l reaction volume (7.5 !l TaqMan Universal PCR master mix, 0.54 !l ITS1-3 Chytr 

primer, 0.54 !l 5.8S Chytr primer, 0.3 !l Bovine serum albumin (BSA), 0.15 TaqMan 

MGB probe, 0.97 MilliQ water, and 5 !l diluted (1:10) DNA) was used for cost 

efficiency, and BSA was added to reduce inhibition (Garland et al. 2010). Internal Bd 

standards (100, 10, 1, 0.1 zoospore genomic equivalents) were provided by Alex Hyatt 

from the Australian Animal Health Laboratory (AAHL, Geelong, Victoria), aliquoted to 

50 !l amounts, and stored at -80˚C to avoid potentially damaging freeze-thaw cycles. 

Standards were diluted with Qiagen AE Buffer instead of MilliQ water to prevent DNA 

degradation in the smaller dilutions (John Wood of Pisces Molecular, Inc, Boulder, CO, 

USA, pers. comm.). 

4.3.5 Statistical analyses 

 Differences among control and exposed groups (within species) in initial weight 

(g) and SVL (mm) were analysed using a separate two-tailed t-test for each species. 

Change in weight (initial weight - final weight) was not normally distributed, and 

therefore analysed with a one-way Chi-squared test. The prevalence of Bd infection in 

each species was calculated as the proportion of individuals found to be positive. 
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Infectiousness was defined as the number of zoospores released at any given time, which 

was measured as the total number of zoospore equivalents (ZE) per rinse. The number of 

ZE detected in each rinse was extrapolated to be the number of zoospores released in one 

hour, given that Hyatt et al. (2007) found no overall difference in ZE in washes of 

varying length up to that duration (15, 30, and 60 minutes). Zoospore equivalents were 

calculated by multiplying genomic equivalent values determined by the qPCR assay by 

100, thereby accounting for the 100-fold dilution of DNA that occurred during extraction 

and PCR. To compare changes in infectiousness (ZE/hour) over time between species 

while accounting for repeated longitudinal measures on individual frogs, I used a 

generalised estimating equation (GEE). GEEs are extensions of generalised linear 

models that allow for correlation among observations using an iterative approach (Liang 

& Zeger 1986). For this analysis, I used an independent working correlation matrix 

structure, negative binomial distribution and log link. Species, day, and the interaction 

species*day were included in the model, as well as the covariate SVL to account for 

differences resulting from frog size. I also performed post-hoc pairwise comparisons of 

estimated marginal means for each species. 

 Latent period, or the period between infection and becoming infectious, was 

defined as the number of days between exposure to Bd and a positive qPCR result. 

Infectious period was defined as the number of days elapsed between consecutive 

positive tests. If an individual was only positive for Bd on one occasion and not over 

consecutive tests, that individual was conservatively assigned an infectious period of one 

day. The intervals between testing increased over time, therefore estimates of infectious 

period are likely underestimated for those frogs that first tested positive late in the 

experiment, and only for a single test. Latent and infectious periods were compared 

between species using generalised linear models (GLM) with negative binomial 

distributions and log links.  

 To evaluate the method of zoospore collection, I compared the results from the 

final wash on day 105 with the swabs taken from frogs on day 113 (or day of death) 

using a matched pairs Wilcoxon-signed rank test. All statistical analyses were conducted 

using JMP (version 9.0, SAS Institute Inc, Cary, NC, 2010) and PASW Statistics 

(version 18.0, SPSS Inc., Chicago, IL, 2009). 

 



4 Infectiousness of New Zealand frogs infected with Bd                  55 

Table 4.2 T-test results for differences (diff.) in weight and snout-vent length (SVL) pre-Bd exposure 
between control (C) and exposed (E) groups in Litoria ewingii, Leiopelma pakeka, and Le. hochstetteri. 
Chi-square (!2) results are given for change in weight over the course of the experiment between groups. 
Effect sizes are only given for significant differences.!

Species Variable Time Mean diff. 

(C-E)  

t, !2¥ df p† Effect 

size! 
Li. ewingii Weight (g) Pre-exposure 0.45 0.27 12 0.79  

 SVL (mm) Pre-exposure 0.20 0.82 12 0.43  

 Change in weight 113 days -0.05 0.08 1 0.78  

Le. pakeka Weight (g) Pre-exposure -0.64 0.78 13 0.45  

 SVL (mm) Pre-exposure -0.19 -0.42 13 0.68  

 Change in weight 113 days 0.45 6.00 1 0.01 1.63 

Le. 

hochstetteri 

Weight (g) Pre-exposure 0.33 -0.49 13 0.64  

 SVL (mm) Pre-exposure 0.10 -0.58 13 0.57  

 Change in weight 113 days -0.22 0.85 1 0.36  
 

!Cohen’s d, where 0.1 indicates a small effect, 0.4 indicates a medium effect, and >0.8 indicates a large 
effect. 
 
 

4.4 Results 

There was no difference in SVL or initial mass between control and treatment 

groups within species (Table 4.2). Over the course of the experiment (113 days), control 

Le. pakeka gained significantly more weight than exposed Le. pakeka, while there was 

no difference in weight change between control and exposed groups in Li. ewingii and 

Le. hochstetteri (Table 4.2, Figure 4.1).  

Infection prevalence peaked at 30% in both native species, on day four in Le. 

hochstetteri and on day eight in Le. pakeka. For the duration of the experiment, 50% of 

exposed Le. hochstetteri and Le. pakeka tested positive for Bd at least once, and none 

tested positive two washes in a row. By the final wash on day 105 post-exposure, only 

one Le. pakeka and no Le. hochstetteri tested positive for Bd. In Li. ewingii, infection 

prevalence peaked at 70% on day 69 post-exposure, and in total 80% of exposed frogs 

tested positive for Bd at least once (Figure 4.2).   
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Figure 4.1 Comparison of change in weight (final - initial weight in grams) between control and exposed 
groups for each species. The boxes demarcate the interquartile ranges containing 50% of the values, the 
middle lines represent the medians, and the whiskers mark the lowest and highest values. * indicates a 

significant difference between groups within a species.!

