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Abstract

Freshwater ecosystems are experiencing one ofigiinedt rates of biodiversity decline among extarusgstems. To
inform effective conservation actions, it is imp@ra to develop reliable monitoring techniques ssess the species
richness of freshwater communities. In this stuslg, applied for the first time an eDNA metabarcodasgay on six
watercourses in Liguria, northwestern Italy. Oustfiaim was to validate this method as a reliabdaitoring tool for
Ligurian fish communities. To reach this goal, veenpared the results of the eDNA-based sampling thitke obtained
from two electrofishing campaigns carried out dgrthe same season. The eDNA-based approach yietaegtuent
results with electrofishing data and showed a Hlyghigher resolution since it was able to detect threatened species
that were not detected by traditional monitoringstlone species that eluded eDNA detection wasrefished instead.
Thanks to a multi-marker metabarcoding approachmeee also able to detect other vertebrate speniiesy lin, or
associated with, the sampled watercourses, suey@etic birds and amphibians. Overall, our resutisfirmed that
aquatic eDNA assay proves to be a valuable toomtmitor freshwater-related systems and to inforricieht
management and protection schemes for such habitats
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Introduction

Biodiversity loss is a major threat to the survighlarious ecosystems and, ultimately, to humaltlesng, through its
negative impact on the provision of ecosystemstigamnd services to human societies (Ceballos, &Hl5). Freshwater
environments are among the most species-rich eispagon the planet and are characterized by trsepce of many
endemic species. Population trend data, howevew Hat these environments are experiencing rasi of biodiversity
and place them among the most threatened extaitatsqBvans et al., 2016; Dudgeon, 2019; Hughes, 2021; Williams-
Subiza and Epele, 2021). The observed declineeshfvater species is due to many threats that catabsified in six
categories: flow regulation, pollution, land-useacbe, overexploitation, invasive species and glatiaiate change
(LacoursiereRoussel et al., 2016; Dudgeon, 2019; Su et al., 2021). It has recently been demonstrated, however, that
appropriate conservation actions and protectioncigs! are successful to counteract such threatscandprevent
biodiversity loss (Langhammer et al., 2024).

A prerequisite for the development of protectiotigides of habitats and native species is to perfogliable monitoring
surveys, which allow the assessment of the spemibaess within an ecosystem and the conservatatnss of the
different speciegAglieri et al., 2021; Seymour et al., 2021). Traditional methods for biodiversity monitoringeébased
on visual observation or capture-based samplingghware both time consuming and have recogniseidhliions such
as identification errors, human disturbance orhidigtat and other difficulties of applicatifipacoursiere-Roussel et al.,
2016; Deiner et al., 2017). In recent years, environmental DNA (eDNA) anayisas been confirmed as an innovative
biodiversity monitoring tool and has been widelgdiswith a special focus on aquatic environmenténlihg et al.,
2016; Shaw et al., 2016; Seymour et al., 2021 Schenekar, 2023). The eDNA approach is more seashian the above-
mentioned traditional methods, since it allowsyeddtection of rare and invasive species, as vsgligenile and cryptic
stages of organisn(&vans et al., 2017; Thomsen & Willerslev, 2015; Ballini et al., 2024). It also proved to be a non-
invasive and cost-effective meth@@vans et al., 2017; Taberlet et al., 2018; Pawlowski et al., 2020). This approach has
been applied in monitoring programmes serving wei@urposes, such as species identification, spaaness
estimation, community monitoring and developmentiofic indexes (Ruppert et al., 2019).

