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Abstract

Freshwater fauna are particularly sensitive to environmental change and disturbance. Management agencies fre-

quently use fish and amphibian biodiversity as indicators of ecosystem health and a way to prioritize and assess

management strategies. Traditional aquatic bioassessment that relies on capture of organisms via nets, traps and

electrofishing gear typically has low detection probabilities for rare species and can injure individuals of protected

species. Our objective was to determine whether environmental DNA (eDNA) sampling and metabarcoding analysis

can be used to accurately measure species diversity in aquatic assemblages with differing structures. We manipu-

lated the density and relative abundance of eight fish and one amphibian species in replicated 206-L mesocosms.

Environmental DNA was filtered from water samples, and six mitochondrial gene fragments were Illumina-

sequenced to measure species diversity in each mesocosm. Metabarcoding detected all nine species in all treatment

replicates. Additionally, we found a modest, but positive relationship between species abundance and sequencing

read abundance. Our results illustrate the potential for eDNA sampling and metabarcoding approaches to improve

quantification of aquatic species diversity in natural environments and point the way towards using eDNA metabar-

coding as an index of macrofaunal species abundance.
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Introduction

Freshwater fishes and amphibians are particularly sensi-

tive to environmental change and disturbance (Brander

2007; Dudgeon 2010) and include many taxa that are in

global decline (Bruton 1995; Stuart et al. 2004). As a result

of such sensitivity, the status of local and regional fish

and amphibian biodiversity is a useful indicator of

changes in total regional biodiversity and ecosystem

health (Sala et al. 2005; Xenopoulos et al. 2005; Abell et al.

2008). Additionally, freshwater biodiversity, including

that of fishes and amphibians, has direct and indirect

value to environmental management agencies and the

general public (Giller et al. 2004; Sala et al. 2005). Man-

agement agencies frequently use assessments of aquatic

biodiversity to prioritize management actions and mea-

sure the effectiveness of management efforts (Bailey et al.

2004; Hubert & Quist 2010). Traditionally, aquatic bioas-

sessment has relied on capture or observations of organ-

isms via nets, traps or electrofishing gear (Murphy &

Willis 1996; Bonar et al. 2009). However, due to ineffi-

ciencies of underwater sampling and the mobility of

organisms, detection probabilities for rare species in

aquatic environments are frequently low (Bayley & Pet-

erson 2001; Mackenzie & Royle 2005). This limitation can

lead to incorrect conclusions that rare species are absent

when they are actually present (Gu & Swihart 2004).

Because rare species can contribute substantially to over-

all community richness (Williams 1964; Cao et al. 2001),

the potential for underestimating true species richness is

often high, unless sampling effort is more extensive than

is typically feasible (McDonald 2004; MacKenzie et al.

2005). Novel sampling methods that increase ‘detection
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per unit effort’, particularly for rare species, have the

potential to improve biodiversity estimates by decreas-

ing systematic errors in inference about species richness

resulting from low-detection probabilities for rare spe-

cies during capture-based sampling.

Noninvasive genetic sampling is any method of

collecting genetic material from biota with minimal

disturbance of the actual organism (Beja-Pereira et al.

2009). Environmental DNA (eDNA) sampling for macro-

organisms is a noninvasive genetic method, via the collec-

tion of water samples, that takes advantage of shed

cellular material suspended in aquatic environments to

detect the presence of organisms including rare taxa

(Ficetola et al. 2008; Jerde et al. 2011; Takahara et al. 2013).

Correspondingly, metabarcoding focuses on the analysis

of taxon richness using homologous genes from environ-

mental samples (Taberlet et al. 2012; Thomsen et al.

2012a). Synonyms include metagenetics, ecometagenetics,

metasytematics, ecogenomics and environmental barcod-

ing (Taberlet et al. 2012). Metabarcoding approaches are

commonly used in the assessment of microorganism spe-

cies richness but are just emerging as tools for the bioas-

sessment of aquatic macrofauna species richness.

Because eDNA persists in water for days to weeks

after organisms are removed from controlled experimen-

tal systems, it contains a catalog of species present in the

recent past (Dejean et al. 2011; Thomsen et al. 2012b;

Barnes et al. 2014). Previous research has illustrated that

qPCR and metabarcoding approaches can successfully

detect amphibian, fish, bird, insect, crustacean and mam-

mal taxa in freshwater (Thomsen et al. 2012b). Further-

more, eDNA-metabarcoding approaches have been used

successfully to detect eDNA from several species of mar-

ine fishes in natural seawater (Thomsen et al. 2012a) and

multiple families and genera of marine fishes in a 4.5-

million litre aquarium (Kelly et al. 2014). However, spe-

cies-level tests of the eDNA-metabarcoding approach

against comprehensively known communities have not

been reported, nor have previous studies been experi-

mentally replicated to test the reproducibility of species

detection.

