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Abstract 
Context. Environmental DNA, or eDNA, methods are a novel application of non-invasive genetic sampling in which 

DNA from organisms is detected via sampling of water or soil, typically for the purposes of determining the presence or 
absence of an organism. eDNA methods have the potential to revolutionise the study of rare or endangered taxa. 

Aims. We evaluated the efficacy of eDNA sampling to detect populations of an amphibian of conservation concern, the 
eastern hellbender (Cryptobranchus a. alleganiensis), indirectly from their aquatic environments. 

Methods. We developed species-specific primers, validated their specificity and sensitivity, and assessed the utility of 
our methods in silico and in laboratory trials. In the field, we collected water samples from three sites with known 
densities of hellbenders, and from one site where hellbenders do not occur. We filtered water samples, extracted DNA from 
filters, and assayed the extraction products for hellbender DNA by using polymerase chain reaction (PCR) and gel 
electrophoresis. 

Key results. Our methods detected hellbenders at densities approaching the lowest of reported natural densities. The low-
density site (0.16 hellbenders per 100 m2) yielded two positive amplifications, the medium-density site (0.38 hellbenders per 
100 m2) yielded eight positive amplifications, and the high-density site (0.88 hellbenders per 100 m2) yielded 10 positive 
amplifications. The apparent relationship between density and detection was obfuscated when river discharge was 
considered. There was no amplification in any negative control. 

Conclusion. eDNA methods may represent a cost-effective means by which to establish broad-scale patterns of 
occupancy for hellbenders. 

Implications. eDNA can be considered a valuable tool for detecting many species that are otherwise difficult to study. 
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Introduction 

Non-invasive genetic sampling is an appealing framework for 
the study of elusive, secretive and rare taxa because the 
individuals under study do not need to be located physically 
(Waits and Paetkau 2005), and a variety of information can be 
garnered that otherwise would be very difficult to obtain. For 
example, non-invasive genetic sampling has been used in the 
context of conservation and management to describe population 
sizes (Solberg et al. 2006; Sawaya et al. 2012), dispersal (Valière 
et al. 2003), survival (Marucco et al. 2009) and parentage 
(Constable et al. 2001) among other population-level metrics 
(see reviews by Taberlet and Luikart 1999; Waits and Paetkau 
2005; Beja-Pereira et al. 2009). The utility of non-invasive 
genetic sampling hinges in part on the availability of a suitable 
substrate from which an animal’s DNA can be isolated. Genetic 
material is often obtained indirectly from target species by 
collecting hair or faeces (Waits and Paetkau 2005). However, 
other substrates such as urine in snow (Hausknecht et al. 2007) 

and shed feathers (Rudnick et al. 2005) have also been used to 
obtain DNA. Many non-invasive genetic studies have focussed 
on charismatic mega-fauna such as wolves (Canis lupus; Sastre 
et al. 2009), grizzly bears (Ursus arctos; Kendall et al. 2008) 
and bighorn sheep (Ovis canadensis; Epps et al. 2005). Far fewer 
studies have focussed on non-invasive approaches to sample 
herpetofauna. 

The lack of non-invasive genetic approaches to study 
amphibian species in particular is surprising, considering their 
importance in terrestrial and aquatic food webs (Blaustein et al. 
1994), their potential role as indicator species (Welsh and 
Ollivier 1998) and the conservation status of many amphibian 
populations worldwide. Over 42% of amphibians (2030 of 4727 
species) for which sufficient data exist are listed as threatened 
according to International Union for the Conservation of 
Nature (IUCN) Red List criteria (IUCN 2008). It is therefore 
of paramount importance that non-invasive techniques be 
developed and validated for these vulnerable taxa (Waits 
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2004). We have selected the eastern hellbender (Cryptobranchus 
a. alleganiensis) to evaluate non-invasive genetic methods 
because aspects of its natural history make it well suited to 
serve as an amphibian model. 

