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ABSTRACT: Disease monitoring is an essential step in translocation projects, specifically in
amphibians where emerging pathogens such as the chytrid fungus Batrachochytrium dendroba-
tidis (Bd) are linked to population declines. The eastern hellbender Cryptobranchus alleganiensis
is a large, fully aquatic salamander experiencing precipitous range-wide population declines;
however, the role Bd plays in these declines is unclear. To augment declining hellbender popula-
tions and determine effects of translocation on Bd prevalence, we conducted a translocation study
of wild adult hellbenders from 2 source streams with abundant hellbender populations to 2
streams with declining populations in east Tennessee, USA. In 2018, we implanted radio transmit-
ters into 30 hellbenders and sampled them periodically for Bd until 17 of the 30 hellbenders were
translocated in 2019. We attempted to recapture translocated hellbenders approximately every
45 d for 3 mo to determine Bd prevalence post-release. We used qPCR to detect Bd and quantify
zoospore loads on positive samples. Hellbenders had a pre-translocation Bd prevalence of 50 %
(15 of 30), which decreased to 10 % (1 of 10) post-translocation. The average zoospore load for pos-
itive samples was 73.63 + 30.82, and no hellbenders showed signs of chytridiomycosis throughout
the study. Although we detected no significant effect of translocation on Bd prevalence, we
observed a reduction in Bd prevalence post-release. Our results indicate that translocation did not
lead to an increase in pathogen prevalence in translocated wild adult hellbenders, suggesting that
chytrid did not impact the success of short-term translocations of eastern hellbenders in the Blue
Ridge ecoregion.
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1. INTRODUCTION

In recent decades, there has been an increase in
the prevalence and spread of wildlife diseases, and
emerging infectious diseases are now recognized as
a major cause of population declines in many species
(Smith et al. 2009). The chytrid fungus Batracho-
chytrium dendrobatidis (Bd) is an emerged pathogen
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that has caused mass die-offs of amphibian popula-
tions across the globe (Scheele et al. 2019, 2020,
Lambert et al. 2020). It has been called ‘the worst
infectious disease ever recorded among vertebrates
in terms of the number of species impacted, and its
propensity to drive them to extinction' (Gascon et al.
2007, p. 59). Recent estimates suggest that Bd has
caused the decline of 501 species of amphibians and
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contributed to the extinction of 90 species (Scheele et
al. 2019). Despite these documented declines, there
are species for which Bd-associated impacts are
unclear, especially cryptic species that are often
challenging to study in situ. Collection of baseline
data on Bd prevalence is essential to understand how
this pathogen impacts these species and to better
inform conservation management decisions with
regards to disease mitigation and management.

Bd, a species of aquatic chytrid fungus, is the
causative agent of chytridiomycosis, a disease that
infects keratinized layers of amphibian skin (Long-
core et al. 1999). Clinical signs of chytridiomycosis
include lethargy, loss of righting reflex, and in-
creased skin sloughing (Berger et al. 1999). Mortality
due to chytridiomycosis is dependent on the infection
load (i.e. number of zoospores) crossing a lethal
threshold, which can vary by species (Carey et al.
2006, Weinstein 2009, Kinney et al. 2011). Infection
loads may increase or decrease throughout time, and
this variation in infection load is likely species-
dependent (Stockwell et al. 2010). Some amphibian
species can become infected with Bd but show no
clinical signs of chytridiomycosis (Reeder et al. 2012).
Monitoring of individuals with subclinical infections
is necessary to detect increases in infection loads and
to identify potential sublethal effects such as weight
loss (Parris & Beaudoin 2004) and reduced foraging
efficiency (Hanlon et al. 2015). Thus, deciphering
standard Bd infection load in species is important to
detect infection that may further impact already
declining populations.

In addition to the threats that pathogens pose,
amphibians are also negatively impacted by habitat
loss and fragmentation, climate change, over-collec-
tion, and invasive species (Lips et al. 2006, Pounds et
al. 2006). To ameliorate species declines, transloca-
tions (e.g. augmentation, repatriation) of wild and
captive-reared amphibians can be used as a conser-
vation strategy (Dodd & Seigel 1991, Griffiths &
Pavajeau 2008, Germano & Bishop 2009). Success of
these projects is dependent on a suite of factors
including habitat selection, prey availability, and
animal health. Disease monitoring and risk assess-
ment are also essential components of translocations
that can influence overall success rates (Kock et al.
2010, Suarez et al. 2017). For example, Bd was likely
responsible for declines of native populations in
Europe from a re-introduction of Mallorcan midwife
toads Alytes muletensis that were inadvertently
infected with Bd (Walker et al. 2008). Best manage-
ment and conservation practices, based on project
constraints such as financial and time limitations,

should be used to limit disease transmission (Cun-
ningham 1996). Ideally, this would include testing
individuals for pathogens before and at least once
after translocation to detect changes in pathogen
prevalence that may lead to population declines
(Mathews et al. 2006). Short- and long-term monitor-
ing of animal health during translocations will allow
for proper disease mitigation should an outbreak
occur. Methods to control chytridiomycosis out-
breaks in situ during translocations may include
altering environmental conditions (e.g. increasing
water salinity and/or temperature) or anti-fungal
treatments (Scheele et al. 2014).

