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Editorial on the Research Topic

Conservation of European Freshwater Crayfish

Freshwater ecosystem functioning is often thought to be dominated by fish, determining the
community structure via top-down control and ecosystem engineering. However, freshwater
crayfish can have an even stronger effect on food web and ecosystem functioning, operating as
keystone species in a water body (Longshaw and Stebbing, 2016). As environmental engineers,
crayfish have a significant impact on the biodiversity within their habitat (Souty-Grosset et al.,
2006). Yet over the past 150 years freshwater crayfish in Europe have faced a novel challenge in
the form of a lethal disease caused by the oomycete Aphanomyces astaci Schikora 1906, introduced
by alien crayfish species of North American origin. Today, the European native crayfish population
trends are in decline nearing extinction in several cases (Souty-Grosset et al., 2006; Jussila et al.,
2014).

The introduction of different A. astaci strains in Europe and the repeated introductions of their
North American host species are a classic example of a man-made ecological disaster (Jussila et al.),
stemming from the naive belief that the manipulation of an ecosystem would be straightforward.
The alien crayfish species, which were supposed to replace the eradicated native stocks, not only
transfer the deadly disease but in many parts of Europe also outcompete their native crayfish
counterparts, because they are more aggressive giving them additional advantage regarding habitat
competition in addition to higher fecundity (Alonso and Martínez, 2006). Introductions of new
alien crayfish stocks and thus new A. astaci strains will inevitably lead to the total eradication of the
remaining native European crayfish stocks.

In this Research Topic we collected scientific work on crayfish conservation from multiple
scales, ranging from molecular to species and ecosystem levels, to address the consequences of
invasive crayfish and host-parasite interactions on European freshwater biodiversity and ecosystem
functioning, aiding conservation andmanagement of European freshwater crayfish to prevent them
from extinction.

CRAYFISH MANAGEMENT AND RE-INTRODUCTIONS

Effective management of both endangered native and invasive alien crayfish requires knowledge
about distribution, monitoring of existing and early detection of newly established populations.
Krieg et al. provided an overview on various management practices to control invasive crayfish in

5
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Switzerland. They highlight the great challenges and limitations
of such measures like eradication, suppression and containment,
and give valuable recommendations for effective invasive crayfish
control. Dams are often regarded as effective planning measures
to prevent invasive aquatic species spread and to protect the
native aquatic fauna, but the effects of dams on crayfish
populations have not been thoroughly evaluated. The review by
Barnett and Adams outlines that dams can have both beneficial
and detrimental effects on crayfish population dynamics.

The underlying mechanisms of native crayfish recovery
following biological invasions or their coexistence with invasive
species are not clearly determined (Nyström et al., 2001; Kats and
Ferrer, 2003; Rodriguez, 2006). It was suggested that the success
of invasive over native crayfish represents the synergic interaction
of multiple factors. One aspect is the superior competition for
resources of the invasive vs. native crayfish (Pacioglu et al.,
2020). The study by Parvulescu et al. showed that in interspecific
agonistic interactions, the behavior strategy of the invasive
crayfish species is based on sheer physical superiority, whereas
the native narrow-clawed crayfish relies on intimidation display.

Over the last decades, genetic tools have proven highly
beneficial as supplementary tools in biodiversity monitoring.
Chucholl et al. provided a novel set of specific eDNA-assays
for all native and the most relevant invasive crayfish species
in Central Europe, and the efficiency of these assays was
assessed regarding the influence of spatio-temporal variables
such as distance to upstream population, season and stream
size. They show that eDNA-detection is a highly suitable
complementary monitoring tool for crayfish, particularly for
a large-scale screening of data-deficient catchments or a year-
round monitoring. Johnsen et al. proved that eDNA is highly
reliable for presence-absence monitoring of noble crayfish, while
it cannot substitute the traditional catch per unit effort data,
especially for low density populations.

In a study on genetic populations by Martín-Torrijos,
Correa-Villalona, Pradillo, et al. new patterns of genetic
diversity of the native white-clawed crayfish of the Iberian
Peninsula showed the potential effect of paleogeographic
barriers on its population structure. The authors suggest
that current conservation and management programs should
consider three phylogeographic groups as essential management
units in order to preserve the remaining genetic diversity,
which is critically threatened by crayfish plague (Martín-
Torrijos et al., 2019). It has been shown for many crayfish
species that there are significant differences regarding the
genetic diversity across Europe, and that restocking programs
should always consider the natural genetic make-up of the
populations (e.g., Schrimpf et al., 2014, 2017; Lovrenčić
et al., 2020; Dannewitz et al., 2021). For restocking purposes,
conservationists rely on efficient crayfish breeding systems.
Regarding the endangered white-clawed crayfish, Nightingale
et al. present the optimal diet for rearing endangered white-
clawed crayfish. They showed that live food is optimal for
high survival and growth in hatchlings as a diet based
on plankton and vegetable matter is most beneficial. These
results are important for captive breeding success prior
to reintroductions.

Manenti et al. outlined an impressive example of a successful
reintroduction of the endangered white-clawed crayfish in Italy,
after a crayfish plague population collapse caused by the presence
of alien crayfish. They showcase the importance of public
awareness and stakeholder involvement to enhance the success
of such reintroductions. But not only invasive alien crayfish pose
a risk to native crayfish fauna. In a study by Tricarico et al. it
is highlighted for the first time that invasive raccoons prey on
crayfish and pose a severe risk of extinction for the endangered
native white-clawed crayfish in Central Italy.

The study by Boštjančić et al. showcase that the high content
and diversity of repetitive elements in the genome of the native
narrow-clawed crayfish may have provided a driving force for
the genome evolution of this native European crayfish. This
cytogenomic approach could enhance future studies of other
native crayfish species by revealing their evolutionary history and
phylogenetic relations.

CRAYFISH PLAGUE MANAGEMENT

The detection of the crayfish plague disease agent A. astaci
within water bodies is of extreme importance for successful
freshwater crayfish management, in addition to the presence
or absence detection of invasive crayfish. This oomycete shows
a high variability in its virulence among different haplogroups
(Makkonen et al., 2012, 2014, 2018; Martín-Torrijos et al., 2021).
Thus, it is crucial to monitor not only the distribution of the
pathogen, but also to determine its genetic group to infer its
virulence and thus the consequences to the affected crayfish
populations. The study by Di Domenico et al. now provides a
novel set of sensitive and highly specific qPCR assays as a robust
tool for fast genotyping of A. astaci genotype groups common
in Europe.

The controlled infection experiment by Francesconi et al.
provided additional evidence of how drastically strains of
A. astaci differ in their virulence. This study confirmed the
adaptation of one specific A. astaci haplogroup to their
novel European hosts, supposedly due to ongoing coevolution
(Jussila et al., 2021) as confirmed by transcriptomic data
analyses (Boštjančić et al., 2021). Furthermore, Francesconi
et al. experimentally showed that invasive marbled crayfish are
remarkably resistant against the crayfish plague disease and
could potentially be latently infected, acting as carriers of highly
virulent A. astaci strains.

In addition to differing virulence levels among A. astaci
strains, Martín-Torrijos, Correa-Villalona, Azofeifa-Solano, et al.
confirmed the presence of the red swamp crayfish associated A.
astaci strain in coastal habitats, while so far it has been assumed
that A. astaci is not viable in brackish waters. This finding is of
high concern for the conservation of European native freshwater
crayfish and highlights oncemore the risk of introducing invasive
alien crustaceans. The crayfish plague pandemic is not only
threatening the European freshwaters, as A. astaci is spreading
worldwide due to globalization and pet trade. Martín-Torrijos,
Buckley, et al. report the first-time detection of A. astaci in Costa
Rica, and give valuable recommendations of invasive red swamp
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crayfish management in line with experiences from the European
continent, to intervene the detrimental impacts of A. astaci on
native decapod species in Central America.

MONEY KILLS NATIVE ECOSYSTEMS:

EUROPEAN CRAYFISH AS AN EXAMPLE

For the past 150 years, the European crayfish fauna has
been devastated by the crayfish plague. As an attempt to
economically compensate for this decline, alien North American
crayfish such as signal crayfish, have been deliberately released
into European water courses. However, the mass mortality
of native crayfish has accelerated rather than slowed down
as a result. Jussila et al. explain in their Policy and Practice
review how this has happened, and which lessons can be
learned from this. The case of the European crayfish serves
as a particularly evident example of how the introduction of
non-native species to replace lost native populations ended up
doing more harm than good. Science-based warnings about alien
species damage to native ecosystems and native crayfish must

be taken seriously and with utmost caution. Protection of native
European crayfish is the core issue but not the commercial
activities. Finally, Jussila et al. summarize main threats and
actions needed to protect remaining native freshwater crayfish
fauna in Europe, with emphasis on the halt of alien species
spread by stronger EU regulations and law enforcements as
well as public awareness initiatives to connect people back
to nature.
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Monitoring of Noble Crayfish Astacus
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Noble crayfish is the most widespread native freshwater crayfish species in Europe.
It is threatened in its entire distribution range and listed on the International Union for
Concervation Nature- and national red lists. Reliable monitoring data is a prerequisite for
implementing conservation measures, and population trends are traditionally obtained
from catch per unit effort (CPUE) data. Recently developed environmental DNA
(eDNA) tools can potentially improve the effort. In the past decade, eDNA monitoring
has emerged as a promising tool for species surveillance, and some studies have
established that eDNA methods yield adequate presence-absence data for crayfish.
There are also high expectations that eDNA concentrations in the water can predict
biomass or relative density. However, eDNA studies for crayfish have not yet been
able to establish a convincing relationship between eDNA concentrations and crayfish
density. This study compared eDNA and CPUE data obtained the same day and
with high sampling effort, and evaluated whether eDNA concentrations can predict
relative density of crayfish. We also compared two analytical methods [Quantitative
real-time PCR (qPCR) and digital droplet PCR (ddPCR)], and estimated the detection
probability for eDNA monitoring compared to trapping using occupancy modeling. In
all lakes investigated, we detected eDNA from noble crayfish, even in lakes with very
low densities. The eDNA method is reliable for presence-absence monitoring of noble
crayfish, and the probability of detecting noble crayfish from eDNA samples increased
with increasing relative crayfish densities. However, the crayfish eDNA concentrations
were consistently low and mostly below the limit of quantification, even in lakes with very
high crayfish densities. The hypothesis that eDNA concentrations can predict relative
crayfish density was consequently not supported. Our study underlines the importance
of intensified sampling effort for successful detection of very low-density populations,
and for substantiating presumed absence, inferred from negative results. Surprisingly,
we found a higher likelihood of eDNA detection using qPCR compared to ddPCR.
We conclude that eDNA monitoring cannot substitute CPUE data, but is a reliable
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supplement for rapid presence-absence overviews. Combined with eDNA analyses
of alien crayfish species and diseases such as crayfish plague, this is a cost-efficient
supplement offering a more holistic monitoring approach for aquatic environments and
native crayfish conservation.

Keywords: noble crayfish Astacus astacus, eDNA, occupancy modeling, qPCR, ddPCR, CPUE, detection
frequency, relative density

INTRODUCTION

Freshwater crayfish are regarded as keystone species and shape
the littoral zone in both lotic and lentic environments (Creed,
1994; Momot, 1995). Their presence in aquatic environments,
influencing sediment dynamics and benefiting other animals,
has also led freshwater crayfish to be characterized as ecosystem
engineers and umbrella species (Usio and Townsend, 2001;
Reynolds et al., 2013). Furthermore, they are regarded as
indicator species for water quality (Sylvestre et al., 2002). In
addition, some species of freshwater crayfish are harvested and
regarded as delicacies, obtaining high prices in the market
(Ackefors, 1998). One of these prized species is the noble crayfish,
Astacus astacus, which is indigenous to Europe and the only
indigenous species of freshwater crayfish in Norway (Souty-
Grosset et al., 2006; Kouba et al., 2014). There are currently about
470 registered Norwegian populations of noble crayfish (Johnsen
and Vrålstad, 2017). Along with populations of other native
freshwater crayfish species indigenous to Europe, the number
of noble crayfish populations has declined dramatically in the
last decades. This is mostly due to introduced North-American
crayfish species that carry and transmit the crayfish plague
pathogen Aphanomyces astaci, but also due to anthropogenic
influences such as pollution and habitat loss (Holdich et al.,
2009; Kouba et al., 2014). Hence, the noble crayfish is both on
the international (Edsman et al., 2010) and the national red
list (Henriksen and Hilmo, 2015). The red list status and its
importance in freshwater ecosystems has led to the development
of surveillance programs aiming to monitor distribution and
relative density of noble crayfish (Johnsen et al., 2019). In
Norway, as in other countries, estimates of relative density
are obtained by trapping crayfish with baited traps (Johnsen
et al., 2014). This is relatively time consuming, and in order to
increase the number of monitored populations, environmental
DNA (eDNA) methodology has recently been included in the
Norwegian surveillance programs for both crayfish plague and
freshwater crayfish (Johnsen et al., 2019; Strand et al., 2020). The
methods are also used in crayfish monitoring studies in Europe
(Robinson et al., 2018; Mauvisseau et al., 2019b; Rusch et al., 2020;
Troth et al., 2020).

During the past decade, eDNA methods have been
increasingly used as monitoring tool for freshwater organisms
(Leese et al., 2016; Bylemans et al., 2019; Strand et al., 2019;
Goutte et al., 2020). These methods utilize DNA traces in the
environment originating from single-celled microorganisms or
cells shed from complex organisms in the form of propagules,
mucus, abraded epithelial cells and body fluids (Thomsen and
Willerslev, 2015). These sources of eDNA are easily caught on

a filter or pelleted from a water sample, from which DNA can
be extracted and analyzed. Thus, from a water sample, it is
possible to detect specific species or even whole communities
(Deiner et al., 2017; Bylemans et al., 2019; McElroy et al., 2020).
Quantitative real-time PCR (qPCR) or digital droplet PCR
(ddPCR) are commonly used for species-specific detection
(Rusch et al., 2018; Capo et al., 2019; Mauvisseau et al., 2019a;
Strand et al., 2019), and for relative or absolute quantification of
target DNA, respectively (Demeke and Dobnik, 2018; Quan et al.,
2018), while high-throughput sequencing and metagenomics
is used to study whole communities (Thomsen et al., 2012;
Hänfling et al., 2016; McElroy et al., 2020). While qPCR is
currently the most common platform to analyze eDNA samples
using species-specific assays, recent studies suggest that the
detection rate of eDNA in environmental samples is higher when
using ddPCR compared to qPCR technology (Doi et al., 2015a;
Mauvisseau et al., 2019a; Wood et al., 2019; Brys et al., 2020).
With ddPCR there is no need for standard curves and ddPCR
allows for absolute quantification, even at low levels of DNA
copies. Additionally, ddPCR appears to be more robust against
PCR inhibition (Doi et al., 2015a; McKee et al., 2015; Mauvisseau
et al., 2019a; Brys et al., 2020).

Environmental DNA methods allow for rapid detection of
targeted species and are considered a promising monitoring tool
for aquatic species surveillance and inventories (Lodge et al.,
2012; Thomsen and Willerslev, 2015), including monitoring and
discovery of endangered and invasive species (Dejean et al., 2012;
Laramie et al., 2015; Strand et al., 2019). Additionally, eDNA
methodology is non-invasive compared to more traditional
methods where the species itself is caught (Thomsen and
Willerslev, 2015). An increasing number of studies show that
eDNA monitoring is suitable for acquiring presence/absence
information of targeted species (Hempel et al., 2020; Mason
et al., 2020; Villacorta-Rath et al., 2020), although “not-detected”
data cannot be taken as absolute proof of absence (Rusch et al.,
2020). For marine and freshwater fish species, it has also been
suggested that eDNA concentrations can be used to estimate
population density or biomass of a species (Takahara et al.,
2012; Thomsen et al., 2012; Lacoursière-Roussel et al., 2016). For
freshwater crayfish, several studies demonstrate the use of eDNA
to determine the presence or absence of species (Tréguier et al.,
2014; Agersnap et al., 2017; Harper et al., 2018; Strand et al., 2019;
Rusch et al., 2020), which is very useful for verification of species
presence and species distribution. A few studies have investigated
the relationship between population density of targeted crayfish
species and eDNA concentration, but so far no or only weak
correlations have been reported (Dougherty et al., 2016; Cai et al.,
2017; Larson et al., 2017; Rice et al., 2018; Troth et al., 2020). More

Frontiers in Environmental Science | www.frontiersin.org 2 December 2020 | Volume 8 | Article 61225310

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/environmental-science#articles


fenvs-08-612253 December 1, 2020 Time: 20:27 # 3

Johnsen et al. eDNA Monitoring of Noble Crayfish

studies are thus needed to evaluate whether eDNA concentrations
can somehow reflect the relative population density of freshwater
crayfish species.

Goal of Study
We aimed to make a direct comparison between the
traditional monitoring of noble crayfish using baited traps,
and targeted eDNA monitoring by means of species-specific
qPCR and ddPCR. This will help assess if eDNA yields valid
presence/absence data for noble crayfish. We further use
occupancy modeling to estimate the probability to detect eDNA
of noble crayfish at various population densities, ranging from
very low to high density populations. We also explore whether
eDNA concentrations in the water correlates with observed
relative density of noble crayfish. Finally, we compared the
qPCR and ddPCR results and efficiency for eDNA detection
of noble crayfish.

MATERIALS AND METHODS

Study Sites
In total eight lakes in the south-eastern part of Norway were
included in this study (Figure 1A and Table 1). These study
sites were selected according to an expected range of crayfish
abundance, based on results from other projects such as the
National surveillance program for noble crayfish (Johnsen et al.,
2019). Here, we have available data from several years of trap
catches, including estimates of relative density from catch per
unit effort data (CPUE). To avoid larger molting periods, which
would influence both the catchability of crayfish (Westman and
Pursiainen, 1982) and possibly the eDNA concentrations in the
water (Laurendz, 2017), six of the locations were sampled after
mid-August. Due to the high fishing pressure in Lake Einafjorden
and Steinsfjorden, we surveyed these two localities from the 7 to
9th of August 2016.

Crayfish Trapping
In each lake, 50 funnel LiNi traps with two entrances and 14 mm
mesh size were set along the shoreline in the depth interval 0.5–
5 m (Table 1 and Figure 1B), in accordance with the methods
used in the national monitoring program for noble crayfish
(Johnsen et al., 2019). The traps were baited with raw chicken,
set in the evening and emptied the next morning. The relative
density or CPUE is given as the number of crayfish per trapnight.
The number of crayfish caught per trapnight is regarded as a
reliable measure of crayfish density with sufficient effort, and even
at efforts as low as 15 trapnights (Zimmerman and Palo, 2011;
Johnsen et al., 2014).

Water Samples
A total of 8–12 water samples were collected for eDNA analysis
from each lake, along the same transect in which the traps were
placed (Figure 1B). We filtered up to 5 L per sample, but in
some cases less if the filter clogged. In order to avoid any possible
contamination or influence of eDNA results from the trapping
activity, the water samples were collected and filtered prior to

setting the traps, but still on the same day. The samples were
filtered directly from the boat using a battery driven peristaltic
pump (ES portable sampler, Masterflex, Cole-parmer, Vernon
Hills, United States) with tygon tubing (Masterflex) and a 47 mm
inline filter-holder (Millipore, Billerica, United States) (Strand
et al., 2019). Glass-fiber filters (AP2504700, Millipore) with an
effective pore size of 2 µm were used, as in previous studies
(Agersnap et al., 2017; Strand et al., 2019; Rusch et al., 2020).
The inlet of the tube was attached to a small plastic box weighed
down with lead in order to collect water∼5 cm above the bottom,
between 1 and 3 meters depth depending on the shoreline and
lake. After filtration, each filter was transferred to a 15 ml falcon
tube and stored on ice until return to the laboratory where the
filter samples were frozen awaiting DNA extraction.

Extraction of gDNA and eDNA
In order to obtain reference DNA for positive controls
and standard dilution series, genomic DNA (gDNA) was
extracted from noble crayfish tissue (abdominal muscle)
using QIAmp R© DNA mini kit with the QIAcube automated
DNA extractor (Qiagen) following the manufacturer’s protocol.
The DNA concentration was measured using the Qubit 1x
dsDNA HS Assay Kit and Qubit 4 Fluorometer (Invitrogen,
life technologies) according to the manufacturer’s protocol.
Environmental DNA was extracted from the glass fiber filters
using an extraction protocol as described in Strand et al. (2019).
In short, eDNA samples were lysed in cetyltrimethylammonium
buffer (CTAB) and proteinase K at 65◦C for 60 min,
cleaned and separated using chloroform, precipitated using
isopropanol and re-suspended in TE-buffer (pH 8). Due
to the large volume of eluate (4 ml) from each sample,
the eluates were divided into two subsamples to bypass
the volume restrictions caused by centrifuge size. These
subsamples were then merged after re-suspension in TE-
buffer. During the extraction of DNA, an environmental blank
control and an extraction blank control were incorporated in
order to measure potential contamination during the DNA
extraction step.

qPCR and ddPCR Protocols
gDNA and eDNA extracts were analyzed with a species-specific
assay targeting the cytochrome c oxidase subunit I (COI) of
noble crayfish published in Rusch et al. (2020): forward primer
5′-CCC CTT TRG CAT CAG CTA TTG-3′, reverse primer
5′-CGA AGA TAC ACC TGC CAA GTG T-3′ and probe
FAM-5′ CTC ATG CAG GCG CAT-MGBFNQ. This assay was
specifically designed and optimized for both the qPCR and
ddPCR platforms. A total of six technical replicates (three
undiluted and three 5x diluted) were analyzed from each sample
on both platforms (qPCR and ddPCR). The qPCR analysis was
performed on a Bio-Rad CFX96 Touch (Bio-Rad, Hercules,
CA, United States) in a 25 µL reaction volume. Each reaction
consisted of 12.5 µL TaqMan Environmental Master Mix 2.0
(Thermo Fisher Scientific, Waltham, United States), 500 nM
of each primer, 250 nM probe, nuclease free water and 5 µl
DNA sample. The thermocycling protocol consisted of an initial
warming at 95◦C for 10 min followed by 50 cycles of 95◦C for
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FIGURE 1 | (A) Location of the monitored lakes in Norway. Black dots indicate the lakes and numbers identify the lakes, referring to Table 1. (B) Illustration of
sampling transect of crayfish trapping and eDNA sampling at location 8. Here, 50 traps were set along the shoreline in the gray shaded area, and 8–10 filtrated water
samples (black dots) were collected from each lake.

TABLE 1 | Lake and lake size with sample dates and effort of eDNA samples and traps.

Lake (number) Lake size (ha) Sample date # eDNA samples Trap effort (trapnights)

Baereia (3) 138 01.09.2015 12 50

Baereia (3) 138 23.08.2017 10 50

N. Billingen (2) 176 02.09.2015 9 50

N. Billingen (2) 176 24.08.2017 10 50

S. Billingen (1) 136 02.09.2015 10 50

S. Billingen (1) 136 25.08.2017 10 50

Skårillen (4) 46 03.09.2015 10 50

Skårillen (4) 46 22.08.2017 8 50

Harestuvatnet (5) 206 10.09.2015 9 50

Gjerdingen (6) 300 09.09.2015 9 50

Steinsfjorden (7) 1384 09.08.2016 8 48

Einafjorden (8) 1382 07.08.2016 10 50

Lake number (within parenthesis is related to the number seen in Figure 1).

15 s and 60◦C for 60 s. Four known concentrations of 10-fold
diluted genomic DNA (noble crayfish) were run in duplicates as
a positive control and standard with known DNA copy numbers
(based on absolute quantification of ddPCR) in order to calculate
the DNA copies in each reaction (relative quantification) using
the manufactures software (CFX Manager v. 3.1.1517.0823).

The ddPCR analysis was performed on a QX200 AutoDG
Droplet Digital PCR System (Bio-Rad) in a 22 µl reaction
volume. Each reaction consisted of 11 µl ddPCR supermix for
probes (no dUTP, Bio-Rad), 900 nM of each primer, 300 nM
of probe, 0.6 µl bovine serum albumin (BSA), nuclease free
water and 5 µl DNA. Droplets were generated using AutoDG
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instrument (Bio-Rad), where an emulsion is created with 20 µl
of the 22 µl reaction volume, resulting in a 10% loss of DNA
template and supermix. After droplet generation, the plates
were transferred to a TM100 thermocycler (Bio-Rad) with the
following cycling conditions: an initial warming at 95◦C for
10 min followed by 45 cycles of 94◦C for 30 s and 60◦C for 60 s
and a final step at 98◦C for 10 min to inactivate the enzyme.
Ramp rate was set to 2◦C/s. The plate was thereafter transferred to
the QX200 droplet reader (Bio-Rad) for final analysis. A known
concentration of genomic DNA (noble crayfish) was run in
duplicate as a positive control. The DNA copies in each reaction
were calculated (absolute quantification) using the manufactures
software (Quantasoft v.1.7.4.0917).

The environmental blank control and extraction black control
from each batch of extracted DNA were included in both the
qPCR and ddPCR analysis. Negative blank controls (MilliQ
water) were also included on each plate analyzed.

Limits of Detection and Quantification
For the qPCR approach, the limit of detection (LOD) had been
established by Rusch et al. (2020) as five copies/qPCR reaction,
and followed the criteria that LOD is the lowest concentration
that yields a detection probability of 95%, ensuring <5% false
negatives (Berdal et al., 2008; Vrålstad et al., 2009). Likewise,
the limit of quantification (LOQ) for the qPCR assay has been
established as 10 DNA copies/qPCR reaction (Rusch et al., 2020),
using the same acceptance level as set for qPCR quantification of
the crayfish plague pathogen A. astaci (Vrålstad et al., 2009), with
observed standard deviation <0.5 for the Ct-values. Following
previous recommendations, a cut-off was set at Ct 41 for the
qPCR assay (Agersnap et al., 2017; Strand et al., 2019; Rusch
et al., 2020), implying that amplification at or above this value was
not considered a positive detection. For each eDNA sample, the
following criteria for a positive sample were used: if three or more
of the six technical qPCR replicates for a sample were positive
below Ct 41, the sample was considered positive.

The same standard dilutions used to estimate the LOQ and
LOD for the qPCR assay in Rusch et al. (2020) were analyzed
with the ddPCR assay in order to estimate the absolute limit
of quantification (aLOQ) and LOD. The aLOQ for ddPCR can
be estimated as the lowest copy number of a target within
the dynamic range with a relative standard deviation (RSD)
of the measured copy number ≤25% (Dobnik et al., 2015).
The theoretical LOD, i.e., the lowest concentration that yields a
detection probability of 95%, is estimated to be 0.29 copies/µl
for ddPCR in the case 17,000 accepted droplets and corresponds
to ∼5.8 copies in a 20 µl reaction (Pecoraro et al., 2019). The
standard used had a starter concentration of 50 ng/µl of noble
crayfish gDNA, and was four-fold diluted to create a dilution
series ranging from 12.5 ng/µl (4−1) to 0.00000075 ng/µl (4−13).
As ddPCR offers absolute quantification, the ddPCR results from
the 3rd fourfold-dilution of gDNA were used as a baseline for the
qPCR standard in order to estimate the relative DNA copies in
each qPCR reaction. There is no consensus on the number of
positive droplets that are required to score a ddPCR replicate
as positive, but the threshold is commonly set at 2, 3, or 5
droplets (Dobnik et al., 2015). Since we analyzed six replicates

for each sample, and all analyzed blank controls were negative
(N = 81), we scored a sample positive when three or more of
the six technical ddPCR replicates of the sample had one or
more positive droplets. Reactions with total droplet count below
8,000 were excluded.

We estimated the DNA copy numbers per liter water from
each sample for both qPCR and ddPCR according to Agersnap
et al. (2017) using the equation: CL = [Cr

∗ (Ve/Vr)]/Vw. Here
CL = copies of eDNA per liter lake water, Cr = copies of eDNA
in reaction volume, Ve = total elution volume after extraction,
Vr = volume of eluded extract used in the qPCR/ddPCR reaction,
Vw = volume of filtered lake water.

