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Abstract

Species richness is a metric of biodiversity that represents the number of species present in a
community. Traditional fisheries assessments that rely on capture of organisms often
underestimate true species richness. eDNA metabarcoding is an alternative tool, which infers
species richness by collecting and sequencing DNA present in the ecosystem. Our objective was
to determine how spatial distribution of samples and “bioinformatic stringency” affected eDNA-
metabarcoding estimates of species richness compared to capture-based estimates in a 2.2-ha
reservoir. When bioinformatic criteria required species to only be detected in a single sample,
eDNA metabarcoding detected all species captured with traditional methods plus an additional
11 non-captured species. However, when we required species to be detected with multiple
markers and in multiple samples, eDNA metabarcoding detected only seven of the captured
species. Our analysis of the spatial patterns of species detection indicated that eDNA was
distributed relatively homogenously throughout the reservoir, except near the inflowing stream.
We suggest that interpretation of eDNA metabarcoding data must consider the potential effects

of water body type, spatial resolution, and bioinformatic stringency.

Introduction

Species richness is a biodiversity metric used in community ecology to describe the number
of species in a given area at a given time, and has strong underpinnings in ecological theory
(William 1964; MacArthur and Wilson 1967; Connell 1978; Hubbell 2001; Holyoak et al. 2005).
Further, the effectiveness of human management efforts are commonly assessed using species
richness metrics (Bailey et al. 2004a; Hubert and Quist 2010). Traditionally, assessment of fish
species richness has relied on capture-based sampling of organisms via netting, trapping, or
electrofishing (Murphy and Willis 1996; Bonar et al. 2009). However, due to difficulties related
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43 to underwater sampling and the mobility of fishes, traditional capture-based sampling often

44  limits the accuracy of species richness estimates (Bayley and Peterson 2001; Gu and Swihart
45  2004; Mackenzie and Royle 2005).

46 A progressive increase in sampling effort should theoretically eventually detect all of the
47  species present in the community (McDonald 2004). However, increased effort combined with
48  multiple sampling approaches may be needed to accurately measure species richness if all

49  species in the community are not biologically or behaviorally susceptible to a single sampling
50  modality (Peterson and Paukert 2009). For example, both active and passive sample methods are
51  often required to estimate freshwater fish species richness, as passive gears such as fyke nets and
52 gill nets tend to select for mobile species (Hubert 1996) while sedentary species are more

53  susceptible to active gear types such as electrofishing and trawl nets (Hayes et al. 1996).

54  Therefore, as a result of practical limitations in cost and effort, traditional sampling methods in
55  many contexts can be suboptimal in generating estimates of species richness. A potential

56  alternative for estimating species richness is the use of environmental DNA (eDNA)

57  metabarcoding (Lodge et al. 2012).

58 Environmental DNA metabarcoding infers taxa richness through the identification of taxa-
59  specific DNA fragments collected in relatively small environmental samples (e.g., 250 mL of
60  water). This bioassessment technique is highly sensitive (Ficetola et al. 2008; Bohmann et al.
61  2014; Rees et al. 2014) and capable of detecting multiple species (Thomsen and Willerslev

62  2015). Although a relatively recent technological development, eDNA metabarcoding expands
63  eDNA analysis beyond species-specific detection and allows for en mass detection of

64  assemblage-level species richness.
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Previous research has shown that eDNA can be effective in determining the identity of fish
species in freshwater ecosystems (Dejean et al. 2011; Goldberg et al. 2011; Jerde et al. 2011;
Takahara et al. 2012; Thomsen et al. 2012; Wilcox et al. 2013). Evans et al. (2016) illustrated
that eDNA metabarcoding could effectively measure the complete fish and amphibian species
richness in experimental mesocosms with varying densities and relative abundances. Olds et al.
(2016) used eDNA metabarcoding to measure the complete fish species richness of a natural
stream ecosystem, and were able to identify DNA from an additional four species not captured
via electrofishing but likely present in the ecosystem. Similarly, Valentini et al. (2016) detected
at least as many fish as traditional sampling methods in 89% of 23 aquatic sampling sites which
included ponds, rivers, mountain lakes, streams, and ditches. Likewise, using eDNA
metabarcoding, Hanfling et al. (2016) detected 14 of 16 historically known fish species in a
1480-ha natural lake. Lastly, using eDNA metabarcoding, Shaw et al. (2016) detected all fyke-
net captured fish species in each of two Australian river systems. To date, however, with the
exception of post-hoc evaluation (Ficetola et al. 2015) and the influence of water column depth
and shoreline proximity (Hénfling et al. 2016), studies have provided little guidance on eDNA
metabarcoding sampling design or bioinformatic criteria necessary to infer detection.

The ability to use eDNA metabarcoding as an ecological research and conservation tool
requires a clear understanding of the data filtering steps that occur throughout the analysis
process. Data filtering takes places at multiple steps in the eDNA metabarcoding process.
Initially, the raw sequence data is processed to remove low quality and non-target reads (Schloss
et al. 2011; Nguyen et al. 2015; Thomsen and Willerslev 2015). There is little consensus, across
studies, about what criteria constitutes a species detection. This lack of consensus is a result of

context dependency (influenced by total species diversity, sequencing depth, marker specificity,
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etc.) and the trade-off that exists between stringency and uncertainty during the interpretation of
eDNA metabarcoding results (Fig. 1). This tradeoff in stringency versus uncertainty results from
choices about how many and what markers are used to infer detection (Fig. 1). Furthermore, the
tradeoff occurs when requirements are set on the frequency with which DNA from an organism
must be observed in a sample or across samples before it is considered detected.

A full continuum of the stringency-uncertainty tradeoff is illustrated in recent eDNA
metabarcoding studies on freshwater fish communities with each study ‘defining” what
constitutes a species detection in a unique way (Supplemental Table S1). These studies exhibit
diversity in both their filtering steps and in the types and number of markers used. The studies
also demonstrate varied ways in which the detection of species can be inferred from post-filtered
results. The lack of consensus among these eDNA metabarcoding studies provides little
guidance about how to optimize filtering stringency to best define species detections during
eDNA metabarcoding.

The overall objective of this study was to test the effectiveness of eDNA metabarcoding to
estimate the fish species richness of a small freshwater reservoir by comparing species richness
estimates derived from capture-based sampling and eDNA metabarcoding. Specifically, we
investigated three research questions: (1) What species does eDNA metabarcoding detect
relative to traditional capture-based sampling? (2) What is the effect of sample size and the
spatial distribution of samples on our ability to estimate species richness using eDNA
metabarcoding? (3) How does the stringency of bioinformatic criteria applied to species
detections, in terms of samples and genetic markers, influence our ability to measure species

richness via eDNA metabarcoding?
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Materials and Methods

Study site

Lawler Pond is a 2.2-ha surface-area reservoir contained within the Fort Custer Training
Center (FCTC) of the Michigan Army National Guard located near Battle Creek, Michigan,
USA. Lawler Pond is a shallow impoundment (maximum depth =~ 3 m) created by a dirt levee
and containing a warm-water fish assemblage. Fish habitat within Lawler Pond is relatively
homogeneous with a sand-bottom and abundant submerged aquatic vegetation (predominantly
Chara spp.) throughout the reservoir. A small 1¥-order stream flows into and out of Lawler
Pond, which drains a watershed area of approximately 1.4 km®. An approximately 2-m wide and
3-m deep channel is located along the northern edge of the reservoir beginning where the stream
enters the reservoir from the east and outflows in the northwest corner (Fig. 2). Prior to our
sampling, 26 fish species were known to inhabit aquatic ecosystems at FCTC (Michele Richard,
FCTC Environmental Biologist, personal communication); however, the fish assemblage of

Lawler Pond had not previously been surveyed.

