Pre prints.org

Article Not peer-reviewed version

From Fresh to Salt Waters: First
Data about the Invasiveness of the
Red Swamp Crayfish
Procambarus clarkii (Girard, 1852)
In Mediterranean Marine Waters

Alessandro Nota, Alfredo Santovito , Raffaele Gattelli, Francesco Tiralongo :

Posted Date: 25 October 2023

doi: 10.20944/preprints202310.1555.v1

Keywords: crayfish; Procambarus clarkii; alien species; invasive species; alien species adaptation; salinity
tolerance

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/1727644
https://sciprofiles.com/profile/3223328
https://sciprofiles.com/profile/920969

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 October 2023 do0i:10.20944/preprints202310.1555.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

From Fresh to Salt Waters: First Data about the
Invasiveness of the Red Swamp Crayfish
Procambarus clarkii (Girard, 1852) in Mediterranean
Marine Waters

Alessandro Nota 12, Alfredo Santovito 3, Raffaele Gattelli ¢ and Francesco Tiralongo 256*

! Department of Biology and Biotechnology, University of Pavia, Via Ferrata 9, 27100 Pavia, Italy;
alessandro.nota@conted.ox.ac.uk

2 Ente Fauna Marina Mediterranea, Scientific Organization for Research and Conservation of Marine
Biodiversity, Via Rapisardi trav. VIII 2, 96012 Avola, Italy

3 Department of Life Sciences and Systems Biology, University of Turin, Via Accademia Albertina 13,
10123 Turin, Italy; alfredo.santovito@unito.it

4 Department of Biological, Geological, and Environmental Sciences, University of Bologna, Via Zamboni 33,
40126 Bologna, Italy; raffaele.gattelli3@unibo.it

5 Department of Biological, Geological, and Environmental Sciences, University of Catania, Via Androne 81,
95124 Catania, Italy; francesco.tiralongo@unict.it

¢ National Research Council, Institute of Marine Biological Resources and Biotechnologies,

Largo Fiera della Pesca, 60125 Ancona, Italy

Correspondence: francesco.tiralongo@unict.it

Abstract: Background: The red swamp crayfish Procambarus clarkii (Girard, 1852), native to the United States
and northern Mexico, has been introduced in many countries worldwide. The species has a remarkable
invasiveness, due to its high reproductive rate and to its ability to tolerate broad ranges of water parameters
like salinity. Nevertheless, no consistent observations of P. clarkii have been reported in the marine
environment until now. Methods: Through the observations of a personal acquaintance and of two volunteers
who published photos of the species on Facebook marine biology and fishing groups, we collected data
showing the presence of the crayfish within marine ecosystems. Results: P. clarkii has been spotted in three
different localities, in two of which observations are recurrent. The species can live miles from the nearest
freshwater stream, and can colonise the depths up to 20 meters. Conclusions: The multiple observations of P.
clarkii collected in our study uncover a persistent presence of the species within some marine areas, rather than
its mere sporadic occurrence. As resistance to increasing salinities is influenced by multiple genes, genetic
admixture between genetically-differentiated individuals coming from distinct geographical origins could
have brought together different salinity-resistance genes, leading to the formation of these resilient phenotypes.

Keywords: crayfish; Procambarus clarkii; alien species; invasive species; alien species adaptation; salinity
tolerance

1. Introduction

The processes of biological invasions have gained significant attention in the field of ecology and
environmental sciences, due to their marked and detrimental impacts on both native species and
ecosystem functioning [1]. In an increasingly interconnected world, biological invasions have become
more frequent and widespread. Furthermore, factors like trade and climate change have facilitated
the spread of non-indigenous species to new areas far from their native distribution range [2]. The
introduction of invasive species poses a major threat to ecosystems structure and integrity, leading
to species extinction and biodiversity loss worldwide [3,4]. In fact, albeit the magnitude of impacts
can strongly vary across different taxa [5], invasive species have been implicated in the extinction of
enormous numbers of animal and plant species [6]. In addition, invasive alien species (IAS) can have
a negative impact on the economy and even on human health [7].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Biological invasions involve a multi-step process. Initially, introduced species must successfully
arrive, survive, and establish themselves in a new area. Subsequently, these alien species can become
invasive, spreading and impacting native environments and species [8,9]. Throughout these stages,
complex ecological processes unfold in the invaded habitats, including changes in the biological
community, characteristics of the invaders, abiotic environment, and ecosystem component
interactions. The temporal dimension is a critical factor when analyzing the impacts of IAS [10].
Research focusing on later invasions phases often reveals extensively altered communities, whereas
studying the early stages provides insights into how ongoing processes modify the invaded
communities. Within the freshwater environments the emerging scenario poses critical challenges. In
fact, due to intense human modifications and to the numerous routes of introduction, freshwater
environments are particularly subject to biological invasions [11]. Together with the numerous other
anthropogenic stressors (e.g. pollution, climate change, hydropower, and habitat degradation), the
introduction of alien species jeopardizes the biodiversity conservation, that in freshwater ecosystems
is much more vulnerable than elsewhere [12]. For example, freshwater environments are thought to
be more sensitive to the introduction of predators than their marine or terrestrial counterparts. This
phenomenon is potentially attributable to the high heterogeneity in predation regimes between the
different freshwater systems, that promotes naiveté in native preys [13]. In this context, the worst
scenario is represented by extinction of native species by invasive ones [14]. For this reason, an early
assessment is fundamental to monitoring and predict the impacts of IAS from damaging
environmental integrity and native species [9].

