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The recently-emerged amphibian chytrid fungus Batrachochytrium dendrobatidis (Bd) has
had an unprecedented impact on global amphibian populations, and highlights the urgent
need to develop effective mitigation strategies against this pathogen. We conducted field
antifungal treatment experiments in populations of the endangered mountain yellow-
legged frog during or immediately after Bd-caused mass die-off events. The objective of
the treatments was to reduce Bd infection intensity (“load”) and in doing so alter frog-Bd
dynamics and increase the probability of frog population persistence despite ongoing Bd
infection. Experiments included treatment of early life stages (tadpoles and subadults)
with the antifungal drug itraconazole, treatment of adults with itraconazole, and
augmentation of the skin microbiome of subadults with Janthinobacterium lividum, a
commensal bacterium with antifungal properties. All itraconazole treatments caused
immediate reductions in Bd load, and produced longer-term effects that differed between
life stages. In experiments focused on early life stages, Bd load was reduced in the two
months immediately following treatment and was associated with increased survival of
subadults. However, Bd load and frog survival returned to pre-treatment levels in less than
one year, and treatment had no effect on population persistence. In adults, treatment
reduced Bd load and increased frog survival over the three-year post-treatment period,
consistent with frogs having developed an effective adaptive immune response against Bd.
Despite this protracted period of reduced impacts of Bd on adults, recruitment of new
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individuals into the adult population was limited and the population eventually declined to
near-extirpation. In the microbiome augmentation experiment, bathing frogs in a J. lividum
solution after Bd load reduction with itraconazole increased concentrations of this
bacterium on frogs, but concentrations declined to baseline levels within one month and
did not have a protective effect against Bd infection. Collectively, these results suggest
that Bd mitigation efforts focused on frog populations that have recently declined due to
Bd emergence are ineffective in causing long-term changes in frog-Bd dynamics and
increasing population persistence, due largely to the inability of early life stages to mount
an effective immune response against Bd and resulting high susceptibility. This results in
repeated recruitment failure and a low probability of population persistence in the face of
ongoing Bd infection.
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Abstract1

The recently-emerged amphibian chytrid fungus Batrachochytrium dendrobatidis (Bd)2

has had an unprecedented impact on global amphibian populations, and highlights the3

urgent need to develop effective mitigation strategies against this pathogen. We conducted4

field antifungal treatment experiments in populations of the endangered mountain5

yellow-legged frog during or immediately after Bd-caused mass die-off events. The6

objective of the treatments was to reduce Bd infection intensity (“load”) and in doing so7

alter frog-Bd dynamics and increase the probability of frog population persistence despite8

ongoing Bd infection. Experiments included treatment of early life stages (tadpoles and9

subadults) with the antifungal drug itraconazole, treatment of adults with itraconazole,10

and augmentation of the skin microbiome of subadults with Janthinobacterium lividum,11

a commensal bacterium with antifungal properties. All itraconazole treatments caused12

immediate reductions in Bd load, and produced longer-term effects that differed between13

life stages. In experiments focused on early life stages, Bd load was reduced in the two14

months immediately following treatment and was associated with increased survival of15

subadults. However, Bd load and frog survival returned to pre-treatment levels in less16

than one year, and treatment had no effect on population persistence. In adults, treatment17

reduced Bd load and increased frog survival over the three-year post-treatment period,18

consistent with frogs having developed an effective adaptive immune response against Bd.19

Despite this protracted period of reduced impacts of Bd on adults, recruitment of new20
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individuals into the adult population was limited and the population eventually declined21

to near-extirpation. In the microbiome augmentation experiment, bathing frogs in a J.22

lividum solution after Bd load reduction with itraconazole increased concentrations of this23

bacterium on frogs, but concentrations declined to baseline levels within one month and24

did not have a protective effect against Bd infection. Collectively, these results suggest25

that Bd mitigation efforts focused on frog populations that have recently declined due26

to Bd emergence are ineffective in causing long-term changes in frog-Bd dynamics and27

increasing population persistence, due largely to the inability of early life stages to mount28

an effective immune response against Bd and resulting high susceptibility. This results in29

repeated recruitment failure and a low probability of population persistence in the face of30

ongoing Bd infection.31

Keywords: amphibian chytrid fungus, Batrachochytrium dendrobatidis, wildlife disease,32

epizootic, host population decline, antifungal treatment33

Introduction34

Emerging infectious diseases are increasingly common in wildlife, often due to35

anthropogenic changes in the ecology of the host or pathogen (Daszak et al. 2000,36

Cunningham et al. 2017). Impacts of disease on wildlife can be severe, including long-term37

population decline and even extinction, with far-reaching effects on species, communities,38

and ecosystems (Ostfeld et al. 2008, Scheele et al. 2019). Diseases of wildlife can also spill39

over to humans and domestic animals (Alexander et al. 2018). Collectively, these impacts40

of emerging wildlife diseases have significant consequences to global biodiversity and public41

health (Daszak et al. 2000). As such, the ability to control diseases in wildlife is critically42

important, but disease management is often difficult because wildlife diseases are relatively43

poorly described, many fewer intervention measures (e.g., vaccines) are available than for44

humans, and free ranging wildlife are inherently difficult to study and treat (Joseph et al.45
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2013). As a result, available management strategies are mostly insufficient to mitigate the46

destructive effects of disease on wildlife.47

The amphibian disease chytridiomycosis is caused by the chytrid fungus Batrachochytrium48

dendrobatidis (“Bd”). This recently discovered pathogen (Berger et al. 1998, Longcore49

et al. 1999) is thought to have originated in Asia (O’Hanlon et al. 2018) and spread50

globally via human commerce (Schloegel et al. 2009). Bd is highly pathogenic to a wide51

range of amphibian taxa and, by one estimate, has caused the severe decline or extinction52

of at least 500 amphibian species (Scheele et al. 2019), with many more predicted to53

be at risk (Rödder et al. 2009). In an effort to reduce the impact of chytridiomycosis,54

several mitigation measures have been suggested as means to increase the fraction of55

frogs surviving chytridiomycosis outbreaks, including treating frogs with antifungal56

agents (using drugs or augmentation of the skin microbiome with probiotics), treating57

the environment with antifungals to reduce the pool of infectious zoospores, and reducing58

host population density (Woodhams et al. 2011, Garner et al. 2016). However, recent59

mathematical modeling suggests that none of these three types of mitigation measures60

are likely to be universally effective at preventing chytridiomycosis-induced population61

extirpation, but treating frogs had the greatest likelihood of a beneficial outcome (Drawert62

et al. 2017). Relatively few field tests of these treatment strategies have been conducted63

to date, and results from these trials indicate limited effectiveness in promoting host64

population persistence (Woodhams et al. 2012, Garner et al. 2016). As such, despite years65

of research on Bd-host dynamics and possible mitigation measures, field-tested methods to66

prevent ongoing Bd-caused amphibian declines and extinctions are still lacking.67

Mountain yellow-legged (“MYL”) frogs are emblematic of global amphibian declines,68

including those caused by Bd. The MYL frog is a complex of two closely-related species,69

Rana muscosa and Rana sierrae, endemic to the mountains of California and adjacent70

Nevada, USA (Vredenburg et al. 2007). During the past century, MYL frogs have71

disappeared from more than 90% of their historical localities (Vredenburg et al. 2007) and72
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are listed as “endangered” under the U.S. Endangered Species Act (U.S. Fish and Wildlife73

Service 2002, 2014). In the Sierra Nevada portion of their range, the primary causes of74

decline are the introduction of nonnative fish into naturally fishless water bodies and,75

more recently, the spread of Bd (Knapp and Matthews 2000, Vredenburg et al. 2010).76

MYL frogs are highly susceptible to chytridiomycosis. Arrival of Bd in a naive population77

typically results in rapid increases in Bd prevalence and infection intensity (“load”), and78

subsequent mass frog die-offs (Vredenburg et al. 2010). Such epizootics (epizootic =79

outbreak of disease in a wildlife population) generally lead to extirpation of the affected80

frog population, and hundreds of such extirpations have occurred in the past several81

decades as Bd spread across the Sierra Nevada (e.g., Rachowicz et al. 2006, Vredenburg82

et al. 2010). Examples of affected populations transitioning to an enzootic state, in which83

host populations coexist with Bd in a relatively stable dynamic, are rare (Briggs et al.84

2010).85

Empirical and modeling results from MYL frog populations indicate the primary role of86

Bd load in driving epizootics, and provide insights into the factors that might produce87

epizootic versus enzootic dynamics (Briggs et al. 2010, Vredenburg et al. 2010). Models88

developed for this system follow the number of infective Bd zoospores in a “zoospore pool”89

(i.e, a lake containing a population frogs) and the load on each frog. The growth rate90

of Bd is assumed to be an increasing function of host density, and frog mortality occurs91

when Bd load exceeds a threshold value (Briggs et al. 2010). Model results demonstrate92

that following Bd invasion into a naive host population, host extinction versus persistence93

can result solely from density-dependent host-pathogen dynamics. This suggests that94

suppression of Bd loads (e.g., by reducing frog density or treating frogs with antifungal95

agents), could increase frog survivorship and the likelihood of long-term population96

persistence in an enzootic state. Given the typical abundance of early life stages in naive97

MYL frog populations and their importance in driving frog-Bd dynamics (Briggs et al.98

2010), treatments focused on early life stages could be particularly influential.99
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Although density-dependent frog-Bd dynamics alone can produce both epizootic and100

enzootic states, an adaptive immune response by frogs against Bd may increase the101

likelihood of an enzootic outcome (Woodhams et al. 2011). In contrast to the relatively102

low immunocompetence of early life stages (Rollins-Smith 1998, Grogan et al. 2018b),103

adults of some species, including MYL frogs, can develop adaptive immune defenses that104

may be at least partially protective against Bd (McMahon et al. 2014, Ellison et al. 2015,105