Capture-based sampling

We directly assessed fish species richness in Lawler Pond using a combination of 17
unbaited metal minnow traps and three unbaited modified-fyke nets, a 2-m diameter cast net, and
handheld dip nets. Modified-fyke nets were constructed from two rectangular 91 X 183-cm steel
frames, four 76-cm diameter steel hoops, and 13-mm knotless nylon bar mesh. From June 2-6,
2014, all minnow traps and modified-fyke nets were deployed at approximately noon (1200 H),
emptied at approximately 1030 H the following morning, then redeployed for a total of four net-
nights per net (n=12 total net-nights) and trap (n=68 total trap-nights). Twenty cast net throws

were conducted from a boat on the morning June 6 after the completion of fyke netting.
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Handheld dip nets were used to target schools of small (<2 cm TL) fishes whenever they were
observed. It is important to note that we were not permitted to electrofish in Lawler Pond due to
military regulations and safety concerns (i.e., unexploded munitions). All captured fish were
identified to species based on morphological features (and knowledge of local fish fauna),

measured for total length and mass, and then returned to the center of the reservoir.

eDNA sampling

On June 1, 2014, one day prior to the start of our capture-based sampling, we collected one
250-mL water sample (Evans et al. 2016; Olds et al. 2016) from each of 30 locations distributed
throughout Lawler Pond (Fig. 2). In addition, we collected one 250-mL water sample from the
stream inflow into Lawler Pond (Fig. 2). Each water sample was collected from the surface of
the reservoir by a researcher in a kayak. Prior to sampling, the kayak was decontaminated via a
10-minute exposure to 10% bleach solution and then rinsed with reverse osmosis water as
recommended by Prince and Andrus (1992) to remove any viable DNA on the surface of the
kayak. To minimize the potential for vectoring eDNA among sampling locations within Lawler
Pond, samples were collected, immediately upon arriving at each sampling location, from the
bow of the kayak at arms-length (~0.5 m). Additionally, to avoid disturbing future sampling
locations, samples were collected starting near the Lawler Pond outflow then proceeded along a
single zig-zag pattern ending in the southeast corner of reservoir.The location of each sample
was recorded with a handheld GPS (Garmin Corp, Lenexa, Kansas, USA). Each water sample
(250-mL bottle) was wiped with a 10% bleach solution and immediately placed in a cooler

containing ice for transport back to the laboratory.
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154  Sample processing and extraction

155 In the laboratory on that same day, water samples were vacuum-filtered onto 47-mm, 1.2 pm
156  pore size, polycarbonate membrane filters (EMD Millipore, Billerica, Massachusetts, USA).

157  Filters containing sample retentate were placed in 2.0-mL microcentrifuge tubes containing 700
158  pL of CTAB and stored at -20°C until extraction. DNA was isolated following a modified

159  Chloroform-Isoamyl alcohol (24:1, Amresco) extraction and an isopropanol precipitation.

160  (Renshaw et al. 2015; see full details in Appendix S1). To remove potential inhibitors,

161  resuspended DNA was treated with the OneStep™ PCR Inhibitor Removal Kit (Zymo Research,

162  Irvine, California, USA).

163 PCR-based lllumina library preparation and sequencing

164 We amplified three mitochondrial gene fragments: the Cytochrome B gene (Cyt B; primer
165  set: L14735/H15149¢), 12S rRNA (primer set: Am12S), and 16S rRNA (primer set: Ac16S) as
166  described in Evans et al. (2016). Amplified gene fragments were prepped for Illumina

167  sequencing following a two-step PCR-based approach as outlined in the [llumina 16S

168  Metagenomic Sequencing Library Preparation guidelines (Illumina, Inc., San Diego, CA, USA).
169  PCR products were electrophoresed through a 2% agarose gel, stained with ethidium bromide
170 then visualized on a UV light platform. Each amplified product was manually excised from the
171  gels using single-use razor blades, cleaned with the QIAquick Gel Extraction Kit (Qiagen,

172 Venlo, Netherlands), and eluted from spin columns with 30uL of Buffer EB. We excised a band
173  from the agarose gel at the expected amplicon size for the extraction and PCR negative controls
174  and, regardless of visual confirmation of amplification, carried each through the remaining

175  library prep for subsequent Illumina sequencing per the recommendation of Nguyen et al.

176  (2015). DNA concentration of each elution was quantified via Qubit dsDNA HS Assay.
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Libraries were pooled in equal molar concentrations along with 25% PhiX (v3, Illumina, San
Diego, California, USA), then paired-end sequenced on an Illumina MiSeq in a single MiSeq
flow cell by the University of Notre Dame’s Genomics and Bioinformatics Core Facility
(http://genomics.nd.edu/) using a MiSeq Reagent Kit v3 (600-cycle; Illumina, San Diego,
California, USA). To ensure sufficient read depth, libraries were sequenced via two MiSeq runs

with 17 libraries per run.

Positive and Negative Controls

Three types of controls where used to monitor potential contamination during the filtration
and laboratory analysis of samples. First, a single mock community sample was constructed
(Schloss et al. 2011) and run in parallel from the DNA extraction step. The mock community
sample was composed of equal amounts of tissue derived DNA (measured with Qubit dsDNA
HS Assay, Life Technologies, Carlsbad, California, USA) from six Indo-Pacific marine fishes:
Ocellaris Clownfish Amphiprion ocellaris, Jewelled Blenny Salarias fasciatus, Bicolor Blenny
Ecsenius bicolor, Twospined Angelfish Centropyge bispinosa, Dispar Anthias Pseudanthias
dispar, and Black Leopard Wrasse Macropharyngodon negrosensis. Second, a single extraction
blank was constructed by using only extraction reagents without a filter and subsequently
processed alongside the 31 eDNA samples for all laboratory steps. Lastly, a PCR no-template
control (NTC) was used for each of the three gene regions amplified and pooled as described
above during library preparation. The NTC consisted of sterile water that was added as template
during the first round of PCR amplification. A band was then excised from the agarose gel at the
anticipated amplicon size, cleaned, and used as template for the second round of PCR

amplification, which included the addition of a unique barcode.
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Bioinformatics analysis

Raw sequence reads were filtered based on their quality (Q20), merged (QO0.5), and clustered
(97%) to species information following the procedure and parameters detailed in Olds et al.
(2016). In brief, to detect non-target (non-vertebrate) operational taxonomic units (OTUs),
usually of bacterial origin, we filtered with HMMER (Wheeler and Eddy 2013) using the same
parameter values as Olds et al. (2016). Centroid sequences from each OTU were assigned to
species with two different approaches. First, we used SAP v1.9.3 (Munch et al. 2008) to assign
species using the NCBI NR database (95% match to reference). Second, we used USEARCH
v8.0.1623 (Edgar 2010) to confirm species assignments using an in-house reference database
(Supplemental Table S2) of regional species (97% match to reference). Our in-house database,
included sequences for additional species, previously identified as present on Fort Custer, not
available on Genbank. Sequences for the in-house database were obtained via in-house Sanger
sequencing of tissue samples and have since been uploaded to Genbank (accession numbers
provided in Supplemental Table S2) We manually checked all OTUs that had a closely related
OTU (90-96.9% similarity) against NCBI Genbank.

Following species assignment, we assessed potential cross-sample contamination, on a per
marker basis, by screening for the presence of any of species detected in the 31 Lawler Pond
samples in the mock community, extraction blank, and NTC sample libraries. If sequence reads
from any species were detected in the three control libraries, we applied a threshold correction
(Hénfling et al. 2016; Valentini et al. 2016). For the correction, the cumulative relative
frequency of contaminant reads for the detected species in the control libraries functioned as a
minimum detection threshold. For the Lawler Pond samples, any species with a frequency of

occurrence (relative proportion of reads) less than that of the detection threshold were discarded
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222 (Supplemental Table S3). This correction is similar to the procedure performed by Hénfling et
223 al. (2016), but is based on the false positive reads found in the negative control samples rather
224  than false positive reads found from their mock community species being detected in their field
225  samples.

226 To determine the effect of bioinformatic decisions on our ability to infer the presence of

227  fishes in Lawler Pond, we then evaluated the effect of three stringency scenarios representing
228  low, moderate, and high stringency (Fig. 1). For the low stringency scenario, a species was

229  considered detected if its eDNA was found in at least one sample using at least one marker. For
230  the moderate stringency scenario species detection required sequences in at least two samples or
231 by at least two markers from a single sample. For the high stringency scenario, sequences from a
232 species were required to be detected in both a minimum of two samples and by a minimum of

233 two markers (species were not required to be detected by the same two markers among samples).

234 Species accumulation and richness estimation

235 We estimated species richness based on the Chao II bias-corrected estimator (Chao 2005;

236  Colwell 2013). We calculated all species richness estimates and 95% confidence intervals using
237  EstimateS v9 (Colwell 2013). The number of samples necessary to measure both the total

238  observed (S,ss; detected) and the estimated (Chao II) species richness were calculated via

239  rarefaction analysis with 1000 sample order randomizations for each of the three bioinformatic
240  criteria scenarios. Sample-based species accumulation curves and 95% confidence intervals

241  were analytically derived using the S¢t “‘Mao Tau’ estimator in EstimateS v9 (Colwell 2013).

242 The motivation for including both directly observed species richness (S,»5) and an estimator, such
243  as the Chao II bias-corrected, is to evaluate the effects of variable community composition,

244  sampling size, spatial sampling effort, and bioinformatics criteria have on the measured
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245  uncertainty in our estimation of species richness, including those not directly observed in the

246  sampling effort.

247  Sample similarity and spatial analysis

248 Similarity in the detected species richness of each of the 31 Lawler Pond samples was

249  calculated via the Serensen Coefficient (Ss; Cao et al. 1997). Serensen Dissimilarity (Ds) is

250  calculated as 1-S;. We express both Sg and Dy as percentages by multiplying the index scores by
251  100. We calculated the Euclidean distance between each of the samples based on GPS

252 coordinates for each of the samples. The effect of spatial separation on species richness

253  similarity was evaluated via a Mantel test of correlation between Euclidean distance and sample
254  similarity using the three bioinformatic stringency criteria used to determine species richness in a
255 sample.

