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ABSTRACT

We assessed the potential impacts of the emergent fungal pathogen, Batrachochytrium
salamandrivorans (Bsal), on salamander populations in Costa Rica by conducting pathogen
surveillance and generating an ecological niche model (ENM) to predict areas at high risk of
Bsal introduction. Across one year, we surveyed for Bsal, B. dendrobatidis, and Ranavirus in
highland salamanders (n=100) in Cerro de la Muerte and el Parque Nacional Volcan Poas. We
did not detect any of the above pathogens in our study specimens. Though we did not detect Bsal
in our study, our ENM predicted that a large portion of Costa Rica’s landmass (22.82%) is at
least moderately ecologically suitable to Bsal. Additionally, our ENM identified multiple
locations throughout Costa Rica where moderate/high Bsal suitability overlaps with high
salamander biodiversity and/or high human visitation. We encourage extensive monitoring and

research at these locations with goals of early Bsal detection and introduction mitigation.
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CHAPTER 1
INTRODUCTION & LITERATURE REVIEW

Amphibian Conservation & Emergent Infectious Diseases

Since the 1970s, amphibian populations have been declining on a global scale at alarming
rates, resultant in amphibians being classified the most endangered vertebrate taxa (Stuart et al.
2004, Parrott et al. 2016). Amphibians are of high ecological importance to systems across the
globe. They often account for the greatest amount of vertebrate biomass in terrestrial systems
relative to other taxonomic groups, especially in tropical systems, and serve as a crucial trophic
base (Whiles et al. 2006). Additionally, because of the common aquatic-terrestrial duality of
their life history, many amphibians fill multiple ecological roles in both terrestrial and aquatic
systems throughout their lives (i.e. prey, primary consumer, secondary consumer) contributing
greatly to community structure and nitrogen cycling (Whiles et al. 2006). This same complex life
cycle helps make some amphibian species excellent bioindicators of ecosystem health: exposed
to stressors across a wider environmental range than other taxa, they may provide insight to the
status of multiple systems at once (Welsh & Ollivier 1998). Additionally, their unique
physiology, specifically their highly porous skin, and specific niche requirements can make them
especially sensitive to environmental pollutants and disturbances, such as siltation (Welsh &
Ollivier 1998). Amphibians also provide myriad of ecosystem services, including pest and
disease control, food provisioning, and medical benefits. Some amphibian cutaneous compounds
have the potential to help produce highly effective painkillers, less addictive than opioids, as well

as limit the spread and severity of human immunodeficiency virus (HIV) (Hocking & Babbitt



2014). Because of these services and their ecological importance, the rapid and global extirpation
of amphibians is regarded as a conservation crisis (Valencia-Aguilar et al. 2013, Yap et al.
2015).

Habitat loss and degradation have been regarded as the greatest threats to amphibian
communities (Wake & Vredenburg 2008). However, in recent decades emergent infectious
pathogens have had increasingly significant negative impacts on wild amphibian populations
(Jones et al. 2008, Wake & Vredenburg 2008, Yap ef al. 2015). An emergent infectious disease
is one that appears suddenly in a novel environment or host population or experiences a rapid
and dramatic increase in incidence or range expansion (Jones et al. 2008). There are two primary
hypotheses used to explain the emergence of an infectious disease: The Novel Pathogen
Hypothesis and the Endemic Pathogen Hypothesis. The Novel Pathogen Hypothesis posits that a
pathogen and its associated disease emerge when the pathogen is introduced from its endemic
range into a novel host population, one that does not necessarily have evolutionary immunity to
the pathogen and may experience increased disease incidence and intensity (Jones ef al. 2008).
The Endemic Pathogen Hypothesis states that an evolutionary development or environmental
shift may increase a pathogen’s virulence or the ways in which the pathogen interacts with host
organisms, resulting in greater disease incidence and intensity in areas of historic pathogen
endemism (Rachowicz et al. 2005, Jones et al. 2008).

Batrachochytrium dendrobatidis (Bd), the causative agent of chytridiomycosis, currently
has had the most impact on amphibian conservation (Scheele et al. 2019). Bd belongs to the
phylum Chytridiomycota, an ancient group of fungi that primarily parasitize invertebrates and
plants (Van Rooij et al. 2015). Bd is unique in that it is one of only three species within

Chytridiomycota that parasitizes vertebrate hosts, the other two being Batrachochytrium



salamandrivorans (discussed later) and Ichthyochytrium vulgare, a rare fish parasite (Van Rooij
et al. 2015). Bd has two life stages: the first is a motile, flagellated zoospore (Berger et al. 1998).
While environmentally persistent for roughly two weeks in ideal conditions, the Bd zoospore is
dependent upon cool, moist environments, growing optimally between 17° and 25°C (Johnson &
Spear 2005, Van Rooij et al. 2015) but sensitive to desiccation and/or heat. These dynamics have
contributed to the development of clinical treatments for Bd infection as well as the natural
maintenance of Bd within some amphibian populations through seasonal environmental variation
(Weinstein 2009, Sonn et al. 2017).

Upon contact with a suitable amphibian host, the fungal zoospore encysts in keratinized
areas of host’s skin, producing germ tubes that invade the epidermal layer. Zoosporangium, Bd’s
second and reproductive life stage, then develop from these germ tube. In Bd, zoosporagia are
typically monocentric, with one per thallus (non-colonial). The zoosporangium then produces
new, infectious zoospores (Van Rooij et al. 2015). The encysting of the zoospore and
development of the zoosporangium can cause clinical disease (chytridiomycosis) in susceptible
species, characterized by lethargy, erythema, discoloration and sloughing of the skin, and
hyperkeratinization (Van Rooij ef al. 2015). Hyperkeratinization prevents the exchange of
important molecules, such as electrolytes, across the host’s skin, causing mortality by cardiac
arrest in susceptible species (Fisher ef al. 2009). Because Bd only encysts in keratinized skin
layers, it can only infect the mouth parts of larval anurans (Van Rooij ef al. 2015). This causes
deformities and behavioral abnormalities, limiting foraging ability, and reducing overall fitness
(Van Rooij et al. 2015). Though susceptibility to clinical disease significantly varies across
species, generally anurans are considered more susceptible to Bd infection and clinical disease

than urodelans, with Bd prevalences often higher in some anuran populations than sympatric



urodelan populations (Green et al. 2002, Rothermel et al. 2008, Chinnadurai et al. 2009).
However, there are exceptions in which salamander populations have high prevalences of Bd.
Across multiple sites in the Southeastern United States, Chatfield et al. (2012) found an average
Bd prevalence of 0.34 in aquatic salamander populations. Rothermel et al. (2016) found Bd at
much higher prevalences in adult eastern newts (Notophthalmus viridescens) than sympatric
larval anurans. Additionally, Bd has been linked to declines in neotropical salamander
populations in Mexico and Guatemala (Cheng et al. 2011).

Though not formally described until 1998, retrospective studies have implicated Bd in the
highly visible amphibian declines of the late 1980s and early 1990s. These declines began as
early as the 1970s when Bd began emerging nearly simultaneously in Central America and
Australia (O’Hanlon ef al. 2018). In these regions, Bd is believed to have been responsible for
the extinction of the charismatic Golden Toad (/ncilius periglenes) of Costa Rica and the two
species of Gastric-brooding Frogs (Rheobatrachus sp.) of Australia (Crump et al. 1992, Berger et
al. 1998) as well as the (at the time) enigmatic decline of numerous other amphibian species.
Since its emergence, Bd has spread to every continent except Antarctica and has been
responsible for either declines or extirpations of over 500 amphibian species (Miller et al. 2018,
Scheele ef al. 2019, Martel et al. 2020). The lasting ecosystem impacts of these mortality events
are now becoming more visible across trophic levels, with recent research showing declines in
tropical snake community diversity in areas of amphibian mass mortalities independent of any
other apparent changes in environmental variables (Zipkin et al. 2020).

The emergence of Bd is generally attributed to the global food, pet, and pharmaceutical
trade of amphibians (O’Hanlon et al. 2018). For years, it was unclear from where Bd originated,

with many hypothesizing endemism to Africa, North America, and the Atlantic coasts of Brazil



(Van Rooij et al. 2015). O’Hanlon et al. (2018) recently identified East Asia, specifically likely
the Korean peninsula, as the native range for Bd, based on the fungus’ high genetic diversity in
the region. Though this largely follows the Novel Pathogen Hypothesis, it is speculated that the
Endemic Pathogen Hypothesis may also have played a role in the emergence of Bd. While the
global trade of amphibians began in earnest at the turn of the 20" century, the pathogen did not
truly emerge until the 1970s, leading to the belief that environmental shifts also may have
contributed to the emergence of Bd and associated amphibian declines (Weinstein 2009,
O’Hanlon et al. 2018).

Additionally important to the amphibian conservation crisis are the pathogens belonging
to the genus Ranavirus and Class Perkinsea (Yap et al. 2015, Gray et al. 2009, Isidoro-Ayza et
al. 2017). Ranavirus is a genus of DNA viruses belonging to the Iridoviridae family. Though
there are multiple ranaviruses known to infect amphibians, there are only three officially
recognized as species: Frog Virus 3 (FV3), Ambystoma tigrinum virus (ATV), and Bohel
iridovirus (BIV). FV3 was the first to be described after being isolated from a northern leopard
frog (Lithobates pipiens) in 1965 (Gray & Chinchar 2015). The second ranavirus species
discovered, BIV, was isolated from Australian amphibians in 1992 and ATV was discovered in
larval Sonora tiger salamanders (Ambystoma tigrinum stebbinsi) in 1995 (Gray & Chinchar
2015). Other ranavirus variants include Common Midwife Toad Virus (CMTYV), first isolated in
2007, Rana grylio Virus (RGV), isolated in the mid-1990s, Tiger Frog Virus (TFV), isolated in
2000, and Rana nigromaculata ranavirus (RNRV), described in 2016 (Gray & Chinchar 2015,
Mu et al. 2018). Though genetically distinct, these ranaviruses are currently considered variants

of named species, due to the high level of DNA sequence conservation (Gray & Chinchar 2015).



