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Abstract
Assessments of fish communities tend to rely on capture-based methods that, due
to sampling biases, can underestimate actual species richness. Alternatively, environmental DNA (eDNA) based metabarcoding is a noncapture approach that infers
species richness and distribution by collecting and sequencing DNA present in the
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ecosystem. Here, eDNA metabarcoding was applied to the lower River Severn, a
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semblage. Using a universal primer for fish (12S mtDNA region), comparisons were
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highly modified and impounded river, to identify the species present in the fish asmade between the species identified as present by eDNA metabarcoding versus
long-term data available from fisheries monitoring data based on capture methods.
Depending on the stringency of detection thresholds applied, the two methods detected between 15 and 25 fish species present in the river, with the eDNA metabarcoding detecting most species previously reported in the capture surveys, although
with differences in the relative abundance of species between the methods. Notably,
eDNA metabarcoding detected species of high conservation importance that were
never sampled by capture techniques, including native European shads (Alosa spp.).
Differences in the similarity indices of species detection were greater between the
sampling methods than between sampling sites on each river. These results highlight
the high potential of eDNA metabarcoding to provide an effective monitoring tool for
biodiversity and conservation in rivers, but also indicate the need for complementary
multi-method sampling for robust estimates of fish species richness.
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1 | I NTRO D U C TI O N

Severn basin was subjected to considerable river engineering in the

The monitoring of biodiversity is becoming increasingly important

abled navigation further upstream for industrial purposes (Figure 1;

in response to rapid environmental change (Hänfling et al., 2016;

Aprahamian, 1988). These inhibited the spawning migration routes

Lawson Handley et al., 2019; McDevitt et al., 2019). For fish, cap-

of a number of diadromous fishes, including allis shad (Alosa alosa),

ture methods (e.g., trapping, netting and electric fishing) are neces-

twaite shad (Alosa fallax), and sea lamprey (Petromyzon marinus)

sary when biometric and demographic data are required (Radinger

(Maitland & Lyle, 2005; Aprahamian, Aprahamian, & Knights, 2010).

et al., 2019). However, for estimating the species richness and rel-

There is now a plan of river reconnection in place ("Unlocking the

ative abundance of fish assemblages, environmental DNA (eDNA)

Severn") that either removes these weirs or provides fish passes

metabarcoding has recently emerged as an innovative and ef-

that facilitate the upstream passage of migratory fish (Antognazza

fective monitoring tool (e.g. Shaw et al., 2016; Taberlet, Coissac,

et al., 2019; Environment Agency, 2019a). Such reconnection

Hajibabaei, & Rieseberg, 2012; Thomsen & Willerslev, 2015;

schemes in river systems can lead to changes in the fish commu-

Valentini et al., 2016). Applied to both lotic (Balasingham, Walter,

nity (Catalano, Bozek, & Pellett, 2011; Magilligan, Nislow, Kynard, &

19th Century through the construction of a series of weirs that en-

Mandrak, & Heath, 2018; Nakagawa et al., 2018), semi-lotic (ca-

Hackman, 2016). Therefore, knowledge on the community composi-

nals; McDevitt et al., 2019), and lentic (Hänfling et al., 2016; Harper

tion and distribution of fishes prior to reconnection are required to

et al., 2018; Lawson Handley et al., 2019) systems, evidence suggests

enable postconnection to be assessed and the management evalu-

it provides an efficient, noninvasive monitoring tool (Yamanaka &

ated. There are also considerable spatial differences evident in the

Minamoto, 2016). Metabarcoding of eDNA is proving especially use-

river habitats across the lower River Severn basin, ranging from the

ful for detecting the presence of rare, endangered or invasive spe-

River Teme tributary providing a relatively narrow channel of pool

cies that are often present in low abundance (Taberlet et al., 2012),

and riffle characteristics, though to the main River Severn providing

with the advantage of it requiring minimal taxonomic information

relatively deep, impounded sections (Figure 1; Gutmann Roberts,

prior to analysis (Bayley & Peterson, 2001; Gu & Swihart, 2004;

Hindes, & Britton, 2019). These spatial differences in habitat typolo-

Mackenzie & Royle, 2005), a contrast to capture techniques where

gies are then also likely to be reflected in considerable differences in

high proficiency in species identification techniques can be required

the fish assemblages (Noble, Cowx, & Starkie, 2007).

(Radinger et al., 2019).

Consequently, the aim of this study was to apply eDNA-based

There are, however, a number of questions remaining regarding

metabarcoding to characterize the distribution of fish species of the

the spatial and temporal distribution of eDNA in lotic systems, given

lower River Severn and its River Teme tributary, above and below

how they differ from other habitat types due to their continuous and

major impoundments and prior to their river reconnection. The

directional water flow. In lotic systems, organisms release genetic

objectives were to identify the fish species present across the two

material which is expected to disperse downstream until it is chem-

rivers using eDNA and compare the fish species composition and rel-

ically and/or biologically decomposed (Deiner & Altermatt, 2014;

ative abundance with long-term data obtained from approximately

Jane et al., 2015; Wilcox et al., 2016). Therefore, at a sampling site,

26 years of fish surveys completed using capture methods. It was

eDNA collected from water is likely to represent the composition

predicted that while both methods would demonstrate consider-

of both local fish communities and those located upstream (Civade

able spatial differences in the fish assemblage across the study area,

et al., 2016; Nakagawa et al., 2018). This is in contrast to more tra-

eDNA would be more powerful at detecting fish of high conserva-

ditional fish monitoring techniques based on capture methods that

tion importance given the likelihood of these species being in low

provide highly localized data at the time of sampling (Radinger

abundance (Jerde et al., 2013; Wilcox et al., 2013; Sigsgaard, Carl,

et al., 2019). Temporal changes in fish behavior (e.g. spawning mi-

Møller, & Thomsen, 2015; Deiner et al., 2017).