Statistical Analysis
The statistical analyses were performed using RStudio
(v.1.3.1073) and R (v.4.0.2). We compared the qPCR and ddPCR
reaction estimates of DNA copies from gDNA using a spearman
correlation test, and used a generalized linear model (GLM)
with the binominal family with logit link logistic to compare
detection (TRUE/FALSE) against method (qPCR/ddPCR) and
dilution series. We compared the detection frequency of qPCR
and ddPCR of DNA from the field samples using a GLM with
the binominal family with logit link logistic to compare detection
(TRUE/FALSE) against method (qPCR/ddPCR) and CPUE.
We used the R package eDNA occupancy to run multiscale
occupancy modeling in order to estimate the detection
probability of crayfish using the targeted eDNA approach
(Dorazio and Erickson, 2018). The multiscale occupancy model
estimates (1) the probability of species occurrence at the location
(psi or ψ), (2) the conditional probability of occurrence in a
water sample given that the species is present at that location
(theta or θ), and (3) the conditional probability of detection in a
PCR reaction given that the species is present in the sample (ρ)
(Dorazio and Erickson, 2018). The models were run separately
for the qPCR and ddPCR data sets. For samples with less than
three positive technical replicates all replicates were scored as
negative, as described above. We first tested the occupancy
models with assumed constant parameters. Then we included the
factor CPUE into the occupancy modeling in order to investigate
how relative crayfish densities influence the detection probability
in a water sample (θ). We assumed constant parameters for
eDNA occurrence in lakes (psi) and in PCR replicate (p) while
the conditional probability of eDNA occurrence in water samples
(theta) was assumed to be a function of CPUE. The models
were run for a total of 11,000 iterations. We used the equation
1− (1− θ)n

≥ 0.95 to calculate the number of water samples
to achieve a 95% detection probability, where θ is the estimated
probability to detect crayfish eDNA in a water sample. We also
compared (spearman correlation) the mean DNA copies from
each field sample from both qPCR and ddPCR with CPUE.

RESULTS

Comparisons of qPCR and ddPCR Assay
Both the qPCR and ddPCR amplified the gDNA standard and
there is a significant correlation (R2 = 0.9, p < 2.2e-16) between
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FIGURE 2 | (A) Correlation plot of the estimated DNA copies per reaction of qPCR and ddPCR analysis of gDNA from crayfish tissue using spearman correlation
(R2 = 0.9, p < 2.2e-16). (B) Logistic regression curve showing probability of gDNA detection against the dilution series number using ddPCR. (C) Logistic regression
curve showing probability of detection against the gDNA dilution series number using qPCR.

TABLE 2 | The qPCR and ddPCR results for the analysis of the standard dilution used to estimate LOQ and LOD for qPCR (Rusch et al., 2020) and ddPCR (this study)
using the same assay.

qPCR ddPCR

Standard DNA
(ng/µl)

N Cq Cq
Std

DNA copies SD** Detection RSD*** N Pos.
Drops*

DNA
copies

SD** Detection RSD***

Undiluted 5.00E + 01

S4∧1 1.25E + 01 6 18.00 0.07 3046534.65 139026.71 100% 5% 6 17101.3 >200000 NA NA NA

S4∧2 3.13E + 00 8 19.95 0.06 798995.10 34118.09 100% 4% 8 18460.0 >200000 NA NA NA

S4∧3 7.81E-01 8 22.01 0.04 194510.60 5600.27 100% 3% 8 18258.1 167000.00 7618.77 100% 5%

S4∧4 1.95E-01 8 24.08 0.07 47080.87 2210.02 100% 5% 8 15028.3 40677.50 736.98 100% 5%

S4∧5 4.88E-02 8 26.11 0.05 11668.85 377.37 100% 3% 8 6326.5 10017.50 226.89 100% 2%

S4∧6 1.22E-02 8 28.09 0.07 3006.44 138.10 100% 5% 8 1890.1 2548.00 50.55 100% 2%

S4∧7 3.05E-03 8 30.13 0.08 740.64 38.82 100% 5% 8 486.6 650.00 33.87 100% 5%

S4∧8 7.63E-04 8 32.14 0.17 186.55 21.18 100% 11% 8 123.1 171.50 13.26 100% 8%

S4∧9 1.91E-04 20 34.20 0.32 46.23 9.18 100% 20% 20 33.9 43.25 3.01 100% 7%

S4∧10 4.77E-05 20 36.22 0.39 11.62 2.62 100% 23% 20 6.7 9.54 3.43 100% 36%

S4∧11 1.19E-05 20 38.83 1.01 2.35 1.55 100% 66% 20 1.7 1.98 1.42 85% 72%

S4∧12 2.98E-06 20 39.71 0.56 0.39 0.60 35% 156% 20 1.0 0.69 0.80 45% 115%

S4∧13 7.45E-07 20 39.96 0.03 0.17 0.36 20% 205% 12 1.0 0.25 0.59 17% 234%

*Average number of positive droplets, negative droplets excluded. **Standard deviation. ***Relative standard deviation.

the estimated DNA copies from the two methods (Figure 2A).
There was no significant difference (z = 0.492, p = 0.623,
logistic regression) in detection rate between the two methods
on the dilution series (Figures 2B,C). The aLOQ for the ddPCR
was estimated to be ∼ 40 copies, the last standard dilution
where the RSD was ≤25% (Table 2). In the initial ddPCR run
several of the positive field samples showed signs of inhibition
and lower amplitude of the positive droplets compared to the
positive control. Adding BSA to the reaction or diluting the
sample (1:5) appeared to improve this issue by increasing the
amplitude enough to separate negative from positive droplets.
A total of 690 reactions were run both for qPCR and for ddPCR.
Here, 33 ddPCR reactions were excluded due to total droplet
count below 8,000. Of the remaining 657 ddPCR reactions,
28.5% of the reactions had one or more positive droplets, while

42.6% of the 690 qPCR reactions had a positive amplification
below the set cut-off (Cq 41). Both for the qPCR and ddPCR
results, most of the reactions were below the LOQ (Figure 3)
indicating low concentration of noble crayfish eDNA. None of
the environmental blank controls or extraction blank controls
displayed any amplification or produced positive droplets.
Neither did the negative blank controls display amplification or
produce positive droplets.

Relative Density of Crayfish Compared
to eDNA Presence/Absence Data
The CPUE of noble crayfish in the different localities ranged
in mean values between 0.08 and 17.52 (Figure 4 and
Supplementary Table 1). According to the classification system
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FIGURE 3 | A scatterplot of the estimated DNA copies per reaction of qPCR and ddPCR analysis of eDNA. The stippled line indicates a 1:1 ratio, while the horizontal
line and vertical line indicates the LOQ for ddPCR and qPCR, respectively.

of the national surveillance program of noble crayfish in
Norway (Johnsen et al., 2019), the crayfish populations cover
all categories, ranging from “very low density” populations
to “very high density” populations (Figure 4). We detected
eDNA from noble crayfish in all lakes, but in 2015 we failed
to detect noble crayfish eDNA in one of the sampled lakes
(Lake Skårillen). In this case, there was very heavy rainfall
before and during the sampling. Noble crayfish eDNA was
detected in this lake in 2017 (Figure 4). Even in lakes with
very low crayfish densities (Figures 4, 5), noble crayfish eDNA
had been reliably detected with a qPCR detection frequency
ranging from 0.3 to 0.7. The detection frequency of noble
crayfish eDNA was significantly higher (z = 4.27, p = 1.93e-05,
logistic regression) for qPCR compared to ddPCR (Figure 5A),

and the detection frequency increased (z = 4.55, p = 5.46e-06,
logistic regression) for both qPCR and ddPCR with increased
CPUE (Figure 5B).

Occupancy Modeling
The occupancy models with constant parameters (Table 3)
also showed that it is more likely to detect eDNA of crayfish
using qPCR compared to ddPCR. Including the CPUE as a
factor in the occupancy models gives an estimate of detection
likelihood in water samples at different relative densities of
crayfish, and the likelihood to detect eDNA of noble crayfish
in water samples increases with relative densities, both for
qPCR and for ddPCR (Figure 6). At all but the highest relative
density (CPUE ∼17.52) estimated occurrence of eDNA in a
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FIGURE 4 | Boxplot showing the number of noble crayfish per trapnight (CPUE) in the eight localities. The plots are based on the number of crayfish caught in the
individual traps within the lake. The box contains 50% of the individual trap values, the median and the average values are shown as black and stippled red lines,
respectively. The whiskers indicate the 5 and 95 percentiles and the dots (•) show values outside this interval. The pie charts depict the qPCR detection frequency
(black part being positive) from the water samples. ddPCR detection frequency is not included. Exact values are given in Supplementary Table 1.

FIGURE 5 | (A) A comparison of the observed detection frequency (proportion of positive eDNA samples in a lake) between qPCR and ddPCR. The dotted line
shows the 1:1 ratio. (B) A comparison of the observed detection frequency between CPUE against ddPCR and qPCR.

water sample is lower using ddPCR analysis compared to qPCR
(Figure 6). For qPCR, the probability of eDNA occurrence
is relatively high (around 0.5) even at the CPUE estimates
below 1 (Figure 6). At very low to low densities five water

samples are sufficient to detect eDNA of noble crayfish with
95% likelihood using qPCR, while 11 to 14 water samples
are needed to detect noble crayfish with 95% likelihood using
ddPCR (Figure 7).
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TABLE 3 | The estimated likelihood of occurrence at the location (ψ), in the water
sample (θ) or PCR replicate (p) for qPCR and ddPCR using fixed parameters.

psi (ψ ) theta (θ ) P

qPCR 0.876 (0.645–0.981) 0.542 (0.447–0.634) 0.706 (0.655–0.753)

ddPCR 0.814 (0.563–0.965) 0.318 (0.225–0.419) 0.737 (0.671–0.799)

FIGURE 6 | The estimated probability of eDNA occurrence in water samples
(θ) using occupancy models where the probability of eDNA occurrence in lakes
was assumed to be constant, the conditional probability of eDNA occurrence
in water samples was assumed to be a function of CPUE and the conditional
probability of eDNA detection in PCR replicate was assumed to be constant.

Relative Density of Crayfish Compared
to eDNA Copy Numbers
The copy numbers estimated from the qPCR and ddPCR
reactions in our study were very low and most of the numbers
were below the LOQ (Figure 3). The estimated DNA copy
numbers that are below LOQ are unreliable due to high variation
when the copy numbers in a sample are low, and thus not suitable
for statistical analysis. However, it is not uncommon to see studies

FIGURE 7 | Estimated number of water samples needed to achieve 95%
detection likelihood at different relative densities of crayfish (CPUE) for qPCR
and ddPCR.

where eDNA copy numbers calculated below LOQ are correlated
with density (or biomass) estimates. We did a correlation test
(spearman) in order to compare DNA concentration in water
(DNA copies per liter) to relative density of crayfish (CUPE),
and the test showed a very weak positive correlation between
eDNA concentrations and CPUE data, both for qPCR and ddPCR
results (Figure 8). This result is highly uncertain and interpreted
with great caution.

DISCUSSION

Populations of native European noble crayfish are currently being
lost at an alarming rate, largely because of North-American
invasive crayfish that carry and transmit the crayfish plague
pathogen (Holdich et al., 2009; Kouba et al., 2014). There is
therefore an urgent need for better, powerful and dedicated
conservation and management strategies. This requires solutions

FIGURE 8 | (A) A scatterplot with correlation (Spearman) of the mean DNA copies per liter for each sample from ddPCR plotted against CPUE of crayfish. The
horizontal line indicates the LOQ of ddPCR adapted to fit the copies per liter values. (B) A scatter plot with correlation (Spearman) of the mean DNA copies per liter
for each sample from qPCR plotted against CPUE of crayfish. The horizontal line indicates the LOQ of qPCR adapted to fit the copies per liter values.
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derived from understanding, knowledge and measures related
to biology, socioeconomics and legal frameworks. Here, efficient
monitoring strategies play a key role. In the past decade,
eDNA monitoring has emerged as a promising, cost-effective
tool for monitoring of endangered and invasive species (Jerde
et al., 2011; Lodge et al., 2012) and disease pathogens (Strand
et al., 2011, 2014; Gomes et al., 2017) with the potential to
simplify and streamline species surveillance (Kelly et al., 2014;
Leese et al., 2016). High expectations have been connected
to eDNA data as predictors for species distribution, relative
density and biomass estimates (Bohmann et al., 2014; Kelly
et al., 2014; Doi et al., 2017). However, with the growing body
of reports and research, the first optimistic prospects regarding
the applicability of eDNA prediction have encountered reality,
turning out to vary for different groups of organisms, habitats and
choice of methods. Several proof-of-concept studies have shown
that eDNA monitoring yields adequate presence-absence and
distribution data for crayfish, with a high potential for crayfish
surveillance. But, in contrast to some studies focusing on fish
(Lacoursière-Roussel et al., 2016; Doi et al., 2017), there are so far
few if any studies on crayfish that have established a convincing
quantitative relationship between eDNA concentrations in the
water and crayfish biomass or density. We have systematically
compared traditional trapping methods and eDNA monitoring
with a thorough sampling effort. In concordance with other
studies (Dougherty et al., 2016; Cai et al., 2017; Larson et al.,
2017; Strand et al., 2019; Troth et al., 2020), our results support
the assumption that eDNA yields valid presence-absence data,
even at very low population densities. However, lakes with
low-density crayfish populations require higher sampling effort
than commonly used in comparable studies and monitoring
programs. We found that the probability of detecting noble
crayfish from eDNA samples increased with increasing relative
crayfish densities, corroborating similar studies (Dougherty et al.,
2016; Larson et al., 2017). However, no significant correlation
between noble crayfish eDNA concentrations in the water and
relative crayfish density could be established. Thus, our eDNA
data does not support the hypothesis that eDNA concentrations
can predict relative crayfish density.

Efficiency for eDNA Detection of Noble
Crayfish – qPCR Versus ddPCR
It is commonly reported that ddPCR overcomes the challenges
connected to inhibitory substances to a higher extent than qPCR,
and displays both higher sensitivity and higher quantification
accuracy (Dingle et al., 2013; Rački et al., 2014; Zhao et al.,
2016), and several studies have highlighted the benefits of ddPCR
for eDNA detection (e.g., Doi et al., 2015a; Hunter et al., 2017;
Hamaguchi et al., 2018; Mauvisseau et al., 2019a; Brys et al.,
2020). However, while ddPCR offers absolute quantification, the
variation in estimated copy numbers increases at low numbers,
therefore the LOQ of ddPCR is often within the same range as
LOQ for qPCR (Dobnik et al., 2015). In our study, the estimated
LOQ for qPCR was lower than for ddPCR applying a RSD of
25% for estimated copy numbers. While we observed similar
detection sensitivity for qPCR and ddPCR on DNA extracted

from crayfish tissue, we had lower detection sensitivity for
ddPCR compared to qPCR for the eDNA samples. This contrasts
other studies where ddPCR appears to be more sensitive than
qPCR for eDNA detection (e.g., Doi et al., 2015b; Hamaguchi
et al., 2018; Mauvisseau et al., 2019a; Wood et al., 2019; Brys
et al., 2020). In some eDNA samples we observed a reduced
amplitude for the ddPCR indicating some inhibition. Although
ddPCR is robust against inhibition, high concentrations of PCR
inhibitors like humic acids may also inhibit ddPCR. Several qPCR
mastermixes are robust against inhibition, including Taqman
Environmental Mastermix 2.0 (Strand et al., 2011; Uchii et al.,
2019). Thus, the type of qPCR mastermix and its ability to deal
with inhibition will highly influence the results in a comparison
to ddPCR. Strand et al. (2011) found that Taqman Environmental
Mastermix removed close to 100% of the observed inhibition
in DNA extracts for different natural water samples including
water with high content of humic substances. For ddPCR, we
experienced that the relevant ddPCR chemistry (Bio-Rad) had no
specific mastermix developed to deal with inhibitory substances
in the ddPCR other than the inherent property of ddPCR
(partitioning the samples into droplets), making it less sensitive to
inhibition. Since noble crayfish habitats in the Northern countries
commonly are within or in close vicinity to boreal coniferous
forests, the water is commonly rich in humic substances. We
believe this could have negatively influenced the detectability for
ddPCR in this study. Though we did not include an internal
PCR control (IPC), it would be beneficial to use in this type of
comparison (Goldberg et al., 2016).

eDNA Detection Probability Compared to
Crayfish Population Density
While we reliably detected noble crayfish eDNA in all localities
with very low crayfish densities, the detection frequency was often
very low. To achieve a 95% detection likelihood, low-density
lakes required an estimated five filter samples, corresponding to
∼25 L of water. Thus, the anecdotal “cup of water” (Lodge et al.,
2012) or rapid, low-volume sample effort seems insufficient for
monitoring low-density crayfish populations. Many other studies
have also reported successful eDNA detection of freshwater
crayfish at very low densities (Dougherty et al., 2016; Larson et al.,
2017; Strand et al., 2019), but often with low detection frequency.
Poor detection efficiency can in some studies also be associated
with very small water volumes per sample (Tréguier et al., 2014;
Dougherty et al., 2016) or the use of ethanol precipitation instead
of filtration, which has been shown to be less efficient (Spens et al.,
2016; Hinlo et al., 2017; Troth et al., 2020). For several crayfish
eDNA studies, consistent comparisons to CPUE data are also
deficient or missing (Agersnap et al., 2017; Harper et al., 2018;
Mauvisseau et al., 2018; Rusch et al., 2020).

Environmental DNA detection frequency compared to CPUE
data, and occupancy modeling, clearly shows a correlation
between the eDNA detection probability and crayfish population
densities. Very low densities required high sampling effort while
the few monitored high-density lakes had a very high detection
frequency and required only two samples for a 95% detection
probability. Dougherty et al. (2016) also observed that the eDNA
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detection probability increased with crayfish population density.
However, they also found that a cumulative probability of 95%
varies with water clarity, where an increase in Secchi disk
values drastically lowered the detection probability of Faxonius
rusticus eDNA. Rice et al. (2018) found poor relationship
between Faxonius eupunctus eDNA-detection probability and
crayfish density in a large river system. Instead, they showed
a strong relationship between eDNA detection probability and
upstream river distance, implying that the probability of detecting
F. eupunctus eDNA increased downstream. Downstream eDNA
transport may therefore increase the detection probability more
than the crayfish population density at the sampling site.

eDNA Concentrations Compared to
Observed Relative Density of Noble
Crayfish
Stewart (2019) emphasizes that the factors influencing both
the eDNA sources (amount of eDNA released from focal taxa)
and eDNA sinks (removal of eDNA from the environment)
for individual species and aquatic habitats, are manifold and
complex, both in space and time. Meaningful comparisons
between eDNA concentrations and species density will therefore
depend on in-depth knowledge of species biology and habitat,
combined with complex modeling (Stewart, 2019). A prerequisite
is nevertheless a minimum of correlation in eDNA concentration
and density of the target species. We aimed to explore whether
eDNA concentrations in the water correlate with observed
relative density of noble crayfish. However, even at the highest
noble crayfish densities we had very few samples where the
eDNA copy number exceeded the LOQ both for qPCR data and
for ddPCR data. If the highly uncertain DNA copy numbers
obtained below the LOQ are plotted against CPUE, a weak
positive correlation is found. Also in other studies where a week
positive correlation between eDNA concentrations and crayfish
density estimates is observed (Dougherty et al., 2016; Cai et al.,
2017; Larson et al., 2017), the eDNA data is rarely above what
would be the recommended LOQ (Klymus et al., 2020). Such
data must be interpreted with great caution, and we argue that
our data is not suited for statistical correlations between eDNA
concentrations and relative density of noble crayfish. With our
rather intensive sample effort in terms of sample replicates
and water volumes, our study is a strong documentation on
the missing correspondence between noble crayfish density and
noble crayfish eDNA concentrations in the water, at least for the
time-window where we did the sampling.

Several factors contribute to why crayfish eDNA copy
number is a poor predictor of crayfish density. Abiotic and
environmental factors (Stewart, 2019) combined with persistence
and degradation of eDNA in the lake (Dejean et al., 2011;
Barnes et al., 2014) are universal challenges in eDNA studies.
High water flow, heavy rain, clay particles and water turbidity
reduce the eDNA detection likelihood (Roussel et al., 2015;
Dougherty et al., 2016), which probably explains our failure to
detect noble crayfish eDNA after heavy rainfall in one of the
lakes. Sampling techniques of crayfish eDNA, including choices
of season, depths, volume and filters, and downstream choices of

molecular techniques, and ultimately LOD/LOQ stringency, also
impact on the results (Hinlo et al., 2017; Hunter et al., 2017, 2019;
Strand et al., 2019; Klymus et al., 2020; Troth et al., 2020). Our
results might also be prone to downstream analytical issues, e.g., a
recent report found that using the same filter type, but a different
DNA extraction procedure than we used increases DNA yield and
detectability of crayfish and fish eDNA (Fossøy et al., 2020).

Biotic factors, such as seasonality, life cycle and behavioral
traits of crayfish (Dunn et al., 2017; Stewart, 2019) are
particularly important in the context of why crayfish eDNA
concentrations seemingly correlate poorly with crayfish densities.
Many biological features might impede eDNA detectability
of crayfish compared to for example fish, where correlations
between population density and eDNA concentrations are seen
(e.g., Doi et al., 2017; Salter et al., 2019; Stewart, 2019).
A recent study report from Norway found significantly more
DNA from fish compared to crayfish in the same eDNA samples
(Fossøy et al., 2020). Crayfish commonly stay buried or hide
under rocks during daytime, and their hard carapace emits
little if any superfluous mucus or epidermal cells, suggesting
reduced emission of DNA to the ambient water compared
to many other aquatic organisms (Dougherty et al., 2016;
Forsström and Vasemägi, 2016; Mauvisseau et al., 2019b).
Spawning and reproduction events are known to increase eDNA
signals markedly from aquatic species groups such as fish and
amphibians (Stewart, 2019 and references therin). For crayfish,
molting periods and spawning periods with elevated aggressive
behavior (Moore, 2007), have been found to elevate DNA copy
numbers in the water column (Dunn et al., 2017; Laurendz,
2017; Harper et al., 2018). In tank experiments, Dunn et al.
(2017) found a correlation between eDNA concentration and
abundance of egg-bearing females. Thus, the ovigerous period in
the late autumn could be a good period for eDNA correlations
to crayfish density. However, in cooler climate such as the
Nordic countries, the proportion of egg-bearing females may
vary considerably annually, both between and within populations
(Taugbøl et al., 1988), which may bias the results. Furthermore,
if trying to compare eDNA concentrations and CPUE data
during the ovigerous period, possible correlations will probably
be biased, as both low temperatures and trap avoidance from
berried females will affect the catches (Abrahamsson, 1983).
Nevertheless, compared to relatively short-term molting and
reproduction events, the relatively long-lasting ovigerous period
may at least be a recommendable period for eDNA sampling for
confirming presence/absence of freshwater crayfish. In our study,
we monitored the crayfish after the molting season and prior
to the reproduction- and ovigerous season. In this respect, we
might have selected a time window that was recommendable for
achieving CPUE data that takes the crayfish biological needs into
account, but where crayfish eDNA shedding from the crayfish
population was very low.

The Use of eDNA in Monitoring and
Conservation of Freshwater Crayfish
Environmental DNA methods are moving toward the stage of
being ready for, and sometimes also employed for, biodiversity
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inventories and monitoring of native or invasive species
(Leese et al., 2016; Stewart, 2019; Sepulveda et al., 2020). In
Norway, comparative data obtained with eDNA monitoring and
traditional methods (cages and trapping) of native noble crayfish,
introduced signal crayfish and the crayfish plague pathogen
A. astaci, convinced the authorities to include eDNA as a
monitoring method (Strand et al., 2019). In 2016, eDNA was
officially integrated into the national crayfish plague monitoring
program commissioned by the National Food Safety Authorities
(Vrålstad et al., 2017), and replaced a controversial cage-
surveillance strategy with live, naïve noble crayfish for the
monitoring of crayfish plague from 2017 and onward. From
2018, the national surveillance program on noble crayfish also
included eDNA monitoring methods, both for noble crayfish
and the invasive signal crayfish. With an integrated synergistic
approach, including joint fieldwork and sharing of results, the
two monitoring programs now focus on the pathogen (A. astaci),
and its hosts and carriers [noble crayfish and signal crayfish, see
Johnsen et al. (2019)], resulting in a more holistic monitoring
approach for noble crayfish and its threats.

Monitoring programs are usually put out to tender, which
to varying degrees request and emphasize competence and
quality versus costs. If cost-effectiveness is regarded as important,
compromises with the number of samples, water volumes and
number of sites must often be made to deliver a competitive
offer. Consequently, the monitoring programs might not be
able to afford a sufficient sampling effort that ensures high
probability of detection at very low densities of crayfish, or
any other rare or elusive target organism. eDNA monitoring is
often promoted as a cost-saving method. These savings might
be at the expense of precision and the ability to provide reliable
presence-absence data. In cases where the sampling effort is
deficient, it must be expected that the absence data covers a large
portion of false negatives, and that the prospects of uncovering
rare threatened species or the early invasion phase of invasive
species will diminish. It is therefore of great importance to
develop smarter sampling methods, identify time windows for
sampling with elevated eDNA detection probabilities, identify the
molecular methods recovering the highest eDNA concentrations
from various environmental samples, and at the same time build
up acceptance and understanding among the stakeholders and
authorities that quality and reliability come at a cost. Saving
Europe’s crustaceans, cannot be achieved by saving money on
insufficient and cost-effective eDNA sampling strategies.

CONCLUSION

The use of eDNA in ecological research, monitoring and
conservation has grown tremendously in recent years.
However, there are several scientists requesting a more
balanced appreciation of this method’s strengths and limitations
(Thomsen and Willerslev, 2015; Cristescu and Hebert, 2018;
Beng and Corlett, 2020). Among the several mentioned aspects
requiring more examination is the use of eDNA concentrations
to predict relative density or biomass of species (Beng and
Corlett, 2020). We found no evidence for a correlation between

eDNA concentrations and relative crayfish density with the
chosen methods for field sampling, DNA extraction protocol
and period of sampling. Combined with previous studies, it
seems increasingly clear that eDNA concentrations of a target
species cannot replace CPUE data or serve as a proxy for relative
crayfish density estimates. Conventional methods are still needed
to monitor changes in population size and densities over time,
and for providing additional information on length and weight
distribution, sex ratio, fecundity, and maturation. However, as
eDNA monitoring has proven to detect crayfish reliably even
at very low densities, this method is a powerful supplement to
monitor the presence or absence of crayfish in a larger number of
localities than feasible with the traditional trapping methods. If
the eDNA samples are exploited for the monitoring of multiple
target species, for example alien crayfish species and diseases that
threaten the native crayfish species (Strand et al., 2019; Rusch
et al., 2020) it is also possible to implement a more holistic and
cost-efficient monitoring approach.
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Invasive crayfish species were first documented in Switzerland in the 1970s. Today, North

American crayfish species dominate in most major lakes and streams in Switzerland. In

combination with the crayfish plague, they pose a substantial threat to our native crayfish.

Over the past 20 years, various techniques have been applied to reduce negative impacts

of these invasive crayfish in Switzerland: eradication (temporary drainage or destruction

of a water system, biocides), suppression (intensive trapping, electricity introduction of

predatory fish) and containment (construction of crayfish barriers). Temporary drainage

or filling-in of isolated ponds, in combination with calcium hydroxide application has

been successful in eradicating populations of invasive crayfish. However, trapping and

introduction of predatory fish led to a reduction in population density but neither method

has ever caused the extinction of a population. Invasive crayfish have not yet reached

crayfish barriers, therefore, long-term functionality of these barriers still needs to be

proven. Nevertheless, functional controls with native crayfish have shown that barriers

prevent their upstream movement. Implementation of crayfish barriers is the most

promising method to protect native crayfish from displacement by invasive crayfish

species. Many measures are expensive, time consuming, and show little or no success in

controlling invasive crayfish. Therefore, we recommend to focus on implementing drastic

measures, such as filling-in or draining of isolated waters or a combination of various

methods to maximise the reduction of population size.

