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Abstract
Understanding the geographic distribution and community composition of species is crucial
to monitor species persistence and define effective conservation strategies. Environmental
DNA (eDNA) has emerged as a powerful noninvasive tool for species detection. However,
most eDNA survey methods have been developed and applied in temperate zones. We tested
the feasibility of using eDNA to survey anurans in tropical streams in the Brazilian Atlantic
forest and compared the results with short-term visual and audio surveys. We detected all
nine species known to inhabit our focal streams with one single visit for eDNA sampling. We
found a higher proportion of sequence reads and larger number of positive PCR replicates for
more common species and for those with life cycles closely associated to the streams, factors
that may contribute to increased release of DNA in the water. However, less common species
were also detected in eDNA samples, demonstrating the detection power of this method.
Filtering larger volumes of water resulted in a higher probability of detection. Our data also
show it is important to sample multiple sites along streams, particularly for detection of target
species with lower population densities. For the three focal species in our study the eDNA
metabarcoding method had a greater capacity of detection per sampling event than our rapid
field surveys, and thus, has the potential to circumvent some of the challenges associated with
traditional approaches. Our results underscore the utility of eDNA metabarcoding as an
efficient method to survey anuran species in tropical streams of the highly biodiverse
Brazilian Atlantic forest.
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Detecting species in the environment provides critical data on species' distributions,
community composition, and the presence of endangered or invasive species, data that are
required for designing effective conservation strategies. Surveys of amphibian species are
typically based on the use of pitfall traps, visual encounters, and audio surveys (Dodd 2010).
However, these traditional methods differ in efficacy depending on observer experience as
well as specific traits of target species, life stages, seasonality, meteorological conditions,
population densities, and the complexity of the environment (Goldberg et al. 2011; Dejean et
al. 2012). Reducing overall variance in detection probability is an important goal for the
success of any monitoring program.
Environmental DNA (eDNA) metabarcoding is a non-invasive and powerful approach

that helps overcome many of the challenges of traditional survey methods for detection of
aquatic species. The identification of species presence through DNA traces left behind by
organisms in the environment has been increasingly applied in both still and running water
systems, to detect a single focal species (Ficetola et al. 2008), describe community
composition (Valentini et al. 2016), and to monitor invasive (Jerde et al. 2011; Dejean et al.
2012; Tréguier et al. 2014) or endangered (Thomsen et al. 2012) species for conservation
purposes, even when these are at low population densities (Thomsen & Willerslev 2015).
Despite the growing applications of eDNA metabarcoding, to date, most aquatic

eDNA survey studies have been performed in temperate zones (Hoffmann et al. 2016), where
environmental conditions may favor the persistence of DNA traces in the field (Dejean et al.
2011; Barnes et al. 2014) compared to tropical environments. Tropical regions typically have
high species richness. Brazil, for example, has the highest amphibian diversity in the world,
with over 1000 species reported occurring in the country (Segalla et al. 2014) and currently
an average of 15 new species are described each year (Frost 2016). The Brazilian Atlantic
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forest harbors over 500 of those amphibian species (7% of all known species), 88% of which
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are endemic to these forests (Myers et al. 2000; Haddad et al. 2013). In contrast to most
temperate amphibian communities, the species diversity of any tropical site is typically not
fully known, and often the taxonomy of species complexes is unresolved, posing a significant
challenge for eDNA taxonomic assignments that depend on a reference database. In
megadiverse tropical regions such as the Brazilian Atlantic forest, successful results with
eDNA metabarcoding will require molecular markers that are capable of detecting highly
degraded DNA fragments from environmental samples, but that are also sufficiently variable
to distinguish a high diversity of species occupying the same environment. In addition, eDNA
surveys are prone to imperfect detection of species, and thus, appropriate site occupancydetection modelling is important for proper eDNA-based detection surveys (Schmidt et al.
2013). All these issues need to be carefully considered during laboratory procedures,
bioinformatic pipeline development, and interpretation of eDNA data (Goldberg et al. 2016).
In this study, we applied eDNA metabarcoding in a rapid inventory of tropical stream

anurans in the Brazilian Atlantic forest. We chose streams in which the anuran fauna is well
known, and chose three common focal species with which to compare detection by eDNA
and simultaneous short-term visual and audio surveys of the stream reaches at the time of
sampling. Our specific goals were to 1) test the feasibility of eDNA metabarcoding for
anuran detection in a tropical stream environment, 2) assess the performance of eDNA for
overall detection of abundant versus locally rare species, 3) compare the performance of
rapid, single day surveys using eDNA sampling versus short-term visual and audio
inventories of species presence, and 4) estimate the effect of filtering water samples of
different volumes on species detection probability.
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Material and Methods

