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A B S T R A C T   

Amphibians face global declines, and it remains unclear the extent to which species have responded, and through 
what mechanisms, to persist in the face of emerging diseases and climate change. In recent years, the rediscovery 
of species considered possibly extinct has sparked public and scientific attention. These are hopeful cases in an 
otherwise bleak story. Yet, we know little about the population status of these rediscovered species, or the 
biology underlying their persistence. Here, we highlight the iconic Harlequin frogs (Bufonidae: Atelopus) as a 
system that was devastated by declines but now encompasses between 18 and 32 rediscoveries (25–37 % of 
possible extinctions) in the last two decades. Geographic distributions of rediscoveries closely match regional 
described species abundance, and rediscoveries are documented at elevations from 100 m to >3500 m, with no 
significant differences between mean historical and contemporary elevations. We also provide genomic data on 
six decimated species, with historical sample comparisons for two of the species and find a pattern of decreasing 
genetic variation the longer a species had been missing. Further, we document marked decrease in heterozy-
gosity in one species, but not the other, indicating potential idiosyncratic consequences of declines. Finally, we 
discuss research priorities to guide the potential transition from amphibian declines to recoveries and to 
maximize conservation efforts.   

1. Introduction 

Taxonomic extinction estimates are often reached with varying lines 
of evidence, such as ‘time missing’ thresholds or specified search efforts 
(Mace et al., 2008). The ‘Extinct’ designation can be declared by expert 
opinions through an extinction risk assessment using the International 
Union for Conservation of Nature (IUCN) Red List Categories and 
Criteria (https://www.iucnredlist.org/resources/categories-and-crite 
ria); however, it is difficult to know with certainty if a species is ever 
truly extinct (Roberts, 2006; Scott et al., 2008; Collen et al., 2010). Some 
species persist on the brink of extinction for some time, embodied in 
rediscoveries, where a species' detectability in the field has decreased to 
the point of presumed extinction, but is found again. Rediscoveries are 

difficult to study because they are infrequent and hard to characterize 
across Critically Endangered, and often understudied species (Scheffers 
et al., 2011). However, rediscoveries provide important conservation 
opportunities to understand the intrinsic and/or extrinsic features that 
underlie population persistence in the face of widespread extirpation (e. 
g., Chaves et al., 2014; Voyles et al., 2018; Jiménez-Monge et al., 2019; 
Byrne et al., 2021). They also provide hope for scientists doing conser-
vation research, and for non-scientists supporting conservation initia-
tives in an otherwise devastating chapter of the biodiversity crisis. These 
cases typically represent urgent conservation priorities, as rediscovered 
species may still be on the brink of extinction and likely benefit from 
active management to ensure that rediscovery leads to recovery (e.g., 
Mendelson et al., 2019; Scheele et al., 2021). For example, Scheffers 
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et al. (2011) found that 88 % of rediscovered amphibians, birds, and 
mammals remained threatened after their rediscovery. Ideally, scien-
tists, conservationists, and other stakeholders will be poised to take 
advantage of the urgent opportunities provided by species rediscoveries. 
After four decades of amphibian declines, a recent trend of species 
rediscoveries provides a compelling system to understand persistence 
and promote recovery. 

1.1. Global amphibian decline crisis 

Amphibians have faced some of the most severe declines of any 
taxonomic group, with between 40 and 60 % of species under concern 
globally (IUCN, 2021). The magnitude and speed of these declines is 
unprecedented (i.e., four decades), even considering generally acceler-
ated extinction rates in most taxonomic groups driven by anthropogenic 
changes (McCallum, 2007; Catenazzi, 2015). Global drivers of 

amphibian population declines include habitat loss and fragmentation 
(Cushman, 2006), climate change (Pounds et al., 2006), and disease 
(Berger et al., 1998; Lips et al., 2006; Scheele et al., 2019). Physiological 
traits such as permeable skin and low vagility make amphibians espe-
cially vulnerable to rapid environmental changes in climate and disease. 
A particularly well-studied pathogen of amphibians is Batrachochytrium 
dendrobatidis (Bd) (Berger et al., 1998; Lips, 1998; Longcore et al., 1999; 
Scheele et al., 2019). Bd is a species that consists of multiple lineages, 
which have different geographic extents and virulence (Byrne et al., 
2019). The emergence of the hyper-virulent and widespread Global 
Pandemic Lineage (GPL) of Bd was largely thought to have occurred in 
the late twentieth century through anthropogenic spread (O'Hanlon 
et al., 2018). Some studies have documented the collapse of entire 
species, often in seemingly pristine areas, presumably due to the arrival 
of a highly virulent strain of Bd (e.g., Lips, 1998; La Marca et al., 2005; 
Scheele et al., 2019). Despite the breadth of factors amphibians face in a 

Fig. 1. Conceptual model of epizootic and enzootic transitions. (a) Host-Pathogen-Environment disease triangle representing epizootic (orange) and enzootic states 
(green). (b) Theoretical species trajectories following initial responses to novel Bd pathogen emergence. Black solid (host) and black dotted (pathogen) lines represent 
population size/growth, respectively. Host population size decreases rapidly with the arrival of a new pathogen and eventually stabilizes. Low host population sizes 
decrease infection/transmission of Bd, which stabilizes pathogen population size. Solid and dotted population cycles represent enzootic host-pathogen dynamics. 
Numbered solid lines represent theoretical host population responses in species with varying susceptibility. Outcome #1 represents a highly resistant/tolerant host 
population. Outcome #2 (orange and green gradient lines) represent target populations of interest in our paper that have transitioned to enzootic states (e.g., species 
rediscoveries). Outcome #3 represents populations that declined and are either teetering in near extinction risk or have gone extinct. Black stars represent potential 
points of host mechanism/response that changes trajectory to avoid extinction (currently unknown mechanisms). (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 

K.E. Jaynes et al.                                                                                                                                                                                                                               



Biological Conservation 276 (2022) 109784

3

changing world, Bd is considered one of the leading drivers in ongoing 
extinctions for many amphibian taxa (Scheele et al., 2019). 