Keywords: biocides, trapping, barriers, infilling, electric-fishing, drainage, function control, migration

INTRODUCTION

Preventing the widespread disappearance of indigenous crayfish species (ICS) in Europe is an
on-going challenge. In addition to habitat destruction by river engineering and water pollution,
invasive non-indigenous crayfish species (NICS) from North America are becoming increasingly
widespread in Europe and pose a major threat to ICS (Kouba et al., 2014). Their dominance over
native species is reflected in their rapid reproduction (Burič et al., 2011), physical superiority
and aggressiveness (Gherardi, 2006) as well as their tolerance to poor water quality (Nyström,
2002). Displacement of ICS with NICS is predicted whenever they occupy the same habitat
niche (Westman et al., 2002); this is if the crayfish plague (Aphanomyces astaci) has not already
initiated extinction of the native species. This fungus like pathogen belonging to the Oomycetes
(Saprolegniales) was responsible for the first mass mortalities of native crayfish in Europe in the
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late ninetieth century and it continues to cause huge problems in
waterways today (Holdich et al., 2009).

Various methods have already been applied and tested across
the world to reduce or eradicate the negative impacts of the
unwanted intruders as well as to prevent them from spreading
further. These methods include: intensive trapping (Bills and
Marking, 1988; Hein et al., 2007), male sterilisation (Piazza
et al., 2015), the use of biocides (Cecchinelli et al., 2012), habitat
destruction, the release of predators (Musseau et al., 2015), the
construction of barriers (Cowart et al., 2018) or a multi-method
approach combining different combinations of these methods
(Hein et al., 2006; Freeman et al., 2010; Stebbing et al., 2014). The
success of these measures varies and so far only attempts which
fill-in isolated still waters or the use poison (Ballantyne et al.,
2019) have been successful in completely eradicating populations
of NICS.

In Switzerland, the three native species Astacus astacus
(Linnaeus, 1758), Austropotamobius pallipes (Lereboullet, 1858)
and Austropotamobius torrentium (von Paula Schrank, 1803) are
threatened by the presence of three North American crayfish
species. Faxonius limosus (Rafinesque, 1817) was detected for
the first time in Switzerland in 1976. It was followed by
Pacifastacus leniusculus (Dana, 1852) at the end of the 1980s and
Procambarus clarkii (Girard, 1852) in the 1990s. F. limosus and
P. leniusculus have spread rapidly across Switzerland and are,
through transmission of the crayfish plague, the main reason for
population extinction of ICS (Stucki and Zaugg, 2011).

The three native species in Switzerland are defined as
internationally protected in Appendix III of the Convention on
the Conservation of European Wildlife and Natural Habitats
which was decided upon in the Bern Convention 1979. In
order to protect these species, Switzerland is tackling not only
reintroduction, conservation and habitat management but also
containment, suppression and eradication of NICS (Hefti and
Stucki, 2006).

This paper summarises and assesses the success of various
measures taken so far to combat and prevent the spread
of NICS in Switzerland. The results serve as a basis for
the future strategy to manage invasive crayfish species
in Switzerland and help other countries to implement
similar measures.

MATERIALS AND METHODS

Cantonal fisheries departments in Switzerland provided
information regarding which measures they had already taken
and provided existing data about implementation and success of
the methods. The data received was examined to assess whether
it could be used to indicate the success of a control measure.
When catch per unit effort (CPUE) values were recorded over
several years or when the functionality of a crayfish barrier was
tested in the field (function control) with ICS, data was assessed
as “valid.” Personal assessments, measures which have started
within the last 3 years and catch figures without indication of
the sampling effort were rated as “insufficient” to produce valid
data and are classified and referred to as “unclear” success in
this paper. “Success” was defined by the data which showed a
reduction in CPUE by at least 75%; when no invasive crayfish

were detected above a crayfish barrier as well as when there was
no further evidence of a crayfish appearance after an eradication
campaign over a 5 year period. If CPUE decreased only by ≤

25% after the eradication measurements were enforced this was
judged as “no success.”

RESULTS

Overall, nine cantons provided data regarding 40 control
measures carried out at a total of 27 sites, 9 lotic and 18 lentic
waterbodies (Table 1). Data on catch effort in large watersystems,
such as Lake Zurich, Geneva and Neuchâtel as well as in the river
Rhine, were insufficient and not included. When excluding sites
which were classified as “unclear”, ∼83% of eradication, 20% of
suppression, and 100% of containment methods were successful
(Figure 1).

Eradication of NICS
Temporary drainage or destruction of habitat and the use
of biocides are methods used to eradicate unwanted crayfish
species in Switzerland. Attempts to eradicate populations of
crayfish were successful at five out of seven sites including
one isolated lotic waterbody. In one case success could not be
evaluated because of insufficient data and the other attempt
was unsuccessful.

Temporary Drainage or Destruction of Habitat
A 300-m section of the small brook, Stadtbach, Baden, which is
isolated by culverts, contained a population of P. leniusculus. The
stream section was completely drained in January and February
2004 and 2005. Crayfish were removed by hand following
drainage but even after this crayfish could still be found. For
the entire summer of 2013 this section of stream was left
drained again and since then no crayfish have been detected
(Stucki, 2018).

In 2013, complete drainage and hand removal of crayfish
at two small quarry ponds, (Steinbruch Mellikon) led to the
successful eradication of a population of P. clarkii. The project
was carried out in close cooperation with the amphibian
managers at this site (Stucki, 2018).

There was an attempt to eradicate P. clarkii inhabiting an
artificial pond in a public park (l’étang de Vidy) by draining away
all of the water and treating the soil with calcium hydroxide.
After treatment, the soil at the bottom of the pond was removed.
One year after the procedure, crayfish were still caught in traps
in the pond. The process was repeated again, but this time
refuges in the banks were also concreted over (Girardet et al.,
2012). No crayfish have been detected since completing the
second procedure.

Similar success was also achieved with another pond
(Kunzareal, Rheinfelden) inhabited by P. clarkii. In 2008, the
pond was successfully restocked with A. astacus after it had
been drained from winter 2006 until summer 2007 and following
subsequent calcium hydroxide treatment (Stucki, 2018).

A pond populated by P. leniusculus was filled with excavated
material to restore a disused gravel pit (Kiesgrube Rohr). This
measure was successful in eradicating the isolated crayfish
population (Stucki, 2018).
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TABLE 1 | Measures to control populations of NICS which were applied in Swiss waters.

Site name Water type Species Aim Method Duration Change of CPUE Success

Aubach Lotic P. leniusculus Suppression Trapping Continous since 2009 Increase by 100% No**

Birsig Lotic P. leniusculus Suppression Trapping Continous since 1997 – Unclear*

Brook Near Origlio Lotic P. clarkii Suppression Trapping Since 2013 Increase by 30% No**

Brook Near Origlio Lotic P. clarkii Suppression Electricity Since 2013 Increase by 30% No**

Brook Near Origlio Lotic P. clarkii Suppression Hand catch Since 2013 Increase by 30% No**

Dättwiler Weiher Lentic P. leniusculus Suppression Trapping Continous since 1997 Decrease by 75% Yes**

Dättwiler Weiher Lentic P. leniusculus Containment Overflow pipe Since 2002 – Yes**

Dättwiler Weiher Lentic P. leniusculus Suppression Predatory fish Campagin in the 90s Decrease by 75% Yes**

Depotsee Bern Lentic O. limosus Suppression Hand catch 1999–2004 – Unclear*

Egelsee Lentic F. limosus Containment Overflow pipe Since 2013 – Unclear*

Eisweiher Lentic P. leniusculus Suppression Trapping Since 2013 Increase by 20% No**

Etzgerbach Lotic P. leniusculus Containment Crayfish barrier Since 2015 100% Yes**

Fischzucht Heuwies Lentic P. leniusculus Eradication Drainage 2012–2014 and 2019 – Unclear*

Greifensee Lentic O. limosus Suppression Predatory fish Campaign 2019 – Unclear*

Katzensee Lentic P. clarkii Suppression Trapping Since 2015 – Unclear*

Katzensee Lentic P. clarkii Suppression Predatory fish 2019 – Unclear*

Kiesgrube Rohr Lentic P. clarkii Eradication Filled-in Campagin in the 90s – Yes**

Kunzareal Rheinfelden Lentic P. clarkii Eradication Drainage 2006/2007 – Yes**

L’étang de Vidy Lentic P. clarkii Eradication Drainage 2008 et 2010 – Yes**

Lützel Lotic P. leniusculus Containment Crayfish barrier Since 2016 – Unclear*

Mellinger Lanklagerweiher Lentic P. clarkii Suppression Trapping Since 1997 – No**

Mellinger Tanklagerweiher Lentic P. clarkii Suppression Predatory fish Since 1997 – No**

Mellinger Tanklagerweiher Lentic P. clarkii Eradication Biocide Campagin in 2007 – No**

Mellinger Tanklagerweiher Lentic P. clarkii Containment Catch basket Since 2000–2016 – Unclear*

Mellinger Tanklagerweiher Lentic P. clarkii Containment infiltration system since 2016 – Unclear*

Pisciculture de Saint-Victor Lentic P. leniusculus Suppression Predatory fish Campaign in 2020 – Unclear*

Pisciculture de Saint-Victor Lentic P. leniusculus Suppression Trapping Since 2020 – Unclear*

Pond Near Passeiry Lentic P. leniusculus Suppression Predatory fish Campaign in 2020 Decrease by 100% Yes**

Pond Near Passeiry Lentic P. leniusculus Suppression Trapping Since 2020 Decrease by 100% Yes**

Pfaffnern Lotic P. leniusculus Containment Crayfish barrier Since 2017 – Yes**

Riehenteich Lentic P. leniusculus Suppression Trapping Since 2009 Increase by 70% No**

Roulave Lotic P. leniusculus Containment Crayfish barrier Planned for 2021 – Unclear*

Rumensee Lentic P. clarkii Suppression Trapping 2007 and 2018 – Unclear*

Schübelweiher Lentic P. clarkii Suppression Trapping Start 2002 Decrease by 75% Yes**

Schübelweiher Lentic P. clarkii Suppression Predatory fish Start 2002 Decrease by 75% Yes**

Stadtbach, Baden Lotic P. leniusculus Suppression Hand catch Since 1997 – No**

Stadtbach, Baden Lotic P. leniusculus Suppression Electricity Campagne in the 90s – No**

Stadtbach, Baden Lotic P. leniusculus Eradication Drainage 2004 and 2005 – Yes**

Steinbruch Mellikon Lentic P. clarkii Eradication Drainage Campaign 2013 – Yes**

Wenkenweiher Lentic A. leptodactylus Suppression Trapping Since 2009 Increase by 30% No**

Le, Lentic water; L, lotic water; Data rating: * = insufficient; ** = valid.

In Fischzucht Heuwies, an attempt to completely remove a
population of P. leniusculus by draining the fish pond from
December 2012 to April 2014 was almost successful. No crayfish

was found during monitoring from 2015 to 2018. In 2019,
the pond was drained again to carry out construction works
to reconnect the pond to the brook. In the drained pond,
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FIGURE 1 | Success of the different measures compiled by aim (containment, eradication, supression). Multi-method approaches were only counted once.

12 P. leniusculus were found in multiple hand catches. During
construction work, the drained pond was mechanically treated
and the majority of the soil at the bottom of the pond was
removed (∼10,000 m−3). Since reconstruction, no invasive
crayfish have been detected with traps or using eDNA. The
success of the eradication measure in Fischzucht Heuwies is still
open as it was conducted only one year before publication of
this article.

Biocides
Liquid manure was used in an attempt to eradicate a population
of P. clarkii living in an artificial outflow culvert of a pond
(Mellinger Tanklagerweiher). The culvert was blocked at one end
and filled with liquid manure from cows and hens and left for
48 h before being removed. Complete eradication of crayfish in
the treated area was not possible using thismethod (Stucki, 2018).

In the 1990s, the fishing authorities planned to treat two
ponds (Schübelweiher, Rumensee) inhabited by invasive P. clarkii
with fenthion, an insecticide used to kill mosquitos, fleas and
ticks as well as any unwanted fish and crayfish in fish breading
stations. However, the project was stopped due to protests from
nature conservation organisations including the WWF and local
activists about the predicted negative impacts which fenthion
would have had on other aquatic life. An alternative action
plan was carried out avoiding the use of harmful chemicals;
the combined use of predatory fish and trapping were sufficient
to regulate the invasive crayfish population and reduce their
negative impacts on ecosystem (Borner et al., 1997, 1998; Frutiger
and Müller, 2002).

Suppression of NICS
To suppress NICS mechanical removal by traps, hand-catch,
electricity and introduction of predatory fish were applied. In

2 of 12 lentic waters (∼17%) trapping of P. leniusculus in
combination with the introduction of predatory fish led to
a 75% reduction in CPUE. In six of the lentic waters, data
was classified as “unclear” and in four cases there was no
success despite valid data. In lotic waters, three of the control
methods applied were so far unsuccessful and one success
was unclear.

Mechanical Removal
Tapping of crayfish was carried out by cantonal fishery authorities
(pond near Passeiry and Pisciculture de Saint-Victor), community
service workers (Aubach, Birsig, Eisweiher, Riehenteich, and
Wenkenweiher), water tenants (Dättwiler Weiher, Katzensee,
Mellinger Tanklagerweiher, Rumensee, and Schübelweiher) and
by a private environmental company (brook near Origlio).
A corresponding permit from the responsible department for
fisheries is needed to be allowed to catch invasive crayfish in
Switzerland. Water tenants were obliged to remove crayfish of
all age groups and of both sexes and were forbidden to put
any back after they had been caught. Crayfish from Mellinger
Tanklagerweiher, Schübelweiher, und Katzensee were sold to
restaurants to be eaten.

At sites where trapping was combined with introduction of
predatory fish a reduction in CPUE of 75% was observed in
Dättwiler Weiher, Schübelweiher and 100% in Pisciculture de
Saint-Victor. In Mellinger Tanklagerweiher, no change in CPUE
was observed over 19 years despite the introduction of pike.
In the pond near Passeiry, the CPUE decreased from 10.9 to 0
from mid-July to beginning of September. At this site, artificial
refuge traps (ARTs) were used in addition to “pirate” traps (Bock-
Ås Ltd., Finland). However, only 0.4% of the 2,480 individuals
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caught at Passeiry were trapped in ARTs; these were mainly small
indiviudals (<8 cm total length, sex ratio 5:4).

Electricity
Three methods of electricity exposure were tested to try to
eradicate P. leniusculus in a 300m long stretch of a culvert-
isolated stream (Stadtbach, Baden); direct current (electric fishing
gear, 500V, 5A, 30 s exposure), impulse current (electric fishing
gear, 1,000V, 1A, 100Hz, 5 s exposure) and alternating current
(fish killing gear, 40V, 0.35A, 50Hz, 60 s exposure). Crayfish
exhibited strong behavioural reactions to the impulse current
when alternating and direct current were applied but there were
no mortalities of crayfish (Stucki, 2018).

However, electrofishing devices were successful in catching
P. clarkii in a small brook near Origlio; on average four
electrofishing-campaigns were implemented each year. At this
site, electrofishing, trapping and hand catch have been used in
combination for 5 years. In this brook more crayfish could be
caught using electrofishing compared to trapping and hand-catch
during night-time inspections. Nevertheless, there has not yet
been significant decrease in the number of crayfish caught so far.

Introduction of Predatory Fish
Pike, Esox lucius (Linnaeus, 1758), perch, Perca fluviatilis
(Linnaeus, 1758), zander, Sander lucioperca (Linnaeus, 1758),
and A. anguilla are all predatory species which were introduced
individually or combination into seven lentic waters to reduce
the occurrence of three invasive crayfish; P. lenisculus (Dättwiler
Weiher, Pisciculture de Saint-Victor, and pond near Passeiry),
P. clarkii (Mellinger Tanklagerweiher, Katzensee, Schübelweiher),
and F. limosus (Greifensee).

The introduction of eel into Pisciculture de Saint-Victor and
the pond near Passeiry was conducted in summer 2019 and
results are from autumn of the same year. In two of the lentic
waters, the release of predatory fish in combination with the
use of trapping, led to a reduction in CPUE of 75%; after three
(Dättwilerweiher) and six years (Schübelweiher). In four cases,
success cannot be assessed due to the insufficient data gathered
so far (Greifensee, Katzensee, Pisciculture de Saint-Victor, and
pond near Passeiry). A reduced tendency of P. clarkii to spread
over land was reported by the local fishery department after
implementation of control measures in Schübelweiher, Katzensee,
andMellinger Tanklagerweiher.

Containment of NICS
To prevent further spread of NICS several barriers were
constructed in Switzerland. Three out of eight barriers have so far
proven their success. For the other five, an assessment of success
is not yet possible and have so far been classified as “unclear”.

Crayfish Barriers in Lentic Waters
It was attempted to stop the spread of F. limosus from a two
hectare lake (Egelsee) into an adjoining river by covering the
outlet drain with a metal mesh cage which was filled with stones.
This construction must be regularly cleaned because the banks
will be flooded if it becomes clogged. It was later discovered
that the protected river had been populated by F. limosus from

another river section and therefore success of this construction
was deemed “unclear”.

In a pond (Dättwiler Weiher), an overflow pipe was installed
several meters away from the bank in order to stop the migration
of P. leniusculus from the pond into the adjoining brook. So far
there has been no evidence of invasive crayfish present in the
outflow brook.

A catch basket was installed at the end of the culvert in
order to stop P. clarkii spreading from the two-hectare lake
Tanklagerweiher Mellingen into the outflowing brook. The catch
basket had to be emptied and cleaned when clogged; the
frequency of cleaning was dependant on season. An infiltration
system with gravel was installed directly at the outflow of
the lake in order to reduce maintenance efforts at this site.
The success could not be confirmed so far, as some of the
invasive crayfish have already established downstream of the
construction. These individuals must first be eliminated before
the success of the catch basket as a control method can
be assessed.

Crayfish Barriers in Lotic Waters
In the Etzgerbach, a crayfish barrier was built to prevent
P. leniusculus from migrating into the headwaters where native
A. torrentium are found. The barrier consisted of a 30 cm free
fall with a steel overhanging lip. A function control with native
A. astacus could confirm that the barrier functioned in preventing
crayfish movement upstream while also allowing migration of
trout (Salmo trutta fario Linnaeus 1758) with a body length
ranging from 11.5 to 49 cm.

Another barrier with the same design as in Etzgerbach was
built in the river Lützel in order to protect the habitat of
A. pallipes from P. leniusculus invasion. There has been no
detection of P. leniusculus in traps upstream of the barrier, even
4 years after its construction.

A 40 cm high crayfish barrier made out of stainless steel with
a fish passable mid-section was built with connection to the river
bed in the Pfaffnern. The stainless steel created smooth surfaces
that in combination with high water velocities,≥0.65 m/s, aimed
to stop P. leniusculus from spreading further upstream (Frings
et al., 2013). PIT-tagged A. astacus were released downstream of
the barrier to verify if crayfish could overcome the barrier. No
released A. astacus was detected upstream of the barrier during
the 8 month study.

DISCUSSION

Eradication of NICS
Temporary Drainage or Destruction of a Habitat
Complete destruction of an isolated waterbody has led to a
successful eradication of the invasive crayfish population in
Kiesgrube Rohr and is the most promising method for future
eradication attempts. Although drainage of waterbodies has been
successful (Steinbruch Mellikon and l’étange de Vidy), if the water
is only drained for a fewmonths, there is always the risk that some
crayfish will survive in burrows or humid places and can rebuild
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a stock (Fischzucht Heuwies). Treatment with calcium hydroxide
can in this case increase success possibility (l’étange de Vidy and
Kunzareal Rheinfelden).

It is difficult to definitively state that there are no crayfish
inhabiting a particular waterbody after an eradication effort.
Eradication is only considered successful after 2–5 years of
monitoring without a crayfish detection (Peay et al., 2006).
Trapping, night inspections and eDNA testing should be used in
combination to effectively evaluate the presence of crayfish.

Biocides
Although the use of biocides is considered the cheapest and
most efficientmethod to eradicate unwanted crayfish populations
(Manfrin et al., 2019), they have never been used in Switzerland,
with the exception of liquid manure. Examples from Scotland
(Peay et al., 2019) and Sweden (Ljunggren and Sundin, 2010)
demonstrate that the use of biocides can be successful in
eradicating NICS in isolated waters systems and that non-target
invertebrates start recolonisation within a month after treatment.

Difficulties in Eradicating NICS
The extinction vortex and minimum viable population density
is species-specific and depends on predation, reproduction
strategy and environmental factors-food source, habitat size,
and disease (Fagan and Holmes, 2006). In theory, only a
single male and female are needed to successfully rebuild
a population. One study showed that recolonisation could
theoretically begin with as little as eleven individuals in an
isolated water of 1 km², this figure was calculated from walking
distances of male P. leniusculus during breeding season (Peay,
2001). With such a small original population there can be
problems with inbreeding which can result in low genetic
diversity, meaning an entire population could more easily be
wiped out by disease or by a natural disaster. Establishment
of all populations of F. limosus in Europe can be traced back
to the introduction of only 90 individuals (Filipová et al.,
2011), underlining the fact that even if only a few individuals
remain after a control measure this can be sufficient enough to
build up the population again (Henttonen and Huner, 1997).
For marbled crayfish (Procambarus virginalis Lyko, 2017), a
species which reproduce by parthenogenesis, it is theoretical
even possible to rebuild a population with only one individual
(Ercoli, 2019). In this case, the probability of extinction is again
much higher due to environmental factors, predation and failure
to breed.

Suppression of NICS
Mechanical Removal
At sites where mainly adult crayfish were caught in traps,
no reduction in population size was observed (Aubach,
Wenkenweiher Riehen, Eisweiher, Riehenteich). According to
our data and in agreement with previous studies, the use
of various techniques to reduce the population size clearly
achieves better results than a single control approach (Manfrin
et al., 2019). Species with high fecundity and early maturity
react undesirably to harvest control measures because the
niche of the removed adult crayfish is quickly taken over

by younger individuals (Zipkin et al., 2009). This fact can
explain the increase in CPUE at Aubach, Eiweiher, Riehenteich,
Wenkenweiher, and in the brook near Origlio. Evaluating
whether NICS eradication measures have been successful can
take several years (Peay, 2001). Therefore, in order to prevent
the population from rebuilding, the use of traps and other
control methods must continue even when no more animals
are caught.

In the Passeiry, the CPUE decreased to zero after one year of
intense trapping with “pirate” traps and ARTs as well as after the
introduction of eels. The treatment was only conducted for one
year so success cannot yet be guaranteed. Trapping was stopped
when no more crayfish were caught with traps. Traps have been
shown to only catch a minority of the population (Chadwick
et al., 2020), therefore, it can be assumed that there are still
some crayfish occurring in the Passeiry and so trapping should
be continued to avoid population numbers bouncing back. There
was limited success to reduce invasive crayfish populations using
ARTs in the Passeiry. In a typical upland river in the south-west
of England more juvenile and female P. leniusculus were caught
in ARTs than in conventional traps indicating the advantage of
applying this method (Green et al., 2018). The poor catch rate in
ARTs in the Passeiry could be because there are many naturally
existing refuges already present in the banks, which makes the
traps a less attractive refuge for the crayfish. Another reason for
the lack of success of ARTs in Switzerland could be the fact that
the number of crayfishwas quickly lowered by the eels introduced
at the same time as the traps.

For Birsig, Katzensee, Greifensee, and Rumensee no data is
available regarding effort and catch numbers: therefore, it is not
possible to evaluate success in suppressing these populations
of NICS. For this reason it is important to use CPUE values
or the capture-mark-recapture (CMR) technique to estimate
the population size and assess the success of the method
(Zimmerman and Palo, 2011).

Invasive crayfish fishing and sale has never led to eradication
of a NICS population in Switzerland. The creation of a culinary
market for invasive crayfish promotes illegal stocking and
means that the population of invaders is maintained instead of
eradicated (Nuñez et al., 2012). This issue is also highlighted in
the IAA Gotland Resolution, which was formulated at the “IAA
Gotland 2019 Crayfish conference” (Edsman, 2019).

Electricity
In Switzerland, the use of electricity in an isolated section of the
Stadtbach, Baden was not effective in eradicating P. leniusculus.
However, the use of repeated high intensity (69W, direct current
1,600V, 57.8 A, at 7Hz) shocks resulted in high mortality (86–
97%) of P. leniusculus inhabiting a stony headwater stream in
England (Peay et al., 2014). In the treatment in England, they
used 1.6V and amps eleven times higher than in Stadtbach,
Baden. This could be the reason for the failure to eradicate the
invasive population at this site.

In a small stream (brook near Origlio), even the use of
electrofishing combined with night inspections and the use of
traps, could not reduce the catch number of P. clarkii over 5 years.
One reason for this could be due to the specific life-history traits
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of P. clarkii including its high fecundity and early maturity which
allows fast population recovery (Chucholl, 2011).

Introduction of Predatory Fish
In Switzerland, introduction of predatory fish in combination
with the use of traps has been successful in reducing recorded
overland movements of P. clarkii. However, it is assumed that
the population size will grow again if trapping is stopped and
the number of predatory fish decrease (Paragamian, 2010). The
use of native predatory fish is regarded as a good way to reduce
the number of juvenile crayfish and complements trapping which
removes reproducing adults (Elvira et al., 1996; Aquiloni et al.,
2010; Musseau et al., 2015).

Non-native predators can also reduce crayfish densities
(Miyake and Miyashita, 2011). Thus, the removal of invasive
predatory fish, namely, pike, perch or catfish, from conservation
ponds, can lead to an increase in the population size of
invasive crayfish; consequently, causing negative effects on other
animal and plant species. The release of native predatory fish
in previously uninhabited waters can also have a negative
impact on the other species present, including amphibians
(Braña et al., 1996; Hecnar and M’Closkey, 1997). Since invasive
crayfish also have a negative influence on native plants and
animals, the pros and cons of each control method must be
considered to determine which will be most beneficial for
each site.

Catching of predatory fish in waterways with NICS should
be prohibited or regulated. If recreational fishing is allowed in
certain ponds, new groups of predatory fish should be regularly
introduced to the water system to ensure that their numbers
are kept high; therefore, maximising the effect of predatory fish
on crayfish.

Containment of NICS
Preventing the further spread of NICS through artificial or
natural barriers is an important tool for invasive species
management. The use of artificial barriers or modification to
existing structures prevents the further spread of invasive crayfish
and is a more cost-effective method compared to carrying out
never-ending stock control when crayfish have invaded new
sections of a lotic water. In Switzerland, the erection of barriers
is part of the national strategy to prevent NICS from interfering
with further waters (Stucki and Zaugg, 2006).

The crayfish barriers in the Etzgerbach, Lützel, and Pfaffnern
which are mentioned in this paper were so far able to prevent
upstreammovement of crayfish. Barriers are the only known way
to stop the natural spread of NICS within a water system. On the
other hand, crayfish barriers can impede the migration of poor
swimming fish; therefore, each new case a balance of interests
has to be made as to whether fish migration or the prevention of
the spread of NICS is more important (Krieg and Zenker, 2020).
Most crayfish barriers will be constructed to protect side waters
which are mainly inhabited by trout. Functional controls carried
out at the barrier in the Etzgerbach highlighted that marked trout
were able to overcome the crayfish barrier here; indicating that
trout are not negatively affected by artificial crayfish barriers.

Despite the lack of function control in Mellinger
Tanklagerweiher, the use of an infiltration system is a promising
method to prevent the spread of NICS from a pond into an
adjoining brook as it is not physically possible for crayfish to dig
through this infiltration system.

Combination of Different Methods
According to the results of this study, success in suppression
of an NICS population can be better achieved by using a
combination of several control methods (electricity, ARTs, hand-
catch, traps, and predatory fish) rather than applying just one
method on its own. The reduction in size of populations of
NICS was achieved exclusively in lentic waters, when combining
the use of traps with the stocking of predatory fish. Predatory
fish have a larger impact on preventing population growth
rate than traps because they target the offspring which are
responsible for future population growth. Traps on the other
hand have a larger impact on breeding adults and they often
miss juveniles which are small and can escape through gaps
in the traps (Hein et al., 2006). The selectiveness of each
method means that they should be used in combination to
be most effective. If the majority of adult crayfish are caught
in traps, there can be an increase in reproduction in the
population whereby females produce more eggs at a younger
age and there is a higher rate of survival of juveniles because
of lower intraspecific predation and increased food availability
(Momot, 1998).

