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Abstract
Monitoring aquatic biodiversity through DNA extracted from environmental samples (eDNA) combined with high-throughput se-
quencing, commonly referred to as eDNA metabarcoding, is increasing in popularity within the scientific community. However, 
sampling strategies, laboratory protocols and analytical pipelines can influence the results of eDNA metabarcoding surveys. While 
the impact of laboratory protocols and analytical pipelines have been extensively studied, the importance of sampling strategies on 
eDNA metabarcoding surveys has not received the same attention. To avoid underestimating local biodiversity, adequate sampling 
strategies (i.e. sampling intensity and spatial sampling replication) need to be implemented. This study evaluated the impact of sam-
pling strategies along an altitudinal and biodiversity gradient in the upper section of the Murrumbidgee River (Murray-Darling Basin, 
Australia). An eDNA metabarcoding survey was used to determine the local fish biodiversity and evaluate the influence of sampling 
intensity and spatial sampling replication on the biodiversity estimates. The results show that optimal eDNA sampling strategies 
varied between sites and indicate that river morphology, species richness and species abundance affect the optimal sampling intensity 
and spatial sampling replication needed to accurately assess the fish biodiversity. While the generality of the patterns will need to 
be confirmed through future studies, these findings provide a basis to guide future eDNA metabarcoding surveys in river systems.
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Introduction
Robust methods for monitoring species biodiversity 
are the fundamental basis for ecological research 
and environmental management. High-Throughput 
Sequencing (HTS) of PCR amplicons derived from 
environmental DNA (eDNA), commonly referred to 
as eDNA metabarcoding, is becoming an increasingly 
popular tool for such monitoring surveys (Creer et al. 
2016, Bohmann et al. 2014, Taberlet et al. 2012). However, 

like any method, eDNA metabarcoding can suffer from 
both false positive and false negative detections (Shel-
ton et al. 2016, Ficetola et al. 2015, Shaw et al. 2016). 
Consequently, before this technology can be used as a 
standard monitoring tool, sampling protocols need to be 
evaluated and optimal sampling strategies developed.

The popularity of eDNA-based monitoring of aquatic 
biodiversity has increased dramatically since the first 
published study (Ficetola et al. 2008, Rees et al. 2014, 
Deiner et al. 2017). Early studies primarily focussed on 
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single species detections (Ficetola et al. 2008, Jerde et al. 
2011, Goldberg et al. 2011), but eDNA metabarcoding 
is increasingly being used to characterize entire species 
communities (Valentini et al. 2016, Hänfling et al. 2016, 
Bista et al. 2017, Blackman et al. 2017). Within the current 
literature, there has been a strong focus on the optimization 
of laboratory methods and bioinformatics analyses to 
reduce potential biases (Ficetola et al. 2016). Protocols 
used to capture and extract eDNA, amplify the barcoding 
region of interest, and construct HTS libraries are known 
to influence biodiversity estimates (Kanagawa 2003, El-
brecht and Leese 2017, Deiner et al. 2015, O’Donnell et 
al. 2016, Schnell et al. 2015). The impact of such biases 
on eDNA metabarcoding surveys can generally be reduced 
by increasing the replication in laboratory protocols (Fice-
tola et al. 2015, Alberdi et al. 2017, Sato et al. 2017). 
Although replication in laboratory procedures has received 
considerable interest, the importance of sampling strategies 
(i.e. sampling intensity and spatial sampling replication) is 
poorly understood (Dickie et al. 2018).

