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ABSTRACT
Studying declining and rare species is inherently challenging, particularly when the cause of rarity is emerging infectious diseases 
(EIDs). Tracking changes in the distribution of pathogens that cause EIDs, and the species made scarce by them, is necessary 
for conservation efforts, but it is often a time and resource intensive task. Here, we demonstrate how using environmental DNA 
(eDNA) to detect rare species—and the pathogens that threaten them—can be a powerful tool to understand disease dynamics 
and develop effective conservation strategies. Amphibian populations around the world have undergone rapid declines and ex-
tinctions due to the emerging fungal pathogen, Batrachochytrium dendrobatidis (Bd). We developed and validated a qPCR assay 
using eDNA sampling methods for some of the most imperiled amphibian species, harlequin frogs (Atelopus varius, Atelopus 
zeteki, and Atelopus chiriquiensis), and applied this assay in concert with a standard qPCR assay for Bd in rainforest streams of 
Panamá. We confirmed the presence of Atelopus at sampling locations across three regions. In addition, we used genomic anal-
ysis of eDNA samples to show that Bd in Panamá falls within the Global Panzootic Lineage, a lineage associated with disease-
induced declines. We detected Bd DNA in most of our historic sites, and its concentration in water samples correlated with stream 
characteristics and the pathogen load of the local amphibian community. These results suggest that some populations of Atelopus 
persist in their historic localities. They also show how eDNA analysis can be effectively used for monitoring species presence, 
pathogen concentrations, and the distribution and spread of pathogen lineages. EIDs are a growing threat to endangered species 
around the world. Simultaneous detection of rare and declining host species and their pathogens with eDNA will help to provide 
key insights for effective conservation management.
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RESUMEN
Estudiar especies raras y en declive es intrínsecamente desafiante, particularmente cuando la causa de su rareza son las enfer-
medades infecciosas emergentes (EID). El seguimiento de los cambios en la distribución de los patógenos que causan las EID, 
junto con las especies que estas hacen escasas, es necesario para los esfuerzos de conservación, aunque a menudo es una tarea 
que requiere mucho tiempo y recursos. En este estudio, demostramos cómo el uso de ADN ambiental (eDNA, por sus siglas en 
Inglés) para detectar especies raras (y los patógenos que las amenazan) puede ser una herramienta poderosa para comprender la 
dinámica de las enfermedades y desarrollar estrategias de conservación efectivas. Las poblaciones de anfibios en todo el mundo 
han experimentado rápidas disminuciones y extinciones debido al hongo patógeno emergente Batrachochytrium dendrobatidis 
(Bd). Desarrollamos y validamos un ensayo de qPCR utilizando métodos de muestreo de eDNA para algunas de las especies de 
anfibios más amenazadas, las ranas arlequín (Atelopus varius, A. zeteki y A. chiriquiensis). Aplicamos este ensayo junto con un 
ensayo de qPCR estándar para Bd en Arroyos de la selva tropical de Panamá. Confirmamos la presencia de Atelopus en múl-
tiples lugares de muestreo de varias regiones de Panamá. También utilizamos análisis genómicos de muestras de eDNA para 
mostrar que Bd en Panamá se encuentra dentro del Linaje Panzoótico Global, un linaje asociado con disminuciones inducidas 
por enfermedades. Detectamos ADN de Bd en la mayoría de nuestros sitios históricos, su concentración en muestras de agua se 
correlacionó con las características de los arroyos, y con la carga de patógenos de la comunidad de anfibios local. Estos resulta-
dos sugieren que algunas poblaciones de Atelopus persisten en sus localidades históricas. También muestran cómo el análisis de 
eDNA se puede utilizar eficazmente para monitorear la presencia de especies, las concentraciones de patógenos, y la distribución 
y propagación de linajes de patógenos. Las EID son una amenaza creciente para las especies en peligro de extinción en todo el 
mundo. El uso de eDNA para la detección simultánea de especies hospederas, raras, en declive y sus patógenos, ayudará a pro-
porcionar información clave para una gestión eficaz de la conservación.

1   |   Introduction

Monitoring and conserving the world's biodiversity hinges on 
our ability to detect and study shifts in populations, species, 
and community composition (Sewell et al. 2012). Yet, studying 
declining species—especially rare, cryptic, and endangered 
species—is inherently challenging (McDonald 2004; Schloegel 
et  al.  2006; Pearl et  al.  2009). Moreover, understanding the 
causes and consequences of species declines and extirpations 
becomes increasingly arduous as species become more difficult 
to detect (Schloegel et al. 2006; Ryan, Lips, and Eichholz 2008). 
While this is true for many of the diverse threats to biodiversity 
loss (e.g., invasive species, habitat modification, climate change), 
there are additional challenges to studying species declines due 
to emerging infectious disease because, as host species decline, 
frequently there is a concomitant loss of the pathogens that 
cause the disease (Figure 1a). Thus, the difficulties in detecting 
and studying both hosts and pathogens simultaneously exacer-
bate the problems associated with investigating, and potentially 
mitigating, disease-induced species loss.

