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INTRODUCTION

Half of all amphibian species are at risk of extinction
(Gonzélez-del-Pliego et al., 2019), and nearly 3% are in

Jessie Bushell®> | Robert L. Grasso®

Abstract

Reintroductions may mitigate the effects of severe amphibian declines, but
chytridiomycosis—the often-deadly disease caused by the fungal pathogen
Batrachochytrium dendrobatidis (Bd)—can hinder these efforts. Exposing
amphibians to the pathogen ex situ may improve disease outcomes
post-release. We experimentally inoculated federally threatened California
red-legged frogs (Rana draytonii) ex situ, cleared Bd infections, and then
released them to the wild for monitoring in an area where Bd is present. Ex
situ, previously exposed frogs had lower Bd loads than previously uninfected
frogs, and all exposure groups, including previously uninfected frogs, naturally
reduced their Bd loads in two independent experiments. After release to the
wild, we observed no differences in field-contracted Bd infection among
exposure groups. Treating post-metamorphic R. draytonii ex situ may not con-
fer additional post-release benefit to this species in terms of chytridiomycosis
burden. Our results, however, do not necessarily mirror Bd susceptibility
throughout the amphibian life cycle, with other source populations that may
have different Bd infection histories, or responses to different Bd strains. These
results provide a clearer understanding of post-release disease responses of a
threatened, Bd-susceptible species with prior pathogen exposure. Following ex
situ experiments with in situ applications can provide a more comprehensive
understanding of threat outcomes for declining species in reintroduction
programs and strengthen critical links between ex situ and in situ conservation
partners.

KEYWORDS
amphibian declines, disease mitigation, endangered species, ex situ conservation, frog
conservation, immunization, itraconazole, translocations

captive breeding and reintroduction programs (Harding
et al., 2016). Ineffective or nonexistent links between
captive conservation programs and in situ partners can
hamper reintroduction success (Karlsdottir et al., 2021),
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and many amphibian reintroductions report failure, espe-
cially when disease effects are unmitigated (Fellers
et al., 2007; McFadden et al., 2010; Stockwell et al., 2008).
Chytridiomycosis, a disease caused by the fungal pathogen
Batrachochytrium dendrobatidis (Bd), is among the pri-
mary causes of amphibian declines globally (Collins
et al., 2009). Although chytridiomycosis can be devastating
to susceptible amphibian populations, evidence of persis-
tence and recovery provides hope (Catenazzi et al., 2017;
Knapp et al., 2016). Determining the factors driving persis-
tence versus extirpation, and exploiting those factors in
reintroduction programs, is key to developing disease miti-
gation strategies that can facilitate the recovery of
Bd-susceptible species (Mendelson et al., 2019).

Chytridiomycosis susceptibility varies widely between
species (Fisher et al, 2009) and among different
populations of the same species (Joseph & Knapp, 2018;
Rosenblum et al., 2010), ranging from extirpation upon
initial arrival to persistence with sublethal infections in an
enzootic state (Briggs et al., 2010; Catenazzi et al., 2017;
Retallick et al., 2004). In highly Bd-susceptible ranids,
across-year adult survival is the most important mecha-
nism for population persistence, and small changes in host
resistance and tolerance can have dramatic effects on indi-
vidual survival and population persistence (Briggs
et al., 2005; Wilber et al., 2017).

Immune defenses are likely among the most
significant factors affecting Bd susceptibility and
resistance/tolerance, disease progression, and population
recovery (Rollins-Smith, 2017). Both adaptive (delayed,
pathogen-specific) and innate (first-line, rapid, pathogen
non-specific) immunity are likely important for fighting
chytridiomycosis infection (Richmond et al, 2009;
Savage & Zamudio, 2011; Woodhams et al., 2007).
Adaptive immunological responses to repeated experimen-
tal Bd exposures have been treatment and species
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March 2017—February 2018
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dependent (McMahon et al., 2014; Stice & Briggs, 2010;
Venesky et al., 2014). The effect of prior Bd infection on
disease outcome ranges from no effect on mortality
(Cashins et al., 2013; DiRenzo et al., 2014) to increased
survival under certain environmental conditions (Murphy
et al.,, 2011) and reduced pathogen burdens coinciding
with increased survival (McMahon et al., 2014).

The application of antifungal treatments to suscepti-
ble hosts both ex situ and in situ may improve immediate
survivorship probabilities and disease outcomes. In the
case of reintroductions after populations have been
completely extirpated, tolerant hosts and environmental
reservoirs remain (Daszak et al, 1999; Garmyn
et al., 2012; Hudson et al., 2019; Mazzoni et al., 2003;
Mitchell et al., 2008), providing a pathogen reservoir for
future infections and disease outbreaks after animals are
released into the wild. Therefore, using ex situ infection
trials to activate immune responses prior to release may
improve post-release disease and survivorship outcomes
and thus long-term survival and recovery (Brannelly
et al., 2016; Knapp et al., 2021; Scheele et al., 2014;
Waddle et al., 2021; Woodhams et al., 2011). Despite
growing research in Bd immunity mechanisms, studies
that explicitly use field trials immediately relevant to cur-
rent management decisions, including reintroductions,
are rare but imperative (Canessa et al., 2019).

