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A B S T R A C T

One of the leading causes of global amphibian decline is emerging infectious disease. In this review, we sum-
marize the disease ecology of four major emerging amphibian infectious agents: chytrids, ranaviruses, trema-
todes, and Perkinsea. We focus on recently developed quantitative advances that build on well-established
ecological theories and aid in studying epizootic and enzootic disease dynamics. For example, we identify
ecological and evolutionary selective forces that determine disease outcomes and transmission pathways by
borrowing ideas from population and community ecology theory. We outline three topics of general interest in
disease ecology: (i) the relationship between biodiversity and disease risk, (ii) individual, species, or environ-
mental transmission heterogeneity, and (iii) pathogen coinfections. Finally, we identify specific knowledge gaps
impeding the success of conservation-related decisions for disease mitigation and the future of amphibian
conservation success.

1. Introduction

Emerging infectious pathogens are among the greatest threats to
biodiversity (Daszak et al., 2000; Fisher et al., 2012; Lips et al., 2006;
Martel et al., 2014; Tompkins et al., 2015). A few prime examples are
West Nile Virus (Kilpatrick, 2011), white nose syndrome (Frick et al.,
2010), avian malaria (Freed et al., 2005), and the amphibian-killing
fungi Batrachochytrium dendrobatidis (Berger et al., 1998) and Ba-
trachochytrium salamandrivorans (Martel et al., 2013). Despite the in-
crease in research on emerging infectious agents over the last several
decades (e.g., Wake and Vredenburg, 2008; Fisher et al., 2012;
Tompkins et al., 2015), ecologists lack the ability to quantify disease
dynamics quickly and efficiently (Hudson et al., 2016; Murray et al.,
2009; Muths et al., 2011; Scheele et al., 2016; Stegen et al., 2017;
Valenzuela-Sánchez et al., 2017; Wilber et al., 2017). Collecting data on
individual hosts may be difficult depending on the system because of
cryptic behaviors, hiding when sick (Faustino et al., 2004), and fi-
nancial or logistical constraints for long-term studies (Valenzuela-
Sánchez et al., 2017). Pathogens can also be difficult to study when
there are no non–lethal diagnostic tools (Karwacki et al., 2018), when
individual hosts have low infection intensities (DiRenzo et al., 2018;
Lachish et al., 2012; Miller et al., 2012), or when pathogens have not
been described. Collectively, these difficulties limit the ability of
wildlife managers to characterize and detect wildlife disease outbreaks

proactively, predict future disease dynamics, and evaluate the effec-
tiveness of disease mitigation strategies (Garner et al., 2016).

Theory-driven disease models (e.g., compartmental [SIR and var-
iants] models, agent-based models, or diffusion models) are frequently
used to guide management strategies (e.g., vaccination, culling, biolo-
gical control agents; McCallum, 2016). These models are parameterized
using field and/or lab data. In matrix population models, sensitivity and
elasticity analyses evaluate the absolute and relative importance of
different parameters in determining host population growth rate, which
then become the targets of disease mitigation strategies. Conservation-
related failure might occur because of logistical difficulties, inadequate
data (i.e., quality or quantity of data), and/or the availability of diag-
nostic tests (e.g., unknown life history and ecology for ex situ projects
for amphibian captive breeding; Michaels et al., 2014). One contributor
to oversights occurs when field data are used to understand disease
dynamics that do not account for uncertainty (e.g., McClintock et al.,
2010; Bailey et al., 2014). Uncertainty can manifest in two forms: (i)
sampling error of individual host occurrence or abundance (i.e., im-
perfect individual host detection; Faustino et al., 2004) or (ii) un-
certainty of pathogen occurrence or abundance (i.e., imperfect pa-
thogen detection; DiRenzo et al., 2018; Lachish et al., 2012; Miller
et al., 2012). Failing to account for sampling errors could result in
biased parameter estimates and erroneous future predictions that would
propagate the selection of ineffective (at best) or harmful (at worst)
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disease mitigation strategies (Grant et al., 2017; Langwig et al., 2015).
Even the simplest estimators, such as pathogen prevalence, may be

biased when imperfect pathogen and individual host detection are not
addressed (Jennelle et al., 2007). Using traditional capture-mark-re-
capture (CMR; Cooch et al., 2012) methods are an improvement over
using raw observation data to estimate disease and host species popu-
lation parameters, but results can be unreliable when too few in-
dividuals are recaptured, resulting in large uncertainty of demographic
parameter estimates. Thus, a new class of models is needed that ex-
plicitly accommodate sampling error to estimate unbiased demographic
parameters without unreasonable data needs. Hierarchical unmarked
data models (i.e., multi-levels models that take advantage of data where
individuals in a population cannot be distinguished) provide a gateway
to answering previously intractable questions in a cost-effective
manner. In the case of disease ecology, integrated population models
(i.e., models that use different kinds of data to improve parameter es-
timation) have a huge potential to booster our understanding of host-
pathogen dynamics (Zipkin and Saunders, 2018). Although there have
been repeated calls to improve surveillance programs for detecting
disease (e.g., Yasue et al., 2006; Nusser et al., 2008; Plowright et al.,
2008; McClintock et al., 2010), few methodological advancements have
satisfactorily addressed issues of scale and imperfect individual host
and pathogen detections.

Our objectives are two-fold. First, we review four of the most pro-
minent infectious agents leading amphibians species' population de-
clines. Second, we discuss quantitative advancements in studying dis-
ease dynamics. We summarize where research has failed to lead to
management recommendations, identify knowledge-gaps relevant to
making conservation decisions (i.e., biodiversity and disease severity
relationship, transmission heterogeneities, and the effects of pathogen
coinfection on disease outcome), and discuss the future of amphibian
conservation success in relation to disease.

2. Emerging infectious disease agents of amphibians: Pathology,
ecology, and individual responses to infection

Scientists have identified four major emerging infectious disease
agents that have caused amphibian mortality: chytrids, ranaviruses,
trematodes, and Perkinsea (Gray and Chinchar, 2015; Johnson and
Lunde, 2005; Lips, 2016; Martel et al., 2013). We review information on
the timeline of emergence, host range, life cycle, and pathogen origin
for each infectious agent, but note that not all this information is
available for each case.

2.1. Chytrids

2.1.1. Timeline of emergence and host range
Batrachochytrium dendrobatidis (hereafter Bd) was formally identi-

fied in 1999 (Longcore et al., 1999), although amphibian mass mor-
tality worldwide caused by Bd was documented before the description
of the pathogen (Berger et al., 1998). Bd infects over 700 amphibian
species (Olson et al., 2013) and causes species extinctions and popu-
lation declines globally (Catenazzi et al., 2017; Gower et al., 2012; Lips
et al., 2003, 2006; Skerratt et al., 2007; Swei et al., 2011; Vredenburg
et al., 2010). Amphibian species and populations do not respond
equally to Bd infection (Crawford et al., 2010; Muths et al., 2011), and
often, susceptibility varies by life stage (Briggs et al., 2010). Some
species are highly susceptible and entire populations can be locally
extirpated while other species decline and persist at low numbers
(Brannelly et al., 2018; Crawford et al., 2010; Sapsford et al., 2013;
Voyles et al., 2018). At the same time, other species are not affected by
Bd infection and may act as pathogen reservoirs (Reeder et al., 2012;
Vredenburg et al., 2010). Note that mass mortalities and species de-
clines caused by Bd are potentially orders of magnitude larger than
other pathogens.

2.1.2. Life cycle
Bd has a two-stage life cycle. The first stage is a motile zoospore that

encysts on amphibian skin that matures into a zoosporangium. The
second stage is the zoosporangium that creates more zoospores and is
released onto the surface of the skin of the amphibian (Greenspan et al.,
2012). These zoospores can re-infect the same individual or swim into
the aqueous environment and infect others (Maguire et al., 2016).
However, external zoospore reinfection of an infected individual does
not seem to contribute substantially to Bd growth (DiRenzo et al.,
2018c).

2.1.3. Origin of the pathogen
Bd likely originated in Asia, where the highest genetic diversity has

been found along with hybrid strains (O'Hanlon et al., 2018). Bd in-
cludes lineages from South Africa (Bd-CAPE), Brazil and Asia (Bd-
Brazil/Asia-2, and Bd-Asia1), and a hyper-virulent global panzootic
lineage (Bd-GPL; James et al., 2015; O'Hanlon et al., 2018; Rosenblum
et al., 2013; Schloegel et al., 2012). Bd-GPL is the primary lineage as-
sociated with amphibian mass mortality events and population declines
worldwide (Farrer et al., 2011; James et al., 2015; Lips, 2016; Olson
et al., 2013), but other lineages (Bd-Cape) have been shown to also
produce population declines (O'Hanlon et al., 2018). Within the last
decade, rapid advances in understanding Bd genetic diversity, radia-
tion, and virulence have occurred because of new technology; however,
large parts of South America, Asia, and Africa still need to be sampled
for a more complete understanding of Bd genetic diversity.

In 2013, a second species, a sister lineage of Batrachochytrium was
described, Batrachochytrium salamandrivorans (Bsal; Martel et al., 2013).
This pathogen is extremely lethal to salamanders in the Family Sala-
mandridae (Martel et al., 2014) and is enzootic in Asia. It is hypothe-
sized that Bsal arrived in Europe through salamander trade, and has
since appeared in the United Kingdom, Germany, and Belgium
(Fitzpatrick et al., 2018). One of the largest differences between Bsal
and Bd is the existence of a resting spore stage in Bsal (Stegen et al.,
2017), indicating long-term persistence of the pathogen in the en-
vironment. Bsal has yet to be detected in the Americas (Grant et al.,
2016; Parrott et al., 2016), where 14% of the world's 535 salamander
species occur (Petranka, 1998). The existence of a resting stage in the
Bsal life cycle that remains virulent in water and soil makes pathogen
management and salamander conservation difficult (Stegen et al.,
2017).

2.2. Ranaviruses

2.2.1. Timeline of emergence and host range
Ranaviruses are DNA viruses in the Iridoviridae family, a diverse

group of viruses known to infect vertebrate species, including amphi-
bians, fish, and non–avian reptiles (Gray and Chinchar, 2015). Con-
trolled studies have shown that susceptibility to ranavirus infection
varies among amphibian species and developmental stages, and is im-
pacted by host–pathogen coevolution, life history strategy (Hoverman
et al., 2011), and exogenous environmental factors, such as water
quality and aquatic vegetation (Miller et al., 2011).

Ranaviruses infect at least 175 species across 52 families of ec-
tothermic vertebrates, are associated with mass mortality and declines,
and are found on all continents but Antarctica (Duffus et al., 2015).
Most of what is known about the geography and species host range of
ranaviruses come from studies of sporadic surveillance efforts in a small
number of amphibian populations, and a few larger-scale surveillance
efforts focused on a handful of species of economic importance or
conservation interest. Ranaviruses may truncate the age structure of
host populations and reduce population viability, increasing their vul-
nerability to stochastic events affecting recruitment (Campbell et al.,
2018). The known geographic distribution and species host range of
ranavirus is likely underestimated because gross signs of ranavirus in-
fection are not always obvious and many host species are cryptic.
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2.2.2. Replication
Viral DNA replication initially takes place within the nucleus and

then moves into the cytoplasm, where a second round of DNA synthesis
occurs (Jancovich et al., 2015). Transmission of the virus between in-
dividual hosts does not seem to be regulated by contact rates or density-
dependence (Brunner et al., 2017). However, ranavirus incidence de-
creases with increased amounts of emergent vegetation (Greer and
Collins, 2008), suggesting that vegetation drives host behavior and
disease.

