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Chapter 1 - Introduction to the research project

Freshwater conservation

The loss of biodiversity has reached an unbelievable alarming pace nowadays, raising rapidly over recent
decades. This crisis is taking a toll on ecosystems worldwide, as well as on the natural capital that sustains
human life on this planet. Nevertheless, the anthropogenic factors driving these harmful outcomes have
not impacted all environments equally. Among them, freshwater ecosystems stand out as perhaps the
most endangered globally (Ahmed et al., 2022). Freshwaters indeed face several threats, including water
extraction, flow alteration, water pollution, over-fishing, introduction of invasive alien species (IAS), and
finally climate changes (Costa et al., 2021; Dextrase & Mandrak, 2006; Francis, 2012; Jaureguiberry et al.,
2024). These are directly translated into habitat loss, habitat degradation, and habitat fragmentation for
multiple species linked to water for any of their life cycle. As a consequence, numerous freshwater species
are significantly declining on a worldwide scale (Sanders et al., 2024). Although freshwater ecosystems are
characterized by unique biodiversity and provide essential ecosystem services (Vary et al 2022), they are
globally poorly protected and suffer a continuous decline in conservation measures (Moilanen et al., 2008).

Native aquatic fauna: cryptic, endangered, and sensitive species

Freshwater habitats occupy less than the 1% of the Earth but host almost 10% of the known biodiversity
and act as hotspots of biological diversity (Strayer and Dudgeon, 2010). Lentic and lotic ecosystems support
up to 5700 dragonflies, 17.800 fishes, and 1.600 crustaceans, 250 turtles, 700 birds, and 70 freshwater
mammals (Fricke et al., 2019). Moreover, freshwater environments exhibit high levels of endemism (Abell
et al., 2008). Unaltered aquatic communities are fragile and often affected by some complications that can
hinder their management and conservation. Moreover, native species related to water environments can
be cryptic and difficult to detect and monitor. This is especially concerning since many native freshwater
species are in danger of extinction and sensitive to environmental changes (Sanders et al 2024; Sayer et al.
2025). Specifically, amphibians and freshwater fish are the most threatened group of vertebrates of the
world (Saunders et al., 2002). Compared to terrestrial and marine environments, freshwater vertebrates
are currently experiencing the largest biodiversity decline (84% decline since 1970) (WWF, 2020), and it is
often believed this is just the tip of the iceberg. Indeed, monitoring efforts primarily focus on vertebrates,
and the conservation status of neglected species and lower taxonomic groups is often unknown (Smejkal et
al., 2025). To reverse this decline, accurate and effective action plans are urgently needed (Tickner et al.,
2020).

Freshwater species that are rare often have a narrow ecological niche and may also play as bioindicator
species (Cucherousset et al., 2008). These species are sensitive to changes in environmental conditions,
such as differences in chemical concentrations as exhibited by freshwater mussels (Wang et al., 2025).
Therefore, sensitive species can be used to detect changes in natural surroundings as well as to indicate
negative impacts which can affect the entire freshwater biodiversity (Parmar et al., 2018). In this way, an
early warning of pollutants can be turned into rapid conservation actions to favour all biological
components of aquatic ecosystem, and nominating these species as sentinels of the freshwater community
for all purposes. Water quality are periodically assessed by several countries though monitoring population
density of a bunch of animal bioindicators (Lopez-Lopez and Sedeno-Diaz,2015). A specific group of
bioindicators is represented by aquatic invertebrates, typically bottom-dwelling species such as molluscs
and arthropods like crustaceans and insects during their aquatic stages (Khatri and Tyagi, 2015). Fish also
can be sensitive to different changes in water condition, and are particularly affected by anthropogenic
stressors, like the introduction of allochthonous species (Smejkal et al., 2025).



Cryptic species are elusive wildlife hardly to be observed through traditional techniques due to several
factors linked to their biology, such as nocturnal behaviours, harsh habitat requirements, camouflaging,
and low population densities (Martin et al., 2022). For example, fully-aquatic species residing on single
locations within the core of the river may impede their visual detection (Sternhagen et al., 2024).
Furthermore, for their elusiveness, scientists also need well-trained specialists to scrutiny the reliability of
their observations (Ebner et al., 2011). These traits limit both the understanding of ecological requirements
and the monitoring of population trends (Doak et al., 2015). These limited conditions often reflect a poor
knowledge of the conservation status of species that are both cryptic and rare ( Hill et al., 2007; Ebner et
al.,, 2011; Cerqueira et al., 2013). Thus, most of these species are often reported as endangered species
(Zhi-Gang and En-Yuan, 2003). This is particularly true for species dependent on freshwater habitats that
are at risk of extinction (Zhang et al., 2020).

Invasive alien species

Invasive Alien Species (IAS) are among the most impacting threats to biodiversity globally, but are
particularly harmful for freshwater ecosystems (Duefias et al., 2021). Biological invasions alter ecosystem
composition and structure, leading to the impoverishment of local native communities, in which endemic
species are particularly vulnerable (Ricciardi et al., 2017). Native species are directly threatened due to the
negative interactions of competition, predation, and disease transmission (Porco et al., 2024). IAS can also
adversely affect human health, leading to severe pathologies, allergies, and burns (Lombardo et al., 2022;
Pilaczyk et al., 2022; Souty-Grosset et al., 2016; Longshaw, 2011). This degradation results in reduced
ecosystem functions, and a decrease on resilience and resistance (IPBES, 2023). Consequently, it follows a
deterioration of ecosystem services and nature's contributions to human well-being, for a global economic
loss annually estimated to $423 billion (IPBES, 2023). Among all continents, Europe is the most invaded by
freshwater alien species, mainly colonized by fish, crustaceans, and molluscs (IPBES, 2023). Effective
strategies to mitigate this threat to the native biodiversity include establishing a coordinated system for the
early detection of new invasions and implementing rapid eradication and control measures (Sepulveda et
al., 2023). More than 19% of threatened species in Europe are directly endangered by IAS competition,
predation, or disease transmission (EU, 2020). Established IAS need rapidly effective management actions
informed by spatial planning methodologies.

Italian freshwaters biodiversity

Italian ecosystems support the highest animal biodiversity in Europe (ISPRA, 2009; German Federal Agency
for Nature Conservation, 1997; CBD, 2025). As to freshwater ecosystems, the country hosts at least
100,000 species (Cazzolla Gatti, 2016), and the highest number of endemism and diversity on fish in
Europe (Fliervoet et al., 2013). Due to its unique biogeographic position at the intersection of north-central
and south-central species ranges, species diversity is particularly high in Central Italy (lannella et al., 2017,
Mattoccia et al., 2011; Solano et al.,, 2018). This region is home to several endemic and endangered
freshwater species (Balletto et al., 2010), such as the Italian crayfish (Austropotamobius italicus), the
Apennine yellow-bellied toad (Bombina v. pachypus), the Italian crested newt (Triturus carnifex), and the
Tuscan stream chub (Squalius lucumonis) (Brusconi et al., 2008; Canestrelli et al., 2013; Rondinini et al.,
2022; Tancioni et al.,, 2013). Central Italy also represents a critical potential expansion area for the
endangered Eurasian otter (Lutra lutra) (Giovacchini et al., 2018). Despite this natural capital, Italian
freshwaters suffer the same conditions observed across Europe, with large human alterations leading to a
diffuse habitats degradation (Haubrock et al., 2021). The first European Red List of Habitats in ltaly
highlighted the high level of threat that freshwaters are suffering at the national scale (Gigante et al.,
2018). Furthermore, Italian freshwater ecosystems are significantly experiencing additional pressures from
the introduction of IAS, including fish, crustaceans, amphibians, and molluscs (IPBES, 2023). In fact, the
number of non-indigenous fish species in Italy has now surpassed that of native fish (Lorenzoni et al., 2019;



Nocita et al., 2017). The increasing trend of invasive freshwater species recorded in Italian rivers and lakes
makes Italy one of the most impacted country in Europe (Gherardi et al., 2008; Magliozzi et al., 2020).

European legislation and monitoring obligations

Since 1992 the European Union adopted several regulations to implement the international Convention on
Biological Diversity to halt the loss of biodiversity at the global scale.

Among these, the Habitats Directive 92/43/EEC (HD hereafter) marked a milestone in European policies for
biodiversity conservation. The primary objective of the directive is to preserve natural habitats and wild
fauna and flora in a favourable conservation status by implementing active measures or restoration efforts.
Specifically, HD focuses on safeguarding a range of habitats and wildlife species that are endangered, rare,
or endemic. These, referred to as species and habitats of Community Interest, are listed in Annexes |
(habitats), 1l, IV, and V (animal and plant species) of the directive. Specifically, all forms of killing, capture,
and disturbance of wild individuals are strictly prohibited for species listed in Annexes Il and IV. HD obliges
member states to report every six years on the distribution of species of Community Interest through the
establishment of a surveillance monitoring (HD, Art. 17). The directive also mandates the creation of a
network of European protected areas, the Special Areas of Conservation, for species listed in Annex Il and
habitats listed in Annex I. These areas integrate other protected sites designed under the Bird Directive
2009/147/EC to form the world largest network of protected areas, known as the Natura 2000 Network
(N2KN hereafter). Currently, the network includes 27,193 Natura 2000 sites and covers 18.6% of land and
9% of marine European territory (EEA, 2022).

Recognizing protected areas as one of the most powerful tool for effective conservation (Rodrigues &
Cazalis, 2020), the European Union declared the willingness to expand protected areas coverage up to the
30% of the European land territory until 2030, a target in line with the COP16 Kunming-Montreal Global
Biodiversity Framework. The Natura 2000 Network is the backbone of the protected areas network in the
Europe and it is complemented by additional areas designated at national level. Together, they reached
26.1% of the European terrestrial coverage by the end of 2022. It is advisable to increase coherently this
network to ensure a well-connected ecological network of protected areas to guarantee species
movements and habitats preservation within countries and across borders. The commitment of 30% is
transferred also to Member States. Italy is covered almost by the 19% of Natura 2000 Network, mostly
overlapped with national areas whose contribution increases Italian terrestrial surface being protected up
to the 21.5%. This will need to significantly intensify Italian efforts to reach the target.

The Water Framework Directive 2000/60/EC (WFD hereafter) provides a different perspective on
conservation of freshwater biodiversity (Weigelhofer et al., 2020). Instead of merely addressing specific
actions toward individual species, conservation objectives are addressed to the entire water bodies. WFD
focuses on promoting the sustainable use of water, reducing pollution, and enhancing the protection of
aquatic environments to ensure adequate water quality to support local biodiversity. Specifically, all
European surface and underground water bodies were expected to achieve a good chemical and ecological
status by 2015. On 2022, the European Commission published a proposal for amendment of the WFD to
align the directives with the 2020 European Green Deal by updating lists of pollutants, updating quality
standards, improving assessment of combination effects and ensuring that the legal framework of the
directives can swiftly align with scientific findings.

In accomplishment with WFD provisions, the ecological status of rivers and lakes is evaluated using various
parameters, many of which are based on the conditions of biological indicators like aquatic flora, benthic
invertebrates, and fish communities (Hering et al., 2018). Benthic invertebrate communities are typically
analysed using multimetric indexes based on sensitive species, while fish communities are assessed based
on the composition and structure of native species and IAS (Hering et al., 2018). Every six years each



Member State should report on the ecological status of national freshwater bodies, including the benthic
invertebrates and fish components metrics (WFD, Art. 18). WFD also mandates the establishment of
protected areas known as ‘protection areas for the conservation of habitats and species directly depending
on water’ (WFD, Art. 4, Art. 6, and Annex VII), where to implement several conservation measures for
wetlands restoration and negotiated environmental agreements (WFD, Annex VI).

Freshwater ecosystems are also acknowledged as crucial for biodiversity conservation, still needing
attention and greater efforts. Thus, Europe supports freshwater restoration, especially directed on large
rivers and floodplain, and increases the natural functionality of rivers and lake to clean European water
quality and improve the Water Framework Directive. The aim is to enhance flood protection and nursery
habitats for native fish, control water regulation and remove chemical pollution at large scale, with a
sustainable development toward restoration, tourism, and recreation economic sectors. To achieve these
goals, rivers barriers will be removed or adjusted for fish movements, and floodplains will be restored along
at least 25,000 km to have free-flowing river courses, depending on the human necessities of hydropower
generation, flood management, water supply, agriculture and navigability.

The Regulation on IAS 1143/2014 was adopted by the European Union to prevent new introductions and
manage the spreading of invasive alien species in the Union territory (Genovesi et al., 2015). In line with the
guidelines of organizations such as the IUCN and IPBES, this Regulation emphasizes the establishment of a
robust surveillance system (Pagad et al., 2015). The core of the Regulation is the list of IAS of Union concern
(Union List). The species included on this list are subject to restrictions and measures set out in the
Regulation. These include restrictions on keeping, importing, selling, breeding, growing and releasing into
the environment. Member States are required to implement a monitoring framework to swiftly detect the
presence of any of the 88 IAS of Union concern (amended version 2022/1203) within their territories and
promptly initiate eradication efforts during the early stages of invasion.

The surveillance system must update every six years the distribution of IAS across the European territory
and assess the effectiveness of rapid eradication measures (Art. 24). Simultaneously, management
measures must be applied to IAS that are already widely spread. To address this, a spatial prioritization
approach is essential, focusing on prevention in areas where species are absent, eradication where IAS
have recently emerged, and mitigation in heavily colonized areas (EC, 2014). lItalian freshwaters host 40
over the total 88 IAS of Union concern (Colangelo et al. 2017), making monitoring protocols and
management plans of these species a priority to accomplish the Regulation provisions.

The European Biodiversity Strategy for 2030 boosts the three regulations illustrated above, committing
several ambitious goals in relation to protected areas, freshwater conservation, and IAS management.
Specifically, the Strategy includes a pledge to manage established IAS in order to reduce by 50% the
number of native Red List species directly threatened by IAS by 2030 (EC, 2020). EU regulations and the
European Biodiversity Strategy for 2030 urge to adopt rapid and sensitive monitoring protocols of both rare
and endangered species, as well for early warning of IAS (Leese et al., 2018; Pawlowski et al., 2021). To
achieve good conservation status of species and habitats protected by HD it is also important to provide a
spatial planning framework to establish new protected areas that could fill gaps and improve the
connectivity among protected areas, thus contributing to the extension of European protected areas by
2030.

Species monitoring

Monitoring freshwater species is central to all European regulations dealing with biodiversity conservation,
and to achieve objectives of the European Biodiversity Strategy for 2030. Monitoring through periodic
systematic surveys is essential for understanding environmental systems, and to fulfil three key purposes:
detecting deviations from desired conditions, assessing the success of management and conservation



initiatives, and tracking the effects of disturbances over time (Primack and Boitani, 2013). Understanding
the initial state of environments and follow the trends over time and space is crucial to orient actions and
plan recovery programs to modify the status itself. Also, the early detection of rare species is relevant for
rapid adoption of protection measures to support new individuals colonizing new territories (Duarte et al.,
2023). This underlines the importance of accurate and sensitive monitoring programs and protocols to
describe wildlife population densities, species distribution, and habitat conditions. However, monitoring
multiple species across different taxa and habitats is labour-intensive, costly, and requires taxon-specific
expertise, often hindering the implementation of targeted monitoring programs, particularly for rare and
endangered species and IAS at the initial stages of colonisations. This is specifically true for freshwater
species, where traditional monitoring techniques involve specific protocols tailored to each taxon habitat,
behaviour, and ecological requirements (Stoch and Genovesi, 2016). Moreover, these traditional survey
techniques often fail to detect populations at low densities, and demand intensive sampling efforts, often
causing stress or even damage to the animals being handled (Bo et al., 2011). Accordingly, financial
resources for periodical multi-specific monitoring programs are highly demanding in terms of both costs
and time (Barnes & Turner, 2016).

Environmental DNA

Genomic techniques based on the detection of environmental DNA (eDNA) are a highly effective non-
invasive method for investigating the presence of animal or plant species over large areas and in short
periods of time. They can be applied to several environmental matrices, like water, air, soil, snow, ice,
biofilms (Taberlet et al., 2018). eDNA also revealed potentials retrieving fragments of DNA natural samplers
like for example spider webs filtering air, sponges filtering thousands of water litres per day as well as
freshwater mussels, and leeches ingesting blood of vertebrate community (Gregoric et al., 2022; Mariani et
al., 2019; Schnell et al., 2015; Weber et al., 2023). The collection of the DNA shred into the environment is
particularly accurate and sensitive (Beng & Corlett, 2020; Mynhardt et al., 2024).

The potentiality of eDNA techniques lies in the fact that they don’t require a direct contact with organisms,
i.e. they are highly non-invasive techniques, and, unlike other non-invasive techniques they don’t imply
time consuming efforts for the detection of indirect presence signs (Jamwal et al., 2023). This is particularly
true for rare species that live at low population densities, exhibiting elusive behaviours, or are cryptic and
difficult to locate, i.e., due to their small size. Thus, eDNA could be particularly powerful to unveil relict
populations, discover initial stages of colonisations of IAS, and preventing wildlife disturbance to sensitive
populations as it is completely harmfulness (Barnes & Turner, 2016). Additionally, eDNA sampling allows for
the simultaneous detection of multiple species, even if they belong to very different taxa, thereby providing
insight on extended biotic communities within a specific area (Pont et al., 2018).

Molecules of DNA spread into the environment are usually rare, implying the adoption of accurate and
reliable methods for the species detection (Johnson et al., 2024). In this context, the quantitative PCR
(gPCR) approach offers high sensitivity and species-specific resolution, outperforming other common eDNA
alternatives like metabarcoding (Harper et al., 2018; McColl-Gausden et al., 2023). The use of PCR
(Polymerase Chain Reaction) makes this method very easy and fast to be implemented both in the field and
in the lab (Taberlet et al., 2018). Thus, eDNA species-specific monitoring protocols can represent a powerful
tool to accomplish EU regulations monitoring provisions, as witnessed by their adoption by the United
States Geological Survey (Pilliod et al., 2019).

Accordingly, eDNA could represent an effective complementary tool to fulfill the monitoring obligations
under the Habitats Directive and for the early detection of IAS of Union Concern, as to the 1143/2014 EU
Regulation, as well as to accomplish biological assessments about water quality under the Water
Framework Directive, such as those on benthic invertebrates and fish fauna (Leese et al., 2018; Pawlowski
et al,, 2021; Thomsen et al. 2012). Simultaneous multispecific eDNA surveys results could also guide the
extension of protected areas by 2030, especially those addressed to the protection of freshwater habitats



and species. The usefulness of eDNA to support the Water Framework Directive and the European strategy
to make European river in a free-flowing condition has been highlighted also by recent studies showed
potentials in evaluations the propensity of local communities toward dam removal (Fernandez et al., 2022).

A multispecific eDNA approach could also inform spatial planning on IAS management through the
detection of direct and indirect threats to native endangered species, i.e. prioritizing efforts for eradication
where IAS occur with native species.

One of the primary challenges in expanding and solidifying a species-specific approach for the simultaneous
monitoring of multiple species through eDNA lies in the need of well-validated qPCR assays. Despite the
growing need, many species still lack these critical assays (Thalinger et al., 2021). Furthermore, for a ready-
to-use tool for routine monitoring at local scale, a proper validation at the local scale is essential to account
for various detection biases due to biogeographic and genetic variation and mismatches with similar
syntopic species, leading to false negatives (Goldberg et al., 2016; Klymus et al., 2020; Langlois et al., 2021).
These factors highlight the importance of investing time and resources in the design and validation phases
to ensure both robustness and efficiency (Nicholson et al., 2020; Sepulveda et al., 2020; Thalinger et al.,
2021).

Despite some qPCR eDNA protocols have been recently developed to quickly inform on species presence
(Thomas et al., 2020), this technique is still rarely used to simultaneously detect different species (King et
al.,, 2022; Minegishi et al., 2023; Tsuji et al., 2018; Wozney & Wilson, 2017), and it has been even more
rarely applied to wide taxonomic inventories (Leblanc et al., 2020; Seymour et al., 2018; Thomsen et al.,
2012).

Furthermore, despite qPCR based eDNA has been successfully applied to detect several freshwater species,
studies focusing on single species often did not evaluate the relative efficiency of the eDNA vs traditional
field surveys (Ballini et al., 2024; Jamwal et al., 2023).

Also, the scientific community has been recently focusing on bridging the knowledge gaps regarding the
ecological parameters that affect the eDNA, whose understanding is crucial for increasing the accuracy of
the results. These types of information are vital to guide a planning process of an eDNA project, and guide
context-specific standard procedures to the sampling design, e.g. time and space selection.

Setting up an environmental DNA study, may entail the arise of several strategic, logistical, scientific,
technological, and economic issues. To put gPCR eDNA at the service of European regulations, guidelines
and best-practices need to be improved in different ecoregions. Currently, Italy lacks eDNA guidelines for
its use to accomplish monitoring obligations under EU regulations, except those proposed for the
transnational Alpine context, although relying on metabarcoding and led by a Slovenian team (Domaizon et
al., 2021).

Results from gPCR eDNA could also be combined with species distribution modelling to further increase the
optimization of monitoring protocol, to implement spatial planning based on species presence/absence,
and to implement connectivity and species distribution modelling to forecast future conservation needs



Aims of the project

My PhD research project has been addresses to explore the potential applications of gPCR eDNA
techniques to contribute monitoring obligations by European regulations for freshwater species of
Community Interest occurring in Central Italy.

The specific aims were as follows:

Test a qPCR eDNA protocol for multi-species detection in freshwaters of Central Italy (chapter 2)
- to simultaneously detect native endangered species and IAS of Community Interest,
- to design new gPCR assays for freshwater species,
- to orient sampling timing and location,
- toidentify small- and large-scale environmental factors affecting eDNA detection,
- to compare costs of a multi-taxa survey between gPCR eDNA and traditional monitoring
techniques.

Explore the conservation planning implications of a qPCR eDNA multi-specific assessment results (chapter
3)

- to identify potential areas for new protected areas and IAS management under three EU

regulations

- to update the distribution of endangered species listed in Habitats Directive,

- to early warn new IAS of Union Concern identified in the study area,

- to update the distribution of IAS species listed in the Regulation on IAS 1143/2014,

- tointegrate routine monitoring under the Water Framework Directive.

Compare the efficiency of gPCR eDNA versus traditional monitoring techniques (chapter 4)
- on the case study of Lutra lutra along the Tyrrhenian side of central Italy

Develop guidelines for eDNA monitoring in Central Italy (chapter 5)
- to provide information for planning a gPCR eDNA project on freshwater species.

Each aim is the topic of a specific chapter that is already in the form of a paper submitted or to be
submitted.
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Abstract

Environmental DNA (eDNA) using quantitative PCR (qPCR) is a sensitive tool to detect rare and elusive
species, such as endangered or invasive alien species (IAS) during the initial stages of colonization. In this
study, we aimed at i) designing and testing an eDNA protocol for the simultaneous detection of 22
freshwater species of conservation concern, ii) identifying environmental factors that influence species
detection, iii) assessing the efficiency and cost-effectiveness of eDNA-based multi-species detection
versus taxon-specific traditional survey methods. Target species belonged to Fungi, Mollusca, Arthropoda
and Chordata, including 14 endangered species listed in the Habitats Directive 92/43/EEC and eight IAS
listed under the EU Regulation 1143/2014. New eDNA assays were ex-novo designed for 13 species. The
protocol was tested in two temporal replicates at 53 sampling sites located on standing and running water
of Central Italy. PCA and biplots were used to explore the relationships between species detection and 25
fine-and large-scale environmental variables measured at each sampling site. Cost for eDNA included
assay design, validation and purchase, laboratory equipment and consumables, personnel and cost for
sampling, filtration, extraction, and amplification stages. Costs for traditional surveys were based on taxon
and habitat specific sampling techniques according to published guidelines. We detected 18 out of the 22
target species at 45 sites. Highest detection rates were observed for fish (0.59 + 0.2), amphibians (0.43 +
0.3), molluscs (0.30 + 0.12) and mammals (0.27 + 0.29). Species were mostly detected during spring. PCA
highlighted a relationship between a subset of environmental factors for four species. Compared to
traditional techniques, a qPCR-based eDNA approach demonstrated as a faster (<46% of time), accurate
(+49 new occurrences), and affordable (<88% of costs) approach for multiple species detection, offering
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great potential for large-scale monitoring of freshwater wildlife, especially for routine monitoring under
EU regulations.

1. Introduction

Freshwater ecosystems are threatened globally and many freshwater species are experiencing substantial
declines worldwide (Sanders et al., 2024), mainly due to habitat loss and degradation, pollution and
introduction of invasive alien species (IAS) (Costa et al., 2021; Dextrase and Mandrak, 2006; Francis, 2012;
Jaureguiberry et al., 2024). A solid understanding and monitoring of the conservation status of
endangered species, along with rapid detection of threatening invasive alien species (IAS), are essential
for implementing effective management strategies (Meira et al., 2019; Simberloff et al., 2013).
Accordingly, periodic monitoring and reporting every six years are mandatory for European native
freshwater species included in Annexes Il, IV, and V of the European Union Council Directive 92/43/EEC,
known as Habitats Directive (hereafter referred to as HD). Additionally, EU Regulation 1143/2014 requires
member states to monitor freshwater bodies for the early detection of IAS of Union Concern (Pawlowski
et al., 2021). Central Italy’s freshwater bodies host at least 23 endangered native animal species listed in
the HD, as well as approximately 40 IAS, half of which are classified as of Union Concern under EU
regulation 1143/2014 (Ercole et al., 2021; Magliozzi et al., 2020; Monaco, 2014). Although standardized
methods have been proposed to fulfill the monitoring obligations established by EU (Leese et al., 2018,
Stoch and Genovesi, 2016), traditional methods for detecting multiple species can be time-consuming and
resource-intensive, often hindering monitoring programs, particularly in case of rare and elusive species.

Environmental DNA (eDNA)-based approaches are transforming biodiversity monitoring worldwide,
especially for freshwater and marine communities (Taberlet et al., 2018). Relying on the collection and
analysis of the DNA released by organisms in the environment, eDNA-based approaches proved to be
sensitive and versatile tools. Indeed, eDNA metabarcoding usually refers to the method of targeting and
sequencing many DNA fragments belonging to different taxa that are contained in a mixed biological
sample (Pont et al., 2023; Ushio et al., 2018). An alternative approach involving species-specific PCR-based
assays allows the target detection of taxa (Ficetola et al., 2008). Quantitative PCR (qPCR) techniques have
been used to assess fish communities (Pont et al., 2023; Wozney and Wilson, 2017), infer fish biomass of
commercial fish (Knudsen et al., 2019), study predator-prey relationships between a fish and its prey
(Minegishi et al., 2023), assess marine invasive tunicates and bryozoans responsible of biofouling (Leblanc
et al., 2020), or in studies involving two or three species belonging to different taxa (Seymour et al., 2018;
Tsuji et al., 2018). As a matter of fact, a gPCR eDNA-based approach has proven to be more sensitive than
eDNA metabarcoding, making it particularly useful for detecting rare and elusive species, such as highly
endangered species or IAS at their initial colonization phase (Duarte et al., 2023; Harper et al., 2018;
Thomas et al., 2020; Xia et al., 2021). However, the qPCR species-specific approach has been rarely used
to detect multiple species at the same time (Leblanc et al., 2020; Thomsen et al., 2012b), even though it
could prove a valid approach when high sensitivity and specificity is required to monitor multiple IAS and
elusive species with high conservation value from the same geographic area (Duarte et al., 2023; Hii et al.,
2024; Rund et al., 2024).

One of the primary challenges in expanding and solidifying the species-specific approach for eDNA
monitoring lies in the need of well-validated eDNA species-specific gPCR assays. Despite the growing
need, many species still lack these critical assays, leading to the proposal of a validation scale to highlight
reliable and ready-to-use tests (Thalinger et al., 2021). Furthermore,a proper validation in the study areas
is essential to account for various detection biases. These biases can result from genetic variation of local
populations and co-occurrence of phylogenetically closely related species as well as the potential low DNA
detectability of environmental samples (Goldberg et al., 2016; Klymus et al., 2020; Langlois et al., 2021).
These factors highlight the importance of investing time and resources in the validation phases to ensure
it is both robust and efficient (Nicholson et al., 2020; Sepulveda et al., 2020; Thalinger et al., 2021).
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Italy hosts the highest faunal biodiversity in Europe (ISPRA, 2009; German Federal Agency for Nature
Conservation, 1997;
https://www.cbd.int/countries/profile?country=it#:~:text=Status%20and%20trends%200f%20biodiversi
ty,a%20high%20rate%200f%20endemism). Species diversity is particularly high in Central Italy due to its
biogeographic location at the boundary of north-central and south-central species ranges (lannella et al.,
2017; Mattoccia et al., 2011; Solano et al., 2018). This area is also characterized by several endemic and
endangered freshwater species (Balletto et al., 2010), including the Italian crayfish Austropotamobius
italicus, the Apennine yellow-bellied toad Bombina v. pachypus, the Italian crested newt Triturus carnifex,
and the Tuscan stream chub Squalius lucumonis (Brusconi et al., 2008; Canestrelli et al., 2014; Rondinini
et al., 2022; Tancioni et al., 2013). By counterpart, Italian freshwater ecosystems host among the highest
number of IAS in Europe, including fish, crustaceans, amphibians and molluscs (IPBES, 2023), and the
number of non-indigenous fish species has surpassed that of native fish (Gherardi et al., 2008; Lorenzoni
et al., 2019; Magliozzi et al., 2020; Nocita et al., 2017). Given the EU reporting obligations under HD, and
the commitment to manage IAS while reducing by 50% the number of Red List species they threaten by
2030 (https://environment.ec.europa.eu/topics/nature-and-biodiversity/invasive-alien-species en), it is

urgent to adopt rapid and sensitive monitoring protocols. These protocols are essential to optimize
monitoring of both rare and endangered species, as well as providing an early warning system for IAS
(Leese et al., 2018; Pawlowski et al., 2021).

Thus, we designed and tested a panel of protocols to detect through eDNA coupled with qPCR assay a set
of 22 species occurring in freshwater bodies of Central Italy, including 14 endangered species listed in HD
annexes, six IAS of Union Concern as in the Regulation 1143/2014, one pathogen they threaten, and one
translocated fish. We specifically aimed at i) design new species-specific assays for 13 species lacking
available eDNA primers and probes; ii) assessing sampling timing and location we selected for multi
species detection in Central Italy; iii) identify small- and large-scale environmental factors affecting either
species or eDNA detection; iv) compare costs of eDNA multispecific detection with respect to traditional
survey techniques.

2. Material and Methods

2.1 Target species

We selected 22 target species occurring in freshwater bodies of Central Italy, representing a diverse
taxonomic coverage that includes: Fungi, Mollusca, Arthropoda and Chordata. We selected 14 species
that are protected according to the HD 92/43/EEC (Annexes Il, IV, V) or endangered according to the IUCN
Italian Red List (Rondinini et al., 2022) that are cryptic, difficult to detect with traditional techniques, and
therefore with scarce occurrences in the study area. We also included eight species posing a direct threat
to the former, that are either IAS of Union Concern under the EU regulation 1143/2014, or are listed
among the IUCN Blacklist of the World’s Worst Invasive Alien Species (Lowe et al 2000), or represented
translocated species or harmful pathogens (Tab 1). We discarded all the species fitting these criteria but
hardly to be correctly detected as primers designed with short genetic sequences may undergo possible
hybridizations with congeneric species living in the same range. Details on conservation and legal status
of target species are reported in Tab.1.

Table 1. Details of target species. HD: Habitats Directive 92/43/EEC, Annexes Il, IV, and V; UC: Invasive
Alien Species of Union Concern (s. EU regulation 1143/2014; 100 WWIAS: IUCN 100 of the World’s Worst
Invasive Alien Species (Lowe et al 2000). The asterisk indicates the species for which new primers and
probes were designed in this study.

. IUCN
Phylum Clade Species Synonym Sp(lelgles Regulation national
Red
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List/100
WW IAS
. - Batrachochytrium
Fungi Chytridiomycota dendrobatidis - BD - 100 WWIAS
Mollusca Bivalva Unio elongatulus * U. mancus UE HD, Ann. V EN
V. angustior
Mollusca Gasteropoda Vertigo spp. * V. VE HD, Ann. |l NT-VU
moulinsiana
Mollusca Bivalva Dreissena polymorpha ) DP - 100 WWIAS
Arthropoda Crustacea Austropotamobius italicus A. pallipes Al HD, Ann. Il, IV EN
Arthropoda Crustacea Faxonius limosus * I(_)rconectes FL UC (2016) -
imosus
Arthropoda Crustaceans Procambarus clarkii ) PC UC (2016) -
Arthropoda Insecta Coenagrion castellani * - CcC HD, Ann. Il NT
Arthropoda Insecta Oxygastra curtisii * - ocC HD, Ann. Il, IV NT
Arthropoda Insecta Lindenia tetraphylla * - LT HD, Ann. Il, IV VU
Chordata Osteichthyes Alosa fallax - AF HD, Ann. Il, IV EN
Chordata Osteichthyes Squalius lucumonis * - SL HD, Ann. Il CR
Chordata Osteichthyes Pseudorasbora parva - PP UC (2016) -
Chordata Osteichthyes Padogobius bonelli * P. martensii PB lntro_duced out -
native range
Chordata Amphibia Bombina v. pachypus * - BP HD, Ann. Il, IV EN
Chordata Amphibia Triturus carnifex * - TC HD, Ann. Il, IV NT
Chordata Amphibia Lissotriton italicus * - LI HD, Ann. IV LC
Chordata Amphibia Lithobates catesbeianus - LC UC (2016) 100 WWIAS
Chordata Chelona Emys orbicularis * ) EO HD, Ann. II EN
Chordata Chelona Trachemys scripta ) TS UC (2016) 100 WWIAS
Chordata Mammalia Mustela putorius * - MP HD, Ann. V LC
Chordata Mammalia Lutra lutra ) LL HD, Ann. II, IV VU

2.2 Study area

We sampled 53 sites across eight river catchments in the Latium region of central western Italy. The study
area is characterized by high environmental heterogeneity, ranging from the coastal and lowlands to
volcanic plateaus, piedmont zones and mountainous areas, spanning from the sea level to 2,458 m a.s.l.
Large volcanic lakes are situated in the central and northern part of the region, while coastal lakes are
found in the south. Additionally, three reservoirs are located along the Velino, Turano and Liri rivers. The
Italian capital city, Rome, is centrally located within the region and likely serves as a source of several
invasive alien species (Ferri et al., 2020; Petrassi et al., 2007; Spear et al., 2013).