The federally threatened California red-legged frog
(Rana draytonii; Figure 1) has declined from over
70% of its former range (U.S. Fish and Wildlife
Service, 1996), prompting a call for pilot captive rearing
and reestablishment efforts (U.S. Fish and Wildlife
Service, 2002). Habitat loss, overharvest, and non-native
aquatic predators and competitors have been identified
as the primary drivers of the species’ decline (Jennings &
Hayes, 1994; U.S. Fish and Wildlife Service, 2002).
Chytridiomycosis may have also played a role; however,

<l
Post-release Monitoring

Yosemite Valley
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San Francisco Zoo
February—May 2018
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Study timeline. California red-legged frog (Rana draytonii) photo credit: Robert Hansen.

85U80| 7 SUOWWIOD 3AIER.D 3|qeol|dde 8Ly Ag peusenob 8e ssolfe YO ‘@SN JO S3ni o} ARIq1T 8UIIUO AB]IM UO (SUORIPUCD-PUR-SLLBY WD A3 | 1M AReiq 1 Ul juO//SdNY) SUORIPUOD PUe Swile | 8L} 88S *[2202/2T/6T] U0 Ariqi auljuo AB|IM ‘¥62t ZSI8/200T OT/I0p/LLI0d A8 M Alelq1jeul|uo's feuano fess//sdiy Wwoi pepeojumod ‘2T ‘2202 ‘G26805TE



ECOSPHERE

| 30f15

Bd susceptibility in R. draytonii is poorly understood.
In situ, one chytridiomycosis-induced mortality was
documented in an early post-metamorphic individual
(Adams et al, 2020). Ex situ, individuals with
wild-contracted infections of unknown intensity exhibited
no mortality during a brief observational study
(Padgett-Flohr, 2008). High estimated Bd prevalence in
R. draytonii has been associated with lower survival
(Russell et al., 2019); therefore, chytridiomycosis may be
affecting populations despite infrequent observation of
mortality events (Fellers et al, 2011; Piovia-Scott
et al., 2015). Extant R. draytonii populations in California
may exist in a Bd-enzootic system: the earliest detection of
the pathogen was in 1915 in California (Adams, Pessier, &
Briggs, 2017) and in the 1970s in the Sierra Nevada
(Green & Kagarise Sherman, 2001). Persistent mortality,
however, can negatively affect populations in a
post-epizootic state (Catenazzi et al., 2017). Inoculation
may be a viable intervention for translocated individuals if
R. draytonii is Bd susceptible and prior pathogen exposure
improves disease outcomes post-release.

We conducted ex situ inoculation trials with
post-metamorphic R. draytonii through Bd exposure and
subsequent Bd clearance using an antifungal drug (“treat-
ment”), and then released these frogs into the wild where
Bd is present in order to address the following questions:
(1) To what extent is R. draytonii susceptible to Bd infec-
tion? (2) Does treatment reduce subsequent Bd infection
burden? (3) Does such a response last at least one year?
(4) Does treatment affect Bd infection after release? and
(5) Are treatments a necessary aspect of conservation
translocation efforts for R. draytonii? We hypothesized
that ex situ treatment would lead to a decrease in subse-
quent Bd infection burden, and that this effect would per-
sist for at least 1 year, leading to higher disease resistance
after release. If the species is highly Bd susceptible and
inoculations reduce subsequent infection loads, treat-
ments may minimize the risk of post-release
chytridiomycosis burden.

METHODS

We collected R. draytonii eggs from the wild and reared
them in captivity. Once they metamorphosed, we
conducted two ex situ infection experiments on first- and
second-year frogs (one each in 2017 and 2018). After
these experiments, 2- and 3-year-old frogs were released
into the wild in Yosemite Valley, CA, USA, in 2019 and
monitored for an additional field experiment (Figure 1).
For clarity, we restrict the use of terms as follows: “labo-
ratory experiment” refers to the full course of each of the
two ex situ Bd exposure experiments; “‘exposure” refers to

experimental exposure of frogs to the Bd pathogen; “anti-
fungal treatment” refers to the application of an antifun-
gal drug to clear Bd from frog skin; and “exposure group”
refers to groups of frogs by Bd exposure type. Exposure
groups include frogs that were exposed to Bd once within
each experiment (“1x”), those that were exposed, cleared
with an antifungal drug, and re-infected (“2x”),
2x-infected frogs that were exposed to the pathogen a
third time (“3x”’), and sham controls.

Study species

R. draytonii currently ranges from Mendocino County,
California in the north (Shaffer et al., 2004) to
northern Baja California, Mexico in the southernmost
portion of the range (Peralta-Garcia et al., 2016). The
translocation of the species to Yosemite Valley was
facilitated by the successful eradication of non-native
American  bullfrogs (Lithobates catesbeianus, a
R. draytonii predator and competitor) from the site
(Kamoroff et al., 2020). Despite the lack of definitive
R. draytonii records from Yosemite Valley (Adams
et al., n.d.), the conservation translocation of the spe-
cies provides a safe harbor in a protected area for future
reintroductions in the greater Sierra Nevada region.