2.3. Trematodes

2.3.1. Timeline of emergence and host range
Since 1992, limb abnormalities, including extra, missing, or mal-

formed limbs, have appeared among amphibian species, in part due to
trematodes (Johnson and Lunde, 2005). The trematode parasite Ri-
beiroia targets developing limb tissue of anuran larvae, inducing limb
malformations (Johnson, 1999), above and beyond what is expected
(0–5%) because of gene mutation, trauma/predation, and/or develop-
mental errors. Ribeiroia causes approximately 15–90% of individual
mortality and limb malformations among animals exposed during pre-
limb and early limb development, but decreases to less than 5% post-
limb development (Johnson, 1999). Early stage anuran larvae exposed
to trematodes also exhibit a higher frequency of missing limbs into
metamorphosis compared to anurans exposed after limb development
initiated (Johnson et al., 2011). Individuals infected in later life stages
develop normal limbs or exhibit only minor outgrowths and abnormal
skin webbings (Johnson et al., 2011). Ribeiroia likely impacts amphi-
bian distributions and population dynamics (Johnson and Lunde,
2005).

2.3.2. Life cycle
Ribeiroia has a complex, indirect life cycle that involves three host

species (Johnson and Sutherland, 2003). Avian and mammalian pre-
dators are the definitive host species of the parasite, where it re-
produces sexually (Johnson and Sutherland, 2003). The definitive host
species drops feces containing eggs into water (Johnson and
Sutherland, 2003). The eggs develop for two to three weeks and hatch
into miracidia, a ciliated free-living parasite stage, that then infects
snails of the genera Biomphalaria, Helisoma or Planorbella, the inter-
mediate host species (Johnson and Sutherland, 2003). Inside the snail,
the parasite colonizes the reproductive tissue and form rediae, a slow-
moving worm-like parasite stage (Johnson and Sutherland, 2003). The
rediae reproduce asexually. The snails shed Ribeiroia cercariae, a second
free-swimming stage, that encyst in either larval amphibians or fresh-
water fish, the secondary host species (Johnson and Sutherland, 2003).
These secondary host species are then consumed by the definitive host
species (Johnson and Sutherland, 2003).

2.3.3. Origin of the pathogen
Ribeiroia-induced limb malformations have occurred in North

America since at least the 1940s (Johnson et al., 2003). An exhaustive
literature search yielded less than 15 records of “mass malformation” in
the United Stated, whereas greater than 50 malformation sites asso-
ciated with Ribeiroia were discovered in the late 1990s and early 2000s
(Johnson and Sutherland, 2003). As a possible explanation for an ap-
parent increase in malformations, Ribeiroia may have emerged as a
consequence of changes in host ecology. Malformation hotspots and
Ribeiroia are associated with highly productive, artificial habitats such
as farm ponds used to water crops and cattle. Three mechanisms may
drive the role of Ribeiroia-amphibian dynamics: (i) these areas are as-
sociated with high productivity because of fertilizer and manure run-
off, leading to increased algal production and denser populations of
snails, (ii) the number of artificial ponds has increased over the mid- to
late-1900s as natural wetlands decline, or (iii) all three hosts (snails,
amphibians, birds) are frequently found in these systems. However, the

interaction between other stressors, such as increased pesticide use,
cannot be ruled out.

2.4. Perkinsea

2.4.1. Timeline of emergence and host range
The emerging infectious pathogen Perkinsea was described recently

(Chambouvet et al., 2015; Davis et al., 2007; Isidoro-Ayza et al., 2017;
Isidoro-Ayza et al., 2018; Landsberg et al., 2013). Severe Perkinsea
infection (SPI) has caused mass mortality in tadpoles across the United
States (Isidoro-Ayza et al., 2018). SPI is caused by a protozoan be-
longing to the phylum Perkinsozoa. Perkinsea is genetically similar to
Perkinsus, the pathogen responsible for the mass mortality of bivalves
(Green et al., 2003; Jones et al., 2008); hence the resemblance in the
names.

Perkinsea occurs from Alaska to Florida (Green et al., 2003;
Landsberg et al., 2013; Isidoro-Ayza et al., 2017; Isidoro-Ayza et al.,
2019). It has also been detected in French Guiana, Cameroon, Tanzania,
the Island of Sao Tome, and the United Kingdom (Green et al., 2003;
Chambouvet et al., 2015). The global extent of its distribution is un-
known. Perkinsea-associated tadpole mass mortality events usually
occur gradually over a breeding season, but the events are generally not
large and seldom observed (Atkinson, 2016). Despite signs that suggest
an overall small impact of Perkinsea, it is a lethal pathogen. Its viru-
lence is affected by water chemistry, such that outbreaks causing mass
mortalities can occur in previously unaffected ponds (Cook, 2008;
Atkinson, 2016). Additionally, it may act as an insidious mechanism
that causes a slow (and perhaps difficult to detect) population decline.

2.4.2. Life cycle
Perkinsea has both spore and zoospore life stages. The spores sur-

vive desiccation and tolerate a wide range of temperatures, pH, and
salinity. Spores hatch into zoospores when rain starts forming ponds
(Cook, 2008). The ponds are used by amphibians to reproduce, and the
zoospore stage of Perkinsea can penetrate anuran embryos and tadpoles
(Davis et al., 2007; Cook, 2008). SPI has not yet been detected in adult
amphibians (Isidoro-Ayza et al., 2018). The zoospore then embeds itself
in the liver of the amphibian and proliferates throughout internal or-
gans (Green et al., 2003; Davis et al., 2007; Cook, 2008). Perkinsea is
also associated with muscle inflammation. This symptom makes non–-
destructive testing possible. Rapid and reliable pathogen identification
can be achieved using qPCR (Karwacki et al., 2018) on swabs samples
or tissue clippings (Green et al., 2003; Jones et al., 2008).

2.5. The future of amphibian populations faced with emerging infectious
diseases

There is an urgent need for larger, longer, spatio–temporal sampling
of infectious agents of amphibians to aid in answer questions such as
where, when, and how pathogens emerged. For example, under-
standing where, when, and how Bd became virulent has changed sev-
eral times over the last decade as sampling became more extensive.
Originally, Bd was hypothesized to have emerged out of Africa due to
the increased exportation of Xenopus laevis (Vredenburg et al., 2013).
More recently, it was determined that Bd likely originated in Asia, given
the high genetic diversity in this area (O'Hanlon et al., 2018). However,
there are still aspects of disease emergence that have not received
adequate attention. For example, we know that the spread of Bd has
caused the restructuring of ecosystems and food webs (Barnum et al.,
2013; DiRenzo et al., 2017; Rantala et al., 2015; Regester et al., 2006;
Whiles et al., 2006), but bottom-up effects are not well-documented
(Buck and Ripple, 2017; Whiles et al., 2006). It is also unclear if ra-
naviruses, trematodes, or Perkinsea have the potential to cause similar
large-scale ecosystem restructuring because there are few pathogen/
infectious agent datasets prior to invasion for comparisons. There is a
shortage of studies documenting widespread mass mortalities, and

G.V. DiRenzo and E.H. Campbell Grant Biological Conservation 236 (2019) 474–483

476



large–scale and long–term spatio–temporal studies are often cost–pro-
hibitive or logistically intractable.

There is considerable uncertainty in the extent of the effect of
emerging infectious disease on amphibian population dynamics, and in
the efficacy of identified conservation mitigation strategies (e.g.,
Scheele et al., 2019- this issue; Canessa et al., 2019- this issue). For
example, there remain large gaps in knowledge with respect to in-
dividual pathogen infection and physiology (Russo et al., 2018; Voyles
et al., 2009, 2012), differential disease outcomes due to temperature
and other abiotic factors (Sonn et al., 2017), the impact of disease on
reproductive ecology (Kindermann et al., 2017), the role of super-
spreaders (DiRenzo et al., 2014; Lloyd-Smith et al., 2005), under-
standing causal and directional effects of changes in microbiome (Jani
and Briggs, 2014), and the relationship between biodiversity and dis-
ease severity (Keesing et al., 2006). Given the recency in the emergence
of many amphibian infectious agents, disease ecologists have only
begun to understand single-pathogen infection and coinfection
(Hoverman et al., 2011, 2013; Johnson and Hoverman, 2012; Stutz
et al., 2017; Talbott et al., 2018; Wuerthner et al., 2017), and how
multiple infections (coinfection) affects host–pathogen dynamics
(Rigaud et al., 2010). To begin to answer these questions, disease
ecologists have relied on a number of quantitative methods.

3. Classical estimation and prediction models for disease ecology

Two of the most common quantitative methods used in disease
ecology can be classified as either statistical models (i.e., a mathema-
tical model that embodies a set of statistical assumptions concerning the
generation of sample data from a larger population) or mechanistic
models (i.e., a mathematical model that assumes that a complex system
can be understood by examining the workings of its individual parts
and the way in which they are coupled; see Valenzuela-Sánchez et al.,
2017; Wilber et al., 2017). Statistical models are used to estimate de-
mographic parameters and host–pathogen codependence dynamics
from field and lab data; while mechanistic models are used to predict
future outbreaks, dynamics, and the risk of species extirpation. Using
parameters estimated from statistical models, mechanistic models can
be used to make decisions that reduce the severity or spread of a pa-
thogen (Russell et al., 2018).

Estimation of individual host and pathogen parameters using sta-
tistical models can incorporate variation in ecological variation (e.g.,
survival probability, recruitment) and observation error in the form of a
probability distribution, though they require replicate observations of
detection to estimate ‘false negative’ rates (i.e., probability of species
detection, given that the species is present). By repeatedly sampling
‘sites’- which can be defined as an organ, an individual host, or a spatial
location- a wide range of disease–related questions can be answered
while accounting for imperfect individual host and pathogen detection
using methods such as site-occupancy models, N–mixture model, and
their variants (Kéry and Royle, 2016). While hierarchical models be-
came popular among ecologists in the early 2000s (MacKenzie et al.,
2005; MacKenzie and Bailey, 2004; Royle, 2004), disease ecologists
have only recently recognized their utility in estimating the effects of
wildlife disease on host species populations (Bailey et al., 2014; Cooch
et al., 2012; DiRenzo et al., 2019; McClintock et al., 2010; Mosher et al.,
2017a; Mosher et al., 2017b).

While robust study designs and properly executed capture-mark-
recapture (CMR) models produce high-quality demographic estimates,
these studies can be expensive and logistically infeasible to execute at
large spatio–temporal scales or for populations with few individuals
(see Conn and Cooch, 2009). A new class of unmarked data models,
where individual hosts in a population are not individually marked but
a ‘site’ is repeatedly surveyed during a defined period of population
closure, are useful tool to estimate similar demographic parameters,
while still accounting for imperfect individual detection (Brintz et al.,
2018; DiRenzo et al., 2018c; DiRenzo et al., 2019; Zipkin et al., 2014a;

Zipkin et al., 2014b). These models, hereafter referred to as unmarked
data models, allow for the estimation of demographic rates or pathogen
metrics based on count or detection/non–detection data without
needing additional information (e.g., individual identification or dis-
tance measurements) and can accommodate heterogeneity in detection
probabilities of target species (but see Barker et al., 2018; Link et al.,
2018).