Accepted Article

Area of study
We sampled water for eDNA metabarcoding analyses from four Atlantic coastal

forest streams in the Núcleo Picinguaba in the Parque Estadual da Serra do Mar, São Paulo
state, Brazil (Figure 1). Núcleo Picinguaba ranges from sea level to 1340 m. The general
climate is tropical wet, with virtually no dry season and average annual temperature of 22°C.
Annual rainfall is over 2200 mm, with monthly means ranging from > 200 mm from October
to April, to > 80 mm from March to September (Morellato et al. 2000; Joly et al. 2012).
From 22-25 April 2015 we performed single day visual encounter surveys (VES)

together with audio strip transects (AST), and water sampling for eDNA metabarcoding in
four streams (hereafter ST1, ST2, ST3, and ST4). Sampling was performed at the end of wet
season (which runs from November through March), when reproductive peak of anuran
species occurring in Picinguaba begins to decline (Hartmann 2004). Sampled streams
encompass the variation found in second order streams in the study area, including width,
declivity, water flow, and structure. All streams belonged to different drainages and traversed
well preserved primary forest. The two most distant streams (ST1 and ST4) were 3.6 km
apart.
Forty four anuran species have been recorded in the Núcleo Picinguaba, of those, nine

species (Aplastodiscus eugenioi, Bokermannohyla sp. aff. circumdata, Cycloramphus
boraceiensis, Hylodes asper, Hylodes phyllodes, Phasmahyla cruzi, Scinax trapicheiroi,
Thoropa taophora, and Vitreorana uranoscopa) are known to inhabit our focal streams, at
least at some point during their life cycles (egg deposition, larval development, or adult
microhabitat preferences) (Table S1).
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Physicochemical and geographical variables
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We measured water temperature, pH, and dissolved oxygen (mg/L) and took
geographical coordinates and elevation measurements for each sampling site at the time of
eDNA sampling (Table S2).

Short-term visual and audio surveys
Visual encounter surveys (VES) and audio strip transects (AST) were performed

together using the methodology described in Heyer et al. (1994) for comparison with the
single time point eDNA sampling results. We chose three species as focal taxa: Hylodes
phyllodes, Hylodes asper, and Cycloramphus boraceiensis. These species were chosen
because they are common in the sampled streams, i.e., the detection probability is high, but
the presence/absence and relative abundances of these species vary among the streams (Lopes
2016). All three species complete their entire life cycle (egg deposition, larval development,
and post-metamorphic stages) in or near streams, and are easy to identify in the field. Hylodes
phyllodes and H. asper are active during daytime and C. boraceiensis is nocturnal (Haddad et
al. 2013).
Visual and audio surveys (VES and AST) were simultaneously performed by three

observers, once during daytime and once at night for each stream. We performed these shortterm surveys after eDNA sampling to avoid disturbance and contamination of the water. A
transect of 95-115 m was defined along each stream to search for the focal species. We
searched for post-metamorphic individuals while walking slowly upstream, during 30 to 60
minutes, checking all visually accessible spots in the streambed.
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eDNA sampling
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Water sampling for eDNA analyses was performed at two sites along each stream
transect, approximately 100 m apart (Figure 1). We sampled each locality twice, filtering one
sample of 20 L and one sample of 60 L of water, to compare the power of detection
depending on the volume of water analyzed. Filtering was carried out with a peristaltic pump
model 410 (Solinst Canada Ltd., Georgetown, Ontario, Canada) and Envirochek HV® 1 μm
sampling capsules (Pall Corporation, Port Washington, NY, USA). Water was filtered
directly from streams, applying a debit of 1.6 L/min. Filters were filled with 150 mL of lysis
buffer (Tris-HCl 0.1 M, EDTA 0.1 M, NaCl 0.01 M, and N-lauroyl sarcosine 1%, pH 7.5–8).
To certify that there was no contamination of equipment or cross contamination among
streams, negative sampling controls were performed for each stream, filtering 5 L of distilled
water in the field.