256 The effect of sample spatial distribution on our ability to estimate species richness was

257  evaluated by subsampling 15 of the 30 available (stream sample omitted) Lawler Pond eDNA
258  samples using four spatial sampling designs: (1) subsampling the samples from the periphery of
259  the reservoir, (2) subsampling the samples from the interior of the reservoir, (3) subsampling the
260  upper (N) half of the reservoir relative to the inflow, (4) subsampling the lower (S) half of the
261  reservoir relative to the inflow (Fig. 2). The stream sample was excluded from the subsampling
262  as it was located outside of the analysis’s scope of inference (Lawler Pond). Chao II species
263  richness estimates were calculated via rarefaction analysis of 1000 sample-order randomizations
264  for each sampling design. The resulting species richness estimates and rarefaction curves were
265  then compared across the four sampling designs and using the three bioinformatic stringency

266  criteria used to determine species richness in a sample.
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Results

Traditional capture-based sampling

In total, we captured nine species of fishes from Lawler Pond (Fig. 3) in at least one of the
four deployed gear types. The majority of the species were captured in the modified-fyke nets
and minnow traps with most individuals being captured in the modified-fyke nets. In addition to
the nine captured species, we visually observed common carp (Cyprinus carpio) roaming
throughout Lawler Pond but were unable to capture any of the individuals. Because multiple
capture-based sampling gears, with differing sampling efficiencies, were deployed over a four-
night temporal sampling regime, we were unable to estimate species richness via the Chao II
estimator in an equivalent fashion to the estimates derived from the spatially-collected eDNA

samples.

High-throughput sequencing (HTS) statistics and effect on species detection

We generated 30.3 million paired-end reads from two Illumina MiSeq runs. After primer
demultiplexing, 19.8 million paired-end reads were retained (Supplemental Table S4). The
demultiplexing rate was 71.4% for the Lawler Pond samples and 27.5% for the control samples
due to a large proportion of non-specific amplicons in the PCR negative controls and extraction
blanks. In total, 41.3% of the raw reads passed the stringent filtering criteria. USEARCH
analysis for OTUs on the combined pools of amplicon specific sequences and subsequent
HMMER modeling (to remove non-vertebrate OTUs) for each of the three markers resulted in
detection of 32 OTUs from the 16S fragment, 42 OTUs from the 128 fragment, and 29 OTUs
from the Cyt B fragment (Supplemental Table S4). Several OTUs occurred in low abundance
(1% of the total number of reads) and matched a reference sequence with only 90-96%

similarity. When manually checked, none of the low-abundance, low-similarity OTUs matched
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a more similar reference on NCBI Genbank. Therefore, these low-similarity OTUs were
excluded from further analysis. Species assignment (see below) further reduced the number of
OTUs included in the bioinformatic stringency analysis. Prior to subtracting potential cross-
library contamination and removing species with only 1 read per sample, a total of 28 fish
species, two turtle species, and humans (all non-fish species were excluded from further
analysis) were detected in at least one of the 31 Lawler Pond samples with at least one marker

(Table 2).

Comparison of genetic marker species assignments

Based on both the initial species assignment to NCBI NR using SAP, and the secondary
species assignment to our in-house reference database using USEARCH, we matched 22 OTUs
with species-level assignments to the 16S marker (including four mock community species), 19
OTUs with species-level assignments to the 12S marker (including 6 mock community and
human), and 24 OTUs with species-level assignments to the Cyt B marker (including five mock
community, human, and two turtle species) (Table 2). For the 16S and 12S markers, one OTU
was assigned to eastern mudminnow (Umbra pygmaea), a species that is not believed to occur in
Michigan (Bailey et al. 2004b). However, the genetic distance of central mudminnow (Umbra
limi) and eastern mudminnow is less than 3%. Therefore, we were unable to distinguish between
the two species using the three markers employed in this study. We consider all Umbra spp.
detections to be central mudminnow, which is known to occur at Fort Custer. Another species,
chain pickerel (Esox niger), was detected in multiple samples by both the 16S and 12S markers;
however, for these two markers, no reference exists for American pickerel (Esox americanus),
which was captured via traditional sampling at the time of our sampling. In fact, in 15 of 16

samples where American pickerel were detected via the Cyt B marker, chain pickerel was
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detected in the same sample with the 16S or 12S markers. Because chain pickerel is not known
to occur in inland Michigan (Bailey et al. 2004b), it is likely that these detections were a
misidentification of American pickerel due to a lack of NCBI reference data. We did not
consider chain pickerel detections to be accurate identifications and considered all chain pickerel
identifications to be American pickerel detections.

The number of species detected varied among the three genetic markers. No single marker
discovered all 21 of the eDNA-detected species under our low stringency scenario. The highest
number of species detected by a single marker was 16 species detected by 16S marker. Similarly
effective was the Cyt B marker that detected 15 species. The 12S marker was the least effective,
detecting just 10 species (Table 2). Of the 16 species detected by the 16S marker, five species
were unique to the gene region and not identified by either of the other two markers. Of the 15
species detected by the Cyt B marker, five species were unique to that gene region and not
identified by either of the other two markers. In total, nine species were identified by all three
markers, three species were identified by just two markers, and nine species were identified by a
single marker (Table 2). Overall, all 21 species could be detected with just the 16S and the Cyt
B markers. All species detected with the 12S marker were identified by at least one of the other

two markers.

Effects of bioinformatic stringency on species detections and richness estimation

In our low stringency scenario, eDNA metabarcoding detected 21 species of fishes including
the 10 species observed using traditional sampling (Table 1). Environmental DNA
metabarcoding at this stringency level detected an additional 11 fish species. The moderate

bioinformatic stringency scenario resulted in detection of 15 fish species, including the 10
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species directly observed. Our high bioinformatic stringency scenario resulted in detection of
eight fish species, including only seven of the 10 species directly observed.

In the low and moderate stringency scenarios, sample-specific richness ranged from 3 to 11
species (Supplemental Figs. S1, S2). Under the high stringency scenario sample-specific
richness ranged from two to seven species (Supplemental Fig. S3). In the low stringency
scenario, six ‘singleton’ species were detected in only one sample (Supplemental Table S5):
brook trout (Salvelinus fontinalis), brown trout (Sa/mo trutta), channel catfish (Ictalurus
punctatus), johnny darter (Etheostoma nigrum), mottled sculpin (Cottus bairdii), and white
sucker (Catostomus commersonii). All singleton species were excluded by the high and
moderate stringency scenarios as each of the six singleton species were detected by a single
marker (three species by 16S and three species by Cyt B). Moreover, two ‘doubleton’ species;
green sunfish (Lepomis cyanellus) and creek chub (Semotilus atromaculatus) were detected in
only two samples (Supplemental Table S5). Despite only being detected in two samples, both
green sunfish and creek chub were detected in the moderate stringency scenario (Supplemental
Table S6). However, neither green sunfish, creek chub, lake chubsucker (Erimyzon sucetta),
bluntnose minnow (Pimephales notatus), yellow bullhead (Ameiurus natalis), blackchin shiner
(Notropis heterodon), or least darter (Etheostoma microperca) were detected in the high
stringency scenario (Supplemental Table S7).

For the low stringency scenario, the mean Chao II species richness estimate using all 31
Lawler Pond samples (including the one upstream sample) was 25.8 species present with a 95%
confidence interval of 21.8 to 49.1 species compared to 10 species captured via traditional
sampling (Fig. 4a). For the moderate stringency scenario, the mean Chao II species richness

estimate for the metabarcoding approach was 15 species present with a 95% confidence interval
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of 15.0 to 16.2 species (Fig. 4b). For the high stringency scenario, the mean Chao II species
richness estimate for the metabarcoding approach was 8 species present with a 95% confidence

interval of 8.0 to 8.3 species (Fig. 4c).

Effects of sample size on estimated species richness

For all three bioinformatics stringency scenarios (low, moderate, and high), the accumulated
number of species and the Chao II estimate of species richness varied depending on the number
of 250-mL samples included in the analysis. For the low-stringency scenario, the species
accumulation curve illustrated that the observed species richness accumulated steadily all the
way through inclusion of all 31 eDNA samples (Fig. 4a). The width of the 95% confidence
interval was relatively consistent along the length of the rarefaction curve. The mean Chao II
estimated richness increased steadily with the addition of samples up through the inclusion of 27
samples. Inclusion of the final four samples (samples 28-31) resulted in a 0.0-0.6% relative
decrease in the mean Chao II estimate. Corresponding to these changes in the mean Chao II
estimate were changes in the 95% confidence interval. The 95% confidence interval generally
increased in range with the addition of each sample through the inclusion of 26 samples. The
range of the 95% confidence interval narrowed with the addition of each sample following the
inclusion of 27 samples.