The parameters estimated in unmarked data models and CMR
models are not identical but similar (e.g., survival probability at the site
level versus individual level). The models can be combined to improve
inference in so-called ‘integrated population models’ or ‘data fusion
models’ (for a recent review see Zipkin and Saunders, 2018). These
parameters can be used in mechanistic models to give a greater un-
derstanding of the underlying processes, rather than patterns. Other
common types of mechanistic models are ordinary differential equa-
tions and individual-based models (Briggs et al., 2010; Louca et al.,
2014; Mitchell et al., 2008). These models are the theoretical founda-
tion for understanding in disease ecology (Anderson and May, 1978,
1986; Kermack and McKendrick, 1927; May and Anderson, 1979).
However, despite the usefulness of predictions from theoretical models,
the empirical data often used to parameterize them typically do not
account for sampling error (e.g., Barlow, 1995). Such integration would
produce a better understanding of the mechanisms underlying popu-
lation abundance, persistence, and pathogen dynamics, especially in
regard to answering topics in disease ecology that have not been re-
solved because of disparate results.

4. Novel approaches to classic conundrums

Three topics of general interest in disease ecology that have re-
ceived attention recently because of incongruent results are: (i) the
relationship between biodiversity and disease risk, (ii) the hetero-
geneity in individual, species, and habitat transmission, and (iii) the
incidence of pathogen coinfections in the wild. We discuss the debates
around each topic, the problems with the using of particular statistical
models to investigate these topics, and how hierarchical unmarked data
models could help address computational issues.

4.1. Biodiversity and disease severity relationship

There are large debates over when to expect negative or positive
relationships in the correlation between biodiversity and disease se-
verity (e.g., Wood and Lafferty, 2013; Johnson et al., 2015). The dilu-
tion effect, characterized by a negative correlation between biodiversity
and disease severity, is hypothesized to occur when higher species
richness leads to reduced encounter rates between susceptible and in-
fectious individuals, reduced transmission rates, reduced population
density, increased disease-induced mortality of infected individuals, or
accelerated recovery of infected individuals (Keesing et al., 2006). In
contrast, the amplification effect, a positive correlation between bio-
diversity and disease severity, occurs when low species diversity con-
tains incompetent individuals or when adding species to the community
increases the number of individuals that easily acquire and transmit the
pathogen (Keesing et al., 2006). Support for either hypothesis requires
unbiased estimates of local species richness, species-specific densities,
and individual survival and transmission rates (Table 1). Although
some of these data exist, most studies examining the biodiversity versus
disease severity relationship do not account for observation error and
may use biased estimates of species richness, species-specific densities,
and pathogen prevalence/infection intensity, which could explain the
number of inconsistencies among conclusions (Johnson et al., 2015).

The use of hierarchical unmarked or CMR models could improve the
estimation of three key parameters used to evaluate the support for the
biodiversity and disease relationship. First, unmarked data or CMR
models can provide estimates of species richness that account for un-
detected, rare species by using data augmentation methods (e.g., Kéry
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and Schaub, 2012). This method involves added a large number of zero
entries to the data set, representing individuals that might have been in
the population but never observed. The model then uses the estimates
of imperfect species detection to determine how many species were
truly unobserved. Second, unmarked data or CMR models help ac-
commodate differences in individual detection probability between
infected and uninfected individuals to improve estimates of true spe-
cies-specific densities (e.g., Abad-Franch et al., 2010; van Strien et al.,
2011). Finally, unmarked data or CMR models account for imperfect
pathogen detection caused by sampling and diagnostic methods to
provide less biased estimates of pathogen prevalence and true infection
intensity (e.g., Lachish et al., 2012; Miller et al., 2012). By accom-
modating for the unavoidable imperfect detection of species, in-
dividuals, and the pathogen, unmarked data or CMR models allow for
inference of the true (latent) infection process, thus improving para-
meter estimation.

4.2. Transmission heterogeneity: individual, species, and habitat
superspreaders

While simple models of transmission assume that infection intensity
is similar among individuals, species, and habitats, hierarchical un-
marked or capture-mark-recapture models accommodate variation in
each level to improve parameter precision of key processes, such as
transmission (Table 1) and take into account imperfect sampling. De-
pending on the scale of pathogen aggregation (i.e., individual, species,
habitat) and the type of data collected (i.e., single versus multi-species),
hierarchical models can accommodate over-dispersion in infection in-
tensity or pathogen prevalence created by superspreaders using a
probability distribution. For example, if infection intensities are over-
dispersed among individuals, as is common across disease-wildlife
systems (Shaw and Dobson, 1995), lognormal (for continuous data,
such as that received from a qPCR diagnostic) or negative binomial (for
discrete or count data) distributions may characterize the variance of
infection intensities.

Variation in individual infection intensity and duration of in-
fectiousness can create large disparities in an individual's ability to
maintain and transmit infections. This makes particular individuals,
species, or habitats disproportionately more likely to contribute to pa-
thogen transmission either because individual or species level immune
response cannot fight the pathogen well (Lloyd-Smith et al., 2005;
Hawley and Altizer, 2011; Streicker et al., 2013). As such, these in-
dividuals, species, or habitats are frequently referred to as ‘super-
spreaders’ (e.g., Paull et al., 2012; Streicker et al., 2013) and are
identified as the top 20% of the individuals, species, or habitats re-
sponsible for 80% of transmissions (20:80 rule; Woolhouse et al., 1997).

In the tropics, it is hypothesized that the genus Atelopus are

superspreaders because they typically carry high infection loads and die
within weeks of infection (DiRenzo et al., 2014; Lampo et al., 2011; La
Marca et al., 2005; also see Scheele et al., 2017). However, there is a
lack of evidence comparing similar community assemblages (one with
and one without Atelopus) to clearly identify the role of individual
species in disease dynamics (for another example see Scheele et al.,
2016).

4.3. Coinfection: infection of a single individual by multiple pathogens

Historically, disease ecologists have focused on understanding how
a single pathogen infects and causes mortality in multiple host species
(Rigaud et al., 2010); however, individuals are regularly infected by
multiple pathogens (i.e., coinfection; Rynkiewicz et al., 2015; Seabloom
et al., 2015). Coinfections have been implicated as influential to hon-
eybee colony collapse disorder, emerging infections of coral reefs, and
human disease outcomes (e.g., Druilhe et al., 2005; Bromenshenk et al.,
2010). Collectively, understanding how coinfections drive individual
mortality and fitness is a fundamental knowledge gap in disease
ecology. By considering an individual analogous to an ecosystem and
applying community ecology theory, models from community assembly
theory can be used to better understand pathogen coinfection outcomes
(Johnson et al., 2015). Community assembly theory posits that the first
colonizing species modifies the existing environment and subsequent
invaders may be affected by modifications made to the habitat by the
primary colonizer (e.g., Flecker et al., 1999). The pathogen interactions
(i.e., facilitative, antagonistic, or neutral) between the primary and the
secondary infecting pathogen will depend on whether the primary pa-
thogen stimulates or inhibits the individual's immune response and the
competition pressure for resources between the individual and the two
pathogens.

Coinfection diagnosis can be missed when pathogens are at low
levels, especially given that several studies have indicated that there is a
positive correlation between the pathogen load and the probability of
detecting the pathogen (e.g., Lachish et al., 2012; Miller et al., 2012).
Because of this imperfect detection, parameter estimation and the in-
terpretation of within-host pathogen interactions (i.e., neutral, facil-
itative, antagonistic; MacKenzie et al., 2006) will be biased. For ex-
ample, if multiple infecting pathogens are each imperfectly detected,
we might misjudge the level of competition or facilitation between the
two pathogens.

To address this challenge of imperfect detection in a two-pathogen
scenario (i.e., coinfection), a specific type of occupancy model, the
species co-occurrence model, can separate the ecological process model
from the sampling process (Table 1; MacKenzie et al., 2006). This
modeling approach differs from the traditional site-occupancy model in
that multiple occupancy states are possible rather than the traditional

Table 1
Summary of classical conundrums in disease ecology along with a list of parameters of interest, problems that classical approaches have, and new suggested modeling
approaches.

Topic Parameters of interest Problem Suggested modeling approach

Biodiversity and disease severity relationship Species richness
Species density
Pathogen prevalence
Pathogen infection intensity

Imperfect host
detection
Imperfect pathogen
detection

Hierarchical unmarked or mark-recapture models

Transmission heterogeneity: individual, species, and
habitat superspreaders

Species or habitat pathogen
prevalence
Individual, species, or habitat
pathogen infection intensity
Species abundance or proportion of
habitat

Imperfect host
detection
Imperfect pathogen
detection

Hierarchical unmarked or mark-recapture models
with or without community structure

Coinfection: infection of a single individual by
multiple pathogens

Pathogen prevalence
Pathogen infection intensity

Imperfect host
detection
Imperfect pathogen
detection

Hierarchical unmarked or mark-recapture models;
two-species site-occupancy model
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binary case (i.e., occupied or not occupied). Instead, each site can take
on one of four possible mutually exclusive states: (i) occupied by pa-
thogen A and B, (ii) occupied by pathogen A only, (iii) occupied by
pathogen B only, and (iiii) not occupied by either pathogen (Mosher
et al., 2018). Here, when pathogen A is observed at a site, the true state
of that site could either be “occupied by pathogen A only” or “occupied
by pathogen A and B.” By extending the number of occupancy states,
this modeling approach explicitly aids in testing the following three
biological hypotheses: (i) the probability of pathogen co-occurrence,
(ii) the independence of detecting each pathogen, and (iii) whether
detection of each pathogen depends on the presence of the other pa-
thogen. The development of the multi-state occupancy model is iden-
tical to the multi-state CMR model (Kéry and Schaub, 2012). Detection/
non–detection data have the advantage of being relatively easy to
collect. Therefore, an important assumption in these applications is that
the sampled units (i.e., captured individuals) are a random sample of
the population (see Bailey et al., 2014 on the applications, flexibility,
and requirements of multi-state occupancy models in disease ecology).
This model could theoretically be extended to accommodate count data
if a multinomial distribution were used rather than a categorical dis-
tribution.

5. Identifying conservation-relevant research

To successfully implement a conservation plan, managers need a
variety of information, such as a description of host species population
dynamics (ecological and evolutionary), pathogen presence and dis-
tribution, important heterogeneities (Smalling et al., 2019- this issue),
and species genetics. In the past, amphibian conservation planning has
focused on ex situ amphibian strategies, making many difficult deci-
sions on which species to target and rear in captivity (Griffiths, 2017);
however, more than half of the amphibian species that end up in cap-
tive breeding programs do not have a plan for reintroduction (Griffiths
and Pavajeau, 2008). More recently, in situ treatment of Bd infections
have shown promising results (Hudson et al., 2016).

To develop effective and efficient disease mitigation strategies, an
understanding of host–pathogen interactions, such as pathogen trans-
mission, influence on demographic rates (e.g., survival, recruitment,
population size), and individual hosts interacting with biotic or abiotic
pathogen reservoirs, are critical. Despite an understanding of the var-
ious factors at play, determining the utility of management actions
suggested by a conservation plan is still difficult. This difficulty is pri-
marily because there is almost always uncertainty around how these
factors interact when a particular management action is applied
(Converse et al., 2017; Gerber et al., 2017). However, managers often
are forced to make a decision faced with considerable uncertainty when
the ecology of host–pathogen dynamics is not well understood. For
example, simple deterministic models with density-dependent trans-
mission predict that a pathogen will be driven to extinction before the
individual host, but three conditions can alter their fate (de Castro and
Bolker, 2004). First, the existence of pathogen reservoirs (Stegen et al.,
2017), either biotic or abiotic, could lead to higher incidence rates in-
dependent of population size. Second, small populations could lead to
Allee or inbreeding effects or spatio–temporal stochasticity could ex-
tirpate a population (Lande, 1993). Lastly, density-independent trans-
mission (i.e., frequency–dependent transmission in vector–borne dis-
eases) or non–homogeneous mixing (e.g., social behavior) could result
in host species extinction. These ecological conditions can influence the
success of conservation plans if not considered, and complicate the
management decision, Canessa et al. (2019- this issue) outline how to
approach management decisions using both basic and applied science.