Laboratory procedures
The samples were processed in two steps. First, we extracted, amplified, purified,

constructed the library and sequenced the DNA of two samples from each stream to verify
our methods, and then we applied the same protocols to the remaining samples. For DNA
extraction, filtration capsules were left at 56C for 2 hours, agitated manually for 5 minutes,
and then emptied into 50 mL tubes. In total, approximately 120 mL were retrieved in three
tubes that were centrifuged for 15 min at 15 000 g. Supernatant was removed with a sterile
pipette, leaving 15 mL of liquid. Subsequently, 33 mL of ethanol and 1.5 mL of 3 M sodium
acetate were added to each 50 mL tube. The tubes were stored at -20°C for at least 2 hours.
The three tubes per site were centrifuged at 15 000 g, for 15 min at 6°C and the supernatant
was discarded. After this step, 360 µL of ATL Buffer of the DNeasy Blood & Tissue
Extraction Kit (Qiagen GmbH, Hilden, Germany) were added in the first tube, the tube was
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vortexed and the supernatant was transferred to the second tube. This step was repeated for
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all tubes. The supernatant from the third tube was transferred to a 2 mL tube and the DNA
extraction was performed following the manufacturer’s instructions. To monitor possible
contaminations, one negative extraction control was performed and the control extract was
amplified and sequenced along with the field samples.
DNA amplifications of a short fragment of the 12S rRNA mitochondrial gene were

performed in a final volume of 25 μL, using 3 μL of DNA extract as template. The
amplification mixture contained 1 U of AmpliTaq Gold DNA Polymerase (Applied
Biosystems, Foster City, CA, USA), 10 mM of Tris-HCl, 50 mM of KCl, 2.5 mM of MgCl2,
0.2 mM of each dNTP, 0.2 μM of batra_F (5’-ACACCGCCCGTCACCCT-3’) and batra_R
(5’-GTAYACTTACCATGTTACGACTT-3’) primers (Valentini et al. 2016), 4 µM of
human blocking primers batra_blk (5’-TCACCCTCCTCAAGTATACTTCAAAGGCASPC3I-3’) (Valentini et al. 2016) and 0.2 µg/µL of bovine serum albumin (BSA, Roche
Diagnostic, Basel, Switzerland). The primers were 5’ labeled with a unique eight-nucleotide
tag (with at least three differences between tags) allowing the assignment of sequences to the
respective samples during the sequence filtering process. Tags for forward and reverse
primers were identical for each PCR replicate. The PCR mixture was denatured at 95°C for
10 min, followed by 50 cycles of 30 s at 95°C, 30 s at 55°C, and 1 min at 72°C, followed by a
final elongation at 72°C for 7 min. The PCR was run in 12 replicates per sample. One
negative PCR control (ultrapure water, with 12 replicates as well) was analyzed in parallel to
the samples to monitor possible contaminations. Amplifications were done in a dedicated
room, with negative air pressure, and physically separated from the DNA extraction rooms.
Amplified samples were titrated using capillary electrophoresis (QIAxcel; Qiagen

GmbH, Hilden, Germany) and purified using a MinElute PCR purification kit (Qiagen
GmbH, Hilden, Germany). Before sequencing, purified DNA was titrated again using
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capillary electrophoresis. The purified PCR products were pooled in equal volumes, to
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achieve an expected sequencing depth of 300 000 reads per sample. Library preparation and
sequencing were performed at Fasteris facilities (Geneva, Switzerland). Two libraries, a
preliminary one to test our methods and determine coverage, and a final library with
remaining samples, were prepared using the Metafast protocol
(https://www.fasteris.com/dna/?q=content/metafast-protocol-amplicon-metagenomicanalysis). The paired-end sequencing (2x125 bp) was carried out in two Illumina HiSeq 2500
runs (Illumina, San Diego, CA, USA) using the HiSeq SBS Kit v4 (Illumina, San Diego, CA,
USA) following the manufacturer’s instructions.