For the moderate-stringency scenario, the species accumulation curve illustrated that
observed species richness accumulated rapidly (>2% relative increase in the estimate) up through
the inclusion of eight samples (Fig. 4b). The rarefaction curve stabilized after the inclusion of
nine samples and reached an asymptote of 15.0 species with the inclusion of 29 samples.
Correspondingly, the 95% confidence intervals narrowed following inclusion of just three

samples with the upper and lower confidence bounds converging after the inclusion of 30
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381  samples. The mean Chao II estimate increased rapidly through the inclusion of eight samples.
382  Increasing the number of samples in the analysis to include between nine and 26 samples yielded
383  amean Chao II estimate that increased slowly from 14.0 to 15.0 species. Addition of the final
384  five samples resulted in the mean Chao II estimate remaining steady at 15.0 species.

385  Corresponding to these changes in the mean Chao II estimate, the range of the 95% confidence
386 intervals began to narrow with the inclusion of six samples.

387 For the high-stringency scenario, the species accumulation curve illustrated that observed
388  species richness accumulated steadily up through the inclusion of nine samples (Fig. 4c).

389  Accumulated species richness increased slightly from 7.9 to an asymptote of 8.0 with the

390 inclusion of 17 to 22 samples. Correspondingly, the 95% confidence intervals began to narrow
391  following inclusion of just two samples with the upper and lower confidence bounds converging
392  after the inclusion of 22 samples. The mean Chao II estimate increased through the inclusion of
393 19 samples. Increasing the number of samples in the analysis beyond 19 samples resulted in the
394  same asymptotic species richness estimate of 8.0 species. Corresponding to these changes in the
395  mean Chao II estimate, the range of the 95% confidence intervals began to narrow with the

396 inclusion of only seven samples.

397  Spatial similarity of eDNA-inferred species richness and the effect of sampling design on

398 estimated species richness

399 Under the low-stringency scenario, Serensen coefficients for the 435 pairwise comparisons
400  between each of the 30 Lawler Pond eDNA samples ranged from 27% to 91% with an overall
401  mean similarity of 61%. Under the moderate-stringency scenario, Serensen coefficients for the
402 435 pairwise comparisons between each of the 30 Lawler Pond eDNA samples (excluding the

403  upstream sample) ranged from 33% to 94% with an overall mean similarity of 64%. Under the
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high-stringency scenario, Serensen coefficients for the 435 pairwise comparisons between each
of the 30 Lawler Pond eDNA samples ranged from 0% to 100% with an overall mean similarity
of 69%. Euclidean distance between each of the eDNA water samples ranged from 4 m to 192
m. We found no relationship between sample dissimilarity (Ds) and distance between the
samples under the low-stringency scenario (Mantel’s r = -0.06, P = 0.79; Fig. 5), moderate-
stringency scenario (Mantel’s r = -0.01, P = 0.5), or high-stringency scenario (Mantel’s r = -0.64,
P =0.98).

Chao II species richness estimates varied among the three bioinformatic stringency scenarios
and the four spatial sampling designs (Fig. 6). Three of the six singleton species (white sucker,
channel catfish, and mottled sculpin) were detected in samples collected within the reservoir
channel. Additionally, two species (brook trout and brown trout) were not included in the
subsampling because they were only detected in the sample collected from the stream flowing
into Lawler Pond.

For the low-stringency scenario, the mean species richness estimates for each of the sampling
designs ranged from 14.0 to 20.8 compared to a mean estimate of 15.9 species derived from a
randomly-selected subsample of 15 samples from throughout Lawler Pond (Fig. 6a). The mean
estimates of species richness for the upper, periphery, and lower reservoir sampling designs fell
within the 95% confidence interval for the random-subsample estimate. The mean estimate for
the interior reservoir sampling design was less than the lower 95% confidence bound of the
random-subsample estimate.

The range in the mean estimates was smaller for the moderate-stringency scenario, where the
mean species richness estimates for each of the sampling designs fell between 13.0 and 15.0

compared to the randomly-selected subsample mean richness estimate of 15.9 species (Fig. 6b).
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Only the mean species richness estimates from the periphery and lower reservoir sampling
designs fell within the 95% confidence interval for the random-subsample estimate. The mean
estimate for the upper and interior reservoir sampling designs were below the lower 95%
confidence bound of the random-subsample estimate.

For the high-stringency scenario, the mean species richness estimates for each of the
sampling designs ranged from 6.0 to 7.0 relative to the randomly-selected subsample mean
species richness estimate of 8.0 (Fig. 6¢). The mean species richness estimates from the
periphery and lower reservoir sampling designs were both equal to the random-subsample
estimate. The mean estimate for the upper and interior reservoir sampling designs were below
the lower 95% confidence bound of the random-subsample estimate. Under all three
bioinformatic stringency scenarios, the 95% confidence intervals for all the mean estimates

overlapped among the spatial sampling designs.

Discussion

The effectiveness of eDNA metabarcoding relative to capture-based sampling

The eDNA-metabarcoding approach employed in this study was able to detect all of the
species captured via traditional sampling. In addition, under the low-stringency scenario eDNA
metabarcoding detected 11 fish species that were not detected by traditional sampling. The
detection of coldwater species and species with lotic life histories (Table 2) may indicate that we
detected species that inhabit areas upstream of Lawler Pond and that eDNA from upstream
species is transported downstream where it can be detected in the reservoir. Previous studies
have illustrated that eDNA can be transported relatively long distances downstream (Deiner and
Altermatt 2014; Jane et al. 2015). For example, Jane et al. (2015) detected the eDNA of brook

trout at 239 m (the farthest distance they measured) downstream of experimentally-caged brook
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trout. We did not sample the inflowing stream using traditional sampling and are, therefore,
unable to confirm the upstream presence of the additional species. However, our results indicate
that five of the six singleton species (all of which exhibit some degree of lotic life histories) were
only detected in samples collected from within the channelized portion (the primary flow
pathway) of Lawler Pond and thus may be the result of downstream transport of viable eDNA
into the reservoir. Increasing the bioinformatic stringency resulted in the lotic species not being
detected. In hindsight, having additional upstream eDNA samples to more fully characterize
species identity of the inflowing eDNA would have been ideal. This highlights an eDNA

transport phenomenon that needs to be accounted for adequately in eDNA sampling schemes.

Effect of bioinformatic stringency on species detection

As expected, increasing the stringency of our eDNA bioinformatic criteria resulted in a
decrease in the number of species detected. Our use of three markers to determine taxa presence
improved our assessment and the reliability of our conclusions about species richness. Similarly,
confidence in our species richness estimates increased with increasing bioinformatic stringency
(Fig. 4). However, under the high-stringency scenario, our failure to detect three species that
were captured by traditional sampling suggests that it is possible to underestimate species (via
species elimination) when bioinformatic criteria are too stringent. The magnitude of this effect
likely depends on the detection probabilities of the individual markers, the number of markers
used, and the quality of the reference database used for species identifications. For example,
when only a small number of markers are used, the relative effects of any differences in PCR
dynamics and primer binding affinity on species detection are likely to be greater. This would be
especially true if one of the markers has particularly good or poor species detection efficiency.

Although our three markers (targeting the 16S, 12S, and Cyt B gene regions) performed
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similarly, with each detecting 10 to 15 fish species, eight species were detected by only a single
marker including the six singleton species that were each only detected in a single sample.
These eight species were responsible for the decrease in the number of detected species when

bioinformatic stringency was increased.

Effect of sample distribution and sample size on species richness estimation

Overall, we observed relatively low spatial heterogeneity in species richness among the 30
Lawler Pond eDNA samples. The low heterogeneity in species richness among the samples and
the lack of a relationship between Euclidean distance and Dy suggest that eDNA 1is distributed
relatively homogeneously in Lawler Pond. If eDNA was heterogeneously distributed throughout
the pond, we would expect to find a positive relationship between sample dissimilarity and
distance, with spatially near samples being more similar and distant samples being less similar.
This observed low spatial heterogeneity in eDNA distribution within Lawler Pond suggests that
the accumulation of water samples was more important than sample location when attempting to
estimate species richness in Lawler Pond.

The homogeneous distribution of eDNA in Lawler Pond may be the result of water column
mixing in this shallow reservoir. Previous research has illustrated that surface water in small
shallow lakes can mix rapidly due to wind-induced circulation (George and Edwards 1976;
Hilton 1985; Spigel and Imberger 1987). Another potential explanation for the homogeneous
distribution of eDNA in Lawler Pond is that fishes are dispersed throughout the reservoir
consistent with the relatively homogeneous habitat. While a potential, our sampling design, that
involved collecting samples away from the kayak immediately upon arriving at a sampling

location, minimizes the likelihood that the observed homogeneous distribution of eDNA in
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Lawler Pond is an artifact of vectoring of eDNA between sampling locations during sample
collection.

Despite our overall finding that eDNA is relatively homogenously distributed within Lawler
Pond, the spatial heterogeneity that was observed appears to be related to the distribution of
where the ‘singleton’ and ‘doubleton’ species were detected among the 30 Lawler Pond samples
and the one upstream sample. The concentration of the singleton and doubleton species
detections in the reservoir channel explains the observed performance differences among the four
sampling zones (i.e., periphery, interior, upper, and lower reservoir). The unbalanced
distribution of the singletons and doubletons in the periphery (the location of the reservoir
channel) relative to the interior of the reservoir resulted in the underestimation of species
richness by the interior reservoir samples. This result is similar to the findings of Hénfling et al.
(2016) who detected the greater fish species richness in samples collected closest to the shoreline

of a 1480-ha natural lake than in samples collected nearer the center of the lake.