Translocated individuals are often susceptible to
disease from chronic stress associated with capture,
handling, and transport (Dickens et al. 2010). Partic-
ularly in amphibians, handling and transport have
been shown to increase stress hormone levels (Na-
rayan et al. 2011, Narayan & Hero 2011), and ele-
vated levels of stress hormones have been correlated
with harmful effects associated with chytridiomy-
cosis (Peterson et al. 2013). Therefore, translocation
may increase stress and lead to increased disease
susceptibility. Chytridiomycosis has been linked to
high rates of mortality during translocations of
amphibians (Stockwell et al. 2008, Adams et al. 2014)
and therefore can influence project success. It is
imperative to determine the effect of translocations
on amphibian species in which the potential impacts
of Bd are unknown (which may in part be due to lim-
ited surveillance). Decreasing the amount of time
individuals are handled, reducing re-captures, and
careful planning of transport mode may lessen harm-
ful impacts of translocation-related stress and dis-
ease (Dickens et al. 2010).

Translocations represent one strategy proposed to
augment declining populations of the eastern hell-
bender Cryptobranchus alleganiensis alleganiensis.
The eastern hellbender is a large (up to 60 cm
in length), long-lived (>20 yr), fully aquatic salaman-
der that typically inhabits cooler, well-oxygenated
streams with minimal human disturbance (Smith
1907, Hillis & Bellis 1971, Nickerson & Mays 1973).
Historically, the geographic range of eastern hell-
benders spanned from southwest New York to north-
ern Georgia and Alabama. A separate subspecies,
the Ozark hellbender C. a. bishopi, was once found
historically throughout the White River watershed in
Missouri and Arkansas (Williams et. al 1981). How-
ever, populations of both subspecies have declined
considerably from historical ranges, and many popu-
lations are now locally extirpated (Wheeler et al.
2003, Foster et al. 2009, Graham et al. 2011). The pri-
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mary causes of these declines include stream degra-
dation, habitat loss, and over-collection (Nickerson &
Briggler 2007, Davis & Hopkins 2013, Jachowski et
al. 2016, Unger et al. 2017). Translocation efforts to
augment or reestablish declining populations of both
subspecies have been undertaken using captive-
reared and wild-caught individuals (Gates et al.
1985, Bodinof et al. 2012a, Boerner 2014). Short-term
success of these projects has often been monitored
via radio telemetry to track survival rates and daily
movements (Stouffer et al. 1983, Burgmeier et al.
2011a, Bodinof et al. 2012a, Kraus et al. 2017).
Translocation coupled with radio-telemetry provides
an opportunity to locate and recapture the same indi-
viduals repeatedly for continual health monitoring.
This is especially valuable for species like hellben-
ders that can be difficult to locate in situ and often
remain hidden under large boulders and stream
banks.

Pathogen and disease monitoring for the duration
of a hellbender translocation study is critical be-
cause aquatic pathogens, specifically Bd, have been
confirmed in many populations (Burgmeier et al.
2011b, Souza et al. 2012, Williams & Groves 2014,
Bales et al. 2015). Furthermore, the stress of translo-
cation may lead to increased infection, which could
influence survival of hellbenders post-release (Dean
et al. 2016, Kocher 2019). Wild hellbender popu-
lations typically have a Bd prevalence of <25%
(Burgmeier et al. 2011b, Eskew et al. 2014, Bales et
al. 2015), although populations with greater preva-
lence (>45%) have been reported (Gonynor et al.
2011, Seeley et al. 2016, Kocher 2019). In addition,
individuals that test positive for Bd generally have
low zoospore loads and show no clinical signs of
chytridiomycosis (Williams & Groves 2014, Bales et
al. 2015). However, hellbenders that are captive-
reared or involved in translocation efforts have
greater Bd prevalence and susceptibility post-re-
lease compared to individuals in wild populations
(Utrup & Mitchell 2008, Bodinof et al. 2012b, Boer-
ner 2014, Dean et al. 2016, Kocher 2019). For exam-
ple, 7 adult, captive-reared hellbenders succumbed
to Bd infection during a translocation effort in New
York State, USA (Dean et al. 2016). In addition, 22
out of 25 animals that were translocated tested posi-
tive for Bd (Dean et al. 2016). As few studies have
evaluated the impact of Bd on translocations before
and after release, and Bd has been shown as a
factor that can impact animal survival, it is impor-
tant to evaluate prevalence and signs of disease
before and after release to determine effects of
translocation on hellbender health.