Several studies have shown the effectiveness offe@bhniques in characterising the fish communitgéfreshwater
environments, and in assessing spatial and tempbiaiges in the composition and richness of suchnumities
(Thomsen et al., 2012; Thomsen & Willerslev, 2015; Djurhuus et al., 2020; Seymour et al., 2021; Jeunen et al., 2022).
Such studies confirmed that the fish community cositon derived from eDNA metabarcoding is comp&db - and

it often even outperforms - the data gathered usadjtional methodéCivade et al., 2016; Héanfling et al., 2016; Shaw

et al., 2016; Czeglédi et al., 2021; McColl-Gausden et al., 2021; Penaluna et al., 2021; Golpour et al., 2022). In this

context, the completeness and accuracy of DNA lreceference libraries is still one of the mainliemges of the
2
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metabarcoding approach (Weigand et al., 2019), lsndiecause gaps in sequence coverage vary consigenaong
taxonomic groups, geographic regions, and genedikens (Tzafesta et al., 2022aver et al., 2023). The discriminatory
power of short barcode regions may also prevenidinatification of congeneric, sister and highlyragressed species
(Jackman et al., 2021; Claver et al., 2023; Wang et al., 2023). A multi-marker metabarcodipgraach can improve
species resolution, increase species detectionpaovide a more comprehensive assessment of freshwaated
communities (Robinson et al., 2022).

In this study, we applied for the first time an e®DRetabarcoding assay on six watercourses of Lag(morthwestern
Italy), a region known for its high rate of endemiand the presence of numerous protected speSE&f, 2023). Our
aim was twofold. First, we compared the resultaimietd using our eDNA metabarcoding approach with datained
from electrofishing aimed to assess the fish biediity of the target rives and carried out during same season. We
then tested the efficiency of aquatic eDNA metabdirtg analysis in detecting stream-associated lveates, such as
aquatic birds and amphibians. To achieve our geadsjsed a multi-marker metabarcoding approactefyencing two
hypervariable fragments of the mitochondrial 123IARgene commonly used for vertebrates and fishtitieation

(VertO1 and Tele02: Riaz et al., 2011; Taberlet et al., 2018).

Material and Methods

Study area

The sampling was performed at six rivers in westgguria (northwesterntaly): Roia, Bevera, Argentina, Carpasina,
Nervia and Tanaro (Fig. 1). The Tanaro basin iatied at the border of the Padano-Venetian ichthygp@ghic district,
while the other watercourses flow into the Liguriea. Parts of the Roia and Bevera rivers aredddatFrance (Bianco,
1990; 1995). Based on long-term traditional monitoring pragssand historical data, approximately 12 fish sgeoccur
in these drainage basins, most of which belongedamilies Leuciscidaesgnsu Schonhuth et al., 2018), Cyprinidae and
Salmonidae (Table SUBorroni, 2004; Borroni, 2005; Ciuffardi, 2006; Ciuffardi et al., 2015). The area is home to several
endemic and threatened vertebrate species accaalithg IUCN, such as the critically endangeredopeaan eel, the
data deficient freshwater blenny, the near threastetunnock and the vulnerable common toad

Electrofishing

Electrofishing surveys were conducted in March &y 2022 by using a backpack electrofisher (modél 60 Il Gl).
The sampling was carried out in direct current (BiDninimize trauma to the fauna. Four watercouvea® monitored:
Roia, Bevera, Carpasina, and Tanaro. The Beveraavapled at two different locations (Olivetta Saiciéle and Torri),
while for the other rivers only one site was saddct

Sampling covered all morphological units foundha surveyed sections, according to the MesoHABSkKthodology

(Parasiewicz et al. 201¥ezza et al. 2017).
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eDNA sampling

Environmental DNA sampling was carried out in O&pol2022 at the six selected rivers. One samplingtpeer
watercourse was selected, considering the elesiiofy surveys. Sampling was performed following cedures
described in Ballini et al. (2024). In brief, foaah river the water samples were collected on battks of the river and
midstream at six randomly selected spatial re@icatong a 150 m-long transect. Each replicateisteasof one litre of
water collected in a plastic jar previously steglil with sodium hypochlorite. Water samples weteréd on-site using
a portable handheld vacuum pump connected to gppylene flask (Thermo Fisher Scientific Inc.)ei8e disposable
filter units and nitrocellulose membranes with agsize of 0.2um (ThermoFisher Scientific Inc.) were used. Altdits
were preserved in absolute ethanol immediately aftbection, transported to the laboratories efBiology Department
of the University of Florence and stored at -25%@IWDNA extraction. At each site, a jar containiage litre of DNA-
free deionised sterile water was left open for taiautes. The water from such jars was then filtemaite and used as
field negative control.