grations, summer vs. winter habitat use, diel migrations) and varying rates of DNA degradation due to biotic and abiotic factors
might strongly influence the detectable levels of eDNA (Shogren
et al., 2017).
In river fish assemblages, a major anthropogenic pressure is

2 | M ATE R I A L A N D M E TH O DS
2.1 | Sampling sites

the presence of impoundments (e.g. dams, weirs) that were originally constructed for navigation and hydrological regulation, im-

Water sample replicates were collected every 2 weeks across the

pact longitudinal connectivity, and fragment habitats (Oliveira,

River Severn and its tributary, River Teme during May and June 2018

Baumgartner, Gomes, Dias, & Agostinho, 2018; van Puijenbroek,

(Figure 1; Table 1). An additional 15 water samples were collected in

Buijse, Kraak, & Verdonschot, 2019). Even single barriers can in-

May and June 2017 for one site ("Powick") (Table 1). Samples col-

terrupt the longitudinal connectivity of a river (Jager, Chandler,

lected during May and June 2018 are the same samples used for

Lepla, & Van Winkle, 2001), leading to species isolation (Falke &

monitoring shads through a real-time assay specific to Alosa spp.

Gido, 2006) and restricting the natural movements of fish for re-

(Antognazza et al., under review), while samples collected in 2017

production, feeding, and habitat colonization and can potentially

were used during the development of a real-time assay specific to

lead to genetic impoverishment. In Western Britain, the lower River

Alosa spp. (Antognazza et al., 2019).
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F I G U R E 1 Locations of sampling sites on the River Teme and River Severn (gray circles) where the water samples were collected for the
eDNA metabarcoding and the fish surveys were performed. Thick black lines refer to the two main impoundments on the Teme and Severn,
being Powick and Diglis Weirs, respectively. Light gray lines refer to minor impoundments present on both rivers

The River Teme is approximately 130 km in length and is im-

used as the most downstream site on the river, rather than the most

pounded in its lower reaches by a weir ("Powick Weir") that has a

downstream weir (Upper Lode Weir), as the latter represents the

head of approximately 1.5 m. This weir, located 3 km from its con-

tidal limit of the river under most flows and is considered passable

fluence with the River Severn, is considered as largely impassable

to most fish in the river, including all of the anadromous fishes in the

for most fish in the river (Figure 1). The Powick sampling site was lo-

river, especially during large spring tides when the weir is flooded

cated just below this weir. The other sampling site on the River Teme

(Bolland et al., 2019) (Figure 1). Correspondingly, sampling sites

was "Tenbury," located approximately 48 km upstream of Powick

were located up- and downstream of Diglis Weir, and then upstream

Weir, with a further weir ("Knightwick Weir") located between them

of the weirs at Bevere (10 km upstream from Diglis), Holt Fleet,

(Figure 1). Note Knightwick Weir is considered as less of a barrier to

and Lincomb (15 and 30 km upstream from Diglis, respectively)

fish movements due to a lower head (Figure 1). The River Severn,

(Figure 1). In subsequent analyses and evaluations, Diglis (Severn)

approximately 354 km in length, has a series of six weirs in its lower

and Powick (Teme) were therefore considered as the weirs that po-

reaches that disrupt its longitudinal connectivity. The most down-

tentially represented the principal blockages to the movements of

stream sampling site on this river was the second most downstream

fishes between the different sections of each river. The fish species

weir on the nontidal section of the river ("Diglis Weir"), situated

known to be present for at least some of the year in both rivers are

around 2 km upstream of the River Teme confluence. This weir was

provided in the Table S2.
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TA B L E 1
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Sampling sites description

Location

Sampling
method

GPS Coordinates

Position according to
the main weir

Date

Samples

Negative

Tenbury Wells

Bridge

52.313900, −2.594711

Above

03-May 2018

5

2

14-May 2018

5

2

29-May 2018

5

2

11-June 2018

5

2

25-June 2018

5

2

03-May 2018

5

2

14-May 2018

5

2

29-May 2018

5

2

11-June 2018

5

2

25-June 2018

5

2

12-June 2017

3

1

19-June 2017

6

1

02-July 2017

4

1

18-July 2017

1

1

21-May 2018

5

2

04-June 2018

5

2

21-May 2018

5

2

04-June 2018

5

2

03-May 2018

5

2

21-May 2018

5

2

04-June 2018

5

2

25-June 2018

5

2

03-May 2018

5

2

21-May 2018

5

2

04-June 2018

5

2

25-June 2018

5

2

Powick

Bridge

52.170497, −2.242295

Below

Lincomb

Riparian zone

52.323832, −2.267581

Above

Bevere

Riparian zone

52.233704, −2.240804

Above

Worcester

Bridge

52.190953, −2.226180

Above

Diglis

Bridge

52.176248, −2.224893

Below

Note: Locations, method of water collection, GPS coordinates, sampling position regarding the main impoundment, date of sampling, number of
samples, and field negative controls (negative) are indicated.