In Europe, alien crayfishes now outnumber native crayfish species, and represent the first threat
for their conservation. In fact, at least 9 alien crayfish species have formed established populations in
European freshwater environments, coming from both the Americas and Australia. For example, in
North America, non-indigenous crayfishes have displaced indigenous ones through direct
competition [15]. In Europe, a similar situation has occurred, but the presence of the crayfish plague
has exacerbated the devastation among the limited number of native species to a far greater extent.
The success of non-indigenous crayfishes in Europe can be attributed primarily to their resilience,
rapid individual and population growth, high reproductive capacity, and invasive characteristics, as
noted by Lindqvist and Huner [16]. Tricarico et al. [17] introduced the “Freshwater Invertebrate
Invasiveness Scoring Kit (FI-ISK)” to evaluate the invasive potential of various crayfish species,
including those from the Astacidae, Cambaridae, and Parastacidae families, in the Italian freshwater
ecosystem. Their findings attributed high risk scores for the red swamp crayfish Procambarus clarkii
(Girard, 1852), in contrast to other species that were classified as having a moderate risk. This
assessment highlights the utility of FI-ISK as a valuable tool for aiding decision-makers and
policymakers in categorizing freshwater invertebrates based on their potential invasiveness.
Importantly, this information is relevant to compliance with the 2007 European Union regulation
(Council Regulation No. 708/2007) concerning the introduction of alien species for aquaculture and
related activities.

The genus Procambarus encompasses several IAS in Europe, and even other species often subject
to aquarium trade [18]. Among them, P. clarkii, native to the United States and northern Mexico, has
been introduced in many countries across the globe for commercial purposes [19]. This species has
displayed a remarkable capacity to adapt to and thrive in diverse natural and artificial habitats,
leading to significant consequences for local ecosystems and their prey-predator dynamics [19,20].
Among its various ecological impacts, P. clarkii has been observed to significantly reduce the
abundance, diversity, or biomass of many native species, feeding on amphibians [20,21], insects
[14,20], snails [22], and macrophites [22,23]. Moreover, this species serves as a vector for the oomycete
Aphanomyces astaci Schikora, which is responsible for the crayfish plague, a disease to which the
European crayfish species are highly susceptible [18]. These combined factors underscore the
considerable ecological and economic challenges posed by the widespread introduction ad
proliferation of P. clarkii in various regions. In Italy, P. clarkii was observed for the first time in the
wild in the Turin province (northern Italy) in 1989 [24]. However, albeit the presence of the species
in the country was previously considered nearly limited to the northern and central regions, with just
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few records occurring in the south [25], over recent decades, it rapidly spread across the nation [26].
In fact, recent studies suggest that P. clarkii is constantly increasing its presence in southern regions,
as well as in the two main Italian islands (i.e. Sicily and Sardinia) [27]. This poses a serious threat to
the native crayfish communities, which are particularly rich and complex in Italy [18]. Its
invasiveness is attributed to a confluence of many different factors. First of all, the species is r-
selected, exhibiting high early maturity, rapid growth rates and large numbers of offspring
production [19]. Its burrowing behaviour further enhances its adaptability, enabling P. clarkii to also
live in temporary streams [18,19,28]. Besides, it has great dispersal abilities and a generalist diet that
can change among the different habitats, further enhancing its invasiveness [19]. It can also tolerate
highly polluted environments. Lastly, P. clarkii can withstand broad ranges of water quality
parameters: for example, it tolerates a wide range of salinity. In fact, it has been proposed that the
species could be able to descend some rivers up to the sea, and thus migrate from coastal waters to
new, upstream, freshwater environments [29]. A similar invasion route has also been proposed for
other freshwater species, like the topmouth gudgeon Pseudorasbora parva, a small cyprinid native to
East Asia, apparently able to withstand coastal salinities in the proximity of streams [30]. Due to its
remarkable biological adaptability, behavioral flexibility, and dispersal capabilities, P. clarkii has the
capacity to establish itself in a broad spectrum of environments, including lagoons and brackish
ecosystems [29]. For all these reasons, this species is ranked by the European Union in the top places
among the 100 most harmful IAS (Regulation (EU) 1143/2014, see [31]). Evolutionary histories in
harsh environments with changing environmental conditions can lead to the development of
phenotypic plasticity [32]. For this reason, species originating from brackish and transitional waters
are often predisposed to invasion, as they often show broad plasticity in terms of resistance to varying
levels of salinity and other environmental variables [33]. This makes salinity tolerance one of the most
studied “predictors of invasion”. Moreover, given euryhaline species are often able to colonize
multiple environments, they can also take advantage of multiple invasion routes. For example, it has
been proposed that increased salinity tolerance can promote invaders’ ability to survive in ships
ballast waters [34]. Despite the broad salinity tolerance of P. clarkii, however, no consistent
observations of the species in the marine environment have been reported until now, nor have
interactions with marine fishing activities been documented. In this study, on the basis of recent
records coming from citizen scientists, we provide the first evidence of the species presence within
marine ecosystems, and its interaction with artisanal fishery.

