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In Europe, invasive freshwater crayfish are not only changing freshwater ecosystems, but
they are also leading to local extinctions of native freshwater crayfish. This is particularly
evident for the populations of red swamp crayfish and spiny-cheek crayfish in northern
Italy, which are threatening the last and isolated populations of the white-clawed crayfish.
Here, we describe the steps that accompanied a successful reintroduction of the
white-clawed crayfish in an Italian stream (Park Monte Barro) that, although isolated
from other freshwater sites, suffered from an illegal introduction of the spiny-cheek
crayfish in 2013. After the removal of presumably all the introduced spiny-cheek crayfish
individuals, we started periodical surveys (twice a year) of the stream to confirm the
absence of further introductions and to monitor environmental conditions. Prior to the
reintroduction of the white-clawed crayfish that started in autumn 2018, we developed
an intense dissemination activity to raise awareness of white-clawed crayfish features
and importance among landowners surrounding the stream, including those suspected
of the introduction of the spiny-cheek crayfish: we organized public meetings and we
performed seven direct visits, house to house, to the local people providing information
on good practices for white-clawed crayfish conservation. From 2018 to 2020, every
autumn, we reintroduced a batch of 3-month-old white-clawed crayfish juveniles, and
we developed a program for the monitoring of crayfish growth and density, water quality,
and direct landowners’ disturbance of the site. We detected a significant increase of the
white-clawed crayfish total length (TL) from the first reintroduction (October 2018) to
June 2020. In 2020, crayfish were consistently larger than in the 2019 surveys; some
of them were able to breed less than 2 years after the first reintroduction. In 2020, the
estimated density of large crayfish reached 0.57 individuals/m2, which is lower than the
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density observed prior to extinction. We did not detect any case of human disturbance
of the site. Our results underline that the reintroduction actions could be more effective
when the stakeholders having the greatest potential impact on the species are identified,
informed, and involved as primary caretakers of the activities.

Keywords: invertebrate, restoration, conservation, freshwater, Faxonius limosus

INTRODUCTION

Crayfish species are important components of freshwaters’
biodiversity, which play key roles in the food web and can
provide important services (e.g., nutrient recycling and structural
diversification) for aquatic ecosystems (Gherardi et al., 2003;
Manenti et al., 2019b; Unger et al., 2020). Moreover, freshwater
crayfish have a relevant economic and cultural value; their
management, thus, has an impact on the preservation of
food resources and cultural heritages (Gherardi and Souty-
Grosset, 2006; Manenti et al., 2019b). This relevance for
humans has heavily shaped the geographical distribution of
some European species because of human activities and human-
mediated translocations (Souty-Grosset et al., 1997, 2006). Along
with an increasingly globalized trade, crayfish introductions
outside their natural range have increased dramatically, with the
growing spread of multiple species of invasive crayfish, that are
threatening native biodiversity worldwide (Nishijima et al., 2017;
Manenti et al., 2020).

Multiple American crayfish species are invading European
freshwaters, causing an impact on freshwater ecosystems and
causing several local extinctions of native freshwater crayfish
species (Kouba et al., 2014; Strand et al., 2019). North American
crayfish are chronic carriers of the oomycete Aphanomyces
astaci, the crayfish plague pathogen, which causes this severe
disease in susceptible taxa. Crayfish plague is responsible for
extensive mass deaths of native European crayfish that often
have a 100% rate of mortality (Svoboda et al., 2017; Caprioli
et al., 2018; Martín-Torrijos et al., 2019). Extinctions of native
crayfish populations caused by the crayfish plague have been
reported since the mid-19th century (Alderman, 1996). The
first mass mortalities occurred in northern Italy (Lombardy
region) in 1859. Since then, numerous crayfish plague outbreaks
have been reported throughout Europe and are still continuing
today (Bland, 2017). The spread of crayfish plague initially
followed the crayfish trade and the location of rearing facilities
established across Europe (Souty Grosset et al., 2006). Nowadays,
at least nine species of North American crayfish are well
established in Europe (Kouba et al., 2014; Weiperth et al., 2017);
among them, the most widespread are an astacid, the signal
crayfish (Pacifastacus leniusculus), and three cambarids, the red
swamp crayfish (Procambarus clarkii), the spiny-cheek crayfish
(Faxonius limosus), and the marbled crayfish (Procambarus
virginalis) (Kouba et al., 2014; Lo Parrino et al., 2020). With the
recent observation of the cambarid Cambarellus patzcuarensis in
Hungary, the Central and Western European indigenous crayfish
species have been strongly outnumbered by non-indigenous
species (Weiperth et al., 2017, 2020).