Sample size effect

Our evaluation of the effect of sample size on our ability to estimate asymptotic species
richness in Lawler Pond, under the lowest bioinformatic stringency, suggests that at least 26
water samples must be sequenced with eDNA metabarcoding before species richness can be
estimated with accuracy and precision, as indicated by the flattening of the curve and decreasing
confidence intervals. The number of water samples decreases under the moderate-stringency (19
samples) and high-stringency scenarios (14 samples). These estimates of necessary samples
apply to Lawler Pond only and may differ from the number of samples needed to estimate
species richness in larger and more heterogeneous ecosystems. As noted above, Lawler Pond is

a small relatively homogeneous body of water making it likely that eDNA would be evenly
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distributed. In larger bodies of water with distinct spatial structuring, eDNA may be
heterogeneously distributed (Héanfling et al. 2016) and an increased numbers of independent
samples may be required to capture the maximum eDNA signal. This outcome is consistent with
previous research illustrating that diversity and similarity indices tend to underestimate
community similarity when calculated with sample sizes that fail to subsample a relatively large
proportion of the community (Lande 1996; Cao et al. 1997). The actual sample size needed to
accurately and precisely estimate asymptotic species richness also varies according the diversity
of assemblage (Chao et al. 2009). It is likely that had we collected additional samples beyond
31, we would have observed greater precision in our species richness estimate. The decrease in
the 95% confidence intervals with inclusion of additional samples (e.g., samples 26 to 31 under
the low stringency scenario) suggests that additional samples would likely continue to increase
the precision of the estimate.

Our study illustrates that eDNA metabarcoding can be an effective means of determining
species richness in areas that may be difficult to sample via traditional fish-capture methods.
These challenging areas can include military installations, remote wilderness areas, and sensitive
sites where traditional sampling approaches such as electrofishing may not be feasible or
permitted. Our results demonstrate that eEDNA metabarcoding can, relative to capture-based
sampling, accurately measure and estimate species richness in a small reservoir. Further, eDNA
was relatively homogeneously distributed at the spatial scale of Lawler Pond (i.e., 2.2 ha),
suggesting that the number of accumulated samples may be more important than the spatial
distribution of samples when attempting to quantify species richness via eDNA metabarcoding in
small systems. Moreover, the detection of stream-dwelling species in the impoundment suggests

that eDNA can also detect species from water transported into the reservoir via streamflow.
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541  Further research on the dynamics of eDNA transport is needed to better understand how

542  downstream transport may affect species richness estimation in impoundments and other

543  downstream habitats.

544 Our results illustrate that the stringency of bioinformatic criteria can have substantial effects
545  on the conclusions about the inferred species richness of the study system. Future research

546  should focus on determining how to optimize the number of markers for estimating species

547  richness via eDNA metabarcoding in diverse ecosystem of varying complexity and size. An
548  improved knowledge of the necessary sample replication would enable the design of more

549  effective and efficient sampling protocols for fish management and conservation. Lastly, while
550  our results illustrate that eDNA metabarcoding can be used to provide robust estimates of species
551  richness, eDNA cannot provide the same types of population structure data that is readily

552 obtained with capture-based methods where fish can be handled and measured. Therefore,

553  eDNA metabarcoding should be viewed as an additional tool in the fisheries professional’s

554  sampling toolbox that can provide improved sensitivity for determining species richness rather
555  than a replacement for demographic sampling via capture-based sampling. However, rapidly
556  advancing genetic and genomic technology provides the promise for even greater utility and

557  interpretive power of eDNA data in the future.
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Table 1. Species observed (capture-based) and detected (¢eDNA) in Lawler Pond, Fort Custer
Training Center, Michigan, under each of the three bioinformatic stringency scenarios: low
stringency (Low), moderate stringency (Moderate), and high stringency (High). Black blocks
indicate species detected via traditional sampling and/or eDNA metabarcoding. Gray blocks
indicate eDNA metabarcoding false negative detections (i.e., species captured via traditional
sampling but not detected with eDNA). White blocks indicate species not detected with either

traditional sampling or eDNA metabarcoding.

Species Capture-based Low Moderate High

>~

American Pickerel (sox americanus) ____

Blackchin Shiner (Notropis heterodon)

I
NHX
H

<

Bluegill Sunfish (Lepomis macrochirus)

Bluntnose Minnow (Pimephales notatus)

Brook Trout (Salvelinus fontinalis)

Brown Trout (Salmo trutta)

Central Mudminnow Umora i) | S S S IS

Channel Catfish (Ictalurus punctatus)

Common Carp (Cyprinus carpio) ] x| ox Lx

Creek Chub (Semotilus atromaculatus)

H
HHIHH>< il
>~

Green Sunfish (Lepomis cyanellus)

I

Iowa Darter (Etheostoma exile)
Johnny Darter (Etheostoma nigrum)
Lake Chubsucker (Erimyzon sucetta) _

Largemouth Bass (Micropterus salmoides) _—_—
Least Darter (Etheostoma microperca) _—

Mottled Sculpin (Cottus bairdii)

Pumpkinseed Sunfish (Lepomis gibbosus) ____

KRR [

Warmouth Sunfish (Lepomis gulosus)

White Sucker (Catostomus commersonii)
Yellow Bullhead (dmeiurus natalis) __
Cumulative Species Richness 10 8
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Table 2. Species identified with OTU species assignment for each marker under the low bioinformatic stringency scenario. Primary

habitats for each species were identified based on information available at www.natureserve.org.

Page 34 of 52

Fish Species Primary Habitat 16S 128 CytB

American pickerel Lentic & Lotic (warm-water) X X X
Blackchin shiner Lentic & Lotic (warm-water) X X
Bluegill Lentic & Lotic (warm-water) X X X
Bluntnose minnow Lentic & Lotic (warm-water) X

Brook trout Lentic & Lotic (cold-water) X
Brown trout Lentic & Lotic (cold-water) X

Central mudminnow Lentic & Lotic (warm-water) X X X
Channel catfish Lentic & Lotic (warm-water) X
Common carp Lentic & Lotic (warm-water) X X X
Creek chub Lotic (warm-water) X

Green sunfish Lentic & Lotic (warm-water) X X

Towa darter Lentic & Lotic (warm-water) X X X
Johnny darter Lotic (cool-water) X
Lake chubsucker Lentic (warm-water) X X X
Largemouth bass Lentic & Lotic (warm-water) X X X
Least darter Lentic & Lotic (cool-water) X
Mottled sculpin Lotic (cool-water) X

Pumpkinseed Lentic & Lotic (warm-water) X X X
Warmouth Lentic & Lotic (warm-water) X X X
White sucker Lentic & Lotic (cool-water) X

Yellow bullhead Lentic & Lotic (warm-water) X X

Mock Community Species

Ocellaris clownfish (Amphiprion ocellaris) marine X X X
Twospined angelfish (Centropyge bispinosa) marine X X

Bicolor blenny (Ecsenius bicolor) marine X X
Black leopard wrasse (Macropharyngodon negrosensis) marine X X
Dispar anthias (Pseudanthias dispar) marine X X X
Jewelled blenny (Salarias fasciatus) marine X X X

Non-fish Vertebrate Species

Human (Homo sapien) Terrestrial X

Common snapping turtle (Chelydra serpentina) Lentic & Lotic (warm-water) X
Spiny softshell turtle (4palone spinifera) Lentic & Lotic (warm-water) X
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Figure Captions

Fig. 1. Conceptual diagram illustrating the relationship between bioinformatic
stringency and strength of certainty about the presence of eDNA metabarcoding-

detected species.

Fig. 2. Aerial photograph of Lawler Pond (Michigan, USA) illustrating the collection
location of each eDNA water sample taken from the impoundment and the inflowing
stream (US) as well as the location of the deeper channel (shaded). The 15 samples
included in each of the four spatial subsampling designs are indicated by the
following symbols: circle (upper samples), asterisk (periphery samples), triangle
(lower samples), square (interior samples). Each sample was included in two spatial

sampling designs as indicated by the two symbols per sample.

Fig. 3. Proportional catch of the nine species captured from Lawler Pond, Fort Custer Training
Center, Michigan. Number of fishes captured by each method is indicated above each bar.
Sampling effort consisted of 12 modified-fyke net-nights, 76 minnow trap-nights, 20 Cast net
throws, and three targeted dip-net dips. Sampling was conducted June 3-6, 2014. In addition to

nine species physically captured, common carp were visually observed.

