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ABSTRACT

Amphibian populations are experiencing dramatic population declines. Amphibian diseases are one of the major reasons for these declines. A newly described fungal pathogen, Batrachochytrium salamandrivorans (Bsal), has been recently introduced to Europe and is currently decimating European salamander populations. Sampling efforts have not detected Bsal yet in the United States in captive or wild populations. Disease management hinges on knowing how environmental, host, and pathogen interactions influence disease occurrence and severity. Understanding routes of pathogen transmission is also critical as knowledge of these routes can elucidate management strategies. In Chapter I of my dissertation, I measured how environmental temperature influenced host susceptibility and Bsal pathogenicity by exposing two life stages (eft and adult) of N. viridescens to Bsal at three environmentally relevant temperatures (6, 14 and 22°C). Adult N. viridescens were resistant to Bsal infections and limited infection and mortality were observed for efts exposed at 22°C. In contrast, high rates of mortality were observed for both life stages at the optimal in vitro growth temperature for Bsal (14°C) and at the coldest exposure temperature (6°C). In Chapter II, I evaluated the effectiveness of direct contact as a Bsal transmission pathway. I found that the probability of transmission given contact increased as Bsal loads on infected N. viridescens increased. Similarly, individuals with greater Bsal loads on their skin, shed greater quantities of Bsal zoospores into an aquatic environment. These results suggest that Bsal is a load-dependent pathogen and that management strategies aimed at increasing host resistance might reduce both direct and indirect transmission probability by reducing pathogen loads on infected individuals. In another transmission experiment, I explored whether infected carcasses could play a role in Bsal transmission. We determined that infected carcasses increase the length of infectiousness for Bsal-infected animals by up to at least three days. Infected carcasses likely play an important role in Bsal epidemiology and should be included in future disease modeling efforts. Results from my research suggest that management of Bsal should take a holistic approach, incorporating strategies that reduce host contact rates, decrease Bsal persistence in the environment, and increase host resistance to infection. 
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[bookmark: _Toc109295732]INTRODUCTION

Amphibian populations are declining around the globe at an alarming rate. During the First World Congress of Herpetology in 1989, herpetologists reported anecdotal evidence that global amphibian populations were in decline [1]. Following this meeting, the International Union for Conservation of Nature (IUCN) conducted a Global Amphibian Assessment (GAA) with the goal of better understanding amphibian population health [2]. This assessment revealed that 32.5% of amphibian species are threatened, which is more than both birds (12%) and mammals (23%) [1]. The GAA estimate of amphibian species declines was alarming, and likely underestimated the true number of species declines, because many species are cryptic and understudied. Amphibians evolved over 300 million years ago and have survived four global mass extinction events [3]. Research suggests a sixth global extinction event is occurring, and being caused by anthropogenic habitat destruction and disruptions to global environmental processes [3, 4]. More recent evidence indicates that >500 species of amphibians are in decline and >100 species have gone extinct in the last 40 years. This increasing rate of extinctions indicates amphibian species are being drastically impacted by relatively new threats. This is even more clear when a comparison between the current and background rate of amphibian extinctions is reviewed. The current rate of extinction for amphibian species appear to be about 200X greater than the background rate [5]. With extinctions and population declines occurring rapidly, herpetologists have tried to identify the causes of withering amphibian populations. 
	There are several hypotheses for why amphibian populations are declining around the globe[6, 7]. Collins and Storfer outlined six hypotheses for amphibian declines which included invasive species, habitat destruction, over-exploitation, environmental pollution, climate change, and emerging infectious disease [8]. Many amphibian declines are linked directly and indirectly to human activities. In the United States, 53% of the 42 million ha of wetland habitat was lost between 1780s and the 1980s due to wetland draining for agriculture and other developments [9]. With many amphibians using wetland habitats for breeding and larval development, reductions in this habitat type have been one of the driving factors for many amphibian population declines [10]. Many amphibian populations persist within metapopulations, which are spatially-structured amphibian communities linked by occasional migration [11]. The increased fragmentation of these metapopulations causes decreases in genetic diversity and increased chance of local extinction [11, 12], which can be exacerbated by disease. 
	The impacts of emerging infectious diseases on amphibian populations were once thought to be unique in that they seemed somewhat unconnected to human activities since amphibians affected by disease were often still living in pristine habitat [1]. Relatively recently, it has become clear that human activities have also contributed to disease-related population declines via the movement of amphibian pathogens around the globe [13-15]. Humans have mediated the spread of pathogens around the globe, with severe consequences for native flora and fauna. Pathogen introductions often result in epizootics [16], localized species extirpations [17] or even species level extinctions, which can have cascading impacts on ecosystems [18].  Scheele et al.[15] suggested the increasingly connected world we live in has created a “functional Pangea for wildlife diseases”. 
	With respect to amphibian pathogens, two of the three World Organization for Animal Health (OIE) reportable pathogens are globally distributed while one has recently been introduced outside of its endemic range [19-21]. Viruses in the genus Ranavirus and the pathogenic fungus Batrachochytrium dendrobatidis (Bd) have global distributions, which should most likely be attributed to the spread of these pathogens through the international movement of amphibians as pets, food, or scientific specimens [13, 22-25]. Ranaviruses cause a hemorrhagic disease in reptile, fish, and amphibian species, and can cause rapid mortality events in susceptible populations [26, 27]. Amphibian chytridiomycosis caused by Bd has contributed to the decline of several hundred amphibian species [15]. Recent genetic analysis has shown Bd likely originated in the Korean peninsula [13]. In areas where the pathogen has been introduced to naïve amphibian populations, devastating impacts have been observed [28, 29]. Until 2013, Bd was thought to be the only pathogenic chytrid fungi capable of infecting and causing disease in a vertebrate host [19]. However, following enigmatic declines of a European fire salamander (Salamandra salamandra) population in the Bunderbos region of the Netherlands [30], a thorough mortality investigation revealed a newly discovered fungal pathogen, Batrachochytrium salamandrivorans (Bsal)[19]. 
	It is now clear that Bsal, much like Bd, seems to have an Asian origin [31-33]. The pathogen’s time of arrival in Europe is unknown; however, it is likely Bsal has been introduced on several occasions [34, 35] and that the first introduction pre-dates the initial isolation of the pathogen by Martel et al.[19]. Surveillance efforts for Bsal in Europe have detected the pathogen [36] and found that the Bsal is spread through amphibian trade networks in Europe [37]. Alarmingly, the increased surveillance for the Bsal has resulted in the pathogen being detected in new locations across Europe [38-40], with some of these locations experiencing significant mortality events caused by Bsal chytridiomycosis.
Fortunately, despite widespread Bsal surveillance in the United States, the pathogen has not been detected [41-43]. Initial susceptibility testing revealed Bsal appears to be more pathogenic towards caudate species [31], unlike Bd which has impacted anuran populations most severely [15]. Unlike other areas of the world with high amphibian biodiversity, North American amphibian diversity is primarily driven by a large number of caudate species [10]. With Bsal being pathogenic to caudate species and North America supporting many these animals, scientists and government agencies have become increasingly concerned about the potential impacts of Bsal on North American biodiversity if the pathogen were introduced [44-46]. This concern resulted in the United States Fish and Wildlife Service implementing restrictions on the importation of 201 salamander species, including several of the most commonly traded pet species [47]. This trade restriction is estimated to have reduced the mean number of listed salamanders imported into the United States by >95% or nearly 140,000 individuals per year [41]. Although this restriction has likely reduced the probability of Bsal introduction into the United States, recent work has shown that amphibian species not included on the import ban can carry both asymptomatic and clinical infections [32, 48]. Even with complete restrictions of amphibian imports, human mediated spread of the pathogen could still occur via the movement of contaminated materials, including fomites on recreational equipment [49] or other natural contaminated materials such as leaf litter [34]. 
With the risk of Bsal introduction looming, it is critical that we understand the epidemiology of the pathogen to limit its impact on native amphibian populations. Researchers in North America have the unique opportunity to develop management strategies for a pathogen prior to pathogen invasion. In other words, we have the opportunity to plan responses and identify management strategies that have potential to stop or thwart Bsal invasion, which is a rare opportunity for wildlife diseases. To develop effective management strategies, several components of Bsal epidemiology must be understood. The disease triangle is a useful conceptual framework for disease management, as researchers and managers can consider how environmental, host, and pathogen interactions impact disease occurrence, severity, and spread [50]. With this framework in mind, my dissertation focuses on understanding how environmental characteristics and host life stage impacts host susceptibility and pathogenicity of Bsal. I also evaluated the importance of different Bsal transmission pathways and what factors influence the probability of Bsal transmission. 
In the first chapter of my dissertation, I investigated how Bsal pathogenicity and host susceptibility is impacted by ambient temperature, exposure dose of the pathogen, and host life stage. Temperature is a known environmental constraint of fungal pathogens in vitro including Bsal [19]. However, the ideal in vitro growth temperature for a pathogen may not match the temperature it is most pathogenic towards host species. I measured host survival, host infection load, and host behavioral changes to Bsal exposure at three environmentally relevant temperatures (6,14 and 22ۜ°C), four exposure doses (5x103-6) and two host life stages (adult and juvenile) for a widespread salamander species (Notophthalmus viridescens). Through this work, I determined Bsal pathogenicity and host susceptibility were impacted by environmental temperature, exposure dose, and life stage. Using these results, I created a Bsal invasion map across the range of N. viridescens in North America that considers environmental conditions and susceptibility of host species, which provided insight into areas where Bsal introductions might have greatest impacts on biodiversity. 
In the second chapter of my dissertation, I evaluated how transmission probability given direct contact between susceptible and infected individuals is dependent on disease state of the infected individual. I conducted one-second controlled contact events between infected and susceptible N. viridescens at five stages of infected host disease progression. I determined that transmission probability was influenced Bsal infection load on the infected individual, which suggests management strategies aimed at increasing host resistance might be a favorable strategy for slowing Bsal outbreaks and promoting host survival. In another transmission-related experiment, I evaluated whether Bsal infected carcasses are capable of transmitting Bsal through direct contact and indirectly via the shedding of viable Bsal zoospores. I determined that carcasses serve as a source of Bsal zoospores, which increase the infectiousness period of infected hosts by up to at least three days following death. This suggests that compartmental disease models should include carcasses as an additional class that contributes to Bsal epidemiology. 
These findings increase our understanding of Bsal epidemiology by shedding light on environmental factors that influence susceptibility and key transmission pathways. Using these results, management strategies can be created that focus on reducing the probability of transmission and ultimately the development of Bsal chytridiomycosis by making environmental conditions unfavorable for the pathogen and reducing pathogen growth on infected host species. 
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[bookmark: _Toc109295735]Abstract 

Environmental temperature is a key factor driving various biological processes, including immune defenses and host-pathogen interactions. Here, we evaluated the effects of environmental temperature on the pathogenicity of the emerging fungal pathogen, Batrachochytrium salamandrivorans (Bsal), using controlled laboratory experiments. We found that adult and juvenile Notophthalmus viridescens died faster due to Bsal chytridiomycosis at 14°C than at 6 and 22°C. Pathogen replication rates, total available proteins on the skin, and shifts in microbiome composition may have driven these relationships. We also documented reductions in food consumption and water avoidance behavior in newts as disease progression occurred. Although anorexia has been noted as a clinical sign of Bsal chytridiomycosis, water avoidance has not been noted for Bsal infected animals. Using our temperature-dependent susceptibility results, we performed a geographic analysis that revealed N. viridescens populations in the northeastern United States and southeastern Canada are at greatest risk for Bsal invasion, which shifted risk north compared to previous assessments. Our results indicate that environmental temperature will play a key role in the epidemiology of Bsal and provide evidence that temperature manipulations may be a viable disease management strategy.


1. [bookmark: _Toc104377634][bookmark: _Toc109295736]Introduction

The environment and interactions among organisms under local abiotic conditions are key factors underpinning the functional ecology and distribution of organisms [1]. In particular, temperature drives many ecophysiological processes that manifest in organismal vital rates (of both hosts and pathogens) and can influence population persistence and species distributions. Temperature influences organisms through various mechanisms, including metabolic and immunological pathways [2]. It also can drive interactions among organisms and microparasites [3]. Thus, environmental temperature is expected to affect host susceptibility to pathogens and epidemiological processes.
By their nature, the ecophysiology of ectothermic vertebrate species is strongly coupled with environmental temperature [2, 4]. For example, environmental temperature affects many physiological processes in amphibians including immune function [5, 6]. Temperature also drives the diversity of microbes on amphibian skin, which afford protection against many microparasites [7], and can affect the physiology and growth rate of microparasites [8]. Indeed, temperature is considered a primary factor influencing invasion probability of pathogens in ectothermic vertebrate populations [9, 10].
In the last 20 years, two pathogenic skin fungi, Batrachochytrium dendrobatidis (Bd) and B. salamandrivorans (Bsal), have emerged globally in amphibian populations [11, 12]. These fungi, which cause the disease chytridiomycosis, have recently been described as causing the greatest known loss of vertebrate biodiversity attributed to disease [13]. Bd has contributed to the decline of hundreds of frog species, while Bsal has caused devastating population impacts in several European salamander species since its initial description in 2013 [12-15]. New research suggests that Bsal has been in Europe since at least 2004 [16]. Scheele et al.[17] suggested that environmental variables are key to determining invasion risk of chytrid fungi.
Given the strong coupling between environmental temperature and Bd epidemiology [18], it is likely that temperature will influence Bsal disease dynamics. Bsal growth in culture occurs between 5–25°C [12, 19]; however, it is expected that successful infection in vivo is more restrictive due to interactions with host immune defenses [20]. Previous studies with the European fire salamander (Salamandra salamandra) suggest temperature can affect the pathogenicity of Bsal [15, 19, 21], although possible mechanisms have not been identified. Several studies suggest that skin microbial communities play a large role in defending host species from cutaneous fungal pathogens, such as Bd [22, 23], and temperature can affect the composition and antifungal function of microbes found on amphibian skin [22, 24-26]. Antimicrobial peptides, host-derived enzymes such as lysozymes, and antimicrobial products of symbiotic organisms also play an important role in host immune defense against Bd, and their functionality may be driven by temperature [5, 27]. Understanding the impact of environmental temperature on the temporal and spatial niche of Bsal, and the immunological mechanisms that drive these relationships is fundamental to identifying geographic locations where pathogen invasion is most likely and to conceiving disease management strategies.
We undertook a multi-scale, transdisciplinary disease investigation to quantify the effects of three biologically relevant environmental temperatures (6, 14 and 22°C) on host susceptibility to Bsal infection and the development of chytridiomycosis. Given previous work on in vitro growth of Bsal and heat treatment of infected hosts [12, 15, 19-21], we hypothesized that Bsal would be most pathogenic at 14°C and least pathogenic at 22°C. We expected intermediate results at 6°C, because Bsal replication occurs, albeit at a lower rate than at 14°C. We used our estimates of temperature-dependent susceptibility to map the invasion probability of Bsal into North America for a widely distributed host species, the eastern newt (Notophthalmus viridescens). We also investigated temperature-dependent trends in susceptibility for adult and juvenile (eft) life stages for this species. Given the temperature dependent nature of amphibian immune function [5, 27], we hypothesized that differences in host susceptibility would be driven in part by reduced innate immune response at colder exposure temperatures. Lastly, we hypothesized that we would observe temperature-dependent patterns in the skin microbiome as observed by others [7], possibly due to microbial thermal optima. The effects of temperature on immune defenses and skin microbiome composition were measured by collaborators and are published in Carter et al. (2021), which are discussed in the Discussion of this chapter. Collectively, our results broadly inform possible biological feedbacks among environmental temperature, host immune defenses and susceptibility to pathogens, and will help with planning disease mitigation for the emerging fungal pathogen, Bsal.
2. [bookmark: _Toc109295737]Methods

