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Environmental DNA (eDNA) metabarcoding is an emerging and versatile tool in biodiversity research.
With recent advances in field sampling techniques, this approach becomes increasingly suited for
application in tropical ecosystems where biodiversity monitoring gaps remain significant and species
detection is particularly challenging. Using amphibians as a model, we harness eDNA metabarcoding
in 52 localities in the Tropical Andean biodiversity hotspot to rapidly trace elusive, threatened, or
presumed extinct species as a baseline for conservation action. Metabarcoding ‘bycatch’ of non-target
species further revealed specific environmental threats through the detection of invasive species

and pathogens, thus facilitating integrative conservation assessments despite the incompleteness

of reference data and the vast species richness hampering biodiversity assessments in complex
tropical communities. Consequently, we call for more intense employment of eDNA metabarcoding

in conservation to rapidly bridge critical knowledge gaps on elusive species or declining populations in
tropical biodiversity hotspots.
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While global biodiversity richness peaks in tropical environments, research on biodiversity change is skewed
towards temperate regions"2. Due to limited funding, challenging fieldwork settings, low population densities of
threatened species and a lack of information on the ecology of target taxa, tropical species are often insufficiently
detected, possibly leading to adverse conservation decisions®>?. Filling this data gap to inform conservation
actions requires standardized, large scale biodiversity monitoring with modern methods®. Traditional
monitoring approaches often require long-term funding, vast personal resources as well as extensive knowledge
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of local conditions and the natural history of target species®’. Instead, emerging molecular approaches can
now address this challenge by providing cost-efficient, non-invasive and standardized tools to document entire
ecological communities with minimal prior knowledge®-!!. Particularly, metabarcoding of environmental DNA
(eDNA) collected from water, soil, leaves or air (i.e. the parallel amplification and high-throughput sequencing of
taxonomically informative genetic markers from mixed environmental samples), allows for the rapid assessment
of community composition and detection of target and non-target species of conservation concern®$10:12-15,

Amphibians have suffered unparalleled global declines over recent decades making them the most threatened
vertebrate class today'®. This ‘amphibian crisis’ is mostly driven by habitat change, emerging infectious disease,
and climate change!®!”. Neotropical highlands harbour the highest number of threatened amphibian species,
predominantly due to the devastatingimpact of the emergent disease chytridiomycosis caused by Batrachochytrium
dendrobatidis (Bd)'®'8. Several Andean amphibian genera such as Atelopus, Centrolene and Telmatobius stand
out in being among the most threatened vertebrate lineages on the globe!®!8-20, Entire amphibian communities
have declined to the brink of extinction, and numerous species have completely disappeared?!, often considered
‘possibly extinct’ by the IUCN Red List of Threatened Species??. These circumstances make tropical Andean
amphibians a ‘worst case scenario’ in conservation. Here, we build on a rapidly growing body of literature that has
extensively evaluated methodological aspects of eDNA metabarcoding in an applied and directly conservation-
linked context’-***4, Working as a multidisciplinary team of researchers and conservation practitioners, we
aim to detect new populations of threatened amphibians and potential threats to guide direct and hands-on
conservation action through Ecuador’s unique amphibian conservation infrastructure (i.e. Centro Jambatu
de Investigacion y Conservacion de Anfibios; Centro de Conservacion de Anfibios, Bioparque Amaru). To
explore the potential presence of persisting amphibian populations, we targeted historic localities of long-lost or
Critically Endangered amphibian species in Andean Ecuador using eDNA metabarcoding from aquatic habitats.
We further explored if molecular detection of non-target species can aid integrative conservation assessments
including potential threats such as invasive species and emerging pathogens in species-rich yet poorly sequenced
tropical communities.