1.2. Bd epizootic-enzootic transition period 

Wildlife diseases are often studied in a disease triangle framework, 
where eco-evolutionary dynamics among host susceptibility, pathogen 
virulence, and environment alter interactions and change through time 
(Scholthof, 2007; James et al., 2015; Fig. 1). In the epizootic period, 
initial emergence of a disease in a region might cause mass mortality and 
rapid population declines due to naivety of the host population. In 
contrast, the post-epizootic period or enzootic period, is the phase in 
which a disease has previously established and may remain at high, yet 
relatively constant prevalence. In this phase, host populations have 
undergone an initial disease response and are persisting at more stable 
population sizes with infection loads that support host-pathogen coex-
istence (Briggs et al., 2010). In this paper, we use ‘epizootic’ and 
‘enzootic’ as terms to describe the naivety of the host populations to a 
novel disease emergence of chytridiomycosis, whether through recent 

mutation or environmental change of an endemic strain or arrival of a 
global strain to a new region. 

The epizootic phase of the disease chytridiomycosis, caused by Bd, is 
well documented from cases across the globe, such as highland lake 
systems in the Sierra Nevada Mountain range in North America (Vre-
denburg et al., 2010), tropical rainforests in Queensland, Australia 
(Richards et al., 1994), and montane rainforests in Central America 
(Lips, 1998). Although Bd is still present and causing active infection in 
many places throughout the world, most of the vivid descriptions of the 
onset of Bd followed by mass mortality occurred in the 1980s–90s. The 
severity of these early mass declines following emergence of Bd have 
decreased since the 1990s (Fey et al., 2015). The epizootic-enzootic 
transition is not well-understood for Bd, but theory suggests a transi-
tion mediated by a change in pathogen virulence, host tolerance, or 
environment (James et al., 2015; Scheele et al., 2017b). Some areas 
where Bd has already spread and established, such as throughout regions 
of Central and South America, are now proposed to be in the enzootic 
period based on stable host-pathogen dynamics where hosts persist in 
the presence of disease (Guayasamin et al., 2014; Perez et al., 2014; 

Box 1 
Atelopus ignescens: A case study of persistence and rediscovery.

Atelopus ignescens in the wild, 2019 (photo: Kyle Jaynes).  

The Jambato Harlequin frog, Atelopus ignescens, was once widespread and common through the entire range of the Ecuadorian Andes (Ron et al., 
2003). The Spanish naturalist M. Jiménez de la Espada observed “thousands of individuals” in 1864 (Jiménez de la Espada, 1875) on the 
Antisana Páramo, while Black (1982) counted up to 50 individuals per square meter in 1981 in the above-mentioned páramo. Population data 
leading up to 1986 found thousands of individuals on roads during rain events (Peters, 1973; L.A. Coloma field notes). Populations suddenly 
declined in the late 1980s, and the last individual was seen in 1989, albeit not for the lack of searching. Surveys were conducted across Ecuador 
from 1999 to 2003 (Bustamante et al., 2005; Ron et al., 2003) with no avail. Ron et al. (2003) reported zero individuals per square meter in a 
monitoring study in the Páramos de Antisana and Guamaní in 2000, where Black originally reported up to 50 individuals per square meter in 
1981, despite search efforts being nine times greater in 2000. Anecdotal stories talk about pastors from churches and other community leaders 
offering rewards in hopes of uncovering persisting populations. 

On 21 April 2016, one relict population was rediscovered in a small valley in Northern Ecuador (Coloma, 2016). Individuals from this popu-
lation were collected in 2016 to form the basis of an ex-situ breeding program driven to conserve the potentially last remaining individuals of the 
species. Nine out of 35 individuals were positive for Bd. A brief field survey of this site by authors KEJ, MIP, DS, and SWF in November 2019 
found three additional individuals, reinforcing that the only known wild population of this species is persisting at this location, even in the 
presence of Bd. We provide the first data on the contemporary rediscovered population (see Sections 3.2, 4.2; Fig. 3). Photo: Wild-caught in-
dividual Atelopus ignescens; 26 November 2019 by KEJ.  
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Catenazzi et al., 2017; Whitfield et al., 2017; Voyles et al., 2018; Bolom- 
Huet et al., 2019; Zumbado-Ulate et al., 2019; LaBumbard et al., 2020). 
However, proposed enzootic systems remain ambiguous for under-
standing species persistence, with different species showing high mor-
tality and extirpation, stability, or range expansions in the same 
communities (Catenazzi et al., 2017; Scheele et al., 2017b; Zumbado- 
Ulate et al., 2021). 

The possible shift from epizootic to enzootic disease states calls for 
increased scientific attention because of the continued threat of global 
fungal pathogens to the biodiversity crisis (Fisher et al., 2012), and 
largely unknown mechanisms of persistence in natural populations. In 
most cases, it remains unclear the extent to which species have 
responded and through what mechanisms, to persist in the face of rapid, 
novel changes (Voyles et al., 2018). In an encouraging turn of events, 
there have been recent rediscoveries of amphibian species previously 
considered to have gone extinct, such as the Variable Harlequin frog 
(González-Maya et al., 2013), the Jambato Harlequin frog (Box 1), and 
more than a dozen others (Supplemental Table ST1). These rediscovered 
species provide key opportunities as natural experiments for under-
standing the mechanisms that have allowed certain populations and 
species to persist, while many others went extinct (Fig. 1). Here, we 
highlight an iconic group, the Harlequin frogs of the genus Atelopus, for 
investigation of amphibian rediscoveries. 

