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Using eDNA Metabarcoding to
Monitor Changes in Fish Community
Composition After Barrier Removal

Teja P. Muha', Deiene Rodriguez-Barreto, Richard O’Rorke, Carlos Garcia de Leaniz and
Sofia Consuegra*

Department of Biosciences, Centre for Sustainable Aquatic Research, College of Science, Swansea University, Swansea,
United Kingdom

Artificial instream barriers are a major cause of habitat fragmentation that reduce
population connectivity and gene flow by limiting fish movements. To mitigate
their impacts, obsolete barriers are increasingly been removed worldwide,
but few barrier removal projects are monitored. We employed a powerful
Before-After-Downstream-Upstream (BADU) approach using environmental DNA
(eDNA) metabarcoding to examine the effects on fish community composition of
removing a weir in the river Lugg (England) that had been suggested to have a
detrimental effect on salmonid migration. We found no change in fish community
diversity or relative abundance after the removal above or below the weir, but detected
an important effect of sampling season, likely related to the species’ life cycles. eDNA
detected nine fish species that were also identified by electrofishing sampling and one
additional species (Anguilla anguilla) that was missed by traditional surveys. Our results
suggest that monitoring of barrier removal projects should be carried out to ensure that
any ecological benefits are properly documented and that eDNA metabarcoding is a
sensitive technique to monitor the effects of barrier removal.

Keywords: fish dispersal, spatio-temporal monitoring, freshwater habitat fragmentation, connectivity, eDNA

INTRODUCTION

Artificial instream barriers are a major cause of river fragmentation (Kemp and O’Hanley,
2010) that limit fish movement and reduce connectivity (Lucas and Baras, 2008), resulting in
discontinuities in fish population structure (Morita and Yamamoto, 2002). Barriers impact on the
migration of diadromous species but also on the movements of potadromous fish (i.e., freshwater
resident) between the spawning and feeding grounds (Ovidio and Philippart, 2002, Burger et al,,
2015), that are critical for maintaining gene flow and genetic diversity (Wofford et al., 2005). While
most of the attention has centered in large dams and their effect on migratory fish, small barriers
can have an even larger impact, as they are much more abundant and ubiquitous and can have a
strong selective effect on fish that are weak swimmers (Jones et al., 2020a).

Barrier removal has gained in popularity as a river restoration technique, mainly in North
America and Europe (Garcia De Leaniz, 2008, O'Hanley, 2011, Gardner et al., 2013, Birnie-Gauvin
etal., 2017) but less than 5% of projects are monitored (Hart et al., 2002). Removal of barriers can
reduce sediment retention (Doyle et al., 2005), increase general biodiversity (Bednarek, 2001) and
gene flow (Wofford et al., 2005), reduce the impact of crowding stress on migratory fish (Garcia
De Leaniz, 2008) and restore natural fish dispersal (Fullerton et al., 2010). However, dam removal
may also have unanticipated consequences, such as the release of toxic sediments or the expansion
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of non-native species (Foley et al., 2017, Milt et al., 2018). Also,
while short lived species (such as some invertebrates or algae)
can colonize newly released habitats quickly, it can take several
years for long lived species such as fish or amphibians to benefit
from dam removal (Poulos et al., 2014). As dam removal projects
increase (Birnie-Gauvin et al., 2018, Schiermeier, 2018), it is
important to critically evaluate their effects, including spatial-
temporal changes in communities.