Grogan et al. 2018a). Antifungal treatments conducted during epizootics could slow the106

growth of Bd and allow the full development of adaptive immunity, which in turn could107

increase adult survival and population persistence (Woodhams et al. 2011).108

Treatment of frogs using antifungal drugs is typically conducted as a short-term pulse109

perturbation, and the ability of such short-term actions to cause long-lasting changes110

in frog-Bd dynamics is uncertain. In contrast, a press perturbation that, by definition,111

is sustained over a longer time period, may have a higher probability of producing112

long-lasting outcomes. One such press perturbation is the manipulation of the amphibian113

skin microbiome to shift the ambient microbial community to an alternative stable114

configuration that has stronger antifungal properties (Bletz et al. 2013, Woodhams et115

al. 2014). The feasibility of such a manipulation is suggested by laboratory experiments116

in which augmentation of the skin microbiome with antifungal bacteria altered frog-Bd117

dynamics and increased frog survival (Harris et al. 2009, Kueneman et al. 2016, but see118

also Becker et al. 2011).119

During 2009-2018, we conducted six field trials of antifungal treatments applied to R.120

sierrae populations during or soon after epizootics, with a goal of reducing Bd load and121

increasing frog survival and population persistence. Based on multiple years of skin swab122

collection (e.g., Vredenburg et al. 2010), all study populations were Bd-naive in the years123

prior to the epizootic and subsequent treatment. Trials included (1) two treatments of124

early life stages (tadpoles and recently metamorphosed subadults) with the antifungal125

drug itraconazole (Garner et al. 2009), (2) three treatments of adults with itraconazole,126
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and (3) one manipulation of the frog skin microbiome that involved exposing subadult127

frogs to Janthinobacterium lividum, a symbiotic bacterium on amphibian skin that has128

antifungal properties (Brucker et al. 2008).129

All six antifungal treatments changed frog-Bd dynamics, and most increased frog survival.130

However, they failed to accomplish the ultimate objective of increasing the probability of131

frog population persistence, and all populations declined to extirpation or near-extirpation132

during the study periods. Nevertheless, the detailed results from multiple treatments133

across different life stages is unusual, and collectively allow important insights into the134

repeatability of treatment outcomes and the reasons for the failure of treatments to135

influence population persistence. These insights are essential for the future development136

of mitigation measures that accomplish this important objective in the face of one of the137

most devastating wildlife diseases in recorded history (Scheele et al. 2019).138

Methods139

This section is divided into general methods that apply to all or most of the treatments,140

followed by a description of specific methods related to each treatment.141

General methods142

Visual encounter surveys143

We counted R. sierrae of all life stages (adults: ≥ 40 mm snout-vent length (SVL);144

subadults: < 40 mm; tadpoles) using diurnal visual encounter surveys (VES) of the145

entire water body shoreline and the first 100 m of inlet and outlet streams. Counts are146

highly repeatable (Knapp and Matthews 2000), but underestimate the number of animals147

present.148
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Capture-mark-recapture surveys149

To allow estimation of adult survival, we used capture-mark-recapture (CMR) surveys150

(Joseph and Knapp 2018). During each summer, we re-visited the study lakes one to151

three times (i.e., primary periods), and during each primary period all frog populations152

were generally surveyed on either one day or on three consecutive days. During each daily153

survey, any adult frogs observed were captured, identified via their passive integrated154

transponder (PIT) tag (or tagged if untagged), and released. When captured for the155

first time during a primary period, frogs were also swabbed (see next section for details),156

measured, and weighed.157

Quantifying Bd load using skin swabs158

We quantified Bd load using standard swabbing and quantitative PCR methods (Boyle159

et al. 2004, Hyatt et al. 2007, see Vredenburg et al. 2010 for swabbing methods specific160

to MYL frogs). We defined Bd load as the number of ITS1 copies per swab (see Joseph161

and Knapp 2018 for details). For reference to figures provided in the Results, in162

post-metamorphic R. sierrae, Bd loads indicative of severe chytridiomycosis are ≥ 600,000163

ITS copies (= 5.8 ITS copies on a log10 scale; Vredenburg et al. 2010, Joseph and Knapp164

2018).165

Itraconazole treatment166

In each of the antifungal treatments, we captured adults, subadults, or tadpoles167

(depending on the treatment) from the study lakes using hand-held nets. Immediately168

following capture, we collected a skin swab sample from all animals or a subset (depending169

on the treatment) to describe Bd load. In addition, adults and subadults were measured170

and weighed, and adults were tagged using 8 mm PIT tags inserted under the dorsal skin171

via a small incision.172
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We held animals assigned to the “treated” group in large mesh pens (2 m x 2 m x 0.75173

m) for the duration of the multi-day treatment period. Pens were anchored in the littoral174

zone of the study lakes, and contained shallow water and shoreline habitats for basking175

and deeper water habitat (up to 0.7 m) that frogs and tadpoles use at night (Figure S1).176

After swabbing, animals assigned to the untreated “control” group were held in pens only177

3-24 hr and then released back into the lake.178

Although it would have been ideal to hold animals from both the treated and control179

groups in pens for the duration of the treatment period, doing so could have produced180

spurious and misleading results. Bd transmission is expected to increase with frog density181

(Rachowicz and Briggs 2007), and holding untreated control animals in pens at relatively182

high density could therefore have increased their Bd loads and reduced survival more than183

would be expected for animals in the treated group that were given daily antifungal baths.184

This would have biased the outcome toward lower survival of control animals compared to185

treated animals even if the antifungal treatment itself had no effect on survival. Assuming186

that holding animals in pens for several days has some negative effect (due to increased Bd187

transmission even in treated frogs, and lack of feeding opportunities), if our study design188

caused biases they should be conservative, i.e., reducing the survival of treated animals189

relative to control animals.190

To conduct the antifungal treatments, on each day during the multi-day treatment191

period we transferred all animals in the treated group from pens to small plastic tubs192

that contained a dilute solution (1.5 mg L-1; Garner et al. 2009) of the antifungal drug193

itraconazole (trade name = Sporonox). The volume of itraconazole solution varied194

between 2 and 5 L and allowed all life stages to submerge fully. We treated frogs in195

batches of approximately 50, and tadpoles in batches of approximately 100. After 10196

minutes, animals were transferred from the tubs back to the pens. To determine treatment197

effectiveness, we re-swabbed all animals or a subset (depending on the treatment) at the198

end of the treatment period. After the final treatment, we released all animals from the199
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pens back into the study lakes.200

Statistical analyses201

We analyzed treatment results with linear simple and multilevel models in a Bayesian202

framework. All analyses except one used the brms package in R (Bürkner 2017, Bürkner203

2018, R Core Team 2020). The exception was the analysis of the CMR data collected204

as part of the itraconazole treatments in LeConte Basin (see Experiment-specific205

Methods below). The LeConte CMR model was implemented in Stan (Carpenter et206

al. 2017) directly instead of via the brms interface. When using the brms package,207

our analysis workflow included starting with a model that included all relevant208

population-level (“fixed”) effects and their interactions, and checking model fit using209

visualizations of leave-one-out (“LOO”) probability integral transformations (Gelman210

et al. 2013, Vehtari et al. 2017). When suggested by the data structure or measures of211

model fit, we evaluated other model families or added group-level (“random”) effects to212

the model. We compared fits of models using LOO cross-validation and the loo package213

(Vehtari et al. 2017). For all models, we used brms defaults for priors, number of chains214

(4), and warmup and post-warmup iterations (1000 for each). We evaluated the adequacy215

of posterior samples using trace plots, Gelman-Rubin statistics (Rhat), and measures of216

effective sample size (“bulk-ESS”, “tail-ESS”). When using negative binomal models (most217

analyses), the Bd load data were rounded to integer values to produce count data.218

When necessary, we developed distributional models in which predictor terms219

are specified for other parameters of the response distribution instead of only220

the mean (e.g., negative binomial overdispersion (“shape”), zero-inflation (“zi”);221

see brms vignette, “Estimating distributional models with brms”: https://paul-222

buerkner.github.io/brms/articles/brms_distreg.html). The overdispersion parameter223

φ controls the variance of the negative binomial distribution relative to the expected value224
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µ, such that the variance of the negative binomial distribution is µ + µ2/φ. Modeling225

effects on overdispersion and zero-inflation can be important for improving model fit. For226

example, itraconazole treatment can reduce not only mean Bd load, but also the variation227

around the mean (i.e, overdispersion) and amount of zero-inflation. Improving model fit228

was our primary interest in using distributional models, and not gaining insights into the229

causes of overdispersion or zero-inflation. Therefore, when we used distributional models,230

we limit our descriptions of model results largely to effects of predictors on the mean.231

The models described in subsequent sections are the best-fit models that resulted from the232

workflow outlined above. We considered predictors of group- and population-level effects233

and family-specific parameters to be important when the 95% credible interval (“CI”) of234

the estimates did not include zero, and relatively unimportant otherwise. We provide the235

results of all analyses in tabular form, either in the Results section for analyses describing236

the outcome of treatment experiments, or in Supporting Information for related but237

less central analyses. All datasets and code to replicate the analyses are available at238

https://github.com/SNARL1/bd-mitigation-report. To interpret the coefficients from239

negative binomial models, note that there is a log link for the mean (and therefore Bd load240

data is on a log scale). In addition, for zero-inflated negative binomial models, there is a241

logit link for the zero-inflation component. The key results from treatment experiments242

are also visualized using boxplots or dotplots. We used the former when sample sizes243

were relatively large and the latter when sample sizes were small and boxplots were244

consequently less informative. When relevant, sample sizes are displayed above the x-axis245

of each plot. In plots where sample sizes are displayed, the lack of sample size information246

for a particular group indicates that this group was intentionally not included in surveys247

and/or sampling. In contrast, a sample size of zero (“n=0”) indicates that this group was248

included in surveys and/or sampling, but that no individuals were available for capture249

and sampling.250
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Experiment-specific methods251