The eight catchments included the two largest river basins of Central Italy, i.e. Tiber (405 km) and Liri (158
km), as well as six smaller catchments flowing close to the coast, i.e. Fiora, Marta, Mignone, Arrone, Astura
and Amaseno. The sites were located in either protected areas (n = 5), the Natura 2000 network (n = 28),
or the regional ecological network designed to connect the protected areas (Scalisi et al., 2011) (n = 20)
(Fig. 1; Suppl. Mat. 1 S1).

Sampling sites were located in different water bodies according to habitat requirements of the target
species (Tab. 2; Suppl. Mat. 1 S1). To perform cost effective analyses, each sampling site was selected
based on species range, ecological requirements, and recent presence data. Native species not reported
in the regional fauna but expected to return in the short term, like the Eurasian otter L. lutra (Giovacchini
et al. 2018), were searched at sites located close to areas of ascertained presence in the neighboring
regions (Ercole e t al., 2021; Petrassi et al., 2017; Suppl. Mat. 1 S2). To account for species phenology and
sampling biases, we collected three sampling replicates, in summer 2021 (July-August, 52 sites), late
spring 2022 (May-June, 35 sites), and autumn 2022 (October, 17 sites) (Fig. 1). Twelve sites found in
drought conditions in 2021 were replaced by 12 new sites in spring and autumn 2022.
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Table 2. Number (N) of sampling sites for each habitat type and suitability for target species (IDs are
those as in Tab. 1).

Habitat type | N Target species
Lowland 5 UE, VE, OC, LT, AF, TC, LI, EO, LL, PC, PP, LC, TS
Rivers

Rivers 16 | UE, VE, CC, OC, Al, AF, SL, BP, EO, MP, LL, DP, FL,
PC, PP, PB, LC, TS

Creeks 13 UE, VE, CC, Al, SL, BP, MP, FL, PC, PB, BD
Channels EO, MP, PC, PP, PB, TS

Ponds CC, BP, TC, LI, EO, MP, TS, BD

Lakes 10 | UE, VE, CC, OC, LT, TC, LI, EO, MP, DP, FL, PC, TS
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Figure 1. Location and codes of 52 sampling sites. Each site was sampled once (triangles) or twice (dots).
Sites with two replicates were sampled during summer and in either autumn (blue) or spring (red).
Sampling IDs are those reported in Suppl. Mat. 1 S6.

2.3 Water sampling

At each site, we collected 3 liters of water using sterile bottles. For running waters, we sampled across
the channel’s width whenever possible to include different microhabitats; otherwise we collected samples
only from the shore. For standing waters, we walked along the shore for 300 m and collected 200 ml of
water every 20 m. Water was filtered within 24 hours using an electric vacuum pump (6 I/min, final
vacuum: 100 mbar, N86 KN.18, KNF Laboport, Neuberger GmbH, Germany). Samples were initially filtered
through 8 um mixed cellulose ester (MCE) filters and then through 0.22 pum MCE filters (diameter 47 mm,
Merck-Millipore, Burlington, USA). For the highly-turbid waters, found at four sites, we filtered at least
one liter of water, replacing the filters as soon as they became clogged. All filters were stored at -20°C
until DNA extraction.

2.4 Environmental variables
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To identify factors that could influence eDNA detection and/or species occurrence at each sampling site,
we collected nine-fine scale and 16 large-scale environmental variables. Fine-scale variables were
measured in 2022 and included air temperature, water temperature, river depth, river width, pH, nitrites
and nitrates, water turbidity and water speed (Suppl. Mat. 1 S3). Large scale environmental parameters
were derived from digital maps and converted to a uniform raster format with a 250 m resolution. These
included six climatic variables extracted from the CHELSA database (https://chelsa-climate.org/), i.e.
annual temperature (BIO2), maximum temperature of the warmest month (BIO5), average temperature
of the warmest quarter (BIO10), precipitation during the wettest quarter (BIO16) and precipitation during
the coldest quarter (BIO19); the Enhanced Vegetation Index (EVI) was sourced from the MODIS database
(https://Ipdaac.usgs.gov/products/mod13q1v006/). Additionally three topographical information
(altitude, aspect, and slope) obtained from the Digital Elevation Model (DEM) provided by the CGIAR-CSI
database(http://www.cgiarcsi.org/2010/03/108/uot;http:/srtm.csi.cgiar.org), and three land use
features were derived from CORINE Land Cover dataset from the Copernicus database
(https://www.copernicus.eu/it), i.e. Euclidean distance from agricultural areas, artificial surfaces, forests
and semi-natural areas (Suppl. Mat.1 S3).

2.5 Assay design

For each target species, we first searched literature for already published primers and probes used in the
species detection gPCR-based approach. Published primers were found for nine species, i.e. the pathogen
B. dendrobatidis (Canessa et al., 2017), the bivalve D. polymorpha (Amberg et al., 2019), the crayfish A.
italicus (Manfrin et al., 2022b) and P. clarkii (Mauvisseau et al., 2018), the fish A. fallax (Antognazza et al.,
2019) and P. parva (Manfrin et al., 2022a), the amphibian L. catesbeianus (Sanz et al., 2023), the terrapin
T. scripta (Kakuda et al., 2019), and the mammal L. lutra (Park et al., 2011) (Suppl. Mat. 1 S4). For the
remaining 13 species, we designed new species-specific primers and probes. Assays were designed
following Thalinger et al. (2021). All mitochondrial DNA deposited sequences of the target and closely
related sympatric species were downloaded from BOLD Systems IDS (Ratnasingham and Hebert, 2007)
and GenBank (https://www.nchi.nlm.nih.gov/). For each marker, sequences were aligned using MAFFT 7
and visualized in BioEdit 7.2.5 (Hall, 1999; Katoh et al., 2009; Thomsen et al., 2012a). For each target
species, we selected the genetic marker with the largest number of available deposited sequences (also

considering congenerics of possible or ascertained syntopic occurrence at the regional investigation scale
and across Europe), low intra-specific and high inter-specific polymorphisms. Primers were selected
manually based on the following molecular characteristics: i) 40-60% GC content, ii) length between 18-
24 bp, iii) melting temperature (TM) between 58-68 °C and within 2 °C of each other. Probes were selected
with a length between 20-25 bp and TM 4 to 6 °C higher than the primers. Total length of the amplicon
expected to be about 150 bp (Jo, 2023; Langlois et al., 2021).

2.6 Assay validation

As recommended by Thalinger et al. (2021), for the successful application of robust eDNA assays we
followed three validation steps. We first checked in silico primers and probes of candidate assays using
Oligo Analysis (https://eurofinsgenomics.eu/en/ecom/tools/oligo-analysis/) for the probability of

generating hairpin, self- and hetero-dimer structures that could affect amplification reaction and lower
assay sensitivity in detecting target species, thus increasing the probability of false negatives (Kibbe,
2007). Specificity of primers and probes was first evaluated on the alignments against possible effects of
intraspecific genetic variability of Italian populations, that could increase false negative probability, and
the possible detection of false positives due to co-amplification of phylogenetically closely related non-
target species. For each assay, primer pairs were also blasted against GenBank nucleotide database with
Primer BLAST (Altschul et al., 1997) to identify potential targets of unspecific amplification with taxa that
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were not included in the alignment but represent common contamination sources (e.g., human and dog
DNA).

Candidate primer pairs were synthesized (Eurofins Genomics srl, Hamburg, DE) and validated in vitro on
tissue samples of target species kindly provided by experts of each taxon. Genomic DNA (gDNA) was
extracted from tissue samples using DNeasy® Blood & Tissue kits (Qiagen, Venlo, NL). To evaluate
amplification success and select optimal annealing temperature of each primer pair, we set up end-point
PCR amplifications with gradients of annealing temperature in 20uL total volume reactions containing
11.75 uL of Milli-Q water, 4 uL of 10x Buffer solution (5x WonderTaq reaction Buffer EuroClone®, Milano,
IT), 1 uL of each primer (10 uM), 0.25 plL Taq polymerase (WonderTaq EuroClone®) and 2 pL of DNA
template. PCRs were run with the following thermal profile: initial denaturation at 94 °C for 5 minutes,
followed by 35 cycles at 94 °C for 60 seconds, annealing with temperature ranging from 50 to 60 °C for 45
seconds, elongation at 72 °C for 60 seconds, and a final extension at 72°C for 7 minutes. To assess species-
specific amplification, amplicons corresponding to the expected target fragment size visualized with
agarose gel electrophoresis (2%) were sequenced at Eurofins Genomics srl, Hamburg, DE (Wilcox et al.,
2015) and generated sequences were compared to the reference databases available in BOLD Systems
and GenBank.

For assays whose primer pairs amplified successfully and specifically on the target taxa, real-time
guantitative PCR (qPCR) with TagMan technology (StepOnePlus, Applied Biosystem, Waltham, USA) were
run on DNA extracts of tissue samples of target species and confounding taxa in a total volume of 10 pL:
2.35 pl of Milli-Q water, 5 pL of buffer (SSoAdvanced™ Universal Probe Supermix), 0.25 uL of each primer
(10 uM), 0.15 pL of dual-labelled (5'-FAM, 3'-MGBEQ) Tagman probe (10 uM; Eurofins Genomics srl,
Hamburg, DE), 2 pL of extracted DNA. Each sample was run in two dilutions (1:1, and 1:10), together with
a negative technical control, following standard thermal conditions with the annealing step varying
depending on the target, in three technical replicates. Evaluation of eDNA assay accuracy was based on
amplification efficiency and limit of detection (LOD) (Bustin et al., 2009; Klymus et al., 2020), to generate
the standard curve tenfold serial dilutions of quantified positive tissue controls were used Samples were
considered as positive when a sigmoidal signal was observed in at least two technical replicates for each
run and above the LOD (e.g. Ficetola et al., 2015). Cycle threshold (Ct) values were converted into counts,
as number of DNA copies (Bruno et al., 2017). We considered positive detections also when counts were
under the LOD but equal or more than five copies per reaction (Bustin et al., 2009).

Assays that passed in vitro validation were tested on water samples collected and filtered from two
locations of ascertained presence of the target species, as well as from two locations confirmed to lack
the species (see par. 2.2 and 2.3 for details). A total of 35 certain occurrence sites were sampled in both
captive (Cavalcante et al., 2020; Tancioni et al., 2019) and wild conditions following expert
recommendations, personal sightings, or recent literature data (Suppl. Mat. 1 S2). Absence sites were
identified outside the species range and in unsuitable habitats (Suppl. Mat. 1 S5). We extracted eDNA
from water filters using the DNeasy PowerSoil Pro kit (Qiagen, Venlo, NL). For each water sample, 8 um
and 0.22 um filters were merged and processed to maximize DNA yield. eDNA extracts were finally diluted
with 75 pL bidistilled Miili-Q sterile water and preserved at -20 °C.

We ran gPCR analyses on environmental samples with the same reaction mix and thermal profile
described above for the in vitro validation step on tissue samples. Each qPCR included the following: i)
PCR positive controls, using the gDNA extracts of target species; ii) environmental positive control, i.e.
eDNA extracts from water samples collected in two sites of ascertained presence; iii) environmental
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negative control, i.e. eDNA extracts from water samples from two sites of ascertained absence of the
species; iv) PCR negative technical controls: no target species samples to verify the absence of
contamination with DNA of target or untarget species during the reaction set-up steps (Karlsson et al.,
2022; Klymus et al., 2020; Thalinger et al., 2021). To ensure that the absence of target species eDNA in
water samples was not due to a failure of eDNA extraction, the same samples were also tested with qPCR
using the MiFish primer pairs, a set of universal 12SrRNA oligonucleotides for the untargeted DNA
metabarcoding characterization of fishes (Miya et al., 2015). Pre and post amplification phases were
carried out in separate rooms to avoid contaminations, and each step was conducted in a laminar flow
cabinet.

2.7 Data analyses

The detection rate (DR) of each species/taxon was computed as the number of occurrences divided by
the number of sites tested for that species. DR was computed considering the cumulative presences from
both sampling replicates, and for each sampling replicate, habitat types, and sampling season. To finally
test the reliability of eDNA, occurrence data were used to confirm species ranges reported on a 10x10 km
grid cell (ETRS LAEA 52 10 projection). Species distribution was provided by HD reporting ex Art. 17 (Ercole
et al., 2021) and the Regional Atlas of Invasive Species (Monaco, 2014) maps. Here, DR is calculated only
on eDNA sites where target species were tested that fall over presence cells (i.e., positive sites/tested
sites). Chi-Squared and Fisher’s exact tests are performed to assess statistically significant differences
among replicates, seasons, and habitat types. For species with more than five eDNA occurrences, a
principal component analysis (PCA) was run to explore fine- and large-scale factors affecting eDNA
presence or absence. PCA were run using the function prcomp from the factoextra package (Kassambara
and Mundt, 2020) in the software R (R Core Team, 2013).

2.8 Costs of eDNA vs traditional surveys

We estimated times and costs of traditional and eDNA surveys for individual species or species clusters,
following optimization methods (e.g., group-specific expert surveying more than one species), for a single-
replicate survey undertaken within the scope of this specific case study. Costs and time of traditional
surveys were based on the recommendation (survey technique, personnel involved, samples per day) by
Stoch and Genovesi (2016) for the species listed in HD occurring in Italy. For IAS we referred to published
guidelines for individual species (Bletz et al., 2015; Carosi et al., 2021; Gherardi et al., 2009; Kamoroff et
al., 2020; Macchi et al., 2020; Mackie and Claudi, 2010; Weldon et al., 2013). We calculated the cost of
personnel, materials, and transport, considering the number of samples obtained per day to reach the
required final sample size. We also considered the costs gained by different census techniques required
for habitat-specific sampling (i.e., lentic, and lotic waters). Moreover, we considered the costs of site
revisitation when required, i.e. in case of trap setting and checking. Permanent material that is reusable
for multiple sampling was distinguished from disposable material to be purchased for each sampling. Field
materials arranged in arrays (e.g., traps) were compared among a similar number of instruments (n=5),
overlooking the expected accuracy related with trap numbers. Transport costs were calculated with
distance routes and national fuel inventory [https://www.mimit.gov.it/it/prezzo-medio-

carburanti/regioni updated to 22/05/2024]. Personnel salaries were rounded from the national collective

labor agreement. NHBS catalogue 2024 (https://www.nhbs.com/) was consulted to provide costs of

materials for traditional surveys. Environmental DNA cost estimates, instead, were referred to the costs
of our study. We specifically considered the costs (material, transport, personnel) for sampling, filtration,
extraction, and amplification stage (including all laboratory equipment), including a pre-phase of assay
design and validation.
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3. Results

3.1 eDNA assays design and validation

Details of new primers and probes that successfully passed all validation steps for the 13 species are
reported in Tab. 3. For six species primers and probes were derived from COI, for four species from CytB
and for two species from 16S rRNA genes. Primer specificity was evaluated in silico aligning 1,220
accession numbers for all target species, and 3,953 sequences belonging to other species strictly related,
downloaded between 8 April 2022 and 8 June 2022 (Suppl. mat. 2 S1). In the case of Vertigo sp., it was
not possible to obtain species-specific primers due to the low genetic diversity among the species of the
genus. Furthermore, initial attempts to use the mitochondrial COl and CytB genes for primer design
proved unsuccessful as these regions are conserved in both species. Tab. 4 shows parameters (LOD,
Amplification efficiency, DNA count) used to evaluate the accuracy of in vitro validations. LOD values
ranged between 4,00*107 and 2,90*103 ng. Efficiency of amplification on tissue samples (in vitro) ranged
from 82.2% to 191.9%. All assays showed no amplification in the field negative controls, i.e. environmental
samples of ascertained absence of the species.

In situ validation successfully amplified the two environmental samples of ascertained presence of the
species for 18 over 21 species tested. B. dendrobatidis was not tested in situ, as in Mirone et al. (under
revision) (Suppl. mat. 1 S5). However, in situ validation was unsuccessful for the three odonate species.
The assay for European polecat M. putorius and the topmouth gudgeon P. parva were validated only for
one of the two environmental samples of ascertained presence (Suppl. Mat 1 S5). The assay for the red
swamp crayfish P. clarkii and the pond slider T. scripta were tested over three samples and amplified for
one (Suppl. mat. 1 S5).

Table 3. List of gPCR-eDNA primers and probes used to detect target species during the project design for
the first time.

PRIMER FW (5'-3) AMPLICON
TARGET MARKER PRIMER REV (5-3) PRIMER/PROBE | MELTINGT | ) en ey ANNEALING T (°C)
SPECIES PROBE (35 LENGTH (BP) o) o)
GGTTATTAGGTGATGATCAATTG 23 57.5
Unio elongatulus (meO,\" A) CGGAGGATATACTGTTCAACC 21 60 257 54
[FAMIAGTGATGCCAATAATAATTGGCGGIMGBEQ] 24 615
CAAGAATAGTTGAAGGCGGTGC 22 62.6
Vertigo sp. (m%),\" A) GCCAAATCAACGGATGCTCC 20 62.4 94 60
[FAM|GAACAGGGTGGACTGTTTATCCCIMGBEQ] 23 64.5
ACAGGGTGAACAGTGTATCC 20 56.85
o col
Faxonius limosus (MDNA) TACCCAAATCCACTGATGCC 20 57.56 70 60
[FAMITACCCAAATCCACTGATGCC [BHQ1] 22 63.55
CTCATGCAGGAGGTTCAG 18 50.9
Coenagrion col
oenaario P ACCTGCTGGATCAAAGAATGAT 22 58.9 156 54
[FAMJACCAGTATTAGCTGGTGCCATCIMGBEQ] 22 62.6
CCTCCACTAGCAGGTGCTA 19 57.8
Lindenia Col
wirapyira (mioNA) GGCCCCTAGAATTGAGGATACT 22 62.6 96 57
[FAMIGCACACGCTGGAGGGTCGIMGBEQ] 18 66.7
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TTAGGACAACCAGGCTCTT 19 58
o - col 129
xygastra curtisii (MDNA) TACTAGTCAGTTCCCAAACC 20 58.3 57
[FAMJAACAGCACATGCATTTGTCATG[MGBEQ] 22 58.9
CCTTTTGGCCTCCTCTGG 18 62.1
Padogobius col
bonelli (MIDNA) CCCGCCAGGTGTAAGG 16 61.8 129 60
[FAM]GGCACAGGATGAACCGTGTACCIMGBEQ] 22 66.4
GCATTGTGAAACTTCGGTTCC 21 60.6
Squalius CytB GGTGACGGATGAAAACGC 18 59.9 153 58
lucumonis (MtDNA)
[FAM]CCTGGCAATGCACTACACTTCCG[MGBEQ] 23 66.3
CCTAATTCACCCCTTAGGG 19 60.5
Bombinayv. 16s CTGATTGGATCAGTGTGTTAGACG 24 62.8 166 59
pachypus (mtDNA)
[FAM]CCCTCCGAGATGAAAGGGACIMGBEQ] 20 64.5
GGCGTCATCTTACTATTCTTG 21 58
. . CytB
Triturus carnifex (MDNA) GAAGGTTGGTAATAACTGTGG 21 58 80 57
[FAM|GCTTTCGTTGGGTATGTCCTGCCA[MGBEQ] 24 66
TTATTACCTACCTACGGGC 19 58
Lissotriton 16s TCTATCGCGGAGGATGGCTT 18 62.4 95 57
italicus (mtDNA)
[FAMJAAATTTTCGGTTGGGGCGACCGC[MGBEQ] 23 66
CCAATGGTGCCTCCCTATT 19 60.1
. . CytB
Emys orbicularis (MDNA) AGAGTAAAAGGGTGGTTCCTG 21 60.6 114 56
[FAM]CATCTATCTCCACATCGGACGG[MGBEQ] 22 64.5
CGGATTCTCAGTAGATAAAGC 21 58
Mustela putorius (m%‘,\? ) GGAGGGGTTATTAGATCCTG 20 60 130 57
[FAM]CCTAGCAGCAGTCCACCTAC[MGBEQ] 20 64.5

Table 4. Parameters used to assess accuracy for each species assay. CT: cycle threshold, LOD: Limit of
Detection.

TARGET SPECIES concentration CT LOD Amplification DNA counts
tissue DNA (g/L) efficiency (copies)
(ng/pL) (%)
Unio elongatulus 53.5 34.0301 | 5.35*10% 95.180 6.48*10%!
Vertigo sp. 98.5 34.552 | 9.85*107 191.908 2.74*10%?
Faxonius limosus 8.04 36.98 | 8.04*10° 95.933 9.67*10°
Coenagrion castellani 1.38 37.89 | 1.38*107 101.319 1.70*104
Lindenia tetraphylla 45.7 33.445 | 4.57*107 169.530 4.09*10%
Oxygastra curtisii 50.5 35.795 | 5.05107 161.486 1.93*10°
Padogobius bonelli 215 32.928 | 2.15*10° 150.250 2.48*10%
Squalius lucumonis 150 33.8449 | 1.50*10 137.573 1.46*1013
Bombinav. pachypus 290 35.2565 | 2.90*10°% 89.573 1.82*10°
Triturus carnifex 87 28.766 | 8.70*10° 150.122 2.82*10%
Lissotriton italicus 83.5 42,9613 | 8.35*10° 82.247 2.13*10%
Emys orbicularis 73 38.154 | 7.30*10° 101.594 5.07*10°
Mustela putorius 40 39.92 | 4.00*107 99.345 1.44

3.2 Species monitoring and detection
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Environmental DNA allowed to detect 18 over the 22 target taxa, resulting in a total 101 occurrences,

including 39 new occurrences of endangered native species and 10 new occurrences of IAS (Suppl. Mat 1
S6).

The highest detection rates (DR) for both sampling replicates were observed in fish (0.59 + 0.2),
amphibians (0.43 £ 0.3), molluscs (0.30 + 0.12) and mammals (0.27 + 0.29). In contrast, the lowest
detection rates were recorded for terrapins (0.02, tested across 31 sites) and dragonflies (no detection
for any of the three species) (Tab. 5). The DR for 10x10 km grid cells further confirmed fish (0.83), molluscs
(0.72) and amphibians (0.61) as the taxa with the highest DR (Tab.5). For individual sampling replicates,
positive occurrences increased in the second (spring and autumn) compared to the first (summer)
replicate with 44 versus 73 total occurrences, respectively; however, this difference was not statistically
significant (X=1.52, p=0.22). This trend was also confirmed for all taxa except for molluscs. The majority
of occurrences were detected in spring (n=51), followed by summer (n=44) and autumn (n=21), although
this difference was not significant (X=1.83, p=0.39). A higher DR in spring was found for molluscs, reptiles
and mammals, but it was statistically significant only for amphibians (p=0.01). The DR for fish and
crustaceans were comparable for both spring and summer (p=0.67). Additionally, crustaceans exhibited a
consistent DR across all seasons (p=0.93). The unique occurrence of the pathogenic fungus was recorded
in autumn.

Table 5. eDNA species-specific approach detection rates (DR) on sampling sites, on a 10x10 km grid of
presence cells, and distinguished by sampling replicate, explained by mean * standard deviation and
summarized by taxa.

DR on 10x10
DR km presence Replicates Seasons
grid
Taxon 1st 2nd spring summer autumn
Fungi 0.05 - 0 0.05 0 0 0.07
Mollusca | 0.30+0.12 | 0.72+0.47 | 0.27+0.16 | 0.23+0.19 | 045+ 0.48 | 0.27+0.16 | 0.14+0.14
Insecta 0 0 0 0 0 0 0
Crustacea | 0.16+0.09 | 0.49+044 | 0.09+0.11 | 0.09+0.02 | 0.06+0.1 | 0.09+0.11 | 0.09 +0.09
OSteighthye 059+0.20 | 0.83+0.19 | 0.39+0.18 | 0.42+0.07 | 0.39+0.07 | 0.39£0.18 | 0.29 % 0.34
Amphibia | 0.43+0.30 | 0.61+0.25 | 0.19+0.10 | 0.36+0.29 | 0.31+0.26 | 0.19+0.26 | 0.16 % 0.32
Chelona | 0.02+0.02 | 0.02+0.02 0 0.02 +0.03 | 0.02 + 0.03 0 0
Mammalia | 0.27 +0.29 0.06 0.10+0.14 | 0.21+0.20 | 0.21+0.21 | 0.10+0.14 | 0.04 % 0.05

The highest detected native species (DR>0.6) included T. carnifex, A. fallax and B. v. pachypus. Among IAS,
P. bonelli was the most detected taxon (0.76), followed by D. polymorpha (0.44) and P. parva (0.35). In
contrast, some species were detected at a very low rate, i.e. the European pond turtle E. orbicularis (0.04),
the alien crayfish P. clarkii (0.09) and the European polecat M. putorius (0.06). Four species were not
detected in eDNA samples. As expected, these included the Odonates L. tetraphylla (0/23), O. curtisii
(0/21), and C. castellani (0/26), but also the pond slider T. scripta, although this latter was directly
observed during field sampling (S. Giovacchini, pers. obs.).

Seasonal detection varied according to the species. Highest DR during summer was found for U.
elongatulus (0.26 vs 0.07 in spring/autumn), A. fallax (0.57 vs 0.45), L. catesbeianus (0.14 vs 0). For eight
species DR was maximum during spring: D. polymorpha (1), Vertigo spp. (0.24), P. clarkii (0.18), P. parva
(0.32 vs 0 in summer), T. carnifex (0.63 vs 0.33 in summer), L. italicus (0.27 vs 0.12 in summer), E.
orbicularis (0.04) and L. lutra (0.35 vs 0.2 in summer). The highest DR during autumn was found for S.
lucumonis (0.67 vs 0.33 in summer and spring) B. v. pachypus (0.64 vs 0.33 in spring), B. dendrobatidis
(0.07). A. italicus showed a high DR both in summer and in autumn (0.2 vs 0.12). Finally, some species did
not display any specific seasonality in DR, as for F. limosus and M. putorius. DR based on habitat types
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(i.e., total occurrences over the total number of times that a specific habitat was tested) did not show any
statistically significant difference, ranging from 0.20 for lakes to 0.30 for lowland rivers (X=2.7, p=0.73)
(Tab. 6). In contrast, habitat types belonging to channels had the highest DR in spring and summer, and
creeks during autumn.

Table 6. Detection rate (DR) by habitat based on single species eDNA detections.

Lowland river River Lake Creek | Channel Pool
detections 15 31 15 24 8 8
tested sites 50 147 75 109 28 31
DR 0.3 0.21 0.20 0.22 0.29 0.26

One to four target species were detected at 45 over the 53 sampled sites (Fig. 2). Native species were
found at 24 over 53 (45%) sites, mainly concentrated in mountain and headwaters sites. IAS were found
at 5 sites (9%), mainly located along main water courses and in artificial lakes. Both native and invasive
species co-occurred at 16 sites (30%). The highest number of native species (3 to 4) was found at 10 sites,
mainly located in the hilly and mountainous areas, whereas highest numbers of IAS (2-3) were retrieved
at six sites, primarily located in the lowland of Southern Latium and the area between the river Tiber and
mountainous reservoirs along Velino tributaries. The Eurasian otter L. lutra was detected for the first time
after 50 years from its extinction in the region (Battisti et al., 2011). Also, the fungal pathogen B.
dendrobatidis was detected for the first time in ltaly through eDNA, co-occurring with the endangered
endemic amphibian B. v. pachypus (Mirone et al., under revision).
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Figure 2. Map of the study area showing the sites with no detections (black circles), sites where only native
species (green dots), only IAS (red dots), or both native and alien species (orange triangles) were detected
through eDNA. Symbol size is proportional to the total number of species detected at the site (1 to 4).

Compared with species range reported as 10x10 km grid, the native U. elongatulus and A. fallax, and the
alien D. polymorpha, F. limosus, and P. bonelli showed the highest DR in terms of positive/tested cells
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(Tab. 7). After dragonflies and T. scripta, not detected in any cell of known presence, E. orbicularis, P.
clarkii, and M. putorius were the less detected species (Tab. 7).

Table 7. Detection rate (DR) by species based on positive over tested sites, and by positive eDNA 10x10
km cells falling over cells of known species presence.

Species eDNA 10x10 k_m presence
grid cells
positive
positi\(e/tested DR eDNA DR
sites /presence
cells

Batrachochytrium dendrobatidis 1/21 0.05 - -

Unio elongatulus 7128 0.25 2/2 1
Vertigo sp. 7132 0.22 2/11 0.18

Dreissena polymorpha 4/9 0.44 2/2 1

Coenagrion castellani 0/26 0 0/10 0

Lindenia tetraphylla 0/23 0 0/1 0

Oxygastra curtisii 0/21 0 0/3 0
Austropotamobius pallipes 7126 0.27 5/19 0.26

Faxonius limosus 2/15 0.13 2/2 1
Procambarus clarkii 3/34 0.09 3/14 0.21

Alosa fallax 15/20 0.75 2/2 1
Squalius lucumonis 5/10 0.50 3/5 0.60
Pseudorasbora parva 7120 0.35 3/4 0.75

Padogobius bonelli 10/13 0.77 5/5 1
Bombina v. pachypus 12/20 0.60 10/15 0.67

Lithobates catesbeianus 1/10 0.10 - -
Triturus carnifex 6/8 0.75 5/6 0.83
Lissotriton italicus 3/12 0.25 1/3 0.33

Trachemys scripta 0/21 0 0/7 0
Emys orbicularis 1/26 0.04 0/17 0.05
Mustela putorius 2/31 0.06 1/16 0.06

Lutra lutra 8/17 0.47 - -

PCA performed on fine scale variables recorded at sampling sites on running waters allowed to distinguish
between positive and negative sites for only one native (T. carnifex) and two alien (D. polymorpha and P.
parva) species, out of 11 species tested (Fig. 3a). For T. carnifex, negative sites were primarily clustered in
the upper part of the second PC axis (22% of cumulative variance), characterized by high water turbidity,
low pH and reduced river width. For D. polymorpha negative sites were distinct along the first PC axis
(47.8% of variance explained) and were primarily characterized by low ambient and water temperature,
as well as to a lesser extent by low depth and width of the watercourse, low levels of nitrates and low pH.
For P. parva, positive sites were clustered in the negative portion of PC2 (23.3% of explained variance)
and were characterized by high pH and low river width.

PCAs performed for large scale variables showed a clear distinction of positive versus negative sites only
for S. lucumonis (Fig. 3b), with positive sites concentrated in the upper part of the plot along the PC2
(28,3% of cumulative variance) and characterized by low extent of agricultural areas and high level EVI,
precipitation during the wettest (BIO16) and the coldest (BIO19) quarter, and at a lower extent by high
values of aspect.
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Figure 3. Results of PCA run on a) fine scale and on b) large scale variables, recorded at sampling sites,
showing the distribution of positive and negative sites for two native (T. carnifex [a] and S. lucumonis [b])
and two alien (D. polymorpha [a] and P. parva [a]) species. Biplot superimposed to PCA axes indicate the
direction and relative importance of the original variables.

3.3 Costs of eDNA vs traditional surveys

Costs for traditional survey techniques calculated on the same species/sites of this case study (n=440)
amounted 195,914 €, involving 25 operators in 11 specialist groups and 246 working days (Suppl. Mat. 1
S7). Costs for environmental DNA were estimated at 44,960 €, involving 4 operators and 135 working days
(Suppl. 1 Mat. S8).

4. Discussion

The main objective of this work was to develop a protocol for the detection of multiple taxa at the same
site using the same technique. The protocol was addressed to monitor at large scale both endangered
freshwater species and alien species that threaten them.

The new assays developed for molluscs, crustaceans, fish, amphibians and mammals were accurate and
did not reveal any constraint during primer design and validation phases. Most of the primers developed
reached level 4 out of 5 in the classification proposed by Thalinger et al. (2021) as they are supplied with
LOD parameters, extensive field testing, and can be considered operational. Instead, red swamp crayfish
P. clarkii and both pond terrapins remained almost undetected (Gherardi et al., 2009; Monaco, 2014;
Scalici et al., 2009; Capizzi and Bellavita, 2014; Ferri et al., 2019; Vignoli et al., 2015).
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Effectiveness in eDNA detection for organisms like fish and amphibians (Collins et al., 2018; Goldberg et
al., 2016) is likely related to a significant shedding of living cells and mucus released in the water during
all their life stages. eDNA technique is largely applied to monitor amphibian worldwide (Osathanunkul
and Minamoto, 2021; Pilliod et al., 2014; Reyne et al., 2021; Rodgers et al., 2023) and showed high
accuracy especially with the crested newt T. cristatus (Harper et al., 2018).This species indeed tends to
be generalist and occupies numerous habitats and is quite common (Mori et al., 2017). Indeed, our
occurrences of T. carnifex analyzed with PCAs showed a high variability of water parameters, such as
turbidity and pH.

Furthermore, fish eDNA is well recognized as a particularly efficient survey method (Pont et al., 2023;
Wozney and Wilson, 2017; Knudsen et al., 2019; Minegishi et al., 2023; Tsuji et al., 2018), to the extent
that several initiatives are exploring the feasibility of inferring additional information from eDNA sampling
such as biomass and population size (Lacoursiere-Roussel et al., 2016; Rourke et al., 2022). Our results
confirmed fish species as one of the most detected taxa in our study. The numerous occurrences of S.
lucumonis subjected to PCAs indicated that species detection is influenced by the presence of forest and
semi-natural areas as well as high values of vegetation, aspect, and altitude. These findings are consistent
with the species’ habitat requirements (Giannetto et al., 2013; Rossi et al., 2021; Tancioni et al., 2013).
Thus, landscape complexity seems to support the survival of this endangered species in remnant patches
of wild habitats. Instead, fish IAS occupied disturbed habitats of larger main rivers. P. parva, indeed, was
positively influenced by high levels of nitrates (10-50 mg/l), pH (7.6-8), and water turbidity (34min-
5h30min, x= 2h28min) like due to the species’ preference for low valley rivers, with calm, shallow waters
with fine-grained riverbed (Sunardi et al., 2005).