Changes in the spatial and seasonal distribution of fish
following barrier removal can be assessed using fish trapping
(Birnie-Gauvin et al., 2018), nest counts (Lasne et al., 2015),
electrofishing (Rolls et al, 2014) or telemetry (Kemp and
O’Hanley, 2010). All of these methods can be time consuming
and inefficient for rare species, and in some cases potentially
harming for fish (Kruse et al., 1998, Bertrand et al., 2006, Bacheler
etal., 2017). In contrast, DNA released in the water by organisms
(environmental DNA) can be easily collected non-intrusively,
and has proved to be a reliable tool to assess community
composition (Jerde et al., 2011, Ficetola et al., 2015, Deiner et al.,
2016).

eDNA from water samples can be used to non-invasively
detect spatial and temporal changes in fish distribution patterns
(Yamamoto et al.,, 2016, Sigsgaard et al., 2017, Handley et al,
2018), to identify spawning migrations (Maruyama et al., 2018)
and to assess river connectivity for individual fish species
(Yamanaka and Minamoto, 2016). eDNA metabarcoding can
simultaneously detect multiple taxa by targeting short fragments
of mitochondrial DNA (mtDNA) (Valentini et al., 2016), and
can provide a more comprehensive assessment of biodiversity
than traditional surveying methods, serving to inform policy and
conservation (Ji et al., 2013, Hinfling et al., 2016). One additional
advantage of eDNA metabarcoding is that it can provide not only
presence/absence data of multiple fish species, but also changes
in their relative abundance (Lacoursiére-Roussel et al., 2016).

Here, we used eDNA metabarcoding and a Before-After-
Downstream-Upstream (BADU) approach to assess spatio-
temporal changes in fish community composition following
the removal of a weir that was thought to be impacting on
salmonid migrations.

MATERIALS AND METHODS
Study Site and Water Collection

The river Lugg (England) is one of the two main tributaries
within the lower Wye catchment (Jarvie et al., 2005), a Site of
Special Scientific Interest (SSSI), that historically supported an
important Atlantic salmon (Salmo salar) fishery. The Lugg was
considered to be in “good ecological status” under the Water
Framework directive in 2014 (http://webcam.wyeuskfoundation.
org/current-projects/reconnecting.php) but is fragmented by a
series of weirs built in the 1980s (Symondson, 2010) that
impact on fish migrations. Atlantic salmon and sea trout (Salmo
trutta) spawn in the lower sections of the River Lugg, but their
distribution is restricted by weirs and in-channel structures.
The Green weir (latitude 52°15°12.0”N, longitude 2°4815.9”W)
was 1.85m high and was selected because was going to be
removed in September 2016 to increase the barrier free-length
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FIGURE 1 | Location of sampling points relative to the Green Weir in the river
Lugg (England) and images before and after the removal.

available for fish migrations and spawning. Water samples were
collected before and after the Green weir removal at three
time periods, May 2016, November 2016 and June 2017, from
six sampling points located upstream and downstream of the
weir (Figure 1). The total distance between the most upstream
(latitude 52°15’16.053” N, longitude 2°48°27.001” W) and
downstream (latitude 52°15’3.474” N, longitude 2°47°57.184”
W) sampling point was 750 m. The exact composition of fish
community above and below the weir at the time of removal was
not known before removal of the weir, so metabarcoding was
used to establish a baseline. We compared the results to those
obtained by electrofishing by Natural Resources Wales (NRW,
Supplementary Table 1).

Information on water level at the time of sampling
was collected from a nearby monitoring station at Byton
(riverlevels.uk). Three replicate sample were collected at each
sampling point 30 cm below the water surface, as well as three
field blanks upstream and downstream of the weir. Each replicate
consisted of 100mL of water filtered on site through 50 mL
syringes with closed Minisart® cellulose syringe filters (Sartorius,
Germany) of 0.45um pore size. Turbidity is a factor that can
limit the amount of water that can be passed through a filter
syringe, but previous experimentation indicated that 100mL was
sufficient to detect fish diversity (Muha et al., 2019). Individual
syringes were used for each sampling point to avoid cross-
contamination between sites. Disposable nitrile gloves were used
while collecting water samples and filtering with syringes, and
were discarded between sampling points. The syringe filters were
kept in separate sterile bags and transferred in a cooling bag with
ice packs to the laboratory. A mixture of 1350 pL absolute ethanol
and 150 pL of sodium acetate was back-flashed through the filters
which were then centrifuged at 5000 g for 45 min at 6 °C and
stored in 1.5 mL vials at—20 °C until the DNA was extracted from
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the centrifuged mixture one week later. Three additional control
blanks were carried out in the laboratory by filtering sterile water
with the ethanol and sodium acetate mixture.