 

The three species differed in their infectiousness over time as demonstrated by 

differential zoospore production, measured in zoospore equivalents (ZE) per wash, at 

different days post exposure (Figure 4.3). Taking into account repeated measures on 

individual frogs, the factor species (Wald !2 = 9.36, df = 2, p = 0.009) and the interaction 

species*day (Wald !2 = 47.9, df = 2, p < 0.001) were significant predictors in the GEE 

analysis, indicating not only overall variation, but also variation in timing of zoospore 

production among the three species post exposure (Figure 4.3). Pairwise comparisons 

between species of estimated marginal means (EMM) demonstrated that infected Li. 

ewingii shed significantly more ZE/hr than either of the native species, which were not 

significantly different from each other in zoospore release rate (Table 4.3). 

Mean (± std. deviation) zoospore release rate peaked in Le. hochstetteri four days 

post-exposure at 1.4 ZE/hour (± 4.17), but did not peak in Le. pakeka until eight days 

post exposure at 1.1 ZE/hour (± 2.19) (Figure 4.4). In contrast to the native species, 

infectiousness in Li. ewingii increased over time, rather than peaking and diminishing,  
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"#$%&'!()*!Prevalence of Bd in exposed groups over time for all three species. (b) is a detail of (a), 
highlighting prevalence patterns for the first 30 days post-exposure. 

  

with a mean high of 423 ZE/hour (± 1314.5) on day 69 (Figure 4.3). All Le. hochstetteri 

and Le. pakeka tested negative for Bd in the final swabs taken on day 113. Grand mean 

daily rates of zoospore release were 1993.05 ZE/day in Li. ewingii (range = 0-10,152), 

3.90 ZE/day in Le. pakeka (range = 0-26), and 3.19 ZE/day in Le. hochstetteri (range = 

0-34). 
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Table 4.3 Pairwise comparisons from generalised estimating equation analyses of estimated marginal 
mean (EMM) zoospore equivalents released per hour (ZE/hr) among the three species measured in this 
study. SE = standard error, df = degrees of freedom, CI = confidence interval. 

Comparison (A v. B) Mean difference (A-B) SE df p† 95% CI 

Li. ewingii v. Le. pakeka 17.22 7.77 1 0.027 2.00-32.44 

Li. ewingii v. Le. hochstetteri 17.26 7.77 1 0.026 2.03-32.49 

Le. pakeka  v. Le. hochstetteri 0.04 0.032 1 0.194 -0.02-0.10 

 

Ultimately, two Li. ewingii died on days 103 and 138 post-exposure with 

relatively high Bd loads. These frogs demonstrated signs of chytridiomycosis seven days 

before mortality occurred, including weight loss, abnormal posture with legs splayed out, 

cutaneous erythema (reddening of the ventral skin) and slower righting reflex (5-10 

seconds). Before death, wash samples from these frogs contained Bd levels over 120 ZE 

per cm2 of surface area (frog E11: day 69, 2750 ZE total, 214.4 ZE/cm2; frog E13: day 

105, 2330 ZE total, 122.5 ZE/cm2). Of note, washing detected a high Bd level of 2170 

ZE total or 114.9 ZE/cm2 on one Li. ewingii (frog ID: E5) on day 41. However, by day 

69 the wash sample for this frog contained only 9 ZE, and its final swab tested negative 

for Bd on day 113. This frog never demonstrated clinical signs of chytridiomycosis, and 

survived the experiment. 

The latent period (mean ± std. deviation, SD) was significantly shorter in Le. 

hochstetteri (1.8 ± 2.4 days) than in Li. ewingii (13.7 ± 20.5 days) and Le. pakeka (13.5 

days ± 32.4; Wald "2=8.0, df=2, p =0.019). The infectious period, however, was 

significantly longer in Li. ewingii (48.9 days ± 42.7) than either of the native species (Le. 

pakeka: 3.2 ± 8.7, Le. hochstetteri: 0.4 ± 0.52; Wald "2 = 27.8, df = 2, p < 0.001, Figure 

4.5).  

The final wash (day 105 post-exposure) and final swab (day 113 post-exposure) 

did not produce significantly different results for Bd loads on individual frogs (Wilcoxon 

S-statistic = -4.0, df = 28, p = 0.5781). This indicates that rinsing was successfully 

detecting zoospores on the skin of the frogs, and verifies this method as a reliable 

indication of Bd infection. 
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Figure 4.3 Change in infectiousness, measured as zoospore equivalents/hour (ZE/hr), over time in a) 

Leiopelma pakeka and Leiopelma hochstetteri and b) Litoria ewingii. N = 10 for all species except for Li. 
ewingii on day 105, before which a mortality had occurred. Error bars indicate standard error.!

 

4.5 Discussion 

 This study provides an initial investigation of the infectiousness of three species 

of New Zealand frogs over a range of susceptibilities to Bd infection, and offers insight 

into the process by which this pathogen increases in intensity in the epidermis of  
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Figure 4.4 Detail of zoospore equivalents/hour (ZE/hr) released for each of the three species in the first 30 

days post-exposure to Batrachochytrium dendrobatidis. Error bars indicate standard error.!

 

amphibians. In utilising rinsing to collect zoospores from the entire surface of the frog, 

rather than the traditional swabbing method, I created a more in-depth picture of 

variation in zoospore shedding over time. In addition, I demonstrated that there is a 

latent period between infection and becoming infectious, which varies among species 

and is not necessarily associated with infectious period length. However, I discuss the 

effects of the rinsing method on the overall build-up in intensity of Bd in the 

amphibian’s skin and the subsequent outcome of infection, and make future 

recommendations for the use of this technique. This study highlights the need for a more 

in-depth understanding of Bd population dynamics in the amphibian’s skin, especially in 

terrestrial amphibians, for the future creation of species and region-specific 

epidemiological models. 