DNA extraction, library amplification and sequencing

In total, we analysed 44 samples, 36 of which weaiter samples, six field blanks, one PCR negatbrérol and one
PCR positive control. Environmental DNA purificatioPolymerase Chain Reaction (PCR) amplificatiod Blorary
preparation were performed in a laminar flow caburegéng sterile equipment to prevent exogenous [Rhidtamination.
Strict protocols for sterilisation and contaminati@ontrol were used for all molecular work.

Environmental DNA was extracted from membranerfiltesing the ZymoBIOMICS™ DNA Miniprep Kit accordjrio
the manufacturer's instructions. DNAs were eluted final volume of 50 pL of sterilised water aheérn stored at -25
°C. After the purification, the DNA extracted froeach sample was quantified using the Invitrogen™bitQu 4
Fluorometer and the Invitrogen™ Qubit™ dsDNA HS &sKit (Thermo Fisher Scientific Inc.).

For eDNA amplification, we used the primer setsel@l and VertOlRiaz et al., 2011; Taberlet et al., 2018), targeting
two different fragments of the mitochondrial 12S\NiRof ~167-bp and ~97-bp respectively.

Amplicon libraries were prepared following the dalR protocol for lllumina platforms (Bourlat et,&2016). In the
first PCR step, barcode markers were amplified tiotal volume of 25uL using 1X Invitrogen™ Taq DNA Polymerase
PCR Buffer, 1 U of Tag DNA Polymerase (Thermo FisBeientific Inc.), 2 mM MgGCl 0.3 mM dNTPs, 0.5M of each
primer enriched with an Illumina adapter overhahgble S2) and LL of template DNA. The following amplification
conditions were used: 5 min at 94°C, 35 cycles43f9for 30 sec, 54°C (Tele02) or 49°C (Vert01) 36rsec, 72°C for
1 min, then 10 min at 72°C. For each sampling Hite amplification of eDNA samples was performedtoee technical
replicates. Negative field controls, an amplificatinegative control (containing DNA-free dgiinstead of template

DNA) and an amplification positive control were lunged in the same PCR run in three replicates ds e positive

4
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control was a mock community prepared from the omxtof DNA extracted from fresh tissue samples dwin
vertebrates.

PCR products were resolved on a 1.2% agaroseajeédtwith GelRed Nucleic Acid Gel Stain (BiotuReplicate PCR
products were pooled for each sample and purifsdguKAPA™ Pure Beads (Kapa Biosystems Inc.), atiogrto the
manufacturer's sequencing library preparation patavith an elution volume of 40 uL. A second étephoresis on a
1.2% agarose gel was run to confirm the retentichevtarget amplicons after purification.

A second PCR step was performed using 5 pL of ipdribmplicons, 1X KAPA HiFi HotStart ReadyMix (Kapa
Biosystems Inc.), 1QL of lllumina UD Indexes (Integrated DNA Technolegilnc.) and molecular biology grade water
to reach a total volume of 50 pL. The following difipation conditions were used: 3 min at 95°C y8les of 95°C for
30 sec, 55°C for 30 sec, 72°C for 30 sec, thenrbani’2°C. A second purification was performed g3fPA™ Pure
Beads (Kapa Biosystems Inc.). Purified productswesolved on a 1.2% agarose gel. Finally, thexeddbraries were
guantified using the Qubit dsDNA HS Assay Kit (lmegen) and pooled in equimolar concentrationsnio different
pools, one for each genetic marker. Both librarglpavere sequenced paired-end on an Illlumina MiBesiem using a
300-cycle Miseq™ Micro Reagent Kit v2. The MiSeqswere performed with a 25% PhiX v3 spike in. Abtib0,000
reads per sample were expected.

Bioinfor matic analyses and taxonomic assignment

Reference databases creation

We created two distinct reference databases, areafth marker, by combining mitochondrial 12S rRéé&uences for
all vertebrate species available in public repoiEs) i.e., GenBank (Benson et al., 2013) and B@RBtnasingham &
Hebert, 2007), using CRABS v0.1.8, an open-souotivare to create curated reference databasesriplicon-based
sequencing (Jeunen et al., 2023).