Ranaviruses most frequently cause die-offs in larval amphibians during late summer
months, corresponding with the natural immune suppression associated with late stage
metamorphosis (Gray & Chinchar 2015). Diseased individuals may present with erratic
swimming, bloating and erythema near the gills. Ranaviruses can also cause clinical disease in
adults, which can develop bloating and skin ulcerations (Gray et al. 2009). Ranavirus die-offs
can be sparked by viral transmission from reservoir species, be them resistant amphibians or
non-amphibian reservoirs, such as fish, or by environmental transmission from preserved,
infected, dead host tissues or contaminated soils (Gray & Chinchar 2015, p. 71). Ranaviruses
have been shown to have poor persistence in natural water bodies, i.e. those populated with other
microbes. Though it can aid in transmission through one of the pathways mentioned above, it is
unlikely that a ranavirus outbreak could be caused by contaminated water alone (Gray &
Chinchar 2015, p. 71).

Ranavirus die-offs have been documented on every continent except for Antarctica
(Duffus et al. 2015, Gray & Chinchar 2015). Because of the ongoing discovery of new species
and the group’s continued range and host expansion, ranaviruses are regarded as emergent
pathogens and are reportable to the World Organization for Animal Health (OIE) (Gray et al.
2009). While ranaviruses are not as readily associated with large scale extirpations as Bd, their
environmental persistence, density-independent transmission, and ability to cause sudden die-
offs still make them a notable threat to amphibian populations. Multiple reports have been made
of local population-level declines following ranavirus-associated epizootic events, and ranavirus-
associated population declines upwards of 81% have been well documented in the common frog
(Rana temporaria), native to the United Kingdom (UK) (Teacher et al. 2010). Because

ranaviruses in the UK primarily affect adult anurans rather than larvae, there is an exaggerated



risk of them causing large scale species extirpation. But, even localized, larval die-offs can be
extremely detrimental to population integrity, especially in already endangered populations and
when outbreaks are repeated over multiple seasons (Gray et al. 2009, Gray & Chinchar 2015)
For instance, in 2011 a unique and highly pathogenic ranavirus, similar to FV3, was isolated
from captive, endangered Chinese giant salamanders (4Andrias davidianus), creating a major
conservation concern (Gray & Chinchar 2015).

Protozoan parasites belonging to the phylum Perkinsozoa (also known as Perkinsea),
specifically Novel Alveolate Group 01 (NAGO1), present a possible emergent threat to
amphibians. This pathogenic group of Perkinsozoa was described after being identified as the
causative agent in a mortality event in southern leopard frog larvae in Northeast Georgia in 2007
(Chambouvet et al. 2015). Diseased individuals were described as bloated and lethargic, with
discoloration of the skin and livers invaded with high densities of protozoan cells (Chambouvet
et al. 2015). While Perkinsoza-caused die-offs have been documented in the United States across
43 states, NAGO1 organisms infectious to amphibians are more globally distributed. In a 2015
study conducted by Chambouvet et al. (2015), surveillance for Perkinsozoa across five different
countries and multiple frog families detected a mean prevalence of 21%, with each country
having at least one positive case. These positive cases also represented three different subclades
within the NAGOI1. All positive cases were subclinical, leaving the NAGO1 subclade found in the
United States the only known to cause clinical disease in amphibians. However, there could be
environmental factors or coinfection dynamics that could influence the pathogenicity of other
Perkinsozoa subclades, leading to clinical infection (Chambouvet et al. 2020). More information

regarding these dynamics, as well as a better understanding of susceptibility across anuran



species, urodelans and caecilians is necessary to best assess the threat these parasites pose to

amphibians conservation (Chambouvet et al. 2020).

The Role of Cutaneous Microbiome in Amphibian Conservation

The amphibian skin plays numerous roles critical to the animal’s life history beyond a
physical barrier against pathogen invasion. It is responsible for gas exchange and
osmoregulation, the production of anti-predation compounds, and protection against
environmental toxicants and pathogens. It also supports a community of microorganisms that
promote the health of the amphibian host. Increasingly, the importance of symbiotic microbiota
to the health and physiology of their hosts is being recognized across multiple systems. Gut
microbiomes of particular assemblages can promote different body conditions in humans,
symbiotic bacteria encourage healthy coral communities, and cutaneous microbiota can increase
immunity in mice against the parasite Leishmania major (Turnbaugh et al. 2009, Naik et al.
2012, Redford et al. 2012, Krediet et al. 2013, Becker et al. 2015).

The skin microbial community of an amphibian can impact its susceptibility to
pathogens, such as Bd. For example, studies have demonstrated the ability of microbial
communities to reduce host susceptibility to Bd infection. Specific bacteria, such as
Janthinobacterium lividum, Lysobacter gummosus, Chryseobacterium, Serratia marcescens, and
Pseudomonas, are associated with Bd inhibition and elevated host immunity (Becker & Harris
2010, Becker et al. 2009, Becker et al. 2015, Jimenez & Sommer 2017, Madison et al. 2017,
Catenazzi et al. 2018). It has been shown that J. lividum and S. marcescens produce similar anti-
fungal metabolites, violacein and prodigiosin respectively, as well extra extracellular chitinase,

which presumably assists in breaking down fungal pathogens (Madison et al. 2017). Fungal



inhibiting bacteria have been isolated from the skin of multiple amphibian species world-wide,
and the removal of these bacteria has been shown to increase susceptibility to Bd infection and
morbidity (Becker ef al. 2009). Conversely, the use of fungal inhibiting bacteria, specifically J.
lividum, in probiotic therapies has been shown to successfully increase amphibian innate
immunity to Bd through the production of the antifungal compound violacien (Becker & Harris
2010, Harris et al. 2009). However, the use of J. lividum in probiotic treatment has not been
universally successful; when used in probiotic treatments of Panamanian golden frogs (Atelopus
zeteki), the bacteria failed to colonize the skin, presumably due to a general lack of microbe-host
compatibility (Becker et al. 2011, Becker et al. 2015). However, S. marcescens has been isolated
from Costa Rican anurans, perhaps offering a more compatible option for probiotic treatments in
other Central American species (Madison et al. 2017).

There are multiple factors that contribute to the assemblage of an amphibian’s cutaneous
microbial community, with various possible transmission pathways (vertical, horizontal,
environmental) leading to microbial colonization (Jimenez & Sommer 2017, Albecker et al.
2019). Within a microbial community, there exists the “core” community. This collection of
microbial Operational Taxonomic Units (OTU) is shared across >90% of individuals within a
population and are specific to a certain species, though the core communities of different species
may share multiple OTUs (McKenzie et al. 2011, Christian ef al. 2018). These core communities
are believed to help maintain essential host functionality and assist in the persistence of the entire
symbiotic microbial assemblage (Loudon et al. 2014). While the core community is established
and maintained through endogenous factors between the host and symbiotes, in amphibians,

environmental variables, such as habitat, microhabitat, salinity, temperature and elevation, can



also significantly influence the cutaneous microbiome (Albecker ef al. 2019, Apprill ef al. 2014,
Jimenez & Sommer 2017, Muletz-Wolz et al. 2017).

Studies have shown that certain predictions regarding the structure of microbial
assemblages can be made based on spatial and environmental variables; for instance, within
particular locations, the amphibian microbiome community tends to be similar to that of the host
environment and of sympatric amphibians, even across species (Jimenez & Sommer 2017,
Muletz-Wolz et al. 2017). Additionally, higher microbial alpha diversity, which is associated
with a greater likelihood for the presence of fungal-inhibiting bacteria, has been associated with
higher elevation (Muletz-Wolz et al. 2017). Catenazzi et al. (2018) found that across an
elevational gradient in Andean anuran populations, the abundance of fungal-inhibiting bacteria
followed a parabolic trend, with greater abundance at lower and higher elevations, with certain
bacterial groups being present at low and high elevations, specifically Pseudomonas sp. Because
Bd-caused amphibian declines in this region were greatest at middle elevations where the
abundance of fungal-inhibiting microbes was lowest, it is believed that the cutaneous microbial
communities played a significant role in mitigating the impact of Bd in certain amphibian species

(Catenazzi et al. 2018).