1.3. Atelopus: an iconic genus in the amphibian decline crisis 

Harlequin frogs (genus Atelopus) are a Neotropical species-rich genus 
of Bufonidae, with 94 species currently recognized, and an estimated 
126–166 putative species in the genus (Lötters, 1996; Coloma et al., 
2010; Supplemental Table ST1). Harlequin frogs experienced some of 
the most severe declines of any group throughout the past two decades, 
with 70 % of species evaluated by the IUCN considered Critically En-
dangered or Extinct (IUCN, 2021). Many sudden declines were associ-
ated with Bd outbreaks (La Marca et al., 2005; Scheele et al., 2019), 
often in combination with climate change (Ron et al., 2003; Pounds 
et al., 2006). Early work attempting to understand drivers of decline 
suggest that characteristics of Atelopus, which are diurnal and often 
occur in mid to high elevations and depend on streams for reproduction, 
may have played a role in their demise (Lötters, 1996; Stuart et al., 2004; 
La Marca et al., 2005; Pounds et al., 2006). While the genus remains in 
peril, recent rediscoveries of several Atelopus species previously thought 
to be extinct has sparked public and scientific attention. Although some 
of these cases of presumed extinction followed by rediscovery may be 
the result of no or insufficient sampling during the missing years (e.g., 
indigenous communities at Sierra Nevada de Santa Marta in Colombia 
were always aware of A. arsyecue, prior to its ‘scientific rediscovery’), 
many cases of rediscovery have come from species in which the decline 
was unquestionable (La Marca et al., 2005; Scheele et al., 2019) and 
where there has been consistent effort to search for extant populations 
(e.g., see Ron et al., 2003). However, the extent of these rediscoveries, 
and what environmental, demographic and/or evolutionary responses 
have allowed certain populations to persist remains unclear. 

To date, the most well-studied case of Bd-related Atelopus declines 
and rediscoveries are the Panamanian Golden frogs (A. zeteki, A. varius). 
Research on these species has shown physiological and behavioral shifts 
to higher body temperatures in infected individuals (Richards-Zawacki, 
2010), demographic shifts to higher female densities after Bd arrival 
(McCaffery et al., 2015), and similar survival and recruitment rates 
between infected and uninfected hosts following declines (DiRenzo 
et al., 2018). A lack of environmental or pathogen change implicates a 
host response that underlies species persistence and recovery (Voyles 
et al., 2018). Bd infection assays showed high variability in response to 
Bd infections between species (A. glyphus, moderate infection; A. zeteki, 
high infection) despite considerable overlap in gene expression patterns 
(Ellison et al., 2015). Further, contrasts exist within species, as A. zeteki 
shows evidence of both innate and acquired immunity, as well as host 

immune suppression with Bd infections (Ellison et al., 2014). Finally, a 
study that sequenced whole exomes from pre- and post-decline A. zeteki 
and A. varius revealed higher genetic diversity and evidence of recent 
admixture in some contemporary populations compared to historic 
samples from extirpated localities, but low sample sizes made it difficult 
to make associations with specific loci across the genome (Byrne et al., 
2021). Despite the large body of literature addressing patterns and 
mechanisms of persistence in Central American Atelopus, it remains 
unclear how generalizable these outcomes are across regions and 
species. 

In contrast to the literature on Central American Atelopus, we know 
little about Atelopus rediscoveries in South America, which harbors the 
majority of Atelopus diversity and rediscoveries (Fig. 2). Like Central 
America, the bulk of research on South American Atelopus persistence 
has thus far focused on only a few species. For example, studies of 
A. cruciger in Venezuela have documented a population crash and high 
mortality rates due to Bd, but population stability maintained by rapid 
recruitment of new adults each year (Bonaccorso et al., 2003; Lampo 
et al., 2012). Lampo et al. (2017) suggest that this lowland species 
contradicts thermal refuge hypothesis patterns (i.e., that warmer low-
land regions serve as refugia from Bd, which prefers cooler tempera-
tures; Piotrowski et al., 2004; Woodhams et al., 2008), and may be able 
to persist because of decreased disease transmission. Most other studies 
(including in Central America) are short reports that have arisen in the 
past decade documenting the presence of Bd or first sighting of long-lost 
species or populations (e.g., González-Maya et al., 2013; Tapia et al., 
2017; Jiménez-Monge et al., 2019; Barrio Amorós et al., 2020). An 
analysis focused on the 32 putative species of Atelopus found in Ecuador 
suggested that more than half of the species not seen after abrupt de-
clines were found in recent years (Tapia et al., 2017). While the docu-
mentation of rediscovered species has developed greatly in the past 
decade, further investigation is needed across species, environments, 
and decline histories to gain a full understanding of mechanisms of 
persistence in Atelopus, and to apply this understanding more broadly to 
other amphibians. 

Given that many populations and species may have transitioned to 
an enzootic phase of disease response, and the promising trend of 
accumulating species rediscoveries, we aimed to characterize the 
geographic and temporal patterns of rediscoveries in the genus Atelopus. 
Additionally, we provided the first genomic data on six species of Ate-
lopus with varying decline histories to explore genetic diversity patterns 
in persisting populations. Finally, we discussed ideas for prioritizing 
efforts around Atelopus rediscoveries in future research and conserva-
tion. These recent case studies have enormous value in providing a 
comparative framework to investigate multiple closely related species 
that vary in population ranges, sizes, decline histories, and 
environments. 