Local reference database
To improve taxonomic assignment of potential amphibian DNA traces found in our

samples, we assembled a local amphibian reference database of the 12S rRNA mitochondrial
gene. Tissue samples were obtained from the Célio F. B. Haddad amphibian tissue collection
(CFBHT), at Universidade Estadual Paulista (UNESP), Rio Claro, São Paulo, Brazil. The
reference database included one to three individuals of species known to occur within Núcleo
Picinguaba (Table S1). Whenever possible, we chose tissues from Núcleo Picinguaba. When
not available, we chose tissues collected at geographically close locations. Total DNA was
extracted from 10 mg of muscle tissue, following a modified protocol from Sambrook &
Russel (2001).
Reference sequences were amplified using the primers MVZ59 (5’-

ATAGCACGTAAAAYGCTDAGATG-3’) (Graybeal 1997); tVal (5’TGTAAGCGARAGGCTTTKGTTAAGCT-3’) (Wiens et al. 2005); 12SA-L (5’AAACTGGGATTAGATACCCCACTAT-3’) (Palumbi et al. 1991); 12SF-H (5’CTTGGCTCGTAGTTCCCTGGCG-3’) (Goebel et al. 1999); H978 and 148 (ML Lyra,
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unpublished data), following the protocols described in Faivovich et al. (2004). PCR products
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were purified using Exonuclease I and Shrimp Alkaline Phosphatase (ThermoFischer
Scientific, Waltham, MA, USA), following the guidelines of the suppliers. Both DNA strands
were sequenced at Macrogen Inc. (Seoul, South Korea).
Sequences were visually inspected, edited, and consensus sequences were constructed

using CodonCode Aligner 5.1.5 (CodonCode Corporation, Centerville, MA, USA).

Bioinformatics and statistical analysis
The eDNA sequence reads were filtered and annotated using the programs

implemented in the OBITools package (Boyer et al. 2016). Direct and reverse strands were
assembled to construct consensus sequences, using the illuminapairedend program.
Sequences unambiguously identified by their molecular tags (no error allowed) and primers
(two bp errors per primer allowed) were assigned to PCR products, applying the ngsfilter
program. Strictly identical sequences were clustered together, keeping the information of
their read counts per PCR product (obiuniq program) and only sequences longer than 20 bp
or total read counts higher than 10 were kept for the subsequent steps of the analyses (obigrep
program). The obiclean program was applied to label each sequence as “head”, “internal” or
“singleton” (Shehzad et al. 2012) in each PCR product, to identify possible
amplification/sequencing errors. We extracted the relevant part of 12S sequences from our
local reference database and from anuran species from the release vrt124 of EMBL database,
using the ecoPCR (Ficetola et al. 2010) and OBITools programs. This 12S reference database
was used to assign species identity to the sequences retrieved in eDNA samples (program
ecotag).
Following the filtering process, we used the software R 3.2.4 Revised (R

Development Core Team 2016) to remove PCR and sequencing errors. Low frequency
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sequence reads (< 0.1%) and sequences classified as internal were excluded from the dataset
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per PCR product. We compared the profile of negative controls and stream samples to
exclude low-quantity DNA PCR products (< 150 sequence reads in total) and potential
sequences from cross contamination sources (frequency < 0.3% per sample per Molecular
Operational Taxonomic Unit - MOTU). Sequences with less than 96% of identity with a
sequence from the reference database were removed from the analyses.
All statistical analyses were performed using R software. PCR replicates were

separated in categories, based on: i) stream of origin (ST1, ST2, ST3, and ST4); ii) the site
sampled within each stream (S1 and S2); and iii) the volume of water filtered (20 L or 60 L).
The proportion of sequence reads for each taxon at each category was calculated based on the
sum of read counts among PCR replicates.
We applied the site occupancy-detection model of Royle & Link (2006), which

accounts for the possibility of false positives, to compare the estimated probability of
detection and site occupancy for our three focal species (H. phyllodes, H. asper, and C.
boraceiensis) retrieved in samples of 20 L and 60 L of filtered water. The other species were
not included in site occupancy analyses because they were detected only a few times and thus
did not provide sufficient power for statistical analysis. Two matrices of presence/absence,
one for 20 L samples and another for 60 L samples, were constructed for each focal species
separately, considering the eight sampling sites together (two sites per stream) and the 12
PCR replicates for each sample. We used the JAGS program (Plummer 2003) in the package
R2jags (Su & Yajima 2015), to apply Bayesian inference, considering the prior of maximum
probability of false presences as 0.05, running four chains of 100 000 iterations, 50 000 as
burn in, and saving 1000 iterations per chain. For more details see Lahoz-Monfort et al.
(2015).
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To test for a correlation between the number of frogs observed by VES and AST
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methods (a proxy for abundance) and the number of sequence reads, we performed simple
linear regressions based on the number of individuals of each focal species per stream
(independent variable), and the log10-transformed sum of sequence read counts for each
species per stream (dependent variable). Regressions were performed separately for day and
night surveys, and for 20 L and 60 L water samples.