[bookmark: _Toc109295738]2a. Ethics statement

All husbandry and euthanasia procedures followed recommendations provided by the American Veterinary Medical Association and the Association of Zoos and Aquariums. All animal procedures were approved by the University of Tennessee Institutional Animal Care and Use Committee under protocol #2623. Animals that reached euthanasia endpoints were humanely euthanized via water bath exposure to benzocaine hydrochloride.
[bookmark: _Toc109295739]2b. Animal challenge experiments and analyses

The model species we used was Notophthalmus viridescens (eastern newts), which is one of the most widely distributed amphibian species in North America [28], and is susceptible to Bsal chytridiomycosis [29, 30]. This species has two distinct post-metamorphic life stages: terrestrial juvenile (called an eft) and aquatic adult [31]. Efts can remain terrestrial for up to seven years before returning to aquatic sites to breed as adults [31]. Given this complex life cycle and the significant role both could play in Bsal epidemiology, we decided to test the susceptibility of both life stages. Based on availability, we collected adult and eft N. viridescens from aquatic and terrestrial habitats in Tennessee and Pennsylvania, respectively (TN Scientific Collection Permit #1504 and PA Scientific Collection Permit 2019-01-0082). Upon arrival to the laboratory, we heat-treated all N. viridescens for 10 days at 30°C to clear any potential preexisting Bd infections [32, 33], because chytrid coinfections could influence Bsal disease outcomes [30]. Prior infection with Bd and subsequent clearing, however, does not seem to influence susceptibility to Bsal infection in N. viridescens [30]. We confirmed that all N. viridescens were Bd negative by testing pre-trial skin swabs using quantitative polymerase chain reaction (qPCR) methods similar to those described in Boyle et al [34] and following the same genomic DNA extraction methods described below. The pre-trial skin swabs and all swabs collected following Bsal exposure consisted of 10 firm ventral passes along the salamander’s abdomen followed by 10 swipes on the bottom of each foot. After heat treatment, N. viridescens were acclimated for one week to one of three temperatures (6, 14 and 22°C), which corresponded to average ambient temperatures during winter, spring/autumn, and summer, respectively, in mid-latitudinal North America [35].
We followed a standard protocol for host-pathogen challenges using a multidose-response experiment to evaluate how N. viridescens susceptibility and Bsal pathogenicity were influenced by temperature [36, 37]. For the adult experiments, we randomly assigned 10 animals to one of four exposure doses (5x103, 5x104, 5x105 and 5x106 Bsal zoospores per 10 mL) and assigned five animals as controls (n = 45 for each temperature trial; S1 Table). We performed each temperature experiment within a Conviron environmental growth chamber (Winnipeg, Canada) set to the target temperature and light/dark cycles reflecting the corresponding season (winter = 8 hours light; spring/autumn = 10 hours; summer = 12 hours light). We housed adult N. viridescens individually in sterilized circular 2000-cm3 containers that had 300 mL of water and a semicircular PVC cover object. The container and water were changed every three days, and we fed the salamanders bloodworms (Chironomus plumosus) at 2% of their body mass 24 hours prior to each water change. During each water change, we determined the percentage of food eaten by comparing the number of bloodworms remaining in each housing container to the number originally provided. Each adult newt was observed twice daily (AM/PM) for signs of disease, and during each check period observations were recorded describing whether the newt was using its cover object and the percentage of each newt’s body that was submersed in the container water. The cover object usage was recorded as a binary measurement with one indicating the newt was under the cover object and zero indicating the newt was not hidden. The body submergence records were recorded as either 100%, >50%, <50% or 0% submerged. Although the containers were filled with water, newts could climb the side of the container or perch themselves on top of the cover object to avoid contact with the water. 
Efts were randomly assigned to the same exposure doses used for the adults, but sample sizes were smaller (n = 5–6 animals per dose, S1 Table) due to availability. Unlike the aquatic adults, efts live in terrestrial habitats, hence they were housed in sterilized 710-cm3 containers that included a moist paper towel and PVC cover object. We changed each eft’s container, paper towel, and PVC cover object every 3 days. All animals were fed 2% of their body mass in fruit flies (Drosophila melanogaster) every 3 days after changing containers.
The Bsal we used was isolated (isolate AMFP13/1, [12]) from a morbid S. salamandra in the Netherlands. We maintained Bsal cultures at the University of Tennessee and enumerated zoospores following methods described in Carter et al.[36]. Bsal cultures used for each experiment had each been passed <25 times and were woken up from cryopreserved aliquots prior to each experiment. All animals were exposed for 24 hrs to their randomly assigned zoospore dose, and controls were inoculated with autoclaved dechlorinated water [36].
The experiments lasted between 45 and 90 days, which has been shown to be a sufficient duration for Bsal chytridiomycosis to develop [19, 30, 36]. We humanely euthanized animals after the loss of righting reflex, which is a terminal endpoint to Bsal chytridiomycosis. As such, we recorded individuals that were euthanized prior to the end of an experiment as mortality events for data analyses.
To detect infection and estimate pathogen loads, we swabbed each individual every six days and at necropsy. Quantitative PCR was run on each swab following methods described in Carter et al.[36]. We stained cross-sections of the skin with hematoxylin and eosin stain to confirm Bsal infection and chytridiomycosis [38].
We used Kaplan-Meier survival analysis to test for differences in mortality rates among Bsal doses for each temperature and between temperatures for each dose. Kaplan-Meier survival analyses were also used to test for differences between the life stages (adults vs. efts) exposed to the same dose at the same temperature. We used Cox-proportional hazard models to robustly estimate the magnitude of difference between life stages, temperatures, and doses that were significantly different. All analyses were performed using the “survival” package in R (version 3.5.3,[39]), and significant differences declared at α = 0.05.
To understand the relationship between temperature and pathogen burden on infected hosts, we estimated Bsal loads (DNA copies/uL) at necropsy and compared among doses and temperatures using Kruskal-Wallis tests, because the data did not follow a normal distribution [40]. Wilcoxon signed-rank tests that were Bonferroni corrected were used for pairwise comparisons of treatments if the Kruskal-Wallis test was significant [40].
We evaluated changes in food consumption and shift in behavior using Bayesian mixed effects models created in the “brms” package [41]. To determine whether food consumption and behavior changed over time as animals developed clinical disease, our models included the interaction of days post exposure and treatment as fixed effects and the animal ID and days post exposure as random effects. All Bsal exposure groups were compared to the control group in each analysis. Because animal submergence categories and cover object usage were not independent (i.e., individuals could be counted as hidden and 100% submerged), we decided to analyze if N. viridescens were completely out of the water or partially submerged (100%, >50% or <50% submerged). For comparisons, average food consumption and occurrence of being out of the water were compared at the median survival time for each exposure group. 
[bookmark: _Toc109295740]2c. Temperature adjusted Bsal habitat suitability modeling

We downloaded the N. viridescens species distribution polygon from the IUCN website (IUCN, 2020), and used the polygon to raster function from ArcMap 10.7 to create a raster layer representing the N. viridescens range across the United States and Canada. We combined the N. viridescens distribution raster with average and maximum temperature raster data downloaded from Worldclim.org representing historical climate data (1970–2010). The resulting raster table was exported to R. Following methods described in [42], we created a Bsal habitat suitability score for each raster cell within the N. viridescens range. Our analyses differed from Richgels et al.[42] in that we scored the temperature component of Bsal habitat suitability using the survival data from the 6, 14 and 22°C adult exposure experiments, such that greater mortality of N. viridescens corresponded with higher Bsal suitability. 
Our spatial analyses followed Richgels et al.[42] except for the modifications below. While Richgels et al.[42] used results from in vitro growth experiments to inform their ranking scale, we used the results of our Bsal temperature susceptibility experiments. Richgels et al.[42] scaled temperatures close to 15ºC as the optimum temperature for Bsal resulting in counties with mean annual temperatures and warmest month temperatures closest to 15ºC receiving a suitability score of four. In the Richgels et al.[42] study, temperatures below or exceeding 15ºC were scaled between four and one with temperatures further away from the optimum receiving lower scores. 
Based on the results of our adult N. viridescens susceptibility trials, we revised the temperature scaling to reflect host-Bsal interactions under varying temperatures. At our two highest exposure doses, we found 100% mortality and infection at 6 and 14ºC exposure temperatures. Therefore, for the habitat suitability model shown in Fig. 1.6 we assumed that exposures between those temperatures will elicit similar infection and mortality responses and therefore provide suitable habitat for Bsal. With this assumption, we scaled all mean annual air temperatures and maximum temperatures as four (high infection and mortality) if the value for that raster cell fell between 6 and 14ºC. Temperatures exceeding 14ºC were scaled from four to one as they approached 22ºC. Temperatures exceeding 22ºC were given a score of one. Temperatures less than our lowest experimental temperature received scores ranging from one to four with temperatures closer to 6ºC being assigned higher scores. The scores assigned to the annual temperature and maximum temperature values for each raster cell were then averaged to create the Bsal habitat suitability score shown in Fig 1.6.
3. [bookmark: _Toc109295741]Results 

[bookmark: _Toc109295742]3a. Survival and infection load

Dose-dependent mortality was observed at 6 and 14°C for both adult and eft N. viridescens, with 100% mortality at the two highest exposure doses (Fig 1.1 and Table 1.1). No mortality was observed for adult N. viridescens exposed at 22°C; however, 67% of efts experienced mortality at this temperature at the highest zoospore dose (5x106). Survival duration for adult N. viridescens differed among temperatures for all zoospore doses, with the shortest survival duration experienced by those exposed to the highest zoospore dose. When holding dose constant, adult N. viridescens exposed at 14°C were approximately 11X (95% CI = [5.96, 20.17]; P<0.001) more likely to die each day compared to those at 6°C. Across all doses, adult N. viridescens lived around 20 days longer at 6°C compared to those exposed at 14°C. Survival of efts was also temperature dependent, especially at the two highest zoospore exposure doses. Efts exposed at 14°C were approximately 3X (95% CI = [1.23, 6.78]; P = 0.015) and >200X more likely to die each day than those exposed at 6 and 22°C, respectively. Keeping dose and temperature constant, adults were approximately 4X (95% CI = [2.67,6.75]; P<0.001) more likely to die than efts (Fig 1.1 and Table 1.1).
For adult N. viridescens, Bsal zoospore load on their skin at necropsy was greater at 14°C compared to 6°C (Fig 1.2 and Table 1.2). None of the adult N. viridescens exposed at 22°C developed detectable infections; however, infection was detected in 81% of efts. Bsal loads for efts exposed at 6 and 14°C were significantly greater than at 22°C (Table 1.2 and Fig 1.2). We confirmed Bsal infection and chytridiomycosis in all N. viridescens that died using histopathology (Fig 1.3). We also confirmed the absence and presence of infection in N. viridescens that survived and tested qPCR negative and positive, respectively, for Bsal DNA.
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Adult newts exposed to Bsal exhibited decreased food consumption compared to control animals at both temperatures. Decreases in food consumption were most pronounced in newts exposed at 14°C (Fig. 1.4A, Table 1.3). After 10 days post-exposure at 14°C, newts exposed to 5x103, 5x104, 5x105, and 5x106 decreased food consumption by 29% (95% CI = [-82%, +49%]), 70% (95% CI = [-95%, +0.4%]), 53% (95% CI = [-86%, +14%]), and 58%, (95% CI = [-88%, +12%]) respectively. Food consumption decreased in a dose-dependent fashion with newts in the higher exposure groups experiencing more rapid decreases in food intake. At 6°C, adult newts exposed to 5x103, 5x104, and 5x105 zoospores decreased food consumption by 6% (95% CI = [-16%, -1%]), 6% (95% CI = [-15%, -0.7%]), and 6% (95% CI = [-15%, -1.3%]), respectively, compared to controls (Fig. 1.4B, Table 1.3). 
N. viridescens also demonstrated behavioral shifts associated with the development of clinical disease. At both temperatures, N. viridescens spent less time in the water as disease progression occurred and days since Bsal exposure increased (Fig. 1.5A-B, Table 1.4). At 14°C, N. viridescens exposed to 5x105 and 5x106 Bsal zoospores/mL increased the time spent out of water by 33% (95% CI = [15%, 53%]) and 57% (95% CI = [30%, 77%]), respectively, compared to controls. Newts exposed to 5x106 Bsal zoospores/mL at 6°C increased the time spent out of water by 2% (95% CI = [-3%, +9%]) compared to controls. 
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Invasion risk of Bsal into N. viridescens populations in North America, adjusting for temperature-dependent host susceptibility, indicated that the greatest risk is in the northeastern United States and southeastern Canada, and along the higher elevations of the Appalachian Mountains (Fig 1.6). These results also suggest there could be seasonal fluctuations in outbreaks, where geographic locations that exceed 22°C, could be at lower risk (e.g., southern United States).
4. [bookmark: _Toc109295745]Discussion 