Data Collection
In this study, data showed that no conclusions could be drawn
about the success of the control measures in ∼43% of the sites
(n = 12). However, in 57% of treated waters (n = 16), the data
could be used to assess the success of the method and whether its
continuation is appropriate.

The meticulous collection of catch data, in particular the
determination of the CPUE, is mandatory in order to assess
the growth of a population over time, thus the success of
a control measure (Schwarz and Seber, 1999). By catching
and measuring all age groups, it is also possible to make
an assessment of the number of reproducing individuals and
highlight any visible population growth trends (Rabeni et al.,
1997; Paillisson et al., 2011). Another technique to evaluate
population size is CMR which is a promising option in smaller
ponds (Coignet et al., 2012).

Conclusion
It is more effective to completely eradicate an invasive species
with drastic measures as soon as it is found inhabiting a
water rather than continuously reducing population densitiy
by suppression or isolating a population by containment
(Simberloff 2014). Populations of NICS should be removed
as soon as possible to avoid further damage and destruction
of the habitat for native species. If the use of biocides
is not possible, it is recommended to drain or destroy
water bodies whenever possible to eradicate populations of
NICS. Suppression and containment methods can be used to
minimise the negative effects which NICS have on a habitat.
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A combination of trapping and introduction of predatory
fish has proven successful as a suppression multi-method
approach. Crayfish barriers are the only way to contain an
established NICS population to ensure that they are isolated
from invading further upstream. Global warming may pose
further problems as invasive species are advantaged by the
increasing water temperatures, meaning they will be able to
spread even faster and colonise previously inappropriate habitats
(Rahel and Olden, 2008).

It is important that measures to control invasive species
are carried out and agreed nationwide and across countries
to prevent spread from places where no measures are taken.
This is always a difficult issue to overcome when trying to
control an invasive species of animal or plant, as land or
municipal boundaries set by humans do not apply to them
(Fernandes et al., 2019; Beaury et al., 2020). The development
of a common strategy based on the experience gained to date
can significantly increase success of invasive species eradication
as well as saving money, the environment and the species
inhabiting it.
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Procambarus clarkii is a worldwide freshwater invasive crustacean from North America
and was first introduced into Europe the 1970s. Along with P. clarkii, another invasive
alien species was also spreading: Aphanomyces astaci. This pathogen is listed among
the 100 World’s worst invasive species and involved in the European native crayfish
decline. Although both species live in freshwater ecosystems, P. clarkii can withstand
brackish waters and inhabit estuarine habitats. However, the presence of A. astaci
associated to North American crayfishes has never been described in brackish waters.
In this study, we have investigated the presence of A. astaci in a P. clarkii population of a
Mediterranean coastal lagoon in the Albufera Natural Park, Valencia, Spain introduced in
1976. Our study confirmed the presence of this pathogen, and suggests that A. astaci
has been spreading for more than four decades in the mentioned estuarine environment.
Mitochondrial ribosomal rnnS and rnnL indicated that the isolated pathogen belongs
to d1-haplotype (i.e., D-haplogroup) typically hosted by P. clarkii. The presence of
this pathogen in a brackish environment may suggest a better adaptation than other
A. astaci strains to adverse conditions, such as high salinity levels. This is a matter of
concern for the conservation of European native freshwater crayfish and highlights once
more the risk of introducing invasive alien crustaceans.

Keywords: salinity, oomycetes, pathogen, crayfish plague, estuarine habitat, biological invasions, crayfish

INTRODUCTION

Biological invasions represent one of the main threats to biodiversity. Some of the alien
species causing these invasions are now common throughout the world and are driving the
existing biodiversity toward homogenization (Piscart et al., 2011). Among the diverse ecosystems
affected by invasive alien species, freshwater ecosystems are particularly rapidly altered and
according to the European Union the impact of invaders accounts for billions of euros yearly
(Tollington et al., 2015).
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The success of freshwater invasive species seems to be due
to a combination of several traits, such as aggressive behavior,
higher metabolic, and growth rates, greater fecundity, omnivory,
and great tolerance to different pH and salinities (Firkins, 1993;
Tollington et al., 2015). In particular, freshwater crustaceans
represent some of the most successful aquatic alien invaders
(Hänfling et al., 2011). In European freshwater ecosystems,
these represent about 53% of all macroinvertebrate invasive
species, and almost half of the freshwater decapods in European
waters, ca 46%, are invasive species (Karatayev et al., 2009). Five
species of freshwater decapods of North American origin, i.e.,
the freshwater crayfish Faxonius limosus, F. virilis, Pacifastacus
leniusculus, Procambarus clarkii, and P. virginalis, are included
in a list of invasive alien species of the European Union concern
pursuant to Regulation (EUR-lex, 2016) because of the alarming
increasing impact to the flora and fauna of European ecosystems
(Simberloff and Rejmánek, 2011).

Specifically, the red swamp crayfish, P. clarkii, was introduced
into Europe in 1973 from Louisiana (see review by Alonso
et al., 2000) and was identified as a high-risk species (Gherardi
et al., 2011; Souty-Grosset et al., 2016; Oficialdegui et al.,
2019). The high ecological plasticity of this species allows
it to colonize most types of water bodies (Fidalgo et al.,
2001; Scalici et al., 2010). Besides its omnivore condition, this
invasive species is a major predator of aquatic vertebrates (i.e.,
amphibians and fishes) and invertebrates, and is responsible for
the decline and local extinctions of many native species (Cruz
and Rebelo, 2005; Geiger et al., 2005; Rodríguez et al., 2005;
Casellato and Masiero, 2011). Since its introduction, P. clarkii
has negatively affected freshwater ecosystems (Gherardi et al.,
2011; Arce and Diéguez-Uribeondo, 2015), and native crayfish
species (Diéguez-Uribeondo et al., 1997; Rezinciuc et al., 2015;
Souty-Grosset et al., 2016; Martín-Torrijos et al., 2019). The
latter was due to the fact that P. clarkii is a chronic carrier
of the crayfish plague pathogen Aphanomyces astaci (Diéguez-
Uribeondo and Söderhäll, 1993; Diéguez-Uribeondo et al., 1995;
Aquiloni et al., 2010; Rezinciuc et al., 2014; Martín-Torrijos
et al., 2019). This pathogenic oomycete is listed among the
100 World’s worst invasive species (Lowe et al., 2000) and
has provoked a rapid decline of native European freshwater
crayfishes due to a disease named crayfish plague (see review by
Rezinciuc et al., 2015).

This A. astaci carrier has colonized several coastal and
saline environments in Europe (Fidalgo et al., 2001; Scalici
et al., 2010; Sousa et al., 2013; Meineri et al., 2014) due
to its resilience. Scalici et al. (2010) demonstrated that a
P. clarkii population was capable of live and reproduce in
a brackish wetland in Italy, with salinity varying between
16,200 and 29,600 ppm. Procambarus clarkii’s ability consists
in regulating its metabolism (Casellato and Masiero, 2011)
and adapting it to saline environments by osmoregulating
the ions and compatible solutes in their hemolymph. This
adaptation has enabled this invasive species to live and
reproduce in diverse water salinities (Fidalgo et al., 2001; Scalici
et al., 2010; Casellato and Masiero, 2011; Sousa et al., 2013;
Meineri et al., 2014; Bissattini et al., 2015; Vodovsky et al.,
2017; Dörr et al., 2020). However, there are scarce studies

focusing on the tolerance, survival and dispersion in relation
to salinity conditions of the crayfish plague pathogen, that is
chronically carried in the cuticle of this invasive North American
crayfish species.

First studies on A. astaci physiological response and zoospore
production under different salt concentrations showed that high
mineral salt concentrations inhibited the growth and sporulation
(Unestam, 1969a,b). Moreover, Persson and Söderhäll (1986) and
Rantamäki et al. (1992) suggested that A. astaci would barely
survive for long or spread under brackish water conditions.
However, investigations carried out in other Aphanomyces spp.
such as A. invadans (Kiryu et al., 2005), and other closely related
genera such as Phytophthora or Saprolegnia (Harrison and Jones,
1975; Padgett, 1984; Hearth and Padgett, 1990; Ali, 2009; Preuett
et al., 2016) suggested that some oomycetes might survive under
high salinity conditions and sporulate when salinity decreases.

So far, no studies regarding presence of A. astaci in their
native carriers, i.e., North American freshwater species, living
under adverse conditions of high salinity, have been performed in
nature. The naturalized population of P. clarkii from the shallow
Mediterranean coastal lagoon of the Albufera Natural Park of
Valencia, in the east coast of the Iberian Peninsula, represents
an ideal opportunity to investigate the survival of A. astaci in
its original host under saline conditions. This Natural Park is
listed in the Ramsar List of Wetlands of International Importance
(RAMSAR, 2020) and Natura 2000 site (EU, 2020), and during
the past decades have suffered from several anthropogenic
impacts, shaping the lake to a seriously deteriorated ecosystem
(Martín et al., 2020). The invasive P. clarkii was introduced there
in 1976 and since then, the decline of the native white clawed
crayfish populations, Austropotamobius pallipes, in Valencia has
been associated to the co-introduction of both P. clarkii and
A. astaci (Galindo et al., 2000; Martín-Torrijos et al., 2019).

The detection of crayfish plague pathogen and its genetic
diversity can currently accurately be performed in clinical
samples (Oidtmann et al., 2004, 2006; Vrålstad et al., 2009;
Makkonen et al., 2018). Therefore, this work aims to detect
whether the introduced P. clarkii still carry this pathogen
in a Mediterranean brackish lagoon after four decades of its
introduction. This information is necessary to better understand
crayfish plague epidemiology and its survival in its chronically
infected carriers in different ecosystems.

MATERIALS AND METHODS

Crayfish Sampling and Environmental
Conditions
The lagoon of the Albufera Natural Park (Valencia) has the
surface area of 2,433 ha, and comprises brackish water (salinity
1,280–1,920 ppm). We used one baited funnel trap during 24 h
to collect a total of 40 individuals of P. clarkii in December 2018
from this Natural Park. The individuals collected were transferred
to aquaria in the Real Jardín Botánico (RJB-CSIC) facilities in
Madrid. To test the prevalence of the pathogen A. astaci in the
sampled P. clarkii, we maintained the aquaria at 17◦C until the
crayfish molted.
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Molecular Analyses: Genomic Isolation,
PCR Amplification, and Sequencing
Molts were first kept in sterile distilled water for 3 days
and observed for the presence of melanization spots and
growing hyphae (Figure 1). If any growing hyphae were
detected, we preserved part of the sample in 96% ethanol for
further molecular analyses. Genomic DNA was isolated with
the E.Z.N.A. R© Insect DNA Kit (Omega Bio-Tek, Norcross,
Georgia, United States). We performed a single round of
PCR for the extracted DNA with the A. astaci diagnostic
primers 42 (Oidtmann et al., 2006) and 640 (Oidtmann et al.,
2004) (which amplify the ITS1 and ITS2 surrounding the 5.8S
rDNA), according to the assay described by Oidtmann et al.
(2006). All samples which PCR products were sequenced and
matched with A. astaci (i.e., specific primers 42 and 640) were
further analyzed in order to describe their genetic diversity
(i.e., haplogroup and haplotype pathogen characterization). In
order to do it, we amplified mitochondrial ribosomal small
(rnnS) and large (rnnL) subunits as described in Makkonen
et al. (2018). For all PCR reactions, we used a positive
control (i.e., genomic DNA from a A. astaci SAP-Málaga5
pure culture; Makkonen et al., 2016) and a negative control
(distilled Milli-Q water). Amplified products were visualized
by electrophoresis in 1% agarose TAE gels stained with
0.5 µM SBYR1 Safe (Thermo Fisher Scientific, Waltham,

MA, United States). Both strands of amplified PCR products
(ITS, rnnS, and rnnL) were sequenced using an automated
sequencer (Applied Biosystems 3730xl DNA, Macrogen, The
Netherlands). Consensus sequences were assembled and edited
with Geneious Prime 2019.2.1.

RESULTS

Pathogen Characterization and
Molecular Analyses
Procambarus clarkii from Albufera Natural Park exhibited
characteristic melanized areas in the soft abdominal cuticle
and pereiopods. Microscopically, in these melanized
areas we observed hyphal growth and also sporangia of
A. astaci (Figure 1).

For a total of 40 analyzed crayfish, we obtained five positive
samples for A. astaci based on amplification of the nuclear
ribosomal ITS region (amplified by diagnostic primers 42 and 640
for A. astaci). These five sequences (GenBank accession numbers
MW332633–MW332637) were identical and showed a 99.82%
similarity to other A. astaci deposited in GenBank (e.g., sequence
FM999249 of the isolate SAP302). Moreover, the mitochondrial
rnnS and rnnL subunits belonged to the D-haplogroup, allowing
us to concatenate both regions to obtain the d1-haplotype

FIGURE 1 | An Aphanomyces astaci growing hypha and sporangium. The sporangium is formed from a hypha (h) growing from the cuticle of a Procambarus clarkii
specimen originated from Albufera Natural Park, Valencia. Primary zoospores (pz) move toward the hyphal tip to form a characteristic spore ball sporangium (s) that
will eventually produce secondary zoopores, i.e., infective unit. Bar = 100 µm.
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(GenBank accession number for rnnS MW174856–MW174860
and for rnnL MW174851–MW174855).

DISCUSSION

The ability of P. clarkii to survive and reproduce in saline
environments have been widely reported (Fidalgo et al., 2001;
Scalici et al., 2010; Casellato and Masiero, 2011; Sousa et al.,
2013; Meineri et al., 2014; Bissattini et al., 2015; Vodovsky et al.,
2017; Dörr et al., 2020). However, the tolerance of A. astaci to
grow in saline environments in its natural carriers, i.e., North
American crayfish, have never been investigated. Panteleit et al.
(2018) did not find A. astaci when tested its prevalence in nine
marine decapods from the Black Sea. However, in this study, we
report and describe for the first time the presence of the crayfish
plague pathogen in a P. clarkii population that lives in a saline
environment, a Mediterranean coastal lagoon of the Albufera
Natural Park. The presence of the crayfish plague within a similar
scenario, had only been reported in the Danube Delta and in the
narrow-clawed crayfish (Astacus leptodactylus) (Schrimpf et al.,
2012). Although these crayfish were in the vicinity of the river
mouth, they might represent a real threat if their A. astaci
strain could survive salinity concentrations, such as those of the
Albufera Natural Park.

Procambarus clarkii was introduced in the Albufera Natural
Park in 1976 (Galindo et al., 2000) and this population has
survived in this lagoon until today. Our results show the presence
of the pathogen A. astaci in this population, which corresponds to
the same genetic group, i.e., D-haplogroup, identified in founder
population of P. clarkii introduced in Spain in 1973 (Diéguez-
Uribeondo et al., 1995; Makkonen et al., 2018; Martín-Torrijos
et al., 2019). This lagoon is a changing environment with high
salinity, accumulations of sediments, hypertrophic status, and
intense daily oscillations in pH and dissolved oxygen (Martín
et al., 2020). Previous studies on physiological adaptations
of A. astaci isolates of the D-haplogroup showed that they
can grow and sporulate at warmer temperatures than other
genetic groups (Diéguez-Uribeondo et al., 1995). Physiological
characteristics of this D-haplogroup may indicate a better ability
to adapt to adverse conditions (e.g., higher temperatures, high
salinity levels or low dissolved oxygen concentrations). Although
brackish conditions are known to prevent A. astaci transmission
(Rantamäki et al., 1992), the salinity of the Albufera Natural Park
decreases during the months of May and September due to the
rainfall and rice field irrigations. This fact appears to allow the
dispersion of the pathogen by formation of the infection units
of the pathogen, i.e., the swimming zoospores that infect other
crayfish (Rantamäki et al., 1992). A similar effect was described
by Kiryu et al. (2005) for the survival and spread of A. invadans
in estuarine environments.

The resilience of both P. clarkii and A. astaci in saline
environments constitutes an additional difficulty to the
management of threatened populations of native European
freshwater crayfish, which are susceptible to the crayfish plague
pathogen, and, especially, to the native species of the Iberian
Peninsula, A. pallipes. Currently, only 25 populations of this

endangered native crayfish species remain in the Valencia
province in small isolated highland streams (Generalitat
Valenciana, 2019). Specimens of P. clarkii are continuously
translocated and can transport this disease to surrounding areas,
and potentially transmit it to certain decapods that might become
vectors for this pathogen (e.g., the Chinese mitten crab, Eriocheir
sinensis, or the semi-terrestrial Potamon potamios appear to be
capable of transmitting A. astaci to the European native crayfish;
Schrimpf et al., 2014; Svoboda et al., 2014). In the Albufera
Natural Park, P. clarkii coexists with the blue crab, Callinectes
sapidus that migrates into freshwater habitats during its live cycle
(Hines et al., 1987) and since we found that P. clarkii can carry
and transmit the crayfish plague pathogen, this dispersion could
be favored by this invasive crab.

Therefore, this work alerts to the authorities and decision
makers to rapidly develop and implement action plans to avoid
the translocation from the Albufera Natural Park of P. clarkii
and other potential carriers of A. astaci such as C. sapidus.
Thus, future studies on salinity tolerance should be designed in
order to determine the physiological adaptations of the different
A. astaci genetic groups, highlighting brackish environments as
favorable habitats for the maintenance of A. astaci. Moreover,
transmission experiments in saline environments should be
performed in order to get future insights about the biological
characteristics of this pathogen and its possible transmission
to other crustaceans. Furthermore, considering the current
distribution of P. clarkii introductions and their negative impacts
in non-European freshwater ecosystems (specifically for non-
North American crayfish), these findings should be of worldwide
aware and concern.
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Dams are among the most prevalent and extreme alterations humans have perpetrated

on fluvial systems. The dramatic physical and biological changes caused by dams

have been synthesized for many aquatic faunal groups, but not for crayfishes. In

addition, invasive crayfish species are an increasing threat to global biodiversity, and

dams have both costs and benefits with respect to crayfish invasions. North American

crayfishes have imperiled native crayfishes in Europe, largely by hosting and spreading

the crayfish plague pathogen Aphanomyces astaci that is lethal to European crayfishes.

The differential effects of A. astaci on North American vs. European crayfishes contribute

to differences between the continents in the costs and benefits of dams. We reviewed

literature on both the detrimental and beneficial effects of dams on crayfishes, with

emphasis on conservation of European crayfishes. We also suggested additional

potential dam effects that warrant investigation. Our review illustrates the challenges

and opportunities dams create for crayfish conservation. Dams create detrimental

effects to native crayfishes, including reducing suitable habitats necessary for native

habitat-specialist species and creating habitats suitable for non-native habitat-generalist

species; fragmenting crayfish populations; and reducing species’ ability to recolonize

upstream habitats. Conversely, dams can have beneficial effects by creating barriers

that slow or halt upstream invasions by non-native crayfishes and spread of the crayfish

plague. The complexity of the issues and the limited ecological information available

highlights the need for future studies on the effects of dams on crayfishes. Crayfishes

are one of the most imperiled groups of aquatic fauna globally; therefore, understanding

the beneficial and detrimental effects of dams is essential for effective conservation of

many crayfish species.

Keywords: impoundment, dams, European crayfish, crayfish plague, fragmentation, dispersal, migration,

non-native species

INTRODUCTION/SCOPE

Flowing water is the defining characteristic of fluvial systems, with flow influencing hydrologic
structure, geomorphology, temperature regime, nutrient cycling, and the distribution and
evolution of biota (e.g., Poff et al., 1997). Dams can control river flows, dramatically changing
streams and creating new ecosystems (Baxter, 1977) and are among the most prevalent and
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extreme alterations humans have perpetrated on fluvial systems
(The Heinz Center, 2002; Liermann et al., 2012; Grill et al., 2015).
With dams on 59% of rivers globally and planned on another
16% (Grill et al., 2015), they have drastically altered rivers on
every continent except Antarctica. Impacts range from physical
alterations of stream channels andwater quality to effects onmost
biological kingdoms.

The largest biological effects of dams often result from
river fragmentation and flow regulation (Stanford and Ward,
2001; Grill et al., 2015). As of 2010, an estimated 35% of
the world’s river volume was heavily to severely impacted
by fragmentation; 35% impacted by flow regulation; and
<10% unaffected by either (Grill et al., 2015). Dams nearly
always create discontinuities in the river continuum and
alter aquatic communities, reducing “natural” biodiversity and
facilitating invasions by non-native organisms (Stanford and
Ward, 2001). They also dramatically alter stream physiochemical
properties, including flow and temperature regimes, channel
geomorphology, and water chemistry (Baxter, 1977) that all
influence riverine communities (Stanford and Ward, 2001; Grill
et al., 2015; Hanks and Hartman, 2019).

Dams are built for various purposes (e.g., water storage, flood
control, navigation, hydropower, recreation) that dictate their
modes of operation, with irrigation the primary purpose of
an estimated 50% of the world’s dams (Mulligan et al., 2020).
A dam’s purpose and operations, as well as its geomorphic,
climatic, and biotic settings, all powerfully influence how it
affects faunal communities (Stanford andWard, 2001; The Heinz
Center, 2002). For example, water storage dams in mountainous
settings typically impound deep, high-volume reservoirs with
long water residence times. Dams in such systems usually create
insurmountable upstream migration barriers to lotic fauna, and
the large reservoirs they impound may further inhibit both
up- and downstream migrations. Conversely, reservoirs can
also facilitate upstream invasion by flooding natural barriers
(Júnior et al., 2009). Unlike water storage dams, run-of-the-river
hydropower or navigation dams may impound little or no water
and have negligible effects on water residence times, but instead
may facilitate upstream passage and expansion of some species
(Taugbøl et al., 1993; Kim and Mandrak, 2016). This is especially
true of dams with locks.

As of 2019, European rivers had more than 21,000
hydropower dams, with another 8,507 planned and 278 under
construction (Schwarz, 2019). Of the existing hydropower dams,
19,344 were “small,” producing 0.1–<10.0 megawatts (MW) of
power, and 686 were “large” (≥50 MW). These totals excluded
the considerable number of non-hydropower dams. In the
Iberian Peninsula, for example, most dams are managed for
irrigation or water abstraction (Schwarz, 2019). The US National
Inventory of Dams (NID) included 91,457 dams, including 6,346
dams >15m high (https://nid.sec.usace.army.mil/ords/f?p=105:
113:15689164071610::NO:::, accessed 25 June 2020). The primary
purposes of inventoried dams included recreation (32%), flood
control (19%), irrigation (9%), and hydropower (2%). Small
dams are much more abundant than large dams but are poorly
quantified (Liermann et al., 2012; Grill et al., 2015; Schwarz,
2019), even though “the cumulative effects of many small dams

can differ from and even exceed those of a single large dam”
(Liermann et al., 2012).

The dramatic physical and biological changes caused by dams
have been synthesized for many aquatic faunal groups, but not
for crayfishes. Crayfishes are one of the most imperiled groups of
aquatic fauna globally (Richman et al., 2015), so understanding
how dams affect them is important for conservation. Dams
and water management threaten an estimated 25% of at-
risk crayfishes in Australia, 35% in the US, and 70% in
Mexico (Richman et al., 2015). In Europe, the major threat
to native crayfish persistence is the crayfish plague, caused by
the oomycete Aphanomyces astaci, native to North America
(Diéguez-Uribeondo, 2010; Füreder, 2016). North American
crayfishes generally carry the pathogen but are relatively resistant
to the crayfish plague. Their introduction to other continents
also introduced the plague, which is often more devastating
to the native crayfish fauna than the introduced crayfishes
themselves (Reynolds, 1988; Taugbøl et al., 1993; Kozubíková
et al., 2008). Due to the overwhelming impact of the crayfish
plague, habitat modifications are of only intermediate concern to
crayfish conservation in much of Europe (Füreder, 2016). This
creates a scenario in which the costs and benefits of dams to
crayfish populations may differ between the continents.

We synthesized literature on the effects of dams on crayfishes.
Because the literature exploring this topic is limited, we
first briefly summarized general effects of dams on riverine
ecosystems and on other aquatic faunal groups that are more
thoroughly studied. We then summarized effects of dams on
crayfishes in non-European continents, followed by effects in
Europe, including some benefits of dams for conservation of
European crayfishes (Table 1). Finally, we addressed several
additional effects that dams are likely to have on crayfishes,
based on what is known about other faunal groups. Finally,
we suggested additional dam-related research that may facilitate
crayfish conservation.

GENERAL ECOSYSTEM EFFECTS OF

DAMS

Dam effects on rivers and biota differ fundamentally in
three longitudinal zones: the reservoir (area converted from
lotic to lentic habitat) impounded by the dam, the river
segment(s) upstream of the reservoir, and the river segment(s)
downstream of the dam. The spatial extent and degree of
impacts in each zone vary according to geomorphology, dam
height, and dam operation and often vary temporally as well.
Because dam effects on riverine physiochemical properties and
biological communities are synthesized elsewhere (e.g., Poff and
Zimmerman, 2010; Ellis and Jones, 2013), we present only a brief
synopsis of the main physiological and biotic impacts of dams.

Impacts in Reservoirs
Within a reservoir, a river’s natural current velocity is greatly
reduced, changing a lotic environment to a lentic one and often
inundating areas that were previously floodplain or terrestrial
habitats (Baxter, 1977). Thus, species adapted to lentic conditions
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TABLE 1 | Summary of documented effects of dams on crayfishes in Europe,

North America, and other continents.

Impact mechanisms EU NA Other References

Adverse effects

Genetic fragmentation • Hartfield, 2010

Barnett et al., 2020

Changes in native crayfish

assemblage

• • • Roell and Orth, 1992

Joy and Death, 2001

Westhoff et al., 2006

*Meyer et al., 2007

*Bubb et al., 2008

DiStefano et al., 2009b

Hartfield, 2010

Lieb et al., 2011

Adams, 2013

*Füreder, 2016

Barnett, 2019

Crayfish introductions • • • *Hobbs et al., 1989

*Rogers and Holdich, 1995

Lodge et al., 2000

Puth and Allen, 2004

Johnson et al., 2008

*Simić et al., 2008

DiStefano et al., 2009a

Kilian et al., 2012

Nunes et al., 2017

Madzivanzira et al., 2020

Crayfish plague introductions • • *Reynolds, 1988

*Taugbøl et al., 1993

*Gerrard et al., 2003

*Longshaw, 2011

*Kozubíková-Balcarová et al.,

2014

Mrugala et al., 2017

*Kokko et al., 2018

Stream segments favor

invasive species

• • Light, 2003

Bobeldyk and Lamberti, 2008

Nunes et al., 2017

Increased fish predation • Barnett, 2019

Beneficial effects

Barriers to invasive species • • • Light, 2003

*Kozák et al., 2004

Kerby et al., 2005

*Krieg and Zenker, 2020

Nunes et al., 2017

*Dana et al., 2011

*Gherardi et al., 2011

Lieb et al., 2011

*Rahel, 2013

*Rosewarne et al., 2013

Reduced spread of crayfish

plague

• *Taugbøl et al., 1993

*Kozubíková-Balcarová et al.,

2014

*Krieg and Zenker, 2020

aExpanded habitat for native

species

• • Sheldon, 1989

Light, 2003

Parkyn et al., 2011

*Zaikov et al., 2011

*Yuksel et al., 2013

Barnett, 2019

aFrom these studies, we inferred that the habitat of native species would expand. No

study compared abundances of crayfishes in riverine vs. reservoir habitats.

EU, Europe; NA, North America; Other, other continents; •effects documented on

continent; *European studies.

dominate reservoirs, resulting in fewer native, habitat-specialist
species and more non-native, habitat-generalist species (Johnson
et al., 2008; Kanno and Vokoun, 2010; Santos et al., 2017).
However, even native species tolerant of lentic conditions may
have to adapt (e.g., morphologically) to new conditions in
order to survive (Baxter, 1977; Haas et al., 2010). Decreased
velocities in reservoirs also cause fine sediment accumulations,
especially where undammed tributaries are present (Ward, 1976;
Maneux et al., 2001; Schleiss et al., 2016). Fine sediments
can eliminate gravel-associated species, such as some Unionid
mussels and gravel-spawning salmonid fishes that require
unembedded substrates for reproduction (Bates, 1962;Magilligan
et al., 2016). Fine sediments can also cover and suffocate mussels
or reduce their filter-feeding efficiencies (Vaughn and Taylor,
1999; McAllister et al., 2001).