2. Materials and Methods

2.1. Data collection

The data for this research was obtained through the kind collaboration of three volunteer
citizens. The first source was a professional fisherman who published on a Facebook fishing group
some images depicting captured specimens of P. clarkii among marine fishes. The second contributor
was a personal acquaintance of one of the authors (FT) who once spotted the species in the marine
environment while snorkelling. The last collaborator published a photo of the crayfish in an Italian
Facebook marine biology group, asking for help to identify the species. All these “citizen scientists”
have been all interviewed to gather all the relevant data regarding their observations or captures.

2.2. Fisherman report

The fisherman was privately contacted to gather more information about the captures.
Additional details regarding the catched individuals (i.e. the locality, the proximity to freshwater
streams, the depth, tool and frequency of capture) were collected to thoroughly understand the
context of the observations. Additionally, explicit consent was obtained from the fisherman to utilize
the photos shared on the social network for the purpose of this study.
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2.3. Second report

The personal acquaintance was asked some information about the observation (i.e. locality,
proximity to freshwater streams, depth, and substrate) as well. Furthermore, he was asked to inquiry
about the presence of the species at the local beach resort. In particular, he asked some more
information to the resort staff to better understand the context and extent of the species occurrence
in the area. Explicit consent to utilize the provided photos was obtained from this collaborator as
well.

2.4. Third report

Similarly to the fisherman’s record, the volunteer was privately contacted to gather some data
about the spotted specimen (i.e. precise coordinates, date, proximity to freshwater streams and
habitat of the specimen). Even here, the volunteer provided us with explicit consent to utilize the
published pictures for this work.

3. Results

3.1. Fisherman report

The alien P. clarkii was captured alive several times (Figure 1) between the years 2022 and 2023
by the fisherman collaborator in Metaponto (Basilicata, Italy; 40.357 N, 16.844 E). Specimens were
captured on many dates, including, for example, 17th October 2022, 29th April 2023, and 20th June
2023. These captures were carried through the usage of a trammel net with an approximate mesh size
of 20 mm. The net was employed to catch the striped prawn Penaeus kerathurus (Forskal, 1775) at a
depth ranging from 15 to 20 meters. The fishing locality was geographically distant from the nearest
freshwater streams, namely the Basento River and the Bradano River, both located more than 3 Km
away.

Figure 1. Specimen of P. clarkii captured by the fisherman collaborator. Photo by Vincenzo Celico.

3.2. Second report

The personal acquaintance observed a single viable specimen of P. clarkii (shown in Figure 2) in
Cassano All'lonio (Calabria, Italy; 39.762 N, 16.489 E) on the 3rd of August, 2023. The individual was
spotted at a depth of 1.5 meters on a mixed bottom of sand and gravel. Notably, it was stationing in
close proximity to a buoy anchorage. The observer also reports that observations of alive specimens
from the local beach resort staff are very recurrent, even outside the water on the shoreline. According
to Google Maps, the nearest freshwater stream is approximately 500 meters south from the point of
observation; the second is the Raganello stream, located approximately 1.4 km north.
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Figure 2. Specimen of P. clarkii spotted by the second collaborator. Photo by Leonardo Pugliese.

3.3. Third report

The collaborator spotted a single viable specimen of P. clarkii (shown in Figure 3) on the 23rd of
July 2021 in the waters of Terracina (Lazio, Italy; 41.284 N, 13.241 E). The specimen stationed on
floating freshwater vegetation on the shoreline. According to the collaborator, the individual came
from Porto Badino (3.3 Km west), where the Portatore River joins the sea. Watching the zone on
Google Maps, we recognise the presence of a further canal of the Portatore River that joins the nearby
port, located at approximately 1.7 Km east of the observation coordinates. The collaborator also
reports that the species inhabits every canal, stream, river, and lake (even brackish) in the nearby
areas.