2. Material and methods 

2.1. Species information and status categorization 

We evaluated all Atelopus species for which information was avail-
able (N = 105) to determine the number of species in the genus that have 
ever been considered missing. We first compiled all species information 
from the IUCN Red List (2021), including previous published reports. 
Next, we gathered information from the literature on species either not 
recognized by the IUCN (e.g., newly described species) or filled in in-
formation that was not included in the IUCN listing since the last report 
(e.g., published research articles documenting a recent rediscovery). We 
recorded basic temporal and geographic information available from 
those sources, including year of disappearance or rediscovery, and 
location or elevation of rediscovered population (see Supplemental 
Table ST1 for all species information). We used the above-collected in-
formation and expert knowledge of unpublished search efforts when 
possible to assign each species one of four categories: ‘Still Missing’ (i.e., 
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species has still not been sighted after disappearance), ‘True Redis-
covery’ (i.e., species was missing and subsequently rediscovered, with 
search efforts occurring at known historical localities during the missing 
period), ‘Possible Rediscovery’ (i.e., same as true rediscovery, but where 
no known search efforts at historical localities occurred during the 
missing period), and ‘Continuously Sighted’ (i.e., the species was never 
missing or deemed to be continuously sighted during the missing 
period). We excluded all species that were ‘Continuously Sighted’ in 
further analyses because we do not consider these species to represent 
rediscoveries. We calculated a rigorous estimate of rediscoveries, which 
is the number of species in the ‘True Rediscovery’ category divided by 
the total number of species missing at one point in time: [True Redis-
covery / (True Rediscovery + Still Missing)]; and a less-rigorous esti-
mate, with the inclusion of species categorized as ‘Possible Rediscovery’: 

[(True Rediscovery + Possible Rediscovery) / (True Rediscovery +
Possible Rediscovery + Still Missing)]. 

2.2. Genomic data collection and analyses 

We extracted DNA from opportunistically sampled contemporary 
tissues of six species (Table 1) collected from deceased specimens in ex- 
situ programs (wild-caught individuals) using a DNeasy Blood and Tis-
sue Kit, following manufacturer protocols (Qiagen). We received DNA 
extract from two museum samples collected in 1990 (flash-frozen tis-
sues; see supplementary material for discussion on species identifica-
tion) from University of Kansas Biodiversity Institute (KU217429 from 
Pachancho river, Provincia Bolívar, hereafter ‘Pachancho’, and 
KU217433 from ca. Chaucán, Provincia Azuay, hereafter ‘Chaucán’), 

Fig. 2. Temporal and geographic patterns of Harlequin frog extinctions and rediscoveries (a) Sangey plot of species trajectories for all species analyzed in the study 
(N = 105). (b) Photos of rediscovered (A. nanay; Jaime Culebras), rendering of an extinct Atelopus sp., and continuously sighted species (Atelopus sp. Otoyacu; Centro 
Jambatu). (c) Stacked Bar Chart representing species missing or possibly extinct (orange), species officially declared extinct by the IUCN (red hatched), and 
rediscovered species, including ‘Possible Rediscoveries’ in our criteria (green) across decades. For species with ambiguous dates and/or different dates across 
countries, the most recent date was chosen as the date for ‘extinction period’ and the first date of their rediscovery as their ‘rediscovery period’. Species that had only 
partial extinction/rediscovery dates were excluded. (d) Map of Atelopus rediscoveries in Central and South America with number of rediscovered species in green 
circles for each country: Costa Rica (CR), Panama (PA), French Guiana (FG), Venezuela (VE), Colombia (CO), Ecuador (EC), Peru (PE) and Bolivia (BO). (e) Boxplots 
of mean historical elevation for species categories in (a). Boxes signify first quartile, median, and third quartile. Comparisons significant at an adjusted p < 0.05 with 
a Tukey Honest Significant Difference test indicated with asterisk. (f) Plot of elevation for historical and contemporary populations. Left column contains a species' 
mean historical elevation. Right column is the elevation of the rediscovered population. Line is connecting a species' mean historical elevation with the rediscovered 
population's elevation. Colors signify a qualitative upward (light green) and downward (dark green) difference from the historical mean elevation. See Supplemental 
Table ST1 for species information in all plots. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 

K.E. Jaynes et al.                                                                                                                                                                                                                               



Biological Conservation 276 (2022) 109784

6

extracted under the same protocols. We prepared Restriction Site- 
Associated DNA Sequencing (RADseq) libraries using a modified 
BestRad protocol (Ali et al., 2016). We sequenced our library in one lane 
with paired-end 150 base pair reads on an Illumina HiSeq 4000 at the 
Genomics Core at Michigan State University. We processed raw Illumina 
reads through the STACKS v2.0 (Rochette et al., 2019) and filtered SNPs 
using custom scripts. Due to few polymorphic loci shared between our 
six species, we performed the final steps of the STACKS pipeline (i.e., the 
populations module) separately for each species, generating seven 
separate datasets (one for each species, plus one for historical speci-
mens). Lastly, we randomly subsampled 5000 SNPs from all datasets to 
make comparisons across a similar number of SNPs using custom scripts 
in bcftools (Li et al., 2009). We found no differences between subsampled 
results and results including all SNPs across datasets (Supplemental 
Fig. S1D). Raw reads are archived in the NCBI SRA (BioProject: 
PRJNA870111; accession numbers: SAMN30351361-SAMN30351399). 
See supplemental methods for library preparation and bioinformatic 
details. 