Emergence & Description of Batrachochytrium salamandrivorans

As early as 2008, Dutch fire salamanders (Salamandra salamandra) began experiencing
enigmatic, mass die-offs, with 96% of the population extirpated by 2013 (Martel et al. 2013). In
2013, Martel et al. (2013) isolated a new species of chytrid fungus, Batrachochytrium
salamandrivorans (Bsal), from affected individuals and determined the fungus to be the

causative agent in the observed population declines. This marked the discovery of the third

10



chytrid fungus known to parasitize vertebrate hosts and the second to affect amphibians (Van
Rooij et al. 2015). Bsal and Bd diverged roughly 165 million years ago, though maintain great
similarity (Van Rooij et al. 2015). Bsal is a saprophytic, moisture-loving fungus that, like Bd, has
motile zoospore and reproductive zoosporangium life stages. Morphologically unique to Bsal is
that its encysted zoospores produce tubular germ structures that more frequently produce
colonial thalli, possessing more than one zoosporagium (Van Rooij ef al. 2015). Additionally,
Bsal is able to produce non-motile zoospores with higher environmental persistence than motile
zoospores (Stegen et al. 2017). These adapted zoospores can endure in ideal conditions for up to
30 days, but decline quickly in the presence of micropredators (Stegen et al. 2017). Like Bd, Bsal
causes chytridiomycosis in susceptible hosts, though it is characterized by the invasion of
colonial thalli which cause erosive lesions and necrosis, not hyperkeratinization (Martel et al.
2013, Van Rooij et al. 2015). Bsal can persist and cause clinical disease across a fairly wide
thermal niche (~10°- 24°C) (Martel et al. 2013, Laking et al. 2017, Stegen et al. 2017).
Phylogenetic studies point towards Bsal having co-evolved with Salamandridae host
species in East Asia, specifically Vietnam where it persists in Salamandridae populations at low
prevalence, causing limited clinical disease (Laking et al. 2017). The introduction of Bsal into
Europe is attributed to the movement of amphibians through the pet trade, particularly of fire
belly newts (Cynops spp.), a species popular in the pet trade, and natural reservoirs of Bsal
(Martel et al. 2014, Laking et al. 2017). Roughly 2.3 million Cynops individuals were imported
into the USA between 2001 and 2009 alone (Herrel & and van der Meijden 2014). Recent
evidence has shown that anurans can support subclinical infections and transmit Bsa/ to healthy
salamander hosts (Ngueyn et al. 2017, Stegen et al. 2017). While it was initially believed that

anurans did not played a role in Bsal’s emergence, it is likely that the anthropogenic movement
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of east Asian anurans, such as Bombina sp., also contributed to the introduction of Bsal in
Europe (Ngueyn et al. 2017). Since emerging in the Netherlands, Bsa/ has moved into free-living
Belgian, German, and Spanish salamander populations, and additional cases of Bsal infections
have been in captive salamanders in the UK, Germany, and Spain (Martel et al. 2014,
Cunningham et al. 2015, Spitzen-van der Sluijs et al. 2016, Martel et al. 2020). It should be
noted that Germany’s reports of captive Bsal infections preceded the detection of the pathogen in
the country’s wild populations. Additionally, the recent emergence of Bsa/ in Montnegre i el
Corredor Natural Park in Spain, nearly 1000km from the closest reported area of occurrence, has
been associated with the recent introduction of an invasive newt species (7riturus anatolicus
(Anatolian crested newt) and Ichthyosaura alpestris (alpine newt)) (Martel et al. 2020). These
cases further illustrate the significance of anthropogenic movement of amphibians to the past and

future emergence of this infectious pathogen.

Assessing and Responding to the Threats of Bsal

Experimental trials indicate Bsal’s pathogenicity is fairly clade specific (Martel et al.

2014). However, genetic relatedness cannot always be used a predictive measure when assessing
susceptibility (Carter et al. 2019). The fungus causes varying clinical disease in Plethodontidae
species and is most pathogenic to Salamandridae (Martel et al. 2014, Carter et al. 2019). The
threat of Bsal introduction is of particular concern for the Americas, which host the world’s most
diverse salamander communities, with 48% of species occurring in North America alone (Yap et
al. 2015). Multiple factors concerning the epidemiology of Bsal exacerbate this risk. It has been
shown experimentally that Bsal is a highly transmissible pathogen, with a >90% likelihood of

Bsal transmission from direct contact between two susceptible hosts (Malagon et al. 2020).

12



Based on models developed using the epizootics in the Netherlands, it is believed that Bsal can
persist in host populations of very low densities, though transmission has been shown to be
positively associated with host density (Schmidt ez al. 2017, Malagon et al. 2020). Additionally,
widely distributed, densely populated, susceptible species, like Notophthalmus viridescens
(eastern newt), may serve as super spreaders (Malagon et al. 2020).

In response to this threat, a consortium of organizations formed the North American Bsal/
Task Force, which has enacted ongoing Bsal surveillance in wild populations and susceptibility
trials of North American species as research priorities (Martel et al. 2014, Gray et al. 2015,
Parrot et al. 2016, Govindarajulu et al. 2017, Klocke et al. 2017). Based on recommendations
made by this task force, the United States Fish and Wildlife Service (USFWS) imposed a ban on
the import and inter-state movement of ~200 salamander species in 2016 (Grant et al. 2016).
This ban has reportedly reduced salamander importations by 98.4% between 2015 and 2016 and
the pathogen has not yet been detected in the Americas, in either captive or wild amphibians
(Gray et al. 2015, Parrott et al. 2016, Klocke et al. 2017). However, the pathogen persists in
international amphibian collections and trade, causing subclinical infections that may make
infected hosts go undetected (Sabino-Pinto et al. 2018). This perpetuates the emergence of Bsal
throughout Europe and may precipitate the introduction of Bsa/ into the Americas, though the

level of threat may vary by country (Klocke et al. 2017).

Threat of Bsal Emergence in Costa Rica

Costa Rica is one country for which the introduction of Bsal is of particular concern, but
preventative measures have yet to be implemented. Costa Rica is also country whose amphibian

communities have already been marred by emergent infectious diseases. In the 1990s and 2000s,
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Costa Rica experienced what were then classified as enigmatic amphibian declines, now
attributed to the emergence of Bd. The declines reduced anuran diversity by up to 40% in areas
such as Monteverde and Las Tablas (Puschendorf ef al. 2009). One species extirpated by the Bd
was the charismatic golden toad (Incilius periglenes), once a common fixture of the Monteverde
amphibian community (Crump et al. 1992). It is hypothesized that the introduction of Bd and
subsequent declines were due to the unintentional translocation of environmentally resistant
fungal zoospores on fomites, largely through ecotourism (Cheng et al. 2011). Because of the
similar environmental persistence of Bsal zoospores, it is possible the pathogen could be
transported to novel environments through contaminated research or tourism equipment (Stegen
et al. 2017).

Bsal now presents a risk similar to Bd, endangering Costa Rica’s salamander community,
the fifth most diverse in the world (Kubicki & Arias 2016). With all Costa Rican salamander
species belonging to Plethodontidae, known to have varying susceptibility to Bsal, the impacts
of this pathogen in Costa Rica could be disastrous (Martel et al. 2014, Kubicki & Arias 2016).
Based on Bsal’s thermal niche and Costa Rican salamander distributional ranges, at least 30
Costa Rican salamander species could be at risk of Bsal introduction, depending on their
susceptibility (Savage et al. 2002, Cheng et al. 2011, Martel et al. 2014, Kubicki & Arias 2016,
Laking et al. 2017). Costa Rica also has a vibrant international pet trade that lacks regulations for
amphibian pathogens (pers comm Rodolfo Leiton, 2017). For example, the importation and sale
of some exotic species like Xenopus and fire belly newts was recently banned, yet individuals are
often imported in aquarium vegetation and have been recently observed for sale at a large pet
store in San Jose by colleagues in Costa Rica (pers comm Rodolfo Leiton, 2017). Lastly, Costa

Rica’s multi-billion dollar tourism industry leads visitors, especially international visitors from
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Europe and the United States (14% and 40% of annual visitors, respectively), to naive natural
areas (Instituto Costarricense de Turismo 2016). These anthropogenic and environmental factors
combined provide a potential pathway for the introduction of Bsa/ into Costa Rica and

subsequent spread throughout Central America and into North America.

Significance and Rationale

As a product of habitat degradation, environmental shifts, the introduction of invasive
species, and emergent infectious diseases, such as those caused by Bd, Bsal, ranaviruses, and
Perkinsozoa, amphibians are widely imperiled, with 18% listed as endangered or critically
endangered (Chambouvet et al. 2015, Yap et al. 2015, Parrott et al. 2016). Due to their crucial
ecological roles in systems across the world, the endangerment of amphibians threatens
ecosystem health and integrity on a global scale (Welsh & Ollivier 1998, Whiles et al. 2006,
Valencia-Aguilar et al. 2013, Hocking & Babbitt 2014, Yap et al. 2015). We have already begun
to observe the collapse of certain predator communities in response to ongoing amphibian
population declines (Zipkin et al. 2020). In order to combat these declines, especially those
caused by emergent infectious pathogens and their associated diseases, proactive management
measures must be designed and implemented (Grant et al. 2017, OIE 2018, Martel et al. 2020).
Responses to wildlife disease crises are often highly reactive and, in some cases, inefficient. For
instance, in the case of Bd, it took nearly three decades after the pathogen’s initial emergence for
Bd to be described and organized conservation action plans to be developed (Grant et al. 2017).
In contrast, the emergence of Bsal has been met with fiercely proactive mitigative measures,
focusing on pathogen surveillance and epidemiological research, primarily focused in North

America, Europe, Asia, and Mexico (Martel et al. 2013, Martel et al. 2014, Cunningham et al.
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2015, Parrot et al. 2016, Govindarajulu et al. 2017, Klocke et al. 2017, Laking et al. 2017,
Nguyen et al. 2017, O’Hanlon et al. 2018, Malagon et al. 2020, Martel et al. 2020). Because
Bsal has yet to emerge in the Americas, biologists are provided a rare opportunity to expand
upon ongoing mitigative efforts and to implement such work in as many countries at risk of Bsal
introduction as possible.

