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Thesis Abstract  

Batrachochytrium dendrobatidis (Bd) 

is an emerging fungal pathogen that threatens amphibian hosts globally. The observed mass 

mortality events in amphibian populations, multiple species declines and extinctions caused 

by this pathogen, have been attributed to its broad host range, widespread geographic 

distribution, and ability to infect all amphibian life-history stages. While the severity of the 

disease is worse in post-metamorphic animals, it is the pre-metamorphic (tadpole) stage that 

is seen as an important disease reservoir. The potential for tadpoles to act as a reservoir for 

Bd is dependent on their contribution to the environmental pool of zoospores, and therefore, 

their role in Bd transmission. However, few studies have explored transmission dynamics in 

multi-host tadpole communities.  

To explore Bd transmission in the tadpole communities, I break the transmission process into 

three discrete stages: (i) susceptibility (the probability of a naïve host becoming infected upon 

exposure to Bd zoospores in the environment), (ii) infectiousness (the rate at which infected 

hosts release Bd zoospores into the environment) and (iii) contact rate (the rate at which 

tadpoles encounter zoospores in the environment). I quantified the first two of these 

processes experimentally for a range of host species. I then used these data to parameterise 

a range of mathematical models to predict the consequences for Bd transmission in multi-

host communities and in doing so, explored the sensitivity of my predictions to variations in 

contact rate (the third of the above processes). Standardised experiments exposing three 

tadpole host species individually to Bd showed that host susceptibility conformed to previous 

held species responses, with species lying along a continuum from largely resistant (rarely 

infected, or only infected to a very low level) to largely tolerant (highly likely to be infected, 

potentially to a high level), and there was little evidence of Bd-induced mortality for all species. 

I also co-exposed hosts to another amphibian pathogen of conservation concern, ranavirus, 

but this did not have a significant effect on Bd infections, although there were some additional 

mortalities of co-exposed hosts. Next, I explored zoospore shedding rates for the different 

host species, and found a clear power relationship between species-specific susceptibility and 

infectiousness. However, for a given pathogen load, hosts across all species did not differ in 
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pathogen shedding rates. Hence these experiments revealed a strong host identity 

component to contribution to environmental zoospores, but this arises purely through 

variation in their own infection levels, which then directly determine their zoospore shedding 

rate. From these experimental chapters, I conclude that tadpoles can be classified into two 

broad host identities (tolerant and resistant), and I used this to develop and parameterise a 

series of mathematical models to assess Bd transmission dynamics in multi-host tadpole 

communities, considering variable contact and reinfection rates. The models revealed a clear 

effect of host community composition. Tolerant hosts contributed disproportionately to the 

environmental pool of zoospores, with the subsequent increase in the force of infection from 

the environment driving infection dynamics in a more resistant host species. These findings, 

however, suggest that the process by which reinfection occurs, which can lead to increases in 

on-host infection loads of tolerant host, can be highly influential in determining Bd-dynamics 

in the wider system. These predictions therefore highlight the need to understand the fate of 

zoospores shed from an infected host: whether they enter the aquatic environment and 

contribute towards the force of infection for other hosts, or whether they engage in 

immediate reinfection, contributing to increases in infection load of that host. My model 

predictions suggest that determining the relative occurrence of these two processes may be 

crucial for determining community-wide Bd transmission dynamics. Overall, my work shows 

that tadpole Bd-load dynamics and their resulting host identity associations, hold the 

potential to influence community-wide infection dynamics, an understanding of which could 

inform more targeted mitigation strategies than otherwise possible. 
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Chapter 1: General Introduction  

Amphibian Declines  

Amphibian declines and extinctions were first raised as a global concern in the 1980s (at the 

first World Herpetology Conference in 1989). Subsequent studies revealed the extent and 

severity of the declines and placed amphibians in a threatened category beyond that of birds 

or mammals (IUCN-World Conservation Union Global Amphibian Assessment). In the same 

report, an overwhelming 1856 species were categorised as globally threatened, with a larger 

proportion experiencing population decline (summarised in Stuart et al., 2004), with four 

families responsible for a higher proportion of declining species; Bufonidae, Leptodactylidae, 

Hylidae, and Ranidae. Intriguingly, declines appeared to be happening in protected and/or 

pristine habitats (Rovito, Parra-Olea, Vásquez-Almazán, Papenfuss, & Wake, 2009; V. T. 

Vredenburg et al., 2007). The suspected mechanisms behind the global declines posited at 

the time, primarily related to climate and land-use changes, seemed insufficient given the 

simultaneous and persistent declines reported across a broad species distribution (Lips et al., 

2006).   

Nearly a decade later, the discovery of disease-associated mass mortalities in captive and wild 

populations (Berger et al., 1998) and descriptions of the aetiological agent and its lifecycle 

(Longcore, Pessier, & Nichols, 1999) connected a chytrid fungus named Batrachochytrium 

dendrobatidis, to the global amphibian decline. Although Berger et al. (1998) first described 

mortality affecting Central American and Australasian frogs caused by B. dendrobatidis 

(hereafter, Bd), mortality of amphibians and demographic declines in Europe, Africa, North 

and South America have since been reported (e.g. Bosch, Martínez-Solano, & García-París, 

2001; Carvalho, Guilherme Becker, & Toledo, 2017; Vredenburg, Knapp, Tunstall, & Briggs, 

2010; Weldon, Channing, Misinzo, & Cunningham, 2020). Bd is now thought to be responsible 

for around 500 species declines and several putative extinctions globally (Scheele et al., 2019).  

Batrachochytrium dendrobatidis (Bd)   

Bd targets keratinized cells that occur across the epithelium of post-metamorphic animals 

and are associated with the keratinised mouthparts of most anuran larvae, meaning infection 

site availability is age dependent. Infectious zoospores adhere to the skin surface where 
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amphibian mucus is believed to trigger encystation, attributing pathogen development to 

host availability (Robinson, Prostak, Campbell Grant, & Fritz-Laylin, 2022). Intracellular 

growth forms a sporangium that expels zoospores into the environment via discharge tubes, 

a life cycle that only takes a few days (Berger, Marantelli, Skerratt, & Speare, 2005). As such, 

Bd’s lifecycle is diphasic and involves a transition from a motile, infectious form (zoospore) to 

a stationary, growth form (zoosporangium). As with many other parasites with alternating 

stages of development, the infective form is limited by its dispersal ability and its ability to 

persist outside the host, which places it under pressure to find and infect a suitable host. Bd 

zoospores can survive outside the host, temporarily, most likely for a short-time period, but 

there has been much speculation about their viability, and little is known about how that 

translates to infectiousness.   

Once infected, clinical signs exhibited by a highly susceptible host include hyperkeratosis, 

excess skin shedding, weight loss, lethargy, and muscle spasms (Berger et al., 1998; Parker, 

Mikaelian, Hahn, & Diggs, 2002). Cause of death is physiological: skin infections are associated 

with impaired transcutaneal electrolyte transportation, reduction in concentrations of 

electrolytes, impaired cardiac function and asystolic cardiac arrest (Salla et al., 2018; Voyles 

et al., 2009). These extreme outcomes have only been described for post-metamorphic 

animals, and it is generally accepted that pre-metamorphic animals do not experience 

mortality (Berger et al., 1998; Briggs, Vredenburg, Knapp, & Rachowicz, 2005; Gervasi, 

Gondhalekar, Olson, & Blaustein, 2013; Rachowicz & Vredenburg, 2004). However, there is 

increasing evidence for sub-lethal costs accruing in pre-metamorphic animals (Bielby, Fisher, 

Clare, Rosa, & Garner, 2015; Blaustein et al., 2005; Garner et al., 2009; Hanlon, Lynch, Kerby, 

& Parris, 2015), which highlights the importance of assessing infection progression, and Bd 

transmission, in non-threatened amphibians, and in their pre-metamorphic (tadpole) stage.  

Why Tadpoles?   

Chytridiomycosis is now accepted as an important conservation issue for amphibians, so 

there is a tendency to focus on species and life-history stages that die and are presumably 

associated with demographic responses to disease. However, amplification of infection is 

increasingly believed to be associated with larval stages that are susceptible to infection but 

not to lethal chytridiomycosis. The absence of Bd infection in non-keratinised skin of tadpoles 
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(Berger et al., 1998) and confinement to mouthparts may be why mortality is rare in tadpoles. 

Lethal chytridiomycosis occurs when infections reach lethal threshold levels that seem only 

achievable when skin becomes a target of infection after metamorphosis (Vredenburg et al., 

2010). Tadpoles that do not die but retain persistent infections may therefore be responsible 

for annual infection dynamics across amphibian life history stages (Blaustein et al., 2005; 

Daszak et al., 1999). Larval amphibian communities composed of multiyear cohorts can 

hypothetically even act as an intraspecific reservoir for Bd (Briggs, Knapp, & Vredenburg, 2010; 

Medina, Garner, Carrascal, & Bosch, 2015; Miaud et al., 2016; Walker et al., 2010). In support 

of this, tadpole-to-tadpole transmission events have been recorded, models have shown how 

the abundance of infected larvae can influence amplification of infections, and field data 

provide evidence of recruitment of uninfected annual cohorts into a more comprehensively 

infected multi-annual population (Briggs et al., 2010; Clare et al., 2016; Mitchell, Churcher, 

Garner, & Fisher, 2008; Rachowicz & Briggs, 2007).  

Pathogen Circulation in Multi-Host Systems 

Amphibian larvae typically undergo development in mixed species communities, and 

significant heterogeneity in susceptibility to infection exists among species (Blaustein et al., 

2005; Gervasi et al., 2013; Searle, Biga, Spatafora, & Blaustein, 2011). Differences in host 

susceptibility have been recorded even at the early stages of Bd colonization (Van Rooij et al., 

2012). This conforms to a wider body of literature describing how species unevenly contribute 

to disease transmission in multi-host communities (Begon et al., 1999; Fenton, Streicker, 

Petchey, & Pedersen, 2015; Woolhouse et al., 2001). Pathogen persistence at a community 

level can be largely dictated by the composition of host species (Holt, Dobson, Begon, Bowers, 

& Schauber, 2003; Keesing, Holt, & Ostfeld, 2006). Different functional roles of host species 

include: reservoirs, where a species is largely tolerant of infection, thereby maintaining the 

infection and remaining infectious, without suffering significant mortality (Haydon, 

Cleaveland, Taylor, & Laurenson, 2002; Reeder, Pessier, Vredenburg, & Litvintseva, 2012); 

amplifiers, which readily transmit pathogens regardless of host diversity (Keesing et al., 2006); 

and dilution hosts, which buffer against disease transmission in the community by being 

resistant to infection and reducing exposure to other, more vulnerable species in the 

community (Johnson & Thieltges, 2010; Keesing et al., 2006; Logiudice, Ostfeld, Schmidt, & 

Keesing, 2003; Searle et al., 2011). Host responses to Bd infection across species encompass 
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all these classifications (see Box 1). Consequently, both the role (degree to which an individual 

host contributes to transmission) and density of hosts determine infection and transmission 

dynamics in pre-metamorphic larval communities. This has been explored infrequently in 

single-species systems (Blaustein et al., 2005; Rachowicz & Vredenburg, 2004; Rachowicz & 

Briggs, 2007), less so at the community level (but see Fernández-Beaskoetxea, Bosch, & Bielby, 

2016; Han, Kerby, Searle, Storfer, & Blaustein, 2015).  

(Best, White, & Boots, 2008) 

Box 1. Tolerance & Resistance  

One way to categorise host responses to infection is as being either resistant or tolerant to the pathogen. 

Resistance and tolerance describe host strategies for managing infection, sometimes referred to as defence 

mechanisms, to either directly fight against or indirectly lessen the effects of infection. Tolerance aims to reduce 

the consequences of pathogen accumulation (e.g. by mounting an effective immune response that reduces the 

damage caused by an infection), without directly reducing infection levels of the pathogen itself. However, this 

strategy of tolerance can be costly depending on the pathogen (e.g. through costs associated with healing damaged 

tissues or nutritional demands from the pathogen population). In comparison, resistance aims to directly reduce 

or eliminate pathogen accumulation in the host, by avoidance (i.e. decreasing contact), clearance (expelling the 

pathogen), or control (i.e. preventing pathogen proliferation once infected). These two mechanisms are seen as 

distinct strategies that trade-off (Best, White & Boots, 2008), however, they can be applied in combination, and 

can perhaps be thought of as representing two extremes of a continuum of possible responses.  

Resistance and tolerance in amphibian hosts 

Rana temporaria (the common frog) is considered to be a resistant host, commonly testing negative (Walker et al., 

2010) or demonstrating a low prevalence across a broad geographical range (Baláž et al., 2014).  

Bufo bufo (the common toad) is considered a tolerant host, as it is frequently detected with Bd infection, yet with 

only occasional occurrences of declines, for example as reported in (Bosch, & Martínez-Solano, 2006), which the 

authors noted did not present a significant trend.  

What is the role of resistant and tolerant hosts in the amphibian-Bd system?   

One possibility is that a resistant host, that is able to control an infection, essentially removes zoospores from the 

system without the detrimental infection consequences. The resulting reduction in other transmission 

opportunities to less resistant (more vulnerable) host species would lead to a dilution effect. However, this theory 

was tested by Bielby et al., (2015) who found that R. temporaria (a resistant host to Bd), did not reduce the risk of 

infection to another susceptible species when co-housed, presumably by being refractory to infection as opposed 

to removing zoospores, although zoospore quantification was not part of the study. Tolerant hosts, in contrast, by 

submitting to and maintaining infections for prolonged periods, have the potential to act as amplifying hosts within 

communities (Fernández-Beaskoetxea, Bosch, & Bielby, 2016; Scheele et al., 2017). 
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Ranavirus as a Co-circulating Parasite  

As amphibian larvae tend to exist in mixed species assemblages, so, too, do infecting parasites. 

Co-infections are common in wildlife (Hellard, Fouchet, Vavre, & Pontier, 2015; Petney & 

Andrews, 1998; Rigaud, Perrot-Minnot, & Brown, 2010) and parasitism by one species has 

been linked with an increase in susceptibility to subsequent infections (Lello, McClure, Tyrrell, 

& Viney, 2018; Telfer et al., 2010). In theory, there are grounds to believe that the effect of 

infection by one pathogen, such as immune suppression (Ezenwa, Etienne, Luikart, Beja-

Pereira, & Jolles, 2010; Ramsay & Rohr, 2021) or resource depletion (Budischak et al., 2015; 

Voyles et al., 2007), facilitates interactions between co-infecting pathogens within individual 

hosts, and potentially leads to downstream effects  on between-host transmission (Pedersen 

& Fenton, 2007). The global research community investigating disease-driven declines of 

amphibians has discovered several parasites other than chytridiomycete fungi that can cause 

increased mortality and in cases population declines (Blaustein, Grant Hokit, O’Hara, & Holt, 

1994; Green, Converse, & Schrader, 2002; Johnson & Hoverman, 2012; Johnson, Lunde, 

Ritchie, & Launer, 1999; Price et al., 2014; Teacher, Cunningham, & Garner, 2010). As with 

most of the Bd literature, though, the great majority of these studies take a one-host, one-

pathogen approach, which has served to highight another pathogen group, besides Bd, that 

is commonly associated with amphibian mass mortality events and also considered a 

conservation threat to amphibians: the ranaviruses (hereafter, Rv). Ranaviruses are 

pathogens of amphibians, reptiles and fish, and are behind an emerging pattern of European 

amphibian species declines (Price et al., 2017). Unlike Bd, infection with ranaviruses can 

induce mortality in all life history stages, other than eggs (Bayley, Hill, & Feist, 2013; Duffus, 

Nichols, & Garner, 2014; Gray, Miller, & Hoverman, 2009). As with Bd, the extent of pre-

metamorphic infection costs of Rv infections is known to be species-specific (Duffus et al., 

2014). For example, Rv is believed to be responsible for over 80% decline in Rana temporaria 

populations in UK (Teacher et al., 2010), and responsible for mortality in the tadpole stage 

(Bayley et al., 2013).  Much of what has been published on co-circulating, and to a far lesser 

extent, co-infection parasites and the consequences for amphibians focusses on Bd and 

ranaviruses (Hoverman, Mihaljevic, Richgels, Kerby, & Johnson, 2012; Ramsay & Rohr, 2021; 

Reshetnikov et al., 2014; Rosa et al., 2017; Schock et al., 2010; Souza, Gray, Colclough, & 

Miller, 2012; Warne, La Bumbard, La Grange, Vredenburg, & Catenazzi, 2016; Whitfield et al., 
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2013). Our knowledge on the interactions between these two pathogen groups is far from 

complete and is based largely on post-mortem sampling (Martel et al., 2012; Miller et al., 

2008). As such, parasite mediated changes to prevalence and severity of infection are based 

on opportunistic samples (Bielby et al., 2020; Watters, Davis, Yuri, & Siler, 2018), which may 

bias our assessment of the true nature of any interactions, associations and impacts of Bd and 

ranaviruses more generally. Studies experimentally manipulating pathogen exposures are 

therefore needed to compare how single-species host responses to a pathogen may shift with 

co-exposure to a secondary parasite. As far as I am aware, there have been few experimental 

studies using Bd and Rv to this effect and none exploring co-exposure in larval amphibians. 

Transmission 

Environmental Transmission of Bd 

Understanding of the mode and nature of Bd transmission, particularly in aquatic 

environments, is often confounded by the complexities of the system and the challenges of 

creating realistic experimental designs. Possible routes of transmission for Bd that have been 

proposed are direct contact with infected host by physical contact with infected site (Courtois, 

Loyau, Bourgoin, & Schmeller, 2017), necrophagy (Pearman, Garner, Straub, & Greber, 2004), 

indirect transmission via the aquatic environment, or possibly indirect transmission via 

fomites (e.g. sediment (Kirshtein, Anderson, Wood, Longcore, & Voytek, 2007)). The 

preferred model for Bd transmission, presently, is that of a ‘zoospore pool’ where amphibians 

are uniformly exposed to free-swimming zoospores in the aquatic environment (Briggs et al., 

2010). For example, one study that examined field and lab data for transmission within the 

tadole stage looked at Bd-infected mountain yellow-legged frogs (Rachowicz & Briggs, 2007), 

and found infection occurred from exposure to water without direct contact needed for 

transmission. However, despite, indirect transmission being seen as a prominate transmission 

pathway, and models suggesting that the presence of an environmental reservoir increases 

pathogen persistence (Mitchell et al., 2008; Rachowicz & Briggs, 2007; Wilber, Knapp, 

Toothman, & Briggs, 2017), experimental approaches exploring host contribution to this 

‘zoospore pool’ remain limited (but see DiRenzo, Langhammer, Zamudio, & Lips, 2014; 

DiRenzo et al., 2018; Maguire et al., 2016; Reeder et al., 2012). Additionaly, little is known 

about the longevity, activity or spatial distribution of Bd zoospores in this ‘zoospore pool’, 
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except Piotrowski, Annis, & Longcore (2004) which demonstrated, under laboratory 

conditions, that Bd zoospores travel on average 2cm before encysting and that few zoospore 

remain motile after 24 hours. Hence, flagellated Bd zoospores are likely to primarily be reliant 

on water movement, and potentially the movement of hosts, for longer-range dispersal 

(Daszak et al., 1999). If Bd transmission is limited by how far zoospores can travel and their 

short-term viability, understanding species-specific and individual-level host attributes (e.g. 

susceptibility, infectiousness and aggregation behaviour) that influence transmission rates, 

may provide insight into the variation in disease transmission and prevalence across multi-

host communities.  

Components of Transmission  

Transmission is a key process determining how a parasite spreads through a population 

(Anderson & May, 1986). Although described by a single, ‘black-box’ term, transmission is 

actually a series of processes involved in the passing of an infection from one infectious host 

individual to another, susceptible host. Although the details will depend on the specific life-

cycle of a parasite in question, broadly the transmission process can be broken down into 

three stages: (i) infectiousness (how infectious an infected host is, relating to the generation 

and/or release of the infective stages of the parasite), (ii) contact (the rate at which 

susceptible hosts encounter the parasite infective stages, in such a way that could potentially 

result in infection of that host, and (iii) susceptibility (relating to the probability of the 

susceptible host becoming infected, given contact with a parasite’s infective stage) (McCallum 

et al., 2017). Each of these stages may be determined, to varying extents, by combinations of 

properties relating to the host, the pathogen and the environment. By partitioning 

transmission into this series of stages, rather than subsuming into a single black-box term, 

allows empirical measurements at each stage, and explicit evaluation of potential 

heterogeneities at each stage. Heterogeneity in any one of these three components can lead 

to overall heterogeneities in disease transmission (VanderWaal & Ezenwa, 2016) which 

potentially alters overall transmission behaviour (McCallum et al., 2017). Here I describe each 

of these stages in more detail, both in general terms, and also in specific relation to Bd in 

amphibian hosts: 
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i)  Infectiousness  

Host infectiousness describes the number of infectious agents produced by infected hosts, 

and the period over which they are shed from the host, contributing to onwards transmission 

potential. For a key metric determining a host’s contribution to a disease system, it is one of 

the most challenging to quantify. Parasites are typically not distributed uniformly across 

infected hosts, often varying both temporally and spatially among hosts (Shaw & Dobson, 

1995; Sweeny, Albery, Venkatesan, Fenton, & Pedersen, 2021; Woolhouse, Taylor, & Haydon, 

2001). Such variation can result in a non-linear relationship between the infection load of a 

host and its infectiousness. Bd, for example, is not instantaneously infectious upon 

colonisation of a new host, as its life cycle requires a period for zoospore production that 

takes several days (Berger et al., 2005). Host parasite control strategies (e.g., via the immune 

response) will further shape parasite proliferation, possibly in a load-dependent fashion, 

thereby mediating the infectious output and infectious duration of the host (Budischak et al., 

2015). As explained above, studies quantifying infectious output (zoospore shedding rates) 

for amphibians infected with Bd have focussed on post-metamorphic animals (DiRenzo et al., 

2014; Maguire et al., 2016; Reeder et al., 2012). However, the reduced infection site and lack 

of effective parasite control strategies in pre-metamorphic animals has the potential to result 

in a different relationship between infection load and infectiousness, meaning findings from 

post-metamorphic animals may not apply to these stages.  

ii) Contact rates  

The rate at which susecptiible hosts contact a parasite’s infective stages will depend on the 

mode of transmission, host movement behaviour, and potentially behaviour of the parasite’s 

infective stages (or those of an infected host, intermediate host or vector, as appropriate), if 

they are motile. In particular, heterogeneities in contact frequency can result from among-

individual differences in behaviour (e.g. social interactions, anti-predation response, foraging 

performance, and aggregation behaviour), which can alter exposure to pathogens; these 

behaviours may also be modified by existing pathogen infections (Drewe, 2010). For example, 

adjustments in between-individual interaction tendencies have been observed in certain 

species of social tadpoles, which increase aggregation behaviour when infected by Bd (Han, 

Bradley, & Blaustein, 2008; Venesky, Kerby, Storfer, & Parris, 2011), consequently increasing 
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the likelihood of further disease transmission. While aggregation in certain species has been 

established to be a predictor of Bd infection intensity (Venesky et al., 2011), increased contact 

rates do not always lead to greater pathogen load (Araujo, Kirschman, & Warne, 2016).  A 

reason for this may be that Bd transmsision, particularly among pre-metamorphs, may be 

dominated by indirect transmission via the aquatic environmental pool of zoospores, rather 

than direct host-to-host contact. In host-parasite systems where indirect transmission is the 

predominate pathway for  parasite spread, infection dynamics may be driven by the force of 

infection in the environment (Peace et al., 2019; Rumschlag, Roth, McMahon, Rohr, & 

Civitello, 2022). Hence, the occurrence of environmental transmission may modify the 

relationship between host densities and the accumulation of infections. Determining the role 

environmental transmission plays in driving Bd spread among groups of the pre-metamorphs 

is clearly an important research area for understanding Bd dynamics within amphibian 

communities. 

iii) Susceptibility  

In terms of its role in parasite transmission, host susceptibility can be considered the 

probability an uninfected individual becomes infected given suitable contact with an 

infectious agent. Heterogeneity among potential hosts in susceptibility can be attributed to 

both host traits (e.g. life-history stage and immune response, which may in turn by affected 

by prior exposure to both the same parasite or a co-infecting parasite, which may mediate 

response to the focal parasite) and parasite traits (e.g. route of exposure, exposure dose, 

infectivity) (Petney & Andrews, 1998). These host-parasite attributes can act in combination, 

making the causes of susceptibilty challenging to unpack. Consequently, susceptibilty is often 

assessed through dose-response experiments describing the likelihood of infection given 

quantified pathogen exposures (Plowright et al., 2017). Dose-response experiments for the 

Bd-amphibian system have found evidence of differences in host susceptibility from variation 

in infection prevalence, infection burden and mortality risk of tadpoles exposed to Bd (S. 

Gervasi et al., 2013; Sauer et al., 2020). Stockwell, Clulow, & Mahony, (2010) indicated that 

host species identity was a key determiner of the outcome of pathogen exposure, ultimately 

determining whether individuals crossed over an infection threshold, linked to increased 

mortality risk. However, given the array of factors influencing susceptibilty, a host’s 

receptiveness to infection may not always link to the functional role it plays in driving 
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transmission at the community level. For example, Stockwell et al., (2010) found two related 

host species to be equally susceptible to infection with Bd (100% prevelance as tadpoles), but 

one species (Litoria aurea) increased infection load over time whereas another species 

(L.peronii) decreased infection over time.   

Predicting community-level transmission dynamics 

Given the variation typically seen among host species in their susceptibility to infection, 

behaviour and infectiousness, the composition of a community (i.e., the relative and absolute 

abundances of the different host species) will be a strong determinant of the likelihood that 

a pathogen will invade, persist and/or have a detrimental impact (Brannelly et al., 2018; 

Fenton & Pedersen, 2005; Haydon et al., 2002; Streicker, Fenton, & Pedersen, 2013; Viana et 

al., 2014). However, understanding the contributions hosts play to community-wide 

transmission and impact in natural systems is highly challenging, with identification of 

amplification or dilution host species being clearly identified for very few well-studied 

systems (Kilpatrick, Daszak, Jones, Marra, & Kramer, 2006; Levi, Keesing, Holt, Barfield, & 

Ostfeld, 2016; Logiudice et al., 2003). The key problem is how to scale up from information 

on levels of infection at the individual level, to predict the implications for transmission and 

spread at the host population or community level. Mathematical modelling can be a valuable 

tool in helping to achieve this, by collating data on host-specific measures of susceptibility 

and infectiousness, and integrating them into a robust framework to predict the 

consequences of alternative community composition scenarios for the spread, magnitude 

and impact of a focal pathogen.  

Despite their potential power, mathematical models clearly have limitations, as even for well-

studied systems there are a large number of unknowns, both quantitative, in terms of specific 

parameter values, and qualitative, in terms of structural assumptions about how the 

components interact. In particular, for host-parasite models, the transmission component is 

notoriously difficult to estimate (Fenton, Fairbairn, Norman, & Hudson, 2002; McCallum et al., 

2017; Rachowicz & Briggs, 2007; Smith et al., 2009). Breaking the transmission process down 

into a series of steps as described above can certainly help with this. In particular it can be 

possible to quantify through controlled experiments the host susceptibility and infectiousness 

components of transmission. However, quantifying the contact process can be logistically 



 - 18 - 

very challenging. While it may be possible to quantify host-to-host contact rates for some 

systems experimentally in the lab (Brunner, Beaty, Guitard, & Russell, 2017; D’Amico, Elkinton, 

Dwyer, Burand, & Buonaccorsi, 1996; Fenton et al., 2002; Knell, Begon, & Thompson, 1996; 

Orlofske et al., 2018), doing so in a meaningful way for environmentally transmitted parasites 

may be impossible, as those contact rates are likely to be highly sensitive to 

(micro)environmental factors in the natural setting. In the absence of such information, an 

alternative approach is to construct models with alternative assumptions about contact rates, 

and conduct rigorous sensitivity analyses to assess the consequences of alternative scenarios 

or parameter values relating to the contact process. Hence, although constrained, such 

modelling frameworks can be invaluable for integrating individual-level information about 

infection-related parameters, and scaling up to predict their impact on population or 

community-level transmission dynamics of the parasite. 