The primary goals of this study were to monitor Bd
prevalence in wild adult hellbenders for 1 yr before
and after translocation and to determine factors that
potentially influence Bd prevalence. Relatively few
studies of hellbenders have sampled for Bd repeat-
edly among the same individuals, and none have
experimentally evaluated the effects of translocation
on Bd prevalence. To that end, the objectives of this
study were to (1) collect Bd samples from 30 eastern
hellbenders in source streams 1 yr prior to transloca-
tion, immediately prior to translocation, and approxi-
mately 45, 90, and 135 d post-translocation, (2) deter-
mine Bd zoospore load on positive samples, and (3)
test effects of site, individual sex, animal size, and
translocation status on Bd prevalence. We predicted
(1) Bd prevalence would be below 50% in source
populations based on results from similar studies in
our study area (Souza et al. 2012, Tominaga et al.
2013), (2) Bd zoospore load would be low (<1000 zoo-
spores) on positive hellbenders, as individuals in east
Tennessee typically have low zoospore loads (Hard-
man et al. 2020a), and (3) study site, individual sex, or
animal size would not influence Bd prevalence, but
translocation would lead to greater Bd prevalence
post-release as shown in previous studies (Dean et al.
2016, Kocher 2019). Collectively, this study provides
data on the dynamics of Bd before and after transloca-
tion and evaluates whether site- or animal-specific
factors impact Bd prevalence.

2. MATERIALS AND METHODS
2.1. Site selection

Eastern hellbenders are found in 15 states in
the eastern and midwestern USA (USFWS 2018).
Within Tennessee, they occur only in streams and
rivers with Tennessee and Cumberland River drain-
ages. We selected source populations based on genet-
ics, population size, and ecological importance of the
streams they inhabit (i.e. viable, healthy population
within a protected area) (Freake & DePerno 2017). We
only used populations that consisted of all age classes
(i.e. larvae, juveniles, and adults) as source popula-
tions. These considerations limited our site selection
to streams in the Upper Tennessee River drainage in
the Blue Ridge ecoregion that are surrounded by pro-
tected areas in the Cherokee National Forest. We do
not provide stream names or site locations to protect
the populations of this state endangered species from
potential poaching. Source Stream 1 (SS1) served as
the source population for individuals translocated to
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Translocation Stream 1 (TS1), and Source Stream 2
(SS2) served as the source population for individuals
translocated to Translocation Stream 2 (TS2). Hell-
benders were only translocated between streams
within watersheds that share similar genetics based
on Freake et al. (2018).

TS1 was chosen because hellbenders historically in-
habited this stream, but due to large dams, the re-
maining population is now isolated from others, in-
cluding SS1, and population densities are low with no
recent recruitment or breeding observed (<5 individ-
uals; M. Freake unpubl. data). Prior to impoundment,
similar genetic profiles (Freake et al. 2018) indicate
that hellbenders likely moved freely between SS1
and TS1. We selected TS2 because hellbenders were
known to inhabit this stream (Mayasich et al. 2003),
but recent surveys indicate the population is extir-
pated or nearly so, as no individuals have been found
since 2015 (M. Freake unpubl. data), and recent envi-
ronmental DNA (eDNA) analysis in 2016 failed to de-
tect hellbender presence (Da Silva Neto et al. 2020).
Similar to TS1, declines in this stream also are likely
caused by a lack of recruitment and isolation from
other hellbender populations due to dams present
across the watershed.

2.2. Hellbender surveys

We conducted initial hellbender surveys during
June and July 2018. All hellbenders were handled
with the approval of Tennessee State University's
Institutional Animal Care and Use Committee
IACUC permit #1804WS and Tennessee Wildlife
Resource Agency collecting permit #1685 and #2192.
At SS1 and SS2, we surveyed predetermined stream
reaches (~100-500 m) for hellbenders by standard
mask-and-snorkel rock-lifting surveys. We captured
hellbenders with clean gloves and placed individuals
inside mesh bags for transport to individual holding
tubs at a processing station on shore. We recorded
GPS coordinates of the capture location and meas-
ured mass (g), snout-vent length (SVL; cm), and total
length (TL; cm) for each animal. No hellbenders
<150 g were included in further processing.

2.3. Bd sampling and surgery protocols

To sample for Bd, we swabbed each animal with a
sterile cotton swab (Puritan 25-806) 5 times back and
forth over the dorsum, lateral surface, and each leg and
foot. All swabs were immediately placed in pre-steril-