 Bd is well adapted to living in amphibian skin; its growth follows that of the skin 

cells it parasitizes, which mature, keratinise and move outward (Berger et al. 2005a). 

Thus, rinse water was likely to contain only zoospores that have been recently released 

from zoosporangia, sloughed skin containing zoosporangia or, in early rinses, live or 

dead zoospores that never encysted to form zoosporangia in the epidermis. However, it 
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is important to consider that qPCR cannot distinguish between live and dead zoospores, 

which is a known limitation to this non-invasive detection technique. 

 
Figure 4.5 Mean latent and infectious periods across species. Error bars indicate standard error. Groups 
not connected by the same letter are significantly different; lowercase letters correspond to latent period 

and uppercase letters to infectious period. 

 

 Infectiousness, in terms of the number of zoospores shed per hour at different 

days post exposure to Bd, varied greatly among the three species measured, and also 

among individuals within species. In the endemic Leiopelma species, both the number of 

zoospores detected by rinsing and the prevalence of infection peaked within eight days 

of exposure, and then quickly subsided. Indeed, infection prevalence was low in both 

species, with 50% of each exposed group never testing positive for Bd. However, fine-

scale species-specific variation in infectiousness did exist in the first few weeks after 

exposure to Bd. A small peak in infectiousness occurred in the first rinse (day four) in 

Le. hochstetteri, indicating that either zoospores had not encysted, but were present alive 

or dead on the skin, or, if zoospores had encysted, zoospore release occurred within 4 
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days of encystment. However, the patchiness of individuals positive for Bd thereafter 

lends support to the notion that encystment had not yet occurred. In Le. pakeka, 

prevalence and intensity of infection did not peak until the third wash, indicating that 

encystment more likely occurred in this species, and the greatest number of zoospores 

were released on or near day 8. Overall, in terms of average daily zoospore release, 

neither of the endemic Leiopelmatid species was very infectious, and this is in keeping 

with their low susceptibility to both infection with Bd and the disease chytridiomycosis 

(see Chapter 3). This also lends support to the finding in Chapter 3 that Le. pakeka 

appears to be more susceptible to Bd infection than Le. hochstetteri.  

In the introduced, susceptible species Li. ewingii, however, infectiousness and 

infection prevalence increased over time on average. Infectiousness was quite variable 

among individuals, with 20% never testing positive for Bd by qPCR, 60% testing 

positive for multiple rinses but never demonstrating clinical signs of disease, and 20% 

developing high Bd loads, demonstrating clinical signs, and succumbing to disease. 

Based on the pattern of consecutive positive Bd tests and increasing Bd load on 

individual frogs, I can infer that Bd did encyst in the skin of these frogs and at least 80% 

were infected with the pathogen at some point during the study. This species has the 

potential to be very infectious to other hosts, given the high daily zoospore release rate in 

some individuals, and the overall high infection prevalence, despite much variation in 

infection outcome. Furthermore, the high Bd-loads of those frogs that did die from 

chytridiomycosis lend further support to the idea of a threshold of infection intensity 

beyond which mortality occurs (Carey et al. 2006). 

This is the first study to demonstrate a latent period in Bd infection in three hosts 

of different susceptibility. Latent period, before an infected host becomes infectious, 

appears to be independent of infectious period length, which increased with greater 

susceptibility to Bd. There was substantial individual variation in latent period for Le. 

pakeka and Li. ewingii (4-105 days), while it was uniformly short (4-6 days) in Le. 

hochstetteri. One must keep in mind that latent period estimates for frogs that first shed 

zoospores late in the experiment are less precise, given the progressively longer time 

intervals between rinses. However, it is surprising to see frogs becoming infectious so 

many days past initial exposure to Bd. While this may indicate re-exposure to Bd 

persisting in individual enclosures, given weekly substrate changes, this seems unlikely. 

However, Bd can survive in sterile, moist river sand with no nutrients added for up to 
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three months, so this possibility cannot be ruled out (Johnson & Speare 2005). In terms 

of infectious period, the susceptible species Li. ewingii shed zoospores for much longer 

than either of the native species, which appeared to gain and lose light infections 

quickly. Given the variation in infection outcome among exposed Li. ewingii, it would 

appear that infectious period length, along with infectiousness, could be influenced by 

other environmental variables. This is important because longer infectious periods 

among hosts can greatly increase the chance for pathogen persistence between epidemics 

(Keeling & Grenfell 1998). 

In a previous susceptibility trial utilizing the exact same enclosure type, Bd dose, 

and temperature conditions, 100% of Li. ewingii exposed to Bd succumbed to the disease 

(Ch. 3, this thesis), presenting a striking contrast to the current study in which 80% of 

exposed frogs survived. In the susceptibility trial, all exposed Li. ewingii demonstrated 

clinical signs of chytridiomycosis and died with high Bd loads on average 45 days after 

exposure. However, in the current experiment, time to death was over 2.5 times longer 

for the two Li. ewingii that did succumb to the disease. The reduction in exposed group 

mortality and increase in time to death in this study may have resulted from several 

factors. First, while the same Bd strain (RTP4) was used in both studies, it had been in 

culture for almost one year longer in the current study than in the previous susceptibility 

trial. Serial culturing can put selective pressure on the growth, development, and 

infectivity of some pathogens, and some researchers have expressed concern that this 

may occur with Bd (Symonds et al. 2008, Voyles et al. 2011). It has been suggested that 

the attenuation of virulence may occur with repeated passage in culture (Berger et al. 

2005b), thereby potentially explaining the reduced virulence of strain RTP4 in the 

current study. Secondly, the Li. ewingii used in this experiment were wild-caught, and 

although they were Bd-negative upon collection, I cannot rule out previous exposure to 

Bd and the possibility of acquired immunity to the pathogen (Richmond et al. 2009). 