We estimated individual heterozygosity using the -het flag in 
VCFtools v0.1.15 (Danecek et al., 2011), which estimates heterozygosity 
on a per-individual basis. Therefore, values are averaged individual 
estimates for each species, not population-level estimates. To quantify 
differences in heterozygosity among species and time points, we fit an 
ANOVA grouped by species, and used a Tukey Honest Significant Dif-
ferences test to calculate adjusted P values for group mean comparisons. 
All statistical analyses were performed in R v3.3.0 (R Development Core 
Team, 2021) and data were visualized using the ggplot2 package 
(Wickham, 2016). 

3. Results 

3.1. Temporal and geographic patterns of Atelopus rediscoveries 

We estimated that at least 18 species (rigorous), and up to 32 species 
(less rigorous) have been rediscovered to date (Fig. 2; Supplemental 
Table ST1). The first extinction was presumed in the 1950s, with rapid 
increases to >70 species presumably extinct in the 2000s. Subsequently, 
species disappearances became less common and there has been a rapid 
and steady increase in rediscoveries. The first rediscovery was reported 
in the 2000s (von May et al., 2008), and this number has increased to 32 
rediscoveries by 2022, despite only a few additional species being 
categorized as extinct in the wild in those decades. Rediscoveries are 
documented from all regions in which Atelopus spp. occur, with 88 % 
occurring in four countries (Ecuador, Colombia, Peru, Venezuela; 
Fig. 2D). 

Rediscovered populations have been found from throughout 120 m 
to >3600 m in elevation. We found that ‘Continuously Sighted’ species 

had a lower historical mean elevation (1503 m) than ‘Still Missing’ 
(2232 m) and ‘Rediscovered’ (2116 m) species, although only ‘Contin-
uously Sighted’ and ‘Still Missing’ comparisons were significantly 
different (Fig. 2E; p < 0.05). Out of 32 rediscovered species, there were 
19 rediscoveries with documented historical and contemporary eleva-
tions. The mean elevation for contemporary rediscovered populations 
was 1971 m, which was not statistically significant from historical mean 
elevations (2043 m, overall downward shift of 72 m; Fig. 2F). 

3.2. Genomic diversity patterns in persisting populations 

Individual heterozygosity estimates ranged from 0.1668 to 0.3582 
and were significantly different among the six species (Table 1). We also 
found a significant relationship between years missing and heterozy-
gosity across rediscovered species (Fig. 3A; p < 0.001; adjusted R2 =

0.88). We found three significant groups in our analyses corresponding 
to descending heterozygosity, which closely matches phylogenetic 
groups: Group A (lowland: A. sp. Limón (spumarius complex), A. sp. 
Otoyacu (spumarius complex)), Group B (lowland: A. balios, A. elegans; 
highland: A. nanay), and Group D (highland; A. ignescens, A. nanay; p <
0.001), with the exception that A. nanay (highland) falls within both 
groups B and D (Fig. 3A; p > 0.05). Historical sample comparisons be-
tween A. ignescens and A. nanay showed a similar trend, although 
A. ignescens is the only species between the two species that was 
significantly different from historical samples (Fig. 3B; p < 0.05). See 
Supplemental Table ST2 for bioinformatic outputs for each dataset prior 
to subsampling. 

4. Discussion 

4.1. Temporal and geographic patterns of Atelopus rediscoveries 

Attempts to understand the vulnerability of Atelopus to threats like 
emerging pathogens (e.g., Bd) and climate change have yet to find a 
unified pattern across all species, but prior assessments suggest their 
elevation, habitat preference, and breeding behavior are likely factors 
(La Marca et al., 2005). Our evaluation of Atelopus rediscoveries shows 
that relict populations span the latitudinal and longitudinal distribution 
of the genus across Central and South America (Fig. 2). Further, the 
geographic density of rediscoveries closely matches species diversity 
across the distribution of the genus. For example, 80 % of described 
Atelopus species, and 88 % of rediscoveries, occur in four countries: 
Ecuador, Colombia, Peru, and Venezuela (Fig. 2D). This suggests 
broadly similar patterns of occasional population persistence 
throughout the range of the genus, possibly reflective of large-scale 
enzootic disease state shifts across Central-South America. However, 
we also found that Ecuador harbors a particularly high number of 
rediscovered species (i.e., twice as many as the next country, Colombia), 
perhaps due to non-biological explanations (e.g., geo-political differ-
ences in search effort or scientific funding between countries) or 
persistence being driven by regional differences in environmental fac-
tors and/or host responses. 

Rediscoveries span the elevational range of Atelopus, from 120 m to 
above 3600 m (Fig. 2E). Scheffers et al. (2011) found that most redis-
covered amphibians (N = 104) were endemic to high elevations (mean 
elevation of 1199 m). Although Atelopus rediscoveries are not restricted 
to certain elevations, species that went missing at some point (i.e., 
‘Rediscovered’ and ‘Still Missing’) are documented at higher historical 
mean elevations than species that have been continuously sighted. This 
finding corroborates prior work that suggests Atelopus species restricted 
to high elevations are especially vulnerable (La Marca et al., 2005), 
which is thought to be largely driven by higher Bd growth in cooler 
montane temperatures at high elevations (Woodhams et al., 2008). 

At present, persistence does not seem to be caused by a single com-
mon variable across rediscovered Atelopus (e.g., reduced disease trans-
mission at lower elevations). Of the 19 rediscovered species with 

Table 1 
Summary of genomic samples for each species. Individual heterozygosity esti-
mates represent the mean (minimum-maximum).  