ized dry 1.5 ml tubes and stored on dry ice up to 48 h
until transferred to a —80°C freezer. We then collected
blood (up to 0.25 ml) via phlebotomy of the ventral tail
vein to genetically determine sex as described in Hime
et al. (2019). After sampling at the initial capture, we
anesthetized hellbenders with MS-222 buffered with
baking soda to a pH of 6.8—7.2 in preparation for trans-
mitter implantation surgery. Animals were considered
at an appropriate plane of anesthesia when loss of
righting reflex was observed. Surgery was performed
by R.H. (DVM, PhD) following procedures similar to
Burgmeier et al. (2011a), with some modifications. Di-
lute chlorhexidine solution was used to prepare a 2 cm?
area of the ventral skin surface and then rinsed im-
mediately with sterile water. A 1.5 cm paramedian in-
cision was made in the caudal coelom, and a series
F1170 ATS model transmitter (Advanced Telemetry
Systems) was inserted into the coelomic cavity after
being soaked in chlorhexidine for 5 min and rinsed
thoroughly with sterile water. In addition to the radio
transmitter, a passive integrated transponder (PIT) tag
(Biomark) was inserted into the coelomic cavity to pro-
vide an additional permanent mark to identify individ-
uals. The body wall was closed with 4-0 polydioxanone
(PDS) suture in a simple continuous pattern, and the
skin was closed with 5-7 simple interrupted sutures
using 4-0 nylon. Following completion of surgery, cef-
tazidime (20 mg kg™!) was injected intramuscularly at
the base of the tail. Hellbenders were placed inside re-
covery tubs in the stream to allow water to flow freely
over individuals until righting reflexes (~30 min) and
full activity (~45—60 min) were observed. We returned
individuals to their original capture location after com-
plete recovery. We sanitized holding tubs and equip-
ment with 10% bleach and wore new nitrile gloves
when handling each hellbender. All animals that were
implanted with transmitters were tracked via radio
telemetry on a specific tracking schedule for 1 yr until
translocations occurred. During this period, we oppor-
tunistically recaptured hellbenders to sample for Bd
and recorded biometrics if the animal was accessible
(under cover objects small enough to lift) and had not
exhibited large movements since the time of last loca-
tion (>50 m) to limit stress associated with frequent re-
captures.

2.4. Translocations

We located and recaptured hellbenders in source
streams beginning May 2019 for translocation. The
number of hellbenders translocated from each source
stream was dependent on accessibility of individuals
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as well as survival from the previous season. We
translocated individuals in separate cohorts (A, B, C,
and D) in each source stream to monitor initial translo-
cations to ensure a successful release. In Cohort A, 4
animals were moved from SS1 to TS1 on 15 May 2019,
and in Cohort B, 6 animals were moved from SS2 to
TS2 on 18 May 2019. In Cohort C, one animal was
moved from SS1 to TS1 on 1 July 2019, and in Cohort
D, 5 animals were moved from SS2 to TS2 on 29 June
2019. One individual that was previously inaccessible
was translocated opportunistically from SS2 to TS2 on
13 July 2019. This individual was not included in Bd
analysis as swab storage was compromised. Prior to
translocations, we measured and recorded individual
metrics, which included mass, SVL, and TL, and col-
lected Bd swab samples as described above. We trans-
ported hellbenders to translocation streams in separate
sterile 3 mm polyethylene commercial-grade fish bags
(20" [61 cm] wide x 30" [76 cm] long, sealed bottom;
Pentair PLC), filled with source stream water that
were placed inside YETI® coolers with ice packs to
maintain a cold temperature. Upon arrival at the
translocation streams, we placed the fish bags with
hellbenders in the stream to closely monitor for signs
of stress (vomiting, rocking motions). If hellbenders
exhibited stress, we waited to move or release individ-
uals until these signs stopped. During this acclimation
period, 50 % water changes using translocation stream
water was added to the fish bags every 10 min until
temperature, pH, and dissolved oxygen inside the bag
matched that of the translocation stream. We released
hellbenders under naturally occurring cover objects
(TS1 and TS2) or hellbender nest boxes (in TS2 only;
Briggler & Ackerson 2012) that were installed 1 mo
prior to hellbender translocation. We recorded GPS lo-
cations after the individual was sedentary under the
cover object for >3 min. All translocated hellbenders
were tracked approximately every 3 d during the sum-
mer and fall (May-November), which included the
hellbender breeding season, until the first hard frost of
the season (-2°C) on 11 November 2019. We did not
attempt to recapture individuals for additional Bd
samples after this date as water temperatures and con-
ditions became unsafe to survey.

To test for Bd prevalence post-translocation, we
attempted to recapture and resample hellbenders at
approximately 45, 90, and 135 d post-translocation.
The duration of time between capture events was
chosen to allow an initial acclimatization period and
to avoid frequent disturbances that may cause
unnecessary stress or movements. During a resample
event, all available hellbenders at a translocation site
were recaptured in 1 d. Because we translocated

hellbenders in separate cohorts, those translocated in
earlier cohorts had the potential for greater resam-
pling events. For example, the first recapture post-
translocation for hellbenders in the second cohort
would be the second recapture for those translocated
in the first cohort.

2.5. Laboratory methods

We extracted DNA from swabs using DNeasy
Blood and Tissue Kkits (Qiagen) following the manu-
facturer's protocols. All samples and standards were
eluted with 100 pl AE buffer for further PCR analysis.
We tested samples with real-time quantitative poly-
merase chain reaction (QPCR) for the presence of Bd
via previously described probe and primers (Boyle et
al. 2004) that followed the methods described in
Hardman et al. (2020b). Samples were run in tripli-
cate on a QuantStudio 5 System (Applied Biosys-
tems) and recorded as positive if 2 or more of the 3
triplicates were positive for Bd. Singlicate positives
were re-run to determine presence or absence of Bd.
Negative and positive controls were included in each
qPCR run. We considered samples positive for Bd if
they had an average cycle threshold (Cr) value <40.
To calculate zoospore loads for each sample, a stan-
dard curve was created based on 10-fold serial dilu-
tions of DNA extracted from cultured zoospores from
10° to 10° zoospores.