The patterns of crayfish invasion are complex and have
tremendous effects on the spread of crayfish plague. For instance,
in central Italy, multiple genotype groups of A. astaci have been
identified, suggesting the existence of multiple infection sources
associated with alien crayfish host species even when they are
not widespread in the area (Caprioli et al., 2018). In northern
Italy, populations of invasive crayfish (red swamp and spiny-
cheek crayfish) are threatening the last and isolated populations
of the native white-clawed crayfish (Austropotamobius pallipes)
(Manenti et al., 2014). On the one hand, invasive crayfish are
able to naturally disperse and colonize nearby suitable sites (Siesa
et al., 2011). However, sites naturally colonized by these two alien
crayfish are ecologically different from those occupied by white-
clawed crayfish populations (Gil-Sanchez and Alba-Tercedor,
2006; Manenti et al., 2014; Chucholl, 2016). Both alien species,
in fact, mostly select small lakes or downstream streams and
rivers that are not used by the native crayfish, or from where the
native crayfish disappeared long time ago because of pollution
and the crayfish plague infections that occurred during the 19th
century (Gherardi and Barbaresi, 2000; Ghia et al., 2013; Manenti
et al., 2014). Even in catchment basins in which alien crayfish
appear, the presence of barriers, such as waterfalls, can prevent
the spread of invasive crayfish and crayfish plague outbreaks
(Manenti et al., 2019b). On the other hand, local citizens may
become, intentionally or accidentally, the main vectors of both
alien crayfish and A. astaci in areas where the native crayfish still
exist. This is due to the long tradition of crayfish consumption as
food in Europe (Gherardi, 2011). Furthermore, in northern Italy,
the white-clawed crayfish still have value as a cultural heritage,
and numerous people pay attention to existing populations or
sites in which they observed crayfish when they were younger
(Manenti, 2006), even though this attention can be detrimental,
and occasional poaching occurs (Manenti, 2006). Unfortunately,
local people are often unaware of the occurrence of alien crayfish
species and the disease they carry, or are unable to distinguish
the invasive from native species. Unaware stakeholders can thus
bring alien crayfish in sites where the native white-clawed crayfish
still survive, causing their extinction due to A. astaci outbreaks
(Bonelli et al., 2017). After infection, the spread of A. astaci in an
astacid population cannot be stopped as A. astaci sporulation is
particularly high in dying crayfish (Makkonen et al., 2013), and
affected crayfish can disperse further the disease (Souty Grosset
et al., 2006), even if the occurrence of unaffected refuges in the
same catchment basin can allow species persistence and recovery
(Kozubíková-Balcarová et al., 2014).

Nevertheless, once a native crayfish population is extinct,
restoration actions are feasible if alien crayfish species are not
present or, in the rarer cases, if they can be totally eradicated

Frontiers in Ecology and Evolution | www.frontiersin.org 2 March 2021 | Volume 9 | Article 621613

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-621613 February 26, 2021 Time: 20:15 # 3

Manenti et al. Successful White-Clawed Crayfish Reintroduction

(Jourdan et al., 2019). A. astaci has indeed a limited life span
(from a few hours to weeks) in the absence of crayfish or
other suitable alternative hosts like freshwater crabs (Souty
Grosset et al., 2006; Svoboda et al., 2014, 2020; Jussila et al.,
2020). In sites where alien crayfish or freshwater crabs are void,
the pathogen can thus disappear (Souty Grosset et al., 2006).
Despite Europe-wide newscasts and internet reporting of many
ongoing reintroduction actions of the white-clawed crayfish,
the number of peer-reviewed studies reporting information on
failure or success of reintroduction actions is surprisingly low.
Published papers (Table 1) and reintroduction plans (Diéguez-
Uribeondo et al., 1997; Kemp et al., 2003; Marquis, 2006)
highlight water quality and the presence or absence of further
crayfish plague outbreaks as key determinants of reintroduction
success. Habitat preferences of the white-clawed crayfish are
well known and include good water quality and high diversity
of microhabitats which provide shelters for both adults and
juveniles (Holdich et al., 1999). Assessing the presence of
ephemeropteran communities is a simple way to identify brooks
for white-clawed crayfish restocking, as mayflies are good
indicators of their requirements (Grandjean et al., 2011; Jandry
et al., 2014). To avoid further outbreaks of the crayfish plague,
reintroductions are generally performed some years after the
extinction and in places where no alien crayfish species occur
(Spink and Frayling, 2000; Durlet et al., 2009). Conversely,
we found no published studies on the role played by the
stakeholders (fishermen, landowners) of the reintroduction sites
in allowing successful crayfish recovery in Italy, even though it
is increasingly evident that local stakeholders play a key role in
the success of all conservation actions (Perino et al., 2019). With
this paper, we describe a recent case of white-clawed crayfish
reintroduction, in which a key aspect was the involvement of
local stakeholders. The reintroduction action was performed in
a stream of a protected area in northern Italy, that, although
isolated from other freshwater sites, was affected in 2013 by
the introduction of adults of the spiny-cheek crayfish (Bonelli
et al., 2017); after the introduction, the whole white-clawed
crayfish population that lived in the stream went extinct in less
than 15 days, likely because of crayfish plague outbreak (Bonelli
et al., 2017). With successive investigations, we understood that
those responsible for the introduction were the local landowners
and inhabitants of the nearby village, and one old landowner
partially acknowledged of having introduced, with the approval
of other local people, the spiny-cheek crayfish with the intention
to provide “bigger individuals” to the population of white-
clawed crayfish inhabiting the stream (RM pers. obs.). We thus
performed an intense action of information and involvement
to increase stakeholders’ awareness of white-clawed crayfish
importance that we aim to describe in this paper together with
all the steps that allowed the successful reintroduction of white-
clawed crayfish.