While many studies focus on understanding the ecology of hos-
t–pathogen interactions, it is also important to consider the effects of a
pathogen on host species population genetic structure. Disease may
affect host species population gene flow, alter genetic variability, and
ultimately drive selection (McKnight et al., 2017; Savage et al., 2015,

Savage et al., 2016; Savage and Zamudio, 2011; Savage and Zamudio,
2016). Disease often fragments host species populations into small,
genetically distinct units with limited gene flow among them; in some
cases, isolated host species populations show the signatures of genetic
bottlenecks and/or population inbreeding, whereas in other popula-
tions, there may be sufficient gene flow or enough survivors to prevent
genetic drift and inbreeding. Gene flow can impact the evolution of
small host populations in one of two ways (McKnight et al., 2017). First,
it can be beneficial if gene flow provides the host population with more
genetic variation, reducing the impacts of inbreeding. Alternatively,
gene flow can be detrimental to a small population if it is dominated by
alleles that are locally maladaptive (McKnight et al., 2017). Differences
in gene flow may explain why some species adapt to pathogens and
persist while others are driven to local extinction. Genetic information
can be used in population viability analyses to predict future host
species population and disease dynamics, explicitly accommodating
evolution- a critical information needed to develop conservation man-
agement plans and disease mitigation strategies.

Active amphibian management (e.g., relocations) generally takes
either proactive (pre-emergence of disease) or reactive (post-emer-
gence) approaches to dealing with emerging infectious diseases (Grant
et al., 2017). To date, amphibian disease management has occurred
reactively (post-emergence), mitigating disease spread and securing
captive assurance colonies (Lewis et al., 2019- this issue). There are
amphibian conservation projects to mitigate Bd impacts that use: ha-
bitat management (Scheele et al., 2014), translocations (Bobadilla
Suarez et al., 2017; Clulow et al., 2018), reintroductions (Sainsbury
et al., 2017), and capture-treat-release (Geiger et al., 2017). Other re-
search has searched for cures for infected individuals using probiotics to
alter the microbiome (Bates et al., 2018; Bletz et al., 2013), anti-mi-
crobial peptides (Rollins-Smith et al., 2011; Rollins-Smith, 2017;
Woodhams et al., 2006), anti-fungal baths and elevated body tem-
perature (Brannelly et al., 2012; Woodhams et al., 2003, 2011). Se-
lective breeding, targeting individuals or populations with character-
istics that promote reduced disease severity (e.g., the Mycobiome
(Kearns et al., 2017), MHC (Ellison et al., 2014a, 2014b; Savage et al.,
2015; Savage and Zamudio, 2011)) are also promising avenues for
pathogen mitigation and amphibian conservation.

Most reviews of amphibian conservation status echo the need to
clearly identify conservation objectives, enumerate the uncertainty of
wildlife disease management and associated decisions, quantitatively
define metrics of success (i.e., an amphibian population persisting with
a pathogen or pathogen elimination), and identify important research
directions to support conservation decision-making (Grant et al., 2017).
Papers in this special issue (Converse and Grant, 2019- this issue,
Canessa et al., 2019- this issue) demonstrate how to proceed in framing
and solving decision analyses.

6. Research failures and the future of successful amphibian
conservation

With the rise of emerging infectious diseases among amphibians,
quantitative methods that identify high-risk areas (e.g., habitats, re-
gions), improve confidence in the selection of mitigation actions, and
evaluate the effectiveness of interventions are necessary (Langwig et al.,
2015). To achieve this, wildlife managers need unbiased metrics of
disease prevalence, infection intensity, and individual host survival
probabilities. Unfortunately, a priori, the extent, causes, and cofactors
of individual host and pathogen detection heterogeneities are unknown.
In addition, failure to accommodate non–detection errors can cause
substantial bias in inference and misleading allocation of resources.
Given these limitations, we suggest that study objectives focus on
testing management actions and discriminating among potential drivers
of disease. Studies must be designed to account for imperfect detect-
ability so that data can be more effectively analyzed under a hier-
archical modeling approach (DiRenzo et al., 2019). By adopting this
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approach, disease ecologists can more rigorously test disease theory
with empirical data and obtain more reliable inference about pathogens
in natural systems, leading to improved responsiveness, efficiency, and
effectiveness of management interventions. Hierarchical unmarked
data models provide a useful way to increase our understanding of
fundamental ecological and evolutionary processes that can aid in
formulating amphibian conservation management plans and disease
mitigation strategies.

Acknowledgements

We thank B. Mosher, L. Browne, E. Muths, B. Schmidt, and three
anonymous reviewers for improving the quality of this manuscript.
GVD was supported by a National Science Foundation Postdoctoral
research grant (#1611692). This is contribution #709 of the
Amphibian Research and Monitoring Initiative (ARMI) of the US
Geological Survey. Any use of trade, firm, or product names is for de-
scriptive purposes only and does not imply endorsement by the U.S.
Government.

References

Abad-Franch, F., Ferraz, G., Campos, C., Palomeque, F.S., Grijalva, M.J., Aguilar, H.M.,
Miles, M.A., 2010. Modeling disease vector occurrence when detection is imperfect:
infestation of Amazonian palm trees by triatomine bugs at three spatial scales. PLoS
Negl. Trop. Dis. 4, e620.

Anderson, R.M., May, R.M., 1978. Regulation and stability of host-parasite population
interactions. J. Anim. Ecol. 47, 219–247.

Anderson, R.M., May, R.M., 1986. The invasion, persistence and spread of infectious
diseases within animal and plant communities. Philos. Trans. R. Soc. B 5, 317–355.

Atkinson, M.S. 2016. The Effects of the Protest Parasite Dermomycoides spp. on the Dusky
Gopher Frog (Rana sevosa) and the Southern Leopard Frog (Rana sphenocephala). MSc
thesis, Western Carolina University, Cullowhee, NC.

Bailey, L.L., MacKenzie, D.I., Nichols, J.D., 2014. Advances and applications of occupancy
models. Methods Ecol. Evol. 5, 1269–1279.

Barker, R.J., Schofield, M.R., Link, W.A., Sauer, J.R., 2018. On the reliability of N-mixture
models for count data. Biometrics 74, 369–377.

Barlow, N.D. 1995. Critical evaluation of wildlife disease models. In: Ecology of Infectious
Diseases in Natural Populations (eds Grenfell, B.T. & Dobson, A.P.). Cambridge
University Press, Cambridge, pp. 230–259.

Barnum, T.R., Verburg, P., Kilham, S.S., Whiles, M.R., Lips, K.R., Colón-Gaud, C., Pringle,
C.M., 2013. Use of stable isotope ratios to characterize potential shifts in the isotopic
niches of grazing insects following an amphibian decline in a Neotropical stream. J.
Trop. Ecol. 29, 291–299.

Bates, K.A., Clare, F.C., O'Hanlon, S., Bosch, J., Brookes, L., Hopkins, K., McLaughlin, E.J.,
Daniel, O., Garner, T.W.J., Fisher, M.C., Harrison, X.A., 2018. Amphibian chy-
tridiomycosis outbreak dynamics are linked with host skin bacterial community
structure. Nat. Commun. 9, 1–11.

Berger, L., Speare, R., Daszak, P., Green, D.E., Cunningham, a a, Goggin, C.L., Slocombe,
R., Ragan, M.A., Hyatt, A.D., McDonald, K.R., Hines, H.B., Lips, K.R., Marantelli, G.,
Parkes, H., 1998. Chytridiomycosis causes amphibian mortality associated with po-
pulation declines in the rain forests of Australia and Central America. Proc. Natl.
Acad. Sci. U. S. A. 95, 9031–9036.

Bletz, M.C., Loudon, A.H., Becker, M.H., Bell, S.C., Woodhams, D.C., Minbiole, K.P.C.,
Harris, R.N., 2013. Mitigating amphibian chytridiomycosis with bioaugmentation:
characteristics of effective probiotics and strategies for their selection and use. Ecol.
Lett. 16, 807–820.

Bobadilla Suarez, M., Ewen, J.G., Groombridge, J.J., Beckmann, K., Shotton, J., Masters,
N., Hopkins, T., Sainsbury, A.W., 2017. Using qualitative disease risk analysis for
herpetofauna conservation translocations transgressing ecological and geographical
barriers. Ecohealth 14, 47–60.

Brannelly, L.A., Richards-Zawacki, C.L., Pessier, A.P., 2012. Clinical trials with itraco-
nazole as a treatment for chytrid fungal infections in amphibians. Dis. Aquat. Org.
101, 95–104.

Brannelly, L.A., Chatfield, M.W.H., Sonn, J.M., Robak, M.J., Richards-Zawacki, C., 2018.
Fungal infection has sublethal effects in a lowland subtropical amphibian population.
BMC Ecol. 1–11.

Briggs, C.J., Knapp, R.A., Vredenburg, V.T., 2010. Enzootic and epizootic dynamics of the
chytrid fungal pathogen of amphibians. Proc. Natl. Acad. Sci. U. S. A. 107,
9695–9700.

Brintz, B., Fuentes, C., Madsen, L., 2018. An Asymptotic Approximation to the N-mixture
Model for the Estimation of Disease Prevalence. Biometrics. pp. 1–7.

Bromenshenk, J.J., Henderson, C.B., Wick, C.H., Stanford, M.F., Zulich, A.W., Jabbour,
R.E., Deshpande, S.V., McCubbin, P.E., Seccomb, R.A., Welch, P.M., Williams, T.,
Firth, D.R., Skowronski, E., Lehmann, M.M., Bilimoria, S.L., Gress, J., Wanner, K.W.,
Cramer, R.A., 2010. Iridovirus and microsporidian linked to honey bee colony de-
cline. PLoS One 5, e13181.

Brunner, J.L., Beaty, L., Guitard, A., Russell, D., 2017. Heterogeneities in the infection
process drive ranavirus transmission. Ecology 98, 576–582.

Buck, J.C., Ripple, W.J., 2017. Infectious agents trigger trophic cascades. Trends Ecol.
Evol. 32, 681–694.

Campbell, L.J., Garner, T.W.J., Tessa, G., Scheele, B.C., Grif, A.G.F., Wilfert, L., Harrison,
X.A., 2018. An emerging viral pathogen truncates population age structure in a
European amphibian and may reduce population viability. PeerJ 6, e5949.

Canessa, S., Spitzen–van der Sluijs, A., Martel, A., Pasmans, F., 2019. Conservation of
amphibians against emerging diseases needs both basic and applied science.
Biological Conservation. This issue.

de Castro, F., Bolker, B., 2004. Mechanisms of disease-induced extinction. Ecol. Lett. 8,
117–126.

Catenazzi, A., Swei, A., Finkle, J., Foreyt, E., Wyman, L., Vredenburg, V.T., 2017.
Epizootic to enzootic transition of a fungal disease in tropical Andean frogs: are
surviving species still susceptible? PLoS One 12, 1–17.

Chambouvet, A., Gower, D.J., Jirk, M., Yabsley, M.J., Davis, A.K., Leonard, G., Maguire,
F., Doherty-bone, T.M., Bittencourt-silva, G.B., Wilkinson, M., 2015. Cryptic Infection
of a Broad Taxonomic and Geographic Diversity of Tadpoles by Perkinsea Protists.
pp. 4743–4751.