Itraconazole treatment of early life stages252

Bd-caused epizootics and resulting mass die-offs of R. sierrae occurred in Barrett Lakes253

Basin during 2005 to 2007 (Vredenburg et al. 2010) and in Dusy Basin in 2009 (Jani et254

al. 2017). In an effort to prevent the extirpation of remnant populations, itraconazole255

treatments were conducted during mid-summer of 2009 in Barrett and 2010 in Dusy.256

Because adults typically succumb to chytridiomycosis early in an epizootic (Vredenburg257

et al. 2010), at the time of the experiments these populations contained primarily258

late-stage tadpoles, recently metamorphosed subadults, and occasionally a small number259

adults. We used results from basin-wide VES conducted prior to the experiments to260

identify the largest remaining tadpole populations, and these were selected for use in the261

experiments. Populations in both basins were assigned to treated and control groups at262

random. The Barrett experiment included three treated and three control populations,263

and in Dusy, where fewer frog populations remained extant, a total of three treated and264

two control populations were used (Table S1). For both experiments, we predicted that265

itraconazole treatment would reduce Bd loads and increase the survival of frogs during266

and after metamorphosis. In turn, this would result in more subadults counted during267

VES conducted in treated versus control populations in the year of and the year following268

treatment. Based on VES conducted before and during the treatments, for each treated269

population we estimate that we captured and treated 70-90% of the early life-stage270

animals present.271

In the Barrett experiment, during July 29 to August 1 we captured as many R. sierrae272

as possible (mostly tadpoles) from each pond assigned to the treated group and held273

them in pens. We collected skin swabs from a subset of animals to quantify Bd load.274

Daily itraconazole treatments were conducted during the period July 30 – August 5,275

and animals were treated from four to seven times, depending on the day of capture. To276
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assess treatment effectiveness in reducing Bd loads, we collected a second set of skin swabs277

from a subset of animals following the final treatment. A total of 977 tadpoles and 65278

subadults were treated and released back into the study ponds. In the control populations,279

we captured a sample of tadpoles and subadults on a single day (one population per day280

during August 2–4), swabbed each individual, and held them in pens until capturing281

was complete. Swabs were collected from a total of 75 tadpoles and 23 subadults. To282

quantify the longer-term effects of treatment on Bd load and frog population dynamics,283

we conducted post-treatment VES and swabbing at each pond in August and September284

2009, and in July, August, and September 2010. In treated populations, given that285

we were unable to capture all animals for treatment, animals swabbed during the286

post-treatment period likely included a mix of treated and untreated individuals.287

The Dusy experiment was identical in most respects to the Barrett experiment. During288

July 24–26, we captured as many animals as possible from the ponds assigned to the289

treated group and placed them in pens. Daily itraconazole treatments began on July290

27 and lasted through August 2, resulting in seven days of treatment for all animals. In291

treated populations, swabs were collected from a subset of animals on July 27 before292

treatment began, and after the final treatment on August 2. A total of 3707 tadpoles and293

125 subadults were treated. Animals in control populations were captured, swabbed, and294

released on July 29 (62 tadpoles and 18 subadults). We conducted follow-up VES in each295

pond in August and September 2010, and July and August 2011. As with the Barrett296

treatment, animals swabbed in treated populations during the post-treatment period likely297

included a mix of treated and untreated individuals.298

Our analysis of the data from the experiments focused on two questions: During the299

one-year period following the treatments, did itraconazole treatment influence (1) Bd loads300

and (2) survival of treated animals? To address the first question, we developed separate301

models to describe (i) pre-treatment differences in Bd loads of the animals assigned to302

the treated and control groups, (ii) immediate effects of treatment on Bd loads, and (iii)303
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treatment effects on post-release Bd loads in the year of treatment and the following year.304

Because the treatments in Barrett and Dusy Basins were virtually identical in their design,305

we combined the results from both experiments into a single dataset, and included basin306

as a predictor variable in models to account for any between-basin differences.307

We evaluated pre-treatment differences in Bd load between treated and control groups308

using the model bd_load ~ (treatment x basin) (family = negative binomial, treatment309

= [treated, control], basin = [Barrett, Dusy]). Life stage (tadpole, subadult) was not310

included in the model as a predictor because life stage and basin were collinear (i.e., most311

ponds were dominated by tadpoles but a few contained mostly subadults), and as such we312

could not estimate their separate effects. Adding a group-level effect of site_id did not313

improve model fit, indicating that between-pond differences were unimportant.314

The immediate effect of treatment on Bd load was assessed using the model bd_load ~315

stage + (trt_period x basin) (family = zero-inflated negative binomial, stage = [tadpole,316

subadult], trt_period = [begin, end of treatment period]). We were able to include life317

stage in this model because many tadpoles metamorphosed into subadults during the318

treatment, producing a more balanced representation of life stages across sites. Plots319

of conditional effects suggested substantial differences in Bd load variation between life320

stages, treatment categories, and basins. Therefore, the overdispersion parameter was321

modeled as a function of all three predictor variables.322

The effect of treatment on post-release Bd loads was evaluated using the model bd_load323

~ stage + basin + (year_std x treatment) + (1 | site_id) (family = zero-inflated negative324

binomial, year_std is a dummy variable in which 0 = year of treatment and 1 = year325

after treatment, site_id included as a group-level effect). Plots of conditional effects326

suggested substantial differences in Bd load variation between life stages, basins, years,327

and treatment groups, and therefore the overdispersion parameter was modeled as a328

function of all four predictor variables.329
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The effect of treatment on subsequent subadult counts was assessed using the model330

count ~ basin + ltadpole + (std_year x treatment) + (1 | site_id) (family = zero-inflated331

negative binomial, count = number of subadults counted during a post-treatment VES,332

ltadpole = number of tadpoles counted (log10 transformed) during the same VES,333

site_id included as a group-level effect). The count of subadults served as a proxy for334

subadult survival, which could not be estimated directly (see Methods - Microbiome335

augmentation of subadult frogs for details). We included the tadpole count variable to336

account for differences between ponds in potential subadult production due to differences337

in the number of tadpoles.338

During the 2010 itraconazole treatments in Dusy Basin, we tested if treatment of frogs339

reduced the concentration of Bd zoospores in the ponds (“zoospore pool”; Briggs et al.340

2010). All associated methods and results are provided in Supporting Information.341

Itraconazole treatment of adults342

LeConte Basin. In mid-summer 2015, routine disease surveillance at one of the largest343

remaining Bd-naive R. sierrae populations detected high Bd loads and the presence of344

many moribund and dead frogs. In response to this epizootic, we immediately conducted345

two antifungal treatment experiments, one in the lower portion of the basin and one in346

the upper portion (Table S1). The lower basin contains two lakes and four ponds, and347

the upper basin contains a single lake. At the time of the experiments, all of these water348

bodies were occupied by R. sierrae. The two basins are approximately 750 m apart and349

are linked by streams and relatively gentle terrain; we therefore expected some movement350

of frogs between them.351

The design of the treatment experiments in the lower and upper basins was nearly352

identical, differing only in the number of days spent capturing frogs for the “treated”353

group (three versus two days, respectively; Table S2). To simplify logistics, frogs in the354
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treated group were captured during the first 2-3 days of the experiment, and frogs for355

the untreated “control” group were captured on the following day (day 3 or 4). All frogs356

included in the study were adults, and were collected opportunistically. Frogs that were357

visibly sick (as indicated by an impaired righting reflex) were excluded because these frogs358

were likely within hours of death. In the lower basin, a total of 359 and 102 frogs were359

captured for the treated and control groups, respectively. In the upper basin, these totals360

were 206 and 74 frogs. Although we spent 3-4 days capturing frogs for the experiments,361

because of the large size of this population, these totals are likely a relatively small362

proportion of the total frog population in the basin.363

We conducted the itraconazole treatments as described in General Methods and364

Table S2. Briefly, frogs in the treated category were swabbed, tagged with PIT tags365

to allow identification of individuals, measured, and weighed immediately following366

capture, and held in pens for the duration of the treatment period. Control frogs were367

captured, swabbed, PIT tagged, measured, weighed, and released. To determine treatment368

effectiveness, 93 frogs in the lower basin treated group (31 from each capture date) and 50369

frogs in the upper basin treated group (25 from each capture date) were re-swabbed on the370

day prior to the final treatment. After the last treatment, all frogs were released from the371

pens.372

To estimate pre-treatment differences in Bd loads of frogs assigned to the treated and373

control groups, we used the model bd_load ~ (location x group) (family = negative374

binomial, location = [lower, upper], group = [treated, control]). To evaluate the immediate375

effect of treatment on Bd loads, we used the model bd_load ~ (location x trt_period)376

(family = negative binomial, trt_period = [begin, end of treatment period]). For both377

analyses, we excluded any frogs that died during the treatment period. We evaluated378

differences in Bd loads of frogs that lived versus died during the treatment period using379

the model trt_died ~ (lbd_load x location) (family = bernoulli, trt_died = [true, false],380

lbdload = log10(bd_load + 1) on swabs collected immediately prior to the treatment381
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period).382