The aims of this paper are to (a) describe the steps of the
restoration action initiated in 2018, (b) compare freshwater
characteristics before the extinction and after the reintroduction
of the white-clawed crayfish, (c) assess white-clawed crayfish
breeding success after the reintroduction, and (d) provide
insights for successful reintroduction projects.

MATERIALS AND METHODS

Study Site
The study site is the San Michele creek within the Monte Barro
Regional Park (45.84 N, 9.39 E; Figure 1), in the Lecco district
(NW Italy). The creek is in a site of community importance
(SCI), as defined by the European Commission Habitats Directive
(92/43/EEC). The creek arises from a spring with a water flow
of approximately 8 L per minute. The creek offers various
microhabitats with repeated successions of small falls, riffles, and
pools and the presence of two larger pools laterally connected
with the creek that were built in 2009 to increase the habitat
available for freshwater crayfish (Figure 1B). After 200 m, the
creek continues by a 60-m-high waterfall; downstream to it,
the creek becomes ephemeral and is connected with the nearby
Garlate Lake and the Adda River only after a heavy rainfall. The
waterfall and the irregular hydroperiod act as efficient barriers for
the spread of the spiny-cheek crayfish that inhabits Garlate Lake
(Bonelli et al., 2017; Manenti et al., 2019b). At 85 m upstream to
the waterfall, the creek is currently difficult to access and sample
because of dense vegetation. Until 2013, the creek hosted a well-
structured population of white-clawed crayfish that had been
periodically surveyed since 2003 (Manenti, 2006). The population
belonged to the carinthiacus clade of the A. pallipes complex,
which is typical for Western Lombardy (Bernini et al., 2016).

On July 26, 2013, a mass mortality occurred among white-
clawed crayfish with typical features of crayfish plague outbreaks,
and many adult spiny-cheek crayfish were recorded right in
the same stretch of San Michele creek (Bonelli et al., 2017).
In the successive weeks, no further individuals of white-clawed
crayfish were observed, but, thanks to the limited extension of the
creek, it was possible to perform efficient removals of the spiny-
cheek crayfish individuals (Bonelli et al., 2017). A zebra mussel
(Dreissena polimorpha), which only inhabits standing waters,
recorded on a spiny-cheek crayfish male (Bonelli et al., 2017)
allowed us to hypothesize that spiny-cheek crayfish came from
nearby localities, particularly the Lario Lake where zebra mussels
are rather common. As stated above, successive investigations
confirmed the intentional introduction of the alien crayfish
by local landowners and inhabitants of San Michele village
(RM pers. obs.).

Reintroduction Strategy and Methods
The reintroduction of white-clawed crayfish was decided by
Monte Barro Park authorities and carried out as part of a
larger project co-financed by the Cariplo Foundation. The
reintroduction strategy has been developed in the context of
the project LIFE14 IPE/IT/000018 project “LIFE IP GESTIRE
2020 – Nature Integrated Management to 2020,” activated in
the Lombardy region in 2016 and involving different actions for
the conservation of the white-clawed crayfish. These include the
rearing of juveniles for stocking purposes, monitoring of the sites
inhabited by the white-clawed crayfish, providing educational
activities, and creating local task forces for interventions
in case of emergencies regarding freshwater crayfish. The
reintroduction performed in the park of Monte Barro has been
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TABLE 1 | Sites of white-clawed crayfish reintroductions described in peer-reviewed studies.

Locality Nation Extinction
causes

Year
reintroduction

Success/
failure

Causes of success/failure Source

River Lathkill United Kingdom Mass mortality
(likely crayfish
plague)

2000 Not clear;
partial success

Shelter creation reduced
mortality

Rogers and Watson, 2007

Sherston Easton Grey United Kingdom Crayfish plague 1986 Success No more outbreaks of crayfish
plague

Spink and Frayling, 2000

Sherston Fosse Mill United Kingdom Crayfish plague 1982 Success No more outbreaks of crayfish
plague

Spink and Frayling, 2000

Sherston Hyam Farm United Kingdom Crayfish plague 1994 Success No more outbreaks of crayfish
plague

Spink and Frayling, 2000

Tetbury Shipton Mill United Kingdom Crayfish plague 1987 Success No more outbreaks of crayfish
plague

Spink and Frayling, 2000

Tetbury Merchants Farm United Kingdom Crayfish plague 1987 Success No more outbreaks of crayfish
plague

Spink and Frayling, 2000

Tetbury Boakley Farm United Kingdom Crayfish plague 1987 Success No more outbreaks of crayfish
plague