Aquatic biodiversity estimates obtained from 
conventional monitoring surveys are known to be 
influenced by the type of sampling method used (Kennard 
et al. 2006, Porreca et al. 2013, Bower et al. 2014), the 
sampling season (Fischer and Quist 2014, Jurajda et al. 
2009) and the sampling effort (Reid and Haxton 2017, Pritt 
and Frimpong 2014, Ebner et al. 2008). In order to obtain 
robust biodiversity estimates, a thorough understanding 
of the potential biases of survey methods is essential 
(Gotelli and Colwell 2001, Schmidt 2005). Seven eDNA 
metabarcoding studies to date have evaluated the effect 
of sampling intensity on biodiversity estimates. Three 
studies have focussed on the freshwater fish biodiversity 
of lentic systems and have confirmed that sampling 
intensity is important to accurately characterize the entire 
fish community (Evans et al. 2017, Sato et al. 2017, Hän-
fling et al. 2016). However, the importance of spatial 
sampling replication is unclear as Evans et al. (2017) 
reported a low spatial heterogeneity between sampling 
replicates collected from a single lake while other studies 
found clear spatial patterns (Sato et al. 2017, Hänfling et 
al. 2016). Four studies to date have varyingly addressed 
the impact of sampling intensity for eDNA metabarcoding 
surveys in lotic systems (Li et al. 2018, Olds et al. 2016, 
Shaw et al. 2016, Pont et al. 2018). While Shaw et al. 
(2016) found that an increased sampling intensity will 
increase the observed species richness, the remaining 
studies report only a moderate increase in species richness 
with an increased sampling effort (Olds et al. 2016, Pont 
et al. 2018, Li et al. 2018). However, two of the previously 
published studies focussed on relatively small streams 
(i.e. Olds et al. 2016, Li et al. 2018) and for all studies 
the sampling intensity (e.g. Li et al. 2018) or the spatial 
sampling replication (e.g. Pont et al. 2018) was limited.

It can be expected that in freshwater lotic systems, the 
importance of eDNA sampling strategies (i.e. sampling 
intensity and spatial sampling replication) will increase 
in higher order streams. Firstly, it is well known that in 

lotic systems the fish species richness changes along an 
altitudinal gradient with higher order streams (i.e. lower 
altitude) supporting a higher species richness due to an 
increased habitat size and/or habitat diversity (Tejer-
ina-Garro et al. 2005, Unmack 2001). As local species 
richness increases it can be expected that the probability 
of missing a species increases and thus a higher sampling 
intensity may be needed to accurately assess the species 
biodiversity (Ficetola et al. 2015, Yamamoto et al. 2017). 
Furthermore, the increased species richness and habitat 
diversity at low altitude sites will increase competitive 
interactions and niche differentiation (Tejerina-Garro et 
al. 2005). This in turn will increase the spatial structuring 
of the community and may result in a more heterogeneous 
distribution of eDNA (Stoeckle et al. 2017, Port et al. 
2016). River channel characteristics such as river width, 
depth and water flow are also likely to influence the spatial 
distribution of eDNA. As high-altitude streams tend to 
be relatively narrow, shallow and fast flowing it can be 
expected that eDNA is more homogeneously distributed 
in these systems. In contrast, the wider, deeper and slower 
flowing water in low-altitude sites are likely to result in 
a more heterogenous eDNA distribution. Finally, season 
fluctuations in flow, temperature etc. will also influence 
the distribution of eDNA but are not the primary focus 
of the current study (Bista et al. 2017, Jane et al. 2015).

Here, we hypothesize that both the species richness and 
the river channel morphology (e.g. river width, depth and 
water flow) will influence the optimal sampling strategies 
(i.e. sampling intensity and spatial sampling replication) 
for eDNA metabarcoding surveys. To test this, we used 
eDNA metabarcoding to assess the fish biodiversity at five 
sites along an altitudinal and biodiversity gradient within 
a single catchment. A systematic sampling approach 
was used at each site to evaluate the impact of sampling 
strategies on the observed species richness derived from 
eDNA metabarcoding data.