To test the precision in measuring species diversity

from eDNA samples with metabarcoding, we conducted

a replicated mesocosm experiment designed to deter-

mine whether this approach can accurately quantify

aquatic biodiversity in known assemblages with differing

assemblage structures. Specifically, three research ques-

tions were investigated: (i) Can species richness be accu-

rately measured using eDNA metabarcoding in species

assemblages with differing species densities and relative

abundances? (ii) Is ultrasequencing read abundance posi-

tively related to species abundance? (iii) Which species

abundance estimator better predicts read abundance, the

number of individuals or the species biomass?

Methods

Experimental conditions

The experiment was conducted in twelve, 340-L, 1-m

diameter circular polyethylene tanks located inside an

isolated climate-controlled solarium at the University of

Notre Dame (Notre Dame, IN, USA). Prior to the experi-

ment, the solarium floor and walls, experimental tanks

and all equipments were decontaminated via a 10-min

exposure to 10% bleach solution (Prince & Andrus 1992).

A mean air temperature of 20.4 � 0.8 °C and natural

summer (August) photoperiod were maintained in the

solarium for the duration of the experiment. Experimen-

tal tanks were filled with 206 L of groundwater and vig-

orously aerated for the duration of the experiment. Each

tank was covered with 6 lm thick, clear, polyvinyl sheet-

ing to prevent evaporation and contain splashes. Water

quality was monitored daily for nitrate concentration,

nitrite concentration, ammonia concentration, dissolved

oxygen, pH and temperature. All water quality measure-

ments were found to be satisfactory for organisms dur-

ing the duration of the experiment.

Experimental design and sampling

The experimental design consisted of four experimental

treatments of assemblage structure, with three replicates

per treatment: (i) high total density and even relative

abundance, (ii) low total density and even relative abun-

dance, (iii) high total density and skewed relative abun-

dance and (iv) low total density and skewed relative

abundance. This crossed experimental treatment design

enabled evaluation of the effects of both density (high vs.

low) and relative abundance (even vs. skewed) on spe-

cies detection. Nine species of aquatic macrofauna were

included in each of the experimental treatments: fathead

minnow (Pimephales promelas), bluegill (Lepomis macrochi-

rus), common carp (Cyprinus carpio), white sucker (Cato-

stomus commersonii), central stoneroller (Campostoma

anomalum), eastern mosquitofish (Gambusia holbrooki),

creek chub (Semotilus atromaculatus), blackstripe topmin-

now (Fundulus notatus) and American bullfrog tadpole

(Rana catesbeiana). High-density treatments contained 90

total individuals per tank. Low-density treatments con-

tained 36 total individuals per tank. Treatments with

even relative abundances contained 10 (high density) or

4 (low density) individuals of each species. The relative

abundances of species for treatments with skewed rela-

tive abundances (Table 1) were chosen based on a log-

normal distribution that conformed to observed natural

occurring fish assemblages (Magurran & Henderson

2003). Individual fish or tadpoles from each mesocosm

were weighed (nearest 0.1 g) at the conclusion of each

experimental trial (Table 1).
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Study species were obtained from commercial sources.

Fathead minnow, bluegill and bullfrog tadpoles were

procured from Jones Fish Lake Management (Cincinnati,

OH, USA). White sucker, central stoneroller, blackstripe

topminnow and creek chub were procured from Jonah’s

Aquarium (Delaware, OH, USA). Eastern mosquitofish

were procured from Carolina Biological Supply Com-

pany (Burlington, NC, USA). Common carp were pro-

cured from Kloubec Koi Farm (Amana, IA, USA).

Prior to each experiment, each species was main-

tained in a room disconnected from the solarium, in sin-

gle-species tanks, for a minimum of 18 days. During that

time, all study organisms were fed daily to satiation with

frozen brine shrimp (Artemia spp.; San Francisco Bay

Brand Inc., Newark, CA, USA) and dried phytoplankton

flake food (Brine Shrimp Direct, Ogden, UT, USA). These

two diet items were chosen to avoid introducing foreign

fish or amphibian DNA into the quarantine tanks and

mesocosms. During the quarantine period, each single-

species tank was tested daily for the presence of bluegill

(Takahara et al. 2013) and common carp (Turner et al.

2014) eDNA using published qPCR assays to monitor the

degradation of eDNA from other species with which any

one species may previously have co-existed. We used

bluegill and common carp as indicators of these sources

of contamination and assume that the eDNA of other

species degraded at rates similar to those of bluegill and

common carp. This testing was performed to ensure that

the single-species tanks were indeed monocultures and

not contaminated with eDNA from other species and,

therefore, could be used to generate controlled meso-

cosm assemblages. Prior to moving the study organisms

to their experimental tanks, a 250-mL water sample was

collected in a Nalgene bottle (cleaned with 10% bleach

and then autoclaved prior to use) from each of the sin-

gle-species and experimental tanks. These initial water

samples were qPCR tested to ensure lack of bluegill and

common carp contamination of the experimental and

single-species tanks.