Egg collection and captive rearing

Bd infects the skin of metamorphosed individuals and
the keratinized mouthparts of tadpoles (Berger
et al., 1998); therefore, we collected eggs from the wild
to reduce the risk of Bd transport. We collected approxi-
mately 1700 R. draytonii eggs from a lotic donor site
(Bear Creek Watershed, Sierra Nevada Mountains,
El Dorado County, CA, USA) in March 2016 and 2017
(Figure 1). Because the source population can affect Bd
outcome (Brannelly et al.,, 2016), and acquired resis-
tance can be confounded with selection for other forms
of resistance (Venesky et al., 2014), we sourced all egg
masses from the same population. We reared frogs in
reverse osmosis water, divided tadpoles into six 75-L
tanks, and then moved them to 150-L tanks at Gosner
Stage 25 (Gosner, 1960). After metamorphosis, juvenile
frogs were moved to terrestrial enclosures of 1300-L
stock tanks with mesh lids and ultraviolet-B
full-spectrum lighting. Tadpoles were offered plated
algae and algae gel, and frogs were fed crickets and a
variety of worms powdered with calcium D; supple-
mentation. We implanted passive integrated transpon-
der (PIT) tags when frogs reached 40 mm (Appendix S1:
Supplemental Methods).
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Experimental Bd exposure and antifungal
treatment

Overview

We conducted two laboratory infection experiments—
one each in 2017 (hereafter “Laboratory Experiment 1)
and 2018 (hereafter “Laboratory Experiment 27;
Figure 1). All frogs were swabbed prior to the start of
both experiments to confirm that they were
Bd-negative. Briefly, in Laboratory Experiment 1, we
experimentally exposed a subset of frogs to Bd, cleared
all frogs with an antifungal drug, and then subse-
quently Bd-exposed all frogs (except sham controls) in
order to observe if frogs infected a second time had
lower pathogen burdens as compared to frogs infected
for the first time (Table 1). We repeated the experiment
in 2018 with a single Bd exposure (Laboratory
Experiment 2; Figure 1).

Bd isolates

Bd produces high variability in virulence across different
strains (Becker et al., 2017; Berger et al, 2005;
Doddington et al., 2013; Farrer et al., 2011); therefore, we
exposed frogs to four Bd isolates (TST77, CJB4, CJB5, and
CJB7) to minimize any strain-specific differences in
infection. All isolates were cultured from Rana sierrae or
Rana muscosa, two closely related and highly
Bd-susceptible R. draytonii congeners. Isolates TST77 and
CIB4 were isolated from sites where R. sierrae is
persisting with infections, while CIJB5 and CJB7 were iso-
lated from sites where R. muscosa has been nearly extir-
pated following chytridiomycosis outbreaks. We cultured
Bd isolates as described in Jani and Briggs (2018)
(Appendix S1). We wused these four Bd isolates
because their use in previous studies (Jani et al., 2021;
Jani & Briggs, 2018) has standardized the protocol for
their use. Frogs in all experimentally Bd-exposed groups
were exposed to the same mix of four strains under iden-
tical laboratory conditions.

Bd exposure experiments

Laboratory Experiment 1

For the first experiment in 2017, we randomly assigned
60 frogs from the 2016-collected cohort (Figure 1) to three
exposure groups of 20 individuals each: sham control,
1x, and 2x. The 2x group was the exposure group in
which we expected to observe lower Bd loads in response
to a second Bd exposure after initial exposure and anti-
fungal treatment (Table 1).

Laboratory Experiment 2

In an effort to (1) repeat the results of Experiment 1, and (2)
evaluate any difference in Bd loads between first-time infected
frogs and frogs previously Bd-exposed a year earlier, we
conducted a second experiment in 2018. For this experiment,
we exposed 20 previously Bd-exposed frogs (10 each from the
2x and 1x groups), 20 Bd-naive frogs from the 2016 cohort
used as sham controls in the 2017 experiment, and
20 Bd-naive frogs from a newly collected and captive-reared
2017 cohort. Twenty frogs (all from the new, 2017 collection
cohort) served as sham-treated controls (Table 2).

Laboratory Experiments 1 and 2
Individual frogs were kept in separate enclosures
containing 1.5 L of water for the duration of both labora-
tory experiments. We exposed frogs to 250,000 zoospores
from each of the four isolates (10° zoospores total) per day
for three consecutive days. We monitored frogs daily for
clinical symptoms of chytridiomycosis, including lethargy,
skin sloughing, loss of righting reflex, skin discoloration,
and loss of appetite (Daszak et al, 1999; Nichols
et al., 1998, 2001). Twenty-one days post-Bd exposure, we
bathed all individuals, including sham controls, in
itraconazole (Sporanox, Janssen Pharmaceuticals, 0.15%
solution) for 5 min per day for 11 days.

To determine Bd status and load, we sampled frogs for
Bd prior to each Bd exposure, at 7-day intervals during Bd
infection, and three times, 2-4 days apart over the course of
7-10 days, after antifungal treatment. Frogs were also
resampled for Bd 1-2 weeks prior to release into the wild to
ensure all frogs were still Bd negative (Appendix SI:

TABLE 1 Batrachochytrium dendrobatidis (Bd) exposures and antifungal treatments by treatment group and day of experiment during

Laboratory Experiment 1.