™~

F
e

"AN

Figure 3. Specimen of P. clarkii spotted by the third collaborator. Photo by Antonio Di Lello.

4. Discussion

The invasiveness of a species is considered to be bound by the genetic diversity within its
invading propagules, albeit many other factors can intervene. The adaptations of alien species to the
habitats of introduction indeed encompass a wide array of processes, including genetic, epigenetic
and ecological aspects [35].

Our results underscore the potential of P. clarkii to adapt to very high salinity levels, as
previously proposed by other authors who carried experimental manipulations to test the salinity
resistance of the species [29]. However, a consistent presence of the species in marine environments
has never been reported within its native range, where the genetic variability of the populations
should be expected to be higher (but see [19]). One explanation could be related to the occurrence of
genetic admixture between genetically-differentiated individuals in the new range. In fact, in the new
range, invading populations coming from distinct geographical origins (and thus with different
genetic backgrounds, adapted to the local environment) can often come in contact and interbreed,
enhancing gene flow [36-39]. Given that resistance to increasing salinities is influenced by diverse
molecular factors, and thus multiple genes [29], admixture between genetically-differentiated
individuals could have brought together different salinity-resistance genes, leading to the formation
of resilient phenotypes. This phenomenon could allow, in some specific populations, the
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development of the necessary adaptations to live in the marine environment. This hypothesis is
consistent with the invasive evolutionary history of P. clarkii, that is believed to have been introduced
in Italy and other European countries by multiple areas of origin, leading to a higher genetic diversity
than expected by a single founder event [19]. Due to the high mobility of the species (breeding males
can move up to 17 Km in 4 days, see [40]), and to its high life expectancy (up to 4 years, see [41]), it is
possible that reported individuals might derive from a recent migration from the closest freshwater
streams. This seems particularly likely for the third report, likely transported by the floating
freshwater vegetation. However, the recurrent presence of alive individuals within some marine
environments arises the question of whether the species could also be able to reproduce in them, at
least in the proximity of the river mouth. Overall, this possibility should be concretely considered: in
fact, in Italy, the reproduction of the species has already been reported in brackish waters that reach
salinity values of 29.6 ppt [42]. The species also inhabits terrestrial natural or semi-natural wetlands
and terrestrial humid zones, such as meadows or areas managed as rice fields. Notably, this invasive
crayfish was discovered in European caves, specifically in Portugal and Italy. The presence of P. clarkii
in caves is indeed significant, posing a fresh threat to groundwater ecosystems due to its potential
adverse effects on native communities [43]. Indeed, it can prey on a various cave endemic species, as
its diet is adaptable and dependent on the availability of different food sources. Furthermore, P. clarkii
can be viewed as an ecosystem engineer, as it thoroughly alters the environments it invades. Through
the utilization of burrows, this species not only copes with environmental challenges, such as high
temperature and dehydration, but also safeguards itself from predators during critical stages of its
life cycle [19].

The possible impacts of the species in marine environments are difficult to predict. However,
considering the its dietary flexibility and its wide ranges of preys in invaded freshwater
environments [14,20-23], it is highly likely that it would be able to feed on many invertebrates,
including molluscs, crustaceans and polychaetes. Besides, considering the plasticity of its diet in the
freshwater ecosystems, the prospect of P. clarkii to broaden its diet to other taxa, characteristic of the
marine environment (e.g. bryozoans or echinoderms), should not be excluded. Besides, even small
fish species and their eggs wouldn’t be safe from this predator. Indeed, compared to indigenous
crayfish species, P. clarkii is generally more active and aggressive, tends to exist in higher population
densities, and exhibits increased interactions with fishes, as noted by Reynolds [44]. Red swamp
crayfish are known to prey on the eggs of Micropterus salmoides (Lacepede, 1802), likely also
consuming the larger, vegetation adhering eggs of Esox lucius Linnaeus, 1758. Invasive P. clarkii also
play a significant role as fish predators in temporary Mediterranean streams, according to IThéu et al.
[45]. In this context, in addition to the ecological harm resulting from the invasion of the marine
environment by this species, there could also be an impact on fishing activities, similar to what is
happening with the bearded fireworm, Hermodice carunculata (Pallas, 1766), a highly invasive and
thermophilic expanding species, that is causing serious direct and indirect economic damage to
artisanal fishery in the Ionian Sea [46]. In fact, P. clarkii might find it easier to prey on organisms
already trapped in fishing nets rather than those free from them, often ending up entangled in the
nets itself. So this species could also have a negative impact on economic activities at sea, such as
fishing, and not just, as is already happening, for example, on rice production [31].