In silico PCRs were conducted for each markeryalig up to two mismatches in the primer-bindingioeg Since it is
common practice to remove primer-binding regiormrfrreference sequences when deposited in onlirebakss,
CRABS also performs a Pairwise Global Alignment f@o identify and extract amplicon regions. The A ®as
performed with the following settings: --speed nuedi--percid 0.90 --coverage 0.90 --filter_methaitstThe remaining
amplicon sequences were curated using a custopt seriemove doubtful records and simplify recofelg. removing
records containing aff./cf./sp. in the species nama formatting hybrids records). The databases wem dereplicated
to contain unique sequences per species. Enviraarsgguences were removed (--enviro yes), antddufitering was
applied based on length (--minlen 3thaxlen 150 for vert01; --minlen 100 --maxlen 230 for tele02) and number of

missing taxonomic information (--nans 2). The tweaf reference databases contained 40,556 sequiemabe marker
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Vert01 and 26,647 sequences for the marker TelBO2.databases were finally converted into an igtafdormat. All
scripts are available at (https://github.com/giast@ffoni/STREAM).

Barque pipeline

Raw sequence reads were demultiplexed with bci@fastsion 2.20 (lllumina) and quality-checked usiastQC.
Retained sequences were then processed using Bailg8& (https://github.com/enormandeau/barque),eBINA
metabarcoding analysis pipeline that denoises &ed tnnotates ASVs (Amplicon Sequence VariantsOols
(Operational Taxonomic Units) using high-qualitjerence databases. Before launching the pipelele0? and Vert01
reference databases were transformed into a Bdrigmelly format (fasta header: >Family_Genus_Sp8ciesing a
custom script. Subsequently, two runs were perfdrifiee each marker dataset. The first run was useckfine the
database and generate denoised OTUs, along withtdlxenomic assignment. In the second one, the ©and their
taxonomic assignment were used as databases tvesiselfind read counts per sample (Fig. S1).

For the first run, Trimmomatic v0.39 (Bolger et @&014) was used for read-quality trimming withaléf options. Reads
with lengths outside the expected range were rethovellowing the options set in the barque_confite f
(min_hit_length: 36 and crop_length: 152 fé¢rt01 marker; min_hit length: 109 and crop length: 229 for Tele02
marker). The trimmed paired-end reads were mergatgu-lash v1.2.11 (Magoand Salzberg, 2011) with default
options. Primers were removed allowing for 4 misshas (20% of the primer length). Vsearch v2.22 4gfies et al.,
2016) was used to identify and exclude chimericuseqes with default options. To account for OTUsation, the
skip_otus option in the barque_config file wasteetero. The retained reads were compared aghmsustom reference
databases using vsearch v2.22.1 with default optiand barque_config options as follows: max_acceps
max_rejects: 20 and query_cov: 0.9. We set thelhiolds in the primers.csv file to assign the OTtUspacies level when
top matches had a percent identity above 98%enus level when matches were between 98% and 95%nd at family
level if top matches had a percent identity loweant 95%. Sequences of species detected less thamd® among
samples were removed from the analysis (barqueigcagtions: min_hits_sample: 10, min_hits_experitmelO,
min_size_for_otus: 10). To enhance accuracy iighenomic assignment and minimize erroneous se@uesgignation,
at the end of the first run the reference databaserefined excluding the species surely not ptesetine study area.
The pipeline was subsequently re-run with the sastiéngs and the depleted database.

For the second run the “barque_config” and “prirhéitss were kept with the same parameters asarfitist run, but the
OTUs creation step was skipped (“barque_config filkip_otu= 1), and the “markers.otus.databage’féie from the
first run was used as reference database.