The eastern hellbender is a large, aquatic salamander that 
historically occurred throughout much of the eastern United 
States (Phillips and Humphries 2005). Hellbenders occupy 
cool, clear and well oxygenated streams and rivers and feed 
primarily on crayfish (Decopoda). Adults are long-lived (over 
20 years in the wild), yet hellbender populations throughout 
much of the mid-western United States suffer from extremely 
low reproduction, with declining populations being skewed 
towards adult age-classes (Wheeler et al. 2003; Burgmeier 
et al. 2011b). As a consequence of these declines, hellbenders 
are listed as threatened or endangered in nearly every state in 
which they occur. Although the ultimate cause of the declines 
is unknown, factors such as habitat degradation (Nickerson 
and Mays 1973; Williams et al. 1981), collection for scientific 
investigations or for the pet trade (Nickerson and Briggler 2007), 
and angling mortality (Kern 1984; Olson et al. 2013) have 
undoubtedly affected hellbenders. Because of their sensitivity 
to environmental degradation, hellbender populations are often 
seen as important indicators of water quality and the overall health 
of aquatic ecosystems. 

The most effective method currently available to monitor 
hellbender populations involves teams of biologists flipping 
large shelter or nest rocks in streams and rivers (Browne et al. 
2011). Not only is this work extremely labour-intensive, time-
consuming and logistically challenging, but it is also invasive. For 
example, lifting large rocks is potentially dangerous for both the 
researchers and the hellbenders (e.g. hellbenders can be injured 
or killed during such sampling). Further, although great care is 
taken to preserve the original orientation of each shelter rock, the 
micro-environment under that rock is altered during sampling 
(Burgmeier et al. 2011a). Anecdotal evidence suggests that 
disturbing nest or shelter rocks can result in abandonment for 
several years (J. Briggler, unpubl. data). Thus, there is a critical 
need for a methodological advance to facilitate the non-invasive 
detection of hellbenders. 

We evaluated a novel application of non-invasive genetic 
sampling methods that takes advantage of the hellbender’s 
aquatic environment to facilitate their detection. The use of 
environmental DNA (or eDNA) to non-invasively survey for 
species is a recent development in non-invasive genetics. The 
adaptation of non-invasive genetic methods to detect DNA 
in water sampled directly from the environment originated in 
marine studies that used sloughed skin cells to genetically identify 
individual whales from ocean water (e.g. Valsecchi et al. 1998). 
In contrast to more traditional non-invasive genetics studies 
where epithelial cells are targeted from a known substrate such 
as hair or faeces, eDNA methods require blind sampling of 
an environmental medium such as soil or water to retrieve 
DNA. Ficetola et al. (2008) provided the first validation of 
eDNA methods, and used the new techniques to document the 
occurrence of bullfrogs in ponds across France. Importantly, 
Jerde et al. (2011) described a methodological advance by 
validating eDNA approaches for lotic (i.e. flowing water) 
systems to investigate the distribution of invasive fish species 
in a network of rivers and canals in Chicago, IL, USA. 

The goal of our study was to assess the efficacy of eDNA 
sampling methods for use in the context of potential broad-scale 
occupancy studies of eastern hellbender populations. Our 
objectives were to (1) develop species-specific primers and 
test their sensitivity and specificity, and (2) determine the 
relationship between hellbender population density, flow rate 
of the river and measures of detection. Although our methods 
are specific to hellbenders, we hope that the present study will 
provide a useful framework for the development of eDNA 
methods across a wide variety of taxa. 

Materials and methods 
Primer selection and evaluation 

We used Primer3 software (Rosen and Skaletsky 2000) to  
develop a suite of primer pairs in the hellbender mitochondrial 
Cytochrome-b region. We restricted the search to primer 
locations that would produce fragments <150 base pairs (bp) 
in length (i.e. smaller fragments are less susceptible to 
degradation; Deagle et al. 2006), and we eliminated any 
primers the program returned that targeted annealing sites 
known to contain polymorphisms in the hellbender genome. 
Known polymorphisms were identified from haplotypes 
resolved in previous genetic studies (Sabatino and Routman 
2009). We used the search option primerBLAST (http://www. 
ncbi.nlm.nih.gov/tools/primer-blast, verified 28 August 2012) 
in the National Center for Biotechnology Information (NCBI) 
nucleotide database to further parse the suite of primers 
identified by Primer3 down to those without potential non-
specific targets. 