Results
Physicochemical and geographical variables
We observed a slight variation in physicochemical measures among distinct sites and

streams sampled. Water temperatures ranged from 20.4°C to 20.9°C, (x = 20.7°C; s = 0.16),
dissolved oxygen in water from 4.43 to 7.23 mg/L (x = 5.48; s = 0.85), and pH from 6.5 to
7.0 (x = 6.72; s = 0.22). Geographical and physicochemical characteristics of sampling sites
in the studied streams are described in Table S2.

Short-term visual and audio surveys
For ST1, the species C. boraceiensis and H. asper were recorded during short term

VES and AST. In ST2, only H. phyllodes was observed, and for ST3 and ST4 the three focal
species were observed (Table 1). The species most frequently found and in highest numbers
across all streams was H. asper, followed by C. boraceiensis, and H. phyllodes.

eDNA survey
Of the 70 specimens sequenced for the 12S mitochondrial gene, 48 unique sequences

were obtained for the local reference database, representing 36 species. The length of the
fragment used for metabarcoding analyses ranged from 50 to 54 bp. From the 44 species
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recorded in Núcleo Picinguaba (Hartmann 2004), we were able to obtain 12S rRNA
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sequences for 40 species (sequences of 36 species generated by us, and sequences of four
species retrieved from GenBank). The only species for which we could not obtain tissues or
sequences were Brachycephalus hermogenesi, Brachycephalus vertebralis, Myersiella
microps and Chiasmocleis atlantica. None of these are stream-dwelling species, thus we
proceeded with the reference database that did not include these sequences.
A total of 10 104 512 sequence reads were obtained before the filtering process

among all samples and negative controls. After the filtering pipeline, the sampling,
extraction, and PCR negative controls were completely clean and no sequence reads
remained in those samples. From the initial 192 PCR replicates of samples, no sequence read
remained in 52 PCR replicates at the end of filtering process, including all PCR replicates
from stream 3, site 2, 20 L (ST3_S2_20). We are not able to state if this resulted from the
DNA preservation procedure, poor amplification in PCR replicates, or if it is a true non
detection of species. For the remaining PCR replicates, a total of 1 286 149 sequence reads
were retained after the filtering process, corresponding to an average of 9186 reads per PCR
replicate.
In the final eDNA dataset we detected 17 sequences, corresponding to 11 taxa:

Aplastodiscus eugenioi, Bokermannohyla, Bokermannohyla sp. aff. circumdata,
Cycloramphus boraceiensis, Hylodes asper, Hylodes phyllodes, Phasmahyla cruzi, Scinax
ruber, Scinax trapicheiroi, Thoropa taophora, and Vitreorana uranoscopa. Only one
sequence was not identified to the species level, corresponding to the genus Bokermannohyla.
It had 100% of identity with two sequences deposited in GenBank (AY843673 –
Bokermannohyla hylax and AY549338 – Bokermannohyla sp.). The species Thoropa
taophora was initially identified by the ecotag program only to the genus Thoropa for the
eDNA data. However, it is known that some sequences in GenBank are identified as Thoropa
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miliaris and not up to date with recent taxonomic revisions (Feio et al. 2006) in which the
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Thoropa species from Picinguaba was assigned to T. taophora. Therefore, we assigned those
sequences to T. taophora. The same happened with the species Phasmahyla cruzi, which was
identified only to genus, because the GenBank sequence AY843716 was identified as P.
guttata, but only one species of Phasmahyla occurs in the region, which is currently
identified as P. cruzi.
One sequence was assigned to the taxon Scinax ruber (GenBank reference sequence