The amount of water impounded differs greatly among dams
(Baxter, 1977), impacting the physiochemical characteristics
of the water impounded. For a run-of-the-river dam, where
flow is minimally regulated, the entire water column of the
reservoir may remain well-mixed thermally due to water flows
throughout the reservoir and relatively shallow depths, leading
to isothermal and orthograde temperature and oxygen profiles, as
well as nutrient concentrations uniformly distributed throughout
the water column (Worth, 1995). In storage reservoirs, where
water residence times may be months or years (Maavara et al.,
2014), inflows may be turbulent, and well-mixed, whereas water
is thermally stratified throughout much of the reservoir. In
summer, oxygen and temperature levels are highest in the
epilimnion (upper layer) and lowest in the hypolimnion (bottom
layer) (Cassidy, 1989). Furthermore, water storage and retention
times influence reservoir temperature regimes, water quality, and
other physiochemical and ecological processes (Winton et al.,
2019). Changes to these processes often degrade habitats for
native, riverine species and lead to communities more tolerant
of anthropogenic perturbation, decreasing or eliminating native
species intolerant of degraded conditions (Havel et al., 2005).

When rivers are dammed, recreational access and water-based
activities often increase, which increases species introductions
(Roell and Orth, 1992; Johnson et al., 2008; Adams et al., 2015).
Non-native species often abound in reservoirs, due to intentional
(legal or illegal) and unintentional introductions and to “the
young age, increased niche availability, and high disturbance
regime characteristic of most impoundments” (Johnson et al.,
2008). Unintentional species introductions may occur by many
means, including inadvertent transport on boats, fishing gear,
or other recreational equipment (Rothlisberger et al., 2010; Cole
et al., 2019) or with shipments of intentionally stocked fishes
(Davies et al., 2013).

Impacts Upstream of Reservoirs
The primary physical changes to river segments upstream
of reservoirs are the reduced water velocity and increased
sedimentation (Graf, 2005; Hu et al., 2009). As water velocities
slow, sediment deposition occurs in the river bed, river margins,
and interstitial spaces, increasing water levels, flooding events,
and channel migration (Baxter, 1977; Wood and Petts, 1994;
Graf, 2005; Hu et al., 2009; Schleiss et al., 2016). Decreased
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interstitial spaces reduces shelter available to lotic species,
which subsequently decreases growth and survival (Finstad
et al., 2007; Magilligan et al., 2016). As in reservoirs, increased
sediment deposition upstream may eliminate gravel-associated
species (Bates, 1962; Magilligan et al., 2016). Sedimentation also
increases the amount of invertebrates entering the drift, reducing
the standing stock of benthic invertebrates and changing the
abundance and composition of the remaining invertebrate
community upstream of reservoirs (Jones et al., 2012). Thus,
increased sedimentation and the loss of interstitial spaces can
greatly reduce the abundance, reproduction, growth, and survival
of numerous riverine taxa directly upstream of reservoirs. River
segments upstream of reservoirs are also impacted by reservoir
taxa (e.g., stocked or introduced fishes) that move into upstream
river segments (Swink and Jacobs, 1983; Herbert and Gelwick,
2003; Hladík and Kubečka, 2003). These effects diminish with
distance upstream of reservoirs (Ellis and Jones, 2013).

Dams and reservoirs create physical and behavioral barriers
to animal movements through river networks, interrupting
longitudinal connectivity and isolating upstream populations
(Falke and Gido, 2006; Branco et al., 2012; Crook et al.,
2015). Such river fragmentation alters patterns of ecological
connectivity, potentially impacting life history strategies and
habitat colonization (Pringle, 2000; Crook et al., 2015), leading
to local extinction of migratory organisms (Gehrke et al., 2002;
Hall et al., 2011; Liermann et al., 2012), and reducing abundances
of non-migratory, upstream populations (Winston et al., 1991;
Morita and Yamamoto, 2002). Inhibiting movements through
river systems can also reduce gene flow among populations,
decreasing population genetic diversity and population fitness
(Lande and Barrowclough, 1987; Fullerton et al., 2010; Fluker
et al., 2014). Because dams have fragmented riverine systems only
recently relative to evolutionary timescales, the full extent of their
effects on species may ultimately be much greater than currently
estimated, due to time lags in population responses (Richmond
et al., 2009; Abernathy et al., 2013).

Impacts Downstream of Dams
Dams and associated reservoirs can profoundly alter natural
flow regimes downstream, causing subsequent changes in fauna
composition (Baxter, 1977; Watters, 1996; Cumming, 2004; Graf,
2006). Some dams (e.g., hydroelectric dams) create a rapidly
fluctuating downstream hydrologic regime, matching discharges
to hourly water or power demands (Richter and Thomas, 2007).
Such dam operation often results in a low abundance and low
diversity of species downstream (Ward, 1976; Armitage, 1978;
Baumgartner et al., 2020). Conversely, some dams only release
high volumes of water during certain seasons, with minimum
water discharged during other seasons (Graf, 2006). These dam
operations lead to a high abundance, but low diversity of species
(Ward, 1976; Armitage, 1978; Baumgartner et al., 2020). To
meet management needs, dam managers may also stop the
release of water from reservoirs or divert water from the river,
completely dewatering long river segments downstream (Pringle,
2000; Perkin et al., 2015). Dry segments downstream of dams
often eliminate most lotic species, especially those that are not

adapted to harsh, unstable physical conditions (Anderson et al.,
2006). Additionally, dams prevent movement and migration of
fauna through riverine systems, which can lead to the reduced
abundance or local extinction of native species downstream
(Gehrke et al., 2002; Liermann et al., 2012).

Dams typically alter downstream temperature regimes, water
quality, and physiochemical and ecological processes, and dams
with long water-retention times often cause the greatest changes
(Baxter, 1977; Watters, 1996; Maneux et al., 2001; Cumming,
2004; Maavara et al., 2014). In thermally stratified reservoirs,
the seasonal timing and depth (hypolimnetic vs. epilimnetic) of
water releases influence downstream water quality (Hanks and
Hartman, 2019). Water released downstream from reservoirs
can cool water in the summer and warm it in the winter, as
well as alter oxygen and nutrient loads relative to natural levels,
causing subsequent changes in downstream fauna (Baxter, 1977;
Lessard and Hayes, 2003; Graf, 2005; Kunz et al., 2011; Mejia
et al., 2020). Nonetheless, with distance downstream from dams
and input from downstream tributaries, water conditions (e.g.,
thermal regime, nutrient content) often gradually returns to
a more natural state (Mejia et al., 2020). Species community
structure also reverts toward its pre-impoundment state with
distance downstream from dams (Hanks and Hartman, 2019).
Recovery distance varies by taxa and species (Voelz and Ward,
1991; Camargo and Voelz, 1998; McGregor and Garner, 2003;
Phillips and Johnston, 2004b; Hanks and Hartman, 2019), with
hundreds of kilometers needed for the recovery of some rare
species (Vaughn and Taylor, 1999).

The reduced sediment loads carried by water released
from storage reservoirs alter channel morphology downstream
of dams. Reduced sedimentation creates coarser riverbeds
and greater channel erosion, increasing channel incision (i.e.,
lowering of bed level) and width (Baxter, 1977; Chien, 1985;
Wood and Petts, 1994; Gordon et al., 2004; Graf, 2005; Simon
and Rinaldi, 2006). Channel incision can lower local water
tables, affecting river flows and riparian conditions (Scott et al.,
2000; Schilling et al., 2004). The loss of fine sediments creates
riverbeds armored with large rocks and boulders (Graf, 2005) and
reduces the geomorphic complexity of downstream segments,
resulting in fewer sand/gravel bars and shallow-water habitats
compared to unregulated rivers (Poff et al., 1997; Graf, 2006).
These geomorphic changes can propagate hundreds of kilometers
downstream of dams (Graf, 2006). Native species that are poorly
adapted to the altered habitat conditions are decreased or
eliminated, often with non-native species filling the new niches
(Caiola et al., 2014).

ADVERSE EFFECTS OF DAMS ON

CRAYFISHES

Genetic Fragmentation of Crayfish

Populations
Dams and reservoirs can restrict crayfish dispersal and gene
flow, genetically fragmenting populations, as demonstrated in
the southern Appalachian Mountains, USA (Hartfield, 2010;
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Barnett et al., 2020). An older, low-head dam (>160 years, <8m
high) and three newer, large dams (36–104 years, >15m high)
reduced passage of crayfishes (Cambarus sp. and Faxonius spp.),
genetically fragmenting populations (Hartfield, 2010; Barnett
et al., 2020).

In impounded Alabama, USA, streams, crayfish populations
shared few mitochondrial DNA (mtDNA) cytochrome
oxidase subunit I gene haplotypes between segments up-
and downstream of dams (Hartfield, 2010; Barnett et al., 2020),
but in unimpounded streams most haplotypes were shared
between up- and downstream segments (Barnett et al., 2020).
Also, crayfish gene flow in most impounded streams, was
one-way, downstream past dams, whereas in unimpounded
streams, it was bidirectional (Barnett et al., 2020). Barnett et al.
(2020) inferred that time since dam closure, reservoir size, as
well as dispersal abilities and ecological tolerances of the species
studied impacted the magnitude of genetic differences between
impounded and unimpounded streams. For example, no gene
flow occurred between up- and downstream populations in
the stream with the oldest dam; only downstream gene flow
occurred between populations in the largest, young dam; and
both up- and downstream gene flow occurred for one species
in the smallest, young dam (Barnett et al., 2020). Additionally,
upstream gene flow in impounded streams was detected only
for Faxonius validus (powerful crayfish), a species preferring
small to medium streams; conversely, F. erichsonianus (reticulate
crayfish), a species preferring medium to large streams, did not
display upstream gene flow in impounded streams (Barnett et al.,
2020).

One-way downstream migration isolates and reduces gene
flow to upstream populations (Fagan, 2002; Fuller et al.,
2015; Barnett et al., 2020). Nevertheless, the genetic diversity
and effective population size of crayfish populations upstream
of impoundments remained high in both impounded and
unimpounded streams (Hartfield, 2010; Barnett et al., 2020),
suggesting that overall loss of genetic diversity in impounded
streams may be a slow process.

Genetic signatures of crayfish population fragmentation by
dams in place for only a few decades suggest that substantial
genetic changes are ongoing (Liermann et al., 2012; Barnett
et al., 2020). Because dam disruption of gene flow in crayfishes
was observed using a mtDNA marker that does not mutate
at exceptionally fast rates (Hartfield, 2010; Fluker et al.,
2014; Barnett et al., 2020), dams likely have had a more
profound impact on crayfish population genetics than has
been demonstrated to date (Lacy, 1987; Dixo et al., 2009;
Hartfield, 2010; Barnett et al., 2020). The effects of genetic
fragmentation caused by dams may be exacerbated in smaller
crayfish populations and may heighten extinction risk of species
with small natural ranges (Lodge et al., 2000; Richman et al.,
2015). Although extirpation or extinction caused by dams has not
been documented for crayfishes, to our knowledge, the relatively
young ages of many dams makes the presence of an extinction
debt likely (Tilman et al., 1994; Liermann et al., 2012). Moreover,
the historic data necessary to document such extirpations is
extremely limited in North America.

Changes in Native Crayfish Assemblages
Changes in resources and habitat availability can influence
crayfish presence and abundance (Ellis and Jones, 2013). Shifts
in relative abundances of crayfishes have been documented in
streams with both small (< 20 ha) and large (> 400 ha) reservoirs
(Joy and Death, 2001; Westhoff et al., 2006; DiStefano et al.,
2009b; Hartfield, 2010; Adams, 2013; Barnett, 2019).

Small dams altered crayfish species assemblages up- and
downstream of reservoirs relative to unimpounded streams (Joy
and Death, 2001; Adams, 2013). In the New Zealand Taranaki
Ring Plain, the abundance of Paranephrops planifrons (northern
koura), the only crayfish species collected in the region, was
higher upstream of reservoirs than in unimpounded streams
(Joy and Death, 2001). In Mississippi, the catch-per-unit-effort
(CPUE) of F. etnieri spp. complex [Orconectes chickasawae
in Adams (2013)] was lower downstream of small dams
than in unimpounded streams, whereas CPUE of Procambarus
spp. were either higher downstream of dams or similar
between impounded and unimpounded streams (Adams, 2013).
Presumably as a result of differing assemblage compositions,
seasonal changes in crayfish CPUE also trended in opposite
directions downstream of dams vs. in unimpounded streams
(Adams, 2013). Impounded streams had higher abundances of
species that were better adapted to the newly formed habitats and
flow regimes (Adams, 2013).

In Alabama, crayfish density was higher in unimpounded
streams than up- and downstream of large impoundments
(Barnett, 2019). In unimpounded relative to impounded streams,
juvenile density tended to be higher upstream and adult density
higher downstream (Barnett, 2019). Higher juvenile and adult
crayfish densities in unimpounded than impounded streamswere
correlated with more aquatic vegetation, lower top predator
fish biomass, higher turbidities, higher discharge, and lower
minimum temperatures (Barnett, 2019).

Impoundments reset the natural river continuum for physical
and biotic variables (Ward and Stanford, 1983), interrupting
longitudinal changes in assemblage structure. In Alabama,
sites directly below impoundments shared similar physical and
biotic characteristics with sites in headwaters, modifying habitat
conditions that historically occurred downstream (Barnett,
2019). The gradual up- to downstream shifts in species
composition and dominant species in unimpounded streams
were not observed in impounded streams (Barnett, 2019).
Instead, one or two crayfish species dominated all sites in
impounded streams, with low densities of other species (Barnett,
2019). Some species [e.g., Cambarus striatus (ambiguous
crayfish), F. compressus (slender crayfish)] that were common in
unimpounded streams were rarely encountered in impounded
streams (Adams et al., 2015; Barnett, 2019). Crayfish density,
richness, and evenness increased with distance downstream of
dams, indicating assemblage recovery (Barnett, 2019). Similarly,
in aWest Virginia river, crayfish density 15 km downstream from
a damwas higher compared to just downstream of it, although no
statistical comparison was made (Roell and Orth, 1992). Thus, it
appears that crayfish communities, like those of fishes, mussels,
and insects recover to some degree with distance downstream of
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dams, as tributaries enter and river conditions return to a more
natural state (Voelz and Ward, 1991; Kinsolving and Bain, 1993;
Camargo and Voelz, 1998; McGregor and Garner, 2003; Phillips
and Johnston, 2004b). However, regardless of impoundment
status, crayfish richness tends to increase with distance upstream
unlike fishes (Hicks, 2003).

Impoundments have greater impacts on crayfish populations
in and downstream of reservoirs than upstream of reservoirs.
In Alabama streams, total crayfish CPUE was higher upstream
of small reservoirs than directly below them (Hartfield, 2010).
Similarly, in Pennsylvania, USA, most populations of an
extremely rare crayfish (Cambarus sp.) occurred upstream of
reservoirs, with the invasive F. rusticus (rusty crayfish) often
abundant in and downstream of reservoirs (Lieb et al., 2011).
In Missouri, USA, repeated summer trapping upstream of a
reservoir produced the common crayfish F. neglectus (ringed
crayfish) and two imperiled species, F. williamsi (Williams’
crayfish) and F. meeki meeki (Meek’s crayfish), whereas trapping
within the reservoir produced the common F. neglectus and F.
longidigitus (long-pincered crayfish) and only one individual of
an imperiled species (DiStefano et al., 2009b). Reservoirs reduced
the amount of suitable stream habitat for F. williamsi, reducing
population sizes and isolating upstream populations, although
populations may have been isolated even before impoundment
(Westhoff et al., 2006).

Recurring themes in papers documenting changes to crayfish
abundances in impounded streams were changes to stream
habitats caused by dams (Joy and Death, 2001; DiStefano et al.,
2009b; Adams, 2013; Barnett, 2019). These changes to stream
habitats may decrease the availability of habitat types necessary
for survival of some crayfish species, causing a subsequent
decrease in the abundance of these crayfishes in impounded
stream systems.

Crayfish Introductions to Reservoirs
Crayfishes are one of the most commonly introduced freshwater
organisms because the wide niches of some crayfish species allow
them to survive in diverse ecosystems (Hobbs et al., 1989; Lodge
et al., 1998; Zeng et al., 2015). Unlike many aquatic species,
some crayfishes can survive out of water for relatively long
periods of time (Banha and Anastácio, 2014), making themmore
likely than many other aquatic taxa to survive unintentional
translocations and overland dispersal and facilitating extensive
secondary spread after initial introductions (Krieg and Zenker,
2020).

Human-mediated introductions of non-native crayfishes—
and their associated diseases—tend to increase after damming,
due to greater human access to and use of water bodies
(Muirhead and Macisaac, 2005). For example, in a region rich
with natural lakes, five aquatic invasive species, including the
F. rusticus were 2.5 to 300 times more likely to occur in
reservoirs than in natural lakes (Johnson et al., 2008). Non-
native crayfishes are commonly introduced to reservoirs through
intentional (legal or illegal; often to create new crayfisheries)
or unintentional pathways (Lodge et al., 2000; Krieg and
Zenker, 2020; Madzivanzira et al., 2020). Introductions of non-
native crayfishes potentially also add crayfish commensals and

pathogens (Longshaw, 2011; Mrugala et al., 2017; Madzivanzira
et al., 2020), most notably the crayfish plague pathogen, to
ecosystems (Souty-Grosset et al., 2006). Reservoir fisheries
create at least three possible vectors for crayfish introductions:
introduction with stocked fishes (Simić et al., 2008), introduction
for fish forage (Madzivanzira et al., 2020), and release or escape
of bait (DiStefano et al., 2009a). Several countries and US states
have banned the transport and possession of live crayfishes
as bait, but crayfish introduction through use as bait is still
a concern in many places (Puth and Allen, 2004; DiStefano
et al., 2009a; Kilian et al., 2012; Banha and Anastácio, 2015).
Crayfishes are also introduced to reservoirs through the release
or escape of aquarium, classroom, or research crayfishes (Rogers
and Holdich, 1995; Lodge et al., 2000; Madzivanzira et al., 2020).
Many characteristics of crayfishes sold in the aquarium trade
include characteristics that promote invasion success, such as
the ability to reproduce under warm aquarium conditions and
a preference for lentic habitats (Chucholl and Wendler, 2017).

River Segments Hydrologically Altered by

Dams Favor Invasive Species
Flow regimes are critical in structuring fluvial biotic communities
(Poff and Ward, 1989; Power et al., 2008; Matthews, 2012).
Native crayfishes have evolved traits and life history strategies
favoring persistence under natural flow regimes that, in some
systems, include extreme hydrological events (Flinders and
Magoulick, 2003; Lynch et al., 2019). The numerous changes
that dams cause in flow, often create environments that native,
habitat-specialist species are not adapted to—or that favor
native generalist or non-native species—thereby decreasing
the abundance and diversity of native species and increasing
biological homogenization (Bunn and Arthington, 2002; Rahel,
2002; Light, 2003; Bobeldyk and Lamberti, 2008; Nunes et al.,
2017). Many invasive crayfishes have very wide physiological
tolerances, flexible behaviors, high dispersal abilities, and high
phenotypic plasticity allowing them to establish in the new
habitats created by dams (Perry et al., 2013; Crook et al., 2015;
Zeng et al., 2015). Under natural flow regimes, extreme flows can
prevent, or even reverse, the establishment of invasive crayfishes
(Light, 2003); however, impounded streams with more stable
flow regimes (e.g., decreases in annual flow variation), sometimes
allow invasive species to thrive, displacing native species through
competition and predation (Rahel, 2002).

Crayfish mating, spawning, foraging, and growth are linked
to flow regimes (Lowery, 1988; Mead, 2008; Barnett, 2017).
Thus, changes in flow regimes can facilitate non-native
crayfish invasions. In the Ontonagon River, Michigan, USA,
invasive F. rusticus were abundant in stream segments closer
to impoundments, where the flow regime was more stable,
compared to segments further downstream (Bobeldyk and
Lamberti, 2008). Similarly, in South Africa, invasive Australian
crayfish Cherax quadricarinatus (Australian redclaw crayfish)
were more abundant in river systems with irrigation dams than
in less regulated rivers (Nunes et al., 2017). Nunes et al. (2017)
inferred that less suitable habitats and higher flow velocities
decreased the abundance of C. quadricarinatus in less regulated
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rivers. In the Lake Tahoe Basin, California, USA, invasive
Pacifastacus leniusculus (signal crayfish) was present only in
impounded streams (Light, 2003). Pacifastacus leniusculus was
positively associated with proximity to reservoirs (both up and
downstream), declining significantly in abundance upstream of
reservoirs following the resumption of normal or high wet-
season flows (Light, 2003). In addition, P. leniusculus moved
long distances (up to 120 m/day) and occupied unimpounded
streams only sporadically, leading Light (2003) to infer that they
migrated into unimpounded tributaries during low-flow seasons
to exploit highly productive habitats or escape fish predation but
returned to the hydrologically stable reservoir before high flow
seasons began. Thus, dams in the basin protected downstream
reaches from high flows and allowed repeated recolonization of
upstream reaches—from source populations in the reservoirs—
after high-flow events (Light, 2003). Furthermore, reservoirs
appear to function as invasion hubs for invasive crayfishes,
by harboring source populations of invaders and increasing
pathways for range expansion (e.g., irrigation canals connected
to dams) that facilitate the subsequent spread and establishment
of invaders into natural waterbodies (Light, 2003; Muirhead
and Macisaac, 2005; Johnson et al., 2008; Nunes et al.,
2017).

Increased Fish Predation on Crayfishes
Predatory fishes are often more abundant in impounded streams
due to more favorable habitat conditions and fish stocking
(Taylor et al., 2001; Phillips and Johnston, 2004a). Pringle (1997)
noted that “until the last few decades, dams and reservoirs in
the western US were often viewed as opportunities to introduce
game fishes...” Because >40% of the diets of many game fish
species (e.g., basses and catfishes) consists of crayfishes (Dorn
and Mittelbach, 1999), increases in game fishes potentially
increases predation pressure on crayfishes in reservoirs and
the rivers that connect to them (Westhoff et al., 2006). Fishes
introduced to reservoirs can impact entire stream systems,
with the ability to freely leave the reservoirs and move to
river segments upstream (Ruhr, 1956; Winston et al., 1991;
Pringle, 1997), as well as potentially dispersing downstream of
dams. For example, top crayfish predators (e.g., Micropterus
spp.) were more abundant in impounded than unimpounded
Alabama streams, and in impounded streams, top predator
fish density was inversely correlated with crayfish density
(Barnett, 2019).

Smaller crayfishes are more susceptible to predation than
larger crayfishes. Larger crayfishes secure and retain shelter
better than smaller individuals (Rabeni, 1985; Nakata and
Goshima, 2003) and are less susceptible to predation by
gape-limited predators, such as fishes (Stein and Magnuson,
1976; Rahel and Stein, 1988). Additionally, habitats such as
tree roots, used especially by small crayfishes for protection
from predators (Bohl, 1987; Smith et al., 1996; Parkyn and
Collier, 2004), may become inhospitable or inaccessible due
to rapidly fluctuating stream flows downstream of dams.
In Alabama, the mean size of adult crayfishes was smaller
in unimpounded than impounded streams due to higher
densities of small-bodied species in the unimpounded streams

(Barnett, 2019). The small species F. compressus, with an
adult length 62% shorter than that of other species collected,
occupied unimpounded, but not nearby impounded, streams.
Adult crayfishes averaged 25% larger in impounded than
unimpounded streams. Additionally, the density of top
predator fishes was negatively correlated with juvenile crayfish
density and positively correlated with adult crayfish size
(Barnett, 2019).

BENEFICIAL EFFECTS OF DAMS ON

CRAYFISHES

Barriers to Invasive Species
Dams often block access to upstream river segments, thereby

fragmenting populations and generally increasing conservation

risks. However, in some circumstances, such movement barriers
can facilitate conservation efforts by halting—or slowing—

invasions by non-native species, including fishes, crayfishes,

pathogens, and parasites (Ruhr, 1956; Liermann et al., 2012;
Rahel, 2013; Füreder, 2016). Often, barriers may be the only
means to prevent further invasion (Krieg and Zenker, 2020).
In California, upstream movements by the invasive crayfish
P. clarkii were stopped or greatly reduced by artificial and
natural barriers, including dams, ranging from 1 to 3m in
height (Kerby et al., 2005). Interestingly, some barriers also
deterred downstream movements. The presence of natural
and artificial vertical barriers also appeared to stop or slow
the spread of non-native P. leniusculus in Lake Tahoe Basin,
California (Light, 2003). In South Africa, the upstream invasion
byC. quadricarinatus in the Lomati River was apparently stopped
by the Driekoppies Dam; however, an alternative explanation was
that increased elevation or lower water temperatures hindered
the invasion (Nunes et al., 2017). Dams can be so effective at
blocking upstream animal movements that, in some cases, small
dams or other artificial obstructions have been installed with
the intent of blocking the upstream spread of non-native fishes,
crayfishes, or diseases (Pringle, 1997; Gherardi et al., 2011; Rahel,
2013; Manfrin et al., 2019; Krieg and Zenker, 2020).

Barriers are often seen as the best method to stop the spread
of invasive species (Krieg and Zenker, 2020); however, they are
not wholly reliable. For example, in California, barriers were
ineffective at stopping upstream invasion of P. leniusculus, but the
barriers may have been breached during construction (Cowart
et al., 2018). Factors influencing the effectiveness of barriers to
crayfish movements include height, water velocity, angle, surface
smoothness, bank characteristics (Kerby et al., 2005; Dana et al.,
2011; Frings et al., 2013), and presumably, crayfish species is
also important.

The tension between the conservation costs and benefits of
dams can set the stage for competing conservation interests
related to barrier construction or dam removals: on one hand,
dams reduce population connectivity and access to habitat
for native species, but on the other hand, dams may halt
aquatic invasions (although as noted above, reservoirs may
also increase chances of introductions). Benefits may accrue to
one faunal group while costs are borne by a different group
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(Frings et al., 2013; Krieg and Zenker, 2020). Lieb et al. (2011)
noted that neglecting to consider the role of dams in halting
crayfish invasions may lead to further endangerment of rare
crayfish species upstream of dams proposed for removal. They
recommended (1) assessing invasion risks prior to dam removals,
and (2) not removing dams located downstream of imperiled
crayfishes in invasion-prone areas, even in the absence of non-
natives. At the least, native crayfishes—as well as invasive and
potentially invasive aquatic species—should be considered in
assessments prior to dam removals. Maintaining dams to protect
upstream populations from invasions may not always be an all-
or-nothing choice. In some instances, dams may be retrofitted
by lowering or other means so that their impacts on habitat and
hydrology are reduced, while they still block invasions of certain
species from downstream. Finally, barriers are likely to be less
effective in low gradient habitats unless water velocities exceed
the critical swimming speeds of the crayfishes (Frings et al.,
2013). Most examples of dams as barriers to upstream crayfish
movements have come from mountainous environments (e.g.,
Light, 2003; Kerby et al., 2005; Dana et al., 2011).

Expanded Habitat for Some Crayfish

Species
Reservoirs can create new or expanded suitable habitat
for crayfish species that are well-adapted to the reservoir’s
biophysical conditions. Certain crayfish species may thrive in
such habitats. In Table Rock Reservoir, Missouri the native
crayfish F. longidigitus, among the largest crayfishes in North
America, supported a popular sport fishery (Parkyn et al., 2011).
Likewise in Montana, USA, three reservoirs along the Clark Fork
River supported commercial fisheries for P. leniusculus for several
years, beginning in the late 1980’s (Sheldon, 1989). The studies
did not compare capture rates in rivers vs. reservoirs, but the bulk
of harvest effort was concentrated in reservoirs. In Alabama, the
dominant crayfish species, F. erichsonianus and F. validus, in lotic
segments of impounded streams were also the most dominant
species collected from guts of fishes in the reservoirs (Barnett,
2019). Louisiana, USA, is well-known in crayfish aquaculture
circles for its high production rates of P. clarkii (red swamp
crayfish), P. acutus (white river crayfish), and P. zonangulus
(southern white river crayfish); in this slightly different context,
crayfishes are produced in essentially very shallow reservoirs—
with water pumped in from surface or groundwater sources—
that are managed solely for the production of crayfishes, or
of crayfishes and rice (Gillespie et al., 2012). Dams sometimes
increase the habitat and resources available to crayfish species
with broad niches that are adapted to lentic, or to both lentic and
lotic, conditions (Light, 2003; Barnett, 2019).