Species Genomic 
samples (N) 

Years 
missing 

Individual 
heterozygosity 

Atelopus balios  5 15 0.2583 
(0.2445–0.2957) 

Atelopus elegans  5 12 0.2523 
(0.2315–0.2782) 

Atelopus ignescens  8 27 0.1951 
(0.1668–0.2170) 

Atelopus nanay  2 18 0.2174 
(0.1998–0.2350) 

Atelopus sp. Limón 
(spumarius complex)  

3 0 0.3289 
(0.3126–0.3582) 

Atelopus sp. Otoyacu 
(spumarius complex)  

4 0 0.3265 
(0.3193–0.3367) 

Historical (Chaucán and 
Pachancho)  

2 NA 0.2445 
(0.2174–0.2718)  
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documented historical and contemporary elevations, we did not find a 
significant shift between historical and contemporary mean elevations 
(Fig. 2F; overall downward shift of 72 m), as we might expect if pop-
ulations are persisting at elevations absent of threats. Reduction of niche 
breadth in amphibians impacted by Bd has been proposed by geographic 
refugia contractions to areas where Bd is absent (Puschendorf et al., 
2009; Puschendorf et al., 2011; Scheele et al., 2017a). However, con-
tractions might not be clearly detectable due to high recruitment from 
lower elevations to higher elevations where extirpation is more rapidly 
occurring (Muths et al., 2011; Lampo et al., 2012). Future studies that 
account for other variables that may be confounded here (e.g., upward 
shifts from habitat loss in some species, downward shifts from envi-
ronmental refugia in others) may be able to uncover potential mecha-
nisms underlying elevational patterns. 

4.2. Genomic diversity patterns in persisting populations 

Neutral genetic variation has long been considered important for 
population persistence and viability (Lande and Shannon, 1996; Kardos 
et al., 2021) and can provide insights into a population's demographic 

and evolutionary history, such as estimates of genetic drift, inbreeding, 
and genetic bottlenecks. Genomic data from a subset of Atelopus species 
with varying decline histories, elevations, and relatedness in the 
geographic epicenter of Atelopus rediscoveries (Ecuador), reveal a 
pattern of decreased heterozygosity the longer a species was considered 
missing/extinct (Fig. 3A; Table 1). Although correlative, ‘time-missing’ 
may serve as a useful proxy for the severity of small population problems 
(e.g., drift or inbreeding) in disappeared populations, which results in 
lower genomic diversity the longer they remain presumably extinct. The 
documentation of disappearances, such as years missing, may be a 
predictor of a population's loss of genomic diversity and a crucial asset 
for determining potential for recovery and/or future adaptive potential. 
Notably, the three significant species groups in our data in descending 
order of genomic variation also correspond to Vulnerable (Fig. 3A ‘A’), 
Endangered/Critically Endangered (Fig. 3A ‘BC’), and Critically En-
dangered/Extinct (before A. ignescens was rediscovered; Fig. 3A ‘CD’) 
IUCN Red List categories. Thus, rediscoveries help document the rela-
tionship between threat status and genomic variation, which has been 
empirically limited due to the lack of studies pairing genomic data with 
known decline histories. 

Fig. 3. Trends of genetic diversity in historical and contemporary rediscovered species. Estimated individual heterozygosity for Harlequin frog species with varying 
decline histories from genomic data. (a) Scatter plot of individual heterozygosity plotted against years missing for six species (from left to right): Atelopus sp. Limón 
(spumarius complex; purple), A. sp. Otoyacu (spumarius complex; blue), A. elegans (green), A. balios (yellow), A. nanay (orange), and A. ignescens (red). Linear trend 
line represents 0.95 CI (grey). Comparisons significant at an adjusted p < 0.001 with a Tukey Honest Significant Difference test are indicated by letters in a, and p <
0.05 in b. (b) Boxplot of individual heterozygosity for historical A. nanay-bomolochos and A. ignescens species group (grey) and contemporary A. nanay (orange) and 
A. ignescens (red). (c) Sampling map of Ecuador for the six species with matching colors in (a) and historical samples (grey triangles) and photos of Atelopus ignescens 
and A. nanay by KEJ. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Historical and contemporary comparisons for two species 
(A. ignescens and A. nanay) showed an overall decrease in heterozygosity 
in contemporary samples, with a significant difference in one species 
(A. ignescens) but not the other (A. nanay) (p < 0.05; Fig. 3B). This work 
corroborates similar genomic diversity patterns found in relictual 
A. varius and A. zeteki populations in Central America (Byrne et al., 
2021). We note our historical samples are limited to one sample per 
species and represent species group- versus population-level compari-
sons (see supplementary materials). Therefore, it is possible the 
contemporary population of A. nanay has also lost variation over time, 
which may have been detectable with larger historical sample sizes. 
However, this pattern could also reflect the time missing-heterozygosity 
relationship proposed above, as A. ignescens was missing for a decade 
longer than A. nanay. 

Alternatively, observed heterozygosity patterns could also be due to 
idiosyncratic responses to Bd at the species-level. For example, the his-
torical ranges (and therefore range contractions) of these species 
differed drastically (121 km2 for A. nanay; 7790 km2 for A. ignescens), 
and so their decline histories are likely not equal. A. nanay also occurs in 
parapatry with other closely related Atelopus (A. bomolochos, A. exiguus, 
A. onorei) and cryptic species diversity within A. nanay also likely exists 
(see supplementary materials), whereas contemporary A. ignescens is 
known from a single isolated locality from other known closely related 
highland species. Therefore, higher rates of historical and/or recent 
gene flow in one species could have influenced idiosyncratic responses 
to Bd, which has been proposed in A. varius and A. zeteki (Byrne et al., 
2021). Future studies exploring species relationships and susceptibilities 
to Bd by combining neutral and functional genomic data on more pop-
ulations and species within this group may help delineate the intra- and 
interspecific demographic and adaptive contributions towards our 
observed genetic diversity patterns. 