However, evidence of acquired immunity to Bd has only been found in Xenopus laevis, a 

species with low susceptibility to chytridiomycosis, in which antibodies that bind to 

receptors on Bd were found in the mucus secretions of previously infected frogs 

(Ramsey et al. 2010). Conversely, Rosenblum et al. (2009) found almost no immune 

response to Bd and decreased expression of immune genes in the highly susceptible 

species Silurana (Xenopus) tropicalis, demonstrating that immunity is species-specific 

and possibly related to susceptibility to the disease. Given that Li. ewingii has been 
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shown to be highly susceptible to Bd in the past, it seems less likely that this species 

would demonstrate acquired immunity to the pathogen.  

Third, and perhaps most interestingly, the low mortality rate of exposed Li. 

ewingii in this study may indicate that rinsing, the method by which zoospore production 

was measured over time, influenced the rate of auto-reinfection on individual frogs. 

Although it is understood that wetter conditions foster Bd growth (Kinney et al. 2011), 

for terrestrial frogs away from a constant body of water (potential zoospore pool), heavy 

rainfall may actually help prevent auto-reinfection. Utilizing repeated rinsing over time 

might have simulated heavy rainfall by removing free zoospores on the skin, thereby 

keeping infection intensity low. As demonstrated previously, reinfection is an important 

aspect of Bd pathogenesis because it plays an integral role in increasing Bd load past a 

certain threshold required for mortality (Carey et al. 2006, Voyles et al. 2009, Briggs et 

al. 2010, Vredenburg et al. 2010). Berger et al. (2005c) determined that discharge tubes 

of zoosporangia usually formed distally to the body of the amphibian, indicating that 

most zoospores would be released onto the surface of the skin. Unless the animal is 

sitting in a water body, or zoospores are being washed off by heavy rainfall, it is likely 

that these zoospores would reinfect the host. By washing away (and thereby removing) 

zoospores released onto the skin, the method by which Bd infection might increase and 

spread in the epidermis of individual frogs in a terrestrial environment was largely 

inhibited. Bd-host interaction models indicate that even in highly susceptible species, 

such as Rana sierre in the Sierra Nevada Mountains of California, different 

environmental conditions alone, such as humidity, temperature, and water flow rate, 

could be responsible for vastly different infection outcomes among host individuals 

(Briggs et al. 2010).  

  With this in mind, rinsing likely affected the pathogenesis of Bd on individual 

frogs and may have confounded the pattern of zoospore release observed in the current 

study. However, future work is required to confirm this assertion. I would recommend 

rinsing groups of frogs, exposed to Bd at the same time, at different days post exposure, 

rather than rinsing the same individual repeatedly over time. In doing so, the effect of 

recent rinses influencing infectiousness may be prevented. Furthermore, I would also 

recommend comparing how repeated swabbing versus repeated rinsing over time 

influences final infection outcome, using frogs exposed on the same day with the same 
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strain of identical passage history. This will help to clarify the source of variation in 

infection outcome in Li. ewingii, as seen in the current study.  

 Current models of Bd-host interaction, though comprehensive, rely on 

measurements of Bd growth and development in culture (Mitchell et al. 2008, Briggs et 

al. 2010). This study was the first to attempt a thorough description of Bd growth 

dynamics on the host after exposure, and to quantify infectiousness directly by 

measuring zoospores released over time. Our understanding of Bd infection in direct-

developing, terrestrial frogs is lacking, and a model that does not depend on direct access 

to a zoospore-pool is required to understand the effects of Bd on such species. In 

addition, this study sheds light on understanding the direct effects of environmental 

conditions alone, such as heavy rainfall, in influencing infection outcome, and invites 

further research along this vein. Overall, auto-reinfection may be an important limiting 

factor in Bd infection, and by preventing its occurrence, high infection intensities may be 

avoided, resulting in vastly different infection outcome on individual frogs. 
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Chapter 5 

General Discussion 

 In this thesis I examined the host-disease dynamics of Batrachochytrium 

dendrobatidis (Bd) in New Zealand’s amphibian species, in order to better inform 

conservation management in light of this recent pathogen introduction. First, however, 

because chytridiomycosis is considered a novel threat to amphibians, but just one of 

many synergistic causes of declines, I quantitatively examined if there has been a shift 

towards Bd-related research by analysing the literature on amphibian declines in the past 

20 years. The Native Frog Recovery Plan for New Zealand’s threatened Leiopelma 

species indicated that an investigation of the susceptibility of native frogs to Bd, as well 

as the impacts of the disease at a population level, were national research priorities 

(Bishop et al. 2009b). Thus, this thesis addressed these concerns by 1) determining the 

baseline susceptibility of two Leiopelma species to Bd infection in the laboratory at a 

host and pathogen amenable temperature, and 2) investigating the relationship between 

susceptibility and infectiousness in New Zealand’s introduced and native amphibian 

species, in order to inform future epidemiological modelling at the population scale. 

5.1 The hypothesised causes of amphibian declines are numerous, and 

reflected in the published literature 

 There is a wax and wane of favoured themes evident in every field, and ecology 

is no exception (Paine 2002). However, when given the task to conserve biodiversity on 

a local or national scale, it becomes imperative to examine and understand all possible 

threats in order to develop effective management strategies. Thus, a newly discovered or 

novel threat may result in a flurry of research in that area, appearing as if other long-

standing threats become less studied (Gardner et al. 2007). In the case of amphibian 

declines, ‘enigmatic’ declines, or those occurring in pristine areas with no apparent 

cause, were considered the most worrying about 10 years ago (Stuart et al. 2004). Since 

then, evidence has been presented to suggest that the disease chytridiomycosis, caused 

by the amphibian chytrid fungus (Bd), is the primary cause of these enigmatic declines 

(Skerratt et al. 2007), and consequently, a growing proportion of amphibian conservation 

research has focused on this pathogen since 1999. However, the entire body of literature 

on amphibian declines has proportionally increased, thereby precluding the 
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overrepresentation of this novel threat in the literature (Chapter 2). Further, papers on 

chytridiomycosis were cited more and published in journals with higher impact factors 

on average, demonstrating heightened interest in this emerging infectious disease 

(Chapter 2). Given the recent discovery of the disease and remaining questions 

surrounding its origin, emergence, and spread, this heightened interest is not surprising.  