2.2 | Contamination control

prepared and stored in a sterile plastic bag, which was wiped on
the outside with 10% Microsol detergent (Anachem). All sampling

In order to minimize the probability of contamination, clean and con-

equipment per site was stored separately in large sterile bags that

sistent field collection protocols were established. Negative controls

were wiped on the outside with 10% Microsol detergent and sealed

were included in the field, water filtration, DNA extraction, and DNA

until their use at the specific site. Each site also had its dedicated

amplification steps. These were then sequenced, resulting in 36% of

equipment which were sterilized and were held in site specific sterile

the total sequenced samples being negative controls. In addition to

bag, including single-use disposable gloves, spray bottle with 10%

intermittent negative controls during the filtration process, negative

Microsol detergent, tissue paper, plastic bucket (cleaned with 10%

controls were included at the start and end of field sampling for each

Microsol solution) for storing weights after sampling, scissors, duct

site, water filtration, and DNA extraction.

tape, and cable ties for finishing the set-up of sample bottles (see

Field equipment were stored and prepared for field sampling in a

the next section for details), a sterile plastic bucket for storing all

laboratory that is located in a separate wing to any DNA and tissue

used equipment during sampling (this ensured the equipment did not

handling laboratory. Re-usable plastic bottles, ropes, and weights

come in direct contact with the field environment), a rubbish bag,

were used to collect water in the field after undergoing a stringent

and a sterile ice cooler for storing the collected water samples. After

decontamination protocol that involved cleaning all equipment

water collection, each bottle was wiped with 10% Microsol solution,

with 10% commercial bleach solution (immersion for a minimum of

placed in an individual sterile bag and placed a cool box filled with

30 min), followed by thoroughly rinsing them with sterilized water

ice. Once in the laboratory, water samples were placed in a sterile

and then autoclaving them. Prior to field sampling, each bottle was

fridge (5°C; cleaned with 10% Microsol solution). Each bottle was
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again cleaned with 10% Microsol solution before opening it for the

(WhatmanTM). Filtration negatives (1 L distilled water) were run

filtration step.

before the first filtration and then after every sixth sample, plus at
the end in order to test for contamination during the filtration step.

2.3 | Sampling methods

Filtration and DNA extraction were performed under a biological
flow cabinet (Nuaire Labgard Class II biological safety cabinet) in
a laboratory not dedicated to any DNA processing. Prior to filtra-

Water samples were collected using 1-L sterile plastic bottles by

tion, all equipment was sterilized by submersion in 10% commer-

sampling the river across its width using road bridges that traversed

cial bleach solution for 15 min and then washed with sterile water,

its entire width, with some samples also collected from the river-

followed by being placed under the flow cabinet with UV light for

bank. Both methods were described and compared in Antognazza

20 min. Following each sample filtration, the filter paper was re-

et al. (2019). Briefly, sampling the river across bridges involved low-

moved using sterile tweezers and placed in an individual power

ering sampling bottles from bridges using sterile ropes. The bottom

bead tube for DNA extraction and stored in a refrigerator. Tweezers

of each bottle was weighted (using a sterile weight of approximately

were sterilized after each use in 10% Microsol solution, for at least

700 g) and then attached to a rope for lowering into the river (20 m

10 min and then washed with distilled water. Filtration equipment

length at Powick, 40 m at other sites). Each sterile plastic bottle was

was sterilized after each sample in a 10% commercial bleach solution

prepared with sterile ropes and weights in the laboratory and placed

for 15 min, followed by flushing with tap water and then followed by

individually in a sterile bag. At each sampling site, two negative con-

two washes with distilled water.

trols were also prepared consisting of 1-L sterile plastic bottles filled

The day after filtration, DNA was extracted using the DNeasy

with sterile water and were treated in the field in the exact manner

PowerWater Kit (Qiagen), according to the manufacturer guidelines,

as sample collection bottle (i.e. they were opened for 5 s, closed, and

and was eluted in 100 µl elution buffer. Samples were quantified

then dipped in the river). The first negative control was collected at

using the Nanodrop and stored at −20°C for a maximum of 3 months

the beginning of sample collection and the second one at the end.

prior to their amplification.

Five samples were collected from each bridge at equal distances
to cover the width of middle section of the river. All water samples
were immediately wiped with 10% Microsol solution (by wiping the

2.5 | Amplification steps

bottle's exterior), stored in individual sterile bags and in sterile ice
cooler box and then in a sterilized fridge overnight (5°C).

All DNA amplification and sequencing steps were performed at

At two sites on the River Severn, Lincomb and Bevere, no bridges

the UK Centre for Ecology & Hydrology, Wallingford, in a labora-

were available from which samples could be safely collected and so

tory dedicated to environmental DNA analysis. The universal primer

water samples were collected by samplers standing on the river

MiFish-U-F/R (Miya et al., 2015), which amplified a 199 bp long

bank, with water collected in a sterile plastic bottle attached to

fragment of the 12S mtDNA region, was used in a two-step PCR

an extendible pole (from 1.8 to 3.7 m), with the bottle submerged

approach. The primer pair was first tested on 10 water samples col-

sufficiently to allow collection through the water column. Sampling

lected in 2018, randomly chosen, to assure positive amplification.

equipment was cleaned after each sample using 10% Microsol de-

Then, all samples were amplified with modified primers (amplicon

tergent. A total of five water samples were collected from each site.

primers with Illumina MiSeq sequencing primer and preadaptor), al-

Samples were alternately collected with the pole at its shortest and

lowing the second stage of PCR to add on the barcodes (Illumina

at its longest length. Two negative controls were also collected, one

MiSeq index) and flow-cell adaptor. A total of 124 samples and 27

before starting water sample collection (with the pole at its shortest

field negative controls were amplified, as well as two extraction neg-

length) and one at the end (with the pole at its longest length). These

ative controls and 39 negative controls at the filtering step (Table 1).