Exposure Days 1-3: Bd Day 21: Antifungal
group Exposure 1 Treatment 1
Infected 2% Infected Treated
Infected 1x Treated
Control Treated

Days 51-53: Bd Day 72: Antifungal

Exposure 2 Treatment 2
Infected Treated
Infected Treated

Treated

Note: For all groups, n = 20.
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TABLE 2 Individuals used in Laboratory Experiment 2 by treatment type, previous infection, and the year they were collected

(“cohort™).
Treatment group Previous infection Cohort n
Infect (3x) 2x infected in Experiment 1 2016 10
Infect (2x) 1x infected in Experiment 1 2016 10
Infect (1x) Naive (sham control in Experiment 1) 2016 20
Infect (1x) Naive 2017 20
Sham control Naive 2017 20

Supplemental Methods). We swabbed frogs following a
standardized protocol (Hyatt et al., 2007) using sterile
rayon-tipped swabs (Medical Wire and Equipment Co.,
Wiltshire, England), extracted Bd DNA with PrepMan Ultra
as described previously (Briggs et al., 2010), and quantified
DNA with a TagMan quantitative polymerase chain reac-
tion (qQPCR) assay (Boyle et al., 2004) (Appendix SI:
Supplemental Methods). Standards were based on single
internal transcribed spacer 1 (ITS1) PCR amplicons (Longo
et al,, 2013). To calculate zoospore equivalents (ZE; the
quantification of Bd load), we multiplied the ITS copy num-
ber by 60 because Sierra Nevada strains have an average of
60 ITS1 copies per zoospore (Joseph & Knapp, 2018).

Releases and field sampling

Prior to release, we outfitted individuals with radio trans-
mitters using aluminum beaded chains fitted around the
waist following Tatarian (2008) and Rathbun and
Murphey (1996). We released 45 frogs to Yosemite Valley
in August 2019. In total, 15 frogs were released at each of
three sites, five from each of the three exposure groups
(1x, 2-3x, and sham control; Appendix S1: Table SI).
Between August and December 2019, we used radiotelem-
etry to locate released frogs and attempted to recapture
individual frogs once every 10-14 days. Upon capture,
using a fresh pair of gloves for each frog, we recorded
snout-vent length using dial calipers, weight using Pesola
scales, and swabbed for Bd as described above. We placed
swabs in individual screw-cap vials with approximately
200 pl of 95% ethanol, which was fully evaporated prior to
DNA extraction. The DNA extraction and qPCR protocols
followed the same procedure as described above.

Statistical analyses
Laboratory Experiments 1 and 2
In both laboratory experiments, we expected R. draytonii

to exhibit infections ranging from resistance to infection
or low-to-moderate Bd loads (~0-1000 ZE; a response

consistent with innate immunity), based on previously
published California field survey results (Adams,
Kupferberg, et al., 2017; Adams, Pessier, & Briggs, 2017;
Fellers et al., 2011). We also expected frogs infected for
the first time to have higher peak Bd loads than previ-
ously infected frogs and for Bd loads to be lower for pre-
viously infected frogs than for frogs infected for the first
time (i.e., exhibit a response consistent with adaptive
immunity). We compared Bd load between exposure
groups and performed all statistical analyses within expo-
sure periods (on specific Bd sampling dates) so that com-
parisons were made among frogs exposed to the same Bd
inoculate and concurrent laboratory conditions. We used
t tests to compare Bd loads between exposure groups
within experiment days, and paired ¢ tests to compare Bd
loads on the same individuals between two experiment
days. The two dates selected for the paired t tests repre-
sent specific Bd load trajectory phases. For Laboratory
Experiment 2, we expected Bd loads to decrease with the
number of treatments; therefore, we compared Bd loads
among all three exposure groups (1x, 2x, and 3x
infected). We also expected frogs that had been inocu-
lated one year earlier to continue to exhibit some level of
pathogen resistance or tolerance; therefore, we combined
the 2x and 3x infected groups into one “reinfected” cate-
gory and compared it to the 1x group. We conducted
ANOVA (with Tukey honestly significant difference post
hoc pairwise comparison of means) to test if Bd loads dif-
fered across the three Bd exposure groups within each
study day in Laboratory Experiment 2.

To compare Bd infection trajectories between expo-
sure groups during the second infection phase of
Laboratory Experiment 1, and during Laboratory
Experiment 2, we fitted linear mixed effect (LME)
models using the function “lme” from package “nlme”
(Pinheiro et al., 2019), with exposure group and days
post-exposure with orthogonal polynomial terms as fixed
effects (Table 3), and Bd load as the response variable.
We included polynomial terms in LME models of Bd load
to account for the non-linear trajectory of Bd loads
through time (Figure 2a). To account for repeated sam-
pling of individuals in all LME models of the ex situ
experimental data, we included a random effect of frog
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TABLE 3 Variables used in mixed effects models of
Batrachochytrium dendrobatidis (Bd) in experimentally infected
Rana draytonii.