Experimental treatments were randomly assigned to

the experimental array of 10 tanks arranged in three

rows (3, 4 and 3 tanks per row) with 1.3 m separation

between each tank. Due to limited abundances of study

organisms and space, only two experimental replicates

of the four experimental treatments could be run concur-

rently. Therefore, the first experimental trial (Trial #1)

consisted of two full sets of replicates (eight experimen-

tal mesocosms) and two negative control tanks. The sec-

ond experimental trial (Trial #2) consisted of one set of

replicates (four experimental mesocosms) and six nega-

tive control tanks. Negative control tanks contained no

macrofauna and were maintained in the solarium for the

duration of the experiment. For the duration of the

experiment, dead study organisms were immediatelyT
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removed from the experimental tanks and replaced with

healthy individuals of the same species from the single-

species tanks to maintain treatment densities. All meso-

cosm tanks received a daily feeding of brine shrimp and

phytoplankton flakes for the duration of each experimen-

tal trial. In total, metabarcoding data were collected from

12 experimental mesocosms (three sets of replicates).

Five days after transferring the study organisms to the

experimental tanks, a single 250-mL water sample was

collected from each tank, including negative control

tanks. The 250-mL water samples collected from the neg-

ative control tanks were tested for evidence of cross-con-

tamination using the common carp and bluegill qPCR

assays. Metabarcoding data were collected from the 250-

mL water samples collected from the 12 experimental

mesocosms.

Sample processing and extraction

All water samples were vacuum-filtered, within 1 h of

collection, using bleach-decontaminated 300-mL filter

funnels onto 1.2-lm pore size IsoporeTM polycarbonate

membrane filters (EMD Millipore Corporation, Billerica,

MA, USA). Filters containing sample retentate were

placed in 2-mL microcentrifuge tubes containing 700 lL
of CTAB buffer (Coyne et al. 2005) and stored at �20 °C
until further processing. DNA was extracted from meso-

cosm and negative control tank samples using the same

methodology. Before beginning any molecular tech-

niques, counters were wiped with 10% bleach and pip-

ettes were wiped with DNA AWAY; filter tips were used

for all pipetting to further reduce contamination risks.

DNA extractions followed a CTAB protocol where chlo-

roform dissolves filters and DNA is precipitated in iso-

propanol and salt (Renshaw et al. 2015).

PCR preparation

As the ongoing focus of our metabarcoding research is

broadly based on fishes and amphibians, the design of

metabarcoding primer sets was conducted with this long-

term goal in mind. Additionally, assay design and valida-

tion occurred prior to the selection of the nine species that

are the focus for the current mesocosm experiment and,

as such, varied in potential mismatches across taxon

(Table S1, Supporting information). In total, six primer

sets targeting mitochondrial DNA (mtDNA) were utilized

for the metabarcoding assays in the current study: two

primer sets (L14735/H15149c and L2513/H2714) were

previously described in the literature (Burgener & H€ubner

1998; Kitano et al. 2007), while four primer sets were

designed de novo and are described here for the first time.

Design of the four de novo primer sets targeted conserved

regions as determined by two methods. For Ve16S,

sequences for the Vertebrata 16S were batch downloaded

(8207 sequences) from GenBank and potential primer

locations were identified by ecoPrimers (Riaz et al. 2011).

The default settings in ecoPrimers were used with the

exceptions that one mismatch was allowed for primer

matching, 90% of the input sequences had to match pro-

posed primer pairs, and the primer size was set at 21 bp

in length. For the other three de novo primer pairs,

sequences were downloaded from OGRE (Jameson et al.

2003) for the Actinopterygii 12S (Ac12S; 403 sequences),

Actinopterygii 16S (Ac16S; 403 sequences), and Amphibia

12S (Am12S; 82 sequences), aligned (CLUSTALW Multiple

alignment) and viewed in BIOEDIT (Hall 1999), and con-

served priming sites identified by manual visual search.

Sequences for all six primer sets are given in Table 2.