Materials and methods

Sampling sites

This study examines the fish biodiversity within a 
single catchment of the Murray-Darling Basin (MDB) 
(Australia). River morphology, abiotic water conditions 
and fish biodiversity vary along an altitudinal gradient in 
the MDB (Lintermans 2007). High altitude river systems 
are characterized by rocky substrates, high flow rates, 
clear waters, and low fish biodiversity. Low altitude 
river systems generally have a soft bottom substrate, are 
slow-flowing, turbid and contain higher fish biodiversity. 
Environmental DNA sampling was conducted from 
the upper section of the Murrumbidgee River (MR) 
catchment at five sites within the main channel. Sampling 
sites were selected based on their altitude and expected 
species diversity (Figure 1) (Lintermans 2002). Sampling 
sites ranged from high (1,303 m above sea-level at 
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MR01) to low (520 m above sea-level at MR05) altitude 
with a minimal distance of ca. 35 km between sampling 
sites (measured along the river channel). The average 
river width at each sampling site was 11.75 m (MR01), 
33.75 m (MR02), 58.25 m (MR03), 52.00 m (MR04) and 
52.25 m (MR05).

Monitoring of the fish biodiversity

To obtain a measure of expected fish biodiversity, which 
is required to evaluate the overall performance of the 
eDNA metabarcoding survey, an expert opinion survey 
was conducted. Additionally, conventional boat electro-
fishing data was available for the three most downstream 
sites. A detailed description of the expert opinion survey 
data and the electrofishing data is available in the supple-
mentary materials (Suppl. material 1).

Environmental DNA samples (i.e. twelve 2 L water 
samples) were collected from each site between the 3rd and 
8th of November 2016 (only eleven samples were avail-
able from the MR01 site as one of the sampling bottles 
broke). Potential contaminating DNA was removed from 
sampling equipment prior to collecting water samples, 
using a 20% bleach solution and thoroughly rinsing with 
UV-sterilized tap water. One blank field control (BFC) 
was included for each site and consisted of a 2 L sampling 

bottle filled with UV-sterilized water which was opened 
on site, closed and submerged in the water. At each site, 
samples were collected over four transects across the riv-
er width spanning a 100 m river section (i.e. ca. 33 m dis-
tance between transects). At the MR01 site samples were 
collected by wading in the river while for the remaining 
sites all samples were collected from a canoe. Along each 
transect surface water samples were collected from both 
the left and right river banks (i.e. within 1m of the river 
bank) and the mid-channel. Samples were stored on ice, 
transported to the University of Canberra (ACT, Austral-
ia) and eDNA was captured within 12 h using a 1.2 µm 
glass fibre filter (Sartorius, Göttingen, Germany). Filter-
ing equipment was cleaned between samples as described 
above and negative equipment controls (NEC) were 
obtained by filtering 500 mL of UV-sterilized tap water 
prior to processing water samples. Filters were stored 
at -20 °C until eDNA extractions were performed at the 
trace DNA laboratory (University of Canberra) using the 
PowerWater DNA Extraction Kit (MoBio Laboratories, 
Carlsbad, USA). For each sampling site one BFC and two 
NEC were included in the batch DNA extractions to mon-
itor contamination and all eDNA extracts were stored at 
-20 °C for further analyses.

PCR amplification and the construction of the HTS 
libraries was done using the MiFish-U universal fish 