Similar to research with S. salamandra [15, 19, 21], our results suggest environmental temperature plays a critical role in the epidemiology of Bsal, which could manifest into geographic variation in outbreaks [19]. Bsal invasion into N. viridescens populations in North America is expected to be greatest in the northeastern United States and southeastern Canada, and at the higher elevations of the Appalachian Mountains. Previous risk analyses suggested that the southeastern United States was at greatest risk of Bsal invasion [42, 43]; however, these analyses did not consider the impacts of temperature on species susceptibility. Our results suggest that climate change could impact Bsal invasion risk and geographic spread [44]. They also suggest that habitat manipulations that increase water temperature (e.g., tree canopy reduction) might be a viable Bsal management strategy [45], although the influence of fine-scale temperature manipulations on likelihood of Bsal invasion needs to be explored.
Temperature-dependent susceptibility to Bsal also could manifest into seasonal fluctuations in outbreaks [19]. Although seasonal trends in Bsal chytridiomycosis have not been reported yet in Europe, silent declines could be occurring in autumn and winter without detection because many salamander species reduce activity, become fossorial, or use deeper locations of water bodies when temperatures become colder [46]. Indeed, Beukema et al.[19] reported that Bsal growth on salamanders in Europe followed temperature-dependent trends. If seasonality plays a role in Bsal epidemiology, it is possible that outbreaks in N. viridescens populations could decrease during summer months and increase as winter approaches. If temperatures present during spring and fall breeding events are within the range of temperatures suitable for Bsal, these aggregations might result in rapid pathogen transmission. Further, N. viridescens at 6 and 14°C experienced >90% mortality but died 1.4X slower at the lower temperature. Thus, infected individuals could remain on the landscape for longer duration during winter, increasing opportunity for disease spread and death, analogous to a “White Walker Effect” (sensu HBO Game of Thrones). In contrast, we observed limited infection and mortality at 22°C, suggesting that monitoring for Bsal infection and outbreaks should be concentrated in geographic regions where and during months when average ambient temperature is <22°C.
Several mechanisms may have been responsible for the temperature-dependent trends we observed in N. viridescens susceptibility to Bsal. Although we did not measure in vitro growth, others have demonstrated maximum growth of Bsal at 15°C, and growth decreased by 70% at 22°C and 50% at 5°C. Therefore, Bsal replication rate could have played a role in both the near lack of disease at 22°C and reduced mortality rate at 6°C compared to 14°C. At 22°C, Martel et al.[12] also reported that motile zoospores in culture were not observed; reduced zoospore motility is associated with reduced pathogenicity of Bd [47]. Indeed, heat treatment of S. salamandra for 10 days at 25°C has been shown to clear Bsal infections [20]. Beukema et al.[19] also showed that salamanders exposed to Bsal in thermal gradient enclosures regulated their temperatures between 17.5 and 21.6°C and did not become infected, which they attributed in part to inhibition of Bsal growth.
While clearly pathogen replication rates can impact survival of infected hosts [48], temperature-dependent trends in susceptibility also could be related to host immune defenses. Through additional analyses performed by collaborators on this work, Carter et al.[49] found that microbial community composition on the skin of N. viridescens differed among our treatment temperatures. Most notably, the relative abundance of bacteria inhibitory to Bsal at 22°C was greater compared to the lower temperatures in both laboratory experiments and field surveys, suggesting that temperature-mediated shifts in skin microbiome may contribute to host protection. Previous studies have shown the bacterial community on amphibian skin can influence host survival when exposed to fungal pathogens [50-52]. Increased fungal diversity at 22°C could also contribute to host protection, as many fungi produce inhibitory compounds [53]. Interestingly, Carter et al.[49] found that total proteins recovered on the skin of N. viridescens were lowest at 22°C, and no differences were detected in hydrophobic peptides production among temperatures. Thus, reduced host susceptibility to Bsal at higher temperatures is likely an interaction between shifts in microbiome composition and pathogen replication rates rather than antimicrobial skin secretions produced by the host [12, 19].
Another additional component of Carter et al.[49] evaluated how antimicrobial skin secretions shifted in effectiveness and production between N. viridescens exposed at 6, 14 and 22 °C.  In contrast to the hypothesis presented in Carter et al.[49], N. viridescens were able to produce substantial antimicrobial secretions even at the coldest temperature. Total recovered proteins on N. viridescens skin at 6°C were greater than at 14 and 22°C, which may have resulted in greater inhibition of Bsal zoospores and slowed the rate of disease progression at 6°C. Proteins produced by amphibians or in the metabolites of resident skin microbes can have inhibitory effects on Bd [54, 55]. The skin microbiome was similar between 6°C and 14°C, hence it was likely not a mechanism influencing differences in mortality rate at these temperatures.
A component of defensive skin secretions in many frog species includes low mass hydrophobic peptides [55]. Much less is known about defensive peptides or proteins in the secretions of salamanders [56-58]. At 6°C, the amount of defensive hydrophobic molecules produced after two months exposure to Bsal was approximately 5X less than in control N. viridescens, suggesting that available defensive molecules were released from granular glands during early stages of infection, and supporting the hypothesis of reduced growth of Bsal at 6°C [49]. It also is possible that defensive peptide production became impaired later in infection, because Bsal can invade the granular glands and possibly disrupt function [59]. Collectively, these additional analyses suggest that the putative hydrophobic peptide components of skin defenses may be most effective during initial phases of Bsal infection, but that chronic infections, such as those occurring at 6°C, can eventually overwhelm salamander host defenses.
Although adult N. viridescens died slower at 6°C than at the other temperatures, they also died at lower pathogen burdens suggesting lower infection tolerance [60]. On average, N. viridescens at 6°C had 4X lower Bsal loads on their skin at necropsy compared to those exposed at 14°C, which is a similar trend with S. salamandra [15]. Amphibians subjected to cold temperatures may experience immunosuppression leading to decreased infection tolerance [61-63]. Several Bd challenge experiments have demonstrated temperatures below the optimal in vitro growth temperature for Bd (17–23°C) can cause high host mortality at lower infection intensities [3, 64-66]. These studies suggested that reduced mortality and higher Bd infection intensity at higher exposure temperatures were in part due to temperature-dependent infection tolerance of hosts. Thus, even though Bsal growth is slower and inhibitory proteins on newt skin are greater at temperatures below 14°C, their ability to tolerate skin damage may be less as ambient temperature drops, contributing to the aforementioned White Walker Effect. It is also possible that cooler temperatures create more ideal conditions for secondary bacterial infections through the necrotic ulcerations that Bsal creates [67].
Efts followed similar temperature-dependent infection and survival trends, although they on average died approximately 1.4X slower than adults, suggesting that life stages may play a role in Bsal epidemiology, as also seen with Bd and ranaviruses [18, 68]. The mechanisms driving the difference in susceptibility between life stages are unknown (i.e., Carter et al.[49] did not measure immune defenses in efts), but may be influenced by habitat conditions, tetrodotoxin (TTX) in their skin, or skin microbial composition and function. Adult and eft N. viridescens were housed in containers with water and moist paper towel, respectively, similar to their natural aquatic and terrestrial habitats. It is possible that aquatic environments facilitated reinfection and disease progression due to release of flagellated zoospores that transmit efficiently through water [12]. N. viridescens efts also have approximately 10X the concentration of TTX in their skin as adults [69]. While TTX does not appear to have direct effects on Bsal growth (DCW, unpubl. data), it might interact with the skin microbiome to create more Bsal-inhibitory effects [70, 71]. Lastly, efts and adults were collected in different U.S. states (Pennsylvania and Tennessee, respectively) due to availability, hence it is possible that immunological co-factors associated with geography played a role in affecting Bsal susceptibility.
The reduced food consumption by exposed N. viridescens measured in our challenge experiments is consistent with other studies which have noted anorexia as a clinical sign of both Bd and Bsal chytridiomycosis [72, 73]. Although damage to the epidermis or secondary bacterial infections are the most likely direct cause of mortality, decreases in food consumption by sub-clinically infected N. viridescens could contribute to mortality or reduced overall fitness. Alternatively, reduced food consumption has been proposed as a means of controlling pathogen growth by limiting nutrient availability [74]. 
We also found that infected N. viridescens tended to use water less than control animals, which could be an effort to reduce pathogen exposure or an attempted febril response. McMahon et al.[75] found that southern toads (Anaxyrus terrestris) exhibited Bd metabolite avoidance following  previous exposure and subsequent clearing of Bd infections. The authors attributed this learned avoidance to the Bd metabolites serving as a painful stimulus due to the host tissue degrading enzymes released by Bd zoospores [75-77]. The avoidance of Bsal zoospores or metabolites in water could play a role in Bsal epidemiology. Aquatic habitats likely facilitate the indirect transmission of Bsal, as hosts are more easily exposed to shed Bsal zoospores. If infected animals like the adult N. viridescens monitored in our experiments avoid water contaminated with the pathogen, indirect transmission of Bsal could be reduced. Although the N. viridescens challenged in our experiment were held in environmental chambers at a constant temperature, infected individuals that left the water may have been seeking alternative temperatures. A febril response of N. viridescens when chronically infected with another fungal species (Ichthyophomus) has been reported [78]. Thermal preference studies following Bsal exposure should be conducted using N. viridescens to determine whether infected animals seek warmer temperatures, and the degree to which their thermoregulatory ability is constrained by humidity [19]. Kumar et al. (2020) found that mortality was greater for N. viridescens maintained at 14 C in dry containers compared to containers with water. 
Collectively, our results demonstrate environmental temperature will be a critical determinant of Bsal disease dynamics for N. viridescens and possibly other amphibians. Given that N. viridescens are distributed across most of eastern North America, invasion risk will likely vary among seasons, latitudes, and elevations similar to predictions in Europe [19]. Our results possibly provide support for the chytrid thermal optimum hypothesis [79]; however, more research is needed. Although the temperatures used in our experiments are environmentally relevant for eastern North America, they do not reflect the expected variation that N. viridescens could experience in a day or among months. Indeed, future experiments should explore the role of temperature variation on susceptibility to Bsal and impacts on host immune response. Further, support for the thermal mismatch hypothesis should be explored [3, 80].
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[bookmark: _Toc109163212]Table 1.1:   Percentage mortality, median days survival and results of Kaplan-Meier survival analysis performed on each experiment (Days Survival ~ Dose), between temperature at the same dose (Days Survival ~ Temperature), and between life-stages at the same dose and temperature (Days Survival~Life-stage) for Notophthalmus viridescens exposed to Batrachochytrium salamandrivorans.
	Life Stage
	Temperature
	Exposure Dose 
	N
	% Mortality
	Median Days Survival
	Days Survival ~ Dose
	Days Survival ~ Temperature 
	Days Survival ~ Life-stage

	
	
	
	
	
	
	
	
	
	

	Adult
	6ºC
	Control
	5
	0
	NA
	X2=87.2, P<0.001
	5x103: X2 = 7.1, P=0.008                    5x104: X2 = 18.7, P<0.001            5x105: X2 = 15.7, P<0.001   5x106: X2 = 21.5, P<0.001                                                           
	6 ºC, 5x103: X2=12.3 , P <0.001                                    6 ºC, 5x104: X2=2.8 , P =0.09                                  6 ºC, 5x105: X2= 0.3, P=0.6                                     6 ºC, 5x106: X2= 14.1, P<0.001                              14 ºC, 5x103: X2=5.6, P=0.02                                 14 ºC, 5x104: X2=8.5, P=0.003                              14 ºC, 5x105: X2=0.3, P=0.6                                    14 ºC, 5x106: X2=4.6, P=0.03                                22 ºC, 5x106: X2=6, P=0.01
	

	
	
	5x103
	10
	100
	48
	
	
	
	

	
	
	5x104
	10
	100
	52.5
	
	
	
	

	
	
	5x105
	10
	100
	35.5
	
	
	
	

	
	
	5x106
	10
	100
	17
	
	
	
	

	
	14ºC 
	Control 
	5
	0
	NA
	X2=87.2, P<0.001
	
	
	

	
	
	5x103
	10
	90
	27.5
	
	
	
	

	
	
	5x104
	10
	100
	23
	
	
	
	

	
	
	5x105
	10
	100
	16
	
	
	
	

	
	
	5x106
	10
	100
	8
	
	
	
	

	
	22ºC 
	Control
	5
	0
	NA
	NS
	
	
	

	
	
	5x103
	10
	0
	NA
	
	
	
	

	
	
	5x104
	10
	0
	NA
	
	
	
	

	
	
	5x105
	10
	0
	NA
	
	
	
	

	
	
	5x106
	10
	0
	NA
	
	
	
	

	Eft
	6ºC
	Control
	6
	0
	NA
	X2=38.6, P<0.001
	5x103: X2 = 0, P=1                         5x104: X2 = 8.2, P=0.02           5x105: X2 = 25.9, P<0.001   5x106: X2 = 26.4, P<0.001                                                           
	
	

	
	
	5x103
	6
	83.33
	81
	
	
	
	

	
	
	5x104
	6
	100
	61.5
	
	
	
	

	
	
	5x105
	6
	100
	40
	
	
	
	

	
	
	5x106
	6
	100
	25.5
	
	
	
	

	
	14ºC 
	Control 
	5
	0
	NA
	X2=26.4, P<0.001
	
	
	

	
	
	5x103
	5
	60
	53
	
	
	
	

	
	
	5x104
	5
	40
	NA
	
	
	
	

	
	
	5x105
	5
	100
	16
	
	
	
	

	
	
	5x106
	5
	100
	9
	
	
	
	

	
	22ºC
	Control
	5
	0
	NA
	X2=9.1, P=0.01
	
	
	

	
	
	5x104
	5
	0
	NA
	
	
	
	

	
	
	5x105
	5
	0
	NA
	
	
	
	

	
	
	5x106
	6
	66.66
	60
	
	
	
	


[bookmark: _Toc109163213]Table 1.2: Batrachochytrium salamandrivorans (Bsal) copies/uL by life-stage, exposure temperature, and exposure dose (per 10 mL) showing percentage of Notophthalmus viridescens infected at necropsy, Bsal copies/uL means (x̅), medians (x̃) and standard deviations (SD).
	Life Stage
	Temperature
	Dose 
	% Infection
	x̅
	x̃
	SD 

	
	
	
	
	
	
	
	

	Adult
	6 ºC
	Control
	0
	NC
	NC
	NC                                           
	

	
	
	5x103
	40
	1935.8
	0
	5974.0
	

	
	
	5x104
	100
	29928.0
	19661.6
	27386.5
	

	
	
	5x105
	100
	166137.0
	7213.2
	414098.4
	

	
	
	5x106
	100
	37452.8
	33189.5
	34122.3
	

	
	14 ºC 
	Control 
	0
	NC
	NC
	NC
	

	
	
	5x103
	90
	390702.6
	379492.1
	297156.4
	

	
	
	5x104
	100
	115605.8
	92617.6
	94558.4
	

	
	
	5x105
	100
	168608.3
	128620.1
	138250.9
	

	
	
	5x106
	100
	252253.7
	279499.4
	165789.1
	

	
	22 ºC 
	Control
	0
	NC
	NC
	NC
	

	
	
	5x103
	0
	NC
	NC
	NC
	

	
	
	5x104
	0
	NC
	NC
	NC
	

	
	
	5x105
	0
	NC
	NC
	NC
	

	
	
	5x106
	0
	NC
	NC
	NC
	

	Eft
	6 ºC
	Control
	0
	NC
	NC
	NC
	

	
	
	5x103
	66.66
	25591.1
	7093.1
	42229.3
	

	
	
	5x104
	100
	22959.9
	20478.0
	18118.4
	

	
	
	5x105
	100
	111596.1
	41625.6
	143014.6
	

	
	
	5x106
	100
	557867.0
	320852.2
	727764.7
	

	
	14 ºC 
	Control 
	0
	NC
	NC
	NC
	

	
	
	5x103
	100
	16114.2
	7370.4
	16429.5
	

	
	
	5x104
	100
	10781.6
	6258.9
	13609.9
	

	
	
	5x105
	100
	155673.8
	113451.3
	185880.2
	

	
	
	5x106
	100
	590267.3
	419778.1
	696693.4
	

	
	22 ºC
	Control
	0
	NC
	NC
	NC
	

	
	
	5x104
	60
	11.738
	5.81
	17.0
	

	
	
	5x105
	100
	25.174
	35.0
	17.0
	

	
	
	5x106
	83.33
	36.29333
	10.86
	48.07737
	



[bookmark: _Toc109163214]Table 1.3: Results of Bayesian mixed effect binomial models showing odds ratio (OR), OR error, and 95% confidence interval for the OR estimate given for each model parameter predicting food consumption by adult Notophthalmus viridescens exposed to one of four Batrachochytrium salamandrivorans doses (5x103-6) at two temperatures (6 and 14°C). 