We note two important caveats of our genomic data: small sample 
sizes, which are often a common problem in opportunistically sampled 
conservation studies, and especially so in recently rediscovered pop-
ulations, and the lack of a causal link between time missing and het-
erozygosity. It is possible the correlation between heterozygosity and 
time missing is confounded by other variables we could not collect, such 
as pre-decline population size or shared historical demography from 
phylogenetic relatedness. Definitive conclusions about the cause of these 
patterns are not possible in our study. However, the association we 
found between disappearances and genomic diversity across contem-
porary populations of multiple species is an intriguing pattern worthy of 
future investigation and could inform management strategies needed for 
population recovery. 

5. Recommendations for leveraging rediscoveries 

5.1. Small population size dynamics in amphibians 

Despite widespread amphibian declines, we still know relatively 
little about small population dynamics (demographic, genetic, and 
behavioral) and effective population sizes of anurans (Schmeller and 
Merila, 2007). An extreme example is the Hula Painted frog (Latonia 
nigriventer), which has persisted for >60 years in a single pond sur-
rounded by drastic habitat loss and fragmentation (Biton et al., 2013). 
While some amphibian populations seem to be able to survive in isolated 
regions with little gene flow, it is unclear how such isolation will affect 
their ability to respond to novel changes in their environment. For 
example, it is unknown the extent to which adaptive potential differs 
between naturally small populations restricted by geographic range, to 
those with historically larger geographic ranges that have recently 
experienced habitat fragmentation or population bottlenecks. Some 
relictual populations may be more resilient to novel stressors and/or 
environmental change; however, we typically lack the ability to predict 
variation in response and rarely understand what variables contribute to 
these patterns. We suggest comparative studies across closely related 

species that occupy different geographic ranges and decline histories. 
This framework has the power to elucidate population dynamics 
important to understanding declines and responses, such as de-
mographic and genetic mechanisms that help or hinder responses. 
Harlequin frogs in the Andes provide an excellent opportunity to 
perform these studies, with species of varying geographic range sizes 
(Lötters, 2007; Catenazzi, 2015), drivers of declines (La Marca et al., 
2005), and now, decline and persistence histories. 

5.2. Host immune response 

Applying genomic tools to rediscovered amphibians (reviewed in 
Funk et al., 2021) will help inform mechanisms underlying population 
persistence. For example, an outstanding question is the extent to which 
selection on a few important gene regions involved in immune response 
vs. high levels of standing genetic variation across the genome, or both, 
are characteristics of persisting populations. Distantly related species 
across the amphibian tree show varying immunological responses 
(Zamudio et al., 2020), such as MHC genotype associations with Bd 
susceptibility in Lithobates yavapaiensis (Savage and Zamudio, 2011), or 
host immune response suppression by Bd in other species, such as Ate-
lopus zeteki (Ellison et al., 2014). These studies provide important 
foundations in understanding genomic responses to Bd across amphib-
ians broadly, but with such mixed results across major amphibian 
clades, and so few clades explored, it remains difficult to identify 
genomic regions that are predictors of persistence in any given species 
(Storfer et al., 2021). Temporal studies that combine functional and 
neutral genomic data in a single group (e.g., Atelopus) will be particu-
larly useful for elucidating variation in evolutionary history, ecology, 
and the environment for species that largely share the same ‘genomic 
machinery’. Byrne et al. (2021) serves as an ideal example for the po-
tential insights to be gained from both research and conservation per-
spectives (e.g., the largest contemporary population had the highest 
gene flow and most recent admixture, potentially suggesting a rescue 
event underlying their persistence). Understanding how these genomic 
mechanisms influence population dynamics and stress responses will 
provide powerful insights into conservation applications to assist cur-
rent and future rediscoveries (see Table 2 for recommended conserva-
tion priorities). 

5.3. Host skin microbiome response 

The amphibian skin microbiome plays an important role in immune 
defense (Rebollar et al., 2020; Rollins-Smith, 2020). Skin microbiome 
communities can vary between epizootic and enzootic host populations 
(Jani et al., 2017), and in the latter, across distantly related species with 
different life-history strategies (e.g., terrestrial vs aquatic breeding 
strategies; Jervis et al., 2021). Rediscovered populations provide an 
opportunity to understand how broad patterns that shape amphibian 
skin microbiomes (e.g., microhabitats, biogeography, phylogenetic dis-
tance, host genetic variation, environmental reservoirs, and Bd infec-
tion) influence microbiome structure in imperiled populations. For 
example, do skin microbiomes of closely related species show parallel 
shifts in microbiome communities due to selection imposed by a shared 
disease? How do factors that shape microbiomes (e.g., geographic dis-
tribution, host genetic variation, skin secretions, microhabitat sources, 
temperature, and habitat quality) influence the ability for microbiome 
shifts in small populations, which are likely experiencing these other 
pressures? Atelopus show some level of immune defense mediated by the 
microbiome (e.g., Flechas et al., 2012; Becker et al., 2015) and the 
ability for reintroduced individuals in outdoor mesocosms to shift and 
mimic a wild-type microbiome profile (Estrada et al., 2022). A recent 
study explicitly surveying several rediscovered species (non-Atelopus) 
suggests that these species potentially have a Bd-protective microbiome 
based on previous microbial taxa identified in other studies (Jiménez 
et al., 2019). The Atelopus rediscovery system provides a unique 
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opportunity to understand the replicability of host-microbiome re-
lationships under global change by investigating microbiome shifts 
across species, environments, and decline histories. Importantly, these 
studies will have direct benefits to studies considering “skin probiotic” 
applications to wild populations. 