Methods

Field sampling

Fieldwork and sample export were granted by Ministerio del Ambiente, Agua, y Transiciéon Ecoldgica under
permits MAE-DNB-CM-2022-0261, ATM-CM-2022-0261-001-2023 and 071-2023-EXP-CM-FAU-DBI/
MAATE. We selected 52 sampling localities spanning montane forest, cloud forest and paramo ecosystems in
the Ecuadorean provinces of Azuay, Loja, Morona Santiago, Pichincha, and Zamora Chinchipe (Fig. 1; Appendix
S1: Table S1). Site selection was based on specimens deposited in natural history collections and historic reports
on the presence of lost or Critically Endangered amphibians from the genera Atelopus, Centrolene, Hyloscirtus,
Hyloxalus, and Telmatobius®. Geographic ranges and historic localities are compiled in?>26-28, Between July
and August 2023 (when tadpoles of target species had been found historically), we collected water samples
from streams and lakes using sterilized plastic bags. Water was filtered on-site with 0.45 pm cellulose nitrate
filters (Sartorius and Nalgene, Thermo Fisher Scientific) using a cost-efficient and custom made peristaltic pump
designed for rough field conditions®. We opportunistically filtered 0.15 to 3.70 L of water per filter (Appendix
S1: Table S2) depending on clogging (mean: 0.92 L) and collected 1 to 5 filters per locality (mean: 2.04) which
were stored in 300 ul DNA/RNA Shield (Zymo Research) to prevent degradation®. For each locality, a new
filter funnel was used, and between each filter membrane, tweezers were flame-sterilized and an unused pair
of sterile latex gloves was used to minimize contamination. As on-site water filtration took up to several hours,
we opportunistically searched for target species during sampling events with visual and acoustic observations
(Appendix S1: Table S1). Opportunistic searches were not conducted in a systematic or standardized manner,
precluding occupancy modelling to assess method performance as established previously for the methodology
applied in this study’*-32.

Library preparation and sequencing

To minimize the risk of contamination, library preparations were performed in a laboratory naive to amphibian-
derived samples, DNA isolates or PCR products. We extracted genomic DNA from water filters using the Blood
& Tissue kit (Qiagen). Filters were cut into smaller pieces with sterile blades for lysis. We deviated from the
manufacturer’s protocol as described in?® and eluted DNA in 50 pl AE buffer only to increase DNA concentration
for PCR. PCRs were run in 10 pl volumes with 2 ul DNA template using the TagMan Multiplex kit (Qiagen). We
used the amphibian-specific MiAmphiL primer pair® targeting and amplifying a ~ 250 bp fragment of the 16 S
rRNA gene as well as the general vertebrate primer pair 12 S-V5 targeting and amplifying a ~ 110 bp fragment
of the 12 S rRNA gene. Both primer pairs have zero mismatches with sequences of the genera mentioned above
based on Anura-wide alignments. The primer pairs used in this study represent established standards in eDNA
metabarcoding and have been extensively evaluated in previous work with respect to taxonomic coverage,
amplification bias and detection performance?*3336-38 All primers carried Illumina TruSeq adapters that
allowed subsequent dual indexing with the TruSeq i7 and i5 adapters (Illumina). Therefore, amplicons were
coded in a second PCR with six cycles to introduce eight base individual index sequences and adapters on both
ends of the PCR products following®®. Each marker was amplified in duplicate and each replicate individually
indexed (i.e. four PCR products per DNA isolate). Indexed PCR products were pooled in equal volumes into
one library per primer pair and purified using NucleoMag magnetic beads (Macherey-Nagel) following the
manufacturer’s instructions. Purified libraries were quantified using a fluorometer and normalized with other
pools for MiSeq sequencing. We sequenced the two libraries from 12 S and 16 S amplicons respectively on two
flow cells alongside other libraries using the MiSeq Reagent Kit v2 with 500 cycles on a MiSeq platform (150 bp
paired end sequencing; Illumina) targeting ~ 20,000 reads coverage for each replicate. Negative field (unused
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Fig. 1. Overview of the 52 eDNA sampling localities in Andean Ecuador. Generated using ArcGIS Pro version
3.5 (ESRI).

cellulose nitrate filter discs placed in DNA/RNA Shield in the field without contact to the aquatic environment),
extraction (extraction of 300 ul DNA/RNA Shield without a filter) and PCR (PCR with RNAse-free water instead
of DNA isolate) controls were sequenced along with the samples.