In many lethal disease systems, outbreaks (i.e., epizootic events) 
are characterized by a rapid increase in pathogen prevalence 
and subsequent high mortality and declines in host populations 
(Briggs, Knapp, and Vredenburg 2010; Langwig et al. 2015). Once 
host species have declined and become rare, it can be extremely 
challenging to collect basic information, including data on host 
presence, health status, and recruitment, as well as pathogen 
presence, prevalence, and intensities of infection (Langwig 
et al. 2015). Moreover, it can be similarly difficult to track any 
shifts in disease dynamics (e.g., pathogen prevalence, attenu-
ation, fadeout, and host species extinctions or recoveries) that 
may occur over an epizootic to enzootic transition (Figure 1b). 
As such, investigators can benefit from developing and optimiz-
ing tools that will allow for host and pathogen detection during 

and following epizootic events, when host detection probability 
is low and obtaining important information on disease dynam-
ics is challenging (Figure 1a,b).

This pattern of disease-induced declines and the associated 
problems with studying post-epizootic dynamics are particularly 
evident for amphibian chytridiomycosis (Briggs, Knapp, and 
Vredenburg 2010; Crawford, Lips, and Bermingham 2010; Lips 
et al. 2006; Woodhams, Kilburn et al. 2008; Voyles et al. 2018). 
This disease is caused by the fungal pathogen Batrachochytrium 
dendrobatidis (Bd), which colonizes the skin of amphibians, 
causing a range of pathophysiological effects and mortality 
(Berger et al. 1998; Longcore et al. 1999; Voyles et al. 2009). Bd 
emergence and spread has been linked to catastrophic declines, 
and even extinctions, that have occurred around the world 
(Berger et  al. 1998; Longcore et  al. 1999; Scheele et  al. 2019). 
Some of the best-studied declines occurred in the mountains 
of Western Panamá, where chytridiomycosis spread through 
multiple amphibian assemblages between 1996 and 2007 (Lips 
et  al.  2006; Woodhams, Kilburn et  al.  2008; Crawford, Lips, 
and Bermingham 2010; Voyles et al. 2018). In this region, the 
disease-induced mortality events were especially severe in 
high-elevation rainforest streams and for stream-associated spe-
cies (Lips et  al.  2006; Crawford, Lips, and Bermingham  2010; 
Woodhams, Kilburn et al. 2008), which are notably difficult to 
study and for which we frequently lack basic natural history 
data of amphibian host species.

Panamá's harlequin frogs belong to the Neotropical genus 
Atelopus, which is arguably the most imperiled of all amphibian 
lineages (Lötters 2007; Lewis et  al.  2019; Scheele et  al. 2019). 
In western Panamá, three species of harlequin frogs (Atelopus 
varius, Atelopus zeteki and Atelopus chiriquiensis) are listed 
as critically endangered or extinct by the IUCN (IUCN SSC 
Amphibian Specialist Group). While A. varius was historically 
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found throughout much of montane Costa Rica and Western 
Panamá (Savage  1972), A. varius has disappeared from most 
of its range (Zippel et  al.  2006; Richards and Knowles  2007; 
Richards-Zawacki 2009; Figure 2a). The historical range of A. 
zeteki was limited to the area near a volcanic crater at El Valle 
de Anton, Panamá (Zippel et al. 2006) and A. chiriquiensis was 
previously found only in the Talamanca mountains of western 
Panamá (Savage 1972).

Harlequin frogs are known to be highly susceptible to chy-
tridiomycosis (Bustamante, Livo, and Carey  2010; Gass and 
Voyles 2022; Gass et al. 2024), were putatively driven to crit-
ically low levels by the emergence of Bd (Crawford, Lips, and 
Bermingham 2010; Lewis et al. 2019), and in some cases pre-
sumed to be extinct in the wild (Lewis et al. 2019). Yet, inten-
sive visual surveys in the last decade have detected a small 
number of A. varius populations that appear to be persisting 
at very low densities despite Bd infection (Perez et  al.  2014; 
Voyles et al. 2018; Byrne et al. 2021). These A. varius detec-
tions are exciting for multiple reasons. First, they raise the 
possibility that, with optimal tools, we will be able to find 
additional populations of amphibian hosts that have survived 
initial chytridiomycosis outbreaks (Byrne et al. 2021). Second, 
they suggest that we may be able to study the mechanism(s) 
that drive shifts in disease dynamics and lead to host recover-
ies (Langwig et al. 2015; Voyles et al. 2018). Third, they may 
allow us to understand what environmental characteristics 
allow for host persistence and recoveries (Scheele et al. 2017; 
Voyles et al. 2018). As such, detecting these now rare species, 
and gathering additional information on infection patterns, 
can help facilitate the development of effective, science-based 
conservation measures.

One tool that could facilitate the study of rare but persisting host 
populations, and the disease dynamics within their environ-
ments, is the analysis of environmental DNA (eDNA). The sci-
entific community is increasingly turning to eDNA approaches 

to detect and monitor rare species (Zinger et  al.  2020; Vörös 
et al. 2017; Kelly et al. 2023). eDNA detection in aquatic systems 
is highly sensitive and non-invasive, consisting of the collection 
and analysis of water samples (Rees et al. 2014). However, this 
method has been primarily used to detect single species or whole 
communities of a single taxon (e.g., fish). To date, it has not been 
used widely to detect hosts and pathogens simultaneously de-
spite the insights such data could provide into host-pathogen 
dynamics.