accession number AY819447), comprising 47 reads found in only one PCR replicate. This
species is distributed in the Amazon basin and it is not known to occur in the region of
Picinguaba. We considered that lab contamination was an unlikely source to explain the
presence of this species in our sample, because of the strict protocols we followed, the fact
that our samples were analyzed at SPYGEN (France), where no samples containing Scinax
were ever analyzed, and because none of our negative controls showed any evidence of this
species. However, it is also biologically highly unlikely that this Amazonian species is
present at our site, because in addition to its distribution, S. ruber does not breed in densely
canopied streams. The issue of minimum detection thresholds is currently an active field of
research, and at this point, there are no universal standards in place for detecting false
positives. However, researchers in this new field agree that inference of species presence
should be based on the strength of evidence from various data sources, including the
frequency and consistency of positive eDNA samples, what is known about species'
distributions, habitats, and behaviors (Goldberg et al. 2016). Therefore, given the
preponderance of evidence in this case, we excluded this species from downstream analyses,
although the origin of this sequence remains uncertain.
The species H. phyllodes was detected in all samples and represented the highest

proportion of sequence reads, except for ST1_S1_20. The proportion of sequence reads for
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this species ranged from 100% in samples ST2_S1_20, ST2_S2_60, and ST2_S2_20 to
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33.40% in ST1_S1_20 (Figure 2). The species H. asper and C. boraceiensis also showed high
proportions of sequence reads among samples (0 – 48.95%, and 0 – 37.54%, respectively).
On the other hand, sequences of the genus Bokermannohyla, and the species Aplastodiscus
eugenioi and Phasmahyla cruzi were observed in only one sample each, in low frequency
(1.46% - ST2_S1_60; 0.29% - ST3_S1_60; and 0.09% - ST4_S1_60, respectively; Figure 2).
In general, a higher number of sequence reads and more positive PCR replicates were

recovered in 60 L filtered samples compared to 20 L filtered samples, both for each species
retrieved and for total values among all species. Exceptions were observed for V. uranoscopa,
which was detected in 2 PCR replicates of ST1_S2_20, but was not detected in ST1_S2_60,
and S. trapicheroi and B. sp. aff. circumdata which were detected in ST3_S1_20 but were not
detected in ST3_S1_60 (Table S3). The estimated detection probabilities (p11) for H.
phyllodes, H. asper, and C. boraceiensis were higher for 60 L filtered samples (p11 = 0.761,
0.649, and 0.596, respectively), than for 20 L filtered samples (p11 = 0.614, 0.570, and 0.154,
respectively). The estimated proportion of sites occupied (psi) for H. phyllodes, H. asper, and
C. boraceiensis for 60 L samples were 0.922, 0.603, and 0.406, respectively; and for 20 L
were 0.805, 0.402, and 0.409, respectively (Figure 3).

Comparison of methodologies
The eDNA metabarcoding approach detected the species H. phyllodes in all four

streams and all sampling sites, while the short term VES and AST failed to detect this species
in ST1 (day and night surveys) and during the night in ST4. Hylodes asper was detected in all
streams except ST2, using both eDNA (all sampling sites) and VES and AST (day and night
surveys) methods. Cycloramphus boraceiensis was detected by eDNA in all samples of ST1
and ST3, and at S1 of ST4. The short term VES and AST failed to detect this species during
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the day in ST1, ST3, and ST4. Both eDNA and VES and AST methodologies did not detect
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C. boraceiensis in ST2.
Despite a slight positive trend of association between the number of individuals

observed by short term VES and AST and the sequence read counts from the eDNA samples,
none of the regression analyses were significant: eDNA 20 L x day VES and AST (r2adj =
0.05906; 95% CI = -0.15560 ‒ 0.59162; P > 0.05); eDNA 20 L x night VES and AST (r2adj =
-0.08441; 95% CI = -0.2979532 ‒ 0.4201404; P > 0.05); eDNA 60 L x day VES and AST
(r2adj = 0.02882; CI = -0.1947797 ‒ 0.6115977; P > 0.05); and eDNA 60 L x VES and AST
(r2adj = -0.06204; 95% CI = -0.2761722 ‒ 0.4787062; P > 0.05).