The outcome of the treatment experiments was quantified using CMR surveys conducted383

during the summers of 2016, 2017, and 2018 (see General Methods for details). No384

post-treatment surveys were possible in 2015 because the frog active season was nearly385

over by the time the treatments were completed. There were 1-3 primary periods per386

summer, and except the final period in 2018 when only a one-day survey was conducted,387

all frog populations were surveyed on each of three consecutive days. Any untagged frogs388

captured during the surveys (i.e., frogs that were not part of the initial treatment phase of389

the experiment; “non-experimental”) were tagged and processed as described above.390

We used open population multi-state hidden Markov models to describe subsequent391

population dynamics including survival and recruitment, while accounting for imperfect392

detection (see Supporting Information for details). Briefly, we estimated population393

size over time using parameter-expanded Bayesian data augmentation, which augments394

the capture histories of observed individuals with a large number of capture histories for395

individuals that were never detected (Royle and Dorazio 2012). The states included (1)396

“not recruited”, (2) “alive at the upper site”, (3) “alive at the lower site”, and (4) “dead”.397

On any particular survey, we considered three possible observations of an individual: (1)398

“alive at the upper site”, (2) “alive at the lower site”, and (3) “not detected”. The model399

structure builds on the work of Joseph and Knapp (2018), tracking individual Bd loads400

over time, allowing the expected Bd load (log10(Bd load + 1)) to vary as a function of401

treatment and time, and allowing the effect of Bd load on survival to vary as a function of402

treatment.403

Treasure Lakes Basin. In July 2018, we conducted an antifungal treatment of adult R.404

sierrae during a Bd epizootic in the Treasure Lakes basin, Inyo National Forest (Table405

S1). Epizootics occurred in all other populations in this basin during summer 2017, and406

its spread to the study population in 2018 provided another opportunity to conduct an407
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itraconazole treatment on adult frogs. However, unlike the LeConte treatment described408

above, this treatment was conducted as a management action instead of an experiment,409

primarily due to the advanced stage of the epizootic and the resulting small number of410

adults remaining in the population. In the VES conducted just prior to the treatment411

period we found only 12 adult R. sierrae, and captured only 28 frogs during the first412

day of frog collection (12 person-hours). Dividing this small population into treated413

and control groups would have provided little statistical power to detect between-group414

differences given low anticipated post-treatment recapture rates. In addition, fewer frogs415

would have received antifungal treatment. The lack of an experimental design limits the416

generality of our findings, but the treatment is nonetheless included here because of the417

additional insights the results provide.418

We used the same methods as described for the LeConte treatments, with two important419

differences: (1) all frogs were treated (there was no control group), and (2) new frogs420

were captured from the lake and added to the pens during the first five days of the 7-day421

treatment period. We treated 28 frogs on July 16, then added and treated an additional422

24, 7, 7, 4, and 4 frogs on July 17 through 21, respectively. Although we captured and423

treated a total of 74 frogs, we released only 33 live frogs at the end of the treatment due424

to chytridiomycosis-caused mortality throughout the treatment period. In addition to425

swabs collected from all frogs immediately following their initial capture, we also collected426

swabs from each surviving frog after the final itraconazole treatment. We compared Bd427

loads measured before and after treatment using the model bd_load ~ trt_period (family428

= negative binomial, trt_period = [begin, end]). We conducted follow-up VES, swabbing,429

and CMR surveys one month after the 2018 treatment (August 21-23), and again in 2019430

(August 15-16) and 2020 (June 23-25).431

The greater range of treatment days to which frogs were exposed (compared to the432

LeConte treatments) provided an opportunity to evaluate the effectiveness of itraconazole433

treatment on Bd loads as a function of the number of daily treatments frogs received.434
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We calculated treatment effectiveness for individual frogs as the negative log ratio of435

pre-treatment to post-treatment Bd loads (hereafter, “LRR”): -log10((loadpre + 1)/(loadpost436

+ 1). Larger absolute values of LRR indicate a larger reduction in Bd load. To evaluate437

the factors influencing treatment effectiveness on individual frogs, we used the model LRR438

~ (capture_bdload_std x days_inside) (family = gaussian, capture_bdload_std = Bd load439

prior to treatment standardized to mean = 0 and standard deviation = 1, days_inside =440

number of treatments a frog received).441

Microbiome augmentation of subadult frogs442

By 2012, the Bd epizootic in Dusy Basin (see Methods - Itraconazole treatment443

of early life stages) had caused the extirpation of most R. sierrae populations at444

this location. Extant populations contained only late-stage tadpoles and recently445

metamorphosed subadults, and given the absence of any adults, were presumed to446

represent the final cohorts at these sites. In July 2012, we initiated an experiment to test447

the combined effect of itraconazole treatment and J. lividum augmentation on Bd load and448

frog survival. This experiment was conducted at a single pond where late-stage tadpoles449

and recently-metamorphosed subadults were still relatively abundant. This pond was450

also used in the 2010 experiment in which early life stages were treated with itraconazole451

(Table S1).452

In designing this experiment, we assumed that probiotic bacteria would affect Bd-frog453

dynamics by reducing Bd colonization of relatively lightly infected frogs, instead of454

by reducing Bd load on heavily infected frogs (R. Harris, personal communication).455

Therefore, prior to exposing frogs to J. lividum, we first reduced their Bd loads with a456

7-day itraconazole treatment. The experiment focused solely on subadults, and included457

a treated group (itraconazole treatment followed by J. lividum exposure) and a control458

group (no itraconazole, no J. lividum). We did not test independent or interactive effects459
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of itraconazole treatment and J. lividum augmentation, a decision prompted by results460

from our previous experiments with early life stages showing a lack of longer-term benefits461

of itraconazole treatment alone (see Results) and the limited number of subadults462

available at the study pond.463

Subadults were captured on July 12-13 (n = 331) and assigned at random to treated464

and control groups at a ratio of approximately 4:1 (271 treated, 60 control). This ratio465

was chosen to maximize the number of subadults receiving antifungal treatment while466

maintaining a sufficiently large control group such that loads could be assessed with high467

confidence. All animals were given group-specific toe-clips as follows: (i) control = toe468

2 on left front foot, and (ii) itraconazole + J. lividum = toe 2 on right front foot. We469

used toe clips because PIT tags are too large to be used with subadults. In addition, our470

testing of miniature numbered tags that are read visually (VI Alpha tags: Northwest471

Marine Technology) indicated that they were not sufficiently visible through the relatively472

opaque skin of subadults. Following processing, subadults in the treated and control473

groups were held in separate mesh pens. To determine Bd loads prior to the start of the474

itraconazole treatment period, a subset of subadults from both groups were swabbed on475

July 12, and all control animals were released back into the study pond on July 13.476

Itraconazole treatments were conducted daily on July 12-18. The number of animals477

in each group declined somewhat during this period due to Bd-caused mortality and478

occasional predation by gartersnakes. To assess the effectiveness of itraconazole treatment479

in reducing Bd loads over the 7-day treatment period and to quantify the amount of J.480

lividum present naturally on subadults in this population, we swabbed a subset of animals481

on July 19 immediately prior to J. lividum exposure. To compare pre-treatment Bd loads482

on frogs assigned to the treated and control groups, we used the model bd_load ~ expt_trt483

(family = negative binomial, expt_trt = [treated, control]). The effectiveness of the484

itraconazole treatment was assessed with the model bd_load ~ days (family = zero-inflated485

negative binomial, days = -7 (before treatment) and 0 (after treatment)).486
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J. lividum for use in the experiment was obtained from the skin of an adult R. sierrae in487

Dusy Basin in 2009 and cultured using standard methods (Harris et al. 2009). On July488

19, a concentrated solution of J. lividum culture was transported into Dusy Basin on foot489

in an insulated container (the insulated container ensured that the solution would remain490

cold during transport). On July 19-20, we bathed the itraconazole-treated subadults (n491

= 256) in a solution of J. lividum culture for 4-4.5 hours (75 and 150 mL of J. lividum492

culture per liter of lake water on July 19 and 20, respectively; concentration of J. lividum493

is unknown). At the conclusion of the second J. lividum bath, all animals were released494

back into the pond. The solution of J. lividum culture was carried out of the backcountry495

and disposed of.496

To assess the longer-term effects of the combined itraconazole-J. lividum treatment, we497

surveyed the study population during the summers of 2012 (n = 3 surveys), 2013 (n =498

3), 2014 (n = 1), and 2019 (n = 1). During each of these surveys, we conducted VES499

and captured and swabbed as many subadult frogs as possible (no adults were captured),500

and recorded the toe-clip (if present) for each individual. The concentration of J. lividum501

on frogs was assessed from skin swabs using qPCR (see Supporting Information for502

details).503

We analyzed the collected data to determine whether subadults exposed to the combined504

itraconazole-J. lividum treatment had (1) higher concentrations of J. lividum and lower505

Bd loads than untreated control animals and non-experimental (“wild”) animals, and (2)506

higher survival than control animals. All analyses focused on data collected during the507

two months immediately following the 2012 treatment. Recaptures of control animals508

quickly declined to near zero, thereby precluding formal comparisons of J. lividum and509

Bd load in the treated versus control groups. We were able to compare treated versus510

wild frogs, but importantly, unlike the treated and control groups that each contained a511

single cohort of toe-clipped animals that was repeatedly sampled over time, membership512

of animals in the wild group changed over time as new individuals entered the group513
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following metamorphosis and previously-metamorphosed individuals died. Given this514

limitation, we describe the J. lividum concentration and Bd load on treated versus control515

animals graphically only. We analyzed the J. lividum concentration on treated versus wild516

frogs using the model jliv ~ (days x frog_group) (family = negative binomial, days = days517

since J. lividum exposure, frog_group = [treated, wild]). To describe Bd loads of treated518

versus wild frogs, we used the model bd_load ~ (days x frog_group) (family = zero-inflated519

negative binomial).520

For the second question, we used the percent of animals in each group that were521

recaptured as a proxy for survival. Formal assessment of the effect of treatment on522

survival was again not possible due to the rapid disappearance of animals in the control523

group, so the results are described graphically only.524

Results525

Itraconazole treatment of early life stages526

In the Barrett and Dusy experiments, immediately before itraconazole treatments began,527