2.6. Statistical analysis
2.6.1. Bd prevalence

We calculated Bd prevalence with 95% CIs at dis-
crete time points throughout the study. First, we cal-
culated Bd prevalence at time of initial capture for all
individuals (2018, n = 30). Secondly, we calculated
prevalence from all positive samples from repeated
captures of individuals from 2018-2019 (n = 30), and
then only from translocated individuals (2019, n = 16).
We calculated total post-translocation Bd prevalence
in resampled individuals (2019, n = 10), as well as for
eachresample event (#1,n=10; #2,n=5; #3,n= 2).In
addition, we determined total prevalence by site.

2.6.2. Factors influencing Bd

We allocated sample data into 3 subsets to evaluate
the following: (1) factors influencing Bd status pre-
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translocation (2018-2019, n = 49), (2) factors influ-
encing Bd status post-translocation (2019, n = 17),
and (3) effect of translocation on Bd status (2019, n =
53). We first performed a generalized linear model
(binomial response) in R Studio v.4.0.0 (RStudio
Team 2020) to test the effect of sampling year on Bd
status (positive or negative) for all pre-translocation
samples from 2018-2019 to justify combining re-
peated samples from individuals into one pre-
translocation data set. We detected no effect of year
on Bd prevalence (f = -0.33 + 0.67; 95% CI = -1.65,
1.0), therefore, we combined the 2018-2019 pre-
translocation data into a single data set.

We tested effects of stream, individual sex, and ani-
mal size (SVL) on Bd status both pre- and post-
translocation separately. To do this, we used the
‘Ime4' package (Bates et al. 2012) to fit generalized
linear mixed models (GLMM) with a binomial distri-
bution and included individual hellbender as a ran-
dom effect to control for repeated sampling of the
same individual. We developed 10 models for each
analysis (pre- and post-translocation) using an all
subsets approach that included a null and global
model, along with nested and additive
models. We ranked models using
Akaike's information criterion adjusted
for small sample size (AICc) via the
‘AlICcmodavg’ package (Mazerolle
2019). For models with AAICc < 2.0, we

a fixed effect and Bd status as the response variable,
while controlling for repeated samples within indi-
viduals (random effect).

3. RESULTS
3.1. Sampling

We sampled 30 adult hellbenders Cryptobranchus
alleganiensis (14 females and 15 males; mean mass
and SVL: 281.17 g and 23.78 cm, respectively) (SS1,
n=13; SS2, n=17) and collected 71 Bd samples from 3
June 2018 to 2 October 2019 (Table 1). Of the 30 hell-
benders, one individual was sampled 6 times; 6 differ-
ent individuals were sampled 4, 3, and 2 times, respec-
tively; and 11 individuals were sampled once (Fig. 1).

We resampled all 4 cohorts (A-D) post-translocation
at select time intervals based on weather, team avail-
ability, and hellbender movement and accessibility.
At TS1 for Cohort A, we resampled 3 of 4, 2 of 4, and
1 of 4 individuals 46, 92, and 139 d post-translocation,
respectively, and 1 of 1 individual from Cohort C, 45

Table 1. Number of eastern hellbenders Cryptobranchus alleganiensis alle-
ganiensis sampled at 2 pre- and 2 post-translocation sites in 4 streams in east
Tennessee, USA, and number of Batrachochytrium dendrobatidis (Bd)

samples collected from these hellbenders

calculated model-averaged beta coef-

Sample date

Site Hellbenders Males Females Samples Total

ficients for variables that were in-

cluded in more than one model along | Pre-translocation ~ SS1 13 8 S 24 o4
. o (2018-2019) SS2 17 8 9 30

with standard errors and 95_ % CIs. To Post-translocation  TS1 5 4 1 8 17

test the effect of translocation on Bd, (2019) TS?2 12 6 6 9

we used a GLMM with translocation as

Negative
17%
Hellbenders
Sampled Once
Positive 37%

20%

Always Positive
0%

Always Negative
30%

Hellbenders

Resampled
63%

Gained Infection
13%
Lost Infection
7%
Gained + Lost
Infection
13%

Fig. 1. Batrachochytrium dendrobatidis (Bd) status (positive or negative) for hellbenders that were sampled only once and for
those that were sampled more than once (always positive, always negative, gained Bd infection, lost Bd infection, and gained
and lost Bd infection)
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and 90 d post-translocation (Fig. 2). At TS2 for Cohort
B, we resampled 5 of 6 and 2 of 6 individuals 41 and
90 d post-translocation, respectively, and 1 of 5 indi-
viduals from Cohort D 48 and 94 d post-translocation
(Fig. 2). For TS2, we observed heavy mortalities due
to otter predation between the second and third re-
sampling events. This predation resulted in little to no
third Bd resampling of those cohorts.