	Temperature
	Population Level Effects
	OR
	OR error
	95% CI

	14°C
	Intercept
	0.35
	1.49
	(-2.54,3.37)

	
	Day
	0.04
	0.1
	(-0.16,0.24)

	
	5x103
	-0.19
	1.86
	(-3.91,3.44)

	
	5x104
	2
	1.86
	(-1.76,5.63)

	
	5x105
	5.15
	1.98
	(1.34,9.21)

	
	5x106
	2.73
	1.96
	(-1.12,6.62)

	
	Day:5x103
	-0.05
	0.13
	(-0.3,0.21)

	
	Day:5x104
	-0.25
	0.13
	(-0.51,0.01)

	
	Day:5x105
	-0.46
	0.14
	(-0.75, -0.2)

	
	Day:5x106
	-0.61
	0.14
	(-0.95, -0.28)

	6°C
	Intercept
	-1.91
	0.57
	(-3.04, -0.75)

	
	Day
	-0.02
	0.03
	(-0.07,0.04)

	
	5x103
	-0.83
	0.74
	(-2.33,0.61)

	
	5x104
	-0.86
	0.74
	(-2.37,0.55)

	
	5x105
	-1.37
	0.8
	(-3.01,0.21)

	
	5x106
	1.56
	0.77
	(0.01,3.05)

	
	Day:5x103
	-0.02
	0.03
	(-0.09,0.05)

	
	Day:5x104
	-0.02
	0.03
	(-0.09,0.05)

	
	Day:5x105
	-0.01
	0.04
	(-0.1,0.06)

	
	Day:5x106
	-0.17
	0.05
	(-0.27, -0.07)





[bookmark: _Toc109163215]Table 1.4: Results of Bayesian mixed effect binomial models showing odds ratio (OR), OR error, and 95% confidence interval for the OR estimate given for each model parameter predicting whether an adult Notophthalmus viridescens exposed to one of four Batrachochytrium salamandrivorans doses (5x103-6) at two temperatures (6 and 14°C) would be out of its housing water.

	Temperature
	Population Level Effects
	OR
	OR error
	95% CI

	14°C
	Intercept
	-2.46
	0.81
	(-4.1, -0.9)

	
	Day
	-0.01
	0.04
	(-0.1,0.07)

	
	5x103
	-0.63
	1.02
	(-2.65,1.36)

	
	5x104
	-0.92
	1.06
	(-3.04,1.14)

	
	5x105
	-0.3
	1.04
	(-2.38,1.73)

	
	5x106
	-3.56
	1.39
	(-6.36, -0.89)

	
	Day:5x103
	0.09
	0.05
	(-0.01,0.2)

	
	Day:5x104
	0.11
	0.06
	(0,0.23)

	
	Day:5x105
	0.16
	0.06
	(0.05,0.29)

	
	Day:5x106
	0.83
	0.16
	(0.53,1.17)

	6°C
	Intercept
	-4.92
	1.04
	(-7.04, -2.9)

	
	Day
	0.02
	0.03
	(-0.04,0.08)

	
	5x103
	1.5
	1.21
	(-0.85,3.96)

	
	5x104
	0.83
	1.23
	(-1.57,3.23)

	
	5x105
	1.3
	1.23
	(-1.09,3.69)

	
	5x106
	0.15
	1.38
	(-2.55,2.92)

	
	Day:5x103
	0
	0.04
	(-0.08,0.07)

	
	Day:5x104
	0.02
	0.04
	(-0.05,0.09)

	
	Day:5x105
	0.04
	0.04
	(-0.03,0.11)

	
	Day:5x106
	0.16
	0.07
	(0.01,0.3)



[bookmark: _Toc109295749]Appendix B Figures
[image: A picture containing graphical user interface

Description automatically generated]

[bookmark: _Toc109163225][bookmark: article1.body1.sec2.sec1.fig1.caption1.p]Fig 1.1: Survival curves representing the mortality rate of Notophthalmus viridescens held at 6, 14, and 22°C and exposed to four Batrachochytrium salamandrivorans doses (5x103-6 zoospores per 10 mL). The survival curves for adult and eft (juvenile) N. viridescens are shown in the lower and upper panels, respectively.
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[bookmark: _Toc109163226]Fig 1.2: Boxplots showing log transformed Bsal zoospore copies/uL+1 estimated at necropsy from swab samples tested via qPCR.
[bookmark: article1.body1.sec2.sec1.fig2.caption1.p]Boxplots shown represent each zoospore exposure dose (5x103-6 per 10 mL) for each life stage (A) and temperature (B). Boxplots faceted by temperature and exposure dose are colored brown and orange in (A) representing adult and eft life stages, respectively. Boxplots faceted by life stage and exposure dose are colored blue, yellow and red in (B) representing 6, 14 and 22°C exposure temperatures, respectively. Significant Wilcoxon tests between exposure temperatures for each exposure dose are shown in (A) (ns = not significant, * = P<0.05, ** = P<0.01, *** = P<0.001). Significant Kruskal-Wallis tests are indicated in (B) (ns = not significant, * = P<0.05, ** = P<0.01, *** = P<0.001). Temperatures with unlike lowercase letters are significantly different.
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[bookmark: _Toc109163227]Fig 1.3: Hematoxylin and Eosin-stained sections of skin from Notophthalmus viridescens exposed to Batrachochytrium salamandrivorans (Bsal) zoospores (doses = 5x103-6 per 10 mL). Fungal organisms (arrows) were observed invading the epidermis of juveniles (efts) at all temperatures, 6, 14, and 22°C (A, B and C, respectively), but only at 6 and 14°C for adults (D and E, respectively). No invasion was observed in adult skin exposed at 22°C, even at the highest dose of 5x106 Bsal zoospores (F).


[image: Graphical user interface, chart

Description automatically generated]
[bookmark: _Toc109163228]Fig 1.4: Percentage of invertebrates consumed by adult eastern newts (Notophthalmus viridescens) over 24hr feeding periods following Batrachochytrium salamandrivorans zoospore exposure doses (5x103-4) at two exposure temperatures (6 and 14°C). Colored points and thin lines represent the observed percentage of food consumed by each individual over time. Thick-colored lines show the mean predictions of the percent invertebrates consumed for each individual N. viridescens according to a generalized linear mixed-effects model. Colors correspond to zoospore doses and temperatures are shown on different rows. 
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[bookmark: _Toc109163229]Fig 1.5: Probability of Notophthalmus viridescens being out of water following Batrachochytrium salamandrivorans zoospore exposure at one of four doses (5x103-4) and two exposure temperatures (6 and 14°C). Colored points indicate individual observations of N. viridescens out of water (1) or submerged (0) in their housing container during each daily check period. Thick-colored lines show the mean predicted probabilities that individual N. viridescens would be out of the water according to a generalized linear mixed-effects model. Colors correspond to zoospore doses and temperatures are shown on different rows.
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[bookmark: _Toc109163230][bookmark: article1.body1.sec2.sec4.fig1.caption1.p]Fig 1.6:  Invasion risk of Batrachochytrium salamandrivorans (Bsal) into Notophthalmus viridescens populations in North America, adjusting for temperature-dependent susceptibility. Red indicates increasing risk, while light-colored areas indicate low invasion risk. Regions shaded white are outside of the N. viridescens range


[bookmark: _Toc109295750][bookmark: _Hlk103874882]CHAPTER II: IMPORTANCE OF TRANSMISSION PATHWAYS AND PATHOGEN LOAD IN BATRACHOCHYTRIUM SALAMANDRIVORANS EPIDEMIOLOGY


[bookmark: _Toc109295751]Abstract

Batrachochytrium salamandrivorans (Bsal) poses a major threat to global amphibian biodiversity. It is essential we understand Bsal transmission so better-informed management strategies are developed. We measured the latency period of Bsal-infected eastern newts (Notophthalmus viridescens) using controlled transmission experiments. We estimated latency by measuring transmission probability given host contact and simulating three one-second contact types (venter-venter, dorsum-venter, or venter-dorsum) between 10 infected and 10 unexposed newts at four durations post-exposure (3-, 6-, 9- or 10-days PE) to Bsal. Our results indicate that newts can become infectious within 3 days PE, but transmission probability correlates strongly with PE duration and Bsal load on infected individuals. Location of body contacts did not affect transmission. In a separate experiment, we evaluated whether infected newt carcasses could contribute to Bsal transmission dynamics. We cohoused 10 infected carcasses with susceptible newts in two cohousing chamber types (partitioned or non-partitioned) at three time periods post-mortem (1 – 24, 24 – 48, or 48 – 72 hrs). The partitioned chamber prevented newt-to-newt contact hence only allowed indirect, waterborne transmission of zoospores. Our results indicate carcasses are capable of transmitting Bsal to susceptible newts up to at least 72 hrs post-mortem, even without live newts directly contacting carcasses. All susceptible newts in each chamber type and post-mortem period became infected. Bsal genomic copies/uL in skin swabs taken from infected carcasses and water samples collected from cohousing chambers were equivalent to or higher than live infected newts, and copies in the water did not decline over 72 hrs. Our results indicate Bsal infection can occur rapidly between infected and susceptible newts via indirect and direct transmission pathways, and carcasses may prolong outbreaks. 
1. [bookmark: _Toc109295752]Introduction 

[bookmark: _Hlk104970111]Amphibian diseases are one of the leading causes for observed amphibian population declines around the globe [1, 2]. Given the pronounced effect diseases have on amphibian populations, successful management of amphibian populations hinges on the effective management of disease within their populations. Currently, there are three notifiable amphibian pathogens recognized by the World Organization for Animal Health (OIE), which have been designated as notifiable due to the known threat each poses to amphibians. These notifiable pathogens include viruses in the genus Ranavirus and two chytrid fungus (Batrachochytrium) species. Ranaviruses and Batrachochytrium dendrobatidis (Bd) have posed threats to global amphibian populations for several decades. Recently, a new chytrid fungus (B. salamandrivorans, Bsal) was identified associated with enigmatic declines of salamanders in Europe [3, 4]. 
In 2013, Bsal was first described after declines of European Fire Salamanders (Salamandra salamandra) were observed in the Bunderbos region of Netherlands [5, 6]. Bsal and Bd both cause amphibian chytridiomycosis, a disease which has caused population declines across the globe in over 500 amphibian species [1]. Bsal is thought to have been introduced to Europe via the international trade of amphibians, and likely originated from Asia [7-9]. The timing of introduction and index site for Bsal introduction to Europe remain unclear; however, samples from preserved specimens suggest the pathogen was in Europe prior to 2013, and it probably was introduced on several occasions [10, 11]. Surveillance in Europe has detected Bsal in the Netherlands, Belgium, Germany, Spain, Sweden, and the United Kingdom in both captive and wild populations [12-17]. Initial species susceptibility experiments demonstrated Bsal was highly pathogenic to salamander species including several native to North America [8, 18, 19]. Fortunately, surveillance efforts across the United States have not detected Bsal in wild or captive amphibian populations [20, 21]. 
With North America having ample host species and suitable environmental conditions  for Bsal [18, 19, 22-24], the United States Fish and Wildlife Service implemented an interim rule in 2016 that listed 201 species across 20 caudate genera as injurious under the Lacey Act due to their presumed susceptibility to Bsal infection [25]. This action prevented the international trade of these species, which likely reduced the probability of Bsal introduction into the United States [26], and has given researchers the opportunity to evaluate management strategies for responding to the pathogen if it is introduced and becomes established in North American amphibian communities.
The application of disease management strategies is context dependent and typically target the host, environment, pathogen, or combinations thereof. A suite of disease management strategies focuses on reducing pathogen spread within a population [27]. These strategies often attempt to reduce environmental persistence of pathogens or contact rates between hosts [27-29]. Identifying key transmission pathways is a fundamental step to understanding which management strategies are likely to be most effective at reducing infection and disease in populations [30].  In general, pathogens can transmit between infected and susceptible hosts by contact or through the environment, which is commonly referred to as direct and indirect transmission pathways, respectively [31]. If direct transmission is the dominant pathway, then reducing host densities or implementing management strategies that reduce contact rates (e.g., increasing habitat complexity,[32]) might help slow or stop an outbreak [33-36].  On the other hand, if indirect transmission is the dominant pathway, management strategies that reduce pathogen persistence in the environment might be effective (e.g., application of fungicides, changing water chemistry)  [16, 37, 38]. Additionally, if pathogen transmission is load-dependent, management strategies that increase host resistance to infection can reduce transmission [39]. 
Although Bsal transmission pathways have been evaluated for European species (Stegen et al.[40]), little information is known about transmission of this pathogen in North American species. Canessa et al.[41] compared several potential management strategies for Bsal invasion of European salamander populations, and found that the most effective means of interrupting pathogen transmission and spread were high rates of pre-emptive host removal (90% host species reductions). However, Tompros et al.[42] concluded management strategies focusing on reducing host densities in a North American salamander species might be ineffective, because Bsal transmission can occur even at low host densities [43]. Unfortunately, neither of these studies directly estimated or compared direct vs. indirect transmission pathways or investigated if pathogen load was correlated with transmission. Additionally, the role of infected carcasses in chytrid fungi transmission has been largely overlooked [41, 44, 45]. Transmission of ranaviruses by carcasses can be important pathway contributing to infection and disease [46-48].
	In addition to understanding the relative importance of transmission pathways, it is important to understand how within-host infection dynamics related to transmission. Long lags between pathogen exposure and ability to subsequently transmit pathogens can influence disease dynamics [49]. Further, the ability of an infected host to transmit could change over the course of infection. For example, in hyper-susceptible hosts, probability of transmission could increase over time, because immune response is minimal and the pathogen load on the animal increases rapidly. Alternatively, if hosts have strong immune responses, we would expect the probability of transmission for an individual to initially increase but subsequently decrease (e.g., follow a quadratic function) as immune defenses inactivate the pathogen [50]. Estimating latency periods and probabilities of transmission during the course of infection is key to parameterizing compartmental disease models that can be used to simulate infection and disease dynamics under different conditions [51]. Lastly, an important aspect to understanding the role of indirect transmission is estimating pathogen shedding rates of infected hosts [30, 52, 53]. Although shedding rates of Bd have been estimated (albeit infrequently) [52, 53], there are no published estimates of Bsal shedding rates by infected individuals over time [30].  Thus, the two main objectives of our study were to: (1) determine the latency period of Bsal infections and measure how probability of transmission given direct contact with susceptible host and pathogen shedding rates shift during the course of infection, and (2) evaluate whether infected carcasses can contribute to Bsal disease dynamics by prolonging the infectious period and contributing to the environmental pool of infectious zoospores. We subsequently used our results and data presented in Carter et al [24] (i.e., Chapter I) to predict how Bsal transmission probabilities and shedding are influenced by environmental temperature.