Post clustering curation and decontamination
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OTUs were further processed with the LULU algoritkin1.0, an R-package for post-clustering curatibamplicon
data (Frgslev et al., 2017). The purpose of LULltbiseduce the number of erroneous OTUs to achiswe realistic
biodiversity metrics by evaluating the sequencentitie and co-occurrence patterns of OTUs among $ssn he
“marker_species_table” file resulting from our seg@Barque run was formatted to create an OTU_ta@btaatch list
was created using the “markers.otus.database.fessalting from our first Barque run, slightly médd with an in-
house generated script, and vsearch v2.21.1. AdLWas developed for ITS marker and the 12S baroegien presents
lower variability, we raised the min_seq_similafitgrameter to 87. The other default parameters kegeunchanged.
In the resulting curated table, OTUs assigned ¢éssime taxon were merged, and their reads were sdn®TUs with
multi-hits were manually assigned to OTUs with sagne taxonomic assignment selected by LULU.

Finally, data were cleaned of contaminations usimgroDecon v1.0.2, an R-package that uses theidatse blank
samples to identify and remove the reads detestedising from contamination (McKnight et al., 2Q.1Befault options
were applied. The replicates from the same siteeEn summed to obtain a single site-specifictarac list. Non-
target species (humans and livestock) and possidréminations were discarded. Sequences with umkrpecies
assignments were annotated to the genus and theespeas recorded as “sp.”. A threshold of >1Giseaas set to
declare a species as present in the watercourse.

The detailed workflow (Fig. S1) and all scripts areavailable at the github page:
https://github.com/giorgiastaffoni/STREAM. GrapHicepresentation of the taxonomic assignment wadumred using
the Circlize R-package v0.4.1&u et al., 2014R Core Team, 202land adjusted using InkScape v1.2.2.

Results

Fish biodiversity assessment using electrofishing

We detected a total of 11 taxa, nine of which idiext at species levelAhguilla anguilla, Barbus meridionalis, Cottus
gobio, Oncorhynchus mykiss, Salariopsisfluviatilis, Salmo ghigii, Salmo trutta, Squalius squalus andTel estes muticellus)
and two at genus levedglmo sp. andPhoxinus sp.) (Table 1, Fig. 2). Some trout individuals evdifficult to be assigned
at species-level using morphological featureshag may represent hybrid individuals, which are gwn in the Italian
trout populations. Regarding the gerimxinus, past surveys reportéphoxinus (Linnaeus, 1758) as the only species
present in the study area. Nowadays the distribwdfdhe different species is under revision andumiversally accepted
(De Jong et al., 201Penys et al., 2020; De Santis et al., 2021). For this reason, a precautionary approach was adppt
considering only the genus level.

Fish communities were dominated by species belanginthe family Salmonidae in Carpasina and Tanara

Salmonidae and Leuciscidae in Bevera and Roia €ThAplThe Bevera and Roia rivers hosted the highesibers of
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taxa, belonging to four different families, whikeet Tanaro and Carpasina rivers were less rich, evith four recorded
taxa (Table 1).

Sequencing outputs and taxonomic assignment

The amplicon sequencing produced 2,597,428 rawsraabss 44 samples for VertO1 marker. The avgia@&) read
count per sampling site was 363,095 + 25,797, wihiéeaverage read count for field negative contwas 35,334 +
4,689. The negative PCR control resulted in 38,&2ts, while the positive control contained 97,89dds. After the
analysis with Barque, 2,141,289 sequences, belgntgin94 OTUs, were retained. Of these, 59 OTUs ccdié
taxonomically assigned at least at order, genuspecies levels. Following post-clustering curatiwith LULU and
decontamination with microDecon, 31 OTUs (excludihg mock) were obtained. Most OTUs belonged to mals
(36%), followed by fish (32%), birds (19%), and dmnigans (13%) (Table S3).

For Tele02 marker 1,673,581 raw reads across 4pleamvere produced. The average (+ SE) read carrggmpling
site was 195,094 + 79,531. The average read coufiefd negative controls was 66,090 + 51,753. &eg PCR control
and positive control presented 22,808 and 17,98dsierespectively. A total of 1,146,760 sequenaisnging to 104
OTUs were retained after the analysis with Bar@fehese, 40 OTUs could be taxonomically assigrniddast at order,
genus or species levels. After post-clustering ttamawith LULU and decontamination with microDecartotal of 26
OTUs (excluding the mock) belonging to mammals§38), fish (38.5%) and birds (23%) were finally itiéad (Table
S4).

