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Abstract

Monitoring, management and conservation of rare and elusive species often requires early detection of individuals,
especially for re-introduced and endangered taxa. Environmental DNA (¢DNA) approaches can enhance the detec-
tion power of traditional biomonitoring methods for low-density, newly-established populations. In this study, we
used species-specific Real Time PCR TaqMan assays to assess the presence of two endangered freshwater species,
the white-clawed crayfish Austropotamobius pallipes and the Eurasian otter Lutra lutra at eight sites in four river
catchments in Liguria (northwestern Italy). The Eurasian otter was considered extinct in the study area since the
1980s. However, recent, although scattered sightings indicated a recolonisation by a few individuals. The white-
clawed crayfish populations declined drastically and became increasingly dispersed in the western part of Liguria.
Our eDNA analysis confirmed the presence of both species in some of the selected rivers and detected Eurasian
otter DNA where the species was not recorded through traditional monitoring methods. This study confirms eDNA-
based monitoring approaches as valuable tools to assess the presence of rare and elusive species and help implement
protection plans at a local scale.

Keywords eDNA - Lutra lutra - Austropotamobius pallipes - Real time PCR - Biodiversity monitoring - Conservation

Introduction

Biodiversity monitoring is an essential tool to understand
species distribution and inform wildlife conservation
strategies. The effective management of rare and elusive
species often requires early detection of populations,
especially for reintroduced and endangered taxa (Max-
well and Jennings 2005; Jerde et al. 2011; Deiner et al.
2021; Peralta et al. 2023). The analysis of environmental
DNA (eDNA) can complement traditional biomonitor-
ing methods resulting in a more detailed description of
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community composition, especially in aquatic environ-
ments (Tsuji et al. 2019).

Monitoring methods based on eDNA allow for early
detection of populations in which individuals are either at
low densities, early ontogenetic or cryptic stages. eDNA-
based techniques can help identify different species from
a single sample (metabarcoding eDNA) or record the
presence of a species of interest (targeted eDNA). In par-
ticular, probe-based Real Time PCR is now widely used
to detect presence of a target species in an eDNA sample
(Taberlet et al. 2018; Xia et al. 2018; Pawlowski et al.
2020).

Inland waters and freshwater ecosystems are among
the most threatened environments and are experiencing
high rates of biodiversity decline (Dudgeon 2019). The
International Union for Conservation of Nature (IUCN)
Red List reports that almost 22% of the known freshwa-
ter species are threatened (IUCN 2023; William-Subiza
and Epele 2021). Two iconic endangered Italian native
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freshwater species are the Eurasian otter (Lutra lutra
Linnaeus, 1758) and the white-clawed crayfish (4ustro-
potamobius pallipes species complex Lereboullet, 1858).

Despite being found in a wide variety of aquatic envi-
ronments in Asia, Europe and North Africa, the Eurasian
otter is listed as Near-Threatened in the [IUCN Red List.
This species is listed as Endangered in Italy (Loy et al.
2020), where populations have been steadily declining
since the last century due to habitat reduction and deg-
radation (Loy 2018). Thanks to a number of conserva-
tion actions, otter populations are now recovering in
some European countries, including southern and central
Italy (Elmeros et al. 2006; Prigioni et al. 2007; Loy 2018;
Bolinesi et al. 2019; Buglione et al. 2020a, b; Gaudiano
et al. 2023). Recently, the presence of L. lutra has also
been reported in northern Italian regions (Friuli Venezia
Giulia, Veneto, Trentino Alto Adige and Liguria), proba-
bly as a result of recolonisation from neighbouring coun-
tries (Righetti 2011; Pavanello et al. 2015; Malthieux
2020; Nadai et al. 2022).

The white-clawed crayfish is threatened by habitat
modification, pollution, competition with invasive alien
species and the onset of lethal diseases (Holdich 2003).
Many countries, including Italy, have experienced a mas-
sive population decline over the last few decades, so that
this species has been listed as Endangered in the [UCN
Red List since 2010 (Fiireder et al. 2010). Italian popula-
tions of the white-clawed crayfish belong to two distinct
species: 4. pallipes, which occurs in the western part of
Liguria, and A. italicus (including four subspecies, see
Fratini et al. 2005), which is present in the rest of the
Italian peninsula.