Costa Rica is one such country, whose amphibian community has already been
devastated by Bd-related epizootics (Puschendorf ef al. 2009). Additionally, the country’s wealth
of potentially susceptible salamander hosts and habitats suitable for the persistence of Bsal,
combined with its flourishing ecotourism industry, place Costa Rica at risk of Bsal introduction
(Savage et al. 2002, Cheng et al. 2011, Martel et al. 2014, Laking et al. 2017). In order to better
understand how Costa Rican salamander communities may be affected by the emergence of Bsal,
it is first important to establish the status of Bsal in the country through targeted surveillance or
retrospective testing of archived samples, similar to actions being taken in other areas of the
world (Martel et al. 2014, Gray et al. 2015, Parrot et al. 2016, Govindarajulu et al. 2017, Klocke
et al. 2017). Additionally, it is crucial to determine or predict the susceptibility of various Costa
Rican salamander species to Bsal. This could be done either through susceptibility trials of live
amphibians or through the characterization of the cutaneous microbiomes of salamanders and
their potential fungal inhibiting properties, to predict innate immunity to Bsal/ (Becker & Harris
2010, Becker et al. 2009, Becker et al. 2015, Jimenez & Sommer 2017, Madison et al. 2017,
Catenazzi et al. 2018). Finally, it is important to identify areas that may be at high risk of
introduction. Identifying these areas of high Bsal risk could inform concerted and efficient
surveillance efforts, which may enable researchers to find Bsa/ in early stages of emergence and

mitigate its spread throughout Costa Rica and other countries (Grant et al. 2017).
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This thesis is constructed of two studies which evaluate the current status of Bsal and
other relevant amphibian pathogens in Costa Rican salamander communities and identify areas
in Costa Rica that are at high risk of Bsal introduction to inform future conservation action. The
objective of the first study was to survey for Bsal, Bd, and ranavirus in highland salamander
populations, believed to be at significant risk of Bsal introduciton. I predicted that Bsa/ and
ranavirus would be absent from these communities but expected to find Bd at low prevalences.
The objective of the second study was to create an Ecological Niche Model (ENM) designed to
identify areas in Costa Rica highly environmentally suitable for the persistence of Bsal. Using
available salamander species distribution data and national protected areas visitation data, areas
of high environmental suitability, high species biodiversity, and high human visitation could be
identified as areas of high Bsal introduction risk. I predicted that roughly 30 of Costa Rica’s 49
salamander species would be in areas environmentally suitable for Bsal. I also predicted that
environmental suitability would be highest in Costa Rica’s two largest mountain ranges, the
Cordillera Central and Cordillera Talamanca. Lastly, I predicted that national protected areas that
fall in these mountain ranges, such as the Poas Volcano National Park, would be areas of

intersection for high suitability and high human visitation.
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ABSTRACT

For roughly five decades, emergent infectious diseases have directly contributed to
catastrophic declines in global amphibian populations. Since 2008, the emergent fungal
pathogen, Batrachochytrium salamandrivorans (Bsal), has caused significant population declines
in European salamander species, sparking international concern. The emergence of this pathogen
has been met with significant proactive political, surveillance and research efforts in Europe, the
United States, Canada and Mexico. No such work has been conducted in Costa Rica, a country:
1) rich in salamander species diversity, 2) mountainous habitat suitable for the persistence and
increased pathogenicity of Bsal, 3) high likelihood for pathogen pollution from a multibillion-
dollar tourism industry. We believe Costa Rica’s salamander community to be at significant risk
of Bsal introduction, meriting proactive surveillance and research efforts. Between November
2018 and December 2019, we surveyed for Bsal, B. dendrobatidis (Bd), and ranavirus within
highland salamander populations in the Central and Talamanca Mountains of Costa Rica, areas
that would be very ecologically suitable for Bsal persistence. While we did not anticipate
detecting Bsal or ranavirus, we did hypothesize we would detect Bd at low prevalences. We
sampled 100 salamanders representing 4 species (Bolitoglossa subpalamata, B. pesrubra, and
Nototriton abscondens) across multiple sites, including one of Costa Rica’s most visited national
parks. None of our target pathogens were detected. Samples were analyzed using PCR at the
Southeast Cooperative Wildlife Disease Study at the University of Georgia. This was the first
study to survey for Bsal in Costa Rica and, while we did not detect the pathogen, we encourage
further surveillance efforts.
Key words: salamander, Costa Rica, pathogen surveillance, Batrachochytrium

salamandrivorans, emergent infectious disease

29



Introduction

Batrachochytrium salamandrivorans (Bsal) is an emergent fungal pathogen that has
caused significant population declines in European salamander populations (Martel et al. 2013,
Martel et al. 2014). Like its close relative, B. dendrobatidis (Bd), Bsal can cause aggressive
chytridiomycosis, characterized by invasion and erosion of the host’s skin, leading to morbidity
and mortality, depending on host susceptibility. In the early 2000s, Bsal was inadvertently
introduced to the Netherlands from East Asia, presumably through the pet trade (Martel et al.
2013, Martel et al. 2014, Laking et al. 2017, Nguyen et al. 2017). Since its introduction, it has
been detected in wild salamander populations in Belgium, Germany and Spain, and in captive
salamanders in the UK, Germany and Spain (Martel et al. 2014, Cunningham et al. 2015,
Spitzen-van der Sluijs et al. 2016, Sabino-Pinto et al. 2018, Martel et al. 2020). Although Bsal
has not been detected in the Americas, its introduction is regarded as unavoidable (Grant et al.
2017). This will endanger the world’s most diverse salamander communities, specifically those
species belonging to Salamandridae and Plethodontidae, which have high and variable
susceptibility to Bsal-caused chytridiomycosis, respectively (Martel et al. 2014, Cunningham et
al. 2015, Yap et al. 2015, Parrot et al. 2016, Spitzen-van der Sluijs et al. 2016, Carter et al.
2019). As such, proactive pathogen surveillance has been prioritized with the goal of early
detection (Gray et al. 2017). Early pathogen detection would best inform the development of
management strategies to mitigate the impacts that Bsal may have on global salamander
communities. In fact, proactive pathogen surveillance, in association with host species
management, recently helped to mitigate a Bsa/ outbreak in a small reservoir in Spain’s
Montnegre i el Corredor Natural Park (Martel et al. 2020). Early detection allowed for the

efficient removal of host species, drainage of the reservoir, and prevention of transmission to the
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surrounding area. It is important to note that, in that case, the outbreak was detected over 1000
km from the closest report of Bsal, likely through the introduction of an invasive salamander
species, illustrating the ability of this pathogen to be moved move across large geographic areas
through human activities (Martel et al. 2020). Given the large biodiversity and ecological
significance of salamanders, enacting similar conservation measures in North and Central
America is of great importance (Hocking & Babbitt 2014, Semlitsch ez al. 2014, Yap et al.
2015).

Extensive surveillance has been conducted in some parts of the Americas, including
Canada, the United States, and sporadic studies in Mexico, and the Peruvian Andes (Martel et al.
2014, Gray et al. 2015, Parrot et al. 2016, Govindarajulu et al. 2017, Klocke et al. 2017).
However, such efforts have yet to be implemented in many South and Central American
countries, such as Costa Rica, a country significantly impacted by emergent amphibian
pathogens (Parrot ef al. 2016). In the late 1980s and 1990s, Costa Rica experienced substantial
Bd-associated amphibian mortality events, most notably in the Monteverde and Las Tablas
regions, which included the extinction of the charismatic golden toad (Incilius periglenes)
(Crump et al. 1992, Puschendorf et al. 2009). Additionally, Ranavirus, another OIE-notifiable
pathogen responsible for global die-offs of amphibians (Duffus et al. 2015, Gray & Chinchar
2015), has been found widely distributed in lowland Costa Rican anuran populations (Whitfield
et al. 2013). Though little is known about the epidemiology of Ranavirus in Costa Rica, this
pathogen may negatively impact amphibian population dynamics, especially during co-infections
with Bd (Whitfield ez al. 2013, Warne et al. 2016).

While Costa Rica’s pathogen-associated amphibian declines been have predominantly

documented in anuran populations, Bsa/ now poses a threat to Costa Rica’s salamander
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community, the world’s fifth most diverse (Kubicki & Arias 2016). All Costa Rican salamander
species undergo direct development and are generally scansorial during nocturnal foraging and
otherwise diurnally subterranean (Savage 2002). Because all Costa Rican salamanders belong to
the family Plethodonidae, which is known to have variable susceptibility to Bsal, and with some
experiencing severe mortality, the impact of Bsal in this naive community could be catastrophic
(Savage et al. 2002, Martel et al. 2014, Carter et al. 2019). Recent evidence has also shown that
anurans can support subclinical infections and transmit Bsa/ to healthy salamanders (Ngueyn et
al. 2017, Stegen et al. 2017). Thus, Costa Rica’s diverse anuran community to further impact the
epidemiology of the pathogen in Costa Rica. Additionally, Costa Rica is a country with habitats
that are likely ecologically suitable for the persistence of Bsal, based on the pathogen’s known
thermal and moisture requirements (Cheng et al. 2011, Martel et al. 2014, Kubicki & Arias 2016,
Laking et al. 2017). Lastly, Costa Rica’s multi-billion-dollar tourism industry brings hundreds of
thousands of visitors, in particular from Europe and the United States (14% and 40% of annual
visitors, respectively), into contact with natural areas. A small portion (~0.5%) of annual visitors
come from areas in which Bsal is endemic. This vitally important industry creates a potential
pathway for Bsal introduction from Europe into Costa Rica and then possibly from Costa Rica
into North America (Instituto Costarricense de Turismo 2016).

We believe it is crucial to initiate proactive conservation measures in Costa Rica to
mitigate the impacts of Bsal and to avoid a repetition of the amphibian declines observed in
association with Bd. In this study, we conducted surveillance to collect baseline data for Bsal
prevalence in Costa Rica and additionally surveyed for Bd and Ranavirus in high montane
salamander communities across multiple locations from December 2018 to December 2019. The

collection of this baseline data for these pathogens in highland Costa Rican salamanders is
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crucial for the identification and tracking of future outbreaks. We did not expect to find Bsal or
Ranavirus in these species in this region. We did not anticipate finding Ranavirus in this study
because of a general lack of suitable environmental conditions at our study sites (Savage 2002,
Gray et al. 2009, Hoverman et al. 2011). We did anticipate finding Bd at low prevalences due to

its proposed endemism in Costa Rica (Puschendorf et al. 2009).