Outline and aims of thesis  

The overarching aim of this thesis is to build an understanding of how host species-specific 

variation in susceptibility and infectiousness of pre-metamorphs combine to determine the 

relationship between host community composition and the potential spread of Bd within 

multi-host tadpole communities. I do this through a combination of controlled lab 

experiments to quantify species-specific susceptibility and infectiousness levels, which I then 

couple with a series of mathematical models to understand how those species-level 

components interact to drive Bd transmission at the host community level. The thesis is 

organised into the following chapters: 

Chapter 2: quantifying species-specific host susceptibility 

In this chapter I experimentally quantified the individual-level susceptibility to Bd of three 

amphibian hosts, believed to show different responses to Bd exposure. Susceptibility was 

quantified as both the proportion of individuals that became infected, and their accumulation 

of infection loads, for each species.  In addition, I quantified effects of pathogen exposure on 

host-specific mortality rates. As part of this I also explored how prior or subsequent co-

exposure to ranavirus, as an additional environmental stressor, affected infection status and 

survival of the different species.  
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Chapter 3: quantifying species-specific host infectiousness 

In this chapter I sought to quantify the contributions that infected hosts of the different host 

species in Chapter 2 make to the environmental pool of zoospores, and therefore their 

contribution to potential transmission dynamics. As part of this I quantified how infection 

loads on individual hosts accumulated over time post-exposure, and assessed levels of within- 

and between-species heterogeneities in those loads. I then quantified the relationship 

between on-host load and zoospore shedding rates into the water to quantify the 

contribution each host makes to transmission potential through the environmental pool. As 

in Chapter 2, I also carried out experiments involving exposure to ranavirus to assess whether 

prior or subsequent exposure to such a co-circulating pathogen affects Bd load accumulation 

or shedding rates of the different host species. 

Chapter 4: modelling 

Finally, I used the data collected from Chapters 2 and 3 to parameterise a series of 

mathematical models to predict their community-wide consequences for within-season Bd 

transmission and spread within hypothetical multi-host tadpole communities. Motivated by 

the data generated from my experiments, these communities were assumed to comprise one 

largely ‘resistant’ host species, and one largely ‘tolerant’ host species, and I assessed how the 

presence and abundance of either host species was predicted to affect overall levels of 

infection within each host population.  Sensitivity analyses were conducted to quantify how 

these predictions were affected by alternative assumptions about the unknown contact rate 

between hosts and zoospores in the environment. In addition, I explore alternative models 

which make different assumptions about infection load accumulation due to reinfection in 

the ‘tolerant’ host species, and the implications for contributions to transmission via the 

zoospore pool through associated increased shedding rates. 
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Chapter 2 | Investigating susceptibility in multi-host, multi-pathogen 

systems: experimental co-exposure of Bd and Rv across a panel of 

three amphibian host species  

Introduction  

Although the great majority of parasites can infect multiple hosts, not all hosts that can be 

infected are infected to the same level, or contribute equally to community transmission 

(Dobson, 2004; Holt et al., 2003). This is in part because host susceptibility to infection and 

disease can vary enormously across and within species, and across the lifespan of an 

individual. Characterising host susceptibility, therefore, is a key objective in epidemiology, but 

is not an easy task. Finding and sampling putative hosts for infections is difficult for many 

animal species, as infections can be cryptic and detection often requires highly invasive and 

sometimes lethal sampling. Estimating susceptibility is therefore commonly done in species 

that are easy to capture and sample, and using individuals that are readily available, such as 

the moribund or deceased (Bosch & Martínez-Solano, 2006; Bosch et al., 2021; Greener et al., 

2020; Murray, Skerratt, Speare, & McCallum, 2009). While informative for some highly 

virulent infections with limited host range, parasites with the broadest host ranges encounter 

a comparably wider range of host susceptibilities, and typically have a wider range of impacts 

on those hosts. In these systems where both host survival and maintenance of transmissible 

infections can be prolonged and variable, hosts exhibiting extremes of these traits (i.e., 

surviving and remaining infectious for long periods) can play disproportionately important 

roles in transmission dynamics.  

The chytridomycete fungus Batrachochytrium dendrobatidis (Bd) was first identified as the 

cause of mass mortality and species declines in New World and Australian amphibians (Berger 

et al., 1998). The development of a non-lethal molecular diagnostic led to widespread 

sampling, the result of which is that Bd is now accepted as an extreme generalist, parasitising 

hundreds of amphibian species (Boyle, Boyle, Olsen, Morgan, & Hyatt, 2004; Fisher & Garner, 

2020). Over 500 amphibian species from across the world are now thought to have 

experienced declines due to chytridiomycosis, but only 124 of these species fall into the most 

critical categories of decline (Scheele et al., 2019). Several species are known to be susceptible 
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to infection without experiencing disease, or at least without experiencing severe enough 

manifestations to categorize infection as a conservation threat. There is a phylogenetic 

component to species-level susceptibility, but life history also plays a role in mediating the 

risk of species becoming infected and/or succumbing to those infections. In particular, larval 

stages are comparatively tolerant of infection and can act as reservoirs, amplifying Bd 

infections before the onset of metamorphosis (Briggs et al., 2010; Kilpatrick, Briggs, & Daszak, 

2010, but see Garner et al., 2009). As such, species intimately associated with permanent 

water bodies and with an obligatory aquatic life history stage, or direct-developing, strictly 

terrestrial species in wet, humid environments are more likely to succumb to chytridiomycosis 

(Bielby, Cooper, Cunningham, Garner, & Purvis, 2008; Mesquita et al., 2017; Scheele et al., 

2019). This is likely attributable to the Bd mode of transmission via an externalized, motile 

and aquatic zoospore. 

While species-level host identity is clearly important in dictating the probability and strength 

of infection, infraspecific variation in host responses is also important. Species that have 

declined due to chytridiomycosis at one location may persist with infections at another 

without any evidence of demographic impacts (Puschendorf et al., 2011; Walker et al., 2010). 

This may explain why several species that have experienced catastrophic declines persist as 

remnant populations, and at least 60 species appear to be recovering from chytridiomycosis-

driven declines (Scheele et al., 2019). Notably, larval populations can exhibit significant 

variation of infection metrics (e.g. Walker et al., 2010). Mortality in indirectly developing and 

susceptible species largely accumulates at or soon after metamorphosis and mortality rates 

are strongly linked to prevalence and burden of infection in these cohort recruits (Bosch et 

al., 2001; Briggs et al., 2010). Thus there is a clear link between pre-metamorphic transmission 

dynamics and the demographic impacts of chytridiomycosis on amphibian populations (Briggs 

et al., 2010; Louca, Lampo, & Doebeli, 2014; Rachowicz & Briggs, 2007). In support of this, 

larval populations of a highly susceptible European species with the most extreme infection 

values are experiencing epidemic disease dynamics, while in places where infection is weaker, 

enzootic dynamics appear to have emerged (Bates et al., 2018; Walker et al., 2010). 

The question, then, is how do the infection metrics of populations of tadpoles end up so 

diverged? One possibility is that tadpole densities may be altered, potentially through 

extrinsic processes, such that chains of transmission are weakened (Johnson, Hartson, Larson, 
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& Sutherland, 2008). Support for this comes from studies of another amphibian pathogen, 

ranavirus. Here, experimentally increased larval mortality caused by predators reduced 

ranavirus prevalence by up to 83% (Gallagher et al., 2019). However, evidence also exists in 

support of innate intraspecific heterogeneity of larval host susceptibility. For example, several 

experiments have described a consistent effect of common toad larval growth metrics on 

susceptibility to Bd post-metamorphosis (Garner, Rowcliffe, & Fisher, 2011; Garner et al., 

2009; Smith et al., 2022). Capturing vital rates in populations of tadpoles in the wild is 

impossible for the majority of anuran species, so for this reason I decided to take an 

experimental approach to assess infection metrics of tadpoles. 

To assess inter- and intraspecific host susceptibility I experimentally exposed individual Alytes 

muletensis (Am; the Mallorcan midwife toad), Bufo bufo (Bb; the common toad) and Rana 

temporaria (Rt; the common frog) to Bd and determined the prevalence and strength of 

infections. I focussed on the stage of larval development where infection could occur but 

ended the experiment before the process of metamorphosis was advanced, as my objective 

was to generate infection metrics for exploration of transmission dynamics in tadpole 

communities, a task I address in Chapter 4. I also sought to understand the effect of mortality 

on Bd infection levels, using another emerging pathogen threat to amphibian biodiversity that 

can kill amphibian larvae. Ranaviruses have been responsible for widescale mortality of 

amphibians in the UK and the Americas (Price et al., 2017). More recently, ranavirus 

emergences have begun to threaten amphibian communities across Europe and in a 

landscape already affected by emergent chytridiomycosis (Price et al., 2014; Rosa et al., 2017). 

New evidence argues that where ranaviruses are driving community declines, the impacts of 

Bd are insignificant, which may indicate that mortality due to ranavirosis is preventing Bd 

transmission dynamics reaching lethal levels as they do at other locations across Iberia (Bosch 

et al., 2021; Price et al., 2014; Walker et al., 2010).  
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Methods  

Husbandry of my three focal species and all experimental protocols, including euthanasia, 

were approved by ZSL’s Ethics Committee before I started work. Experiments were conducted 

under license and after approval by the Home Office (PPL P8897246A). Am and Bb are both 

susceptible to infection with Bd, but members of the genus Alytes are considered highly 

susceptible to the disease chytridiomycosis and Am has experienced declines due to 

chytridiomycosis (Baláž et al., 2014; Doddington et al., 2013). Common frogs (Rt) are generally 

resistant to experimentally generated infections and are considered at low risk of 

chytridiomycosis (Table 1, also includes host species susceptibilities to Rv; Baláž et al., 2014; 

Bielby et al., 2015; but see Clare et al., 2016).  

 

Table 1. Pathogen susceptibility of each study species and supporting references. Score is 

relative. Evidence obtained from field studies are denoted with an asterisk (*) and data 

obtained from life-history stages other than larval are indicated by (¥). Citation for Am and Rv 

is for a congener Alytes obstetricans and I assume susceptibility is representative.  

Host species 
(common name) 

single exposure susceptibility (Bd) single exposure susceptibility (Rv) 

score reference score reference 

Alytes muletensis 

(Am: Mallorcan 
midwife toad) 

high Doddington et al., (2013) ¥ 

Pasmans et al., (2013)  

Gabor, Fisher, & Bosch, 
(2013) *¥ 

Unknown, 
assumed 
high 

Price et al., (2014)  

Bufo bufo 

(Bb: Common 
toad) 

med-high Garner et al. (2009) ¥ low Duffus et al., (2014) ¥ 

Rana temporaria 

(Rt: Common frog) 

low Bielby et al., (2015)  high  Bayley, Hill & Feist (2013) ¥ 

Duffus et al., (2014) ¥ 

 

Clutches of Bb and Rt eggs were collected in Feb 2018 from a pond with no known history of 

amphibian disease. Hatched tadpoles were reared as single-species, mixed groups in 90L tubs 

filled with aged tap water, with airlines, filters, and natural plant material. I changed 10% of 

tub water every other day, and conducted welfare checks daily, feeding tadpoles Tetra 

TabiMin tablets ad libitum. Once larvae were free-swimming and of a similar mass and 
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development stage (approximately Gosner Stage 25, Gosner, 1960) they were transferred to 

an indoor facility. Am tadpoles were reared in the indoor facility under license (Current PEL: 

XBABDAACB). All tadpoles were acclimatised to their experimental units (14:10 light:dark 

cycle, ambient temp 20˚C ± 2) for 7 day before I began experimental procedures. For 

experiments, tadpoles were housed individually in plastic Really Useful Boxes (Am: 1.7L RUBs 

with 1L of dechlorinated, aerated tapwater; Bb and Rt: 0.75L RUBs with 375mL of 

dechlorinated, aerated tapwater, referred to as housing container hereafter, see Methods S2 

for more detail). I changed water throughout experiments every 4th day, and regularly tested 

nitrate, nitrite and ammonia levels in supply and housing container water. I fed tadpoles 

ground Tetra Tabimin tablets and Spirulina dispersed in double-distilled water to the ratio 

1g/100mL (Am = 400 µL, Bb and Rt = 200 µL), every other day. 

Each experiment was designed to test the effect of exposure to a secondary pathogen (Rv) 

immediately preceding or following a series of exposures to Bd, following a regime that has 

previously been used to generate infections in both Bb and Am (Garner et al. 2009; 

Doddington et al. 2013, see Figure 1 for design and Table S1 for details of exposure regimes). 

These two co-exposure treatments were coupled with single pathogen treatments and two 

negative controls accounting for the two timings of Rv exposures (Figure 1). I used a BdGPL 

isolate (IA’9’13; O’Hanlon et al. 2018) and exposed tadpoles 6 times to 150,000-200,000 Bd 

zoospores per inoculum and an FV3-like ranavirus (RUK13; Cunningham, Hyatt, Russell, & 

Bennett, 2007) to which I exposed tadpoles a single time using 104.5 TCID50/ml. I assigned 20 

(Bb and Rt) or 14 (Am) tadpoles per treatment group (total animals for each experiment: Bb, 

Rt n = 120; Am n = 84). I exposed tadpoles by adding inoculum directly to the housing 

container immediately following a water change and at a reduced water volume. After 6 

hours, I topped up containers and left the water as is until the subsequent water change. 

Further details about parasite culturing and exposures are given in Appendices 

(Supplementary Methods S2, Table S1).  



 - 25 - 

 

Figure 1. Experimental design showing the exposure and sampling regimes. Parasite 

exposures took place between days 1-14, with yellow denoting an exposure to Bd, green an 

exposure to Rv, and grey, cross-hatched boxes a sham exposure with the parasite culture 

medium used indicated. Days 15-23 cover the sampling period, with blue squares indicate 

when shedding samples were collected from individuals for Chapter 3. 

 

Four experiments were conducted sequentially in batches (1 = Bb, 2 = Bb, 3 = Rt and 4 = Am), 

using the same design. Animals were exposed over a 14 day period and experiments lasted 

23 days, including exposures. I conducted welfare checks throughout the experiment and any 

tadpoles exhibiting humane endpoints (see Supplementary Methods S3 for details), as well 

as all survivors to day 23, were euthanized using an overdose of buffered (pH 7.0) 5 mg/L 

tricaine methylsulfonate (MS-222). I stored carcasses in 100% ethanol for subsequent 

molecular quantification of parasite infection at 9 days post exposure (dpe). I then dissected 

tissue samples from tadpoles, replacing scalpel blades and sterilising forceps (sequential 

soaks in 1% Virkon, 70% ethanol, and double distilled water) between animals (Bryan, 

Baldwin, Gray, & Miller, 2009; M. L. Johnson, Berger, Philips, & Speare, 2003). I removed the 

oral disc/mouthpart for Bd analysis, as this is the site of Bd infection in tadpoles (Berger et al., 

1998; Longcore, Pessier, & Nichols, 1999). I then eviscerated tadpoles for Rv detection: 

kidney, liver, and intestine are all infected by ranaviruses (Robert, George, De Jesús Andino, 

1 2 3 4 5 6 7 8 9
Treatment group 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

co-exposure (Rv ->Bd) 

co-exposure  (Bd > Rv) 

single exposure  (sham - Rv) Bd Bd Bd Bd Bd Bd

single exposure  (sham - Bd) Rv

control 1 (sham) Bd Bd Bd Bd Bd Bd Rv

control 2 (sham) Rv Bd Bd Bd Bd Bd Bd

Days-post-exposure
Experimental day
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& Chen, 2011). I extracted tadpole mouthparts using 50µL of Prepman Ultra (Life 

Technologies/ ThermoFisher) with zirconium beads (BioSpec), as per Hyatt et al., (2007). 

Ranaviral DNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen) following the 

manufacturer’s protocol, resulting in 200µL of eluate. I quantified pathogen DNA in 

extractions using quantitative polymerase chain reaction (qPCR) diagnostics specific to each 

parasite, run on a StepOnePlus Real-Time PCR System (Thermofisher Scientific). Bd extracts 

were screened by a qPCR targeting the ITS-1 and 5.8S regions, as outlined in Boyle et al. (2004) 

with modifications from Garner et al. (2009). Values are reported as genomic equivalents (GE) 

as estimated against a series of concentration standards included in each PCR plate. Rv 

extracts were analysed with a qPCR assay specific to the ranaviral major capsid protein (MCP) 

sequence, with positive samples assayed by qPCR for the EBF3N to accomplish normalisation 

of MCP quantity by host cell quantity to provide an effective viral load, as outlined in Leung 

et al., (2017). All samples were deemed positive if both wells amplified, displaying sigmoidal 

amplification curves with less than one standard error. We expressed Bd infection load in 

genomic equivalents (GE), where one GE is equivalent to a single zoospore. Infection 

thresholds for this study were > 0.1 for Bd or > 3 effective viral loads for Rv (Bosch et al., 

2020). I did not assay Rv load for one common toad tadpole (C2.18, Bb, Rv treatment) so for 

analysis I used the average value for other samples in treatments involving Rv exposures in 

both Bb experiments for statistical analyses. 

Statistical Analysis  

I conducted statistical analyses using R version 4.0.4 (R-Core Team, 2021). Animals from 

control groups were excluded from all models as individuals were uninfected by design and 

all tested negative for infection using both qPCRs. I did not detect a significant difference in 

infection load (GE) between the two Bb exposure groups (Welch’s t=1.6823, df = 113.57, p-

value = 0.09526), so I used species as a predictor in all analysis without distinguishing between 

the separate toad experiments (see Appendices, Supplementary Methods S1). 

I built generalized linear models (GLMs) for each pathogen to assess which variables affected 

probability of infection, using infection status (scored as a binary, 0 = uninfected, 1 = infected) 

and burden (Bd: GE score and Rv: normalised viral load) as response variables in separate 

analyses. For infection status, I implemented a Bayesian binomial GLM using the R package 

‘arm’. For assessing burdens, I first removed zero (uninfected) values from the dataset, and I 
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compared the goodness-of-fit of data to models with Gaussian, Gaussian with log-

transformed data, Gamma, and Gamma with log-link error structures: in all cases, Gamma 

with the log-link function performed the best by AIC. Hence I present the results from GLMs 

with Gamma error structure, which accounted for positively-skewed data, and log-link 

transformation. Each model included the covariates treatment (categorical: Bd, Rv, Bd-Rv and 

Rv-Bd) or scenario (categorical: singularly infected, co-infected) and species (categorical: Am, 

Bb, and Rt), and I compared models with combinations of the covariates using AIC scores, 

where models with a difference of 2 AIC units from the top-ranking model were excluded. I 

used a Tukey’s post hoc test using the glht function in the ‘multcomp’ package, to examine 

the effects of the covariates highlighted as significant by the GLMs. 

Survival data were analysed using a right-censored survival object as a response, comprising 

of time-to-event (days survived since first exposure to either pathogen) and an indicator 

variable for censoring, representing whether mortality was observed (1) or not (0). I censored 

all tadpoles that survived to the end of the experiment (dpe 9). We included control animals 

in this analysis to test treatment-specific mortality rates against the mortality rate that could 

unambibuously be considered not attributable to pathogen exposure. I plotted Kaplan Meir 

survival curves in the R package ‘survival’ and tested whether the curves were significantly 

different using log-rank tests. I also used Cox Proportional Hazard (CPH) models to investigate 

the effects of species and parasite treatment on survival. To circumvent issues with low 

mortality, I also constructed a Bayesian GLM using the same explanatory terms as in the CPH 

model and adding parasite infection load (Bd: GE score and Rv: normalised viral load). The 

survival models were then i) compared with likelihood ratio test (LRT) for nested CPH models, 

and ii) ranked by AIC, for the GLM models, as AIC only partially works for CPH models. Further 

information on survival analyses is included in the Appendix (Methods S4). 

Results 

The percentage of individuals infected with Bd varied by species (average across all 

treatments: Am = 57.14%, Bb = 58%, Rt = 18%; Figure 2 red bars; raw data in Table S2) but Bd 

prevalence was broadly comparable across all treatment groups that included Bd in the 

exposure protocol (treatments: Bd = 75.68%, Bd-Rv = 81%, Rv-Bd = 78.38%). The dominant 

effect of species on Bd prevalence was recapitulated in the best fitting Bayesian model, which 
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only included host species identity as the explanatory variable (bayesGLM, Am Z = 4.348, p < 

0.01; Bb Z = -0.016; p = 0.987; Rt Z = -5.083, p < 0.01; Table S3). The Tukey post-hoc test 

revealed that the overall difference in prevalence was driven by the paucity of Bd infections 

in Rt tadpoles (Tukey contrasts: Bb v Am: Z = -0.016, p = 1; Rt v Am: Z = -5.083, p < 0.00001; 

Rt v Bb: Z = -7.346, p < 0.000001). 

 

 

Figure 2. Prevalence of Bd (red) and Rv (blue) detectable parasite infections in individual 

tadpoles by species and parasite exposure (x axis: treatment group). Detection thresholds 

were >0.1 GE for Bd and >3 normalised viral loads for Rv. Bars represent binomial (logit) 95% 

confidence intervals.  

 

The number of tadpoles infected with Rv was dramatically lower than for Bd (Figure 2, blue 

bars). Only 17 of 222 tadpoles exposed to Rv across all species and treatments were infected 

at 9 dpe, all of which were co-infected with Bd; the majority of these (n = 15) were from the 
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rv-bd treatment group and most of which (n = 15) were toad tadpoles. Lowering the infection 

threshold from 3 to 0.1 normalised viral loads/units only increased the number of Rv infected 

animals by 1, a common frog tadpole, again in the Bd-Rv treatment group. Due to the paucity 

of positive Rv samples, I did not conduct a formal statistical analysis of these infection data. 

These broad trends were unaltered when exploring parasite infection loads (Figure 3a). As 

with prevalence, Bd infection loads differed based on species identity but not treatment (the 

most parsimonious model within 2 AIC units of the top-ranking model contained ‘species’ as 

the only term, and the three models within 2 AIC units of the top-ranking model included 

‘species’, with the others including either ‘scenario’ or ‘treatment’). Unlike with prevalence 

of Bd, however, average infection load was significantly different between Am and Bb, with 

Bb tadpoles more heavily infected (Am = 11GE, Bb = 73GE; GLM, Am t = 14.8, p= < 0.001, Bb 

t= 9.3, p < 0.001, Rt t = -4.2, p < 0.001; Figure 3). Moreover, GE values exhibited greater 

variation amongst toad tadpoles than for the other species, but there were no significant 

differences between the two experiments involving Bb (Bb1, mean GE 90.8; Bb2, mean GE 

64.9, Welch’s t = 1.6823, df = 113.57, p-value = 0.095). There was no significant effect of 

treatment on Bd loads (GLM Bd-Rv t = -1.034, p = 0.3, Rv-Bd t = -0.969, p = 0.3). Rv infections 

were confined to a few highly infected individuals in the co-exposure groups (Bb: n = 15, mean 

749 normalised viral load; Rt: n = 2, mean = 13506 normalised viral load, Figure 3), otherwise 

we observed no detectable Rv infections. Again, due to the paucity of positive Rv infections 

across the experiment, I did not conduct formal analyses of these data, but further details on 

infection prevalence and load for both parasites can be found in Table S2.  
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Figure 3. Individual variation in infection loads changes with species (colour) and parasite 

exposure (treatment group) for a) Bd and b) Rv. Individual data points (small black points) 

indicate individuals with infection loads crossing the respective infection thresholds (Bd ³ 0.1 

GE; Rv > 3). Note that we detected few Rv infections across all experiments (n = 17).  

 

We observed few mortalities across species and treatment groups (31 across all groups); this 

included cases where ethical endpoints were met before the end of experiments. High 

survival rate was reflected in the overall predicted mean survival time of 21 days. Survival 

outcome differ significantly across species (log-rank test: log rank test: 𝜒! = 6.7, df = 2, p = 

0.04), however Am tadpoles did not die at any time before the end of this experiment. 

Treatment had a significant effect on mortality in Bb and Rt (log rank test: 𝜒! = 35.7, df = 4, p 

= <0.001, Figure 4). The uncensored CPH model suggested tadpoles in a Rv-Bd treatment were 

25% more likely to die than tadpoles in the other treatments, adjusting for species. Most 

deaths in the Rv-Bd treatment groups were Bb tadpoles (n = 13). Further data exploration 

showed that in the Bb tadpole Rv-bd treatment group the same number of individuals were 

recorded with detectable Rv infections, the highest number of Rv infections reported across 

species and treatment combinations. To assess potential differences in Rv infection burdens 
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between individuals that survived compared to those that died before the end of the 

experiment, I carried out a t-test. I found there was no significant difference in the Rv infection 

loads (Welch t-test t = 1.4207, df = 13, p-value = 0.1789, Figure S1).  I tried to run a Bayesian 

binomial GLM to explore whether infection load of the parasites influenced survival 

probability, however, due to issues of low samples size and separation there was nothing 

conclusive to report.   

 

 

Figure 4. Kaplan-Meier survival curves illustrating larval survival probability over the course 

of the experiment, partitioned by a) treatment (exposure to Batrachochytrium dendrobatidis, 

exposure to ranavirus, sequential co-exposure to Bd and then ranavirus, sequential co- 

exposure to ranavirus and Bd, or a sham control) or b) host species (Am, Bb, Rt). The vertical 

black dotted line indicates the end of the exposure period (Day 14, 0 dpe). Censored 

individuals are denoted by asterisks. Significant differences between groups were tested with 

log rank tests.   
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Discussion 

The consistent effect of host species identity on Bd infection metrics broadly mirrors findings 

from previous studies. With few exceptions, data on the common frog, Rana temporaria (Rt), 

suggests that under most conditions all life history stages are resistant to infection, and only 

18% of Rt tadpoles in my study tested positive for Bd (but see Clare et al., (2016)). Similarly, 

more than 55% of tadpoles of both species I predicted would be highly susceptible to 

infections were infected. Based on available data on susceptibility to disease, I had expected 

tadpoles of the Mallorcan midwife toad (A. muletensis; Am) would carry heavier infections 

(Gabor et al., 2013), while in fact I found that infection loads of the common toad (B. bufo; 

Bb) were significantly heavier and more variable. This may be a consequence of the divergent 

early developmental life histories of the two species. While common toad tadpoles take as 

little 5-6 weeks to complete metamorphosis after hatching, the onset of metamorphosis of 

Mallorcan midwife tadpoles is two months post-hatch, and tadpoles may continue to 

metamorphose for months thereafter (Brady & Griffiths, 2000; Wells, Garcia-Alonso, Rosa, 

García, & Tapley, 2015). As with all members of the genus, Am tadpoles can also postpone 

metamorphosis from the year of hatching, while toad tadpoles complete metamorphisis in 

their year of hatching. This propensity to overwinter is a defining trait behind the capacity of 

Alytes sp. tadpoles to act as reservoirs (Doddington et al 2013, Walker at al 2010). Extending 

the larval period facilitates Alytes tadpoles acquiring potentially lethal burdens and 

experiencing mass mortality during metamorphic climax even though accumulating infections 

occurs at a slower rate (Clare et al., 2016; Walker et al., 2010). Support for this comes from 

field data on a congener, the common midwife toad, Alytes obstetricans. Data sets from 

locations where newly metamorphosed animals are experiencing epidemics of disease show 

that the annual cohort of hatched tadpoles may be less frequently and heavily infected at the 

end of the growing season than their conspecifics that have already overwintered at least 

once (Clare et al., 2016). However, early in springtime and preceding the annual hatch, 

prevalence of A. obstetricans tadpoles at these locations is 100% (Clare et al., 2016). 

Unpredictably, ranavirus exposure did not incur significant mortality, despite evidence that 

Rt and members of the genus Alytes are generally susceptible to lethal ranavirosis across all 

life history stages (Bosch et al., 2021; Miaud, Pozet, et al., 2016; Price et al., 2014; Rosa et al., 

2017; Teacher et al., 2010). One possible explanation may be the use of an FV3-like ranavirus 
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in my experiments. Although this lineage of ranaviruses is implicated in the great majority of 

common frog mortality events and population declines in the UK attributable to ranavirosis, 

more recent and widespread emergence of ranavirosis across the European continent has 

been associated with CMTV-like ranaviruses despite evidence of FV3-like ranaviruses co-

circulating (Miaud, Pozet, et al., 2016; Price et al., 2017, 2014; Teacher et al., 2010). 