EFFECTS OF DAMS ON CRAYFISHES IN

EUROPE

As elsewhere, dams appear to have both negative and positive
effects on native crayfishes in Europe. Most European studies of
dam effects on crayfishes examined dams as barriers to upstream
dispersal of non-natives (Table 1), but we also apply the lessons

from other continents to the European situation, being ever
mindful that the differential effects of crayfish plague in Europe
versus North America shift the balance of the costs and benefits
of dams between the continents.

Negative Effects
All of the native crayfish species in Europe are adapted to
both lotic and lentic waters (Reynolds and Souty-Grosset, 2011),
and in general, the European crayfish fauna is better adapted
to large lake ecosystems (Skurdal and Taugbøl, 2002) than
are many crayfishes native to the southeastern US stream
ecosystems, where several studies of dam effects on North
American crayfishes were conducted (Hartfield, 2010; Adams,
2013; Barnett, 2019; Barnett et al., 2020). Reservoirs may not
present the major loss of habitat to lacustrine species that they do
to fluvial species, although the characteristics of reservoirs tend
differ from those of lakes (Johnson et al., 2008). While reservoirs,
themselves, may not create dispersal barriers to lacustrine-
adapted species, dams often block upstream, and sometimes
downstream, movements.

As elsewhere, European dams can imperil crayfishes by
fragmenting stream systems. In an English stream, a flat-
plate weir with a 25-cm drop during low flow blocked
upstream, but not downstream,movements byAustropotamobius
pallipes (white-clawed crayfish), illustrating that even small
obstacles can fragment populations and should be assessed
during conservation planning (Bubb et al., 2008). A population
viability analysis on a German population of Astacus astacus
(noble crayfish) provided a rare, population-level insight into
conservation risks exacerbated by stream fragmentation (Meyer
et al., 2007). Astacus astacus in a 400m stream reach was bound
by a dam upstream and a ford downstream (Meyer et al., 2007).
The dam presented a complete barrier to upstream movements
and the ford minimized downstream movements. The results
suggested that the only path to long term population viability
was increasing the population carrying capacity, achievable only
by expanding available habitat or improving habitat quality. The
most obvious solution was to remove the barriers to crayfish
movements; however, such an action could increase risks of
exposure to crayfish plague (see Positives below).

Other detrimental effects of European dams are likely to
result from: water extraction facilitated by dams; alteration
of downstream conditions (e.g., hydrology, temperature,
water quality, channel morphology, and substrate); species
introductions to reservoirs; or invasions facilitated by altered
downstream conditions. For example, in some Mediterranean
countries, water extraction is an important stressor, and in
Latvia, damming, which is not regulated, dewaters streams to
the detriment of some crayfish populations (Füreder, 2016).
In Serbia, Astacus leptodactylus (narrow clawed crayfish), a
European species with wide ecological tolerances, has been
introduced to reservoirs through fish stocking (Simić et al.,
2008). These unintentional introductions and the species’ ability
to outcompete other native species has allowed A. leptodactylus
to replace A. astacus as the dominant crayfish in some river
systems (Simić et al., 2008).
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Healthy European crayfish populations tend to be associated
with low levels of human activities such as fishing, swimming,
and release of aquarium pets (Füreder, 2016), but human
activities and access are often higher in reservoirs relative to
rivers and even natural lakes (Roell and Orth, 1992; Johnson
et al., 2008; Adams et al., 2015). To reduce the spread of invasive
crayfishes and the crayfish plague, many European countries
have banned the use of crayfishes as bait (Magnuson et al.,
1975; DiStefano et al., 2009a; Peay, 2010) and the European
Union has banned the sale, trade, transport, and release of five
invasive, North American crayfishes (Regulation No 1143/2104,
Commission Implementing Regulation 2016/1141). Given that
crayfish plague is often introduced to water bodies via fishing
gear, boats, rubber boots, or anything that remains moist
(Briede, 2011), recreational boating and fishing in reservoirs
is of special concern for crayfish conservation in Europe. A
crayfish plague outbreak in a Czech Republic river probably
originated downstream in a dense population of non-native
Faxonius limosus (spiny-cheek crayfish) occupying a reservoir on
the River Vlava, although it was unclear how the population was
established (Kozubíková-Balcarová et al., 2014). In Ireland and
Norway, crayfish plague occurred in popular angling reservoirs
that lacked North American crayfishes (Reynolds, 1988; Taugbøl
et al., 1993). Contaminated fishing gear or contaminated water
associated with fish stocking may have caused the outbreak in
Ireland (Reynolds, 1988; Gerrard et al., 2003).

Positive Effects
Dams can have benefits as well as negative effects on native,
European crayfish fauna. We grouped potential benefits into two
classes: (1) creation of expanded habitat for some species, and (2)
creation of barriers to reduce the spread of invasive crayfishes and
crayfish plague (Krieg and Zenker, 2020).

Given that the European crayfish fauna is adapted to
lakes, it is unsurprising that several examples illustrate some
native European species thriving in reservoirs. Austropotamobius
torrentium (stone crayfish) occurred in “relatively high density”
in Dospat Dam, Bulgaria (Zaikov et al., 2011). Astacus
leptodactylus is native to Turkish lakes and was also widely
stocked in reservoirs, where it often thrived (Yuksel et al., 2013;
Kokko et al., 2018). Astacus leptodactylus stocked in the 68,731
ha Keban Dam Lake, Turkey, became the most economically
important species commercially fished, yielding annual harvests
of 3,000–35,000 kg from 1994 to 2013 (Yuksel et al., 2013). The
population in that reservoir also appeared to bemore fecund than
other populations in the country (Harlioglu et al., 2004). A small
sample from Keban Lake Dam taken in 2011–12 revealed no
crayfish plague (Kokko et al., 2018). Nonetheless, crayfish plague
was introduced to Turkey in the 1980’s and is now widespread,
causing periodic crayfishery collapses; however, some resistance
is evidenced by latent infections (Kokko et al., 2018).

Krieg and Zenker (2020) reviewed the use of physical barriers
to stop crayfish movement and concluded that barriers were the
best method to stop the non-anthropogenic spread of invasive
crayfishes. Thus, using dams as a barrier can benefit native
crayfishes by blocking the upstream spread of invasive crayfishes

and the crayfish plague pathogen (Krieg and Zenker, 2020).
In three instances in the Czech Republic, dams ranging from
0.5 to 2.0m high potentially limited the upstream spread of
acute crayfish plague outbreaks (Kozubíková-Balcarová et al.,
2014). In one case, boards were added to successfully fortify the
barrier created by a low dam during an outbreak. Similarly in a
English stream, a low-head, flow-gauging weir with relatively low
water velocity reduced upstream movements by P. leniusculus
(Rosewarne et al., 2013). In several Norwegian rivers, the
upstream spread of the crayfish plague appeared to be stopped
or slowed by dams or waterfalls (Taugbøl et al., 1993). In one
example, a lock appeared to block the upstream spread of the
crayfish plague until the lock was opened to allow boat passage
during a plague outbreak downstream. All authors noted that
dams may reduce the spread of invasive crayfishes and diseases,
but they are unlikely to permanently prevent upstream invasions
(Dana et al., 2011; Rosewarne et al., 2013; Kozubíková-Balcarová
et al., 2014). Of course, intentional movement of crayfishes
around obstructions by people will foil the best-designed barrier
(Dana et al., 2011).

In Spain, three small (1.5–2.0m high) dams were constructed
in a mountain stream with the intent of protecting the
“southernmost population of the endangered Austropotamobius
pallipes” from invasion by P. clarkii and crayfish plague, both
present downstream (Dana et al., 2011). As of publication, the
dams had blocked the invasion for 4 years. In addition, the
small population of P. clarkii between the two downstream
dams dropped below detectable limits, facilitated by removals
during sampling.

Barriers intended to block upstreammovements by crayfishes,
but not fishes (Frings et al., 2013), may have high potential for
conservation success where crayfish plague is absent. However,
in the presence of the plague, movements by fishes, water
birds, mammals, boats, anglers, swimmers, etc. may spread the
plague (Taugbøl et al., 1993; Oidtmann et al., 2002; Frings et al.,
2013), so providing fish passage may allow transport of the
plague upstream of a selective barrier, even without non-native
crayfishes passing it (Frings et al., 2013).

ADDITIONAL PREDICTED EFFECTS OF

DAMS ON CRAYFISHES AND FUTURE

RESEARCH NEEDS

Potential Effects on Burrowing Crayfishes
Fluvial floodplains are unique habitats created, in part, by their
temporary connections with open water during river flooding
(Opperman et al., 2010; Helms et al., 2013). Burrowing crayfishes
spend all or part of their lives in burrows, and some are strictly
associated with fluvial floodplains (Helms et al., 2013). When
floodplains are either inundated by reservoirs or isolated from
rivers due to channel incision and reduced overbank flooding
downstream of dams, primary burrower populations are likely
negatively affected. Channel incision may further affect such
species by locally lowering the water table (Scott et al., 2000;
Schilling et al., 2004), thereby requiring crayfishes to burrow
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deeper to reach groundwater—at least for species that tend to
burrow from the floodplain rather than within stream channels.
The extent of such impacts and the population responses remain
unexplored. Although such effects would likely be considered
detrimental in the context of conserving native burrowers, they
could perhaps be beneficial in reducing population sizes of some
non-native burrowing species.

Inhibition of Headcutting
The tendency of dams to inhibit upstream headcutting is
potentially beneficial to upstream crayfishes in regions with
highly erodible soils, lack of bedrock stream channel controls,
and certain types of disturbances (e.g., channelization) that foster
extreme channel incision and subsequent channel widening
and headcutting (upstream spread of incision) (Simon and
Rinaldi, 2006). These processes can lead to even small streams
being deeply entrenched and incised, a common occurrence
in the Coastal Plain of the southeastern US (Patrick et al.,
1991; Hartfield, 1993). While the effects of such incision
on crayfishes are poorly studied, incised streams are marked
by flashy hydrographs, extremely unstable substrates, and a
paucity of instream cover, all of which seem to translate to
reduced crayfish densities (Adams, 2014). Dams can retard
upstream channel incision, thereby helping to minimize stream
headcutting and retain instream cover and stream interactions
with their floodplains in ways that should benefit crayfish
assemblages. Experimental weirs and small check dams have been
constructed explicitly to retard channel incision and headcutting
(Shields et al., 1995), but the effects on crayfish populations have
not been investigated.

Managing Flows to Prevent the Spread of

Invasive Species
Modification of dam operations to create bankfull or greater
flows downstream may be one tool to reduce numbers of
invasive crayfish downstream (Light, 2003). High water velocities
or discharges have reduced densities or eliminated both P.
leniusculus and P. clarkii from study stream segments (Light,
2003; Kerby et al., 2005). A similar approach used for fishes
indicated that mimicking high spring flows benefitted native
fish recruitment but had little impact on non-native fishes
(Propst and Gido, 2004). Modifying flows in concert with vertical
barriers to crayfish movements warrants further research as a
tactic for halting invasions and reducing populations of some
widely introduced, invasive crayfishes. However, floods may also
negatively affect some native crayfishes, and increased flooding
reduced modeled persistence time for an isolated population of
A. astacus (Meyer et al., 2007).

Additional Research Needs
In striving to slow or halt biodiversity losses and lotic community
alterations caused by anthropogenic environmental changes,
more research is needed that explicitly examines the effects of
dams and dam removals on both native and invasive crayfishes
(Johnson et al., 2008). Research should include understanding
crayfish habitat preferences, ecological tolerances, and dispersal
capabilities to aid in predictions of how species will be impacted

by dams. Also, assessing how various dam types (e.g., purpose,
operation, size, and age) in different regional contexts affect
crayfishes is key to understanding their costs and benefits to
crayfish populations.

Further research on dam characteristics that block upstream
crayfish migrations is needed, especially in low gradient systems.
Understanding the interaction of temperature and barrier
characteristics is needed (Frings et al., 2013) and may lead
to barriers that could be seasonally adjusted to facilitate fish
but not crayfish passage. Other non-permanent barriers (e.g.,
push-up or inflatable dams) could possibly be pre-installed
but not raised until an invasion is imminent, such as when
a downstream barrier is passed, but such an approach would
require extensive testing. Frings et al. (2013) suggested that
existing dams with fish ladders provide potential locations
for crayfish barriers, but given that crayfish ascended an eel
ladder (Welsh and Loughman, 2015), more research is needed
on characteristics of fish barriers to exclude crayfishes. A fish
ladder with relatively high water velocities (up to 2 ms−1)
at a hydropower dam on the Elbe River prevented upstream
movement of F. limosus during short-term trials, but a shipping
channel in the same dam may have facilitated their upstream
migration (Kozák et al., 2004). Studies are needed that evaluate
alternatives to dam removals, such as reducing dam sizes—
and thus, ecological impacts—while maintaining their functions
as barriers to invasive crayfishes. Finally, further evaluation of
the trade-offs between dams as beneficial barriers to upstream
invasions versus their roles in fragmenting populations and
increasing risks of novel introductions will facilitate decision
making about barrier construction and dam removals.

CONCLUSIONS

In summary, this review highlights the challenges and
opportunities dams create for crayfish conservation. Dams
affect crayfishes differently in three zones: the reservoir and
the up- and downstream fluvial river segments. Detrimental
effects to native crayfishes, especially small-bodied or habitat-
specialist species, can occur in each zone, with larger dams
often causing greater changes to crayfish communities than
smaller dams. The reduction of suitable habitats, fragmentation
of crayfish populations, and reduction of a species’ ability to
recolonize upstream habitats may further negatively affect
native populations. In addition, dams create conditions
conducive to introduction of, and invasion by, non-native
species that often threaten native crayfishes. Conversely,
dams frequently create barriers that slow or halt upstream
invasions by non-native animals, and therefore, can serve
a vital role in protecting isolated, remnant populations of
native crayfishes upstream. Both the ecological costs and
benefits should be considered when assessing removal or
installation of barriers. Although crayfish conservation concerns
vary greatly between Europe and North America due to
the differential effects of the crayfish plague between the
continents, lessons can be learned from effects of dams on
crayfishes in North America and other continents and applied to
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European crayfish conservation. On both continents, additional
research is needed to better understand both the beneficial
and detrimental effects of various types of dams on native
crayfishes and is essential for effective conservation of many
crayfish species.
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Pontastacus leptodactylus is a native European crayfish species found in both freshwater

and brackish environments. It has commercial importance for fisheries and aquaculture

industries. Up till now, most studies concerning P. leptodactylus have focused onto

gaining knowledge about its phylogeny and population genetics. However, little is

known about the chromosomal evolution and genome organization of this species.

Therefore, we performed clustering analysis of a low coverage genomic dataset to

identify and characterize repetitive DNA in the P. leptodactylus genome. In addition, the

karyogram of P. leptodactylus (2n = 180) is presented here for the first time consisting of

75 metacentric, 14 submetacentric, and a submetacentric/metacentric heteromorphic

chromosome pair. We determined the genome size to be at ∼18.7 gigabase pairs.

Repetitive DNA represents about 54.85% of the genome. Satellite DNA repeats are

the most abundant type of repetitive DNA, making up to ∼28% of the total amount

of repetitive elements, followed by the Ty3/Gypsy retroelements (∼15%). Our study

established a surprisingly high diversity of satellite repeats in P. leptodactylus. The

genome of P. leptodactylus is by far the most satellite-rich genome discovered to

date with 258 satellite families described. Of the five mapped satellite DNA families

on chromosomes, PlSAT3-411 co-localizes with the AT-rich DAPI positive probable

(peri)centromeric heterochromatin on all chromosomes, while PlSAT14-79 co-localizes

with the AT-rich DAPI positive (peri)centromeric heterochromatin on one chromosome

and is also located subterminally and intercalary on some chromosomes. PlSAT1-21

is located intercalary in the vicinity of the (peri)centromeric heterochromatin on some

chromosomes, while PlSAT6-70 and PlSAT7-134 are located intercalary on some P.

leptodactylus chromosomes. The FISH results reveal amplification of interstitial telomeric
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Boštjančić et al. Repetitive Elements in P. leptodactylus

repeats (ITRs) in P. leptodactylus. The prevalence of repetitive elements, especially the

satellite DNA repeats, may have provided a driving force for the evolution of the P.

leptodactylus genome.

Keywords: FISH, genome size, interstitial telomeric repeats, karyotype, narrow-clawed crayfish, (peri)centromeric

heterochromatin

INTRODUCTION

Freshwater crayfish constitute a monophyletic group of over
640 described species, arranged into four families: Astacidae,
Cambaridae, Cambaroididae, and Parastacidae (Crandall
and De Grave, 2017). These species are distributed across all
but the Antarctic continent, the Indian subcontinent, and
African mainland, with centers of diversity in the southeastern
Appalachian Mountains in the North America and southeastern
Australia (Crandall and Buhay, 2008). The Northern (Astacidae,
Cambaroididae, and Cambaridae) and Southern (Parastacidae)
hemisphere families form deeply divergent reciprocally
monophyletic clades (Bracken-Grissom et al., 2014). The
crayfish species of the family Astacidae belong to four genera of
which Pacifastacus is native to North America, while Astacus,
Pontastacus, and Austropotamobius are native to the European
continent (Crandall and De Grave, 2017). In the last decades
numbers and sizes of native European crayfish populations have
been in decline due to climate change, degraded water quality,
negative anthropogenic pressure on freshwater habitats, and
the introduction of alien invasive crayfish species and their
pathogens (e.g., Aphanomyces astaci) (Holdich et al., 2009;
Kouba et al., 2014). One of the native European crayfish species
is Pontastacus leptodactylus (Eschscholtz, 1823), found both
in freshwater and brackish environments with a nowadays
distribution encompassing Europe, eastern Russia, and the
Middle East (Kouba et al., 2014). Up till now, the majority of
studies on this species have focused on morphology, phylogeny
and population genetics (Maguire and Dakić, 2011; Akhan et al.,
2014; Maguire et al., 2014; Gross et al., 2017; Khoshkholgh and
Nazari, 2019). Analyses of phylogenetic relationships among P.
leptodactylus populations, using mtDNA, revealed three well-
supported divergent lineages; one distributed in Europe (Croatia,
Bulgaria, Poland, and Turkey) (European lineage sensu Maguire
et al., 2014), another in Asia (Armenia, Russia) (Asian lineage
sensu Maguire et al., 2014), and the third endemic to Turkey
(Clade III sensu Akhan et al., 2014). While genomic information
has started to accumulate for North American and Australian
species (Gutekunst et al., 2018; Tan et al., 2020; Van Quyen et al.,
2020), so far few studies have focused on cytogenetic and genome
organization of European freshwater crayfish species (Mlinarec
et al., 2011, 2016), and therefore the general aim of this study
was to increase knowledge on genome evolution and diversity
focusing on repetitive DNAs in P. leptodactylus.

Abbreviations: FISH, Fluorescence in situ hybridization; HOR, higher order

structures; HSs, heterochromatin segments; ITRs, interstitial telomeric repeats;

LTRs, long terminal repeats; rDNA, ribosomal DNA; SFs, superfamilies; SSRs,

simple sequence repeats; TEs, transposable elements.

The majority of animal and plant genomes contain a
substantial portion of repetitive DNA, collectively referred to
as the repeatome of a species, which is considered largely
responsible for genome size variation. The repeatome is
comprised of dispersed (DNA transposons and retrotransposons)
and tandemly arranged sequences (such as nuclear ribosomal
RNA genes and satellite DNAs) (Garrido-Ramos, 2017). Satellite
DNAs (satDNAs) are organized in large tandem arrays of highly
repetitive non-coding short sequences. SatDNAs are one of the
most rapidly evolving DNAs in the genome (Garrido-Ramos,
2017). Their evolution is mainly marked by amplification and
homogenization processes (both decreasing divergence) and
point mutations (increasing divergence) (Ruiz-Ruano et al.,
2019). Considering the differences in the size of the repeating
units, satDNAs are classified into microsatellites (repeat units
<10 bp), minisatellites (repeat units in the range 10–100 bp), and
conventional satellites (repeat units larger than 100 bp) (Garrido-
Ramos, 2017). Conventional satellites are found specifically at
pericentromeric and subtelomeric locations of the chromosomes,
but might be found occupying interstitial positions of the
chromosomes constituting heterochromatin segments (HSs)
(Garrido-Ramos, 2017). The satDNAs perform functions in the
regulation of gene expression and play an important structural
role in the vital functions including among others, chromosome
segregation and the preservation of genetic material (Blackburn,
2005; Louis and Vershinin, 2005; Riethman et al., 2005; Kuo et al.,
2006).

The characterization of repetitive DNAs from poorly
characterized genomes or species lacking a reference genome
can be a challenging task (Ávila Robledillo et al., 2018). Up to
now, only a few satDNAs have been reported in crustaceans,
manly using traditional methods such as centrifugation through
sequential CsCl gradients (Chambers et al., 1978; Wang et al.,
1999). Today, repetitive DNAs can now be analyzed more easily
owing to the recent advances in next generation sequencing
(NGS) and high-throughput in silico analysis of the information
contained in the NGS reads (Weiss-Schneeweiss et al., 2015;
Ruiz-Ruano et al., 2019). Development of the RepeatExplorer
software tool allows for de novo repeat identification using
analyses of short sequences, randomly sampled from the genome
(Novák et al., 2010, 2013). The Tandem Repeat Analyzer
(TAREAN) further improved the RepeatExplorer pipeline
allowing for the automatic identification and reconstruction
of monomer sequences for each satDNA family in the species,
collectively referred to as satellitome (Novák et al., 2017).

Decapod crustaceans present an attractive study model due to
the existence of polyploidy, a large quantity of AT-richHSs as well
as the adaptation to a broad range of environments (Mlinarec
et al., 2011; Martin et al., 2015; Tan et al., 2019). However, the
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majority of crustaceans have been poorly investigated at the
genomic and cytogenomic level (Tan et al., 2020; Van Quyen
et al., 2020). To a large extent, this is reflective of the fact
that decapod crustaceans, and freshwater crayfish in particular,
have a low mitotic index, a high diploid chromosome number,
small chromosomes, and highly repetitive genomic elements (Tan
et al., 2004, 2019, 2020; Mlinarec et al., 2011; Gutekunst et al.,
2018; Van Quyen et al., 2020). Therefore, cytogenetic studies on
freshwater crayfish species are rare, often limited to the report
of chromosome number and structure, with very few reports on
molecular cytogenetics (Tan et al., 2004; Indy et al., 2010; Scalici
et al., 2010; Mlinarec et al., 2011, 2016; Kostyuk et al., 2013;
Salvadori et al., 2014) (Table 1).

Keeping in mind the lack of research in the field for
European freshwater crayfish, this study aims to: (i) identify
and characterize repetitive sequences in the P. leptodactylus
genome in order to get better insight into genome organization
and evolution of this species, and (ii) analyze the chromosomal
distribution patterns of major tandem repetitive DNA families to
contribute with the chromosome organization and evolution. In
addition, COI barcoding was used to place the samples used in
this study within the context of patterns of diversity to determine
the phylogenetic placement of P. leptodactylus individuals from
Lake Maksimir.

MATERIALS AND METHODS

Samples and DNA Extraction
Seven individuals (four males and three females) of narrow-
clawed crayfish Pontastacus leptodactylus (Eschscholtz, 1823)
were collected from the Third Maksimir Lake (Zagreb, Croatia);
45.82972◦N 16.02056◦E.

One pereiopod from each individual was removed and stored
in 96% ethanol at 4◦C until DNA extraction. Genomic DNA
was isolated from muscle tissue using the GenElute Mammalian
Genomic DNA Miniprep kit (Sigma-Aldrich, St. Louis, MO)
following the manufacturer’s protocol and stored at−20◦C.

DNA Barcoding and Phylogenetic Network

Reconstruction
Mitochondrial cytochrome oxidase subunit I (COI) barcode
region was amplified and sequenced from genomic DNA
of two individuals taken from Lake Maksimir using primer
pairs LCO-1490 (5′-GGTCAACAAATCATAAAGATATTGG-
3′) and HCO-2198 (5′-TAAACTTCAGGGTGACCAAAAAAT
CA-3′) described in Folmer et al. (1994). PCR reaction conditions
and purification of PCR product followed the protocols
described in Maguire et al. (2014). Sequencing of purified
PCR products was performed by Macrogen Inc. (Amsterdam,
Netherlands). Phylogenetic analysis included a total of 129
COI gene sequences of which 127 were downloaded from
GenBank (accession KX279350), while the other two were
obtained from Lake Maksimir individuals obtained in this
study (Supplementary Table 1). Sequences were edited using
SEQUENCHER 5.4.6 (Gene Codes Corporation, Ann Arbor,
MI, USA) and aligned using MAFFT (Katoh and Standley,
2013). Sequences were collapsed to unique COI haplotypes
using the software DnaSP 6.12.03 (Rozas et al., 2017). A

median joining network was constructed on COI haplotype
dataset using PopArt (Bandelt et al., 1999) to visualize non-
hierarchical haplotype relationships and their geographical
distribution. Sites containing ambiguities were excluded from
network reconstruction. This approach is recommended as a
standard for cytogenetic studies as it links karyotypes with DNA
barcodes (Lukhtanov and Iashenkova, 2019).

Flow Cytometry Analysis
The genome size was estimated following a flow cytometry
protocol with propidium iodide-stained nuclei described in Hare
and Johnston (2011). Different tissue (tail muscle, vascular tissue,
and gills) of −80◦C frozen adult samples of P. leptodactylus and
neural tissue of the internal reference standard Acheta domesticus
(female, 1C = 2Gb) was each mixed and chopped with a razor
blade in a petri dish containing 2ml of ice-cold Galbraith buffer.
The suspension was filtered through a 42-µm nylon mesh and
stained with the intercalating fluorochrome propidium iodide
(PI, Thermo Fisher Scientific) and treated with RNase II A
(Sigma-Aldrich), each with a final concentration of 25µg/ml.
The mean red PI fluorescence of stained nuclei was quantified
using a Beckman-Coulter CytoFLEX flow cytometer with a solid-
state laser emitting at 488 nm. Fluorescence intensities of 5000
nuclei per sample were recorded. We used the CytExpert 2.3
software for histogram analyses. The total quantity of DNA in
the sample was calculated as the ratio of the mean fluorescence
signal of the 2C peak of the stained nuclei of the crayfish sample
divided by the mean fluorescence signal of the 2C peak of the
stained nuclei of the reference standard times the 1C amount of
DNA in the reference standard. Three individuals were scored
to produce biological replicates. For one individual we prepared
different tissues to make sure that we have not used polyploid
tissue. The genome size is reported as 1C, the mean amount of
DNA in Mb in a haploid nucleus.

Next Generation Sequencing, Data

Pre-processing, and Clustering Analysis
Raw Illumina pair-end reads 150 bp long obtained from low
coverage DNA-seq experiments on Pontastacus leptodactylus
are available from the European Nucleotide Archive (NGS
run accession: SRR7698976). After the quality filtering (quality
cut-off value: 10 according to Novák et al., 2020b; percent
of bases in sequence that must have quality equal to/higher
than the cut-off value: 95 and filtered against a costomized
database containing P. leptodactylus mitochondrial sequences),
the reads were subjected to similarity-based clustering analysis
using RepeatExplorer2 (Novák et al., 2010, 2013). We used a
subset of reads (2 × 125,000) representing coverage of 0.002×.
Genome coverage was calculated as follows: coverage= (r× l)/g,
where r corresponds to number of reads used in our analysis, l
to read length and g to haploid genome size of P. leptodactylus.
The clustering was performed using the default settings of 90%
similarity over 55% of the read length. To confirm the results
obtained through the RepeatExplorer pipeline, reconstruction
of monomer sequences of individual satellite DNA families was
performed using TAREAN analysis, specific for identification of
satellite DNA repeats (Novák et al., 2017).
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TABLE 1 | Chromosomal and cytogenetic characteristics of freshwater crayfish species of families Astacidae, Cambaridae, and Parastacidae.

