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Abstract

In recent years, biodiversity loss has become one of the most serious environmental issues worldwide, especially in aquatic
ecosystems. To avoid diversity loss, it is necessary to monitor biological communities, and environmental DNA (eDNA)
metabarcoding has been developed as a rapid, noninvasive, and cost-effective method for aquatic biodiversity monitoring.
Although this method has been applied to various environments and taxa, a detailed assessment of the efficient sampling
methods for monitoring is still required. In this study, we explored eDNA metabarcoding sampling methods for fish at a
single site to maximize the number of detected species using realistic effort in a natural, small river. We considered the fol-
lowing three parameters: sample type (water or sediment), sample position at a site (right and left shore and center of the
river), and water volume (10—4000 mL). The results suggested that the number of detected species from sedimentary eDNA
was equivalent to that from aqueous eDNA, although the species composition was different. The number of detected species
could be saturated by collecting a 1000 mL water sample, regardless of sampling position within a survey site. However,
sedimentary eDNA showed a spatially heterogeneous species composition between sampling positions within a survey site
despite the short distance (5 m) between positions, without apparent differences in physical properties such as velocity and
sediment particle distribution. By completing eDNA biodiversity monitoring of fish with 1000 mL water samples across
the whole river, we detected more fish species than in previous traditional surveys conducted at the same sites. Thus, the
aqueous eDNA metabarcoding method is as efficient as traditional surveys, while sedimentary eDNA metabarcoding could
complement the results of aqueous eDNA metabarcoding.
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Introduction

Biodiversity loss is a major environmental concern (Butchart
et al. 2010), and a particularly critical issue in freshwater
environments (Dudgeon et al. 2006; WWF 2018). For bio-
diversity conservation, rapid and noninvasive underwater
Electronic supplementary material The online version of this biomonitoring methods are required (Dudgeon et al. 2006)
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supplementary material, which is available to authorized users. results (e.g., types and numbers of fish species collected)
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may vary depending on the skill levels of investigators and
survey tools used.

Environmental DNA (eDNA) metabarcoding is a rapid
and noninvasive method that is also cost-effective (Valentini
et al. 2016; Bista et al. 2017; Deiner et al. 2017; Yamamoto
et al. 2017). Especially for freshwater fish species, eDNA
metabarcoding reveals comparable or more fish species than
traditional surveys (Hénfling et al. 2016; Shaw et al. 2016;
Nakagawa et al. 2018). However, the maximization of spe-
cies detection in each ecosystem has not been fully assessed,
although some studies have started (Evans et al. 2017; Hay-
ami et al. 2020).

To improve the detection capability of eDNA metabar-
coding within a single site, the amount of DNA in a sample
is important (Schultz and Lance 2015). In general, the larger
the amount of water sampled, the greater the number of spe-
cies detected (Miya et al. 2016). However, a large volume of
water causes difficulties such as a long filtration time in the
laboratory, heavy samples to transport, or both. Additionally,
large volumes of turbid water are difficult to sift owing to the
clogging of the filters. Therefore, it is necessary to explore
the appropriate volume of water samples.

Sedimentary eDNA (eDNA included in the sediment),
which has a lower decay rate and includes higher concen-
trations of fish eDNA than aqueous eDNA, is considered
a potential alternative medium for eDNA studies (Turner
et al. 2015; Sakata et al. 2020). However, only a few stud-
ies have been conducted on eDNA metabarcoding for fish
species using sediment samples (Shaw et al. 2016; Sakata
et al. 2020). Moreover, the heterogeneity of detected species
among replications and the small spatial differences within
sampling sites have rarely been investigated in both aqueous
and sedimentary eDNA studies. Therefore, to increase detec-
tion capability, these factors need to be examined within
a single site. In addition, when biodiversity monitoring is
carried out in a large survey area, economizing the sam-
pling effort by considering the number of sampling sites
will improve the effectiveness of eDNA biomonitoring.
Therefore, to improve eDNA metabarcoding effectiveness,
sampling methods and number of sampling sites need to be
examined for each ecosystem.

In this study, we investigated an effective sampling
method for eDNA metabarcoding by considering three
parameters (sample type, sampling position, and filtered
water volume) in the Koide River watershed, and assessed
the effectiveness of biomonitoring using eDNA metabarcod-
ing with a determined sampling method. We investigated
the effects of these parameters on the number of species
detected by eDNA metabarcoding to determine the most
effective sampling method for each site. To compare the
results of eDNA metabarcoding with those of traditional
surveys previously conducted along the whole river, we per-
formed eDNA surveys at the traditional survey performed
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sites. Finally, we discussed the number of sampling sites
required to perform effective biomonitoring using eDNA
metabarcoding.

Materials and methods
Field sample collection and filtration

A field survey was conducted in the Koide River water-
shed, which flows through Kanagawa Prefecture, Japan
(Fig. 1). On August 3, 2017, water and sediment samples
were collected for eDNA analysis. To determine the sam-
pling method for this river in relation to sample type, sam-
ple position, and filtered water volume, we collected water
and sediment samples from three transverse positions at
site C at approximately 5-m intervals on the left and right
shore and the center of the stream (Left, Right, and Center,
respectively; Fig. 1). These three positions were selected for
two reasons: (1) the difference in the physical environment
between the center and shores, and (2) the difference in habi-
tat preference for each fish species. Site C, which is located
at the center of the study area, was chosen for our initial
investigation because (1) it shows a typical riverscape of the
surveyed river in terms of its environmental features such as
vegetation and shape of the river; (2) it is far from the estu-
ary and, therefore, should not be affected by marine fish, and
(3) sites upstream of site C seem to be unsuitable for method
comparisons because of the low fish species number owing
to the lack of vegetation. At this site, the river width was
10 m, and shoreside vegetation on both sides consisted of
similar emerging plants.