Bd loads of animals in ponds assigned to the treated and control groups were similar528

(Figure 1: Week -3 and -1). Model results (Table S3) confirmed that Bd load did not differ529

between treatment groups. In addition, basin had a weak effect (loads were lower in Dusy530

than Barrett), and the (treatment x basin) interaction term was unimportant, indicating531

that the patterns of Bd load between treated and control groups were similar in both532

basins.533

The treatments reduced Bd loads by 1.8 orders of magnitude in Barrett and 6.1 orders of534

magnitude in Dusy (Figure 1: Week -1 versus 0). Model results (Table S4) substantiated535

the important effect of treatment period (“trt_period”; lower after treatment than before536

treatment). In addition, important effects on Bd load were also evident for frog life stage537
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(lower in tadpoles than subadults), basin (higher in Dusy than Barrett), and the (basin x538

trt_period) interaction term. The importance of the interaction term indicated that loads539

were higher in Dusy than Barrett at the beginning of the treatment, but lower in Dusy540

than Barrett at the end of treatment (Figure 1). Finally, life stage, treatment period, and541

basin all had important effects on the overdispersion parameter (Table S4; Bd load was542

more variable in subadults than tadpoles, at the beginning than the end of the treatment543

period, and in Dusy than Barrett).544

After release of the treated animals back into the study ponds, the reduction in Bd load in545

treated versus control groups that was evident at the end of the treatment period persisted546

for at least the next 1.5 months (Figure 1: Week > 0). Results from a model of predictors547

of Bd load over the 1-year post-release period (Table 1) showed important effects on Bd548

load of most predictor variables, including treatment (treated lower than control), life549

stage (lower in tadpoles than subadults), year (lower in the year following treatment (year550

1) than the year of treatment (year 0)), and the (year x treatment) interaction term.551

Basin did not have an important effect. The (year x treatment) term indicated that Bd552

loads were lower in the treated group than the control group in year 0, but by year 1553

loads in the treated group had increased such that Bd loads of the treated and control554

groups were similar. Therefore, although the treatment effect was evident for more than555

a month, Bd loads on animals in treated populations returned to pre-treatment levels in556

the year following treatment (Figure 1). All predictors of the overdispersion parameter had557

important effects.558

The reduction in Bd load caused by the treatment was associated with increased counts559

of subadults in treated versus control populations (Figure 2). Model results (Table 2)560

indicated that treatment and the (year x treatment) interaction term had important561

effects. The effects of tadpole count, basin, and year were unimportant. The interaction562

term indicated that treated populations had higher subadult counts than control563

populations in the year of the treatment, but that counts in treated populations in the564
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year following treatment were low and similar to those in control populations (Figure565

2). Therefore, mirroring the longer-term effects of treatment on Bd load, the increase566

in subadult counts in treated populations in the 1.5 months following treatment was no567

longer evident in the year following treatment.568

Itraconazole treatment of adults569

LeConte Basin570

In the two itraconazole treatment experiments conducted in LeConte Basin, prior to571

the treatment period, adult R. sierrae assigned to the treated and control groups had572

very high Bd loads, above the level at which symptoms of severe chytridiomycosis are573

evident (Figure 3). Bd loads in the control group were somewhat higher than in the574

treated group, likely because control frogs were captured and processed 1-3 days later575

than frogs assigned to the treated group (Table S2) and during a period when Bd loads576

were increasing in the study populations. Model results (Table S6) affirmed an important577

pre-treatment difference in Bd load between treatment groups (treated groups lower than578

control groups). Location and the (treatment x location) interaction term were both579

unimportant, with the latter indicating that the pattern of Bd load between treatment580

groups was similar in the lower and upper basins.581

Samples collected one day prior to the end of the 8-9 day treatment period (Table S2)582

indicated that in both experiments the treatment reduced Bd loads on treated frogs583

by 1.4-2.7 orders of magnitude (Figure 3). Model results (Table S7) corroborated the584

important effect of treatment on Bd load. The effect of location was also important585

(higher in the upper than lower basin), as was the (location x trt_period) interaction586

term, with the latter indicating that Bd loads before and at the end of treatment were587

both higher in the upper than lower basin.588

During the treatment period, 74 of the lower basin treated frogs and 80 of the upper589
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basin treated frogs died. All control frogs survived during the several hour period between590

capture, processing, and release. Of the treated frogs that died, most did so during the591

first half of the treatment period (lower basin: 73%; upper basin: 74%), consistent with592

frogs succumbing to chytridiomycosis. However, Bd load was not an important predictor593

of whether frogs died versus survived (Table S8). Location and the (location x bd_load)594

interaction term were also unimportant.595

Based on CMR modeling, across the entire duration of the experiment (2015-2018), the596

1206 unique individuals included in the study were estimated to represent approximately597

80% (posterior median) of the adults that existed in the LeConte population during this598

time (CI: 75% – 88%). Between frog release in 2015 and the final survey in 2018, seven599

recaptured individuals moved between the two basins. All seven were in the treated600

group and moved from the upper to the lower basin. These individuals were included in601

counts of unique individuals in the basin in which they were captured. In CMR surveys602

conducted during 2016-2018, a total of 2208 adult frogs were captured, representing 831603

unique individuals. Of the 745 unique frogs captured in the lower basin, 132 were in604

the treated group, two were in the control group, and 611 were not part of the original605

treatment experiment (“non-experimental” frogs). In the upper basin, 89 unique frogs606

were captured, of which 81 were in the treated group and eight were non-experimental.607

No control frogs were captured in the upper basin. In total, during the three year608

post-treatment period across both experiments, 54% of treated frogs and 1% of control609

frogs were recaptured. The 619 non-experimental frogs could have either survived the 2015610

Bd epizootic as adults or recruited into the adult population after the epizootic. Frogs in611

this group spanned a broad range of sizes (40–75 mm, median = 50 mm), and 83% were612

larger than the 40–45 mm range that characterizes recent adult R. sierrae recruits. In613

addition, all of the larger untagged frogs (> 45 mm) were captured in 2016, and all frogs614

captured in 2017 and 2018 were in the 40–45 mm range.615

Importantly, the reduced loads of the treated group after the 2015 treatment period were616
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maintained in all three post-treatment years (Figure 4a). Bd load dynamics in control617

frogs are less clear because only two control frogs were recaptured during 2016-2018.618

However, these two recaptured control frogs were recaptured in the year after the619

treatments (2016), and both had relatively low loads in 2015 relative to the rest of the620

individuals in the control group (Figure 4a). During the 2016-2018 period, Bd loads in the621

non-experimental group were relatively low and similar to those of the treated group.622

Overall, the LeConte adult population declined in abundance from 2015 to 2018, with the623

most rapid declines in the control group (Figure 4b). Between the end of the treatments624

in 2015 and the first surveys of 2016, the number of animals surviving in the control group625

dropped from 176 to 8 (CI: 2 – 18). By the end of the summer in 2016, the posterior626

median for the number of surviving control animals was 0 (CI: 0 – 0). The rate of decline627

was slower in both the treated and non-experimental groups (Figure 4b). Nonetheless,628

despite the treatment, by 2018 the study populations in the lower and upper basins629

had declined to few remaining adults. In the last primary period of 2018, the posterior630

median for the number of treated frogs alive across both basins was 9 (CI: 3 – 17), 125 for631

non-experimental frogs (CI: 87 – 188), and zero for controls (CI: 0 – 0).632

Interestingly, Bd load had a stronger negative effect on survival in the control group633

relative to the treated and non-experimental groups (posterior probabilities = 0.99 and634

0.99, for control versus treated, and control versus non-experimental, respectively; Figure635

4c). This was the case despite considerable overlap in Bd loads between the control and636

treated/nonexperimental groups (Figure 4a, 4c).637

Detection probabilities in the study populations varied over time, but overall were638

comparable to estimates previously reported from other populations (Joseph and Knapp639

2018). The primary period with the highest detection probabilities had a posterior median640

detection probability of 0.52 (CI: 0.49, 0.56). In contrast, the primary period with the641

lowest detection probabilities had a posterior median of 0.1 (CI: 0.05, 0.17). On an average642
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primary period, posterior median detection probability was 0.28 (CI: 0.17, 0.44).643

Treasure Lakes Basin644

Similar to the situation in LeConte Basin, adult frog Bd loads were very high at Treasure645

Lake during early summer 2018, and at the start of the itraconazole treatment (Figure 5).646

Itraconazole treatment reduced Bd loads by more than two orders of magnitude (Figure 5;647

Bd loads on 2018-07-23 versus on days 2018-07-16 to 2018-07-21). Model results affirmed648

the important effect of treatment (Table S9).649

The number of itraconazole treatments a frog received (“days_inside”) increased650

treatment effectiveness (Table S10). Initial Bd load (“capture_bdload_std”) and the651

(days_inside x capture_bdload_std) interaction term were both unimportant (Table S10).652

Of the 33 frogs that were released back into the lake following treatment, 16 were653

recaptured in the CMR survey conducted one month later (Figure 5). In addition, one654

non-experimental adult frog was captured, and one dead tagged (i.e., treated) adult was655

found. Bd loads of most recaptured frogs were low compared to those of frogs at the656

start and end of the treatment period (Figure 5, S3). There was no obvious relationship657

between the number of treatments a frog received and whether or not it was recaptured658

one month later (Figure S3). In surveys conducted in 2019 (the year following treatment)659

and 2020, we observed no R. sierrae of any life stage. Therefore, despite the substantial660

reduction in Bd loads caused by the 2018 treatment and the relatively large fraction of661

treated frogs recaptured one month later, few or no frogs survived overwinter until summer662