[bookmark: _Toc109295753]2.    Methods

[bookmark: _Toc109295754]2a. Animal Housing and Sample Collection

[bookmark: _Toc109295755]2a-i. Ethics statement

Each animal procedure was approved by the University of Tennessee Institutional Animal Care and Use Committee under protocol #2623. All animals were euthanized at humane endpoints, when necessary, via water bath exposure to benzocaine hydrochloride followed by cardiac puncture, unless specified otherwise. Strict biosafety level-2 procedures were used to ensure pathogen containment within the biosecure facility where experiments were performed. 
[bookmark: _Toc109295756]2a- ii. Model organism
	
We used eastern newts (Notophthalmus viridescens) as our model organism in both experiments. This species was selected because it has a broad range across eastern North America, is known to be susceptible to Bsal, and has been used in previous studies as a model organism for Bsal disease dynamics [8, 24, 54, 55]. All newts used for each experiment were collected from Catoosa Wildlife Management Area (Crab Orchard, Tennessee, USA) under Tennessee Scientific Collection permit #1504.
[bookmark: _Toc109295757] 2a-iii. Transmission given direct contact

After collection, newts were transported back to the lab where they were heat-treated at 30°C for 10 days to eliminate any preexisting Bd infections [56, 57]. Newts were tested following the heat treatment for Bd genomic DNA using a standardized swabbing method for sample collection and quantitative polymerase chain reaction (qPCR) [58]. After confirming each newt was negative for Bd, we assigned them to one of the 16 treatment groups associated with the direct contact study. Although it is possible that individuals used in our study could have been exposed previously to Bd, there is no evidence that prior exposure to Bd stimulates a secondary immune response to Bsal [54]. The treatment groups consisted of one infected group (n=60), and 15 susceptible groups (n=10 per group or 150 total) that differed in when they were exposed to an infected newt and the body location where contact was made. 
The infected group was exposed to 1 mL of 5x106 Bsal zoospores in 9 mL of dechlorinated autoclaved water inside a 100-mL plastic enclosure for 24 hrs (Carter et al.2019). The Bsal isolate (AMFP13/1) used was obtained from a morbid fire salamander (Salamandra salamandra) provided by An Martel and Frank Pasman (University of Ghent, Ghent Belgium), and transferred to the University of Tennessee under a material transfer agreement. The culture used was cryo-archived and passed no more than five times prior to the experiment. The culture was maintained at the University of Tennessee in tryptone gelatin hydrolysate broth (TGhL). After sufficient growth of zoosporangia was observed, the broth containing suspended Bsal was plated on TGhL agar plates. After 6 days of growth on the TGhL plates, Bsal zoospores were removed via flooding of each plate with 7 mL of autoclaved dechlorinated water. The suspended zoospores and zoosporangia were passed through a 20-uM filter so that only the zoospore life-stage was present in the resulting filtrate. We enumerated zoospores using hemocytometry and diluted the zoospore solution to the 5x106 zoospore dose used for the exposure, which is a dose known to cause Bsal chytridiomycosis in eastern newts [24]. 
The remaining unexposed newts (hereafter susceptible newts) were initially assigned to one of five contact event timepoints (3, 6, 9, 12 or 15 days post-pathogen exposure) during which contacts were to be made with an infected newt using one of three contact types (venter-venter, dorsum-venter, or venter-dorsum), where the venter-dorsum indicates the venter of an [infected] individual contacting the dorsum of a [susceptible] individual. Due to the rapid mortality of the inoculum-exposed newts, susceptible newts originally assigned to contacts on days 12 and 15 post-exposure were used for contacts on day 10 of the experiment. Additionally, twenty-five infected newts died on day 9 post-exposure and provided us the opportunity to use freshly dead newt carcasses (dead <24 hrs) for contacts with susceptible newts. After this adjustment in experimental design was made, our final treatment groups consisted of four contact timepoints (3, 6, 9, and 10 days) and the three previously described contact types. usceptible newts used for contacts on day 10 were either contacted to infected newt carcasses (hereafter Day 10-Dead) or living infected newts (Day 10-Living) using the same contact types described above. Ten susceptible animals were assigned to each combination of contact type and infected animal group (Day 3, Day 6, Day 9, Day 10-Living, and Day 10-Dead). In total, 150 susceptible animals (3 contact types * 5 infected groups * 10 susceptible animals = 150) were exposed via one-second of direct contact. 
Susceptible and infected newt pairs were randomly assigned prior to each contact event. Each contact lasted for one-second and was achieved by having two lab personnel contact newts oriented to achieve the desired contact type [32]. Following each contact event, infected and susceptible newts were returned to their individual housing containers, and gloves were changed between handling individuals. Infected newts were swabbed following each contact event to estimate the load of Bsal present on their skin using qPCR. The three contact types used during each contact event were: venter-venter, venter-dorsum or dorsum-venter, with the body aspects listed in each pair representing the aspects of infected and susceptible newts, respectively. Malagon et al.[32] demonstrated that one contact of one-second duration between the venter of an infected and venter of a susceptible newt was sufficient to cause transmission of Bsal. Although venter-to-venter contact may occur, it is likely not as frequent as the contact types we tested, which often occur during newt amplexus [59] or during incidental or intentional contacts that occur as newts pass each other in the water column. We did not perform dorsum to dorsum contacts as these seldomly occur naturally. 
All newts were housed in circular 2000-cm3 containers holding 300 mL dechlorinated water and a semicircular PVC cover object which the animal could hide under. Newts were fed 2% of their body weight with frozen bloodworms (Chironomus plumosus) approximately 24 hrs prior to each water change. Water changes were conducted every three days and consisted of changing each newt’s housing container, water, and PVC cover object. Following the contact events, all susceptible newts were swabbed every six days using a standardized swabbing protocol for chytrid fungi to monitor for infection, and provide evidence of successful transmission by host contact [58]. 
The infection burden and survival of each susceptible newt was monitored for 66 days following the day each contact event occurred, which is sufficient duration for Bsal infection and disease to develop in this species [24]. Each susceptible newt was monitored twice daily for signs of disease, and newts were euthanized at humane euthanasia endpoints (i.e., loss of righting reflex) or at the end of the experiment as described previously. 
To estimate Bsal shedding rates, we collected 60 mL of housing water from each infected newt’s container 24 hrs after each water change event. These water samples were stored in a -80°C freezer until they were processed for Bsal DNA using standard environmental DNA extraction techniques [60]. 


[bookmark: _Toc109295758] 2a-iv. Bsal Transmission from Infected Carcasses

After collecting the newts for the experiment, we used the same heat-treatment protocol to clear newts of Bd infections as previously described for the direct contact experiment newts. Newts were then randomly assigned to either an infected animal group or one of six susceptible groups. 
We exposed 65 newts to 1 mL of 5x106 Bsal zoospores/mL for 24 hrs in a 100-mL container holding 9 mL of autoclaved dechlorinated water. Zoospores were harvested and enumerated as previously described for the direct contact transmission experiment. Following the exposure period, the infected newts were placed in individual 2000-cm3 containers holding 300 mL of dechlorinated water and a semicircular PVC cover object. We then waited for Bsal-induced mortality to occur in five of the infected animals as evidence that clinical infection was achieved. Following the five disease-induced mortalities, we euthanized the remaining 60 infected newts by applying ~200uL of 1% benzocaine hypochlorite gel to the dorsal aspect of each animal’s cephalic region. Fifteen minutes after the benzocaine application and following cessation of movement, each newt was exsanguinated via cardiac puncture to ensure humane euthanasia was achieved. The euthanized newt was rinsed with distilled water to remove any residual benzocaine prior to cohousing with susceptible newts. 
  Twenty susceptible newts were individually cohoused with one Bsal-infected carcass at different post-mortem timepoints for 24 hrs within two cohousing container types. The post-mortem exposures between susceptible newts and infected carcasses occurred between: 0 – 24, 24 – 48 hrs, and 48 – 72 hrs. The cohousing chambers were 1500-cm3 rectangular containers holding 1 L of water. At each post-mortem duration, 10 of the susceptible animals were assigned to a cohousing chamber with or without a partition (3 post-mortem exposures x 2 co-housing scenarios = 6 susceptible treatments). The inclusion of partitioned chambers allowed us to evaluate differences between Bsal transmission from zoospores shed by infected carcasses and transmission from carcasses that susceptible newts could contact [46]. Each partition was constructed using plastic mesh material with 0.5-mm2 openings. The mesh partitions were affixed to the bottom and walls of each container using silicon adhesive. The mesh openings were small enough to prevent direct contact between susceptible newts and the infected carcass but large enough to allow zoospores to freely pass from one side of the cohousing container to the other (note: Bsal zoospores measure 4-5.5 μm  in diameter and are flagellated so can swim through a water column [6]). Each cohousing container was placed in environmental chambers set to 14°C for the duration of the cohousing event, which is a temperature known to be suitable for Bsal transmission [24, 42]. Containers were not moved during cohousing to prevent the unnatural movement of zoospores. At the start of each post-mortem cohousing period, the infected newt carcasses were swabbed following the standardized protocol previously described to determine initial Bsal load using qPCR. Following cohousing, the infected carcass was swabbed again to determine whether the Bsal load changed during the 24-hr period. Also, after each post-mortem cohousing period, 200 mL of water from each chamber was collected for eDNA estimation of Bsal zoospores shed by each infected carcass over the 24-hr period. 
After each cohousing event, susceptible newts were placed in individual 2000-cm3 containers holding 300 mL of water and a semicircular PVC cover object. We water changed, swabbed, and monitored the susceptible newts in the carcass experiment using identical methods to those described for the direct contact experiment. We continued to monitor susceptible newts for 66 days following the cohousing event.
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Swab samples and water samples collected for eDNA testing were processed using similar extraction methods for each experiment. Genomic DNA was extracted from swab samples using Qiagen DNeasy extraction kits (Qiagen, Hilden, Germany) following a modified version of the blood and tissue extraction method. 
Water samples collected from each experiment for eDNA testing were processed using the same Qiagen DNeasy kit following a few post-digestion modifications [60, 61]. Water samples were filtered using a 0.45-μm Sterlitech filter funnel (Sterlitech, Washington, United States). Each filter membrane was divided in half using a disposable scalpel blade and the halves were placed in microcentrifuge tubes for either DNA extraction or long-term storage in a -80°C freezer. Genomic DNA was extracted using the Qiagen DNeasy extraction kit as described above. However, prior to performing the DNeasy extraction protocol, each filter sample was spun through a Qiashredder spin column following the initial digestion step. 
We quantified Bsal genomic DNA by performing qPCR amplification of extracted DNA recovered from swab and water samples in each experiment. Our qPCR protocol follows the methods described in Blooi et al [62]. Individual samples were considered positive if duplicate sample wells amplified within 45 PCR cycles. Genomic Bsal DNA copies/uL were determined based on comparison with a synthetic DNA fragment corresponding to the amplification sequence targeted by the primers and probes described in Blooi et al.[62]. We converted Bsal genomic copies/uL detected in our eDNA samples to Bsal zoospores by assuming 10.9 genomic copies/zoospore (estimated using qPCR standard curve and known quantities of zoospores) and multiplying the resulting zoospore number by the total volume of water each newt was housed
[bookmark: _Toc109295760]2c. Transmission Given Direct Contact Statistical Analysis

All analyses for each experiment were performed in R studio (version 4.1.3)[63]. 

[bookmark: _Toc109295761]2c-i. Transmission probability given direct contact

Understanding what impacts the probability direct transmission can elucidate management mechanisms that can slow or limit the spread of Bsal within a host population. To evaluate which factors influenced Bsal transmission, we created generalized binomial models with infection status of the susceptible newt as the response and infected animal group (Day-3, Day-6, Day-9, Day-10-Dead, and Day-10-Living), contact location, and pathogen load of the infected individuals as predictors. Candidate models were created based on the biological relevance of each predictor and the relationships between predictors [64] . With these considerations in mind, we removed less biologically measurable variables that exhibited collinearity with variables that are measurable within naturally infected populations. Candidate models were evaluated for overdispersion by comparing the ratio of residual deviance to degrees of freedom. Candidate models were fit using the glm function from the “stats” package [63]. 
[bookmark: _Toc109295762]2c-ii. Survival analysis on direct contact animals

Dose dependent survival or Bsal exposed host species has been observed in several studies, however each of these studies used liquid Bsal inoculum rather than exposed individuals to explore the relationship between exposure dose and survival. It is unknown whether load on infected individuals influences survival of susceptible animals they contact. To evaluate this relationship and other factors which may have influenced the survival of susceptible animals in the direct contact experiment, we created Cox proportional hazard models. We compared hazard ratios among contact timepoints where susceptible individuals experienced mortality using Cox proportional hazard models. Susceptible individuals used for contacts on day 3 were not included in these models because no mortalities were observed, preventing model convergence. Like the infection models, candidate Cox proportional hazard models were created based on the biological relevance of predictor interactions and the relationships between predictors, and performance was compared using AIC. Variables included in the model selection process included timepoint of exposure, contact type and log Bsal load of the infected individual. Models were evaluated using the for proportional hazards using the cox.zph function, and overall goodness of fit was evaluated by plotting Cox-Snell residuals. In order to visualize the survival of each group, we created Kaplan-Meier survival curves for susceptible newts using the survfit function from the “survival” package [65, 66].
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The probability of direct transmission may be influenced by the pathogen loads present on infected animals as these loads may be indicative of how much infectious material is transmitted during contacts. To determine if there were differences in pathogen loads present on each infected animal group used for contacts with susceptible animals, we created a linear model which evaluated whether log Bsal genomic copies/uL differed based on infected group. Likewise, the probability of indirect transmission of Bsal relates to the concentration of Bsal zoospores present in the environment. Given the concentration of Bsal zoospores in the environment relates to the Bsal shedding rate of infected individuals, it is imperative that we estimate the shedding rate from infected individuals so that we can better understand how indirect transmission may influence Bsal disease dynamics. To estimate the shedding rate, we measured the Bsal zoospore shedding rate from water samples collected from infected animal housing containers. To evaluate whether Bsal shedding rate relates to pathogen load on the host’s skin, we tested whether Bsal shedding rate correlated with Bsal genomic copies/uL detected from swab samples using a linear model.
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After determining Bsal load was an important predictor of transmission probability, we created a Bayesian binomial model using Bsal load on the infected individual to predict Bsal transmission probability. The fitted function from this model was subsequently used to evaluate how temperature (6 and 14°C) and zoospore exposure dose (5x103, 5x104, 5x105 and 5x106) affected Bsal transmission probability of adult newts using data presented in Carter et al.[24]. Understanding how Bsal transmission probability varies based on temperature and exposure dose is critical to understanding Bsal disease dynamics. Variation in transmission probability of Bsal based on temperature would have implications for the speed and severity of Bsal outbreaks based on seasonal and regional variation in temperatures. If variation in transmission probability exists dependent on the dose of Bsal an animal is exposed to, this would indicate that transmission of Bsal within a population may increase more rapidly as infected animals develop higher Bsal loads which they then expose susceptible animals to either directly or indirectly. Bayesian models were fit using the brm function from the “brms” package [67]. We then plotted the resulting transmission probabilities throughout the course of infection for the newts in Carter et al.[24] to evaluate whether temperature and dose impacted the probability of transmission. We again used the brm function from the “brms” package to create a linear model representing the relationship between Bsal shedding rate and Bsal genomic copies/uL detected on the host’s skin [67]. We then used the fitted function to predict Bsal shedding rates from adult newts exposed in Carter et al.[24]. We compared the average predicted shed zoospores and total shed zoospores by newts among the four exposure doses and two temperatures in Carter et al.[24] using a linear model. The Bsal shedding predictions were made in order to determine whether Bsal zoospore shedding rate is influenced by temperature and exposure dose. If either of these factors is influential to Bsal shedding rates, that would indicate that indirect transmission of Bsal would vary based on 
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[bookmark: _Toc109295766]2d-i. Survival analysis on carcass transmission experiment animals