Range or
Variable levels Description
Exposure group 1x,2x,3x?* 1x: previously
(predictor) uninfected frogs
exposed to Bd
once; 2x: frogs
previously
Bd-exposed once
and re-exposed
once; and 3x:
frogs exposed to
Bd three times
Exposure Group 2°  Bd-naive Previously uninfected:
(predictor) (previously 1x treatment
uninfected; group; reinfected:
1x), 2x and 3x
reinfected individuals
combined into one
exposure group
Days 0-21 Number of days after
post-exposure Bd exposure
(predictor)
Bd load 0-2932 ZE Bd infection burden,
(response) (Expt. 1) measured in ZE
0-17,492 ZE
(Expt. 2)*

Abbreviations: Expt., experiment; ZE, zoospore equivalents.
“Ranges or levels used only in models of Laboratory Experiment 2.

ID (i.e., PIT tag number). We excluded six frogs with
equivocal Bd sample results from these statistical
analyses—one  Bd-negative frog that died of
chytridiomycosis-unrelated causes and five frogs that
each had one false Bd positive from qPCR well contami-
nation (Appendix S1).

Post-release monitoring

We expected frogs to contract Bd in the wild post-release
because Bd had previously been detected in Yosemite
Valley (R. L. Grasso, unpublished data). Based on the
results of our ex situ Bd exposure experiments, we
expected frogs with prior Bd infections to have lower Bd
loads and prevalence than Bd-naive controls, but did not
expect to observe a difference between 1x infected and
2-3x infected groups. We also expected a lower body
condition in Bd-infected frogs. To test these hypotheses,
we constructed four series of LME models, testing various
predictors of Bd presence-absence, nonzero Bd loads,
and body condition, with a fourth series testing various

predictors of body condition in only Bd-positive
samples (Table 4). We calculated body condition as
log,o(mass)/logio(length) following Green (2001) and
Brannelly et al. (2015). We used a paired ¢ test to compare
the body condition of frogs immediately before release
and their mean body condition post-release. We used
generalized linear mixed effect (GLME) models using the
“glmer” function with a binomial response and logit-link
function from the package lme4 (Bates, 2020) to deter-
mine the best predictors of Bd infection status
(Bd presence or absence; Table 4); all other LME models
were run with the “lme” function as described above. All
models of post-release data included a nested random
effect of frog ID within release site to account for
repeated sampling of individuals at the same sites. This
nested random effect was determined to be the best fit
for the data compared to release site or frog ID alone.
We calculated overall Bd prevalence (the proportion of
released frogs infected with Bd) from individual swabs
collected over the entire 4-month monitoring period.
We considered swabs with ZE > 0 as positive and ZE = 0
as negative (Catenazzi & Kupferberg, 2017).

For all mixed effect models of both the in situ and ex situ
data, we log,o-transformed Bd load and used likelihood-ratio
tests to compare nested models when finding optimal resid-
ual autocorrelation structures (Zuur et al., 2009). To deter-
mine the relative importance of predictor variables within
each model set, we ranked candidate models according to
Akaike information criterion corrected for small sample
sizes (AIC,.), where models with a AAIC. > 2 as compared
to the model with the lowest AIC. were considered not as
well supported by the data (Burnham & Anderson, 2004).
We used the “binom.test” function to calculate Bd preva-
lence for the in situ and ex situ experiments. All analyses
were performed using R (R Core Team, 2019).

RESULTS
Laboratory Experiment 1

All post-metamorphic frogs were Bd-negative prior to the
start of the experiment, and none of the unexposed controls
tested positive for Bd for the duration of the experiment.
No frogs exhibited outward symptoms of chytridiomycosis
infection (skin sloughing or behavioral changes), and we
observed high (>99%) survivorship (Appendix S1). One frog
(from the 2x group) died, but did not test Bd positive after
repeated Bd sampling before its death on Experiment Day
81. We do not attribute this mortality to chytridiomycosis
due to the absence of characters typical of chytridiomycosis,
such as epidermal lesions and zoosporangia (Pessier
et al., 1999); see Appendix S1.
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FIGURE 2 Pathogen burden of Batrachochytrium dendrobatidis (Bd load; in zoospore equivalents [ZE]) in California red-legged frogs

(Rana draytonii) by exposure group during Laboratory Experiment 1. (a) Pathogen burden over Laboratory Experiment 1 timeline. Exposure
groups: 1x = exposed to Bd once; 2x = Bd-exposed, cleared, and re-exposed; control = Bd-unexposed sham controls. “Exposure” refers to

Bd exposure; “treatment” refers to the application of an antifungal drug to clear Bd infection. Error bars indicate 95% confidence intervals.

(b) Paired data within the 2x Bd exposure group, showing the difference in peak pathogen burden (Experiment Days 14 and 66) after Bd

exposure and prior to antifungal treatment. (c) Difference in peak Bd loads during the second exposure phase (between Experiment Days
66 and 72, prior to antifungal treatment) by exposure group (1x = gold; 2x = blue).

Exposure 1

All but one (95%) of the non-control frogs became
infected during the first Bd exposure in Laboratory
Experiment 1 (mean Bd load 905 ZE + 1206 SD;
Appendix S1: Table S2). Bd loads declined after the
first Bd exposure prior to antifungal drug treatment,
although not significantly (Figure 2a; Experiment
Day 14 compared with Day 21; ([17] = 1.506
and p = 0.15).