Figure 1. Map of all sampling sites within the main channel of the Murrumbidgee River (MR). Sampling sites are numbered from 
upstream (MR01) to downstream (MR05).
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primers (Miya et al. 2015). These primers were selected 
based on the results of an in silico primer evaluation of 
the local fish diversity (Bylemans et al. 2018). Real-Time 
PCR reactions were run in triplicate for each sample with 
25 µL individual reactions consisting of 0.20 μL of Am-
pliTaq Gold DNA Polymerase (5 U/μL; Applied Biosys-
tems, Foster City, CA, USA), 2.50 μL of GeneAmp 10× 
Gold Buffer (Applied Biosystems), 2.00 μL of MgCl2 
(25 mmol/L; Applied Biosystems), 0.65 μL of GeneA-
mp dNTP Blend (10 mmol/L; Applied Biosystems), 0.20 
μL UltraPure BSA (50 mg/ml; Invitrogen), 0.60 SYBR 
Green I Nucleic Acid Gel Stain (5X; Invitrogen), 1.00 μL 
of each primer (10 μmol/L), and 4.00 μL of template DNA 
and DEPC-treated water (Invitrogen). All PCRs were run 
on a Bio-Rad CFX96 Real-Time PCR System (Bio-Rad 
Laboratories, Hercules, USA) with PCR thermal cycling 
conditions consisting of 5 min at 95 °C; 45 3-step cycles 
of 30 s at 95 °C, 30 s at 61.5 °C, and 1 min at 72 °C; a 
final extension of 10 min at 72 °C and a melting curve 
with a stepwise increase of 0.1 °C/5 s from 60 to 95 °C. 
When negative control samples tested positive for fish 
eDNA, they were included in the HTS library preparation 
protocol. HTS libraries were constructed using a one-step 
Real-Time PCR amplification with fusion tagged primers 
(FTP) and the reaction and cycling conditions described 
above. Forward FTP consisted of the P5 sequencing adap-
tor, a custom forward sequencing primer, a 7 bp Multiplex 
Identification (MID-) tag and the MiFish-U forward prim-
er. Reverse FTP contained the P7 sequencing adaptor, a 
7 bp MID-tag and the MiFish-U reverse primer. MID-
tags were generated using the edittag scripts and unique 
combinations of forward and reverse MID-tags were 
used to label amplicons from individual samples (Fair-
cloth and Glenn 2012). For each sample, PCR reactions 
were performed in triplicate and amplicon libraries of 9 to 
10 samples were pooled based on the average Ct-value. 
Pooled libraries were cleaned using Agencourt AMPure 
XP Beads (Beckman Coulter, Brea, USA) in a 1.2 volume 
ratio. Gel-electrophoresis (i.e. 2% agarose gel with a run 
time of 30 min at 120 V) was used to confirm the presence 
of a single amplicon and amplicons from each library 
pool were combined into a single super pool based on the 
band intensities. A total of 259 uniquely labelled ampli-
con libraries were combined in the final super pool that 
consisted of 60 libraries from the current study (i.e. 59 
libraries from eDNA samples and 1 library from a BFC) 
and 199 libraries from other research projects. Unidirec-
tional sequencing was conducted at the Ramaciotti Centre 
for Genomics (University of New South Wales) using the 
MiSeq v2 1x300bp sequencing kit.

Bioinformatics

Trimmomatic v.0.36 was used to trim technical sequences 
(i.e. sequencing adaptors and primers) from the sequencing 
reads (Bolger et al. 2014). Simultaneously low-quality 
bases (i.e. Q-score below 3) at the end of the sequencing 
reads were removed and a sliding window of 4-bases was 

used to trim reads when the average quality per base was 
below 15. Further bioinformatics filtering of the sequence 
reads followed the general workflow described in De Bar-
ba et al. (2014). The obitools scripts were used to assign 
sequence reads to their respective samples and remove 
sequences less than 150 bp in length and with an occurrence 
below 100 (Boyer et al. 2016). The threshold for removing 
low abundance sequences was determined experimentally 
so that all Actinopterygii sequences were removed from 
negative control samples. Sequences arising from PCR and 
sequencing errors were removed using the obiclean and 
obigrep scripts and taxonomic information was assigned to 
the sequence records using the ecotag script. The reference 
database used for taxonomic assignments was built using 
the standard vertebrate sequences from the EMBL data 
repository (release 132) and custom 12S sequences of all 
Actinopterygii species in the MDB (Bylemans et al. 2018).