We created Cox proportional hazard models to determine the whether the mortality rate of susceptible individuals was impacted by cohousing type (partitioned or not) and post-mortem duration. Differences in the rate of mortality between cohousing types would indicate that direct and indirect transmission from carcasses and the resulting infections in susceptible animals vary which would influence Bsal epidemiology. Similarly, if the overall and rate of mortality for susceptible animals differs based on duration post-mortem each cohousing event took place, this would indicate that infected carcasses shift in their ability to transmit the pathogen as they decay. We compared candidate Cox proportional models using AIC and plotted hazard ratios from the best fit Cox proportional model using the ggforest function from the “survminer” package [68]. We evaluated the Cox proportional hazard model assumptions for our best fit model using the methods previously described. We plotted Kaplan-Meier survival curves for each post-mortem duration and cohousing type using the ggsurvplot function.
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To determine how post-mortem duration impacted Bsal shedding rates from infected carcasses, we performed analyses evaluating skin swabs and eDNA shedding rates using the Bsal genomic copies/uL estimated during our qPCR assays on each sample type. We evaluated whether Bsal genomic copies/uL from carcass skins swabs differed between post-mortem durations by averaging pre- and post-cohousing period swabs for carcasses during each post-mortem period and performing an analysis-of-variance test to determine whether detected DNA quantity differed among treatments of 0 – 24, 24 – 48, 48 – 72 hours post-mortality. We then performed Tukey’s honest significance test to determine which individual post-mortem durations differed in Bsal genomic copies/uL detected. If the Bsal pathogen load on animals differed between post-mortem periods, that would indicate whether carcass decay was impacting Bsal loads. To determine whether Bsal loads on individual carcasses changed over the 24-hr cohousing period, we tested whether swab loads on individual carcasses differed between pre- and post-cohousing swabs by performing paired Wilcoxon- rank sum tests [69]. We used analysis-of-variance to test whether Log-transformed Bsal genomic copies/uL detected from water samples (eDNA) differed among post-mortem periods. To determine whether eDNA detected in cohousing containers was correlated with swabs recovered from carcasses, we created a linear model in which the average Bsal genomic copies/uL detected from carcass swabs was used to predict eDNA detected in the cohousing water samples. 



3. [bookmark: _Toc109295768]Results 

[bookmark: _Toc109295769]3a. Transmission given direct contact

[bookmark: _Toc109295770]3a-i. Transmission probability given contact

Across all susceptible animals, 33% exposed through one-second of contact with an infected animal tested positive for Bsal (Table 2.1). After evaluating candidate models predicting transmission probability given one second of contact, we found that models including either the singular predictors of infection load or infected animal group (Day-3, Day-6, Day-9, Day-10-Living, Day-10-Dead) were best in predicting transmission of Bsal to susceptible individuals (Table 2.2). The highest rate of transmission occurred for susceptible animals paired with Day-9 (73%) and Day-10-Dead (76%) animal groups. Susceptible animals paired with Day-3, Day-6 and Day 10-Living groups experienced low pathogen transmission rates with only 6.6, 3.3, and 3.3% of animals in these groups becoming infected respectively. Given the differences in observed infection of the susceptible group, we detected differences in transmission probability of Bsal based on infected animal group. Susceptible animals assigned to contacts with Day-9 and Day-10-Dead animals had 39 (95% CI = [9, 276]) and 46 (95% CI = [11, 335]) increased odds of infection relative to susceptible animals contacted to Day-3 infected animals, respectively (Table. 2.2). We found a relationship between pathogen load on the infected animal’s skin and transmission probability. With each one unit increase in the log Bsal genomic copies/uL detected on the infected individual, there is 1.4 (95% CI = [1.23,1.63]) odds increase in transmission probability of Bsal to the susceptible individual (Fig 2.1, Table 2.1). 


[bookmark: _Toc109295771]3a-ii. Survival analyses

Only 33% of all susceptible animals experienced mortality (Table 2.1). Like the transmission probability models, the two best fit Cox proportional hazard models included either the log Bsal genomic copies/uL of the infected individual at the time of contact or the infected animal group used for the contact events. No mortality was observed within the susceptible group that contacted infected animals 3 days post-exposure. With each unit increase in the log Bsal genomic copies/uL of the infected animal, there was a 23% increase in the rate of mortality for susceptible animals (Table 2.4). With pathogen loads of infected animals varying between infected animal groups, there were also differences in hazard ratios between susceptible animals based on which infected group susceptible animals contacted. Susceptible animals contacted to infected animals 9 days post-exposure and 10 days post-exposure to dead infected individuals were 35 and 53 times more likely to die compared to susceptible animals contacted with infected animals 6 days post-exposure (Table 2.4, Fig. 2.2). The susceptible animals paired with the 10-Day-Living infected animal group did not have significantly different rates of mortality from those which contacted Day-6 infected animals. 
[bookmark: _Toc109295772]3a-iii. Infected animal Bsal load and shedding

Based on our linear model Bsal pathogen load (log genomic copies/uL) varied by day for the infected animal groups used during each contact event (R2=0.52; F (4, 145) = 40.55, P<0.001; Table 2.3). The Day-10-Dead animals had the greatest average Bsal pathogen loads (x̅ =873846, SE=137809), while infected animals used for Day-3 contacts had the lowest loads (x̅ =1555, SE=448). Bsal genomic copies/uL shed by infected newts increased during the course of infection (Fig 2.3). On average, total number of Bsal zoospores shed per newt per day increased by 96±9.2. We found Bsal load on the infected animals was closely associated with the amount of Bsal detected in water samples (R2 = 0.23, β = 0.34 ± 0.068, P <0.001; Fig. 2.4). 
[bookmark: _Toc109295773]3a-iv Predicted probability of transmission and shedding rates for Carter et al.[24] N. viridescens

Using our Bayesian model that predicted transmission probability given one-second of contact between infected and susceptible newts based on the pathogen load of the infected individual, we predicted the probability of Bsal transmission from adult newts challenged in Carter et al.[24] (Chapter 1 in this dissertation). Our predictions indicated that average transmission probability is both dose- and temperature-dependent, with newts exposed to greater number of zoospores and at 14°C having greater average transmission probabilities (Table 2.5, Fig 2.5). At 14°C, there was a 65% increase in transmission probability compared to 6°C animals. Infected newts at 14°C were predicted to transmit Bsal with an average probability of 0.55 (SE = 0.02), while newts at 6°C were estimated to have an average transmission probability of 0.34 (SE =0.02). For both temperatures, the greatest predicted transmission probability occurred at the time of death when a final swab was collected during necropsies performed on each animal. Average predicted probability of transmission at death was 0.51 (SE = 0.03) and 0.72 (SE = 0.02) for newts exposed at 6 and 14°C, respectively. 
We found a similar pattern of predicted zoospore shedding rates for adult newts in Carter et al.[24] between newts exposed at 6 and 14°C. Average predicted shedding rates for all 6 and 14°C animals were 61 (SD =37) and 139 (SD = 66.8) Bsal zoospores per newt per day, respectively (Table 2.6, Fig 2.6A). However, average total predicted shed zoospores were 500 and 10000X greater for newts exposed to 5x105 and 5x106, respectively, at 6°C than individuals exposed to the same zoospore doses at 14°C (Fig 2B). 
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[bookmark: _Toc109295775]3b-i. Carcass transmission survival analysis 

There was 100% infection of susceptible animals cohoused with carcasses across all post-mortem periods and cohousing types. Both the post-mortem period and cohousing type influenced the survival of susceptible animals (Fig. 2.7A, Table 2.7). Susceptible animals indirectly exposed to Bsal were 66% (HR=0.34; 95% CI = [0.19, 0.60]; P<0.001) less likely to die at each time step compared to those that were allowed to contact the carcasses (Figure 2.7B). Across cohousing types, susceptible animals cohoused in the 48 and 72-hr post-mortem periods were >2.5X (HR=2.69; 95% CI = [1.36, 5.31]) more likely to die at each day respectively, compared to the 0 – 24-hr group (Figure 2.7B). There were no differences between survival of susceptible newts exposed during the 0 – 24 and 24 – 48-hr post-mortem periods (HR =1.3; 95% CI = [0.58, 2.2]). Overall susceptible animal mortality across 0 – 24 and 24 – 48 hrs post-mortem periods was 85% and 90%, respectively. We further evaluated whether survival time was affected by the Bsal load on the infected carcass by creating a Cox proportional model stratified by post-mortem period and cohousing type. We found Bsal genomic copies/uL of the carcass was a significant predictor of susceptible animal survival. With each one unit increase in log Bsal genomic copies/uL on swabs from infected carcasses, there was a 70% (HR = 1.70; 95% CI = [1.27, 2.28]) increase in the likelihood of death over the entire observation period (Fig. 2.8).
[bookmark: _Toc109295776] 3b-ii. Carcass transmission load analysis

Bsal genomic copies/uL measured from swab samples taken from each carcass correlated with the amount of DNA measured in water samples (R=0.48; β= 0.62 ± 0.22; P=0.007; Fig. 2.9). For carcasses used in the partitioned cohousing treatments, log Bsal genomic copies/uL measured from the water did not differ among post-mortem periods (F= 0.38; df=2; P=0.68). Bsal genomic copies/uL detected in the partitioned cohousing chambers water was high (X̅ =2743; SE576; Table 2.8). However, average carcass Bsal genomic copies/uL measured from swab samples was over 400X greater than what we detected in water samples (X̅ = 1216975; SE= 197271). We found that Bsal genomic copies/uL detected on swabs of carcasses differed among post-mortem periods (F (2,57) = 4.39; P=0.017). Our post-hoc analysis revealed carcasses used in the 0 – 24-hr post-mortem period (X̅ = 744984; SE = 196139) had fewer Bsal genomic copies/uL than 48 – 72-hr period (X̅ =2043173; SE = 457478; P=0.02); however, no differences were observed between carcasses used in the 24 – 48hr period and the other post-mortem periods (Figure 2.10). We evaluated whether Bsal genomic copies/uL differed between swabs taken from carcasses prior to and following each post-mortem period using a paired Wilcoxon rank sum test and found only a small difference between the two swabbing timepoints (P=0.056, effect size =0.247) when all post-mortem periods were combined (Table 2.9). At each of the three post-mortem periods, no significant difference between carcass swabs was detected for pre- and post-cohousing swab samples (Table 2.9). 
4. [bookmark: _Toc109295777]Discussion

[bookmark: _Toc109295778]4a. Bsal Transmission Dynamics

Our results demonstrate that Bsal transmission via direct contact is highly efficient, and that pathogen transmission is likely influenced by infection stage and pathogen load. Considering only one second of contact was sufficient in transmitting the Bsal 33% of the time across all contact periods, direct contact should be considered an efficient route of Bsal transmission. We found that the type of contact between susceptible and infected individuals was of little importance to the transmission probability, which indicates that any brief contact between susceptible host species could be sufficient for pathogen transmission. Host competency, or the ability of a host to transmit a pathogen, is a critical trait that influences disease dynamics [70]. Our results demonstrate that Bsal host competency and host survival are impacted by the pathogen loads on infected individuals which increase as infections progress to more clinical states of disease. Once infected hosts reach clinical stages of infection, they peak in their ability to transmit the pathogen resulting in a window of high infectiousness. This heterogeneity in individual-level host competence and transmission could influence disease dynamics. Bsal disease models should model transmission probability on a continuum to reflect the shifts in host competency that occur as animals develop clinical Bsal chytridiomycosis. A similar relationship between infection stage and host competency was observed for a highly pathogenic chimeric ranavirus isolate [47]. Ranavirus infected wood frog tadpoles caused 8%, 40%, 76%, and 92% transmission and mortality 24, 48,72 and 96 hrs post-exposure, respectively, when contacted with susceptible tadpoles [47].  Peace et al.[47] accounted for shifts in transmission probability by creating gamma distributed infected classes which varied in the probability to transmit the virus. Canessa et al.[41] accounted for shifts in transmission probability by eliciting estimates of transmission probability from experts based on pathogen loads. They used these estimates to inform an integral projection disease model for Bsal in a fire salamander population. The experts elicited in Canessa et al [41] predicted transmission probabilities of 0.8 and 1 for susceptible animals exposed to infected individuals with loads of 102 and 103 Bsal zoospores, respectively. Based on our data, a similar probability of transmission from eastern newts would require pathogen loads >106 zoospores based on the one-second contacts in our study. 
Although infrequent transmission of Bsal did occur from several infected individuals with low pathogen loads, the resulting infections did not regularly result in clinical signs of disease or mortality in the susceptible animals. In contrast, susceptible newts that contacted infected newts nine days after exposure to Bsal inoculum developed severe clinical signs of disease resulting in >60% mortality. This observed mortality probably relates to Bsal loads on 9-day infected newts being 30X greater than infected newts used for the day 3 contacts. Bsal loads were 200X greater on dead infected newts used in contacts 10 days post-exposure than on the 9-day infected animals and >80% of susceptible animals contact to the dead individuals developed lethal Bsal chytridiomycosis. Compared to all other susceptible groups, the susceptible animals contacted with Day-9 and Day-10-dead infected newts experienced higher rates of infection and morality, suggesting greater pathogen loads were transmitted during contacts with these groups. Although high loads of Bsal were detected on the infected animals used for the Day-10-Living contact, these animals did not transmit the pathogen as efficiently. The lower transmission which occurred from infected animals in the Day-10-Living group could be due to the infected animals remaining in this group having lower quantities of sloughed skin adhered to their bodies. All infected animals used for Day 10-Living contacts were used 24 hrs previously for contacts on day 9 and were swabbed following the contact events. During the swabbing process, sloughed skin was removed which may have contributed to the transmission the following day had it not been removed. 
Had our study included longer durations of contact, more effective transmission might have occurred earlier following exposure. However, Malagon et al.[32] found transmission probability did not differ between animals contacted with infected animals for one-second and those that were cohoused with infected animals for 10 or 30 minutes. The transmission trials in that study were performed 12-, 18-, and 24-days post-exposure which gave the infected animals longer durations to develop high pathogen loads of 21833 Bsal genomic copies/uL on their skin prior to the contact event. Malagon et al. [32] observed 100% transmission and 89% mortality occurred across all treatments.  The pathogen loads on infected newts used by Malagon et al. [32] fall between the pathogen loads of infected animals used for contacts on day 6 (1148 Bsal genomic copies/uL) and day 9 (42322 Bsal genomic copies/uL) in our study. The differences in transmission probability found between our studies may indicate that newt populations differ in their ability to transmit Bsal or in their susceptibility to infection, as our studies used newts collected from different populations. 
The latency and infectious periods, much like host competency, is impacted by infection load and rate of disease progression for the infected host. Although only 6% of contacts three days post exposure resulted in Bsal transmission, it does appear that the latency period for Bsal infections can be brief. Any infected animal with measurable Bsal loads could transmit the pathogen. The infections that resulted from asymptomatic newts with low Bsal pathogen loads, did not cause clinical disease in susceptible individuals. Thus, infections which occur in susceptible newts that contact infected newts at early disease stages would likely rarely contribute to further Bsal transmission, because they fail to develop high pathogen loads themselves. In contrast, newts which contact animals at clinical stages of disease progression, are themselves more likely to become severely infected. Therefore, the latency period like host competency will be driven by host, pathogen, and environmental level factors that influence pathogen loads on infected animals. The impacts of temperature and exposure dose on latency are discussed later on in this discussion. The infectious period of the host is also dependent on if and how quickly disease progresses on the animal. 
Our study demonstrates infected carcasses can also contribute significantly to Bsal chytridiomycosis disease dynamics. All susceptible animals paired with carcasses became infected during the cohousing periods, even when only indirect transmission was allowed. Our experiment demonstrates carcasses are infectious up to at least three days post death, hence extending the infectious period of an infected host, which would make frequency-dependent transmission of Bsal more likely [42]. The median duration of survival for susceptible newts paired with carcasses was 26.5 days (95% CI = 24, 31). Based on the survival time of susceptible animals from this experiment (26.5 days), carcasses could extend the duration of infectiousness and zoospore shedding by at least 10% (26.5 days + 3 additional days as an infectious carcass). Bsal loads on the infected carcasses and the number of shed zoospores released by carcasses did not decline over the 72-hr experiment duration. Further, greater Bsal loads on infected carcasses were detected 72 hrs than those sampled 24 hrs after death. We also observed greater rates of mortality in susceptible newts paired with carcasses at 48 and 72 hrs post-mortem than for susceptible N. viridescens paired with carcasses immediately after death. Collectively, these results indicate that carcasses could play an important role in Bsal transmission dynamics and suggests Bsal should be considered “necronotic” (nekro = corpse, nosos = disease).
Our results show that Bsal compartmental models should include a carcass class in addition to the traditional susceptible, exposed, infected and recovered classes, as done in other disease systems [71]. In ranavirus systems, carcasses can transmit virions by contact and through the water (similar to Bsal), but also via necrophagy [46, 47, 72, 73]. Unlike scavenging anuran tadpoles, necrophagy may not be an important transmission pathway for Bsal in caudates, because larval and adult salamanders are insectivores [74]. However, necrophagy may play a role in transmission of Bsal to anurans, considering some frog species are susceptible to Bsal [75, 76]. The duration of carcass infectiousness is at least 72 hours. We ended our study at 72-hours, because previous ranavirus research suggested that tadpole carcasses are often scavenged by 72 hours, hence no longer contribute to environmental transmission [46]. It remains to be tested whether salamander carcasses are scavenged at the same rate as dead tadpoles, but if not, duration of carcasses infectiousness could be longer than 72 hours. Environmental factors such as temperature also could influence the rate of carcass decay. Reduced temperatures at higher elevations and latitudes and during winter would likely decrease the rate of decay further extending the infectious period of carcasses [77], contributing to the “White Walker Effect” referenced by Carter et al.[24].   
[bookmark: _Toc109295779]4b. Role of Pathogen Load in Indirect Transmission