Although Bd has been described as “the worst disease ever recorded among 

vertebrates”, this pathogen is only one of many synergistic threats implicated in the 

plight of on-going amphibian declines and extinctions (Collins & Storfer 2003, Beebee 

& Griffiths 2005, Gascon et al. 2007). At both the individual and population level, small 

changes in host condition due to habitat degradation, resource shortage, or 

environmental stress can lead to a “vicious cycle” of increased disease susceptibility 

resulting in greater mortality, poor reproductive success, and eventually, population 

decline (Beldomenico & Begon 2010).  Thus, considering the hypotheses of amphibian 

decline as separate entities is superficial, because often many factors are at work in both 

a species and locality-dependent fashion (Blaustein & Kiesecker 2002, Blaustein et al. 

2011). While there were many articles that addressed more than one hypothesis of 

decline in my review of the literature, more work addressing interactions between 

stressors is required to better inform conservation management of specific amphibian 

species and populations. 

5.2 Low susceptibility to Bd infection is a genus-wide trend in New Zealand’s 

endemic amphibians 

 With the experimental infection trials presented in Chapter 3, all of New 

Zealand’s endemic amphibian species, except for the possibly indistinct species Le. 

hamiltoni, have now been exposed to Bd and subsequently self-cleared infection under 

laboratory conditions (Shaw et al. 2010). Based on these results, it would appear that 

Leiopelma species, representing a primitive living lineage of frogs, demonstrate low 

susceptibility to Bd at the genus level. This taxonomically-focused approach will now 

allow for future comparative studies to determine the role of environmental and host 

variables in susceptibility (Kilpatrick et al. 2010). Of the three species exposed, Le. 

pakeka, Le. archeyi, and Le. hochsetteri, two are terrestrial while the third is a semi-

aquatic stream-dweller (Bell 1978, Bishop et al. 2009a). Therefore, a comparison of the 

effect of life-history and habitat type on susceptibility among these species is now 
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possible. Previously, Kriger et al. (2007) determined that stream-breeding frogs were 

significantly more likely to be infected with Bd than pond or terrestrial breeders in 

Australia. However, based on these laboratory susceptibility trials, Le. hochstetteri, a 

semi-aquatic stream breeder, appears to be less susceptible to Bd than its terrestrial 

counterparts based on infection prevalence, intensity, and time to clearance (Chapter 3). 

Furthermore, Le. hochstetteri has never been found infected with Bd in the wild, despite 

extensive sampling across all known populations (Thurley & Haigh 2008, Puig 2009). 

Yet, because we now understand that low susceptibility is a shared trait within the 

Leiopelma genus, this apparently contradictory trend may be the product of a common 

evolutionary origin. Therefore, future comparisons across ecological guilds of 

amphibians should include statistical tests to remove phylogenetic non-independence 

(see Lanfear et al. 2010 for a review), allowing for a distinction to be made between the 

role of life-history traits and evolutionary relatedness in susceptibility. 

 Despite the low overall susceptibility of Leiopelmatids to Bd, there exists a 

gradient in infection prevalence, intensity, and time to clearance between the two species 

tested in this thesis (Chapter 3). Comparisons can only be provisional between these 

experimental infection trials and those done with Le. archeyi (Shaw et al. 2010) given 

differences in the use of a local versus a foreign Bd strain, and naïve versus previously 

infected frogs. Yet, as already mentioned, it seems likely that Le. hochstetteri is the least 

susceptible to Bd infection given this species developed the lowest intensity infections 

(ranging from 6-71 ZE), cleared infection the fastest (within 10 weeks), and experienced 

no sub-lethal lasting weight loss (Chapter 3). Based on these results, it is probable that 

Le. hochstetteri has a stronger immune response to Bd than other Leiopelmatids under 

the exact same environmental conditions, although no genetic immunity studies yet exist 

for this genus. Interestingly, the skin secretions of Leiopelma species, which make up 

one component of the anuran innate immune system, have been found to inhibit the 

growth of Bd in vitro (Melzer & Bishop 2010). However, this study found the secretions 

of Le. archeyi to be most active, while Le. hochstetteri’s skin secretions were the least 

active of the Leiopelmatids against Bd zoospore growth. Previous studies demonstrate 

correlative evidence between skin peptide activity and susceptibility to Bd or survival 

rates of wild populations (Woodhams et al. 2006b, Woodhams et al. 2007a). However, 

other species predicted to be Bd-resistant based on the activity of their skin peptides, 

such as Centrolene prosoblepon and Phyllomedusa lemur, have experienced declines at 
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highland sites despite subsisting at lowlands sites (Lips 1999, Lips et al. 2006, 

Woodhams et al. 2006a). Thus, the discrepancy between susceptibility and skin peptide 

efficacy in the genus Leiopelma highlights the importance of complex interactions 

between host, pathogen, and environmental cofactors in determining host susceptibility 

(Daszak et al. 2003, Richmond et al. 2009).  

5.3 Rinsing reduces the incidence of lethal chytridiomycosis in infected frogs 

 In Chapter 4, I demonstrated the rate of Bd zoospore release from experimentally 

infected native and introduced New Zealand frog species as a measure of potential 

infectiousness to other hosts. Infectiousness was related to susceptibility, with the more 

susceptible species, introduced Li. ewingii, demonstrating the highest zoospore release 

rate. Following this trend, the pattern of zoospore release was different over time for 

species of different susceptibilities, with infectiousness in the Leiopelma species peaking 

early and quickly subsiding, while increasing over time on average in Li. ewingii. 