5.4. Bd virulence and community disease dynamics 

While the impacts of Bd have been documented across the globe for 
nearly three decades, we know relatively little about the continued 
impacts of Bd in persisting host populations. There has been wide 
variability in population decline and response rates to Bd in enzootic 
systems, with some species increasing in population size and others 
remaining low (Catenazzi et al., 2017; Lampo et al., 2017). Decreased 
pathogen virulence has not been demonstrated in natural systems 
(Scheele et al., 2017b). Yet, some Atelopus populations in Central 
America are persisting in regions where Bd is detected (Perez et al., 
2014). There are many strains of Bd (Byrne et al., 2019), which have 
different levels of virulence (Greenspan et al., 2018) and hybridization 
between two strains can cause hyper-virulence (Farrer et al., 2011). 
Although Bd is considered a global pathogen, some regions remain 

unaffected or have one specific strain. The related pathogen, Batracho-
chytrium salamandrivorans (Bsal; Martel et al., 2013) has not yet arrived 
in the Americas, but BdxBsal infections cause worse infections in sala-
manders than Bd or Bsal alone (McDonald et al., 2020). Altogether, 
understanding the eco-evolutionary dynamics of this disease in 
collapsed and persisting populations will lend insights into future con-
servation relevant to population responses in unexposed regions (e.g., 
salamanders in North and Central America; García-Rodríguez et al., 
2022), as well as arrival of new strains in other regions (e.g., new global 
pandemic lineages or hybridization events). 

The impacts of Bd-driven declines in amphibian populations include 
community dynamics beyond amphibians. In Central America, snake 
(predator) populations declined, while malaria incidence in humans 
from mosquitos (prey) increased following the collapse of amphibian 
communities after Bd arrival (Zipkin et al., 2020; Springborn et al., 
2022). In the disease triangle framework, shifting disease dynamics has 
effects on host and communities, which in turn affect host response 
through infection success, predation changes, and so forth. Future work 
will benefit by simultaneously increasing resolution of the disease 
(strain-specific sampling) and broadening the targets affected by it 
(amphibian and non-amphibian communities) in these systems. 

6. Conclusions 

Understanding the mechanisms that allow vulnerable species to 
persist in environments where threats occur requires novel approaches 
across different axes of investigation. Species rediscoveries serve as 
‘natural experiments’ to uncover mechanisms underlying responses to 
novel changes in natural populations. Despite these promising examples 
of species persistence in the genus Atelopus, rediscovery does not mean 
recovery, and many rediscovered species are likely still hovering on the 
brink of extinction. Although we reported observed differences in 
genomic variation, it remains broadly unknown if the differences are 
linked to an adaptive response, or how any of these rediscovered species 
are positioned to continue persisting in the wild. Future research in this 
system will be important for understanding mechanisms and conse-
quences of persistence through novel change, with potential widespread 
impacts in empirical global change biology research. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.biocon.2022.109784. 
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Table 2 
Recommended conservation priorities to leverage rediscoveries.  

Conservation priorities Areas of interest Examples 

Exploration of missing 
populations/species 
and monitoring of 
known population for 
threats and defense 
mechanisms  

○ Innovative approaches to 
uncover additional 
populations of relict 
species  

○ Understanding 
population variation, 
size, and stability of 
rediscoveries to assess 
ongoing threats  

○ Murray et al. (2009)  
○ García-Rodríguez et al. 

(2012)  
○ Lopes et al. (2021)  
○ Zumbado-Ulate et al. 

(2021) 

Ex-situ breeding 
programs for selective 
breeding and 
reintroduction efforts  

○ Increase genetic diversity 
of source population 
with goals of 
reintroduction  

○ Optimizing protocols for 
ex-situ breeding e.g., 
reproduction assays, 
food regimens, naturally 
mimicking mesocosm 
terraria  

○ Communicating 
importance of amphibian 
conservation to the 
public  

○ Lewis et al. (2019)  
○ Naranjo et al. (2021)  
○ Amaru Bioparque 

(Cuenca, Ecuador) 
https://www.zoobiopa 
rqueamaru.com/  

○ Centro Jambatu 
(Quito, Ecuador) www. 
anfibiosecuador.ec 

Habitat protection ○ Ensure long-term persis-
tence from rediscovery to 
recovery  

○ Publicize cases of 
emblematic species to 
preserve habitat of local 
and indigenous 
communities  

○ Atelopus longirostris 
lawsuit case against 
the Ministry of 
Environment of 
Ecuador for failed 
protection of the 
species in the presence 
of large-scale mining 
operations. https://es. 
mongabay.com/2020/ 
10/ranas-le-ganan-a- 
la-mineria-en-ecuado 
r/  

○ Valencia and da Fonte 
(2022) 

Developing community- 
led conservation and 
ecotourism programs  

○ Economic alternatives to 
habitat destruction for 
sources of income  

○ Scientific training and 
opportunities for 
members of local 
communities  

○ Intag Santuario de 
Vida (Intag Life 
Sanctuary) https 
://rainforestaction 
group.org/es/sanctu 
ary-for-life-in-ecu 
ador/  

○ Alianza Jambato 
(www.alianzajambato. 
org)  
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