3.2. Bd prevalence
3.2.1. Pre-translocation

Total Bd prevalence in hellbenders between both
source streams at initial capture in 2018 was 27 %
(8 of 30; 95% CI = 12-46 %). SS1 had an initial preva-
lence of 31 % (4 of 13; 95% CI=9-61%), whereas SS2
had an initial prevalence of 24 % (4 of 17; 95% CI =
7-50%). Total pre-translocation Bd prevalence from
all hellbenders sampled was 50 % (15 of 30; 95% CI =
31-69 %) (Table 2). Immediately prior
to translocation in 2019, we resampled
16 of 17 translocated hellbenders be-
tween the 2 source streams, of which

3.2.2. Post-translocation

At TS1, 4 of 5 hellbenders resampled from both
cohorts A and C were negative for Bd (0 of 4, 0%)
post-translocation (Table 3). At TS2, 1 of 6 individu-
als tested positive for Bd 41 d post-translocation

Table 3. Sample event and total number of individual hell-
benders sampled at each site; Batrachochytrium dendroba-
tidis (Bd) prevalence is presented with 95 % CIs

Sample event Site Hellbenders Bd
(cohort/s) sampled prevalence
Pre-translocation SS1 (A, C) 5 40 (5-85)
(2019) SS2 (B, D) 11 18 (2-52)
Post-translocation #1 TS1 (A, C) 4 0
(2019) TS2 (B, D) 6 17 (0-64)
Post-translocation #2 TS1 (A, C) 3 0
(2019) TS2 (B, D) 3 0
Post-translocation #3  TS1 (A) 1 0
(2019) TS2 (B, D) 0 0

Table 2. Sampling period and total number of individual hellbenders sampled
at each site; Batrachochytrium dendrobatidis (Bd) prevalence is presented

with 95 % Cls

o . o, - 7_ o,

25% (4 of 16; 959 CI = 7-52%) were | o 1 time Site  Hellbenders Bd Total Bd

Bd-positive (Table 3). SS1 (Cohorts A sampled prevalence  prevalence

and C) had pre-translocation preva-

lence of 40 % (2 of 5; 95 % CI =5-85%), Pre-translocation SS1 13 69 (39-90) 50 (31-69)

and SS2 (Cohorts B and D) had pre- (2018-2019) SS2 17 35 (14-61)

translocation prevalence of 18% (2 of Post-translocation Ts1 4 0 10/(0-45)
p ° (2019) TS2 6 17 (0-64)

11; 95% CI = 2-52%).

Initial
Capture

|

June July Aug Sept
2018 2019
Source Stream 1

sample sample sample

ofolo

Initial  Initial
Capture Capture

Re- Re-
sample sample

| | | |
June July Aug. Sept. Oct. Nov. Dec. Jan. Feb.

2018 2019
Source Stream 2

Oct Nov. Dec. Jan. Feb.

Translocation Translocation
Cohort A Cohort C

asample a sample sample
| |

March April May June July Aug Sept. Oct

Translocation
Stream 1

Translocatmn Translocation
Cohort D

a sample a sample sample
I

May June July Aug Sept. Oct
Translocation
Stream 2

March April

Fig. 2. Timeline depicting duration of study and months when hellbender sampling and translocation occurred. Numbers
inside circles: total individuals that were sampled or resampled at that time point
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(17%, 95% CI = 0—-64 %). Total post- 600
translocation Bd prevalence for resam-
pled hellbenders was 1 of 10 (10 %, 500r
95% CI = 0-45%) (Table 2).
o 400F
©
o
3.2.3. Zoospore loads o 300k
2
Average zoospore load for all Bd- § 200|
positive samples (n = 17) throughout N
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<100 zoospores. The maximum zoo-
spore load recorded was 499.52, where-
as the minimum was 9.83 (Fig. 3). No
hellbenders showed behavioral or
physical signs of chytridiomycosis at
any point during the study.
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Fig. 3. Zoospore loads for Batrachochytrium dendrobatidis (Bd)-positive hell-

benders pre- and post-translocation

Table 4. Top supported models (AAICc < 2.0) ranked by Akaike's information
criterion for small sample size (AICc) for generalized mixed linear models

3.2.4. Factors influencing Bd

(GLMM) to test effects of predictor variables (stream, individual sex, and ani-
mal size [snout-vent length, SVL|) on Batrachochytrium dendrobatidis (Bd)

status (0/1, response variable) using individual hellbender as a random effect

We did not detect an effect of year

on Bd occurrence pre-translocation Data set

Model K AICc AAICc AICcWt Cum. Wt

(B=-0.33+0.67;95% CI=-1.65, 1.0);

therefore, we included all repeat data Pre-translocation Stream + SVL 4 67.37 0.00 0.32 0.32
from individuals in further analyses. (n = 54) SVL 3 6827 090 021 0.53
For the pre-translocation data set, we Stream 3 6911 174 0.14 0.66

p ! Post-translocation Null 2 8.02 0.00 0.55 0.55
found greatest support (AAICc < 2.0) (n=1%)

for the following models: (1) stream +

SVL, (2) SVL only, and (3) stream only

(Table 4). Specifically, source stream (f = 1.12 + 0.64;
95% CI=-0.14, 2.37), and SVL (3 =0.03 £ 0.13; 95%
CI = -0.22, 0.28) were found in all top-performing
models but had CIs that overlapped zero. For the
post-translocation data set, we found no significant
effect of any measured parameters on Bd and found
greatest support for the null model (Table 4). We did
not detect an effect of translocation on Bd prevalence
(B=1.35+1.11;95% CI=-0.83, 3.53).