We measured the physical properties (pH, DO, water tem-
perature, velocity, and sediment particle distribution) using
a water quality meter (model WQC-24; TOA-DDK, Japan)
and an electromagnetic current meter (model AEM-1D; JFE
Advantech, Japan) at each position on July 31, 2020. The
sediment particle size distribution was measured according
to the test method for particle size distribution of soils “JIS
A1204” (Japanese Industrial Standards Committee 2009).

At each position, approximately 8 L of surface water
was collected using a plastic bottle. Benzalkonium chlo-
ride (0.1% final concentration) was added to each sample
and mixed to prevent eDNA degradation (Yamanaka et al.
2017). After mixing well, each water sample was then dis-
pensed into six subsamples of 10, 100, 500, 1000, 2000, and
4000 mL for the filtered water volume evaluation. To moni-
tor potential contamination during the filtration and eDNA
extraction process, 1000 mL of distilled water was processed
in the same way as the samples (negative control).

In addition, to compare sample types, 50 g of sediment
was also collected at the same positions as water samples in
Site C. Sediment samples were scooped from the surface of
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Fig. 1 Survey area map. All samples were collected from the Koide
River watershed, Kanagawa Prefecture, Japan. Red points show sam-
pling sites and letters indicate site ID. Left, Right, and Center repre-

the river bottom using a 50-mL tube and subsequently sepa-
rated into five subsamples (9 g each) from one bulk sample
(a total of 15 subsamples). The sediment samples primar-
ily consisted of mud. All sediment samples were stored at
— 25 °C until DNA extraction.

To compare the fish monitoring performance between
eDNA metabarcoding and traditional surveys, 1000 mL of
surface water were collected from 11 sites at various loca-
tions along the river (Fig. 1), and previously collected tradi-
tional survey data were obtained (Kimura et al. 2015). This
traditional survey was performed with constant capture
efforts from downstream to upstream in a 50-m section per
site. A 50-min survey with four people was conducted at
each site using hand, casting, and scoop nets.

After water collection, benzalkonium chloride was
added to a final concentration of 0.1%. Within 24 h of
sampling, all water samples were filtered using glass-fiber

sent sample positions within site C. The traditional survey was per-
formed at all eDNA sampling sites in a previous study

filters with a nominal pore size of 0.7 pm (GF/F; GE
Healthcare, Chicago, IL, USA) in a dedicated eDNA
laboratory at Kobe University (Kobe, Japan). To avoid
cross-contamination, reverse osmosis membrane water
(manufactured water by Elix Essential UV; Merck, Japan)
was filtered as an equipment blank. Filters were stored at
— 25 °C until DNA extraction.

When handling water and sediment samples, the collec-
tion bottles, tweezers, filter funnels, and filter holders used
were decontaminated with chlorine bleach (0.1% effective
chlorine concentration) to prevent cross-contamination
among samples (The eDNA Society 2019). Disposable
gloves were worn during all procedures to minimize the
risk of contamination.
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eDNA extraction

The aqueous eDNA on the filters (eDNA from water sam-
ples) was extracted using Salivette (Sarstedt, Niimbrecht,
Germany) and DNeasy Blood & Tissue Kit (Qiagen, Hilden,
Germany) and stored at — 25 °C according to previously
described methods (Minamoto et al. 2019). Briefly, the
Salivette tubes were incubated at 56 °C for 30 min, and
after incubation, the tubes were centrifuged at 3000xg for
3 min to collect the DNA. To increase DNA yield, 300 pL.
of Tris—EDTA (TE) buffer was added to the filters and re-
centrifuged at 3000xg for 1 min. The collected DNA was
purified using the DNeasy Blood & Tissue Kit (Qiagen)
according to the manufacturer’s protocol. The extracted
DNA samples (100 pL) were stored at — 25 °C until the
PCR assay.

Extraction of sedimentary eDNA was performed follow-
ing a previous method with minor modifications (Sakata
et al. 2020). Sedimentary eDNA was extracted from 9 g
sediment samples by combining alkaline DNA extrac-
tion (Kouduka et al. 2012) with ethanol precipitation and
a fecal/soil DNA extraction kit (PowerSoil DNA Isolation
Kit; Qiagen). A DNA enhancer (G2 DNA/RNA Enhancer;
Ampligon, Odense, Denmark) was added during extraction
(Jacobsen et al. 2018). Additionally, to detect cross-contami-
nation, 9 mL ultra-pure water was used as a negative control
and treated in the same way as the sediment samples. The
final volume of eDNA was 100 pL for both sample types. All
tools used were decontaminated with chlorine bleach (0.1%
effective chlorine concentration).