Fig. 4. Mean species accumulation curve (eDNA detected; grey circles) and mean Chao II
species richness estimator curve (Chao estimated; black diamonds) derived from rarefaction
analysis of the 31 Lawler Pond eDNA samples libraries under the (a) low stringency scenario,
(b) moderate stringency scenario, and (c) high stringency scenario. Error bars represent 95%

confidence intervals.
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Fig. 5. Euclidean distance (m) between eDNA water samples versus Serensen dissimilarity (D).
Each point represents one of the 435 pairwise comparisons between all 30 Lawler Pond samples
(upstream sample excluded) under the low-stringency scenario. The dashed line in each plot,
illustrates the generally expected negative relationship (slope < 0) if sample dissimilarity were
predicted by distance, however, no significant relationship was found between Euclidean

distance and Dy (Mantel’s r = -0.06, P = 0.79).

Fig. 6. Mean Chao II species richness estimator curves derived from rarefaction
analysis of the eDNA samples selected via each of the four 15-sample spatial designs
(upper, lower, periphery, interior) and from a randomly-selected subset of all 30
available samples (random) under the (a) low-stringency scenario, (b) moderate-
stringency scenario, and (c) high-stringency scenario. Error bars represent 95%

confidence intervals of the randomly-selected samples.

Fig. S1. Species detection by sample for all three markers combined using the low

stringency bioinformatic criteria.

Fig. S2. Species detection by sample for all three markers combined using the

moderate stringency bioinformatic criteria.

Fig. S3. Species detection by sample for all three markers combined using the high

stringency bioinformatic criteria.
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Read quality control

Primer trimming

Merged reads

Abundance removal

Clustering of OTUs

Bioinformatic filtering steps

Removal of non-target
sequences

Taxonomic assignment method

Post-filter for contamination

# sequencesto establish

Genetic markers presencein a sample post

used

Study Habitat type Sampletype
varied by
Valentini et al. 2015 River, stream, pond  habitat see
referance
Shawetd. 2015 River,wetland o0 CMPAOW
surface
surface water,
Hénfling et al. 2016 Lake & at depths of
2,10& 20m
Oldset a. 2016 River surface water

Average quality: none stated
Minimum read length: 20

Average quality: 20 phred
Minimum read length: 80 bp

Average quality: 30 phred
Minimum read length: 90 bp for
125 & 100 bp for CytB

Average quality: 20 phred
Minimum read length: 50 bp

2 mis-matches

100% match

YEs, No parameters
given

100% match

yes, nomin overlap reads assessed as PCR

length given

no parameters given

no parameters given chimeric removal using

overlap: 16 bp

lessthan 10 reads &
error based on
OBICLEAN

lessthan 20 reads

lessthan 3 reads &

usearch

singletons

all samples run independent,
98% similarity to reference
sequence

all samples run independent,
97% similarity

unstated pooled or separate,
100% similarity

all samples pooled, 97%
similarity

assignment lessthan 98%
similarity with self-made
references and public
database (EMBL)

assignment bit score below
120 or less than 98% similar
with top hitin NCBI nr/nt
database

assignemnt bit score below

80 or less than 100% (12S)

195% (CytB) similarity with
self-currated database

HMMER filter using self-
made reference database for
each gene

ECOTAG using self-made reference

database from EMBL

blast using NCBI's nucleotide database

lowest common ancester approach
using self-made database from NCBI

SAP using NCBI's nucleotide database

sequences with frequency of occurance at
0.3% per taxon (calcul ated as proportion
of al sequence reads in the sample)

no parameters given

‘sequences with frequency of occurance at
0.1% (12s) and 0.2% (CytB) per taxon and
based on mock community false positives

(calculated as proportion

of all seauence reads in the samole)

based on probability (p = 0.95) of presence

using statistical model built from

appearance of reads in negative controls

128

128, 16S

125, CytB

165, 125, CytB

filtering

none reported less than 12
sequences

none reported less than 20
sequences for either gene

greater than zero sequences
in either gene

greater than two segeunces
intwo markers

https://mc06.manuscriptcentral.com/cjfas-pubs



Page 47 of 52 Canadian Journal of Fisheries and Aquatic Sciences

Supplemental Table S2. List of speciesincluded in the in-house reference sequence database.
Reference sequences taken from previously existing GenBank records are highlighted in blue;
reference sequences generated in-house are highlighted in green.