Pathogen detection

To test for the presence of the chytrid fungus Bd we performed quantitative PCR in duplicate on the same DNA
isolates from all water filters following standard protocols®’. In brief, 5 ul from the same DNA isolates described
above were used per reaction. Quantitative PCR was performed in 20 pl reactions on a StepOnePlus system
(Thermo Scientific), using the ITS1-3 Chytr and 5.8 S Chytr primer pair and Chytr MGB2 probe*! with serial
dilutions (1-10° copies) of the ITS gBlock as standards. In view of the rapid degradation of environmental
DNA of Bd in the environment, its detection is likely highly indicative of active infections in local amphibian
communities*2.
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Sequence analysis

Processing of demultiplexed MiSeq reads was conducted as described in®® to generate 97% radius operational
taxonomic units (OTUs). This threshold was selected as 3% uncorrected p distance in rRNA is commonly
applied for species delineation in amphibians*>. In brief, this includes merging of paired-end MiSeq reads using
PEAR with a minimum overlap of 50 bp between reads**, quality filtering with a minimum quality score of 30
for at least 90% of bases using the FASTX Toolkit*, primer trimming using the Linux default commands grep
and sed, followed by OTU clustering using the -cluster_otus flag of USEARCH®, generating 97% radius clusters
with at least 5 contributing reads to form a cluster. We mapped clustered OTUs (Supplementary Data) to NCBI
GenBanK’s complete nt database downloaded for processing on a local machine on 20 December 2023 (https://
www.ncbi.nlm.nih.gov/genbank/) using BLASTn 2.5.0*” with 10 target sequences. We assigned species names to
accession numbers from the BLASTn search using blast2taxonomy*® and manually filtered the list of potential
taxa for South American vertebrates. A list of all specific commands used is available in Appendix S1. Species
identification with eDNA metabarcoding requires a reference database; in the case of amphibians, we and other
colleagues have generated such dataset for Andean amphibians during the last 15 years and made available on
GenBank, including all target genera (Atelopus, Centrolene, Hyloscirtus, Hyloxalus, and Telmatobius)'**-54. As
we commonly observed ‘noise, especially for abundant OTUs (i.e. when an OTU comprised high read numbers
in a subset of filters, single reads were erroneously assigned to other localities or controls likely due to sequencing
errors in barcodes or index hopping), we manually removed any sequence reads where read counts were below
5 as suggested in previous work!">. We subsequently removed OTUs from the entire dataset that were present
in at least one negative control. Further inferential or model-based analyses (e.g. occupancy or detection
probability modelling) were not conducted, as the study was designed to provide rapid, presence-based baseline
information for conservation decision-making, while methodological performance of eDNA metabarcoding
and associated analytical frameworks has been extensively addressed in previous work and would require
standardized occupancy data or mock communities.

Results

After quality filtering of raw reads, we retrieved about 199,000 reads from the MiAmphilL and roughly 1,717,000
reads from the 12 S-V5 library likely due to the MiSeq favouring sequencing of the shorter marker. Rarefaction
curves indicated that most libraries approached an asymptote, consistent with generally sufficient sequencing
depth. Only a small subset of samples remained at low depth and did not fully reach an asymptote, likely due to
template concentration differences during pooling of equal volumes (Appendix S1: Figure S4). The proportion
of vertebrate reads and OTUs assigned to amphibians was generally low (12 S-V5: 14.4% of reads, 11.4% of
OTUs, MiAmphiL: 22.6% of reads, 23.3% of OTUs) with high amounts of fish, avian and mammalian ‘bycatcl’
(Appendix S1: Figure S2).