Exposure 2

Following the second Bd exposure of Laboratory
Experiment 1, mean Bd load (ZE + SD, infected animals
only) was 399 + 686 for the 1x group and 28 + 45 for
the 2x group. Overall Bd prevalence during the second
Bd exposure was 73% for the previously uninfected (1x)
group and only 42% for the previously exposed (2x)
group, as compared to the 95% infection rate of the same
frogs during the first infection round (Appendix SI:
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TABLE 4 Variables used in mixed effects models of Batrachochytrium dendrobatidis (Bd) load, Bd infection status, and body condition

in post-release Rana draytonii.

Description

1x: frogs that were infected and cleared once in the laboratory prior to release; 2-3x:
frogs that were infected and cleared two or three times prior to release; control:

Bd-naive (upon release) frogs that were enrolled in the laboratory exposure study as
sham controls. Used as a predictor in all four models.

Variable Range or levels

Exposure group 1x,2-3%, and
control

Exposure Group 2 Reinfected,
Bd-naive

Bd load 0-3458 zoospore

equivalents

Infected (1),
uninfected (0)

Bd presence—absence

Days post-release 8-100
Sex Female, male
Body condition 0.82-0.97

“Reinfected” combines 1x, 2%, and 3x infected individuals; sham controls from the
laboratory experiments are considered Bd-naive.

Used as a predictor in the model of body condition in only Bd-positive samples, and as a
response in the Bd load model.

Used as a predictor in the model of body condition using all (both Bd-positive and
Bd-negative) samples; used as a response variable in models of Bd presence-absence.

Day after initial release that the frog was captured and sampled. Used in all models.
Used as a predictor in models of Bd presence-absence and Bd load.

Calculated as log;o(mass)/log;o(length). Used as a predictor in Bd load and

Bd presence—absence models, and as a response variable in body condition models.

Table S2). Peak Bd loads were significantly lower for the
second Bd exposure round of the 2x infected group
(¢{18] = 7.26 and p < 0.0001), and the single frog that did
not get infected in the first exposure had the highest Bd
load in the second exposure (Figure 2b). Peak Bd loads
(Experiment Day 66; Figure 2a) were significantly higher
for the 1x infected (previously uninfected) group than
the 2x (previously infected) group (¢[29] =4.23 and
p = 0.0002; Figure 2a).

Bd load decreased significantly after peak infection, even
before antifungal treatment (Figure 2a; Experiment Days
66-72) for both exposure groups (2x group: #[18] = 3.538
and p =0.002; 1x group: t[16] = 5.039 and p = 0.0001;
Figure 2c). During the same period, 55% of the 2x infected
group cleared their infections, and 28% did not get infected,
while 35% of the 1x exposure group cleared their infections,
and one frog did not get infected. The best-fit LME model
comparing the trajectory of Bd infection through time by
exposure group during the second Bd exposure phase of
Laboratory Experiment 1 included significant terms for days
post-exposure, days post-exposure?, and the interaction expo-
sure group x days post-exposure (Appendix S1: Tables S3
and S4). Across all post-infection sampling events prior to
antifungal treatment, nonzero Bd loads were significantly
lower for reinfected (2x) frogs than previously unexposed
(Ix) frogs (Preinfectea = —2.06, 95% CI —2.89 to —1.23;
Appendix S1: Figure S1).

Laboratory Experiment 2

No frogs died during the course of Laboratory
Experiment 2, and none of the sham controls became

infected. Mean Bd load (ZE + SD, infected animals
only) was 1595+ 2463 for the 1x (previously
uninfected) group, 417 + 382 for the 2x group, and
362 + 828 for the 3x group. Overall Bd prevalence dur-
ing Laboratory Experiment 2 was 72% for 1x group,
72% for 2x group, and 69% for the 3x group
(Appendix S1: Table S2). Across all exposure groups,
Bd loads significantly declined after initially peaking
(Days 5-13; t[53] = 6.07 and p < 0.0001; Figure 3a,b),
and four individuals (7%) lost their infections during
this experimental phase (Figure 3b). Peak Bd load
(Experiment Day 5; Figure 3a) differed among the
three infected exposure groups (ANOVA, F,s; = 7.84
and p =0.001), but only the 1x and 3x exposure
groups were significantly different from one another
(Tukey post hoc test, p = 0.001; Figure 3c). Reinfected
frogs (2x and 3x exposure groups combined) had
significantly lower peak Bd loads (Experiment Day 5)
than frogs infected for the first time (¢[39] = 3.71 and
p = 0.0006; Appendix S1: Figure S2).