In this study, we used a Real Time PCR Tagman assay
to assess the presence of the white-clawed crayfish and
the Eurasian otter in four river catchments in Liguria
(northwestern Italy). The Eurasian otter has been consid-
ered extinct in this region since the 1980s (see Prigioni et
al. 2007). However, an isolated population was recently
recorded in adjacent areas (Malthieux 2020). The white-
clawed crayfish populations have declined drastically
in numbers and have become increasingly dispersed in
western Liguria. In this context, an eDNA-based moni-
toring approach is an ideal, non-invasive tool to detect
the presence of both species which presumably occur in
the area at low-densities. Our study aims at defining the
current distribution range of L. lutra and A. pallipes in
western Liguria and informing future management and
conservation plans.
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Materials and methods
Study area and sampling

The study area included four river catchments in west-
ern Liguria (Italy): Roia-Bevera, Argentina, Nervia and
Tanaro (Fig. 1). The Tanaro basin is located at the border
of the Padano-Venetian ichthyogeographic district, while
the other three catchments belong to the Tuscano-Latium
ichthyogeographic zone. The Roia-Bevera basin is par-
tially in French territory (Bianco 1990, 1995). Sampling
was conducted in October 2022 in eight sites, two along
the Roia river (ROI1 and ROI2), two in the Bevera river
(BEV1 and BEV?2), and one along the Argentina (ARG2),
Tanaro (TAN), Carpasina (CAR) and Nervia (NER2)
rivers (Fig. 1). Rivers and sampling sites were selected
based on occurrence of L. lutra and A. pallipes recorded
during previous monitoring campaigns (see Salvidio
et al. 2002; Bologna and Cristiani 2012; Capurro et al.
2015; Malthieux 2020; Ottonello pers. obs.). Moreover,
the study area represents the most direct route for recolo-
nisation by otter populations from France (Malthieux
2020).

Water samples were collected at each site in six spatial
replicates randomly selected on the two banks and in the
middle of the river along a 150 m long transect. Each
replicate consisted of one litre of water collected using
plastic jars previously sterilised with sodium hypochlo-
rite. Water samples were filtered on-site using a portable
hand vacuum-pump connected to a polypropylene flask
(Thermo Fisher Scientific). We used sterile disposable
filter units with nitrocellulose membrane and a pore size
of 0.2 pm (Thermo Fisher Scientific). All filters were
immediately preserved in absolute ethanol upon water
collection and stored at -20 °C prior to DNA extraction.
A jar containing one litre of DNA-free deionized sterile
water was left opened at each site for two minutes. The
water was then filtered on-site and used as negative field
control.

DNA extraction

Environmental DNA purification was carried out in a
laminar flow cabinet using sterile equipment to avoid
exogeneous DNA contamination. eDNA was extracted
from nitrocellulose membrane filters using the Zymo-
BIOMICS DNA Miniprep Kit (Zymo Research) accord-
ing to the manufacturer’s guidelines, eluted in a final
volume of 50 pL of sterilised water and preserved at
-20 °C.

To verify that DNA extraction from water samples pro-
vided sufficient metazoan genetic material, we measured
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Fig. 1 Map of the study area. Environmental DNA detection results and recent observation data are shown for each river. Bullets show locations of
sampling sites. White semicircles and rectangles indicate lack of detection or observations. Dark green shading shows Natura 2000 Network areas

DNA concentrations using the Qubit dsDNA HS Assay
Kit (Invitrogen) and amplified two universal mitochon-
drial DNA (mtDNA) metabarcode markers using PCR
primers Tele02 and VertO1 (Riaz et al. 2011; Taberlet et
al. 2018). Amplification reactions were performed using
1X Invitrogen Tag DNA Polymerase PCR Buffer, 1 U of
Tag DNA Polymerase (Thermo Fisher Scientific), 2 mM
MgCl,, 0.3 mM dNTPs, 0.5 uM of each primer and 1 pL
of sample DNA in 25 pL total volume. The following
amplification conditions were used: 5 min at 94 °C, 35
cycles 0f 94 °C for 30 s, 54 °C (Tele02) or 49 °C (Vert01)
for 30 s, 72 °C for 1 min and a final extension step at
72 °C for 10 min. PCR products were resolved on a 1.2%
agarose gel stained with GelRed Nucleic Acid Gel Stain
(Biotum). DNA-free ddH,0 and L. lutra DNA extracted
from fresh biological material were included in each PCR
reaction as negative and positive controls, respectively.

Real time PCR assay

Presence of target species in the eDNA samples was
detected using species-specific probe-based TaqMan
assays. For L. lutra, we used the assay reported by Thom-
sen et al. (2012) which amplifies a 80 bp long fragment of
the mtDNA cytochrome b gene. For 4. pallipes, we used
the assay reported by Troth et al. (2020) which amplifies
a 109 bp fragment of the mtDNA cytochrome ¢ oxidase
subunit I gene. Each assay included two PCR primers
and a target-specific dual labelled probe with fluorescent
reporter and non-fluorescent quencher. A ROX fluores-
cent dye included in the Master Mix was used as an inter-
nal passive reference to normalize PCR fluorescent dye
signals.