A 50-lL PCR volume was used for all six primer sets,

with a single reaction per sample per primer set

(Table 2). To reduce cross-contamination between sam-

ples, eight-tube strip tubes with individually attached lids

were used instead of 96-well plates. We used the follow-

ing recipe: 2.5 lL sterile water, 10 lL 59 high-fidelity

buffer (Bio-Rad, Hercules, CA, USA), 4 lL 10 mM dNTPs,

1.5 lL 50 mM MgCl2 (Bio-Rad), 10 lL 10 lM forward pri-

mer, 10 lL 10 lM reverse primer, 2 lL 2 U/lL iProof Taq

(Bio-Rad) and 10 lL DNA. All PCRs were performed

using a Mastercycler Pro S thermocycler (Eppendorf AG,

Hamburg, Germany). Annealing temperatures (AT) for

all primers are provided in Table 2. A ‘step-down’

cycling protocol was incorporated to allow for potential

mismatches across a range of taxa. Cycling conditions for

all primers were (i) 98 °C for 2 min; (ii) 98 °C for 10 s;

(iii) AT1 for 20 s; (iv) 72 °C for 30 s; (v) repeat steps 2–4
an additional nine times; (vi) 98 °C for 10 s; (vii) AT2 for

20 s; (viii) 72 °C for 30 s; (ix) repeat steps 6–8 an addi-

tional nine times; (x) 98 °C for 10 s; (xi) AT3 for 20 s; (xii)

72 °C for 30 s; (xiii) repeat steps 10–12 an additional 29

times; (xiv) 72 °C for 10 min; (xv) hold at 4 °C.
PCR products were run through a 2% agarose gel,

stained with ethidium bromide and visualized on a UV

light platform. For several primer sets, we observed

slight ‘smearing’ around the expected amplicon. There-

fore, to reduce sequencing of PCR artefacts, gel bands

were manually cut out with single-use razor blades,

cleaned with the QIAquick Gel Extraction Kit (Qiagen,

Hilden, Germany) and eluted from spin columns with

50 lL of Buffer EB. The DNA concentration of the elution

was quantified with the Qubit dsDNA BR Assay (Life

Technologies, Grand Island, NY, USA).

Illumina library preparation and MiSeq sequencing

Single-indexed Illumina libraries were prepared with the

TruSeq Nano DNA LT Sample Prep Kit (Illumina, San

Diego, CA, USA) per the manufacturer’s directions. The

© 2015 The Authors. Molecular Ecology Resources Published by John Wiley & Sons Ltd.
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suggested 200 ng input of DNA was approximated by

an input of PCR-amplified DNA from each marker at the

following amounts: Am12s at 31 ng, Ac12s at 37 ng,

Ac16s at 34 ng, Ve16s at 34 ng, L2513/H2714 at 31 ng

and L14735/H15149c at 37 ng, with the DNA from all

six markers combined per sample to be individually

indexed as one library and the total volume brought to

50 lL with the addition of resuspension buffer. A differ-

ent amount of each amplicon was included in each

library to account for anticipated PCR bias favouring

shorter amplicons during the subsequent PCR enrich-

ment step. Twelve individual libraries, one from each

experimental treatment (4) and replicate (3), were pooled

and submitted to the Notre Dame Genomics and Bioin-

formatics Core Facility (GBCF) for paired-end sequenc-

ing on one MiSeq flowcell using a v3 600 cycle kit. Prior

to sequencing, the GBCF checked library quality follow-

ing MiSeq recommendations.

Bioinformatic analysis

Demultiplexing of pooled samples was performed auto-

matically by the ILLUMINA MISEQ REPORTER 2.5 software based

on the 12 unique indices inserted during library prepara-

tion. Only reads with ≤1 nucleotide (nt) mismatch from an

expected index were retained. Using a custom Unix script,

forward and reverse reads were then demultiplexed fur-

ther based on the forward primer sequences inserted dur-

ing PCR. Only read pairs without mismatches from an

expected forward primer and with the primer occupying

the beginning of the read (50–30 orientation) were retained.

Using CLC GENOMIC WORKBENCH v7.0.3 (CLC Bio, Aarhus,

Denmark) for all subsequent steps, primers were trimmed

from all reads. Overlapping paired-end reads were merged

with a minimum score of 10, a mismatch cost of 2 and gap

cost of 3. Merged reads were trimmed to a minimum

length of 50 nt with a 0.011 quality limit (Phred score of

20). Additionally, trimming functioned to remove any

remaining TruSeq adapters. Finally, reads were assigned to

mesocosm species by mapping against a single custom ref-

erence list containing one reference sequence for each mar-

ker for each species. To create the list, a single individual

from each of the nine species was euthanized and DNA

extracted. All six target amplicons were PCR amplified,

Sanger sequenced and submitted to GenBank: Cam. anom-

alum (KM273807, KM282399, KM282460, KM434929,

KM435001, KM523267), Cat. commersonii (KM273808,

KM282400, KM282461, KM434930, KM435002, KM523268),

Cy. carpio (KM273814, KM282406, KM282467, KM434936,

KM435008, KM523272), F. notatus (KM273826, KM282416,

KM282478, KM434950, KM435019, KM523285), G. holbrooki

(KM273827, KM282417, KM282479, KM434951, KM435020,

KM523286), L. macrochirus (KM273836, KM282426,

KM282486, KM434959, KM435028, KM523292), P. promelasT
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(KM273855, KM282445, KM282503, KM434978, KM435047,