Further filtering and analyses of the metabarcoding 
data was done using the packages tidyverse (Wickham 
2016), inext (Hsieh et al. 2016) and vegan (Oksanen et al. 
2007) in R version 3.4.1 (Suppl. material 2) (R Develop-
ment Core Team 2010). The extra quality check revealed 
that some reads are likely to represent PCR and/or se-
quencing errors. Within the MR01 site Salmo trutta reads 
were highly abundant while the highest taxonomic assign-
ment of a small proportion of the reads was the Salmo 
genus. The latter reads are likely to represent PCR and/or 
sequencing variants of S. trutta reads and were thus reas-
signed to S. trutta. A single sample of the MR05 site also 
returned reads assigned to Salmo salar and no other Sal-
monid species were detecting in this sample. As S. salar 
is unlikely to be present at this site these sequences likely 
represent contaminant DNA and were thus removed. As 
this site is a popular recreation spot one possible explana-
tion could be the contamination by recreational users. Pri-
or to further data analyses, species names were modified 
to ensure consistency between the expert opinion, electro-
fishing and metabarcoding data. As the barcoding region 
used in this study is unable to distinguish between species 
in the Galaxias genus all species were grouped into a sin-
gle genus level taxonomy (Bylemans et al. 2018). Finally, 
all Hypseleotris species were renamed to H. klunzingeri 
as it is the only species of this genus to occur in the upper 
section of the Murrumbidgee River (Lintermans 2002).

Data analyses

The overall performance of the eDNA metabarcoding 
survey was evaluated by comparing the observed spe-
cies richness with the estimated species richness obtained 
from both the expert opinion survey and the electrofish-
ing data (Suppl. material 1).

To determine the impact of sampling intensity and 
spatial sampling replication the eDNA metabarcoding 
data was used to construct species accumulation curves 
(SAC), the total estimates species richness (Sest) and the 
number of samples required to detect 95% of Sest was 
determined. The data obtained from the MR01 site was 
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excluded from the analyses as no variation in species 
detections were observed between samples. For the re-
maining sites, two sampling strategies were evaluated 
with the analyses using all available sample replicates or 
only those samples collected from the river-banks (i.e. 
LB and RB). The community data was first converted to 
presence/absence data and species accumulation curves 
(SAC) were constructed for each site and sampling strat-
egy using the inext function (R package inext) (Hsieh et 
al. 2016). Additionally, the data was used to determine Sest 
(i.e. Chao2 estimates) and evaluate the number of sam-
ples required to detect 95% of Sest.

As sequencing depth (i.e. the number of reads per 
sample) could also influence the detection of species 
from metabarcoding analyses, the metabarcoding data 
with absolute read counts was used to determine the im-
pact of sequencing depth. A custom R script relying on 
the R package vegan was used to first rarefy the com-
munity data to simulate different sequencing depths (i.e. 
10,000; 20,000 and 40,000 reads per sample) (Oksanen 
et al. 2007). During this rarefaction both reads assigned 
to Actinopterygii species and reads discarded during the 
bioinformatics filtering process were considered (Suppl. 
material 1). Next, non-Actinopterygii reads were discard-
ed and Actinopterygii reads with counts below 100 (i.e. 
the threshold used in the bioinformatics filtering process) 
were removed. The data was transformed to presence/ab-
sence data before using the inext function to construct 
SAC. Finally, rank abundance curves (RAC) were also 

constructed to express the relative read abundance for 
each species at each sampling site.

A permutational multivariate analysis of variance was 
used for a more in-depth evaluation of the impact of spa-
tial sampling replication. Metabarcoding results were 
transformed to presence/absence data and community 
level differences between sampling transects and loca-
tions (i.e. left bank, mid-channel and right bank) were 
assessed using the adonis function within the R pack-
age vegan (Oksanen et al. 2007). Sampling transects and 
locations were set as independent variables and permu-
tations were constrained within sites. When significant 
effects were observed, the simper function was used to 
evaluate the average contribution of each species to the 
overall dissimilarity.