Interestingly, even when FV3-like ranaviruses lie behind mortality events, as in the case of UK 

common frogs, disease events have only been reported for adult common frogs (Price, Garner, 

Cunningham, Langton, & Nichols, 2016; Teacher et al., 2010). This stands in sharp contrast to 

mortality attributable to CMTVs, which have been reported killing all stages expect for eggs 

(Miaud, Pozet, et al., 2016; Price et al., 2014). Bayley et al. (2013) experimentally exposed 

early-stage tadpoles comparable to mine and reported high rates of infection and mortality. 

However, Bayley et al. (2013) exposed tadpoles in groups of 30, and also reported significant 

levels of cannibalism. Ingestion of diseased tissue elevates transmission probabilities in frog 

larvae when compared to bath exposures (Pearman et al., 2004).  

Despite the relatively poor performance of Rv as a primary driver of mortality, I found some 

evidence that interactions of Rv with Bd could affect survival probability of common toad 

tadpoles. Although I could not conduct meaningful analyses on this interaction, it is notable 

that co-infections were important, and the order to which tadpoles were exposed to two 

pathogens played a role. My results raise the question of whether earlier exposure to Rv and 

subsequent exposure to Bd allowed ranavirus infection to build to detectable and potentially 

lethal levels. However, this result would need further testing as this study’s experimental 

design does not allow for direct comparison with an early Rv only treatment group. If there is 

such a priority effect, direct competition amongst pathogens seems an unlikely explanation, 

as tissue tropisms of Bd and Rv are spatially separated. It could be that individual parasite 

control strategies (resistance/ tolerance) trade off or are additive and, through this, adjust 

pathogen-specific thresholds of tolerance and/or resistance. If this is the case, adjustment 

would more likely be affecting host responses to Rv, as I did not find evidence of adjustments 

in Bd prevalence or load data across treatments in Bb experiments. 

Overall my results provide clear evidence of differing susceptibilities across the three species 

during the earliest stage of post-hatch larval development. Although, it should be noted that 

individuals used in the experiments were randomly sampled from a pool of tadpoles from 
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clutches collected from a single source site. Results, therefore, will reflect intrapopulation 

variability in susceptibility. Further work would be needed to determine population-level 

differences in susceptibility. As a result, I have acquired baseline data about prevalence and 

load at an individuals-level that I can use to quantify relevant infection metrics that will affect 

transmission dynamics. In the next chapter, I use additional data sets generated during this 

experimental time frame to understand relationships between time and strength of infection, 

and how strength of infection may relate to the production of zoospores that can generate 

new infections or increase loads of existing infections. 
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Chapter 3 | Host infectiousness of the amphibian chytrid fungus in a 

multi-host, multi-parasite system.  

Introduction  

The process of transmission of a parasite to a new host can be broken down into three 

components that determine if a transmission event will be successful. These are how many 

infective stages are released from the infected host (host infectiousness), the rate infected 

hosts interact with potential new hosts (contact rate) and how susceptible the recipient host 

is to infection (host susceptibility; McCallum et al., 2017). While more research emphasis has 

been placed on understanding how host susceptibility (Beldomenico & Begon, 2010; Sauer et 

al., 2020) and contact rates (Clay, Lehmer, Previtali, St Jeor, & Dearing, 2009; VanderWaal, 

Gilbertson, Okanga, Allan, & Craft, 2017; White, Forester, & Craft, 2017; Woolhouse, Watts, 

& Chandiwana, 1991) affect the likelihood that transmission will occur, both are dependent 

on the degree to which infected hosts shed the particles that generate new infections. For 

example, in systems where transmission is indirect, the concentration of infective stages 

released into the environment determines the contact rate. Given the considerable potential 

for host infectiousness to influence heterogeneity in transmission, quantifying parasite 

shedding rates is an integral part of understanding the process of transmission. Shedding 

rates of microscopic parasites are difficult to estimate, though, and as a result many assume 

the infection load of a host will in some straightforward way correlate to how infectious the 

host is. This is an appealing assumption particularly as host infection load for many infectious 

diseases can be reliably quantified (Boyle et al., 2004, but see  Clare, Daniel, Garner, & Fisher, 

(2016) and Shin, Bataille, Kosch, & Waldman, (2014)). However, estimates of infection burden 

are often an instantaneous snapshot of the infection load and the relationship between host 

load and shedding may vary in a non-linear fashion across the lifespan of an infection (Hall, 

Goldberg, Brunner, & Crespi, 2018; Paterson & Viney, 2002; Theron, 1984). The estimation of 

burden is therefore strongly influenced by sampling methodology and timing and as a result 

may not be a reliable proxy for host infectiousness (DiRenzo et al., 2017; Smith, 2007).    

Nevertheless, variation in host infectiousness is intrinsically linked to infection burden, which 

in turn varies across host identities. The effects of host identity on infection burden have been 
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reported at an individual- (Beldomenico & Begon, 2010; Poulin, Rau, & Curtis, 1991) and a 

species-level (Bielby et al., 2015; Gervasi et al., 2013; Siva-Jothy & Vale, 2021; Stockwell et al., 

2010). The influence host susceptibilities can have on parasite production illustrate how 

successful transmission depends on the host a parasite infects, and further supports the idea 

that host species perform different functional roles within a disease system (Ostfeld & 

Keesing, 2012; Streicker et al., 2013). Dilution hosts represent one such functional role 

because they can buffer against disease transmission in the host community by absorbing 

infectious stages with little or no onward transmission (Johnson & Thieltges, 2010; Keesing et 

al., 2006; Searle et al., 2011). Analogous links between host identity and parasite 

contributions have been suggested to influence transmission in other roles, including 

reservoir hosts, who act as a source of infection enabling a pathogen to be maintained within 

a community (Fenton & Pedersen, 2005; Haydon et al., 2002) and amplifiers, hosts which 

increase transmission by supporting parasite replication (Fernández-Beaskoetxea et al., 2016; 

Souza et al., 2009). Thus, parasite persistence in disease systems is complicated by the 

presence of multiple host identities that often vary in their response to infection and their 

tendency to transmit parasites.  

An emerging topic in disease ecology is how transmission dynamics can be further 

complicated by the presence of another parasite in the host community (Clay, Cortez, Duffy, 

& Rudolf, 2019; Telfer et al., 2010). Secondary parasite-induced changes in host 

infectiousness can result by alterations of the infectious output (Lass et al., 2013) and/or 

duration of infection (Budischak et al., 2015) of the primary parasite and in some cases, render 

previously resistant hosts susceptible to the primary source of infection. Interestingly, 

exposure to a secondary parasite without generating a detectable infection can be sufficient 

to inducing changes in primary parasite susceptibility (Hasu, Benesh, & Valtonen, 2009). The 

majority of studies of co-circulating parasites rely on infection data to assess multiparasitic 

interactions and do not account for this type of indirect effect of parasitism. As such, the 

consequences of co-circulating parasites in a disease system are challenging to quantify and 

predict. Here experimental studies offer opportunity to tease apart the direct versus indirect 

impacts of exposure to infection with a secondary parasite on the infection dynamics of 

primary pathogens. 
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In this chapter, I used a standard experimental design applied to 3 larval amphibians to 

investigate infection dynamics of Batrachochytrium dendrobatidis (Bd). My overarching 

objective was to establish if there was a relationship between host susceptibility and host 

infectiousness by comparing instantaneous infection load data of each species to that of the 

environment and tracking how environmental loads (pathogen shedding) changed over time. 

I selected host species known to range in their susceptibility to Bd, providing a panel of host 

identities to test whether species with different host susceptibilities varied in their pathogen 

shedding. I also included a second pathogen, an FV3-like Ranavirus (Rv) to ascertain if direct 

or indirect effects of viruses had an effect on pathogen shedding. Importantly, while indirect 

transmission through the aquatic environment is an established mode of transmission for 

both parasites, and there is evidence to suggest that both parasites can remain viable outside 

of the host for a period of time (Berger, Marantelli, et al., 2005; Piotrowski, Annis, & Longcore, 

2004), little is known about parasite shedding rates into the aquatic environment (Mosher, 

Huyvaert, & Bailey, 2018). 

Methods  

All experimental protocols and designs were reviewed and approved by the ZSL Animal 

Welfare and Ethical Review Body. Work was undertaken under license by the Home Office 

(PPL P8897246A). My study species were the common toad (Bufo bufo; Bb), the common frog 

(Rana temporaria; Rt) and the Mallorcan midwife (Alytes muletensis; Am). Am and Bb are 

both susceptible to infection with Bd, but members of the genus Alytes are considered to be 

highly susceptible to the disease chytridiomycosis (Baláž et al., 2014). Common frogs are 

generally resistant to experimentally generated infections and are considered to be at low 

risk of chytridiomycosis (Chapter 2 Table 2.1, also includes host species susceptibilities to Rv: 

Bielby et al. 2015; Baláž et al. 2014; but see Clare et al. 2016b).  

To source experimental animals, I collected common frog and toad spawn from UK ponds, 

which was hatched and reared to Gosner stage 24 before entering into experiments (Gosner, 

1960). Mallorcan midwives are bred under license at the Institute of Zoology and reared to 

Gosner stages 26-30. Each experiment was designed to test the effect of exposure to a 

secondary pathogen (Rv) immediately preceding or following a series of exposures to Bd that 

have been used to generate infections in both Bb and Am (Garner et al. 2009; Doddington et 
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al. 2013, see Figure 3.1 for design). These two co-exposure treatments were coupled with 

single pathogen treatments and two negative controls accounting for the two timings of Rv 

exposures (Figure 3.1). I used a BdGPL isolate (IA’9’13; O’Hanlon et al. 2018) and exposed 

tadpoles 6 times to 150,000-200,000 Bd zoospores per inoculum and an FV3-like ranavirus 

(RUK13; Cunningham, Hyatt, Russell, & Bennett, 2007) to which I exposed tadpoles a single 

time at 104.5 TCID50/ml. Tadpoles were housed individually and each treatment included 20 

(Bb and Rt) or 14 (Am) tadpoles per treatment group (total animals for each experiment: Bb, 

Rt n=120; Am n=84). I exposed tadpoles by adding inoculum directly to the housing container 

immediately following a water change and at a reduced water volume. After 6 hours, I topped 

up containers and left the water as is until the subsequent water change. 

 

Figure 3.1. Experimental design showing the exposure and sampling regimes. Exposures took 

place between days 1-14, with yellow for Bd, green for Rv, and grey, cross-hatched boxes a 

sham exposure with the parasite culture medium indicated in the box. Days 15-23 cover the 

sampling period, with blue squares indicate when shedding samples were collected. 

 

The two parasites differ in their life cycle and infection mechanism(s), although both can 

transmit indirectly through the aquatic environment (Bd: Rachowicz & Vredenburg,  2004, Rv: 

Brenes, Gray, Waltzek, Wilkes, & Miller, 2014; Brunner, Schock, & Collins, 2007; Harp & 

Petranka, 2006; Pearman et al., 2004; Robert et al., 2011). The infectious stage of Bd is a 

1 2 3 4 5 6 7 8 9
Treatment group 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

co-exposure (Rv ->Bd) 

co-exposure  (Bd > Rv) 

single exposure  (sham - Rv) Bd Bd Bd Bd Bd Bd

single exposure  (sham - Bd) Rv

control 1 (sham) Bd Bd Bd Bd Bd Bd Rv

control 2 (sham) Rv Bd Bd Bd Bd Bd Bd

Days-post-exposure
Experimental day
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motile zoospore, 1-5µm diameter, that infects tadpole mouthparts (Berger et al., 1998; 

Fellers, Green, & Longcore, 2001; Longcore et al., 1999). Under lab conditions, the Bd 

diaphasic life cycle is 4-5 days (Berger, Hyatt, Speare, & Longcore, 2005; Grogan et al., 2020) 

and experimental infection studies have detected shed zoospores in the water between 6 

days and 49 days-post-exposure (dpe) (DiRenzo et al., 2018; Maguire et al., 2016). In 

comparison, Rv infections are systematic, and viral shedding has been detected between 2 

days and 49 days-post-exposure (dpe), peaking within the first week of exposure (Brunner et 

al., 2019). To assess pathogen shedding over time after exposures were completed, I collected 

water samples at five time points (1-4 and 9 days post-exposure, dpe), selected to capture 

two rounds of Bd reproduction (Berger, Hyatt, et al., 2005) and Rv peak infectious output 

(Brunner et al., 2019). To do this I used the soak technique of DiRenzo et al. (2014) and Reeder 

et al. (2012), modified to increase the soak period to 4 hours in 50ml of aged, dechlorinated 

and carbon filtered tap water. I filtered soak water through a cellulose nitrate filter membrane 

with a 0.2µm pore size using a vacuum manifold (Nalgene Analytical Test Filter Funnel, 

ThermoFisher) (Berger, Speare, & Kent, 1999; Hinlo, Gleeson, Lintermans, & Furlan, 2017; 

Longcore et al., 1999). One hundred and sixty-nine Bb water samples taken at 1-4dpe were 

filtered through 0.45µm pore size filters. At the end of the sampling period tadpoles were 

humanely killed using an overdose of buffered (pH 7.0) 5 mg/L tricaine methylsulfonate (MS-

222). Carcasses were stored in 100% ethanol and subsequently used for assessing end point 

infections at dpe9. Further details on the filtering protocol can be found in the Appendices 

(Supplementary Methods S4). 

I extracted DNA from one half of a filter using DNeasy Blood & Tissue kit (Qiagen) following 

the standard protocol with the modification recommended by (Bletz, Rebollar, & Harris, 2015; 

Kosch & Summers, 2013). Infection load at dpe9 was quantified using methods specific to 

each parasite. Ranaviral DNA was extracted from pooled internal organs (kidney, liver and 

intestines) using the DNeasy Blood and Tissue (Qiagen) extraction kits following the 

manufacturers protocol. Bd DNA was extracted from excised mouthparts using 50µL of 

Prepman Ultra (ThermoFisher) with zirconium beads (BioSpec) as per Hyatt et al. (2007). All 

DNA extractions were assayed by quantitative polymerase chain reaction (qPCR) diagnostics 

specific to each parasite. Samples were run-in duplicate with a set of standards and negative 

controls included in each plate. We scored a sample as positive if both replicates amplified 
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above the detection threshold. If one well failed to amplify a new working solution from the 

stock isolation was rerun. Bd extracts were screened by a qPCR targeting the ITS-1 and 5.8S 

regions, as outlined in Boyle et al. (2004) with modifications from Garner et al. (2009). Rv DNA 

samples were analysed with a qPCR assay specific to the ranaviral major capsid protein (MCP) 

sequence and normalised by host cell quantity as outlined in Leung et al. (2017). 

For analyses, I used qPCR-derived Bd infection loads (genomic equivalents, GE), where 1 GE 

is equivalent to a single zoospore and scores below 0.1GE are deemed negative. Genomic 

equivalents were derived by adjusting the mean qPCR score by the extraction volume (tissue, 

60µL Prepman; filter, 200µL DNeasy) divided by the volume of sample used in the qPCR well 

(5µL). I doubled values for filter samples, as I only used half a filter for extraction, before 

calculating the GE score. Samples falling below the infection threshold (Bd, <0.1GE; Rv < 1) 

were then excluded from the statistical analysis. Because infection with ranavirus was so 

infrequently detected (n = 17) the effect of Rv was restricted to exposure and considered 

purely as an experimental treatment (predictor variable), rather than as a response variable.  

I conducted statistical analyses using R version 4.0.4 (R-Core Team, 2021). First, to explore 

the pattern of temporal variation in zoospore shedding of infected hosts, I modelled host 

infectious output (shedding sample, continuous variable) as a function of days post exposure 

(dpe, categorical) using a generalised linear model (GLM) with Gamma family and log link 

function. I then investigated the relationship between infected host load and pathogen 

shedding load by fitting a series of generalised linear models (GLMs) to logged tissue GE 

scores (infection load, as the primary predictor variable) and filter GE scores (‘host 

infectiousness’, as the response variable) from samples collected at dpe9.  Samples from Rt 

tadpoles were excluded from this analysis as an initial investigation into the effects of species 

identity on infection status (binomial; 0,1) using a Bayesian binomial GLM (package binom) 

confirmed that Rt was a Bd resistant species irrespective of treatment (Table S4). Models 

were fitted with Gamma (log-link) distribution which preliminary exploration showed to fit 

the data better than linear or gaussian models. GLMs varied in their inclusion of covariate 

terms and interactions between terms to consider a range of alternative hypotheses 

regarding the relationship between host load and pathogen shedding load. The covariates 

were host species (categorical: Am and Bb), exposure order (categorical: Bd, Bd-Rv, and Rv-

Bd), and exposure scenario (categorical: single, co-exposed). I distinguished between 
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treatment and exposure scenario to explore whether exposure to Rv versus the sequence of 

exposure was important for defining the relationship. Model assumptions were verified by 

plotting residuals versus fitted values and compared based on minimizing AIC and deviance. I 

considered models with the smallest AIC value, or a ∆AIC value within 2 as the best.  

Results  

All sampled tadpoles in control and Rv-only treatments were not detectably infected at dpe9 

and all extraction controls did not generate amplifications. Seventy-two percent of Bd 

exposed individuals were detectably infected with Bd at dpe9 (95% Am, 98% Bb, 30% Rt), and 

of these, 67% shed detectable levels of Bd into the water (58% Am, 85% Bb, 28% Rt; Table S5). 

We found shedding loads highly variable within species (Table S5), but also within individuals. 

Bufo bufo tadpoles increased shedding rate significantly from dpe4 to dpe9, but not across 

the first 4dpe (GLM, dpe1 t = 29.09, p = 0; dpe4  t = -1.96, p = 0.05, dpe9  t = 15.75, p = <0.001) 

(Figure 3.2; Table S6).   
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Figure 3.2. Temporal pattern of Bd shedding load of Bufo bufo tadpoles in the Bd only 

treatments expressed as logged GE scores for filter samples taken at a series of time points 

post-exposure (dpe 1, 4 and 9). 

 

I determined that host (Am and Bb) infection load was significantly correlated with shedding 

loads (GLM; ge.tissue t = 2.08; p = 0.04; Table 3.3, model 2; Figure 3.3). However, the 

relationship between host susceptibility and the number of zoospores that were released 

varied based on the degree of host susceptibility and interacted with the presence of Rv. My 

best-fit model included an interaction between shedding load, treatment, and species (base 

model (19), AIC = 1537.3; maximal model (1), AIC = 1480.3; Table 3.2). However, the 

equivalent model incorporating exposure scenario was within 2 ∆AIC of this model (∆AIC = 

1.9), suggesting that accounting for the sequence of exposure did not improve the model over 

simply accounting for exposure to Rv regardless of order. Including exposure scenario in the 

model revealed that Am shed less than Bb, and that co-exposed Bb shed less than Bb only 

exposed to Bd (Figure 3.3). This positive relationship was reversed for the few Am individuals 

with shedding samples in the co-exposure treatment group Rv-Bd. While we lack GE load data 

for the shedding samples for Am tadpoles in the Bd-Rv group the Bd infection loads for the 

tissue samples did not significantly differ (Welch’s t= -0.83, df = 23.78, p = 0.41).   

However, the effects of the additional explanatory variables were weak (e.g., species (Bb) t = 

2.315, p = 0.024; co-exposure (Bd-Rv, Rv-Bd) t = 2.436, p = 0.018); Table S7 for full model 

output). Combined these results suggest that host species determines on-host infection load 

(x-axis in Figure 3.3), and the relationship between infection load and infection output 

determines the overall output of zoospores (y-axis in Figure 3.3). 	  
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Figure 3.3. Line predictions from the generalised linear model (GLM) showing the relationship 

between host infection load and shed infection load, both expressed as Genomic Equivalents, 

by exposure scenario (point; single parasite exposure, co-exposure) and species (colour; Am, 

Bb). The line is the model fit for the number of Bd zoospores released by the host into the 

environment (shedding sample) given the host’s infection load (logged tissue sample), and 

the shaded area represents the confidence interval. The points are the original data points 

for sampled individuals comparing their infection load captured by tissue and filter samples 

on dpe9 (n=72). Note that the y-axis has been logged.  
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Table 3.2. Model selection for the effect of species, treatment or exposure scenario, and both 

species and treatment or exposure scenario on the relationship between host infection load 

(ge.tissue) and pathogen shedding load (ge.filter) at dpe9, fit to 72 observations (i.e., the total 

degrees of freedom) with 298.81 null deviance.    

Model Formula Deviance Residual  
df 

logLik AIC ∆AIC 

1 ge.filter ~ log(ge.tissue) * species * treatment 75.7 62 -729.2 1480.3 0 

2 ge.filter ~ log(ge.tissue) * species * exposure 81.2 64 -732.1 1482.2 1.9 

15 ge.filter ~ log(ge.tissue) * species + log(ge.tissue) * treatment 81.3 64 -732.2 1482.4 2.1 

6 ge.filter ~ log(ge.tissue) * treatment + species 84.9 65 -734 1484.0 3.7 

7 ge.filter ~ log(ge.tissue) + species * treatment 90 66 -736.5 1487.0 6.7 

8 ge.filter ~ log(ge.tissue) + species * exposure 92.1 67 -737.5 1487.0 6.6 

14 ge.filter ~ log(ge.tissue) * species + log(ge.tissue) * exposure 92.7 66 -737.8 1489.5 9.2 

5 ge.filter ~ log(ge.tissue) * exposure + species 99.9 67 -741 1494.0 13.6 

3 ge.filter ~ log(ge.tissue) * species + exposure 104.9 67 -743.1 1498.2 17.9 

4 ge.filter ~ log(ge.tissue) * species + treatment 104.8 66 -743.1 1500.2 19.8 

13 ge.filter ~ log(ge.tissue) + species + exposure 111 68 -745.6 1501.2 20.9 

9 ge.filter ~ log(ge.tissue) * species 113.1 68 -746.4 1502.8 22.4 

12 ge.filter ~ log(ge.tissue) + species + treatment 110.7 67 -745.5 1502.9 22.6 

16 ge.filter ~ log(ge.tissue) + species 118.3 69 -748.4 1504.8 24.5 

11 ge.filter ~ log(ge.tissue) * treatment 144.7 66 -757.5 1528.9 48.6 

10 ge.filter ~ log(ge.tissue) * exposure 151.5 68 -759.6 1529.2 48.9 

18 ge.filter ~ log(ge.tissue) + treatment 158.3 68 -761.6 1533.2 52.9 

17 ge.filter ~ log(ge.tissue) + exposure 162.5 69 -762.8 1533.7 53.3 

19 ge.filter ~ log(ge.tissue) 172.6 70 -765.6 1537.3 57.0 

20 ge.filter ~ 1 298.8 71 -792.7 1589.3 109 
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Discussion 

Host infectiousness is in theory an important determinant of parasite fitness (McCallum et al., 

2017). Before transmission can occur, though, infections need to develop on hosts to the 

point where infectious particles can be shed. I explored host infectiousness in Bb tadpoles, 

and I found that the shedding loads that manifest in the environment on the first four days 

after exposure are weak and I observed no significant difference between the infectious loads 

from dpe1-4. Consequently, these infections contributed little to the environmental burden 

of zoospores. By dpe9 Bb tadpoles that were infected exhibited far higher loads with a 

concomitant significant increase in shedding. Overall, this conforms to Bd infection building 

over a time frame consistent with at least two in vitro cycles of amplification (Berger et al., 

2005) and adds evidence to field studies reporting infection loads building over an amphibian 

active season (Scheele, Hunter, Skerratt, Brannelly, & Driscoll, 2015). Moreover, parasite 

shedding changed significantly from the time corresponding to the initial replication cycle 

(dpe1-4) to the second cycle (dpe9). I can think of two explanations for this. One is that 

parasites need a period of time post-exposure to establish infection either directly on-host or 

via re-infection from released zoospores, and shedding rate corresponds directly with load 

(DiRenzo et al., 2014, 2018). Alternatively, dpe9 may be a key time point where the site of Bd 

infection on tadpoles mouthparts becomes saturated. At this point shed infective stages 

adopt host seeking strategies, increasing the likelihood of inter-individual transmission. In this 

case the infection strategy for Bd may shift from re-infection of the source host to active host-

seeking, a more costly strategy, particularly given the limited swimming ability of Bd 

zoospores (Berger et al., 1999; Longcore et al., 1999). Trade-offs driving divergent zoospore 

life history strategies that are associated with novel host encounter rates have been mooted 

(Woodhams, Alford, Briggs, Johnson, & Rollins-Smith, 2008). 

I detected a clear and general power relationship between on host infection load and host 

shedding load at dep9 across experiments.  This broadly supports the hypothesis that species 

vary in their relative contributions to transmission rates, however the effect is weak and due 

to what are overlapping distribution of shedding GE scores between the species, implying that 

there is no clear species role in an individual’s infectiousness potential. Perhaps a better 

explanation is that species identity determines host susceptibility, which to some extent 

establishes some limits on host load. Within those limitations, though, exists variation that 
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affects shedding rates. If, as my data suggests, host shedding is determined by on host load, 

spatial limitations of the infection site for Bd on tadpoles may also dictate the abundance of 

infective stages as well as the type of host they seek.  Perhaps this is to be expected as small 

differences in the susceptibilities of hosts can rapidly lead to aggregated distributions of 

parasites (Anderson & May, 1978). In support of this, the infective stages of Bd invoke 

different colonization and early growth patterns depending on where the species falls on the 

resistant versus tolerant continuum (Van Rooij et al., 2012). 

I also found that the relationship between infection load and infectioness at the final time 

point (dpe9) was influenced, although weakly, by the exposure scenario. Individuals exposed 

to ranavirus and Bd shed fewer zoospores than individuals singularly infected with Bd. These 

differences were greatest when Bd infections were weakest, and despite very little evidence 

of infections with ranavirus. It is unclear why exposure to ranavirus did not generate infection 

in this study, as previous studies of two of the host species (Rt and Bb) generated ranavirus 

infections, using the same strain and dose of FV3 like ranavirus (RUK13 at 104 PFU; Duffus et 

al., 2014). While we cannot rule out low-level, transient, or even covert Rv infections (Brunner 

et al., 2019; Robert, Abramowitz, Gantress, & Morales, 2007), the lack of co-infection does fit 

with field studies where co-infections are uncommon (Warne et al., 2016; Whitfield et al., 

2013). My observations imply that exposure to, but not necessarily infection with, a second 

pathogen was sufficient to generate variation in shedding. Furthermore, the order of 

exposure did not significantly alter the relationship between host load and host shedding load, 

in the co-exposed treatment groups, although we were not able to compare to early Rv only 

exposure with this experimental design. Thus, parasites can modify a host’s response to 

another parasite or induce changes within host that effect the primary parasite without 

establishing an infection. This could shift the transmission potential of the hosts in systems 

where there are multiple co-circulating parasites. Current methods for detecting parasites 

and monitoring infection in disease systems may well be missing the effect of exposure to 

another co-circulating parasite when sampling instantaneous host loads.  

In conclusion, this study highlights the importance of quantifying heterogeneities in infection 

load in relation to shedding load to clarify assumptions about contributions of hosts to the 

environmental reservoir, and how this may vary in the presence of multiple co-circulating 

parasites. I confirmed host roles: Rana temporaria tadpoles were resistant to Bd infection and 
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did not contribute to the infectious pool of zoospores, as has been reported for post-

metamorphic stages. My data showed that there is within-species variation in infectiousness 

that raises questions over the role parasite aggregations and distribution play in transmission. 

Studies are now needed to establish the length of the infectious period, particularly in co-

exposed tadpoles, quantify the viability of shed zoospores and the percentage/number of 

zoospores recruited for transmission. I explore some of these in my next chapter.  
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Chapter 4 | Using mathematical models to predict Bd transmission 

dynamics in multi-host tadpole communities  

Introduction  

The population dynamics of a pathogen within its host population or host community 

depends on the combination of transmission-related processes at the individual level (e.g., 

individual-level measures of host susceptibility and infectiousness). Mathematical modelling 

provides the ideal tool to scale up from information about those individual-level components 

of transmission, to predict their consequences for the spread of the pathogen through its host 

population or community, and explore the impact of alternative hypotheses about the 

consequences of those processes for pathogen population dynamics. The previous chapters 

of this thesis generated experimental data, characterising individual-level components of 

transmission of the amphibian chytrid parasite, Batrachochytrium dendrobatidis (Bd), 

quantifying host species differences in susceptibility and infectiousness.  Here I combine these 

responses with a series of mathematical models to explore their consequences for Bd 

population dynamics through a hypothetical host community. 