2019.663

Microbiome augmentation of subadult frogs664

In the 2012 Dusy Basin microbiome augmentation experiment, prior to the itraconazole665

treatment, Bd loads were similar in subadults assigned to the control and treated groups666
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(Figure 6: day = -7). Model results (Table S11) affirmed that pre-treatment Bd loads667

of the two groups were not different. Itraconazole treatment reduced Bd loads almost668

four orders of magnitude (Figure 6: day -7 versus 0), and model results (Table S12)669

substantiated this important effect.670

J. lividum exposure started on the day following the last day of itraconazole treatment,671

and on that day J. lividum concentrations on subadults assigned to the treated group672

were either zero or near-zero for all individuals (day 0; Figure 7). Twelve days after the673

two J. lividum baths to which animals in the treated group were subjected, J. lividum674

concentrations on subadults were high, but unexpectedly the concentrations were similarly675

high in treated, control, and wild groups instead of only in the treated group (day 0 versus676

12; Figure 7). This is consistent with transfer of J. lividum from treated animals to other677

frogs in the pond that had not been treated with itraconazole or bathed experimentally678

in high concentrations of J. lividum. However, over the following two months, J. lividum679

concentrations on subadults in all three groups declined to near baseline levels (Figure680

7). Formal comparison of J. lividum concentrations from day 12 to day 56 across all681

three groups was not possible due to the almost complete absence of control frogs on682

days 37 and 56. However, a model that included the treated and wild groups indicated an683

important negative effect of the number of days since J. lividum exposure on J. lividum684

concentration, but no effect of group or the (day x group) interaction term (Table 3).685

Therefore, J. lividum concentrations declined over the 2-month period and at similar rates686

in both treated and wild frogs.687

Following release of frogs in the treated group (itraconazole-treated and J. lividum-exposed)688

back into the study pond, their Bd loads increased steadily and reached pre-treatment689

levels after two months (Figure 6: day 56). Due to the rapid loss of frogs in the control690

group, formal comparison of Bd loads from day 12 to day 56 across all three groups was691

not possible. However, a model that included the treated and wild groups indicated692

that Bd loads increased during this period, and that Bd loads of wild frogs were higher693
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than those of treated frogs (Table 4). In addition, there was an important effect of the694

(days x group) interaction term, due to increasing loads of treated frogs versus relatively695

constant loads of wild frogs. Together, these results indicate that the combined effect of696

itraconazole treatment and J. lividum exposure was ineffective in preventing the increase697

in Bd loads to pre-treatment levels. Increased concentrations of J. lividum on control and698

wild frogs also had no obvious effect on Bd load.699

During the three surveys of the study population conducted in 2012, the percent of700

frogs in the treated and control groups that were recaptured declined, but the rate of701

decline was steeper in the control versus treated group (Figure 8). Although no formal702

analysis is possible due to the relatively few sample points, the results suggest that the703

itraconazole-J. lividum treatment increased frog survival over the two month period704

following treatment. Nonetheless, during surveys conducted in 2013 (one year after705

treatment), only a single experimental (i.e., toe-clipped) animal was captured. This706

animal was detected during a survey conducted in early summer, and was a member of the707

treated group. No R. sierrae of any life stage were detected during surveys in 2014 and708

2019. In conclusion, the combined itraconazole treatment and J. lividum exposure did not709

protect frogs against Bd infection and increase survival sufficiently to allow persistence of710

this population over the longer-term.711

Discussion712

The devastating effect of chytridiomycosis on amphibian populations worldwide (Scheele713

et al. 2019) highlights the need for effective strategies to mitigate disease impacts in the714

wild following Bd emergence. Potential strategies include those aimed at eliminating715

Bd or facilitating host-pathogen coexistence (Garner et al. 2016). Complete eradication716

of Bd from amphibians and the environment will rarely be feasible, but in an isolated717

and simple ecosystem, treatment of all amphibians and chemical disinfection of aquatic718
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habitats eliminated Bd over the long term (Bosch et al. 2015). Similar methods applied to719

a more complex system failed to achieve long-term eradication of Bd (Fernández-Loras et720

al. 2020).721

Although many examples exist of Bd infection and resulting disease driving amphibian722

hosts to extinction or near-extinction (Scheele et al. 2019), amphibian-Bd coexistence is723

also possible. Coexistence can result from multiple mechanisms (Brannelly et al. 2021).724

Of these, wildlife disease management interventions often target density-dependent725

transmission and host resistance/tolerance (Woodhams et al. 2011, Garner et al. 2016).726

Reducing amphibian density or treating amphibians with antifungal agents could reduce727

density-dependent transmission rates, and result in increased survival and population728

persistence in an enzootic state (Briggs et al. 2010). In immunocompetent species and life729

stages (Rollins-Smith 1998, Grogan et al. 2018b), treatment could increase host resistance730

or tolerance by reducing Bd growth and allowing the full development of adaptive731

immunity, possibly increasing survival and population persistence (Woodhams et al. 2011).732

Host resistance or tolerance might also be increased by augmenting the microbiome on733

amphibian skin with antifungal probiotics that provide at least partial protection against734

Bd infection (Harris et al. 2009, Bletz et al. 2013).735

Numerous field trials have been conducted to test these possibilities, but most have736

failed to increase the long-term persistence and growth of affected amphibian populations737

(Garner et al. 2016). Treatment of larval or post-metamorphic frogs with antifungal drugs738

has been attempted in several species, and generally produces short-term reductions in739

Bd prevalence or load and, in some cases, increases in frog survival (Hardy et al. 2015,740

Hudson et al. 2016, Geiger et al. 2017). However, these effects typically disappear within741

weeks or months of treatment, with little consequence for long-term population persistence742

(but see Hardy et al. 2015 for a possible exception). Laboratory experiments in which the743

frog skin microbiome was augmented with antifungal probiotics have demonstrated the744

potential of this method (Harris et al. 2009, Kueneman et al. 2016), but field trials are745
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lacking.746

The six field trials we conducted were ineffective in facilitating long-term frog-Bd747

coexistence. This difficulty in altering frog-Bd dynamics is consistent with theoretical748

work that suggests a narrow range of parameter space within which treatment strategies749

might prevent Bd-driven host extinctions (Drawert et al. 2017). Nonetheless, compared750

to disinfecting the environment or reducing host density, the treatment of infected751

amphibians with antifungal agents is predicted to have the greatest likelihood of a752

beneficial outcome and the lowest risk of reducing population persistence (Drawert et al.753

2017), and is therefore worthy of detailed evaluation. In addition, carefully-designed field754

experiments can provide important insights into host-Bd dynamics relevant to disease755

mitigation efforts that generally cannot be gained from observational or theoretical studies756

alone. In the following sections we summarize the key results from our treatments and757

highlight the likely causes of the failure to facilitate long-term population persistence.758

Itraconazole treatment of early life stages759

In the two itraconazole treatment experiments that focused on early life stage R. sierrae760

(Dusy and Barrett basins), Bd loads were reduced in treated populations and remained761

relatively low during the summer in which the treatment was conducted. In addition, this762

reduction in Bd load was associated with increased survival of subadults (as measured763

by increased numbers of subadults counted during VES). However, treatment effects764

were short-lived. Within a year, Bd loads returned to the high levels characteristic of765

the control populations, and subadult survival was reduced to zero or near-zero. In766

addition, the short-term increase in subadult survival did not increase recruitment into the767

adult population, and all control and treated populations in both basins were eventually768

extirpated. The disappearance of any treatment effect within one year is similar to that769

reported by Geiger et al. (2017) following antifungal treatment of tadpoles of the common770
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midwife toad (Alytes obstetricans), and is consistent with tadpoles and subadults having771

relatively low immunocompetence (Bakar et al. 2016, Grogan et al. 2018b). Hardy et al.772

(2015) treated recently-metamorphosed Cascades frogs (Rana cascadae) with itraconazole,773

and reported increased survival of treated animals the following year. This relatively774

long-term benefit of antifungal treatment was not observed in either of our early life stage775

treatments, perhaps indicative of variation in immunocompetence of this life stage between776

even closely-related species.777

Itraconazole treatment of adults778

In contrast to the relatively short-lived effects when early life stages were treated, the two779

itraconazole treatment experiments in LeConte that focused on R. sierrae adults reduced780

Bd load and increased frog survival throughout the three-year post-treatment period of781

the study. The reduced Bd loads on treated adults were similar in magnitude to those782

of adults in persistent MYL frog populations characterized by enzootic Bd dynamics783

(Briggs et al. 2010, Knapp et al. 2011, Joseph and Knapp 2018). In addition to increased784

resistance, the results also indicate that treated frogs had higher tolerance of Bd infection785

(see Schneider and Ayres (2008) and Soares et al. (2017) for recent reviews of resistance,786

tolerance, and the role of adaptive immunity in both). Specifically, although treated787

frogs had lower loads than control frogs throughout the post-treatment period, Bd load788

distributions for frogs in the two groups nonetheless overlapped. In the region of overlap789

(3.6–7.6 copies), survival probability was near zero for control frogs, but was higher and790

relatively constant for treated frogs. This higher survival at a given Bd load value is791

consistent with increased tolerance of Bd infection and, along with increased resistance, is792

suggestive of treated frogs having mounted an effective adaptive immune response against793