Climate change and invasive alien species, often referred to as the “double trouble” [47] can
work in synergy to pose a significant threat to native species and ecosystems. Notably, climate
changes can ease the introduction, establishment, and successful reproduction of invasive species,
enabling their long-term survival and expansion, especially in the case of warm-adapted IAS like P.
clarkii [48]. Maintaining a constant update on the status of this invasive species is crucial, and modern
communication tools like smartphones and social networks offer effective means for this purpose.
Attitudes towards the introduction and eradication of this species can vary and depend on a
combination of factors, including stakeholder interests, individual socio-demographic characteristics,
environmental behavior, and personal experiences [48]. For instance, in Donana National Park in
Spain, people are informed about the red swamp crayfish and its ecological impacts [31]. However,
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fishermen may be less inclined to support eradication efforts due to the economic benefits they derive
from its sale.

Finally, based on the information discussed so far, the importance of citizen science in
monitoring and early detection of alien species becomes evident. It is noteworthy that all three
significant records presented in this work have been contributed by citizen scientists, underscoring
their pivotal role in scientific research. Citizen science greatly extends the geographical coverage and
public engagement in data collection, allowing for more comprehensive and widespread monitoring
of alien species [49]. This approach not only facilitates data gathering on a larger spatial scale, but
also involves citizens in rising awareness and understanding of issues related to IAS [50]. Engaging
citizens in monitoring invaders can serve as a valuable tool for timely identification and addressing
of ecological threats. Furthermore, it promotes community involvement in advocating for the
conservation of native species and the management of natural resources. In summary, citizen science
is an essential component in the battle against IAS, fostering active collaboration between researchers
and the public, which contributes to a better understanding and management of such ecological
challenges.

5. Conclusions

The invasiveness of a species is intricately linked to the genetic diversity within its invading
propagules, alongside various other contributing factors. The adaptation of alien species to their
introduced habitat encompasses a wide array of processes, including genetic, epigenetic, and
ecological aspects [35]. Our study contributes new insights into the adaptability and invasive
potential of the crayfish P. clarkii. In fact, the species appears to be able to thrive in conditions of
elevated salinity, as previously reported with laboratory experiments by other authors. However, a
consistent presence of the species in marine environments has never been reported within its native
range, where higher genetic variability in populations would be expected. This great adaptability in
the invaded range is the result of the evolutionary history of the species; however, its specific drivers
remain elusive. To unravel them, genetic and epigenetic approaches should be carried out. Since all
individuals here reported were alive at the time of observation, these sightings uncover a persistent
presence of the species within some marine environments, rather than its mere sporadic occurrence.
The prospect of P. clarkii being able to reproduce in marine environments underscores the need for
careful monitoring of the species’ population dynamics in the proximity of river mouths. This
possibility should be considered, as in Italy, reproduction of the species has already been reported in
brackish waters with salinity values reaching 29.6 ppt [42]. The potential impacts of the species in
marine environments are challenging to predict. However, considering the opportunistic feeding
behaviour of the species [14,20-23], it is highly likely that it could feed on various marine
invertebrates and even small fishes and their demersal eggs. In this context, aside from the ecological
harm caused by the invasion of the marine environment by the species, there could also be impacts
on fishing activities. Finally, our findings highlight the importance of citizen science in the monitoring
and early detection of alien species.

Author Contributions: Conceptualization, A.N. and F.T.; methodology, all authors; validation, A.N. and F.T,;
investigation, A.N. and F.T.; data curation, A.N. and F.T.; writing—original draft preparation, A.N. and F.T,;
writing —review and editing, all authors; visualization, A.N.; supervision, F.T. All authors have read and agreed
to the published version of the manuscript.

Funding;: This research received no funding.
Data Availability Statement: All data are available in this paper.

Acknowledgments: We are deeply grateful to the three collaborators that made this study possible, Vincenzo
Celico, Leonardo Pugliese, and Antonio Di Lello.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.


https://doi.org/10.20944/preprints202310.1555.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 October 2023 doi:10.20944/preprints202310.1555.v1

References

1.  Simberloff, D.; Martin, J.-L.; Genovesi, P.; Maris, V.; Wardle, D.A.; Aronson, J.; Courchamp, F.; Galil, B.;
Garcia-Berthou, E.; Pascal, M.; et al. Impacts of biological invasions: what’s what and the way forward.
Trends Ecol. Evol. 2013, 28, 58-66. d0i:10.1016/j.tree.2012.07.013.

2. Smith, A.L,; Hewitt, N.; Klenk, N.; Bazely, D.R.; Yan, N.; Wood, S.; Henriques, I.; MacLellan, J.I; Lipsig-
Mummé, C. Effects of climate change on the distribution of invasive alien species in canada: a knowledge
synthesis of range change projections in a warming world. Environ. Rev. 2012, 20, 1-16. d0i:10.1139/a11-020.

3. Bellard, C.; Cassey, P.; Blackburn, T.M. Alien species as a driver of recent extinctions. Biol. Lett. 2016, 12,
20150623. d0i:10.1098/rsbl.2015.0623.