Species 16S 12S CytB
Acris_crepitans AY 843559 AY 843559
Acris_crepitans_blanchardi EF988145
Amboplites_rupestris KM 282459 KM 282394 KM 523260
Ambystoma,_|aterale NC006330 NC006330 NC006330
Ambystoma_maculatum KM 523263
Ambystoma_tigrinum NC006887 NC006887 NC006887
Ameiurus _natalis AY 458872 AY 184265
Amphiprion_ocellaris NC009065 NC009065 NC009065
Bufo_americanus AY 680206 AY 680206 AF171190
Bufo_fowleri AY 680224 AY 680224
Catostomus_commer sonii KM 282461 KM 282400 KM 523268
Centropyge_bispinosa NC028287 NC028287 NC028287
Cottus_bairdii KM 282462 KM 282401 KM523269
Cyprinus_carpio KM 282467 KM 282406 KM 523272
Ecsenius_bicolor NC028295 NC028295 NC028295
Erimyzon_sucetta KM 282468 KM 282408 KM 523274
Esox_americanus_vermiculatus AY 497430
Etheostoma_caeruleum KM 282469 KM 282409 KM 523275
Etheostoma_exile KM 282471 KM282411 KM523277
Etheostoma._nigrum KM 282474 KM 282412 KM 523280
Etheostoma_radiosum NC005254 NC005254 NC005254
Hemidactylium_scutatum DQ283120 DQ283120 NC006342
Hyla_chrysoscelis EF566949 EF566949
Hyla_versicolor AY 843682 AY 843682 AY 843928
Lepomis_cyanellus KM 282484 KM 282423 K P013087
Lepomis_gibbosus KM 282485 KM 282424 KM523290
Lepomis_gulosus AY 742526
Lepomis_macrochirus KM 282486 KM 282426 KM 523292
Lepomis_megalotis AY 742533 AY 828977
Lepomis_microlophus AY 742535 JF742834
Macropharyngodon_negrosensis NC028289 NC028289 NC028289
Micropterus_dolomieu NCO011361 KM 282429 KM 523294
Micropterus_salmoides KM 282489 KM 282430 KM 523295
Necturus_maculosus DQ283412
Necturus_maculosus_macul osus KM 282431 KM 523296
Notemigonus_crysoleucus KM 282490 KM 282432 KM 523297
Notophthalmus_viridescens EU880323 EU880323 EU880323
Notropis_anogenus KF744334
Notropis_heterodon KM 282491 KM 282434 KM 523298
Notropis_stramineus KM 282492 NC008110 KM 523299
Oncorhynchus_mykiss KM 282499 KM 282441 KM 523306
Perca_flavescens KM 282501 KM 282443 KM 523308
Phoxinus_eos NC015364 NC015364 NC015364
Pimephales_notatus AY 216556 AY 216556 U66606
Pimephales_promelas KM 282503 KM 282445 KM 523310
Plethodon_cinereus cinereus NC006343 NC006343 NC006343
Pomoxis_nigromaculatus AY 742557 KM 282446 KM 523311
Pseudacris_crucifer AY 210883
Pseudacris _crucifer_crucifer AY 843735 AY 843735
Pseudacris triseriata AY 843738 AY 843738 KJ536224
Pseudanthias_dispar NC028286 NC028286 NC028286
Rana_catesbeiana KM 282504 NC022696 KM 523312
Rana_clamitans KM 282506 DQ283185 KM523314
Rana_palustris AY 779228
Rana_pipiens DQ283123 DQ283123
Rana_sylvatica DQ283387 DQ283387 AY083271
Rhinichthys _atratulus AF038495
Rhinichthys_obtusus KM 282509 KM 282447 JX442984
Salarias_fasciatus AP004451 AP004451 AP004451
Salmo_trutta KM 282510 KM 282448 KM523316
Semotilus_atromaculatus KM 282512 AF023199 KM 523318
Umbra_limi KM 282516 KM 282453 KM523322
Umbra_pygmaea NC022456 NC022456 NC022456
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Supplemental Table S5 the31 Lavier exnol
165
s Me EB NTC SumofMC,EB,NTC  Cumulative Relative Frequency of Negative Control Reads (Threshold) FC27_10 FC27_11 FCZ713 FCZ714 FC215 FC2117 FCZ7_IB FC2719 FC272 FC2720 FCZ724 FCZT29 FC2130 FCZ213L FCZ2I4 FC218 FC281 FC2B12 FC2B16 FCZB 21 FC2B22 FC2823 FC26.25 FC28.26 FC2821 FCZ28 FCZB3 FCZS FCB6 FC2B7 FC289
Motlled Sculpin (Cotus beird ) 0 o 2 2 00am6 0000% 000% 0O00% 000% 0000 0000% 00O OO O000B 000B 00D% 00O% 00% 00O OOO% OO0 000 0000 0OD% 00O0% 00OD% O00GW% 000D% 000G 000%  0000% 000% 0000% 0000% 000
Green Sunfish (Lepomis cyanellus) 0 o 4 0.075% 0.000%
Lake Chubsucker (Erimyzn suoea) 0 o o 0 o000
Rainbow Trout (Oncor hynchus mykiss) 0 0 2 0.087%
Brown Trout (Saimo truta) 0 ) 120 2301
Bluegil Sufish Lepoms macrochirus) 2 5 3w 10 G2822%
outh Bass (Micropterus samoides ) 0 R 200 a5
Pumpkinseed Sunfish (Lepomis gibbosus) 10 o 936 946 17.708%
Amei us) 0 o 2 08616
Central Mudminnow (Unbra limi ) 0 0 59 59 1104%
Bluntnose Minnow (Pimephles notatus) 0 o @ @ osos
(Cyprinus carpio ) 2 0 454 456 8.535%
elow Bullhead (Amiurus naais) 0 o 2 2 ooame
lowa Darter (Etheostoma exile: 0 0 13 13 0.243%
Weamouth Surfish (Lepomis gulosi<) 0 o e 6 o120
Creek Chub (Semotilus atromaculatus ) 0 o 0 0 0.000% 0.000%  0.000%  0.000% 0.000%  0.000%  0.000%  0.000% 0.000%  0.000%
White Sucker (Catostom.s commersori ) 0 o s 6 o120 0000%  0000%  0000%  0000% 00D0%  0000% 000D% OOO% OO0% OO0 O000% 0000% 0OD% 000% 0000% OOO%  O.000%
Total Reads 53 10824 TeGS6 17904 15503 7431 18 Badss 076l 17972 2542 LOISL 243 167G Se687  STIS A% 7ASS  4IB4 230794 6334 IS 106410 0677 A3 23318 SAIL SOl 464 40300 STTI2O 210083
‘Common name Me EB NTC  SumofMC,EB,NTC  Cumulative Reltive Frequency of Negative Control Reads (Threshold) FC2714 FC2715 FC2717 FCZ118 FC2719 FC27.20 FC2724 FC2720 FCZ730 FC2T3L _FC2T4 FC2T8 FC231 FC2812 FCZB16 FC2B21 FCZ872 FCZB23 FC2B25 FC28.26 FC28.2] FC2828 FC283 FCm6 P27 FC289
Humen (Homo sapen 0 o o 0 0000 000% 0000 BGIEN 000%  0.000% 0000% 0000% 0000% 00O 000 oo 00007 NONEERN 0000 0000% 00OD% OO0 000 0000 00D% 00O% 0000% 00D 00005
Mottled Sculpin (Cottus bairdii ) 2 o 3 5 1259% 0000% __0.000%  0.000%  0.000% _0.000%  0.000% _0.000%  0000% 0.000% _0.000% 0.000%  0.000%  0.000% _0.000%  0.000% 0.000%  0.000%
Blackchin Shiner (Notropisheterodon ) 0 o o 0 o000 0000% 0000 0000 0 0000% o 0000% _0000% _0.000% 0 0000% _0000%
Bluegil Sunish Lo macrochirus) 0 2 s 27 2290%
argemouth Bass (Micropterus salmoics) 0 T & 163736
Ameican Pickerd (Esox americanus) 0 o u 1 asz6
Pumpkinseed Sunish (_epomis ibbosis) 0 o 6 s 1s19%
Mudminnow (Umbra limi ) 0 o 5 5 125%
Weamouth Surfish (Lepomis gulosis) 0 o 6 s 15119
Green Sunfish (Lepomis cyanellus) 0 o 3 3 0.756%
lowa Darter (Eihcostona exle) 0 o 6 5 1s11% OGN 6775% | O 0000% o 0000%%  0.000%
Lake Chubsucker (Erimyzon sucetta) 0 o 0 0 0.000% 0.000% _0.000%  0.000% .000%
‘Commen Carp (Cyprinus carpio) 0 o o 0 o000 [0010% 0145% | oooos OB Oooo%  oooov OB 0000% 0000% - 0000%
Total Reads a7 2965 421 406 160506  SSOSI 12575 G058 020 3615 5900  4IS2  4I0S6 69546 45402 40B5  GIOS5 3008 SO0 99050 67002 067 B0 G376 TIGS  GOIGB 0276 2067 170 7718 30ado 19245
‘Common name Mc EB NTC  sumof MC, EB,NTC  Cumulative Relative Frequency of Negative Control Reads (Threshold)
Human (Homo sapien) 0 9457 0 9457 99.474%
Spiny Softshell Turle psione prifera) 0 o o 0 0000 o 00009 o0 0000% o
‘Common Snepping Turtle Chelydra serpentina ) 0 o o 0 0000 ooov, ORI 0000%% 0003 0000%  0.000% 0000%  0000% 0000%%
Chennd Catfish (1ctalurus punctatus) 0 o o 0 o000 oo0%  0000% 0000% - 0000% [odome | o000
Johnny Darter (Etheostoma nigrum) 0 0 0 0 0.000% 0.000%
Blackchin Shiner (Notropis heterodon ) 0 o o 0 o000 0000
Bluegil Sufish Leporms macrochirus) 0 51 » 020506
minno (Unbra i) 0 i s 9 o0ss%
Least Darter (Etheostoma microperca ) 0 0 2 2 0.021%
Lergemouth Biss (Micropterus salmices) 0 o o 0 o000
Lake Chubsucker (Erimyzon sucetta) 0 2 2 4 0.042%
‘Commen Carp (Cyprinus carpio) 0 o o 0 o000
\merican Pi (Esox americanus) 0 0 0 0 0.000%
elow Bullhead (miurus naals) 0 o o 0 o000
Pumpkinseed Sunfish (Lepomis gibbosus) 0 0 0 0 0.000%
Waamouth Surfish Lepomis guos.<) 0 o o 0 o000
Iowa Darter (Et foma exile) 0 o 0 0 0.000%
Motlled Sculpin (Cotus baird ) 0 s o s o056
Brook Trout (Salvelinus fontinalis ) 0 2 0 2 0.021% 0.000%
Total Reads 07 IBS10 1192 219067 12183  7IO0 66504 10930 191792  SRI0 179G 342084 S20T6 L7 100430 7O 1S IG5 LI7K5 41200 415 36000 10060 107772 165078 125219 TSTAD  G2ES LG L0A3L 114954  72SR
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Supplemental Table S4. Number of library) each step of
e 0l Unique
e Fezrss TURH Numberof o el #OTUs #0TUs
FC27.10 FC2711 FC2713 FC27.14 FC215 FC2717 FC2718 FC27.19 FC27.2 FC2720 FC27.24 FC27.29 FC27.30 FC2731 FC214 FC218 FC281 FC2812 FC2816 FC2821 FC2822 FC28.23 FC28.25 FC2826 FC28.27 FC2828 FC283 FC285 FC286 FC287 FC289 xtraction Mo iR ReadsAfter i RS before  after
Blank  Community \CRE Quality ety HMMer HMMer
Filtering
Raw data 784956 900507 753690 1046078 1120135 727933 819850 746354 664130 1095999 1199104 804502 758534 0L170 743727 1202782 873977 768830 1013274 720539 665194 791803 B0BO73 684380 630655 699014 605841 1020107 827812 827521 974189 26098759 343922 617978 3197888
Demultiplexingrete  8385%  763%  8391%  77.72% 4885% 7961% T7565% 10225% 4368%  7652% 633N BASSH 7TB60% 7800% 8078% S7.3%% 6265% 7052%  GO61% 67.0M% 6937% G.75% 6616% TLSMG  7046% 67.11% 623%% 6285% 7058% 15T 8LA%  1879%
Merging rate 6660% 5682% 6L91%  642M%  69.18%  37.11% 6246% 5673% BATS% 34SS%  6L38%  5212% T375% 5069% 5393% 7086% I786% 4667%  S78%  4226% ST4TH  6L01% 5753  5622% S020% 4626% SL12%  SOT% 4578% S455% 6290%  279%
Qudity Filteringrete 48010 ~ 37.99%  4220%  4954%  5453%  2625% 4486 ILT0% 6523% 2466% 4422  4224% SB6T% 4025% 3261% S024%  27.45% J082% 4613  2027% 45896 ATAN6 MAT9% 4303% 3060% 3619% 2756% 3. 3621% 3L00% 39.99% 32M 4% 163%
Ac16S 268945 11443 14985 44 39
Maching Fprimer 215579 150035 37727 256692 662166 56 137672 67325 388728 43045 172985 392763 279326 9473 132018 669389 294504 91961 462694 2749 84684 77214 42044 95961 127034 100455 90950 125602 442880 7 681 397.447
MachingRprimer 214515 147782 38003 261185 654917 52 13632 67339 38735 40856 172288 381403 278453 89,047 130020 648082 254421 60185 404796 28083 73445 65791 36784 8382 110501 87748 79425 108782 3835 63 42251 3143
red reads 7645 142377 36419 247947 X 50 132327 64821 375438 38483 166883 352068 269360 86325 125814 628291 245756 77.560 390483 272475 71156 63572 35405 BLOBS 106617 84716 76565 105251 3725 51 40635 201858
reads 187576 128028 33140 223296 578318 43 121571 58860 342297 3320 152738 669 248941 76308 100025 576861 22229 71339 3094 X 65911 58950 32683 75415 96216 77910 68617 96935 43749 39 w4 seam2
After quality fltering 155,651 103: 27505 185266 472026 32 101430 47362 285689 27188 125923 244052 210392 6L649 78095 476956 183102 59194 298723 211222 54207 48492 26448 62422 76512 64991 55900 79850 286556 4422842 2% 31319 51117
mi2s 504913 143813 27466 30 2
Matching Fprimer 39868 56984 63 s 76676 149441 72734 52013 49349  7L691 55067 50892 98025 59380 6583 80295 54307 78953 161161 96142 43104 53251 144267 107412 119314 136231 34980 210251 135086 59932 28,387 4 104572 36437
MachingRprimer 39185 54807 61513 202239 74644 152725 7539 50347 48750 70592 53012 49310 95026 57995 63188 74112 463 66134 134439 83509 36451 44994 121220 B9 9677 114266 29, 177360 113450 50881 24005 3 o743 37028
Paired reads 38101 53786 60383 391 73201 141389 69684 49184 47902 68840 52157 48412 93289 56800 61966 75427 45352 65016 132182 79205 35766 44064 X 88030 97858 112153 28767 174277 111507 49776 23439 3 %5624 29626
Mergedreads 37427 5249 59150 194304 71845 133062 68430 48060 47032 66983 51103 47550 OL730 55243 60327 74015 42967 64087 130260 77741 3523 43406 117377 86963 96465 110472 28212 171433 10958 48747 23076 3 93057 958
After quality filtering 34462 47,037 54274 178312 65916 124350 63070 4365 43417 60967 46696 43600 95033 50738 53260 67574 39548 59841 120851 7200 32672 40366 109212 8091 89188 102837 25755 158286 100747 45071 21633 2162300 3 85022 921
L14735H1514% 114112 81442 21860 44 3
Maching Fprimer 440755 556935 572524 392877 267705 234563 479756 485664 273016 397305 743829 116809 207284 SI4874 422762 288157 262044 43613 24239 310,105 135877 295465 447816 382929 402625 373921 T34 550192 426639 457312 364471 50916 389820 31948
Matching R primer 445,937 534 7553 432645 261579 311274 469718 503232 280491 388196 726974 249787 289602 508388 429371 30331 260019 302632 225524 2687973 132508 256126 31371 313398 30021 30768 285421 466563 43MT 428500 303734 131807 386369 295364
412428 491837 535594 366684 250978 214150 450698 450592 255723 S7L36L 698485 109306 278697 467329 392351 267841 200889 9107 191916 248190 107.023 232726 3I57379 30L187 31BU4 209314 271222 424515 328299 365128 291609 3973 67169 279421
ergedreads 207779 31198 374306 254725 131016 132055 322083 316516 173514 27845 53212 81119 218727 346675 231732 201398 65605 223360 95334 126970 68393 185017 202310 247771 225395 165050 155850 276691 237126 233135 164577 2398 28250 103
After quality filtering 186,776 190797 236303 154685 77820 66701 203003 190364 104076 182165 357629 52140 149615 210110 111190 13§71 17282 117935 47800 57158 41685 121425 198510 165052 134130 67680 64686 166001 143075 131644 8136 4180664 11210 161388 50
0412502602 185400 26112 5839 18 18
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Supplemental Table S5. Species detection by sample for all three markers combined using the low stringency bioinformatic criteria. The 31 Lawler Pond samples libraries were randomly divided among two Illumina MiSeq runs: FC27 and FC28.
SampleLibrary
FC27_10 FC27 11 FC27_13 FC27_14 FC27_15 FC27_17 FC27_18 FC27_19 FC27 2 FC27_20 FC27_24 FC27 29 FC27 30 FC27 31 FC27 4 FC27 8 FC28 1 FC28 12 FC28_16 FC28 21 FC28_22 FC28 23 FC28_25 FC28 26 FC28_27 FC28 28 FC28 3 FC28 5 FC28 6 FC28 7 FC28 9