Positive controls consisted of L. /utra and A. pallipes
DNA extracted from ethanol-preserved samples from the
Natural History Museum of the University of Florence,
Italy. For the white-clawed crayfish, we included positive
controls of 4. pallipes and three subspecies of 4. italicus
(A. i. carinthiacus, A. i. italicus and A. i. meridionalis).
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DNA extractions were performed from muscle tissues
using the PureLink Genomic DNA Mini Kit (Thermo
Fisher Scientific) following the manufacturer’s protocol.

Real Time PCR assays were performed on a QuantStu-
dio 7 Flex Real-Time PCR System (Life Technologies).
Ten-fold serial dilutions of positive control DNA were
tested in ten replicates to assess Real Time PCR amplifi-
cation efficiency and define the limit of detection (LOD,
expressed as threshold cycle Ct) as reported in Bustin et
al. (2009); Klymus et al. (2020a, b). Amplification condi-
tions were as follows: a Pre-Read Stage at 60 °C for 30 s,
hold at 95 °C for 20 s, 55 cycles at 95 °C for 1 s and 52 °C
for 20 s followed by a Post-Read Stage at 60 °C for 30 s.
Amplification reactions were conducted in a total volume
of 20 uL containing 1X TagMan Fast Advanced Master
Mix (Thermo Fisher Scientific), 0.5 uM of each primer,
0.25 uM TagMan probe and 5 pL template DNA.

For each sampling site, eDNA samples, positive and
negative controls were amplified in technical triplicate
in the same PCR run. Negative field controls were pro-
cessed as eDNA samples. A Real Time PCR replicate
was recorded as positive if Ct was lower than the LOD,
it had a uniform curve morphology and no amplifica-
tion occurred in the negative template and field controls
(Bustin et al. 2009; Ficetola et al. 2015; Klymus et al.
2020a, b). Following the criteria proposed by Taberlet et
al. (1996), Ficetola et al. (2015), Buxton et al. (2021)
and Sanz et al. (2023) to avoid false positive and nega-
tive results, the presence of a species was considered as
ascertained in the case of two positive amplifications out
of the total of technical and spatial replicates.

Results and discussion

Environmental DNA concentrations ranged from 0.075
to 36.6 ng pL~!. The Tele02 and Vert01 PCR assays con-
firmed successful extraction of metazoan DNA from the
eDNA samples for we obtained a visible band for each
sample when loaded on an agarose gel. Negative PCR
controls excluded the possibility of false-positive ampli-
fication due to human DNA contamination.

For both detection assays, the amplification efficiency
of Real Time PCR estimated by means of calibration
curves determined using serial dilutions of the positive
controls was about 90% (L. lutra: y = -3.63x+24.05,
12=0.99; A. pallipes: y = -3.5x+25.68, 1*=0.97). The
LOD corresponded to a Ct value of 43.7+0.1 for the
Eurasian otter assay and a Ct value of 43.3 +0.3 for the
white-clawed crayfish assay. Ct values of positive Real
Time PCR amplifications ranged from 37.7 to 43.5 for the
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otter assay and from 36.7 to 40.2 for the crayfish assay
(Table 1).

Negative field and PCR controls produced no amplifi-
cation, while PCR products of positive controls confirmed
the reliability of the selected assays. For the white-clawed
crayfish, we obtained a positive amplification for 4. pal-
lipes and the three tested subspecies of 4. italicus. This
result indicated that the sensitivity of the assay did not
allow for the distinction between species and subspecies
belonging to the 4. pallipes species complex.

We recorded the presence of the Eurasian otter in four
out of the six investigated rivers (Roia, Bevera, Argen-
tina and Nervia). No presence of L. [utra was recorded
in the Tanaro and Carpasina rivers. We detected the pres-
ence of the white-clawed crayfish in all river streams but
the Tanaro and Roia rivers (Fig. 1; Table 1).

Historical sightings of the Eurasian otter in the west-
ern part of Liguria suggested the presence of few individ-
uals in the high valley of the Tanaro, Argentina, Nervia,
Roia and Bevera rivers (Balletto 1977; Vigna Taglianti
and Bologna 1982). The species was considered extinct
in the area ever since (Prigioni et al. 2007; Bologna and
Cristiani 2012). Traces of L. lutra have been recently
recorded upstream of BEV1-2 and ROI1-2 sampling sites
in the Roia and Bevera rivers, indicating the presence of
a relict population (Malthieux 2020). Our eDNA analy-
sis confirmed the presence of the Eurasian otter on the
Italian side of these rivers and detected the presence of
L. lutra in adjacent basins where it was not previously
observed (i.e., the Argentina and Nervia rivers).