Spink and Frayling, 2000

Lhau France Crayfish plague 2006 Success Not specified Durlet et al., 2009

Vurpillières France Crayfish plague 2006 Success Not specified Durlet et al., 2009

White Lake Ireland Crayfish plague 1999 Success Release in enclosures Reynolds et al., 2000

FIGURE 1 | Location (A,B) of the San Michele stream (C,D) where white-clawed crayfish reintroduction took place. In (B), the red circle represents the location of
the San Michele stream in the context of Mount Barro. (C) A schema of the San Michele stream where the main sites mentioned in the paper are indicated; the
stretch between the stream spring and a waterfall with intermittent flow that makes a barrier for invasive crayfish species is 200 m long. Reintroduced white-clawed
crayfish have been released in the two pools, built in 2009, and along the stream stretch 115 m long downstream from the spring. (C) Not drawn to scale.
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developed in different steps with specific methodologies that are
described here below.

Site Monitoring and Alien Crayfish
Removal Before Reintroduction
The spiny-cheek crayfish introduced by local stakeholders were
removed in summer 2013 (Bonelli et al., 2017). From autumn
2013 to autumn 2018, each year, we performed two surveys of
the creek (at least one survey in each spring and at least one
survey in each autumn) to assess spiny-cheek crayfish occurrence.
Surveys were performed during the night (from 21:00 to 01:00).
Moreover, during 2017, we assessed water quality using the
extended biotic index (EBI) modified for the Italian streams
(Woodiwiss, 1978; Ghetti, 1997). We compared it to EBI scores of
2005 and 2013 to verify that water quality did not change after the
white-clawed crayfish extinction. EBI is a standard method used
in Europe to assess stream quality; on the basis of the number
and identity of taxa found, each stream has a score ranging
from 1 (lowest quality: poor communities including very tolerant
species) to 13 (maximum quality: the richest communities,
including stenoecious species).

Stakeholders’ Control and
Communication Campaign
White-clawed crayfish reintroduction was planned for autumn
2018. At the beginning of 2018, we started multiple actions
of public communication to raise awareness of white-clawed
crayfish features and crayfish plague and to inform on how
to distinguish native from invasive crayfish species. It must be
pointed out that two main categories of stakeholders exist in
the park. The first includes occasional visitors that live in cities
near the park; they mostly use the main footpaths of the park
that do not cross the San Michele locality. The second category
includes people living in the San Michele village, which are mostly
represented by old persons with apparent limited educational
levels and often a hostile view against wildlife management
actions proposed by outsiders. During the investigations
performed after the freshwater crayfish’s extinction, we observed
that the old inhabitants believed themselves to be the first
managers of the natural environments surrounding the village
and the only ones with valid management techniques. The local
practices of stream management included riverbed and stream
bank cleanings that can alter shelter availability, translocations of
frog clutches from unknown localities that can favor pathogen
transmission, and water organic enrichment through bread
and organic waste placed in the pools to feed frog tadpoles
(RM pers. obs.).

To counteract this situation, first we held in February and
March 2018 two meetings in the presence of biologists and
forestry officers. The meetings were directed toward both park
visitors and San Michele local people. The participation of the
local people was limited, but park managers convinced at least
the main suspect of alien crayfish introduction to participate.
Second, from March to September 2018, we performed seven
direct visits, house to house, to the local people. At each visit, we
provided information on freshwater crayfish and explained with

practical examples the risks of continuing the usual management
practices performed along the stream for white-clawed crayfish
once reintroduced. Each inhabitant was visited at least twice and
the main suspect five times; each visit lasted at least 30 min. We
also listened to their opinion and asked their collaboration in the
surveillance of both territory and white-clawed crayfish health.
When we held the February and March public meetings, only
occasional visitors of the park and local inhabitants with negative
attitude toward questionnaires participated; we thus avoided pre-
and post-outreach assessments to evaluate changes in attitude of
local landowners. Instead, we evaluated if the reintroduction site
suffered human disturbance.

To evaluate disturbance, we placed in one of the pools
connected with the creek four cylindrical stainless steel cages
with a diameter of 50 cm and a mesh of 3 × 3 mm; the chosen
pool was easily accessible, along the main path, but sheltered
from distant sighting points. Therefore, it was in principle
possible in this pool to intentionally damage objects presumably
placed there by park and external authorities and alter stream
bed by traditional management without being noticed from the
surrounding area. Each cage circumscribed a column of water
from the substrate of the pool’s bottom to the surface and was
grounded in the substrate for 20 cm and at a distance of 30 cm
from the pool border. The cages let water and small invertebrates
flow through them but did not allow people to step on the
pool’s bottom without moving them. The cages allowed us to
detect possible disturbances and unplanned interventions (e.g.,
substrate cleaning by local people) by evaluating whether they
were moved and by comparing their substrate with the substrate
of the pool. Moreover, at the pool access point, we placed a
small informative sign reporting that there was an ongoing
action (not detailed) by an external institution (the University
of Milan), which could have induced hostility and suspicion in
the local people. We checked the sign position at each survey
after reintroduction.