Bd (McMahon et al. 2014, Ellison et al. 2015, Grogan et al. 2018a).794

Despite the extended period of reduced Bd loads and increased frog survival, the adult795
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population declined in each of the post-treatment years, and by 2018 few treated frogs796

remained. This decline was likely due to a combination of reduced adult survival and797

insufficient recruitment of new adults. Survival of treated adults, although higher than798

that for control frogs (annual survival for 2015-2016, 2016-2017, and 2017-2018 = 0.56,799

0.17, and 0.31, respectively), was generally still lower than that of most persisting800

enzootic MYL frog populations (Briggs et al. 2010, Joseph and Knapp 2018). Regarding801

recruitment, we counted hundreds of tadpoles and subadults during VES conducted during802

each of the post-treatment years (maximum counts during 2016, 2017, and 2018 = 614,803

2434, and 480, respectively), but captured relatively few new adult recruits during the804

same period. Of the 102 untagged (i.e., non-experimental) adults we captured that had805

sizes typical of new recruits (40–45 mm), 91 were tagged in 2016, nine in 2017, and two806

in 2018. The low recruitment of new adults in 2017 and 2018 despite large numbers of807

early life stages resembles recruitment levels we have observed in other enzootic R. sierrae808

populations, and is likely a consequence of high chytridiomycosis-caused mortality of809

frogs during and soon after metamorphosis (Joseph and Knapp 2018, and results from810

Barrett and Dusy treatments described above). Whether this recruitment bottleneck was811

more severe in the LeConte population than in persistent enzootic MYL frog populations812

remains an important unanswered question.813

Two results from the adult treatment experiments complicate the interpretation of the814

overall treatment effect. First, at the beginning of the experiment, frogs in the control815

group were captured and processed 1–3 days after frogs in the treated group. Because Bd816

loads in the population were increasing during this period, Bd loads on control frogs were817

somewhat higher than those on treated frogs. This could have exaggerated the subsequent818

differences in survival between control and treated frogs. Although we acknowledge this819

potential confounding effect, two factors suggest that the initial differences in Bd loads820

between control and treated frogs were not the primary cause of the lower survival of821

control frogs. First, pre-treatment Bd loads of control and treated frogs were very high,822
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and given the relationship between Bd load and estimated survival in untreated control823

frogs (Figure 4c), survival of untreated frogs over the range of pre-treatment Bd loads824

observed in both groups would be expected to be near zero. Second, for the range of825

Bd load values that overlapped between frogs in the control and treated groups, treated826

frogs had much higher survival than control frogs. Both results suggest that the higher827

survival of treated frogs compared to control frogs during the post-treatment period was828

primarily due to the reduction in Bd loads caused by the treatment, and not the difference829

in pre-treatment Bd loads between control and treated frogs.830

The second complicating result is the unexpectedly large number of non-experimental831

frogs captured during the post-treatment period. In untreated MYL frog populations,832

Bd epizootics typically result in the mortality of all, or nearly all, adults within one833

year (Vredenburg et al. 2010). Based on this, if the treatment increased frog survival,834

as predicted, then during the post-treatment period we would have captured primarily835

treated frogs, with control frogs and frogs that were not included in the experiment (i.e.,836

untreated “non-experimental” frogs) being rare or absent. This outcome was observed837

in the upper basin, where during 2016-2018 we captured 81 treated, zero control, and838

eight non-experimental frogs. Although this same pattern was true in the lower basin839

for treated and control frogs (132 and 2 captured, respectively), we also captured 615840

non-experimental frogs. Based on their sizes, most were older adults that had survived841

the epizootic, and the remainder were new recruits that had survived the epizootic842

as subadults or small adults. During the 2016-2018 period, frog-Bd dynamics in this843

non-experimental group were similar to those of the treated frogs, suggesting that844

these frogs had also mounted an effective adaptive immune response, and as a result,845

subsequently showed increased Bd resistance/tolerance and relatively high survival.846

The mechanism underlying the unexpectedly high survival of the non-experimental frogs847

during the 2015 Bd epizootic is unknown. In theory, treatment of a large fraction of the848

adult population could have reduced the pathogen pressure experienced by untreated849
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frogs and increased their survival (Briggs et al. 2010). However, this would have increased850

the survival of control and non-experimental frogs, but only non-experimental frogs851

were captured in large numbers. In addition, despite similar treatments conducted852

in both the upper and lower basins, we observed a large number of non-experimental853

frogs only in the lower basin. Another possible cause of unexpectedly high survival854

of non-experimental frogs, and only in the lower basin, could be the higher habitat855

complexity that characterizes the lower basin. The upper basin contains a single lake and856

its associated inlet and outlet streams, but no adjacent ponds, meadows, or springs that857

provide suitable R. sierrae habitat. As a result, the entire frog population is restricted to858

the site at which the epizootic occurred. In contrast, the lower basin contains a diverse859

array of aquatic habitats, including two lakes, four ponds, and associated streams,860

marshes, and springs, all of which were used by R. sierrae prior to the epizootic. Although861

conjectural, it is possible that frogs in some of these associated habitats experienced lower862

pathogen pressure, lower Bd loads, and higher survival during the epizootic than frogs in863

the much larger lake-dwelling populations.864

In summary, the two adult treatment experiments both altered frog-Bd dynamics in a865

predictable way, reducing Bd loads of treated versus control frogs and increasing frog866

survival. Unlike the short-term effects resulting from the treatment of early life stages,867

effects on adults persisted over the three-year post-treatment period, and were consistent868

with adults having mounted an effective adaptive immune response against Bd infection.869

However, both experiments failed in their ultimate objective to facilitate the long-term870

persistence of the study populations in an enzootic state. Despite evidence of successful871

reproduction in all post-treatment years, little recruitment of new adults occurred and few872

treated frogs remained after three years. Therefore, even when treatment increases adult873

survival, the high susceptibility of early life stages to chytridiomycosis (Bakar et al. 2016,874

Grogan et al. 2018b) will often limit recruitment and future population growth, precluding875

long-term population persistence.876
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The short-term effects of the Treasure treatment paralleled those of the LeConte877

treatment. Treatment substantially reduced Bd loads, and loads remained low one878

month following treatment. However, despite 48% of the treated frogs being recaptured879

one month after treatment, no treated frogs were detected during the subsequent two880

summers, indicating that in this population treatment did not increase longer-term881

survival. The relatively few frogs treated and the inability to conduct this treatment as882

an experiment with treated and control groups preclude strong conclusions, but the lack883

of frog survival one year after treatment indicates that the strong effects of treatment884

observed in the LeConte experiments are not universal, and may depend on the timing of885

the treatment relative to the onset of the epizootic (later in Treasure than LeConte) or the886

inherent susceptibility of the frog population to Bd infection (e.g., Savage and Zamudio887

2011).888

Microbiome augmentation of subadult frogs889

Results from the treatment experiments described above indicate that the effectiveness890

of treatments in changing long-term frog-Bd dynamics and facilitating population891

persistence depends heavily on the survival of subadult frogs and their recruitment into892

the adult population under post-epizootic conditions. Given the low immunocompetence893

of subadults against Bd (Rollins-Smith 1998, Grogan et al. 2018b), reducing Bd loads894

on subadults using itraconazole appears insufficient to keep loads low over the longer895

term and increase survival (see results of Barrett and Dusy treatments). The addition896

of protective probiotic bacteria to the frog skin microbiome may be a possible means897

to reduce susceptibility of this vulnerable life stage to chytridiomycosis and increase898

survival to adulthood (Harris et al. 2009, Bletz et al. 2013, Rebollar et al. 2020). In this899

application, the effectiveness of probiotics will depend critically on the ability by the900

added bacteria to establish on frog skin and maintain sufficiently high densities over the901
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months or years of the subadult-to-adult transition.902

The results from our microbiome augmentation experiment suggest that the addition of903

J. lividum to the frog skin microbiome following itraconazole treatment is insufficient to904

provide the long-term protection from Bd infection required to increase subadult survival.905

The relatively rapid decline of J. lividum concentrations on frogs in our study population906

suggests that the frog microbiome is resilient to changes in the species composition of907

symbiotic bacteria, and represents an important impediment to efforts to augment the908

microbiome with species that might confer increased protection from Bd (Küng et al.909

2014). In addition, for several weeks immediately following probiotic exposure when J.910

lividum concentrations were relatively high, Bd loads on J. lividum-treated subadults911

increased quickly and those of control and wild subadults appeared unaffected. Therefore,912

the predicted protective effect of J. lividum on subadults was not realized. However,913

an unexpected outcome of the microbiome augmentation experiment was the rapid914

spread of J. lividum from exposed subadults to control and wild subadults. Control and915

wild frogs quickly developed J. lividum concentrations on their skin that were similar916

to those of frogs that were bathed in a concentrated J. lividum solution for several917

hours over a two-day period. Whether J. lividum was transferred via direct frog-to-frog918

contact or through the water is unknown. In conclusion, although the colonization of919

frogs by J. lividum did not appear to confer increased Bd resistance, its spread from920

J. lividum-exposed to unexposed frogs indicates that if a probiotic with long-term921

effectiveness against Bd infection is ever identified, its introduction into a frog population922

may be relatively straight-forward.923

Conclusions924

Our experiments indicate that treatment of early life stage and adult MYL frogs with925

antifungal agents during or immediately following epizootics strongly altered frog-Bd926
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dynamics over the short term. However, in the long term, all six treatments failed to927

allow treated populations to persist in the presence of Bd. Given this, recovery of MYL928

frogs will require other approaches that more effectively mitigate the impacts of Bd929

infection, in particular by increasing the survival and recruitment of early life stages.930

MYL frog recovery efforts conducted during the past 15 years indicate the potential of931

frog translocations using animals collected from populations that have rebounded during932

the two or more decades following past Bd epizootics (Knapp et al. 2016, Joseph and933