Clulow, S., Gould, J., James, H., Stockwell, M., Clulow, J., Mahony, M., 2018. Elevated
salinity blocks pathogen transmission and improves host survival from the global
amphibian chytrid pandemic: implications for translocations. J. Appl. Ecol. 55,
830–840.

Conn, P.B., Cooch, E.G., 2009. Multistate capture-recapture analysis under imperfect state
observation: an application to disease models. J. Appl. Ecol. 46, 486–492.

Converse, S., Grant, E.H.C., 2019. A rational, structured approach to deciding and acting
in the face of amphibian declines: responding to amphibian declines is a three-pipe
problem. Biological Conservation-This issue.

Converse, S.J., Bailey, L.L., Mosher, B.A., Funk, W.C., Gerber, B.D., Muths, E., 2017. A
model to inform management actions as a response to chytridiomycosis-associated
decline. Ecohealth 14, 144–155.

Cooch, E.G., Conn, P.B., Ellner, S.P., Dobson, A.P., Pollock, K.H., 2012. Disease dynamics
in wild populations: modeling and estimation: a review. J. Ornithol. 152.

Cook, J.O. 2008. Transmission and Occurrence of Dermomycoides sp. in Rana sevosa and
Other Ranids in the North Central Gulf of Mexico States. MSc thesis, University of
Southern Mississippi, Hattiesburg, MS.

Crawford, A.J., Lips, K.R., Bermingham, E., 2010. Epidemic disease decimates amphibian
abundance, species diversity, and evolutionary history in the highlands of central
Panama. Proc. Natl. Acad. Sci. U. S. A. 107, 13777–13782.

Daszak, P., Cunningham, A., Hyatt, A., 2000. Emerging infectious diseases of wild-
life—threats to biodiversity and human health. Science 287, 443–449.

Davis, A.K., Yabsley, M.J., Kevin Keel, M., Maerz, J.C., 2007. Discovery of a novel al-
veolate pathogen affecting southern leopard frogs in Georgia: description of the
disease and host effects. Ecohealth 4, 310–317.

DiRenzo, G.V., Langhammer, P.F., Zamudio, K.R., Lips, K.R., 2014. Fungal infection in-
tensity and zoospore output of Atelopus zeteki, a potential acute chytrid supershedder.
PLoS One 9, e93356.

DiRenzo, G.V., Che-Castaldo, C., Rugenski, A., Brenes, R., Whiles, M.R., Pringle, C.M.,
Kilham, S.S., Lips, K.R., 2017. Disassembly of a tadpole community by a multi-host
fungal pathogen with limited evidence of recovery. Ecol. Appl. 27, 309–320.

DiRenzo, G.V., Campbell Grant, E.H., Longo, A.V., Che-Castaldo, C., Zamudio, K.R., Lips,
K.R., 2018. Imperfect pathogen detection from non-invasive skin swabs biases disease
inference. Methods Ecol. Evol. 9, 380–389.

DiRenzo, G.V., Tunstall, T.S., Ibáñez, R., deVries, M.S., Longo, A.V., Zamudio, K.R., Lips,
K.R., 2018c. External reinfection of a fungal pathogen does not contribute to pa-
thogen growth. Ecohealth 1–12. https://doi.org/10.1007/s10393-018-1358-x.

DiRenzo, G.V., Che-Castaldo, C., Saunders, S.P., Grant, E.H.C., Zipkin, E.F., 2019.
Unmarked data models: a practical guide to model disease dynamics using count
data. Ecology & Evolution 9, 899–909.

Druilhe, P., Tall, A., Sokhna, C., 2005. Worms can worsen malaria: towards a new means
to roll back malaria? Trends Parasitol. 21, 359–362.

Duffus, A.L.J., Waltzek, T.B., Stöhr, A.C., Allender, M.C., Gotesman, M., Whittington, R.J.,
Hick, P., Hines, M.K., Marschang, R.E., 2015. Ranaviruses: Distribution and Host
Range of Ranaviruses. Springer International Publishing, Cham.

Ellison, A.R., Savage, A.E., DiRenzo, G.V., Langhammer, P., Lips, K.R., Zamudio, K.R.,
2014a. Fighting a losing battle: Vigorous immune response countered by pathogen
suppression of host defenses in the chytridiomycosis-susceptible frog Atelopus zeteki.
G3 Genes, Genomes, Genet. 4.

Ellison, A.R., Tunstall, T., Direnzo, G.V., Hughey, M.C., Rebollar, E.A., Belden, L.K.,
Harris, R.N., Ibáñez, R., Lips, K.R., Zamudio, K.R., 2014b. More than skin deep:
functional genomic basis for resistance to amphibian chytridiomycosis. Genome Biol.
Evol. 7.

Farrer, R.A., Weinert, L.A., Bielby, J., Garner, T.W.J., Balloux, F., Clare, F., Bosch, J.,
et al., 2011. Multiple emergences of genetically diverse amphibian-infecting chytrids
include a globalized hypervirulent recombinant lineage. Proc. Natl. Acad. Sci. 1–5.

Faustino, C.R., Jennelle, C.S., Connolly, V., Davis, A.K., Swarthout, E.C., Dhondt, A.A.,
Cooch, E.G., 2004. Mycoplasma gallisepticum infection dynamics in a house finch
population: seasonal variation in survival, encounter and transmission rate. J. Anim.
Ecol. 73, 651–669.

Fisher, M.C., Henk, D.A., Briggs, C.J., Brownstein, J.S., Madoff, L.C., McCraw, S.L., Gurr,
S.J., 2012. Emerging fungal threats to animal, plant and ecosystem health. Nature
484, 186–194.

Fitzpatrick, L., Pasmans, F., Martel, A., Cunningham, A., 2018. Epidemiologicial tracing
of Batrachochytrium salamandrivorans infection in European private amphibian col-
lections. Sci. Rep. 8, 13845. z.

Flecker, A., Feifarek, B., Taylor, B., 1999. Ecosystem engineering by a tropical tadpole:
density-dependent effects on habitat structure and larval growth rates. Copeia 1999,
495–500.

G.V. DiRenzo and E.H. Campbell Grant Biological Conservation 236 (2019) 474–483

480

http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0005
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0005
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0005
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0005
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0010
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0010
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0015
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0015
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0020
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0020
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0025
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0025
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0030
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0030
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0030
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0030
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0035
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0035
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0035
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0035
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0040
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0040
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0040
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0040
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0040
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0045
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0045
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0045
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0045
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0050
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0050
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0050
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0050
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0055
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0055
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0055
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0060
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0060
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0060
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0065
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0065
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0065
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0070
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0070
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0075
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0075
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0075
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0075
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0075
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0080
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0080
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0085
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0085
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0090
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0090
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0090
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0095
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0095
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0095
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0100
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0100
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0105
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0105
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0105
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0110
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0110
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0110
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0110
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0115
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0115
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0115
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0115
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0120
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0120
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0125
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0125
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0125
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0130
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0130
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0130
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0135
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0135
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0140
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0140
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0140
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0145
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0145
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0150
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0150
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0150
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0155
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0155
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0155
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0160
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0160
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0160
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0170
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0170
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0170
https://doi.org/10.1007/s10393-018-1358-x
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0180
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0180
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0180
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0185
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0185
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0190
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0190
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0190
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0195
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0195
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0195
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0195
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0200
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0200
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0200
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0205
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0205
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0205
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0205
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0210
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0210
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0210
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0215
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0215
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0215


Freed, L.A., Cann, R.L., Goff, M.L., Kuntz, W.A., Bodner, G.R., 2005. Increase in avian
malaria at upper elevation in Hawai‘I. Condor 107, 753.

Frick, W.F., Pollock, J.F., Hicks, A.C., Langwig, K.E., Reynolds, D.S., Turner, G.G.,
Butchkoski, C.M., Kunz, T.H., 2010. An emerging disease causes regional population
collapse of a common North American bat species. Science 329, 679–682.

Garner, T.W.J., Schmidt, B.R., Martel, A., Pasmans, F., Muths, E., Cunningham, A.A.,
Weldon, C., Fisher, M.C., Bosch, J., Garner, T.W.J., 2016. Mitigating amphibian
chytridiomycoses in nature. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 371,
20160207.

Geiger, C.C., Bregnard, C., Maluenda, E., Voordouw, M.J., Schmidt, B.R., 2017.
Antifungal treatment of wild amphibian populations caused a transient reduction in
the prevalence of the fungal pathogen, Batrachochytrium dendrobatidis. Sci. Rep. 7,
5956.

Gerber, B.D., Converse, S.J., Muths, E., Crockett, H.J., Mosher, B.A., Bailey, L.L., 2017.
Identifying species conservation strategies to reduce disease-associated declines.
Conserv. Lett. https://doi.org/10.1111/conl.12393.

Gower, D.J., Doherty-bone, T.M., Aberra, R.K., Mengistu, A., Menegon, M., De Sá, R.,
Saber, S.A., et al., 2012. High prevalence of the amphibian chytrid fungus
(Batrachochytrium dendrobatidis) across multiple taxa and localities in the highlands
of Ethiopia. Herpetol. J. 22, 225–233.

Grant, E.H.C., Muths, E.L., Katz, R.A., Canessa, S., Adams, M.J., Ballard, J.R., Berger, L.,
et al., 2016. Salamander Chytrid Fungus (Batrachochytrium salamandrivorans) in the
United States—Developing Research, Monitoring, and Management Strategies, Open-
File Report. Reston, VA. doi:https://doi.org/10.3133/ofr20151233

Grant, E.H.C., Muths, E., Katz, R.A., Canessa, S., Adams, M.J., Ballard, J.R., Berger, L.,
et al., 2017. Using decision analysis to support proactive management of emerging
infectious wildlife diseases. Front. Ecol. Environ. 15, 214–221.

Gray, M.J., Chinchar, G. V, 2015. Ranaviruses, Ranaviruses: Lethal Pathogens of
Ectothermic Vertebrates. doi:https://doi.org/10.1007/978-3-319-13755-1

Green, D.E., Feldman, S.H., Wimsatt, J., 2003. Emergence of a Perkinsus-like Agent in
Anuran Liver During Die-offs of Local Populations: PCR Detection and Phylogenetic
Characterization. Joint conference − American Association of Zoo Veterinarians,
Minneapolis, MN, pp. 120–−121.

Greenspan, S.E., Longcore, J.E., Calhoun, A.J.K., 2012. Host invasion by Batrachochytrium
dendrobatidis: fungal and epidermal ultrastructure in model anurans. Dis. Aquat. Org.
100, 201–210.

Greer, A.L., Collins, J.P., 2008. Habitat fragmentation as a result of biotic and abiotic
factors controls pathogen transmission throughout a host population. J. Anim. Ecol.
77, 364–369.

Griffiths, R.A., 2017. Which amphibians should qualify for the ark? Anim. Conserv. 20,
120–121.

Griffiths, R.A., Pavajeau, L., 2008. Captive breeding, reintroduction, and the conservation
of amphibians. Conserv. Biol. 22, 852–861.

Hawley, D.M., Altizer, S.M., 2011. Disease ecology meets ecological immunology: un-
derstanding the links between organismal immunity and infection dynamics in nat-
ural populations. Funct. Ecol. 25, 48–60.

Hoverman, J.T., Gray, M.J., Haislip, N.A., Miller, D.L., 2011. Phylogeny, life history, and
ecology contribute to differences in amphibian susceptibility to ranaviruses.
Ecohealth 8, 301–319.