KM523310), R. catesbeiana (KM282504, KM434979,

KM435048, KM523312), and S. atromaculatus (KM282512,

KM434987, KM435055, KM523318). The only exceptions

were both 12S amplicons from the bullfrog tadpole, in

which case we relied on GenBank Accession NC_022696,

and both 12S amplicons from the creek chub, in which case

we relied on GenBank Accession AF_023199y. A read was

considered mapped if it met the following criteria: (i) cost

of 2, 3, 3 for mismatch, insertion and deletion, respectively,

(ii) 99% similarity across 100% of the read length and (iii)

mapped to only one species. The number of reads for each

primer set was recorded separately for each experimental

mesocosm for subsequent statistical analysis.

Statistical analysis

Neither the species specific nor the pooled read abun-

dance data from the 12 mesocosms (9 species 9 12 meso-

cosms = 108 data points) were normally distributed. We

were unable to sufficiently transform the data to normal-

ity using either a log or square-root transformation.

Therefore, we used robust multiple-modal (MM)-estima-

tion in the form of iteratively reweighted least squares

regression to identify data outliers and fit linear models

to the data. MM-estimation is a robust statistical estima-

tion technique that affords greater statistical power than

classic statistical approaches when applied to non-nor-

mal and heteroscedastic data (Yohai 1987; Erceg-Hurn

et al. 2013). Iteratively reweighted least squares regres-

sion identifies outliers in an iterative process that assigns

greater weight to central observations (data closely fit-

ting the model at each iteration), while farther observa-

tions are weighted less and observations with weights of

zero eliminated as outliers. The reweighting process uses

a bisquare redescending score function to retain the max-

imum fraction of outliers that the sample can contain

without corrupting the estimate (Yohai 1987). Iteratively

reweighted least squares regressions were completed

using the lmrob function within the R-package robust-

base. All statistical analyses were conducted in R 2.15.2

(R Core Team 2012). We evaluated the effect of taxa mor-

tality that occurred during the experiment on the bio-

mass vs. read abundance relationship by comparing the

results of the regressions when calculated with biomass

of standing stock and when calculated with cumulative

biomass (mass standing stock and mass of mortalities).

Results

Evaluation of contamination

No bluegill or common carp eDNA was detected during

the final testing from the quarantine tanks prior to each

experiment. Additionally, no eDNA was amplified from

the initial water samples collected from the empty meso-

cosm tanks (prior to populating with species). Quantita-

tive PCR testing of the eight negative control tanks

found only trace quantities of bluegill mtDNA in one

tank (1 copy/mL of tank water) and common carp

mtDNA in two tanks (1 and 2 copies/mL of tank water)

from the second experimental trial. The low quantity and

frequency of negative control tank DNA from these two

species suggests that cross-contamination among meso-

cosms was negligible. It is unlikely that such low

amounts of contamination could sufficiently bias the Illu-

mina sequencing data to produce the relationships

between biomass and read abundance we observed.

Potential bias in the results due to mismatches across

a range of taxon within primer sets was not likely as the

per cent identity across the nine species in the current

study [as evaluated within primer set (Table S1, Support-

ing information)], varied by <6% for four of the six meta-

barcoding primer sets (Ac12S, Ac16S, L2513/H2714 and

Ve16S). Additionally, mismatch potential and the coeffi-

cient of determination (r2) between read and biomass

numbers did not show a consistent trend. For example,

the primer set with the largest mismatch potential,

L14735/H15149c, had the highest r2 between the read

and biomass numbers, while the primer set with the

smallest mismatch potential, Ac12S, had the second

highest r2 between read and biomass numbers.

Species detection

All fish and amphibian species were detected in all treat-

ments and all mesocosms. Our approach accurately mea-

sured the species richness of each species assemblage

irrespective of differences in the relative abundances and

densities of the constituent species.

The accuracy of species richness measurement varied

with primer selection. The number of species detected

per mesocosm differed among the six primer sets both

within and among mesocosms. In our experimental tri-

als, we detected the full species richness (nine species) in

all 12 mesocosms using either the Ac16S or the L2513/

H2714 primer sets. The other four primer sets measured

at least six of the nine species in each of the 12 meso-

cosms. Eastern mosquitofish was the most commonly

undetected species in the 12 mesocosms, failing to be

detected in one mesocosm by the L14912/H15149c pri-

mer set, in two mesocosms by the Ac12S primer set and

in nine mesocosms by the Ve16S primer set (Table S2,

Supporting information). Bullfrog tadpole was not

detected in two of the 12 mesocosms by the L14912/

H15149c primer set and in three mesocosms by the

Am12S primer set (Table S2, Supporting information).