Primer pairs were then optimised in the laboratory by 
using high-quality, tissue-extracted hellbender DNA at 
concentrations of 20 ng uL–1 (quantitated using a Nanodrop 
8000, Thermo Fischer Scientific, Wilmington, DE, USA). 
Further adjustments to reaction concentrations and 
thermocycler profiles were made on the basis of results from 
10-fold serial dilutions of hellbender DNA, ranging from 
20 ng uL–1 down to 2 10 8 ng uL–1. Finally, the best subset 
of primers was tested against DNA collected as part of a 
different study from eight non-target species at concentrations 
of 20 ng mL–1 (fish: mottled sculpin, Cottus bairdii; green 
sunfish, Lepomis cyanellus; rainbow darter, Etheostoma 
caeruleum; northern hogsucker, Hypentelium nigricans; 
central stoneroller, Campostoma anomalum; largemouth bass, 
Micropterus salmoides; smallmouth bass, Micropterus 
dolomieu; amphibian: mudpuppy, Necturus maculosus). These 
non-target species were selected because they are common 
sympatric species in hellbender habitats. The primer pair that 
most reliably amplified eastern hellbender mtDNA, was most 
sensitive in serial dilution trials and failed to amplify target 
fragment lengths from non-target species was advanced for use 
in the remainder of the study. 

Laboratory trials 

Mitochondrial DNA (mtDNA) is present in eukaryotic cells in 
copy numbers at least several orders of magnitude greater than 
is nuclear DNA (Birky et al. 1989). We expected to recover 
very low abundances of cells from environment samples, and 
we hypothesised that mitochondrial primers would be more 
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sensitive (and thus preferable for eDNA studies) because their 
target should exist at higher copy numbers when compared 
with primers targeting the nuclear genome (Waits and Paetkau 
2005). We tested this hypothesis by using a multiplex of three 
hellbender microsatellite loci (Call127, Call171 and Call351; 
loci and conditions in Unger et al. 2010) against the 10-fold serial 
dilution above, and qualitatively compared their amplification 
success with that of the final mtDNA primers. 

Prior to field sampling, we conducted a laboratory trial of our 
methods by sampling water from a 110-L fish tank containing a 
hellbender initially captured in Indiana. The hellbender was 
placed in the tank 2 weeks before sampling, and we changed 
20% of the tank water daily to maintain husbandry standards. We 
then collected three separate samples (2, 4 and 8 L) of water 
from the tank, and used an additional negative control sample 
consisting of 2 L of autoclaved water from our laboratory. We 
otherwise followed field sampling protocols exactly (see below) 
to filter the samples and extract DNA. We assayed the four 
samples by scoring 12 polymerase chain reactions (PCRs) per 
filter: 10 reactions incorporating the sample, one negative 
reaction in which we added water in place of the template, and 
one positive reaction into which we added 20 ng of hellbender 
DNA as below. We used the tank samples to evaluate the utility of 
the following three polymerases: MyTaq (BioLine, Taunton, 
MA, USA), NEB Taq (New England BioLabs, Ipswich, MA, 
USA), and ApliTaq Gold (Applied Biosystems, Foster City, CA, 
USA) by quantifying the number of positive reactions per sample 
for each polymerase. 

Field sampling 

Although population densities of eastern hellbenders are not well 
known, several states have surveyed their eastern hellbender 
populations extensively. Among these, Indiana and Missouri 

have recent survey data that were used in the present study. 
Hellbender habitat is not ubiquitous in streams (Nickerson and 
Mays 1973; Humphries and Pauley 2005), and we refer to the 
discrete sections of river with known hellbender habitat as 
‘sites’. We sampled one site in Indiana (site dimensions: 
600 m 20 m) and two sites in different rivers in Missouri 
(Missouri 1–200 m 32 m; Missouri 2–200m 12m; see 
Table 1). We do not report the location of our sites because 
illegal collection has been indicted in the decline of some 
hellbender populations (Nickerson and Briggler 2007). 