Zoospore release has never before been measured on the fine time scale used in this 

thesis. Thus, this research lays the groundwork for understanding the dynamics of Bd on 

individual hosts of different susceptibilities, and how both pathogen intensity and host 

response can result in vastly different patterns of pathogen shed over time. 

 Perhaps the most interesting result from examining longitudinal zoospore release 

in individual frogs, however, was a consequence of the collection method. Hyatt et al 

(2007) concluded that using rinsing to measure infection intensity might be the only 

reliable way to determine zoospore load from the entire surface of an animal. However, 

frequent, repeated rinses, especially soon after Bd exposure, may have prevented auto-

reinfection and ultimately changed infection outcome on individual frogs. When 

comparing the results for experimental infection of Li. ewingii in Chapter 3 with Chapter 

4, there was a drastic reduction in mortality (from 100% to 20%) and increase in time to 

death (over 2.5 times longer), despite using the same Bd strain, dose, infection 

procedure, and enclosure environment. Although future experimental work is required, 

these vastly different results suggest that environmental conditions alone may be able to 

influence whether infection intensity reaches the required threshold to cause mortality in 

susceptible species (Carey et al. 2006, Briggs et al. 2010). Environmental factors such as 

water-flow rate, humidity, and temperature can either encourage or hinder Bd growth 

and re-infection (Briggs et al. 2010). In this study, rinsing may be akin to heavy rainfall 
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for a terrestrial species, in which newly released zoospores are washed away instead of 

re-infecting the host. Thus, this underlines the multi-dimensional approach necessary to 

fully understand variation in susceptibility to Bd, not only among species, but also 

populations and individuals.  

5.4 Future work and recommendations 

Conservation priorities 

 While this research has fulfilled important goals outlined by the New Zealand 

Frog Recovery Plan (Bishop et al. 2009b), many questions remain. The first priority, and 

perhaps most pressing, is to understand how the demonstrated genus-wide low 

susceptibility of Leiopelmatids to Bd in the laboratory will translate to natural 

conditions. There have been some discrepancies reported between laboratory and field 

survival rates for amphibian species infected with Bd, including Bufo boreas (Carey et 

al. 2006, Pilliod et al. 2010) and Rana muscosa in North America (Harris et al. 2009, 

Briggs et al. 2010). However, in these instances, species demonstrated greater 

susceptibility to Bd in the laboratory, but were able to survive in particular populations 

in the wild. In the case of endemic Leiopelmatid frogs, it may be that resistance is the 

result of immune defences and little influenced by environmental conditions, such as 

those that promote continual reinfection. However, host immune defences operate best 

within an optimal temperature range, and their efficacy could be reduced under changing 

or extreme weather conditions (Raffel et al. 2006, Andre et al. 2008). Furthermore, Le. 

pakeka experienced sub-lethal, long-lasting weight loss as a result of infection with Bd, 

which may translate to reduced fitness in wild populations. Native frogs exist in 

restricted geographic locations such as offshore islands, and translocation has been an 

important tool used by conservation managers to increase the number of viable 

populations of each threatened species (Bishop et al. 2009b). If future translocations are 

to be attempted, especially those that may result in range-overlap with introduced Litoria 

species, rigorous mark-recapture field trials with longitudinal Bd testing and condition 

assessments will be necessary. In lieu of field trials, experimental infection studies with 

fluctuating temperatures that mimic natural conditions as much as possible for each 

species may be a viable alternative. 

It is a striking discovery that a previously naïve genus of threatened, endemic 

amphibians demonstrates low susceptibility to a recently introduced pathogen. Thus, the 
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continued study of pathogen response in these rare and unique frogs will not only benefit 

their conservation in New Zealand, but also allow for a more complete understanding of 

Bd-host interaction along a gradient of resistant species. Immunogenetic studies in 

Leiopelmatids are needed to understand which genes are up-regulated in response to Bd 

exposure, and how this varies within the genus. Studies should also test for the presence 

and integration of the innate and acquired immune response after re-exposure 

(Richmond et al. 2009, Rosenblum et al. 2009), in order to better understand the effects 

of endemic persistence of Bd in certain populations. Furthermore, little has been done to 

characterise the bacterial populations that inhabit the skin of Leiopelma species.  Recent 

studies indicate that the antifungal symbiotic bacteria that colonise the skin of certain 

amphibians can contribute to the innate immune response and inhibit the growth of Bd 

(Woodhams et al. 2007c, Harris et al. 2006, Harris et al. 2009). However, given the fact 

that experimental infection trials in this thesis challenged frogs that had been in captivity 

anywhere from one week to 5 years, it is likely that symbiotic bacteria assemblages had 

changed ex situ despite similar susceptibility results among individuals within species. 

Steps towards the creation of a Bd-host interaction model for terrestrial frogs 

 By investigating infectiousness in Bd-exposed frogs, I provide more detailed 

information concerning the timing of zoospore release at different days post-exposure, 

and indicate the presence of a latent period during which infected frogs are not yet 

infectious. However, given the potential secondary effect of rinsing changing the 

progression of disease by reducing the instance of auto-reinfection on individual frogs, I 

would recommend further experimental study. First, although it would require many 

more frogs, it would be helpful to remove the effect of rinsing completely and assign 

groups of exposed frogs to a particular rinse day post exposure, and then compare the 

zoospore release rates among groups. This would likely only be feasible with Li. ewingii, 

given the rarity and threatened status of Leiopelma species. Second, it would be 

important to test the effect of rinsing on Bd infection intensity over time in order to 

conclusively determine whether rinsing alone can change infection outcome in 

susceptible species such as Li. ewingii. Thus, I would recommend a comparative study of 

the mortality rate and survival time in two Bd-exposed groups, one of which is swabbed 

and the other rinsed, at regular intervals after exposure. By holding the dose, timing, and 

strain used for infection constant, the effects of the zoospore detection method alone can 

be determined. 
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 In measuring the infectiousness of New Zealand frog species, the hope is to 

eventually incorporate these parameters into a New Zealand specific model of Bd-host 

interaction. Briggs et al (2010) recently developed a comprehensive model for 

amphibians of California’s Sierra Nevada that incorporates both the density of Bd in the 

‘zoospore pool’ (i.e. the environment) and the intensity of infection on individual frogs. 