The results of our eDNA analysis show that Bsal zoospore shedding rates also corresponds to the pathogen loads of living and dead infected hosts. This result provides insight into how disease state within a population can impact indirect transmission. The average zoospore shedding rate for Bsal exposed newts in our direct contact study was 10, 126, 480, 773 and 878 zoospores per newt over a 24-hr period at 5, 8, 11, 14, and 17 days post-exposure, respectively. If the infected newts in our study were held in a similar volume (10 mL) of water to what was used in Carter et al.[24] for inoculation, they would shed the same concentration of zoospores present in the lowest exposure dose of that study (500 zoospores/mL), which resulted in 90% mortality of exposed adult newts. Carcasses shed even greater amounts of zoospores than living infected animals. In 24 hrs, carcasses shed 1850, 999, and 1224 zoospores from 0 – 24, 24 – 48, and 48 – 72 hrs post-mortem, respectively. These shedding rates resulted in highly efficient indirect transmission (100%) and 67% mortality of susceptible newts. These estimates represent the first quantification of zoospore shedding rates for Bsal-infected animals. Ranavirus virion and Bd zoospore shedding rates have been estimated previously [47, 52]. DiRenzo et al.[52] estimated Bd zoospore shedding rates by Atelopus zeteki at death were equivalent to 23.55 zoospores genomic equivalents per minute which is nearly 500X the shedding rate measured in our study for recently dead carcasses. The greater shedding rate measured by DiRenzo et al.[52]  likely relates to the high pathogen loads experienced by animals in their study which were >4x106 Bd zoospore equivalents. Other methodological differences between our study could also explain the difference in zoospore shedding rates observed. 
Our shedding results indicate that indirect transmission of Bsal, like direct transmission, is likely impacted by the pathogen burden of infected animals within a population. If the relationship between shedding rate and infection burden found in this study using eastern newts is found in other host species, this result could have implications for our understanding of Bsal spread within an amphibian community assemblage. For example, susceptible host species that are tolerant to infection could experience greater rates of pathogen growth and contribute more zoospores for indirect transmission. Thus, certain individuals could function as superspreaders and certain species could amplify transmission [52, 78]. With both chytridiomycosis-causing fungi being multi-host pathogens [1, 8], species and individual level variations in zoospore shedding should be considered when modeling indirect pathogen transmission [79], and these shedding rates should also factor in changes in shedding rate over time as disease progression occurs.
[bookmark: _Toc109295780]4c. Influence of Temperature on Transmission
Applying our model that predicts the probability of transmission given one-second of direct contact to newts from Carter et al.[24], we found transmission probability from infected newts exposed at 6 and 14°C differed in their overall transmission probability, with 14°C animals predicted to be nearly twice as competent on average at transmitting Bsal. At both temperatures, animals exposed to high doses of Bsal are predicted to transmit the pathogen with greater probability following exposure due to greater Bsal loads developing on these animals. Based on our predicted transmission probability estimates, it took animals exposed to 5x106 zoospores at 6 and 14°C 12.5 and 7.5 days respectively to reach a transmission probability of 0.5. In contrast, animals exposed at the same temperatures to 5x103 zoospores took >3X longer to reach a transmission probability of 0.5 (6°C = 59 days, 14°C = 23 days). This indicates the pathogen load transmitted to a susceptible individual will both influence the latency period of infection, and their competency as a host. Ultimately, temperature will also impact the infected hosts duration of infectiousness as was suggested by Carter et al. [24] due to the impact temperature has on host survival duration.  Similar to the infected animals used for contacts in our experiment, the infected newts in Carter et al. [24] were predicted to have window of peak competency as they reach clinical stages of disease. Across both temperatures and all exposure doses, 84% of newts reached their highest probability of transmission in the final week of survival. Furthermore, 70% of newts reached their highest transmission probability at the final swab which was recovered at necropsy. 
 Based on the predicted shedding rates calculated for newts exposed in Carter et al.[24], animals infected at 14°C will shed greater average quantities of zoospores than those exposed at 6°C. These results reflect the more rapid disease development and mortality of animals exposed at 14°C in that study [24]. Interestingly, the longer survival duration of animals at exposed 6°C in the Carter et al.[24] study resulted in greater total amounts of predicted zoospores shed for several groups, which suggests colder environmental temperatures may both prolong outbreaks and increase rates of indirect transmission. Variability in transmission probability given direct contact and shedding rates of infected individuals based on environmental temperature could cause seasonal shifts of Bsal prevalence and affect the dominant transmission pathways. For example, indirect transmission could contribute more to overall infection prevalence in cooler seasons as animals may not directly transmit Bsal as well at colder temperature due to lower overall pathogen loads. Warmer water might also trigger breeding behavior resulting in greater newt contacts. However, the longer survival time of infected newts, greater total amounts of zoospores shed, and perhaps longer zoospore motility [80] at colder temperatures could make indirect transmission the dominant pathway of infection.  
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  Collectively, our results suggest Bsal, like Bd, is a load-dependent pathogen. This characteristic can be used to inform disease management strategies. Wilber et al.[39] suggested that resistance and tolerance mechanisms may be more influential in disease-induced extinction dynamics than transmission for load-dependent diseases. Management actions aimed at reducing infection burdens and increasing host resistance may slow Bsal outbreaks and potentially increase host survival. Our results demonstrate that both direct and indirect transmission pathways may be dependent on host pathogen loads. As discussed previously, the probability of direct transmission in our study was influenced by pathogen loads on the host. Promotion of resistance mechanisms would decrease the probability of transmission given contact in two ways. Increased pathogen resistance results in fewer susceptible newts becoming infected from contacts as well as decreases their pathogen burdens once infected. Ultimately, this would reduce the proportion of individuals developing clinical Bsal chytridiomycosis, resulting in fewer individuals reaching the high infectivity window. Furthermore, fewer individuals would become infected carcasses that extend the infectious period. With regard to indirect transmission, increased pathogen resistance would decrease the number of shed zoospores produced by infected individuals and decrease the probability of contact with zoospores in the environment as fewer would be present. Reducing infection burdens could also result in reduced skin sloughing rates as skin sloughing rates have been shown to increase as pathogen burdens continue to proliferate [81-83]. Skin sloughing itself might contribute to Bsal transmission as the zoosporangia within the sloughed skin likely continue to contribute to the environmental zoospore pool. The easily sloughed skin of the infected decaying carcasses used in our experiments, may partially explain why Bsal transmission was so efficient after death. 
Several Bd chytridiomycosis control strategies and environmental factors are known to decrease infection burdens of infected amphibian hosts [84-88]. In regard to Bsal, temperature has been shown to limit the Bsal’s growth both in vitro and in vivo [6, 24, 89]. Carter et al.[24] reported that adult N. viridescens maintained at 22°C were resistant to Bsal infection.  Environmental temperature alters the ability of Bsal to infect a host and host species exhibit greater resistance to the pathogen at warmer temperatures [24, 89, 90]. Thus, management actions that increase water temperatures (e.g., canopy reduction) might help thwart Bsal outbreaks [91]. Population recoveries to Bd outbreaks have been attributed partly to usage of thermal refugia and thermal regulatory behavior [92, 93]. Other temperature-dependent resistance mechanisms include skin microbiome shifts and increased immune system function [94]. Temperature manipulations offer a holistic approach to managing Bsal as increased temperatures seem to increase host resistance and decrease Bsal’s growth. 
[bookmark: _Hlk108006754]Although the load dependent nature of Bsal transmission and pathogenicity, suggest resistance mechanisms might be effective in controlling the pathogen, holistic management strategies should be considered. Holistic management strategies which disrupt transmission pathways across the host, environment, and pathogen sides of the disease triangle should be explored. There are no silver bullets when it comes to managing wildlife diseases. Successful management of Bsal likely require us to implement multiple strategies each of which poke holes in the pathogen’s transmission pathways, much like how the pathogen itself causes countless holes in its host’s skin. A management strategy, such as temperature manipulations, would likely only reduce the prevalence of Bsal in certain times of the year, and temperature manipulations might not be a viable option for many host populations or species dependent on their range and thermal requirements. Other methods of disrupting transmission should be explored. For example, direct transmission of Bsal can be decreased by reducing the probability of transmission or by reducing contacts between infected and susceptible hosts. Host density reductions or increasing habitat complexity could reduce host contact rates which would impact the rate of transmission within a population [32, 41]. Similarly, reducing indirect transmission could be achieved by decreasing Bsal zoospore shedding rates or by decreasing zoospore persistence [40, 95]. 
Management decisions aimed at limiting host mortality will likely only be used if eradication of Bsal is unlikely due to the extent of the pathogen invasion. Swift and comprehensive management strategies will be implemented if Bsal is detected in the United States to eradicate the pathogen prior to its establishment in native amphibian populations. These measures may include host species removal, chemical decontamination of the environment, or dewatering breeding sites [96]. If established, Bsal eradication will be challenging due to the pathogen’s ability to infect multiple host species [8, 18, 19], environmentally stable life-stages [40], and recent evidence suggesting that at least some Bsal isolates may have saprophytic abilities [11]. Unless the pathogen is introduced into a heavily monitored amphibian population, initial detections could occur years following introduction making containment difficult. If Bsal eradication is difficult to achieve as has been the case for Bd, we must have effective management options at hand which protect amphibian diversity and preserve the valuable ecosystem services these species provide. 
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[bookmark: _Toc109163216]Table 2.1:  Number of susceptible Notophthalmus viridescens and the percentage of N. viridescens assigned to each infected animal group (Day-3, Day-6, Day-9, Day-10-dead, and Day 10-living) and contact type (venter-venter, venter-dorsum, dorsum-venter; aspects listed in exposed-susceptible order) which experienced infection or mortality following one-second contact events with Batrachochytrium salamandrivorans (Bsal) infected animals. 
	Infected Group
	Susceptible N
	Infected % (N)
	Dead   % (N)
	Contact Type
	Susceptible N
	Infected % (N)
	Dead   % (N)

	Day 3
	30
	6.6% (2)
	0% (0)
	venter-venter
	10
	0% (0)
	0% (0)

	
	
	
	
	venter-dorsum
	10
	10% (1)
	0% (0)

	
	
	
	
	dorsum-venter
	10
	10% (1)
	0% (0)

	Day 6
	30
	3.3% (1)
	3.3% (1)
	venter-venter
	10
	0% (0)
	0% (0)

	
	
	
	
	venter-dorsum
	10
	0% (0)
	0% (0)

	
	
	
	
	dorsum-venter
	10
	10% (1)
	10% (1)

	Day 9 
	30
	73.3% (22)
	66.6% (20)
	venter-venter
	10
	90% (9)
	80% (8)

	
	
	
	
	venter-dorsum
	10
	70% (7)
	90% (9)

	
	
	
	
	dorsum-venter
	10
	60% (6)
	30% (3)

	Day 10-dead
	30
	76.6% (23)
	83.3% (25)
	venter-venter
	10
	90% (9)
	90% (9)

	
	
	
	
	venter-dorsum
	10
	70% (7)
	80% (8)

	
	
	
	
	dorsum-venter
	10
	70% (7)
	80% (8)

	Day 10-living
	30
	3.3% (1)
	13.3% (4)
	venter-venter
	10
	0% (0)
	10% (1)

	
	
	
	
	venter-dorsum
	10
	0% (0)
	10% (1)

	
	
	
	
	dorsum-venter
	10
	10% (1)
	20% (2)





[bookmark: _Toc109163217]Table 2.2: Results of binomial models showing degrees of freedom (df), Akaike’s information criterion (AIC) values, parameters included in each model, odds ratios (OR) and 95% confidence interval for each parameter as well as parameter P-values predicting Batrachochytrium salamandrivorans transmission from experimentally infected Notophthalmus viridescens to susceptible N. viridescens in one-second contact events. 