Crayfish Reintroduction
In October 2018, September 2019, and September 2020, we
reintroduced in the creek altogether 568 3-month-old juveniles
of white-clawed crayfish (for numbers in each year, see Table 2).
These were raised in a breeding facility of the Regional Agency for
the Agricultural and Forestry Services (ERSAF) and originated
from 90 breeding white-clawed crayfish from different streams
of the Como district whose genotype corresponds to the white-
clawed crayfish clade found in Western Lombardy. For their
first 3 months, juveniles were reared in two outdoor ponds
with seminatural conditions and shelters. We recorded rostrum–
telson total length (TL) and sex. Juveniles were reintroduced
during the night in different pools of the creek over 115 m away
from the springs; we avoided the 85-m-long inaccessible area
directly upstream of the waterfall.

Post-reintroduction Monitoring
From October 2018 to September 2020, we performed periodical
visual encounter surveys of the reintroduced white-clawed
crayfish. We performed the surveys during nighttime at 9:00 p.m.,
going upstream from the final stretch before the waterfall to the
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spring for 115 m. We included in each survey the two pools built
in 2009. Each survey was performed by one to three observers
along the same stretch and lasted 40–60 min (Table 2). During
the four surveys, we also captured all the detected white-clawed
crayfish, measured their TL, weighed them, recorded their sex,
and released them at the site of capture.

Features of the Reintroduced Population
We assessed variation of morphological features of the
reintroduced white-clawed crayfish in October 2018 comparing
their TL and weight during successive surveys in June 2019,
September 2019, May 2020, and June 2020; we did not record
individual weight at reintroduction, but only during the
successive surveys.

We also compared white-clawed crayfish morphological
parameters with data from a survey performed in the same
site prior to 2013. In particular, we compared crayfish TL
and weight recorded in May 2020 for 19 individuals with the
data collected in May 2007 for 84 individuals. Both datasets
were collected in a single survey date and were limited to
individuals > 40 mm, which have higher detectability compared
with juveniles (Arrignon, 1981).

To assess current differences in density before extinction and
after the first year of reintroduction, we used the estimation
obtained in May 2007 through removal samplings; in that year,
we performed two successive samplings during the same night
over a stream stretch with length 195 m (the 5 m of stretch
before the waterfall was dry) and average width 0.47 m. During

TABLE 2 | Number of white-clawed crayfish released and observed in the
successive surveys during the period October 2018–September 2020.

Date Total crayfish
released

Total crayfish
observed

Duration of
survey (min)

Number of
observers

18/10/2018 231 – 60 2

25/10/2018 – 7 40 1

28/10/2018 – 1 40 2

30/10/2018 – 2 60 1

13/11/2018 – 0 60 2

18/11/2018 – 1 45 1

12/12/2018 – 0 60 1

18/01/2019 – 0 40 1

06/06/2019a – 23 45 2

14/06/2019a,b – 25 45 2

03/09/2019 157 – 40 1

23/09/2019b – 29 45 3

20/05/2020a – 22 50 2

25/05/2020a,b – 27 50 2

24/06/2020 – 19 45 2

14/09/2020b – 20 45 2

17/09/2020 180 – 40 1

aSurveys used to estimate the density of white-clawed crayfish longer than
40 mm through N-mixture models. The surveyed stretch was always 115 m long
and included two pools built in 2009 to increase habitat availability for white-
clawed crayfish.
bPost-introduction dates in which white-clawed crayfish were collected,
weighted, and measured.

the first survey, we removed all the white-clawed crayfish with
TL > 40 mm seen outside of shelters, and we placed them in
two tanks outside the creek; we waited for 30 min and repeated
the sampling by placing the collected individuals in two other
tanks. We then measured all the individuals and released them
in the creek. Subsequently, we calculated white-clawed crayfish
population abundance using the method proposed by Chao and
Chang (1999) to analyze removal samplings. In 2019–2020, we
did not perform removal sampling to avoid excessive disturbance
of the individuals, and we performed three multiple counting
surveys in successive nights in order to estimate population
abundance using N-mixture models (see below). The stretch
surveyed in 2019–2020 was 115 m long and the average width was
0.6 m; we avoided the inaccessible stretch before the waterfall, but
we included the two new pools located laterally.

Statistical Analyses
To assess variation of morphological features (TL and weight)
of the white-clawed crayfish, we built linear models (LMs)
using the lm function in R. We considered TL and weight as
dependent variables, sampling period as a fixed factor, and sex
of individuals as a covariate. We also tested the occurrence of
significant interactions between period and sex. We assessed the
significance of the variables using a Wald F test (Bolker et al.,
2008). Subsequently, we performed Tukey’s post hoc tests to assess
differences between the different periods, using the function glht
of the package multcomp (Hothorn et al., 2008).

To compare crayfish TL and weight between May 2007 and
May 2020, we built LMs with TL and weight as dependent
variables. We considered as fixed factors the period of sampling
(May 2007 or May 2020) and sex. We assessed the significance of
the variables using a Wald F test (Bolker et al., 2008).