Methods

Field Sampling

Between November 2018 and December 2019, we sampled salamanders at 5 locations in
the Cerro del Muerte region of the Cordillera Talamanca, and within a 650-m area along the
boulevard of Poas Volcano National Park. We sampled in Poas Volcano National Park during
three discrete sampling events on 4 December and 13 December 2018 and 14 June 2019.
Sampling locations were selected based on previous observations of target species and historic
salamander location data. At Poas Volcano National Park, we sampled in the median of the main
boulevard. The median was characterized by moist soil with multiple rocks, shrubs and small
trees and was roughly one meter wide and 400 m long. The median was isolated from the
surrounding tropical montane forest matrix by the paved walkway on both sides. Because all
surveys at this site were during the day, due to temporal restrictions to park visitation, we
carefully flipped rock cover items to find salamanders.

We sampled areas in tropical moist broadleaf forests and paramo systems in Cerro de la
Muerte. These tropical moist broadleaf forests were characterized by dense trees and understory
with moderate to no obvious human modification. Trail cuts were the primary anthropogenic

landscape modification, which exposed plant roots and allowed for the growth of large mats of
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moss in many areas. In forested areas, we surveyed at night along area-constrained transects for
active salamanders on moss mats, exposed root systems, and on slightly elevated vegetation, as
our target species are scansorial (Level 1) (Crump & Scott 1994, p. 84-92). We predominantly
found salamanders in microhabitats characterized by high amounts of lichen and moss and areas
of slight disturbance, such as a trail cut. Paramo sites were characterized by typically dry soil,
many rock cover items, often covered or surrounded by lichens, mosses, and other herbaceous
vegetation, and shrubby plants. Surveys in paramos were conducted at day and night, during
which we surveyed for salamanders on mossy embankments and underneath rocks. However, in
paramos, we only successfully found salamanders during the day underneath rocks. We searched
for salamanders along established area-constrained transects, surveying salamanders found on
the surface and under cover items (Level 2 intensity) (Crump & Scott 1994, p. 84-92). We
sampled salamander opportunistically along these transects, finding one salamander
approximately every 150 cover items.

We handled all animals with powder-free nitrile gloves and placed them in individual
plastic bags prior to processing (Gray et al. 2018). We collected standard amphibian
morphometric measurements (standard length, tail length, head width and snout length) and
mass. We aged (adult or juvenile) and sexed animals based on size and physical characteristics
(Savage 2002). We examined each salamander for any signs of disease (righting reflex and
lesions such as skin lesions, discoloration, or dysecdysis) (Gray et al. 2009, Martel et al. 2013).
We swabbed each individual 30 times on the ventral side and front and back digits following
methods from Parrott et al. (2016) using a PurFlock® Ultra sterile synthetic cotton applicators
(Puritan Diagnostics LLC Guilford, Maine, USA). For Ranavirus testing, we collected a 2-5mm

tail clipping using sterile razor blades from individuals with a tail length <20mm (Sutton et al.
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2014). Incision sites were treated with manual pressure with a cotton gauze soaked in diluted
betadine to promote clotting and reduce risk of infection. No tail clipping exceeded 15% of the
total tail length (Marvin 2013, Segev et al. 2013). We released each animal at capture site. To
avoid pathogen transmission, we disinfected all sampling equipment, changed gloves, and used
new blades for sampling between individuals (Gray et al. 2018). All capture and sampling
methods were reviewed and approved by University of Georgia’s [ACUC committee (AUP #:
A2018 02-003-R2) and by Costa Rica’s Comision Nacional para la Gestion de la Biodiversidad

(File 377, Resolution R-060-2019-OT-CONAGBIOE).

Determining Presence of Bd, Bsal, and Ranavirus

We extracted DNA from all samples using a DNeasy Blood & Tissue Kit (QIAGEN Inc.,
Valencia, California). Skin swabs were analyzed for presence of Bd and Bsal using conventional
PCR and primers as described by Boyle et al. (2004) and Blooi ef al. (2013) for Bd and Bsal
respectively. Our positive control was a gBlock containing Bd and Bsal target sequences of DNA
(IDT, Coralville, lowa). Tail clippings were analyzed for Ranavirus using conventional PCR as
described by Kattenbelt et al. (2000). We used DNA from a sequence confirmed Ranavirus-
positive clinical case, provided by the Southeastern Cooperative Wildlife Disease Study

(SCWDS), as our Ranavirus positive control.
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Results
Between December 2018 and December 2019, we sampled 57 salamanders (47
Bolitoglossa pesrubra and 10 B. cerroensis) at five sites in Cerro de la Muerte and 43
salamanders (39 B. subpalmata and 4 Nototriton abscondens) in Parque Nacional Volcan Poas

(Fig. 2.1, Table 2.1). All salamanders were negative for all three pathogens.
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Figure 2.1 (A) Shows the two regions of survey (Parque Nacional Volcan Poas & Cerro de la
Muerte) and number of salamanders surveyed in each region. (B) Shows the five sites surveyed

in Cerro de la Muerte and the number of salamanders surveyed at each site.
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Table 2.1 Sample size and prevalence of Batrachochytrium salamandrivorans (Bsal), B.

dendrobatidis (Bd), and Ranavirus in four Costa Rican salamander species

Locality Elevation No. positive/No. sampled No. positive/No..
(ma.s.l.) for Bd/Bsal Sampled for Ranavirus
Cerro de la Muerte 0/57 0/49
ﬁ:sl;;"bgrl;’“a ok Aml & 26002830 0/14 0/12
Paramo 84 3209-3275 0/10 0/8
Paramo 86 3324-3403 0/7 0/5
Paramo 88 3178-3348 0/16 0/15
B. cerroensis Iyok Ami 2630-2830 0/8 0/7
Paramo 84 3250-3280 02 02
B. subpalmata Volcan Poas 2500 0/39 0/35
Nototriton Volcan Poas 2500 0/4 01
abscondens
Discussion

None of our target pathogens, Bsal, Bd, and Ranavirus, were detected by PCR in the
salamanders sampled in this study. This is encouraging, especially at Poas Volcano National
Park. Historically, this is the most visited national park in Costa Rica, with ~ 400,000 tourists in
2016, ~ 50% of whom are not Costa Ricans (Instituto Costarricense de Turismo 2018). The
emergence of novel pathogens has often been associated with human movement and visitation to
natural areas, as was the case with White Nose Syndrome in bats and its associated pathogen,

Pseudogymnoascus destructans (Coleman 2014). Because of this association, we believe Poas
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Volcano to be an area of significant introduction risk for Costa Rica. Although visitations
dropped following the Poas Volcano’s 2017 eruption, the park still receives thousands of visitors
annually, increasing the likelihood that Bsal or other pathogens could be introduced. All areas of
the park, aside from the main boulevard, were closed during the course of our study, due to
volcanic activity. Further surveillance should be conducted in these restricted areas upon
reopening, which will concur with increased tourism and risk of introductions. While the region
of Cerro de la Muerte receives fewer visitors (~28,000 visitors in 2018) than the Poas Volcano,
ongoing surveillance should be conducted, given the area’s general ecological suitability to Bsal
and the presence on the Pan-America Highway, a major thoroughfare for commercial and private
travel (Instituto Costarricense de Turismo 2018, Adams et al. submitted). Additionally, because
of the significant role the international pet trade has played in the globalization of amphibian
pathogens, surveillance should also be conducted in any accessible captive amphibians in Costa
Rica (Martel et al. 2014, Nguyen et al. 2017, O’Hanlon et al. 2018, Martel et al. 2020).

There was little to no standing water in the areas of surveillance, reducing the ecological
suitability for Ranavirus, which could explain our Ranavirus results (Gray et al. 2009, Hoverman
et al. 2011). Additionally, most competent Ranavirus hosts are moderately to highly aquatic
species and Costa Rican salamander species undergo direct development with no aquatic larval
life stage (Savage 2002, Gray et al. 2009, Hoverman et al. 2011). However, it is possible that
sympatric anuran species may maintain Ranavirus in the environment which may occasionally
spill over into salamander populations (Gray et al. 2009).

Considering the level of endemism of Bd in Costa Rica since the 1980s, the lack of
detection of Bd in this study is surprising (Lips et al. 2003, Stuart et al. 2004, Puschendorf et al.

2006, Whitfield et al. 2013). However, little is known regarding the prevalence of Bd in Costa
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Rican salamanders, as published surveillance in Costa Rican urodelans has been nonexistent. It is
important to note that Bd has been detected in bolitoglossine salamanders in Guatemala and has
been linked to salamander declines in Mexico and Guatemala (Cheng et al. 2011). This implies
the suitability of many Costa Rican salamander species as Bd hosts. It is possible that Bd is only
able to persist in Costa Rican salamander populations at a very low prevalence, similar to other
areas of the world, and thus our small sample size precluded detectability (Rothermel et al.
2008). Recent population data is unavailable for salamander species in Costa Rica. This makes it
difficult to assess the likelihood of pathogen detected within these populations, regardless of
prevalence. However, using mark-recapture data we were able to estimate the size of the
salamander population in the median at Volcan Poas. We estimated 175 salamanders live in the
median. Based on this population estimate and our sample size, we had a 95% chance of
pathogen detection at prevalence of 10%. If pathogen prevalence was less than 10%, our chance
of detection would have decreased.