4. DISCUSSION

Translocation of wild adult eastern hellbenders did
not lead to an increase in Bd prevalence post-release
in the Blue Ridge Ecoregion. Despite a smaller sam-
ple size post-translocation, we noted a decrease in Bd
prevalence following release. Although emerging
pathogens, specifically Bd, have been hypothesized
to be potential drivers of hellbender declines (Brig-

gler et al. 2008, Bodinof et al. 2012b), we did not
observe any hellbenders exhibiting signs of chytrid-
iomycosis and did not record deaths associated with
chytrid pre- or post-translocation. Prevalence of Bd
in hellbender populations varies from 0.88 % (Eskew
et al. 2014) to 52% (Seeley et al. 2016) across the
range of the species. In east Tennessee, Bd preva-
lence is intermediate compared to other regions
(28-36%; Tominaga et al. 2013, Hardman et al.
2020a). Populations in our streams consistently
exhibited low Bd prevalence at any given time; how-
ever, more than half (16 of 30, 53 %) of the individuals
tested positive at some point.

Although most hellbenders (53 %) tested positive
for Bd throughout our study, infection intensities
were consistently low, with 82 % of samples having
<100 zoospores. Including outliers, average zoospore
load for Bd-positive hellbenders was 73.63 + 30.82,
which is well below the predicted threshold for pop-
ulation die-offs in anurans (10000 zoospores; Vre-
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denburg et al. 2010). Other studies that report zoo-
spore loads in wild hellbenders have found similar
results, with most samples having <100 zoospores
(Williams & Groves 2014, Bales et al. 2015). The max-
imum zoospore load recorded in this study was
499.52, which is one of the higher reports for a wild
hellbender (Hardman et al. 2020a).

The prevalence of Bd in hellbender populations
tends to be high in early summer months (Gonynor et
al. 2011, Bales et al. 2015) and at high elevations
(Seeley et al. 2016). The decrease in Bd prevalence
we noted after translocation is possibly an artifact
associated with our sampling during the warmer
months of the year (June—October). Growth of zoo-
spores is inhibited at 28°C (Piotrowski et al. 2004),
and the water temperature of the translocation
streams reached 27.5°C post-release. Translocation
of hellbenders while water temperatures are high
may be beneficial to ameliorate the effects of Bd and
possibly prevent infection and disease. Relatively
cooler water temperatures associated with pre-
translocation conditions may have accounted for ele-
vated Bd prevalence. Most hellbender surveys and
translocations occur from May-September when
water temperatures are optimal for sampling (Bodi-
nof et al. 2012b, Kraus et al. 2017, Kocher 2019). Lit-
tle data exists on pathogen prevalence in wild popu-
lations outside of this sampling period; consequently,
seasonality of Bd in wild hellbenders throughout the
year is unknown. Translocation studies that sample
hellbenders for Bd at least once per month could pro-
vide valuable year-round pathogen prevalence data;
however, sampling should be restricted to periods
that do not interfere with important behaviors such
as breeding and nesting.

Repeated-sample pathogen data on individual
hellbenders is rare, and in our study we collected
samples from the same individuals over a 2 yr period.
We observed Bd-positive hellbenders clear infection
and Bd-negative hellbenders gain infection. Hell-
benders were also able to persist with low-level
(<100 zoospores) Bd infections and showed no signs
of chytridiomycosis. Hellbender disease susceptibil-
ity is strongly linked to the immune functions of
amphibian skin, including the presence of Bd-
inhibiting bacteria and production of antimicrobial
peptides (Rollins-Smith et al. 2002, Harris et al.
2009). These skin-associated bacterial communities
can vary among and between species and can
account for differences in disease susceptibility
(McKenzie et al. 2012). Arrick (2018) demonstrated
that anti-fungal bacteria are present on hellbender
skin and may represent a core component of these

skin-associated microbial communities. Immune de-
fense of hellbender skin may be contributing to these
low-level Bd infections present in hellbender popu-
lations. Further exploration is necessary to under-
stand the role of skin microbial communities and Bd
prevalence.

Long-term pathogen monitoring data is beneficial
because it can provide important information on dis-
ease dynamics within populations and individuals.
Continued intra-individual testing for one or more
skin health parameters (e.g. skin microbial commu-
nities) alongside Bd infection status may provide
insight into the potential impacts of Bd on hellbender
populations. Although collection of repeat-sample
data is important, caution should be taken to avoid
frequent disturbances that may induce stress or
cause animals to move out of the study area. Espe-
cially in translocations, individuals should not be dis-
turbed if there is evidence of potential breeding. In
our study, we tracked and located 2 hellbenders
under the same cover object during the breeding
season and did not attempt to resample these indi-
viduals. Choice of an appropriate amount of time
between sampling events and being mindful of fre-
quency of resampling should be taken into account
in these studies.