Discussion
Physicochemical and geographical conditions can influence the detectability of DNA

because they affect rates of DNA degradation and dispersion in the environment (Dejean et
al. 2011; Barnes et al. 2014; Pilliod et al. 2014; Klymus et al. 2015). DNA traces in water
degrade quickly and therefore only allow the detection of species that were recently present
in the environment; the maximum time that amphibian DNA remained detectable in a
controlled experiment was 25 days (Dejean et al. 2011). We did not find marked
physicochemical or elevation differences among the four streams analyzed that could alter
detection probabilities in this study.
The final portion of the 12S mitochondrial gene used in the metabarcoding analyses

showed high power of taxonomic discrimination, despite the small size of the amplified
fragment (~50 bp). Only one sequence, corresponding to the genus Bokermannohyla, was not
identified to species level, likely because of taxonomic problems of identification of
sequences available in GenBank.
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We detected all nine species known to be directly associated with the streams we
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surveyed with one single visit for eDNA sampling. The capacity to detect a species using
eDNA varies, among other factors, according to the release rates of DNA by organisms in the
environment, which depends on species biomass, number of individuals in the population,
activity levels, and life stages (Pilliod et al. 2014; Goldberg et al. 2015; Klymus et al. 2015).
It is expected that species with greater population sizes will release more DNA in the
environment, and consequentially the probability of detection using eDNA increases
(Thomsen et al. 2012; Pilliod et al. 2013). Sequences corresponding to Hylodes phyllodes
were retrieved in all eDNA samples for the four streams in high proportions. The sequences
corresponding to the species Hylodes asper and Cycloramphus boraceiensis were also
commonly recovered in the samples of ST1, ST3, and ST4 and in considerable proportions
(Figure 2 and TableS3). The higher proportions of sequences and positive PCR replicates
observed for these three species may reflect the fact that they are the most common species in
this system of streams throughout the year (Lopes 2016). Furthermore, their reproductive
modes (egg deposition, larval development) and adult microhabitat preferences (associated to
high gradient streams) are closely tied to stream water (Haddad et al. 2013). Although a
single day eDNA sampling is not ideal for inventory of uncommon species, our eDNA
analyses detected even the presence of species less commonly observed in these streams (e.g.,
Aplastodiscus eugenioi, Phasmahyla cruzi, Vitreorana uranoscopa) (Lopes 2016),
demonstrating the power of this approach to detect the presence of both abundant but also
less frequent species in the environment.
Our results show that for tropical streams, filtering a larger volume of water will, in

general, result in a higher capacity to detect species. The estimated probability of detection
for H. phyllodes and H. asper were 14.7% and 7.9% higher, respectively, in 60 L samples of
filtered water compared to 20 L samples. Difference in detection probability was even higher
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for C. boraceiensis (44.2%), which was also the species with lowest estimates of site
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occupancy (~ 41%) among the three species analyzed (Figure 3). However, the recovery of
species varied between the two volumes sampled at the same site, and from different sites
within the same stream (Table S3). Thus, our results underscore the importance of filtering a
considerable volume of water at various sampling sites in streams, particularly for target
species with low population densities, to increase the capacity of detection using eDNA
samples. Mächler et al. (2016), analyzing eDNA water samples to search for three species of
macroinvertebrates in Glatt river, Switzerland, found significant relationship between
sampling volume and detection rate only for one species (Gammarus pulex), which is also the
species with the lowest levels of detection probability calculated among the three species
analyzed. The authors concluded that detection rates may vary among species and volume of
water filtered, and it should be considered during experimental design of eDNA studies.
For our three focal species, despite a slightly positive trend, we found no significant

relationship between the number of individuals recorded in our rapid field inventories and the
number of sequence reads retrieved in eDNA samples. These results might be explained by
the fact that on more than one occasion the short term visual encounter survey together with
audio strip transect methods failed to detect the presence of H. phyllodes and C. boraceiensis,
whereas these species were positively detected by eDNA. A number of factors underlie the
low detection in our short term VES and AST and the positive detection in the eDNA results.
At each stream, we performed only a single VES and AST at each time of the day (one
diurnal and one nocturnal), and this sampling effort is clearly not enough to accurately detect
all species present in all streams where they occur. Time of day can also influence the results
of VES and AST, depending on the time that species are more or less active, but it seems to
not affect DNA concentration in the environment (Pilliod et al. 2013). Furthermore, during
our short-term surveys we did not quantify larvae or eggs. One potential advantage of eDNA
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surveys is the ability to detect alternate life stages (eggs and/or tadpoles) that may persist in
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streams during longer periods of time, and also contribute to the release of DNA in the
environment. However, these life stages are less easily found and identified by traditional
methods. The nine species in our streams have their peak of reproduction during the wet
season (from November through March) (Hartmann 2004), and our sampling was performed
at end of this season (April). Thus, our data indicate that eDNA surveys might increase the
efficacy of detection of species even outside of their reproductive peak, especially in cases of
rapid species inventories. Finally, the eDNA signal in a river can come from a few kilometers
above the sampling point (Deiner & Altermatt 2014) so that the spatial scale is different
between eDNA detection and VES and AST.
For our three focal species (H. phyllodes, H. asper, and C. boraceiensis) the eDNA