However, direct-developing terrestrial frogs, like most Leiopelmatids, would be unlikely 

to come in contact with a ‘zoospore pool’ or a standing water body. However, this does 

not mean that terrestrial frogs cannot sustain Bd infection for a certain period of time 

(Chapter 3), and experience negative disease-related fitness effects due to the costliness 

of mounting an immune response (Chapter 3, Viney et al. 2005). Other studies have 

demonstrated negative population-level effects of Bd infection on direct developing 

terrestrial species, particularly juveniles (Burrowes et al. 2008, Longo & Burrowes 

2010). Therefore, mesocosm or habitat and population sampling studies that investigate 

the likely sources of infection for terrestrial frogs are necessary in order to better 

understand how Bd is transmitted between hosts away from a water body. Such studies 

will inform a Bd-host interaction model that is relevant for New Zealand’s endemic frog 

species. 

5.5 Conclusions 

 This thesis provides a foundation for the study of the interaction between the 

introduced emerging pathogen, Bd, and New Zealand’s amphibian species. Never before 

has the susceptibility to Bd of an entire living genus of amphibians been compared under 

controlled laboratory conditions, paving the way for future phylogenetically focused 

research. Furthermore, a better understanding of host infectiousness after exposure will 

help to inform species-specific transmission experiments, as well as contribute to 

modelling that can predict the impact of pathogen introduction into a naïve population. 

While great strides have been made in understanding the ecology and impact of this 

pathogen at both the population and species level (see Kilpatrick et al. 2010 for a 

review), more work is required to gain insight into the interaction between increased 

susceptibility and transmission of this pathogen in the wake of current and future 

anthropogenic change (Aguirre & Tabor 2008, Smith et al. 2009a). Stressors from direct 

threats, such as loss of habitat and introduced species, likely interact with indirect 

threats, including diseases, changing climate, and environmental pollutants, to contribute 

to continuing amphibian declines (Collins & Storfer 2003, Beebee & Griffiths 2005). 



5 General Discussion                  74 

Thus, an integrative approach that combines a multi-disciplinary team of conservation 

biologists, ecologists, epidemiological modellers, and veterinarians will be required to 

understand the risk factors for disease emergence and prevent future extinctions in the 

face of a continually changing world (Lafferty & Gerber 2002, Daszak et al. 2004, 

Plowright et al. 2008). My hope is that the research presented in this thesis will assist 

conservation managers in the design and implementation of successful strategies for 

native frog protection and recovery in the wake of Bd emergence in New Zealand. 

Finally, equipped with an understanding of the range of susceptibilities to Bd infection 

among both introduced and native amphibian species in New Zealand, researchers are 

provided an interesting study system for the continued investigation of the Bd-host 

relationship, particularly within an evolutionary perspective.
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Appendix 1 

Supplementary information for Chapter 2 
 

A spreadsheet of the data set, listing all papers and variables (impact factor, times cited, 
category, and years since publication) included in my analysis is available online at: 
 
http://onlinelibrary.wiley.com/doi/10.1111/j.1523-1739.2010.01591.x/suppinfo 
 
It may also be accessed via the compact disc (CD) included with this thesis. 
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Appendix 2 

Chytridiomycosis disease progression in wild-infected Litoria 
ewingii 

 
Originally, 20 Litoria ewingii were collected from an ephemeral pond near 

Redbank Road in Macraes Flat, Central Otago (45˚22’S, 170˚25’E), in the week of 14 

September 2009 for use as positive and negative controls in the susceptibility experiment 

(Chapter 3). Testing revealed that all 20 of these frogs were already infected with Bd at 

the time of collection. Mean time to death from day of collection was 26.4 days (22.3 < 

95% CI <30.5). All frogs were swabbed on 20 September 2009 to test for the presence of 

Batrachochytrium dendrobatidis (Bd) (see Chapter 3 for details of real-time quantitative 

PCR (qPCR)). Before swab results were known, Li. ewingii had been divided into 

control and exposed groups, and exposed groups were infected with Bd strain RTP4 (see 

Chapter 3).  

 
Figure A2.1 Linear relationships between zoospore equivalents (ZE) at first swab and days until death in 

both ‘control’ and ‘exposed’ groups of Litoria ewingii found infected with Batrachochytrium 
dendrobatidis. 
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Initial infection intensity (measured as the log of zoospore equivalents (ZE) per 

swab) before the start of the experiment was significantly correlated with time until 

death (Standard Least Squares ANOVA Estimate = -3.2, SE = 0.56, t = -5.78, p <0.001; 

Figure A2.1), but there was no difference in this linear relationship between infected 

frogs (control group), and those that had essentially been infected twice (exposed group) 

(Post-hoc Student’s t-test t= -0.89, DF = 18, p = 0.39). 
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Appendix 3 

Post mortem report for Leiopelma hochstetteri, individual H11 
 

Conducted on 5 November 2009 by S. Melzer and S. M. Herbert, written in shorthand 

Figures created by S. Melzer, with the exception of Figure A3.1 

Edited by M. E. Ohmer 

 

Timeline 

11:30 on 5.11.09 - M. E. Ohmer found H11 dead in enclosure (unresponsive, all limbs 

extended, Figure A3.1) 

 
Figure A3.1 Dorsal (A) and ventral (B) photographs of Leiopelma hochstetteri, individual H11, found 
dead in its enclosure on 5 November 2009. 

 

13:41 - No response to toe pinching, gentle poking of the eye, skin swab or skin scrape 

with the back of a scalpel blade. Appears bloated, may have liquid under the skin. 