Here, we demonstrate the potential for detection of rare 
hosts and their pathogens using eDNA techniques using the 
Atelopus-Bd system as a case study. We integrated field sur-
veys with optimized techniques for using eDNA samples to 
(1) detect surviving harlequin frog populations across spatio-
temporal gradients, (2) determine the presence and density of 
the pathogen in the streams where these frogs were histori-
cally found, and (3) obtain pathogen genomic information to 
identify pathogen lineages. This kind of integrated approach 
to understanding persistence and/or recovery of host popu-
lations may help to pinpoint locations and timeframes that 
are critical for effective conservation efforts. In addition, our 
approach may help advance our understanding of the distri-
bution of different pathogen strains, pathogen transmission 
dynamics, and persistence in the environment. Such informa-
tion is also critical for the disease ecology of EIDs, particularly 
in remote sites, and when attempting to detect rare and cryptic 
species.

2   |   Materials and Methods

2.1   |   Study Sites and Sampling Methods

We conducted field surveys within seven regions in Panamá 
(Figure 2b). These areas are tropical moist forests, which have 
two annual rainfall patterns: a dry season (which ranges from 

FIGURE 1    |    Model of changes in number of hosts (yellow bars), pathogen prevalence (black lines), and confidence intervals (gray shading) over 
time following the emergence of a highly lethal disease through a transition to epidemic fadeout (a) or to an enzootic phase (b). Over time, detection 
hosts may initially decline following outbreak (epizootic) events due to the reduced host numbers, leading to uncertainty in pathogen prevalence.
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mid-December to mid-April) and a wet season (which ranges 
from mid-April to mid-December). To establish stream tran-
sects, we used GPS coordinates to identify stream sections that 
were either previously surveyed visually for amphibians (Lips 
et al. 2006; Richards and Knowles 2007; Woodhams, Kilburn 
et al. 2008) or that have been continuously visually sampled 
for amphibians since 2004. We used a measuring tape to de-
termine 200 m and marked each transect every 10 m. During 
our surveys, 2–3 observers walked transects slowly, searching 
for amphibians according to established visual encounter sur-
vey protocols.

During visual encounter surveys, we temporarily captured am-
phibians using a fresh pair of gloves or an inverted plastic bag to 
minimize contamination and pathogen transmission. For each 
animal, we recorded the date, time, and location of capture, and 
we identified the species, sex, and age class, and measured snout-
to-vent length (SVL) and body mass. We collected skin swab 
samples for all amphibians using standard swabbing techniques 
(Boyle et  al.  2007). We froze the skin swab samples at −20°C 
and transported them to the laboratory to test for Bd infection 
using quantitative polymerase chain reaction (qPCR) according 
to established protocols (details below; Boyle et al. 2004, 2007).

2.2   |   Environmental DNA Sample Collection

At each location, we collected two water samples, one sample 
from each edge of the stream, on the first visit to a site during 
each new season or year. We sampled facing upstream, at the 
most downstream point of the transect (meter 0). At the point 
where the water was sampled, we collected ecological data to 
get quantitative measures of stream characteristics, including 
stream width, depth, and flow rate. To measure water tem-
perature and pH, we used a handheld calibrated water meter 
(Oakton, Vernon Hill, IL) at the start (meter 0, at the down-
stream end) of the transect. When possible, we also measured 
dissolved oxygen, total dissolved solids, and salinity. However, 
the water meter was less reliable for these water characteristics, 

and we subsequently omitted these parameters from our anal-
yses. To measure stream width, we used a tape measure across 
the stream. We assessed stream depth using a dipstick at three 
locations across the stream. We took two measurements at 1 m 
in from the water's edges and one measurement was taken in the 
center of the stream. We also estimated stream velocity using 
a timed float for 1 m, canopy cover using a densiometer, and 
streambed substrate composition (e.g., percent boulders, rocks, 
pebbles, sand, silt) using visual observation.

When possible, we immediately preserved eDNA samples in the 
field using a hand-pump filter system. When on-site sampling 
was not possible, we kept samples cool or frozen until processing 
and filtered them using a vacuum pump. For on-site processing, 
we collected water samples using 1 L sterile Whirlpak bags. For 
off-site processing, we collected water samples using 1 L Nalgene 
bottles with screw top lids. Prior to using Nalgene bottles, we 
soaked bottles and lids in a 25% household bleach solution and 
subsequently rinsed both bottles and lids thoroughly to remove 
bleach residue before submerging them to collect stream water.

Before filtering, we homogenized the water by massaging the 
Whirlpak bag or gently agitating the Nalgene bottle. We used 
one filter per liter of stream water. We recorded the time to sam-
ple processing as well as the start and end time of each sample 
filtration. In addition, we recorded the volume of filtered sam-
ples, whether samples were cooled, and the duration of cool-
ing. While processing water samples, we included one negative 
control for each site to monitor the quality of the protocol and 
possible contamination across sites. To collect a negative control 
sample, we filtered 1 L of store-bought bottled water following 
the same protocol described above.

In one location where we had visually detected A. varius, we col-
lected additional eDNA samples (N = 18) to determine how far 
downstream from the detection we might detect Atelopus. We 
sampled at the site of the Atelopus detection, 200 m downstream 
from that location, and approximately 500 m downstream from 
that location once per week for four consecutive weeks.