Molluscs are another freshwater taxonomic group easily detectable by gPCR-based assays in eDNA water
samples, particularly unionids bivalves that are fully aquatic (Deiner et al., 2015; Prié et al., 2021; B. C.
Schmidt et al., 2021). Specifically, our assay designed for U. elongatulus was positively validated on U.
mancus samples, despite the recent proposed taxonomic distinction between the two species (Marrone
et al., 2019; Prie et al., 2012). This assay was designed with just one and two mismatches in the forward
and reverse primer, leaving uncertainty whether our results indicate new translocations of the U.
elongatulus in or acknowledge new populations of U. mancus (G. Manganelli, pers. comm.). gPCR
technique also confirmed accurately the recent finding in the Turano lake of the IAS D. polymorpha
(Monaco, 2014, Pefiarrubia et al., 2016; Gingera et al., 2017; Grano et al., 2020), and detected three new
occurrences in the Tiber river catchment, likely deriving from the source population in Turano lake (Grano,
2022). Negative detections are associated between this species (and all the others analyzed within this
study) and low values of pH, confirming the general influence of this parameter to inhibit eDNA detections
or to degrade DNA directly into the environment (B. C. Schmidt et al., 2021). Terrestrial pulmonated
gastropods are rarely monitored with eDNA, as they are often found in riparian zones or in turbid marshes
which complicate filtration procedures (Rees et al., 2023). Despite obtaining a species-specific assay for
species of the genus Vertigo has been troublesome we were still able to detect the presence of Vertigo
sp. at new locations. Traditional surveys will be necessary to confirm the presence of the protected species
V. angustior and V. moulinsiana (Ghezzi, 2021; Manganelli et al., 2020), as well as the recently introduced
alien species V. pygmaea and V. pusilla (M. Bodon, pers. comm.).

Regarding mammals, the findings regarding the European polecat (Mustela putorius) and the Eurasian
otter (Lutra lutra) highlight the complexities involved in using eDNA methodologies for monitoring
mammal populations. The polecat, despite being a common species, was likely underestimated in our
study (Russo et al., 2020), while the Eurasian otter was detected at multiple sites for the first time after
its extinction in1975 (Battisti et al., 2011; Giovacchini et al., 2021). Polecats show low detection
probabilities in eDNA studies (i.e., p=0.01), suggesting challenges in detecting this species that do not have
a strong aquatic association (Broadhurst et al., 2021). In contrast, the Eurasian otter's detection via eDNA
has proven to be much more effective, particularly in environments where traditional survey methods are
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logistically challenging (Jamwal et al., 2023; Padgett-Stet al., 2016). As otters spend considerable time in
aquatic environments (Kruuk, 2006), the differential detection rates between these species can be
attributed to their ecology. Overall, these observations underscore the importance to include species-
specific behaviors when designing eDNA monitoring programs inform conservation strategies for elusive
species.

Finally, the successful detection of the fungus Batrachochytrium dendobatidis underscores the utility of
gPCR-based eDNA for monitoring pathogens that threaten amphibian populations globally (Kamoroff,
2017; Kirshtein et al., 2007; Lastra Gonzalez et al., 2021; Porco et al., 2024). Given that B. dendrobatidis
exhibits optimal growth at moderate temperatures (Stevenson et al., 2013), it is plausible that our
detection in autumn correlates with opportune and suitable temperature conditions. Further research
could explore the influence of climate variables on the dynamics of chytrid fungi in amphibian habitats to
enhance our predictive understanding of pathogen outbreaks.

For those species that were not detected in positive control sites, such as odonates and T. scripta, we
suggest a possible low release of target DNA into the environment. The exoskeleton of crayfish and the
highly keratinised skin of terrapins may severely limit the exchanges of live cells with the environment.
Consequently, at low population densities, the amount of DNA released might be insufficient for the
detection. A preliminary confirmation was provided by Adams et al. (2019) who detected eDNA of T.
scripta only at high density values (13 kg/ha). More sensitive assays would enhance detectability and
control for false absences (Tréguier et al., 2014; Troth et al., 2020).

Differently, null detection rates of odonates during eDNA survey are likely due to challenges encountered
at different stages of assay designed and execution failure of in vitro and in situ steps (Brocchieri et al.,
2014; Corso et al., 2019; Crescia et al., 2020). Initial assays (i.e., COl) co-amplified non-target genomic
fragments from different taxa (e.g., Pilgrim et al., 2021). Despite these setbacks, gPCR methodologies
have demonstrated success in detecting odonate eDNA in both controlled microcosmos settings and
natural field environments (K. J. Schmidt et al., 2021; Thomsen et al., 2012b), as well as other freshwater
macroinvertebrates in wild conditions (Deiner et al., 2015; Machler et al., 2014; Seymour et al., 2018;
Leese et al., 2021). To enhance the sensitivity of eDNA detection methods in forthcoming surveys, the
integration of novel techniques such as droplet digital PCR (ddPCR) presents a promising avenue
(Mauvisseau et al., 2019).

In summary, our approach allowed the detection of multiple species for 18 out of 22 target species
belonging to a wide range of taxonomic groups and across a large area, confirming the efficiency of
multiple taxa detection (Thomsen et al.,2012b; Leblanc et al.,2020). In our case, the multiple species
approach was revealed to be particularly efficient for amphibians, fish, molluscs, and mammals,
confirming both the reliability of eDNA assays and the effectiveness of site selection, whereas it remains
largely inadequate for Odonata, crayfish and terrapins.

This study emphasizes the effectiveness of a multiple species-specific gPCR approach for analyzing eDNA
to identify areas with high diversity of endangered native species as well as areas dominated by alien
species. This technique shows promise in distinguishing between regions where native, alien, or a mix of
both types of species are present. Historically, studies employing gPCR to detect co-occurring native and
alien species have been limited in scope, often focusing on only a few target species (Hernandez et al.,
2020; Thomas et al., 2020) and centering on direct competition scenarios(i.e., three native vs three IAS
species: Jo et al., 2020) or on host-parasite dynamics (Robinson et al., 2018; Rusch et al., 2020). Moreover,
studies that have taken a broader geographical approach are still relatively rare (King et al., 2022). Overall,
our findings contribute to a growing body of literature that advocates for the use of gPCR-based eDNA
techniques in conservation biology, particularly in monitoring biodiversity and assessing the impacts of
invasive species within various ecosystems. By identifying pristine biotopes and prioritizing areas for
eradication and mitigation measures, such surveys can significantly enhance the preservation of
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threatened native species (Caffrey et al., 2014, Giovacchini et al., in prep.). For instance, the detection of
the pathogen fungus B. dendrobatidis at a site inhabited by the highly endangered endemic Apennine
yellow-bellied toad (B. variegata pachypus) emphasizes the importance of ongoing surveillance and
intervention to safeguard vulnerable populations (Canestrelli et al., 2013; Tessa et al., 2013; Mirone et al.,
under revision). Similarly, the co-occurrence of the invasive spiny-cheek crayfish (F. limosus) with the
native endangered white-clawed crayfish (A. italicus) in Turano Lake presents another critical example of
how invasive species can pose direct threats to native aquatic fauna, as IAS are not only competitors but
also reservoirs for diseases, like the crayfish plague caused by Aphanomyces astaci. Additionally, the
presence of the red swamp crayfish (P. clarkii) alongside endangered amphibian species, like B. variegata
pachypus, L. italicus and T. carnifex, highlights the predation risks that IAS pose to the juvenile stages of
native amphibians (Wilson and Williams, 2014). Our results also revealed the expanding range of certain
species, such as the translocated fish P. bonelli (Sarrocco et al., 2012), which poses a threat to the native
P. nigricans (Pompei et al., 2018, 2016a, 2016b, 2014), especially along the Tiber River and in artificial
reservoirs where it was accidentally released. In conclusion, multispecific surveys are vital for
understanding the ecological dynamics between native and invasive species, allowing also to address
future wildlife conservation and management planning.

4.1 Time and cost of traditional techniques and eDNA

Multispecies monitoring of freshwater species conducted on a large scale is time and cost expedient
taking advantage of the eDNA single-species approach. eDNA surveys are quick in field collection and
laboratory procedures, require less personnel, and are incredibly informative for many species at the
same time. We believe this new way of collecting non-invasive data can really lead in the future to new
winning conservation strategies supporting endemic biodiversity. One of the main prospects that may
expand the routine use of eDNA in monitoring is its cost. As it is often a central constraint to launch a
project on wildlife conservation, we demonstrated that an eDNA survey carried out on multiple species is
a low-cost method compared to traditional techniques, with a ratio ranging from 1:5 (this study) to 1:10
(Biggs et al., 2015). This is furthermore valorized by our valuation of eDNA costs as it took into account
the cost of permanent laboratory equipment such as machines, a matter not fully considered in previous
papers (Akre et al., 2019; Davy et al., 2015; Nathan et al., 2014; Sigsgaard et al., 2015). Although clearly
renowned to be more cost-effective (Herder et al., 2014; Smart et al., 2016), eDNA surveys cannot
substitute field occurrences retrieved with traditional methods by experts and specialists that provide
higher quality information on wildlife populations. Nevertheless, eDNA has been confirmed to be a rapid,
cost-effective way to get sound data for wildlife conservation, sparing also on human resources, such as
personnel or taxonomists.

4.2 Setting a protocol for the monitoring of multi-taxa species through eDNA

These results satisfactorily met the needs of a cost-effective multi-species survey at large geographic scale
spanning a wide range of taxonomic groups, although restricted to a smaller number compared to the
initial target. These encouraging results pave the way for the implementation of an optimal protocol to
address the many monitoring obligations for endangered species and IASs that involve numerous
countries worldwide, including Europe (i.e., regulations 43/92/CE and 1143/2014). We can highlight
several key points to maximize the outcomes of a multi taxa eDNA survey.

1. The selection of target species should be followed by a thoroughly accurate three-steps
validations of eDNA assays. This validation process is essential to ensure their ability to
unequivocally detect the target taxa in the study area, accounting for intraspecific genetic
variation, biogeographic factors and local distribution information.
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2. For the selection of sampling sites, it is crucial a deep knowledge of species habitat
preference, as well as the overlap of species distribution maps, to maximize the number of
taxa that could be searched at each site. Distribution modeling may significantly enhance the
identification of potential occurrence sites and optimize the sampling design.

3. Given that eDNA detections likely encompass a larger area than the specific point at which
water is sampled, especially in the case of running waters, we recommend extending the
number of taxa searched to include those species that could potentially be found some
distance upstream from sampling location.

4. Considering phenological stages greatly enhances the detection probability of eDNA. Most
target species of this study were detected during spring (n=7), and others during summer
(n=3), or autumn (n=3). Therefore, seasonal sampling replicates are recommended to
maximize species detectability (Troth et al., 2021).

Such an eDNA protocol could be hardly implemented to specific taxa which likely release a low number
of cells into the water, even though they either spend much of their time in this environment (i.e. pond
terrapins) or have fully aquatic life stages (i.e. crayfish). New techniques for detection of highly diluted
eDNA will likely overcome these limitations and allow the detection of a wider array of species in the
future. The use of CRISPR-Cas13-based methods or ddPCR represents a significant advancement in the
field of molecular biodiversity assessment (Abudayyeh et a., 2017; Yang et al., 2024). (). As these
techniques continue to develop and become more accessible tools for academic research and
environmental monitoring, they will enhance our ability to monitor several species in various
environments, providing valuable data for biodiversity conservation and ecological studies (Bowers et al.,
2021).

The application of eDNA analysis as a reliable wildlife monitoring tool can be finally refined through the
investigation of the dynamics of DNA molecules in different ecosystems. eDNA is indeed influenced by a
variety of environmental factors, which can affect both its degradation and detectability. Understanding
these factors is crucial for the implementation of an eDNA protocol, as they are fundamental to be take
into account during sample planning. For instance, it is imperative to avoid sampling activities when are
occurring the environmental conditions that decrease the possibility to detect species, particularly at fine
spatial scales. In this study, the efforts to investigate the relationship between environmental parameters
and the concurrent presence of species represent just the beginning of a deeper exploration into this
complex interplay. Future research should aim to identify the single environmental factors that contribute
to variations in eDNA detectability, as well as establish standardized protocols that account for these
influences that can be species-specific (Thalinger et al., 2021).

5. Conclusions

implementing eDNA methodologies is a powerful tool for meeting the surveillance obligations outlined in
the Habitats Directive (92/43/EEC) about freshwater endangered species, and early warning procedures
of IAS recommended by the EU Regulation on IAS 1143/2014. Our findings underscore the effectiveness
of eDNA methods in simultaneously detecting multiple species, thus providing a promising avenue for
large-scale surveillance of diverse organismal groups. The results of our multiple species eDNA surveys
affirm the utility of this approach as a pivotal element in management plans targeting IAS, particularly for
species identified as being of Union Concern for which eradication efforts are imperative according to
Regulation 1143/2014. Furthermore, eDNA monitoring represents a cost-effective strategy for identifying
rare and endangered species listed in Annexes Il and IV of the Habitats Directive, helping State Members
comply with periodically reporting species distribution and establishing protected areas. Our findings will
give the opportunity for evaluating the effectiveness of protected areas in conserving native endangered
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species. We can also identify priority areas for prevention against IAS introduction, prioritize sites for IAS
eradication, and pinpoint highly invaded zones for mitigation strategies.
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Abstract

Freshwater ecosystems are facing multiple anthropogenic threats, among which invasive alien species (IAS)
are among the most impacting. European legislation supports the conservation of endangered freshwater
species through the Habitats Directive (HD, 92/43/EEC) and the Water Framework Directive (WFD,
2000/60/EC), and the and the eradication of IAS through the Regulation 1143/2014. Quantitative PCR
environmental DNA (gPCR eDNA) offers a new cost-effective and sensitive monitoring tool that could
contribute to periodic reporting obligations and to spatial environmental planning. We analysed the results
from gPCR eDNA simultaneous survey of 17 endangered species and IAS of EU concern occurring in central-
Italian freshwaters to update the occurrence data and identify priority areas of conservation concern pursuant
European regulations. Specifically, we developed indexes and prioritization scores for the 53 sampling sites
according to the occurrence and prevalence of native species and IAS. As to species listed in Appendix Il of
HD occurring in running water sites, we interpolated the species presences 10 km-upstream the river network
and identified gaps in the Natura 2000 Network, consisting in 808 km of unprotected river stretches. To
prioritize areas of conservation concern in accomplishment of regulation obligations, for each site we
computed a Prioritizing Protection Score (PPS), a Prioritizing Eradication Score (PES), and a Freshwater
Conservation Score (FCS). Results from gPCR eDNA survey revealed new occurrences of species listed in
Annexes Il, IV and V, and IAS, highlighting 53 new grid cells that will contribute to the next reporting for both
HD and IAS Regulation. PPS, PES and FCS identified 39 priority sites claiming for Natura 2000 designation or
extension, 22 sites for IAS eradication and management, and 33 sites in need of freshwater protection. This
innovative approach enhances monitoring efficiency, fills data gaps, and can strengthen freshwater
conservation and restoration across Europe.

1. Introduction
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Freshwater ecosystems are among the most threatened at global scale, being impacted by multiple
anthropogenic stressors (Sanders et al.,, 2024). Habitat loss, artificial barriers, water drainage,
overexploitation and pollution have caused a severe decline of many freshwater species (Costa et al., 2021;
Jaureguiberry et al., 2024). To halt the loss of biodiversity the international Convention on Biological Diversity
(CBD), entered into force on 29 December 1993, committed all signatory countries to develop national
strategies, plans or programs for the conservation and sustainable use of biological diversity. Art. 7 of the
Convention (ldentification and Monitoring) mandate each contracting party to a) identify components of
biological diversity important for its conservation and sustainable use; b) monitor he components of biological
diversity, paying particular attention to those requiring urgent conservation measures and those which offer
the greatest potential for sustainable use; c) identify processes and categories of activities which have or are
likely to have significant adverse impacts on the conservation and sustainable use of biological diversity, and
monitor their effects.

To implement the CBD, the European Union adopted the Directive 92/43/EEC, also known as Habitats
Directive (Council Directive 92/43/EEC). The Directive requires all Member States to be committed to preserve
natural habitats and wild fauna and flora in a favorable conservation status through the implementation of
conservation actions or restoration activities. The Habitats Directive is particularly addressed to the
protection of a panel of habitats and wildlife species that are endangered, rare or endemic, listed in Annexes
| (habitats), Il, IV, and V (animal and plant species), and known as habitat and species of Community Interest
(EU, 1992). Up to 91 freshwater species are recognized as species of Community interest and listed in the
annexes of Habitats Directive. Moreover, for species listed in Annex Il and habitats in Annex |, the Directive
imposes the establishment of a network of protected areas (SAC — Special Areas of Conservation), known as
the Natura 2000 Network (N2KN hereafter). The N2KN has been also recognized to provide a significant
contribution towards achieving the EU Biodiversity Strategy to 2030
(https://environment.ec.europa.eu/strategy/biodiversity-strategy-2030 en), aimed to put Europe’s
biodiversity on the path to address the global biodiversity crisis and the successful adoption of an ambitious
global biodiversity framework under the Kunming-Montreal Global Biodiversity Framework adopted during
the 15 COP of the CBD (https://www.cbd.int/gbf). As part of this plan, the European Commission also adopted
a Nature Restoration Law which includes an overarching restoration objective for the long-term recovery of
nature in the EU’s land and sea areas, with binding restoration targets for specific habitats and species. A total
of 27,000 SACs are currently included in this network, covering 18.6% of EU’s land area and 9% of marine
territory (EEA, 2022). To monitor conservation effectiveness, each Member State should report on the status
of EU protected species and habitats every six years. Thus, a surveillance monitoring of species of Community
Importance is fundamental to assess population trends and effectiveness of conservation measures even
beyond the N2KN (Ellwanger et al., 2018; Zettler and Jueg, 2007).

Also, recognizing that protected areas are among the most powerful tools for effective conservation of land,
nature, and native wildlife (Rodrigues and Cazalis, 2020), the European Union declared the willingness to
expand protected areas coverage up to the 30% of the European territory until 2030, a target in line with the
Kunming-Montreal Global Biodiversity Framework. To this purpose, new protected areas can be indicated
voluntarily by EU Member States, and several methods and criteria have been proposed to highlight potential
areas that can satisfy suitable requirements for land protection (Cazzolla Gatti et al., 2024, 2023; Ricci et al.,
2024; Spiliopoulou et al., 2023; Staccione et al., 2023; Tothova and Heglasova, 2022).

Furthermore, the conservation of freshwater species that are endangered and listed in Habitats Directive is
often dependent on the conservation of aquatic ecosystems and preservation of water quality. In this context,
the European Water Framework Directive 2000/60/EC (WFD hereafter) represents a fundamental
contribution to the conservation of freshwater habitats and species (Weigelhofer et al., 2020). In fact, the
WEFD aims to reach a sustainable use of water, reducing pollution, and enhancing the protection of aquatic
environments. According to the WFD, all aims to achieve a good ecological status for all rivers, lakes and
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transitional and coastal waters in the EU. River status is assessed with several parameters, most of them
relying on biological surveys to understand the conditions of the communities of aquatic flora, benthic
invertebrates, and fish (Hering et al., 2018). These freshwater components contribute to different parameters
that should be measured by all member states. To this purpose, macrobenthic communities are often
assessed through multimetric indexes (e.g., Buffagni and Erba, 2007; Buffagni et al., 2008), whereas fish
communities are evaluated through the composition and structure of native species and IAS populations (e.g.,
Macchio et al., 2017). All these data are transferred to develop river basin management plans (Birk et al.,
2012), where Habitats and species protection areas must be designed for the conservation of habitats and
species directly depending on water (Art. 4, Art. 6, and Annex VII), also in synergy with other Directives, such
as the Habitats Directive (Annex IV). Thus, purposes and goals of Habitats Directive can be integrated with
the ones of the WFD to protect inland surface waters (Bolpagni et al., 2017).

Conservation measures under Habitats Directive and WFD are derived from specific threats acting on
endangered habitats and species. Among the most impacting threats to biodiversity are the invasive alien
species (IAS) (Dextrase and Mandrak, 2006; Francis, 2012). Specifically, IAS are considered among the most
driving force of biodiversity loss worldwide (Duefias et al., 2018, 2021; IPBES, 2023; Maxwell et al.,
2016Roberts et al., 2013), especially in freshwater ecosystems (Meira et al., 2019; Simberloff et al., 2013).
Biological invasions change ecosystem composition and structure, impoverishing local native communities,
and this is reflected in a decrease of ecosystem functions and their resilience or resistance (IPBES, 2023).
Currently, IAS invasions have been estimated to amount to a global cost of $ 423 billion per year (IPBES, 2023).
Best practices in solving this threat to native biodiversity include a coordinated system of early warning of
new colonization and a promptly activation of IAS eradication or control (Sepulveda et al., 2023). Compared
to other continents, Europe has been invaded by the highest number of freshwater alien species (i.e. fish,
crustaceans, and molluscs: IPBES, 2023). The increasing trend of invasive freshwater species recorded in
Italian rivers and lakes makes this country one of the most impacted by IAS in Europe (Gherardi et al., 2008;
Magliozzi et al., 2020), and in some river basins the number of species introduced is now equal to or even
higher than the number of native species (Lorenzoni et al., 2019; Nocita et al., 2017).

To prevent new introductions and manage the spreading of IAS, the European Union adopted the Regulation
1143/2014 (Genovesi et al., 2015). A key role in this Regulation is the setting of a surveillance system (Pagad
et al., 2015), and member states should establish a monitoring framework for the early detection of 88 IAS
of Union concern (amended version 2022/1203) in their territory. Every six years, member states should
update the distribution of IAS in their territory, as well as the efficiency of rapid eradications (art. 24 of
regulation 1143/2014). At the same time, management measures should be applied on those IAS that are
widely spread. To this purpose, a spatial prioritization to eradicate IAS where they have recently appeared,
and to mitigate their impact in areas heavily colonized is highly recommended (EC, 2014). However,
monitoring several species of different taxa is time-consuming and requires many experts and high costs,
often hampering monitoring programs.

In this complex context of European monitoring obligations, environmental DNA (eDNA) provides a new tool
for a cost-effective simultaneous monitoring of several species belonging to different taxa (Taberlet et al.,
2018). This technique has also revealed accurate in detecting rare and elusive species that are difficult to
detect through traditional field surveys, and particularly successful in monitoring freshwater communities
(Huang et al., 2022). Accordingly, eDNA could represent an effective complementary tool to fulfill the
monitoring obligations under the Habitats Directive, for the early detection of IAS of Union concern, as to the
1143/2014 EU Regulation, and to accomplish biological assessments about water quality under the Water
Framework Directive (Giovacchini et al., submittes; Leese et al., 2018; Pawlowski et al., 2021; Thomsen et al.
2012).

Multiple species detection through eDNA usually follows a metabarcoding approach, implying generic genetic
sequences are processed contemporary to identify a biotic community at a broad taxonomic scale (Taberlet

50



et al., 2018). Although in the last decade the eDNA metabarcoding approach boosted to a finer taxonomic
level up to reach species detection, the single species approach based on quantitative PCR (qPCR) still
represents a more sensitive alternative (Harper et al., 2018), especially for the detection of rare endangered
species and invasive species at the initial stage of their colonization (Hernandez et al., 2020; Xia et al., 2021).
A gPCR single species approach is currently expanding and specific protocols have been developed to quickly
inform the presence of invasive species (Thomas et al., 2020). However, the gPCR eDNA approach is rarely
used to simultaneously detect different species (King et al., 2022; Minegishi et al., 2023; Tsuji et al., 2018;
Wozney and Wilson, 2017), and even more rarely applied to wide taxonomic inventories (Leblanc et al., 2020;
Seymour et al., 2018; Thomsen et al., 2012).

In a recent study we designed a species-specific eDNA protocol to the simultaneous detection of 22 species
of conservation interest occurring in freshwater bodies of Central Italy (Giovacchini et al., submitted).
Taxonomic sampling spanned from Fungi and Mollusca, to Arthropoda and Chordata, and included 14 native
endangered species listed in annexes Il, IV and V of the Habitats Directive, six IAS of Union concern according
to the EU Regulation 1143/2014, one transfaunate fish, and the pathogen fungus Batrachochytrium
dendrobatidis. Out of the 22 target species, eight species existing eDNA essays were successfully used,
whereas nine species-specific eDNA primers and probes were specifically developed and successfully
validated within the project (Giovacchini et al., submitted). The protocol was tested at 53 sites on lentic and
lotic freshwater bodies located both within and outside protected areas. These latter included Natura 2000
sites and a regional ecological network (Scalisi et al., 2011).

Here we present a follow up of the study aimed at exploring the conservation and management implications
of new occurrence data obtained from the eDNA simultaneous detection of both endangered and alien taxa
(Tab. 1). We specifically aimed at i) develop an index of conservation value for the sampled sites based on
eDNA occurrence and co-occurrences of native endangered and alien species; ii) identify priority areas of
conservation concern pursuant to the three European regulations (HD, IAS Regulation, and WFD) through a
scoring system, iii) contribute to the next reporting cycle of the Habitats Directive by updating the distribution
of species listed in Annexes I, IV and V; iv) early warning of new IAS of Union Concern and/or update their
distribution in accordance with the Regulation 1143/2014; v) integrate eDNA to routine monitoring under the
Water Framework Directive.

2. Methods

Species selection

The target species for which we obtained accurate records from the previous study (Giovacchini et al.,
submitted) belong to six taxonomic groups, i.e. Fungi, Mollusca, Crustacea, Osteichthyes, Amphibia, and
Mammalia. Ten species are listed in Annexes Il, IV, and V of the Habitats Directive (HD) 92/43/EEC (Tab. 1),
five species are IAS of Union Concern (i.e., EU Regulation 1143/2014) and represent a direct threat to the first
ones. Target species also included Padogobius bonelli, a fish translocated from North Italy, and the pathogen
Chytridiomycete Batrachochytrium dendrobatidis, threatening native amphibian worldwide (Beranek et al.,
2021) and listed in the IUCN 100 worst IAS impacting biodiversity at global scale (Lowe et al., 2000). Six of
these species are also benthic invertebrates or fish species sensitive to water quality and included in Water
Framework Directive (2000/60/EC) monitoring guidelines to evaluate the ecological status of freshwater. Two
benthic invertebrats species contributing to the STAR_ICMi, the Italian index to evaluate macrobenthic
communities under WFD (Buffagni and Erba, 2007; Buffagni et al., 2008). Specifically, target species are part
of ASPT (Average Score Per Taxon), that is the most influential subindex of STAR_ICMi, measuring sensitivity
and tolerance of river benthos based on the checklist of a wide range of Families belonging to different taxa,
from Astacidae (Crustaceans) to Unionidae (Molluscs) (Archi et al. 2014; Armitage et al., 1983). Finally, four
fish species are included of the Italian metric elaborated for fish assessments under WFD (i.e., NISECI index).
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Two of them are expected among native fish stocks, as well as two are listed as harmful alien fish (Macchio

et al., 2017).

Table 1. List of species used in the study and their legislative status. Alien species are in red.

Clade Species Synonym Regulation
Bivalves Unio mancus U. elongatulus Habitats Directive Annex V
Water Framework Directive (benthos)
. V. angustior . L
Gastropods Vertigo spp. V. moulinsiana Habitats Directive Annex Il
L . Habitats Directive Annex Il, IV
Crustaceans Austropotamobius italicus A. pallipes Water Framework Directive (benthos)
Habitats Directive Annex II, IV
teichth Al Il - '
Osteichthyes osa fallax Water Framework Directive (fish)
Osteichthyes Squalius lucumonis - Habitats Directive Annex |l
Y q Water Framework Directive (fish)
Amphibians Bombina pachypus - Habitats Directive Annex II, IV
Amphibians Triturus carnifex - Habitats Directive Annex II, IV
Amphibians Lissotriton italicus - Habitats Directive Annex IV
Mammals Mustela putorius - Habitats Directive Annex V
Mammals Lutra lutra - Habitats Directive Annex II, IV
Bivalves Dreissena polymorpha - IUCN 100 of the World’s Worst IAS
Crustaceans Faxonius limosus Orconectes limosus IAS of Union concern
Crustaceans Procambarus clarkii - IAS of Union concern
. IAS of Union concern
Osteichthyes Pseudorasbora parva - Water Framework Directive (fish)
Osteichthyes Padogobius bonelli P. martensii introduced outside its native range
Y g : Water Framework Directive (fish)
-~ . . IAS of Union concern
Amphibians Lithobates catesbeianus - JUCN 100 of the World’s Worst IAS
Fungi Batrachochytrium : IUCN 100 of the World’s Worst IAS

dendrobatidis

Study area

The study area consists of 53 sampling sites located in various lentic and lotic water bodies of the Latium
region in Central Italy, located along the Tyrrhenian side. The region is characterized by highly heterogeneous
landscapes, from hills to volcanic plateaus, from inland mountains to piedmont areas, lowlands and seacoast
(Fig. 1). The region is intersected by the Tiber, the main river basin of Central Italy (405 km of length). The
remaining river catchments are smaller and mainly located nearby the coast. Natural lakes are set in the
northern part of the region and along the southern coasts, whereas two artificial reservoirs are found in the
inland mountain ranges (Fig. 1). This high heterogeneity of landscapes hosts a high diversity of animal and
plant communities (Balletto et al., 2010). The region represents also a biogeographic parapatric contact zone
between species endemic to south-central Italy and more widely distributed vicariant species (lannella et al.,
2017). Species endemic to the Apennines include the Italian crayfish Austropotamobius italicus, the Apennine
yellow-bellied toad Bombina variegata pachypus, and the Tuscany stream chub Squalius lucumonis (Brusconi
et al., 2008; Canestrelli et al., 2013; Tancioni et al., 2013). At the center of the study area is located the large
metropolitan city of Rome, hosting over 4 million of inhabitants, that contributed to the spread several IAS in
the course of time (Li et al., 2024; Monaco, 2014; Spear et al., 2013).

Survey design

Environmental DNA was sampled at 53 sampling sites included in the routine monitoring network of the
Water Framework Directive. Sampling sites cover a wide range of freshwater habitats, including rivers, creeks,
channels, lakes, reservoirs, and ponds (Giovacchini et al., submitted). They are located both inside (n=23) and
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outside (n=30) the Natura 2000 Network of the region. Those located outside fell within a regional ecological
network (REN, n = 23), established to guarantee wildlife movements across the regional territory and the
Nature 2000 sites (Scalisi et al., 2011) (Fig. 1).

Each site was sampled twice, in 2021 and 2022. Environmental samples consisted of 3 liters of water filtered
through 8 um MCE prefilters and 0.22 um MCE filters (Merck-Millipore, Burlington, USA) using an electric
vacuum pump (see Giovacchini et al, submitted for further details).
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Figure 1. The study area (Latium region) showing sampling sites, river catchments, Natura 2000 sites and the Regional Ecological
Network (REN).

Laboratory analyses

Laboratory procedures are reported in detail in Giovacchini et al. (submitted) and briefly summarized here.
DNA was extracted from filters using the DNeasy PowerSoil Pro kit (Qiagen, Venlo, NL), diluted in 75 pL
bidistilled Miili-Q sterile water and preserved at -21 °C. A subset of species-specific assays was selected based
on the native or alien species potentially occurring at the site, ranging from 5 to 12 (Giovacchini et al.,
submitted). Generally, IAS were tested at a lower number of sites, thus sample size of IAS vs native species
was unbalanced (see below how unbalance was accounted for in the computation of sites indexes). Assays of
target species (Amberg et al., 2019; Antognazza et al., 2019; Canessa et al., 2017; Giovacchini et al. submitted;
Manfrin et al., 2022a, 2022b; Mauvisseau et al., 2018; Park et al., 2011; Sanz et al., 2023) were provided by
Eurofins Genomics srl (Hamburg, DE) and tested using real-time qPCR with TagMan technology (StepOnePlus,
Applied Biosystem, Waltham, USA). Reaction mix was composed by 2.35 ul of Milli-Q water, 5 pL of buffer
(Eurofins Genomics srl, Hamburg, DE), 0.25 pL of each primer (10 uM), 0.15 uL of dual-labelled Tagman probe
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(10 2 uM; Eurofins Genomics srl, Hamburg, DE), and 2 pL of extracted DNA. Samples were run in two dilutions
(1:1, and 1:10) in three technical replicates, together with a PCR positive control with genomic DNA of target
species, a PCR negative technical control to verify the absence of contamination using DNA of untargeted
species, and an environmental positive and negative control (water samples collected in sites of ascertained
presence and absence of target species) (Karlsson et al., 2022; Klymus et al., 2020; Thalinger et al., 2021). To
verify the correct extraction of eDNA, samples were also tested with a MiFish set of universal 12S rRNA
oligonucleotides for fish characterization using DNA metabarcoding (Miya et al., 2015). To avoid
contaminations, we carried out pre and post amplification phases in separate rooms on a laminar flow
cabinet. We adopted the following thermal profile: initial denaturation at 95 °C for 10 s, 40 cycles with a
denaturation step at 95 °C for 15 s, annealing-elongation at 58 °C for 1 min. We considered positive samples
when observed at least in two technical replicates, and above the limit of detection, or under it when the
number of DNA copies were equal or more than five per reaction (Bruno et al., 2017; Bustin et al., 2009;
Ficetola et al., 2015).

Site indexes and scores

For each species, positive locations were overlapped to the known distribution (10x10 km cell grids in ETRS
LAEA 52 10 projection) provided by the last IV HD Reporting (Ercole et al., 2021) or by the last 2015-2018 IAS
reporting under EU Regulation 1143/2014 (http://www.eea.europe.eu/en/datahub/), or derived from
published surveys on IAS not listed in the aforementioned regulation (Canestrelli et al., 2013; Carosi et al.,
2021; Grano, 2022; Grano et al., 2020; Sarrocco et al., 2012; Zampiglia et al., 2013).

For each sampled site we calculated the number of native and alien target species detected at each site
(species richness), as well as the co-occurrence of IAS and the species they impacted, either through
competition, predation, or disease transmission. To account for potential dispersal of IAS we extended the
analysis of potential impacts at river catchment scale. As IAS were tested at a lower number of sites, we
developed a Native-Alien Prevalence (NAP) index computed as the difference between the ratio of detected
over tested native species (n. native detected/n. native tested = N;), and the ratio of detected over tested IAS
(n. IAS detected/n. IAS tested = A;). The NAP index varies from -1 to 1, identifying pristine areas with prevailing
native species (NAP = N, - A, > 0), vulnerable areas where protected species and IAS co-occur at the same rate
(NAP = N, - A; = 0), and areas heavily colonized by IAS (NAP = N, - A: < 0). The index also accounted for
unbalance due to testing only one category of target species (i.e., only protected species, or only IAS).