4.  Pysek, P.; Hulme, P.E.; Simberloff, D.; Bacher, S.; Blackburn, T.M.; Carlton, ]J.T.; Dawson, W.; Essl, F.;
Foxcroft, L.C.; Genovesi, P.; et al. Scientists’ warning on invasive alien species. Biol. Rev. Camb. Philos. Soc.
2020, 95, 1511-1534. doi:10.1111/brv.12627.

5.  Blackburn, T.M.; Essl, F.; Evans, T.; Hulme, P.E.; Jeschke, J.M.; Kiihn, I.; Kumschick, S.; Markova, Z;
Mrugata, A.; Nentwig, W.; et al. A unified classification of alien species based on the magnitude of their
environmental impacts. PLoS Biol. 2014, 12, e1001850. doi:10.1371/journal.pbio.1001850.

6.  Blackburn, T.M.; Bellard, C.; Ricciardi, A. Alien versus native species as drivers of recent extinctions. Front.
Ecol. Environ. 2019, 17, 203-207. doi:10.1002/fee.2020.

7.  Pratt, C.F.; Constantine, K.L.; Murphy, S.T. Economic impacts of invasive alien species on African
smallholder livelihoods. Glob. Food Sec. 2017, 14, 31-37. d0i:10.1016/j.gfs.2017.01.011.

8. Allendorf, F.W.; Lundquist, L.L. Introduction: population biology, evolution, and control of invasive
species. Conserv. Biol. 2003, 17, 24-30.

9. Leung, B.; Roura-Pascual, N.; Bacher, S.; Heikkild, J.; Brotons, L.; Burgman, M.A.; Dehnen-Schmutz, K.;
Essl, F.; Hulme, P.E.; Richardson, D.M.; et al. TEASIng apart alien species risk assessments: a framework
for best practices. Ecol. Lett. 2012, 15, 1475-1493. doi:10.1111/ele.12003.

10. Strayer, D.L.; Eviner, V.T.; Jeschke, J.M.; Pace, M.L. Understanding the long-term effects of species
invasions. Trends Ecol. Evol. 2006, 21, 645-651. doi:10.1016/j.tree.2006.07.007.

11. Tricarico, E.; Junqueira, A.O.R.; Dudgeon, D. Alien species in aquatic environments: a selective comparison
of coastal and inland waters in tropical and temperate latitudes. Aquat. Conserv. 2016, 26, 872-891.
doi:10.1002/aqc.2711.

12.  Williams-Subiza, E.A.; Epele, L.B. Drivers of biodiversity loss in freshwater environments: a bibliometric
analysis of the recent literature. Aquat. Conserv. 2021, 31, 2469-2480. doi:10.1002/aqc.3627.

13. Cox, J.G.; Lima, S.L. Naiveté and an aquatic-terrestrial dichotomy in the effects of introduced predators.
Trends Ecol. Evol. 2006, 21, 674-680. d0i:10.1016/j.tree.2006.07.011.

14. Siesa, M.E.; Padoa-Schioppa, E.; Ott, J.; Bernardi, F.D.; Ficetola, G.F. Assessing the consequences of
biological invasions on species with complex life cycles: impact of the alien crayfish Procambarus clarkii on
Odonata. Ecol. Indic. 2014, 46, 70. doi:10.1016/j.ecolind.2014.05.036

15. Holdich, D.M. Biology of Freshwater Crayfish, 24 ed; Blackwell Science: Oxford, United Kingdom, 2002; pp.
236-257.

16. Gherardji, F.; Holdich, D.M. Crayfish in Europe as Alien Species; Routledge: London, United Kingdom, 1999;
pp- 23-30.

17. Tricarico, E.; Vilizzi, L.; Gherardi, F.; Copp, G.H. Calibration of FI-ISK, an invasiveness screening tool for
nonnative freshwater invertebrates. Risk Anal. 2010, 30, 285-292. d0i:10.1111/j.1539-6924.2009.01255.x.

18. Holdich, D.M.; Reynolds, J.D.; Souty-Grosset, C.; Sibley, P.J. A review of the ever increasing threat to
european crayfish from non-indigenous crayfish species. Knowl. Managt. Aquatic Ecosyst. 2009, 11.
doi:10.1051/kmae/2009025.

19. Gherardi, F. Crayfish invading Europe: the case study of Procambarus clarkii. Mar. Freshw. Behav. Physiol.
2006, 39, 175-191. doi:10.1080/10236240600869702.

20. Ficetola, G.F,; Siesa, M.E.; De Bernardi, F.; Padoa-Schioppa, E. Complex impact of an invasive crayfish on
freshwater food webs. Biodivers. Conserv. 2012, 21, 2641-2651. d0i:10.1007/s10531-012-0323-1.