Amplicon Sequencing and Bioinformatics
eDNA was extracted using the Nexxtec 1-step DNA Isolation Kit
for Tissues & Cells (Nexttec™ Biotechnologie GmbH, Germany),
following the manufacturer’s guidance, with the elution volume
reduced to 50 iL in the last step, including extraction negative
controls. Extractions and pre-PCR handling of eDNA water
samples were carried out in a laminar-flow hood dedicated to
eDNA analyses only, bleached and exposed to UV light for 45 min
beforehand. DNA extraction efficiency as well as the efficiency of
conventional PCR fish amplification was measured by Qubit™ 4
Fluorometer (Thermo Fisher Scientific Inc.) applying the high-
sensitivity assay (Life Technologies, Carlsbad, CA, USA).

We used vertebrate specific primers (12S-V5-F: ACT GGG
ATT AGA TAC CCC) and 125-V5-R: TAG AAC AGG CTC
CTC TAG) covering a 144 bp fragment of the 12s rRNA mtDNA
gene (Riaz et al, 2011). The primers were tested in silico
using ecoPCR (Boyer et al., 2016) based on a list of known
Welsh species with reference sequences obtained from NCBI
(Supplementary Table 2).

Library preparation followed the NEXTERA 2-round PCR
approach as outlined in the 16S Metagenomic Sequencing
Library Preparation protocol by Illumina (Illumina, 2013). The
first PCR was carried out with 35 cycles on a 12 pl reaction
volume containing 6 L of Kapa HiFi HotStart ReadMix (KAPA
Biosystems, Wilmington, MA, USA), 1 nL of each primer (5,.M),
1 nL of sterile nuclease-free water and 3 WL of template. The
cycling profile had an initial 3 min step at 95 °C followed by
denaturation at 95 °C for 30s; annealing at 52 °C for 30s
following the 72 °C for 30 s with the final extension at the same
temperature for 5 min. After the confirmation of PCR efficiency
on 2 % agarose gel, PCR products were cleaned up using
Agencourt AMPure XP beads (BioLabs, New England, UK). The
second PCR was done on a volume of 25 pL, including 12.5 pL
Kapa HiFi HotStart ReadMix, 2.5 pL each Nextera XT Index
primers, 5 L of sterile nuclease-free water and 3 L of template
amplicon from the first round PCR, following the same cycling
profile than the first one for 12 cycles. For the second PCR, a
clean-up step in a total volume of 45 pL of AMPure XP beads
was used. Libraries were diluted down to 4nM in 10nM Tris.
Paired-end sequencing was performed on an Illumina MiSeq
platform (Illumina, San Diego, CA, USA) at the Institute of
Life Sciences, Swansea University. PCR amplification yield was
measured by Qubit 1.0 fluorometer (Thermo Fisher Scientific
Inc., UK) using the high-sensitivity assay (Life Technologies,
Carlsbad, CA, USA).

Bioinformatics analyses were performed using a custom
script, first paired reads were assembled using PEAR (Zhang
etal., 2014). Then, adaptor contamination and poor quality bases
were trimmed using USEARCH v10 (Edgar, 2010) and only reads
with expected errors below 0.5 were kept. The retained sequences
were denoised, and assigned to zero-Radius OTUs (zOTUs, also
referred to as ASVs or ESVs) using UNOISE2 (Edgar, 2016).
zOTU sequences were BLASTed against a local install of NCBI

and MEGAN (6.15.1) used to assign species using the lowest
common ancestor approach (LCA) (Huson et al., 2007). Taxa not
present in United Kingdom but closely related to hits with known
natural distribution in UK were manually curated.