Batrachochytrium dendrobatidis, the fungal parasite which causes amphibian 

chytridiomycosis, transmits by infectious motile zoospores released from individual 

reproductive units (sporangia) infecting the host, into the aquatic environment, 

thereby making indirect environmental transmission a fundamental pathway for transmission 

among larval amphibian hosts (tadpoles).  At this point in development, the only infection site 

for Bd is the tadpoles mouthparts (Marantelli, Berger, Speare, & Keegan, 2004), and tadpoles 

lack an effective immune system implying they are unable to clear Bd infection (Grogan et al., 

2018). Many studies suggest that Bd generally circulates in the tadpole population without 

noticeable immediate effects (Bradley, Rosen, Sredl, Jones, & Longcore, 2002; Briggs et al., 

2005), whether from a true lack of severity or a lack of observations due to the logistical 

challenges associated with documenting mortality rates and causes of mortality of tadpoles 

in their natural environment. As such, studies typically focus more on infections in adult/post-

metamorphic stages, where disease impacts are most severely observed (Gahl, Longcore, & 

Houlahan, 2012; Gervasi et al., 2017; Pilliod et al., 2010). However, pathogen accumulation 

during the tadpole stage can manifest and impact host survival in the post-metamorphic 
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stages, causing large scale mortality for metamorphosing and adult amphibians (Berger et al., 

1998; Garner et al., 2009; Rachowicz & Vredenburg, 2004; Tobler & Schmidt, 2010). As such, 

accumulating evidence suggests that tadpole infections within the aquatic environment 

provide a vital window of opportunity for Bd transmission, such that tadpoles can act as 

disease reservoirs (Ballestas, Lampo, & Rodríguez, 2021; Briggs et al., 2010). In particular, 

previous mathematical modelling has shown that the role tadpoles play in Bd transmission 

affects Bd establishment and even promotes pathogen persistence if infection prevalence is 

sufficiently high (Ballestas, Lampo & Rodriguez, 2021). However, despite tadpole-tadpole 

transmission being confirmed, there are relatively few studies of Bd transmission that focus 

specifically on Bd transmission within the tadpole stage (but see Courtois et al., 2017; 

Fernández-Beaskoetxea et al., 2016; Rachowicz & Vredenburg, 2004).  

Importantly, the susceptibility of tadpoles to Bd, as with post-metamorphic amphibians, 

typically varies among species (Blaustein et al., 2005; Han et al., 2015; Searle et al., 2011). 

Indeed I report such differences in susceptibility and infectiousness in Chapters 2 and 3. Yet, 

the consequences of host community composition and the associated heterogeneities in 

susceptibility and infectiousness for Bd transmission dynamics have not been modelled for 

the amphibian larval development stage. Such species-specific differences are likely to be 

particularly important if variations in infectiousness (i.e. zoospore shedding rate) result in 

different host species, or different host types within a species, contributing differently to the 

environmental pool of infectious zoospores. In these circumstances, I would expect 

community composition (i.e., the relative abundance of the different host species or types 

within the community) will be fundamental in determining environmental Bd load, onwards 

transmission and therefore overall epidemic potential in a system. However, this is under the 

assumption that all zoospores shed from the host contribute directly to the environmental 

pool, and hence are available for onward transmission and infection of naïve host individuals. 

In reality in the Bd system, zoospores are likely involved in reinfection and infection 

progression within their source host individual (Berger et al., 2005). Evidence suggests that 

immediate self-reinfection is highly possible due to the way zoospores are discharged onto 

the surrounding skin (Berger et al., 2005). Such reinfection is thought to be a key part of 

building infection levels within individuals (Briggs et al., 2010; DiRenzo et al., 2018), and thus 

increases their subsequent infectiousness. However, although it is clear reinfection can alter 
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individual-level infection loads, the role it plays in driving Bd spread at the host population or 

community level, remains largely unknown. 

Here, I use experimentally-derived parameters for host susceptibility and infectiousness to 

parameterise mathematical models describing within-season transmission dynamics of a 

hypothetical multi-host system. I developed variations on a susceptible-environmental-

infected (SEI) model, describing chytridiomycosis transmission dynamics in a closed 

population of two amphibian species during a defined time window representing the likely 

period of larval susceptibility to infection in the aquatic environment. Specifically, I focussed 

on the period between Gosner Stages 21-40 (Gosner, 1960), which captures a time when 

tadpoles have developed keratinised mouthparts, the necessary infection site for Bd 

zoospores, but show little developmental change in the mouthparts, which occurs at later 

Gosner Stages (Limbaugh & Volpe, 1957; McMahon & Rohr, 2015). Theoretically, this period 

could occur, any number of times, between the end of breeding activity (March) and the onset 

of hibernation (October) (Reading & Clarke, 1983). I developed two models comprising two 

host species. One version of the model acted as a baseline, comprising communities of two 

homogenous host species, one largely resistant to infection, and one largely tolerant, able to 

sustain high infection loads.  The second version of the model extended from this baseline by 

incorporating two infected classes for the ‘tolerant’ host species, reflecting two levels (low 

and high) of infection, with individuals potentially transitioning from the low-load class to the 

high-load class upon reinfection. The models were parameterised as far as possible using the 

experimental data presented in the previous chapters, and in all cases, I carried out thorough 

sensitivity analyses to understand the consequences of host community composition and 

hypothetical transition rates between low- and high-load infection classes on Bd infection 

prevalence through the defined transmission window of the simulations. 

Methods 

I used experimental data from the previous chapters to parameterise two mathematical 

models describing environmental transmission of Bd in multi-host communities of larval 

amphibians. I assume the host community comprises two species, nominally a toad (Bufo sp.) 

and a frog (Rana sp.), informed by my experimental results with these species (specifically 

Bufo bufo and Rana temporaria), but I more broadly consider these to reflect two different 
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host ‘types’, one more resistant to infection (‘Rana-like’) and one more susceptible (‘Bufo-

like’) to Bd infection.  

I first developed a baseline model (Model 1) where the two host species differ in their 

susceptibility and infectiousness to Bd, according to my experimental data. I then extended 

this model to include within-individual escalation of infection load of the high-susceptible 

host due to reinfection, with associated increases in individual-level shedding rates (Model 

2).  For both models I explored sensitivities of predicted outcomes to key assumptions and 

values of unknown parameters. 

MATHEMATICAL MODELS: GENERAL STRUCTURE  

I used compartmental models defined by a series of ordinary differential equations, similar to 

the classic SI (Susceptible-Infected) models. However, rather than assuming transmission via 

direct host-to-host contact, I included an environment compartment (E) which accounts for 

the concentration of infectious zoospores (zsp) in the aquatic environment. Infection occurs 

through contact of susceptible hosts (S) with these infectious zoospores at overall per capita 

transmission rate 𝛽" . However, I split this overall transmission rate into two component 

processes: (i) contact rate (the rate at which hosts encounter zoospores in the environment; 

𝛽) and (ii) susceptibility (the probability of successful infection of an individual of host species 

i, given contact with a viable zoospore; 𝑆$#). Hence the overall per capita transmission rate for 

hosts of species i is 𝛽" = 𝛽𝑆$#. Note that I assume that the rate of encountering an infectious 

particle from the environmental reservoir is independent of species, specifically as (Marquis, 

Saglio, & Neveu, 2004) found no noticeable difference in activity rate between Bufo (toad) 

and Rana (frog) tadpoles. 

Once infected, individuals enter the infected class (I), where they are assumed to stay for the 

duration of the simulation (i.e. there is no mortality, metamorphosis or recovery from 

infection over the time scales being considered). I do not explicitly model on-host infection 

load; instead I generally consider hosts to be infected-or-not (but see Model 2 below for an 

extension of this), and so the infected class can be considered representative of the range of 

infection loads.  As such I generally do not model reinfection explicitly (but see Model 2 

below), and so generally assume that on-host infection load, and infected class status, is 
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maintained by an implicit and immediate reinfection. Infected hosts of infection class i shed 

infectious zoospores at constant rate 𝜔#, throughout the course of infection. These shedding 

rates are assumed to depend on the median infection load for that infection class (see ‘Model 

Parameterisation‘ section for further details). Zoospores in the environment are assumed to 

have a limited period of viability in the environment of mean duration 1 𝜈)  days. I assume the 

loss of zoospores through transmission is negligible, relative to the number of zoospores in 

the environmental pool, and that zoospores do not reproduce saprobically or enter a long-

duration resting stage in the environment (Longcore, Pessier & Nichols 1999). 

All simulations ran for 65 days by which time individuals are expected to have reached Gosner 

Stage 40 (start of metamorphosis) or experience mortality (Brady & Griffiths, 2000). Since 

pathogen accumulation before metamorphosis negatively impacts host survival through 

metamorphosis (Tobler & Schmidt, 2010), tracking number of infected individuals by the end 

of this tadpole development period is a useful metric for guaging overall population 

persistence. In defining this window specific to the host-parasite interaction, I classify all hosts 

to a single age class, assuming that tadpoles are from a single cohort or spawning event, 

meaning there are no age dependent infections in this model and with the assumption that 

tadpoles enter the model with no infection. During a model run, for simplicity, tadpoles are 

assumed not to experience any mortality or undergo metamorphosis. Despite the likelihood 

of high background mortality rates for tadpoles, experimental exposure to Bd shows that 

there is little difference between mortality rates in control versus Bd infected groups (Chapter 

2) therefore, for simplicity, this model does not include mortality as it is assumed that all 

tadpoles would be equally affected. Metamorphosis is not included as a term in the model, 

as a constant per capita metamorphosis rate would not appropriately capture the time-step 

nature of tadpoles entering metamorphosis. Instead I assume the duration of the simulation 

(65 days) represents the pre-metamorphosis stage, during which tadpoles may accumulate 

infections; the infection status of the population at that point is then assumed to reflect the 

infection status of individuals entering metamorphosis and into the adult stage. I initiated all 

simulations assuming a single starting dose of zoospores in the environmental pool, to 

replicate environmental presence of zoospores (e.g. seeded by shedding from infected adults 

that have returned to the aquatic environment to bred, or shed from infected overwintering 

tadpoles, or in other environmental reservoirs (Clare et al., 2016; McMahon et al., 2013).  
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MODEL 1: SINGLE INFECTION CLASSES  

In the simplest version of the model, two larval host species are represented: tolerant hosts 

(subscripted ‘T’; e.g. Bufo bufo) that are able to be infected to potentially high levels, and 

resistant hosts (subscripted ‘R’; e.g. Rana temporaria) that have a very low likelihood of being 

infected upon exposure, and if so, only reach very low infection loads. Individuals of each 

species were categorised as being either uninfected (susceptible, S) or infected (I) with B. 

dendrobatidis. A schematic of the basic model is shown in Figure 4.1 and the full set of 

equations is as follows:  

 𝑑𝑆$
𝑑𝑡 = 	−𝛽𝑆$$𝑆$𝐸	 (4.1) 

 𝑑𝑆&
𝑑𝑡 = 	−𝛽𝑆$&𝑆&𝐸	 (4.2) 

 𝑑𝐼$
𝑑𝑡 = 	𝛽𝑆$$𝑆$𝐸	 (4.3) 

 𝑑𝐼&
𝑑𝑡 = 	𝛽𝑆$&𝑆&𝐸	 (4.4) 

 𝑑𝐸
𝑑𝑡 = 	𝜔&𝐼& + 𝜔$𝐼$ − 	𝜈𝐸 (4.5) 

The first two equations (Eq. 4.1 and 4.2) state that the number of susceptible individuals (S; 

either ST or SR) decrease as a result of contact (at per capita rate 𝛽) with infectious zoospores 

in the environmental reservoir (E) multiplied by the species-specific susceptibility of the host 

(𝑆$#) This susceptibility score (ranging between 0-1, with 0 denoting hosts not susceptible and 

1 representing fully susceptible hosts) is the species-specific probability of infection given an 

encounter with an infectious zoospore. Previous experimental work has shown that Bufo 

tadpoles have a higher prevalence of Bd infections than Rana tadpoles following challenge 

with a controlled dose (Chapter 2), suggesting this species is more susceptible to infection.  

Equations 4.3 and 4.4 describe individuals entering the infected class (I) upon successful 

infection. As described in the previous section, this class represents all infected individuals 

regardless of load, and hence can be thought of as being represented by the median load of 

infected individuals. I do though recognise that these median loads may differ between the 

different species (e.g. my experimental data (Chapter 2) showed that the ‘tolerant’ host, B. 
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bufo, achieved a higher infection load (maximum 362 Genomic Equivalents [GE]) than the 

more resistant host, R. temporaria (maximum 23 GE)), which will influence their shedding 

ability (see Chapter 3 and below). 

The last equation of the model (Eq. 4.5) describes the dynamics of the environmental pool 

(E). The pool of B. dendrobatidis zoospores increases at the rate infected individuals (IR or IT) 

shed zoospores (at per capita rate 𝜔#, dependent on the assumed median infection load of 

that species, as described above) and decreases at a constant per capita rate 𝜈  at which 

zoospores loose motility viability and therefore are no longer infectious (hence zoospores are 

viable on average for 1 𝜈)  days; Piotrowski et al., 2004).  

 

Figure 4.1. Structure of the baseline model (Model 1), where S and I are the numbers of 

susceptible and infected individuals respectively, of a tolerant host species (subscripted ‘T’) 

and a resistant host species (subscripted ‘R’). E represents the number of infectious Bd 

zoospores in the environment. 𝛽"  is the overall per capita transmission term, comprising the 

product of the contact rate between infectious zoospores and susceptible individuals (𝛽) and 

the proportion of individuals that will become infected given the contact (proportion 

susceptible; 𝑆$#  for host species i). The wi are the shedding rates of zoospores from infected 

hosts of species i and u is the loss rate of viability of infectious zoospores in the environment. 
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MODEL 2: INCORPORATING DUAL INFECTION CLASSES    

In the second model I incorporated a level of disease progression of the tolerant host species, 

where infected individuals increase their infection load through reinfection, transitioning 

from a state of low-level infection (IL: shedding 177-60315 GE) to a high-level infection (IH: 

shedding 60315 GE+). This high-load infected class, with a correspondingly high zoospore 

shedding rate, is synonymous to that of supershedder hosts in other systems (Chase-Topping, 

Gally, Low, Matthews, & Woolhouse, 2008; Lass et al., 2013; Matthews et al., 2006), and the 

infection load for the three infected compartments in this model reflects the distribution of 

GE scores seen in the experimental data (see below). The modified model is displayed in 

Figure 4.2 and written as: 

 𝑑𝑆$
𝑑𝑡 = 	−𝛽𝑆$$𝑆$𝐸	 (4.6) 

 𝑑𝑆&
𝑑𝑡 = 	−𝛽𝑆$&𝑆&𝐸	 (4.7) 

 𝑑𝐼'
𝑑𝑡 = 	𝛽𝑆$$𝑆$𝐸	 −	𝜔'𝜂𝜀𝐼'		 (4.8) 

 𝑑𝐼(
𝑑𝑡 = 	𝜔'𝜂𝜀𝐼'	 

(4.9) 

 𝑑𝐼&
𝑑𝑡 = 	𝛽𝑆&𝐸	 (4.10) 

 𝑑𝐸
𝑑𝑡 = 	 	𝜔&𝐼& 	+ 	𝜔'𝐼'	(1 − 	𝜂) 	+		𝜔(𝐼( 	− 	𝜈𝐸 (4.11) 
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Figure 4.2. Schematic of Model 2. As in Model 1 (Figure 4.1), except this model tracks 

individuals of the tolerant host species divided into two infected compartments, which differ 

in their mean infection loads (‘Low load’, IL, and ‘High load’, IH). Individuals transition from the 

low- to high-load class through reinfection, the rate of which is determined by the rate of 

zoospore shedding by IL hosts (wL), the proportion of released spores that reinfect that 

original host (h) and a control parameter (e) that determines the rate of successful 

accumulation of reinfection to transition from a low-load to high-load. All other parameters 

and variables are as in Model 1 (Figure 4.1). 

 

In this variant of the model, I explicitly incorporate the reinfection process that drives 

transition between the low- and high-load classes of the tolerant host species (Eqn. 4.8 and 

4.9; note I assume that low- to high-load transitioning occurs purely through reinfection, not 

through subsequent exposure to environment zoospores). This process can be seen to be as 

dependent on the overall shedding rate of zoospores from low-load hosts (𝜔' ), the 

proportion of those shed zoospores that contribute towards reinfection the host (𝜂) instead 

of entering the environmental pool. Hence, the contribution of hosts from the IL compartment 

to the environmental pool of zoospores is reduced by a factor (1 - 𝜂), reflecting the reduction 

of released spores that reinfect the source host. Finally, the overall rate of transition of hosts 
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from the low-load class (IL) to the high-load class (IH) due to reinfection is modified by a 

parameter, 𝜀, determining the level of reinfection required for successful transition from the 

low- to high-load classes. For the baseline parameter values, I fix the value of this modifying 

parameter (𝜀) according to: 

 𝜀 = −(𝑙𝑛(𝑝) ⁄ 𝜏) ⁄ (𝜔' × 	𝜂) (4.12) 

This ensures that, for the specified rate of reinfection (𝜔' × 	𝜂), a fixed proportion (1 – p) of 

IL hosts transition to become IH hosts within a specified time period τ. Specifying the transition 

rate in this way provides flexibility for assessing alternative hypotheses about whether 

transition from the low- to high-load classes is environmentally determined (i.e., is based 

purely on reinfection dose), or host-determined (i.e., is independent of reinfection dose); 

these scenarios are explored further in the sensitivity analyses sections below. 

MODEL PARAMETERISATION 

The models were parameterized primarily from a series of empirical studies (see Chapters 2 

and 3), animal husbandry records, and from the broader literature. Where possible I 

constrained their values to realistic ranges using similar species and habitat situations. All 

parameters are defined, with initial estimated values, ranges explored under the following 

sensitivity analyses, units and any associated references, in Table 4.1.   

Table 4.1. Model variable and parameter definitions, with their estimated values and, where 

appropriate, ranges explored for sensitivity analyses. Sample units for the variables are 

density per unit volume, and parameters are unit per day. 

 Definition  (Initial) 
value 

Range Source/Comments 

Variables 

ST Density of susceptible (uninfected) individuals of 
the ‘tolerant’ species (e.g. Bufo bufo) 

100   

SR Density of susceptible (uninfected) individuals of 
the ‘resistant’ host species (e.g. Rana temporaria) 

100    

 

IT Density of infected individuals of the tolerant host 
species (Model 1) 

0   

IL Density of infected individuals of the tolerant host 
species with low infection loads (Model 2) 
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IH Density of infected individuals of the tolerant host 
species with high infection loads (Model 2) 

0    

IR density of resistant infected individuals of the 
resistant host species  

0    

N total population density  200   

E Density of infectious zoospores in the aquatic 
environmental reservoir  

100000   

Parameters  

𝜷 Contact rate between infectious zoospores in 
environment and susceptible tadpoles 

2×10–8 1×10–4 - 
1×10–9 

† 

𝑺=𝑻 Susceptibility (probability of infection of 
susceptible host, given contact with an infectious 
zoospore) of the tolerant host species 

1  *  

𝑺=𝑹 Susceptibility (probability of infection of 
susceptible hosts, given contact with an infectious 
zoospore) of the resistant host species 

0.25  * 

wR Zoospore shedding rate from IR infected hosts 18  * 

wT  Zoospore shedding rate from IT infected class 
(Model 1) 

315534  * 

wH Zoospore shedding rate from high-load infected, 
IH (Model 2) 

285240  * 

wL Zoospore shedding rate from low-load infected 
hosts, IL (Model 2) 

2118  * 

u  Loss rate of zoospores in the environment 
(1/average duration of zoospore viability) 

 0. 92    Piotrowski et al. (2004)  

h Fraction of zoospores shed by IL hosts that 
contribute to reinfection  

0.5 0-1 † 

p Fraction of reinfected IL hosts that have not 
transitioned to the IH class after τ days 

0.8 0-1 † 

τ Days over which the proportion p IL hosts 
transition to IH following reinfection 

23  † 

e Parameter controlling the transition of IL hosts to 
the IH class following reinfection 

Eq 4.12  Appendix Method S6 

† Arbitrary values, explored further as part of model sensitivity analyses 
* Experimental data; see ‘Model parameterisation’ section of the Methods for details  
 

To aid parameterisation, I first determined cut-off thresholds for the various infection classes 

in the model (IR in Models 1 and 2; IT in Model 1; IL and IH in Model 2) from my previous 

experimental data (Chapter 2). These thresholds were 0.1-10 GE for IR, 10 GE+ for IT (excluding 

samples from Alytes tadpoles) and the distribution of shedding samples between the lower 

and upper 20% for IL (177-60315 GE) and the upper 20% of shedding sample distribution for 
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IH (60315 GE+). For each of these infection classes I determined the median number of 

zoospores shed within the 4 h of the experiment in Chapter 3 and, assuming zoospores are 

released continuously over the duration of infection, I multiplied those values by 6 to derive 

estimates of the shedding rates per day for each infection class (𝜔&  = 18, 𝜔$  = 315534, 𝜔' = 

2118 and 𝜔( = 285240 day-1).  

All cases I assumed the contact rate (𝛽) is the same for both host species, following the 

observations of (Marquis et al., 2004) that there are no behavioral differences between Bufo 

(toad) and Rana (frog) tadpoles in terms of swimming activity; hence their per capita rates of 

encountering spores are likely to be equivalent. I did not have appropriate estimates of host-

to-spore contact rates, and so arbitrarily chose a baseline value of 𝛽 to produce ‘reasonable’ 

predicted dynamics of the numbers of infected individuals over a single run of the model (𝛽 

= 2x10-8); in the sensitivity analysis section below I explore the consequences of varying this 

baseline value on the numbers of infected individuals of both species.  I based estimates of 

the susceptibility (probability of infection) parameters on my previous challenge experiments 

(Chapter 2), which showed that B. bufo individuals were around 4-times more likely to be 

infected than R. temporaria individuals to the same exposure dose. I assumed these 

differences reflect innate differences in susceptibility of the two host species, and so set the 

susceptibility (probability of infection) term for the resistant, Rana host (𝑆$&) to be a quarter 

that of the tolerant, Bufo host (𝑆$$), which I arbitrarily set to 1.  

For Model 2 I need to derive values for the various parameters controlling the transition of 

low-load (IL) hosts to high-load (IH) hosts. Following the experimental results detailed in 

Chapters 2 and 3, I assume that 20% of individuals transition into the high load class within τ 

= 23 days, thus I set p = 0.8. Due to a lack of information on the proportion of shed zoospores 

that contribute to reinfection (h), and so arbitrarily set this parameter to 0.5 as a baseline 

value. In the sensitivity analysis section below I explore the consequences of varying h and p 

on the numbers of individuals becoming infected over the 65 days of the simulations. 

MODEL SENSITIVITY ANALYSES 

To gain a baseline understanding how host community composition influences model 

dynamics, I varied the initial population size of the tolerant (‘T’) and resistant (‘R’) hosts in 
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Model 1, such that: (a) both host species were equally present (100 individuals of each, all 

beginning in their respective uninfected states: ST and SR), (b) tolerant hosts only (200 ST hosts 

at time 0) and (c) resistant hosts only (200 SR hosts at time 0).  For each of these community 

compositions I generated predictions of the numbers of individuals of each species present in 

each category (S or I) and number of viable zoospores in the environmental reservoir (E) 

throughout the duration of the simulations (days 0 to 65). 

Although I was able to obtain estimates for many of the parameters in the model, I was not 

able to obtain reliable estimates of per capita transmission rates (𝛽). I therefore carried out 

a sensitivity analysis on the contact rate parameter, varying 𝛽 over a range of 1x10-9 – 1x10-4 

day-1, and recorded the consequences for the number of infected individuals and the size of 

the environmental zoospore pool throughout the simulations, for communities comprising 

either species on its own.  

For the second model (Model 2), I initially set up the model to have negligible transition 

between the low and high infection classes, resulting in very little infection overall throughout 

the duration of the simulation (see Results). From that baseline state I then carried out a 

series of sensitivity analyses to explore the consequences of alternative rates and 

assumptions about the circumstances by which reinfection drives hosts transitioning between 

low and high infection classes.  Specifically I varied either 𝜂 (the proportion of spores released 

by IL hosts that reinfect the host) or p (the proportion of reinfected IL hosts that do not 

transition to the IH class in a specified time period τ), and assessed the consequences for: (i) 

the proportion of infected hosts that are in the high-load class; (ii) the total number of 

infected hosts of each species; and (iii) the size of the environmental zoospore pool. In all 

cases I present the values of these variables at the end of the simulations (day 65), as a 

measure of the final state of the system at the assumed point at which individuals are 

beginning metamorphosis. 

As part of this sensitivity analysis I also explored two alternative hypotheses about the drivers 

of host transitioning from low to high infection load classes upon reinfection: (1) transition 

rate is extrinsically driven, and is related to the reinfection dose that individuals experience; 

or (2) transition rate is intrinsically driven, and is effectively a host trait such that, providing 

there is at least some reinfection, the probability of transitioning between low and high load 
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classes is independent of reinfection dose. For the first of these scenarios I assumed a fixed 

value of the parameter 𝜀 , which controls the relationship between reinfection dose and 

transition rate, across all simulations; when this parameter is fixed, the transition rate will 

depend directly on the reinfection dose, and hence on 𝜂. Alternatively, the probability of 

transitioning from the low- to high-load classes may be independent of reinfection dose, 

reflecting a host-related trait. For the second scenario, therefore, I updated 𝜀 according to 

equation 4.12 for every value of 𝜂 and p in the sensitivity analyses, to maintain the same 

overall proportion of low-load hosts transitioning to high-load hosts, irrespective of 

reinfection rate. 

Results 

Model 1: Effects of host community composition on Bd dynamics 

I found that host community composition strongly influenced predicted infection dynamics. 

In the absence of the tolerant host (‘T’, reflecting Bufo sp.), a Bd epidemic is not able to take 

off among resistant (‘R’, Rana sp.) hosts alone (Figure 4.3c), for the parameter values assumed 

for these simulations.   However, the tolerant host alone was able to support a full epidemic, 

with 100% of hosts become infected by around day 20-25 of the simulation (Figure 4.3b). 

Notably, the presence of tolerant hosts was also able to drive an epidemic in co-occurring 

resistant hosts in the mixed host communities (Figure 4.3a), resulting in 100% of Rana-like 

hosts becoming infected by around day 50 of the simulations.   
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Figure 4.3. Impacts of alternative host species community compositions, as predicted by 

Model 1, on the proportion of susceptible and infected hosts of each species, and the size of 

the environmental zoospore pool, throughout the model runs. a) equal numbers of each host 

species (R = 100, T = 100), b) tolerant (‘T’) hosts alone (T = 100), c) resistant (‘R’) hosts alone 

(R = 100). The colour scheme of the legend applies for panels a-c. d) the number of zoospores 

in the environmental compartment for these 3 community scenarios (solid line = mixed 

community; dot-dashed line = T-only hosts; dotted line = R-only hosts). 
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Examining the size of the zoospore pool under these different scenarios (Figure 4.3d), it is 

clear that high levels of shedding by the tolerant (Bufo-like) hosts can drive high levels of 

infection in otherwise resistant host species, due to high levels of exposure to infectious 

zoospores in the environment. Indeed, comparison of the relative contributions that the two 

species make to the environmental zoospore pool, clearly show that the vast majority of 

spores in the environment were predicted to have come from the tolerant host, with only a 

negligible fraction (~0.005%) coming from the resistant host (Figure 4.4). 