We used N-mixture models to estimate population abundance
after the reintroduction. Previous studies showed that N-mixture
models provide reliable estimates of abundance, with results
comparable to those obtained with removal samplings (Ficetola
et al., 2018). To estimate the density of white-clawed crayfish
in 2019 and 2020, we used N-mixture models for closed
populations. We assumed that the population was closed during
two successive surveys performed during the same month (June
2019 and May 2020; Table 2); we used Akaike’s information
criterion (AIC) to select the most appropriate error distribution
(Poisson). The analysis was performed using the R package
unmarked (Fiske and Chandler, 2011). The surveys considered
for N-mixture models were performed by the same operators and
had similar length (45–50 min); thus, the duration of the survey
was not included as a covariate in the model. We considered
for this analysis the individuals with TL > 40 mm. Density was
calculated by dividing the estimated number of individuals by the
area surveyed in each year. All the analyses were performed in R
3.6.3 environment.

RESULTS

Environmental conditions remained relatively stable from 2013
to 2017. Since October 2013, no spiny-cheek crayfish were
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observed in the creek. The macrobenthos community both before
and after the extinction showed a good degree of diversification
with different bioindicator taxa typical of unpolluted small
and slow-flowing streams like plecopterans of the genus
Amphinemura and ephemeropterans of the genus Ecdyonurus
and Paraleptophlebia. The EBI score was high and indicated a
site with the highest class of water quality (Table 3). Both before
and after extinction, benthic communities were dominated by
amphipod crustaceans of the genus Echinogammarus.

The increasing understanding and knowledge of white-
clawed crayfish features and importance by local stakeholders
and landowners positively influenced their attitude toward
the reintroduction action. After the reintroduction, no further
introductions of alien species occurred, and no disturbance
actions were detected (e.g., no bread and organic waste were
thrown to feed tadpoles and no cleaning of riverbed and banks
occurred). The cages and the sign placed in the most accessible
pool remained untouched. Moreover, the substrate showed the
same layer of small organic particles and decomposed leaves in
both pool and cages.

In October 2018, we reintroduced 231 3-month-old white-
clawed crayfish (122 males and 109 females) ranging from 32 to
43 mm of TL. The subsequent surveys confirmed the survival
of the juveniles (Table 3), even though the number of detected
individuals was limited. In early summer 2019, the number of
young white-clawed crayfish detected increased. LMs detected
significant changes of white-clawed crayfish TL from the first
reintroduction (October 2018) to June 2020 (F4,290 = 184.68,
P < 0.001; Figure 2). In all the surveys, white-clawed crayfish
were significantly larger than at reintroduction, and in 2020,
crayfish were consistently larger than in the 2019 surveys (Tukey’s
post hoc tests; Supplementary Table 1). Considering all the
surveys, we detected no differences in TL between the collected
males and females (F1,290 = 0.73, P = 0.39), but there was a
significant interaction between period and sex with males larger
than females in May 2020 (F4,290 = 4.79, P < 0.01). Weight
showed significant differences between sexes, with males being
significantly heavier than females (F1,68 = 8.44, P < 0.01).
Furthermore, there was a significant difference of weight across
periods (F3,68 = 3.25, P = 0.02), but Tukey’s post hoc tests only

TABLE 3 | Results of the extended biotic index (EBI) assessment in different years
along the same transect of the stream where the reintroduction was conducted.

Year Date Before/
after

extinction

EBI
score

Quality
class

Total
S.U.

Ephemeropteran
genera found

2005 December
2005

Before 10.5 I 21 Ecdyonurus,
Palaeptophlebia

2013 July 2013 Before 10 I 16 Ecdyonurus,
Ephemera

2017 July 2017 After 10 I 18 Ecdyonurs,
Ephemera,
Paraleptophlebia

S.U. refers to the number of systematic units (species, genera of families depending
on the EBI requirements for the different taxa) recorded.

showed that in May 2020 white-clawed crayfish were significantly
heavier than in June 2019 (t = 3.17; P = 0.01).

We then compared the individuals sampled in May 2020 with
the population measured before the extinction (May 2007). In
May 2020, white-clawed crayfish were longer (F1,100 = 11.85,
P < 0.001), but not heavier (F1,100 = 2.80, P = 0.10) than in 2007;
in both periods, males were larger (F1,100 = 16.01, P < 0.001) and
heavier (F1,100 = 22.21, P < 0.001) than females. Moreover, in
October 2019, we detected one very large male (114 mm TL, 30 g);
this individual was larger than any other white-clawed crayfish
found in the stream on the same date.

Removal sampling of the population, performed in May
2007, estimated a total population of 106 individuals larger
than 40 mm, which represents a density of 1.15 individuals/m2.
In 2019, N-mixture models estimated a total population size
of 39 individuals larger than 40 mm, i.e., a density of 0.56
individuals/m2 (95% CI 0.49–0.66). In 2020, we estimated a
total population size of 40 individuals, i.e., a density of 0.57
individuals/m2 (95% CI 0.50–0.68).