Occurrences of species listed in Annex Il of Habitat Directive were also overlapped to the N2KN. The standard
data form of each N2KN site was checked to assess the presence of Annex Il species recorded at the site
https://natura2000.eea.europa.eu/. However, as for running water sites DNA molecules may float from the
upstream sectors of the river catchment (Deiner et al., 2016; Burian et al., 2021; Sepulveda et al., 2020),
presence data were extended according to eDNA resilience evidences (Civade et al., 2016; Deiner et al., 2016;
Deiner and Altermatt, 2014; Jane et al., 2015; Padgett-Stewart et al., 2016; Pont et al., 2018; Song et al., 2017;
Villacorta-Rath et al., 2021; Wilcox et al., 2016). Most studies based on the collection of few liters of water
report a resilience between 3 and 20 km (Civade et al., 2016; Deiner and Altermatt, 2014; Villacorta-Rath et
al., 2021). Accordingly, occurrences were extended by the averaged value of 10 km upstream the sampling
site, including the tributaries (Fig. 2). The resulting potential area of occurrence was overlapped to the N2KN
to identify gaps and priority areas for N2KN extension. Three landscape metrics were then measured on the
final maps of occurrence of species listed in Annex Il of the Habitats Directive, to assess: i) the number of
unprotected river stretches of potential occurrence of the species (i.e., patch number); ii) the length of those
unprotected stretches over the total length of the river network (i.e., patch density); iii) the average Nearest
Neighbor Distance (NND) of the nearest unprotected patch to the area of potential occurrence of the species
(Rutledge, 2003). All analyses were performed using QGIS 3.28 (http://qgis.org).
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Figure 2. Accounting for eDNA floating from upstream to sampling sites. Starting from a new occurrence site (green circle) of a species
listed in Annex Il of Habitats Directive, we selected 10 km of the upstream river network, and overlapped the Natura 2000 Network
along the resulting stream network.

Prioritizing Protection Score (PPS). To prioritize areas of conservation concern, we assigned a maximum score
(score=2) to sampling sites located outside the N2KN where we detected new occurrences of species listed
in Annex Il, and a medium score (score=1) to sites within the N2KN but not reporting the species in the
standard data form, or falling within the regional ecological network. Scores where then weighted for the
patch density of unprotected upstream area (see Fig. 2). The final Prioritizing Protection Score was summed
to index NAP, and then normalised from 0 to 1, followed the formula PPS = NAP + (N2KNouyt (2) + N2KNin (1) +
REL (1)) * patch density.

Prioritizing Eradication Score (PES). To prioritize areas for IAS eradication, sites were given a minimum score
(score = 1) if a site with IAS was included in the N2KN, a medium score (score = 2) if IAS co-occurred at the
same site with the native species they directly threat (e.g., B. dendrobatidis vs B. pachypus: Porco et al., 2024),
and a final score equal to the number of native species detected in the river catchment directly threatened
by IAS detected at the sampling site (e.g., B. dendrobatidis vs T. carnifex and L. vulgaris). All scores were
subtracted to the index NAP, converted in absolute values, and finally normalised from 0 to 1, to get a final
Prioritizing Eradication Score, following the formula PES = | NAP - (N2KNin (1) + CO-OCite (2) + CO-OC river basin (x)) | -

Freshwater Conservation Score (FSC). A Freshwater Conservation Score (FSC) was developed to align to the
WEFD guidelines we considered only eDNA occurrences of benthic invertebrates and fish species contributing
to WFD evaluations of freshwater ecological status. We overlaid the STAR_ICMi index (available for the study
area for the years 2021 and 2023, see Fig. 7) and the NISECI index (available for 2018-2020) accessible at
https://sira.arpalazio.it/web/guest/cartografia. Following the classification scores of WFD, we scored all rivers
not reaching a Good status from 3 (Moderate) to 1 (Bad) separately for both STAR_ICMi (WFDsg) and NISECI
evaluations (WFDg). We assigned an average value of 1.5 to rivers classified as Not Evaluated. For each
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sampling site, we computed a benthic score by multiplying the WFDg score by the number of benthic
invertebrates detected at site. A Native-Alien Prevalence index was calculated also on fish (NAPg). We
obtained a fish score according to the following formula NAPe x (WFDe score + 0.1), and we artificially
converted all values < 0 of the fish score to be the specular values obtained > 0 in order to have a
proportionate scale for sampling sites matching WFDe and NAPe (Tab. 2). A final index of prioritization for WFD
Habitat and species protection areas (Freshwater Conservation Score) was obtained by summing the benthic
score and the fish score, and finally normalised from 0 to 1.

Table 2. Scoring procedure for sampling sites in which we detected fish species of monitoring concern under the Water Framework
Directive (see the text for details).

NAP: score WFD 3 2 1
1 1,1
0,5 1,8 1,2 0,66
0 0,3 0,2 0,1
-0,5 -0,66 -1,2
-1 -1,1

3. Results

New species occurrences

We obtained 101 species occurrences across 45 sites, including 58 new presence sites for 15 over the 17
target species. New presence data for species included in Annex Il, IV and V corresponded to 36 new 10x10
km grid cells to be notified in the next V HD reporting cycle (Suppl. Mat. 1-7). We also detected 17 new cells
hosting IAS that will contribute to the next 2019-2024 reporting under the EU IAS Regulation (Suppl. Mat. S1-
S7). Moreover, we found from 1 to 3 (1.78 + 0.67 per site) species listed in HD Annex Il in 23 sites located
outside the Natura 2000 network (Suppl. Mat. S8). Also, four species included in Annex Il HD were not
reported in the standard forms of nine Natura 2000 sites (Suppl. Mat. S9).

eDNA interpolation for running waters sites

New presence sites of target species listed in Annex Il of HD found outside N2KN generated a cumulative
upstream river network (defined as Annex Il potential areas) of 808 km, most of which fall in areas without
any form of protection (86.1%). We found 42 patches of unprotected river stretches dispersed across 23
Annex |l potential areas, with an average value of 1.82 + 1.8 patches per area (Fig. 3). Mean cumulative length
of unprotected patches amounted to 30.3 + 22.4 km (median = 21 km) for each Annex |l potential area, with
a mean patch density of 0.89 + 0.2. Single patches had an average value of 16.3 + 12.6 km (median = 6.1 km).
The average NND value calculated on mean values for each Annex Il potential area was 1.5 + 3.5 km (Suppl.
mat. S10).

New occurrences of Annex Il species detected within Natura 2000 sites but not reported in the standard data
forms corresponded to 316 km of river stretches. Almost half of them (54%) fell outside the N2KN. We found
21 unprotected patches over seven Annex |l potential areas, with an average value of 3 + 2.6 patches per
area. Unprotected patches had a mean cumulative length of 24.6 + 30.2 km (median = 12.4 km) for each
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Annex Il potential area, with a mean patch density of 0.48 + 0.35. Accounting for patch density, the mean
value amounted to 8.2 + 11.5 km (median = 1.8 km), whereas the average value of NND was 5.2 + 3.9 km
(Suppl. mat. S11).
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Figure 3. New presence sites of target species listed in Annex Il of Habitats Directive for which the designation of a Natura 2000 site
is required by law. New presence sites found outside Natura 2000 network (green dots) and new presence sites found within Natura
2000 network but not reported in the standard forms (orange dots).

Species richness and co-occurrence

Only native species were found at 24 sampling sites (45%), ranging from 1 to 4 species per site (Fig. 4). These
sites were mainly distributed on mountains and headwaters areas. Conversely, only IAS were found at five
sites (9%), along lowlands main rivers and channels and in artificial reservoirs, with a species richness from 1
to 2. Native species and IAS were found together at 16 sites (30%), where occurrences of native species were
slightly more frequent than IAS (i.e., 27 vs 22) (Fig. 5).
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Figure 4. Native protected and alien species richness found within and outside the Natura 2000 network. Symbols are proportionate
to the total number of species detected at the site (1 to 4). When protected species and IAS co-occur at the same site, a pie chart
shows the proportions of protected species (green sub-sections) and IAS (red sub-sections).
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Figure 4. Piechart showing percentages of sampling sites in which native and alien species were detected.
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At three sites we found IAS directly threatening native protected species (B. dendrobatidis vs B. pachypus, F.
limosus vs A. italicus, P. clarkii vs Vertigo sp.) (codes F4.14, F3.72, and noname in Fig. 4). Moving to the river
catchment scale six potential IAS-native species interactions were localized in the lowland portion of the
Tiber river (D. polymorpha vs U. elongatulus, P. clarkii vs A. italicus, F. limosus vs Vertigo sp., L. catesbeianus
vs B. pachypus, B. dendrobatidis vs L. italicus, P. parva vs T. carnifex). Another potential interaction (B.
dendrobatidis vs T. carnifex) was revealed in the Tiber river basin along the main tributary Aniene. A last
interaction was assessed in the Garigliano river basin (P. parva vs L. italicus).

The NAP index ranged from -0.83 to 1 (Fig. 6; Suppl. mat. S12). Specifically, 28 and 12 sites showed a NAP >0
and NAP < 0 respectively. The remaining 13 sites had a value NAP = 0. In five of these sites protected species
and IAS were detected at the same rate, whereas at eight sites no species were detected (Suppl. mat. S13).
Pristine areas with NAP > 0 were concentrated in the interior hills and mountains, whereas areas heavily
invaded by IAS were mainly located in the lower plains of central and southern Latium. Vulnerable areas with
NAP = 0 were mainly located along tributaries and small rivers (Fig. 6).
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Figure 6. Native-Alien Prevalence values (NAP) ranging from -1 to 1, showing where native protected species (NAP > 0, green dots)
and IAS (NAP < 0, red dots) were respectively more detected with eDNA compared to the number of tested species. When NAP = 0,
native protected species and IAS ratios are equal due to either undetection (white dots) or equal detection rates (grey dots). Black
circles with central dash indicate sites where IAS were not tested.
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Two benthic invertebrates included in WFD monitoring occurred at 11 sites (total 14 records) (Fig. 7). Most of
sites were located on rivers with a Good status for macrobenthic fauna, one on a river classified as Moderate,
and 4 on rivers Not Evaluated. Locations of benthic invertebrates were mostly distributed in inland waters.
Fish included in WFD monitoring were detected at 32 sites, for a total 37 occurrences. The NAP¢ index for fish
ranged from -1 to 1 (Fig. 7; Suppl. mat. S14). Specifically, 14 sites showed a NAP¢ > 0, mostly located in the
hills of the central region and along the southern coastline, and mostly on rivers evaluated as Good and
Moderate status from WFD fish assessments (Fig. 7). A NAP: < 0 was detected for five sites, mainly located in
the lower plains and near reservoirs, mostly on rivers classified as Moderate or Poor. The remaining 13 sites
results gave NAPg = 0, with just one site with no species detected and seven with only IAS or native species
tested, located along Moderate and Poor rivers (Suppl. mat. S14).
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Figure 7. Details on locations of detections over tested sites for freshwater species used in Water Framework Directive monitoring. Benthic
species and relative water quality index as evaluated by STAR_ICMi index of WFD 2021-2023 (left) and fish Native Alien Prevalence (NAPk) with
relative fish index NISECI as evaluated by WFD 2018-2020 (right).

Priority areas for species conservation, IAS eradication, and freshwater protection

Prioritizing Protection Score (PPS). We obtained 39 sites showing PPS ranging from 0.2 to 3.66 (x + sd=2.28 +
1.02). These sites would require the establishment of new Natura 2000 sites (Suppl. mat. S15). The five sites
with highest values are located along little tributaries in the inland mountains of the central portion of the
region.

Prioritizing Eradication Score (PES). The scoring to prioritize eradication of IAS was computed on the 22 sites
of IAS occurrence. Values ranged from 0 to 4.34 (1.49 % 1.35) (Suppl. mat. S15). The five sites with highest
values were in low valley sites, in the same areas where new Natura 2000 sites should be established (Fig. 8).

Freshwater Conservation Score (FSC). A Freshwater Conservation Score (FSC) to prioritize new Habitats and
species protection areas pursuant to WFD was computed for 33 sites. FSC values ranged from -2.2 and 3.3
(1.01 £ 1.53) (Suppl. mat. S15). Five highest values were again in the same areas identified by two previous
analyses, and along the southern coastline (Fig. 8).
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Figure 8. Priority areas for establishing new Natura 2000 sites (PPS, Prioritizing Protection Score, top left), launching eradication
measures on IAS (PES, Prioritizing Eradication Score, top right), and proposing Habitats and species protection areas (FCS, Freshwater
Conservation Score, bottom).

Discussion

Updating species distribution

We improved freshwater biodiversity monitoring with a rapid and cost-effective eDNA campaign covering
both protected and unprotected areas (Capurso et al., 2023). Compared to the known distribution of target
species, our qPCR-based eDNA survey revealed an accurate picture of new biotopes colonized by populations
of both native and alien species. Our results confirmed species-specific eDNA approach as a rapid and cost
effective tool to broadly depict range dynamics of cryptic and rare native species, and to alert about new IAS
colonisations, thus suggesting to adopt this technique as a routine complementary technique to accomplish
the monitoring obligations by the European Habitats Directive and Regulation 1143/2014 (Schmeller, 2008).
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The Eurasian otter Lutra lutra was detected for the first time in the study area after its extinction in the last
century (Giovacchini et al.,, 2023), confirming the ongoing range expansion in the Italian peninsula
(Giovacchini et al., 2018). New occurrences of the endangered macrobenthic river mussel Unio mancus and
white-clawed crayfish Austropotamobius italicus (Fuderer et al. 2010; Lopez-Lima et al. 2024) may potentially
indicate high water quality in three water courses not evaluated by WFD monitoring, and contribute to
reevaluate the ecological status of these rivers (i.e., S. Vittorino creek, Fondi outflowing channel, Fosso della
Foresta). Also, we unveiled the endangered diadromous fish A. fallax to still swim on free-flowing rivers, in
coastal lakes, and even upstream some dammed stretches, and confirmed no range expansion of the
endangered Tuscanian chub Squalius lucumonis (Carosi et al., 2021; Pompei et al., 2018; Tancioni et al., 2013).

The IAS zebra mussel Dreissena polymorpha was found for the first time in the study area in Tiber river basin,
probably following an anthropogenic introduction, as high density of individuals appeared in two close
reservoirs managed for angling activities, and heavily invaded by IAS fish (Grano, 2022; Giovacchini S.,
Sarrocco S., and Carotenuto L., unpublished data). Our results also revealed the expansion of alien fish such
as the padanian goby Padogobius bonelli and the topmouth gudgeon Pseudorasbora parva. These results
confirm the tragic trend of invasion by alien fish in central-Italian rivers in the last 10 years, that pose serious
threats to native fish communities (Carosi et al., 2021; Sarrocco et al., 2012). Consequentially, rivers struggle
to meet standard conditions for fish population according to WFD classification.

Part of our outcomes were further confirmed by recent field observations. As an example, the endangered
twait shad A. fallax was confirmed in the lower stretch of a river successfully assessed with eDNA (Ferri et al.,
2024). New traditional field surveys also revealed an unexpected wider distribution for neglected species such
as the river mussel Unio mancus (Giovacchini S., unpublished data).

Opportunities for new protected areas

Our results provided new occurrences of species requiring rigorous protection and the designation of Special
Areas of Conservation under the EU Habitats Directive 43/92/EC that were found outside the Natura
2000 Network. These evidence claim either for the establishment of new Natura 2000 sites, or to extend
preexistent Natura 2000 sites where new species are revealed within their boundaries for the first time. Our
choice to infer species presence up to 10 km upstream is far from dispelling all doubts about the actual
position of an endangered native population within the boundaries of a protected territory. Quite the
opposite, these analyses often indicated potential presence outside N2KN. Land protection could also be
improved through the identification of Key Biodiversity Areas (KBA) sponsored by the IUCN (Kullberg et al.,
2019; Nania et al., 2024). KBAs ensure a sustainable use of terrestrial and freshwater natural resources,
through a governance that involves governments, privates, and local communities as Other Effective area-
based Conservation Measures (OECM) (Donald et al., 2019). Specifically, KBA include Important Sites for
Freshwater Biodiversity, identified based on the occurrence of specific molluscs and fish.

Standing waters don’t need to be treated with a spatial inference as eDNA molecules tend to settle into the
water column, mobilized only by wind into the same lake biotope, and not through the river network as in
flowing waters (Burian et al., 2021). Lentic systems provide direct insights for a protected area candidate
(Chen et al., 2023). On the other side, running waters need to be treated for false presences due to the
mobility of eDNA along the river (Burian et al., 2021; Sepulveda et al., 2023). As eDNA particles undergo to a
fast degradation in aquatic environments, qPCR-based eDNA usually guarantees reliable assessments of
species assemblages at each site location (Dejean et al., 2011; Maruyama et al., 2014). On the other side, for
running water locations, inferring species presence at short distances offers a cost-effective way to meet
recommendations produced by complex modeling integrating hydrology and river morphology to address
eDNA sources within the river network (Carraro et al., 2021).
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In our study area new occurrences were mainly located at headwaters, leading to use a short distances
analysis to process homogenously with other locations of the study area. Most of endangered species
assemblages found at headwaters may suggest relict populations are surviving in remote pristine areas such
in the mountain areas of the region (Grantham et al., 2020). Our prioritization criteria for running water sites
accounted for eDNA flowing downstream and revealed gaps in N2KN coverage which need to be filled in the
short term to preserve remnant populations of endangered freshwater species, likely reflecting potential high
qualities of habitats and low human disturbance (Foresta et al., 2016; Sallustio et al., 2017). Example of these
gap areas are along Aniene river, Salto and Turano lakes, and along creeks flowing from Sabine hills. These
sites are primarily characterized by a group of rare, endemic, and sensitive-to-pollution species like U.
mancus, A. italicus, B. pachypus, and S. lucumonis, and secondarily by Vertigo sp. and A. fallax.

The establishment of protected areas is among the most effective conservation measures to protect
biodiversity, especially in wetlands (Acreman et al., 2020; Chen et al., 2023). Designing new Special Areas of
Conservation (Alexandridis et al., 2009; Hermoso et al., 2015; Kail et al., 2023) is also in line with the long-
term ambition of the European Green Deal and the Biodiversity Strategy for 2030, aimed at protecting 30%
of the European land surface and freshwaters (Hermoso et al., 2022; Spiliopoulou et al., 2023). As a main
action, EU aspires at enlarging the actual coverage of 27,000 sites of N2KN. Most recommendations indicate
to protect remaining natural areas, and to take advantage of land abandonment that is widely distributed
and provides passive rewilding opportunities (Aradjo and Alagador, 2024). Productive lands should also be
included to reach the 30% EU target (Mdller et al., 2020). This last suggestion is not particularly challenging
for the protection of freshwater ecosystems crossing agricultural lands. Indeed, riverine networks and their
vegetation belts are often not exploited by landowners, offering the opportunity for a sustainable land
sharing that prevents conflicts between land exploitation and land protection.

A specific example in our study area is given by Garigliano river, crossing extensively used croplands, with
only one river shoreline included in a Natura 2000 site (IT8010029). A coordinated effort among the regional
administrations managing the riverbanks and the main river course that marks the boundary between two
regions (Latium and Campania), is mandatory to protect valuable endangered species, such as the newly
discovered Eurasian otter (Valentim et al., 2025). Similarly, many Natura 2000 sites should be extended to the
creeks or streams that border the protected areas, where we found Annex Il freshwater species. An example
is the river Amaseno flowing on the boundary of the Ausoni Mountains Natura 2000 sites (IT6040043). In fact,
river networks are often used as boundary lines, including the N2KN. These natural reserves are often devoted
to the conservation of inland or mountain ecosystems. Extending all these protected areas to include the
river channel could guarantee the preservation of entire new habitats with a relatively limited effort (Valentim
et al., 2025).

Priority of intervention against IAS

Priority areas to eradicate or control IAS were widely overlapped to areas of conservation concern. In these
areas we claim for immediate eradication to remove the IAS (Guerra et al., 2018). IAS-free refugia may be
crucial for endangered species, especially under the synergetic threats introduced by climate changes, and
the altitudinal location of these sites can play a strategic role (Johovic et al., 2020). Removal of IAS should be
a prerogative objective also for preexistent Natura 2000 sites to make N2KN effective in nature conservation
(Baquero et al., 2021). Examples of priority intervention outside N2KN are along Aniene river (where B.
dendrobatidis was detected together with B. pachypus and A. italicus), Turano lake (where F. limosus and D.
polymorpha occurred with A. italicus and B. pachypus), whereas among Natura 2000 sites Latera lake showed
the cooccurrence of P. clarkii and Vertigo sp.

Also, field survey and population estimates are mandatory to evaluate if eradication may be successful or
will be prevented by the existence of well-structured populations. In this case, mitigation interventions
addressed to control populations under certain densities should be planned. Finally, prevention actions
should be undertaken in areas where no IAS were detected. These include as stakeholder engagement,
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sociological surveys, and controls on fish restocking, fish farms, and aquaculture facilities, including reptile
pet shops (Hermoso et al., 2016). Monitoring, especially eDNA is also a fundamental part of the prevention
process, as a rapid warning of the introduction of new IAS can promptly activate the eradication measures
(Essl et al., 2020). Among the most concerning threats we detected in the study area is the pathogen B.
dendrobatidis in the Tiber river catchment, the main river of Central Italy. Future monitoring should focus on
the area of occurrence of this fungus and prevent its spreading across the river basin, to promote an effective
implementation of both Regulation on IAS and WFD (Boon et al., 2020).

Areas for freshwater conservation under WFD

In this essay we underlined the importance of including new freshwater biotopes under the protection of a
European legislation such as the WFD. The integration among different levels of nature protection (i.e., HD,
IAS, and WFD) improves the efficacy of freshwater conservation as often regular protected areas do not have
enough resources dedicated to riverine management (Thieme et al., 2012). Our multi species approach
revealed the potential for the establishment of Habitat and species conservation areas under WFD articles in
the inner portion of the study area. In many cases, rivers are just on the boundaries of pre-existent natural
reserves. As for the N2KN, extending the boundaries of already existing protected areas to include the
bounding rivers can be a very cost-effective option.

It has been demonstrated that even if there is not a direct management of surface water, the merely presence
of a protected area dedicated to terrestrial ecosystems enhances the integrity of water environments
(Valentim et al., 2025). The importance to include strategies of land protection under the governance of WFD
also relies on the embracement offered by this legislation to the management of wide areas (Birk et al., 2012).
WFD encourages the management at the river catchment scale with adequate planning, and thus it can create
interconnections and synergies with other legislations addressing IAS removal, increasing native wilderness
in WFD evaluations, and protecting the watershed not only on specific sites (Kail et al., 2023). This could
especially benefit wide-ranging freshwater species such as the Eurasian otter, catadromous and anadromous
fish, and species sensitive to water quality. The implementation of WFD commitments is therefore fostered
in the EU Biodiversity Strategy for 2030, by promoting organic farming, soil remediation, IAS reduction, and
river restoration. More fundings, the adoption of efficient river basin management plans, and the
engagement of stakeholders will have a key role in boosting WFD improvements for all Member States that
aim to rapidly reach the objective of a good water conservation (Hermoso et al., 2022, 2016).

Moreover, monitoring the water quality under WFD is an essential part of the process, from the achievement
of base goals until the proposal of protection areas. Recent advancements on eDNA research shows that this
method upscales the resolution of biotic indices of WFD and inform early warning systems for rapid changes
in aquatic sensitive communities (Blackman et al., 2024). Including data gained through DNA-based
assessments can help in upgrading the classification of river quality based on periodic surveys and using
specific native species as bioindicator.

On the other side, highly accurate IAS occurrences recorded from eDNA suggest that alterations of fish
communities and their integration into WFD metrics can negatively affect river status. In fact, eDNA multi
species approach can highlight how much IAS are predominating in aquatic ecosystems and influence
ecological evaluations of river status under WFD. River status under WFD classification indeed is shaped to
determine the overall river status with the status of worst subordinate class (i.e., one-out-all-out rule). We
hope this renewed awareness on fish IAS impacts will lead to implement effective eradications to fulfil WFD
obligations and rehabilitate river ecosystems in all its components. Several experiences have already proven
that DNA-based methods can serve WFD routine monitoring on the ecological assessment of freshwaters
(Blancher et al., 2022; Macher et al., 2025; Pont et al., 2021). eDNA is actually an effective tool for the
zoological evaluations under WFD, rather than those relating on plants, as this method is almost ready to
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replace traditional samplings based on morphological identification for both macrobenthic invertebrates and
fish (Hering et al., 2018). If on one side fish are very well tracked with eDNA due to their high production of
DNA, invertebrates on the other hand lack of a barcode library for all species (Hering et al., 2018). Also, fish
indices derived from eDNA sampling cannot inform on age structure, posing a limit to the use of this
technique to evaluate the ecological status of rivers. Similarly, benthic invertebrates still require an
enhancement of the method to provide also abundance parameters (Hering et al., 2018). However,
abundance can be easily incorporated using quantitative PCR and count reads for metabarcoding (Huang et
al., 2022; Pont et al., 2023), and the conversion of presence/absence data into abundances represents a goal
within reach (Aylagas, 2017).

Conclusions

Our multi species eDNA approach based on quantitative PCR revealed a powerful tool to simultaneously
detect the occurrence of conservation concerns and of species that pose serious threats to them. The results
from such a multispecies approach have revealed to offer a cost-effective tool for spatial planning of
conservation measures, and to rapidly respond to monitoring obligations by multiple EU biodiversity and
ecosystem regulations, such as the Habitats and Freshwater Directives and the EU Regulation 1143/2014 to
limit the impact of IAS. Quantitative PCR-based surveys can therefore outperform routine monitoring
programmes that are mandatory for Habitats Directive and Regulation on IAS 1143/2014, standing the
development of standardized monitoring system (Schmeller, 2008). Similarly, eDNA can inform also the Water
Framework Directive (Ficetola et al., 2021; Leese et al., 2018). In this context, eDNA can be used also to fulfil
other EU objective linked to river protection, such as re-establishing the river continuum along 25,000 km of
rivers stated in the Biodiversity Strategy for 2030 (Fernandez et al., 2022).

The added value of a multispecies multitaxa detection also relies in the opportunity to cross data to obtain
new indices and conservation score for the areas under analysis, also posing the base to establish regular
monitoring across time and space that could evidence trends in the conservation status of areas. Our results
allowed to identify critical gaps in freshwaters protected area coverage, providing an accurate mapping of risk
of IAS invasions, and informing water conservation strategies at both site and river catchment scale (Hermoso
et al., 2015; Niz et al., 2023)(Cortina and Boggia, 2014; Johovic et al., 2020). Our large-scale survey provided
new data on rare and endangered species, claiming the need for species specific accurate surveys through
traditional field techniques. in the next future, fine-scale survey could also use an eDNA quantification
approach. The integration with traditional survey techniques can be a winning option to accurately recreate
ranges and areas of occupancy of species suffering of poor data. Italy hosts the most biodiversity and
endemism on freshwater fish among Europe, and all efforts toward their conservation are beneficial, from
innovative monitoring to effective protection (Fliervoet et al., 2013; Hunting et al., 2017; Reyjol et al., 2007).
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Supplementary materials

Supplementary material S1. Molluscs — Distribution of eDNA occurrences in the study area of Latium region, and new presence cells according to the last HD and EU IAS Regulation Reporting or other
published surveys (see main document).
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Supplementary material S2. Crustaceans — Distribution of eDNA occurrences in the study area of Latium region, and new presence cells according to the last HD and EU IAS Regulation Reporting or
other published surveys (see main document).
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Supplementary material S3. Fish — Distribution of eDNA occurrences in the study area of Latium region, and new presence cells
according to the last HD and EU IAS Regulation Reporting or other published surveys (see main document).
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Supplementary material S4. Amphibians — Distribution of eDNA occurrences in the study area of Latium region, and new presence
cells according to the last HD and EU IAS Regulation Reporting or other published surveys (see main document).
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Supplementary material S5. Reptiles — Distribution of eDNA occurrences in the study area of Latium region, and new presence cells
according to the last HD and EU IAS Regulation Reporting or other published surveys (see main document).
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Supplementary material S6. Mammals — Distribution of eDNA occurrences in the study area of Latium region, and new presence cells
according to the last HD and EU IAS Regulation Reporting or other published surveys (see main document).
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Supplementary material S7. Fungi — Distribution of eDNA occurrences in the study area of Latium region, and new presence cells
according to the last HD and EU IAS Regulation Reporting or other published surveys (see main document).
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Supplementary material S8. Habitats Directive species found outside Natura 2000 Network. Coordinates provided in WGS84 EPSG:
4326 georeferenced system.

Longitude Latitude Locality HD Annex Il species (N) HD species (N)
13.5979139 41.4875261 San Giovanni 2 2
Incarico
13.5186841 41.5528575 Ceprano 3 3
12.7532441 41.4688748 Latina 1 1
Santi Cosma e
13.8336374 412626197 Damiano 3 3
13.792098 41.245147 santi Cosma e 2 3
Damiano
12.9416922 42.2282542 Rocca Sinibalda 2 2
12.8282994 42.2302169 Monteleone Sabino 3 4
12.8109656 42.1679005 Scandriglia 2 3
12.636599 42.151386 Fiano Romano 2 2
12.9899387 42.0220295 Roviano 2 2
13.0891749 41.9241672 Subiaco 2 3
12.216322 41.876915 Fiumicino 1 1
13.091545 41.711616 Anagni 1 1
12.766916 41.922676 Roma 1 2
12.4153373 42.208807 Mazzano Romano 1 1
12.4239651 42.2869587 Civita Castellana 1 1
11.9590775 42.2992023 Vetralla 1 1
11.8259389 42.7520841 Proceno 2 3
13.1694668 41.3615092 Pontinia 2 2
13.2602414 41.5039698 Prossedi 2 2
13.2003796 41.4594335 Roccasecca de 2 2
Volsci
13.0387416 42.2296686 Marcetelli 2 2
13.031233 41.9797335 Agosta 1 1

Supplementary material S9. Habitats Directive species found within Natura 2000 Network sites but not reported in the relative
Standard Data Forms. Coordinates provided in WGS84 EPSG: 4326 georeferenced system.

. . . Annex Il HD species n. IAS 1AS
Longitude Latitude Natura 2000 Network site . P . .
species (N) (N) species (N) species
119116101 42.3622037 1T6010021 - Monte Romano 1 1 0 -
12.4361753  41.7647898 76030084 - Castel Porziano 1 1 1 P. clarkii
(Tenuta presidenziale)
13.6874171 41.7025594 IT6050015 - Lago di Posta Fibreno 1 1 0 -
12.7531269 42.5079872 1T6020010 - Lago di Ventina 1 1 0 -
12.2513676  42.1583449 IT6030010 - Lago di Bracciano 1 1 0 -
12.969484 42.373852 1T6020012 - Piana di S. \(lttorlno - Sorgenti 1 1 0 }
del Peschiera
11.7668453  42.6093847 1T6010012 - Lago di Mezzano 1 1 1 P. clarkii
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12.961372

41.358138

IT6040012 - Laghi Fogliano, Monaci,
Caprolace e Pantani dell'Inferno

13.303556

41.310775

1T6040010 - Lago di Fondi
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Supplementary material S10. Landscape metrics applied to 23 Annex Il areas generated from the detections of Annex Il species found
outside Natura 2000 network.

cumulative | cumulative
ID number respective length of length of patch
Annex of . stretches | stretchesin . mean NND sd NND
Il area | patches site ID out of the area density
N2KN [m] [m]

1 1 F5.81 11408 11408 1 0 0
2 1 F5.80 11638 20531 0.57 0 0
3 2 F5.77 69040 80427 0.86 901 0

3.1 1 F5.03 15859 15859 1 0 0
4 1 F4.24 21097 21097 1 0 0
5 1 ST109 2425 2425 1 0 0
6 3 F4.09 63646 77311 0.82 15486 2463.56002
7 1 F3.75 16791 16791 1 0 0
8 1 F3.79 16912 16912 1 0 0
9 1 F3.72 13395 13395 1 0 0

10 1 ST105 2020 2020 1 0 0

11 1 F4.89 8606 8606 1 0 0

12 1 F4.14 38687 42419 0.91 0 0

13 3 F4.15 7053 39802 0.18 445 0

14 1 F4.78 39079 39393 0.99 0 0

15 1 F2.29 43705 43705 1 0 0

16 9 SD3 30652 57111 0.54 6162 609.663763
18 1 F2.77 48023 48023 1 0 0

19 1 EXNOVO1 48646 48646 1 0 0

20 2 F1.71 78416 81034 0.97 2231 584.777308
21 1 F1.74 59111 59111 1 0 0

22 3 SD2 20772 24481 0.85 2565 460.925156
23 4 SD4 29389 38325 0.77 6152 846.239524
X 1.82 30276.9565 | 35166.6087 | 0.88910866 | 1475.73913 -

sd 1.8 22422.8281 | 24299.1141 | 0.20603167 | 3555.47221 -

sum 42 696370 808832 - - -
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Supplementary material S11. Landscape metrics applied to 7 Annex Il areas generated from the detections of Annex Il species found

within Natura 2000 network but not already reported in respective standard data forms.

cumulative | cumulative
ID number respective length of length of patch mean
Annex of . stretches stretches . sd NND
Ilarea | patches site ID out of in the area density NND
N2KN [m] [m]
1 6 F5.82 82743 93395 0.89 2132 1372
2 7 L4.26 5329 71289 0.07 8986 3201
3 1 NOARPA1 12404 24342 0.51 5600 0
4 1 GEO.AlL4 46505 49586 0.94 - 0
5 1 T2.21A 1148 30153 0.04 8346 0
6 4 T2.23A 23110 44022 0.52 9692 1162
7 1 L3.39 1319 3421 0.39 1958 707
X 3 24651.14 | 45172.57 0.48 6119 -
sd 2.645751 30206.94 30085.9 | 0.352556 | 3905.515 -
sum 21 172558 316208 - - -
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Supplementary material S12. Index NAP calculated to assess the difference between two ratios of detection over tested species among
protected species and IAS every sampling site.

protected | protected IAS IAS
. species species PSD/PST | IASD/IAST | N,—A;
ID sampling detected | tested
site detected tested ) ) AP
(PSD) (PST) (IASD) (IAST)

EXNOVO 1 3 6 1 2 0.5 0.5 0
F1.34 0 5 1 2 0 0.5 -0.5
F1.70 0 4 0 2 0 0 0
F1.71 2 5 2 3 0.4 0.66 -0.26
F1.74 3 5 0 2 0.6 0 0.6
F2.29 1 2 0 1 0.5 0 0.5
F2.35 1 3 0 0 0.33 0 0.33
F2.77 3 6 0 2 0.5 0 0.5
F3.52 0 4 2 5 0 0.4 -0.4
F3.71 0 4 1 4 0 0.25 -0.25
F3.72 2 3 2 5 0.66 0.4 0.26
F3.75 4 6 0 4 0.66 0 0.66
F3.79 3 6 0 4 0.5 0 0.5
F4.09 2 2 1 4 1 0.25 0.75
F4.14 2 5 1 3 0.4 0.33 0.66
F4.15 3 5 0 3 0.6 0 0.6
F4.24 1 3 1 3 0.33 0.33 0
FA.68 0 5 0 1 0 0 0
F4.72 4 5 0 3 0.8 0 0.8
FA.78 1 6 2 2 0.16 1 -0.83
F4.83 0 3 0 2 0 0 0
F4.84 0 6 1 3 0 0.33 -0.33
F4.89 2 4 0 1 0.5 0 0.5
F4.93 1 5 1 3 0.2 0.33 -0.13
F4.98 1 5 0 3 0.2 0 0.2
F5.03 1 3 1 3 0.33 0.33 0
F5.77 1 3 1 3 0.33 0.33 0
F5.80 1 5 0 1 0.2 0 0.2
F5.81 3 5 0 1 0.6 0 0.6
F5.82 1 4 0 1 0.25 0 0.25
F5.83 1 3 3 4 0.33 0.75 -0.42