To our knowledge we are the first to survey for Bsal in Costa Rica and fill in gaps
concerning the epidemiology of three pathogens of extreme importance for amphibian
conservation in Costa Rica, where amphibians have suffered population declines over the past
decades. We recognize that factors such as small sample size and seasonal and site effects could
have diminished the detectability of our target pathogens. However, these results still provide
important baseline data for future pathogen research. The high likelihood of Bsal transmission
from direct contact between two hosts, the ability of the pathogen to move across landscapes
even with low host densities, and the potential for certain densely populated species, such as
Notophthalmus viridescens (eastern newt), to serve as super-spreaders put New World

salamanders at significant risk from Bsal (Hocking & Babbitt 2014, Schmidt ez al. 2017,
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Malagon et al. 2020). This has important implications for amphibian biodiversity and ecosystem
functionality and services in the Americas (Semlitsch ef al. 2014). Further surveillance in our
study populations, sympatric anuran populations, and captive amphibians in Costa Rica could
illuminate the ecology of Bd in Costa Rican salamanders. Additionally, retroactive studies using
museum specimens (e.g., Cheng ef al. 2011) might provide a better understanding of amphibian

pathogens in Costa Rican salamander populations.
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CHAPTER 3
ASSESSING THE RISK OF THE EMERGING FUNGAL PATHOGEN,

BATRAOCHOCHYTRIUM SALAMANDRIVORANS, TO COSTA RICAN SALAMANDERS?

2Adams, H.C., K. Markham, M.J. Gray, M. Madden, S.M. Hernandez. 2020 to be submitted to
Journal of Wildlife Diseases
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ABSTRACT

Implementing proactive conservation strategies in wildlife disease management is crucial.
Essential to the success of these proactive strategies is pathogen surveillance and accurate
epidemiological predictions. The emergence of the fungal pathogen, Batrachochytrium
salamandrivorans (Bsal), which initially caused significant declines in Dutch fire salamander
(Salamandra salamandra) populations in 2008, has been met with largely proactive mitigation
efforts. The continuation of these proactive measures is crucial, especially in naive environments
in which no mitigative efforts against Bsal have been enacted, such as Costa Rica. Some
surveillance for Bsal has been conducted in Costa Rica, but, in order to inform continued
targeted surveillance, we developed an Ecological Niche Model (ENM) using MAXENT in
ArcGIS to identify areas ecologically suitable for Bsal in Costa Rica. We sought to identify areas
at high risk of Bsal introduction by finding where areas of ecological suitability overlap with
high human visitation and high salamander biodiversity. We predicted suitability would be
highest in Costa Rica’s Cordillera Central and Cordillera Talamanca, that 30 salamander species
would live in areas suitable for Bsal, and that protected areas in the aforementioned mountain
ranges would be points of high suitability and visitation. We found that ~23% of Costa Rica’s
landmass is suitable for Bsal, that 27 salamander species, including 4 endangered species, live in
areas suitable for Bsal, and identified eight areas in at which suitability intersected with high
biodiversity and/or human visitation. Many of these locations were within the Cordillera Central
and Cordillera Talamanca and we encourage pathogen surveillance, research, and potentially
government implemented biosecurity in these areas.
Key words: Ecological niche model, risk assessment, Batrachochytrium salamandrivorans,

Costa Rica, salamanders
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Introduction

Emergent infectious pathogens and their associated diseases pose an increasing threat to
global wildlife biodiversity (Daszak et al. 2000). Unfortunately, responses to wildlife epizootics
are often more reactive than proactive (Voyles et al. 2014). In the case of the fungal pathogen
Batrachochytrium dendrobatidis (Bd), one of the two causative agents in amphibian
chytridiomycosis, decades passed between initial emergence, formal description, and subsequent
unified action. Before being described in 1998, nearly two decades after its initial emergence, Bd
caused extensive declines and even extinctions in many Central American and Australian
species, including the Golden Toad (Incilius periglenes) of Costa Rica and the Gastric-brooding
Frogs (Rheobatrachus) of Australia (Crump et al. 1992, Berger et al. 1998, O’Hanlon et al.
2018, Scheele et al. 2019). It was not until 2005 and 2006 that Australia and the United States,
respectively, developed conservation action plans to combat the fungus (Grant et al. 2017). Now,
Bd has been implicated in the decline of over 500 amphibian species, with 40% of species lost in
certain regions (Puschendorf ez al. 2009, Miller et all 2018, Scheele et al. 2019, Martel et al.
2020). A dramatic increase in proactivity was seen in the case of the emergence of
Pseudogymnoascus destructans (Pd), the causative agent of White-Nose Syndrome: action plans
had been drawn within two years of its description in 2008, only two years after the pathogen’s
initial emergence in Howes Cave near Albany, New York (Blehert ef al. 2009, Voyles et al.
2014).

Proactive management strategies, which are far more common in human and livestock
disease outbreaks, are known to mitigate negative outcomes, reduce costs, and promote
efficiency of response (Grant et al. 2017, OIE 2018, Martel et al. 2020). Adequate pathogen

surveillance and the ability to make epidemiological predictions are required for the success of
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proactive responses (Grant et al. 2017). Such responses are more crucial than ever, especially in
light of the emergence of the fungal pathogen pathogen, Batrachochytrium salamandrivorans
(Bsal). Bsal, the third chytrid fungus known to parasitize vertebrate hosts (in addition to Bd and
Ichthyochytrium vulgare), is a saprophytic fungus with an affinity for cool, moist environments.
It persists at a fairly wide thermal range (~5°-25°C), being most pathogenic between 10°-15°C,
and presents a major threat to amphibians globally, specifically urodelans (Martel et al. 2013,
Martel et al. 2014, Stegen et al. 2017, Carter et al. 2019). Bsal first emerged in the Netherlands
in 2008, where it caused enigmatic die-offs in local fire salamander (Salamandra salamandra)
populations. By the time Martel ef al. (2013) formally described the pathogen, Dutch fire
salamanders had experienced upwards of 94% population declines.

Bsal’s emergence was met with fiercely proactive research and mitigative measures:
Martel et al. (2014) initiated wide scale surveillance for Bsal, surveying over 5,000 individual
animals, as well as experimental infection trials. This research illuminated general taxonomic
trends for Bsal susceptibility and predicted Bsal to have originated in East Asia, dispersed
through the international pet trade (Martel et al. 2014). These predictions concerning Bsal’s
native range and the role of the pet trade in its emergence were later corroborated by further
research (Cunningham et al. 2015, Laking et al. 2017, Nguyen et al. 2017, O’Hanlon et al.
2018). By 2016, both the European Union and the United States had passed legislation limiting
the international and internal movement of injurious salamander species (Grant et al. 2016,
2017). Further, susceptibility research has continued to illuminate the nuances of Bsal
susceptibility in salamanders (e.g., Carter et al. 2019), and shown the capabilities of anurans to
be subclinical hosts of Bsal (Ngueyn et al. 2017, Stegen et al. 2017). Ongoing surveillance work

in the Americas and Europe has catalogued the continued expansion of Bsal’s European range,
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which has now been detected in Belgium, Germany, and Spain in wild salamander populations
(Martel et al. 2014, Cunningham et al. 2015, Gray et al. 2015, et al. 2016, Spitzen-van der Sluijs
et al. 2016, Govindarajulu et al. 2017, Klocke et al. 2017, Martel et al. 2020). Bsal’s recent
detection in Spain’s Montnegre i el Corredor Natural Park, 1000 km away from the nearest
known area of occurrence, was extremely fortuitous and due to opportunistic disease screening in
conjunction with ongoing invasive species eradication efforts (Martel e al. 2020). The detection
sparked immediate collaborative efforts between regional authorities and scientist, leading to
effective outbreak containment. This narrative further illustrates the necessity for conscious Bsal
surveillance whenever possible and the efficacy of proactive disease management measures
implemented (Martel et al. 2020). Though Bsal has yet to be detected in the Americas, home to
the world’s most diverse salamander communities, the continued execution and expansion of
such proactive conservation measures are of immense importance (Parrot et al. 2016,
Govindarajulu et al. 2017).

Adams et al. (submitted) initiated surveillance for Bsal in Costa Rica, which possesses
the fifth most diverse salamander community in the world as well as a wealth of habits
ecologically suitable for Bsal persistence (Savage 2002, Martel ef al. 2013, Laking et al. 2017,
Stegen et al. 2017). Additionally, Costa Rica has a thriving ecotourism industry with ca. 14%
(~280,000) of annual visitors originating from Europe and 40% (~800,000) originating from the
United States. Roughly 0.5% of annual visitors (~10,000) originate from areas in which Bsal is
endemic (Instituto Costarricense de Turismo 2016). This provides a potential pathway of
introduction from Europe into Costa Rica, and then from Costa Rica to the United States,
threatening both Central and North American salamander communities. Ecotourism and other

anthropogenic activities are believed to have exacerbated the emergence of Bd in Costa Rica
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during the 1980s and 1990s (Cheng et al. 2011, O’Hanlon et al. 2018). Though Adams et al.
(submitted) did not find Bsal in their study, their study was somewhat limited to small
geographic areas and had small sample sizes, especially in the Cordillera Talamanca. Therefore,
further surveillance is necessary.