Abundance of hellbenders was determined at each site using 
a combination of snorkeling, rock lifting, and visual searches 
(Browne et al. 2011) during annual sampling from 2008 to 2011 
in Indiana, from 2006 to 2011 at Missouri 1, and from 2004 to 
2010 at Missouri 2 (Table 1). The data from these searches 
should be considered the best-available estimates of the 
number of hellbenders at each site. We calculated the density 
of hellbenders at each site (as hellbenders per 100 m2) by dividing 
the number of hellbenders in the site by the area of the site (i.e. site 
length wetted width/100). We also recorded stream flow 
(in m3 s –1) at the date of sampling, using the nearest United 
States Geological Survey gauging station to determine the 
potential effects of water volume on our methods. Sites in 
Missouri represented higher-density populations, and the site 
within Indiana represented low population densities for 
hellbenders (Burgmeier et al. 2011b; Table 1). We sampled 
sites during October–December to capitalise on relatively low 
water levels, which we assumed would increase our probability of 
detecting hellbenders. 

At each site, we filled 30–40 autoclaved 2-L polypropylene 
screw-top bottles (Dynalab Corporation, Rochester, NY, USA) 
with water by submerging open bottles 1–2 inches below the 
surface by using gloved hands. Sampling was conducted 50 m 
downstream from the end of each site and was centred at the 

Table 1. Results of eDNA field sampling to detect hellbenders from water samples 
Site characteristics and positive amplifications from filters that received four 2-L bottles of sample water each. Positive amplifications are 
recorded for each filter, as the number of positive PCR reactions of the 10 replicate PCR reactions conducted per filter. Indiana was sampled 
17 October 2011, the negative control was sampled 18 November 2011, and Missouri 1 and 2 were sampled 8 December 2011. For the 

negative control, discharge was unknown, but lower than that for the experimental sites 

Parameter Site 
Indiana Missouri 1 Missouri 2 Negative control 

Hellbender density (individuals per 100 m2) 0.16 0.38 0.88 0 
–1)Discharge (m3 s 0.74 54.37 13.20 – 

Filter 
1 1/10 0/10 2/10 0/10 
2 0/10 1/10 1/10 0/10 
3 0/10 0/10 1/10 0/10 
4 0/10 0/10 0/10 0/10 
5 0/10 1/10 1/10 0/10 
6 0/10 0/10 1/10 0/10 
7 1/10 0/10 1/10 0/10 
8 0/10 0/10 0/10 0/10 
9 0/10 0/10 0/10 0/10 
10 – 6/10 3/10 0/10 

Total positive reactions 2 8 10 0 
Average positives per filter (s.e.) 0.22 (0.15) 0.80 (0.59) 1.0 (0.30) – 
No. of positive filters 2 3 7 0 



� �

� �

�

�

�

� �

�
�

� � �
�

�
� �

� �

632 Wildlife Research Z. H. Olson et al. 

deepest point in the river. Filled bottles were placed on ice in 
large plastic containers until their contents could be filtered 
(i.e. approximately 1–6 h) so as to slow any DNA degradation. 
We applied 8 L (i.e. four bottles) of the sampled water to a sterile 
1.5-mm pore-size fibreglass filter (Whatman, Piscataway, NJ, 
USA) by using sterile filter cups (Nalgene, Rochester, NY, 
USA) on a 4-L glass filter flask (i.e. four bottles through each 
filter). We determined in preliminary filtration attempts that 
8 L was near the maximum amount of water that a filter could 
support before failure (data not shown). Filters were removed 
from filter cups and placed into a 5-mL screw-cap tube by 
using flame-sterilised forceps, were transported on ice, and 
were then stored at 20 C for <1 week until DNA could be 
extracted. 