No hellbenders showed clinical signs of chytrid-
iomycosis at the time of translocation; however,
because of our protocol we inadvertently translo-
cated some hellbenders that were Bd-positive. Bd is
widespread in streams throughout the Southeast and
Tennessee (Rothermel et al. 2008, Souza et al. 2012),
and hellbenders and other fully aquatic amphibians
that have tested positive for Bd have not experienced
mass die-offs (Chatfield et al. 2012, Hardman et al.
2020a). Furthermore, preliminary results from eDNA
water samples collected from translocation streams
in this study revealed that Bd was present at both
sites (authors’' unpubl. data). Therefore, it is unlikely
that we introduced Bd into naive environments or
that our inadvertent release of hellbenders with Bd
will contribute to chytrid outbreaks in the transloca-
tion streams.

The absence of chytridiomycosis symptoms in wild
populations in east Tennessee is consistent with stud-
ies of wild populations in other regions (Gonynor et
al. 2011, Regester et al. 2012, Williams & Groves
2014). However, a possible association exists be-
tween Bd prevalence and the occurrence and sever-
ity of toe lesions in the closely related Ozark hellben-
der C. a. bishopi (Hardman et al. 2020b). Hellbenders
can gain and lose infection over time, with no appar-
ent signs of chytridiomycosis (our study), indicating
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that wild eastern hellbenders likely maintain sub-
clinical Bd infections with minimal health effects.
This pathogen is widespread in hellbender popula-
tions, but the association of Bd to declines in popula-
tions is unclear. More long-term studies are needed
to elucidate effects of Bd infection in wild hellbender
populations.

When sustainable source populations are available,
the inclusion of wild adults may be advantageous
over captive-reared juveniles or adults for trans-
location projects. Unlike wild amphibians that are
exposed to pathogens in their environment through-
out development, head-started and captive-reared in-
dividuals may be raised in sterile settings free from
natural substrate and pathogens. This may lead to de-
creased immune function and increased disease sus-
ceptibility in captive individuals exposed to pathogens
(Kueneman et al. 2016). Captive-reared hellbenders
have greater Bd prevalence post-release (Bodinof et
al. 2012b, Dean et al. 2016, Kocher 2019) compared to
the wild individuals evaluated during the current
study. For example, in a study by Kocher (2019), 20
adult captive-reared hellbenders were released to a
stream in New York, USA, and all hellbenders tested
positive for Bd post-release within approximately 4
mo, with 4 succumbing to chytridiomycosis. In addi-
tion, hellbenders that were Bd-positive had zoospore
loads considerably greater (>5000 intergenic spacer
[ITS]-1 copies) than those observed in our study
(Kocher 2019). In a separate study, 100% of captive
juvenile hellbenders tested negative for Bd pre-re-
lease; however, after release, 16% (4 of 24) tested
positive for Bd and one individual died from chytrid-
iomyecosis (Bodinof et al. 2012b). These results, com-
bined with our study, suggest that using wild adult
hellbenders for translocation efforts may come with
low risk of Bd infection and should be considered as
an alternative to captive-reared juveniles if healthy,
wild source populations exist. However, this may be a
challenge as many hellbender populations are de-
clining and the number of streams with viable popula-
tions are uncommon throughout the range. We rec-
ommend researchers and wildlife managers conduct
extensive surveys, use current and historical popula-
tion data, and employ knowledge from experts in the
area before selection of wild hellbender source popu-
lation for a given translocation effort.

As translocations and captive releases become a
more common wildlife conservation and manage-
ment strategy for hellbenders and other species, we
suggest the inclusion of pathogen screening and
monitoring as an essential step to ensure success of
these conservation efforts. Conducting a disease risk

analysis will help determine potential modes of
pathogen transmission and risk of species infection
during these translocations to mitigate disease out-
breaks (Pessier & Mendelson 2010, Suarez et al.
2017). For species like the hellbender in which asso-
ciations between disease and population declines
remain unclear, collection of baseline data prior to
translocation is important to understand normal
pathogen levels. Pathogen surveillance for the dura-
tion of a translocation will allow researchers to detect
fluctuations in prevalence so that action can be taken
to mitigate disease risk.

Wild adult hellbenders may be more suitable for
translocations than captive individuals because wild
individuals are likely better adapted to natural dis-
ease dynamics in their environment. However, this
may be a difficult task as wild hellbender popula-
tions continue to decline, and few viable source pop-
ulations remain. If feasible, future studies should use
a combination of wild and captive-reared hellben-
ders to evaluate differences in pathogen and disease
prevalence to determine best practices for transloca-
tion. We demonstrated that 1 yr post-translocation,
wild adult eastern hellbenders in the Blue Ridge
ecoregion are able to persist with low-level Bd infec-
tions and can be successfully used in translocations
without development of chytridiomycosis.
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