Results

Bioinformatics

After assigning the sequence reads to their respective sam-
ples an average of 31,365 sequence reads were obtained 
per sample with a minimum and maximum sequencing 
depth of 6,907 and 52,742 reads per sample, respectively. 
The overall quality of run was high (PhredQ30 score ≥ 
91.17). The effect of the bioinformatics filtering process-
es on the number of sequencing reads for each sample is 
shown in the supplementary materials (Suppl. material 1).

Figure 2. The species richness for each sampling site within the Murrumbidgee River obtained from the standard electrofishing 
surveys, the expert opinion survey and the eDNA metabarcoding survey.
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Performance evaluation of eDNA metabarcoding

The estimated/observed species richness for each 
sampling site and each survey method (i.e. expert 
opinion survey, electrofishing data and eDNA 
metabarcoding survey) is given in Figure 2. The results 
show the expected pattern of increasing richness with 
decreasing altitude. The total species richness of the 
two most upstream sites were highly similar for both the 
expert opinion and the eDNA metabarcoding surveys. 
However, the expert opinion data suggested that for 
each site one additional species was present but not 
detected during the metabarcoding survey (Galaxias 
sp. and Maccullochella macquariensis are believed 

to be present at the MR01 and MR02 sampling site 
respectively) (Suppl. material 1). The data from the 
three most downstream sites shows that the species 
richness obtained from the electrofishing data is 
consistently lower than the species richness derived 
from both the expert opinion and metabarcoding survey 
(Figure 2). Only on two occasions were species detected 
by the electrofishing surveys and not by the eDNA 
metabarcoding survey (i.e. Macquaria australasica at 
the MR03 site and Macquaria ambigua at the MR04 site) 
(Suppl. material 1). Contrastingly, three, five, and six 
species were only detected by the eDNA metabarcoding 
survey at the MR03, MR04 and MR05 site respectively 
(Suppl. material 1).

Figure 3. Species accumulation curves (SAC) (A–B) and rank abundance curves (RAC) (C) for the four most downstream sampling 
sites in the Murrumbidgee River. SAC were constructed to compare two different sampling strategies (A) (i.e. using all available 
samples and only samples collected from the river-banks) and different sequencing depths (B). The vertical dashed lines in panel 
A show the number of samples needed to detect ≥ 95% of the estimated species richness (i.e. based on the Chao2 estimates) for each 
site and sampling strategy.
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Effect of sampling strategies for eDNA metabarcoding 
surveys

The SAC constructed for each site using all samples and 
the river-bank samples only show that the number of 
samples needed to characterize the species community 
generally increases with decreasing altitude and an 
increase in species richness (Figure 3A). For both 
the MR02 and MR03 sites sampling the river-banks 
only is an appropriate strategy with 12 and 13 samples 
being sufficient to detect ≥ 95% of Sest, respectively 
(Figure 3A). The results of the MR04 site reveal that 
approximately 16 samples collected from both river-
banks would be adequate to detect 95% of Sest. However, 
increasing the spatial sampling replication reduced the 
number of samples required to characterize the species 
richness (i.e. the collection of approximately 13 samples 
from both river-banks and the mid-channel allows for the 
detection of 95% of Sest) (Figure 3A). Finally, at the most 
downstream site (i.e. MR05) the results show that only 
sampling the river-banks will result in an underestimation 
of the true biodiversity and collecting approximately 
15 samples from both river-banks and mid-channel is 
sufficient to detect ≥ 95% of Sest (Figure 3A).

The results from the SAC derived from the data with 
different simulated sequencing depths show that, for most 
sites, increasing sequencing depth only moderately im-
proves species detections (Figure 3B). While there is no 
obvious effect of species diversity on the impact of se-
quencing depth, when considering both the SAC and the 
RAC the results show that sequencing depth only has an 
impact for the MR02 and MR05 sites (Figure 3B, C). The 
results of the RAC show that for these sites some spe-
cies have a very low proportional abundance of sequence 
reads (i.e. below 1% of the total sequence reads per sam-
ples) and these species are likely to be missed when using 
a sequencing depth of 10,000 reads per sample.