 

 

Figure 4.4.  Number of viable zoospores in the aquatic environment through time for the 

mixed community simulation, showing the total number of spores (dark green line), the 

number contributed by the tolerant host (khaki line) and the number contributed by the 

resistant host (bright green line).  
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Model 1: Effect of varying contact rate (𝛽) 

For the tolerant, Bufo-like host on its own, 100% infection occurred for almost all contact 

rates examined within the 65 days of the simulations (Figure 4.5a), and in most cases this 

occurred very rapidly (within ~10 days); it was only at close to the lowest contact rate 

examined (1x10-8) that saturation of infection took over 30 days to occur. However at the 

lowest contact rate examined (1x10-9), the epidemic failed to occur during the 65 days of the 

simulation. The dynamics of the size of the environmental zoospore pool closely followed 

those of the number of infected Bufo individuals throughout all simulations (Figure 4.5c). For 

the resistant, Rana-like host, significant infections only arose once contact rate reached 1x10-

6, which resulted in ~30% of individuals becoming infected by the end of the simulation (Figure 

4.5b). 100% infection was only achieved by the end of the simulation for the highest contact 

rate examined (1x10-4), and even for that level of infection the size of the environmental 

zoospore pool remained very low throughout the simulation (Figure 4.5d), relative to that 

seen when Bufo was in the system.  
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Figure 4.5. Results of the sensitivity analysis for Model 1, showing the effect of varying the 

contact rate ß on (a) number of infected Bufo-like hosts, (b) number of infected Rana-like 

hosts, and (c) and (d) the corresponding sizes of the environmental zoospore pools, for (a,c) 

Bufo-like hosts alone, and (b,d) Rana-like hosts alone.  

 

Model 2: sensitivity analysis of parameters influencing the transition between 

the low-load and high-load infected classes  

As described in the Methods section, I initially set up Model 2 to achieve very low rates of 

transition from the low-load to high-load infected classes; this resulted in less than 10% of 

the tolerant host population, and less than 5% of the resistant host population, becoming 

infected by the end of the simulation period (Figure 4.6).  This is because under Model 2, the 

low-load infection class was parameterized to have a correspondingly low shedding rate, 

which was not sufficient to drive infections through either host population. From this baseline 

I then carried out a series of sensitivity analyses, exploring alternative assumptions about the 



 - 66 - 

transition rate between low-load and high-load infected hosts, and assessed their impact on 

the proportion of infected hosts that end up in the high-load class, the total number of 

infected hosts of each species, and the size of the zoospore pool in the environment, by the 

end of the simulation run (i.e., after 65 days). 

 

Figure 4.6. Baseline simulation results for Model 2, showing changes in the numbers of 

susceptible and infected hosts of both species through time.   

 

Sensitivity to changes in the proportion of zoospores shed by low-load infected hosts that 

reinfect the host (𝜼), assuming low- to high-load transition rate depends directly on 

reinfection dose  

The parameter 𝜂 (taking values from 0 to 1) controls the proportion of zoospores shed by IL 

hosts that reinfect the host, and therefore potentially drive transition to become IH hosts; the 

remaining proportion (1 − 𝜂) enter the environmental pool of spores that are then available 

for transmission to infect other, susceptible hosts in the population. In this first sensitivity 
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analysis I fixed the control parameter 𝜀  at the same value for all model runs, thereby 

modelling the scenario whereby the rate of transition from IL to IH hosts depends directly on 

the net reinfection rate (𝜔'𝜂𝜀); in the subsequent analyses I altered this assumption (see 

below).  

Increasing 𝜂 increased the likelihood that hosts would transition from low to high infection 

status (see Figure S2 for simulations, and Figure 4.7a for summary of results). When 𝜂 = 0, 

and all zoospores are shed directly into the environment, there are no highly infected 

individuals (Figure 4.7a, top panel), as I assume that low- to high-load transitioning occurs 

purely through reinfection, not through subsequent exposure to environment zoospores. As 

𝜂 increases, I saw an approximately linear increase in the proportion of infected hosts that 

were in the high-load class, and this drove a rapid, accelerating increase in the total numbers 

of infected hosts, primarily of the tolerant host species, but also to an extent the more 

resistant host species (Figure 4.7a, middle panel). In addition, there was a dramatic increase 

in the number of zoospores available in the environment with increasing 𝜂  (Figure 4.7a, 

bottom panel; note the log scale on the y-axis). Hence, low reinfection rates, although making 

more spores immediately available for onward transmission, inadvertently reduce the overall 

transmission potential of Bd, by limiting accumulation of high-load infected hosts through 

reinfection, which would have the capability of shedding far more zoospores into the 

environment than a much larger number of low-infected hosts. 

Sensitivity to changes in the proportion of IL hosts that transition to the zoospores shed by 

low-load infected hosts that reinfect the host (𝜼), assuming low- to high-load transition rate 

is independent of reinfection dose 

Here I assumed that although the transition from low-load to high-load infected hosts 

requires reinfection, the rate at which it then happens is independent of reinfection dose, 

and is instead a host-derived trait. I modelled this by varying 𝜂, as above, but for every value 

I re-calculated the control parameter, 𝜀, using Eq. 4.12 (holding p and τ constant), to ensure 

the same rate of transition from low- to high-load hosts, regardless of reinfection dose. As 

expected, providing there was at least some reinfection (i.e., that 𝜂 > 0), the proportion of 

hosts in the high-load class by the end of the simulations was independent of 𝜂 (i.e., was 

unaffected by the proportion of spores released by low-load hosts that reinfect; Figure S3 and 
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Figure 4.7b top panel). Initially, as 𝜂 was increased from 0 to a non-zero value, there there 

was a high increase in the total number of infected hosts by the end of the simulation (Figure 

4.7b, middle panel), as some reinfection is required to enable individuals to transition to the 

high-load, supershedding class. However, subsequent increases in 𝜂 resulted in reductions in 

the overall numbers of infecteds, as higher reinfection decreased the number of zoospores 

entering the infectious environmental pool (Figure 4.7b, lower panel), and so lower levels of 

subsequent transmission, without the additional boosting of the high-load class seen in the 

previous analyses.  

Sensitivity to changes in p, the proportion of low-load hosts that do not transition to the 

high-load class in a specified time period following reinfection 

Finally I assessed the impact of varying p, the proportion of IL hosts that do not transition to 

the IH class within a specified time window, τ, following reinfection.  As above, I assume here 

that the transition between low- and high-load classes is a host trait, rather than dependent 

on reinfection dose, and so I adjusted the value of the control parameter, 𝜀, using Eq. 4.12, 

for every value of p used (keeping τ fixed at 23 days).  Of the three components controlling 

infection progression in Model 2, the system was most sensitive to variations in p. Increasing 

the proportion of individuals that transition from the IL to the IH class (decreasing p), 

dramatically increased the proportion of infected hosts that were in the high-load class 

(Figure S4, and Figure 4.7c top panel), and the overall number of infected hosts of both 

species (Figure 4.7c, middle panel). Low transition rates (high p) resulted in low overall 

infection prevalences, and a sharp decline in environmental zoospore load (Figure 4.7c, 

bottom panel). Hence the number of zoospores in the environment was highly dependent on 

the presence of IH individuals (Figure 4.7c, top and bottom panels).  
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Figure 4.7.  Results of the sensitivity analysis for Model 2, showing Top row: the proportion 

of infected tolerant hosts that are in the high-load class; Middle row: the total number of 

infected hosts of all types (solid orange line), total number of infected tolerant hosts (dashed 

green line) and number of infected resistant hosts (dot-dashed blue line); Bottom row: size 

of the environmental zoospore pool. (a) altering the proportion of zoospores contributing to 

reinfection (h), assuming the transition rate between the low-load and high-load classes is 

determined by reinfection dose (i.e, by keeping the control parameter e constant), b) altering 

the proportion of zoospores contributing to reinfection (h), while updating the control 

parameter (e) to maintain a constant, dose-independent transition rate constant, c) altering 

the proportion of individuals remaining in the IL class with a defined period τ. 
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Discussion  

Much of our current understanding about the role of tadpoles in the Bd-amphibian system is 

focussed on the switch in survival outcomes as individuals transition through metamorphosis, 

with the idea that the tadpole community acts as a reservoir for infection due to their ability 

to tolerate Bd infection pre-metamorphosis. Despite experimental evidence showing that 

tadpoles differ in their response to infection (Blaustein et al., 2005; Gervasi et al., 2013; Han 

et al., 2015), this development stage has not been explicitly modelled to assess whether 

tadpoles in the aquatic community can build infection and meaningfully contribute to the 

environmental reservoir in a way that could impact post-metamorphic animals. Here I 

explicitly addressed this point through the development of a series of mathematical models 

to predict chytridiomycosis transmission dynamics within closed (single site) multi-host 

communities of tadpoles within a single season of infection, parameterised where possible 

using species-specific infection, susceptibility and shedding data from the previous chapters 

in this thesis. 

Our baseline susceptible-environmental-infected (SEI) model suggests composition of the 

tadpole community heavily influences the prevalence of infection within the host species 

involved, determined by the relative contribution of the different species to the common pool 

of zoospores in the environment. The ability of the tolerant (‘Bufo-like’) hosts to drive 

infection in co-occurring resistant (‘Rana-like’) hosts is reflective of experimental studies that 

have recorded changes in infection prevalence and load in species of tadpole co-housed with 

Alytes obstetricians tadpoles, similarly classified as a tolerant, high load host (Fernández-

Beaskoetxea et al., 2016; although some experimental work Han et al. (2015)) did find that 

resistant Rana tadpoles had few or no detectable infections, even when housed with a highly 

infected host). Our model predicted that in an equal community of tolerant and resistant 

hosts, both host types would have 100% prevalence by the end of the model run (65 days), 

with the tolerant host responsible for the majority of the zoospore contribution, indicative of 

‘Bufo-like’ hosts acting as a reservoir host. Yet, despite the shift in infection prevalence of the 

resistant host from low infection prevalence in a single host system, to high infection 

prevalence in a multi-host system, the contribution of these hosts to pathogen shedding into 

the environmental reservoir was predicted to remain negligible across all community 

composition scenarios. This would concur with Wilber et al., (2017) who found that the 
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environmental pool is a key pathway for Bd transmission and resulting population dynamics, 

but host-specific traits relating to pathogen control strategy (i.e. resistance or tolerance) were 

more influential in driving Bd-induced extinctions.   

The high zoospore shedding rate of tolerant hosts was predicted to lead to rapid pathogen 

accumulation in the environment, resulting in the majority of individuals, regardless of host 

identity or contact rate, developing infection. Notably we observed this pattern throughout 

our sensitivity analysis of spore-to-host contact rates, where single-species sensitivities to 

changes in contact with infectious zoospores did not translate to significant differences in the 

model with both host species co-occurring. This follows a study by Peace et al. (2019) that 

explored transmission pathways for ranavirus in tadpoles, and found that varying 

environmental contact rates did not alter model predictions with indirect, environmental 

pathways, and similarly concluded that pathogen accumulation in the environment, as a 

result of shedding, outweighed the effect of host-to-host contact rate, in medium to high 

tadpole population densities. Clearly then the dynamics and persistence of the environmental 

zoospore pool may be crucial in determining rates of Bd transmission, spread and persistence 

in natural settings. Whether species-specific behavioural tendencies can significantly alter the 

dynamics of the environmental pool of zoospores, and alter spore-to-host contact rates, 

remains to be tested. In these models, we assume that the per capita rate of encountering 

spores for both host types is equivalent; based on their swimming activity (Marquis et al., 

2004). Alternatively, Griffiths & Foster (1998) found tadpoles of different species displayed 

different tendencies to aggregate, with Bufo tadpoles more likely to form dense aggregations 

in contrast to Rana tadpoles. Dense aggregations of hosts could influence pathogen 

accumulation in the environment and act to increase spore-to-host contact rates. It should 

be noted that this potential species-specific affect on contact rate would widen the infection 

dynamic divide between the Bufo-like and Rana-like hosts reported by the model.   

For simplicity I assumed all zoospores in the environmental pool lose infectiousness at the 

same, constant per capita rate 𝜈 , based on lab observation of loss of zoospore motility 

(Piotrowski et al., 2004). There are several environmental conditions, however, that may 

reduce spore viability in more natural settings (e.g. the presence of micro-predators 

(Schmeller et al., 2014; Searle, Mendelson, Green, & Duffy, 2013) or high temperatures 

(Johnson et al., 2003; Piotrowski et al., 2004). Alternatively there are some studies that 
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suggest longer-term environmental persistence (Johnson & Speare, 2003) and alternative 

reservoir hosts (McMahon et al., 2013), may maintain infectious zoospores in the 

environment longer than assumed for these simulations, increasing the force of infection 

from the environmental pool. Furthermore, I implicitly assumed that each surviving zoospore 

has the potential to produce an infection sufficient to move an individual into the infection 

class (e.g., the susceptibility parameter for the tolerant host species, 𝑆$$,  was 1, implying that 

every succesful contact with a spore resulted in infection for this species), which is likely an 

overestimation. Longcore et al. (1999) found that zoospores were more successful in 

colonising host tissue when in groups rather than singularly or in low numbers.  One way of 

incorporating this, would be as Van den Wyngaert, Vanholsbeeck, Spaak, & Ibelings, (2014) 

did where the probability of Bd being succesful in infecting the host was set to 1%, to simulate 

the fact that not every contact leads to immediate successful microinfection. It is though 

worth highlighting that the net per capita rate of infection of host species i in my model was 

given by the composite term 𝛽𝑆$#𝐸	, for which the contact rate parameter (𝛽) could itself be 

considered a composite term describing contact with a sufficient number of spores to 

potentially cause a viable infection (i.e., implicitly including an adjustment parameter similar 

to that used by Van denWyngaert et al. (2014).  

A key process, believed to be important for the accumulation of high infection loads within 

the Bd-amphibian system, is reinfection (Briggs et al., 2010; DiRenzo et al., 2018; Wilber et 

al., 2017). In this case, not all zoospores shed from an infected host enter the environmental 

pool, but instead remain associated with that host, potentially contributing towards 

reinfection and an increase in on-host infection load. However, while the importance of 

reinfection is well known for the accumulation of high infection loads at the indivdiual host 

level, its importance for driving Bd transmission at the host population or host community 

scale is less well known. Diverting zoospores towards reinfection reduces the number 

entering the environmental pool, and therefore results in some loss of transmission potential, 

at least in the short-term. However, this short-term loss of transmission potential may then 

be compensated for by higher rates of zoospore shedding by reinfected, high-load individuals, 

which potentially act as transmission amplifiers (supershedders) in the system.  
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Our Model 2 explored the importance of including such a reinfection process for tolerant 

hosts able to build infection load, and showed that the proportion of hosts able to transition 

from low-load (IL) to high-load (IH) infection state upon reinfection dramatically influenced 

the size of the environmental zoospore pool, and therefore the prevalence of infection across 

both host species. This was due to the associated high shedding rate of IH individiuals 

contributing disproportionately to the environmental pool of infectious zoospores. Hence, 

explicitly accounting for the occurrence of, and shedding from, such high-load, reinfected 

hosts is potentially vital for understanding Bd transmission at the host population or 

commmunity scale. 

While the phenomenon of reinfection in the Bd system has been described previously (Briggs 

et al., 2010; DiRenzo et al., 2018; Drawert, Griesemer, Petzold, & Briggs, 2017; Wilber et al., 

2017) it is not clear the extent to which the probability or rate of accumulation of high 

infection loads is primarily extrinsically driven, determined by reinfection dose, or intrinsically 

driven, determined by host species characteristics. These different processes are likely to 

have important consequences, not just for the likelihood of high loads accumulating on 

individual hosts but also, given the above results, for Bd transmission and accumulation at 

the host population or community level. We therefore tested two alternative hypotheses 

about the circumstances by which hosts transition from low-load (IL) to high-load (IH) classes 

in our Model 2. As expected with the reinfection dose-dependent process, where the 

proportion of zoospores contributing to reinfection (𝜂) was allowed to vary but the control 

parameter (𝜀) for the transition from IL to the IH class was held constant, the number of 

infectious zoospores in the environment and the number of infected individuals at the 

assumed time of metamorphosis (day 65) scaled with increasing dose. However, our model 

showed that if the progression to high infection loads is primarily a host-mediated trait, 

independent of dose, then the number of infected individuals should remain relatively 

constant irrespective of reinfection rate. Which of these two processes is most accurate 

depends on how tadpoles accumulate Bd infection loads, however little is known about how 

Bd infections build or are controlled in tadpoles. At this stage in development, tadpoles lack 

an effective immune system able to clear Bd infection (Grogan et al., 2018). The only infection 

sites for Bd in tadpoles are the keratinised mouthparts (Marantelli et al., 2004), which are 

limited in size, and hence suggest a limit to on-host Bd load during this stage. Given this it 
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may be that the rate of load accumulation, and certainly the potential to reach very high 

loads, is primarily a host-specific trait, dependent on the size of the individual’s mouthparts 

available for colonisation (Duellman & Trueb, 1994; Rachowicz & Vredenburg, 2004). If this is 

the case, then our second modelled scenario, whereby progression to high-load classes is 

assumed to be a host trait and largely independent of reinfection dose, may be more 

appropriate. In reality though the truth is perhaps likely to be a combination of both, with 

reinfection dose determining the rate of accuulation, and host traits setting the upper limit 

on achievable load. Either way, controlling the number of indivduals transitioning to high load 

will set both a carrying capacity to Bd growth, both at the individual level (due to spatial 

limitiations at infection site in tadpoles), and at the population level, due to the realtively 

short development period of larvae limiting the time over which effective reinfection is 

possible. However Bd-load dynamics on tadpoles are challenging to observe due to issues of 

repeat sampling damaging mouthparts and the inability to uniquely identify many tadpole 

species. It is clear from our study that on-tadpole load dynamics, and the processes 

determining them,  may have considerable importance for determining levels of pathogen 

contribution to the environmental pool of infectious zoospores. Hence these analyses suggest 

that elucidating the processes of Bd load accumulation is a high research priority for 

predicting the spread and accumulation of Bd infections within host populations and 

communities.  
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Chapter 5 | General discussion and concluding remarks 

Thesis Overview 

The impact of Bd emergence on amphibian populations has been well documented in post-

metamorphic stages (Gahl, Longcore, & Houlahan, 2012; Gervasi et al., 2017; Pilliod et al., 

2010). However, despite high Bd prevalence levels often being seen in pre-metamorphic 

(tadpole) stages, the lack of Bd-induced mortality of these stages, compared to the scale seen 

in post-metamorphic animals, has led to the commonly held assumption that tadpoles act as 

a disease reservoir, allowing pathogen persistence and accumulation. Supporting this, several 

mathematical models found that the presence of infected tadpoles in the aquatic 

environment can promote pathogen establishment and persistence (Briggs et al., 2010; 

Ballestas, Lampo & Rodrigues, 2021). Similarly, Rachowicz & Vredenburg (2004) investigated 

transmission within and between life history stages, finding tadpole-tadpole transmission was 

common and that infected tadpoles were able to infect post-metamorphic animals. Yet, 

despite tadpole infection in the aquatic environment presenting a vital window of 

opportunity for Bd transmission, few studies focus specifically on Bd transmission in pre-

metamorphic animals. Furthermore, exploration of the role of pre-metamorphic life history 

stages in the Bd-amphibian system generally focuses on their broad tolerance to Bd, 

overshadowing heterogeneities in susceptibility and infectiousness within this life-history 

stage.  

As with post-metamorphic animals, susceptibility to Bd varies across species in pre-

metamorphic animals (Han et al., 2015, Searle et al., 2011, Blaustein et al., 2005). Given that 

tadpoles can act as a reservoir for pathogen persistence in the aquatic habitat, it is clear that 

understanding species-specific pre-metamorphic susceptibility to Bd, and how that relates to 

pathogen contribution to the environment (host infectiousness), are important for 

establishing the risk pre-metamorphic stages present to highly susceptible post-metamorphic 

stages. Currently, the extent to which larval amphibians contribute to Bd transmission, and 

how that varies across species and amphibian communities, remains underexplored.  

The aim of this thesis was to explore how species-specific contributions to transmission, 

broken down into separate host susceptibility and infectiousness processes, combine to drive 
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Bd transmission in a pre-metamorphic amphibian community. I do this through a series of lab 

experiments which quantify, first, Bd infection metrics for host susceptibility and, second, the 

relationship to host infectiousness. I then used data from these to parameterise a series of 

mathematical models to predict community-wide consequences of Bd transmission, given 

variations in the presence of two broad host identity classifications (one resistant to infection, 

one tolerant). I then explored an extended model capturing alternative assumptions about 

Bd infection load accumulation due to reinfection in the ‘tolerant’ tadpole species. In what 

follows I consider some of the key findings of this work, and the broader themes that connect 

them. 

Host identity determines key infection metrics 

My experimental work in Chapters 2 and 3 clearly demonstrated species-specific differences 

in baseline infection metrics (prevalence and load) for three tadpole species. Notably these 

findings reflect broadly observed pre-metamorphic responses to Bd challenge, such that 

species (e.g., the common frog Rana temporaria) can be classified as being broadly resistant 

to infection (low probabilities of infection, with low infection loads, if infected) or broadly 

tolerant of infection (low probabilities of infection, with the potential to sustain high infection 

loads). Furthermore a main result from my work is the correlation I found between host 

infection load and infectiousness (zoospore shedding rate). The drivers of host infectiousness 

remain overlooked in pre-metamorphic animals, despite being a fundamental element of the 

transmission process, particularly given the indirect transmission in the aquatic environment. 

I showed that shedding rate scales with on-host load in a power relationship suggesting that 

as infection load increases so the number of zoospores shed increases at an accelerating rate, 

such that high-infection load hosts can be considered to be supershedders (a specific type of 

superspreaders, known to drive transmission dynamics in many disease systems; Chase-

Topping et al., 2008; DiRenzo et al., 2014; Jankowski, Williams, Fair, & Owen, 2013; Lass et al., 

2013).   

Importantly, I showed that the tight relationship between zoospore shedding rate and on-

host infection load was consistent across all individuals, both within and between the host 

species examined in my experiments. Hence, zoospore shedding rate depends on host 

identity (either within or between species), but only through the between-individual variation 
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in on-host infection load; hosts differ in transmission contribution purely through variation in 

their own infection levels. As such, these experiments show that we can decouple host 

infectiousness from their species label and think about predicting individual host 

infectiousness from their load. This may be useful in future work as there are many factors 

beyond the host species label that can determine an individual’s on-host infection load but, 

providing we know load, we can accurately predict host infectiousness. 

Predicting Bd community-wide transmission dynamics, and the role of 

reinfection in generating supershedders 

In Chapter 4 I combined the susceptibility and the infectiousness data from the previous 

chapters to generate and parameterise a series of tadpole community models of within-

season Bd transmission dynamics. Specifically, the data from Chapters 2 and 3 provide 

parameter estimates for the host susceptibility and infectiousness components of 

transmission. We then conducted a sensitivity analysis to assess the consequences of 

variation in the unknown contact rate parameter in the model. 

A key take home finding from my modelling was the importance of host community 

composition in influencing the likelihood that an emerging Bd epidemic took off, and 

increased risk levels even among otherwise resistant host species. While the more resistant 

(Rana-like) species on its own was only able to sustain transmission with very high contact 

rates, in a system with the alternative, tolerant (Bufo-like) host species also present, we saw 

infection take off and sweep through the resistant species, even with relatively low contact 

rates. Hence the tolerant hosts acted as pathogen amplifiers, being sufficiently infectious that 

they contributed overwhelmingly to the infectious environment, driving the resistant host to 

high infection prevalences. However, although high numbers of Rana-like hosts gained 

infection and transitioned to an infected state, they were still predicted to contribute very 

little to the infectious pool overall, due to their assumed low infection loads. Hence it is 

possible that the presence of such hosts could cause them to act as dilution hosts in multi-

host assemblages (Bielby et al., 2015; Han et al., 2015), potentially removing more infectious 

zoospores from the environmental pool than they replace through shedding. However, I did 

not see evidence for this effect in my simulations. Furthermore, it is possible that the 

increased force of infection arising from the co-occurring tolerant species may result in the 
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resistant host accumulating high on-host infection loads, and therefore increasing their 

shedding rates, resulting in a positive feedback loop for overall transmission dynamics in the 

community. Such high loads may also result in infection levels on the resistant host surpassing 

threshold levels that result in potentially lethal costs or at least sublethal costs that would 

otherwise not occur in the absence of the amplifying host. 

It is clear from both my experiments and my modelling that the ability of Bd to sweep through 

an amphibian community is strongly dependent on how many high-load infected individuals 

there are in the system. Hence the ability of hosts to accumulate high infection loads is 

fundamental to their potential role as a supershedder in Bd transmission. One possible means 

by which amphibian hosts can accumulate high infection loads is through reinfection, 

whereby zoospores released from sporangia on a given host do not enter the wider pool of 

spores in the environment, but instead immediately reinfect the same host, contributing to 

the accumulation infection load on it. There is very little information about reinfection in 

tadpoles, although see DiRenzo et al. (2018) showed that on-host infection loads were driven 

by reinfection rather than from zoospores shed by another host. Hence I developed a series 

of hybrid mechanistic/phenomenological approach to model alternative scenarios about how 

reinfection drives infection load accumulation. Specifically, I explored the alternative 

hypotheses that infection load accumulation is driven extrinsically, through reinfection dose, 

or intrinsically, through host-derived traits that determine rates of load accumulation. Both 

model variations showed that reinfection could play a major role in generating supershedders, 

but the two alternative hypotheses could generate quite different outcomes for community-

wide transmission dynamics. Hence, there is a real need to better understand the drivers of 

reinfection rates and the role in plays in driving load accumulation in tadpoles. Such empirical 

work would be challenging to conduct, as most sampling methods in tadpoles rely on lethal 

sampling, preventing longitudinal assessment of load accumulation, or repeated swabbing of 

sensitive mouthparts, potentially damaging them and disrupting load build up.  

A related issue, for which there is also little information, is the extent to which infection loads 

are limited on tadpoles, and hence whether there is an upper limit to an individual’s shedding 

rate.  Bd can only colonise the keratinised mouthparts of tadpoles, so mouthpart size is likely 

to set an upper ‘carrying capacity’ to the number of sporangia that can colonise. Tadpole 

mouthpart size and morphology are known to vary according to species (Duellman & Trueb, 



 - 79 - 

1994) and within species, for example with body size and Gosner Stage (Limbaugh & Volpe, 

1957). Furthermore, prior Bd infection status could also play a role; Berger et al. (2005) noted 

that after zoospores have been released, the sporangia on the host remain empty, potentially 

limiting further zoospore colonisation space. Overall then there are a variety of processes and 

factors that could result in potential Bd infection sites on tadpoles likely varying at the 

individual- and species- level, with implications for load accumulation, and onward zoospore 

production rates. As such it would be very helpful to understand how Bd infections 

accumulate on tadpoles, what the carrying capacity for active infections is, and what factors 

and processes determine these within and between host species.  

Regardless of how the heterogeneities in loads arise, it is clear that the occurrence of high-

load supershedders can have a major impact on Bd transmission dynamics at the host 

community level. This is similar to the concept of superspreaders in many other infectious 

disease systems. Such a pattern of heterogeneity in contributions to disease transmission has 

been called the ‘80:20 rule’ (Lloyd-Smith, Schreiber, Kopp, & Getz, 2005; Woolhouse et al., 

2001), whereby a small number of hosts (~20%) are responsible for the majority (~80%) of 

transmission events in the population. The extent to which this general phenomenon is true 

for Bd is still unclear, although I certainly saw extensive within- and between-species 

heterogeneities in infection loads and shedding in my experiments. Recognising the existence 

of such heterogeneities, especially if the high-contributing superspreaders can be identified, 

can greatly aid targeting of management strategies to aid disease mitigation within multi-

species assemblages (Fenton et al., 2015; Streicker et al., 2013; Viana et al., 2014).  

Additional complexities of natural Bd–amphibian community systems 

While the work in my thesis has deepened our understanding of species-specific Bd infection 

levels and the link to infectiousness, and to onward transmission dynamics in simplified multi-

host communities, there are many aspects of natural Bd transmission systems that remain 

unexplored. In particular, my modelling work assumed very simple communities of two host 

species comprising, at most, three host infectious classes. In reality natural amphibian 

communities may comprise overlapping cohorts of different aged individuals, potentially 

even cohorts from multiple years, each of which is likely to have different susceptibilities and 

hence shedding rates. Furthermore, differing phenologies and demographic rates (e.g., 
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breeding, hatching and metamorphosis times; developmental and survival rates etc. 

(Catenazzi, von May, & Vredenburg, 2013; Reading, 1984; Rohr, Raffel, & Hall, 2010; Tobler & 

Schmidt, 2010; John Wilkinson, personal communication) across species will mean there will 

be asynchronous windows of opportunity for between-species or between-stage 

transmission. Certainly the modelling framework I used could be modified to account for such 

differences in seasonal timing etc. The key limitation here though would be lack of data on 

species-specific values, and within- and between-species contact rates; although as in 

Chapter 4, sensitivity analyses could be conducted at least to explore the consequences of 

assumptions about these. 