The presence of the white-clawed crayfish was reported
in five out of the six rivers included in this study, that is
the Bevera, Nervia, Argentina, Carpasina (Capurro et al.
2015) and Tanaro (Salvidio et al. 2002). Recent observa-
tions, however, confirmed the presence of 4. pallipes in
all the above rivers but the Tanaro. Our eDNA approach
confirmed recent surveys as we recorded the occurrence
of the white-clawed crayfish only in BEV1, NER2, CAR
and ARG2.

The majority of sites where we detected the presence
of our target species are in close proximity to (NER2,
ARG2, CAR) or mark the boundaries (BEV1-2) of
Natura 2000 sites (Fig. 1). None of these Natura 2000
sites report L. lutra in their Standard Data Forms (SDF),
while 4. pallipes is only listed in the SDF of the protected
areas established in the upper parts of the Carpasina and
Argentina rivers.

This study confirms that eDNA-based monitoring
approaches enhance the detection power of traditional
biomonitoring surveys and are valuable tools to inform
efficient management and protection schemes for threat-
ened species (Pascher et al. 2022). Further investigations
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Table 1 Real Time PCR Ct values for eDNA samples tested using L. lutra and 4. pallipes complex Tagman assays. Ct values of the three technical
replicates are reported for each sample. Samples that showed no amplification are marked as NA (No Amplification). Ct values of amplifications
scored as positive according to assignation criteria are highlighted in bold

River Sampling site ID Sample ID Ct Lutra lutra Ct Austropotamobius pallipes
Argentina ARG2 ARG2 NEG NA NA NA NA NA NA
ARG2 1 NA NA NA NA NA NA
ARG2 2 NA NA NA NA NA NA
ARG2 3 NA NA NA NA NA 40.1
ARG2 4 NA NA NA NA NA NA
ARG2 5 NA 39.5 40.0 NA NA NA
ARG2 6 NA NA NA NA 39.6 NA
Roia ROI1 ROI1_NEG NA NA NA NA NA NA
ROII 1 NA NA NA NA NA NA
ROI1 2 NA NA NA NA NA NA
ROI1 3 42.7 NA NA NA NA NA
ROI1 4 NA NA NA NA NA NA
ROII 5 NA NA NA NA NA NA
ROIl 6 NA NA NA NA NA NA
ROI2 ROI2_NEG NA NA NA NA NA NA
ROI2 1 NA NA NA NA NA NA
ROI2 2 NA NA NA NA NA NA
ROI2 3 NA NA NA NA NA NA
ROI2 4 NA NA 43.5 NA NA NA
ROI2 5 NA NA NA NA NA NA
ROI2 6 NA NA NA NA NA NA
Tanaro TAN TAN_NEG NA NA NA NA NA NA
TAN 1 NA NA NA NA NA NA
TAN 2 NA NA NA NA NA NA
TAN 3 NA NA NA NA NA NA
TAN 4 NA NA NA NA NA NA
TAN_5 NA NA NA NA NA NA
TAN 6 NA NA NA NA NA NA
Carpasina CAR CAR NEG NA NA NA NA NA NA
CAR 1 NA NA NA 38.1 394 NA
CAR 2 NA NA NA NA NA NA
CAR 3 NA NA NA NA NA NA
CAR 4 NA NA NA NA 40.2 NA
CAR 5 NA NA NA NA NA 39.0
CAR 6 NA NA NA NA NA NA
Bevera BEV1 BEV1 NEG NA NA NA NA NA NA
BEV1 1 NA 377 NA 37.2 NA NA
BEV1 2 NA NA NA NA NA NA
BEV1 3 383 NA NA NA 375 NA
BEV1 4 NA NA NA NA NA NA
BEV1 5 NA NA NA NA NA 36.7
BEV1 6 NA NA NA NA NA NA
BEV2 BEV2 NEG NA NA NA NA NA NA
BEV2 1 NA NA NA NA NA NA
BEV2 2 NA NA NA NA NA NA
BEV2 3 NA NA NA NA NA NA
BEV2 4 NA NA NA NA NA NA
BEV2 5 NA NA NA NA NA NA
BEV2 6 NA NA NA NA NA NA
Nervia NER2 NER2 NEG NA NA NA NA NA NA
NER2 1 NA NA NA NA 36.9 NA
NER2 2 NA NA NA NA NA NA
NER2 3 42.8 41.6 NA NA NA NA
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Table 1 (continued)

River Sampling site ID Sample ID Ct Lutra lutra Ct Austropotamobius pallipes
NER2 4 NA NA NA NA NA NA
NER2 5 NA NA NA 38.9 NA NA
NER2 6 NA NA NA NA NA NA

are needed to define in detail the distribution range of
the target species in western Italy and reconstruct the
recolonization routes of L. /utra of the Italian watersheds.
Moreover, additional studies are needed to understand
whether the presence of the Eurasian otter in western
Italy is occasional or the species is reestablishing well-
structured and viable populations.
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