The best-fit LME model of Bd infection trajectory
within Laboratory Experiment 2 included significant
terms for the orthogonal polynomial of days
post-exposure®, Exposure Group 2 (ie., first-time
infected [1x] or reinfected [2-3x]; Table 3), and the
interaction of days post-exposure® and Exposure Group 2
(Appendix S1: Table S5). Bd load was significantly
lower for the reinfected group than for the 1x group
(Breinfectea = —0.99, 95% CI —1.66 to —0.31; Appendix S1:
Table S6 and Figure S1). One model with exposure
group (1x, 2x, and 3x; Table 3) was equivalent to the
best-fit model as evidenced by AAIC. < 2 (Appendix S1:
Table S5).
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FIGURE 3 Pathogen burden of Batrachochytrium dendrobatidis (Bd load; in zoospore equivalents [ZE]) in California red-legged frogs

(Rana draytonii) by exposure group during Laboratory Experiment 2. (a) Pathogen burden over Laboratory Experiment 2 timeline. Exposure
groups: 1x = exposed to Bd once; 2x = Bd-exposed, cleared, and re-exposed; 3x = 2x frogs that were cleared and re-exposed a third time;

and control = Bd-unexposed sham controls. “Exposure” refers to Bd exposure; “treatment” refers to the application of an antifungal drug to
clear Bd infection. (b) Paired data across all Bd-exposed groups, showing a decrease in peak pathogen burden after Bd exposure and prior to
antifungal treatment (Experiment Days 5 and 13). (c) Difference in peak Bd loads (Experiment Day 5) by exposure group.

Field monitoring

During the 14-week post-release monitoring period,
mean Bd load was 296 ZE 4 619 SD, and overall Bd
prevalence was 20%. Neither Bd load nor Bd prevalence
were significantly different among exposure groups
(Appendix S1: Figure S3). None of the candidate mixed
effect models of nonzero Bd load outperformed the null
model, indicating that none of the predictors tested
(Table 4) significantly influenced Bd infection intensity
(Appendix S1: Table S7). The best-fit model of Bd

presence-absence included the orthogonal polynomial of
days post-release®, indicating a nonlinear effect of time
on Bd infection (Appendix S1: Tables S8 and S9).

In LME models that included all (i.e., Bd-positive and
Bd-negative) frogs, exposure group was a significant pre-
dictor of body condition (p,_3, = 0.02, 95% CI 0.01-0.04;
Appendix S1: Tables S10 and S11), which was higher in
the 2-3x group compared to the 1x and control groups
(Appendix S1: Figure S4). The best-fit model of body con-
dition in Bd-positive frogs included exposure group, but
it was equivalent (A <2 AIC.) to the null model
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(Appendix S1: Table S12), so we did not consider expo-
sure group to be a significant predictor of body condition
in Bd-positive frogs. There was no significant difference
between the body condition of individual frogs just before
release and their mean body condition post-release
(t[46] = —1.54 and p = 0.13). The overall frog recapture
rate was 85%. At the conclusion of monitoring on
10 December 2019, seven individuals had died
post-release: three from predation, two from drowning
after being trapped in underwater debris by the transmit-
ter belt, and two of unknown causes that could not be
investigated further due to decomposition.

DISCUSSION

The Amphibian Conservation Action Plan (Wren
et al., 2015) calls for efforts to ensure that ex situ conserva-
tion programs are more intentionally coupled with field
recovery efforts. Our study links these important compo-
nents and combines the benefits of ex situ experimental
manipulation with a field translocation and subsequent
monitoring. In addition, our study begins to fill an impor-
tant gap in the literature of Bd susceptibility in R. draytonii.

Experimental Bd outcomes in R. draytonii

In both ex situ experiments, infection burdens were lower
for previously exposed frogs than for frogs exposed to Bd
for the first time. Post-release, we did not observe an
effect of previous Bd exposure on Bd prevalence or load,
but frogs that had been previously exposed and cleared of
Bd 2-3 times ex situ had slightly higher body condition
than the frogs infected once ex situ or previously
uninfected controls. Future studies should examine addi-
tional parameters that can influence body condition,
including microbiome diversity (Hernandez-Gémez
et al., 2018), which has a complex relationship with Bd
infection (Jani & Briggs, 2014).

Our approach was to use four different Bd isolates,
but little is known about competition among isolates, and
we did not evaluate the relative proportions of each
strain’s infection on multiple frogs. It is unlikely that
individual strain presence could have affected our mea-
surements of infection burden because previous experi-
ments with the same four Bd isolates we used showed
similar Bd load trajectories when frogs were exposed to
the isolates either together or one at a time (A. Jani,
unpublished data). We also selected this mix of four Bd
strains because their performance is known from previ-
ous Bd studies (Jani et al., 2021; Jani & Briggs, 2018).
Any variations in ITS1 copy number between strains do

not alter the significance of our laboratory experiment
findings because we analyzed and observed differences in
pathogen load on the logarithmic scale, and the ITS1
copy number of North American wild strains is on the
same order of magnitude (Longo et al., 2013; Rebollar
et al., 2017); therefore, even in the unlikely event that a
high-copy strain dominated different treatments, the bias
would only result in minimal differences in
gPCR-measured loads and would not have affected our
results. Finally, all of the frogs in our study were exposed
to the same mix of four strains under the same laboratory
conditions. If there are any strain differences, either in
ITS copy number or load, we would expect the effect to
be the same across treatments and therefore should not
affect our results.