FIGURE 2    |    Photo of and adult Atelopus varius detected by visual encounter survey (a) and (b) a map of Panama with seven regions and number 
of sites where we collected environmental DNA (eDNA) samples to detect three species in the amphibian genus Atelopus (A. varius, A. zeteki, and A. 
chiriquensis). source: photo credit for panel a to MD Basanta.
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2.3   |   Diagnostics and Batrachochyrium 
dendrobatidis Prevalence in Swab Samples

For the Bd diagnostic assay of swabs, we analyzed all samples 
in triplicate with an internal positive control (IPC; Garland 
et al. 2010). We used a dilution set of plasmid standards (Pisces 
Molecular, Boulder, Colorado, USA) to quantify pathogen load. 
If 1 of 3 replicate wells turned up positive, we checked the cycle 
threshold (Cq) value to determine if non-amplification in 2 of 3 
wells was caused by a low-level infection. We also verified that 
the qPCR was not inhibited (i.e., that the internal positive con-
trol amplified; Garland et al. 2010). In cases of inhibition or Ct 
values far from the detection threshold, we retested the sample 
and considered it positive if Bd was detected in any of the three 
retested wells (Boyle et al.  2007; Garland et al.  2010). We cal-
culated Bd infection prevalence and 95% Clopper-Pearson bino-
mial confidence intervals (CI) for sites and species.

2.4   |   Detection of Host Species 
and Batrachochytrium dendrobatidis in eDNA 
Samples

For the eDNA samples, we used the same assay as described above 
to test for Bd, except with the substitution of environmental mas-
ter mix, running for 50 cycles, and using a gBlock (IDT Inc) for 
the standard curve. For Atelopus, we developed a quantitative 
PCR assay for the three target Atelopus species using sequences 
from Richards and Knowles  (2007) for A. zeteki and A. varius 
and including A. chiriquiensis (MVZ223270) in the validation 
(we were unable to produce a sequence from this sample, likely 
due to degradation). We designed an assay using Primer Express 
(ThermoFisher) software and validated this assay in silico using 
PrimerBlast (Ye et  al.  2012). The assay consisted of AtCOIF: 
CGTTGAYACTCGAGCATATTTTAC, AtCOIR: GATTGTTCCT  
CCGTGYATTG, and 6FAM-CTACTATAATTATTGCCATTCCA-
MGB at 0.2 μM each and 1X QuantiTect Multiplex PCR Mix 
(Qiagen Inc., Hilden, Germany) on a Bio-Rad CFX96 Touch Real-
Time PCR Detection System (Bio-Rad, Hercules, CA). Each qPCR 
included 3 μL of DNA extract in a total volume of 15 μL. We also 
included an internal positive control (IC; Qiagen) in each well 
to test for inhibition of the qPCR reaction. The cycling protocol 
started with 15 min at 95°C then ran for 50 cycles of 94°C for 60s 
followed by 60°C for 60s. We validated the sensitivity and spec-
ificity of the assay using tissue samples collected from A. varius 
(N = 7), A. zeteki (N = 3), A. chiriquiensis (N = 1) (weak amplifica-
tion consistent with a degraded sample), Incilius coniferus (N = 2), 
Rhaebo haematiticus (N = 9), Rhinella horribilis (N = 10).

We extracted DNA from filter samples using the Qiashredder/
DNeasy method described in Goldberg et al. (2011). Environmental 
DNA filter sample extraction and qPCR set up was carried out 
in a dedicated eDNA laboratory at Washington State University 
with limited access and clean protocols, following international 
eDNA guidelines (Goldberg et al. 2016). We included a negative 
extraction control with each set of extractions and included a neg-
ative qPCR control with each plate of samples. We ran all filter 
samples in triplicate, rerunning if the first set of results were in-
consistent (1 or 2 wells positive). Each plate included a standard 
curve of a A. varius tissue sample in 4 ten-fold dilutions, run in 
duplicate. We considered samples inhibited if the Cq value was > 3 

over that of the standard curve samples and cleaned samples test-
ing as inhibited using a OneStepTM PCR Inhibitor Removal Kit 
(Zymo, Irvine, CA). We called a filter sample positive for detection 
if we saw exponential PCR amplification in all three of the original 
set run or at least 1 of each of the 2 triplicate runs.

2.5   |   Analysis of Correlates of Batrachochytrium 
dendrobatidis Detection and Load in eDNA Samples

To test for correlations between eDNA detection (yes/no) and 
characteristics of the local environment, we used a generalized 
linear model (GLM) with a binomial distribution and a logit link. 
Predictor variables included stream characteristics (water tem-
perature, wet width, mean depth, and pH) at the point of eDNA 
sampling and the mean load of Bd detected on amphibians sam-
pled from the same transect and sampling period [in log (DNA 
copies +1)], as determined by qPCR on skin swab samples. For the 
subset of eDNA samples in which Bd was detected, we used a gen-
eral linear model (LM) with the same predictors but Bd load per 
liter of water [in log (DNA copies)], as determined by qPCR, as the 
dependent variable. Both models were run in SPSS (version 26).