negative controls consisted of 1-L sterile plastic bottles filled with

First step PCR amplifications were performed with Q5 High-Fidelity

sterile water which were treated in the same way as sample collec-

DNA polymerase (New England BioLabs); amplifications were per-

tion bottles; the lid was removed and put back on the bottle, and the

formed in 25 µl reaction volume containing 4 µl undiluted sample,

closed bottle was then dipped in the water. The sampling equipment

PCR buffer and high GC buffer, 0.05 µM dNTPs (Bioline), and 0.1 µM

was changed between each sampling point with the pole sterilized

of each modified amplicon primer. Thermal cycler conditions in-

using 10% Microsol solution. All samples were immediately stored

cluded an initial denaturation at 95°C for 3 min followed by 35 cycles

on ice in a sterilized cooler and then in the sterile fridge overnight

of denaturation at 94°C for 20 s, annealing at 61.5°C for 15 s and

(5°C).

extension 72°C for 15 s, followed by a final extension at 72°C for
5 min. PCR results were visualized on a 2% agarose gel. Amplicons

2.4 | eDNA filtering and extraction

were cleaned using the Zymo ZR-96 clean-up kit (ZYMO-Research).
The second PCR amplification was performed using the Sigma Taq
polymerase (Sigma), with an optimized 10x reaction buffer including

All samples were filtered within 24 hr of their collection by filter-

MgCl2 (15 mM). Amplifications were performed in 50 µl reaction vol-

ing the water through a 0.45 µm cellulose nitrate filter membrane

ume containing 1 µl of DNA template from first step amplification,

|

ANTOGNAZZA et al.

463

0.1 µM dNTPs, and 0.125 µM of each barcoding primer. Thermal cy-

species as it gives a proportion of a specific species in relation to

cler conditions consisted of an initial denaturation at 95°C for 3 min

the total number of reads at one location (Balasingham et al., 2018).

followed by 8 cycles of denaturation at 5°C for 30 s, annealing at

Therefore, if in a particular location, and eventually further up-

55°C for 30 s, and extension 72°C for 30 s followed by a final exten-

stream, a species occurs in high abundance, water samples collected

sion at 72°C for 5 min. PCR results were visualized on a 2% agarose

should reflect a higher proportion of eDNA sequence returns for the

gel. Amplicons were normalized using SequalPrep normalization

species as a measure of the relative signal (Balasingham et al., 2018).

plates (Invitrogen, Life Technologies). Samples were subsequently
pooled into single tubes, concentrated, gel extracted (Qiagen), quantified using the Qubit HS Quantification Kit (Thermo Fisher), and se-

2.8 | Fish survey

quenced on an Illumina MiSeq using V3 2 X 300 bp chemistry using
a 12pM load with 20% Illumina PhiX control library.

In the last 20 years, electric fishing surveys have been completed on
the River Teme in the areas close to where the eDNA surveys were

2.6 | Bioinformatics and data analysis

completed. With the River Severn being a much larger and deeper
river than the Teme, it is more challenging to sample by electric fishing. Consequently, fyke net surveys (fished overnight) and micro-

Raw reads were processed through the DADA2 pipeline ver. 1.8

mesh seine netting of 0+ fish at the end of the summer (Table S3)

(Callahan et al., 2016) in R (R Core Team, 2018). Briefly, amplicon reads

complemented electric fishing data for the River Severn.

were trimmed to maintain Q score > 30, at 220 and 160 bases, for-

Electric fishing surveys on the River Teme were completed con-

ward and reverse, respectively, and filtered with DADA2 default set-

sistently at Tenbury (n = 6; 2003–2015) and Powick (n = 5; 1993–

tings, with the exception of the maximum number of Ns (maxN) = 0

2008) (Figure 1) (Environment Agency, 2019b). In the River Severn,

and maximum number of expected errors (maxEE) = c(1,1). Primer

a mixture of electric fishing and micromesh seine net surveys have

sequences were removed using trimLeft = c(21,27). Sequences

been completed downstream of Holt Fleet Weir (4 electric fishing

were dereplicated and the DADA2 core sequence variant inference

and 8 micromesh seine net surveys; 1992–2018) and at Upton upon

algorithm applied. Processed forward and reverse sequences were

Severn (downstream of Diglis Weir) (1 fyke net, 4 electric fishing

merged using the mergePairs function, and a sequence table was

and 5 micromesh seine net surveys; 2002–2018) (Table S3). While

constructed from the resultant, merged amplicon sequence vari-

these locations do not completely match the eDNA sampling lo-

ants (ASVs). Chimeric sequences were removed from the ASV table

cations, they were considered as representing each of the reaches

using remove BimeraDenovo with default settings. After processing,

concerned where water samples were collected and also in relation

6,595,003 merged sequences were recorded in 6,490 ASVs.

to the upstream (u/s) or downstream (d/s) split in the rivers caused

To assign taxonomy, a megablast against the NCBI database was

by Powick and Diglis Weir. Although combining fish data across dif-

performed initially using the Galaxy platform online (usegalaxy.org;

ferent capture techniques is not ideal, it had to be done for these

Afgan et al., 2018), aiming to find a match for each of the 6,490 se-

River Severn locations due to the paucity of data that would have

quences. The set expectation cutoff value (e-value) was set at 1e−06.

resulted from the use of only one capture method. This is coupled

A match for all 6,490 sequences was not achieved, but was for 99.3%

with the use of different methods providing a greater likelihood

of the sequences (6,445 sequences) at 76% identity cutoff (e-value)

that a broader range of fish species were captured in such a large

and the minimum query per hsp, allowing gaps. The remaining un-

river that is inherently challenging to sample using capture methods

matched sequences (45 sequences) were re-analyzed separately

(Radinger et al., 2019). The capture data were collated from across

to confirm the absence of any match with fishes before they were

a 26 year period to provide more of a long-term perspective on the

discarded. Blast using a custom database (Table S2), created using

assemblage composition (Table S2), especially as some of the spe-

previous published European freshwater fish (Hänfling et al., 2016),

cies present (e.g. Barbus barbus, Squalius cephalus) are long-lived

was carried out with the 6,445 sequences; all nonfish assignments

(>20 years). The data used from each fish survey were the species

sequences, mainly bacteria, were removed. The final dataset yielded

captured and their numerical abundance, with each survey com-

71 ASV.

pleted by the Environment Agency, the inland fisheries regulator of
England (Environment Agency, 2019b).