Detection and rediscovery of threatened amphibian populations

The amphibian OTUs detected correspond to at least 54 species across all localities, of which 22 are considered
threatened under the IUCN Red List of Threatened Species and/or the national Red List of Ecuadorian amphibians
belonging to the genera Atelopus, Centrolene, Hyloscirtus, Hyloxalus, Noblella, Nymphargus, Osteocephalus,
and Pristimantis (Table 1; Appendix S1: Figure S1)?2%. Per locality we detected 1 to 5 OTUs corresponding
to amphibians overall, and 0 to 5 OTUs corresponding to threatened amphibian species. Among our target
genera, we were able to detect sequences of critically endangered harlequin toads (Atelopus) from one historic
locality of A. exiguus, from four historic or formerly unknown localities of A. bomolochos and from one historic
locality of A. podocarpus (Fig. 2). In two of the A. bomolochos localities, where eDNA yielded a positive signal,
we additionally confirmed the presence of tadpoles or calling males of the species during opportunistic searches
while processing water samples on-site (Appendix S1: Table S1). On the other hand, we found two individuals
of A. exiguus in searches during sampling in one locality although the species was not detected with eDNA
(Fig. 2; Appendix S1: Table S1). Subsequent re-examination of sequence reads from this locality revealed that an
Atelopus sequence was present in the MiSeq reads but was discarded due to the read count being below our self-
imposed detection threshold of 5 reads. In glassfrogs (Centrolenidae), taxonomic resolution with both primers
was low (i.e. several species names show>98% sequence identity with a single OTU, because multiple closely
related species share identical sequences over the short marker length used for eDNA, despite being supported
by integrative taxonomic evidence); however, combined with distribution data, identification was unambiguous
for most cases. In the genus Centrolene, for example, two OTUs were found, one of which (C. heloderma) was
detected in one historic locality, while the other (C. buckleyi complex with the allopatric C. buckleyi, C. elisae and
C. marcoreyesi) was found in 10 localities including both west and east Andean populations (Fig. 2, Appendix SI:
Table S1). We detected three species of the genus Hyloscirtus with two records from Zamora Chinchipe Province
assigned to the Critically Endangered H. tapichalaca suggesting either a considerable range extension or the
presence of a closely related yet unknown taxon?@. The rocket frog genus Hyloxalus was present in our dataset
with a single record corresponding to H. anthracinus from close to a historic locality (Fig. 2). We failed to detect
water frogs of the genus Telmatobius at any locality.

Detection of potential threats and flagship species

The non-amphibian sequencing ‘bycatch’ included invasive species that may pose a threat to amphibian
populations. Sequences of trout (Oncorhynchus mykiss, Salmo trutta) comprised the most common OTUs besides
human DNA. At least one species of trout was present in 26 of 52 (50%) of the localities sampled (Fig. 2). In
addition, terrestrial livestock species were among the most common reads recovered, thus providing a possible
means for detecting agricultural encroachment (Fig. 2).
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Number of localities
IUCN status (national Red List in parentheses | where species was

Species Province where different) detected with eDNA
Atelopus exiguus Azuay EN (CR) 2%

A. bomolochos Azuay CR 4

Atelopus sp. (likely A. podocarpus) | Loja - 1

Centrolene buckleyi Pichincha CR 8

C. heloderma Pichincha VU (EN) 1

C. marcoreyesi Loja NE, EN in species description 2

Hyloxalus anthracinus Azuay CR 1

Hyloscirtus psarolaimus Morona Santiago | VU 1

H. cf. tapichalaca Loja EN 2

Noblella heyeri Loja LC (EN) 1

Nymphargus cariticommatus Loja EN 2

N. lasgralarias Pichincha EN 4

Osteocephalus festae Loja LC (VU) 1

P. andinognomus Loja LC (VU) 3

Pristimantis appendiculatus Pichincha VU (NT) 4

P. buenaventura Azuay, Loja** EN (VU) 3

P. cf. gloria/P. cf. riveti Azuay, Loja EN to CR (EN to NT) 3

P. multicolor Loja VU (EN) 3

P. cf. numbala/P. cf. vidua Loja NE to EN 10

P. pycnodermis Morona Santiago EN 1

P. pyrrhomerus Pichincha CR 2

P, sobetes Pichincha VU (EN) 1

P. yantzaza Zamora Chinchipe | EN (EN) 1

Table 1. Threatened amphibian species detected by aquatic eDNA metabarcoding in Ecuador in 2023.

Red List categories correspond to?2%. In Atelopus exiguus (single asterisk), one of two populations only
yielded sequences below our self-imposed threshold of minimum five sequences per OTU. In records of

P. buenaventura from Loja (double asterisk), two localities are in doubt as they are outside the range of the
species and an undescribed, closely related species occurs in the region (authors, unpubl. data). For details, see
Appendix S1: Table S1.

Bycatch also revealed the presence of elusive non-amphibian species of conservation relevance. Among
fish, besides the invasive trout, we detected numerous OTUs corresponding to Siluriformes (Loricariidae,
Astroblepidae) without taxonomic assignment at the species level. Siluriformes OTUs were often restricted to
geographic regions (Appendix S1: Figure S3). For birds, our vertebrate marker 12 S-V5 showed low taxonomic
resolution. Hence, BLAST yielded several species names sharing complete sequence identity with the same OTU.
Our avian ‘bycatch’ comprises several flagship species such as Andean Cock-of-the-Rock (Rupicola peruvianus)
or oilbird (Steatornis caripensis) (Fig. 2). Further, we detected emblematic mammals such as the Endangered
mountain tapir (Tapirus pinchaque), spectacled bear (Tremarctos ornatus), ocelot (Leopardus pardalis), and
oncilla (Leopardus tigrinus) (Fig. 2).