The reintroduction of young white-clawed crayfish was
repeated in September 2019 and in September 2020. In September
2019, we reintroduced 157 3-month-old white-clawed crayfish
(73 males and 84 females) with TL ranging from 20 to 33 mm.
In September 2020, we reintroduced 180 3-month-old white-
clawed crayfish (76 males and 104 females) with TL ranging
from 18 to 31 mm. White-clawed crayfish breeding was already
recorded during the first year of reintroduction. In October 2019,
we detected three females with spermatophores on their ventral
side, and in May 2020, we observed a female with newly hatched
crayfish still attached at the pleopods (Figure 3).

DISCUSSION

Post-reintroduction surveys showed that white-clawed crayfish
reintroduction in San Michele creek was successful; the
intense dissemination activity was crucial in avoiding further
introduction of alien crayfish and prevented disturbance by
local stakeholders. The careful attention paid to environmental
conditions prior to reintroduction enhanced the possibility to
perform an effective action.

The high quality of environmental conditions of the site
both before and after the reintroduction was likely a factor
determining reintroduction success. EBI score remained
substantially unvaried over 12 years, confirming that the
stream was and remained unpolluted, providing appropriate
environmental conditions for the white-clawed crayfish; even
the potential organic enrichment caused by local stakeholders
when feeding tadpoles did not seem to have altered water
quality. In reintroduction projects dealing with freshwater
fauna, insufficient water quality is a major potential cause of
failure (Jourdan et al., 2019). In fact, considering all white-
clawed crayfish reintroductions described in peer-reviewed
literature (Table 1), unexpected pollution events affected
white-clawed crayfish abundance in at least two sites where
they were reintroduced after A. astaci propagation (Spink
and Frayling, 2000). Our stream hosted a diversified mayfly
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FIGURE 2 | Total length (A) and weight (B) of the individuals of Austropotamobius pallipes collected during the surveys performed from the first reintroduction in
October 2018 to June 2020.

community, with occurrence of the genus Paraleptophlebia,
which is considered an indicator of favorable conditions
for the white-clawed crayfish (Grandjean et al., 2011).
White-clawed crayfish are good indicators of freshwater
ecosystem quality and functioning (Nardi et al., 2005) and
also play a fundamental role in maintaining the structure

of benthic communities (Manenti et al., 2019b) especially
considering their large biomass (Richman et al., 2015). Assessing
how crayfish extinctions and reintroductions impact the
communities and the functionality of streams and creeks
could be extremely important to understand the community-
wide impacts of the extinction of these keystone species
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FIGURE 3 | Different steps and structures of the white-clawed crayfish reintroduction action. (A) The breeding facility of the ERSAF organization. (B) 3-month-old
white-clawed crayfish ready for the release. (C) Measurement of the 3-month-old white-clawed crayfish. (D) Introduction of the white-clawed crayfish in September
2019. (E) Grown reintroduced white-clawed crayfish female in June 2019. (F) The finding of a reintroduced female in May 2020 with a newly hatched white-clawed
crayfish still attached to the pleopods. Written informed consent was obtained from the person depicted in picture (D) for the publication of any potentially identifiable
images or data included in this article.

(Ripple et al., 2014) and to quantify the amplitude of services
provided by them.

The activities of the study, the control, and the dissemination
directed toward local stakeholders are other factors that
prompted reintroduction success. The geography of the
reintroduction site ensures that the crayfish population is

naturally isolated from surrounding populations of alien crayfish
by a high natural fall and a temporary stream stretch. However,
the introduction of alien crayfish carrying the crayfish plague
pathogen determined the local extinction and revealed the
interest in the site by local inhabitants of the nearby village
(Bonelli et al., 2017). Prior to the start of reintroduction
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activities, we thus performed multiple dissemination actions
at a local scale, targeting the inhabitants of the surrounding
area. The success of this effort is confirmed by the fact that
no further introductions of alien crayfish occurred, nor did
we detect disturbing activities by landowners and inhabitants
of the area. The cages and sign placed prominently in one of
the most accessible points of the stream remained untouched,
and substrate features of the pool were not different inside
and outside of the cages. So far, analyses of reintroduction
actions performed with white-clawed crayfish paid limited
attention to the involvement of local stakeholders and the impact
of outreach campaigns. Local landowners were involved in
the reintroduction of the noble crayfish (Astacus astacus) in
different sites of Fennoscandia, but only very limited details are
available on how this involvement took place (Taugbøl, 2004;
Jussila et al., 2008; Edsman and Schröder, 2009); in particular,
it is reported that local landowners collaborated with local
authorities in reducing the motivation for illegal stocking of
alien crayfish species and performing a fast reintroduction of
native crayfish, but it is not described what local stakeholders
did. Our case study suggests that local practices of self-made
stream management can be a threat to native crayfish. Local
stakeholders of isolated hilly and mountainous areas can include
people with no awareness of current threats to biodiversity and
native species (Lindemann-Matthies and Bose, 2008) which
act based on personal beliefs rather than proper management
practices. Convincing the inhabitants to avoid activities such as
inappropriate cleaning of the stream and translocations has been
a hard task. In our case study, it was impossible to perform a
formal assessment of the success of the outreach campaign, yet
the available indicators and the success of the reintroduction
action suggest they have been helpful, with potential positive
effects on the long-term persistence of this isolated white-clawed
crayfish population.