2.6   |   Genomic Methods

We attempted to genotype 26 of the eDNA samples with the high-
est concentrations of Bd as determined by qPCR using a micro-
fluidic multiplex PCR assay (Byrne et al. 2017). This assay uses 
240 primer pairs designed to target phylogenetically informative 
regions of the Bd nuclear and mitochondrial genome (Byrne 
et al. 2017). We cleaned all eDNA extracts with an isopropanol 
precipitation (input volume between 25 and 40 uL) and DNA pel-
lets were resuspended in 7 μL of low TE (10 mM Tris–HCl pH 8, 
0.1 mM EDTA). Before sequencing, each cleaned sample was 
preamplified in two separate PCR reactions each with 120 primer 
pairs. After preamplification, each reaction was cleaned with 
4 μL of ExoSAP-IT (Thermo Fisher Scientific) and diluted 1:5 
with water. Finally, the cleaned and diluted products from each 
preamplification PCR were combined in equal proportions and 
sent to the University of Idaho IBEST Genomics Resources Core 
for amplification (using the Fluidigm Access Array platform) and 
sequenced on an Illumina MiSeq. After sequencing, we joined 
the raw reads using FLASH v.1.2.11 (Magoč and Salzberg 2011). 
We filtered the merged reads by selecting sequence variants rep-
resented by at least 5 reads and at least 5% of the total number 
of reads for each sample/locus combination. Next, we generated 
consensus sequences for each sample at each locus using the “re-
duced amplicons” R script (https://​github.​com/​msett​les/​dbcAm​
plico​ns/​blob/​master/​scrip​ts/R/​reduce_​ampli​cons.​R), which 
uses IUPAC ambiguity codes for multiple alleles.

For each sample, we counted the number of consensus sequences 
produced (out of a possible 240), and for samples with N = 5 am-
plicon sequences, we created a Bd phylogeny using a gene-tree to 
species-tree with the program Astral (Zhang et al. 2018). To create 
each sample tree, we compared the amplicons sequenced in each 
of our samples to the same sequences from previously published 
Bd samples representing all major Bd lineages (Byrne et al. 2019). 
We first used MUSCLE (v.3.32.0, Edgar  2004) to align per-locus 
sequences and then used RAxML (v.8.2.11, Stamatakis 2014) with 
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rapid bootstrapping for 100 bootstraps and the GTR substitution 
model and searched for the best-scoring ML tree for each locus. We 
then used newick utils (v.1.6, Junier and Zdobnov 2010) to collapse 
all nodes in each locus tree with less than 10 bootstrap support. 
Finally, we used Astral (v.5.7.5) to create one tree from all input 
locus trees and collapsed all nodes in the astral tree with a poste-
rior probability less than 0.5. We then determined the Bd genotype 
for each of our samples by comparing the position of our sample 
in the tree with the position of the reference sequences, consider-
ing a sample that forms a well-supported monophyletic grouping 
with all members of another major lineage as belonging to that Bd 
lineage.

3   |   Results

3.1   |   Surveys

Using eDNA methods, we detected Atelopus DNA at two of the 
four locations where we also detected A. varius individuals using 
VES (Table 1). However, on 15 of the 24 time points when we 
conducted both VES and eDNA surveys at four known A. varius 

sites, we failed to detect this species with both methods. On six 
occasions, we detected this species only with VES. On one occa-
sion, we detected Atelopus with eDNA only. On two occasions, 
we had positive detections with both methods. We did not detect 
any Atelopus using eDNA or VES in the historic range of A. chiri-
quiensis. We discarded and re-collected a set of field samples that 
had been contaminated with eDNA from water obtained from 
the tap. All other negative controls tested negative.

When we repeatedly collected additional eDNA samples down-
stream of a known Atelopus location (2018 Dry Season, N = 18 
samples), we only detected Atelopus in two samples collected 
nearest to the known Atelopus location. We did not detect 
Atelopus DNA from either of the additional sampling locations, 
200–500 m away from the Atelopus location.

3.2   |   Detection of Batrachochytrium dendrobatidis 
in Atelopus Sites

We detected Bd eDNA in at least one water sample at three of 
the four sites where Atelopus is known to persist. At the one site 

TABLE 1    |    Comparisons of Atelopus varius detection using visual encounter surveys (VES) versus environmental DNA surveys at sites where this 
species was detected and time points where both methods were used.

Site Year Season

Visual encounter surveys eDNA surveys

Survey days Individuals seen Samples taken Samples (+) for A. varius

Cerro N. 2014 Wet 3 0 4 0

Cerro N. 2014 Dry 2 0 2 0

Cerro N. 2015 Wet 2 0 2 0

Cerro N. 2015 Dry 4 0 4 0

Cerro N. 2016 Wet 3 0 2 0

Rio B. 2014 Wet 3 0 2 0

Rio B. 2014 Dry 3 0 2 0

Rio B. 2015 Wet 3 1 2 0

Rio B. 2016 Wet 3 0 2 0

Rio B. 2016 Dry 2 0 5 0

Rio B. 2017 Dry 1 0 2 0

Rio B. 2018 Dry 4 0 2 0

Rio T. 2014 Wet 6 25 2 0

Rio T. 2014 Dry 2 4 6 5

Rio T. 2015 Wet 3 0 3 0

Rio T. 2015 Dry 3 2 2 2

Rio T. 2016 Dry 3 1 3 0

Rio T. 2017 Dry 1 0 2 0

Rio T. 2018 Dry 1 0 18 2

Site S. 2014 Wet 3 1 1 0

Site S. 2015 Wet 3 2 2 0

Site S. 2016 Wet 3 0 2 0

Site S. 2016 Dry 3 1 2 0

Site S. 2019 Dry 3 0 2 0
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where Bd eDNA was never detected, we analyzed nine samples. 
At the site where A. varius has been seen most consistently since 
2012, we detected Bd in only 2 of 36 water samples. The propor-
tion of water samples that tested positive for Bd eDNA was much 
lower at the four sites where we detected Atelopus (12 of 92, or 
13% of samples tested positive) than at sites where Atelopus had 
not been seen since before the epizootic event (90 of 238, or 38% 
of samples tested positive, χ2