GEO.AI.L1 1 2 0 1 0.5 0 0.5
GEO.AI.2 2 2 0 1 1 0 1
GEO.AI3 0 2 0 1 0 0 0
GEO.AlL4 3 5 1 2 0.6 0.5 0.1
GEOQ.ALS 1 4 0 2 0.25 0 0.25
L3.39 2 7 0 1 0.28 0 0.28
L3.40 1 3 0 3 0.33 0 0.33
L4.26 1 2 0 2 0.5 0 0.5
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L4.27 0 1 0 2 0 0 0
L5.34 0 3 0 1 0 0 0
NO ARPA1 1 6 0 4 0.16 0 0.16
noname 1 5 1 2 0.2 0.5 -0.3
S.D.1 0 6 0 0 0 0 0

S.D.2NUOVO 2 6 1 3 0.33 0.33 0
S.D.3 2 8 1 2 0.25 0.5 -0.25
S.D.4 2 6 2 3 0.33 0.66 -0.33
ST103

NUOVO 0 4 0 2 0 0 0
ST105 2 3 0 3 0.66 0 0.66
ST109 0 2 1 2 0 0.5 -0.5
ST111 1 5 0 3 0.2 0 0.2
T2.21A 1 4 0 1 0.25 0 0.25
T2.23A 3 8 0 0 0.375 0 0.375
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Supplementary material S13. Details on locations of detections over tested sites for native protected species according to Habitats Directive (left) and IAS of Union Concern (right). composing N, and
A, parameters of the index NAP.
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Supplementary material S14. Index of Native Alien Prevalence (NAP;) calculated on fish species related to Water Framework Directive
(WFD) to assess the difference between two ratios of detection over tested species among native fish (NF,) and alien fish (AF,) at each

sampling site.

native WFD | native WFD | alien WFD alien WFD
. fish species | fish species | fish species | fish species | NWFD/NWFT | AWFD/AWFT | NF.— AF,
ID sampling
site detected tested detected tested
(NF) (AF) (NAPg)
(NWFD) (NWFT) (AWFD) (AWFT)

EXNOVO 1 1 1 1 1 1 1 0
F1.34 0 1 1 2 0 0.5 -05
F1.71 1 1 2 2 1 1 0
F1.74 1 1 0 2 1 0 1
F2.29 1 1 0 1 1 0 1
F2.77 1 1 0 1 1 0 1
F3.52 0 0 1 1 0 1 -1
F3.72 0 0 0 1 0 0 0
F3.75 1 1 0 0 1 0 1
F3.79 1 1 0 0 1 0 1
F4.09 1 1 0 1 1 0 1
F4.14 0 0 0 0 - - -
F4.15 0 0 0 0 - - -
F4.24 1 1 1 1 1 1 0
F4.72 0 0 0 0 - - -
F4.78 1 1 2 2 1 1 0
F4.84 0 2 1 1 0 1 -1
F4.89 1 2 0 1 0.5 0 0.5
F4.93 1 1 1 1 1 1 0
F5.03 1 1 1 2 1 0.5 0.5
F5.77 0 1 1 2 0 0.5 -0.5
F5.80 0 1 0 0 0 0 0
F5.81 0 0 0 1 0 0 0
F5.82 1 1 0 0 1 0 1
F5.83 0 1 2 2 0 1 -1

GEO.ALS 0 0 0 1 0 0 0
L4.26 1 1 0 0 1 0 1
NO ARPA1 0 1 0 0 0 0 0
noname 0 0 0 1 0 0 0
S.D.1 0 1 0 0 0 0 0
S.D.2NUOVO 1 1 1 2 1 0.5 0.5
S.D.3 1 1 1 1 1 1 0
S.D.4 1 1 1 2 1 0.5 0.5
ST105 0 0 0 0 - - -
ST109 0 1 0 1 0 0 0
T2.21A 1 1 0 0 1 0 1
T2.23A 1 1 0 0 1 0 1
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Supplementary material S15. Table of scoring values for establishing new Natura 2000 sites. planning eradication strategies on IAS. and proposing new areas for species protection pursuant to WFD.
HD= Habitats Directive. WFD= Water Framework Directive. N2KN= Natura 2000 network. REN= Regional Ecological Network. STAR_ICMi= index of WFD to assess microbenthic wildlife. NISECI= index

of WFD to assess fish communities.

new Natura 2000 sites (HD)

IAS eradication planning (Reg. on IAS 1143/2014)

new Species protection areas (WFD)

scoring for
new WFD
scoring for scoring for 2021-23 WED 2028-20 WFD WFD WEFD fish speue's
new N2KN 1AS WFD benthic fish macrob score protection
. sites . Potential eradication benthic P I enthos areas
. . outside/not - direct R X classification NAPg classification "
samplin index reported in patch REN within threat at threat in species and scorin and scorin score (C*D+0.1)
gsiteID | NAP pNZKN density (PPS — N2KN e river (PES — detected | i ICM?) © (NISECT) 8 (E+F)
Prioritization catchment Prioritization - (A*B)
Protection Eradication (A) (8) D) (FCS -
Score) Score) (E) (F) Freshwater
Conservation
Score)
EX 0 2 1 1 3 1 0 1 2 - 0 2 - 0.2 0.2
NOVO 1 0 ) )
F1.34 -0.5 - - - - 0 0 1 15 0 - -0.5 2 - -1.2 -1.2
F1.70 0 - - - - - - - - _ - - - - - -
F1.71 -0.26 2 0.97 1 2.74 0 0 0 0.26 0 - 0 3 - 0.3 0.3
F1.74 0.6 2 1 1 3.6 - - - - 0 - 1 - - - -
F2.29 0.5 2 1 0 2.5 - - - - 0 - 1 3 - 3.3 33
F2.35 0.33 0 - 1 1.33 - - - - - - - - - - -
F2.77 0.5 2 1 0 2.5 - - - - 0 - 1 2 - 2.2 2.2
F3.52 -0.4 - - - - 0 0 0 0.4 0 - -1 3 - -1.2 -1.2
F3.71 -0.25 - - - - 0 0 1 1.25 R - - - - - -
F3.72 0.26 2 1 1 3.26 0 2 2 3.74 1 1.5 0 3 1.5 1.8 33
F3.75 0.66 2 1 1 3.66 - - - - 1 - 1 2 - 2.2 2.2
F3.79 0.5 2 1 1 35 - - - - 1 - 1 3 - 3.3 33
F4.09 0.75 2 0.82 0 2.75 0 0 1 0.25 0 - 1 3 - 3.3 33
F4.14 0.66 2 0.91 1 3.66 0 2 3 4.34 1 - - - - - -
F4.15 0.6 2 0.18 1 3.6 - - - - 2 - - - - - -
F4.24 0 2 1 0 2 0 0 0 0 0 - 0 3 - 0.3 0.3
F4.68 0 - - - - - - - - R - - - - - -
F4.72 0.8 0 - 1 1.8 - - - - 2 - - - - - -
F4.78 -0.83 2 0.99 0 1.17 0 0 1 1.83 0 - 0 2 - 1.2 1.2
F4.83 0 - - - - - - - - R - - - - - -
F4.84 -0.33 - - - - 0 0 1 1.33 0 - -1 3 - -1.2 -1.2
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F4.89 0.5 2 1 1 35 - 1 1.5 0.5 - 1.5 - 15
F4.93 -0.13 0 - 1 1.13 0 - 0 3 - 0.3 0.3
F4.98 0.2 0 - 1 12 - B N B . B B ]
F5.03 0 2 1 1 3 0 0 - 0.5 2 - 1.2 1.2
F5.77 0 2 0.86 1 3 1 1 3 -0.5 2 3 -1.2 1.8
F5.80 0.2 2 0.57 1 3.2 - 0 - 0 3 - 0.3 0.3
F5.81 0.6 2 1 1 3.6 - 2 - 0 3 - 0.3 0.3
F5.82 0.25 1 0.89 1 2.25 - 0 - 1 3 - 33 33
F5.83 -0.42 - - - - 2.42 0 - -1 2 - -2.2 -2.2
GE?'AI' 0.5 0 - 0 0.5 - ; - - - - - -
GEC;.AI. 1 0 . 0 1 . ) . . . . . .
GE(;.AI. 0 . . . . . ) . . . . . .
GEZ'AL 0.1 1 0.94 0 1.1 29 } - - - - - -
GECS)'AI' 0.25 0 - 1 1.25 - 0 - 0 1 - 0.1 0.1
L3.39 0.28 1 0.39 0 1.28 - _ - - - - - -
L3.40 0.33 1 - 1 2.33 - _ - - - - - -
L4.26 0.5 1 0.07 0 1.5 - 0 - 1 2 - 2.2 2.2
L4.27 0 - - - - 1 - - - - - - -
L5.34 0 - - - - - - - - - - - -
AF’(\‘PC;)Al 0.16 1 0.51 1 2.16 - 0 - 0 3 - 0.3 0.3
noname -0.3 1 - 0 0.7 33 0 - 0 3 - 0.3 0.3
S.D.1 0 - - - - - 0 - 0 2 - 0.2 0.2
S.([;.\f(l)\lU 0 2 0.85 0 2 0 0 - 0.5 3 - 1.8 1.8
S.D.3 -0.25 2 0.54 1 2.75 0.25 0 - 0 3 - 0.3 0.3
S.D.4 -0.33 2 0.77 1 2.67 0.33 0 - 0.5 3 - 1.8 1.8
ST103 0 ] ] ] ] ] ] ] ] ] ] ]
NUOVO -
ST105 0.66 2 1 1 3.66 - 1 1.5 - - 1.5 - 15
ST109 -0.5 2 1 1 2.5 3.5 0 - 0 2 - 0.2 0.2
ST111 0.2 0 - 0 0.2 - - - - - - - -
T2.21A 0.25 1 0.04 0 1.25 - 0 - 1 3 - 33 33
T2.23A 0.375 1 0.52 0 1.375 - 1 1.5 1 - 1.5 - 15
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Abstract

Once widespread throughout Italy, the Eurasian otter (Lutra lutra) went on the brink of extinction in the last
century, surviving in few river basins in southern Italy and classified as Critically Endangered in the national
Red List. Since the beginning of this century, legal protection and banning of pollutants allowed a slow but
constant recovery of the species in Europe, where the species is protected by the Habitats Directive
92/43/EEC, making mandatory the surveillance of its conservation status over time. We compared the
efficiency of environmental DNA (eDNA) and traditional field survey techniques in detecting otters at the
border of its current expansion range in Central Italy. A systematic standard field survey was and quantitative
PCR-based eDNA sampling were run in six river basins of the Latium region. Results from eDNA and traditional
field survey were compared at the scale of i) sampling site, ii) 5 km and iii) 10 km radius upstream. Field
survey allowed to detect otter signs at 23 sites in one river catchment in the southern part of the study area.
Both eDNA and standard survey allowed to detect otters at seven sites in southern catchments and one
located northward in a tributary of the river Tiber. Both techniques confirmed otter absence in northern
Latium. eDNA showed a higher detection rate (0.41) compared to the standard field survey, both at sampling
site (0.06), 5 km (0.23) or 10 km radius (0.35) scale. By excluding sites negative to both eDNA and standard
survey, eDNA detection rate was significantly different at sampling site scale only (p=0.01). These results
suggest eDNA a more sensitive method in revealing otter presence.

Introduction

Once spread all over Europe, the Eurasian otter (Lutra lutra, Linnaeus, 1758) suffered a severe decline in the
last century due to direct persecution, habitat loss and water pollution (Loy et al., 2022). The adoption of
legal protection of both the species and freshwater habitats fostered the otter recover in many European
countries (Roos et al., 2012; Stockholm Convention 2001). Among these, as almost a unique exception, in
Italy this recovering appeared to be attenuated as it happened very slowly and delayed (Panzacchi et al.
2011). In the ‘80s the species survived in southern Italy with a unique viable population, isolated from the
other European populations, and showing a clear genetic distinctiveness as to be believed as an ESU
(Evolutionarily Significant Unit) ( Cassola 1986; S. M. Macdonald & Mason, 1983; Mucci et al., 2010; Randi et
al., 2003). Recently Eurasian otters boosted its range in the southern parts of Italy and along the Adriatic side
of the peninsula (Giovacchini et al. 2018; Loy et al. 2023; Marcelli et al., 2023) whereas we can also witness
some colonisations in the northern part of Italy with individuals coming from other transboundary European
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populations (Maltieux et al. 2020; Marcolin et al., 2020). This retrieval of the former extent of occurrence led
to downgrade the conservation status of the otter in Italy to Vulnerable in the Italian Red List (Loy et al., in
press; Rondinini et al., 2022). Still the core otter range is confined in the cul-de-sac of southern Italy at the
point to define this ESU as the otter “southern-central population” of Italy (Giovacchini et al. 2021). As otters
are reclaiming their ancient territories returning along the peninsula from south northward, there is currently
a gap of knowledge on otter distribution along the Tyrrhenian side of Central regions. The expected expansion
was not witnessed in the recent time (Giovacchini et al. 2019), maybe because of cryptical presence when at
low densities or due to inaccessible harsh environments (Jamwal et al. 2023).

Otter distribution is typically surveyed using a standard field monitoring protocol (Kruuk 2006), involving the
recording of presence signs like scats, anal jellies, and footprints, along riverbanks and lake shorelines. This
technique is simple but highly time-consuming and requires sampling expertise, field skills, and appropriate
condition to implement transect lines (Jeffress et al. 2011). Moreover, weather (i.e. rain in days before
sampling) and local conditions like river morphology or dense vegetation along the banks prevent the access
to the water body or affect the probability to detect tracks of the species. These limitations have been long
debated for the degree they can affect survey results and lead to false-absence data, especially in areas
where otters occur at very low density (Jefferies 1986; Kruuk et al., 1998; Kruuk & Conroy, 1987; Mason &
Macdonald, 1987; Parry et al., 2013; Romanowski et al., 1996).

Environmental DNA (eDNA) represents a cost-effective novel technique that could support traditional species
survey (Biggs et al., 2015; Keck et al., 2022), and is particularly accurate for revealing rare and elusive species
(Beng and Corlett 2020; Mynhardt et al. 2024; Johnson et al. 2024). Specifically, the quantitative PCR (gPCR)
approach to eDNA represents a high sensitive species-specific resolution, more accurate than other common
approach like eDNA metabarcoding (Harper et al., 2018; McColl-Gausden et al., 2023). The use of quantitative
PCR-based eDNA is particularly helpful in detecting endangered species outside their current range, as the
low expected population densities make traditional methods time consuming and often unsuccessful,
whereas an early detection allows the rapid adoption of protection measures to support the newly
established populations (Duarte et al., 2023). A qPCR based eDNA has been already successfully applied to
detect the occurrence of the Eurasian otter in Italy and in Himalaya (Ballini et al., 2024; Jamwal et al., 2021,
2023). However, these studies did not evaluate the relative efficiency of the eDNA vs traditional field survey.

To fill this gap, we run an integrative sampling using both eDNA and traditional field survey to detect the
Eurasian otter at the boundary of its current range in south-central Italy, specifically aimed at i) assessing
new expansion events along the Tyrrhenian side of the peninsula, ii) comprehend if eDNA is a profitable
monitoring tool to detect the species in new areas of occurrence compared to the traditional techniques.

Methods
Study area

The study area includes seven river basins located in Central Italy, including the Tiber, the main river basin of
Central Italy (405 km of length), the river Liri (158 km) and five smaller river catchments (Amaseno, Mignone,
Marta, and Fiora), mainly located nearby the coast. To perform cost effective analyses, sampling sites were
selected based upon the following criteria: i) areas adjacent to the current species range ii) high habitat
suitability for the species iii) high accessibility and walkability of the river, iv) sites monitored over time by
previous projects, v) sites with environmental features increasing the probability of detecting otters (e.g.
river confluences).

Otter habitat suitability was defined through an expert based modelling approach (Loy et al., 2009) based on
results from multiple inferential models produced at different scales on the Eurasian otter in Italy and Europe
(Carone et al., 2012, 2014; Cianfrani et al., 2011, 2013; Weinberger et al., 2019). Accordingly, we considered
river networks ranging from the first to the fourth order (Strahler 1974), a 10 m-scale digital elevation model
with altitude and slope (Tarquini et al. 2023), and the riverine vegetation cover finely mapped at 10 m-scale
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(De Fioravante et al., 2022). Each variable was reclassified following an expert based criterium (Suppl. Mat.
S1). Results of the model is shown in Suppl. Mat. S2.

Environmental DNA sampling and laboratory procedures

Three lithers of water were collected at 17 sampling sites, with two replicates performed on July-August 2021
and May-June 2022. Water samples were prefiltered though a cellulose mixed esters 8 um, and then 0.22
um filters (Merck-Millipore, Burlington, USA) using an electric vacuum pump. eDNA was then extracted from
filters using Power Soil Pro extraction kits (Qiagen, Venlo, NL), diluted in 75 pL bidistilled Miili-Q sterile water
and preserved at -21 °C. Correct eDNA extraction from samples was verified with a MiFish set of universal
12S rRNA oligonucleotides for fish characterization using DNA metabarcoding (Miya et al., 2015). Finally, we
amplified eDNA through quantitative real-time PCR (StepOnePlus, Applied Biosystem, Waltham, USA) using
Eurasian otter species-specific primers (Park et al., 2011) with SybrGreen technology. We composed the
reaction mix with 2.35 ul of Milli-Q water, 5 pL of buffer (Eurofins Genomics srl, Hamburg, DE), 0.25 pL of
otter primers (10 uM), and 2 uL of extracted DNA. We run samples in two dilutions (1:1, and 1:10) and three
technical replicates, with a PCR positive control using genomic DNA of Eurasian otter, a negative technical
control using non-otter DNA to ensure absence of contamination, and an environmental positive and
negative control (i.e., water samples collected in sites of verified presence and absence of Eurasian otter)
(Karlsson et al., 2022; Klymus et al., 2020; Thalinger et al., 2021). Pre and post amplification phases were
carried out in separate rooms on a laminar flow cabinet to avoid contamination. We adopted the thermal
profile with an initial denaturation at 95 °C for 10 s, followed by 40 cycles with a denaturation step at 95 °C
for 15 s, and an annealing-elongation phase at 58 °C for 1 min. Positive samples were considered as such
when observed at least in two technical replicates, above the limit of detection, or when DNA copies were 2
than 5 per reaction (Bruno et al., 2017; Bustin et al., 2009; Ficetola et al., 2015).

Traditional field survey

A systematic survey implementing traditional field survey was run in July 2022 at 192 sites following the
standardized protocol recommended by the IUCN SSC Otter Specialist Group (Reuther et al. 2000). Up to four
sites were selected on each 10x10 km cell grid (ETRS89 LAEA 5210 projection) overlapped to the study area.
At each site otter signs, mainly scats (known as spraints), but also jellies and footprints, were searched by
walking along 600 metres of riverbank. When it was not possible to implement transect lines because of
riverbanks morphology, we inspected bridges only, as an accurate integrative methodology, up to reach the
number of 6 bridges per grid cell (Schenekar et al. 2022; Weinberger et al. 2022). At 42 sampling sites along
the river Liri where riverbanks were unaccessible the field survey was run using a kayak (Giovacchini et al.
2019).

Data analysis

Results from eDNA and traditional surveys were imported in a GIS environment (QGIS 3.28, http://qgis.org),
detection rates were compared at respective sampling sites, and at 5 km and 10 km distance radius to
account for potential DNA downstream transport (Burian et al., 2021; Pont et al., 2018; Wilcox et al., 2016).
In these latters, results from traditional field survey were pooled at the scale of the analyses (5 km and 10
km), considering the pooled area positive if at least one of the sites was found positive (Fig. 1). The detection
rates of eDNA and traditional survey were computed as the number of positive sites divided by the number
of tested sites. Differences in detection rates between eDNA and traditional survey at all scales were
compared through Fisher’s exact tests on contingency tables (Freeman and Campbell 2007) implemented in
the software R (R Core Team 2013). All analyses were repeated excluding negative sites from both eDNA and
traditional surveys (i.e. potential true absences).
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sampling site scale
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Figure 1. Environmental DNA (grey square) techniques are compared at sampling scale, at 5 km, and at 10 km scale on
upstream watersheds with traditional field monitoring (grey dots).

Results

Environmental DNA allowed to detect otters at 8 over 17 sampling sites. Seven positive sites were located in
the southern catchments of Liri river and Pontine Marshes (river Amaseno), and one in a tributary of the river
Tiber in the northern portion of the study area (river Paglia) (Fig. 2). The traditional survey confirmed otter
occurrence in the Liri river basin, where otter signs were found at 23 sites along several tributaries of the
river network (rivers Gari, Rapido, Sacco, Liri, and Garigliano). No otter signs were found in the northern rivers
of Latium (Paglia, Fiora, Marta, Mignone).

At sampling site scale, detection rate was higher for eDNA (DR=0.41) compared to traditional survey
(DR=0.059). However, DR of traditional survey increased at 5 km scale (DR=0.23) and 10 km (DR=0.35) of
distance upward the streamflow but remained lower compared to the DR of eDNA (Tab. 1). Excluding
negative sites from both sampling techniques (i.e., potential true absences), eDNA detection rate (DR=0.8)
was still higher compared to traditional survey. Differences decreased with the distance from eDNA sampling
point (DR=0.1), and at 5 km (DR=0.4) and 10 km (DR=0.6) (Tab. 1).

Table 1. Detection rates (DR) based on occurrences divided tested sites and computed on all sites, and on sites resulted negatively to
both eDNA and traditional field monitoring (TFM) surveys.

eDNA TFM TFM TFM
(sampling sites) (5 km) (10 km)
DR 0.412 0.059 0.235 0.353
DR without true absences 0.800 0.100 0.400 0.600

Fisher’s extact tests showed a statistically significant difference between detections rates of eDNA and
traditional monitoring only at the scale of sampling site (Tab. 2). Differences observed at a larger scale of 5
km and 10 km buffers from eDNA sampling sites were not significant.
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Figure 2. Otter occurrences in Latium region obtained with environmental DNA (eDNA) and traditional field monitoring (TFM)
techniques.

Table 2. Statistical significance of Fisher’s exact test results between environmental DNA (eDNA) and traditional field
monitoring (TFM) techniques. Asterisk marks p-value < 0.05.

TFM TFM TFM
(sampling sites) (5 km) (10 km)

eDNA 0.016 * 0.281 0.728

eDNA without true absences 0.005* 0.169 0.628

Discussion

This study attests to an expansion of the otter range in Central Italy along the Thyrrenian side. These new
occurrences in southern Latium confirm the ongoing trend of reclaiming the ancient range by otters
northward along the Italian peninsula (Marcelli et al., 2023; Giovacchini et al., 2021). The distribution of this
new sub-population found along Liri river is extensive, and leads to estimate up to 30-35 individuals,
according to reference values otter density found along ltalian rivers (Lerone et al., 2014; Janssens, 2006;
Prigioni et al., 2006). A population in this favourable condition can support from now the persisting
colonization toward new rivers even further northward. However, traditional field techniques gained
empirical observations questioning about carrying capacity is already achieved in the study area. Low marking
frequencies, hidden marking sites, and spraints in advanced state of deterioration suggested low revisitation
rates of marking sites that could be related to home ranges unstable over time. Furthermore, traditional
techniques tracked several negative sites on many tributaries in the south-eastern part of the region,
suggesting that the process of saturation of suitable habitats within Liri river catchment is still ongoing
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(Chapman & Byron, 2018).

Differently, along these tributaries, gqPCR eDNA unveiled the presence of some otters. As otter DNA is present
but no spraints have been used by otters to mark their presence to other individuals, these occurrences may
refer to wandering individual displaying dispersal behaviours and exploring new territories. Sprainting
behaviour is known to be used in otters for marking their presence to other otters in well-established ranges
and when home ranges overlap for communication purposes (Kruuk, 2006; Sittenthaler et al., 2020). gPCR
eDNA, after all, is recognized as a powerful and sensitive technique to reveal species presence, able to catch
also few individuals sustaining long dispersal movements (Richardson et al., 2016; Stewart & Taylor, 2020;
Tesson & Edelaar, 2013). The sensitivity of gPCR eDNA to detect otter has been evidenced also in the Tiber
river catchment, where otter occurrence was revealed along the tributary river Paglia very far from the range
boundaries of the species. We believed that also this datum can be generated by dispersing individuals. A
very recent finding collected after the study period with camera-traps along the river Tiber confirmed this
supposition (Cervoni et al., 2024). Furthermore, a direct observation in the adjacent river catchment (i.e.
Fiora river) may have tracked the same individual still dispersing in new territories
(http://therio.unimol.it:8080/lontra/). eDNA indeed perfectly coupled traditional field techniques in the
northern part of the study area, confirming the absence of otter where a remnant unviable population
occurred until 2000 and was declared extinct (Reggiani et al. 2000; Panzacchi et al., 2011). Finally, eDNA
revealed positive sites at river mouths where traditional field techniques failed, shedding light on the
importance of coastline areas and estuarine environments in otter movements (Delibes-Mateos et al., 2014;
Parry et al., 2011). As these areas are close to the range boundaries, we believed the colonization process
may have been proceeded from the river mouth across the seacoast and the channels along the littoral zone.

Our statistical analysis underlined how a gPCR-based eDNA method is more sensitive in revealing otter
presence. Specifically, compared to traditional field methods, our eDNA technique showed to particularly
efficacy at sampling site scale. This can be explained by the concept of the river as a conveyor belt of
molecules shred by organisms many kilometres upstream (Deiner et al., 2016). Hence, the probability to
detect a species with eDNA is very high even where the species is not physically present onsite, and can also
lead to a mismatch with presence/absence results gained with other techniques, such as the standard
surveying (Eiler et al., 2018). Indeed, in our case, the reliability of traditional techniques increases when
transect lines rise in number and are displaced at higher distances. This also suggests that standard surveys
can be strongly influenced by false absences (Balestrieri et al., 2011; Janssens et al., 2006; Jeffress et al.,
2011). Locally, accessible substrates for otter marking activities vary in numbers and availability due to
riverbank morphology and hydrology conditions (Almeida et al., 2012; Balestrieri et al., 2011; Hong et al.,
2022). Such observations confer to the site selection a primary importance to explain differences between
eDNA and traditional techniques performances in water bodies where no substates for otter sprainting are
surfacing, such as along artificial channels (Elmeros & Bussenius, 2002). eDNA was also more proficient to
reveal otter presence at the mouth of the rivers where river sections are wide, emerged substrates are
excessively numerous, and difficult to investigate even with a canoe. eDNA is completely independent,
unconstrained by morphological variables of the river such as available substrates for marking behaviour,
and gives also the opportunity to explore river sectors that are not walkable, without using cumbersome
equipment such as a boat to navigate in deep waters. eDNA is not particularly hindered by topographical
factor, offering great potential to monitor elusive species in harsh environments, but its results can be
affected by other environmental parameters through inhibition mechanisms, mainly operated by chemical
water variables and microbial communities (Barnes & Turner, 2016; Saito & Doi, 2021; Schmidt et al., 2021).
Environmental DNA assessment on otters proved to be particularly efficient in otter detection without being
influenced by no parameters related to water chemistry (Jamwal et al., 2023).

A quantitative approach to eDNA also proved to be more fast and cheap compared to traditional techniques
for species detection, and for otter monitoring as well (Giovacchini et al., submitted; Sigsgaard et al., 2015;
Thomas et al., 2020). An estimation of time and cost for otter monitoring undertaken on our 17 sampling
sites in Central Italy revealed that gPCR eDNA requires 14 days and 1,800 € having a lab already set, and
transect lines 6 days and 2,116 € (Giovacchini et al., submitted; Suppl. Mat. 3). gPCR eDNA is well known to
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represent be a cost-effective alternative method to biological monitoring, and to save finances and time,
especially when species-specific eDNA assay are already designed and ready to be used (Johnson et al., 2024;
Thalinger et al., 2021). Cost-effectivity evaluations for wildlife sampling techniques often consider also the
accuracy of the method. Transect lines conducted on 17 sites only turned out to be not efficient in
determining otter presence. As a matter of fact, otter standard surveys require the check of a group of 4
sampling sites for each cell-grid with an extension of 10 km-side, turning out in the need for a considerable
number of transect lines and making the traditional field technique highly time-demanding (Reuther et al.,
2000). Indeed, in our experience, in the unique area where we found otters along Liri river, 7 sites sampled
with eDNA outperformed 141 sites surveyed with traditional techniques. This is automatically translated in
saving time for wildlife assessments, as the time we expended in water sampling was 2 days only against 35
days for transects looking for otter tracks.

The evidence of otter range expansion along the Tyrrhenian side of Central Italy draws attention to the urgent
perimeter of new protected areas along the course of water bodies affected by the presence of a species of
Community Interest, i.e. Liri river. Conservation measures directed to apex predators, such as the Eurasian
otter defined as an umbrella species, can positively benefit enhance the freshwater biodiversity of river
ecosystems (D. W. Macdonald et al., 2018). Ecological assessments can be undertaken along polluted rivers
where otter conservation may be affected from biomagnification processes, from new contaminants to
microplastics (O’Connor et al., 2022; Wainstein et al., 2022; Giovacchini et al., 2023). Alternative species-
specific conservation actions involve community-based initiatives that can be launched to prevent the raising
of human-otter conflict in vulnerable locations (Liordos et al., 2019; Sales-Luis et al., 2009).

Molecular approaches demonstrated once again the high sensitivity of eDNA in revealing species presence
at low traces and the potentiality to guide wildlife conservation (Porco et al., 2022, 2024). Quantitative PCR-
base investigations afford several advantages on tracking rare and elusive species, from unharmful
procedures to quicky collection operations. The employment of eDNA techniques is therefore crucial to
monitor expansion stages of highly wandering mammals, even in unusual environments difficult to explore
in their integrity (Hobbs et al., 2019; Valsecchi et al., 2022). However, it is pivotal to adopt an integrated
approach coupling Edna with traditional survey methods that rely on more robust data (e.g., having small
spatial resolution) to provide sound decisions in wildlife conservation (Sales-Luis et al., 2009; Tolra et al.,
2024). Adopting a strategic view, eDNA can be used to optimize monitoring on large areas where the
expansion of endangered species is expected. After species has been noticed, traditional techniques can be
introduced to collect data and rapidly inform conservation actions to preserve new populations of
endangered and rare species.
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Supplementary materials

Supplementary material S1. Layers, reclassification and source used to produce an expert-based habitat
suitability model along the rivers of the Latium region.

Layer

Reclassification

Source

Altitude

>2000 m.a.s.l.=0
1500 - 2000 m.a.s.l.=1
1000 - 1500 m.a.s.l. =2
500 -1000 m.a.s.l.=3
0-500m.a.s.l.=4

Tarquini et al. 2023

Slope

>70°=3

Tarquini et al. 2023

Land cover:

artificial surfaces

Urban and industrial fabric =0

De Fioravante et al. 2022

Land cover:

agricultural areas

Arable lands =1
Pastures=1

Fruit trees=1

Olive groves =1
Vineyards = 1
Agro-forestry areas = 1

De Fioravante et al. 2022

Land cover:

forest areas

Coniferous forest = 2
Broad-leaved forest = 3

De Fioravante et al. 2022

Land cover:

semi-natural areas

Natural grasslands = 1
Shrubs =3

De Fioravante et al. 2022

Land cover:

open spaces

Beaches, dunes, sands =1
Bare rocks and cliffs = 3
Glaciers and perpetual snow =0

De Fioravante et al. 2022

Land cover:

wetlands

Wetlands = 3

De Fioravante et al. 2022

Land cover:

water bodies

Permanent water bodies = 3

De Fioravante et al. 2022

Supplementary material S2. Expert-based habitat suitability model results distinguished per suitability
classes and relative amount of surface.

Suitability class Sg-km
unsuitable 497,36
low 268,65
medium 7,93
high 183,83
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Supplementary material 3. Cost and time estimate of this eDNA case

Italy across 17 survey sites and 2 validation sites.
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Abstract

The quantitative PCR (qPCR) environmental DNA (eDNA) is a species-specific approach to
environmental DNA monitoring that allows a higher sensitivity compared to eDNA metabarcoding.
This approach allows the simultaneous detection of multiple species, thus providing a new accurate
tool for large scale monitoring, especially of freshwater biodiversity. Here we present some
guidelines to plan and implement a monitoring project on freshwater species based on gPCR eDNA,
focusing on the sampling design, field sample collection, and DNA filtering operation. The guidelines
do not go into detail of other phases of an eDNA project, such as the amplification of eDNA, or the
design of genetic assays as these are largely available in the literature. The guidelines include an
introduction to gPCR eDNA, practical issues related to sampling strategies and techniques, and
advices on species and sampling sites selection. We then discuss pitfalls and limitations to be
accounted when planning eDNA — based monitoring.
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1. Introduction

The vertiginous pace at which we are witnessing the continuous loss of biodiversity has become
increasingly rapid over the past decades. Ecosystems around the globe and also the natural capital
supporting human life on this planet are paying for it. However, the anthropogenic impacts that
have led to these deleterious consequences have not affected the different natural environments
in a uniform manner. Among these, indeed, freshwater ecosystems are probably the most
threatened on the planet (Ahmed et al. 2022).

Understanding the state of environments is crucial for planning and implementing recovery
programs that also consider biological components. Monitoring aquatic environments along the
time, for example, allows to inform any changes on freshwater endangered species. However,
monitoring efforts often don’t focus on one of the most impactful threats to freshwater ecosystems,
that is the invasion of non-native species, almost occurring worldwide. Tackling this issue is of vital
importance to guarantee the health of inland water systems, as it has been widely demonstrated
that a rapid eradication of the initial stages of a colonizing population is the most effective method
to face the banalization of biological communities caused by the arrival of alien species (Kluever et
al. 2023). For this aim, it is essential to carry out a sound framework of surveillance programs to
monitor the arrival of those alien species that are most likely to occur in the habitats of interest. The
complexity to quickly reveal new colonization events with a sampling campaign is mainly caused by
technical-scientific challenges, particularly related to the sensitivity of the sampling method.