Next-generation sequencing library preparation
and bioinformatics

To investigate fish species composition, eDNA metabar-
coding was performed with MiFish-U primers (forward:
5-ACACTCTTTCCCTACACGACGCTCTTCCGATCT
NNNNNNGTCGGTAAAACTCGTGCCAGC-3', reverse:
5'-GTGACTGGAGTTCAG ACGTGTGCTCTTCCGATC
TNNNNNNCATAGTGGGGTATCTAATCCCAGTTTG-3"),
which are universal primers for fish species targeting the 12S
rRNA region (Miya et al. 2015). Six random bases were used
to enhance cluster separation on the flow cells during initial
base call calibrations on the MiSeq platform. The follow-
ing six-step procedure was carried out according to Sakata
et al. (2020): (1) first-round PCR (first PCR) was followed
by purification using the SPRIselect Reagent Kit (Beckman
Coulter, Brea, CA, USA); (2) quantification of purified DNA
was performed using a Qubit dsSDNA HS assay kit and a
Qubit fluorometer 3.0 (ThermoFisher Scientific, Waltham,
MA, USA); (3) the second PCR was run; (4) DNA size
selection was carried out by electrophoresis using E-Gel Siz-
eSelect 2% (ThermoFisher Scientific) and the E-Gel Precast
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Agarose Electrophoresis System (ThermoFisher Scientific);
(5) the size distribution of amplicons was confirmed using
an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA); (6) the library was sequenced using an
Illumina MiSeq v2 Reagent kit for 2 X 150 bp paired end
(Illumina, San Diego, CA, USA).

MiSeq raw reads were preprocessed and analyzed using
USEARCH v. 10.0.240 (Edgar 2010) under the same condi-
tions as those described by Sakata et al. (2020). After data
preprocessing and analysis, we performed the following spe-
cies processing, which included two steps: (1) reads assigned
to fish species that were detected in both samples and nega-
tive controls were regarded as possible contamination, and
the number of species reads detected in the negative controls
(i.e., filtration blanks or PCR blanks) was subtracted from
the corresponding samples; (2) saltwater fish and migra-
tory salmonid fish DNA was judged as contamination from
drainage, and those were excluded because those species
did not inhabit the Koide River watershed. For all samples,
MiSeq sequencing depth was sufficient to detect fish species
because the number of species was saturated (Figs. S1, S2,
and S3).

Statistical analysis

All analyses were performed in R v. 3.6.0 (R Core Team
2019) using the “vegan” package v. 2.5-5 and “exactRank-
Tests” package v. 0.8-30. The read data were converted to
presence/absence of each species for all analyses. First, to
verify different fish species compositions between sampling
positions within aqueous or sedimentary eDNA, non-metric
multidimensional scaling (NMDS) was performed with “jac-
card index” and 10,000 permutations. In addition, permu-
tational multivariate analysis of variance (PERMANOVA)
was performed with “jaccard index” and 10,000 permuta-
tions using the “adonis” function. Next, to compare the
change in number of species owing to the difference in fil-
tered water volume, ANOVA and a post hoc Tukey—Kramer
test were performed. To compare the number of species
between the 1000 mL water samples and sediment samples,
a Wilcoxon test was performed. In this analysis, samples
collected from the three positions at site C were regarded as
three replicates at this site because the fish species composi-
tion detected by aqueous eDNA did not change depending on
the water sampling position at this site (Fig. S4). In addition,
samples with less than 1000 mL filtered water volume were
excluded because those samples should have low confidence
(see “Results”).

Wilcoxon signed rank test was performed to compare
detected fish species between the whole river aqueous eDNA
survey and traditional survey. All graphs were plotted with
the "ggplot2" package v. 3.1.1.



Limnology (2021) 22:221-235

225

Finally, we explored the number of sampling sites that
would be sufficient to detect fish fauna in this study river.
First, we classified the survey sites based on detected fish
communities using nonhierarchical cluster analysis with the
k-mean method (“pam” function in package “cluster”). Sec-
ond, because sampling sites were classified into two clus-
ters (see “Results”; cluster 1 included sites A, G, and H;
cluster 2 included all the other sites; Fig. S5), the detected
fish community structures were visualized by Venn diagram
(“venn.diagram” function in “VennDiagram” package), and
fish community structures between the two clusters were
compared. Finally, because the fish composition of cluster
1 (minor cluster) was contained in that of cluster 2 (major
cluster; Fig. S6), we used species accumulation curves to
compare the detected number of species to cumulative the
number of sampling sites using cluster 2 only (“specaccum”
function in “vegan” package with 1000 permutations).

Results

Atssite C, the physical properties were similar between sam-
pling positions, except for velocity and sediment particle size
distribution. At the center, velocity was faster (Table S1A)
and sediment particles were larger than those at both shores
(Table S1B; Fig. S7).

To determine the sampling method at a single site,
1,762,797 and 1,918,090 raw reads were obtained for aque-
ous and sedimentary eDNA, respectively, from explora-
tions at site C. After the bioinformatics processing steps
(see “Materials and methods™), 1,276,817 and 1,416,482
reads were retained, respectively, corresponding to 73.17%
of the total reads. Using aqueous and sedimentary eDNA, 57
and 88 fish species were detected, respectively, from which
30 and 34 species, respectively, of freshwater and brackish
water fish were used for further analysis (Tables 1 and 2).