We detected DNA of the pathogenic chytrid fungus Bd in 18 of 52 sampling sites (34.6%; Fig. 2; Appendix
S1: Table S3).

Discussion

We demonstrated that eDNA metabarcoding is a powerful tool for detecting highly threatened amphibian
species, revealing their presence in historic and new localities across a tropical Andes biodiversity hotspot.
Although we did not estimate occupancy metrics, the discovery of multiple target taxa across numerous
remote sites with rapid, simplified, and non-invasive sampling illustrates the practical performance of eDNA
metabarcoding for generating baseline data for conservation action. Some of these records (e.g. two populations
of A. bomolochos and one of A. exiguus and A. podocarpus each) went undetected in previous visual and acoustic
surveys (authors, unpubl. data). In line with previous work, metabarcoding not only accelerated the rediscovery
of critical amphibian populations®!'%%, but with little additional effort enabled us to uncover information on
potential threats such as the lethal amphibian pathogen Bd°”8, invasive trout and the presence of livestock
signalling potential habitat encroachment!*!°. In addition, sequencing captured other vertebrate ‘bycatch’ of
conservation relevance. Though not always threatened, several of these bird and mammal species may aid
habitat conservation attempts, as information on the presence of emblematic umbrella species can foster wider-
scale conservation attention by acting as ‘flagship’ species®. Thus, eDNA metabarcoding plays a pivotal role in
rapidly gathering multi-taxonomic insights from a single sample as the baseline for integrative conservation
assessments (Fig. 3)'*?3. Employing eDNA metabarcoding accelerates species detection but also enhances our
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Fig. 2. (A) amphibian populations of highly threatened target species detected with eDNA metabarcoding.
(B) Potential threats for persisting amphibian populations, derived from environmental DNA metabarcoding
‘bycatch’ and targeted environmental pathogen surveillance. (C) Presence of flagship species derived from
metabarcoding ‘bycatch’ that may aid in protecting the habitats of the threatened amphibian populations
detected. For locality-wise details, see Supplementary Data. Generated using ArcGIS Pro version 3.5 (ESRI).
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Fig. 3. The multidisciplinary role of eDNA metabarcoding in biodiversity conservation prioritization.

ability to monitor ecosystem health and provides baseline data to engage stakeholders in conservation actions
across these critical habitats®!11:36:5,

While eDNA has been shown to yield lower error rates than ‘classic’ approaches , we generally
recommend subsequent ‘traditional’ surveys at localities with molecular target species detection to generate
additional insights into abundance and population structures (Fig. 3). Accurate metabarcoding requires
measures to prevent cross-contamination between field campaigns and during labwork, which can be difficult to
achieve under challenging field settings such as in the tropical Andes. In our dataset, endemic species that were
only detected within or close to their known ranges?*~2 serve as an indirect control indicating low risk for false-
positive detection. Overall shallow genetic diversity between species (as e.g. observed in glass frogs), however,
challenges unambiguous taxonomic assignment, particularly in species-rich tropical environments. Systematic
and spatially informed expert curation may allow subsequent taxonomic assignment for often allo- or parapatric
lineages. In addition, sampling for eDNA-based monitoring should be carried out repeatedly to account for
seasonal variation in detection probability. Particularly in amphibians, the seasonal absence of aquatic larvae
could decrease detection rates considerably, as possibly in the case of A. exiguus which was visually encountered
but not detected via eDNA. This, however, affects false negatives of ‘traditional’ monitoring even more than
eDNA metabarcoding®"©2.

Despite eDNA being most broadly used in fish monitoring, we were unable to sufficiently characterize native
fish communities to species level because of the lack of reference DNA sequences, highlighting the sampling
gaps of Andean fishes. Our analyses showed that detection of siluriform OTUs was often restricted to single
stream systems over all samples, unravelling likely uncharacterized diversity and underlining the dire need
for additional taxonomic studies to inform conservation. In contrast, all non-native fish show high taxonomic
resolution.