Conventionally, sampling techniques applied to freshwater fauna often prove insufficiently
sensitivity in detecting low-density populations, a typical condition experienced during the early
stages of a colonization process. These methods generally involve capturing individuals, using traps
or nets in the case of reptiles, or electrofishing in the case of fish, or indirect contact by detecting
vocalizations, in the case of amphibians. Capture, specifically, is a species-specific or taxon-specific
method that rarely leads to an integrated assessment of the animal community. Moreover, it
requires a very intensive sampling effort, and direct handling can also cause stress and potentially
harm individuals.

Genomic techniques based on the detection of environmental DNA are a highly effective non-
invasive method for investigating the presence of animal and plant species over large areas and in
short periods of time. They can be applied to several environmental matrices: water, air, soil, snow,
biofilms. Their potentiality lies in the fact that they don’t require a direct contact with organisms or
they don’t imply slow tracking for indirect presence signs. This is particularly useful for detecting
rare species that live at low population densities, exhibit elusive behaviours, or are difficult to locate
due to their small size. Additionally, they also allow for the simultaneous analysis of the presence of
multiple species, even if they belong to very different taxa, thereby providing insight somehow of
the animal community within a specific area.

Environmental DNA offers two approaches to study the biodiversity: the species-specific approach
and the metabarcoding. The species-specific approach allows studies targeting either the detection
of a single species or the simultaneous detection of multiple species. As a result, presence/absence
data are determined for all target species. This approach is often used for cryptic or rare species, or
for invasive species in the early stages of invasion, in order to alert management authorities and
attempt to contain or eradicate the population. The species-specific approach provides a focused
understanding of few elements of the animal and plant community, but with a very high level of
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taxonomic accuracy. This is justified because it has proven that this approach is more sensitive
compared to metabarcoding, empowering its use to reveal species at very low densities. Finally, the
use of PCR (Polymerase Chain Reaction) makes this method very easy and fast to be implemented
both in the field and in the lab. These two criteria are of paramount importance for the local
authorities that are in charge of environmental protection and aim at routinely control their
territory. Monitoring, especially those that are mandatory (i.e., Habitats Directive 1992/43/EEC), are
easier if they are faster, and the eDNA species-specific approach can punctually inform for rapid
management responses.

The metabarcoding approach offers a completely different view of the community composition of a
biotope. It's a methodology that provides a broader, more general picture of biodiversity, but
generally applied with a less detail, as identification may generally reach only broad taxa (e.g. the
Family level), but can also be pushed up to the Species level (Andres et al. 2023). The community of
a specific biotope is thus described in its entirety, but from a taxonomic perspective. While it allows
for a quantification of biological diversity, it is rarely used to determine which specific species make
up the community.

Environmental DNA-based techniques provide a valuable tool for the rapid and simultaneous
monitoring of many taxa, including elusive, cryptic, or phylogenetically distant species. They are
useful for updating databases, reconstructing distribution ranges, defining species richness and
abundance indices, studying communities, and the early detection of exotic species and wildlife
pathogens (Porco et al. 2024).

This method is so powerful that it has been routinely adopted by local agencies of United States for
water monitoring (USGS - United States Geological Survey). Aggregated biodiversity indices based
on eDNA have also been proposed for monitoring required by water protection regulations
(Apothéloz-Perret-Gentil et al. 2021; Curtis 2022). Europe is also recently experiencing a similar
effort to incorporate environmental DNA among the techniques used for water monitoring as
mandated by the Water Framework Directive (2000/60/EC), for the demographic monitoring of
harvested species, and for environmental impact assessments (Leese et al. 2018). However, to
obtain reliable results applying these techniques and to integrate them within the operational
framework of monitoring, it is necessary to standardize the methodologies and calibrate them with
traditional methods (Pilliod et al. 2019).

Recently, scientific community has been focusing on bridging the knowledge gaps regarding the
ecological parameters that affect the environmental DNA, whose understanding is crucial for
increasing the accuracy of the results. The role of scientific research also consists in developing and
testing new technologies that will enable faster and more accurate results, with reduced costs.
These include field sequencers, metagenomic approaches that do not involve the PCR phase, and
tools for the rapid assessment of species. However, even today, the potential of techniques based
on environmental DNA represents a ready-to-use tool ready for public agencies responsible for
environmental protection and biodiversity monitoring, even more as supported by an incredible
amount of scientific literature.

With this document, we aim to present guidelines that enable to plan and implement a monitoring
project on freshwater species using a species-specific eDNA approach.

Setting up an environmental DNA study, may entail the arise of several strategic, logistical, scientific,
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technological, and economic issues. A typical workflow of a project aiming at the detection of the
environmental DNA is illustrated in Fig. 1. For each phase of the work, the necessary resources,
timelines, and potential issues must be carefully assessed.

Before the collection of eDNA in the field with a sampling campaign, it is advised to choose a
sampling design whose criteria depend on several factors. After collection, eDNA should be isolated
from water, mainly by filtration, in order to be extracted with opportune procedures. At this stage,
eDNA can be amplified through quantitative PCR to reveal species presence, and inform
conservation strategies. eDNA amplification can be rapidly implemented if the genetic assays (i.e.,
primers and probes) of the species is already available in the scientific literature, otherwise an
appropriate phase must be dedicated to design novel assays. New primers and probes have to be
carefully selected on genetic databases and their efficacy has to be confirmed with three different
validations check candidate sequences against genetic databases, using target species tissues, and
finally using environmental samples collected in areas with ascertained species presence and
species absence.

Each of these phases will be explained more in detail in the following chapters, documented by data
derived from a study carried out by the University of Molise in central Itay, as part of a project
funded by Latium Region through the Rural Development Program (RDP) 2014/2020 of Latium
Region (Measure 7.6.1).

: : genetic assays screening of
[ sampling design ] already available in = digital genetic banks
| scientific literature ‘

[ eDNA sampling ] vEs | selection of
| /-‘" DNA sequences

[ eDNA extraction ] —
assay validation on
| candidate sequences
\ ™ e
speCIes-speCIflc ’_’,/ in silico
am pliﬁcation «— on sequences registered
(quantitative PCR) |+———— in genetic banks
™ in vitro
\ on tissues belonging to
A target and congeneric
species \ species
identification \ e
\‘ on positive and negative
A eDNA samples

interpretation of

biological data \ /

Figure 1. Workflow of a species detection study using environmental DNA-based techniques.
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The ecology of environmental DNA. Consequences on sampling strategy and
techniques.

Environmental DNA (eDNA) can appear in freshwaters in the form of DNA molecules released into
the environment by an organism through its cellular exudates, such as eggs and sperms, blood, or
skin, hair and other epithelial cells shed with faeces, urine, saliva, and tears (Rees et al. 2014). A
second way in which eDNA can be present is in the form of DNA protected within subcellular
organelles after the cells have undergone degradation, such as mitochondria, nucleus, and
ribosomes for RNA. A third source of eDNA consists of free DNA dispersed directly into the
environmental matrix. Environmental DNA, thus defined as extracellular DNA or extra-organism
DNA, is distinguished from the DNA composed of cells or entire organisms that are sampled together
with the environmental sample, for which we refer to as organismic DNA.

The probability of detecting the environmental DNA of a given species in freshwaters is influenced
both by biotic and abiotic factors (Randall et al. 2023). The release of DNA into the environment can
vary from species to species and is related to biomass, abundance, activity levels, life stages, and
population density (Rees et al. 2014, Goldberg et al. 2016, Stewart 2019). Differences in the level of
DNA dispersion in the environment often cause a variability in the detection probability over time
and space (Randall et al. 2023). This is caused by factors including season (Goldberg et al. 2011,
Buxton et al. 2017b, Franklin et al. 2018, Takahashi et al. 2018), watercourse type (lentic or lotic,
Deiner et al. 2016, Hanfling et al. 2016), pH (Strickler et al. 2015, Seymour et al. 2018), turbidity
(Wineland et al. 2019), water temperature (Takahara et al. 2012, Strickler et al. 2015, Buxton et al.
2017b, Saito and Doi 2021), substrate (Buxton et al. 2017a), and exposure to radiation (Pilliod 2014,
Strickler et al. 2015).

These parameters describe a kind of "ecology" of environmental DNA, as they have a direct effect
on:

- the production of environmental DNA

- the way with which DNA is transported and mobilized into the environment
- the speed at which DNA is degraded

- DNA inhibition.

These factors must be combined with the parameters that influence species presence, both in
spatial terms (suitable habitats) and temporal terms (species phenology). Considering these factors
is extremely important, as they can influence the interpretation of results.

Unlike methods that provide direct presence data of a species, through direct (i.e., trapping) or
indirect observations (i.e., presence signs) during a specific period, environmental DNA involves a
certain degree of uncertainty both about the precise location of the DNA's origin and the time frame
in which the DNA was released (Randall et al. 2023).

In studies based on molecular data, there is also the possibility of fall into the so-called false
absences (i.e., where a species is not detected despite being present) and false presences (i.e.,
where a species is detected in a location where it is not actually present). False absences can be
caused by a premature degradation of eDNA or are due to a low concentration, whereas false
presences are primarily caused by the movement of DNA between different environments, due to
either anthropogenic or natural factors, or contamination between samples during the study (Kéry
and Schmidt 2008).
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Factors influencing the probability of detecting eDNA are summarized in Fig. 2. In the following
sections, we will explore more deeply how to optimize a sampling campaign addressed on
environmental DNA.
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Figure 2. Biotic and abiotic factors influencing the probability of detection (detectability) of environmental DNA (modified from
Strickler et al. 2015; Barnes and Turner 2016).

1.1 Production and detectability

Environmental DNA is primarily released into nature in the form of cells and tissues that later may
also fragment and release DNA into the environment. In aquatic environments, cells and tissues are
lost through faeces, which is an important mechanism for detecting terrestrial organisms living in
surrounding habitats. Other sources include mucous secretions from the skin (e.g., amphibians,
fish), decomposing carcasses, and eggs and sperms during mating seasons (Martellini et al. 2005;
Ficetola et al. 2008; Jerde et al. 2011). This process defines what is known as the production of
environmental DNA. The probability of detecting a species using environmental DNA increases in
relation to the amount of DNA produced by the species. Higher concentrations of eDNA reduce the
likelihood of false absences.

Among variables that are mostly correlated with an increase of eDNA production there is the
population biomass of the target organism, and his proxy variable, the population size (Pilliod et al.
2014, Maruyama et al. 2014). The correlation between population size and the number of eDNA
copies dispersed into the environmental matrix is so evident that eDNA has also been used to
estimate population sizes (Thomsen et al. 2012; Takahara et al. 2012; Pilliod et al. 2013; Levi et al.
2019). However, the relationship between eDNA concentration and population density must be
evaluated with caution, as the amount of DNA released into the environment may also be related
to the source and not necessarily to the concentration of individuals (e.g., in the case of carcasses
in water) (Randall et al. 2023).
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eDNA detectability is also influenced by species metabolism. Changes in metabolism during the
ontogeny of certain species result in growing juveniles shedding more tissue compared to other
segments of the population, maximizing their contribution to DNA production and thus enhancing
detectability despite lower biomass values (Maruyama et al. 2014; Iversen et al. 2015; Schmidt et
al. 2021a). Metabolic changes can also be indirectly caused by variations in abiotic factors. For
instance, increased eDNA production is associated with rising water temperatures. This is a clearly
seasonal phenomenon due to fluctuations of air temperature and implies that during summer (in
norther hemisphere), eDNA production by organisms significantly increases compared to winter
(Schmidt et al. 2021; Lacoursiere-Roussel et al. 2016). A similar phenomenon has also been observed
in plants (Pote et al. 2009).

eDNA detectability can also vary based on wildlife behaviour. Higher rates of eDNA production are
associated with more pronounced feeding activities, that are individuals that spend more time
searching and manipulating food (Klymus et al. 2014). In these cases, it is likely that the release of a
greater amount of eDNA is due to increased metabolic rate resulting in a higher rate of turnover of
cells and tissues, consequently lost into the environment. Additionally, the presence of stressors can
lead to an increase of up to 100 times in the number of eDNA copies (Sassoubre et al. 2016; Jo et al.
2019; Maruyama et al. 2014; Thalinger et al. 2021). Therefore, organisms that are stressed, warm,
and active tend to release larger quantities of eDNA.

The amount of eDNA varies according to the taxonomic group. Fish, amphibians, and molluscs
release large quantities of DNA into freshwater environments. Mammals, both semi-aquatic and
terrestrial (such as lagomorphs, ungulates, mustelids, and talpids), can also be efficiently detected,
especially using the eDNA metabarcoding approach (Jamwal et al. 2021; Broadhurst et al. 2021).
The results are highly heterogeneous among different species but highlight the potential
applications of the phenomenon that describes rivers as conveyor belts of terrestrial wildlife DNA,
likely due to the runoff of rainwater over the soil (Deiner et al. 2016; Sales et al. 202043, b).

Conversely, arthropods and reptiles seem to be more difficult to detect using eDNA-based
techniques, likely due to their exoskeleton or hyper-keratinized skin, especially when present at low
densities (Treguier et al. 2014; Allan et al. 2020; Adams et al. 2019; Curtis 2020). It has also been
hypothesized that ectothermic animals may have a lower detection probability due to their low
metabolic rates, which result in reduced eDNA production (Bruce et al. 2021).

At high population densities and with the use of specific filtration and extraction protocols (Geerts
et al. 2018, see Section 6 and 7), eDNA-based approaches have also been used to estimate the
abundance of crustacean and freshwater reptile populations (Lam et al. 2019; Kakuda et al. 2019),
and progress is being made even at very low densities (King et al. 2022).

1.2 Persistence and degradation

DNA has a scarce chemical stability and, depending on environmental conditions, begins to degrade
immediately after its release into the environment (Lindahl 1993). Its persistence in the
environment depends on the characteristics of the DNA (such as conformation, length, and
association with other cellular organelles that have additional protective membranes, like
mitochondria), the abiotic environment (temperature, light, pH, oxygen, salinity, substrate
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composition), and the biotic components present in the environment (microbial community
composition and activity, extracellular enzymes). Additional forms of DNA degradation include
mechanical fragmentation (e.g., turbulence in water) and chemical degradation (Barnes and Turner
2016).

Once released, DNA starts fragmenting, first mechanically and then through the action of
extracellular enzymes and spontaneous chemical reactions. An initial fragment of tissue reduces
first into several cells, then it separates into various subcellular organelles, and finally it is reduced
into free extracellular DNA (Harrison et al. 2019). The intensity of degradation in specific conditions
allows researchers to select the types of molecules to be targeted during sampling phase, and thus
to optimize eDNA collection strategies (Turner et al. 2014; see Section 2.4 on eDNA available for
detection). Different cellular districts exhibit different decay rates and different time intervals in
which their DNA is detectable (Shogren et al. 2018; Eichmiller et al. 2016b; Bylemans et al. 2018).

When detected through water, DNA can persist from a few days to several weeks, or even up to a
month. In experimental conditions, 80% of the eDNA is degraded within the first three days and 90%
within the first ten days, but a significant amount of eDNA (>5%) can remain detectable for up to 58
days (i.e., in the 4% of the sample; Strickler et al. 2015). Experiments conducted in natural settings
confirm a persistence time for eDNA of 17 days, beyond which the detection probability drops below
5% (Dejean et al. 2011). In general, the average persistence time is one to two weeks. However, the
time frame in which eDNA can remain detectable in aquatic environments depends on
environmental contexts (Dejean et al. 2011; Piaggio et al. 2014; Dunker et al. 2016).

A significant difference arising from environmental contexts is the type of habitat. In flowing waters,
DNA appears to persist less than in lentic systems, likely because it is physically transported away
from the release point (see Section 2.3 on transport and dispersion of eDNA). Persistence in lotic
environments is particularly low in smaller watercourses, ranging from 1-2 days (24 hours: Deiner
et al. 2016; 43 hours: Seymour et al. 2018; 48 hours: Balasingham et al. 2016). Such persistence
values are very similar across different taxa, suggesting that the dynamics of DNA degradation are
comparable among various species, a phenomenon particularly relevant for the applied implications
of eDNA-based techniques in community studies. However, in lotic environments, most of the DNA
(>90%) is lost within much shorter time frames, even within the first three hours (Seymour et al.
2018) or within just a few minutes (Jerde et al. 2016; Wilcox et al. 2016).

Among the abiotic factors influencing DNA persistence in the environment is the penetration of
sunlight in the water column. Sunlight can cause damage to DNA, especially from light falling within
the ultraviolet radiation spectrum (Ravanat et al. 2001; Pilliod et al. 2014). UV-B radiation is the
most energetic component of the solar radiation that reaches the surface of our planet, and it is
considered by many to be the most harmful for aquatic environments. However, it penetrates the
water column only few centimetres (Hader et al. 2003; Diffey et al. 2002). In contrast, UV-A rays,
which have lower energy and a negligible effect on eDNA degradation, have a wavelength that
allows them to penetrate water at greater depths. Depending on the suspended particulate matter
absorbing this wavelength, UV-A can penetrate from few centimetres in eutrophic lakes to 10-20
metres in oligotrophic lakes (Kirk 1994). The impact of radiation is considered significant enough
that algal cover, which can help reduce sunlight penetration, is a parameter often evaluated by
eDNA experts in studies of eDNA ecology (Lance et al. 2017). Actually, many of these studies have
shown that solar exposure has no direct effect on eDNA detectability, neither in terms of UV-A nor
UV-B, but rather in terms of the indirect increase in the temperature of water subjected to solar
radiation (Andruszkiewicz et al. 2017; Machler et al. 2018). In this way, solar radiation significantly
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influences eDNA persistence only in aquatic ecosystems exposed to consistent radiation, such as
those at high altitudes or closer to the equator (Godar 2005).

Water temperature indeed appears to be the most important environmental factor determining
eDNA decay times. At higher temperatures, DNA degrades faster (He et al. 2015; Strickler et al.
2015). Numerous studies confirm this hypothesis, demonstrating that eDNA persists better in winter
than in summer (Lacoursiére-Roussel et al. 2016; Pilliod et al. 2014). However, it is not a matter of
direct influence among temperature and eDNA. Temperature has a direct effect on eDNA
denaturation only at very high values (e.g., >50 °C), which rarely occur in the natural contexts of
intermediate latitudes and even more unlikely to influence waters and their buffering power in
response to thermal stress. It remains unclear whether temperature directly causes the degradation
of DNA released into the environment or if it rather has an indirect influence on other environmental
factors responsible to causally promote eDNA degradation. Temperature has not been found to be
significant in regulating eDNA persistence in many case studies (Andruszkiewicz et al. 2017; Seymour
et al. 2018). Therefore, it is likely that key factors determining eDNA degradation over time are
others, such as microbial activity or pH (Strickler et al. 2015; Tsuji et al. 2017; Machler et al. 2018;
Seymour et al. 2018).

Microbial activity is directly influenced by temperature. High rates of microbial activity potentially
lead to a significant degradation of eDNA due to the high metabolic activity of microorganisms and
to the kinetic reactivity of extracellular enzymes belonging to the exonuclease family (Tsuji et al.
2017; Saito and Doi 2021). Recent studies have shown that microbial activity is likely the most
important environmental factor influencing the persistence of eDNA. This conclusion is supported
by research that has observed that fish eDNA decreases exponentially over time in both freshwater
and saltwater environmental samples, but not in sterile water samples (Eichmiller et al. 2016a; Saito
and Doi 2021). Several mechanisms illustrate how microbial activity reduces the persistence time of
eDNA in water. Firstly, it directly contributes to enzymatic hydrolysis by producing degradation
enzymes (exogenous nucleases or exonucleases) that break down DNA into smaller components
(Lindahl 1993; Torti et al. 2015). These extracellular enzymes, such as nucleases, are found in a free
form in aquatic ecosystems and can also be released by macroscopic organisms (Bochove et al.
2020; Nukuzawa et al. 2020). Secondly, DNA can be directly assimilated by microbes: under nutrient-
poor conditions, such as scarcity of phosphorus, microbes can secrete DNA-degrading enzymes to
convert DNA strands into phosphate and secondary waste products (purines and deoxyribose: Salter
et al. 2019). Additionally, some waste products from bacterial activity, such as urea, can decrease
the stability of eDNA molecules by weakening covalent bonds and facilitating their degradation (Yin
et al. 2019). However, in some cases, particularly concerning plants, a positive influence of microbial
activity has been observed, which increases the release of DNA from plant matter in river sediments
and enhances detectability (Pote et al. 2009).

pH of waters has also a strong influence on eDNA detectability. It has been observed that eDNA
retrieval decreases dramatically below a pH value of 6 (Seymour et al. 2018; Schmidt et al. 2021).
The structure of DNA is indeed very stable under favourable conditions (anoxia and low humidity,
half-life estimated about 500 vyears), it decays very quickly, even within a few minutes, in
environments that have low pH values and high levels of oxygenation (due to oxidation and
hydrolysis: Lindahl 1993; Allentoft et al. 2012; Torti et al. 2015). In other cases, eDNA has also been
detected at low pH values (e.g., pH=4). This suggests that pH may influence the persistence of eDNA
only in synergy with other environmental factors (Strickler et al. 2015). Evidence for this comes from
a controlled environment study indicating that pH has no effect on DNA persistence (Bochove et al.
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2020). Among the variables that may interact with pH are microorganisms. The most favourable
environment for the explosion of microbial activity is observed at neutral pH values, which
consequently leads to a decrease in DNA persistence in the environment (Strickler et al. 2015).
Finally, there is also an interaction between pH and sediment type, as the adsorption of eDNA by
the residual electrostatic charges of clay particles is facilitated at low pH values (Goldberg et al.
2015).

Suspended sediment indeed can protect eDNA and increase its persistence in the environment
(Taberlet et al. 2018; Gutierrez-Cacciabue et al. 2016). For instance, adhesion to clay particles
requires up to ten times the concentration of extracellular enzymes to achieve effective eDNA
degradation because it prevents the double helix from opening or alters the conformation of the
molecule, making the DNA unidentifiable to degrading enzymes and protecting it from chemical
damage (Khanna and Stotzky 1992; Stewart and Taylor 2020, in Joseph, 80-81). Furthermore, clay
and sand particulates also absorb extracellular enzymes, inhibiting or inactivating them and
reducing the concentration of active enzymes in the environment (Khanna and Stotzky 1992). The
presence of sediment thus makes eDNA more persistent and facilitates detections even outside the
species' active period. For example, eDNA from migratory fish has been detected in water only for
a few days after migration, while it has persisted in sediment for over four months (Sakata et al.
2020). However, this creates a series of disadvantages that reflect on the temporal resolution of
presence data, as well as with the possibility of false positives in the case of mobilizing ancient well-
preserved DNA from sediment.

eDNA molecules also bind to molecules in the humic acid family. In lakes with high concentrations
of humic substances, the concentration of enzymes required for effective DNA degradation is 100-
1000 times higher than that of free eDNA forms (Lance et al. 2017).

In conditions of high oxygen concentration, eDNA molecules degrade rapidly. Oxygenated waters,
such as particularly turbulent flowing waters (high mountain creeks), could therefore represent
unfavourable conditions for eDNA persistence. However, dissolved oxygen concentration is a factor
that interacts with other environmental variables. Conditions of oxidative stress are observed, for
example, in the presence of high temperatures. These conditions promote the decomposition of
organic matter and the consequent production of reactive oxygen molecule species, decreasing
eDNA persistence (Harrison et al. 2019).

Finally, the presence of specific chemical compounds, such as insecticides (diazinone,
hexachlorocyclohexane), decreases eDNA persistence by causing direct degradation, deforming the
structure of the molecule, and facilitating degradation by extracellular enzymes present in the
environment (Eichmiller et al. 2014; Pourmoghadam et al. 2019). Antibiotics, which often spread in
water through wastewater, form metal complexes that increase hydrolysis by 5.2x10’ times and
rapidly degrade DNA (Sreedhara et al. 2000; Sreedhara et al. 2001).

1.3 Transport and dispersion

DNA released into aquatic environments is susceptible to the water movements and currents of
water bodies. Therefore, the study of hydrology is of primary importance for understanding the
transport dynamics of eDNA and for inferring the presence and spatial distribution of species from
the point where their eDNA is detected.
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In lakes and lentic systems, the spatial dispersion of eDNA is limited to the order of hundreds of
meters (Ghosal et al. 2018; Goldberg et al. 2018; Dunker et al. 2016). Vertically in the water column,
DNA has greater mobility since it tends to sink due to gravity and accumulate in deeper layers
(Maclntyre et al. 1995; Turner et al. 2015). In particular, it has been suggested that faecal matter
and the residual DNA it contains tend to accumulate in the lower layers of the water column.
Therefore, to sample viable populations (i.e., non-ancient DNA), the optimal strategy is to focus on
collecting water from the surface layers (Wotton and Malmqvist 2001; Kamoroff and Goldberg
2018). However, it should be noted that lentic systems in Mediterranean regions are often
predominantly monomictic lakes, with water circulation and mixing of layers occurring once a year.
This can lead to homogenization in the spatial distribution of eDNA, making it more easily detectable
but also mobilizing ancient sediment from the bottom. In summer, on the other hand, waters stratify
at different density values, and eDNA degradation in the surface layers of the epilimnion is much
faster, while in the deeper layers (hypolimnion) it is almost nothing (Rawlence et al. 2014).

In rivers and lotic systems, by contrast, the spatial distribution of eDNA is made more homogeneous
by water turbulences, which continuously mix water columns (Pont et al. 2018). eDNA tends to be
transported downstream by the current, but its dynamics have not yet been accurately
reconstructed. Since the particles of eDNA sampled often have a diameter between 0.2 um and 10
um, eDNA molecules can be categorized as fine particulate organic matter (0.5 um — 1 mm). Some
models of eDNA transport in river environments seem to describe results very similar to the
transport dynamics of fine particulate organic matter (Sassoubre et al. 2013; Allan and Castillo 2007;
Webster et al. 1987). These models estimate an average transport distance of eDNA between 100
m and 100 km (Jane et al. 2014; Wilcox et al. 2016; Deiner et al. 2016; Song et al. 2017; Pont et al.
2018). Within these models, it seems relatively easy to incorporate eDNA decay time or current
velocity to estimate eDNA transport distances, while it is more difficult to consider other variables
affecting eDNA transport, such as retention and resuspension, which are seen as more stochastic.
In lotic bodies, DNA also tends to settle by gravity on the riverbed and bind to the substrate (Turner
et al. 2015). Such molecules can persist in the substrate, be transported in the hyporheic water flow,
infiltrate groundwater especially in karstic areas (thus exiting the river system and becoming
undetectable in that environmental context), or be resuspended in the water column (Schogren et
al. 2017; Turner et al. 2015). Some studies suggest that eDNA retention is a factor that
predominantly limits eDNA dispersion compared to degradation (Shogren et al. 2016; Shogren et al.
2018; Shogren et al. 2019). Resuspension, on the other hand, leads to the presence of false positives
regarding temporal resolution and may also be a possible explanation for unexpectedly long DNA
persistence times (Tillotson et al. 2018).

Case studies suggest that the distance at which an eDNA signal can be detected is species-specific.
For some fish, maximum eDNA detection distances have been found to be around 250 m, while for
bivalves of the genus Unio, the spatial resolution of detection is greater (9 km), reaching even higher
distances for amphibians (20 km) and fish (100 km) (Deiner et al. 2014; Jane et al. 2014; Villacorta-
Rath et al. 2021; Pont et al. 2018). However, it is unrealistic to extrapolate information from case
studies for accurately define the transport dynamics, at least since the use of different approaches
provide incomparable data, such as in the case of technologies using a filtering water volume 30
times higher than the standard. In other cases, it has been suggested that the entire river community
eDNA-detectable changes every kilometre or so (2-3 km: Civade et al. 2016).

Seasonality of stormwater also impacts the distance at which eDNA is detected. It decreases both
during dry periods and during flood events, in the latter case likely due to significant dilution (Jane
et al. 2014; Staley et al. 2018). During rains that do not constitute true floods, it is likely the best
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time to sample flowing waters for terrestrial species as well (Denier et al. 2016).

1.4 eDNA available for detection

DNA can be detected in the form of cells or subcellular organelles, or it can exist as free DNA or
adsorbed onto fine particulate matter. These different states in which eDNA appears have varying
molecular sizes. Understanding the state with which DNA occurs in the environment can be crucial
for developing an effective eDNA sampling strategy (Jo 2023).

The length of eDNA determines the surface area available for enzymatic attack and also influences
the ability to bind to other particles in the environment, which in turn affects the probability of
persistence, both positively and negatively (Wei et al. 2019). Finer sediments, such as clay, are the
most efficient at retaining eDNA due to the conductivity between particles, a greater binding area
offered by the surface of the particle compared to other grain sizes (e.g., sand), and the enrichment
in iron hydroxides that allows for a maximum adsorption of 10 pg/g of eDNA (Pedersen et al. 2015;
Buxton et al. 2017; Sakata et al. 2020).

eDNA collected using filters with larger pore sizes show a higher rate of genetic damage, implying
that cell membranes do not necessarily protect intracellular DNA from degradation by DNases
present within the cell (Jo 2023). This is why longer eDNA fragments allow for more accurate
temporal inferences regarding living organisms. If the decay time of long DNA fragments is very
short, they represent biological information collected almost in real-time (Jo et al. 2017; Jo et al.
2020). In contrast, shorter eDNA fragments (125 bp) have much slower decay times than longer
eDNA fragments (716 bp). These have a low temporal resolution but a high spatial resolution, and
are ideal for detecting rare species, which are sparsely distributed and thus more difficult to
intercept spatially with sampling, or simply release small amounts of DNA (Bista et al. 2017; Harrison
et al. 2019).

Sampling mitochondrial DNA molecules increases the capacity to detect target species. The DNA
fragments selected for creating genetic primers often belong to mitochondrial gene coding for
Cytochrome Oxidase |. Compared to nuclear DNA, which has 2 copies per cell, this type of genetic
region has a greater DNA copy density, with 2 to 10 copies per cell (Barnes and Turner 2016). This
increase in DNA copy density i.e., (eDNA production) also influences the persistence of eDNA in the
environment, as various studies emphasize that mitochondrial DNA has a significantly lower decay
rate than nuclear DNA (Jo et al. 2019a, 2019b; Harrison et al. 2019), maybe due to a double
membrane envelope. For this reason, mitochondrial DNA have a more stable cellular structure,
making it a more effective tool for assessing the fate of eDNA (Moushomi et al. 2019). Detectability
therefore also heavily depends on the method of eDNA acquisition and the extraction protocol
chosen (Geerts et al. 2017, see Section 6 and 7). For example, extracellular DNA can pass through
filters with pore sizes larger than 0.2 um (Matsui et al. 2001; Turner et al. 2014), while the more
common filters, with 0.45 um pores, likely only intercept DNA that persists within cells or
mitochondria (Strickler et al. 2015).

1.4.1 Inhibition

It often happens that the eDNA that is in a sample becomes unavailable for detection during
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laboratory phases (extraction, amplification, PCR: Tsai et al. 1992). This is due to masking effects
from several compounds to which eDNA molecules can bind (e.g., sediment, algae, humic acids,
dissolved organic compounds, carbonates, tannins) or the presence of soils contaminated with
heavy metals or manure from domestic livestock (Nguyen et al. 2007a,b; Nguyen et al. 2010;
Schrader et al. 2012; Pourmoghadam et al. 2019; Bruce et al. 2021).

The removal of inhibitors is an important step included in DNA extraction protocols, but its
effectiveness is inhibitor-specific and depends on the type of extraction kit used. To assess its
effectiveness, it is always advisable to conduct an inhibition test beforehand (Bruce et al. 2021). In
this case, the interpretation of results should always be done responsibly in the light of the potential
effects that inhibition can have on the occurrence of false negatives.

1.4.2 Contamination

Unlike the effects of inhibition, which generate false absence errors, there are some sources of error
that can contaminate the environmental sample with allochthonous DNA, generating false presence
data. This contamination can occur both spatially, in the case of DNA mobilized between different
areas, and temporally, for example, due to the resuspension of ancient DNA.

Among the sources of input of allochthonous eDNA, there is the one related to the diet of predators.
If the target species is classified as a prey within the food web, the DNA of that species can be
released in the faeces of the predator at a great distance from where the species actually occurs,
especially if the predator is a particularly vagile species (e.g., birds, apex carnivores).

The presence of human settlements also leads to false occurrences, mainly due to livestock,
domestic animals, and pet species of allochthonous origin (i.e., if they have similar DNA to the target
species), as well as species subject to trade for human consumption in supermarket products and
the food supply chain, whose DNA is released into domestic and industrial waters (during processing
and cleaning) as well as in sewage discharges (after consumption) (TES, 2019).

Considering the specificity of primers and probes used is a critical point that can be taken into
consideration for an aware interpretation of results. The phenomenon of eDNA resuspension, on
the other hand, is linked to stochastic factors, but it can somehow be predicted by monitoring
environmental variables such as those related to hydrology, channel characteristics, sediment type,
and the presence of biofilms that can retain or degrade eDNA (Wilcox et al. 2016; Shogren et al.
2017). To mitigate anthropogenic contamination between different samples during the study, using
sterile materials is mandatory, and the use of intermediate control samples (blank or blind samples)
to be filtered with sterile water between one sample and another can be considered.

1.5 Final considerations

In summary, a species detection campaign through eDNA sampling poses several technical
challenges related to the low quantity of nucleotide sequences in the environment, the
heterogeneous distribution in space, the risk of contamination, and the co-amplification of PCR
inhibitors, which reflect in the sampling design and methodologies to be preferred.
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Itis important to emphasize that the detectability of eDNA is species-specific and state-specific, and
that environmental variables act differently on the various DNA molecules present in the
environmental matrix. Biotic and abiotic components of an ecosystem interact with each other
almost at every stage of the process during which eDNA face the environment. This interconnection
among driving forces generates a continuous influence on DNA production, its mobilization, and
ultimately its persistence time (Fig. 3). This makes it difficult to predict the fate of eDNA in different
study areas and poses interpretative challenges about the origin of the DNA itself. To counteract
the troublesome interpretation of eDNA results related to the various conditions the environment
can pose target species molecules, it is unavoidable to calibrate the eDNA assays with experimental
tests assessing DNA vyields given by known population size and structure under control conditions
and with different parameters (e.g. Thalinger et al. 2021).
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Figure 8. Mechanisms influencing eDNA concentration and fate in aquatic systems (adapted from Harrison et al. 2019).

Table 1 summarizes the environmental variables that influence the ability to detect eDNA. The most
important factor regulating the persistence of eDNA in the environment appears to be microbial
activity, while the key factors to monitor in order to increase the likelihood of eDNA detection are
temperature and pH, with the presence of inhibitors being a secondary consideration.