The results of the analysis of variance of the community 
data reveal the need for spatial sampling replication at low 
altitude sites with a high species richness and is consistent 
with the results of the SAC. The analysis of variance of 
the community data showed that sampling location had 
a significant effect on the community data (R2 = 0.01931, 
p-value = 0.043) while sampling transect did not (R2 = 
0.00618, p-value = 0.876). The results show that the over-
all community dissimilarity between sampling locations 
is relatively low for the MR02 site compared to the three 
most downstream sites (Figure 4A). No clear patterns 
were observed in the overall community dissimilarity for 
the MR03 and MR04 sampling sites. The results from the 
MR05 sampling site, however, show that the community 
dissimilarity is higher between the mid-channel sampling 
location and the river-bank sampling locations (i.e. LB and 
RB) (Figure 4A). In all three downstream sampling loca-
tions the detections of Galaxias sp. appear to be relatively 
important in determining the community dissimilarity be-
tween mid-channel samples and river-bank samples (Fig-
ure 4B). Galaxias sp. detections were overall higher for 

the river-bank samples collected at the MR03 and MR05 
sites, while the reverse pattern was found for the MR04 
site (Suppl. material 1). The most noticeable community 
differences between sampling locations were found in the 
MR05 sampling site. Here four fish species (i.e. Gambusia 
holbrooki, Galaxias sp., Maccullochella peelii and S. trut-
ta) contribute to the community dissimilarity between the 
mid-channel sampling location and the river-bank sam-
pling locations but did not contribute to the dissimilarity 
between the two river-bank locations (Figure 4B). While 
G. holbrooki and S. trutta were exclusively detected in 
the mid-channel samples collected at the MR05 site; M. 
macquariensis and Perca fluviatilis detections were only 
found in the river-bank samples (Suppl. material 1).

Discussion

Data obtained here shows that optimal sampling strategies 
vary along altitudinal and biodiversity gradients. These 
findings are unlikely to be exclusive to our study system 
as the increase in fish species richness with decreasing 
altitude is a global pattern (Platts 1979, Oberdorff et al. 
1993, Smith and Kraft 2005). The results of this study 
show that consideration of river morphology and the 
local fish community (i.e. expected species richness and 
evenness) can help guide the sampling design.

Comparing the observed species richness from both 
electrofishing data and eDNA metabarcoding data clear-
ly shows that standard electrofishing surveys are likely to 
underestimate the true species richness. Overall, the results 
show that eDNA metabarcoding detects approximately 
double the species richness compared to the electrofishing 
data (Figure 2). Electrofishing is known to be biased and 
this could explain the nine failed detection in the electro-
fishing survey data while both the experts and the metabar-
coding analyses indicated the species presence (Suppl. ma-
terial 1). Small-bodied fish are often underrepresented in 
boat-electrofishing surveys which may explain the failed 
detections for G. holbrooki, H. klunzingeri and Misgurnus 
sp. (Kennard et al. 2006, Ruetz et al. 2007). Species-spe-
cific biases of conventional sampling methods are also well 
documented (e.g. Clavero et al. 2006, Bies et al. 2016); 
with boat electrofishing known to result in a high rate of 
false negative detections for Macquaria australasica (Lin-
termans 2016). Cryptic, benthic, fossorial species such as 
Misgurnus anguillicaudatus are also known to be difficult 
to capture by electrofishing (Hinlo et al. 2018, Sigsgaard et 
al. 2015), particularly in large stream habitats with elevated 
turbidity (Lintermans unpublished). The electrofishing data 
also failed to detect trout cod (Macquaria macquariensis) 
at three sites where both the experts and the metabarcod-
ing survey indicated its presence, which could indicate that 
the current survey methods are inadequate to detect this 
rare threatened species (Ebner et al. 2008). On eleven and 
two occasions the metabarcoding analyses failed to detect 
species while the expert opinion and the electrofishing data 
indicated their presence, respectively (Suppl. material 1). 
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These failed detections could be due to a very low spe-
cies abundances, an extremely patchy distribution (both 
temporal and spatial) of these species within the sites, the 
influence of primer biases and/or an overestimation of the 
species richness by the experts.