Hoverman, J.T., Hoye, B.J., Johnson, P.T.J., 2013. Does timing matter? How priority
effects influence the outcome of parasite interactions within hosts. Oecologia 173,
1471–1480.

Hudson, M.A., Young, R.P., Lopez, J., Martin, L., Fenton, C., McCrea, R., Griffiths, R.A.,
Adams, S.L., Gray, G., Garcia, G., Cunningham, A.A., 2016. In-situ itraconazole
treatment improves survival rate during an amphibian chytridiomycosis epidemic.
Biol. Conserv. 195, 37–45.

Isidoro-Ayza, M., Grear, D.A., Chambouvet, A., 2018. Pathology and case definition of
severe Perkinsea infection of frogs. Vet Pathol., 030098581879813.

Isidoro-Ayza, M., Lorch, J.M., Grear, D.A., Winzeler, M., Calhoun, D.L., Barichivich, W.J.,
2017. Pathogenic lineage of Perkinsea associated with mass mortality of frogs across
the United States. Sci. Rep. 7, 1–10.

Isidoro-Ayza, M., Lorch, J.M., Ballmann, A.E., Businga, N.K., 2019. Mass mortality of
green frog (Rana clamitans) tadpoles in Wisconsin, USA, associated with severe in-
fection with the pathogenic Perkinsea clade. J. Wildl. Dis. 55, 262–265.

James, T.Y., Toledo, L.F., Rödder, D., da Silva Leite, D., Belasen, A.M., Betancourt-Román,
C.M., Jenkinson, T.S., et al., 2015. Disentangling host, pathogen, and environmental
determinants of a recently emerged wildlife disease: lessons from the first 15 years of
amphibian chytridiomycosis research. Ecol. Evol. 5, 4079–4097.

Jancovich, J.K., Qin, Q., Zhang, Q., Chinchar, G., 2015. Ranaviruses: Ranavirus
Replication: Molecular, Cellular, and Immunological Events. Springer International
Publishing, Cham.

Jani, A.J., Briggs, C.J., 2014. The pathogen Batrachochytrium dendrobatidis disturbs the
frog skin microbiome during a natural epidemic and experimental infection. Proc.
Natl. Acad. Sci. U. S. A. 111, E5049–E5058.

Jennelle, C., Cooch, E., Conroy, M.J., Senar, J.C., 2007. State-specific detection prob-
abilities and disease prevalence. Ecol. Appl. 17, 154–167.

Johnson, P.T., 1999. The effect of trematode infection on amphibian limb development
and survivorship. Science. 284, 802–804.

Johnson, P.T.J., Hoverman, J.T., 2012. Parasite diversity and coinfection determine pa-
thogen infection success and host fitness. Proc. Natl. Acad. Sci. U. S. A. 109,
9006–9011.

Johnson, P.T., Lunde, K.B., 2005. Parasite infection and limb malformations: a growing
problem in amphibian conservation. Amphib. Declines Conserv. Status United States
Species 124–138.

Johnson, P.T.J., Sutherland, D.R., 2003. Amphibian deformities and Ribeiroia infection:
an emerging helminthiasis. Trends Parasitol. 19, 332–335.

Johnson, P.T.J., Lunde, K.B., Zelmer, D.A., Werner, J.K., 2003. Limb deformities as an
emerging parasitic disease in amphibians: evidence from museum specimens and
resurvey data. Conserv. Biol. 17, 1724–1737.

Johnson, P.T.J., Kellermanns, E., Bowerman, J., 2011. Critical windows of disease risk:
amphibian pathology driven by developmental changes in host resistance and tol-
erance. Funct. Ecol. 25, 726–734.

Johnson, P.T., Ostfeld, R.S., Keesing, F., 2015. Frontiers in research on biodiversity and
disease. Ecol. Lett. 18, 1119–1133.

Jones, K., Patel, N.G., Levy, M.A., Storeygard, A., Balk, D., Gittleman, J.L., Daszak, P.,
2008. Global trends in emerging infectious diseases. Nature 451, 990–993.

Karwacki, E.E., Atkinson, M.S., Ossiboff, R.J., Savage, A.E., 2018. Novel quantitative PCR
assay specific for the emerging Perkinsea amphibian pathogen reveals seasonal in-
fection dynamics 129, 85–98.

Kearns, P.J., Fischer, S., Fernández-Beaskoetxea, S., Gabor, C.R., Bosch, J., Bowen, J.L.,
Tlusty, M.F., Woodhams, D.C., 2017. Fight fungi with fungi: antifungal properties of
the amphibian mycobiome. Front. Microbiol. 8, 1–12.

Keesing, F., Holt, R.D., Ostfeld, R.S., 2006. Effects of species diversity on disease risk.
Ecol. Lett. 9, 485–498.

Kermack, W.O., McKendrick, A.G., 1927. A contribution to the mathematical theory of
epidemics. Proc. R. Soc. London, Ser. A. 115, 700–721.

Kéry, M., Royle, J.A., 2016. Applied Hierarchical Modeling in Ecology: Analysis of
Distribution, Abundance and Species Richness in R and BUGS, 1st edition. Academic
Press & Elsevier.

Kéry, M., Schaub, M., 2012. Bayesian Population Analysis Using WinBUGS: A
Hierarchical Perspective. Academic Press, New York.

Kilpatrick, A.M., 2011. Globalization, land use, and the invasion of West Nile virus.
Science 334, 323–327.

Kindermann, C., Narayan, E.J., Hero, J.M., 2017. Does physiological response to disease
incur cost to reproductive ecology in a sexually dichromatic amphibian species?
Comp. Biochem. Physiol.-Part A Mol. Integr. Physiol. 203, 220–226.

La Marca, E., Lips, K., Lötters, S., 2005. Catastrophic population declines and extinctions
in Neotropical harlequin frogs (Bufonidae: Atelopus) 1. Biotropica 37, 190–201.

Lachish, S., Gopalaswamy, A.M., Knowles, S.C.L., Sheldon, B.C., 2012. Site-occupancy
modelling as a novel framework for assessing test sensitivity and estimating wildlife
disease prevalence from imperfect diagnostic tests. Methods Ecol. Evol. 3, 339–348.

Lampo, M., Celsa, S.J., Rodriguez-Contreras, A., Rojas-Runjaic, F., Garcia, C., 2011. High
turnover rates in remnant populations of the harlequin frog Atelopus cruciger
(Bufonidae): low risk of extinction? Biotropica 44, 420–426.

Lande, R., 1993. Risks of population extinction from demographic and environmental
stochasticity and random catastrophes. Am. Nat. 142, 911.

Landsberg, J.H., Kiryu, Y., Tabuchi, M., Waltzek, T.B., Enge, K.M., Reintjes-tolen, S.,
Preston, A., Pessier, A.P., 2013. Co-infection by Alveolate Parasites and Frog Virus 3-
like Ranavirus During an Amphibian Larval Mortality Event in Florida, USA 105,
89–99. doi:https://doi.org/10.3354/dao02625.

Langwig, K.E., Voyles, J., Wilber, M.Q., Frick, W.F., Murray, K.a., Bolker, B.M., Collins,
J.P., Cheng, T.L., Fisher, M.C., Hoyt, J.R., Lindner, D.L., McCallum, H.I., Puschendorf,
R., Rosenblum, E.B., Toothman, M., Willis, C.K.R., Briggs, C.J., Kilpatrick, A.M.,
2015. Context-dependent conservation responses to emerging wildlife diseases.
Front. Ecol. Environ. 13, 195–202.

Lewis, C., Richards-Zawacki, C.L., Ibanez, R., Luedtke, J., Voyles, J., Houser, P.,
Gratewick, B., 2019. Conserving Panamanian harlequin frogs by integrating captive-
breeding and research programs. Biological Conservation-This issue. https://doi.org/
10.1016/j.biocon.2019.05.029.

Link, W.A., Schofield, M.R., Barker, R.J., Sauer, J.R., 2018. On the robustness of N-
mixture models. Ecology 99, 1547–1551.

Lips, K., 2016. Overview of chytrid emergence and impacts on amphibians. Phils Trans. R.
Soc. B. 371, 20150465.

Lips, K.R., Reeve, J.D., Witters, L.R., 2003. Ecological traits predicting amphibian po-
pulation declines in Central America. Conserv. Biol. 17, 1078–1088.

Lips, K.R., Brem, F., Brenes, R., Reeve, J.D., Alford, R.A., Voyles, J., Carey, C., Livo, L.,
Pessier, A.P., Collins, J.P., 2006. Emerging infectious disease and the loss of biodi-
versity in a Neotropical amphibian community. Proc. Natl. Acad. Sci. U. S. A. 103,
3165–3170.

Lloyd-Smith, J.O., Schreiber, S.J., Kopp, P.E., Getz, W.M., 2005. Superspreading and the
effect of individual variation on disease emergence. Nature 438, 355–359.

Longcore, J.E., Pessier, A.P., Nichols, D.K., 1999. Batrachochytrium Dendrobatidis gen. Et
sp. nov., a chytrid pathogenic to amphibians. Mycologia 91, 219–227.

Louca, S., Lampo, M., Doebeli, M., 2014. Assessing host extinction risk following exposure
to Batrachochytrium dendrobatidis. Proc. Biol. Sci. 281, 20132783.

MacKenzie, D.I., Bailey, L.L., 2004. Assessing the fit of site-occupancy models. J. Agric.
Biol. Environ. Stat. 9, 300–318.

MacKenzie, D.I., Nichols, J.D., Sutton, N., Kawanishi, K., Bailey, L.L., 2005. Improving
inferences in population studies of rare species that are detected imperfectly. Ecology
86, 1101–1113.

MacKenzie, D.I., Nichols, J.D., Royle, J.A., Pollock, K.H., Bailey, L.L., Hines, J.E., 2006.
Occupancy Estimation and Modeling. Elsevier, Amsterdam, The Netherlands.

Maguire, C., DiRenzo, G., Tunstall, T., Muletz, C., Zamudio, K., Lips, K., 2016. Dead or
alive? Viability of chytrid zoospores shed from live amphibian hosts. Dis. Aquat. Org.
119, 179–187.

Martel, A., Spitzen-van der Sluijs, A., Blooi, M., Bert, W., Ducatelle, R., Fisher, M.C.,
Woeltjes, A., et al., 2013. Batrachochytrium salamandrivorans sp. nov. causes lethal
chytridiomycosis in amphibians. Proc. Natl. Acad. Sci. 110, 15325–15329.

Martel, A., Blooi, M., Adriaensen, C., Van Rooij, P., Beukema, W., Fisher, M.C., Farrer,
R.A., Schmidt, F., et al., 2014. Recent introduction of a chytrid fungus endangers
Western Palearctic salamanders. Science. 346, 630–631.

May, R.M., Anderson, R.M., 1979. Population biology of infectious diseases: part II.