Microbial activity increases with temperature and is maximized at higher temperatures. As microbes
we are considering live in freshwater ecosystems, we mainly refer to water temperature, and with
air temperature that can be also considered as a proxy variable to broadly measure the microbial
growth. At the same time, microbial communities proliferate exponentially at neutral pH levels,
while they are less common in acidic and alkaline environments. Laboratory DNA preservation
solutions are all at basic pH indeed (e.g., Longmire buffer). However, eDNA is difficult to detect at
low pH.

To maximize detectability it is therefore evident that a sampling campaign should occur under
conditions that are unfavourable for microbial proliferation, and specifically at low to moderate
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temperatures and in alkaline pH conditions. However, these conditions are quite rare in freshwater
systems, which typically have a neutral pH. Regarding temperature, DNA is better preserved at low
winter temperatures, although most species reduce their activity during this time. The best times of
year for sampling appear to be in summer or spring when the DNA is produced by species sufficiently
high to counteract the effects of microbial degradation.

Table 1. Summary of environmental parameters and their influence on the probability of detecting eDNA (detectability).

increase decrease
arameter rocess affecting eDNA cause-effect relationshi
P detectability detectability P i P
low yes no interacts with microbial
mmuni n
temperature degradation co ‘u |ty. a. d
high no yes metabolic activity of
target species
interacts with
microbial communit no es degradation
v ¥ g temperature and pH
acid no yes
. interacts with microbial
pH neutral yes no degradation .
community
alcaline yes no
clay yes yes
increase eDNA
substrate degradation persistence but inhibits
CaCo; no yes inhibition PCR (CaCosinhibits only
with large quantities)
. . . positively correlated with
opulation size es no roduction .
pop ¥ P detectability
. . positively correlated with
metabolism es no roduction .
¥ P detectability
interaction with many
ultraviolet light no may be degradation .
J ¥ g other variables
dissolved oxygen no yes degradation correlated to litter
presence
decrease temperature
algal covering yes yes inhibition PN P
but inhibites PCR
humic acids os os degradation increase persistence but
¥ ¥ inhibition inhibites PCR

2. Species selection
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For sampling campaign through a species-specific environmental DNA approach, the selection of
target species is a process based on the goals and objectives of those undertaking an eDNA study
(e.g., management objectives for protected areas), on technical-scientific assessments, and finally
on practical aspects concerning logistics and finance.

Below, we illustrate some characteristics that can influence these selection criteria.
Management objectives

Monitoring obligations arising from European community or national regulations. Some European
regulations require reporting on the presence, distribution, and conservation status of endangered
species (Habitats Directive 92/43/EEC) or invasive alien species (Regulation 1143/2014). In relation
to these obligations for periodic reporting, eDNA investigations can be very useful for obtaining a
broad-scale simultaneous overview of many species, limiting the costs and time of species-specific
assessments carried out by expert groups.

Monitoring of threatened species. Environmental DNA offers a rapid method for monitoring
endangered species, especially in the case of rare, elusive, or hard-to-detect species (Thomsen et
al. 2012). Local-scale projects can be directed toward assessing the conservation status of the most
threatened species at local, national, or global scales (e.g., Rondinini et al. 2022).

Early warning of alien or problematic species. Invasive and alien species often compete for
resources with native species, constituting one of the primary threats to the conservation of many
endangered species. The list of the 100 Worst Invasive Alien Species in the World, compiled by the
IUCN Invasive Species Specialist Group, can be used to identify which species to investigate using
eDNA. In his way, it is possible to better understand the distribution of an alien species only partially
spotted or to determine for the first time whether a species is present in the area by conducting an
initial surveiiilance campaign (e.g., in the case of reports close to the borders of the study area). In
addition to invasive species, transfaunated species can also be considered. These are species
introduced outside their native range into geographically contiguous areas (vicarious species) due
to human intervention, often belonging to the same political Country and therefore not subject to
control and eradication laws, but functionally behaving as alien species in the biogeographic context
in which they operate to threat native wildlife.

Estimates of population density. The size of a population is a crucial parameter for understanding
the achievement of conservation goals or whether additional management measures are necessary.
Environmental DNA provides the possibility to infer population size based on the number of DNA
copies detected within the sample, although such estimates must be preceded by a rigorous
calibration process that takes into account the ecology of species-specific environmental DNA (for
an example, see Uthicke et al. 2022).

Practical aspects

Sometimes, environmental DNA underestimates the presence of certain species because the
presence of hard cuticular or keratinous coverings, such as the exoskeletons of arthropods or the
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multilayered stratum corneum of reptiles, prevents the release of sufficient concentrations of DNA
into the environment (Gleason et al., 2020; Ficetola et al., 2021). Ectothermic animals may also have
lower detectability since they have a slower metabolism that results in lower eDNA production
(Ficetola et al., 2021). Although some technical adjustments, such as sampling during the correct
phenology or implementing spatial and temporal replicates, can mitigate these detectability issues,
the inclusion of these taxa should be carefully considered and potentially accompanied by field
verification with traditional techniques, at least in random sites.

Contamination. In general, it is not advisable to detect species that are commercially exploited or
to use generic primers shared with species commonly used for food consumption, as their DNA can
be released downstream from any human settlement.

Costs. The expense of an eDNA project is primarily affected by the number of target species. The
more the target species must be assessed within a survey, the more the funding is needed. An
additional aspect to consider is the availability of the genetic assays. Species lacking an assay that is
accurate and ready-to-use for an eDNA survey require time and can be uneconomic. Designing an
assay for the first time involves multiple validation steps to ensure precise identification of the
species without any mistake of false- absence and presence (Thalinger et al. 2021). Moreover, as
previously mentioned, some genetic markers have particularly high development costs. This is
especially true for assays of species that may undergo hybridization with non-target species. In these
cases, developing a species-specific primers and probes requires several steps to identify and
validate the unique sequences that allow for distinguishing pure individuals from hybrids (see after).

Another factor to consider is related to the limited number of target species that can be analysed
with an environmental sample, which generally stands at about a dozen species (A. Bruno, pers.
comm.). To increase the number of species analysed per sample, it is necessary to collect an
additional environmental water sample. This affects the working time (filtration, extraction,
analysis) and laboratory costs.

Scientific evaluations (assessment)

Availability of genetic assays. Using genetic primers and probes already published in scientific
articles and tested in the field can be an easy solution to select which species can be included in a
multi-specific eDNA project. The availability of assays that have already been developed and
published in the literature allows for reduced project time and costs and can represent a main
selection criterion for species.

Feasibility of developing genetic assays (taxonomic assays: species, subspecies, cryptic species,
species complexes). If one wishes to proceed with the detection of a species for which no published
genetic primers and probes are available, assays must be developed. This may be the case, for
example, for many endemic species or species distributed in very limited areas. The process of
designing an assay for the first time requires several validation steps to develop accurate primers
and probes that can precisely identify the target species, also considering any geographical
variability of the populations (Thalinger et al. 2021). Moreover, some species do not yet have a well-
defined taxonomic placement, and therefore the use of small DNA sequences does not allow for
accurate discrimination between species, often only enabling genus identification. This is the case,
for instance, for river shrimps of the genus Austropotamobius (Manfrin et al. 2022).
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Interspecific hybridization. Similarly, as mentioned above, the simultaneous presence of hybridizing
species in a biotope results in a significant difficulty in detecting parental genotypes. For example,
in an area representing the so-called hybrid zone between the ranges of two different species that
can hybridize (e.g., Cordulogaster trinacriae and C. boltoni in Latium, Italy), detecting one species or
the other using eDNA techniques is very difficult unless one has a financial resource twenty times
greater than that required for developing standard primers and probes. This issue is particularly
critical for taxa subject to illegal introductions, as in the case of fish species released for fishing
purposes, which facilitate hybridization between native and translocated species belonging to the
same genus, such as Barbus tiberinus, which hybridizes in Latium with translocated species such as
B. barbus and B. plebejus.

Sympatry. Sympatry with species belonging to the same Genus can also limit the development of
specific assays for a particular target species, especially in cases of taxonomic placement
uncertainties. If there are no congeners in the study area, as confirmed by previous studies, then it
is also possible to take advantage of genetic assays that allow for identification at the Genus level.

2.1 Single or multi-specific survey

The species-specific eDNA approach allows targeted studies aimed at detecting either a single
species or multiple species simultaneously. Below, we discuss the advantages and disadvantages
facing this choice.

Single Species Detection
Advantages
¢ Ability to sample in the habitats preferred by the species and in the appropriate season
based on its phenology, ensuring homogeneity in the types of environments represented in
the sample and maximizing the probability of detection

e Lower costs for purchasing genetic assays
¢ Standardization of the volume of water sampled and filtration methods

Disadvantages
¢ Lack of information on the composition of the community in which the species is inserted,
including the presence of species directly connected to it within the food web (prey,
competitors, predators)

e Absence of data on the presence of potential species that could interfere negatively in terms
of competition and pose a direct threat to conservation, such as invasive alien species

Multi-species Detection
Advantages
o Ability to lift the sampling campaign to monitor the biotic communities of a particular habitat

e Gather information on species that are related to each other within the food web (predation
or competition interactions), such as the relationship between alien species and native
species (Wilcox et al. 2018)
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e Meet European monitoring and reporting obligations for multiple species simultaneously,
without the need for a large number of experts across different taxa

e Early detection of problematic or invasive alien species on a large scale

Disadvantages
e Need for a trade-off on sampling strategies (habitat type and season) and filtration
techniques that maximize the probability of detecting many species simultaneously but not
all

o Variability in the detectability of different target species

¢ Requirement for temporal replication to address detectability issues related to a different
seasonality of several species-specific eDNA

e Increased costs to purchase (and design) genetic assays and for the necessary temporal
replications,

Considerations listed above were also evaluated during the first experimental multi-species study
conducted in Italy for the detection of 22 freshwater species of Community or Union interest. This
study was developed by the University of Molise and funded by the Latium Region (Loy et al. 2023)
and helps the regional environmental authority (Management Office of Natural Capital, Parks and
Protected areas) implementing the mandatory monitoring on wildlife species to assess their status
and distribution.

During the species selection process, several issues emerged, leading to the exclusion of some
species initially included in the list of target species. In particular, due to the risk of hybridization,
the following species were excluded from the surveys: Hirudo verbana, Cordulogaster trinacriae
(hybridization with C. boltonii), Lampetra fluviatilis (difficult to distinguish from L. planeri without
more advanced genomic approaches), Barbus plebejus and Barbus barbus (hybridization with B.
tiberinus), and Petromyzon marinus (not detected for many years). In the case of the twaite shad
(Alosa fallax), we were able to circumvent the issue of congeneric species presence due to their
allopatric distribution, allowing identification at the genus level (Alosa sp.). For gastropod molluscs
of the genus Vertigo, the choice of identification at the genus level was justified by the fact that all
species of the Genus potentially present in the study area (Latium Region) are subject to periodic
reporting under the Habitat Directive. Table 2 presents the final result of species selection for that
project.
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Table 2: List of species selected for a multi-species survey in 52 freshwater sites of the Lazio region as part of the project
‘Implementation of a multi-species detection and surveillance protocol for species of Union interest in the freshwater bodies of Lazio
using environmental DNA and connectivity models,” funded by the Lazio Region (Loy et al. 2023). HD: Habitats directive. 100 WW IAS:
IUCN Blacklist of ‘100 of the World’s Worst Invasive Alien Species.

IUCN national Red List/100

Phylum Clade Species Synonym Regulation WWIAS
Fungi Chytridiomycota Ba;::;l;gzl;}g;l;:m - - 100 WWIAS
Mollusca Bivalva Unio elongatulus U. mancus HD, Ann. V EN
Mollusca Gasteropoda Vertigo spp. v angt'lst'l"or, v HD, Ann. Il NT-VU
moulinsiana
Mollusca Bivalva Dreissena polymorpha - - 100 WWIAS
Arthropoda Crustacea Austropotamobius italicus A. pallipes HD, Ann. II, IV EN
Arthropoda Crustacea Faxonius limosus Orconectes limosus UC (2016) -
Arthropoda Crustaceans Procambarus clarkii - UC (2016) -
Arthropoda Insecta Coenagrion castellani C. mercuriale HD, Ann. Il NT
Arthropoda Insecta Oxygastra curtisii - HD, Ann. II, IV NT
Arthropoda Insecta Lindenia tetraphylla - HD, Ann. II, IV VU
Chordata Osteichthyes Alosa fallax - HD, Ann. II, IV EN
Chordata Osteichthyes Squalius lucumonis - HD, Ann. Il CR
Chordata Osteichthyes Pseudorasbora parva - UC (2016) -
Chordata Osteichthyes Padogobius bonelli P. martensii introdfac::eout of -
Chordata Amphibia Bombina pachypus - HD, Ann. II, IV EN
Chordata Amphibia Triturus carnifex - HD, Ann. II, IV NT
Chordata Amphibia Lissotriton italicus - HD, Ann. IV LC
Chordata Amphibia Lithobates catesbeianus - UC (2016) 100 WWIAS
Chordata Chelona Emys orbicularis - HD, Ann. Il EN
Chordata Chelona Trachemys scripta - UC (2016) 100 WWIAS
Chordata Mammalia Mustela putorius - HD, Ann. V LC
Chordata Mammalia Lutra lutra - HD, Ann. II, IV VU
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3. Sampling sites selection

To undertake an eDNA project, the selection of sampling sites is determined by the objectives of the
project itself. This section considers the factors that may influence site selection criteria for large-
scale monitoring, such as for an entire regional area covering more than 10,000 km?2.

With the number of target species to be monitored (see Section 3), sample size is the second major
source of economic burden for an eDNA project. Essentially, more samples to analyse means more
expenditure for laboratory materials. Once decided the trade off and figured out the sample size, a
correct understanding on where to place sampling sites is fundamental to guarantee the
representativeness of the sample size.

Generally, a sampling strategy on freshwaters based on eDNA must take into account two key
aspects: the ecology of the target species, and the chemical and physical properties of the water.

Species ecology

Understanding the ecology of the species is essential for the selection of sampling sites. As
previously mentioned, the objective of the study, for instance monitoring a species within or outside
its range, can influence the criteria adopted to select sampling sites (see Section 1).

A first selection criterion involves choosing biotopes that feature the favourite habitats of the target
species. An alternative approach is to conduct a preliminary study and develop predictive or expert-
based habitat suitability models to determine which areas may constitute potential suitable habitats
within the study area. If models are developed at a highly detailed spatial scale, sampling sites can
be selected in areas with the highest probability of species presence. This allows the identification
of areas where sampling efforts should be focused (e.g., Erickson et al., 2019) or at least prioritized.

However, it is important to conduct a preliminary check on site of the water bodies and aquatic
habitats designed for sampling. Torrential watercourses and ephemeral ponds are characterized by
a strong seasonality and must undergo a careful selection to determine if their sampling feet the
study objectives. The location of sampling sites also requires preliminary site visits or checks during
the first sampling to ensure that they are truly accessible (e.g., impenetrable riparian strips) and
suitable for eDNA collection (e.g., absence of sewage discharges).

Scientific literature can guide evidence-based eDNA sampling strategies. For the detection of
common species, it is suggested to sample upstream tributaries flowing in the upper part of the
watershed. Whereas in case of rare species or species patchily distributed in few hotspots, it has
been shown that sampling the main river, in the lower part of the watershed along the valley floor
or near the confluences with tributaries, is more effective (Carraro et al., 2021).

Chemical and physical water parameters
Physical and chemical parameters of water can influence the probability of eDNA persistence and

detection, potentially leading to false absences or false presences. To avoid the risk of false
presences, it is necessary to discard sampling sites in waters with very low pH or those rich in humic
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acids or algae, as these conditions limit the persistence of eDNA in the environment or inhibit its
extraction (unless specific extraction protocols are applied, see Section 7: eDNA Extraction).

To avoid the risk of false presences, it is essential not to sample near sewage collectors, water
treatment plants, agricultural runoff, or close to cities. These discharge points are sources of
allochthonous DNA, as well as chemical compounds that can inhibit or degrade eDNA prematurely.

Two strategies can be adopted for planning a sampling strategy.

Pre-sampling site selection. Sites that are suitable for eDNA sampling can be selected before
sampling begins. This knowledge can be acquired by consulting water quality databases typically
maintained by agencies responsible for environmental monitoring and tracking potential pollution
sources.

On-site water quality monitoring. Another approach is to select sites collecting data during the
sampling process without a knowledge of water quality (see Section 6.2: Collecting environmental
variables). This approach allows for post-hoc evaluations of the results and helps controlling the risk
of false occurrences during data analysis and interpretation.

During the multispecies experimental study for detecting 22 freshwater species of Community or
Union interest in the Latium region, 53 sites were selected across several types of natural or artificial
freshwater bodies. The selection criteria for these sites included:

e presence of suitable habitats for the target species

o sites located within protected areas (national parks, regional parks, and the Natura 2000
network according to Habitats Directive 92/43/EEC)

¢ sites monitored for water quality, particularly within the monitoring network established
under the Water Framework Directive (2000/60/EC).

In addition to these criteria, where species presence data are available and georeferenced, to
optimize a multispecies sampling, sites can be selected through the overlay of several species’
distribution models. These maps are useful to determine the number of primers to test at each site.
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4. When to sample: seasonality and phenologies

Within a sampling strategy, it is crucial to account for both water chemistry and species biology,
including their potential seasonal variability. One of the essential aspects of a sound study design is
performing sampling replicates. Implementing at least one temporal replicate is always
recommended to address issues like false presences caused by stochastic factors, thereby increasing
confidence levels.

Species phenology

The phenology of target species is a critical factor in designing appropriate sampling strategies.
Species that use wetlands only for reproduction or those that undergo migrations (e.g., diadromous
species) exhibit different life stages whose seasonality must be considered. This is especially
important for species with low DNA production rates, such as arthropods and reptiles (Rush et al.,
2020). For such species, a best practice is to conduct samplings during the molting or mating season,
when DNA molecules are more likely to be released from soft tissues, gametes, larvae, or due to the
increased metabolic activity of tissue growth. Diapause or hibernation periods should be avoided
for any species exhibiting seasonal activity rhythms.

When sampling several species having different phenologies, it may be necessary to perform
replicates across multiple seasons. This approach differs from single-species sampling, where the
sampling is carried out during the optimal season for the species, making it easier to control for
external sources of seasonal variability. In multispecies sampling, results will inevitably reflect the
animal community that can be sampled during a specific season, meaning that only species with a
similar phenology will be detected. In this case, species-specific protocols can be used to optimize
the detection of different target taxonomic groups (Geerts et al., 2017).

For a single-species study, it is necessary to consider the variability of phenology across different
environmental contexts. For instance, species whose phenology is linked to a specific temperature
threshold are more likely to be detectable earlier in the year at lower altitudes (e.g., in plains). A
simultaneous sampling over a large study area may lead the species undetected in mountainous
regions, where this temperature threshold has not yet been reached. Therefore, temporal replicates
are crucial. In their absence, monitoring specific parameters (e.g., air or water temperature) can
guide a temporal differentiation of sampling as the season progresses.

Finally, avoiding period with large floods and meteorological events is always suggested to prevent
dilution and avoid sediment loads in the water samples, as they reduce spatial inference, the first,
and temporal inference, the second (Goldberg et al. 2015).

Physical and chemical water properties

The best time for sampling freshwater bodies seems to be during intermediate seasons like spring
and autumn. eDNA is better preserved at lower temperatures, which are common in winter.
However, during winter, many species are inactive, and water bodies are often subject to floods or
heavy rains, which increase sediment loads. Moreover, the increased water volume in rivers causes
eDNA dilution, making detection more difficult. A high sediment input also makes the water more
turbid, complicating filtration (i.e., clogging filters, see after in Section 6) and potentially increasing
the concentration of DNA inhibitors within the sample (Randall et al., 2023). Resuspended
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sediments due to high flow events lead to false presences due to DNA bound and preserved to
sediments. Resuspended eDNA can be etected up to 14-60 days (Goldberg et al. 2015).

During spring and summer, as temperatures rise, microbial loads and algal blooms also increase.
Microorganisms degrade eDNA, and algal blooms inhibit its detection. However, during these
seasons, the increased DNA production by target species, due to heightened activity levels and
higher metabolic rates, is so high to compensate all negative effects related to eDNA degradation
and possible invalidation of species detection.

Autumn and spring are seasons also ideal for eDNA sampling in lentic systems (lakes and ponds) at
intermediate latitudes. At these times of the year, water circulation promotes vertical and horizontal
mixing of eDNA. However, the choice of sampling season must align the objectives of the study, and
with the phenology of all target species (see after). Sampling during seasons without a thermal
stratification along the water column eliminates the need to collect water at different depths, and
simplify logistics and reduce required materials. On the other hand, for those species whose optimal
sampling season coincides with a thermal stratification, sampling at different depths is necessary.
This is especially relevant for species behaving vertical migrations, which are usually linked to cooler
water, that tend to concentrate at the bottom of lakes during the summer (Lawson Handley et al.,
2019; Littlefair et al., 2020).

Other eDNA inhibitors or contaminant molecules, such coming from sources such as sewage
discharges, may also be subject to seasonal factors, like the use of phytosanitary treatments in
heavily agricultural areas or similar types of spread pollution. It is advisable to avoid periods when
such phenomena are ongoing in the study area, as well as the following periods, when most
pollutants are mobilized from land to water bodies by rain and peak during river flooding periods
(Anderson et al., 2018). On-site checks of water conditions during field sampling are therefore
essential. A list of chemical elements present in the area can also be helpful for understanding which
pollutants require attention, identifying pollution sources, and reconstructing the plausible season
for their spread. Consulting water quality monitoring reports (e.g., Water Framework Directive),
which are periodically available, can be incredibly useful for gaining a preliminary overview of local
pollutants that may interfere with an eDNA collection campaign.

In the multispecies experimental study for detecting 22 freshwater species of Community or Union
interest in Latium region, the average frequency of positive sites sampled without considering any
phenology (summer) was lower (16.5%) compared to sites where species phenology was considered
(20.7%) and sampled during spring and autumn (Loy et al., 2023). However, it is also interesting to
note that for some species like Unio elongatulus, Austropotamobius italicus, and Alosa fallax, the
frequency of positive sites was higher during summer samplings, highlighting, as already mentioned,
that seasonality is species- specific. The results also showed that temporal replicates improve
species detection, correcting for absence data potentially gained by variations in the physical-
chemical parameters of the water.
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5. Sampling and filtering eDNA

5.1 Environmental water sampling

The implementation of a sampling strategy can be achieved through an appropriate management
of field operations. Therefore, some technical and practical precautions must be taken into
consideration to properly undertake the phases of sampling and filtering water from water bodies
and to avoid the risk of contamination between environmental samples.

If the project aims at detecting species at the scale of a water body (e.g., a specific lake), the number
of environmental samples should reflect the spatial complexity of the biotope desired to sample.
Additional factors affecting the sampling size include the extent of the biotope and the accessibility
of the water body. A greater number of environmental samples is advisable for particularly large
water bodies, as eDNA tends to be less concentrated, thus influencing the probability of detection
(McClenaghan et al., 2020). Furthermore, more samples are needed to cover the entire study area.
In this way, to maximize the detection of a species for presence/absence data, it is preferable to
carry out a sub-sampling only in those parts of the biotope covered by actual suitable habitats for
the target species of the project (e.g., gained by species distribution modelling, for instance).

To prevent that field equipment physically contact water samples (especially boots) and potentially
cause contamination across different sites with allochthonous eDNA, it is advisable to assess the
direction of the water flow before collecting the water sample. The operator must always position
downstream the sampling point to ensure that the water sample is not contaminated by boots or
any other part of the operator itself. In case of sites located in lentic waters, pools, or ponds, the
operator should never immerse boots or other equipment used in other sites that have not been
adequately sterilized at the sampling point. If the topography of the shore is particularly complex, it
is preferable to adopt a sub-sampling to ensure greater representativeness of water sample. It will
be up to the operator and the aims of the study, to assess whether the sub-samples should be
analysed separately or combined into a single sample, based on the distance and/or differences in
microhabitat.

5.1.1 Location of environmental water sampling sites

The spatial distribution of DNA molecules in the environment is one of the most important aspects
to consider when deciding to collect water samples. The distribution of eDNA across space is
particularly influenced by the transport of eDNA and the distance over which it disperses from the
source of release. Hydrological factors of single water bodies are particularly important to take into
account to understand the dynamics of water mixing. The presence of currents and turbulence
tends to homogenize the distribution of eDNA both horizontally and vertically, whereas their
absence leads to compartmentalization of eDNA in specific zones of the water body and a very
heterogeneous distribution (Deiner and Altermatt 2014; Deiner et al. 2016; Hanfling et al. 2016;
Jerde et al. 2016; Shogren et al. 2017; Macher and Leese 2018; Pont et al. 2018).

In this section, we will examine factors that can influence eDNA collection at very small spatial
scales, in order to provide useful guidelines to environmental water collection and to establish exact
locations of sampling points. Paying attention to these aspects leads to the definition of a phase that
is slightly distinct from that in which you define water bodies to be sampled (i.e., site selection).
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Although the latter is typically related to the definition of the sampling strategy (see Section 4 on
where to sample eDNA), the separation of these two phases is not particularly clear.

Lentic systems

Within lentic systems, such as lakes and ponds, eDNA is distributed in a non-homogeneous manner,
and the specific composition of the ecological community can change even at distances of a few
hundred meters (Brys et al. 2020). This means that it is necessary to sample water from multiple
points to both maximize detectability and ensure sufficient accuracy in results. To achieve this goal,
as previously specified (see Sections 4 and 5 on where and when to sample eDNA), it is necessary to
increase the number of sampling sites by conducting spatial replicates (i.e., adding more samples,
that means a sample per site) or using sub-sampling (i.e., partitioning the sample to be taken in
different spots, for instance half of the sample in one site and another half in a second site). Sites
should therefore be positioned in several points on the surface of the lake, both along the shores
and at different distances from the shoreline toward the central portions of the lake. Sampling
conducted exclusively from the shore in lentic bodies has shown to be subject to various sources of
error that lead to an underestimation of the biodiversity of the sampled biotope (Lawson Handley
et al. 2019). When the lake shows evidence of thermal stratification during specific seasons, it is also
necessary to collect samples at different depths.

Lotic systems

In lotic systems like rivers and streams, eDNA is more thoroughly mixed within the water column,
but there is still a general tendency for it to settle on the riverbed and along banks. Sampling that
involves collecting sub-samples along the entire river section can increase detectability compared
to those where eDNA is only collected from the banks, and may avoid various sources of error
generating false absences. An additional factor not to be overlooked is the differential input of eDNA
from tributary streams that flow into the water body of interest. Sampling upstream a tributary
confluence allows the exclusion of eDNA contributions from that respective watershed. Conversely,
sampling downstream of a confluence maximizes the ability to detect the occurrence of target
species, as the eDNA collected theoretically represents the community of a larger study area,
considering the decay rates of eDNA and the distance at which it can be detected. However,
sampling downstream of a tributary exposes the sample to the risk of potential contamination from
commercial species (e.g., restaurant or urban wastewater), which can lead to false presences or
increase the concentration of pollutants that inhibit the eDNA of the main water body, consequently
distorting species detection (increasing false absences). The resolution of site-specific biodiversity
can also be enhanced by sampling lentic water bodies present in the riverbed that are disconnected
from the main water body. Additionally, conducting sampling upstream and downstream of river
sections that represent a discontinuity in the river, such as waterfalls or dams, can provide a better
definition of species checklists present in an area. Finally, to maximize detectability, conducting a
repeated sampling at regular distance intervals can be a method to counter early degradation of
eDNA and understand the transport dynamics of eDNA from a wild population. This solution allows
a more effective identification of rare species and is also a valid method for tracking changes in
communities along the river gradient (Pont et al. 2018).

Lastly, we reiterate that sampling strategies should select sampling sites that are consistent with
the suitability characteristics of an eDNA sampling. In the field phase, it is advisable to pay close
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attention to the location of sampling sites in order to validate the sampling strategy criteria with
which they were selected remotely. For example, it is necessary to avoid proximity to treatment
plants or sewage discharges, as well as periods of drought or phytosanitary treatments in agriculture
(see Sections 4 and 5 on where and when to sample eDNA).

5.1.2 Water quantity

The number of litres of water to collect at each site is related to the water filtration phase and
therefore depends on the pore size of the filter, the type of pump used, and the turbidity of the
water, which tends to clog the filter. The choice of these factors directly impacts the amount of
working hours. Such technical aspects are generally integrated into the objectives that can be
achieved by a sampling strategy. Alternatively, for example, we may have sampling strategies that
involve the collection of a standard number of litres to compare different sites, or, in other cases, it
is possible to adopt a sampling approach that collects a different number of litres depending on the
complexity and extent of the biotope. A larger water body therefore corresponds to a greater
sampling effort.

Similar issues arise at the site scale, and it can be resolved essentially in two ways. In case of turbid
waters, one can either collect and filter water until the filter is clogged with sediment, or opt for a
standard number of litres, changing filters as soon as they become clogged. Standardize the water
guantity help reducing confounding factors in understanding eDNA results. A third way is to reach
a standard water quantity and to not change filters, or to force the filtration up to the maximum
capacity of the membrane filter. This last option saves money and time at the extraction stage (see
Section 7) but increases tremendously working time at the filtration stage.

The choice of the amount of water to collect is also linked to the number of field replicates desired
or the decision to opt for sub-sampling. It is possible to collect the same volume of water at multiple
points (spatial replicates of a sample) or to collect a fractional amount at different points (e.g.,
around the sampling site or along a stretch of shoreline or across the entire lake) to reach the
desired volume (pseudo-replicates) (see Sections 4 and 6.1.2).

Another issue is related to the number of target species to be analysed at the sampling site. Often,
when the number of species exceeds the dozen, it is not possible to proceed to the further steps. In
these cases, the quantity of the eDNA extract given by only one filter does not allow the PCR
amplification for other target species (A. Bruno, pers. comm.). So, it is needed to sample more water
at the same sampling site to provide another filter of eDNA. As if it is not a proper increase of water
guantity within the sample in the strictest sense of the word, we remark this process in this section
as the acquisition of another replicate is translated in an increased effort in filtration that influence
the working time at this specific stage of an eDNA study.

There is little consensus in the scientific community regarding the minimum volume of
environmental water to ensure the representativeness of the entire community. Generally, the
larger the volume of water sampled, the greater the probability of detecting rare species and
accurately identifying the composition of the animal community (Pont et al. 2018; McClenaghan et
al. 2020). However, the relationship between the volume of filtered water and the number of
species detected does not seem to be linear. In fact, small volumes (less than 1-2 litres) have proven
to be sufficient to correctly detect all species present in the study area, especially when paired with
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specific extraction protocols (Machler et al. 2016; Muha et al. 2019). Case studies conducted so far
have demonstrated the validity of filtering an extremely heterogeneous amount of water, ranging
from a few millilitres (15-100-300 ml) to tens of litres (30-100 1), and therefore there are currently
no strict guidelines that can serve as standards, although most studies have produced data that can
be used for comparisons by filtering 1-5 litres (Deiner et al. 2016; Civade et al. 2016; Valentini et al.
2016). Filtering 3 litres has, in several cases, represented the suitable volume to detect all species
present in a given area (Santas et al. 2013; Sun et al. 2022).

One of the variables mostly affecting the filtration capacity is related to the characteristics of the
filtration membranes, particularly the pore size and the filtration area that the membrane offers
passing through to the liquid. Filters with smaller pores (0.2 um - 0.45 um) take longer time to filter
a known quantity of water than those with larger pores (1.2 um - 8 um), but the choice of which
type of filter to use is not only related to the expected filtration times. The pore size used in an eDNA
campaign mostly depends on the state in which DNA molecules are present in the environment and
their sizes (see Sections 2.4 and 6.3.1). To reduce filtration times, it is advisable to adopt a pre-
filtration phase using filters with large pores, and then filter the liquid again through the selected
pore size.

The filtration area of the membranes is generally linked to the type of filter used. There are three
main types of filters (Peixoto et al. 2020). Encapsulated filters, the most common disposable models
from the Sterivex brand, are very compact and filter up to 1 litre or slightly more. Disk membranes
have a surface area of 17.35 cm? (47 mm of diameter) and have greater filtration capacity, especially
when combined with a pre-filtering system for larger particles, and achieve from 1 to 5 litres. This
type of filter can be used with active filtration similar to other filter types, that is, forcing the water
to pass through the filter, or passively, by placing the filters directly in water for some time to
capture the eDNA carried by currents and waves (Bessey et al. 2021; Takahashi et al. 2020). Capsule
filters (e.g., Waterra model), finally, have an external cylindrical casing in which a pleated cylindrical
membrane is housed and increased the filtration area up to 1300 cm?. They can filter larger volumes
up to 30-100 litres, but their cost ranges from 10 to 25 times that of disk filters. The choice of which
filtration system to adopt depends on the study objectives, as previously mentioned, and on the
material costs.

There are several techniques and technologies applicable for filtering environmental water (see
Section 6.3.3: Filtering in the field and in the lab). One of the most commonly used involves the use
of a vacuum pump. Different models can have different characteristics and therefore more or less
efficient performances. The power of the pump, for example, is inversely correlated with filtration
times. By increasing the power of the pump, therefore, one may expect a faster filtration saving
working time, or one might expect the filtration of a larger volume of water. However, it has been
shown that membranes subjected to high pressures have a reduced retention of eDNA since the
molecules are forced to pass through them with excessive pressure (Thomas et al. 2018). This effect,
however, seems to be balanced by the larger amount of eDNA that is collected from a greater
volume of filtered water.

Passive collection of eDNA has been generally practiced in marine ecosystem suspending
membranes in the water column (Bessey et al. 2021), but it has been recently demonstrated to be
particularly efficient also in freshwater ecosystems (Cananzi et al., 2024). If used in running waters
and placed for a night, the stream flow passing through the filters amounts to several hundreds of
litres. Thus, detectability increases immensely, revealing a higher biodiversity richness compared to
the one inferred by active filtration. Up to know, only metabarcoding experiences are known to be
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applied on biodiversity assessments, with gPCR approaches used very rarely (Chen et al., 2024). We
believe that passive filtering outperforms active filtering and it is particularly indicated for
biodiversity checklists.

5.1.3 Practical aspects and technical observations

Sampling stagnant and flowing waters requires some precautions that, in summary, fall under
simple guidelines to avoid the risk of eDNA contamination between different samples. The
fundamental principle is that the same material should not come in contact with different
environmental samples (and different sites).