Detected Species

Canadian Journal of Fisheries and Aquatic Sciences

American Pickerel Esox americanus)
Blackchin Shiner (Notropis heterodon )
Bluegill Sunfish (Lepomis macrochirus)
Bluntnose Minnow (Pimephal es notatus)
Brook Trout (Salvelinus fontinalis)
Brown Trout (Salmo trutta)

Central Mudminnow (Umbra limi )
Channel Catfish (Ictalurus punctatus)
Common Carp (Cyprinus carpio)

Creek Chub (Semotilus atromaculatus)
Green Sunfish (Lepomis cyanellus)

lowa Darter (Etheostoma exile)

Johnny Darter (Etheostoma nigrum)
Lake Chubsucker (Erimyzon sucetta)
Largemouth Bass (Micropterus salmoides)
Least Darter (Etheostoma microperca)
Mottled Sculpin Cottus bairdii )
Pumpkinseed Sunfish (Lepomis gibbosus)
Warmouth Sunfish (Lepomis gulosus)
White Sucker (Catostomus commer sonii )
Yellow Bullhead (Ameiurus natalis)

Total Species Richness

X

X

X X

X X

X X

X X

X X

X
X
X

X X
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Supplemental Table S6. Species detection by sample for all three markers combined using the moderate stringency bioinformatic criteria. The 31 Lawler Pond samples libraries were randomly divided among two I1lumina MiSeq runs; FC27 and FC28.

SampleLibrary
Detected Species FC27_10 FC27 11 FC27_13 FC27_14 FC27_15 FC27_17 FC27_18 FC27_19 FC27 2 FC27_20 FC27_24 FC27 29 FC27 30 FC27 31 FC27 4 FC27 8 FC28 1 FC28 12 FC28_16 FC28 21 FC28_22 FC28 23 FC28_25 FC28 26 FC28_27 FC28 28 FC28 3 FC28 5 FC28 6 FC28 7 FC28 9

American Pickerel Esox americanus) X X X X X X X X X X X X X X X X
Blackchin Shiner (Notropis heterodon ) X X X X X X X
Bluegill Sunfish (epomis macrochirus) X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
Bluntnose Minnow (Pimephal es notatus) X X X X X X X X X X
Central Mudminnow (Umbra limi ) X X X X X X X X X X X X X X X X X X X X
Common Carp (Cyprinus carpio) X X X X X X X X X X X X X X X X X
Creek Chub (Semotilus atromaculatus) X X
Green Sunfish (Lepomis cyanellus) X X
lowa Darter (Etheostoma exile) X X X X X X X X
Lake Chubsucker (Erimyzon sucetta) X X X X X X X X
Largemouth Bass (Micropterus salmoides) X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
Least Darter (Etheostoma microperca) X X X X X X X X X X X X X X X
Pumpkinseed Sunfish (Lepomis gibbosus) X X X X X X X X X X X X X X X X X X X X X X X X
Warmouth Sunfish (Lepomis gulosus) X X X X X X X X X X X X X X X X X X X X X
Yellow Bullhead (Ameiurus natalis) X X X X X X

Total SpeciesRichness 7 7 4 8 9 7 3 7 8 7 8 6 8 4 9 9 9 8 8 7 8 6 3 4 7 9 6 7 5 7 1
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Supplemental Table S7. Species detection by sample for all three markers combined using the high stringency bioinformatic criteria. The 31 Lawler Pond samples libraries were randomly divided among two Illumina MiSeq runs FC27 and FC28.
SampleLibrary
FC27_10 FC27_11 FC27_13 FC27_14 FC27_15 FC27_17 FC27_18 FC27_19 FC27 2 FC27 20 FC27_24 FC27 29 FC27 30 FC27 31 FC27 4 FC27 8 FC28 1 FC28 12 FC28 16 FC28 21 FC28 22 FC28 23 FC28 25 FC28 26 FC28 27 FC28 28 FC28 3 FC28 5 FC28 6 FC28 7 FC28 9

Detected Species

Canadian Journal of Fisheries and Aquatic Sciences

American Pickerel Esox americanus) X X X X X X X X X X X
Bluegill Sunfish (epomis macrochirus) X X X X X X X X X X X X X X X X X X X X X X X X X X X
Central Mudminnow (Umbra limi ) X X X X X X X X X X X X X
Common Carp (Cyprinus carpio) X X X X
lowa Darter (Etheostoma exile) X X X X
Largemouth Bass (Micropterus salmoides) X X X X X X X X X X X X X X X X X X X X X X X X X X X
Pumpkinseed Sunfish (Lepomis gibbosus) X X X X X X X X X X X X
Warmouth Sunfish (Lepomis gulosus) X X X X X X X X
Total SpeciesRichness 5 6 2 2 5 2 3 3 5 2 6 3 3 2 4 4 3 5 4 5 4 4 2 2 3 4 2 4 7
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