While previous studies have found that sampling rep-
lication will improve the species richness estimates of 
eDNA metabarcoding surveys (Shaw et al. 2016, Olds et 
al. 2016, Li et al. 2018, Pont et al. 2018), the current find-
ings suggests that the sampling intensity and the spatial 
sampling replication in these studies was still low and may 
have contributed to the failure to detect some species. The 
current results show that the relative importance of both 
sampling intensity and spatial sampling replication varies 
along an altitudinal and biodiversity gradient. The lack of 

between-sample variation in the most upstream sampling 
location suggests that eDNA is homogeneously distrib-
uted and that relatively little replication is needed. In the 
mid-altitude reaches (i.e. MR02 and MR03) some spatial 
eDNA heterogeneity was observed. However, the col-
lection of samples along the river-banks appears to be a 
suitable sampling strategy at these sites (Figure 3A). Fur-
ther downstream (i.e. MR04 and MR05) the species rich-
ness increases and a sufficiently high sampling intensity 
combined with appropriate spatial sampling replication is 
needed to characterize the species richness (Figure 3A). 
While both ecological factors (i.e. spatial structuring of 
the species community) and river morphology (i.e. width, 
depth and water flow) may contribute to the observed re-
sults, follow up studies are needed to determine the rela-

Figure 4. Overall dissimilarity between the fish community data obtained from the samples collected from the left bank (LB), 
mid-channel (MC) and right bank (RB) for the different sampling sites (A). The heat map shows the average contribution of each 
species to the overall community dissimilarity (B).
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tive importance of both biotic and abiotic factors. For ex-
ample, seasonal sampling surveys can potentially reveal 
the influence of water flow on the spatial distribution of 
eDNA in riverine systems (Jane et al. 2015, Shogren et 
al. 2017). On the other hand, surveys in riverine systems 
with a very similar geology/hydrology but with different 
species communities and/or a different spatial arrange-
ment of instream habitat would be valuable to determine 
whether eDNA metabarcoding results are able to detect 
the community structure at small spatial scales. In con-
trast to the observed effects of sampling intensity and spa-
tial sampling replication, the impact of sequencing depth 
does not follow a clear pattern. The effect of sequenc-
ing depth was more profound at those sites with a low 
evenness in the proportional read abundance (Figure 3). 
However, predicting the appropriate sequencing depth is 
difficult, as the proportional read data from eDNA me-
tabarcoding surveys will be affected by the species rich-
ness, the relative abundance of species, species-specific 
seasonal variation in eDNA concentrations and primer 
specific amplification biases (Elbrecht and Leese 2015, 
Pinol et al. 2015, Buxton et al. 2017, Bylemans et al. 
2017, Takahashi et al. 2017). Consequently, pilot studies 
are needed to accurately assess the impact of sequencing 
depth within a site and/or system.

Conclusion

The current study has shown that the sampling design 
can have a profound effect on the performance of eDNA 
metabarcoding survey in riverine systems. However, 
more research is needed to determine the universality 
of the patterns described here. Additionally, temporal 
sampling strategies will also need to be considered in 
future studies as eDNA concentrations undergo seasonal 
fluctuations (Buxton et al. 2017, Takahashi et al. 2017). 
While further research may provide general guidelines 
for the design of optimal sampling strategies, pilot studies 
will remain invaluable to maximize the performance of 
eDNA metabarcoding surveys.

Data accessibility

The summarized data of the electrofishing, expert opin-
ion and eDNA metabarcoding surveys are available in the 
Data directory of the Suppl. material 2 zip folder. Addi-
tionally, all scripts used to analyse the data are available 
in the Rscripts folder in the Suppl. material 2.
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