Filtration occurred in areas where no hellbender DNA had 
ever been amplified, and we changed gloves between each 
filter. DNA was extracted from each filter within a sterile 
laminar-flow hood by using the PowerWater DNA isolation 
kit (MO BIO Laboratories, Carlsbad, CA, USA) following 
manufacturer instructions, except that we performed final 
elutions using 50 mL of nanopure water (c.f. Jerde et al. 2011). 
Extracted samples were then sealed and moved to a laboratory 
in which no hellbender DNA had ever been amplified, first for 
storage at 20 C and then to take aliquots for PCR reaction 
mixtures. For each sample, we prepared 12 reactions across one 
row of a 96-well PCR plate, including 10 replicate PCR reactions 
incorporating the sample being tested, one negative control 
reaction (i.e. water added) and one positive control reaction 
(i.e. 20 ng of tissue-extracted hellbender DNA added later; see 
below). After the sample and PCR reaction mixtures were 
dispensed into each well, the wells were sealed with a bleach-
sterilised PCR mat, and the reactions were moved to a laboratory 
dedicated to DNA amplification. In this laboratory, only the 
positive control well was unsealed to add 20 ng of hellbender 
DNA before the reactions were placed in a thermocycler. After 
amplification, we visualised 3 mL of each PCR product by using 
electrophoresis (100 V for 40–60 min) in a 2% agarose gel stained 
with ethidium bromide. Size standards (50-bp ladder) were 
included in each gel to verify fragment sizes. 

We used amplification data from field samples to assess the 
power of our methods to detect hellbenders on the basis of a 
sample of filters. To determine the number of filters needed to 
achieve a certain probability of receiving a false-negative result 
(i.e. the probability of failing to produce 1 amplification from 
10 reactions per filter when hellbenders are present), we solved 
the following equation: 

j Y 
^ yi; j ¼ ð1 dÞ; 

i¼1 

where y is the probability of a false negative (in this case, we 
solved for y = 0.05, or a 5% chance of receiving a false negative), 
j is the number of filters to be assayed, and d̂ was the proportion 
of filters with 1 positive amplification from our data at each 
site (see Smyser et al. 2010). 

Quality assurance and quality control 

Because contamination is a concern in non-invasive genetic 
studies in general (Taberlet et al. 1996), and in eDNA studies 

specifically (Darling and Mahon 2011), we incorporated 
‘equipment blank’ bottles and ‘cooler blank’ bottles as 
negative controls for each sampled field site in the study (c.f. 
Jerde et al. 2011). Before filtering sampled water from the field 
site, we first filtered 4 2-L equipment blank bottles that contained 
autoclaved ultrapure water from our laboratory. Second, we 
filtered 4 2-L cooler blank bottles (autoclaved ultrapure water 
from our laboratory) that were treated identically to field-
sampling bottles, with the exception that they were not opened 
at the field sites. These negative control filters were extracted 
and tested via PCR (identical conditions) along with the sample 
filters to allow us to identify any equipment or background 
contamination, respectively. We also sampled an additional 
field site (40 25052.900N, 87 2015.600W) in Indiana in a stream 
several hundred kilometres outside of the historic or current 
range of hellbenders (Minton 2001) as a study-wide negative 
control. This site was sampled using methods identical to the 
positive field sites. Finally, to directly combat contamination, 
all equipment potentially contacting site water was sterilised 
using a 10-min exposure to 10% bleach solution before and 
after sampling. 

To verify that any positive bands from field sites were in fact 
hellbender DNA, we sequenced a subset of PCR products from 
the field samples. PCR fragments were found to be too short 
to provide reliable sequences via Sanger sequencing during 
preliminary attempts (i.e. reads were not scoreable until near 
the end of the fragment). Additionally, cleaning the 72-bp 
fragments for sequencing often resulted in sample loss, 
because the fragments could pass through spin-column media 
or into suspension in ethanol due to their size and be discarded. 
Thus, we used a kit (pGem-T Vector, Promega Corporation, 
Madison, WI, USA) to clone fragments into competent cells 
(JM109 cells from Promega), following manufacturer 
instructions. We then used universal primers T7 and SP6 to 
amplify our target fragment from within the cloned plasmids 
by using colony PCR. 