Statistical Analysis

All statistical analyses were performed in R (v3.5.1; R
Development Core Team and R Core Team, 2019). We estimated
the repeatability of the sample replicates, based on the number of
counts, with rptR (Stoffel et al., 2017), using the Imm method and
1000 bootstrapping iterations.

All species, apart from Barbatula barbatula which was not
detected upstream the weir on the first sampling, were present
at all sampling sites and at all times.

The effect of sampling time (month) and location
(upstream/downstream of the weir) on species abundance
(number of reads) was assessed by applying simultaneous
generalized linear models of multivariate data using the function
manyglm implemented in the mvabund package (Wang et al,,
2012). The log of total number of reads was used as an offset to
account for the differences in sampling depth across samples
(McMurdie and Holmes, 2014). We used the anova.manyglm
procedure for univariate test statistics on individual species;
p values were estimated using a bootstrap approach with 999
iterations and adjusted for multiple testing. Pairwise post-hoc
tests were carried out using anova.msolglm. Alpha diversity was
estimated by the Shannon- Wiener index (H’) diversity index
using vegan (Oksanen et al., 2007) based on relative abundance
(percentage).We then applied linear models to assess the effects
of sampling time, location and their potential interaction. Model
selection was carried out using the dredge function in the MuMIn
R package (Barton and Barton, 2015).

Intra-group variability was tested based on the dispersion
in each of the groups (sampling time and location) using
betadisper in vegan, with 999 permutations. We then carried out a
permutational multivariate analysis of variance (PERMANOVA)
to evaluate the contribution of sampling time, location and
their interaction to the variation of the community composition
(Anderson, 2001). For this, we used the function adonis2 in the
vegan package, based on Bray-Curtis distance. The most plausible
model was selected based on Akaike Information Criterion
(AIC) values. Community structure based on beta diversity, was
visualized using nonmetric multidimensional scaling (NMDS)
ordination based on Bray-Curtis distance in vegan, and plotted
using ggplot2 (Wickham, 2011).

RESULTS

In silico and in vitro Primer Validation

A reference database of 1131 sequences was constructed from the
thirty-seven fish species, known to be present in Welsh rivers.
In silico validation identified twenty-one species. All identified
species present in the Lugg had been identified in silico. The
three fish species used for in vitro validation of the primers
were successfully amplified and confirmed by Sanger sequencing
followed by BLAST.
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FIGURE 2 | Relative abundance (based on relative read counts) of the river Lugg species, identified using eDNA metabarcoding, upstream, and downstream the
location of the Green Weir, before and after the removal of the dam. A, B and C correspond to field replicates.
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FIGURE 3 | (A) Shannon-Wiener measure of alpha diversity in the river Lugg fish community before (Year 1 May) and after the removal of the Green dam (Year 1
November and Year 2 June), upstream and downstream its location. (B) Nonmetric multidimensional scaling (NMDS) ordination of fish community structure based on
Bray-Curtis distances, for all samples before and after the weir removal (sampling time), upstream, and downstream the weir location.
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Species Assignment and Abundance

In total, 55 samples were extracted from the three sampling
events in the Lugg River. Overall, ~50% of the reads
were assigned to fish taxa, with variation among sampling
sites (Supplementary Figure 1). Fish taxa species unlikely to
inhabit the study river (i.e., Rivulidae, Cyclopterus lumpus,

Oreochromini) accounted for 0.8% of overall fish read abundance
and were removed for further analysis. These species, marine or
tropical, even if unlikely had been introduced, would have not
survived in the sampling sites and they are likely originated from
lab cross-contamination or poor alignment during the BLAST
process. In total, 674,690 fish reads were used for the analyses.
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Ten fish taxa were identified, seven to species level Anguilla
anguilla, Phoxinus phoxinus, Barbatula barbatula, Cottus gobio,
Salmon salar, Salmon trutta, Gasterosteus aculeatus, and three
to genus level Thymallus, Lampetra, and Oncorynchus, all apart
from Oncorhynchus are native to the catchment (Fenn, 2018).
The Lugg fish community was dominated by Phoxinus phoxinus,
Cottus gobio, and salmonids (Figure 2), coinciding with the
results of the electrofishing monitoring carried out by NRW
(Supplementary Table 1).