1 = 10.20, p = 0.001). When consid-
ering only the samples in which Bd eDNA was detected, the esti-
mated quantity of Bd eDNA copies per liter of water also showed 
some evidence of being lower at sites where Atelopus had been 
observed (mean ± SE: 632 ± 121) compared to sites where it had 
not (3143 ± 1395; t90.29 = 1.79, p = 0.076).

3.3   |   Correlates of Batrachochytrium dendrobatidis 
Detection and Load in eDNA Samples

We detected Bd more often in water samples that were collected 
from shallow sections of stream and from sites where amphibi-
ans captured along the transect had greater loads of Bd on their 
skin (GLM: stream depth likelihood ratio χ2

1 = 5.087, β = −0.085, 
p = 0.024; skin swab Bd load likelihood ratio χ2

1 = 6.720, β = −0.479, 

p = 0.010; Figure 3a,b). Water temperature, pH, and stream width 
were not significant predictors of Bd detection in eDNA samples 
(GLM: all χ2

1 ≤ 3.748, p ≥ 0.053). For water samples from which Bd 
was detected, the concentration of Bd DNA detected was positively 
correlated with the mean load of Bd on the skin of the local am-
phibians (LM: F1,13 = 10.874, β = 2.542, p = 0.006; Figure  4a) and 
with water temperature (LM: F1,13 = 7.613, β = 0.458, p = 0.016; 
Figure  4b) and negatively correlated with stream depth (LM: 
F1,13 = 10.647, β = −0.041, p = 0.006, Figure 4c). Stream width and 
pH were not significant predictors of Bd concentration in water 
samples (LM: F1,13 ≤ 0.844, p ≥ 0.375).

3.4   |   Batrachochytrium dendrobatidis Genomic 
Data From eDNA

We used 26 of the eDNA samples to assess our ability to collect 
Bd genomic data from stream samples (Table 2). Of the 26 sam-
ples, 18 did not return any amplicon sequences and 8 returned 
between 1 and 14 amplicon sequences. We were able to assign a 
Bd-lineage to four of the five samples that had at least five ampl-
icon sequences (Figure 5). The phylogenetic trees indicate that 
these four samples belong to the Bd-GPL lineage (Figure 5).

FIGURE 3    |    Boxplots showing the distribution of stream depths (a) and mean loads of Batrachochytrium dendrobatidis (Bd) loads on swab sam-
ples from amphibian skin (b) for water samples in which Bd environmental DNA was (yes) and was not (no) detected.

FIGURE 4    |    Scatterplots and lines of best fit for the relationships between concentrations of Batrachochytrium dendrobatidis (Bd) and environ-
mental DNA and Bd loads on amphibian skin (a), water temperature (b), and mean stream depth (c).
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4   |   Discussion

There are a wide range of challenges in studying rare, cryp-
tic, and endangered species, especially in tropical ecosystems 
(McDonald 2004; Schloegel et al. 2006; Pearl et al. 2009). The use 
of eDNA has been transformative in these efforts because it al-
lows scientists to collect critical information when species persist 
below visual detection thresholds (Lopes et al. 2021). While eDNA 
methods have previously been used in temperate riparian systems 
and employed to detect pathogens in aquatic environments (e.g., 
Amarasiri et al. 2021), it has been used far less in tropical rainfor-
est streams and/or to detect cryptic host species and their patho-
gens. We developed eDNA methods for use in tropical stream 
systems to detect three species of amphibian hosts that recently 
declined due to the infectious disease chytridiomycosis. We also 
used our eDNA samples to detect Bd, the pathogen that causes the 
lethal disease, and understand how some ecological variables may 
influence pathogen detection in these stream systems.

We found that using an eDNA approach—notwithstanding 
some limitations which we detail below—was effective for de-
tection of Atelopus varius in a tropical rainforest setting. This 
finding represents a great advantage for researchers studying 
disease-induced species declines during time periods when 
detection probability is low. Traditionally, this has involved la-
bor- and time-intensive visual encounter surveys. Although we 
were not able to directly compare sampling effort between VES 
and eDNA, adding eDNA sampling may dramatically help in 
efforts to detect species that have declined to low levels due to 
disease. Yet, while using eDNA presents a variety of opportuni-
ties, it is critical to be aware of limitations, including challenges 
associated with collecting and preserving eDNA samples. For 
example, warm temperatures are associated with higher rates 
of DNA degradation (Strickler et  al. 2015), both within the 
aquatic system and during transport if samples cannot be fil-
tered on-site. Access to ice or refrigeration to keep samples cool 
prior to filtration can be limited in remote settings. Additionally, 

TABLE 2    |    Environmental DNA samples for a Fluidigm genotyping assay for Batrachochytrium dendrobatidis (Bd).