Knapp 2018). Frogs in these populations may have genotypes that are more resistant to or934

tolerant of Bd infection than those in Bd-naive populations (Knapp et al. 2016), providing935

an important advantage to translocated individuals. Use of such populations as sources of936

frogs for translocations is not universally effective in allowing population re-establishment937

(Joseph and Knapp 2018, see also Brannelly et al. 2016), but results from more than 20938

translocations of adult MYL frogs conducted to date indicate a high probability of success.939

Encouragingly, these translocated populations are typically characterized by stable,940

enzootic frog-Bd dynamics, low-to-moderate Bd loads across a wide range of frog densities,941

and annual survival exceeding 50% (e.g., Joseph and Knapp 2018). Such translocations942

provide the best known opportunity to reestablish extirpated MYL frog populations across943

their historical range. Given possible evolution of increased resistance or tolerance in other944

amphibian species following exposure to Bd (Bataille et al. 2015, Savage and Zamudio945

2016, Voyles et al. 2018), similar efforts might be applicable to the recovery of other946

Bd-endangered amphibian species (e.g., Brannelly et al. 2016, Mendelson III et al. 2019).947
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Tables1151

Table 11152

Effect of itraconazole treatment in Barrett and Dusy basins on Bd loads during the1153

following one year period (model family is zero-inflated negative binomial).1154

Estimate Est. Error lo95%CI up95%CI Rhat Bulk ESS Tail Ess

Group-level effects

sd(Intercept) 0.73 0.25 0.40 1.37 1.00 1301 1563

Population-level effects

Intercept 14.71 0.44 13.87 15.55 1.00 1676 1668

overdispersion-Intercept -1.33 0.08 -1.48 -1.18 1.00 5407 2754

stage(tadpole) -2.76 0.10 -2.95 -2.57 1.00 5296 2417

basin(dusy) -0.26 0.47 -1.17 0.69 1.00 1966 2067

year_std(1) -0.40 0.12 -0.63 -0.18 1.00 3922 3096

treatment(treated) -1.32 0.50 -2.33 -0.32 1.00 1556 1614

year_std(1):treatment(treated) 1.52 0.18 1.16 1.87 1.00 3923 2645

overdispersion-stage(tadpole) 0.34 0.07 0.20 0.48 1.00 4540 3301

overdispersion-basin(dusy) 0.45 0.06 0.33 0.57 1.00 5399 3119

overdispersion-year_std(1) 0.82 0.07 0.67 0.96 1.00 4611 3192

overdispersion-treatment(treated) -0.71 0.07 -0.85 -0.57 1.00 4632 2889

Family-specific parameters

zi 0.01 0.00 0.01 0.02 1.00 5437 2653
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Table 21155

Effect of itraconazole treatment in Barrett and Dusy basins on counts of subadults during1156

the following one year period (model family is negative binomial).1157

Estimate Est. Error lo95%CI up95%CI Rhat Bulk ESS Tail Ess

Group-level effects

sd(Intercept) 0.33 0.27 0.01 1.00 1.00 1428 1686

Population-level effects

Intercept 0.76 0.72 -0.57 2.30 1.00 2810 2147

basin(dusy) 0.43 0.50 -0.52 1.43 1.00 3470 2893

ltadpole 0.45 0.24 -0.02 0.91 1.00 3482 2531

year_std(1) -0.28 0.65 -1.57 0.93 1.00 2734 2226

treatment(treated) 1.65 0.67 0.35 2.97 1.00 2910 2770

year_std(1):treatment(treated) -2.16 0.86 -3.84 -0.51 1.00 2546 2616

Family-specific parameters

overdispersion 0.65 0.18 0.37 1.06 1.00 4460 3320
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Table 31158

Effect of number of days since J. lividum exposure and frog group (treated, wild) on J.1159

lividum concentration on frogs (model family is negative binomial).1160

Estimate Est. Error lo95%CI up95%CI Rhat Bulk ESS Tail Ess

Population-level effects

Intercept 7.27 0.33 6.68 7.95 1.00 2944 2565

days -0.14 0.01 -0.16 -0.12 1.00 2818 2525

frog_group(wild) -0.29 0.75 -1.71 1.24 1.00 2222 2413

days:frog_group(wild) 0.02 0.02 -0.03 0.06 1.00 2187 2082

Family-specific parameters

overdispersion 0.33 0.04 0.26 0.41 1.00 3492 2373

49
PeerJ reviewing PDF | (2021:07:64028:0:1:NEW 28 Jul 2021)

Manuscript to be reviewed



Table 41161

Effect of number of days since J. lividum exposure and frog group (treated, wild) on Bd1162

load on frogs (model family is zero-inflated negative binomial).1163

Estimate Est. Error lo95%CI up95%CI Rhat Bulk ESS Tail Ess

Population-level effects

Intercept 8.42 0.23 7.97 8.89 1.00 3608 3126

days 0.08 0.01 0.07 0.09 1.00 3854 2537

frog_group(wild) 6.74 0.47 5.86 7.68 1.00 2559 2131

days:frog_group(wild) -0.09 0.01 -0.11 -0.07 1.00 2567 2040

Family-specific parameters

overdispersion 0.56 0.05 0.47 0.66 1.00 3773 2677

zi 0.08 0.02 0.05 0.12 1.00 4066 2525
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Figure Legends1164

Fig. 1. For the itraconazole treatment experiment in Barrett (a) and Dusy (b) basins,1165

temporal patterns of Bd loads of early life stage R. sierrae in populations assigned to1166

control and treated groups. Weeks -3 and -1 are pre-treatment, week 0 is the end of1167

treatment, and weeks 3-58 are post-treatment. In the boxplots, the horizontal bar is the1168

median, hinges represent first and third quartiles, whiskers extend to the largest and1169

smallest values within 1.5x interquartile range beyond hinges, and dots indicate values1170

outside the 1.5x interquartile range. The number of swabs collected in each week is1171

displayed above the x-axis.1172

Fig. 2. For control and treated populations in Barrett (a) and Dusy (b) basins,1173

post-treatment counts of R. sierrae subadults in the year the treatment was conducted1174

(year = 0) and the year following the treatment (year = 1). Each dot indicates the count1175

made during a survey of one of the study ponds, and median values for each treatment1176

group are indicated with a black diamond. The total number of surveys is displayed above1177

the x-axis.1178

Fig. 3. Effect of itraconazole treatment on Bd loads of adult R. sierrae in the 20151179

LeConte treatment experiment: (a) lower basin, and (b) upper basin. The legend for both1180

panels is provided in (b). Box plots show Bd loads on frogs in the control (untreated)1181

and treated groups before the treatment began and at the end of the treatment period.1182

Control frogs were processed and released before the treatment period, and therefore no1183

Bd samples were collected from control frogs at the end of this period. Only frogs that1184

survived to the end of the treatment period and were released back into the study lakes1185

are included. The number of swabs collected from frogs in each category are displayed1186

above the x-axis. Box plot components are as in Figure 1.1187

Fig. 4. Outcome of the LeConte treatment experiment with adult R. sierrae, showing1188

results for control, treated, and non-experimental animals. Time series from 2015 to1189
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2018 of observed (a) Bd loads, with lines connecting sequential observations of tagged1190

individuals, (b) posterior estimates for the number of live adults (abundance) in each1191

group, where each point is a draw from the posterior, and (c) estimated relationships1192

between Bd load and adult survival probability during the entire study period, with one1193

line for each posterior draw. A rug along the x-axis displays the observed distributions of1194

Bd load. In (a) and (b), the date tick marks indicate January-01 of each year. In (a) and1195

(c), the Bd load axis shows Bd loads as log10(copies + 1).1196

Fig. 5. Bd loads for adult R. sierrae at the Treasure Lake study site before the Bd1197

epizootic (2016-2017), and throughout the 2018 summer when the Bd epizootic began1198

and the antifungal treatment occurred. Box colors indicate Bd loads from pre- and1199

post-treatment periods (gray) and during the treatment (blue). The number of swabs1200

collected on each date is displayed above the x-axis. Box plot components are as in1201

Figure 1. During the treatment period, individual frogs were swabbed for Bd immediately1202

following their initial capture and again just prior to their release (on 2018-07-23).1203

Fig. 6. In the Dusy Basin J. lividum augmentation experiment, temporal patterns of1204

Bd loads on subadult R. sierrae in the control, treated, and wild groups. Panel labels1205

indicate the number of days since J. lividum exposure. Prior to the exposure of frogs in1206

the treated group to J. lividum on days 0 and 1, frogs in the treated group were treated1207

with itraconazole on days -6 to -1 to reduce their Bd loads. The number of swabs collected1208

on each day is displayed above the x-axis.1209

Fig. 7. In the Dusy Basin J. lividum augmentation experiment, temporal patterns of J.1210

lividum concentrations on subadult R. sierrae in the treated, control, and wild groups.1211

Panel labels indicate the number of days since J. lividum exposure. Prior to the exposure1212

of frogs in the treated group to J. lividum on days 0 and 1, frogs in the treated group1213

were treated with itraconazole on days -6 to -1 to reduce their Bd loads. J. lividum1214

concentrations on day 0 are from samples collected from frogs in the treated group just1215
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prior to the first J. lividum exposure. The number of swabs collected on each day is1216

displayed above the x-axis.1217

Fig. 8. In the Dusy Basin J. lividum augmentation experiment, the percent of frogs in1218

the treated and control groups recaptured during the two months following J. lividum1219

exposure. The number of subadults captured on each survey is given in Figure 8 (number1220

of subadults = number of swabs).1221

Figures1222

Figure 11223
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Figure 21224
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Figure 31225
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Figure 41226
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Figure 51228
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Figure 61230
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Figure 71231
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Figure 81232
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