Blackstripe topminnow was not detected in three of the
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12 mesocosms by the L14912/H15149c primer set (Table

S2, Supporting information) and white sucker was not

detected in one mesocosm by the L14912/H15149c pri-

mer set (Table S2, Supporting information). Excluding

the Ac16S and L2513/H2714 primer sets, a minimum of

three of the remaining four primer sets was needed to

detect all species in all mesocosms.

Raw read counts from the single MiSeq run were nor-

mally distributed across libraries (Shapiro–Wilk

test = 0.934, P = 0.424). Read abundances for each of the

six primer sets ranged from 0 to 92 678 per species per

mesocosm (Tables S3–S8, Supporting information). In the

skewed abundance mesocosms, the highest abundance

species (fathead minnow) in each mesocosm had the

greatest number of reads for only one (L2513/H2714) of

the six primer sets (Tables S3–S8, Supporting informa-

tion). A wide range in the number of reads for each spe-

cies was observed for each of the six primer sets within

the even abundance mesocosms (Tables S3–S8, Support-
ing information).

When analysing the pooled data, we detected signifi-

cant relationships between (i) species biomass and read

abundance for all six primer sets (Fig. 1) and (ii) the num-

ber of individuals and read abundance for five of the six

primer sets (Fig. 2). Comparison of the r2 between the two

data sets indicated that species biomass (Fig. 1) had more

explanatory power than species abundance (Fig. 2) for

predicting read abundance for five of the six primer sets.

We found the biomass vs. reads regressions to be robust

to mortality that occurred during the experiment (Table

S9, Supporting information). Both cumulative biomass vs.

read abundance (Fig. S1, Supporting information) and

standing stock biomass vs. read abundance (Fig. 1) illus-

trated significant positive relationships with a similar r2.

Among the six primer sets, the number of species with

significant relationships ranged from five to eight of the

species (Figs 3 and S2–S6, Supporting information). The

species that did not show significant linear relationships

between species biomass and read abundance varied

among the six primer sets with no consistent pattern.

Discussion

Our overall objective was to determine the efficacy of

using a metabarcoding approach for eDNA samples to

measure fish and amphibian species diversity in repli-

cated mesocosms with known and differing assemblage

structures. This mesocosm experiment allowed us to

evaluate (i) the ability of eDNA metabarcoding to detect

the array of vertebrate species placed into the meso-

cosms, (ii) the effects of skewed species relative abun-

dances and densities on species detection, and (iii) the

effects of species abundance and biomass on the number

of sequenced reads attributable to each species.

Our results illustrate that the eDNA-metabarcoding

approach employed in this study is capable of (i)

detecting all nine vertebrates species placed into the

mesocosm, and (ii) accurately measuring species rich-

ness of high- and low-density species assemblages

with even and skewed relative species abundances.

Previous research has suggested that limitations in

sequencing depth, differential DNA shedding rates,

and preferential PCR amplification have the potential

to directionally bias estimates of species richness from

eDNA samples (Adams et al. 2013; Deagle et al. 2013;

Kelly et al. 2014). Our results suggest that in low to

moderately diverse macrofauna species assemblages

under mesocosm conditions, rarer species in communi-

ties with skewed species abundances can still be

detected when analysed via a combined suite of mark-

ers. Moreover, our results are consistent with previous

findings that indicate primer selection can influence

species detection results. Preferential PCR amplification

of bony fishes was suggested as a reason for the failed

detection of cartilaginous fishes and sea turtles in a

previous mesocosm experiment that utilized an eDNA-

metabarcoding approach (Kelly et al. 2014). Similarly,

barcode sequence cluster recovery from diverse arthro-

pod samples has been found to be much lower for

individual primer sets than when using a combined

suite of 11 primer sets (Gibson et al. 2014). In our

study, we found that only two of the six primer sets

individually detected all of the species present in all

of the mesocosms. The L14912/H15149c primer set

most commonly failed to detect multiple species in

each of the mesocosms. The frequent failure of the

L14912/H15149c primer set to detect species may in

part be a result of lower total read abundance of the

primer set relative to the five other primer sets (Tables

S3–S8, Supporting information).