For aqueous eDNA, the number of species from eDNA
metabarcoding increased with water volume. However,
the number of detected species did not increase signifi-
cantly at more than 1000 mL [ANOVA: p <0.05, post
hoc Tukey—Kramer test: p>0.05 (among 1000, 2000, and
4000 mL); Fig. 2]. NMDS showed a difference in compo-
sition by water volume (PERMANOVA: p <0.01; Fig. 3).
However, when only 1000, 2000, and 4000 mL samples
were analyzed, there was no significant difference in spe-
cies composition (PERMANOVA: p > 0.05; data not shown).
Additionally, results did not show any significant difference
related to sampling position (PERMANOVA: p > 0.05;
Fig. S4). Meanwhile, the number of species from sedimen-
tary eDNA metabarcoding differed among sampling posi-
tions (ANOVA: p <0.05; Fig. 4), with the highest number
of species observed at the right position (Tukey—Kramer
test: p<0.05; Fig. 4), and species composition showing

a difference with sampling position in NMDS (PER-
MANOVA: p <0.001; Fig. 5). Moreover, species composi-
tion significantly differed between aqueous and sedimen-
tary eDNA (PERMANOVA: p <0.05; Fig. S8; Table 3).
However, the detected number of species was equivalent
between sedimentary eDNA and aqueous eDNA (Wilcoxon
test: p>0.05; Table 3).

For the whole river, 1,107,750 MiSeq reads were
obtained. After the bioinformatics processing steps, 816,807
reads were retained, corresponding to 73.7% of the total
reads. Aqueous eDNA detected 68 fish species across the
whole river and, after species processing, 33 species were
used for analysis (Table 4). Our comparison of these results
with those of traditional surveys indicated that eDNA analy-
sis detected more species than the traditional survey (Wil-
coxon signed rank test: p <0.001; Fig. 6; Table 4).

All survey sites were classified into two clusters using
nonhierarchical cluster analysis with the k-means method:
cluster 1 included sites A, G, and H, while cluster 2 included
all other sites (Fig. S5). The Venn diagram showed that the
fish community structure of cluster 2 encompassed that
of cluster 1 (Fig. S6). Moreover, the species accumula-
tion curve showed that the average cumulative number of
detected species reached 95% of all species detected by
eDNA metabarcoding after sampling at six sites (Fig. 7).

Discussion

In this study, we showed the effect of filtered water vol-
ume, sampling position, and sample type on metabarcoding
results within a single site. Based on our results, 1000 mL
of water is considered sufficient for fish monitoring in this
river, which is inhabited by dozens of fish species. Regarding
the number of required sampling sites, the average cumula-
tive number of detected species reached 95% of all species
detected by eDNA metabarcoding by taking six samples
within the major cluster. In addition, the detected number
of species in sedimentary eDNA was equivalent to that of
aqueous eDNA. However, sedimentary eDNA showed spa-
tially heterogeneous species composition despite the short
distance among sampling positions.

Biodiversity monitoring results from aqueous eDNA
metabarcoding were consistent between sampling positions
at a single site (site C). Using aqueous eDNA, there was no
significant difference in fish species composition between
sampling positions at the same site despite the difference in
velocity and sediment particle size distribution between the
center and shores (Fig. S4; Table S1). Therefore, aqueous
eDNA may have a spatially homogeneous distribution; how-
ever, additional validation using more number of samples
will be required to make this result more robust. In com-
parison, sedimentary eDNA showed significant differences
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Table 1 Number of fish species reads obtained from aqueous eDNA metabarcoding