21. Manenti, R.; Falaschi, M.; Monache, D.D.; Marta, S.; Ficetola, G.F. Network-scale effects of invasive species
on spatially-structured amphibian populations. Ecography 2020, 43, 119-127. d0i:10.1111/ecog.04571.

22.  Gherardi, F.; Acquistapace, P. Invasive crayfish in Europe: the impact of Procambarus clarkii on the littoral
community of a Mediterranean lake. Freshw. Biol. 2007, 52, 1249-1259. d0i:10.1111/j.1365-2427.2007.01760.x.

23. Carreira, B.; Dias, M.; Rebelo, R. How consumption and fragmentation of macrophytes by the invasive
crayfish Procambarus Clarkii shape the macrophyte communities of temporary ponds. Hydrobiologia 2014,
721. doi:10.1007/s10750-013-1651-1.

24. Delmastro, G. Sull’acclimatazione del gambero della Louisiana Procambarus Clarkii (Girard, 1852) nelle
acque dolci italiane (Crustacea: Decapoda: Cambaridae). Pianura, suppl. Provincia Nuova 1992, 4, 5-10.

25. Kouba, A,; Petrusek, A.; Kozak, P. Continental-wide distribution of crayfish species in Europe: update and
maps. Knowl. Managt. Aquatic Ecosyst. 2014, 05. d0i:10.1051/kmae/2014007.


https://doi.org/10.20944/preprints202310.1555.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 October 2023 doi:10.20944/preprints202310.1555.v1

26. Lo Parrino, E.; Ficetola, G.F.; Manenti, R.; Falaschi, M. Thirty Years of Invasion: The distribution of the
invasive crayfish Procambarus clarkii in Italy. Biogeographia 2020, 35. doi:10.21426/B635047157.

27. Cilenti, L.; Alfonso, G.; Gargiulo, M.; Chetta, F.; Liparoto, A.; D’Adamo, R.; Mancinelli, G. First records of
the crayfish Procambarus clarkii (Girard, 1852) (Decapoda, Cambaridae) in Lake Varano and in the Salento
Peninsula (Puglia region, SE Italy), with review of the current status in southern Italy. BIR 2017, 6, 153-158.
doi:10.3391/bir.2017.6.2.11.

28. Gherardji, F.; Tricarico, E.; lhéu, M. Movement Patterns of an invasive crayfish, Procambarus clarkii, in a
Temporary stream of southern Portugal. Ethol. Ecol. Evol. 2002, 14. doi:10.1080/08927014.2002.9522739.

29. Dbrr, AJ.M.; Scalici, M.; Caldaroni, B.; Magara, G.; Scoparo, M.; Goretti, E.; Elia, A.C. Salinity Tolerance of
the invasive red swamp crayfish Procambarus Clarkii (Girard, 1852). Hydrobiologia 2020, 847, 2065-2081.
doi:10.1007/s10750-020-04231-z.

30. Katsanevakis, S.; Acar, U.; Ammar, L; Balci, B.A.; Bekas, P.; Belmonte, M.; Chintiroglou, C.C.; Consoli, P.;
Dimiza, M.; Fryganiotis, K.; et al. New Mediterranean biodiversity records (October, 2014). Mediterr. Mar.
Sci. 2014, 675-695. doi:10.12681/mms.1123.

31. Souty-Grosset, C.; Anastacio, P.M.; Aquiloni, L.; Banha, F.; Choquer, J.; Chucholl, C.; Tricarico, E. The Red
swamp crayfish Procambarus clarkii in Europe: impacts on aquatic ecosystems and human well-being.
Limnologica 2016, 58, 78-93. doi:10.1016/j.1imno.2016.03.003.

32. Lee, C.E.; Gelembiuk, G.W. Evolutionary origins of invasive populations. Evol. Appl. 2008, 1, 427-448.
doi:10.1111/j.1752-4571.2008.00039.x.

33. Cuthbert, R.N.; Kotronaki, S.G.; Dick, ].T.A.; Briski, E. Salinity tolerance and geographical origin predict
global alien amphipod invasions. Biol. Lett. 2020, 16, 20200354. doi:10.1098/rsb1.2020.0354.

34. Piscart, C.; Kefford, B.].; Beisel, ].-N. Are salinity tolerances of non-native macroinvertebrates in France an
indicator of potential for their translocation in a new area? Limmnologica 2011, 41, 107.
do0i:10.1016/j.1imno.2010.09.002.

35. Estoup, A; Ravigne V.; Hufbauer, R.; Vitalis, R.; Gautier, M.; Facon, B. Is there a genetic paradox of
biological invasion? Annu. Rev. Ecol. Evol. Syst. 2016, 47, 51-72. doi:10.1146/annurev-ecolsys-121415-
032116

36. Kolbe, ].J.; Larson, A.; Losos, ].B.; de Queiroz, K. Admixture determines genetic diversity and population
differentiation in the biological invasion of a lizard species. Biol. Lett. 2008, 4, 434-437.
d0i:10.1098/rsb1.2008.0205.