	Candidate Model
	df
	AIC
	Parametera
	OR
	95% CI OR
	P-value

	Infection ~ Infected Animal Group
	5
	109.6
	Day 6
	0.48
	0.02, 5.31 
	0.56

	
	
	
	Day 9 
	38.5
	8.93, 275.9
	<0.001

	
	
	
	Day 10-Living
	0.48
	0.02, 5.31 
	0.56

	
	
	
	Day 10-Dead
	45.9
	10.48, 334.73
	<0.001

	Infection ~ Log Exposed Load
	2
	163.6
	Log Exposed Load
	1.4
	1.22, 1.63
	<0.001

	Infection ~ Contact Type * Log Exposed Load
	6
	166.2
	Venter-Dorsum
	1.11
	0.03, 33.16
	0.94

	
	
	
	Venter-Venter
	0.02
	0.00, 1.43
	0.1

	
	
	
	Log Exposed Load
	1.28
	1.05, 1.63
	0.02

	
	
	
	Venter-Dorsum:Log Exposed Load
	0.97
	0.69 ,1.34
	0.86

	
	
	
	Venter-Venter:Log Exposed Load
	1.48
	0.98, 2.45
	0.08



a The baseline group used for infected animal groups was Day 3, meanwhile the baseline group for the type of contact was Dorsum-Venter contacts. 


[bookmark: _Toc109163218]Table 2.3: The average (x̅), median (x̃), and standard deviation (SD) of Batrachochytrium salamandrivorans genomic copies/uL shown by infected animal group and contact type (infected animal aspect-susceptible animal aspect) from swabs taken from exposed Notophthalmus viridescens used during one-second contact events with unexposed N. viridescens.

	Infected group
	x̅
	X̃
	SD
	Contact Type
	x̅
	x̃
	SD

	Day 3
	1555.4
	362.94
	2454
	venter-venter
	265.0178
	105.283
	440.6386

	
	
	
	
	venter-dorsum
	2308.064
	981.8399
	2872.413

	
	
	
	
	dorsum-venter
	2093.029
	490.9422
	2856.521

	Day 6
	11484
	2187.8
	22674
	venter-venter
	9376.366
	658.6408
	17941.82

	
	
	
	
	venter-dorsum
	15653.56
	4094.134
	31686.86

	
	
	
	
	dorsum-venter
	9423.296
	1507.282
	17369.19

	Day 9
	42322
	14436
	81082
	venter-venter
	67576.55
	28401.23
	109480

	
	
	
	
	venter-dorsum
	19285.64
	4683.147
	40265.96

	
	
	
	
	dorsum-venter
	40104.04
	12459.77
	79200.19

	Day 10-Dead
	[bookmark: _Hlk105014486]1E+06
	1E+06
	852539
	venter-venter
	1719414
	1721184
	802478

	
	
	
	
	venter-dorsum
	923495.7
	535911.3
	889318.9

	
	
	
	
	dorsum-venter
	948432.4
	923449.8
	728342.9

	Day 10-Living
	107278
	45412
	161193
	venter-venter
	72385.49
	1721184
	100050

	
	
	
	
	venter-dorsum
	114775.3
	56209.07
	126374

	
	
	
	
	dorsum-venter
	135743.7
	45411.85
	237780.5









[bookmark: _Toc109163219]Table 2.4:  Degrees of freedom (df), Akaike’s information criterion (AIC) values, parameters, hazard ratios (HR), 95% HR confidence intervals, and parameter P-values for candidate Cox proportional hazard models that explain variation in mortality rates of susceptible Notophthalmus viridescens exposed to Batrachochytrium salamandrivorans-infected N. viridescens at various post-exposure durations, pathogen loads, and contact locations (infected animal aspect-susceptible animal aspect); susceptible animals which contacted infected animals on day 3 were excluded from this analysis due to there being no mortality observed in this group.

	Candidate Model 
	df
	AIC
	Parameter a
	HR
	95% CI HR
	P-value

	Mortality ~ Contact Type + Log Exposed Load
	3
	443
	Venter-Dorsum
	1.36
	(0.67,2.73)
	0.39

	
	
	
	Venter-Venter
	1.41
	(0.7,2.84)
	0.33

	
	
	
	Log Exposed Load
	1.24
	(1.1,1.39)
	<0.001

	Mortality ~ Log Exposed Load
	2
	441
	Log Exposed Load
	1.24
	(1.1,1.39)
	0.02

	Mortality ~ Infected Animal Group
	3
	392
	Day 9 
	35.53
	(4.75,265.5)
	<0.001

	
	
	
	Day 10-Living
	4.1
	(0.46,36.7)
	0.2

	
	
	
	Day 10-Dead
	52.98
	(7.15,392.6)
	<0.001

	Mortality ~ Contact Type + Infected Animal Group
	5
	392
	Venter-Dorsum
	1.63
	(0.8,3.32)
	0.17

	
	
	
	Venter-Venter
	1.89
	(0.92,3.85)
	0.08

	
	
	
	Day 9 
	39.51
	(5.26,296.51)
	<0.001

	
	
	
	Day 10-Living
	4.09
	(0.46,36.61)
	0.21

	
	
	
	Day 10-Dead
	54.58
	(7.36,404.79)
	<0.001


a The baseline infected animal group for candidate models which included this predictor was Day-6. For models which included contact type as a predictor, the baseline for this factor was the Dorsum-Venter contact. 




[bookmark: _Toc109163220]Table 2.5: Mean (x̅), median (x̃), and standard deviations (SD) of predicted probabilities of Batrachochytrium salamandrivorans (Bsal) transmission given one second of contact between infected and susceptible Notophthalmus viridescens based on the Bsal infection load of N. viridescens measured in Carter et al.[23] at two temperatures (6 and 14°C) and four zoospore doses (5x103-6) using the model fit of transmission probability given Bsal infection load presented in this research. 


	Temperature
	Dose 
	x̅
	x̃
	SE 

	
	
	
	
	
	

	6°C
	5x103
	0.19
	0.16
	0.03
	

	
	5x104
	0.3
	0.26
	0.03
	

	
	5x105
	0.39
	0.4
	0.03
	

	
	5x106
	0.47
	0.52
	0.04
	

	14°C
	5x103
	0.52
	0.54
	0.04
	

	
	5x104
	0.53
	0.57
	0.03
	

	
	5x105
	0.6
	0.66
	0.04
	

	
	5x106
	0.58
	0.61
	0.05
	



[bookmark: _Toc109163221]Table 2.6: Predicted mean (x̅), median (x̃), and standard deviations (SD) of average and total log-transformed Batrachochytrium salamandrivorans (Bsal) zoospore shedding based on the Bsal infection load of N. viridescens measured in Carter et al.[23] at two temperatures (6 and 14°C) and four zoospore doses (5x103-6) using the model fit of Bsal infection load and shedding rate presented in this research.
	Temp
	Treatment
	x̅ of average Bsal shed
	x̃ of average Bsal shed
	SD of average Bsal shed
	x̅ of total Bsal shed
	x̃ of total Bsal shed
	SD of total Bsal shed

	14°C
	5x10^3
	5.93
	6.03
	0.35
	20.98
	22.00
	3.93

	14°C
	5x10^4
	5.96
	5.95
	0.42
	22.67
	20.69
	7.67

	14°C
	5x10^5
	6.31
	6.43
	0.52
	16.40
	15.85
	4.59

	14°C
	5x10^6
	6.27
	6.13
	0.44
	11.20
	12.10
	2.46

	6°C
	5x10^3
	3.93
	3.77
	0.92
	10.39
	11.55
	7.13

	6°C
	5x10^4
	4.75
	4.89
	0.41
	23.58
	23.40
	6.50

	6°C
	5x10^5
	5.29
	5.38
	0.51
	24.04
	24.76
	6.57

	6°C
	5x10^6
	5.39
	5.39
	0.47
	17.65
	17.67
	3.31





[bookmark: _Toc109163222]Table 2.7: Treatment size, percentage group mortality, and median days survival for susceptible Notophthalmus viridescens cohoused with Batrachochytrium salamandrivorans (Bsal) infected N. viridescens carcasses at different post-mortem timepoints (0 – 24, 24 – 48, 48 – 72hrs) in either partitioned or not partitioned cohousing chambers.

	Post-mortem Period 
	Cohousing Type 
	N 
	% Mortality
	Median Days Survival

	0 – 24 hrs
	No Partition
	10
	100
	23.5

	
	Partitioned
	10
	70
	34.5

	24 – 48 hrs
	No Partition
	10
	100
	25.5

	
	Partitioned
	10
	80
	27.5

	48 – 72 hrs
	No Partition
	10
	100
	18

	
	Partitioned
	10
	100
	29.5







[bookmark: _Toc109163223]Table 2.8: Average (x̅), median (x̃), and standard deviation (SD) values of Batrachochytrium salamandrivorans (Bsal) shedding rates (Bsal genomic copies/uL) detected in water samples collected from cohousing chambers holding Bsal-infected Notophthalmus viridescens carcasses at different timepoints post-mortem (24, 48, and 72hrs).

	Time Post-mortem
	x̅
	x̃
	SD 

	0 – 24hr
	3738
	2468
	4071

	
	
	
	
	

	24 – 48hr
	2017
	668
	2587
	

	
	
	
	
	

	48 – 72hr
	2473
	1687
	2661
	

	
	
	
	
	














[bookmark: _Toc109163224]Table 2.9: Average (x̅), median (x̃), and standard deviation (SD) values of Batrachochytrium salamandrivorans (Bsal) loads (Bsal genomic copies/uL) detected on infected Notophthalmus viridescens carcasses at different timepoints post-mortem displayed as overall measurements for each group and further subdivided into swabs taken before or after a 24-hr cohousing event with a susceptible N. viridescens.

	Time Post-mortem
	x̅
	x̃
	SD 
	Swabbing Time
	x̅
	x̃
	SD 

	0 – 24hr
	744984
	153279
	1167844
	Before 
	355841
	115090
	599987

	
	
	
	
	After
	1134128
	350981
	1456266

	24 – 48hr
	862766
	352202
	1340442
	Before 
	693457
	181836
	1164446

	
	
	
	
	After
	1032077
	350981
	1456266

	48 – 72hr
	2043173
	892844
	2910216
	Before 
	1208308
	812815
	3802448

	
	
	
	
	After
	2878039
	1101211
	1207681
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[bookmark: _Toc104901881][bookmark: _Toc109296012]Fig 2.1: Predicted probability of infection and 95% CI (blue line and gray shading) given one second of contact between Batrachochytrium salamandrivorans (Bsal)-infected Notophthalmus viridescens and susceptible N. viridescens. Plot shows increasing probability of transmission with higher Bsal loads on the infected animals used during each contact event. Points represent transmission (1) and non-transmission (0) of Bsal colored by days post-exposure for the infected individual each contact occurred.
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[bookmark: _Toc104901883][bookmark: _Toc109296013]Fig 2.2: Kaplan-Meier survival curves showing mortality and associated 95% confidence interval by day for susceptible Notophthalmus viridescens exposed to Batrachochytrium salamandrivorans via one-second of contact with infected N. viridescens. Individual colored lines and shaded areas represent different contact types simulated for each susceptible group. Plots are faceted by the day each one-second contact event was conducted.
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[bookmark: _Toc109296014]Fig 2.3: Log Batrachochytrium salamandrivorans (Bsal) genomic copies/uL estimated in water samples (eDNA) recovered from exposed Notophthalmus viridescens used in each one-second exposure trial. Individual black points and lines represent shedding rates from individuals while the blue line and gray shaded area show best fit line and 95% confidence interval for the relationship between days post-exposure to Bsal and the quantity of eDNA detected. 
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[bookmark: _Toc109296015][bookmark: _Toc104901886]Fig 2.4: Log Batrachochytrium salamandrivorans (Bsal) genomic copies/uL estimated in water samples (eDNA) recovered from exposed Notophthalmus viridescens used in each one-second exposure trial. Individual black points and lines represent shedding rates from individuals while the blue line and gray shaded area show best fit line and 95% confidence interval for the relationship between days post-exposure to Bsal and the quantity of eDNA detected. 
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[bookmark: _Toc109296016]Fig 2.5: Colored lines and dots show estimates of the probability of Batrachochytrium salamandrivorans (Bsal) given one second of contact between infected and susceptible adult eastern newts (Notophthalmus viridescens) exposed at two temperatures (6 and 14°C) and four zoospore doses (5x103-6), as presented in Carter et al.[23]. Transmission probability estimates are predictions from a model predicting Bsal transmission to susceptible N. viridescens based on log Bsal genomic copies/uL detected on exposed N. viridescens at the time of contact. 
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[bookmark: _Toc109296017][bookmark: _Toc104901888]Fig 2.6: Boxplots showing average (left) and total (right) log Batrachochytrium salamandrivorans (Bsal) genomic copies/uL shedding predictions for Notophthalmus viridescens challenged with Bsal in Carter et al.23 at 6 and 14°C to one of four Bsal exposure doses (5x103-6). Individual plots are colored by exposure temperature and faceted by exposure dose. Boxplots show median (black middle line) estimates for each group. The upper and lower portions of each box represent the 75 and 25% quartile range respectively and whiskers extend to minimum and maximum values for each group. Dots represent outliers. The predicted Bsal shedding rate for the animals from Carter et al. [23], was informed by model fit to Bsal load and Bsal shedding rate presented in this research. 
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[bookmark: _Toc109296018]Fig 2.7: (A) Kaplan-Meier survival curves showing probability of mortality and associated 95% confidence interval by day for susceptible Notophthalmus viridescens exposed to Batrachochytrium salamandrivorans via cohousing with an infected N. viridescens carcass. Individual colored lines and shaded areas represent different cohousing types (Partitioned=No contact or Not Partitioned=Contact). Plots are faceted by post-mortem duration. (B) Results of best fit Cox-proportional hazard model fit to the survival of susceptible newts cohoused with Bsal infected carcasses. Plot shows hazard ratio estimate (black square), 95% CI of the hazard ratio (whiskers), and corresponding P-value.
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[bookmark: _Toc109296019][bookmark: _Toc104901890]Fig 2.8: Plot showing relative mortality hazard estimates of susceptible Notophthalmus viridescens based on 1000 model simulations performed on a Cox proportional hazard model estimating relative hazard of log transformed Batrachochytrium salamandrivorans (Bsal) load estimates measured on Bsal infected carcasses. Dark and light shaded areas show bounds of model simulations for 50 and 95% of simulated models respectively. Relative hazard estimates greater than black dotted line indicates increased risk of mortality [zero-centered] median log load. 
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[bookmark: _Toc109296020]Fig 2.9: Each point represents estimates of Batrachochytrium salamandrivorans (Bsal) genomic copies/uL detected on skin swabs and in water samples collected from Bsal infected Notophthalmus viridescens carcasses following 24 hrs of being cohoused with susceptible individuals. Points are colored by post-mortem period. The trendline and shaded area shows the line of best fit and 95% confidence interval of the relationship between Bsal infection load and zoospore shedding by infected carcasses.
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[bookmark: _Toc109296021]Fig 2. 10: Boxplots showing log transformed Batrachochytrium salamandrivorans (Bsal) genomic copies/uL load estimates for carcasses at different time points post death (24, 48 or 72 hrs). Boxplots show medians (black middle line) for each group. The upper and lower portions of each box represent the 75 and 25% quartile range respectively and whiskers extend to minimum and maximum values for each group. Dots represent outliers. Dissimilar groups based on significant Tukey’s Honest significant difference tests are indicated with differing lowercase letters. 
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