2.7 | Semi-quantitative eDNA analysis
Following the approach adopted in Balasingham et al. (2018), eDNA

2.9 | Comparing eDNA metabarcoding
detection and fish capture survey techniques

detections for target species were interpreted in a semi-quantitative
way. The number of the eDNA sequences for a target species at a

The species recorded during the fish surveys and detected in the

specific sampling location was divided by the total number of eDNA

eDNA-based metabarcoding were compared based on presence/

sequences returned at the same sampling location. This approach

absence of each species detected and then the proportion of spe-

can be used to estimate the abundance of the signal of a target

cies according to their numerical abundance within each survey.
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To enable this, the eDNA data were managed in two ways: (a) se-

c = number of species unique detected with electrofishing.

quences which gave at least one read count (singletons), prior to the

Values of SS vary between 0 (no similarity on species composi-

application of a minimum number of reads count threshold (thresh-

tion between the methods) and 1 (perfect similarity between the

old set at 320 reads, see section "Library quality and raw data con-

methods), and was applied to comparisons between the two survey

trol" for details), and (b) only sequences which passed the minimum

methods and, for the eDNA metabarcoding data, to each river to

number of reads count threshold (determined by the maximum reads

compare composition of the fish assemblage between the sampling

of contaminations 320 reads, see section "Library quality and raw

areas (eDNA with the threshold of minimum reads applied and fish

data control" for details). Data from the fish surveys were summa-

surveys with the threshold of species presence in at least 50% of

rized in three ways using detection thresholds in as similar manner

surveys). Data collected in Powick in 2017 were only compared to

as possible to the metabarcoding, although it is recognized that the

data collected there in 2018. Secondly, a semi-quantitative approach

physical capture of a fish species is not equivalent to an erroneous

was used where the relative abundance of the fishes detected as

recording in eDNA. However, this is countered by the appearance

present in the river were compared between the methods using a

of a single fish species in only one sample that is never captured in

bubble plot. For eDNA, this was based on proportion of the number

subsequent samples being either rare or highly transient and thus

of reads (after bioinformatics filtering and minimum threshold reads

would not be considered as a long-term member of the natural fish

applied as described above). For fish surveys, it was the proportion

assemblage. Correspondingly, the thresholds applied were (a) the

by species (according to numerical abundances) captured by the

species was considered present in the site if captured in at least one

sampling method.

survey at that location; (b) the species was considered present in
the site if captured in at least 50% of all surveys; and (c) the species
was considered present in the site if retrieved in at least 80% of all
surveys. This categorization allowed comparing the data on three
levels, increasing the level of stringency: (a) eDNA data without ap-

3 | R E S U LT S
3.1 | Library quality and raw data control

plying reads count threshold were compared with species found at
least once in the fish surveys (less-stringency scenario); (b) eDNA

After quality filtering and merging, a total of 6,490 amplicon se-

data after applying reads count threshold with species found at least

quence variants were retrieved, with only 71 ASVs belonging to

in 50% of the fish surveys (moderate-stringency scenario), and (c)

fishes. These 71 ASVs assigned to 20 fish species and were compiled

eDNA data after applying reads count threshold with species found

in a table of "amplicon sequence variants" (Table S1). Out of all 68

at least in 80% of the fish surveys (high-stringency scenario). In the

negatives analyzed, only five displayed contamination (7.4%), which

literature, there remains no standard method to select the minimum

for two of them (negatives PBN9 and WBN5) the level of contami-

reads counts for considering a species to be present; methods vary

nation was negligible. Specifically, field negative PBN9 displayed 71

from excluding only singleton to a certain percentage aiming to iden-

reads in total (divided between two species: 32 reads assigned to

tifying contaminants in the controls (e.g. Balasingham et al., 2018;

Phoxinus phoxinus, 39 reads assigned to Alburnus alburnus) and field

Civade et al., 2016; Lawson Handley et al., 2019). Therefore, the

negative WBN5 displayed 465 reads in total (divided in two species:

data without any threshold applied were associated with fish survey

312 assigned to Alosa spp. and 153 reads assigned to Pseudorasbora

data which considered a species present if retrieved in at least one

parva) (Table S1). Therefore, the reads threshold was set at 320 (i.e.

survey, leading to the less-stringency scenario. The purpose of this

all samples with less than 320 reads were discarded from further

comparison was purely explorative.

analyses). The additional three negative samples that were contami-

To enable comparisons between the two sampling methods,

nated were: (a) an extraction negative (NE2), which displayed high

the two rivers were divided according to their main impoundment

level of contamination with >20,000 reads assigned to Alosa spp.; (b)