Filtered water volume (mL) 10 100 500 1000 2000 4000 10 100 500 1000
Species name/sample position® L L L L L L C C C C
Anguilla japonica 0 0 0 0 0 175 0 0 0 18
Carassius spp. 9207 16411 16,244 17,896 10,536 34,610 29,005 15,650 9195 8687
Ctenopharyngodon idella 0 0 0 0 0 0 0 0 0 0
Cyprinus carpio 35915 18,767 22,743 31,176 14,520 47,424 14,423 22,879 13,996 14,534
Gnathopogon caerulescens 0 0 0 0 0 10 0 0 0 0
Gnathopogon elongatus elongatus 0 0 0 0 0 27 0 0 0 0
Hemibarbus spp. 0 4841 4968 3793 2407 7968 21,072 4645 3444 3638
Opsariichthys uncirostris uncirostris 0 0 10 18 0 27 0 0 0 15
Pseudogobio esocinus 0 0 0 17 0 82 0 0 77 94
Pseudorasbora parva 0 785 124 124 70 183 0 324 202 248
Rhynchocypris lagowskii steindachneri 0 124 24 58 18 61 0 0 0 10
Tribolodon brandtii maruta 0 430 132 59 52 139 0 0 86 369
Tribolodon hakonensis 0 127 918 650 469 1682 0 1637 1219 1498
Opsariichthys platypus 37,354 315 278 182 254 779 0 1859 506 422
Misgurnus anguillicaudatus 0 748 1604 1038 527 2557 0 3898 2528 1849
Paramisgurnus dabryanus 0 116 0 0 0 419 0 1043 0 80
Silurus asotus 5476 600 429 275 171 559 0 742 787 623
Plecoglossus altivelis 0 57 95 22 24 12 0 0 60 75
Mugil cephalus 0 2115 1254 610 383 1437 5974 4079 1762 1700
Oryzias latipes 0 528 84 68 30 61 0 134 78 143
Lateolabrax japonicus 0 161 116 42 0 62 0 0 0 43
Lepomis macrochirus 0 0 0 19 0 0 0 0 0 0
Micropterus salmoides salmoides 0 0 0 66 25 42 0 0 68 73
Gymnogobius petschiliensis 0 0 0 0 0 0 0 0 199 0
Gymnogobius urotaenia 0 0 49 23 0 63 0 0 0 0
Rhinogobius giurinus 0 267 324 63 0 322 8996 1786 105 16
Rhinogobius spp. 0 0 23 16 12 109 0 0 0 90
Sicyopterus japonicus 0 0 0 0 0 0 0 0 0 0
Tridentiger spp. 0 0 25 36 32 162 0 0 47 45
Channa argus 0 0 130 194 45 217 0 0 187 184
Total number of species detected 4 16 20 23 17 26 5 12 18 23
Filtered water volume (mL) 2000 4000 10 100 500 1000 2000 4000
Species name/sample position* C C R R R R R R
Anguilla japonica 0 218 0 0 0 0 35 72
Carassius spp. 19,038 36,391 14,389 33,461 17,054 12,602 18,794 31,989
Ctenopharyngodon idella 39 0 0 0 0 0 0 0
Cyprinus carpio 22,777 50,464 57,852 40,550 29,411 12,915 28,244 33,850
Gnathopogon caerulescens 0 0 0 0 0 0 0 0
Gnathopogon elongatus elongatus 0 0 0 0 0 0 0 0
Hemibarbus spp. 6388 9725 3592 4941 3661 2309 2180 5447
Opsariichthys uncirostris uncirostris 0 0 0 0 0 0 0 0
Pseudogobio esocinus 112 148 0 0 271 59 19 58
Pseudorasbora parva 140 273 0 0 195 157 89 274
Rhynchocypris lagowskii steindachneri 30 19 0 0 0 0 0 0
Tribolodon brandtii maruta 218 391 0 0 120 80 109 163
Tribolodon hakonensis 2472 2887 17,710 4231 2128 562 578 1354
Opsariichthys platypus 1002 1325 0 83 1105 153 1360 716
Misgurnus anguillicaudatus 2494 5098 5105 2076 3958 2313 3250 2653

@ Springer



Limnology (2021) 22:221-235 227
Table 1 (continued)

Filtered water volume (mL) 2000 4000 100 500 1000 2000 4000
Species name/sample position® C C R R R R R
Paramisgurnus dabryanus 500 922 0 841 616 0 458 191
Silurus asotus 797 1802 515 1007 220 397 633 655
Plecoglossus altivelis 75 134 0 0 241 16 20 33
Mugil cephalus 1640 3634 0 917 557 318 485 917
Oryzias latipes 152 211 0 297 341 176 47 80
Lateolabrax japonicus 59 115 0 0 0 0 28 136
Lepomis macrochirus 0 0 0 0 0 0 0 0
Micropterus salmoides salmoides 0 79 0 394 0 0 17 68
Gymnogobius petschiliensis 290 130 0 0 0 0 42 0
Gymnogobius urotaenia 0 130 0 0 0 0 92 38
Rhinogobius giurinus 413 853 0 0 0 237 290 1439
Rhinogobius spp. 226 89 0 0 0 49 103 67
Sicyopterus japonicus 14 0 0 0 0 0 0 0
Tridentiger spp. 49 126 0 100 0 54 44 61
Channa argus 195 470 0 769 0 82 93 170
Total number of species detected 23 24 6 13 14 17 23 22

Data presented are the remaining after bioinformatics filtering for analysis, 0 = no detection

#Sampling position: C center, R right, L left

in fish species composition among positions at the same site
despite the short distance (5 m) between sampling positions
(Fig. 5). For sedimentary eDNA metabarcoding at site C, the
detected number of species was different between the right
and the other two positions (Fig. 4); however, the physi-
cal characteristics of both shores were similar (Table S1).
Therefore, sedimentary eDNA may be spatially heterogene-
ous in distribution. In this case, several samples are needed
to compensate for such spatial variation. Additional informa-
tion is required regarding the variations in detected species
using sedimentary eDNA, potentially on a site-by-site basis.

Physical environment differences may affect the hetero-
geneity of detected species in sedimentary eDNA more
than in aqueous eDNA. In the three positions at site C, the
velocity at the center was faster than that at both shores,
and larger sediment was present in the center (Table S1).
Although it has been reported that aqueous eDNA is influ-
enced by stream velocity and substrate (Jerde et al. 2016;
Wilcox et al. 2016; Shogren et al. 2017), the number of
species and fish composition detected in the aqueous
eDNA showed no difference between positions despite
the difference in velocity and substrate size. Contrastingly,
more fish species were detected using sedimentary eDNA
at the right than at the center and left. However, there were
no clear differences in the physical environment between
the right and left shore. The difference in detected species
between the right and left sampling points might be caused
by other environmental parameters not measured in this
study, such as the amounts of minerals and organic matter

in the sediment, which potentially affect DNA sorption to
the sediment (Kanbar et al. 2020). Alternatively, this result
may be caused by differences in microbial abundance or
chlorophyll concentration, which affect eDNA persistence
(Barnes et al. 2014). From these results, aqueous eDNA,
which seems to be homogeneously distributed, is less
affected by the physical environment, whereas sedimentary
eDNA seems to be more heterogeneously distributed, pos-
sibly owing to the influence of the physical environment.