G.V. DiRenzo and E.H. Campbell Grant Biological Conservation 236 (2019) 474–483

481

http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0220
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0220
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0225
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0225
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0225
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0230
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0230
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0230
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0230
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0235
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0235
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0235
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0235
https://doi.org/10.1111/conl.12393
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0245
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0245
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0245
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0245
https://doi.org/10.3133/ofr20151233
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0250
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0250
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0250
https://doi.org/10.1007/978-3-319-13755-1
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0255
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0255
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0255
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0255
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0260
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0260
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0260
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0265
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0265
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0265
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0270
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0270
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0275
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0275
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0280
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0280
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0280
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0285
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0285
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0285
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0290
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0290
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0290
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0295
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0295
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0295
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0295
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0300
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0300
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0305
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0305
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0305
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0310
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0310
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0310
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0315
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0315
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0315
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0315
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0320
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0320
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0320
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0325
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0325
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0325
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0330
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0330
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0335
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0335
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0340
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0340
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0340
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0345
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0345
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0345
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0350
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0350
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0355
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0355
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0355
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0360
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0360
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0360
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0365
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0365
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0370
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0370
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0375
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0375
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0375
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0380
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0380
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0385
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0385
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0390
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0390
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0390
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0395
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0395
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0400
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0400
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0405
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0405
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0405
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0410
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0410
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0415
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0415
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0415
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0420
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0420
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0420
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0425
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0425
https://doi.org/10.3354/dao02625
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0430
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0430
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0430
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0430
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0430
https://doi.org/10.1016/j.biocon.2019.05.029
https://doi.org/10.1016/j.biocon.2019.05.029
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0440
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0440
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0445
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0445
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0450
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0450
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0455
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0455
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0455
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0455
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0460
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0460
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0465
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0465
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0470
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0470
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0475
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0475
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0480
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0480
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0480
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0485
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0485
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0490
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0490
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0490
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0495
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0495
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0495
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0500
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0500
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0500
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0505


Nature 280, 455–461.
McCallum, H.I., 2016. Models for managing wildlife disease. Parasitology 143, 805–820.
McClintock, B.T., Nichols, J.D., Bailey, L.L., MacKenzie, D.I., Kendall, W.L., Franklin,

A.B., 2010. Seeking a second opinion: uncertainty in disease ecology. Ecol. Lett. 13,
659–674.

McKnight, D.T., Schwarzkopf, L., Alford, R.A., Bower, D.S., Zenger, K.R., 2017. Effects of
emerging infectious diseases on host population genetics: a review. Conserv. Genet.
18, 1235–1245.

Michaels, C.J., Gini, B.F., Preziosi, R.F., 2014. The importance of natural history and
species-specific approaches in amphibian ex-situ conservation. Herpetol. J. 24,
135–145.

Miller, D., Gray, M., Storfer, A., 2011. Ecopathology of ranaviruses infecting amphibians.
Viruses 3, 2351–2373. https://doi.org/10.3390/v3112351.

Miller, D.A.W., Talley, B.L., Lips, K.R., Campbell Grant, E.H., 2012. Estimating patterns
and drivers of infection prevalence and intensity when detection is imperfect and
sampling error occurs. Methods Ecol. Evol. 3, 850–859.

Mitchell, K.M., Churcher, T.S., Garner, T.W.J., Fisher, M.C., 2008. Persistence of the
emerging pathogen Batrachochytrium dendrobatidis outside the amphibian host
greatly increases the probability of host extinction. Proc. Biol. Sci. 275, 329–334.

Mosher, B.A., Bailey, L.L., Hubbard, B.A., Huyvaert, K.P., 2017a. Inferential biases linked
to unobservable states in complex occupancy models. Ecography. 41, 32–39.

Mosher, B.A., Huyvaert, K.P., Chestnut, T., Kerby, J.L., Madison, J.D., Bailey, L.L., 2017b.
Design- and model-based recommendations for detecting and quantifying an am-
phibian pathogen in environmental samples. Ecol. Evol. 7, 10952–10962.

Mosher, B.A., Bailey, L.L., Muths, E., Huyvaert, K.P., 2018. Host–pathogen metapopula-
tion dynamics suggest high elevation refugia for boreal toads. Ecol. Appl. 28,
926–937.

Murray, K.A., Skerratt, L.F., Speare, R., McCallum, H., 2009. Impact and dynamics of
disease in species threatened by the amphibian chytrid fungus, Batrachochytrium
dendrobatidis. Conserv. Biol. 23, 1242–1252.

Muths, E., Scherer, R.D., Pilliod, D.S., 2011. Compensatory effects of recruitment and
survival when amphibian populations are perturbed by disease. J. Appl. Ecol. 48,
873–879.

Nusser, S.M., Clark, W.R., Otis, D.L., Huang, L., 2008. Sampling considerations for disease
surveillance in wildlife populations. J. Wildl. Manag. 72, 52–60.

O'Hanlon, S.J., Rieux, A., Farrer, R.A., Rosa, G.M., Waldman, B., Bataille, A., Kosch, T.A.,
Murray, K.A., et al., 2018. Recent Asian origin of chytrid fungi causing global am-
phibian declines. Science. 360, 621–627.

Olson, D.H., Aanensen, D.M., Ronnenberg, K.L., Powell, C.I., Walker, S.F., Bielby, J.,
Garner, T.W.J., Weaver, G., Fisher, M.C., 2013. Mapping the global emergence of
Batrachochytrium dendrobatidis, the amphibian chytrid fungus. PLoS One 8, e56802.

Parrott, J.C., Shepack, A., Burkart, D., LaBumbard, B., Scimè, P., Baruch, E., Catenazzi, A.,
2016. Survey of pathogenic chytrid fungi (Batrachochytrium dendrobatidis and B.
salamandrivorans) in salamanders from three mountain ranges in Europe and the
Americas. Ecohealth. https://doi.org/10.1007/s10393-016-1188-7.

Paull, S.H., Song, S., McClure, K.M., Sackett, L.C., Kilpatrick, A.M., Johnson, P.T., 2012.
From superspreaders to disease hotspots: linking transmission across hosts and space.
Front. Ecol. Environ. 10, 75–82.

Petranka, J.W., 1998. Salamanders of the United States and Canada. Smithsonian
Institution Press, Washington, D.C. In: USA.

Plowright, R.K., Sokolow, S.H., Gorman, M.E., Daszak, P., Foley, J.E., 2008. Causal in-
ference in disease ecology: investigating ecological drivers of disease emergence.
Front. Ecol. Environ. 6, 420–429.

Rantala, H.M., Nelson, A.M., Fulgoni, J.N., Whiles, M.R., Hall, R.O., Dodds, W.K.,
Verburg, et al., 2015. Long-term changes in structure and function of a tropical
headwater stream following a disease-driven amphibian decline. Freshw. Biol. 60,
575–589.

Reeder, N.M.M., Pessier, A.P., Vredenburg, V.T., 2012. A reservoir species for the
emerging amphibian pathogen Batrachochytrium dendrobatidis thrives in a landscape
decimated by disease. PLoS One 7, e33567.

Regester, K.J., Lips, K.R., Whiles, M.R., 2006. Energy flow and subsidies associated with
the complex life cycle of ambystomatid salamanders in ponds and adjacent forest in
southern Illinois. Oecologia 147, 303–314.

Rigaud, T., Perrot-Minnot, M.J., Brown, M.J.F., 2010. Parasite and host assemblages:
embracing the reality will improve our knowledge of parasite transmission and
virulence. Proc. R. Soc. Lond. B 277, 3693–3702.

Rollins-Smith, L.A., 2017. Amphibian immunity–stress, disease, and climate change. Dev.
Comp. Immunol. 66, 111–119.

Rollins-Smith, L.A., Ramsey, J.P., Pask, J.D., Reinert, L.K., Woodhams, D.C., 2011.
Amphibian immune defenses against Chytridiomycosis: impacts of changing en-
vironments. Integr. Comp. Biol. 51, 552–562.

Rosenblum, E.B., James, T.Y., Zamudio, K.R., Poorten, T.J., Ilut, D., Rodriguez, D.,
Eastman, J.M., et al., 2013. Complex history of the amphibian-killing chytrid fungus
revealed with genome resequencing data. Proc. Natl. Acad. Sci. U. S. A. 110,
9385–9390.

Royle, J.A., 2004. N-mixture models for estimating population size from spatially re-
plicated counts. Biometrics 60, 108–115.

Russell, R.E., Abbott, R.C., Tripp, D.W., Rocke, T.E., 2018. Local factors associated with
on-host flea distributions on prairie dog colonies. Ecol. Evol. 8, 8951–8972.

Russo, C.J.M., Ohmer, M.E.B., Cramp, R.L., Franklin, C.E., 2018. A pathogenic skin fungus
and sloughing exacerbate cutaneous water loss in amphibians. J. Exp. Biol. 221,
jeb167445.

Rynkiewicz, E.C., Pedersen, A.B., Fenton, A., 2015. An ecosystem approach to under-
standing and managing within-host parasite community dynamics. Trends Parasitol.
31, 212–221.

Sainsbury, A.W., Yu-Mei, R., Ågren, E., Vaughan-Higgins, R.J., Mcgill, I.S., Molenaar, F.,

Peniche, G., Foster, J., 2017. Disease risk analysis and post-release health surveil-
lance for a reintroduction programme: the pool frog Pelophylax lessonae. Transbound.
Emerg. Dis. 64, 1530–1548.

Sapsford, S.J., Alford, R.A., Schwarzkopf, L., 2013. Elevation, temperature, and aquatic
connectivity all influence the infection dynamics of the amphibian chytrid fungus in
adult frogs. PLoS One 8, e82425.

Savage, A.E., Zamudio, K.R., 2011. MHC genotypes associate with resistance to a frog-
killing fungus. Proc. Natl. Acad. Sci. U. S. A. 108, 16705–16710.

Savage, A.E., Zamudio, K.R., 2016. Adaptive tolerance to a pathogenic fungus drives
major histocompatibility complex evolution in natural amphibian populations. Proc
Biol Sci. 283 (1827), 20153115. https://doi.org/10.1098/rspb.2015.3115.

Savage, A.E., Becker, C.G., Zamudio, K.R., 2015. Linking genetic and environmental
factors in amphibian disease risk. Evol. Appl. 8, 560–572.

Savage, A.E., Terrell, K.A., Gratwicke, B., Mattheus, N.M., Augustine, L., Fleischer, R.C.,
2016. Reduced immune function predicts disease susceptibility in frogs infected with
a deadly fungal pathogen. Conserv. Physiol. 4, cow011.

Scheele, B.C., Hunter, D.A., Grogan, L.F., Berger, L., Kolby, J.E., Mcfadden, M.S.,
Marantelli, G., Skerratt, L.F., Driscoll, D.A., 2014. Interventions for reducing ex-
tinction risk in chytridiomycosis-threatened amphibians. Conserv. Biol. 28,
1195–1205.

Scheele, B.C., Hunter, D.A., Banks, S.C., Pierson, J.C., Skerratt, L.F., Webb, R., Driscoll,
D.A., 2016. High adult mortality in disease-challenged frog populations increases
vulnerability to drought. J. Anim. Ecol. 85, 1453–1460.

Scheele, B.C., Hunter, D.A., Brannelly, L.A., Skerratt, L.F., Driscoll, D.A., 2017. Reservoir-
host amplification of disease impact in an endangered amphibian. Conserv. Biol. 31,
592–600.

Scheele, B.C., Foster, C.N., Hunter, D.A., Lindernmayer, D.B., Schmidt, B.R., Heard, G.W.,
2019. Living with the enemy: facilitating amphibian coexistence with endemic chy-
tridiomycosis. Biological conservation- This issue. https://doi.org/10.1016/j.biocon.
2019.05.032.

Schloegel, L.M., Toledo, L.F., Longcore, J.E., Greenspan, S.E., Vieira, C.A., Lee, M., Zhao,
et al., 2012. Novel, panzootic and hybrid genotypes of amphibian chytridiomycosis
associated with the bullfrog trade. Mol. Ecol. 21, 5162–5177.

Seabloom, E.W., Borer, E.T., Gross, K., Kendig, A.E., Lacroix, C., Mitchell, C.E., Mordecai,
E.A., Power, A.G., 2015. The community ecology of pathogens: coinfection, coex-
istence and community composition. Ecol. Lett. 18, 317–415.