metabarcoding methodology had a greater capacity of species detection in the field than our
short term VES and AST methods. A higher sensitivity of eDNA compared to traditional
methods has been observed for amphibian and fish species from both lentic and lotic aquatic
systems in other studies. The detection of invasive Asian carp with eDNA methods in
Chicago area waterways in the USA demonstrated that the front of invasion was ahead of that
previously determined with standard electrofishing surveys, indicating the application of
eDNA is highly suitable to large spatial scales and for rapid surveys compared to traditional
survey methods (Jerde et al. 2011). Likewise, Dejean et al. (2012) demonstrated that the
eDNA method is more sensitive and reduces the sampling effort for surveys of an invasive
frog (Lithobates catesbeianus) in southwestern France, compared to traditional surveys based
on calling and visual encounters. Similarly, Pilliod et al. (2013) compared eDNA detection
data with kick-netting data for larvae of two amphibian species (Ascaphus montanus and
Dicamptodon aterrimus) in 13 streams of central Idaho, USA, and showed higher detection
rates with eDNA data, especially for D. aterrimus, the species that occurred at lower density.
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Finally, Valentini et al. (2016) estimated that at least four successive visits to the field using
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traditional survey methods are necessary to obtain the same success of detection for
amphibians in Mediterranean ponds compared to one single sampling using eDNA
metabarcoding. Overall quantitative costs are difficult to compare between traditional and
eDNA metabarcoding methodologies, although commonly the latter are still more expensive.
However, a number of factors need to be considered to choose which methodology to apply,
such as the impact of the survey to the species and the environment, personnel training
needed, hours of laboratory and field work, infrastructure and equipment costs, and rates of
false positive/negative species detection for each method. In general, the cost-benefit ratio of
an eDNA metabarcoding analysis should be more advantageous when surveying highly
diverse environments, large sampling areas, when short period of time available, when
surveying several species at the same time, and/or when surveying species that are difficult to
find or identify in the field.
Clearly, eDNA has much to offer in the survey of species and can circumvent some of

the challenges associated with traditional methods. However, due to the sensitivity of the
eDNA metabarcoding, careful considerations and high standard quality control is required
during field work, laboratory procedures, and data analyses to avoid false positive/negative
data and misinterpretations. Also, for new applications of eDNA, researchers should consider
previously established methods and protocols depending on the taxonomic target group, kind
of environment studied, and the objectives of the study (Goldberg et al. 2016). All these
points were carefully considered by us during the development of this study.
Our results showed that no major modifications to laboratory protocols were

necessary to conduct an eDNA survey in a tropical environment. This is an efficient method
to survey amphibian species in tropical streams, despite differences in overall species
diversity and abiotic factors between tropical and temperate regions. Environmental DNA
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metabarcoding is a feasible noninvasive approach to survey several sites, for a wide
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taxonomical range, on a large spatial scale, in a relatively short time. The potential of this
method will only increase as we better understand the factors that alter detection probability
in different environments and for species with different traits.
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Table 1. Number of individuals identified in four Picinguaba streams by means of short term
visual encounter surveys and audio strip transects.

ST1
Day
Night
ST2
Day
Night
ST3
Day
Night
ST4
Day
Night
Total

Cycloramphus
boraceiensis

Hylodes phyllodes

Hylodes asper

7

-

20
4

-

9
4

-

8

2
2

9
6

28
43

5
22

16
1
56

ST1 – Stream 1, ST2 – Stream 2, ST3 – Stream 3, ST4 – Stream 4, S1 – Site 1, S2 – Site 2.
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