We picked five well isolated colonies from each of two 
replicate plates prepared for each fragment. We touched a 
sterile toothpick to a colony, and then submerged and agitated 
the end of the toothpick directly in a PCR reaction mixture. We 
used 20-mL reaction volumes consisting of 0.25 mM of each 
primer (T7 and SP6), 0.2 mM of each dNTP, 1 mM MgCl2, 0.5 
units Taq, and 1 reaction buffer. The thermocycler profile 
included an initial denature step of 95 C for 4 min, 35 cycles 
of 95 C for 30 s, 52 C for 30 s, and 72 C for 30 s, and a final 
extension step of 72 C for 10 min. 

Colony PCR products were cleaned by precipitating the DNA 
with a cold ethanol solution (0.12 mM NaOAc in 100% ethanol), 
centrifuging to form a pellet, washing the pellet with 70% ethanol 
and re-suspending the cleaned product in water. We then cycle-
sequenced ~10 ng of cleaned PCR product in 10-mL reaction 
volumes containing 5 pmol of SP6 primer, 1 mL Big Dye 
Terminator version 3.1 (Applied Biosystems) and 3 mL of 5  
buffer (Applied Biosystems). The sequencing-reaction profile 
was as follows: 98 C for 5 min, followed by 35 cycles of 98 C for 
30 s, 50 C for 15 s, and 60 C for 2 min. Sequences were cleaned 
using the same sodium-acetate protocol as above or by using a kit 
(DyeEx 2.0, Qiagen, Germantown, MD, USA) before being 
rehydrated in 30 mL of sterile water. We submitted 15 mL of  
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each sequence to the Purdue Genomics Core Facility where they 
were run on an ABI 3730xl automated DNA sequencer (Applied 
Biosystems). We trimmed and edited the resulting sequences 
using Sequencher version 4.1 (GeneCodes Corporation, Ann 
Arbor, MI, USA). Finally, we determined the likely origin 
of the sequences visually by assessing their alignment with 
expected eastern hellbender sequences, and by conducting 
BLAST searches for similar sequences in the NCBI nucleotide 
database. We note that researchers could also verify the 
sequences of positive bands using next-generation sequencing 
technologies (see Ficetola et al. 2008) rather than the protocols we 
report here. 

Results 

Primer selection and evaluation 

We evaluated 10 primer pairs in pre-sampling trials. The primer 
pair that performed best, and that we used in all subsequent 
trials, was CRAL1-F: 50-TCAATTGCCCATATCTGCCGA-30 , 
CRAL1-R: 50-AGAGGCTCCGTTTGCATGAGT-30 . PCRs 
were conducted in 10-mL volumes consisting of 0.25 mM of 
each primer, 0.2 mM of each dNTP, 1 mM MgCl2, 0.5 units Taq 
and 1 mL of extraction product in 1 reaction buffer (BioLine). 
The final thermocycler profile included an initial denature step of 
95 C for 5 min, then eight touchdown cycles of 95 C for 30 s, 
62 C for 30 s (annealing step decreasing by one degree each 
cycle) and 72 C for 30 s. The touchdown cycles were followed by 
32 additional cycles of denaturing at 95 C for 30 s, annealing at 
58 C for 30 s and extension at 72 C for 30 s, with a final extension 
step of 72 C for 10 min. Using these reaction specifications, we 
amplified hellbender DNA during serial-dilution trials from DNA 
concentrations as low as ~2.0 10 6 ng mL–1, and did not 
amplify non-target DNA. 

Laboratory trials 

Using the multiplex of nuclear microsatellite markers, we 
successfully amplified hellbender DNA from concentrations as 
low as 2 ng mL–1. This represented a sensitivity of six magnitudes 
of order lower than what was achieved with the mitochondrial 
primer set, and indicated that primers targeting sequences in the 
mitochondrial genome will find more utility than those targeting 
the nuclear genome for future eDNA studies focusing on 
detecting organisms. Thus, for the remainder of the study, we 
report results from attempts to amplify mtDNA. The average 
number of positive reactions per filter ( s.e.) from the three 
tank-test filters was 9.33 0.67 of 10 possible for MyTaq, 
7.00 0.00 for AmpliTaq Gold and 8.67 0.67 for NEB Taq. 
No amplification was evident for any polymerase when assayed 
against the negative control filter. From these preliminary data, 
we concluded that our methods would allow the detection of 
hellbenders if they were to occur at very high densities (one 
hellbender per 110-L aquarium), and we proceeded to use MyTaq 
in the field trials to determine whether our methods would also 
find utility under natural conditions. 