(Powick and Diglis Weirs). Thus, comparisons on the Teme were be-

a filter negative (N28, reads >8,000 assigned to Alosa spp.); and (c) a

tween Tenbury and Powick (and only samples collected during 2018)

filter negative N7 with 6,000 reads each assigning to Alosa spp. and

and on the Severn were between u/s Diglis Weir (and combining

P. parva (Table S1).

data from the Lincomb, Bevere and Worcester sites combining) and

In order to detect the source of contamination, the filtering, ex-

d/s Diglis Weir (Diglis). Two sets of comparisons were then made.

traction, and amplification workflow were reviewed, and samples

Firstly, a qualitative approach was used that compared the pres-

suspected to be contaminated (i.e. samples associated with a con-

ence/ absence records of the species between the eDNA and fish

taminated negative control) were removed from further analyses,

survey methods, with calculation of Sørensen's similarity coefficient

resulting in six samples being removed (after sequence quality check

(SS) (Sørensen, 1948):

and merging): two samples from Diglis, two samples from Bevere
and two samples from Lincomb (Table S1). The selection of the 320
2a
, where
SS =
2a + b + c

reads threshold resulted in five species having read numbers below
this threshold and they had to be considered as undetected by eDNA

a = number of species common to both detected communities,

metabarcoding at the applied level of detection threshold. The five

b = number of species unique detected with eDNA, and.

species were Gasterosteus aculeatus (L., 1758), Perca fluviatils (L.,

|
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1758), Salmo trutta (L., 1758), Salmo salar (L., 1758), and Thymallus
thymallus (L., 1758).
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3.3 | Comparing eDNA metabarcoding
detection and fish capture survey techniques
Comparisons of the eDNA metabarcoding versus the fish survey

3.2 | Species detection with eDNA

data under the less-stringency scenario resulted in the highest
values of the Sørenson coefficient, ranging from 0.60% to 0.81%

Species assignment was not possible for eight of the 71 final ASV

(Table 3). Under the moderate-stringency scenario, this reduced to

due to a nonconcordant match within the Blast analyses (Table 2).

0.13 and 0.71%, while under the high-stringency scenario it ranged

Specifically, five sequences initially identified as A. alburnus (L.,

from 0% to 0.71% (Table 3). Generally, similarity decreased as the

1758), two sequences identified as Blicca bjoerkna (L., 1758) and

stringency level increased, except at Powick where it remained

one sequence identified as Cottus aleuticus (Gilbert, 1896) were dis-

relatively high. Across both methods and the lowest level of strin-

carded from further analysis, as no clear identification was possi-

gency, the total number of fish species identified in the river was 25

ble (Table 2). Following these steps, a total of 15 fish species were

(Table 3; Table S5a), but again this number declined as the level of

considered as being detected by the eDNA-based metabarcoding

stringency increased (17 at the high-stringency scenario), especially

across the entire study area: Abramis brama (L., 1758), A. alburnus,

for the fish surveys (Table 3; Table S5a–S5c).

Alosa spp., Anguilla anguilla (L., 1758), Barbatula barbatula (L., 1758),

Comparison of the proportion of the fish species identified by

B. barbus (L., 1758), Cottus spp., Esox lucius (L., 1758), Gobio gobio,

the two methods (with the threshold applied for eDNA reads) and

Gymnocephalus cernuus (L., 1758), Leuciscus spp., Rutilus rutilus (L.,

upstream and downstream of the weirs revealed some contrasting

1758), P. marinus (L., 1758), Phonixus phonixus (L., 1758), and P. parva

results. P. parva were not detected in any fish survey and P. marinus

(Temminck and Schlegels, 1825). Specifically, G. cernuus, E. lucius,

was detected only once (albeit it was recorded as a "lamprey" due to

A. anguilla, and P. parva were detected only in the River Severn, while

taxonomic ambiguity in identification); both species were detected

Barbatula spp., Cottus spp., and P. marinus were only detected in the

using eDNA. While Alosa spp. were detected at all sites by eDNA

River Teme; the other eight species were detected in both rivers

detection, they were only recorded twice in fish surveys and only

(Figure 2; Table S4). The species with the highest number of reads

at Powick. Also, while eDNA-based metabarcoding detected the

was P. phoxinus in the Teme and R. rutilus in the Severn (Figure 2;

presence of B. barbus in all sites, this was not the case for fish sur-

Table S4).

veys (Figure 2; Table S5a–S5c). In fish surveys, E. lucius, A. anguilla,

The Sørensen's similarity coefficient between eDNA data col-

A. alburnus, and G. cernuus were more prevalent than suggested by

lected at Powick in 2017 and 2018 was high (SS = 0.94), with only

our eDNA-based results (Figure 2). Indeed, there appeared more dif-

one species difference (B. barbatula identified during sampling in

ferences by sampling method within each river than were apparent

2018 but not in 2017; Table S4). In both years, the main species pres-

between the two rivers (Figure 2). Spatial comparisons of the fish

ent at Powick was P. phoxinus, while Alosa spp. had higher detection

species detected between the two sampling areas of each river, and

in 2018, and A. alburnus, B. barbus, and Leuciscus spp. had higher de-

both methods revealed that similarity in species composition was

tection in 2017 (Table S4).

higher in the River Severn (SS = 0.89 for eDNA, SS = 0.86 for fish
survey) than the River Teme (SS = 0.71 for eDNA, SS = 0.53 for fish
survey).