Ecological Niche Models (ENM) are extremely valuable tools for generating efficient
and targeted surveillance efforts and have been employed to pinpoint areas in Costa Rica of high
ecological suitability to Bd (Puschendorf et al. 2009). Basanta et al. (2019) recently generated a
similar model that predicted areas of high suitability for Bsal in Mexico, using climatic data from
locations in Bsal’s native range. They identified 13 hotspots for Bsal introduction, where
ecological suitability overlapped with high salamander species biodiversity. These locations
primarily fell in Central and Southern Mexico (Basanta et al. 2019). Here, we created a similar
ELM to be used to develop future targeted surveillance strategies in Costa Rica. In this study, we
generated an ENM that 1) identifies areas in Costa Rica that are ecologically suitable for the
persistence of Bsal, 2) have salamander species diversity, and receive large amounts of human
visitation. Based on known salamander ranges and associated ecological characteristics in those
ranges, we predicted that roughly 30 of Costa Rica’s 49 salamander species would be in areas
environmentally suitable for Bsal (Savage 2002). We also predicted that environmental
suitability would be highest in Costa Rica’s two largest mountain ranges, the Cordillera Central
and Cordillera Talamanca, based on ecological characteristics, such as rainfall and temperature
(Savage 2002). Lastly, we predicted that national protected areas that fall in these mountain
ranges, such as the Volcan Poas National Park, would be areas of intersection for high suitability

and high human visitation (Savage 2002, Instituto Costarricense de Turismo. 2016). We have
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characterized areas in which our three criteria overlap as areas at high risk of Bsal introduction

and encourage they be prioritized for future conservation research.

Methods

We first used calculated biodiversity measures for Costa Rican amphibians using
TerrSet’s Habitat and Biodiversity Modeler using polygons of species extent from the IUCN Red
List. Ranges of 44 species of salamander (of Costa Rica’s 49) and 174 frog species were
available. Alpha diversity and the Range Restriction Index (RRI), which compares the area a
species is found with the entire study region, were calculated for available salamander species.
Higher RRI values suggest that the majority of species present have relatively restricted ranges
or are highly endemic. Salamander diversity was reclassified into four categories: low (zero to
two), medium (two to four), high (four to six), and very high (six to eight). Because of their
potential to act as carrier hosts for Bsa/, anuran alpha diversity was also calculated (Ngueyn et al.
2017, Stegen et al. 2017).

We estimated visitation using data provided by the Costa Rican Ecotourism Institute.
Visitation data from 2018 were available for forty-six out of one hundred and sixty-four

protected areas (Figure 3.1). Visitation data includes both national and international tourists.
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Figure 3.1 Protected areas are outlined in black. Where available, visitation numbers within

protected areas for 2018 are indicated by color, with darker blue indicating more visitors.

To identify potential suitable habitat in Costa Rica, ecological niche modeling for Bsal

was conducted using presence points in areas of Bsa/ endemism. This model was then used to

predict suitability in Costa Rica. The maximum entropy model (MAXENT) was used due to its

ability to model distribution using presence only data and its high predictive accuracy (Elith et

al. 2006). Thirty-four presence points of Bsal/ within its natural range were used. Following
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Basanta et al. (2019), the following bioclimatic variables were included in the model: mean
diurnal range, maximum temperature of warmest month, temperature annual range, precipitation
seasonality, precipitation of warmest quarter, and precipitation of coldest quarter. Correlation
between variables was checked and all variables scored below 0.7. We performed MAXENT
analyses following methods outlined by Basanta ez al. (2019). We used a parametrization of
regularization multiplier of 2.5 and a linear, quadratic and product feature combination.
MAXENT produced a map ranging from zero to one with one indicating the most highly suitable
habitat. We reclassified the suitability map into low (less than 0.5), medium (0.5-.75), and high
(over 0.75) suitability categories. To identify high priority areas where monitoring efforts should
be focused, we examined areas where high/very high alpha diversity and high suitability
overlapped. We also compared these high priority areas with the RRI to identify species with

particularly restricted range (i.e. at higher risk of local extinctions).

Results
Alpha diversity for salamanders was greatest in the central part of Costa Rica as well as
along the Panamanian border, and lowest in northwestern Costa Rica (Fig. 3.2). Frog alpha
diversity followed similar patterns, with high diversity along the eastern portion of the country

overlapping areas of high salamander diversity.
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Figure 3.2 Salamander (left) and frog (right) alpha diversity in Costa Rica. Darker shades

indicate higher alpha diversity.

The raw results of our ENM is shown in Figure 3.3, showing highest suitability in the
Cordillera Talamanca, Cordillera Central, and Northern Caribbean Coast. Of Costa Rica’s
roughly 51,000 km? of land, 39,440 km? (77.33%) are classified as low suitability for Bsal
(scores <0.50), 11,585 km? (22.72%) are classified as medium suitability (scores 0.5-0.75), and

79 km? (0.15%) are considered highly suitable (scores >0.75) (Fig. 3.4).
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Figure 3.3 Ecological Niche Model results for Bsal suitability in Costa Rica. Shows high
suitability especially in the Cordillera Central, Cordillera Talamanca, and northeastern

Caribbean slope.
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Figure 3.4 Simplified results of our ENM. Close-up of highly suitable area for Bsal,

shown in red. Protected areas are shown overlaid with diagonal lines.

The majority of land predicted to be highly suitable area for Bsal (almost 73 square
kilometers) is within protected areas (Fig. 3.4), including Cordillera Volcanica Central
Biological Reserve, Braulio Carrillo National Park, La Amistad National Park, Chirripo National

Park, and Tapanti-Macizo de la Muerte National Park. Brauilo Carrillo National Park had over
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25,000 visitors and Tapanti-Macizo de la Muerte National Park had nearly 29,000 visitors in
2018. La Amistad National Park had 744 visitors in 2018. Of land considered highly suitable for
Bsal, 3.16% (2.5 km?) contained between six and eight salamander species and 17.1% (13.5 km?)
contained between four to six species. Fifteen species of salamander were found in areas
predicted to be highly suitable. Four of those species are endangered. Nearly 44% (35 km?) of
land predicted to be highly suitable areas for Bsal do not contain any salamander species.

Of the 11,585 square kilometers considered moderately suitable for Bsal, 56.13% (6,503
km?) are within protected areas (Fig. 3.4), including parks with considerable visitation in 2018:
Tortuguero National Park (135,000 visitors), Brauilo Carrillo National Park, Volcan Irazu
National Park, (420,000 visitors) and Volcan Poas National Park (50,000 visitors). Of land
considered moderately suitable for Bsal 2,084.91 square kilometers contain between six and
eight species of salamander 4,982 square kilometers contain between four to six species. Thirty-
seven salamander species are found within moderately suitable habitat including the critically
endangered Nototriton major and thirteen other species listed as endangered by the TUCN.

To suggest high priority area for monitoring, we identified areas of overlap between areas
predicted to be moderately-highly suitable for Bsal, with high/very high salamander diversity
(i.e. four or more species), and with notable human visitation (Fig. 3.5). Seventeen square
kilometers of land met these criteria (Fig. 3.5). This high priority area falls within Braulio
Carrillo National Park, Cordillera Volcanica Central Reserve, and the Talamanca Range of La
Amistad International Park near Lim6n, with some high priority area extending just beyond the
boundary of the park. Salamander species found within high priority areas include Bolitoglossa
alvaradoi, B. colonnea, B. robusta, O. alfaroi, O. cyclocauda, O. gracilis, O. poelzi, and O.

uniformis.
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Figure 3.5. Shows overlap of areas moderately suitable for Bsal and with high/very high
amphibian diversity (yellow) and overlap between areas highly suitability for Bsa/ and with
high/very high amphibian diversity (red). Protected areas are outlined and the number of visitors

in 2018 is indicated by pattern.

The high priority area within Brauilo Carrillo and Cordillera Volcanica Central

Biological Reserve also have high RRI values, indicating that salamander species found there are
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highly endemic within Costa Rica (Fig. 3.6). The high priority area within La Amistad

International Park has relatively low RRI levels.
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Figure 3.6. RRI values with darker red indicating salamander species found within this pixel
have a restricted range across Costa Rica. High priority areas are shown in bright red. Protected

areas are outlined and the number of visitors in 2018 (where available) is indicated by pattern.
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Discussion

Our ecological niche model predicted that ecological suitability for Bsal follows the
general trends that we hypothesized, with suitability being highest in Costa Rica’s mountain
ranges. However, our model also shows that suitability is high in the Caribbean tropical wet and
moist forests of northeastern Costa Rica (Fig. 3.3). We did not anticipate this due to the region’s
high temperatures, but, the area’s high annual rainfall could mitigate the influence of high
temperatures, increasing ecological suitability for Bsal in those areas. A large portion of Costa
Rica’s landmass (22.67%) is moderately ecologically suitable (Bsal suitability score 0.5-0.75) for
the persistence of Bsal. This area of moderate suitability is generally limited to the Caribbean
slope of Costa Rica, including the premontane and montane forests of the Talamanca and Central
mountain ranges as well as the Caribbean tropical wet and moist forests (Fig. 3.4). A total of 37
salamander species out of the 44 species available (>75% of Costa Rica’s total salamander
species) live in areas moderately suitable for Bsal (Bolitoglossa alvaradoi, B. bramei, B.
cerroensis, B. colonnea, B. compacta, B. diminuta, B. epimela, B. gracilis, B. lignicolor, B.
marmoreal, B. minutula, B. nigrescens, B. obscura, B. pesrubra, B. robusta, B. schizodactyla, B.
sombra, B. sooyorum, B. striatula, B. subpalmata, B. tica, Nototriton abscondens, N. gamezi, N.
guanacaste, N. major, N. picadoi, N. richardi, N. tapanti, Oedipina alfaroi, O. carablanca, O.
collaris, O. cyclocauda, O. gracilis, O. grandis, O. poelzi, O. pseudouniformis, O. uniformis). 13
of those species are listed as endangered by the ICUN (Bolitoglossa alvaradoi, B. compacta, B.
marmoreal, B. minutula, B. nigrescens, B. sooyorum, B. subpalmata, B. tica, Oedipina
carablanca, O. gracilis, O. grandis, O. poelzi, O. pseudouniformis) and a single species,

Nototriton, major, is listed as Critically Endangered. Within these areas of moderate ecological
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suitability, there are large patches containing high salamander alpha diversity: 43% of
moderately suitable areas contain 4-6 six salamander species and 20% contain 6-8 species, with
8 being the greatest alpha diversity in any given place in Costa Rica.