Temporal and Spatial Variation in

Abundance and Diversity
The repeatability ranged from 0 (Anguilla anguilla, Salmo trutta,
Thymalus, and Lampetra) to 0.433 (Salmo salar) and 0.754
(Phoxinus phoxinus) (Supplementary Table 3). Species with the
highest repeatability tended to be those with higher number of
reads. We pooled the three replicates for the rest of the analyses.
Results of the multivariate glm analyses indicated that
community abundance was influenced by sampling time
(Deviance = 77.1, P = 0.001, df = 2), but not by location

(Deviance = 1.65, P = 0.993, df = 1) or the interaction
between both (Deviance = 28.13, P = 0.125, df = 2)
(Supplementary Table 4).

Univariate analyses indicated that, after Bonferroni correction
for multiple tests, the abundance of three species significantly
varied with sampling time, Phoxinus phoxinus (Deviance =
21.13, P = 0.001), Oncorhychus (Deviance = 18.94, P =
0.001), and Salmo salar (Deviance = 20.07, P = 0.001), but
not with location or the interaction between both factors. In
contrast, Barbatula barbatula was affected by the interaction
between sampling time and location (Deviance = 13.40, P
= 0.036) (Supplementary Table 4, Supplementary Figure 2).
Pairwise tests indicated that for Phoxinus phoxinus, Oncorhychus,
and Salmo salar the abundance in the November sampling was
significantly different from the other two (P = 0.001; Figure 2
and Supplementary Figures 2).

Alpha diversity based on Shannon-Wiener did not vary
significantly upstream and downstream the weir either before or
after removal, and the model that best explained their variation
included only sampling time (Shannon-Wiener t = 4.49 P <
0.001; Supplementary Tables 5, 6; Figure 3). Sampling time was
the only factor affecting the community structure (beta diversity),
and neither location nor the interaction between time and
location were significant predictors of fish community structure
(Supplementary Table 5), and the NDMS analysis indicated that
the last sampling was different from the previous ones (Figure 3).
Fish communities did not differ concerning the dispersion inside
the sampling time (F = 1.35 P = 0.28) or location (F = 0.65 P =
0.42) groups (Supplementary Figure 3).

DISCUSSION

Using eDNA analysis we found an important effect of sampling
time but not of weir removal on fish community composition.
Sites upstream of dams tend to have lower species richness,
particularly for anadromous and diadromous species (Jellyman

and Harding, 2012), but our results did not detect such an effect
as all the species except (Barbartula barbatula) were present
both upstream and downstream the obstacle before and after the
removal. Community composition changes were more related to
seasonal changes than to the upstream/downstream location with
respect to the weir.