Sedimentary eDNA metabarcoding may be a com-
plementary method to aqueous eDNA metabarcoding.
Although the number of detected species from sedimen-
tary eDNA was equivalent to that from aqueous eDNA,
the species composition differed between them (Fig. S8;
Table 3; Siegenthaler et al. 2019). For example, the ben-
thic fish Rhinogobius flumineus and Odontobutis obscura
were only detected in sediment samples (Table 3), sug-
gesting that eDNA released by benthic fish may be more
detectable from the sediment. However, because DNA
extraction methods varied between sample types, eDNA
yields and quality, such as the average lengths of collected
eDNA, may differ. Therefore, care should be taken when
comparing them. Overall, for wide-scale biodiversity
monitoring, surveying through water samples is effec-
tive and easy because aqueous eDNA would be homoge-
neously distributed despite differences in fish habitat at
a site. In addition, eDNA metabarcoding using sediment
samples may detect some species that were not detected
by aqueous eDNA alone. Therefore, the most effective
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Table 2 Number of fish species reads obtained from sedimentary eDNA metabarcoding

Sample position Left Left Left Left Left Center Center Center
Species name/subsample ID 1 2 3 4 5 1 2 3
Anguilla japonica 93 0 780 269 680 0 0 0
Biwia zezera 0 0 0 0 0 121 0 0
Carassius spp. 12,171 9218 5600 11,504 22,499 29,082 21,414 27,618
Cyprinus carpio 55,779 94,003 44,236 57,567 40,860 38,094 38,557 38,225
Gnathopogon caerulescens 0 34 0 0 0 75 0 0
Gnathopogon elongatus elongatus 0 0 0 0 0 0 0 0
Hemibarbus spp. 3022 2636 3262 2507 4014 4357 3080 4144
Hypophthalmichthys spp. 0 0 0 0 0 0 0 0
Pseudogobio esocinus 0 0 0 0 0 231 1499 0
Pseudorasbora parva 87 117 0 0 222 356 811 0
Rhynchocypris lagowskii steindachneri 0 0 0 0 0 0 0 0
Squalidus chankaensis tsuchigae 0 0 0 0 0 0 0 0
Tribolodon brandtii maruta 0 0 193 212 187 358 406 0
Tribolodon hakonensis 281 224 452 172 280 1539 1520 1527
Opsariichthys platypus 123 106 495 541 168 504 1305 1130
Misgurnus anguillicaudatus 1480 1002 518 1923 2271 3637 5636 6364
Paramisgurnus dabryanus 145 28 82 148 706 144 1087 1449
Barbatula barbatula 0 0 0 0 0 0 0 0
Silurus asotus 367 350 154 291 349 666 1563 1363
Plecoglossus altivelis 0 0 0 0 0 0 18 101
Mugil cephalus 260 669 263 335 545 1429 1377 1012
Oryzias latipes 23 54 0 115 86 0 200 87
Cottus pollux 0 0 0 0 0 0 0 0
Lateolabrax japonicus 120 0 655 0 301 0 0 0
Micropterus salmoides salmoides 310 36 195 85 153 0 0 0
Odontobutis obscura 0 0 0 0 0 0 0 0
Eleotris oxycephala 0 0 0 0 0 0 0 0
Gymnogobius petschiliensis 0 0 0 0 186 634 0 576
Gymnogobius urotaenia 0 0 0 0 0 0 265 0
Rhinogobius giurinus 491 340 420 665 1816 163 816 1142
Rhinogobius flumineus 0 0 0 0 0 0 327 0
Rhinogobius spp. 0 0 0 0 0 0 0 0
Tridentiger spp. 39 0 0 34 0 0 0 587
Channa argus 203 219 241 346 377 233 460 754
Total number of species detected 17 15 15 16 18 17 18 15
Sample position Center Center Right Right Right Right Right
Species name/subsample ID 4 5 1 2 3 4 5
Anguilla japonica 0 431 1296 740 1694 513 2135
Biwia zezera 0 0 0 0 0 0 0
Carassius spp. 31,364 25,203 16,640 28,931 35,173 31,181 13,462
Cyprinus carpio 22,627 42,953 33,759 63,097 59,605 54,098 71,390
Gnathopogon caerulescens 0 0 0 0 0 0 47
Gnathopogon elongatus elongatus 0 0 0 0 20 0 0
Hemibarbus spp. 3211 3627 1957 3616 6648 3553 2085
Hypophthalmichthys spp. 0 0 0 31 0 0 0
Pseudogobio esocinus 190 0 278 63 107 92 0
Pseudorasbora parva 279 522 216 312 369 233 183
Rhynchocypris lagowskii steindachneri 0 0 0 0 0 0 60
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Table 2 (continued)