These areas of moderate suitability and high salamander biodiversity are clustered in the
northern and very southern Cordillera Talamanca, the Cordillera Central, two points in the
Cordillera Guanacaste, one point in the Cordillera Tilaran, and a large portion of the Caribbean
wet and tropical wet and moist forests (Fig. 3.5). While experimental susceptibility trials have
yet to specifically demonstrate the susceptibility of Costa Rican salamanders to Bsal, all Costa
Rican species belong to the family Plethodontidae. This family has been shown to have variable
susceptibility to the fungus, with some species being highly susceptible (Martel et al. 2014,
Carter ef al. 2019). With such a large proportion of the country’s salamander species living in
areas ecologically suitable for Bsal, we encourage a robust surveillance program is established,
especially for the 14 endangered species located in high-risk areas. Additionally, based on the
available natural area visitation data, we encourage surveillance specifically in the Volcan Poas
National Park, Volcan Irazu National Park, Braulio Carillo National Park, Tortuguero National
Park, Tapanti-Macizo de la Muerte National Park, and Chirripo National Park. These areas have
considerable tourist visitations per year (Fig. 3.5), which when combined with the high
salamander biodiversity and moderate Bsal suitability located in these Parks, puts them at high
risk of Bsal introduction.

Our model identified 78.62 km? (0.15% of Costa Rica’s landmass) as highly ecologically
suitable for Bsal (Bsal suitability score >0.75) (Fig. 3.4). Most of these areas of high suitability
fall within natural protected areas, specifically the Volcanica Central Biological Reserve, Braulio

Carrillo National Park, La Amistad National Park, Chirripo National Park, and Tapanti-Macizo
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de la Muerte National Park, with only a few areas of high suitability falling closely outside of
protected areas. This could be advantageous, in that visitation to these areas could monitored,
restricted even, for management purposes, should the need arise. There are 15 salamander
species that fall in areas of high suitability, four of which are listed as Endangered (Bolitoglossa
alvaradoi, B. subpalmata, Oedipina. gracilis, O. poelzi). There are only three areas of high
ecological suitability in Costa Rica that also contain high salamander alpha diversity. These are
located in Braulio Carillo, La Amistad, and Volcanica Central Biological Reserve. Of these three
protected areas, Braulio Carillo is a park with notable human visitation, so we encourage
prioritizing monitoring at the hotspot at the southwest of the park. However, other areas of high
suitability, regardless of salamander diversity, should not be discounted. Primarily located in the
Cordillera Talamanca (Fig. 3.4), these areas of high suitability could provide important footholds
for Bsal in Costa Rica, potentially allowing the pathogen to spill over into more specious areas.
Additionally, the species in these areas of Costa Rica have highly restricted ranges (Fig. 3.6),
putting them at significant risk of extirpation in the event of Bsal introduction.

Amphibian communities in Costa Rican have already been enormously impacted by Bd
related epizootics, with some areas experiencing upwards of 40% decline in species
(Puschendorf et al. 2009). In eastern newts co-infected with Bd and Bsal, it has been shown that
Bd infection can increase susceptibility to Bsal (Longo et al. 2019). Co-infection dynamics
between Bd and Bsal are largely unknown, it is presumable that their combined impacts on host
populations would be detrimental. Based on the predictions of our ENM and a similar ENM
produced by Puschendorf et al. (2009), many areas ecologically suitable for Bsal in Costa Rica
are also ecologically suitable for Bd. Such overlap exists in regions that have already

experienced significant Bd-related amphibian population declines, specifically Monteverde and
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Las Tablas. Monitoring for Bsal in these areas could be crucial to the preservation of these
already degraded amphibian communities. Recent research has begun to illuminate the greater
role that anurans may play in Bsal epidemiology (Ngueyn et al. 2017, Stegen et al. 2017). While
it was initially believed that Bsal could not infect anurans, studies have shown that some anuran
species, such as midwife toads (4lytes sp.) and Bombina sp. can maintain subclinical infections
and infect naive urodelan hosts. It would be prudent to test the susceptibility of anuran species in
these areas using controlled dose-response experiments (e.g., Carter et al. 2019), as some may be
able to function as infectious reservoir hosts, allowing for continued spillover into salamander
populations. Similarly, understanding the susceptibility of salamander species across Costa Rica,
specifically those species living in high-risk areas (Bolitoglossa alvaradoi, B. colonnea, B.
diminuta, B. epimela, B. gracilis, B. pesrubra, B. robusta, B. subpalmata, Nototriton abscondens,
N. richardi, Oedipina alfaroi, O. cyclocauda, O. gracilis, O. poelzi, and O. uniformis) is needed.

In this study, we used ecological niche modeling, salamander distribution data, and
protected natural area visitation data to identify areas ecologically suitable for the persistence
Bsal and where these areas overlapped with regions of high salamander diversity as well as high
human visitation. In comparison with Bsa/ suitability in Mexico, there is a much larger
proportion of the Costa Rican landmass predicted to be suitable for Bsa/ (Basanta et al. 2019).
We have identified that ~23% of Costa Rica is moderately to highly suitable for Bsa/ and
contains a high amount of salamander diversity, with 37 salamander species, including 14
endangered species, living in areas at least moderately suitable for Bsal. Range data for five of
Costa Rica’s salamander species were not available. As such these species could also reside in
areas of high risk. While we encourage monitoring throughout areas of suitability, we have

identified eight locations (Poas, Irazu, Tortuguero, Volcanica Central Biological Reserve,
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Braulio Carrillo National Park, La Amistad National Park, Chirripo National Park, and Tapanti-
Macizo de la Muerte National Park) as potential hotspots for Bsal introduction because of their
high suitability to Bsal, high diversity of salamander species, proximity to an area of high human
visitation, or a combination of all three of those factors. We encourage that pathogen surveillance
as well as characterizing the susceptibility of salamander and anuran species at these locations be
considered research priorities. Additionally, especially in areas with high human visitation, we
encourage the development of educational tools designed to inform the public on amphibian
conservation, diseases, and easy steps they can take to limiting pathogen transmission, such as

regularly cleaning recreational equipment.
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CHAPTER 4
CONCLUSIONS

Management Implications

It is encouraging that Bsal was not detected in our studies, especially at a national park as
well visited and ecologically suitable for Bsal as Volcan Poas. However, as clearly indicated by
our ENM, salamanders in Costa Rica are still at significant risk of Bsa/ introduction: roughly
23% of the country’s landmass is ecologically suitable to the pathogen and 37 of Costa Rica’s 49
salamander species live in areas of ecological suitability. Some of these species are already listed
as endangered by the IUCN or possess extremely restricted ranges, putting them at significant
risk of extinction. It is crucial that surveillance for Bsal, as well as Bd and ranavirus, be
continued in Costa Rica, especially within the eight high risk areas previously identified, which
include our areas of surveillance. Early detection of Bsal is crucial to mitigating the impacts it
may have on Costa Rican salamander communities. Simultaneously surveying for Bd and
ranavirus would not only expand the epidemiological knowledge within salamanders in Costa

Rica but could also be potentially informative of co-infection dynamics with Bsal.

Future Research

Crucial to the management of species in the context of emergent infectious diseases is
understanding susceptibility to the target pathogen. As has been previously stated, all salamander
in Costa Rica belong to the family Plethodontidae. While it is known that this family possesses

variable susceptibility to Bsal, with some species experiencing high mortality rates, susceptibility

72



of the genera specific to Costa Rica is unknown (Martel et al. 2014). Even species within the
same genera have been known to experience completely different susceptibility to Bsa/ (Carter et
al. 2019). So, in order to develop the most informed management protocols possible, we would
recommend testing at least a representative species for each of Costa Rica’s three genera
(Bolitoglossa, Oedipina, and Nototriton), while aiming to expand susceptibility testing to as
many species as possible, targeting those present in the aforementioned eight high risk areas.
Additionally, because of increasing evidence that anurans may act as carrier hosts for Bsal, the
susceptibility of anuran species sympatric with “at risk” salamander species should also be
investigated. These recommendations are made with the understanding that experimental
susceptibility trials can be very logistically challenging and require fatal collections. As such,
this research may not be possible or even permitted in certain species, specifically those that are
particularly cryptic and/or endangered.

An alternative to experimental infection trials could be the characterization of a
salamander species’ cutaneous microbiome and the associated fungal inhibiting properties.
Depending on logistical feasibility, cutaneous microbiomes could be sampled such that bacteria
could be cultured and challenged in a fungal killing assay or simply sequenced, describing the
community. The database of amphibian cutaneous bacteria and their fungal inhibiting properties,
cultivated by Woodhams et al. (2015), could be referenced in order to identify the fungal
inhibiting properties of any bacteria groups identified.

It was initially a research goal of this thesis to test the susceptibility of at least one Costa
Rican salamander species. However, the logistics of such an undertaking, in compliance with the
requests of our permitting agency, prevented us from accomplishing this goal. As a proxy for

susceptibility, we decided to characterize the cutaneous microbial communities of the
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salamanders we sampled during pathogen surveillance. The appropriate samples to characterize
cutaneous microbiome were collected during the pathogen sampling process, following protocols
defined by Muletz Wolz et al. (2017). Unfortunately, due to COVID-19 lab closures, we have
not able to complete the appropriate analyses in time for the completion of this thesis. Once it
can be conducted safely, we look forward to completing this aspect of our work, as it could

provide important insight regarding the susceptibility of Costa Rican salamander species to Bsal.
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