Family/species 2n 45S rDNA Karyotype formula IHSs Reference

Family Astacidae

Astacus astacus 176 2 52m+35sm+1a 22 pairs of chromosomes Mlinarec et al., 2011

Pontastacus leptodactylus*(1) 180 2 6 pairs of chromosomes Mlinarec et al., 2011

Pontastacus leptodactylus*(2) 180 1 75m+14sm+1sm/m 10 pairs of chromosomes This study

Austropotamobius torrentium 176 2 76m+11sm+1a Mlinarec et al., 2016

Austropotamobius pallipes 176 2 76m+11sm+1a Mlinarec et al., 2016

Pacifastacus leniusculus 376 Niiyama et al., 1962

Family Cambaroididae

Cambaroides japonicus 194 Komagata and Komagata, 1992

Family Cambaridae

Procambarus clarkii 188 2 Salvadori et al., 2014

Procambarus llamasi 120 120t Indy et al., 2010

Procambarus digueti 102 35M+15m+1st Diupotex Chong et al., 1997

Procambarus alleni 188 Martin et al., 2015

Procambarus fallax 184 Martin et al., 2015

Procambarus virginalis*(3) 276 171m+39sm+3st+63t Martin et al., 2015

Faxonius virilis 200 Fasten, 1914

Faxonius immunis 208 Fasten, 1914

Family Parastacidae

Cherax destructor 188 70m+42sm+48st+28t Scalici et al., 2010

Cherax quadricarinatus 200 33m+25sm+14st+28t Tan et al., 2004

2n, diploid chromosome number; 45SrDNA, number of 45S rDNA loci; IHSs, number of homologous chromosome pairs possessing probable interstitial heterochromatic segments. m,

metacentric; ms, metacentric-submetacentric; sm, submetacentric; a, acrocentric; t, telocentric; st, subtelocentric chromosome. Species classification according to Crandall and De

Grave (2017).

*(1) Euroasian lineage.

*(2) Asian lineage I.

*(3) autotriploid species.

Repeat Classification
Repeat cluster classification of the top 0.01% clusters identified
in comparative analysis was implemented in RepeatExplorer
through which similarity searches with DNA and protein
databases. After de novo identification of contigs that make
up repetitive elements in RepeatExplorer, contigs were
further classified using two homology-based approaches
applied in LTRClassifier (Monat et al., 2016), specific for LTR
retrotransposons, and Censor (Jurka et al., 1996) for all repetitive
elements. This was followed bymanual examination of individual
clusters graph shapes, similarity searches using BLASTN and
BLASTX against public databases (https://blast.ncbi.nlm.nih.
gov/Blast.cgi), inspection for the presence of sub-repeats using
program dotmatcher (https://www.bioinformatics.nl/cgi-bin/
emboss/dotmatcher) with parameters specific to individual
monomer length (10% of length as window size and sequence
specific similarity cut off), for the final manual annotation and
quantification of repeats.

Putative satellite repeats were identified based on the
properties of cluster graphs obtained by similarity-based
clustering of low coverage genome sequencing Illumina reads,
as implemented in the TAREAN pipeline (Novák et al., 2017).
All satellite repeats with an abundance exceeding 0.1% of the
P. leptodactylus genome were subjected to detailed sequence

analysis (Supplementary Table 2). This analysis focused on
AT content, genomic abundance, and presence of telomeric
(TTAGG)n repeats and detection of sequence similarities
(Supplementary Table 2). Individual satellite DNA clusters were
further classified into the satellite groups via h-CD-HIT-EST (Fu
et al., 2012) in two consecutive runs, with sequence identity cut-
off set at 90% followed by 80% cut-off. Algorithm parameters
were kept at default value. Furthermore, we classified tandem
repeats as minisatellites (10–100 bp) and conventional satellites
(>100 bp) depending on the monomer size (Garrido-Ramos,
2017).

To explore the relation between the repeat length and the
%GC of satellite DNA we first performed Shapiro–Wilk’s test
to access the normality of both length and the %GC variable.
Because the length variable did not follow normal distribution,
we used non-parametric Spearman’s rank correlation test to
access correlation between two variables. Bioinformatic and
statistical analysis were conducted in the R software environment
(R Core Team, 2016).

Primer Design, PCR Amplification, and

Cloning of Satellite DNA Families
From the P. leptodactylus reference monomers, outward facing
primers were designed (Table 2, Supplementary Figure 1).

Frontiers in Genetics | www.frontiersin.org 4 January 2021 | Volume 11 | Article 61174557

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.bioinformatics.nl/cgi-bin/emboss/dotmatcher
https://www.bioinformatics.nl/cgi-bin/emboss/dotmatcher
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
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TABLE 2 | Characterization of selected satellite DNA families in P. leptodactylus.

Satellite family Genome abundance (%) Monomer (bp) GC (%) Localization Primer Sequence (5′-3′)

PlSAT1–21 10.91 21 47.62 Interstitial F-AGTTTCAATCGTCCCTGCTG

R-TCAGCAGGGACGATTGAAAC

PlSAT3–411 1.29 411 26.76 (Peri)centromeric F-TGTCTATTTTCCGTATATTGTAATGA

R-ATCAACCATTTGCATTTCGTTC

PlSAT6–70 0.40 70 35.71 Interstitial F-GACATGTTTTACATTAGACTTGTGA

R-TATATGTGCCTGCAAGGTAAGT

PLSAT7–134 0.35 134 29.10 Interstitial F-GGCAAGCCCAATTGGGTCTGA

R-TCCGTAACGAAAGTAGAC

PLSAT14–79 0.17 79 44.30 Subtelomeric, interstitial,

(peri)centromeric, the whole arm

F-GGTCAGTAAGCTATTGTGTGT

R-CAACCTATGGAAGGTTATTAAGG

Repeat unit lengths, G+C content (%), abundances (%), chromosomal localization, and primer pairs used for satellite repeat amplification.

Specific primer pairs have been used for amplification of
satellite DNA probes for FISH. All PCRs were performed using
GoTaq R© Green Master Mix (Promega, Madison, WI, USA): 1X
GoTaq R© Green Master Mix, 10 pmol of each primer (Macrogen,
Amsterdam, TheNetherlands) and 1µl of template DNA (16 ng),
in a 50 µl final reaction volume. PCR program consisted of 35
cycles, each with 1min denaturation at 95◦C, 10 s annealing at
56◦C, 1min extension at 72◦C, and a final extension of 20 min.

The sequences of the amplified monomers were verified by
cloning of the PCR product into pGEM-T Easy vector according
to the manufacturer’s instruction (Promega, Madison, WI, USA).
Amplicons were extracted and purified using ReliaPrepTM DNA
Clean-Up and Concentration System and cloned into pGEM-
T Easy vector according to the manufacturer’s instruction
(Promega, Madison, WI, USA). The individual clones (from one
to four per sample) were sequenced by Macrogen (Amsterdam,
The Netherlands).

Preparation of Chromosome Spreads,

Chromosome Measurements, and

Idiogram Reconstruction
Four adult males (m = 17.01, 16.10, 32.21, and 16.27 g) were
used for the cytogenetic study. Chromosome spreads were
prepared according to the method described in Mlinarec et al.
(2011). Individual chromosomes in karyotype were measured
using LEVAN plug-in (Sakamoto and Zacaro, 2009) for the
program ImageJ (Schneider et al., 2012) to obtain the relative
chromosomal length (RCL) data. RCL were then imported into
the RIdiogram package (Hao et al., 2020) of R programing
environment for the ideogram reconstruction. Idiogram was
further modified in the Inkscape vector graphics software
(Inkscape Project, 2020) to include the 45S rDNA and DAPI-
positive bands.

Fluorescence in situ Hybridization (FISH)
The 2.4 kb HindIII fragment of the partial 18S rDNA and ITS1
from Cucurbita pepo, cloned into the pUC19 vector, was used
as the 45S rDNA probe (Torres-Ruiz and Hemleben, 1994).
Telomeric DNA was generated by PCR amplification in the
absence of template using primers (TTAGG)4 and (CCTAA)4

according to Ijdo et al. (1991). Probes used to map satDNAs
in the chromosomes were DNA fragments cloned into the
plasmid vector. Plasmids containing the monomer sequence
were directly labeled with either Aminoallyl-dUTP-Cy3 (Jena
Bioscience GmbH, Jena, Germany) or Green-dUTP (Abbott
Molecular Inc., USA) using Nick Translation Reagent Kit
according to the manufacturer’s instructions (Abbott Molecular
Inc., USA) with some modifications: Plasmid DNA (700 ng)
was labeled in a total volume of reaction of 25 µl using 2.5
µl of enzyme mixture for 6 h at 15◦C. FISH was performed
according to Mlinarec et al. (2019) with slight modification:
chromosome preparations were denatured at 72◦C for 5min
after applying the hybridization mix. The preparations were
mounted in Dako Fluorescence Mounting Medium (Dako North
America Inc., USA) and stored at 4◦C overnight. Signals were
visualized and photographs captured using an Olympus BX51
microscope, equipped with a cooled CCD camera (Olympus
DP70). Single channel images were overlaid and contrasted using
Adobe Photoshop 6.0 with only those functions that apply to
the whole image. An average of 10 well-spread metaphases was
analyzed per each individual.

Accession Codes
Cloned sequences of satellite repeats were deposited in
genBank under accession numbers MW044674 for PlSAT1-
21, MW044678 for PlSAT3-411, MW044675 for PlSAT6-70,
MW044677 for PlSAT7-134, and MW044676 for PlSAT14-79.
COI gene sequences were deposited in GenBank under accession
numbers MW045515 for Hap1 and MW045516 for Hap2.

RESULTS

DNA Barcoding and Phylogenetic Network

Reconstruction
Phylogenetic tree was constructed to place samples used in
this study within the context of patterns of diversity across
the range of P. leptodactylus. Final alignment consisted of
COI barcode sequences 487 bp long and included 91 unique
haplotypes from across 10 countries. Haplotype relatedness
and geographical haplotype distribution is presented in the
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Supplementary Figure 2. Three distinct lineages were observed
in the median joining network, separated by 8–24 mutational
steps. DNA barcoding showed that the samples from the lake
Maksimir (Zagreb, Croatia) belong to the Asian lineage sensu
Maguire et al. (2014) and formed two haplotypes (Hap 1 and Hap
2) closely related to haplotypes from Armenia.

Pontastacus leptodactylus Karyotype and

Genomic Organization of 45S rDNA and

Telomeric (TTAGG)n Repeats
The karyogram of P. leptodactylus (2n = 180) is presented
here for the first time (Figures 1A,B). The karyotype
consists of 75 metacentric, 14 submetacentric, and 1
submetacentric/metacentric heteromorphic chromosome pair.
Thus, the proposed diploid formula is 2n= 75m+14sm+1sm/m.
The probable HSs revealed after DAPI staining were found in the
(peri)centromeric region of all chromosome pairs as well as in
the intercalary regions of 10 chromosome pairs. FISH performed
with the 45S rDNA probe revealed two signals positioned
on the entire longer arm of the submetacentric/metacentric
heteromorphic chromosome pair (Figures 1A,B). Chromosome
size and morphology of each chromosome pair within the
complement is presented in Supplementary Table 3, while
idiogram with position DAPI-positive bands and 45S rDNA loci
is presented in Supplementary Figure 3.

FISH experiments using the probe (TTAGG)n revealed
strong and consistent signals in the terminal ends of both
chromosomal arms of all P. leptodactylus chromosomes. The
telomeric probe also hybridized to interstitial regions (ITRs)
of eight chromosome pairs (Figures 1C,D). The ITR signals
were of different sizes and intensity and the majority of ITR
signals were more intense than the signals in the terminal
chromosome ends. All ITRs were devoid of microscopically
recognizable heterochromatic regions and did not co-localize
with 45S rDNA loci.

Pontastacus leptodactylus Repeatome

Characterization and Identification of

Tandem Repeats
The genome size of P. leptodactylus was measured in three
individuals from a single population. Results showed that the
average 1CDNA value was 18.7 Gbp (Figure 2). Clustering of 2×
125,000 paired-end reads resulted in 19,092 clusters. The nuclear
repetitive DNA constituted 54.85% of the genome (Table 3). Of
all the repetitive elements, 84.1% were classified to the known
repetitive element groups (belonging to 37 major categories),
while 4.48% remained unclassified as “other.” Satellite repeats
were the most abundant elements, representing 27.52% of the
genome, of which minisatellites (10–100 bp) comprised 24.7%,
while conventional satellites (>100 bp) comprised 2.87% of
the genome. Transposable elements (TEs) contributed 22.67%
to the P. leptodactylus nuclear genome. Repeats classified as
LTR retrotransposons represented the major fraction of the TEs
of P. leptodactylus, comprising 15.32% (71 clusters) of nuclear
DNA, followed by DIRS, LINE, and Penelope elements that
comprised 3.57% (4 clusters), 2.23% (33 clusters), 1.00% (2

clusters) of nuclear DNA, respectively. LTR retrotransposons
were mostly represented by Ty3/gypsy elements (14.95%, 55
clusters), followed by Ty1/copia (0.1%, 4 clusters), BEL (0.05%,
2 clusters), and ERV (0.03%, 1 cluster). DNA transposons
constituted 0.51% (23 clusters) of the nuclear genome, with
Helitrons as the most abundant (0.15%, 6 clusters). Ribosomal
RNA genes (45S rDNA) represented 0.01% (1 cluster) of the
genome (Table 3).

Based on the RepeatExplorer pipeline, 258 satellite DNA
families have been identified. Satellite DNA families have
been designated as PlSAT1-21, through PlSAT258-57 (stands
for Pontastacus leptodactylus satellite 1 through to 258 in
decreasing genomic abundance, with the respective monomer
length separated by a dash; Supplementary Table 2). Their
unit lengths ranged from 14 to 664 bp (median value 59 bp;
Supplementary Table 2). The distribution of the lengths was
biased due to the predominance of short satellite repeats,
with more than half (240) being classified as minisatellites.
The A+T content of the consensus satDNA sequences
varied between 29.17 and 73.14% among the families, with
a median value of 54.34%, which indicated a slight bias
toward A+T rich satellites. Spearman’s rank correlation test
showed no significant correlation between satellite length
and A+T content (p-value: 0.368, correlation coefficient:
0.056) (Figure 3). Only one monomer of the perfect telomeric
sequence motif (TTAGG/CCTAA) was present within the
consensus sequence of 13 satellite elements, while monomers
of other satDNAs contained no telomeric sequence motifs.
Based on BLAST searches the satDNA sequences showed
no similarity with any other DNA sequence deposited in
non-redundant databases. Supplementary Table 2 shows
the reconstruction of representative monomer sequences
for each satDNA family. Genomic abundance of satellite
DNAs ranged from 0.01% up to 10.91% of the genome
(Supplementary Table 2). SatDNA family PlSAT1-21 showed
the highest abundance (10.91%), followed by PlSAT2-21 (3.79%)
and PlSAT3-411 (1.29%).

Detailed Characterization and

Chromosomal Localization of PlSAT3-411,

PlSAT6-70, PlSAT7-134, and PlSAT14-79

Satellite DNA Families
Five satellite DNA families, PlSAT1-21, PlSAT3-411, PlSAT6-70,
PlSAT7-134, and PlSAT14-79 were selected for further analysis
(Table 2, Supplementary Figures 1, 4–6). Firstly, to confirm
their tandem arrangement the predicted monomer sequences of
selected satellite DNA families have been validated by performing
PCR with P. leptodactylus genomic DNA as a template using
primers designed to face outwards from the reconstructed
monomer consensus (Table 2, Supplementary Figure 1). In this
arrangement, the amplification can occur only between the
primer pairs located in adjacent tandemly repeated arrays. All
five putative repeats tested using this assay produced the expected
amplification products, and their cloned sequences (from one to
four per satellite) matched the predicted consensus with 82–100%
similarity. The lowest similarity (82%) was observed between
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FIGURE 1 | Distribution of 45S rDNA and telomeric repeats on metaphase chromosomes of Pontastacus leptodactylus. (A) Mitotic metaphase and (B) karyogram of

P. leptodactylus after FISH with 45S rDNA probe (red signals). m, metacentric chromosomes; sm, submetacentric chromosomes; sm/m, submetacentric/metacentric

heteromorphic chromosome pair. Arrows point to interstitial HSs. 45S rDNA bearing heteromorphic chromosome pair is framed. (C) Mitotic metaphase of P.

leptodactylus after FISH with telomeric repeats (TTAGG)n (red signals). ITRs are marked with arrows. (D) Eight chromosome pairs possessing ITRs. Chromosomes are

counterstained with DAPI. Scale bar = 10µm.

cloned and predicted consensus PlSAT7-134 repeat, while the
other four satellite families exhibited 95–100% similarity between
cloned and predicted consensus sequence. We selected the one
with the highest identity to the reference monomer as the probe
for subsequent hybridizations.

Dot plot analysis of PlSAT1-21, PlSAT3-411, PlSAT6-70,
PlSAT7-134, and PlSAT14-79 did not reveal any consecutive
tandem sub-repeats, although multiple poly-A and poly-T
repetitions were observed in GC poor satellite repeat families
PLSAT3-411 and PLSAT7-134 (Supplementary Figure 6).

Chromosome mapping of the PlSAT1-21, PlSAT3-411,
PlSAT6-70, PlSAT7-134, and PlSAT14-79 satellites revealed
distinct hybridization sites, with reproducible and unambiguous
markings for all analyzed mitotic metaphases (Figure 4).
PlSAT1-21 satellite family hybridized to the interstitial
positions in the vicinity to the probable (peri)centromeric
HSs on some chromosomes (Figure 4A). The PlSAT3-411

satellite hybridized in the (peri)centromeric regions, labeling
all probable (peri)centromeric HSs on all P. leptodactylus
chromosomes (Figure 4B). The PlSAT7-134 and PlSAT6-70
satellite families hybridized to the interstitial positions of
some chromosomes (Figures 4C,D). The PlSAT14-79 satellite
family co-localized with the AT-rich DAPI-positive probable
(peri)centromeric heterochromatin on some chromosomes
and is also located subterminally and intercalary on some
chromosomes (Figure 4D). Besides, the PlSAT14-79 probe
marked the whole shorter arm of one chromosome pair. The
PlSAT6-70, PlSAT7-134, and PlSAT14-79 signals co-localized
with some interstitial probable HSs.

Similarity Between satDNA Families of P.

leptodactylus
Some longer satDNA families showed similarity to other
shorter families. Of 258 satellite repeats characterized in
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FIGURE 2 | Flow cytometry histograms of neural tissue from house cricket

Acheta domesticus 2C (first peak), A. domesticus 4C (second peak), A.

domesticus 8C (third peak), and vascular tissue from P. leptodactylus (fourth

peak) obtained by PI fluorescence dye excitation and counts representing the

cell population.

P. leptodactylus, 39 repeats showed similarities, forming 18
groups. Each group consisted of two or three satellite repeats.
Similarity within each group ranged from 55 to 78%, average
similarity is 63%. Only one satDNA family, PlSAT75-664, showed
complex units including sub-repeats with high percentages
of similarity to other shorter family, PlSAT3-411 (Figure 5).
Detailed analysis showed that PlSAT75-664 unit includes the
complete PlSAT3-411 unit and four direct sub-repeats, each
∼70 bp long, each showing high similarity (79.9, 80.6, 70.21,
and 56.82%) to 3′ end of the core of the PLSAT3-411 unit
(Figure 5).

DISCUSSION

Phylogenetic Placement of P. leptodactylus

Individuals Used in This Study
Although, Pontastacus leptodactylus is naturally distributed
across Europe, previous study by Njegovan et al. (2017) indicated
that its presence in Lake Maksimir is the consequence of human
mediated translocation. Phylogenetic reconstruction indicated
that the individuals of P. leptodactylus belong to the Asian lineage
sensu Maguire et al. (2014), specifically they are closely related
to haplotypes originating from Armenia. Although, we observed
two haplotypes within the Lake Maksimir population, they
differed only in one base (site 378: Hap1-C, Hap2-A), collapsed to
a single haplotype in the network reconstruction. This supports
a theory by Njegovan et al. (2017) that the crayfish were
introduced into lakes from the local market, supplied from the
Armenian breeders. Further sampling and population studies,

TABLE 3 | Major types of repetitive DNA in P. leptodactylus (classification

according to Wicker et al., 2007).

Categories/Superfamilies Abundance (%) Clusters (n)

Satellites 27.57 258

Minisatellites 24.70 240

Satellites 2.87 18

Class I (retrotransposons)

LTR elements 15.32 71

Ty3/gypsy 14.95 55

Ty1/copia 0.10 4

BEL 0.05 2

ERV 0.03 1

Integrated virus DNA 0.19 9

DIRS 3.57 4

Penelope 1.00 2

LINE 2.23 33

R1 0.04 2

R2 0.03 2

RTE 0.01 1

RTEX 0.03 1

Jockey 0.10 7

I 0.21 1

L1 0.02 1

Ingi 0.05 1

CRE 0.01 1

CR1 1.32 6

CR2 0.03 2

Nimb 0.03 2

Kiri 0.02 1

Daphne 0.01 1

Unclassified LINE 0.32 4

SINE 0.07 1

Class II (DNA transposons)—Subclass 1

TIR 0.27 14

Mariner 0.05 4

hAT 0.05 2

CACTA 0.03 1

Harbinger 0.03 1

piggyBAC 0.03 1

Dada 0.02 1

Ginger2 0.02 1

Sola 0.02 1

Ginger3 0.01 1

Transisb 0.01 1

Class II (DNA transposons)-Subclass 2

Helitron 0.15 6

Polinton 0.09 3

rDNA 0.01 1

Unclassified repetitive 4.48 97

Total repetitive DNA 54.85 490

coupled with a multigene approach may help in resolving the
taxonomic status of the three lineages within the P. leptodactylus
species complex.
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FIGURE 3 | Density plot representing the %GC distribution of P. leptodactylus

minisatellite and satellite repeats. Blue line represents average %GC

percentage of P. leptodactylus reported from the NGS reads.

P. leptodactylus Karyotype and Genomic

Organization of 45S rDNA and Telomeric

(TTAGG)n Repeats
In this study, FISH results showed one 45S rDNA locus and ten
probable interstitial HSs in the studied P. leptodactylus, which
is different from the previous work on P. leptodactylus that
reported two 45S rDNA loci and six interstitial HSs (Mlinarec
et al., 2011). The observed discrepancy suggests the presence
of intraspecific variability within P. leptodactylus, and we could
speculate that differences in rDNA loci number as well as in the
number of interstitial HSs could possibly be lineage specific. In
particular, samples analyzed in Mlinarec et al. (2011) belonged
to European lineage sensu Maguire et al. (2014), while samples
used in the present study belong to the Asian lineage sensu
Maguire et al. (2014). Intraspecific variability has been reported
in other groups of organisms such as two fish species from genus
Schistura (Sember et al., 2015), as well as in plants Phaseolus
vulgaris and Tanacetum cinerariifolium (Pedrosa-Harand et al.,
2006; Mlinarec et al., 2019). Different mechanisms can lead
to intrachromosomal variability such as unequal crossing-over,
non-homologous recombination and movement mediated by
transposons (Liu et al., 2003; Nguyen et al., 2010; Pereira et al.,
2013; Vershinina et al., 2015; Mlinarec et al., 2019).

Large AT-rich probable HSs positioned in the
(peri)centromeric position on all chromosomes and interstitially
on some chromosomes suggest a high amount of repetitive
DNA in the genome of P. leptodactylus (this study; Mlinarec
et al., 2011). Large (peri)centromeric HSs have been found
in different crustacean families such as Astacidae (Mlinarec

et al., 2011, 2016), Nephropidae (Deiana et al., 1996; Coluccia
et al., 2001; Salvadori et al., 2002), Scyllaridae (Deiana et al.,
2007), Palinuridae (Coluccia et al., 1999, 2005; Cannas et al.,
2004), Cambaridae (Salvadori et al., 2014), and Palaemonidae
(González-Tizón et al., 2013; Torrecilla et al., 2017; Molina et al.,
2020).

In this study it was observed that telomeres of P. leptodactylus
consist of (TTAGG)n pentameric repeats, same as in all decapod
crustaceans studied until now and in most arthropods (Vítková
et al., 2005; Salvadori et al., 2012, 2014). However, this study
showed that a significant part of telomeric repeats is located
interstitially in the chromosomes of P. leptodactylus. ITRs were
also observed in other crustaceans such as Jasus lalandii and
Procambarus clarkii (Salvadori et al., 2012, 2014). In J. lalandii,
ITRs are associated with rDNA (Salvadori et al., 2012), while in
P. leptodactylus and P. clarkii co-localization of ITRs with rDNA
loci has not been observed (Salvadori et al., 2014). The occurrence
of ITRs outside of the chromosomal termini is not fully
understood. ITRs in (peri)centromeric regions could represent
remnants of structural chromosome fusions (Ruiz-Herrera et al.,
2008; Bolzán, 2012). This is unlikely in P. leptodactylus as
there were no ITRs in (peri)centromeric positions. ITRs might
have originated from the transposition of telomeric repeats by
transposable elements or during repair of double stranded breaks
(Aksenova and Mirkin, 2019) or might simply reflect the fact
that telomeric sequences are present within repetitive DNA
components like in some plants (Tek and Jiang, 2004; Mlinarec
et al., 2009; Emadzade et al., 2014). The last case is unlikely as
in P. leptodactylus, satellite repeats do not contain stretches of
telomeric repeats.

Pontastacus leptodactylus Repeatome
This work represents the most comprehensive characterization
of the repetitive elements in any species belonging to the
family Astacidae. In this study, we showed that P. leptodactylus
harbors a large variety of repetitive elements, accounting
for about 54.85% of its genome. As repeats may escape
their detection by degradation, we consider this value as
an underrepresentation. Degraded repeats arise from point
mutations, indels and rearrangements, and they may be so
substantial that they contribute repeats into tracks of unique
or low-copy sequences. This is supported by recent studies on
101 species showing that in the large genomes, such as the
genome of P. leptodactylus, the proportion of single and low-
copy (up to 20 copies) sequences significantly increases with
genome size, which is accompanied by a significant decrease in
the genome proportion of medium-copy repeats (Novák et al.,
2020a).

The analyses of draft genomes of C. quadricarinatus and P.
virginalis showed that they have a significantly lower amount
of repetitive DNA, 33.73 and 27.52%, respectively (Gutekunst
et al., 2018; Tan et al., 2020), in comparison with P. leptodactylus.
Furthermore, in P. leptodactylus satellite repeats and Ty3/gypsy
elements are the most abundant, while in C. quadricarinatus and
P. virginalis, LINE elements are the most abundant repetitive
elements in the genome (Tan et al., 2020). However, comparison
of the results of this study with those of Tan et al. (2020)
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FIGURE 4 | Distribution of satellite repeat families on metaphase chromosomes of Pontastacus leptodactylus. (A) PlSAT1-21 (in red), (B) PlSAT3-411 (in red), (C)

PlSAT7-134 (in red) and PlSAT6-70 (in green), and (D) PlSAT7-134 (in red) and PlSAT6-70 (in green) as probes. Chromosomes are counterstained with DAPI. Scale

bar = 10µm.

should be taken with caution since different methods have
been applied for repeat identification. Estimation of the repeat
abundance form the de novo genome assemblies generated
by short-read sequencing as in Tan et al. (2020), can lead
to the underrepresentation of the highly repetitive elements.
These elements are often clustered into a single contig or
fragmented across multiple short contigs due to the inherited
characteristics of the de novo genome assembly tools, therefore
misrepresenting the abundance of the repetitive elements in
the genome (Chu et al., 2016). The flow cytometry method
estimated 1C = 18.7 Gbp size for the P. leptodactylus genome,
providing the first report on genome size for any species within
the family Astacidae. However, there is still a general lack of
genome sizes for the infraorder Astacidea. As far as we are
aware, genome size is available for several members of the
familiy Cambaridae (5 species) and Parastacidae (1 species)
ranging from 3.82 to 6.06 Gbp (Gregory, 2020; Tan et al.,
2020). This makes P. leptodactylus (1C = 18.7 Gbp) species
with the highest genome size of all known members of the
infraorder Astacidea. In P. leptodactylus, genome expansion can
be a result of the accumulation of short tandem repeats and
retroelements as it is shown in this study that the genome
of this species is rich in satellite DNA and retroelements. A
large genome size as well as a highly repetitive genome explains
difficulties generated during the genome assembly process,
which limit the generation of available genomic resources
from crustacean species (Tan et al., 2020; Van Quyen et al.,
2020).