TA B L E 2
databases
ID
2

Sequences with unambiguous matches between

4 | D I S CU S S I O N
Galaxy
Blast

Custom Database
Blast

The eDNA-based metabarcoding approach used here was able to de-

A. alburnus

Leuciscus leuciscus

tect most of the species that have been detected using fish capture

324

A. alburnus

L. leuciscus

methods in the two studied rivers over the last 26 years. Applying a

468

A. alburnus

L. leuciscus

range of stringency levels to both the metabarcoding data and the

1715

A. alburnus

L. leuciscus

fish survey data revealed that at relatively low stringency levels, a

5778

A. alburnus

L. leuciscus

1373

Cottus aleuticus

Gobio gobio

Blicca bjoerkna

L. leuciscus

B. bjoerkna

L. leuciscus

51
103

Note: Sequence ID (this study), best species match against Galaxy
database Blast, custom database blast and GenBank Blast are detailed.
Pairwise identity (Identity) obtained from blast against custom database
and GenBank are indicated. Galaxy species assignment is according to
the details in Section 2.6.

larger number of species was detected with both methods (n = 25 by
fish surveys, 20 by metabarcoding); at the highest stringency level,
this decreased to 15 species by metabarcoding and nine species by
fish surveys. In the low stringency scenario, a no-minimum reads
threshold for the metabarcoding data was applied and was considered as the equivalent of using all the fish capture data to represent
the species richness of the fish assemblage (including occasions of
when the capture of a single individual fish species occurred in a single survey). Application of the high-stringency scenario represents

466

|

ANTOGNAZZA et al.

F I G U R E 2 Bubble graph showing the relative abundance of 15 fish species detected by eDNA metabarcoding and fish survey above and
below the main impoundment on both rivers. For eDNA, this was based on proportion of the number of reads (after bioinformatics filtering
and minimum threshold reads applied); for fish surveys, it was the proportion of individuals caught through fish surveys (total number of
species detectable through eDNA metabarcoding). *Lamprey detected at Tenbury without a clear species assignment

results where greater rigour has been applied in analyses, ensuring

overall results were not compromised by the level of contamina-

that only species which were regularly present in fish catches and at

tion detected. Moreover, Alosa spp. were detected in 29.5% of the

relatively high proportions in the metabarcoding data were used to

samples, with this detection considerably higher than the 4.4% con-

describe the composition of the fish assemblage.
A criticism of eDNA-based detection is the possibility of false
positives due to contamination; therefore, decontamination pro-

tamination of the negative samples. Moreover, Alosa spp. detection
was also confirmed by single species qPCR detection in both rivers
(Antognazza et al., 2019; Supp. Table S6).

cedures, designed to significantly limit contamination (Goldberg

In contrast, P. parva was detected in 2.6% of the samples (at Diglis

et al., 2016), were followed in the field and laboratory processes for

and Worcester), but also in 1.4% of the negative samples. Therefore,

this study. There were 68 negative samples sequenced (a combi-

its potential presence in the River Severn has to be considered

nation of field, filtration, DNA extraction and PCR negatives), rep-

carefully, especially as it is a highly invasive species across Europe

resenting 36% of the total samples analyzed (a higher proportion

(Gozlan et al., 2010) whose presence in England has been minimized

than what is commonly reported in the literature (e.g. Balasingham

though a programme of eradicating lentic populations to prevent

et al., 2018; Hänfling et al., 2016; Nakagawa et al., 2018). Often, neg-

their dispersal into lotic systems (Britton, Davies, & Brazier, 2010).

ative samples are only inspected on agarose gel after the first round

Notwithstanding, P. parva populations have been known to be pres-

PCR and are not sequenced or include a small proportion of only

ent in the lower River Severn basin, with a population eradicated

field negatives (i.e. Balasingham et al., 2018; Nakagawa et al., 2018).

from a pond connected to the River Teme in 2005 (Britton, Brazier,

Although sequencing all of the negative samples increases sample

Davies, & Chare, 2008), with a more recent population present in

sizes and the costs of studies, the inclusion of a high number of neg-

a pond connected to the River Severn that was eradicated in early

ative controls in the sequencing analysis of metabarcoding studies

spring 2017, just prior to our water sampling (Canal River Trust, 2018).

should be standard practice and will allow a better assessment of

As these ponds have connection to the Severn, there was some like-

contamination rates.

lihood of their dispersal from the pond into the river, as this dispersal

Here, significant contamination (i.e. high number of reads) was

mechanism is common in this species (Davies & Britton, 2016). For

only present in three negatives, representing 4.4% of all nega-

example, in the Meuse River in the Netherlands, floodplain lakes are

tives, with these assigned to Alosa spp. (found in 4.4% of negatives)

used by P. parva as spawning, nursery, and adult habitats, with river

and P. parva (detected in 1.4% of negatives). No other target spe-

channels mainly used as dispersal corridors (Pollux & Kurosi, 2006).

cies was detected in the negatives, providing confidence that the

Given the high invasiveness of P. parva, allied to it hosting a novel,
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TA B L E 3 Comparison of the number of species detected (yes) and not detected (no) between eDNA and fish survey for the four stretches of the River Teme and Severn across the three
stringency levels, and relative Sørensen's similarity coefficient (SS), showing the similarity of the detected fish species assemblage between the two methods
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generalist pathogen (Sana et al., 2018), then more work is recom-

catches (e.g. Nolan, & Britton, 2018). As such, while the eDNA data

mended to determine more definitively whether P. parva and/ or its

have shown some high promise in detecting species that were not

pathogens are now present in the river.

apparent in fish surveys, their data need to be complemented from

In order to track contamination of water samples, negative

species detections using other sampling methods if reliable spatial

samples were included at each step (i.e. water sampling, filtering,

comparisons of total fish species richness are to be made. In addi-

DNA extractions, first and second PCR, sequencing) (Goldberg

tion, the completion of fish surveys and angler catches in recent

et al., 2016). However, a consistent pattern of contamination could

years on both rivers have provided biometric data on fish popula-

not be detected, preventing it being tracked back to a specific stage

tions that have high utility for fisheries management (e.g. Amat Trigo,

in analytical process (e.g. filtration, DNA extraction or PCR stage).