Photographs were taken under stereomicroscope to capture general posture and 

appearance. Skin swab was taken and put in the fridge. S. Melzer took skin 

scraping from belly and the ventral surface of both thighs, and mounted samples 

in phosphate buffered saline (PBS). Photos were taken with compound 

microscope.  

15:00 - No response to gentle pinching of toes, no eye blink response or any visible 

throat movement indicative of breathing. Body was limp when lifting frog by the leg.  

External surfaces visually inspected with the aid of a dissecting microscope. 
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S. Melzer took a skin sample from the pelvic patch (fixed in glutaraldehyde for 

transmission electron microscopy (TEM)), and from two dorsal patches (1 piece 

of skin with blister and 1 piece with possible gland in glutaraldehyde for TEM, 1 

piece of skin with blister and 1 piece of skin with gland in 10% buffered formalin 

for histology). Skin samples for TEM were placed in primary fixative (2.5 % 

glutaraldehyde in 0.15 M cacodylate buffer with 2 mM CaCl2) overnight at room 

temperature and then washed in 0.15 M, 7.3 pH cacodylate buffer 3 times for 10 

minutes each and post-fixed for 1 hour in 1 % OsO4. One purple blister from the 

dorsal surface was examined under a compound microscope, and photos were 

taken before fixing sample in formalin.  

17:20 – S. Melzer removed muscle tissue from back leg and sample of liver (fixed in 

formalin). Heart was still pumping and blood was visibly running through veins of lungs. 

Heart stopped at ~17:55.  

Description of body condition 

Skin: Dorsal skin surface was smooth and moist. Ventral skin surface appeared dry 

when swabbing. Covered in numerous brightly coloured purple or white raised bumps, 

which were most prominent on ventral surfaces. These were also noted on hind ankles 

and feet, groin area (dorsal and ventral, Figure A3.2), around snout (Figure A3.2), 

stomach, throat, right hind leg-pit (dorsal surface), back, skin above eye on both sides, 

dorsal surface of arms, and rear right hind leg. These purple raised bumps were often 

associated with blistering of the surrounding skin. There was possible blistering present 

around groin. Granular/gelatine-like substance was also present in groin, possibly from 

ruptured blister or granular gland.  Overall appearance of skin is bumpy and granular. 

There was an unusual blue spot on back that could not be removed easily. Overall, most 

of the blisters were in the ventral surface of the groin.  

Under compound microscope, there were a few bacteria (cocci) in the skin scraping (20x 

magnification). White substance was associated with connective tissue in the groin, 

presumably from a ruptured blister. It appeared to contain bacilli, bacteria, and a 

protozoan that was either leaf or round in shape with two flagella, approximately 2-3 !m 

apart from where they attach to the cell (Figures A3.3 and A3.4). Photos were taken, and 

also a swab for quantitative real-time PCR. All swabs later tested negative. 
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Figure A3.2 Detailed photographs of external and internal features of a deceased Leiopelma hochstetteri 
(H11): (A) Raised purple blisters found on ventral patch. (B) blisters on mouth, (C) insect spine lodged in 

small intestine and extremely swollen large intestine filled with gas bubbles. 
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Figure A3.3 Periphery of blister from dorsal skin. (A) Note flask like structure (arrow), later confirmed by 
R. Speare (James Cook University) to not be a zoosporangium of Batrachochytrium dendrobatidis. (B) 

Ruptured blister releasing copious amounts of bacteria, and possibly protozoa. 

 

Eyes and nostrils: Normal 

Internal organs: Large intestine was bloated with visible air bubbles (Figure A2.2). 

Splinter was lodged in tissue of small intestine, < 1 mm in size, which appeared to be 

part of an insect body part or similar.  

All other organs appeared superficially normal. H11 was probably male given no 

presence of ovaries. 
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!"#$%&'()*+ Cross-sections of dorsal skin with H&E stain of Leiopelma hochstetteri (H11): (A) Many 
blisters with bacteria/protozoans in top layer of dermis (arrows), granular gland filled with secretory 

granules (labelled G), (B) Detail of blister underneath epidermis, (C) Bacteria or similar outside epidermis, 
(D) Detail of blister in top layer of derm
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Appendix 4 

Supplementary information for Chapter 4  

 
 Starting on day 32 post-exposure, 15-minute rinses were interspersed with the 

20-second rinses due to concern that the rinse time was too short to collect free 

zoospores from the skin (Figure A4.1). This decision was not warranted, however, given 

the fact that Batrachochytrium dendrobatidis (Bd) DNA was easily detected in 20-

second washes for all three species (Leiopelma pakeka, Le. hochstetteri, and Litoria 

ewingii). When 20-second rinses were compared with the nearest 15-minute rinse (1 to 5 

days later), there was no difference in zoospore equivalents/ hour (ZE/hr) detected for 

Leiopelma spp. (Le. hochstetteri: Wilcoxon signed-rank paired t-test: Mean difference 

(15 min-20 sec) = 0.082, SE = 0.082, s = 0.5, p = 1, Le. pakeka: Mean difference = 

0.038, SE = 0.10,  s = 1.5, p = 0.81), but a significant difference for Li. ewingii (Mean 

difference = 168.2, SE = 129.8, s = 130, p = 0.0007). However, comparing rinses taken 

on different days is unfair, given the understanding that rinsing may affect auto-

reinfection of Bd on individual frogs, and that infectious increased over time on average 

in Li. ewingii (Chapter 4). See Table A4.1 for a complete list of ZE/hr measured in all 

rinses for all frogs on different days post-exposure.  



A4 Appendix 4                 99 

 
Figure A4.1 Change in infectiousness, measured as zoospore equivalents/hour (ZE/hr), over time in a) 
Leioplema pakeka and Leiopelma hochstetteri and b) Litoria ewingii. 15 minute rinses only. N = 10 for all 
species, and error bars indicate standard error. 
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