Field sampling 

We amplified fragments of the predicted size (72 bp) from each 
of the three field sites with known densities of hellbenders 

12 
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Low (0.16) Medium (0.38) High (0.88) 

Hellbender density at each site 

Fig. 1. Results of a power analysis, indicating the number of filters to be 
assayed given a certain density of hellbenders at a site, so as to reduce the 
probability of obtaining false-negative results (no filters with 1 positive 
amplification) to <5%. Densities of hellbenders at sampled sites are indicated 
in parentheses, and refer to the number of hellbenders per 100 m2. The tank 
test refers to results obtained by collecting multiple samples from a 110-L 
aquarium containing a hellbender, this being a much higher ‘density’ than 
would occur in nature. 

(Table 1). The number of positive reactions, the average 
positive reactions per filter, and the number of filters with 1 
positive reaction appeared to increase with increasing density of 
hellbenders at each site (Table 1). This pattern was no longer 
evident when the volume of water flowing over each site was 
considered (Table 1). We estimated that 12 filters (i.e. 48 2-L 
bottles) would need to be assayed using the methods presented in 
the current paper to reduce the probability of obtaining false-
negative results to <5%, given hellbender densities similar to our 
low-density site in Indiana (0.16 hellbenders per 100 m2; Fig. 1). 
The number of filters needed to achieve the same power decreased 
when sites with higher hellbender densities were considered 
(Fig. 1). 

Quality assurance and quality control 

No amplification was evident from equipment-blank or cooler-
blank filters from any site. The negative-control site yielded 
no positive amplifications (i.e. 0 of 10 filters had positive 
amplifications). We sequenced fragments from five positive 
reactions from the field sites, including two from Indiana, one 
from Missouri 1 and two from Missouri 2 (Table 1). BLAST 
results for fragments from each site returned 100% positive 
matches (E-value 7.0 10 29) to other archived hellbender 
sequences, whereas the next-nearest match was a salamander 
species endemic to Italy (Salamandrina perspicilatta; 86% 
match; E-value 6 10 20). We truncated one of the two 
sequences from Missouri 2 because of poor read quality; 
however, it still aligned best with hellbender sequences 
(E-value 0.014), whereas the next-closest species was a lizard 
from Papua New Guinea (Lygisaurus curtus; E-value 0.056). 
Thus, we are confident that the positive amplifications in our 
study were in fact hellbender DNA. 
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Discussion 

The eDNA sampling protocol we adopted involved four main 
steps after an initial effort of selecting primers. First, water was 
sampled from a pre-determined location at the thalweg of a 
stream, and then vacuum-pumped through micro-pore filters to 
capture any cells (or particle-bound DNA) suspended in the water 
column. Second, the filters were subjected to a DNA-extraction 
protocol to release DNA from the filters and from inside any 
captured cells. Third, products of the extraction step were 
subjected to PCR, using species-specific primers that amplified 
only pre-determined sequences of mtDNA. Finally, PCR 
products were visualised using traditional gel electrophoresis, 
and a small subset of positive amplifications were sequenced 
to verify their origin. We expect that as these methods become 
more refined, eDNA will have the potential to revolutionise non-
invasive sampling for rare, elusive or endangered species. 

Using eDNA methods optimised specifically for an amphibian 
species of conservation concern, we were able to detect the 
species from samples of river water even where the organism 
occurred at very low densities (Burgmeier et al. 2011b). 
Interestingly, measures of amplification success at each site 
seemed to increase along with the density of hellbenders at 
that site, although we surveyed too few sites to evaluate this 
relationship in more detail. The population density of organisms 
under investigation using eDNA methods has previously been 
shown to affect amplification success in mesocosms and wetland 
systems (Ficetola et al. 2008). However, Goldberg et al. (2011) 
reported no relationship between their measure of amplification 
success and the density of Rocky Mountain tailed frogs 
(Ascaphus montanus), in a stream in Idaho, USA. These 
authors also achieved 100% amplification success among trials 
involving a second amphibian species that varied in density 
across sites within one stream (Goldberg et al. 2011). Thus, 
the relationship between amplification success and the density of 
the population under study may not always be clear, particularly 
in lotic systems. 