Although we did not have a large gradient in num-

ber of individuals of each species, our results for some

primers are consistent with other research suggesting

lower detectability of rarer species with metabarcoding

approaches (Adams et al. 2013; Deagle et al. 2013;

Kelly et al. 2014). For some primer sets, a greater per-

centage of species was detected in the treatments with

even relative abundances than in the treatments with

skewed abundances. Within the skewed relative abun-

dance treatments, we failed to detect lower relative

abundance species (eastern mosquitofish, white sucker

and bullfrog tadpole) more frequently than moderate

abundance species (blackstripe topminnow). However,

all primer sets detected the high-abundance species in

all mesocosms. These results may suggest the potential

for high-abundance species to ‘mask’ detection of low-

abundance species under some conditions with some

primer sets.
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Such ‘species masking’ could potentially result from

multiple interacting mechanisms including: (i) PCR bias

towards templates that are more abundant in DNA

extracts, (ii) sequencing bias towards amplicons that are

more abundant in PCR product, or (iii) lower collection

probability for templates that are less abundant in envi-

ronmental water samples. Previous research on micro-

bial communities has illustrated a similar pattern, where

rare species are missed due to limitations in sequencing

depth (Adams et al. 2013). Contrary to the effects of rela-

tive abundance on species detection, relative biomass of

species does not appear to strongly influence the detec-

tion of species. Species that were not detected were not

always those with the lowest biomass in the mesocosms.

In some mesocosms, the species with the 3rd to 6th great-

est rank biomasses were the only ones not detected.

However, these moderate biomass species were also

present in low relative abundances. This result, in addi-

tion to research illustrating differences in eDNA produc-

tion rates between juvenile and adult fish (Maruyama

et al. 2014; Klymus et al. 2015), suggests a potential inter-

action between relative abundance (i.e. number of
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Fig. 1 Iteratively reweighted least square regressions of standing stock biomass of all species combined (g) and read abundance of all

species combined (number of mapped reads) for each of the six primer sets. Iteratively reweighted least square regression analysis

results in fitting the linear model to reweighted data (closed points) exclusive of outliers (open points). Data pooled from all mesocosms

(n = 108).
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individuals) and relative biomass that affects eDNA pro-

duction rates and, therefore, detectability of species

when using metabarcoding approaches.

In addition to successfully measuring the species rich-

ness of our mesocosms, we observed a positive relation-

ship between species abundance and sequence read

abundance. This supports previous laboratory (Pora-

zinska et al. 2010; Thomsen et al. 2012b) and field studies

(Takahara et al. 2012; Pilliod et al. 2013; Jane et al. 2015)

that denote a positive relationship between species abun-

dance and eDNA concentration. However, the relation-

ship between species abundance and read abundance

was modest (r2 range, 0.30–0.65). The high variability

within the relationship could result from differences

among species in eDNA production or from a disconnect

between read abundance and eDNA concentration that

results from error introduced during PCR, PCR cleanup,

library preparation and library normalization for

sequencing (Amend et al. 2010; Porazinska et al. 2010;

Murray et al. 2011). For our study system, species bio-

mass was a better predictor of read abundance than the

number of individuals. However, our results are incon-

0

5

10

15

20

25

30

35

40

45
Ac16S

*P < 0.01

0

2

4

6

8

10

12
Ac12S

*P < 0.001
r2 = 0.65

r2 = 0.27

r2 = 0.41 r2 = 0.54

r2 = 0.30

r2 = 0.54

0

10

20

30

40

50

60

70

80

90

100
Am16S
P = 0.21

0

1

2

3

4

5

6

7 L14912/H15149c
*P < 0.01

0

10

20

30

40

50

60

0 10 20 30 40 50 60

Ve16S
*P < 0.001

0

10

20

30

40

50

60

70

0 10 20 30 40 50 60

L2513/H2714
*P < 0.001

Number of individuals

N
um

be
r o

f r
ea

ds
 (x

 1
,0

00
)

Fig. 2 Iteratively reweighted least square regressions of abundance of all species combined (number of individuals) and read abun-

dance of all species combined (number of mapped reads) for each of the six primer sets. Iteratively reweighted least square regression

analysis results in fitting the linear model to reweighted data (closed points) exclusive of outliers (open points). Data pooled from all

mesocosms (n = 108).
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sistent with previous research that found a positive lin-

ear relationship between rank biomass and rank read

abundance using a metabarcoding approach (Kelly et al.

2014). In our experimental mesocosms, the species with

the lowest biomass in the mesocosm was frequently, but

not always, the species with the lowest number of reads.

Similarly, the species with the greatest biomass in the

mesocosm was frequently, but not always, the species

with the greatest number of reads. The rank read abun-

dance of species with intermediate biomasses in the mes-

ocosms frequently did not correspond to rank biomass.

Therefore, our results suggest a more complex relation-

ship. A number of interacting factors may be responsible

for the deviation in the relationship between linear rank

species biomass and rank read abundance. It is not well

understood how species traits such as body size, activity

level, metabolism and susceptibility to stress may affect

eDNA production. We also assumed that eDNA of all

species was homogeneously distributed within each

mesocosm tank. We believe this assumption was reason-

able because water was well circulated through aeration

from bottom to top within each mesocosm for the dura-

tion of the experimental trials. However, homogeneous

distributions may be less likely in natural ecosystems

(Turner et al. 2015).