Sample position Center Center Right Right Right Right Right
Species name/subsample ID 4 5 1 2 3 4 5
Squalidus chankaensis tsuchigae 0 0 0 0 25 0 0
Tribolodon brandtii maruta 0 238 154 87 174 82 120
Tribolodon hakonensis 570 2489 477 485 638 587 465
Opsariichthys platypus 1264 1704 195 350 593 663 216
Misgurnus anguillicaudatus 3933 3184 2563 4265 9859 3996 2504
Paramisgurnus dabryanus 1604 1254 134 809 807 1182 532
Barbatula barbatula 0 0 0 0 16 0 27
Silurus asotus 862 1593 410 1161 947 1102 651
Plecoglossus altivelis 0 39 59 0 0 63 38
Mugil cephalus 1710 1109 469 1476 1349 1090 899
Oryzias latipes 185 423 56 0 186 78 73
Cottus pollux 0 0 0 79 0 0 0
Lateolabrax japonicus 0 902 206 55 134 189 371
Micropterus salmoides salmoides 0 493 118 34 0 0 0
Odontobutis obscura 0 0 89 0 0 0 0
Eleotris oxycephala 0 0 0 0 0 73 32
Gymnogobius petschiliensis 0 486 68 307 232 274 107
Gymnogobius urotaenia 103 0 60 57 0 54 76
Rhinogobius giurinus 0 520 510 657 1542 945 234
Rhinogobius flumineus 0 0 0 0 0 0 0
Rhinogobius spp. 0 0 0 0 162 49 163
Tridentiger spp. 0 283 24 107 33 168 0
Channa argus 0 0 1041 1921 7709 1920 685
Total number of species detected 13 19 23 22 23 23 24

Data presented are the remaining after bioinformatics filtering for analysis, 0 = no detection

30-
cd cd d
[ ]
bC oo o ¢
[ ]
(2]
£20 b,
& . * . °
6 [ ]
) .
g [
21071,
[ ]
[ ]
[ ]
0,
0 1000 2000 3000 4000

Sample Volume [mL]

Fig.2 Number of detected fish species at different water filtered
water volumes. The number of species increased with increasing fil-
tered water volume (ANOVA: p <0.05). Significant differences were
indicated by different letters (Tukey—Kramer test: p <0.05)

eDNA metabarcoding methods to obtain the maximum
number of species will include both aqueous and sedi-
mentary eDNA.

In this river, 1000 mL water samples were sufficient to
detect fish species through eDNA metabarcoding. The num-
ber of species detected using water samples of 500 mL or
less was lower than that in samples of 1000 mL or more
(Fig. 2). Additionally, the number of species did not vary
between water volumes of 1000 mL or more (Fig. 2). In our
comparison of fish species composition, composition tended
to be similar as water volume increased (Fig. 3), and those
obtained from water samples of 1000 mL or more showed
no difference among them. These results suggested that a
water sample of 1000 mL is sufficient to investigate the num-
ber and composition of fish species for biomonitoring in a
river that is inhabited by dozens of species. Using 1000 mL
water samples for eDNA metabarcoding, we could detect
almost all fish species identified by traditional survey meth-
ods (Table 4). However, previous studies have shown that
detection rates might vary by the number of species in the
study area or a combination of target species and the types
of environments such as lentic or lotic (Méchler et al. 2016;
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Fig.3 NMDS plot of fish species compositions at different filtered water volumes. Composition varied with increasing filtered water volume.

Composition became more similar for water samples of 1000 mL or more
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Fig.4 Number of fish species detected at different sedimentary
eDNA sampling positions. The number of species differed signifi-
cantly among sampling positions (ANOVA: p<0.05). Significant
differences were indicated by different letters (Tukey—Kramer test:
p<0.05)

Bylemans et al. 2018); Therefore, it will be necessary to
assess the water volume required for exhaustive detection
in each ecosystem.
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Fig.5 NMDS plot of fish species compositions at different sedimen-
tary eDNA sampling positions. Species composition differed signifi-
cantly among sampling positions (PERMANOVA: p=0.001)

For biodiversity monitoring, aqueous eDNA metabar-
coding was as effective as traditional surveys. In compar-
ing eDNA metabarcoding with 1000 mL water samples
and traditional surveys, eDNA metabarcoding provided
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Table 3 Comparison of species detection between eDNA types at the
same site

Fish species Sedimentary ~ Aque-
eDNA ous

eDNA

Anguilla japonica +

Biwia zezera

+ + +
|

Carassius spp.

Ctenopharyngodon idella

Cyprinus carpio
Gnathopogon caerulescens

Gnathopogon elongatus elongatus

+ o+ + +

Hemibarbus spp.

o+ o+ o+

Opsariichthys uncirostris uncirostris

Hypophthalmichthys spp.

Pseudogobio esocinus

Pseudorasbora parva

+ o+ o+

Rhynchocypris lagowskii steindachneri

Squalidus chankaensis tsuchigae

Tribolodon brandtii maruta
Tribolodon hakonensis
Opsariichthys platypus

Misgurnus anguillicaudatus

+ + + 4+ +

Paramisgurnus dabryanus

Barbatula barbatula
Silurus asotus
Plecoglossus altivelis

Mugil cephalus

+ + + +

Oryzias latipes
Cottus pollux

T T T i S S S S S S S

Lateolabrax japonicus

Lepomis macrochirus

|
+ + +

Micropterus salmoides salmoides

Odontobutis obscura

Eleotris oxycephala

Gymnogobius petschiliensis

Gymnogobius urotaenia

+ + +

Rhinogobius giurinus

Rhinogobius flumineus

+ o+ + o+ o+ o+

Rhinogobius spp.

Sicyopterus japonicus

Tridentiger spp.