Monitoring  of critical  for
understanding the potential beneficial (or detrimental) effects
of barrier removal (Duda et al., 2008, Hogg et al.,, 2015) and
should be followed by regular monitoring after removal to assess
the realized benefits as well as the potential impacts (Rodeles
et al., 2017). Surprisingly, less than 5% of projects are monitored
(Hart et al., 2002). Our results suggest that eDNA can be a
powerful tool to carry barrier removal monitoring. All the
taxa identified by eDNA metabarcoding had been observed by
more traditional surveys in the river Lugg between 2015 and
2017. The same coincidence between methods has been seen
in lakes (Di Muri et al,, 2020) and the marine environments
(Ratcliffe et al., 2020). Using eDNA we identified one additional
species, the European eel (Anguilla anguilla) which was not
detected in previous surveys, supporting the view that eDNA
can be more sensitive than traditional techniques for detecting
elusive or rare species (Pilliod et al., 2013, Civade et al,, 2016,
Evans et al, 2016, Nakagawa et al, 2018). In addition, we
found Lampetra spp., traditionally difficult to identify with
traditional sampling (Moser et al., 2007, Jolley et al., 2012) but
the resolution of our primers (as for the electrofishing surveys)
did not allow species identification of Lampetra spp., and will
require further barcoding with more specific markers as for
other fish species (Robinson et al., 2019b). Two species, Leuciscus
leuciscus and Squalius cephalus, previously detected in the Lugg
in earlier samplings (Fenn, 2018), were not detected by eDNA
metabarcoding neither by more recent electrofishing by NRW.
As both species had been detected in silico, this suggests that
they were not present at the time or that they were present at
very low numbers. It is also possible that the volume of water
used for analysis (100 mL per replicate) was not large enough
to detect presence of species further away from the sampling
points, as detectability tends to improve with the volume of
water filtered (Civade et al., 2016, Valentini et al., 2016). We also
detected the presence of a non-native Oncorhynchus salmonid,
most likely resulting from the local stocking of Oncorhiynchus
mykiss (rainbow trout) by an angling association (Clobert et al.,
2009), as the species is not known to reproduce in the UK.

Although the fish community composition did not differ in
our study in relation to the location of the weir, there were
marked seasonal differences in abundance for some species,
which likely reflect their migrations in relation to their life
cycle, as seen in other studies, including others using eDNA
(Stoeckle et al, 2017). An increase in the abundance of
eDNA of particular species has been found to coincide with
the release of gametes and can serve to identify spawning
events in freshwater (Bylemans et al., 2017). For example,
Atlantic salmon reproduces between November and January,
and this coincided with an increase in read abundance during
our second sampling. Seasonal changes in abiotic conditions,
such as water temperature, flow rate and transport dynamics

riverine communities is
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could have also influenced eDNA dynamics and therefore our
ability to detect changes (Takahara et al., 2012, Deiner et al,
2016).

Although we did not detect any increase in fish abundance
or diversity following the removal of the weir, potential
benefits on other components of biodiversity (e.g., invertebrates,
macrophytes) (Jones et al., 2020a) were not studied and may
warrant further study. Even small barriers can cause functional
changes among macroinvertebrates (Pollard and Reed, 2004,
Mueller et al., 2011), which can also be monitored using eDNA
(Robinson et al., 2019a). After dam removal, the same fish species
were upstream and downstream, with little variation in their
relative abundances. By contrast, samples taken prior to the dam’s
removal were more variable and did drop-out either side of the
weir. This might be an effect of the impounded area or due to
the elevated sedimentation of particulate matter associated with
barriers (Vorosmarty et al., 2003).

Barriers are known to interfere with fish migrations
(McLaughlin et al., 2013; Jones et al., 2020b) and reduce
population connectivity and gene flow (Meldgaard et al,
2003, Wofford et al., 2005), threatening long term population
persistence (Valenzuela-Aguayo et al., 2020). Low-head barriers
(<5m) are particularly pervasive (Jones et al, 2019) and are
the most abundant instream barriers (Belletti et al., 2020) and
the easier to remove. However, removal of obstacles needs to
consider cost-benefits, as dams and weirs provide a variety
of economic services, such as hydropower, water supply and
opportunities for recreation (Whitelaw and MacMullan, 2002),
that need to be considered against their ecological impacts (Poff
and Hart, 2002). We did not observe a change in taxonomic
richness short term after the weir removal, perhaps due to the
slow speed of fish recolonisation but most likely because the
weir was not causing a large disruption the fish community,
suggesting a potentially small benefit (for fish) of the removal.
Thus, our results indicate that careful monitoring of barrier
removal projects is essential to ensure that the desired benefits
outweigh the costs and that any ecological benefits are properly
documented. In this sense, eDNA is a cost-effective (Ruppert
et al,, 2019) and portable tool which can be used for monitoring
barrier removal.
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