Finally, the presence of other co-circulating pathogens has been suggested to have the 

potential to alter transmission dynamics for various pathogens and parasites (Budischak et 

al., 2015; Ezenwa & Jolles, 2015; Lass et al., 2013; Pedersen & Fenton, 2007). A pathogen of 

major global concern for amphibians, alongside Bd, is ranavirus (Rv; Gray et al., 2009; 

Lesbarrères et al., 2012; Price et al., 2017). I designed my experiments to include ranavirus, 

to assess both how co-exposure to it alters infection success of Bd, and also whether Bd 

exposure alters Rv infection dynamics. However, contrary to my expectations I detected very 

few, and very low, ranavirus infections across all three host species. The lack of ranavirus 

infections was unexpected given Duffus et al. (2014) had demonstrated high infection 

prevalence and mortality events with the same isolate in both R. temporaria and B. bufo 

tadpoles, albeit using older tadpoles than I used. Interestingly, when exploring the effect of 

co-exposure to ranavirus on Bd infections, I found that animals exposed to ranavirius and 

subsequent Bd exposure had a weak effect on the relationship between host infectiousness 

and host infection load, and an increased likelihood of mortality. The lack of ranavirus 

infections meant the sample sizes were too small to analyse formally, however, these results 

raise some intriguing questions. For example, is there a cost to ranavirus infection alone? This 

would certainly conform to literature suggesting that exposure to a pathogen has sub-lethal 

cost (Bielby et al., 2015; Garner et al., 2009). And, is there a within-host mechanism 

influencing the weak effects on Bd? In larval amphibians the infection site for Bd and Rv are 

spatially separated and antigenically distinct, and the immune response to these two 

pathogens is not well documented for this life-history stage (but see Robert & Ohta, 2009). 

Further investigation into potential relationships between Bd and Rv would help inform how 
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dual emergence by both pathogens may exacerbate or ameliorate impacts on amphibian 

communities more generally. 

  



 - 82 - 

References  

Anderson, R. M., & May, R. M. (1986). The invasion, persistence and spread of infectious 

diseases within animal and plant communities. Philosophical Transactions of the Royal 

Society of London. Series B, Biological Sciences, 314(1167), 533–570. 

doi:10.1098/rstb.1986.0072 

Anderson, R. M., & May, R. M. (1978). Regulation and Stability of Host-Parasite Population 

Interactions: I. Regulatory Processes. The Journal of Animal Ecology, 47(1), 219. 

doi:10.2307/3933 

Araujo, A., Kirschman, L., & Warne, R. W. (2016). Behavioural phenotypes predict disease 

susceptibility and infectiousness. Biology Letters, 12(8), 20160480. 

doi:10.1098/rsbl.2016.0480 

Baláž, V., Vörös, J., Civiš, P., Vojar, J., Hettyey, A., Sós, E., … Bielby, J. (2014). Assessing Risk 

and Guidance on Monitoring of Batrachochytrium dendrobatidis in Europe through 

Identification of Taxonomic Selectivity of Infection. Conservation Biology, 28(1), 213–223. 

doi:10.1111/cobi.12128 

Ballestas, O., Lampo, M., & Rodríguez, D. (2021). Living with the pathogenic chytrid fungus: 

Exploring mechanisms of coexistence in the harlequin toad Atelopus cruciger. PLoS ONE, 

16(7). doi:10.1371/journal.pone.0254439 

Bates, K. A., Clare, F. C., O’Hanlon, S., Bosch, J., Brookes, L., Hopkins, K., … Harrison, X. A. 

(2018). Amphibian chytridiomycosis outbreak dynamics are linked with host skin 

bacterial community structure. Nature Communications, 9(1), 693. doi:10.1038/s41467-

018-02967-w 

Bayley, A. E., Hill, B. J., & Feist, S. W. (2013). Susceptibility of the European common frog Rana 

temporaria to a panel of ranavirus isolates from fish and amphibian hosts. Diseases of 

Aquatic Organisms, 103(3), 171–183. doi:10.3354/dao02574 

Begon, M., Hazel, S. M., Baxby, D., Bown, K., Cavanagh, R., Chantrey, J., … Bennett, M. (1999). 

Transmission dynamics of a zoonotic pathogen within and between wildlife host species. 

Proceedings. Biological Sciences / The Royal Society, 266(1432), 1939–1945. 

doi:10.1098/rspb.1999.0870 



 - 83 - 

Beldomenico, P. M., & Begon, M. (2010). Disease spread, susceptibility and infection intensity: 

vicious circles? Trends in Ecology and Evolution, 25(1), 21–27. 

doi:10.1016/j.tree.2009.06.015 

Berger, L., Hyatt, A. D., Speare, R., & Longcore, J. E. (2005). Life cycle stages of the amphibian 

chytrid Batrachochytrium dendrobatidis. Diseases of Aquatic Organisms, 68, 51–63. 

doi:10.3354/dao068051 

Berger, L., Marantelli, G., Skerratt, L. F., & Speare, R. (2005). Virulence of the amphibian 

chytrid fungus Batrachochytrium dendrobatidis varies with the strain. Diseases of 

Aquatic Organisms, 68(1), 47–50. doi:10.3354/dao068047 

Berger, L., Speare, R., Daszak, P., Green, D. E., Cunningham, A. A., Goggin, C. L., … Parkes, H. 

(1998). Chytridiomycosis causes amphibian mortality associated with population 

declines in the rain forests of Australia and Central America. Proceedings of the National 

Academy of Sciences of the United States of America, 95(15), 9031–9036. 

doi:10.1073/pnas.95.15.9031 

Berger, L., Speare, R., & Kent, A. (1999). Diagnosis of chytridiomycosis in amphibians by 

hystological examination. Zoos’ Print Journal, 15(1), 184–190. 

doi:10.11609/JoTT.ZPJ.15.1.184-90 

Best, A., White, A., & Boots, M. (2008). Maintenance of host variation in tolerance to 

pathogens and parasites. Proceedings of the National Academy of Sciences of the United 

States of America, 105(52), 20786–20791. doi:10.1073/pnas.0809558105 

Bielby, J., Cooper, N., Cunningham, A. A., Garner, T. W. J., & Purvis, A. (2008). Predicting 

susceptibility to future declines in the world’s frogs. Conservation Letters, 1(2), 82–90. 

doi:10.1111/j.1755-263x.2008.00015.x 

Bielby, J., Fisher, M. C., Clare, F. C., Rosa, G. M., & Garner, T. W. J. (2015). Host species vary in 

infection probability, sub-lethal effects, and costs of immune response when exposed to 

an amphibian parasite. Scientific Reports, 5(April), 10828. doi:10.1038/srep10828 

Bielby, J., Price, S. J., Monsalve-Carcaño, C., Bosch, J., Monsalve-CarcaÑo, C., & Bosch, J. 

(2020). Host contribution to parasite persistence is consistent between parasites and 

over time, but varies spatially. Ecological Applications, 31(3), e02256. 



 - 84 - 

doi:10.1002/eap.2256 

Blaustein, A. R., Grant Hokit, D., O’Hara, R. K., & Holt, R. A. (1994). Pathogenic fungus 

contributes to amphibian losses in the pacific northwest. Biological Conservation, 67(3), 

251–254. doi:10.1016/0006-3207(94)90616-5 

Blaustein, A. R., Romansic, J. M., Scheessele, E. A., Han, B. A., Pessier, A. P., & Longcore, J. E. 

(2005). Interspecific Variation in Susceptibility of Frog Tadpoles to the Pathogenic Fungus 

Batrachochytrium dendrobatidis. Conservation Biology, 19(5), 1460–1468. 

doi:10.1111/j.1523-1739.2005.00195.x 

Bletz, M. C., Rebollar, E. A., & Harris, R. N. (2015). Differential efficiency among DNA extraction 

methods influences detection of the amphibian pathogen Batrachochytrium 

dendrobatidis. Diseases of Aquatic Organisms, 113(1), 1–8. doi:10.3354/dao02822 

Bosch, J., Martínez-Solano, I., & García-París, M. (2001). Evidence of a chytrid fungus infection 

involved in the decline of the common midwife toad (Alytes obstetricans) in protected 

areas of central Spain. Biological Conservation, 97(3), 331–337. doi:10.1016/S0006-

3207(00)00132-4 

Bosch, J., & Martínez-Solano, I. (2006). Chytrid fungus infection related to unusual mortalities 

of Salamandra salamandra and Bufo bufo in the Peñalara Natural Park, Spain. Oryx, 40(1), 

84–89. doi:10.1017/S0030605306000093 

Bosch, J., Mora-Cabello de Alba, A., Marquínez, S., Price, S. J., Thumsová, B., & Bielby, J. (2021). 

Long-Term Monitoring of Amphibian Populations of a National Park in Northern Spain 

Reveals Negative Persisting Effects of Ranavirus, but Not Batrachochytrium 

dendrobatidis. Frontiers in Veterinary Science, 8, 645491. 

doi:10.3389/fvets.2021.645491 

Boyle, D. D., Boyle, D. D., Olsen, V., Morgan, J., & Hyatt, A. (2004). Rapid quantitative 

detection of chytridiomycosis (Batrachochytrium dendrobatidis) in amphibian samples 

using real-time Taqman PCR assay. Diseases of Aquatic Organisms, 60(2), 141–148. 

doi:10.3354/dao060141 

Bradley, G. A., Rosen, P. C., Sredl, M. J., Jones, T. R., & Longcore, J. E. (2002). Chytridiomycosis 

in native Arizona frogs. Journal of Wildlife Diseases, 38(1), 206–212. doi:10.7589/0090-



 - 85 - 

3558-38.1.206 

Brady, L. D., & Griffiths, R. A. (2000). Developmental responses to pond desiccation in 

tadpoles of the British anuran amphibians (Bufo bufo, B. calamita and Rana temporaria). 

Journal of Zoology, 252(1), 61–69. doi:10.1017/S0952836900009079 

Brannelly, L. A., Webb, R. J., Hunter, D. A., Clemann, N., Howard, K., Skerratt, L. F., … Scheele, 

B. C. (2018). Non-declining amphibians can be important reservoir hosts for amphibian 

chytrid fungus. Animal Conservation, 21(2), 91–101. doi:10.1111/acv.12380 

Brenes, R., Gray, M. J., Waltzek, T. B., Wilkes, R. P., & Miller, D. L. (2014). Transmission of 

ranavirus between ectothermic vertebrate hosts. PLoS ONE, 9(3). 

doi:10.1371/journal.pone.0092476 

Briggs, C. J., Knapp, R. A., & Vredenburg, V. T. (2010). Enzootic and epizootic dynamics of the 

chytrid fungal pathogen of amphibians. Proceedings of the National Academy of Sciences, 

107(21), 9695–9700. doi:10.1073/pnas.0912886107 

Briggs, C. J., Vredenburg, V. T., Knapp, R. A., & Rachowicz, L. J. (2005). Investigating the 

population-level effects of chytridiomycosis: An emerging infectious disease of 

amphibians. Ecology, 86(12), 3149–3159. doi:10.1890/04-1428 

Brunner, J. L., Schock, D. M., & Collins, J. P. (2007). Transmission dynamics of the amphibian 

ranavirus Ambystoma tigrinum virus. Diseases of Aquatic Organisms, 77(2), 87–95. 

doi:10.3354/dao01845 

Brunner, J. L., Beaty, L., Guitard, A., & Russell, D. (2017). Heterogeneities in the infection 

process drive ranavirus transmission. Ecology, 98(2), 576–582. doi:10.1002/ecy.1644 

Brunner, J. L., Olson, A. D., Rice, J. G., Meiners, S. E., Le Sage, M. J., Cundiff, J. A., … Pessier, A. 

P. (2019). Ranavirus infection dynamics and shedding in American bullfrogs: 

Consequences for spread and detection in trade. Diseases of Aquatic Organisms, 135(2), 

135–150. doi:10.3354/dao03387 

Bryan, L. K., Baldwin, C. A., Gray, M. J., & Miller, D. L. (2009). Efficacy of select disinfectants at 

inactivating Ranavirus. Diseases of Aquatic Organisms, 84(2), 89–94. 

doi:10.3354/dao02036 

Budischak, S. A., Sakamoto, K., Megow, L. C., Cummings, K. R., Urban, J. F., & Ezenwa, V. O. 



 - 86 - 

(2015). Resource limitation alters the consequences of co-infection for both hosts and 

parasites. International Journal for Parasitology, 45(7), 455–463. 

doi:10.1016/j.ijpara.2015.02.005 

Carvalho, T., Guilherme Becker, C., & Toledo, L. F. (2017). Historical amphibian declines and 

extinctions in Brazil linked to chytridiomycosis. Proceedings of the Royal Society B: 

Biological Sciences, 284(1848). doi:10.1098/rspb.2016.2254 

Catenazzi, A., von May, R., & Vredenburg, V. T. (2013). High prevalence of infection in tadpoles 

increases vulnerability to fungal pathogen in high-Andean amphibians. Biological 

Conservation, 159, 413–421. doi:10.1016/j.biocon.2012.11.023 

Chase-Topping, M., Gally, D., Low, C., Matthews, L., & Woolhouse, M. (2008). Super-shedding 

and the link between human infection and livestock carriage of Escherichia coli O157. 

Nature Reviews Microbiology, 6(12), 904–912. doi:10.1038/nrmicro2029 

Clare, F. C., Halder, J. B., Daniel, O., Bielby, J., Semenov, M. A., Jombart, T., … Fisher, M. C. 

(2016). Climate forcing of an emerging pathogenic fungus across a montane multi-host 

community. Philosophical Transactions of the Royal Society of London B: Biological 

Sciences, 371, 20150454. doi:10.1098/rstb.2015.0454 

Clare, F., Daniel, O., Garner, T., & Fisher, M. (2016). Assessing the ability of swab data to 

determine the true burden of infection for the amphibian pathogen Batrachochytrium 

dendrobatidis. EcoHealth, 13, 2016. doi:10.1007/s10393-016-1114-z 

Clay, C. A., Lehmer, E. M., Previtali, A., St Jeor, S., & Dearing, M. D. (2009). Contact 

heterogeneity in deer mice: Implications for Sin Nombre virus transmission. Proceedings 

of the Royal Society B: Biological Sciences, 276(1660), 1305–1312. 

doi:10.1098/rspb.2008.1693 

Clay, P. A., Cortez, M. H., Duffy, M. A., & Rudolf, V. H. W. (2019). Priority effects within 

coinfected hosts can drive unexpected population-scale patterns of parasite prevalence. 

Oikos, 128(4), 571–583. doi:10.1111/oik.05937 

Courtois, E. A., Loyau, A., Bourgoin, M., & Schmeller, D. S. (2017). Initiation of 

Batrachochytrium dendrobatidis infection in the absence of physical contact with 

infected hosts – a field study in a high altitude lake. Oikos, 126(6), 843–851. 



 - 87 - 

doi:10.1111/oik.03462 

Cox, D. R. (1972). Regression Models and Life-Tables in the Chair]. Research Section, on 

Wednesday. 

Cunningham, A. A., Hyatt, A. D., Russell, P., & Bennett, P. M. (2007). Experimental 

transmission of a ranavirus disease of common toads (Bufo bufo) to common frogs (Rana 

temporaria). Epidemiology and Infection, 135(7), 1213–1216. 

doi:10.1017/S0950268807007935 

D’Amico, V., Elkinton, J. S., Dwyer, G., Burand, J. P., & Buonaccorsi, J. P. (1996). Virus 

transmission in gypsy moths is not a simple mass action process. Ecology, 77(1), 201–

206. doi:10.2307/2265669 

Daszak, P., Berger, L., Cunningham, A. A., Hyatt, A. D., Green, D. E., & Speare, R. (1999). 

Emerging infectious diseases and amphibian population declines. Emerging Infectious 

Diseases, 5(6), 735–48. doi:10.3201/eid0506.990601 

DiRenzo, G. V., Campbell Grant, E. H., Longo, A. V., Che-Castaldo, C., Zamudio, K. R., & Lips, K. 

R. (2017). Imperfect pathogen detection from non-invasive skin swabs biases disease 

inference. Methods in Ecology and Evolution, 2018(July 2017), 380–389. 

doi:10.1111/2041-210X.12868 

DiRenzo, G. V., Langhammer, P. F., Zamudio, K. R., & Lips, K. R. (2014). Fungal infection 

intensity and zoospore output of Atelopus zeteki, a potential acute chytrid supershedder. 

PLoS ONE, 9(3), 1–6. doi:10.1371/journal.pone.0093356 

DiRenzo, G. V., Tunstall, T. S., Ibáñez, R., DeVries, M. S., Longo, A. V., Zamudio, K. R., & Lips, K. 

R. (2018). External Reinfection of a Fungal Pathogen Does not Contribute to Pathogen 

Growth. EcoHealth, 15(4), 815–826. doi:10.1007/s10393-018-1358-x 

Dobson, A. (2004). Population dynamics of pathogens with multiple host species. American 

Naturalist, 164(5 SUPPL.). doi:10.1086/424681 

Doddington, B. J., Bosch, J., Oliver, J. A., Grassly, N. C., Garcia, G., Schmidt, B. R., … Fisher, M. 

C. (2013). Context-dependent amphibian host population response to an invading 

pathogen. Ecology, 84(8), 1795–1804.  

Drawert, B., Griesemer, M., Petzold, L. R., & Briggs, C. J. (2017). Using stochastic 



 - 88 - 

epidemiological models to evaluate conservation strategies for endangered amphibians. 

Journal of the Royal Society Interface, 14(133). doi:10.1098/rsif.2017.0480 

Drewe, J. A. (2010). Who infects whom? Social networks and tuberculosis transmission in wild 

meerkats. Proc. R. Soc. B, 277, 633–642. doi:10.1098/rspb.2009.1775 

Duellman, W. E., & Trueb, L. (1994). Biology of Amphibians. JHU press.  

Duffus, A. L. J., Nichols, R. A., & Garner, T. W. J. (2014). Experimental evidence in support of 

single host maintenance of a multihost pathogen. Ecosphere, 5(11), 1–11. 

doi:10.1890/ES14-00074.1 

Ezenwa, V. O., Etienne, R. S., Luikart, G., Beja-Pereira, A., & Jolles, A. E. (2010). Hidden 

consequences of living in a wormy world: Nematode-induced immune suppression 

facilitates tuberculosis invasion in African buffalo. American Naturalist, 176(5), 613–624. 

doi:10.1086/656496 

Ezenwa, V. O., & Jolles, A. E. (2015). Opposite effects of anthelmintic treatment on microbial 

infection at individual versus population scales. Science, 347(6218), 175–177. 

doi:10.1126/science.1261714 

Fellers, G. M., Green, D. E., & Longcore, J. E. (2001). Oral Chytridiomycosis in the Mountain 

Yellow-Legged Frog (Rana muscosa). Copeia, (4), 945–953. 

Fenton, A., Fairbairn, J. P., Norman, R., & Hudson, P. J. (2002). Parasite transmission: 

Reconciling theory and reality. Journal of Animal Ecology, 71(5), 893–905. 

doi:10.1046/j.1365-2656.2002.00656.x 

Fenton, A., & Pedersen, A. B. (2005). Community epidemiology framework for classifying 

disease threats. Emerging Infectious Diseases, 11(12), 1815–1821. 

doi:10.3201/eid1112.050306 

Fenton, A., Streicker, D. G., Petchey, O. L., & Pedersen, A. B. (2015). Are All Hosts Created 

Equal? Partitioning Host Species Contributions to Parasite Persistence in Multihost 

Communities. The American Naturalist, 186(5), 610–622. doi:10.1086/683173 

Fernández-Beaskoetxea, S., Bosch, J., & Bielby, J. (2016). Infection and transmission 

heterogeneity of a multi-host pathogen (Batrachochytrium dendrobatidis) within an 

amphibian community. Diseases of Aquatic Organisms, 118(1), 11–20. 



 - 89 - 

doi:10.3354/dao02963 

Fisher, M. C., & Garner, T. W. J. (2020). Chytrid fungi and global amphibian declines. Nature 

Reviews Microbiology, 1–12. doi:10.1038/s41579-020-0335-x 

Gabor, C. R., Fisher, M. C., & Bosch, J. (2013). A Non-Invasive Stress Assay Shows That Tadpole 

Populations Infected with Batrachochytrium dendrobatidis Have Elevated 

Corticosterone Levels. PLoS ONE, 8(2), 1–5. doi:10.1371/journal.pone.0056054 

Gahl, M. K., Longcore, J. E., & Houlahan, J. E. (2012). Varying Responses of Northeastern North 

American Amphibians to the Chytrid PathogenBatrachochytrium dendrobatidis. 

Conservation Biology, 26(1), 135–141. doi:10.1111/j.1523-1739.2011.01801.x 

Gallagher, S. J., Tornabene, B. J., DeBlieux, T. S., Pochini, K. M., Chislock, M. F., Compton, Z. 

A., … Hoverman, J. T. (2019). Healthy but smaller herds: Predators reduce pathogen 

transmission in an amphibian assemblage. Journal of Animal Ecology, 88(10), 1613–1624. 

doi:10.1111/1365-2656.13042 

Garner, T. W. J., Rowcliffe, J. M., & Fisher, M. C. (2011). Climate change, chytridiomycosis or 

condition: An experimental test of amphibian survival. Global Change Biology, 17(2), 

667–675. doi:10.1111/j.1365-2486.2010.02272.x 

Garner, T. W. J., Walker, S., Bosch, J., Leech, S., Marcus Rowcliffe, J., Cunningham, A. A., & 

Fisher, M. C. (2009). Life history tradeoffs influence mortality associated with the 

amphibian pathogen Batrachochytrium dendrobatidis. Oikos, 118(5), 783–791. 

doi:10.1111/j.1600-0706.2008.17202.x 

Gervasi, S., Gondhalekar, C., Olson, D. H., & Blaustein, A. R. (2013). Host Identity Matters in 

the Amphibian- Batrachochytrium dendrobatidis System: Fine-Scale Patterns of 

Variation in Responses to a Multi-Host Pathogen. PLoS ONE, 8(1). 

doi:10.1371/journal.pone.0054490 

Gervasi, S. S., Stephens, P. R., Hua, J., Searle, C. L., Xie, G. Y., Urbina, J., … Blaustein, A. R. 

(2017). Linking Ecology and Epidemiology to Understand Predictors of Multi-Host 

Responses to an Emerging Pathogen, the Amphibian Chytrid Fungus. PLoS ONE, 12(1), 

e0167882. doi:10.1371/journal.pone.0167882 

Gosner, K. L. . (1960). A Simplified Table for Staging Anuran Embryos and Larvae with Notes 



 - 90 - 

on Identification. Herpetologica, 16(3), 183–190. 

Gray, M. J., Miller, D. L., & Hoverman, J. T. (2009). Ecology and pathology of amphibian 

ranaviruses. Diseases of Aquatic Organisms, 87(3), 243–266. doi:10.3354/dao02138 

Green, D. E., Converse, K. A., & Schrader, A. K. (2002). Epizootiology of sixty-four amphibian 

morbidity and mortality events in the USA, 1996-2001. Annals of the New York Academy 

of Sciences, 969, 323–39. doi:10.1111/j.1749-6632.2002.tb04400.x 

Greener, M. S., Verbrugghe, E., Kelly, M., Blooi, M., Beukema, W., Canessa, S., … Martel, A. 

(2020). Presence of low virulence chytrid fungi could protect European amphibians from 

more deadly strains. Nature Communications, 11(1). doi:10.1038/s41467-020-19241-7 

Griffiths, R. A., & Foster, J. P. (1998). The effect of social interactions on tadpole activity and 

growth in the British anuran amphibians (Bufo bufo, B. calamita, and Rana temporaria). 

Journal of Zoology, 245(4), 431–437. doi:10.1111/j.1469-7998.1998.tb00117.x 

Grogan, L. F., Humphries, J. E., Robert, J., Lanctôt, C. M., Nock, C. J., Newell, D. A., & McCallum, 

H. I. (2020). Immunological Aspects of Chytridiomycosis. Journal of Fungi, 6(4), 234. 

doi:10.3390/jof6040234 

Grogan, L. F., Robert, J., Berger, L., Skerratt, L. F., Scheele, B. C., Castley, J. G., … McCallum, H. 

I. (2018). Review of the Amphibian Immune Response to Chytridiomycosis, and Future 

Directions. Frontiers in Immunology, 9, 2536. doi:10.3389/fimmu.2018.02536 

Hall, E. M., Goldberg, C. S., Brunner, J. L., & Crespi, E. J. (2018). Seasonal dynamics and 

potential drivers of ranavirus epidemics in wood frog populations. Oecologia, 188(4), 

1253–1262. doi:10.1007/s00442-018-4274-4 

Han, B. A., Bradley, P. W., & Blaustein, A. R. (2008). Ancient behaviors of larval amphibians in 

response to an emerging fungal pathogen, Batrachochytrium dendrobatidis. Behavioural 

Ecology and Sociobiology, 63, 241–250. doi:10.1007/s00265-008-0655-8 

Han, B. A., Kerby, J. L., Searle, C. L., Storfer, A., & Blaustein, A. R. (2015). Host species 

composition influences infection severity among amphibians in the absence of spillover 

transmission. Ecology and Evolution, 5(7), 1432–1439. doi:10.1002/ece3.1385 

Hanlon, S. M., Lynch, K. J., Kerby, J., & Parris, M. J. (2015). Batrachochytrium dendrobatidis 

exposure effects on foraging efficiencies and body size in anuran tadpoles. Diseases of 



 - 91 - 

Aquatic Organisms, 112(3), 237–242. doi:10.3354/dao02810 

Harp, E. M., & Petranka, J. W. (2006). Ranavirus in Wood Frogs (Rana Sylvatica): Potential 

Sources of Transmission Within and Between Ponds. Journal of Wildlife Diseases, 42(2), 

307–318. doi:10.7589/0090-3558-42.2.307 

Hasu, T., Benesh, D. P., & Valtonen, E. T. (2009). Differences in parasite susceptibility and costs 

of resistance between naturally exposed and unexposed host populations. Journal of 

Evolutionary Biology, 22(4), 699–707. doi:10.1111/j.1420-9101.2009.01704.x 

Haydon, D. T., Cleaveland, S., Taylor, L. H., & Laurenson, M. K. (2002). Identifying Reservoirs 

of Infection: A Conceptual and Practical Challenge. Emerging Infectious Diseases, 8(12), 

1468–1473. doi:10.3201/eid0812.010317 

Hellard, E., Fouchet, D., Vavre, F., & Pontier, D. (2015). Parasite-Parasite Interactions in the 

Wild: How To Detect Them? Trends in Parasitology, 31(12), 640–652. 

doi:10.1016/j.pt.2015.07.005 

Hinlo, R., Gleeson, D., Lintermans, M., & Furlan, E. (2017). Methods to maximise recovery of 

environmental DNA from water samples. PLoS ONE, 12(6), 1–22. 

doi:10.1371/journal.pone.0179251 

Holt, R. D., Dobson, A. P., Begon, M., Bowers, R. G., & Schauber, E. M. (2003). Parasite 

establishment in host communities. Ecology Letters, 6(9), 837–842. doi:10.1046/j.1461-

0248.2003.00501.x 

Hoverman, J. T., Mihaljevic, J. R., Richgels, K. L. D., Kerby, J. L., & Johnson, P. T. J. (2012). 

Widespread co-occurrence of virulent pathogens within California amphibian 

communities. EcoHealth, 9(3), 288–292. doi:10.1007/s10393-012-0778-2 

Hyatt, A. D.., Boyle, D. G., Olsen, V., Boyle, D. B., Berger, L., Obendorf, D., … Colling, A. (2007). 