7,8,23,61

Implications for the conservation of Ecuadorian amphibians
The eDNA-based records of an Atelopus sequence from within the geographic range of A. podocarpus and the
sequence assigned to Hyloxalus anthracinus present the first evidence of their potential persistence in the last
decade®®??. For several other species in which only a single or few persisting populations were known to date,
we increased the number of documented populations and therefore provide a baseline for their successful in-
situ conservation. In some of our target taxa (i.e. Atelopus bomolochos, A. exiguus, Centrolene buckleyi complex
and H. cf. tapichalaca), the new population records also increase the potential diversity of founder individuals
for ongoing ex-situ conservation programs in these species?®3. Particularly for the conservation of Telmatobius,
our findings are discouraging. We included the majority of historic sites for all three Ecuadorian species in our
sampling. Further, the semiaquatic ecology of these relatively large frogs makes them most suitable eDNA targets
as they probably shed high amounts of DNA into the water®*. Still, there is no validated record of any Telmatobius
species from Ecuador in three decades, suggesting the likely extinction of the entire genus from the country?2%.
Widespread presence of the amphibian chytrid fungus in our study sites is in line with the enzootic presence
of the pathogen throughout most of the Neotropics®®®”. Bd continues to threaten the survival of susceptible
amphibians and persisting populations have been shown to depend on compensatory recruitment while still
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suffering lethal chytridiomycosis decades after the pathogen’s emergence®®7". While Bd mostly affects post-
metamorphic amphibians, invasive trout has devastating impact on Andean stream trophic webs and directly
prey on anuran larvae’!”2. The detection of trout in half of all localities and Bd in about a third is particularly
worrying as both have previously been linked to major declines in Andean amphibians?*21:6>73, e DNA sampled
from streams integrates biological signals across upstream parts of the catchment, as genetic material can be
transported downstream depending on hydrology, degradation rates and shedding dynamics’. In this context,
detection of invasive trout, Bd, or livestock DNA should be interpreted as evidence of their presence within
the upstream watershed rather than at a local point source. From a conservation perspective, this catchment-
scale signal provides a highly informative rapid screening and prioritization tool, as both Bd and trout disperse
efficiently through aquatic networks”>’¢, and upstream livestock activity can already alter water quality and
trophic interactions relevant for amphibian populations’”.

Future directions

To further strengthen the use of eDNA metabarcoding in conservation, research should address taxonomic
resolution of markers and decipher seasonal variation, dispersal of eDNA and error rates of molecular species
detection. Limited taxonomic resolution in eDNA metabarcoding can reflect either incomplete reference
databases, or an intrinsic lack of sequence variation between species in the short genetic fragments required
for eDNA analyses. The scientific community should aim at rapid and large-scale reference sequencing (COI,
12 S and 16 S) of threatened species to ensure correct taxonomic assignment when comparing environmental
sequences to available repositories'!. We call for action to fill these gaps in sequencing databases as the major
current limitation for metabarcoding-only based monitoring, as demonstrated with our fish ‘bycatch’ (Appendix
S1: Figure S3). Despite the poor taxonomic annotation of endemic catfish OTUs, the consistent recovery of
multiple OTUs across marker sets and their clear spatial structuring indicate that eDNA metabarcoding can reveal
biologically meaningful, potentially cryptic diversity even with incomplete reference databases*®’®. While eDNA
metabarcoding has been widely employed in biodiversity monitoring, applications with direct conservation
benefits and particularly in diverse tropical environments remain scarce to date!>!>7>% This is perhaps due
to the limited access to next-generation sequencing platforms by practitioners and researchers in developing
countries. With recent advances in making metabarcoding completely field-deployable and employing long-read
sequencing with increased taxonomic resolution?*?!, the tool enables conservation-focused research in remote
environments and resource-limited settings more than ever. The large-scale application of eDNA metabarcoding
now allows standardized and rapid community assessment as the baseline for conservation action.

Data availability

All data underlying this study is available in Appendix SI and Supplementary Material. Raw sequence reads are
available from the Sequence Read Archive in BioProject PRINA1337117 with BioSample accession Numbers
SAMN52167620-SAMNS52167825. OTU sequences are provided as Supplementary Data.
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