Sample Region Bd qPCR value (copies/μL) Bd amplicons sequenced (out of 240) Bd genotype

eDNA-SofiaR_P El Cope 610.02 6 Bd-GPL

eDNA-CampanaR_z Campana 1003.86 0 Undetermined

eDNA-SOFR-1z El Cope 8.84 5 Bd-GPL

eDNA-MANL El Cope 16.21 3 Undetermined

e-160624_RBR El Cope 5.67 0 Undetermined

e-160603_Lz Campana 340.28 0 Undetermined

e-SOF_R El Cope 90.42 0 Undetermined

e-SOFIA_L El Cope 34.70 0 Undetermined

e-MAN_L El Cope 16.21 12 Bd-GPL

e-160608_AL El Valle 13.51 0 Undetermined

e-CAM_R2z Campana 11.96 0 Undetermined

e-150,608 _JL El Valle 11.69 14 Bd-GPL

e-SOF_L-2z El Cope 11.39 0 Undetermined

e-160625_SL El Cope 9.83 0 Undetermined

e-MAN_R El Cope 9.25 0 Undetermined

e-ADP_R Santa Fe 8.56 0 Undetermined

e-SOF_R2z El Cope 8.52 0 Undetermined

e-160607_L El Valle 8.46 0 Undetermined

e-160608_AR El Valle 8.10 5 Undetermined

e-MAR_AR El Valle 7.94 0 Undetermined

e-160625_SR El Cope 7.64 0 Undetermined

e-MAR_AL El Valle 7.61 3 Undetermined

e-150628_G-Lz El Cope 7.52 0 Undetermined

e-CAM_R Campana 7.33 0 Undetermined

e-160725_CR Campana 6.70 0 Undetermined

e-160714_L Santa Fe 6.03 1 Undetermined
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where field safety or permissions/access prevent filtering on-
site (as they did at some sites in this study), sample volume will 
be limited. Whether sampled on-site or not, sample volume is 
constrained in high turbidity streams when filters clog. Much 
larger sample volumes (> 100 L) have been collected from trop-
ical streams using the VigiDNA filtering system (SPYGEN) 
(Lopes et  al.  2017; Cantera et  al.  2019). However, this filter is 
not yet widely available. Nevertheless, we expect that increas-
ing sample volume (e.g., even from 1 to 2 L) is likely to have a 
large positive impact on detection probability (e.g., Bedwell and 
Goldberg 2020). Finally, lack of access to clean water can make 
decontamination problematic. During this study, we also expe-
rienced how imperative it is to collect field negatives in the same 
receptacles as those used for sample collection, use clean water 
to rinse after decontamination, and avoid reusing materials 
whenever possible. Overall, to effectively employ this method, it 
will be essential to carefully consider the limitations that might 
alter outcomes, such as those outlined here as well as the known 
distribution of the species, methodological/resource limitations, 
and dynamic environmental variables.

We did not detect other Atelopus species from Western 
Panamá, even with wide-ranging eDNA sampling in his-
toric sites (Figure 2b). Despite extensive eDNA sampling for 
A. chiriquiensis at numerous historic localities and at multi-
ple times of the year, we did not detect this Atelopus species, 
which was abundant until approximately 1996, near the town 
of Volcan. Our negative finding is also supported by recent vi-
sual survey efforts for this species in Western Panamá, which 

were also unsuccessful. The cause of decline of this species 
is thought to be chytridiomycosis (Lewis et al. 2019), and sci-
entists have anecdotally commented that its survival and re-
covery may be unlikely because much of its previous habitat 
has been developed. As such, A. chiriquiensis's IUCN status, 
which is currently listed as “Extinct” (IUCN SSC 2020), may 
be appropriate. Similarly, we did not detect the “critically en-
dangered (possibly extinct in the wild)” Atelopus zeteki (IUCN 
SSC 2024), a species that was abundant at historical localities 
around El Valle de Anton, Panamá, until approximately 2006 
(Zippel et al. 2006; Gagliardo et al. 2008). It is difficult to de-
termine if this is due to true loss of this species or if more time 
and effort is needed to detect recoveries following epizootic 
events. Irrespective of the cause, it should also be noted that 
recent studies (Ramírez et al. 2020; Byrne et al. 2021) suggest 
that the status of A. zeteki as a distinct species from A. varius 
warrants further examination.

Environmental DNA analysis provided an opportunity to si-
multaneously investigate the presence of the amphibian hosts 
and Bd and to evaluate the factors influencing pathogen de-
tection in tropical stream systems. We detected Bd in a high 
proportion of our water samples and uncovered some relation-
ships with ecological variables that could be informative for 
future studies. First, both our ability to detect and determine 
the quantity of Bd DNA in eDNA samples were positively 
correlated with the infection intensity of local amphibians. 
Second, we found correlations between abiotic conditions at 
our sampling sites and our Bd eDNA results. For example, we 

FIGURE 5    |    Phylogenetic trees created using a gene-tree to species-tree approach for four eDNA samples and 13 previously published 
Batrachochyrium dendrobatidis (Bd) samples (Byrne et al. 2019). Trees were made from the following number of locus trees [12 (a), 14 (b), 6 (c), 5 
(d)]. Nodes with less than 0.5 posterior probability are collapsed. The major Bd lineages (O'Hanlon et al. 2018; Byrne et al. 2019) are color-coded and 
labeled for the Bd lineage.
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detected Bd more often and in greater quantities in shallower 
sections of the stream. This finding could reflect the fact that 
some amphibian species preferentially use shallower sections 
of streams more commonly than the deeper, faster flowing 
sections of the stream, but this possibility remains to be inves-
tigated. Nevertheless, these findings suggest that eDNA sam-
pling may provide a fast and relatively cost-effective method 
for monitoring changes in pathogen dynamics in tropical am-
phibian assemblages.