Shaw, D.J., Dobson, A.P., 1995. Patterns of macroparasite abundance and aggregation in
wildlife populations: a quantitative review. Parasitology 111 (Suppl), S111–S127.

Skerratt, L.F., Berger, L., Speare, R., Cashins, S., McDonald, K.R., Phillott, A.D., Hines,
H.B., Kenyon, N., 2007. Spread of chytridiomycosis has caused the rapid global de-
cline and extinction of frogs. Ecohealth 4, 125–134.

Smalling, K.L., Eagles-Smith, C.A., Katz, R.A., Grant, E.H.C., 2019. Managing the trifecta
of disease, climate, and contaminants: searching for robust choices under multiple
sources of uncertainty. Biological Conservation-This issue. https://doi.org/10.1016/
j.biocon.2019.05.026.

Sonn, J.M., Berman, S., Richards-Zawacki, C.L., 2017. The influences of temperature on
chytridiomycosis in vivo. Ecohealth 14, 762–770.

Stegen, G., Pasmans, F., Schmidt, B.R., Rouffaer, L.O., Van Praet, S., Schaub, M., Canessa,
S., et al., 2017. Drivers of salamander extirpation mediated by Batrachochytrium
salamandrivorans. Nature 544, 353–356.

Streicker, D.G., Fenton, A., Pedersen, A.B., 2013. Differential sources of host species
heterogeneity influence the transmission and control of multihost parasites. Ecol.
Lett. 16, 975–984.

van Strien, A.J., Dekker, J.J.A., Straver, M., Van Der Meij, T., Soldaat, L.L., Ehrenburg, A.,
Van Loon, E., 2011. Occupancy dynamics of wild rabbits (Oryctolagus cuniculus) in the
coastal dunes of the Netherlands with imperfect detection. Wildl. Res. 38, 717–725.

Stutz, W.E., Blaustein, A.R., Briggs, C.J., Hoverman, J.T., Rohr, J.R., Johnson, P.T.J.,
2017. Using multi-response models to investigate pathogen coinfections across scales:
insights from emerging diseases of amphibians. Methods Ecol. Evol. 2017, 1–12.

Swei, A., Rowley, J.J.L., Rödder, D., Diesmos, M.L.L., Diesmos, A.C., Briggs, C.J., Brown,
R., et al., 2011. Is chytridiomycosis an emerging infectious disease in Asia? PLoS One
6. https://doi.org/10.1371/journal.pone.0023179.

Talbott, K., Wolf, T.M., Sebastian, P., Abraham, M., Bueno, I., McLaughlin, M., Harris, T.,
et al., 2018. Factors influencing detection and co-detection of ranavirus and
Batrachochytrium dendrobatidis in midwestern North American anuran populations.
Dis. Aquat. Org. 128, 93–103.

Tompkins, D.M., Carver, S., Jones, M.E., Krkosek, M., Skerratt, L.F., 2015. Emerging in-
fectious diseases of wildlife: a critical perspective. Trends Parasitol. 31, 149–159.

Valenzuela-Sánchez, A., O'Hanlon, S.J., Alvarado-Rybak, M., Uribe-Rivera, D.E.,
Cunningham, A.A., Fisher, M.C., Soto-Azat, C., 2017. Genomic epidemiology of the
emerging pathogen Batrachochytrium dendrobatidis from native and invasive amphi-
bian species in Chile. Transbound. Emerg. Dis. 1–6.

Voyles, J., Young, S., Berger, L., Campbell, C., Voyles, W.F., Dinudom, A., Cook, D., Webb,
R., Alford, R.A., Skerratt, L.F., Speare, R., 2009. Pathogenesis of chytridiomycosis, a
cause of catastrophic amphibian declines. Science 326, 582–585.

Voyles, J., Vredenburg, V., Tunstall, T., 2012. Pathophysiology in mountain yellow-
legged frogs (Rana muscosa) during a chytridiomycosis outbreak. PLoS One 7.
https://doi.org/10.1371/journal.pone.0035374.

Voyles, J., Woodhams, D.C., Saenz, V., Byrne, A.Q., Perez, R., Rios-sotelo, G., Ryan, M.J.,
et al., 2018. Shifts in disease dynamics in a tropical amphibian assemblage are not
due to pathogen attenuation. Science. 359, 1517–1519.

Vredenburg, V.T., Knapp, R.A., Tunstall, T.S., Briggs, C.J., 2010. Dynamics of an emer-
ging disease drive large-scale amphibian population extinctions. Proc. Natl. Acad. Sci.
U. S. A. 107, 9689–9694.

Vredenburg, V.T., Felt, S.A., Morgan, E.C., McNally, S.V.G., Wilson, S., Green, S.L., 2013.
Prevalence of Batrachochytrium dendrobatidis in Xenopus collected in Africa (1871-

G.V. DiRenzo and E.H. Campbell Grant Biological Conservation 236 (2019) 474–483

482

http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0505
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0510
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0515
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0515
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0515
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0520
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0520
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0520
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0525
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0525
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0525
https://doi.org/10.3390/v3112351
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0535
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0535
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0535
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0540
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0540
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0540
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0545
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0545
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0550
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0550
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0550
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0555
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0555
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0555
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0560
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0560
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0560
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0565
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0565
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0565
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0570
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0570
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0575
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0575
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0575
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0580
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0580
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0580
https://doi.org/10.1007/s10393-016-1188-7
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0590
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0590
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0590
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0595
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0595
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0600
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0600
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0600
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0605
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0605
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0605
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0605
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0610
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0610
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0610
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0615
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0615
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0615
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0620
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0620
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0620
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0625
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0625
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0630
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0630
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0630
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0635
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0635
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0635
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0635
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0640
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0640
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0645
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0645
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0650
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0650
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0650
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0655
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0655
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0655
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0660
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0660
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0660
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0660
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0665
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0665
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0665
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0670
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0670
https://doi.org/10.1098/rspb.2015.3115
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0675
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0675
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0680
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0680
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0680
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0685
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0685
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0685
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0685
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0690
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0690
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0690
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0695
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0695
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0695
https://doi.org/10.1016/j.biocon.2019.05.032
https://doi.org/10.1016/j.biocon.2019.05.032
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0705
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0705
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0705
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0710
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0710
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0710
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0715
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0715
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0720
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0720
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0720
https://doi.org/10.1016/j.biocon.2019.05.026
https://doi.org/10.1016/j.biocon.2019.05.026
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0730
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0730
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0735
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0735
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0735
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0740
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0740
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0740
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0745
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0745
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0745
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0750
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0750
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0750
https://doi.org/10.1371/journal.pone.0023179
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0760
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0760
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0760
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0760
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0765
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0765
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0770
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0770
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0770
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0770
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0775
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0775
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0775
https://doi.org/10.1371/journal.pone.0035374
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0785
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0785
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0785
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0790
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0790
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0790
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0795
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0795


2000) and in California (2001−2010). PLoS One 8, e63791.
Wake, D.B., Vredenburg, V.T., 2008. Are we in the midst of the sixth mass extinction? A

view from the world of amphibians. Proc. Natl. Acad. Sci. U. S. A. 105, 11466–11473.
Whiles, M.R., Lips, K.R., Pringle, C.M., Kilham, S.S., Bixby, R.J., Brenes, R., Connelly, S.,

et al., 2006. The effects of amphibian population declines on the structure and
function of Neotropical stream ecosystems. Front. Ecol. Environ. 4, 27–34.

Wilber, M.Q., Knapp, R.A., Toothman, M., Briggs, C.J., 2017. Resistance, tolerance and
environmental transmission dynamics determine host extinction risk in a load-de-
pendent amphibian disease. Ecol. Lett. 20, 1169–1181.

Wood, C.L., Lafferty, K.D., 2013. Biodiversity and disease: a synthesis of ecological per-
spectives on Lyme disease transmission. Trends Ecol. Evol. 28, 239–247.

Woodhams, D.C., Alford, R.A., Marantelli, G., 2003. Emerging disease of amphibians
cured by elevated body temperature. Dis. Aquat. Org. 55, 65–67.

Woodhams, D.C., Voyles, J., Lips, K.R., Carey, C., Rollins-Smith, L.A., 2006. Predicted
disease susceptibility in a Panamanian amphibian assemblage based on skin peptide
defenses. J. Wildl. Dis. 42, 207–218.

Woodhams, D.C., Bosch, J., Briggs, C.J., Cashins, S., Davis, L.R., Lauer, A., Muths, E.,
et al., 2011. Mitigating amphibian disease: strategies to maintain wild populations

and control chytridiomycosis. Front. Zool. 8, 8.
Woolhouse, M.E.J., Dye, C., Etard, J.F., Smith, T., Charlwood, J.D., Garnett, G.P., Hagan,

P., Hii, J.L.K., Ndhlovu, P.D., Quinnell, R.J., Watts, C.H., Chandiwana, S.K.,
Anderson, R.M., 1997. Heterogeneities in the transmission of infectious agents: Proc.
Natl. Acad. Sci. United States Am. 94, 338–342.

Wuerthner, V.P., Hua, J., Hoverman, J.T., 2017. The benefits of coinfection: trematodes
alter disease outcomes associated with virus infection. J. Anim. Ecol. 86, 921–931.

Yasue, M., Feare, C.J., Benun, L., Fiedler, W., 2006. The epidemiology of H5N1 avian
influenza in wild birds: why we need better ecological data. Bioscience 56, 923.2.

Zipkin, E.F., Saunders, S.P., 2018. Synthesizing multiple data types for biological con-
servation using integrated population models. Biol. Conserv. 217, 240–250.

Zipkin, E.F., Sillett, T.S., Grant, E.H.C., Chandler, R.B., Royle, J.A., 2014a. Inferences
about population dynamics from count data using multistate models: a comparison to
capture-recapture approaches. Ecol. Evol. 4, 417–426.

Zipkin, E.F., Thorson, J.T., See, K., Lynch, H.L., Grant, E.H.C., Kanno, Y., Chandler, R.B.,
Letcher, B.H., Royle, J.A., 2014b. Modeling structured population dynamics using
data from unmarked individuals. Ecology 95, 22–29.

G.V. DiRenzo and E.H. Campbell Grant Biological Conservation 236 (2019) 474–483

483

http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0795
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0800
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0800
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0805
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0805
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0805
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0810
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0810
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0810
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0815
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0815
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0820
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0820
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0825
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0825
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0825
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0830
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0830
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0830
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0835
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0835
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0835
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0835
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0840
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0840
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0845
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0845
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0850
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0850
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0855
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0855
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0855
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0860
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0860
http://refhub.elsevier.com/S0006-3207(18)31611-2/rf0860

	Overview of emerging amphibian pathogens and modeling advances for conservation-related decisions
	Introduction
	Emerging infectious disease agents of amphibians: Pathology, ecology, and individual responses to infection
	Chytrids
	Timeline of emergence and host range
	Life cycle
	Origin of the pathogen

	Ranaviruses
	Timeline of emergence and host range
	Replication

	Trematodes
	Timeline of emergence and host range
	Life cycle
	Origin of the pathogen

	Perkinsea
	Timeline of emergence and host range
	Life cycle

	The future of amphibian populations faced with emerging infectious diseases

	Classical estimation and prediction models for disease ecology
	Novel approaches to classic conundrums
	Biodiversity and disease severity relationship
	Transmission heterogeneity: individual, species, and habitat superspreaders
	Coinfection: infection of a single individual by multiple pathogens

	Identifying conservation-relevant research
	Research failures and the future of successful amphibian conservation
	Acknowledgements
	References