R. draytonii in California: In a Bd-enzootic
state?

The initial arrival of Bd to R. draytonii’s range may have ini-
tiated a selective sweep against alleles that did not confer
immune defenses against the pathogen, leaving extant
populations in an enzootic state. This transition from epizo-
otic to enzootic conditions has been described for other
amphibian species, with population-level outcomes ranging
from slow, continued declines to recruitment-mediated sta-
bility (Briggs et al., 2010; Catenazzi et al., 2017; Kupferberg
et al., 2021; Retallick et al., 2004; Scheele et al., 2015).
Multiple southern California R. draytonii populations
exhibit signals of recent genetic bottlenecks, possibly the
result of a chytridiomycosis-induced selective sweep
(Richmond et al., 2011). In addition, the rate and pattern of
the R draytonii southern range contraction is consistent
with pathogenic disease (Richmond et al., 2013). The earli-
est Bd record in California is from Los Angeles County in
1915 (Adams, Pessier, & Briggs, 2017), and Bd likely arrived
in the Yosemite Region in the 1970s (Green & Kagarise
Sherman, 2001). We sourced the egg masses in this study
from a R. draytonii population where Bd had previously
been detected; therefore, although individual frogs were
Bd-naive at the beginning of our study (because they were
collected as eggs and reared in Bd-free enclosures), they
were obtained from a likely enzootic population.

Our observations are in accord with the hypothesis that
Sierra Nevada R. draytonii is enzootic. Our experimental
observations of R. draytonii responses to Bd are consistent
with innate and adaptive immunity, though because we did
not directly measure immunological markers, the immuno-
logical mechanisms for our observations are unclear. Bd is
ubiquitous in R. draytonii across the range (Adams, 2022;
Adams, Kupferberg, et al., 2017; Adams, Peralta-Garcia,
et al, 2022; Adams, Pessier, & Briggs, 2017; Fellers
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et al., 2011; Padgett-Flohr & Hopkins, 2009), suggesting that
these populations persist with some level of pathogen resis-
tance, though multi-year capture-mark-recapture studies
are needed in conjunction with disease monitoring to deter-
mine the long-term effects of the pathogen on the species
in the wild.

When Bd is enzootic, populations can still experience
persistent, slow, time-lagged declines (Catenazzi
et al., 2017). This can happen even if disease prevalence
is very low, owing to environmental or amphibian host
reservoirs, high pathogenicity, or poor immune defenses
(Valenzuela-Sanchez et al., 2017; Voyles et al., 2018). In
some R. draytonii populations, higher Bd prevalence is
associated with lower survivorship (Russell et al., 2019),
possibly a signature of this slow-decline phenomenon.

Life stage considerations

In this study, we reared frogs from eggs through metamor-
phosis in a Bd-free facility and exposed frogs to Bd one or
two years after hatching. Like some other frog species of
western North America, R. draytonii may be most suscepti-
ble in the earliest post-metamorphic life stages (Adams
et al., 2020; Adams, Kupferberg, et al., 2017; Waddle
et al., 2019). Adequate immune systems to effectively fight
Bd infection are usually lacking during metamorphosis
(Rollins-Smith et al., 2011). Repeating the present study
with Bd exposures during metamorphosis may capture
what could be the most immunocompromised stage of the
R. draytonii life cycle. Further, the post-metamorphic,
captive-reared frogs we used were observed under benign
conditions with adequate food and no predators; therefore,
the ex situ results of this study should not be extrapolated
to all R. draytonii in the wild.

Management implications

Based on our results, ex situ Bd treatments may not con-
fer additional chytridiomycosis defense for translocations
from this source population to Yosemite Valley.
However, differential susceptibility among populations
suggests that if this study was repeated with frogs col-
lected from a different source population, with a poten-
tially different evolutionary history with Bd, the outcome
may differ. For example, endangered alpine tree frogs
(Litoria verrauxii alpina) collected from two Bd-endemic
populations demonstrated more robust immune
responses to Bd exposure compared to frogs from a
Bd-naive population (Grogan et al., 2018).

We ensured that Bd-exposed frogs were cleared before
release, minimizing the risk of pathogen transport from the

ex situ to the in situ portion of the study. Managers
conducting translocations with R. draytonii and other spe-
cies should continue to be vigilant with rigorous biosecurity
protocols whenever working with or transporting amphib-
ians between sites. The apparent enzootic status of Bd in
much of R. draytonii’s range does not necessarily indicate
that such precautions are no longer necessary. On the con-
trary, the Bd genome is much more diverse than previously
imagined, and distinct lineages of highly differential viru-
lence continue to spread globally (Byrne et al., 2019), per-
petually threatening amphibian populations.

CONCLUSION

In response to the global emergence of Bd, some species
are showing the effects of natural selection on immunity
(Brannelly et al., 2016; Savage & Zamudio, 2016), so inoc-
ulation against disease may not confer additional benefit.
Based on our ex situ and in situ results, R. draytonii may
be one of these species, potentially holding keys to the
mechanisms behind innate and adaptive immunity for
future research. We caution, however, that the evidence
for innate and adaptive immunity we observed under
laboratory conditions in this study may not mirror
R. draytonii Bd susceptibility across the species’ life cycle
in the wild. This study demonstrates how innovative
collaborations between ex situ and in situ conservation
partners can contribute to a more comprehensive
understanding of the threats facing imperiled species in
reintroduction programs as well as their solutions.
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