Positive detection of the entire species assemblage in

each of the mesocosms advances practical bioassessment

by illustrating the potential for estimation of species rich-

ness via eDNA-metabarcoding approaches. Our success-

ful measurement of the complete species assemblages in

all of the mesocosms by only two of the six primer sets

suggests that it may be necessary to utilize multiple pri-

mer sets when attempting to estimate the entire species

richness of natural communities. However, our results

also suggest that it may be possible to utilize a relatively

small suite of primer sets to successful quantify species

richness in diverse communities.

The experimental design and negative controls

employed in our experiment enabled us to detect signifi-

cant positive relationships between species biomass and

read abundance. However, the field of eDNA-metabar-

coding research is rapidly developing and recently pub-

lished literature has indicated the importance of

including additional contamination controls in metabar-

coding studies (Bohmann et al. 2014; Rees et al. 2014;

Thomsen & Willerslev 2015). Among published eDNA

studies, considerable variation is apparent in the types

and abundance of samples used to control spurious

effects (Rees et al. 2014). Due to the inherently sporadic

occurrence of DNA contamination (Champlot et al. 2010;
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Fig. 3 Iteratively reweighted least square regressions of standing stock biomass (g) and read abundance (number of mapped reads) for

each species for the Am12s primer (see Figs S1–S5, Supporting information for additional primers]. Iteratively reweighted least square

regression analysis results in fitting the linear model to reweighted data (closed points) exclusive of outliers (open points). Data pooled

by species from each of the independent mesocosms (n = 12).

© 2015 The Authors. Molecular Ecology Resources Published by John Wiley & Sons Ltd.

38 N. T . EVANS ET AL .



Erlwein et al. 2011; Tuke et al. 2011), experimental

designs should include multiple negative controls

throughout the entire experimental process. Moreover,

recent literature suggests that it may be important to

sequence negative controls even when there is no PCR

product visible in gel electrophoresis (Nguyen et al.

2015; Schnell et al. 2015). Some laboraotory-derived con-

tamination is nearly inevitable with high-throughput

sequencing technologies, making authentication of taxa

detections essential (Thomsen & Willerslev 2015). Both

Nguyen et al. (2015) and Schnell et al. (2015) recently

illustrated that Illumina sequencing of eDNA-derived

metabarcoding PCR amplicons detects target species

contamination in negative controls despite no visible

PCR product in gel electrophoresis. Our experimental

design included negative control tanks during the exper-

imental trials; however, we did not use our metabarcod-

ing primers to amplify all the negative controls because

our qPCR testing provided evidence that contamination

was uncommon in the mesocosm experiment and, there-

fore, an unlikely source of bias in the species biomass

and read abundance relationships.

Our analysis of the relationship between species abun-

dance and read abundance illustrates the potential and

limitations of estimation of relative species abundance

frommetabarcoding sequence data. The positive relation-

ship between species biomass and read abundance for

the pooled mesocosm data indicates that it may be possi-

ble to estimate the relative biomass of species within a

controlled species assemblage. However, the relatively

weak relationship with high levels of unexplained varia-

tion in these small controlled mesocosms suggests that, at

best, it will be challenging, and in practice may not be

possible, to derive statistically significant relationships

between biomass and read abundance in more complex

natural ecosystems. Thus, our mesocosm-level results

illustrate the potential for eDNA sampling and metabar-

coding approaches in biological community assessment

surveys that seek to determine the identities of the organ-

isms present in the community. However, estimation of

relative abundance of species from read abundance

may not be practical with current approaches.

Traditional capture-based aquatic bioassessment

approaches employed by management agencies for use

in prioritizing management actions and evaluating eco-

logical impacts are labour intensive and inherently lim-

ited in the effectiveness with which they detect rare

species. The results of our experiment indicate that

eDNA-metabarcoding approaches may improve the

effectiveness and efficiency of aquatic bioassessment by

increasing detection, per unit effort, of rare and low-

abundance species. Therefore, our study represents a

potential advancement for ecological assessment and

natural resource management by illustrating how eDNA

can be used to measure species richness in macrofaunal

assemblages.

Our findings also emphasize the need for addi-

tional research on the effects of species characteristics

and life history traits that may affect eDNA produc-

tion rates to better understand the relationship

between species abundance/biomass and read abun-

dance. Future mesocosm experiments that include

additional phylogenetically similar and more diverse

species would provide a means to test the ability of

metabarcoding approaches to quantify species richness

and abundance in more complex ecosystems. A key

next step will then be to apply these new approaches

to measuring species richness in natural field commu-

nities. Regardless, our study illustrates the potential

of eDNA sampling to significantly advance bioassess-

ment of natural ecosystems and fundamental ecologi-

cal research.
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