Fish biodiversity assessment using eDNA metabar coding

Eight out of ten fish OTUs from the Tele02 assayenidentified at species level (Table 2). The gamoxinus and
Salmo had multiple matchesP(csikii Hankd, 1922 andP. septimaniae Kottelat, 2007 S. carpio Linnaeus, 17588,
cenerinus Kottelat, 1997 S. cettii, S. marmoratus andS. trutta, respectively) and therefore were marked with' {§@able
2).

Seven out of ten fish OTUs obtained from the VeB%ay were identified at species level. Some getmed multiple
matches with more than one species known to oociinei area, so were marked with ‘sp.’, namely #gegaBarbus (B.
barbus Linnaeus, 1758B. caninus Bonaparte, 183andB. plebejus); Phoxinus (P. phoxinus, P. lumaireul Schinz, 1840
P. csikii andP. septimaniae); Telestes (T. muticellus andT. souffia); andSalmo (S. carpio, S. cenerinus, S. marmoratus, S.
salar Linnaeus, 1758 and trutta) (Table 2).

Six speciesAnguilla anguilla, Barbus plebejus, Squalius squalius, Cottus gobio, Neogobius nigricans and Salariopsis
fluviatilis) and two generaPhoxinus and Salmo) were detected by both markers. VertO1 did natlvesthe detection of

Barbus sp. and Telestes sp. at species levelvhereas Tele02 achieved a match vidtrbus meridionalis and Telestes
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muticellus (Fig. S2). The non detection Bérbus meridionalis with Vert01 was due to the lack of a barcode sageién
the reference databases of VertO1.

Overall, six orders were detected, with Cyprinifesrbeing the dominant one and including two fastlleeuciscidae
and Cyprinidae. The orders Anguilliformes, Blenmiihes, Gobiiformes, and Perciformes included aispezach, while
Salmoniformes only included the assignation toglrusSalmo. Fish communities resulted dominated by Leuciszida
and Cyprinidae in the Bevera and Roia basins, wivete also the most biodiverse rivers, with sewsa identified by
eDNA. On the contrary, Tanaro and Nervia were #ast biodiverse with only two taxa found (Table 2).

Freshwater related vertebrate assessment using eDNA metabar coding

Our eDNA analyses from the six sampled rivers réedrthe presence of other vertebrates, among vddchsional
watercourses visitors. We detected birds, suclhegitey heronArdea cinerea, and the dunnockrunella modularis;
amphibians, such as the French cave salamaffgeleomantes strinatii, and the northern spectacled salamander,
Salamandrina perspicillata; and mammals, such as the Daubenton's bityotis daubentonii, the European edible
dormouse@lis glis and two water shrew specidsomys anomalus andN. fodiens (Table 3).

The marker VertO1 identified a total of 17 non-fiSiiUs, of which 10 at species leyélat genus level and 3 at family
level (Table S3). Tele02 detected a total of 14-figim OTUs, of which 11 at species level and 3aaify level (Table
S4). Five specied(rdus philomelos, Cervus elaphus, Glisglis, Rattusrattus, Sus scrofa) and one family (Anatidae) were
identified by both markers (Tables S3 and S4). Jzldetected no amphibian species. Less than finefisb species
were detected in the Argentina and Nervia riveesp@sina and Bevera were the species richest rivesing endemisms
and protected taxa, such $samandrina perspicillata andNeomys anomalus (Tables 3, S3 and S4)

Discussion

This study validated the reliability and effectiess of the eDNA metabarcoding approach to assesadfual fish
biodiversity of rivers in Liguria, northwesternligaAccording to our findings, eDNA metabarcodingpdes comparable
results to electrofishing when assessing the bardity of Ligurian freshwater fish communitiesalso allows for the
detection of rare and elusive species and haglalglhigher resolution, since it was able to deteo threatened species
that were not detected by traditional monitoringeo its many advantages, such as time and destieéness and non-
invasiveness, it should be considered a validratare to traditional monitoring methods in theagimnments (McColl-
Gausden et al., 2021; Deiner and Altermatt, 2014; Carraro et al., 2018; Evans et al., 2017).