Diagnostic assays and sampling protocols for the detection of Batrachochytrium 

dendrobatidis. Diseases of Aquatic Organisms, 73, 175–192. doi:10.3354/dao073175 

Jankowski, M. D., Williams, C. J., Fair, J. M., & Owen, J. C. (2013). Birds Shed RNA-Viruses 

According to the Pareto Principle. PLoS ONE, 8(8), e72611. 

doi:10.1371/journal.pone.0072611 

Johnson, M. L., Berger, L., Philips, L., & Speare, R. (2003). Fungicidal effects of chemical 



 - 92 - 

disinfectants, UV light, desiccation and heat on the amphibian chytrid Batrachochytrium 

dendrobatidis. Diseases of Aquatic Organisms, 57(3), 255–260. doi:10.3354/dao057255 

Johnson, M. L., & Speare, R. (2003). Survival of Batrachochytrium dendrobatidis in water: 

Quarantine and disease control implications. Emerging Infectious Diseases, 9(8), 922–

925. doi:10.3201/eid0908.030145 

Johnson, P. T. J., & Thieltges, D. W. (2010). Diversity, decoys and the dilution effect: how 

ecological communities affect disease risk. Journal of Experimental Biology, 213(6), 961–

970. doi:10.1242/jeb.037721 

Johnson, P. T.J., Hartson, R. B., Larson, D. J., & Sutherland, D. R. (2008). Diversity and disease: 

Community structure drives parasite transmission and host fitness. Ecology Letters, 

11(10), 1017–1026. doi:10.1111/j.1461-0248.2008.01212.x 

Johnson, P.T.J., & Hoverman, J. T. (2012). Parasite diversity and coinfection determine 

pathogen infection success and host fitness. Proceedings of the National Academy of 

Sciences of the United States of America, 109(23), 9006–9011. 

doi:10.1073/pnas.1201790109 

Johnson, P. T.J., Lunde, K. B., Ritchie, E. G., & Launer, A. E. (1999). The effect of trematode 

infection on amphibian limb development and survivorship. Science, 284(5415), 802–

804. doi:10.1126/science.284.5415.802 

Keesing, F., Holt, R. D., & Ostfeld, R. S. (2006). Effects of species diversity on disease risk. 

Ecology Letters, 9(4), 485–98. doi:10.1111/j.1461-0248.2006.00885.x 

Kilpatrick, A. M., Briggs, C. J., & Daszak, P. (2010). The ecology and impact of chytridiomycosis: 

an emerging disease of amphibians. Trends in Ecology and Evolution, 25(2), 109–118. 

doi:10.1016/j.tree.2009.07.011 

Kilpatrick, A. M., Daszak, P., Jones, M. J., Marra, P. P., & Kramer, L. D. (2006). Host 

heterogeneity dominates West Nile virus transmission. Proceedings of the Royal Society 

B: Biological Sciences, 273(1599), 2327–2333. doi:10.1098/rspb.2006.3575 

Kirshtein, J., Anderson, C., Wood, J., Longcore, J., & Voytek, M. (2007). Quantitative PCR 

detection of Batrachochytrium dendrobatidis DNA from sediments and water. Diseases 

of Aquatic Organisms, 77(1), 11–15. doi:10.3354/dao01831 



 - 93 - 

Knell, R. J., Begon, M., & Thompson, D. J. (1996). Transmission dynamics of Bacillus 

thuringiensis infecting Plodia interpunctella: A test of the mass action assumption with 

an insect pathogen. Proceedings of the Royal Society B: Biological Sciences, 263(1366), 

75–81. doi:10.1098/rspb.1996.0013 

Kosch, T. A., & Summers, K. (2013). Techniques for minimizing the effects of PCR inhibitors in 

the chytridiomycosis assay. Molecular Ecology Resources, 13(2), 230–236. 

doi:10.1111/1755-0998.12041 

Lass, S., Hudson, P. J., Thakar, J., Saric, J., Harvill, E., Albert, R., & Perkins, S. E. (2013). 

Generating super-shedders: Co-infection increases bacterial load and egg production of 

a gastrointestinal helminth. Journal of the Royal Society Interface, 10(80). 

doi:10.1098/rsif.2012.0588 

Lello, J., McClure, S. J., Tyrrell, K., & Viney, M. E. (2018). Predicting the effects of parasite co-

infection across species boundaries. Proceedings of the Royal Society B: Biological 

Sciences, 285(1874). doi:10.1098/rspb.2017.2610 

Lesbarrères, D., Balseiro, A., Brunner, J., Chinchar, V. G., Duffus, A., Kerby, J., … Gray, M. J. 

(2012). Ranavirus: Past, present and future. Biology Letters, 8(4), 481–483. 

doi:10.1098/rsbl.2011.0951 

Leung, W. T. T. M., Thomas-Walters, L., Garner, T. W. J. W., Balloux, F., Durrant, C., & Price, S. 

J. (2017). A quantitative-PCR based method to estimate ranavirus viral load following 

normalisation by reference to an ultraconserved vertebrate target A quantitative-PCR 

based method to estimate ranavirus viral load following normalisation by reference to 

an. Journal of Virological Methods, 249 (March), 147–155. 

doi:10.1016/j.jviromet.2017.08.016 

Levi, T., Keesing, F., Holt, R. D., Barfield, M., & Ostfeld, R. S. (2016). Quantifying dilution and 

amplification in a community of hosts for tick-borne pathogens. Ecological Applications, 

26(2), 484–498. doi:10.1890/15-0122 

Limbaugh, B. A., & Volpe, E. P. (1957). Early development of the Gulf Coast toad, Bufo valliceps 

Wiegmann. American Museum Novitates, (1842). 

Lips, K. R., Brem, F., Brenes, R., Reeve, J. D., Alford, R. A., Voyles, J., … Collins, J. P. (2006). 



 - 94 - 

Emerging infectious disease and the loss of biodiversity in a Neotropical amphibian 

community. PNAS, 103(9), 3165–3170.  

Lloyd-Smith, J. O., Schreiber, S. J., Kopp, P. E., & Getz, W. M. (2005). Superspreading and the 

effect of individual variation on disease emergence. Nature, 438(171). 

doi:10.1038/nature04153 

Logiudice, K., Ostfeld, R. S., Schmidt, K. A., & Keesing, F. (2003). The ecology of infectious 

disease: Effects of host diversity and community composition on Lyme disease risk. PNAS, 

100(2), 567–571. 

Longcore, J. E., Pessier, A. P., & Nichols, D. K. (1999). Batrachochytrium Dendrobatidis gen. et 

sp. nov., a Chytrid Pathogenic to Amphibians. Mycologia, 91(2), 219–227.  

Louca, S., Lampo, M., & Doebeli, M. (2014). Assessing host extinction risk following exposure 

to Batrachochytrium dendrobatidis. Proceedings of the Royal Society B: Biological 

Sciences, 281(1785), 20132783. doi:10.1098/rspb.2013.2783 

Maguire, C., DiRenzo, G., Tunstall, T., Muletz, C., Zamudio, K., & Lips, K. (2016). Dead or alive? 

Viability of chytrid zoospores shed from live amphibian hosts. Diseases of Aquatic 

Organisms, 119(3), 179–187. doi:10.3354/dao02991 

Marantelli, G., Berger, L., Speare, R., & Keegan, L. (2004). Distribution of the amphibian 

chytrid Batrachochytrium dendrobatidis and keratin during tadpole development. 

Pacific Conservation Biology, 10(3), 173–79.  

Marquis, O., Saglio, P., & Neveu, A. (2004). Effects of predators and conspecific chemical cues 

on the swimming activity of Rana temporaria and Bufo bufo tadpoles. Archiv Fur 

Hydrobiologie, 160(2), 153–170. doi:10.1127/0003-9136/2004/0160-0153 

Martel, A., Fard, M. S., Van Rooij, P., Jooris, R., Boone, F., Haesebrouck, F., … Pasmans, F. 

(2012). Road-killed Common Toads (Bufo bufo) in Flanders (Belgium) Reveal Low 

Prevalence of Ranaviruses and Batrachochytrium dendrobatidis. Journal of Wildlife 

Diseases, 48(3), 835–839. doi:10.7589/0090-3558-48.3.835 

Matthews, L., Kendrick, I. J. M. C., Ternent, H., Gunn, G. J., Ge, Y. N., Wo, D. M. E. J., & Us, H. 

O. (2006). Super-shedding cattle and the transmission dynamics of Escherichia coli O157. 

Epidemiol. Infect, 134, 131–142. doi:10.1017/S0950268805004590 



 - 95 - 

McCallum, H., Fenton, A., Hudson, P. J., Lee, B., Levick, B., Norman, R., … Lello, J. (2017). 

Breaking beta: deconstructing the parasite transmission function. Philosophical 

Transactions of the Royal Society B: Biological Sciences, 372(1719), 20160084. 

doi:10.1098/rstb.2016.0084 

McMahon, T. A., Brannelly, L. A., Chatfield, M. W. H., Johnson, P. T. J., Joseph, M. B., McKenzie, 

V. J., … Rohr, J. R. (2013). Chytrid fungus Batrachochytrium dendrobatidis has 

nonamphibian hosts and releases chemicals that cause pathology in the absence of 

infection. Proceedings of the National Academy of Sciences of the United States of 

America, 110(1), 210–215. doi:10.1073/pnas.1200592110 

McMahon, T. A., & Rohr, J. R. (2015). Transition of Chytrid Fungus Infection from Mouthparts 

to Hind Limbs During Amphibian Metamorphosis. EcoHealth, 12(1), 188–193. 

doi:10.1007/s10393-014-0989-9 

Medina, D., Garner, T. W. J., Carrascal, L. M., & Bosch, J. (2015). Delayed metamorphosis of 

Amphibian larvae facilitates Batrachochytrium dendrobatidis transmission and 

persistence. Diseases of Aquatic Organisms, 117(2), 85–92. doi:10.3354/dao02934 

Mesquita, A. F. C., Lambertini, C., Lyra, M., Malagoli, L. R., James, T. Y., Toledo, L. F., … Becker, 

C. G. (2017). Low resistance to chytridiomycosis in direct-developing amphibians. 

Scientific Reports, 7(1). doi:10.1038/s41598-017-16425-y 

Miaud, C., Dejean, T., Savard, K., Millery-Vigues, A., Valentini, A., Curt Grand Gaudin, N., & 

Garner, T. W. J. (2016). Invasive North American bullfrogs transmit lethal fungus 

Batrachochytrium dendrobatidis infections to native amphibian host species. Biological 

Invasions, 18(8), 2299–2308. doi:10.1007/s10530-016-1161-y 

Miaud, C., Pozet, F., Gaudin, N. C. G., Marte, A., Pasmans, F., & Labrut, S. (2016). Ranavirus 

causes mass die-offs of alpine amphibians in the southwestern Alps, France. Journal of 

Wildlife Diseases, 52(2), 242–252. doi:10.7589/2015-05-113 

Miller, D. L., Rajeev, S., Brookins, M., Cook, J., Whittington, L., & Baldwin, C. A. (2008). 

Concurrent Infection with Ranavirus, Batrachochytrium dendrobatidis, and Aeromonas 

in a Captive Anuran Colony. Journal of Zoo and Wildlife Medicine, 39(3), 445–449. 

doi:10.1638/2008-0012.1 



 - 96 - 

Mitchell, K. M., Churcher, T. S., Garner, T. W. J., & Fisher, M. C. (2008). Persistence of the 

emerging pathogen Batrachochytrium dendrobatidis outside the amphibian host greatly 

increases the probability of host extinction. Proc. R. Soc. B, 275(1632), 329–334. 

doi:10.1098/rspb.2007.1356 

Mosher, B. A., Huyvaert, K. P., & Bailey, L. L. (2018). Beyond the swab: ecosystem sampling to 

understand the persistence of an amphibian pathogen. Oecologia, (0123456789), 

https://doi.org/10.1007/s00442-018-4167-6 CONSERVA. doi:10.1007/s00442-018-

4167-6 

Murray, K. A., Skerratt, L. F., Speare, R., & McCallum, H. (2009). Impact and dynamics of 

disease in species threatened by the amphibian chytrid fungus, Batrachochytrium 

dendrobatidis. Conservation Biology, 23(5), 1242–1252. doi:10.1111/j.1523-

1739.2009.01211.x 

O’Hanlon, S. J., Rieux, A., Farrer, R. A., Rosa, G. M., Waldman, B., Bataille, A., … Fisher, M. C. 

(2018). Recent Asian origin of chytrid fungi causing global amphibian declines. Science, 

360(6389), 621–627. doi:10.1126/science.aar1965 

Orlofske, S. A., Flaxman, S. M., Joseph, M. B., Fenton, A., Melbourne, B. A., & Johnson, P. T. J. 

(2018). Experimental investigation of alternative transmission functions: Quantitative 

evidence for the importance of nonlinear transmission dynamics in host–parasite 

systems. Journal of Animal Ecology, 87(3), 703–715. doi:10.1111/1365-2656.12783 

Ostfeld, R. S., & Keesing, F. (2012). Effects of Host Diversity on Infectious Disease. Annu. Rev. 

Ecol. Evol. Syst, 43, 157–182. doi:10.1146/annurev-ecolsys-102710-145022 

Parker, J. M., Mikaelian, I., Hahn, N., & Diggs, H. E. (2002). Clinical Diagnosis and Treatment 

of Epidermal Chytridiomycosis in African Clawed Frogs (Xenopus tropicalis). Comparative 

Medicine, 52(3), 256–268.  

Pasmans, F., Rooij, P. Van, Blooi, M., Tessa, G., Bogaerts, S., Sotgiu, G., … Salvidio, S. (2013). 

Resistance to Chytridiomycosis in European Plethodontid Salamanders of the Genus 

Speleomantes. PLoS Biology, 8(5). doi:10.1371/journal.pone.0063639 

Paterson, S., & Viney, M. E. (2002). Host immune responses are necessary for density 

dependence in nematode infections. Parasitology, 125(3), 283–292. 



 - 97 - 

doi:10.1017/S0031182002002056 

Peace, A., O’Regan, S. M., Spatz, J. A., Reilly, P. N., Hill, R. D., Carter, E. D., … Gray, M. J. (2019). 

A highly invasive chimeric ranavirus can decimate tadpole populations rapidly through 

multiple transmission pathways. Ecological Modelling, 410(108777). 

doi:10.1016/j.ecolmodel.2019.108777 

Pearman, P. B., Garner, T. W. J., Straub, M., & Greber, U. F. (2004). Response of the Italian 

agile frog (Rana latastei) to a Ranavirus, frog virus 3: a model for viral emergence in naïve 

populations. Journal of Wildlife Diseases, 40(4), 660–669. doi:40/4/660 [pii] 

Pedersen, A. B., & Fenton, A. (2007). Emphasizing the ecology in parasite community ecology. 

Trends in Ecology and Evolution, 22(3), 133–139. doi:10.1016/j.tree.2006.11.005 

Petney, T. N., & Andrews, R. H. (1998). Multiparasite communities in animals and humans: 

Frequency, structure and pathogenic significance. International Journal for Parasitology, 

28(3), 377–393. doi:10.1016/S0020-7519(97)00189-6 

Pilliod, D. S., Muths, E., Scherer, R. D., Bartelt, P. E., Corn, P. S., Hossack, B. R., … Gaughan, C. 

(2010). Effects of amphibian chytrid fungus on individual survival probability in wild 

boreal toads. Conservation Biology, 24(5), 1259–1267. doi:10.1111/j.1523-

1739.2010.01506.x 

Piotrowski, J. S., Annis, S. L., & Longcore, J. E. (2004). Physiology of Batrachochytrium 

dendrobatidis, a chytrid pathogen of amphibians. Mycologia, 96(1), 9–15. 

doi:10.2307/3761981 

Plowright, R. K., Parrish, C. R., McCallum, H., Hudson, P. J., Ko, A. I., Graham, A. L., & Lloyd-

Smith, J. O. (2017). Pathways to zoonotic spillover. Nature Reviews Microbiology, 15(8), 

502–510. doi:10.1038/nrmicro.2017.45 

Poulin, R., Rau, M. E., & Curtis, M. A. (1991). Infection of brook trout fry, Salvelinus fontinalis, 

by ectoparasitic copepods: the role of host behaviour and initial parasite load. Animal 

Behaviour, 41(3), 467–476. doi:10.1016/S0003-3472(05)80849-8 

Price, S. J., Ariel, E., Maclaine, A., Rosa, G. M., Gray, M. J., Brunner, J. L., & Garner, T. W. J. 

(2017). From fish to frogs and beyond: Impact and host range of emergent ranaviruses. 

Virology, 511(August), 272–279. doi:10.1016/j.virol.2017.08.001 



 - 98 - 

Price, S. J., Garner, T. W. J., Cunningham, A. A., Langton, T. E. S., & Nichols, R. A. (2016). 

Reconstructing the emergence of a lethal infectious disease of wildlife supports a key 

role for spread through translocations by humans. Proceedings of the Royal Society B: 

Biological Sciences, 283(1839). doi:10.1098/rspb.2016.0952 

Price, S. J., Garner, T. W. J., Nichols, R. A., Balloux, F., Ayres, C., Mora-Cabello De Alba, A., & 

Bosch, J. (2014). Collapse of amphibian communities due to an introduced ranavirus. 

Current Biology, 24(21), 2586–2591. doi:10.1016/j.cub.2014.09.028 

Puschendorf, R., Hoskin, C. J., Cashins, S. D., Mcdonald, K., Skerratt, L. F., Vanderwal, J., & 

Alford, R. A. (2011). Environmental Refuge from Disease-Driven Amphibian Extinction. 

Conservation Biology, 25(5), 956–964. doi:10.1111/J.1523-1739.2011.01728.X 

Rachowicz, L. J., & Briggs, C. J. (2007). Quantifying the disease transmission function: Effects 

of density on Batrachochytrium dendrobatidis transmission in the mountain yellow-

legged frog Rana muscosa. Journal of Animal Ecology, 76(4), 711–721. 

doi:10.1111/j.1365-2656.2007.01256.x 

Rachowicz, L. J., & Vredenburg, V. T. (2004). Transmission of Batrachochytrium dendrobatidis 

within and between amphibian life stages. Diseases of Aquatic Organisms, 61, 75–83. 

Ramsay, C., & Rohr, J. R. (2021). The application of community ecology theory to co-infections 

in wildlife hosts. Ecology, 102(3), e03253. doi:10.1002/ecy.3253 

Reading, C. J. (1984). Interspecific spawning between Common frogs Rana temporaria and 

Common toads Bufo bufo. Journal of Zoology, 203(1), 95–101. doi:10.1111/j.1469-

7998.1984.tb06046.x 

Reading, C. J., & Clarke, R. T. (1983). Male breeding behaviour and mate acquisition in the 

Common toad, Bufo bufo. Journal of Zoology, 201(2), 237–246. doi:10.1111/j.1469-

7998.1983.tb04273.x 

Reed, L. J., & Muench, H. (1938). A simple method of estimating fifty per cent endpoints. 

American Journal of Epidemiology, 27(3), 493–497. 

doi:10.1093/oxfordjournals.aje.a118408 

Reeder, N. M. M., Pessier, A. P., Vredenburg, V. T., & Litvintseva, A. P. (2012). A Reservoir 

Species for the Emerging Amphibian Pathogen Batrachochytrium dendrobatidis Thrives 



 - 99 - 

in a Landscape Decimated by Disease. PLOS ONE, 7(3). 

doi:10.1371/journal.pone.0033567 

Reshetnikov, A. N., Chestnut, T., Brunner, J. L., Charles, K., Nebergall, E. E., & Olson, D. H. 

(2014). Detection of the emerging amphibian pathogens batrachochytrium 

dendrobatidis and ranavirus in Russia. Diseases of Aquatic Organisms, 110(3), 235–240. 

doi:10.3354/dao02757 

Rigaud, T., Perrot-Minnot, M. J., & Brown, M. J. F. (2010). Parasite and host assemblages: 

Embracing the reality will improve our knowledge of parasite transmission and virulence. 

In Proceedings of the Royal Society B: Biological Sciences (Vol. 277, pp. 3693–3702). The 

Royal Society. doi:10.1098/rspb.2010.1163 

Robert, J., Abramowitz, L., Gantress, J., & Morales, H. D. (2007). Xenopus laevis: A possible 

vector of ramavirus infection? Journal of Wildlife Diseases, 43(4), 645–652. 

doi:10.7589/0090-3558-43.4.645 

Robert, J., George, E., De Jesús Andino, F., & Chen, G. (2011). Waterborne infectivity of the 

Ranavirus frog virus 3 in Xenopus laevis. Virology, 417(2), 410–417. 

doi:10.1016/j.virol.2011.06.026 

Robert, J., & Ohta, Y. (2009, June 1). Comparative and developmental study of the immune 

system in Xenopus. Developmental Dynamics, 238(6), 1249–1270. 

doi:10.1002/DVDY.21891 

Robinson, K., Prostak, S. M., Campbell Grant, E. H., & Fritz-Laylin, L. K. (2022). Amphibian 

mucus triggers a developmental transition in the frog-killing chytrid fungus. BioRxiv, 1–

23. doi:10.1101/2022.01.21.477224 

Rohr, J. R., Raffel, T. R., & Hall, C. A. (2010). Developmental variation in resistance and 

tolerance in a multi-host-parasite system. Functional Ecology, 24(5), 1110–1121. 

doi:10.1111/j.1365-2435.2010.01709.x 

Rosa, G. M., Sabino-Pinto, J., Laurentino, T. G., Martel, A., Pasmans, F., Rebelo, R., … Bosch, J. 

(2017). Impact of asynchronous emergence of two lethal pathogens on amphibian 

assemblages. Scientific Reports, 7(1), 43260. doi:10.1038/srep43260 

Rovito, S. M., Parra-Olea, G., Vásquez-Almazán, C. R., Papenfuss, T. J., & Wake, D. B. (2009). 



 - 100 - 

Dramatic declines in neotropical salamander populations are an important part of the 

global amphibian crisis. Proceedings of the National Academy of Sciences of the United 

States of America, 106(9), 3231–3236. doi:10.1073/pnas.0813051106 

Rumschlag, S. L., Roth, S. A., McMahon, T. A., Rohr, J. R., & Civitello, D. J. (2022). Variability in 

environmental persistence but not per capita transmission rates of the amphibian 

chytrid fungus leads to differences in host infection prevalence. Journal of Animal 

Ecology, 91(1), 170–181. doi:10.1111/1365-2656.13612 

Salla, R. F., Rizzi-Possignolo, G. M., Oliveira, C. R., Lambertini, C., Franco-Belussi, L., Leite, D. 

S., … Jones-Costa, M. (2018). Novel findings on the impact of chytridiomycosis on the 

cardiac function of anurans: Sensitive vs. tolerant species. PeerJ, 2018(11), e5891. 

doi:10.7717/peerj.5891 

Sauer, E. L., Cohen, J. M., Lajeunesse, M. J., McMahon, T. A., Civitello, D. J., Knutie, S. A., … 

Rohr, J. R. (2020). A meta-analysis reveals temperature, dose, life stage, and taxonomy 

influence host susceptibility to a fungal parasite. Ecology, 101(4), e02979. 

doi:10.1002/ecy.2979 

Scheele, B. C., Hunter, D. A., Skerratt, L. F., Brannelly, L. A., & Driscoll, D. A. (2015). Low impact 

of chytridiomycosis on frog recruitment enables persistence in refuges despite high adult 

mortality. Biological Conservation, 182, 36–43. doi:10.1016/j.biocon.2014.11.032 

Scheele, B. C., Pasmans, F., Skerratt, L. F., Berger, L., Martel, A., Beukema, W., … Canessa, S. 

(2019). Amphibian fungal panzootic causes catastrophic and ongoing loss of biodiversity. 

Science, 363(6434), 1459–1463. doi:10.1126/science.aav0379 

Schmeller, D. S. S., Blooi, M., Martel, A., Garner, T. W. J. W. J. J., Fisher, M. C. C., Dé, F., … 

Pasmans, F. (2014). Microscopic aquatic predators strongly affect infection dynamics of 

a globally emerged pathogen. Current Biology, 24(2), 176–180. 

doi:10.1016/j.cub.2013.11.032 

Schock, D. M., Ruthig, G. R., Collins, J. P., Kutz, S. J., Carrière, S., Gau, R. J., … Popko, R. A. 

(2010). Amphibian chytrid fungus and ranaviruses in the Northwest Territories, Canada. 

Diseases of Aquatic Organisms, 92(2–3), 231–240. doi:10.3354/dao02134 

Searle, C. L., Biga, L. M., Spatafora, J. W., & Blaustein, A. R. (2011). A dilution effect in the 



 - 101 - 

emerging amphibian pathogen Batrachochytrium dendrobatidis. PNAS, 108(39), 16322–

16326. doi:10.1073/pnas.1108490108 

Searle, C. L., Mendelson, J. R., Green, L. E., & Duffy, M. A. (2013). Daphnia predation on the 

amphibian chytrid fungus and its impacts on disease risk in tadpoles. Ecology and 

Evolution, 3(12), 4129–4138. doi:10.1002/ece3.777 

Shaw, D. J., & Dobson, A. P. (1995). Patterns of Macroparasite Abundance and Aggregation in 

Wildlife Populations: A Quantitative Review. Parasitology, 111(S1), S111–S133. 

doi:10.1017/S0031182000075855 

Shin, J., Bataille, A., Kosch, T. A., & Waldman, B. (2014). Swabbing Often Fails to Detect 

Amphibian Chytridiomycosis under Conditions of Low Infection Load. PLoS ONE, 9(10). 

doi:10.1371/journal.pone.0111091 

Siva-Jothy, J. A., & Vale, P. F. (2021). Dissecting genetic and sex-specific sources of host 

heterogeneity in pathogen shedding and spread. PLOS Pathogens, 17(1), e1009196. 

doi:10.1371/journal.ppat.1009196 

Smith, D., O’Brien, D., Hall, J., Sergeant, C., Brookes, L. M., Harrison, X. A., … Jehle, R. (2022). 

Challenging a host–pathogen paradigm: Susceptibility to chytridiomycosis is decoupled 

from genetic erosion. Journal of Evolutionary Biology. doi:10.1111/jeb.13987 

Smith, K. G. (2007). Use of quantitative PCR assay for amphibian chytrid detection: Comment 

on Kriger et al. (2006a,b). Diseases of Aquatic Organisms, 73(3), 253–255. 

doi:10.3354/dao073253 

Smith, M. J., Telfer, S., Kallio, E. R., Burthe, S., Cook, A. R., Lambin, X., & Begon, M. (2009). 

Host–pathogen time series data in wildlife support a transmission function between 

density and frequency dependence. PNAS, 106(19), 7905–7909. 

doi:10.1073/pnas.0809145106 

Souza, C. E., Moraes-Filho, J., Ogrzewalska, M., Uchoa, F. C., Horta, M. C., Souza, S. S. L., … 

Labruna, M. B. (2009). Experimental infection of capybaras Hydrochoerus hydrochaeris 

by Rickettsia rickettsii and evaluation of the transmission of the infection to ticks 

Amblyomma cajennense. Veterinary Parasitology, 161(1–2), 116–121. 

doi:10.1016/j.vetpar.2008.12.010 



 - 102 - 

Souza, M. J., Gray, M. J., Colclough, P., & Miller, D. L. (2012). Prevalence of infection by 

Bactrachochytrium dendrobatidis and Ranavirus in Eastern Hellbenders (Cryptobranchus 

alleganiensis alleganiensis) in Eastern Tennessee. Journal of Wildlife Diseases, 48(3), 

560–566.  

Stockwell, M. P., Clulow, J., Mahony, M. J., & Michelle Stockwell, C. P. (2010). Host species 

determines whether infection load increases beyond disease-causing thresholds 

following exposure to the amphibian chytrid fungus. Animal Conservation, 13(SUPPL. 1), 

62–71. doi:10.1111/j.1469-1795.2010.00407.x 

Streicker, D. G., Fenton, A., & Pedersen, A. B. (2013). Differential sources of host species 

heterogeneity influence the transmission and control of multihost parasites. Ecology 

Letters, 18(10), 1134–1137. doi:10.1111/ele.12477 

Stuart, S. N., Chanson, J. S., Cox, N. A., Young, B. E., Rodrigues, A. S. L., Fischman, D. L., … 

Waller, R. W. (2004). Status and Trends of Amphibian Declines and Extinctions 

Worldwide. Science, 309(5743), 1999c-1999c. doi:10.1126/science.1113265 

Sweeny, A. R., Albery, G. F., Venkatesan, S., Fenton, A., & Pedersen, A. B. (2021). 

Spatiotemporal variation in drivers of parasitism in a wild wood mouse population. 