Roberts, & Britton, 2017; Nolan et al., 2019), aspects which cannot

As not all of the analyzed negative samples amplified Alosa spp. DNA

be provided by eDNA methods.

(Table S6), then contamination during filtration and DNA extraction

The effect of multiple environmental factors on the efficiency of

can be excluded. As such, the source of contamination has to remain

eDNA detection (e.g. pH, temperature, UV, PCR inhibitors, organic

speculative, with it potentially occurring at the library preparation

materials) has been recently investigated (Barnes et al., 2014; Jane

stage and/ or during multiplexing prior to sequencing (due to 96-

et al., 2015; Strickler, 2015; Takahara, Minamoto, Yamanaka, Doi, &

well plates being used), or it could be due to tag-jumping (i.e. Schnell,

Kawabata, 2012), as their impact ultimately determines the concen-

Bohmann, & Gilbert, 2015). As the contamination was dealt with by

trations of DNA in the environment. Pivotal to this is the need for in-

removing all of the samples that were associated with contaminated

creased knowledge on the transport and degradation rate of eDNA

negative samples, then the subsequent discussion points are based

within fluvial systems (Deiner et al., 2017; Shaw et al., 2016). Given

on data analyses that can be considered as robust.

that many of the factors affecting eDNA presence and detection are

In general, the eDNA-based metabarcoding detected most of

environmental and seasonally variable, then the timing of surveys

the species that had been recorded in fish surveys completed over

remains an important factor in determining the efficiency of spe-

a 26 years period and also had increased detection of Alosa spp. and

cies detection. However, this is also the case for fish surveys based

P. marinus when compared with fish capture methods. This empha-

on capture methods, where there can be considerable differences

sizes the utility of using eDNA methods for detecting the presence

in seasonal habitat use between species and within species, with

of invasive, endangered, and rare species (i.e. Jerde et al., 2013;

potential for high habitat partitioning between different life-stages

Wilcox et al., 2013; Sigsgaard et al., 2015), with both Alosa spp. and

of fishes (eggs, larvae, juvenile, adult) (Radinger et al., 2019). Many

P. marinus being native species with high conservation designations

adult fishes are also highly vagile, with species such as B. barbus

in the River Severn basin (Antognazza et al., 2019; Guo, Andreou, &

having home ranges of over 12 km and showing considerable move-

Britton, 2017). It should be noted, however, that the period of river

ments upstream in early spring for spawning (Gutmann Roberts

occupancy of Alosa spp. is highly seasonal (spring) and so they would

et al., 2019). Thus, the completion of sampling events for eDNA at

be considered as unlikely to be captured by fish surveys if these

discrete times of the year, such as spring in this study, are likely to be

were completed at other times of the year. Moreover, the collec-

too simplistic to provide a comprehensive perspective on the fish as-

tion of the water samples for eDNA was during the peak period of

semblage and for a more robust spatial and temporal description to

occupancy of spawning adults in the basin. In the present study, the

be made, is likely to require increased sampling frequency through-

sampling sites for eDNA at Powick and Diglis were located approx-

out the year, and across a greater number of sampling sites.

imately 500 m downstream of the weirs and so while the positive

In summary, the results of the eDNA metabarcoding revealed

detection of fish species could have been reflective of their DNA

that it provided a relatively robust description of the composition

from water upstream of the weir, it would also have been strongly

of the fish assemblage from a limited number of water samples col-

influenced by the fish present downstream. At the moderate-strin-

lected over a discrete 2 months sampling period. Indeed, depending

gency scenario, in the River Teme, more species were detected

in the level of stringency applied to the data, the results were similar

downstream of Powick weir than upstream (9 vs. 8 species), with

to those retrieved from over 20 years of fish capture surveys. eDNA

A. alburnus, Leuciscus spp., and R. rutilus only detected at Powick,

metabarcoding also detected some fish that rarely, if ever, get sam-

but with P. marinus and Cottus spp. only detected upstream. It is,

pled by capture techniques, such as Alosa spp. and P. marinus. The

however, difficult to attribute these species differences only to weir

eDNA data also provided a snapshot of the fish assemblage on the

presence, given the sampling sites were approximately 50 km apart

two rivers prior to the outlined works on river reconnection, provid-

in distance. Moreover, Leuciscus spp. are known to be present up-

ing baseline data on fish distributions in spring for subsequent com-

stream from the fish surveys and from angler catches (e.g. Gutmann

parisons postreconnection. For future investigations, the inclusion

Roberts & Britton, 2018), with P. marinus regularly observed to

of multiple marker loci for a more robust community richness esti-

spawn in areas downstream of Powick Weir. At the moderate-strin-

mate can be considered. Although increasing the number of markers

gency scenario, in the River Severn, more species were detected up-

could increase the overall cost and increase the risk of contamina-

stream than downstream of Diglis Weir (12 vs. 8 species), although

tion, it would concomitantly increase species detection sensitivity by

all those fish species that were not detected downstream are known

reducing primer bias (Evans et al., 2016; Miya et al., 2015; Hänfling

to be present in the river from either the fish surveys or from angler

et al., 2016; Lawson Handley et al., 2019). As the reconnection of

|
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the River Severn has the potential to influence the composition of
the fish assemblage through most of the basin, then refined methods should enable improved assessments that will ultimately support
management conservation actions.
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