In the four rivers investigated using the two diffiet monitoring techniques, six fish taxa were tified at species level
by both methodsAnguilla anguilla, Barbus meridionalis, Cottus gobio, Salariopsis fluviatilis, Squalius squalus and
Telestesmuticellus). Both approaches were unable to identify somgt fralividuals Galmo sp.) and the species belonging

to the genu®hoxinus. The eDNA analysis recorded the presence of tveaiep that were not electrofished, namely the
9
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Italian barbelBarbus plebejus and the Arno gobiNeogobius nigricans. Both species are listed in the 2022 IUCN Red
List for Italy. B. plebegjus (present in the Bevera and Roia rivers) is clasgifis vulnerable, and it is an Italian sub-
endemism non-native to this area but reported énThscano-Latium ichthyogeographN. nigricans, found in the
Carpasina river, is considered endangered (Roriddial., 2022). This species, endemic to centady,| was hitherto
only uncertainly signalled in this ar€Borroni, 2004; 2005). eDNA sampling also detected the presenc&qoflius
squalus in the Roia, where it had not been detected bgtifishing. Conversely, only a speci€sjcorhynchus mykiss,
caught by electrofishing, was not recorded withéBNA method. This species is known to be contilguatroduced
for fishing events, but rarely establishes stableeting populations(Borroni, 2004; 2005). For the two rivers
investigated by eDNA monitoring only, our data esgant a first effort to bridge the decades-longafdmowledge about
the species diversity of these basins. In the Meiver, Leuciscidae represented the major famihile Cyprinidae were
dominant in the Argentina (Table 2).

Most eDNA studies aimed to assess freshwater fisthiersity use a single-marker metabarcoding apgnpgenerally
based on the fish-specific primer pairs Tele02 éFkb et al., 2018) or MiFish (Miya et al., 201Recent studies,
however, showed that eDNA metabarcoding surveyigided for fish community monitoring also allow fibie by-catch

of non-target species (Vald&Zereno et al., 2019; Macher et al., 2021; Mariani et al., 2021; Ritter et al., 2022). In this
study, we intentionally used a multi-marker metabding approach that included the analysis of \leg@rtion of
mitochondrial 12S rRNA in addition to Tele02 portito better detect the stream-associated by-caeties. Although

a number of detected species were expected irr¢lhaeaad have little ecological relevance, somé@ftare listed in the
2022 IUCN Vertebrate Red List, such as the vulnerabmmon toadufo bufo and two water shrewseomys anomalus
andN. fodiens, both data-deficienOf particular interest is the finding related e bccurrence of the northern spectacled
salamandefSalamandrina perspicillata, in the Bevera river. This record falls outside digribution range of this species,
endemic to the Italian Apennines, since its westigstribution limit is traditionally identified iBeigua Regional Nature
Park. These results support the recent findingowéading population in the Ligurian Alps that Ishifted the distribution
limit of the species westward (Bovero et al., 202yrther monitoring is needed to define the disttion of S
perspicillata in the study area.

Overall, our results confirmed that aquatic eDNAtmmarker metabarcoding is a valuable tool for moring Ligurian
freshwater fish communities and also allow fordle¢ection of non-target vertebrate species. Ourcguh was effective
for the provisioning of insights into the presenéendemic, rare, threatened or allochthonous beate species related
to watercourses in this Italian region. It couldateo critical to build ecological networks and food web analyses, and

to inform efficient management and protection sobefor Italian freshwater systems.
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Tables

Table 1 Fish community compositions identified by the 2@22ctrofishing sampling campaigns.

Order

Family Species

Roia

Bevera

Carpasina

Tanaro

Anguilliformes
Blenniiformes
Cypriniformes
Cypriniformes
Cypriniformes
Cypriniformes
Perciformes
Salmoniformes
Salmoniformes
Salmoniformes

Salmoniformes

Anguillidae  Anguilla anguilla (Linnaeus, 1758)
Blenniidae Salariopsisfluviatilis (Asso, 1801)
Cyprinidae Barbus meridionalis Risso, 1827
Leuciscidae Phoxinussp.