A certain number of white-clawed crayfish survived and at
least some individuals were quickly able to successfully breed.
This suggests that 3-month-old juveniles are a good choice
for reintroduction actions, as they can easily adapt to new
habitats and conditions (Rogers and Watson, 2007). Without
intraspecific competitors, the first reintroduced juveniles quickly
reached larger sizes compared with individuals comprising
the extinct population. The few published studies of white-
clawed crayfish reintroductions highlight that, when juveniles are
introduced, shelter availability is pivotal for survival (Rogers and
Watson, 2007). Most of the available studies, however, dealt with
translocated adults (Reynolds et al., 2000; Durlet et al., 2009) or
did not provide information on the size or age of the reintroduced
white-clawed crayfish (Spink and Frayling, 2000).

In our case study, the first breeding activity was detected just
12 months after the first reintroduction, when the reintroduced
individuals were in their second year of life. In two French
streams where 50- to 70-mm-long white-clawed crayfish were
reintroduced, breeding was recorded for the first time after
3 years (Durlet et al., 2009). The sexual maturity of the white-
clawed crayfish is strongly correlated to body length (Rhodes and
Holdich, 1979; Grandjean et al., 1997), and both temperature
and diet strongly affect their growth, molting, and survival

(Paglianti and Gherardi, 2004). The size at which the white-
clawed crayfish reaches sexual maturity is usually 22–25 mm of
carapace length and 50–60 mm of TL (Mason, 1975; Arrignon,
1981; Ghia et al., 2015). Usually, sexual maturity is achieved
around the third or fourth year of life, and even if alleged,
breeding in 2-year-old individuals has not been recorded yet
(Brewis and Bowler, 1982; Mancini, 1986; Ghia et al., 2015).
The very fast growth rate observed suggests that, in suitable
streams without intraspecific competition, juveniles can reach
maturity very quickly. Even if the species is K-selected, with a
slow growth rate and long life (Ghia et al., 2015), our results
underline the fact that, in the absence of further disturbances,
reintroductions of white-clawed crayfish can allow the species
to recover in relatively short times. Nevertheless, the present-
day apparent density remains 50% lower than the one reached
by the extinct population. Further surveys should allow to assess
whether in the next years the population will reach the abundance
observed before the extinction.

The observation of a large male in 2019 is particularly
noticeable, as this individual showed the size typical of old
individuals. The life span of the white-clawed crayfish may last
even over 12–13 years (Mancini, 1986; Ghia et al., 2015); it is
thus possible that this individual could be a survivor of the
former population. Isolated cases of survival after the crayfish
plague have been recorded in different species of European
freshwater crayfish (Kozubíková-Balcarová et al., 2014; Jussila
et al., 2016; Strand et al., 2019), but this record might also
represent unauthorized attempts of reintroduction performed by
the local people as we recorded for at least in one stream in the
same hydrographic catchment (Manenti, 2006). In San Michele
creek, our monitoring suggests that illegal introductions could
happen but are unlikely, and this might indeed represent a rare
case of survival from the crayfish plague outbreak.

Our results suggest that the communication campaigns
addressed to stakeholders and the natural separation of the
stream from environments inhabited by alien crayfish species
should allow the success of the reintroduction action, with a
complete recovery of the species. Even though the study site can
be considered a typical ark site, i.e., a refuge site safe from non-
native crayfish and crayfish plague (Kozák et al., 2011; Haddaway
et al., 2012; Rosewarne et al., 2017), major concerns remain
for the long-term persistence of this population. For instance,
long-term isolation could expose the population to the risk of
extinction because of stochastic or genetic factors. Future efforts
should thus prevent extinctions in the few nearby streams where
native white-clawed crayfish still survive and try to re-establish
additional populations that can enable long-term persistence, for
instance, by forming a metapopulation network isolated from
crayfish plague outbreaks.

Successful reintroductions require accurate planning and the
execution of multiple steps. Each step, from habitat assessment to
dissemination activities and continued monitoring, has had a key
role in the reintroduction of white-clawed crayfish. In our case
study, as for most conservation programs and policies (Chazdon
et al., 2017; Manenti et al., 2019a), the aim was to reverse the
impacts of human actions. For this reason, a substantial part of
both preliminary actions and monitoring activities were directed
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toward preventing the detrimental actions of stakeholders living
near the reintroduction site. Reintroduction actions could be
more effective when the stakeholders having the greatest potential
impact on the species are identified and involved in the
activities. This is especially important when reintroductions
focus on animals having major cultural, gastronomic, and
commercial interest.
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