+
+ o+ o+ o+

Channa argus

+

Total number of species detected 34 30

+ Species detected from any of samples (sedimentary eDNA: n=15,
aqueous eDNA: n=18)

— Species not detected from any sample

a higher number of detected species at each site (Fig. 6;
Table 4). Fish species captured in the traditional survey
included several common species such as Cyprinus car-
pio, Carassius spp., and Misgurnus anguillicaudatus.

Traditional surveys were performed primarily using a hand
net and casting net. Thus, fast swimming species such as
Tribolodon brandtii maruta (detected only by eDNA meta-
barcoding in this study) may have been difficult to catch.
Furthermore, nocturnal species such as Silurus asotus
were detected at more sites with eDNA metabarcoding
than with traditional survey methods. In contrast, Lefua
echigonia was only detected by traditional survey. Species
with localized habitat requirements and low population
size may be less likely to be detected by eDNA metabar-
coding. Such a small population may be difficult to detect
owing to the small concentration of released eDNA and
short transport distance (Nukazawa et al. 2018). Therefore,
although aqueous eDNA metabarcoding is effective for
biodiversity monitoring, combining it with a traditional
survey or sediment samples that can better detect benthic
fish could be effective in improving monitoring accuracy.

In this study, we presented the usefulness of eDNA
metabarcoding compared to that of traditional survey meth-
ods. However, following eDNA detection, traditional sur-
veys are important for confirming that the detected species
truly inhabit the area (Sakata et al. 2017) because eDNA
has a risk of false positives (Ficetola et al. 2016; Guillera-
Arroita et al. 2017). Moreover, although previous studies
have identified the effects of external water quality factors
such as pH and temperature on eDNA (Strickler et al. 2015;
Eichmiller et al. 2016; Andruszkiewicz et al. 2017; Kes-
sler et al. 2019), only a few elaborate on how such factors
affect eDNA metabarcoding results. Therefore, future stud-
ies should focus on clarifying the effects of not only water
volume but also environmental factors such as water quality
or the presence of PCR inhibitors on metabarcoding results
such as detected number of species, composition, and dif-
ferences in detection.

Although 1000 mL water sampling was considered suf-
ficient for surveying our study river containing dozens of
species, a greater water volume is needed to detect hundreds
of target species (Cantera et al. 2019; Bessey et al. 2020).
Therefore, the required filtered water volume depends partly
on the number of species in the study area. In addition, con-
sidering the number of sample replicates may be important
to reduce sampling effort (Evans et al. 2017; Cantera et al.
2019; Doi et al. 2019). To fully assess the fish fauna in the
entire river, it is also important to consider the transportation
distance of aqueous eDNA by water flow (Deiner and Alter-
matt 2014; Jane et al. 2015; Shogren et al. 2017). Therefore,
to use eDNA metabarcoding efficiently for monitoring, it
will be necessary to consider filtered water volume, sample
replicates, and the distance between sampling sites for each
survey area. In addition, in environments such as subtropi-
cal habitats, where several hundred fish species occur, esti-
mates of species richness based on monitoring results can
be used to predict the necessary number of samples (Oka

@ Springer
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et al. 2020). Such consideration will also be important for
eDNA-based biomonitoring in the future.

In this study, the average cumulative number of detected
species from water sampling at six sites within the major
cluster provided 95% of all species detected by eDNA
metabarcoding in all 11 sites. Furthermore, the grouping
and visualization of fish communities within each cluster
may help determine representative sites in the study area.
In addition, the species accumulation curve can suggest a
reasonable amount of effort required for survey, as previ-
ously suggested (Sato et al. 2017; Sigsgaard et al. 2019;
Bessey et al. 2020). However, it is difficult to set a gen-
eral rule regarding a reasonable amount of effort required
because the number of species and species composition
is different in each river. Furthermore, the results of such
assessments may only be applicable during certain sea-
sons as the sampling season affects eDNA metabarcoding
results (Hayami et al. 2020).

In addition, sampling at downstream sites is important
when the eDNA survey is performed on a river because
released eDNA is transported in stream systems (Deiner
and Altermatt 2014; Shogren et al. 2017; Carraro et al.
2018). Our results showed that fish composition at down-
stream sites (Sites D, E, and F) almost included those of
upstream sites (the other site) (see Table 4). This result
seemed to be caused by the downstream transportation
eDNA, as shown in previous studies (Deiner and Alter-
matt 2014; Shogren et al. 2017; Carraro et al. 2018).
Therefore, it may also be important for sampling design
to consider focusing on downstream sites to detect rep-
resentative fish species of the river. However, to detect
a rare species only inhabiting upstream sites, sampling
at the downstream site and sampling upstream may be
required. Thus, the sampling design should be adapted
for the purpose of the monitoring.

Overall, by considering three parameters (sample
type, sampling position, and water volume), we could
determine the sampling method that would maximize
the number of detected species at a single survey site.
In addition, considering the number of sampling sites
will allow for more cost-effective eDNA biomonitoring.
We showed that sedimentary eDNA is spatially hetero-
geneous in distribution and may complement aqueous
eDNA metabarcoding by detecting different fish spe-
cies. Examination of ecosystem-specific sampling meth-
ods at a single site and on a number of sampling sites,
as performed in this study, will be important prior to
large-scale or long-term surveys, potentially allowing
to increase biodiversity monitoring efficiency through
eDNA metabarcoding.
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