It is essential to avoid entering the water to prevent contamination of the water body with
allochthonous eDNA deposited on boots, shoe soles, or clothing, and also to avoid transferring any
pathogens between different sites. Entering the water also alters the substrate of the water body,
mobilizing sediment from the bottom and may increase water turbidity in the sample. This is a factor
to consider depending on what is stated in the sampling strategy, as sediment tends to increase
filtration and even extraction times, and can either decrease or increase the detectability of eDNA
molecules. In flowing waters, it is possible to enter in the water, if necessary, but sampling should
be done from downstream to upstream. Therefore, care should be taken regarding the point of
access to the water, ensuring that one always walks upstream and strictly conducts the sampling
stage in a downstream-to-upstream sequence. This attention should undertake especially if one
decides to carry out subsampling of the various microhabitats present along the river section from
the bank to the centre of the riverbed. Finally, the environmental sample must also be collected
against the current, submerging collection bottles upstream the operator.

Materials that come into contact with multiple different samples must be properly sterilized or, if
not possible, replaced with sterile single-use equipment. For effective sterilization, one can use
diluted bleach at 10%, which has been shown to be efficient in several studies (Prince and Andrus
1992). A deeper sterilization can be implemented using diluted bleach at 50% (Kemp and Smith
2005; Champlot et al. 2010; Goldberg et al. 2016; Wilcox et al. 2016). When submerging sampling
bottles below the water surface, the use of gloves is mandatory to avoid introducing allochthonous
DNA belonging other sites (and to the operator). It is important to immerse the bottle only to the
depth at which the glove still offers sterile protection, which is approximately 20 cm of maximum
depth from the water surface.

Sampling from the bank without entering the water can introduce some biases in the representation
of the sampled habitats. It may also present some operational difficulties. For example, from low
sloping banks, it is difficult to fill the water into collection bottle to reach its full volume, as the bottle
cannot be tilted. Additional equipment that can be used for sampling directly from riverbanks
includes extendable grabbing sticks, small tubes that draws directly in the water and facilitates in
situ filtration (with a peristaltic pump), or the use of small boats. The latter is essential if one wants
to conduct sampling in deep water that involves both the surface of the water body and the deeper
layers. In this case, it is preferable to use only local boats. Otherwise, to avoid contamination, one
must sterilize the hull of the boat or must collect water exclusively from the front of the boat while
the boat is moving. For sampling the deep layers, appropriate equipment must be used (e.g., Niskin
deep water samplers).

Finally, the adoption of negative controls allows for the evaluation of whether the sterilization of
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the material has been carried out correctly and has effectively prevented contamination between
samples. In this way, it is possible to increase the reliability of the results and consequently facilitate
the biological interpretation of the data by excluding the risk of false positives.

5.2 Collecting environmental parameters

Measuring environmental variables that can influence the detectability of eDNA is crucial to
maintain experimental conditions during a study. The use of professional instruments, typical of
hydrological disciplines, allows for accurate measurements of environmental parameters, such as
the flowmeter for water velocity or surveying probes to measure the chemical-physical parameters
of water (pH, temperature, etc.). However, using such equipment requires specific skills, more time
for fieldwork, and often, an increase in the number of personnel involved.

The environmental variables to consider include weather conditions during sampling, season and
sampling date, depth of sampling, pH, temperature (of air and water), salinity of the water, water
velocity or flow rate, features of the riverbed (width and depth), type of habitat. These basic
parameters are essential for making data comparable with other eDNA studies conducted
worldwide (Harrison et al., 2019; Minamoto et al., 2020; Bruce et al., 2021).

In addition, other variables may be considered, such as turbidity, concentration of nitrites and
nitrates, microbial community, measured through chlorophyll A or organic matter as proxy values,
nutrient load, and type of substrate. Finally, it is important to document the specific conditions
encountered at the sampling sites with final notes, such as the presence of litter, leaves in the water,
livestock, or sources of chemical pollution, as these factors can influence the detectability of eDNA,
and must be reported to better inform data interpretation.

5.3 Filtering water samples

Over the years, two main methods have been developed to collect eDNA from water: filtration and
precipitation. Although eDNA detection techniques were initially applied using the precipitation
method to obtain DNA from water (Ficetola et al. 2008), over time studies employing filtration
methods have increasingly grown in number. Filtration has proven highly effective, offering greater
sensitivity, reducing the risk of contamination, and facilitating logistical organization by eliminating
additional issues related to proper disposal of materials and the need to adhere to specific safety
regulations (Deiner et al. 2015; Spens et al. 2017; Tsuji et al. 2019; Muha et al. 2019).

Therefore, we will focus only on aspects related to filtration, particularly the various technical
aspects affecting its efficiency in terms of DNA vyield (e.g., material characteristics). However, the
different phases (filtration, preservation, extraction) have so many combinations of materials and
technological solutions, as demonstrated in several experimental eDNA case studies over the years,
that it is very difficult to determine the ideal workflow for maximizing the detectability of eDNA. For
instance, the choice of different combinations of materials may also be influenced by external
factors, that are often case-specific, such as the target species and the characteristics of the species-
specific DNA molecule (i.e., size, electrostatic bonds).

136



5.3.1 Filter material

Filters available for sale are made of cellulose nitrate (CN) or mixed cellulose esters (MCE), polyester
sulfonate (PES), polyvinylidene fluoride (PVDF), glass fibres (GF), and polycarbonate (PC).
Membranes made of hydrophilic material can facilitate the passage of water through the filter, and
some types of membranes can be purchased from the manufacturer as either hydrophilic or
hydrophobic. When comparing different materials used for filters with the smallest available pore
sizes, nitrocellulose has been the most commonly used so far (Tsuji et al. 2019), but some studies
suggest that mixed cellulose esters are superior (Turner et al. 2014; Li et al. 2018; Hinlo et al. 2017,
Majaneva et al. 2018; Capo et al. 2019; Di Muri et al. 2020), while in other experiments, polyester
sulfonate yielded the best results (Spens et al. 2017). For larger pore sizes, glass fibres, with their
chemical properties that adsorb DNA and proteins onto the filter surface, could result in a higher
guantity of eDNA being collected. The variable capacity of different materials to capture eDNA may
be defined by the residual electrostatic charges of the species-specific eDNA molecules targeted in
different studies or may be influenced by other confounding factors (pore size, extraction kit,
experimental design, microbial load).

5.3.2 Pore size

The choice of filter pore size is closely linked to two factors: the type of molecules to be intercepted
on the filter, and the amount of water to be filtered.

Mitochondrial DNA fragments (COI gene, 12S, and 16S) persist in the environment much longer than
ribosomal DNA fragments (18S) or nuclear DNA, thanks to the greater protection provided by
mitochondria in countering degradation once cellular lysis begins. However, the high abundance of
ribosomal genes can offer a viable alternative for monitoring in certain conditions (Jo et al. 2019b;
Moushomi et al. 2019; Barnes and Turner 2016).

For DNA fragment collection, sterile filters (supplied sterile or autoclaved in lab: Unnithan et al.
2014) with pore sizes of 0.22 um or 0.45 um are recommended (Strickler et al. 2015; Eichmiller et
al. 2016a; Spens et al. 2017, Capo et al. 2019), although larger pore sizes have also been indicated
as optimal (0.8 um: Li et al. 2018). Generally, filters with pore sizes smaller than 1 um can be used,
with a minimal expected loss of eDNA, likely because this size corresponds to that of subcellular
organelles (mitochondria, ribosomes) (Deiner et al. 2018). Larger pore sizes have also proven
promising tools in capturing eDNA from macrofauna (e.g., fish: 1-10 um, even up to 64 um) and may
therefore be a viable alternative during an eDNA sampling project (Turner et al. 2014; Wilcox et al.
2015; Schabacker et al. 2020).

The choice of pore size must balance the volume of water to be filtered (see section 6.1.3: Water
guantity). Using a filter that is too fine increases the risk of clogging due to suspended sediment in
the water. On the other hand, using a filter that is too coarse may limit its ability to capture smaller
eDNA-containing particles. Some differential filtration methods have tested how this pore size-to-
water volume ratio can influence detectability. Filtering a larger volume of water with larger pore
size filters has proven more effective than filtering small volumes of environmental water with
smaller pore size filters (Hosler 2017; Sepulveda et al. 2019).

If pore size does not allow to reach a desired water volume due to filter clogging by sediment, it is
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possible to replace the clogged filter with a new one and increase the number of filters that will be
analysed. This choice, however, impacts following phases of the eDNA workflow, particularly
increasing working time during the extraction phase in the lab. Alternatively, a preliminary pre-
filtration phase can be adopted before filtration, using a coarser filter that retains only suspended
particulate matter (Xing et al. 2022). This pre-filtration is almost mandatory when facing a filtration
on highly turbid waters to prevent filter clogging and reach the desired water volume. Including a
pre-filtration phase also improves DNA amplification when PCR inhibitors are contained in the
sample such as humic compounds (Takasaki et al. 2021). To mitigate these issues, it is often
recommended to submit pre-filters to the DNA extraction phase as well. However, the sediment,
which pre-filters are rich in, can increase the concentrations of inhibitors of the DNA extraction of
interest.

Whether to extract pre-filters together with filters rich in eDNA or to conduct separate extractions
for the two filter types or to completely discard the pre-filter and the sediment from the final
analysis is a matter of experimental design and the constraints imposed by the budget and the cost
of materials and staff employed (see Section 7: Extraction of eDNA). However, some authors
discourage prefiltration due to the decrease in accuracy and replicability of results (Li et al. 2018;
Takasaki et al. 2021). Including sediments for instance doesn’t allow for a short timeframe inference
on river community, as sediments can preserve DNA for a long time and lead to false positives
(Turner et al. 2015).

DNA molecules bind to solid substrate particles, so the sediment substrate can act as both an
inhibitor during the DNA extraction phase, and as an enhancer of DNA detectability. Avoiding
inhibition during DNA extraction depends largely on the type of extraction kit used and the nature
of the molecules that sequester DNA (see Section 7: Extraction of eDNA). Understanding in advance
whether to include sediment in the environmental water sample is important in guiding operations
downstream the collection stage. For example, if the environmental sample is collected with bottles
that are temporarily stored at low temperatures (e.g., in a refrigerator), the sediment collected
along with the water sample will tend to settle at the bottom of the bottles. This allows for the
exclusion of sediment during filtration, speeding up work time. A compromise to reduce work time
while including sediment in the filtrate is to add the sediment sank at the bottom during the last
minutes during the filtration.

5.3.3 Filtering in the field and in the lab

For eDNA sampling campaigns covering study areas particularly wide, environmental water filtration
can be carried out directly in the field using various methods. Manual pumps or syringes with pistons
are a first available method, easy to use, applicable in all environmental contexts, and easily
obtainable from common stores (Jamwal et al., 2021). Vacuum pumps and peristaltic pumps offer a
more feasible solution for processing large volumes of water but require electricity or batteries.
Finally, some innovative techniques are gaining popularity in the form of backpack systems, where
sampling is conducted by an operator who can comfortably sample along a transect using a suction
rod, reducing the risk of contamination by the operator. Some of these tools can be highly effective
in preventing eDNA degradation, as they reduce the time the target DNA is exposed to ambient
temperatures. Rapid water filtration, and the availability of portable refrigerators allow a quick
preservation of DNA at low temperatures (see Section 6.4: eDNA storage).

However, techniques outlined here have some drawbacks. Manual pumps are slow, especially when
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filtering many litres of water, and can be physically exhausting. Electric pumps can be heavy and
unsuitable for transportation to remote areas without electricity to power them. Innovative
systems, on the other hand, can be expensive or not yet commercially available. Field filtration,
especially when using non-encapsulated filters, can expose the filter to exogenous DNA from
equipment that has not been properly sterilized, from other objects that come into contact with
multiple environmental samples (e.g., the vehicle used for transport), or because the filtration is
conducted in a natural environment rich of eDNA that could be carried to the sample by wind.
Moreover, when filtration becomes particularly slow, sudden changes in weather conditions can
make this phase particularly difficult, exposing the sample to direct sunlight, wind, rain conditions,
or contaminating the sample with particulate dropping.

Laboratory filtration can speed up field operations since these are limited to just water collection.
However, DNA can degrade quickly, and thus to enable off-site water filtration, a portable
refrigerator is first needed to lower the temperature during transport. Another option is to use a
transport vehicle equipped with climate control. Filtration should occur the same day or shortly
afterward (within less than 12 or 24 hours: Hinlo et al. 2017). Therefore, the filtration facility should
be located in a location easily reachable. A lab can be set up centrally in the study area. Alternatively,
a mobile filtration unit can be used, or multiple filtration units can be organized throughout the
study area to work simultaneously. The distance between a filtration site and sampling locations is
a key factor in large-scale eDNA collection campaigns because if the distance is too great, the
number of sites that can be sampled per day decreases, slowing down the work. This makes it
particularly difficult to conduct sampling campaigns within short time frames limited by the
phenology of the eDNA of certain species.

In the project conducted to detect 22 species in the Latium region, water samples were filtered in
the laboratory the same day or the following day, allowing at least 12 hours for sediment to settle,
especially in the case of very turbid waters. To filter, a KNF Laboport vacuum pump (N86 KN.18,
6l/min, final vacuum: 100 mbar) was used, inserted into a 1-liter vacuum flask equipped with a single
cylinder (CRAMI srl, KRS47/50). To prevent supernatant material (algae, insects, etc.) from clogging
the filters, a metal strainer. A prefiltration was then performed with mixed cellulose ester filters
with 8 um pores (Millipore, 47 mm diameter), followed by filtration with 0.22 um filters. The
prefiltered water was temporarily stored in the same sampling bottles. Filters were sterilized in an
autoclave, and all individual elements were sterilized with alcohol, flame, or a 10% bleach solution.
Prefilters were combined in a single Petri dish, as well as filters in another separate dish, both placed
in a freezer at -21°C. Every five filtrations, one litre of sterile water (blind sample) was filtered to
assess potential contamination, and the sequence of filtrations was recorded.

5.3.4 eDNA storage

It is possible to preserve eDNA on filters by freezing them at -20 °C, dehydrating them, or adding
liguid additives that prevent degradation. Refrigeration is likely the most accessible method, but it
is important to note that undergoing DNA to repeated freeze-and-thaw cycles is detrimental, as it
causes loss of DNA collected (Spens et al. 2017). Conversely, an increase in the amount of DNA
extracted has been observed in environmental samples underwent to a single freeze-thaw cycle
compared to samples from which extraction occurred on the same day as water filtration. This is
likely because freezing promotes cell lysis and increases the likelihood of "accessing” DNA molecules
by extraction agents (Mauvisseau et al. 2021). Dehydration is also quite easy to achieve, using silica
gel and a desiccator or absorbent paper, but it is less commonly used. It is a particularly convenient
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method for preservation at room temperature, but it is only efficient for a few months at most
(Thomas et al. 2019). The use of ethanol (96% alcohol) is a readily available solution for preserving
DNA in its entirety. The adoption of lysis agents, such as Longmire’s buffer or Sarkosyl buffer,
releases DNA into the solution, which in turn allows for preservation (Longmire et al. 1997;
Wegleitner et al. 2015; Civade et al. 2016).

Several studies have demonstrated the positive effects of using preserving liquids, even compared
to the freezing method (Minamoto et al. 2016; Spens et al. 2017; Kumar et al. 2020). However,
freezing filters remains the method most commonly used in at least two-thirds of eDNA studies
conducted so far. The use of freezers that reach -20 °C has been shown to have degradation rates
of DNA in the first two weeks, although these were found to be negligible and statistically
insignificant (Spens et al. 2017). Other experiences indicate that freezing should been preferred
when combined with specific extraction kits, and this preservation method does not damage the
ability to detect DNA when extracted 28 days after the filtration phase (Hinlo et al. 2017). There is
not a particularly abundant literature on how preservation times influence DNA degradation. In
many cases, filtration is performed immediately, without the need for a preservation phase, thus
avoiding potential degradation. Some types of liquid preservatives, for example, do not prevent
bacterial growth within the sample, leading to direct degradation of the DNA (Bruce et al. 2021).
Freezing filters, in any case, demonstrates that even after 8 months it is possible to recover eDNA,
proving that freezing is the most effective method guaranteeing such a long time interval between
filtration and extraction (Mauvisseau et al. 2021).

During the first multi-specific experimental study conducted in Italy for the detection of 22 species
of freshwater of Community or Union interest developed by the University of Molise and funded by
the Latium Region, we tested several sampling and filtration methodologies. Where possible, 3 litres
of water were collected using non-sterile single-use plastic bottles. Bottles were reused after a
sterilization with a 10% bleach solution (then responsibly dispose), washed with tap water, and
finally rinsed three times with environmental water before collection directly at the sampling site.
Samples belonging lentic waters were collected at a depth of 20 cm using sterile single-use gloves,
taking a sub-sample of approximately 200 ml of water every 20 m along approximately 300 m of the
bank starting from the sampling point. Samples belonging to running waters were collected along
transects on the river section when wadable, we sampled from riverbank taking different sub-
samples in different points nearby the sampling site, with a maximum distance of 50 meters.
Sampling bottles were then placed in thermal bags along with freezer packs inserted within a rigid
portable cooler, and then stored in the refrigerator at +2 °C until filtration performed within 24
hours.

5.3.5 Surveying environmental parameters

During field surveys, it is useful to measure some environmental parameters that allow for a critical
interpretation of results in terms of physicochemical parameters that may influence the probability
of detecting eDNA. Below is a list of parameters that can be measured at low cost and by non-
specialized operators with the aid of simple equipment, when professional tools are not allowed:

e air temperature, with a simple thermometer for outdoor measurements

e water temperature, measurable with the Deeper Pro sonar
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o water depth, measured as the average of repeated measurements along a linear transect
using a Deeper Pro sonar and launched with a fishing rod

e width of the riverbed, measurable through satellite images (remote sensing with Google
Earth Pro)

e pH, presence of nitrites and nitrates, measurable using test strips for aquariums and often
categorized, for instance as following: pH (6.4, 6.8, 7.2, 7.6, 8.0, 8.4), nitrites (0, 1, 5, 10, 25,
50), nitrates (0, 10, 25, 50, 100, 250, 500)

e water turbidity, visually assessed (low, medium, high) or measured with filtering time

o water velocity, measured by throwing a plastic ball attached to a 10 m string into the centre
of the watercourse and measuring the distance three times in terms of seconds over metres,
calculating the average of the three values, and converting in the inverse formula of the final
value (m/s).

6 Extraction of environmental DNA

The extraction of eDNA collected on filters can occur in several ways depending on the type of filter,
the preservation method used, and the environment from which the sample is collected. Generally,
commercial extraction kits can be used, which are specific for different types of reactions and
molecular substrates, or can be employed alternative methods involving a liquid phase.

Commercial kits come in different types, mainly based on the substrate from which the DNA has to
be extracted. The company Qiagen, a global leader in this field, offers kits for DNA extraction from
blood and tissues (DNeasy Blood and Tissue Extraction Kit), from water (PowerWater DNA Extraction
Kit), and from soil (DNeasy PowerSoil Extraction Kit, PowerMax Soil DNA Extraction Kit, DNeasy
PowerSoil Pro Extraction Kit). The DNeasy Blood and Tissue Kit (Qiagen) is the most commonly used
commercial kit, although in comparisons with FastDNA SPIN kits from Biomedicals, the latter has
been found to be the best. In presence of inhibitors, however, the best performance has been noted
with the Power Soil Kit (Qiagen) (Deiner et al. 2015; Eichmiller et al., 2016a; Mahmoudi et al. 2011;
Smith et al. 2012; Brannelly et al. 2020; Tumolo et al. 2021).

Commercial kits are easy to obtain and allow for standardized extractions. This condition is
particularly advantageous for repeated routine monitoring and to enable comparisons between
different studies.

The extraction method that involves separating a liquid phase, on the other hand, uses phenol-
chloroform-isoamyl and effectively extracts a larger amount of DNA compared to that obtained from
kits, but poses serious health and safety risks for the laboratory and requires well specialized and
trained staff (Deiner et al. 2015; Bruce et al. 2021).

The type of filter chosen during the filtration phase affects the ability to perform cell lysis necessary
to release DNA according to specific methods. Encapsulated filters, for example, do not allow for
mechanical lysis, as the filter cannot be removed from the containment capsule. In this case, lysis
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occurs exclusively through chemical methods via the addition of additives. Mechanical lysis takes
advantage of microbeads that are particularly necessary for squashing cell walls with their reciprocal
collision in organisms such as diatoms. For these species, it is recommended to use disc membranes
or filters contained in cases that can be opened.

During the extraction phase, it is important to know whether the eDNA preservation method has
already caused a cell lysis. In the case of ethanol, which acts as an inhibitor of DNA extraction, all
the alcohol can be removed from the filter by complete evaporation (Spens et al. 2017).
Alternatively, ethanol can be precipitated (Bruce et al. 2021). When using other liquid preservation
methods, such as lysis buffers, the conditions lead to the liquid in which the filter is immersed being
rich in DNA (P. Colangelo, pers. comm.). In these cases, however, care must be taken regarding the
compatibility between the type of buffer used and the chosen extraction method.

The presence of inhibitors in the sampling environment (e.g., clay sediment, humic acids, chemical
pollutants, and faeces also) must be considered when choosing the extraction method since
inhibition is one of the major causes of false negatives (Jane et al. 2014; McKee et al. 2015; Capo et
al. 2021). The amount of DNA bound to specific molecules or particles is likely very high in any
sample, and without using the most appropriate extraction method, such eDNA molecules will not
be detected in the following stage of the eDNA study (i.e., amplification by PCR). In case of turbid
waters and with presence of clay, for example, using DNA extraction kits designed for soil and
sediment is essential for releasing adsorbed molecules (i.e., PowerSoil kit). Other authors proposed
the use of trisodium phosphate in the case of lysis buffers (Ogram et al. 1987; Sellers et al. 2018;
Diaz et al. 2020; Pearman et al. 2020). Other DNA inhibitors such as organic compounds can be
found in high concentrations in case of waters collected from smaller streams rich in litter and plant
material under decomposition, or in eutrophic habitats, or along river stretches where livestock
waste is discharged (Braid et al. 2003). Generally, commercial kits for DNA extraction from soil or
faeces already include a phase for removing inhibitors. Alternatively, an additional laboratory step
is required to remove inhibitors from the sample, using an appropriate kit.

Diluting the DNA extract is another common strategy used to reduce the concentration of inhibitors.
However, this operation has the negative effect of reducing the concentration of target DNA, thus
decreasing detectability. As a common approach, serial dilution is often performed to determine
the minimum dilution level that can counteract inhibition.

It is useful within this phase to include a final test to understand whether the eDNA extraction
performances were negatively influenced by DNA loss during the preservation process or by
inhibition effects (Hoorfar et al. 2004; Furlan et al. 2016). This can be done using the so-called
internal positive controls. A known amount of DNA primer can be added to the sample at the end
of the filtration process, called also as internal positive controls (IPC). Quantitative PCR will allow to
verify whether this DNA is detected as the same initial amount of IPC or if it has been rarefied during
the various steps of the study workflow, for instance due to a strong inhibition process within the
sample. Therefore, the DNA used as a positive control must belong to a non-target species or to a
species not occurring in the natural system analysed and must not interfere with the target species’
DNA.
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7  Final comments on sampling methodologies

Here is a summary of the key aspects regarding how a sampling strategy can be modified based on
study objectives and available resources (research time, personnel, funding) and what are the
necessary tools to arrange a field survey using eDNA approaches.

eDNA surveys can be designed in several ways, depending on a range of factors. The choice is a
compromise between study objectives, costs, selected methodologies, available personnel, and
materials. The primary aspect in managing such projects regards the identification of the major
constraints. Specifically, the available budget, logistical aspects related to the morphology of the
study area (e.g., accessibility), and project timelines. Sanches and Schreier (2020) provide a useful
overview of how these variables may influence an eDNA project. In particular, this study focuses on
the choice of filtration and extraction materials to be preferred, depending on whether priority is
given to the accuracy of the data acquired (e.g., nitrocellulose filters and Qiagen's DNeasy Blood and
Tissue Kit), at a more affordable cost (e.g., glass fiber filters and qPCR reactive strips or sodium
hydroxide NaOH), or to saving time (e.g., glass fibers and magnetic beads). Using fine mesh filters
and extraction kits is the most effective but also the most expensive and time-consuming approach
for eDNA detection.

It's essential to balance these factors with the characteristics of the natural system, methodologies
suitable for that natural system, and the constraints of costs and time. Once this balance is defined,
you can focus on optimizing each stage of the typical eDNA workflow (Minamoto et al. 2020; Bruce
et al. 2021).

Sampling strategy considerations. When dealing with large water bodies or rivers with wide
riverbeds, it is possible to maximize detectability by taking multiple water samples along the entire
water body. Alternatively, to reduce sampling time, a smaller number of sampling sites can be
selected, though this will also decrease the accuracy of detection.

Logistics. Regional-scale monitoring campaigns involving a sampling on several large lakes and large
rivers require an extensive water collection across the entire water bodies. However, this approach
tends to be particularly demanding in terms of sampling effort (e.g., days of work) and can only be
implemented effectively if multiple teams of operators are working simultaneously. Alternatively,
two teams may be employed: one dedicated to sampling and the other to filtration in the laboratory.
Additionally, sampling across different microhabitats within water bodies presents logistical and
organizational challenges, often requiring a boat to access the centre of rivers or lakes.

Filtration. The timing of filtration can be a key factor in preventing the dilution or degradation of
eDNA available for detection. The accuracy of the study can be improved by preventing post-
sampling eDNA degradation by collecting only one sample per day, allowing filtration to occur either
in the field or in the laboratory within 12 hours. This approach allows for the successful collection
and filtration of environmental water samples from 30 sites within a month. If more sites are
involved, it is important during the study design phase to ensure that work timelines allow for
temporal consistency across the data, particularly for species that exhibit strong seasonality and
need to be sampled within a narrow time window.

Depending on the materials used, performing filtration in a dedicated room for this phase is
preferable to ensure proper sterilization of all materials. However, this solution requires more time
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to account for the distance between the filtration room and the various sampling sites, given the
same number of sampling locations. The alternative strategy is to prioritize logistical efficiency by
sampling multiple sites per day. However, this compromises eDNA preservation, as the samples may
wait up to 24 hours before being filtered.

Materials and resources. Depending on sampling and filtration techniques selected, certain specific tools
may be more useful than others. Here is a list of equipment commonly used in the sampling phases of eDNA
studies:

o sterile bottles, sterile gloves, permanent markers to label bottles with a unique site ID code

e rigid portable cooler made of polyurethane foam, with an internal cooler bag to increase
thermal capacity, and ice packs to maintain a temperature well below ambient

e disposable bags to avoid contamination between samples within the portable cooler

e waders to sample with transect lines across a river section, or a boat for sampling from the
centre of larger water bodies (optional)

o sterile filters (minimum pore size), sterile pre-filters (larger pore size), 50% diluted bleach,
sterile containers for pre-filtered liquid, vacuum flask, filtration ramp, vacuum pump, sterile
Petri dishes, parafilm, permanent markers to label site ID code and date, denatured alcohol,
flame torch sterilizer, various tweezers, absorbent paper, a sterilized work surface (e.g.,
portable table), and fridges/freezers that can maintain 4 °C and -20 °C, respectively.

Finally, to approach new species-specific monitoring surveys, it is advisable to use occupancy models
and probability of detection models (MacKenzie et al. 2002, 2004, 2017), employing multi-method
approaches (multi-method occupancy models, Nichols et al. 2008) to account for non-independence
in detections within each sampling session.
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Chapter 6 — Concluding remarks

Freshwater ecosystems are characterized by unique biodiversity and provide essential contributions to
humankind. Nevertheless, rivers, lakes and other type of inland waters are globally poorly protected and
their biodiversity demonstrated a continuous decline in past years (Moilanen et al., 2008). With this study
we provided potential applications to easily reveal species presence and quickly act with conservation
measures toward native biodiversity in the hope of promoting sustainability, particularly in human-
dominated environments (Bagheriyan et al., 2023).

The quantitative PCR approach of eDNA has demonstrated successful applications in detecting multiple
species simultaneously, offering significant potential for future large-scale monitoring of freshwater wildlife
belonging to several organismal groups (Thomsen et al., 2012). The high sensitivity of this method is a
powerful tool in revealing the presence of elusive and cryptic species (Biggs et al., 2015). With this study,
we showed how the implementation of this methodology can be fundamental to routinely fulfill the
obligations requested by the Habitat Directive surveillance (92/43/EEC) regarding freshwater species.
Additionally, eDNA is also helpful to constantly look after biological invasions as required by law for the
European countries with the Invasive Alien Species Regulation (1143/2014). eDNA techniques are also
broadly recognized to be particularly useful in integrating monitoring procedures pursuant to the Water
Framework Directive 2000/60/EC (Hering et al., 2018). Several freshwater species are used as biomonitors
to assess the quality of European waters. We showed how benthic invertebrates, and native and alien fish
can benefit the use of a sensitive qPCR eDNA method to inform the ecological indexes created for the Water
Framework Directive.

This study provided several new gPCR assays that can be used in the future for monitoring endangered
cryptic species and IAS in freshwaters of Central Italy. These new tools are a valuable source of ecological
information as they are rigorously designed through the standard criteria of assay validation (Klymus et al.,
2020). They guarantee high accuracy data, and are ready to be adopted in other geographical areas to
reveal unknown presences, co-occurrences between species at risk and 1AS, and keep tracking on range
expansions (Thalinger et al., 2021). This experience identified a monitoring protocol that optimize
freshwater multi-species detection in Central Italy. Ecological requirements and range distribution are
enough to unveil the real distribution of unnoticed taxa. Species with low detectability need refinement,
especially those that release minimal DNA. Adjustments in sampling procedures may be needed to
accurately capture the distribution of armored invertebrates and reptiles (Akre et al., 2019). Accounting for
phenological stages showed to sufficiently inform a planning strategy on freshwater wildlife monitoring
with eDNA. One of the main prospects that may expand the routinely use of eDNA in monitoring is its cost.
We demonstrated that an eDNA survey carried out on multiple species is a more cheap and low-cost
method compared to traditional techniques. This is furthermore valorised by considering the cost of
permanent laboratory equipment such as machines, a matter not fully considered in previous papers (Akre
et al., 2019). eDNA surveys are quick in field collection and laboratory procedures, allow to sample large
areas, require less personnel, and are incredibly informative for many species at the same time. We believe
this new way of collecting non-invasive data can really lead new winning conservation strategies to support
endemic biodiversity in the future.

The different application of eDNA can serve European regulations emanated to protect native biodiversity
to fulfil their purposes. We demonstrated how a qPCR approach is convenient to evaluate the effectiveness
of European protected areas, such as Natura 2000 Network, and identify priority areas of intervention to
manage IAS (Capurso et al., 2023). Conserving native species habitats and controlling alien species invasions
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through spatial planning approaches is particularly demanded by the Habitats and the Water Framework
Directives, as well as by the IAS Regulation. As the European Community decided to boost the
implementation of these regulations, eDNA showed also to be an ideal candidate to accomplish some of the
European Strategy on Biodiversity objectives.

A gPCR eDNA approach is also practical for identifying conservation measures directed to apex predators
and umbrella species, that can positively benefit all freshwater biodiversity of river ecosystems (Macdonald
et al., 2018). The employment of eDNA techniques is therefore crucial to monitor expansion stages of and
highly elusive and wandering mammals, such as Eurasian otters, even in unusual environments difficult to
explore in their integrity (Valsecchi et al., 2022). However, eDNA surveys cannot substitute field occurrences
retrieved by experts and specialists that provide a higher quality information on wildlife populations. It is a
primary importance to integrated different approaches to provide robust data and inform sound decisions
in wildlife conservation (Tolra et al., 2024). Strategically, eDNA can be used to optimize monitoring on large
areas where the expansion of endangered species is expected. After species has been noticed, fine-scale
surveying could also be implemented to find the source that spread the targeted DNA into the environment.
A beneficial strategy to map where species populations really occur is to return upstream the river starting
from the sampling site where target species is initially detected and using an eDNA quantification. The more
you get closer to the source of eDNA, the more the quantity of eDNA might be retrieved (Seymour et al.,
2018). Alternatively, traditional techniques can be introduced, with the same aim and adopting the same
strategy, to collect data on new populations of endangered species and rapidly inform conservation actions
to preserve them.

Using spatial replicates along the river with these two approaches (i.e., of gPCR-based sampling, and
traditional survey techniques) are fundamental to confirm the results retrieved by large-scale eDNA
campaigns. Indeed, the main disadvantages of such a sensitive method as eDNA rely on the risk of false-
presences and on-site contamination. Thus, appropriate validation of early-warning results is needed.
Quantification though eDNA may help in locating the source of target species eDNA, but only traditional
technique, such as trapping or visual census, are able to certify real species occurrences and remove the
risk of false presences. For instance, prey species such as crayfish can be transported into the gut of several
predators and displaced through several water catchments through the faeces of predators, releasing the
target eDNA far from the original area of their populations (Merkes et al., 2014). Another source of false
presence is the resuspension in the water of old eDNA stored in sediments (Barnes and Turner, 2016). Thus,
traditional sampling techniques still remain the main solid method in proving the existence of viable
populations in wild conditions.

Nevertheless, eDNA represents a powerful technique to optimize monitoring efforts on large scales. Species
distribution modeling offers great potential to further optimize the sampling strategies of eDNA campaigns.
Connectivity models enhance the identification of possible paths of colonization, and allow to determine all
suitable patches in the expansion areas that are firstly occupied by colonization events. eDNA sampling
efforts can be restricted to these patches that are both well connected with the species range and
characterized by high habitat quality. This framework can be used also to keep track of expansion
progresses of endangered species and monitoring conservation successes of restorations or range recovery,
as well as to adapt a surveillance monitoring of the possible spread of several pathogen affecting freshwater
fauna (Porco et al., 2024).

Once selected sampling sites, practical aspects of sampling eDNA into the field are essential to carry out
accurate results. Field procedures in water collection are listed in specific guidelines. Consultation and
adoption of the guidelines we provided for Central Italy are strongly suggested to correctly implement
eDNA as a proficient method to detect species in wild environments. Setting up an eDNA study also entails
the arise of several strategic, logistical, scientific, technological, and economic issues. Guidelines typically
offer a workflow of an eDNA project aiding at develop projects on species detection through the use of
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environmental DNA. We also propose the use of eDNA in captive conditions, especially in fish farms used
for fish restocking in wild conditions. eDNA analysis promise as a solution to unveil both accidental alien fish
species and fish pathogen harming native freshwater fauna, and to prevent their spreading in wild
environments among fish restocking, e.g., for recreational purposes (Svoboda et al., 2017).
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