Leuciscidae Sgualius squalus (Bonaparte, 1837)
Leuciscidae Telestes muticellus (Bonaparte, 1837)
Cottidae Cottus gobio Linnaeus, 1758
Salmonidae Oncorhynchus mykiss (Walbaum, 1792)
Salmonidae Salmo ghigii Pomini, 1941
Salmonidae Salmo sp.

Salmonidae Salmo trutta Linnaeus, 1758
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Table 2 Fish communities composition inferred by the eDNétabarcoding monitoring. Data of presence/absece w
obtained by combining the results of the two 128 ARmitochondrial barcoding markers Tele02 and Ver#@sterisks
indicate the four sites for which electrofishingalare available.

Order Family Species Roia* Bevera* Carpasina* Tanaro* Argentina Nervia
Anguilliformes  Anguillidae  Anguilla anguilla (Linnaeus, 1758) X X X X
Blenniiformes Blenniidae Salariopsisfluviatilis (Asso, 1801) X

Cypriniformes Cyprinidae Barbus meridionalis Risso, 1827 X X

Cypriniformes ~ Cyprinidae Barbus plebejus Bonaparte, 1839 x X X
Cypriniformes  Leuciscidae Phoxinussp. x X

Cypriniformes Leuciscidae Squalius squalus (Bonaparte, 1837) X X

Cypriniformes Leuciscidae Telestes muticellus (Bonaparte, 1837) X X X X X
Gobiiformes Gobiidae Neogobius nigricans (Canestrini, 1867) X

Perciformes Cottidae Cottus gobio Linnaeus, 1758 X

Salmoniformes  Salmonidae Salmo sp. X X X
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Table 3 Non-fish vertebrate taxa identified at speciesenus level per site from freshwater eDNA metabargpdata
of presence/absence were obtained by combiningethdts of the two 12S rRNA mitochondrial barcodimgrkers
Tele02 and VertO1.

Group

Family

Species

Bevera  Nervia

Amphibians

Bufonidae

Plethodontidae

Ranidae

Salamandridae

Bufo bufo (Linnaeus, 1758)

Speleomantes strinatii (Aellen, 1958)

Pelophylax sp.

Salamandrina perspicillata (Savi, 1821)

Birds

Ardeidae

Fringillidae

Phalacrocoracidae

Prunellidae

Turdidae

Ardea cinerea Linnaeus, 1758

Fringilla sp.

Phalacrocorax carbo (Linnaeus, 1758)

Prunella modularis Linnaeus, 1758

Turdus philomelos C.L. Brehm, 1831

Mammals

Canidae
Cervidae
Felidae
Gliridae
Muridae
Muridae
Soricidae
Soricidae
Suidae

Vespertilionidae

CanislupusLinnaeus, 1758

Cervus elaphus Linnaeus, 1758

Felis sp.

Glisglis(Linnaeus, 1766)

Apodemus sylvaticus (Linnaeus, 1758)
Rattus rattus (Linnaeus, 1758)
Neomys anomalus Cabrera, 1907
Neomys fodiens (Pennant, 1771)
Susscrofa Linnaeus, 1758

Myotis daubentonii (Kuhl, 1817)

X X
X
X
X X
X
X

X
X X
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Figure captions

Fig. 1 Map of the study area. Bullets indicate eDNA samgpBites (orange) and sampling sites where also
electrofishing monitoring was conducted (red).

Fig. 2 Circlize plot showing fish species identified by environnamNA metabarcoding, electrofishing, or both

methods. For the gen@lmo, all the species were combined into a single k&&almo sp..

Supplementary material

Supplementary material: Table S1, S2, S3, S4 agquf&iS1, S2.

22



552

553

554

555

556

@ eDNA monitoring
N © eDNAand
e an
A TANARO electrofishing
5 1 monitoring
FRANCE

ARGENTINA

CARPASINA
NERVIA

Fig. 1.

23



557
558

559

{

snyouAy40ouQ

3
<

X
x
@

24