37. Chun, Y.J.; Fumanal, B.; Laitung, B.; Bretagnolle, F. Gene flow and population admixture as the primary
post-invasion processes in common ragweed (Ambrosia artemisiifolia) populations in France. New Phytol.
2010, 185, 1100-1107. doi:10.1111/j.1469-8137.2009.03129.x.

38. Rius, M.; Darling, J.A. How important is intraspecific genetic admixture to the success of colonising
populations? Trends Ecol. Evol. 2014, 29, 233-242. d0i:10.1016/j.tree.2014.02.003.

39. Calfee, E.; Agra, M.N,; Palacio, M.A.; Ramirez, S.R.; Coop, G. Selection and hybridization shaped the rapid
spread of African honey bee ancestry in the Americas. PLoS Genet. 2020, 16, el009038.
doi:10.1371/journal.pgen.1009038.

40. Gherardi, F.; Barbaresi, S. Invasive Crayfish: Activity patterns of Procambarus clarkii in the rice fields of the
lower Guadalquivir (Spain). Arch. Hydrobiol. 2000, 153-168. doi:10.1127/archiv-hydrobiol/150/2000/153.

41. Scalici, M.; Gherardi, F. Structure and dynamics of an invasive population of the red swamp crayfish
(Procambarus Clarkii) in a Mediterranean wetland. Hydrobiologia 2007, 583, 309-319. d0i:10.1007/s10750-007-
0615-8.

42. Scalici, M.; Chiesa, S.; Scuderi, S.; Celauro, D.; Gibertini, G. Population structure and dynamics of
Procambarus clarkii (Girard, 1852) in a Mediterranean brackish wetland (central Italy). Biol. Invasions 2010,
12, 1415-1425. doi:10.1007/s10530-009-9557-6.

43. Mazza, G.; Reboleira, A.S.; Gongalves, F.; Aquiloni, L.; Inghilesi, A.; Spigoli, D.; Stoch, F.; Taiti, S.; Gherardi,
F.; Tricarico, E. A new threat to groundwater ecosystems: first occurrences of the invasive crayfish
Procambarus Clarkii (Girard, 1852) in European caves. ]. Cave Karst Stud. 2014, 76, 62-65.
do0i:10.4311/2013LSC0115.

44. Reynolds, J.D. A review of ecological interactions between crayfish and fish, indigenous and introduced.
Knowl. Managt. Aquatic Ecosyst. 2011, 10. doi:10.1051/kmae/2011024.

45. Gherardi, F. Biological invaders in inland waters: Profiles, distribution, and threats; Springer Netherlands:
Dordrecht, Netherlands, 2007; pp. 543-558.

46. Tiralongo, F.; Marino, S.; Ignoto, S.; Martellucci, R.; Lombardo, B.M.; Mancini, E.; Scacco, U. Impact of
Hermodice carunculata (Pallas, 1766) (Polychaeta: Amphinomidae) on artisanal fishery: a case study from
the Mediterranean Sea. Mar. Environ. Res. 2023, 106227. doi:10.1016/j.marenvres.2023.106227.

47. Mainka, S.A.; Howard, G.W. Climate change and invasive species: double jeopardy. Integr. Zool. 2010, 5,
102-111. doi:10.1111/j.1749-4877.2010.00193..x.


https://doi.org/10.20944/preprints202310.1555.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 October 2023 do0i:10.20944/preprints202310.1555.v1

10

48. Garcia-Llorente, M.; Martin-Lopez, B.; Gonzalez, J.A.; Alcorlo, P.; Montes, C. Social perceptions of the
impacts and benefits of invasive alien species: implications for management. Biol. Conserv. 2008, 141, 2969-
2983. doi:10.1016/j.biocon.2008.09.003.

49. Tiralongo, F.; Crocetta, F.; Riginella, E.; Lillo, A.O.; Tondo, E.; Macali, A.; Mancini, E.; Russo, F.; Coco, S.;
Paolillo, G.; et al. Snapshot of rare, exotic and overlooked fish species in the Italian seas: a citizen science
survey. J. Sea Res. 2020, 164, 101930. d0i:10.1016/j.seares.2020.101930.

50. Price-Jones, V.; Brown, P.M.].; Adriaens, T.; Tricarico, E.; Farrow, R.A.; Cardoso, A.C.; Gervasini, E.; Groom,
Q.; Reyserhove, L.; Schade, S.; et al. Eyes on the Aliens: citizen science contributes to research, policy and
management of biological invasions in Europe. NB 2022, 78, 1-24. doi:10.3897/neobiota.78.81476.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202310.1555.v1