Functional Ecology, 35(6), 1277–1287. doi:10.1111/1365-2435.13786 

Teacher, A. G. F., Cunningham, A. A., & Garner, T. W. J. (2010). Assessing the long-term impact 

of Ranavirus infection in wild common frog populations. Animal Conservation, 13(5), 

514–522. doi:10.1111/j.1469-1795.2010.00373.x 

Telfer, S., Lambin, X., Birtles, R., Beldomenico, P., Burthe, S., Paterson, S., & Begon, M. (2010). 

Species Interactions in a Parasite Community Drive Infection Risk in a Wildlife Population, 

330(6001), 243–246. doi:10.1126/science.1190333 

Theron, A. (1984). Early and late shedding patterns of Schistosoma mansoni cercariae: 

Ecological significance in transmission to human and murine hosts. Journal of 

Parasitology, 70(5), 652–655. doi:10.2307/3281744 

Tobler, U., & Schmidt, B. R. (2010). Within- and among-population variation in 

chytridiomycosis-induced mortality in the toad Alytes obstetricans. PLoS ONE, 5(6). 

doi:10.1371/journal.pone.0010927 



 - 103 - 

Van den Wyngaert, S., Vanholsbeeck, O., Spaak, P., & Ibelings, B. W. (2014). Parasite Fitness 

Traits Under Environmental Variation: Disentangling the Roles of a Chytrid’s Immediate 

Host and External Environment. Microbial Ecology, 68(3), 645–656. doi:10.1007/s00248-

014-0434-1 

Van Rooij, P., Martel, A., D’Herde, K., Brutyn, M., Croubels, S., Ducatelle, R., … Pasmans, F. 

(2012). Germ tube mediated invasion of Batrachochytrium dendrobatidis in Amphibian 

skin is host dependent. PLoS ONE, 7(7). doi:10.1371/journal.pone.0041481 

VanderWaal, K., Gilbertson, M., Okanga, S., Allan, B. F., & Craft, M. E. (2017). Seasonality and 

pathogen transmission in pastoral cattle contact networks. Royal Society Open Science, 

4(12). doi:10.1098/rsos.170808 

VanderWaal, K. L., & Ezenwa, V. O. (2016). Heterogeneity in pathogen transmission: 

mechanisms and methodology. Functional Ecology, 30(10), 1606–1622. 

doi:10.1111/1365-2435.12645 

Venesky, M. D., Kerby, J. L., Storfer, A., & Parris, M. J. (2011). Can differences in host behavior 

drive patterns of disease prevalence in tadpoles? PLoS ONE, 6(9). 

doi:10.1371/journal.pone.0024991 

Viana, M., Mancy, R., Biek, R., Cleaveland, S., Cross, P. C., Lloyd-Smith, J. O., & Haydon, D. T. 

(2014). Assembling evidence for identifying reservoirs of infection. Trends in Ecology and 

Evolution, 29(5), 270–279. doi:10.1016/j.tree.2014.03.002 

Voyles, J., Berger, L., Young, S., Speare, R., Webb, R., Warner, J., … Skerratt, L. F. (2007). 

Electrolyte depletion and osmotic imbalance in amphibians with chytridiomycosis. 

Diseases of Aquatic Organisms, 77(2), 113–118. doi:10.3354/dao01838 

Voyles, J., Young, S., Berger, L., Campbell, C., Voyles, W. F., Dinudom, A., … Speare, R. (2009). 

Pathogenesis of Chytridiomycosis, a Cause of Catastrophic Amphibian Declines. Science 

Magazine, 326, 582–5. 

Vredenburg, V. T., Bingham, R., Knapp, R., Morgan, J. A. T., Moritz, C., & Wake, D. (2007). 

Concordant molecular and phenotypic data delineate new taxonomy and conservation 

priorities for the endangered mountain yellow-legged frog. Journal of Zoology, 271(4), 

361–374. doi:10.1111/j.1469-7998.2006.00258.x 



 - 104 - 

Vredenburg, Vance T, Knapp, R. A., Tunstall, T. S., & Briggs, C. J. (2010). Dynamics of an 

emerging disease drive large-scale amphibian population extinctions. Proceedings of the 

National Academy of Sciences of the United States of America, 107(21), 9689–94. 

doi:10.1073/pnas.0914111107 

Walker, S. F., Bosch, J., Gomez, V., Garner, T. W. J., Cunningham, A. A., Schmeller, D. S., … 

Fisher, M. C. (2010). Factors driving pathogenicity vs. prevalence of amphibian panzootic 

chytridiomycosis in Iberia. Ecology Letters, 13(3), 372–382. doi:10.1111/j.1461-

0248.2009.01434.x 

Warne, R. W., LaBumbard, B., LaGrange, S., Vredenburg, V. T., & Catenazzi, A. (2016). Co-

Infection by Chytrid Fungus and Ranaviruses in Wild and Harvested Frogs in the Tropical 

Andes. PLoS ONE, 11(1), e0145864. doi:10.1371/journal.pone.0145864 

Watters, J. L., Davis, D. R., Yuri, T., & Siler, C. D. (2018). Concurrent Infection of 

Batrachochytrium dendrobatidis and Ranavirus among Native Amphibians from 

Northeastern Oklahoma, USA. Journal of Aquatic Animal Health, 30(4), 291–301. 

doi:10.1002/aah.10041 

Weldon, C., Channing, A., Misinzo, G., & Cunningham, A. A. (2020). Disease driven extinction 

in the wild of the Kihansi spray toad, Nectophrynoides asperginis. African Journal of 

Herpetology, 69(2), 151–164. doi:10.1080/21564574.2020.1752313 

Wells, E., Garcia-Alonso, D., Rosa, G. M., García, G., & Tapley, B. (2015). Amphibian taxon 

advisory group best practice guidelines for midwife toads (Alytes sp.).  

White, L. A., Forester, J. D., & Craft, M. E. (2017). Using contact networks to explore 

mechanisms of parasite transmission in wildlife. Biological Reviews, 92(1), 389–409. 

doi:10.1111/brv.12236 

Whitfield, S. M. S., Geerdes, E., Chacon, I., Ballestero Rodriguez, E., Jimenez, R. R. R., Donnelly, 

M. A., & Kerby, J. L. J. (2013). Infection and co-infection by the amphibian chytrid fungus 

and ranavirus in wild Costa Rican frogs. Diseases of Aquatic Organisms, 104(2), 173–178. 

doi:10.3354/dao02598 

Wilber, M. Q., Knapp, R. A., Toothman, M., & Briggs, C. J. (2017). Resistance, tolerance and 

environmental transmission dynamics determine host extinction risk in a load-



 - 105 - 

dependent amphibian disease. Ecology Letters, 20(9), 1169–1181. 

doi:10.1111/ele.12814 

Woodhams, D. C., Alford, R. A., Briggs, C. J., Johnson, M., & Rollins-Smith, L. A. (2008). Life-

history trade-offs influence disease in changing climates: Strategies of an amphibian 

pathogen. Ecology, 89(6), 1627–1639. doi:10.1890/06-1842.1 

Woolhouse, M. E.J., Watts, C. H., & Chandiwana, S. K. (1991). Heterogeneities in transmission 

rates and the epidemiology of schistosome infection. Proceedings of the Royal Society B: 

Biological Sciences, 245(1313), 109–114. doi:10.1098/rspb.1991.0095 

Woolhouse, M.E.J., Dye, C., Etard, J. F., Smith, T., Charlwood, J. D., Garnett, G. P., … Anderson, 

R. M. (1997). Heterogeneities in the transmission of infectious agents. Proceedings of the 

National Academy of Sciences of the United States of America, 94(January), 338–342. 

Woolhouse, M.E. J., Taylor, L. H., & Haydon, D. T. (2001). Population Biology of Multihost 

Pathogens. Science, 292(5519), 1109–1112. doi:10.1126/science.1059026 

 

References for R packages  

Andrew Gelman and Yu-Sung Su (2018). arm: Data Analysis Using Regression and 

Multilevel/Hierarchical Models. R package version 1.10-1. https://CRAN.R-

project.org/package=arm 

Sundar Dorai-Raj (2014). binom: Binomial Confidence Intervals For Several Parameterizations. 

R package version 1.1-1. https://CRAN.R-project.org/package=binom 

David Robinson and Alex Hayes (2020). broom: Convert Statistical Objects into Tidy Tibbles. 

https://broom.tidyverse.org/, 

Claus O. Wilke (2019). cowplot: Streamlined Plot Theme and Plot Annotations for 'ggplot2'. R 

package version 0.9.4. https://CRAN.R-project.org/package=cowplot 

Karline Soetaert, Thomas Petzoldt, R. Woodrow Setzer (2010). Solving Differential Equations 

in R: Package deSolve. Journal of Statistical Software, 33(9), 1--25. URL 

http://www.jstatsoft.org/v33/i09/ DOI 10.18637/jss.v033.i09 



 - 106 - 

Constantin Ahlmann-Eltze (2017). ggsignif: Significance Brackets for 'ggplot2'. R package 

version 0.4.0. https://CRAN.R-project.org/package=ggsignif 

Baptiste Auguie (2017). gridExtra: Miscellaneous Functions for "Grid" Graphics. R package 

version 2.3. https://CRAN.R-project.org/package=gridExtra 

Torsten Hothorn, Frank Bretz and Peter Westfall (2008). multcomp: Simultaneous Inference 

in General Parametric Models. Biometrical Journal 50(3), 346--363. 

R Core Team (2019). R: A language and environment for statistical computing. R Foundation 

for Statistical Computing, Vienna, Austria. URL https://www.R-project.org/. 

Hadley Wickham and Dana Seidel (2020). scales: Scale Functions for Visualization. R package 

version 1.1.1. https://CRAN.R-project.org/package=scales 

Therneau T (2021). survival: A Package for Survival Analysis in R_. R package version 3.2-12.  

https://CRAN.R-project.org/package=survival. 

Alboukadel Kassambara and Marcin Kosinski (2018). survminer: Drawing Survival Curves 

using 'ggplot2'. R package version 0.4.3. https://CRAN.R-project.org/package=survminer 

Wickham et al., (2019). Welcome to the tidyverse. Journal of Open Source Software, 4(43), 

1686, https://doi.org/10.21105/joss.01686 

 

  



 - 107 - 

Appendices  

Appendix A | Supplementary Methods  

Methods S1. A note on experimental batches  

For this chapter we include data collected from two Bufo bufo (Bb) experiments. The 

experimental design and exposure regime were identical for these groups. The first Bb 

experiment is excluded in subsequent chapters due to a technical error in the sampling 

regime, meaning there is no parasite shedding data, used in Chapter 3, collected from this 

experiment. However, the survival data and parasite prevalence and burden data are all 

correctly captured. The inclusion of both Bb experiments allows us to compare parasite 

exposure responses within a species and determine whether there was an effect of 

experimental blocking. There was no significant difference between the infection loads of the 

two Bb experimental blocks (Bd: Welch’s t=1.6823, df = 113.57, p-value = 0.09526; Rv: 

Welch’s t=0.15344, df = 8.6362, p-value = 0.8816).  

Methods S2. Description of the parasite culturing and exposure procedures 

The Bd isolate IA ‘9’13, a member of the hypervirulent BdGPL lineage (O’Hanlon et al., 2018), 

was provided by Prof. M. Fisher (Imperial College London) and cultured in the lab in TGHL 

liquid media. Stock cultures were maintained at 4˚C and working cultures for exposures were 

grown up at 18˚C, for 3-4days. Zoospore activity was monitored over this period. A few hours 

prior to parasite exposure, zoospores were collected from the media and the concentration 

quantified using a haemocytometer, averaging 3 replicate counts. The volume of media was 

standardised across doses to maintain water quality during the exposure period.  

FV3-like ranavirus (Rv; RUK13 isolate; Cunningham, Hyatt, Russell, & Bennett, 2007) was 

cultivated on epithelioma papillosum carp (EPC) cell line at 18oC and 5% CO2 (courtesy of 

S.J.Price, C.Owen and L. Brookes), and quantified using the TCID50 method (Reed & Muench, 

1938). The harvested cell culture fluid contained a virus titre of 108 TCID50/ml (Am: 

1.26x108/ml TCID50; Bb1, Bb2 and Rt: 1x108/ml TCID50). A single dose of Rv was administered 

by pipetting 105µL for Bb and Rt or 263µL for Am tadpoles into the housing containers 
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resulting in an effective dose of 104.5 TCID50/ml (1:2000 dilution). It should be noted that the 

first Rv exposure for Am received 210µL instead of 263µL.  

Tadpoles were exposed to their respective dose by water bath in their housing containers (Bb 

and Rt, 0.075L Really Useful Boxes; Am, 1.7L RUBs). Before exposure, tadpoles received a 100% 

water change which also acted to reduce the water volume to 210mL (Bb and Rt) or 520mL 

(Am). Following the 6-hour exposure period, the water level was returned to the original 

volume (375mL or 1L), to maintain water quality. The difference in housing container size and 

water volume reflects the difference in size between the tadpole species. 

Methods S3.  Protocol for assessing humane and ethical endpoints 

Ethical endpoints included; lethargy, body shape appearing pointed when observed from 

above, venter concave when observed from the side, tail fin appears ragged, body is generally 

curved downward at head and tail tip, inappetance. The humane/ethical endpoint is reached 

when a tadpole has difficulty maintaining body orientation and stops feeding or exhibits 

consistent poor signs of health and well-being over 48 hours, as some animals do recover 

from episodes of poor feeding. Any superficial lesions or visual evidence of internal 

haemorrhages will also be treated as endpoints. Note that these endpoints are applied to all 

individuals (across pathogen treatment groups) as clinical signs of the diseases do overlap.  

Methods S4. Further description of survival analyses 

Survival analysis is dependent on time-to-event, where an event is defined as mortality or 

euthanasia, and as such sample sizes are dependent on events occurring. During this study, 

we observed few events due to mortality or ethical euthanasia (n=31), with the majority of 

events occurring at experimental endpoint (n=339). Unlike post-metamorphic amphibians it 

is common for larval amphibians not to experience mortality as a consequence of infection 

by either parasite. The lack of observed mortality due to infection can pose a problem for 

statistical analysis of survival, as other studies have found (Gervasi et al., 2013). A common 

method to statistically compare survival curves and assess the probability of mortality 

associated with variable(s) is Cox Proportional Hazard (CPH) modelling (Cox, 1972), a form of 

regression modelling which accounts for the time-to-event nature and measures the 

instantaneous risk of death. However, CPH models require some mortality (number of events 
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³ 1) to occur in all groups to allow for comparison between them. If no mortality occurs in a 

group, the ability of the model to detect variations from proportional hazard assumptions is 

limited and can result in an overfitted model. We observed this in several groups (i.e. Bd 

exposure group in Bb species), and noticeably no mortality was observed for any treatment 

groups of one species, Am.  Given the indication that parasite exposure (treatment group) 

influenced survival we built a series of Cox Proportional Hazard (CPH) models to explore this 

further, with the survival object as a response and the predictor variables parasite treatment 

and species, and their interaction. We tested whether the linearity and proportional hazard 

assumptions were violated. However, the sample size was too small, with the experimental 

endpoints censored, the model failed to converge. Leaving the experimental endpoint events 

uncensorsed violated the proportionality assumption of these models. Additionally, we 

explored the link between survival (binary: 0,1) and parasite load (Bd: continuous, GE score; 

Rv: continuous, normalised load). Survival is defined here as probability of mortality, where 1 

denotes individuals who experienced mortality or likely would have and therefore were 

euthanised under ethical endpoints, and 0 signifies individuals that survived to the end of the 

experiment (dpe 9, experimental endpoint). Note that this differs from the previous survival 

analysis by not counting individuals euthanised at endpoint as experiencing an event. We built 

a series of Bayesian glm models with the variables, Rv load (continuous, normalised load), Bd 

load (continuous, GE score), species (categorical, 3 groups) and treatment (categorical, 5 

groups).  

Methods S5. A detailed description of generating shedding samples  

Shedding samples were obtained by placing individual tadpoles into a new disposable plastic 

cup filled with 50mL of treated tap water. Tadpoles were transferred with specially designed 

mesh netting scoops, with a new scoop used for each tadpole or, where shortages, by 

treatment group. Sampling was staggered by treatment group to allow time for filtering and 

cleaning between groups. Cross-contamination risk was minimised by shedding units placed 

on trays designated for each treatment group and, gloves and surfaces were wiped down with 

Distel and 70% EtOH between treatment groups. We conducted water quality tests on water 

from shedding units of selected sentinel animals, to monitor welfare.  
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Shedding samples were stored at -20˚C immediately after processing. These whole filter 

membranes were later defrosted, removed from the unit, cut in half with sterile scalpels and 

tweezers, and stored at -80˚C until DNA extraction. Each sample was processed individually 

with tweezers cleaned by Virkon, 70% EtOH and then rinsed with distilled water and a fresh 

scalpel blade. The half used in the DNA extraction was loosely folded into a sterile Eppendorf.  

Methods S6.  Equation 4.12 for modifying parameter 𝜺 when describing the overall rate 

of transition of hosts from IL to IH due to reinfection.  

The parameter (e) described in Eqn. 4.12, controls the transition rate of hosts from the low-

load class (IL) to the high-load class (IH), where we have a known rate of reinfection (𝜔' × 	𝜂), 

to ensure that a fixed proportion (1 – p) of IL hosts transition to become IH hosts within a 

specified time period 𝜏.  

To illustrate the derivation of Eqn. 4.12, we imagine a system initially comprising solely of IL 

hosts, the dynamics of which are described by: 

+,!
+-
=	−𝜔'𝜂e𝐼'        (S6.1) 

Individuals lost from this class are assumed to enter the IH class. From the above equation, 

the number of hosts remaining in the IL class at time 𝜏 is given by: 

𝐼'(𝜏) = 	 𝐼'(0)	𝑒./!0e1       (S6.2) 

where 𝐼'(0) is the initial number of IL hosts in this scenario. The proportion of those hosts, p, 

that remain in the IL class at time 𝜏 is therefore given by: 

𝑝 = 	 ,!(1)
,!(4)

	= 	 𝑒./!0e1        (S6.3) 

By rearranging, we obtain the expression for e described in Eqn. 4.12 (repeated below for 

clarity), that ensures a proportion p of IL hosts remain in the IL class at time 𝜏 , and the 

remaining proportion (1 – p) transition to become IH hosts within time period 𝜏: 

𝜀 = −𝑙𝑛(𝑝) ⁄ (𝜔'𝜂𝜏) 



 - 111 - 

 

Appendix B | Supplementary Figures  

 

 

Figure S1. Comparison of pathogen infection loads for each experimental treatment, broken 

down by survival status (died or survived to experimental endpoint) for (a) Bd and (b) Rv. 
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Figure S2. Simulations from the sensitivity analysis for varying the proportion of zoospores 

released from low-load hosts that contribute to reinfection (𝜂); here assuming transition from 

the low- to the high-load class depends on reinfection dose. (a) numbers of infected 

individuals in the low- and high-load classes (solid and dashed lines, respectively); (b) number 

of zoospores in the environmental pool.  The different coloured lines represent the different 

values of 𝜂 explored.    
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Figure S3. Simulations from the sensitivity analysis for varying the proportion of zoospores 

released from low-load hosts that contribute to reinfection (𝜂); here assuming transition from 

the low- to the high-load class is a host trait, and independent of reinfection dose. (a) numbers 

of infected individuals in the low- and high-load classes (solid and dashed lines, respectively); 

(b) number of zoospores in the environmental pool.  The different coloured lines represent 

the different values of 𝜂 explored.    
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Figure S4. Simulations from the sensitivity analysis for varying the proportion of individuals 

remaining in the low-load infected host, p. (a) numbers of infected individuals in the low- and 

high-load classes (solid and dashed lines, respectively); (b) number of zoospores in the 

environmental pool.  The different coloured lines represent the different values of p explored.  
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Appendix C | Supplementary Tables  

 

Table S1. Total number of Bd zoospores an individual was exposed to, broken down by species 

and treatment group. Exposure to sham culture media or Rv are left blank (‘-‘). All individuals 

with Bd exposure as part of their treatment received 6 exposure (‘exp’) doses of Bd, either as 

exposures 1-6 for single infection with Bd (Bd-sham) and co-exposure with Bd followed by Rv, 

or exposures 2-7 for co-exposure where Rv was administered first. The number of zoospores 

per dose was allowed to fluctuate with Bd reproduction, while the volume of exposure 

medium was controlled for across all doses. The exposure volume for Rt and Bb was 210mL 

and 520mL for Am (indicated by an asterisks), scaled to match the water volume in the 

housing containers. Am: Alytes muletensis, Bb: Bufo bufo, and Rt: Rana temporaria. 

species trt  total 
zsp 

avg. zsp 
per dose 

exp1 exp2 exp3 exp4 exp5 exp6 exp7 

Bb 1 Bd-sham, 
Rv-Bd 

3.2x106  525,000 525,000 472,500 210,000 787,500 630,000 520,00
0 

- 

Bd-Rv 3.2x106  525,000 - 525,000 

Bb 2 Bd-sham, 
Rv-Bd 

1.4x106  240,625 367,500 210,000 131,250 105,000 210,000 420,00
0 

- 

Bd-Rv 1.6x106  266,875 - 525,000 
Rt Bd-sham, 

Rv-Bd 
1.7x106 284,375 105,000 210,000 420,000 236,250 157,500 577,50

0 
- 

Bd-Rv 2.2x106 371,875 - 630,000 
Am * Bd-sham, 

Rv-Bd 
5.1x106  866,594 917,031 1.1x106 1.1x106 1. 1x106 573,144 155,89

5 
- 

Bd-Rv 4.2x106 tbc - tbc 
 

  



Table S2. Summary statistics of infection parameters for groups of tadpoles broken down by 

species and treatment group for Bd and Rv.  
 

Bd  Rv 
species trt N Mean  

GE 

Variance  

GE 

Max  

GE 

Proportion  

infected (%) 

Mean  

Rv 

Variance  

Rv 

Max Rv Proportion  

infected (%) 

Am Bd 14 17.2 259 53.6 100 NA NA NA 0 

Am Bd-Rv 14 8.8 122 41.8 92.86 0 NA 0 0 

Am control 14 0 0 0 0 NA NA NA 0 

Am Rv 14 NA NA NA NA 0 0 0 0 

Am Rv-Bd 14 12.1 90.6 31.5 92.86 0 NA 0 0 

Bb Bd 40 92.2 9452 362 95 NA NA NA 0 

Bb Bd-Rv 40 78.7 6321 399 97.5 Inf NA Inf 5 

Bb control 40 0 0 0 0 0 0 0 0 

Bb Rv 40 0 0 0 0 0 0 0.01 0 

Bb Rv-Bd 40 75.7 7199 387 97.5 409 467055 2949 ¥  32.5 

Rt Bd 20 1.3 29 23.7 20 NA NA NA 0 

Rt Bd-Rv 20 1 4 7.1 40 0.16 NA 0.16 0 

Rt control 20 0 0 0 0 NA NA NA 0 

Rt Rv 20 0.1 0 0.1 0 NA NA NA 0 

Rt Rv-Bd 20 0.9 7.1 11.8 30 13506 3.3x108 26487  ¥  10 

¥ Proportion co-infected: Rt Rv-Bd, 10%; Bb Rv-Bd, 32.5%  

Table S3. Bayesian Generalized Linear Model (GLMs) outputs for Bd infection status (binomial 

model: presence/absence), ranking models by AIC. N = 220. 

formula model null 
deviance 

null 
df 

logLik AIC BIC deviance residual 
df 

dAIC 

bd.status ~ species 3 225.6 219 -58.6 123.2 133.4 117.2 217 0 

bd.status ~ species + 
scenario 

6 225.6 219 -58 126 143 116 215 2.8 

bd.status ~ species + 
treatment 

2 225.6 219 -57.6 129.2 153 115.2 213 6.1 

bd.status ~ species * 
scenario 

5 225.6 219 -57.7 133.4 163.9 115.4 211 10.2 

bd.status ~ species * 
treatment 

1 225.6 219 -57.3 144.5 195.4 114.5 205 21.3 

bd.status ~ 1 0 225.6 219 -112.8 227.6 231 225.6 219 104.4 

bd.status ~ scenario 7 225.6 219 -112.6 231.2 241.4 225.2 217 108.1 

bd.status ~ 
treatment 

4 225.6 219 -112.5 234.9 251.9 224.9 215 111.7 
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Table S4. Estimated regression parameter, standard errors, z-values and P-values for the 

Bayesian GLM fitted with a binomial error distribution using the package `binom`. The model 

investigates the effect of species (categorical; Am, Bb, Rt) on endpoint infection status 

(binomial, 0,1). Values presented are in comparison to Bb as the baseline. AIC = 140.57; N = 

168. 

term estimate std.error statistic p.value signif 

(Intercept) 2.56091 0.4673 5.48028 <0.00001 *** 

Species [Rt] -3.37917 0.54079 -6.24855 <0.00001 *** 

Species [Am] -0.45285 0.63837 -0.70938 0.47809   

 

Table S5.  Summary statistics for tissue and filter samples collected at dpe9. Infected shows 

the number of individuals with a positive infection (GE > 0.1), and the number of samples 

processed is indicated in brackets, for each grouping. The shedding load (filter samples) is 

heavily skewed by a few individuals with high infectious output at dpe9, 3 individuals shed 

over 100,000 GE (Bb, Bd), 26 individuals shed over 10,000 GE all are Bb and predominately 

come from the Bd only exposure treatment. Note that control and ranavirus only exposure 

groups have been removed and all statistics are calculated with NA’s removed.   

  Tissue samples Filter samples 

species treatment Mean  

GE 

Variance  

GE 

Max  

GE 

Infected  

(sampled) 

Mean  

GE 

Variance  

GE 

Max  

GE 

Infected  

(sampled) 

Bb Bd 106 11480 362 20 (20) 125,047 3.3x1010 663,259 20 (20) 

Bb Bd-Rv 62 3732 221 19 (20) 27,141 1.3 x109  142,383 15 (15) 

Bb Rv-Bd 50 1775 159 20 (20) 12,201 1.4x108  34,716 15 (15) 

Rt Bd 1.3 28 24 4 (20) 1.2 7.0 5.9 1 (5) 

Rt Bd-Rv 1.0 3.5 6.4 8 (20) 4.1 20.0 10.0 4 (7) 

Rt Rv-Bd 0.9 7.1 12 6 (20) 0 0 0 0 (4) 

Am Bd 17 259 54 14 (14) 676 394,316 2,359 14 (14) 

Am Bd-Rv 8.8 123 42 13 (13) - - - 0 (0) 

Am Rv-Bd 12 91 32 13 (14) 1,152 1.6x106 3,539 9 (9) 
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Table S6. Estimated regression parameter, standard errors, z-values and P-values for the GLM 

fitted with a Gamma log-link error distribution. The model investigates the effect of sampling 

time point days-post-exposure (categorical; dpe1, dpe4, dpe9) on shedding load (integer, GE 

score). Values presented are in comparison to dpe1 as the baseline. AIC = 1104.41; N = 60. 

term estimate std.error statistic p.value signif 

(Intercept) 6.647 0.228 29.092 <0.00001 *** 

dpe4 -0.633 0.323 -1.96 0.055 . 

dpe9 5.089 0.323 15.749 <0.00001 *** 

 

Table S7. Estimated regression parameter, standard errors, z-values and P-values for the for 

the GLM fitted with a Gamma log-link error distribution. The model investigates the effect of 

species (categorical; Am, Bb) and exposure scenario (categorical; single, co-exposed) on the 

relationship between host infection load (integer, logged GE score) and host infectiousness 

(integer, GE score). Values presented are in comparison to single exposed, Bb as the baseline. 

AIC = 1482; N = 72. 

term estimate std.error statistic p.value signif 

(Intercept) 4.709 0.831 5.663 0 *** 

log(tissue GE) 0.663 0.319 2.08 0.042 * 

Species [Bb] 2.983 1.288 2.315 0.024 * 

Exposure [co-exposure] 6.143 2.522 2.436 0.018 * 

log(tissue GE) : Species [Bb] 0.232 0.394 0.589 0.558   

log(tissue GE) : Exposure [co-exposure] -2.218 0.941 -2.358 0.021 * 

Species [Bb] : Exposure [co-exposure] -6.994 2.765 -2.53 0.014 * 

log(tissue GE) : Species [Bb] : Exposure [co-

exposure] 

2.099 0.979 2.143 0.036 * 

 

 