Several factors are likely to confound the relationship between 
density and amplification success in eDNA studies. First, 
persistence of DNA in the water column, a function of the 
rates of production and degradation of DNA either as cell- or 
particle-bound molecules (Pietramellara et al. 2009; Dejean 
et al. 2011; Taberlet et al. 2012), may lead to the detection of 
organisms from some distance upstream of the intended 
sampling location in lotic systems. Conversely, the persistence 
of DNA in lentic systems is expected to translate to a length of 
time (rather than a distance) a species may be detected after it is 
no longer present (Thomsen et al. 2012). Dejean et al. (2011) 
found overall persistence times of 25 and 14 days, respectively, 
for eDNA from two species in separate removal experiments 
in lentic systems. In addition to some degree of variability 
associated with the persistence of DNA in water, we also 
expect that different stream morphologies will affect the 
distance suspended molecules will travel in lotic systems via 
different rates of suspension and deposition (Howard 1994). 
These uncertainties contribute complexity to any expectation 
regarding our ability to detect organisms at distances above 
sampling sites using eDNA sampling methods. However, 
specifically for hellbenders, our methods should provide an 

efficient means by which to establish broad-scale patterns (i.e. 
watershed level) of site occupancy for a species that is otherwise 
very labour-intensive to study. 

Because our sites were located in different rivers, we were 
able to collect a limited amount of data with which to assess 
the effects of flow rate on the relationship between density 
and detection probability. Flow rate has been cited as a factor 
affecting detection probabilities in eDNA studies (Goldberg et al. 
2011; Jerde et al. 2011); however, no data exist regarding the 
magnitude of its effects. Taking into account river discharge 
(in m3 s –1) on the day we sampled, the relationship between 
density and amplification success was less clear. The Missouri 
1 site occupied the middle position among our three sites, in 
terms of density and amplification success, but was located in a 
substantially larger river with a discharge four times higher than 
that of the river containing the higher-density site, Missouri 2 
(Table 1). Notably, variation (s.e.) around the average positive 
reactions per filter for Missouri 1 was nearly twice that for 
Missouri 2, and nearly four times that of our low-density, low-
discharge site in Indiana. More data points will be necessary to 
determine whether greater variation in amplification success 
(and detection probability) among samples can be expected in 
rivers with greater discharge. We also intentionally sampled at a 
time of year when we expected low water levels to increase our 
detection rates. Although our study was not designed to test 
this assumption, establishing any seasonal patterns in detection 
related to flow or animal-movement behaviour would be an 
interesting area for future research. 

The benefits of eDNA sampling over more traditional methods 
will depend, in large part, on the species and questions of 
interest. Because the risk of contamination is high in eDNA 
studies (Darling and Mahon 2011), two separate laboratories 
are needed to separate extraction from amplification in the 
workflow. Although our methods required very little in the 
way of specialised equipment or training, eDNA methods such 
as ours probably require more space than do traditional sampling 
methods. The greatest logistical benefit of eDNA sampling in 
our study system was savings associated with person-hours. 
A single researcher can collect and filter water, whereas teams 
of biologists must be assembled to safely sample hellbender 
habitats via rock-lifting (e.g. Burgmeier et al. 2011b). In 
addition, eDNA sampling eliminates contact with the study 
organism altogether, which limits stress to the animals 
associated with capture (Putman 1995) and mitigates the 
growing potential of transporting emerging diseases (Berger 
et al. 1998; Lips et al. 2006) among populations. Therefore, 
although not without difficulties, we expect that eDNA sampling 
will find utility for researchers interested in a variety of species. 
In particular, the eastern hellbender served as a good model for 
those species that occur at low densities or are of particular 
conservation concern. 
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