An additional factor that may have influenced our detection 
of Bd in streams was water temperature. Specifically, we de-
tected greater quantities of Bd DNA in areas of stream with 
slightly higher water temperatures (Figure  4b). In addition, 
all our positives for Bd eDNA were from the dry season when 
temperatures are generally slightly higher and stream veloc-
ity and flow are generally lower, compared to the wet season. 
The water temperatures were still within Bd 's thermal range 
(< 26°C, Voyles et al. 2017) but slightly higher than tempera-
tures that are normally considered optimal for Bd (Piotrowski, 
Annis, and Longcore  2004, Woodhams, Alford et  al. 2008; 
Voyles et al. 2017). The seasonal pattern that we observed (i.e., 
more positive Bd detections during the dry season) could be 
due to temperature effects on Bd (Voyles et  al.  2012; Sonn, 
Berman, and Richards-Zawacki  2017), which has been sug-
gested for temperate regions (Chestnut et al. 2014). However, 
we suggest that it is equally plausible that additional factors, 
such as seasonal fluctuations of host abundance (e.g., several 
frog species concentrate along the moist margins of streams 
during the dry season; Toft  1980; Ibáñez et  al.  1995), host 
breeding phenology (e.g., some species congregate for breed-
ing during the transition from wet to dry season; McCaffery, 
Richards-Zawacki, and Lips 2015), and other seasonal effects 
on host-pathogen dynamics, could be contributing to this 
pattern. Irrespective of the underlying determinants of this 
pattern, this finding underscores the importance of temporal 
sampling for eDNA.

In addition, we found that it is possible to genotype Bd using 
eDNA samples and a microfluidic multiplex PCR assay (Byrne 
et  al.  2017). Our results corroborated other studies that show 
that Bd in Panamá is in the global panzootic lineage (BdGPL) 
(Voyles et al. 2018; Rothstein et al. 2021). We caution, however, 
that Bd genotyping using eDNA samples is difficult and some-
what unpredictable due to the presence of PCR inhibitors and 
low quality/quantity DNA in extracts. We suggest that further 
optimization of DNA cleaning (e.g., using a cleaning method 
that retains more DNA than isopropanol precipitation) should 
help to improve genotyping from eDNA samples in the future. 
Furthermore, more sensitive, or targeted approaches, such 
as lineage specific qPCR techniques may also be a useful tool 
for identifying Bd lineages from non-invasive eDNA samples. 
Overall, with improvements to these methods, we expect that 
eDNA samples may become a powerful tool for understanding 
pathogen genotypes within a given environment.

The most encouraging outcome of this research is that we 
can now leverage this tool to help direct science-based con-
servation efforts. Conservation initiatives are underway in 
Panamá for Atelopus and many other rare and endangered 

stream-breeding species (Lewis et  al.  2019). Similar efforts 
are underway for other Atelopus species in this genus in mul-
tiple countries in Central and South American (Valencia and 
Fonte 2021). We suggest that these conservation initiatives can 
be considerably aided by a rapid and inexpensive eDNA test-
ing to determine if rare species are present, if they may show 
signs of recovery, and to track the dynamics of any pathogens 
or parasites that may threaten them.

Ultimately, the ability to simultaneously detect the host species 
and the pathogen or parasite offers a wide range of options to un-
derstand changes in the health of species to ecosystems. For exam-
ple, we could potentially use this approach in the context of eDNA 
metabarcoding to understand the species richness of an amphib-
ian assemblage alongside the dynamics of the species they play 
host to (Lopes et al. 2021). We may also be able to better track host 
species phenological patterns as well as seasonal dynamics of dis-
ease (Rosa et al. 2022). These insights can help generate science-
based conservation programs (e.g., head starting at an appropriate 
seasonal window where disease is less of a threat). Development 
underway for on-site eDNA testing using CRISPR (Baerwald 
et al. 2023) is also promising for quick-turnaround results at re-
mote field sites (Sasso et al. 2017). Together with the eDNA meth-
ods we present here, scientists and conservationists can add to 
their tool kit for confronting species loss due to infectious disease.

By applying cutting-edge analysis techniques to detect rare spe-
cies and their key pathogen, this research has the potential to 
discover populations that persist despite the persistence of Bd. 
These methods may also help identify characteristics that have 
given populations of three critically endangered Atelopus spe-
cies a survival advantage. Understanding these characteristics 
will not only help understand the factors that contribute to vari-
ation in susceptibility to chytridiomycosis for other threatened 
taxa but will be important in devising informed conservation 
strategies for Panamanian Atelopus. In this way, our work con-
tributes to understanding the biology of this globally import-
ant, emerging wildlife disease, and conserving some of Central 
America's most endangered species.
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