In P. leptodactylus, satellite repeats are the most abundant
group of repetitive elements, accounting for 27.52% of its
genome. Although, the knowledge about repetitive DNA
composition in the genomes of decapod crustaceans is scarce,
it is likely that a great expansion of satellites occurred in the
genome of P. leptodactylus. The large amount of satellite repeats
has been reported in other organisms such as insects Drosophila
virilis and Triatoma infestans (Wei et al., 2014; Pita et al., 2018).
In D. virilis nearly 50% of the genome is composed of satDNA,
while in T. infestans satellite repeats make up 25-33% of the
genome and are arranged into at least 42 satellite DNA families
(Wei et al., 2014; Pita et al., 2018). Furthermore, we found great
diversity of satDNA repeats in the genome of P. leptodactyluswith
a total of 258 satellite families which is by far the most satellite-
rich species discovered to date. A large number of different
satDNA elements is found in other organisms such as the fish
Megaleporinus macrocephalus (Teleostei, Anostomidae) where
164 satellite repeats have been described (Utsunomia et al., 2019).
Similar to P. leptodactylus, in M. macrocephalus, short satellites
dominate in the genome. Among plants, Luzula elegans (Poaceae)
has the highest number of satellites, 37, constituting 9.9% of
the genome (Heckmann et al., 2013). The species Vicia faba
(Fabaceae) is another example of the plant species with a high
number of satellites, over 30, that together constitutes 935 Mbp
(7%) of its genome (Ávila Robledillo et al., 2018). Large satDNA
abundance and diversity is not a common characteristic for all
animal and plant genomes, as there are, as far as we know,
many more reports on the organisms poor in satellite DNA using
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FIGURE 5 | (A) Detailed analysis of satellite family PlSAT75-664 and its

similarity with satellite family PlSAT3-411, (B) Alignment of PlSAT75-664

subrepeats visualized within Jalview (Waterhouse et al., 2009) and (C) Dot plot

of the satellite family PlSAT75-664 obtained in the RepeatExplorer analysis of

the P. leptodactylus genome, that shows similarity with the satellite family

PlSAT3-411 satDNA of P. leptodactylus, revealing subrepeats with a periodicity

of about 70 bp (arrows).

similar approaches. In Tanacetum cinerariifolium (Asteraceae),
only three among the 58,204 clusters obtained were classified
as satellites, representing 1.04% of the genome (Mlinarec et al.,
2019). Similarly, after the investigation of Passiflora edulis by
RepeatExplorer, only two of the 233 repetitive elements were
satellites, representing less than 0.1% of the genome (Pamponét
et al., 2019).

It is tempting to speculate where the diversity of P.
leptodactylus satellites originate from. Novel satellite DNA
families may arise from the independent duplication of different
genomic sequences, such as intergenic spacers, or even from
those derived from other satellite DNAs (Garrido-Ramos, 2017).
The satDNA sequences can interact with transposable elements
to create new repetitive DNA (Pita et al., 2018). It is suggested that
transposable elements provide the mechanism by which satDNA
repeats could propagate in the genome through dispersed short
repeat arrays (Macas et al., 2011; Bardella et al., 2014). The P.
leptodactylus genome is rich in the LTR retrotransposons.

Minisatellites (monomer size 10–100 bp) were found to
be surprisingly numerous in the P. leptodactylus genome,
accounting for about 24.7% of the genome. High content of
minisatellites in the P. leptodactylus genome might indicate
a high level of DNA polymerase slippage as it is generally

considered that short tandem repeats (<100 bp) expand through
DNA polymerase slippage (Garrido-Ramos, 2017). The most
abundant satDNA in the genome of P. leptodactylus is a
minisatellite PlSAT1-21. Its short monomer size of 21 bp is
unusual for a tandem repeat of high abundances, which generally
consist of 160–180 or 320–360 bp monomers (Garrido-Ramos,
2017). This underpins that satellites with short monomer lengths
can form very large arrays as observed here for PlSAT1-21. In the
hermit crab Pagurus pollicaris, a minisatellite AGTGCAG(CTG)n
constitutes a large fraction of its genome (Chambers et al., 1978).
An exceptional abundance of microsatellite and SSR sequences
has also been found in the genome of freshwater prawns of the
genus Macrobrachium (Palaemonidae) as well as in the penaeid
shrimp Litopenaeus vannamei (Zhang et al., 2019; Molina et al.,
2020), suggesting that short tandem repeats are a significant
component of decapod crustaceans genomes.

In P. leptodactylus, 171 (66.27%) satellite DNA families
showed A+T content higher than 50%, and could be classified
as AT-rich (Figure 3). Furthermore, there is no correlation
betweenA+T content and satellite length. The high A+T content
could be a consequence of satDNA being subject to epigenetic
modifications such as the methylation of cytosines, consequently
deamination of 5-methylcytosines forming more AT base
pairs in P. leptodactylus satDNAs. In the fish Megaleporinus
microcephalus short (<100 bp) and long (>100 bp) satellites had
a similar amount of A+T content (Utsunomia et al., 2019). In
the fern V. speciosa satDNAs longer unit length showed a higher
A+T content (Ruiz-Ruano et al., 2019). In V. faba, most of the
satellite sequences had an elevated A+T content (65–80%) (Ávila
Robledillo et al., 2018).

In P. leptodactylus, the satellites are abundant in the
(peri)centromeric region, on both ends of the chromosomes
and some of them are distributed on the interstitial regions of
the chromosomes. This is in line with previous results which
show that subtelomere and centromere regions contain large
parts of satellite repeats (Melters et al., 2013; Garrido-Ramos,
2017). Conventional satellites (monomer size>100 bp) and
minisatellites (monomer size 10–100 bp) are conventionally
differentiated by their location (Garrido-Ramos, 2017).
While classic satDNAs are usually located as long arrays at
the heterochromatin segments, minisatellites are generally
proper of euchromatic regions (Garrido-Ramos, 2017). In P.
leptodactylus, the classic satellite family PlSAT3-411 constitutes
(peri)centromeric HSs, while minisatellites PlSAT6-70 and
PlSAT14-79 as a part of euchromatic regions are located along
the chromosome arms.

(Peri)centromeric Satellite Family PLSAT3-

411
Centromeres are often packaged into heterochromatin,
containing large amounts of repetitive DNA (Wang et al.,
2009; Mehta et al., 2010). Here we showed that the probable
(peri)centromeric heterochromatic segments located on all P.
leptodactylus chromosomes are formed by a specific highly
amplified satellite family PlSAT3-411. The arrangement of
the (peri)centromeric satDNA family PlSAT3-411 can be
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explained by the principle of equilocality, according to which,
heterochromatin accumulates at equivalent positions in each
chromosome within a genome (Garrido-Ramos, 2017). The most
consistent form of equilocality relates to the heterochromatin
in the vicinity of centromeres (John et al., 1985), which is true
for PlSAT3-411 being present in the (peri)centromeric regions
of all chromosomes. Following the survey of tandem satellite
repeats in 282 species from various kingdoms (Melters et al.,
2013), PlSAT3-411 is an ideal candidate for centromeric repeat
sequences. It is one of the most abundant satellite repeats
accounting for 1.29% of the genome and it is A+T-rich. It has
been found that centromeric satDNAs are generally A+T rich
(Garrido-Ramos, 2015; Yuan et al., 2018). Most animal species
investigated so far have a single or only a few centromeric
satellites with monomers hundreds of nucleotides long that are
shared by all chromosomes, an observation that is explained by
their coevolution with kinetochore proteins (Garrido-Ramos,
2015). The (peri)centromeric satellite family PlSAT3-411 is
common in that respect. (Peri)centromere composition of P.
leptodactylus calls for the investigation of additional species from
different genera to get a more representative insight into the
evolution of the (peri)centromeric satellite family. The frequent
accumulation of satDNA in centromeric regions is explained by
its role in centromere functions, such as kinetochore assembly
and chromosome segregation during mitosis or meiosis, or even
some epigenetic regulations, or simply by passive accumulation
due to the absence of recombination-based elimination
mechanisms (McFarlane and Humphrey, 2010; Plohl et al.,
2014; Catania et al., 2015). To fully confirm that PlSAT3-411
is a true centromeric satellite family, underlying the functional
kinetochore CENH3-ChIP followed by sequencing is needed.

Similarity Between satDNA Families
Most of the satDNA families described in this study did not
show any conserved features or sequence similarities between
each other suggesting their independent origin. Only 39 of
the 258 satDNA repeats described in P. leptodactylus, showed
similarities, however, their similarity is not high, ranging from
55 to 78%, average similarity is 63%. Two satellites, PlSAT3-
411 and PlSAT75-664, were among the most interesting. The
longer unit PlSAT75-664 is organized into HOR (higher order
repeat) structures that consist of PlSAT3-411 basic monomer and
four times directly repeated ∼70 bp long sequence that shows
high similarity to PlSAT3-411 (Figure 5). The similarity between
PlSAT3-411and PlSAT75-664 indicates the existence of a satDNA
superfamily (SF), derived from a common ancestor satDNA.
In the most parsimonious scenario, HOR structure might have
formed after a ∼70 bp fragment was four times amplified within
the satDNA, resulting in a new repeat unit of 664. It is known
that the simultaneous amplification and homogenization of two
or more adjacent monomers leads to the formation of HORs
(Garrido-Ramos, 2017). Furthermore, it is generally considered
that shorter repeats originate by replication slippage, while longer
units originate by unequal crossing over (Garrido-Ramos, 2017).
Therefore in P. leptodactylus, replication slippage might be the
mechanism for the origin of the four times tandemly repeated
∼70 bp subunits within PlSAT75-664. The combination of short

repeat units into longer units constituting HORs is a common
trend in satDNA evolution (Plohl et al., 2008; Garrido-Ramos,
2017). Regular HORs, usually dimeric, have been found in
several species of beetles (Palomeque and Lorite, 2008; Vlahović
et al., 2017). Complex HORs, shaped from interspersed and/or
inversely oriented monomers and frequently with extraneous
sequence elements, have been found in non-human mammals,
such as mouse, pig, bovid, horse, dog, elephant, insect, and fish
(Palomeque and Lorite, 2008; Vlahović et al., 2017; Utsunomia
et al., 2019).

The present study is the first one focusing on the repeatome
of P. leptodactylus and enables a new perspective into the
evolution of this complex species. P. leptodactylus repeatome
serves as an important and valuable resource to support ongoing
comparative genomic, cytogenomic, fundamental, and applied
biology studies. To gain a more comprehensive understanding of
chromosome evolution and genomic compositions of freshwater
crustaceans, chromosome and genome resources are much
needed for more species across taxonomic groups.
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distinct haplotypes within countries (legend is shown in the upper-left corner).

Supplementary Figure 3 | An idiogram of P. leptodactylus chromosomes with

marked localization of 45S rDNA and DAPI positive AT-rich heterochromatin bands

This idiogram was generated based on the FISH information from Figures 1A,B.

Supplementary Figure 4 | The graph layout corresponding to read clusters of

(A) PlSAT1-21, (B) PlSAT3-411, (C) PlSAT6-70, (D) PlSAT7-134, and (E)

PlSAT14-79. The percentage indicates the genome proportion of each cluster.

Supplementary Figure 5 | Sequence logos showing the level of sequence

divergence.

Supplementary Figure 6 | Dot plot analysis of (A) PlSAT1-21, (B) PlSAT3-411,

(C) PlSAT6-70, (D) PlSAT7-134, and (E) PlSAT14-79 obtained in TAREAN
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karyotype investigations in the white-clawed crayfish Austropotamobius

pallipes (Lereboullet, 1858) species complex and stone crayfish A. torrentium

(Schrank, 1803) (Decapoda: Astacidae). J. Crustacean Biol. 36, 87–93.

doi: 10.1163/1937240X-00002390
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Multiple causes can determine the disturbance of natural equilibrium in a population of a
species, with a common one being the presence of invasive competitors. Invasives can
drive native species to the resettlement of the trophic position, changing reproduction
strategies or even daily normal behaviours. Here, we investigated the hypothesis that
more effective anatomical features of an intruder (Faxonius limosus) come with increased
boldness behaviour, contributing to their invasion success in competition against the
native species (Pontastacus leptodactylus). We tested the boldness of specimens
representing the two species by video-based assessment of crayfish individuals’
attempts to leave their settlement microenvironment. The experiment was followed by
a series of measurements concerning chelae biometry, force and muscle energetics.
The native species was less expressive in terms of boldness even if it had larger chelae
and better muscular tissue performance. In contrast, because of better biomechanical
construction of the chelae, the invasive species was capable of twice superior force
achievements, which expectedly explained its bolder behaviour. These findings suggest
that, in interspecific agonistic interactions, the behaviour strategy of the invasive crayfish
species is based on sheer physical superiority, whereas the native crayfish relies on
intimidation display.

Keywords: behaviour, competition, Faxonius limosus, invasive species, Pontastacus leptodactylus

INTRODUCTION

Biological invasions are one of the most challenging issues for nowadays conservationists (Nentwig
et al., 2018; Flood et al., 2020). The successful establishment of alien species in a new environment
is generally driven by intrinsic mechanisms (Sullivan et al., 2017; Pacioglu et al., 2020) and extrinsic
pathways (Light, 2003; Essl et al., 2015). Multiple perspectives have been approached to understand
and depict the processes behind successful invasions, such as ecological (Lodge, 1993; South et al.,
2020), economical (Perrings et al., 2002), or pathological (Strauss et al., 2012) ones. Eco-behavioural
perspectives might allow more insights into the complex process of biological invasions. Here, we
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addressed the hypothesis that a successful crayfish invader is
driven by its own bolder behaviour against shyness of the native
resident. To test this, we used behaviour, morpho-mechanical and
bioenergetic approaches.

Boldness, considered as the propensity of an animal to engage
in risky activities (White et al., 2013), is giving the animals a
presumed confidence against the unknown, associated with high
diel activity and exploration initiatives (Chapple et al., 2012;
Juette et al., 2014). The expression of boldness in agonistic
confrontation is aggressivity and bite force superiority (Usio
et al., 2001; De Meyer et al., 2019), and this behaviour was
found associated with successful biological invasions (Ferrari
et al., 2018). Analysing behavioural interactions between invasive
and native residents may provide useful information for
understanding the mechanisms behind the spreading success of
invasives (Carere and Gherardi, 2013).

Relatively equal in body size (Richardson, 2019), the native
narrow-clawed crayfish Pontastacus leptodactylus Eschscholtz
1823 and the invasive spiny-cheek crayfish Faxonius limosus
(Rafinesque, 1817) are two crayfish species with a long
interaction history in Europe (Holdich et al., 2009). The native
species is a typical K-strategist, whereas the invasive crayfish
shows characteristics of r-strategists, demonstrating plasticity
and significant improvement of reproduction (i.e., increased
fecundity) in the active front of invasion (Pârvulescu et al.,
2015). Experimentally, it was demonstrated that the invasive
species dominates the native one, even in highly imbalanced
confrontations (e.g., smaller invasive vs. larger native specimens)
for food and shelter (Lele and Pârvulescu, 2017). Crayfish chelae
are used for gripping (Ion et al., 2020) and pinching (van der
Meijden et al., 2010), or showing sheer superiority (Graham
and Angilletta, 2020), hence are important in both intra- and
interspecific interactions. Prolonged competition either drove
the native species to local extinction or resource partitioning
between species; recent investigations point to natural selection
of heavier (i.e., stronger and combative) specimens in recovering
populations after the invasion is established, compared to the
non-invaded ones (Haubrock et al., 2019; Pacioglu et al., 2020).

In this study, we aimed to dig inside the bio-mechanical
mechanisms behind a confrontation between two crayfish
species, testing the hypothesis that more effective chela weapons
came with increased boldness behaviour of the invasive species
compared to a native one. The invasive F. limosus and the native
P. leptodactylus were used as a models for multiple comparisons,
including muscle metabolic capacity and fundamental for chelae
function (Guderley and Couture, 2005).

MATERIALS AND METHODS

Study Specimens and Morphological
Measurements
To avoid biases caused by any sexual influences during
the experiment, this study involved intermolt adult males
only, collected from the most recent known invasion
front in the Lower Danube (near Orşova, Romania, GPS
44.689064◦N/22.500242◦E), where both investigated species

have been coexisting for at least 5 years (Pârvulescu et al.,
2015; Pacioglu et al., 2020). This study omitted those specimens
injured or showing obvious discrepancies between the left and
the right chelae.

The geometric dimensions of the specimens were then
acquired using a digital calliper of 0.1-mm accuracy. A total of
nine dimensions were measured for every individual: the total
length of the crayfish [TL (mm)], chela length, thickness and
width [CL, CT, and CW (mm)] for left and right cheliped and also
the length of the movable finger (dactylus, DL). Using the three
dimensions of the chela, its volume was computed (CV) as an
approximated elliptical cylinder, were the ellipse semi-axes were
the half of the chela length and height, while the height of the
cylinder was the chela width.

After measurements, each specimens’ chelae were detached for
further investigation. The muscle of the propodus was extracted
and oven-dried for 48 h at 60◦C to obtain the dry muscle mass
[DMM (g)]. The chela (propodus and dactylus) cuticle was also
collected and dried in the same setup, obtaining the dry cuticle,
and dry dactylus mass [DCM and DDM (g)]. These variables were
measured by using a precision balance (Kern & Sohn GmbH,
Balingen, Germany) of 0.001-g accuracy.

Experimental Set-Up for Boldness
Assessment
In total, 73 specimens of P. leptodactylus and 78 of F. limosus
were involved in the experiments. Aiming to obtain best results
on the assessment of boldness behaviour, we acclimated crayfish
prior to the experiments in the experimental arena (20-L water
tank), for each trial, with ad libitum food and shelter but lacking
the ramp (described below). The arena was placed in a second
(larger) tank (60 L) to retain the successfully escaped individuals.
Both tanks were equipped with a submersed filtering pump
for cleaning and oxygenating water. A ramp, facilitating the
escape from the inside of the arena, was built from adherent
(ceramic) material inclined at 30◦, with a length of 45 cm,
with half of this length being submersed and half dry, making
the crossing conditions more difficult. Such an aerial ramp
simulates an environment that is potentially risky, more prone
to predatory attacks; hence, approaching and crossing it by the
crayfish can be used as a measure of the individual’s boldness.
For a better understanding of the experimental setup, we refer
readers to a video sample in the Supplementary Material.
This set-up was placed into the area on the third day of the
settlement period, allowing the individuals to freely explore
the ramp and opening the way to a new environment in the
larger tank. The experiment started once the ramp was inserted
and lasted 24 h for each trial and was video recorded. The
ethogram for each specimen consisted of the binary variable
(0/1) of successful attempts to escape (further referred to as
“sa” variable) in both day, and night, and, if the case, the
duration (s) of the sa (time completed ramp crossing, referred
as “tcrs” variable). To avoid any bias in crayfish activity caused
by temperature (Seebacher and Wilson, 2006; Zhao and Feng,
2015), we maintained the environmental temperature for all the
experiments at∼20◦C.
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To obtain the first insights into the differences between the
two crayfish species’ behaviour, exploratory data analysis was
performed. We investigated if there was a difference between the
sa of the two species. Crayfish individuals that have completed the
crossing action were selected and their tcrs were compared using
the non-parametric Mann-Whitney U test. In the same respect,
we tested if the TL of the analysed crayfish influenced the crossing
success, using a logistic regression model.

Force Measurement Device and
Procedure
Pinching force measurements were conducted in vivo using
a 1,400 g/0.1 g loading cell custom-made for measuring the
pressure exerted by the tip of the crayfish chela. The transducer
was connected to an Arduino Uno board, and the data were
acquired using a sampling frequency of 6 Hz. On the transducer,
two rigid metallic levers were attached for providing pinching
elements for the chelae. To convert the electrical parameter
of the transducer (mV) in mechanical force (N), the device
calibration was conducted using five different weights: 100, 250,
500, 750, and 1,000 g, reading the corresponding voltage values.
For measurement consistency, the transducer’s levers were placed
at the tips of the chelae of all individuals. Also, the longitudinal
direction of the chela and the levers were always as collinear as
possible. The time span of the measurement was an average of
60 s for each investigated chela (a.k.a. claw).

The same 151 (73 P. leptodactylus and 78 F. limosus) crayfish
male specimens used for previous experiments were used. While
measuring the force values, some crayfish demonstrated high
activity, generating several pinching cycles in the recorded time
interval. On the other hand, some individuals manifested less
activity and, therefore, fewer pinching cycles or just one was
acquired. To obtain a representative biomechanical behaviour for
each individual, the cycles were isolated and processed (Figure 1).

FIGURE 1 | Pinching force cycles of two representative individuals of
Pontastacus leptodactylus and Faxonius limosus.

Based on the pinching cycles, the absolute maximum force
[Fmax (N)] was extracted for each crayfish of both species and
used in raw data graphic representation. After extracting the
pinching cycles from all active individuals, the force-time series
were averaged for each single crayfish. Three parameters were
directly extracted: average of maximum forces [FAv (N)], average
contraction time [Ct (s)], and average releasing time [Rt (s)]. In
addition, average loading velocity [LV (N/s)], average releasing
velocity [RV (N/s)], and the energy of the pinching cycle [EN
(N·s)] were computed. The LV represents the speed of the closing
movement from zero force to maximum force and was computed
as a numerical derivative of force in respect to time, using Eq. (1).
A similar equation was used for computing RV, which represents
the speed of releasing the grip from the maximum force value to
zero or to an inflexion point from where the force increases again.
The EN is an integrative parameter of force in respect to time and
characterises the mechanical effort spent to complete a pinching
cycle. It was computed by numerical integration using Eq. (2),
were the two terms under the sum represent the area under the
curve split in two elemental components of the area: a rectangle
and a triangle. Here, 1t represents the time interval according to
the sampling rate and Fi+1 and Fi represent consecutive values of
instantaneous force.

LV =
Fk+1 − Fk

tk+1 − tk
[N/s] (1)

EN =
n∑

i=1

(
Fi ·1t +

(Fi+1 − Fi) ·1t
2

)
[N · s] (2)

Relationship Between Chelae Forces and
Body Properties
To obtain the relationship between the body properties and the
forces that crayfish produce, various multiple linear regression
architectures were tested. The data variables considered as a
continuous model outcome were as follows: FAv, EN, LV, RV, Rt ,
and Ct , and the predictive variables were modelled in two groups:
based on the body size (TL, CL, CT, CW, DL, and CV) and based
on the chelae weight (DMM, DCM, and DDM). Because crayfish
are ambidextrous in the usage of chelae (Lele and Pârvulescu,
2019), we chose to group the associated data to perform the
statistical analyses.

Due to the large multicollinearity among the predictive
variables, stepwise regression was performed to remove the
redundant ones. The predictors that were found to be significant
based on the 0.05 cut-off in the final models were interpreted
as those that have an effect on the specific outcome. Finally, the
t-test was applied to investigate the difference between the two
species for the biometric variables that were significant in the
stepwise regression model describing the chelae forces outcomes
at least for one of the species.

Mitochondrial High-Resolution
Respirometry (HRR) Analysis
Aerobic metabolic capacity was measured as oxygen
consumption of isolated mitochondria in the two groups of
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crayfish, the native crayfish group (P. leptodactylus, N = 6) and
the invasive crayfish group (F. limosus, N = 7). Mitochondria
were isolated by differential centrifugation at 4◦C, according
to a previously described method (Liu et al., 2013). Briefly,
1.5–2.5 g of muscle collected from the crayfish chela was cut
into small pieces and homogenised in 30 mL isolation buffer
(320 mM Sucrose, 10 mM Tris, 10 mM EGTA, 0.5% BSA, pH
7.3), using a tissue homogeniser (Glas-Col 099C K5424 CE).
Homogenisation was performed at minimal speed (two 40 s
periods/1 min interval), and the tissue homogenate was further
centrifuged (Rotina centrifuge 38R) for 10 min at 2,000 g; the
supernatant was centrifuged for 10 min at 12,000 g. Finally, the
resulting mitochondrial rich pellet was re-suspended in 0.25 mL
of isolation buffer in a glass homogeniser, kept on ice and used
within 4 h in respiratory rate measurements. The mitochondrial
protein concentration was further evaluated according to the
Biuret method (Gornall et al., 1949).

Oxygen consumption was measured at 37◦C with
the Oxygraph-2k (Oroboros Instruments, Austria). The
mitochondria (0.1 mg protein/mL) were incubated in 2 mL
of incubation medium containing 0.5 mM EGTA, 3 mM
MgCl2.6H2O, 60 mM K-lactobionate, 20 mM taurine, 10 mM
KH2P04, 20 mM HEPES, 110 mM sucrose, 1 g/L BSA,
essentially fatty acid free + 280 U/mL catalase lyophilised
powder, 2,000–5,000 units/mg protein (pH 7.1, 37◦C). The
Substrate-Uncoupler-Inhibitor Titration (SUIT) protocol
adapted from Duicu et al. (2013) was as follows: chamber
A: GMSTATE 2 + ADPOXPHOS + cyt c + OmySTATE
4 + FCCPUncoupled state + AmaROX and chamber B:
S(Rot)STATE 2 + ADPOXPHOS + cyt c + OmySTATE 4 + FCCP
Uncoupled state + AmaROX. The protocol consisted of the
following steps and the corresponding respiratory states: (i)
addition of 10 mM glutamate/G and 2 mM malate/M (CI
substrates) and 10 mM succinate/S (CII substrate) + 0.5 µM
rotenone/Rot (CI inhibitor): STATE 2 (i.e., basal respiration); (ii)
addition of 5 mM ADP as a measure of the maximal oxidative
phosphorylation capacity: OXPHOS capacity; (iii) addition of
10 µM cytochrome c/cyt c to assess the intactness of the outer
mitochondrial membrane; (iv) inhibition of ATP synthase by
oligomycin/Omy (2 µg/ml): STATE 4 (i.e., basal respiration);
(v) FCCP titration (0.5 µM steps), to obtain the Uncoupled
respiration, (vi) inhibition of respiration with 2.5 µM antimycin
A/Ama (Residual OXygen consumption): ROX state.

For high-resolution respirometry (HRR) experiments, the
independent two-side Mann-Whitney U test was applied.
Significance was tested based on the 0.05 cut-off, i.e., if the
p-value was less than 0.05, the null hypothesis of two groups
being equal was rejected. Also, the means and standard deviations
(mean± SD) are reported.

RESULTS

Relationship Between Chelae Forces and
Body Properties
After applying the stepwise regression for P. leptodactylus
(Table 1), only TL had a significant influence on the FAv outcome.
Regarding the outcome EN, no predictor was significant. The

TABLE 1 | Results of the stepwise regression on the body size variables.

Estimate Std. Error t-value p-value

Size variables vs. FAv for P. leptodactylus

Intercept −0.070 1.216 −0.058 0.954

TL 0.04030 0.01866 2.160 0.0324*

CL −0.03219 0.02275 −1.415 0.1592

Size variables vs. FAv for F. limosus

Intercept 3.9636 1.0366 3.824 0.000199***

CL −0.1394 0.0591 −2.358 0.019789*

CW 0.4534 0.2084 2.176 0.031275*

Size variables vs. EN for P. leptodactylus

Intercept 2.9033 2.3273 0.127 0.214

CT 0.4131 0.2526 1.636 0.104

Size variables vs. EN for F. limosus

Intercept 18.5249 6.4656 2.865 0.004831**

CL −2.5244 0.6493 −3.888 0.000158***

CW 4.1484 1.3105 3.166 0.001911**

DL 1.7364 1.0246 1.695 0.09243

Size variables vs. LV for P. leptodactylus

Intercept −1.33979 1.71410 −0.782 0.43569

TL 0.08027 0.02629 3.053 0.00269**

CL −0.10313 0.03206 −3.217 0.00159**

Size variables vs. LV for F. limosus

Intercept 4.67336 2.57977 1.812 0.0722

TL −0.07455 0.04656 −1.601 0.1116

CW 0.43343 0.18527 2.339 0.0208*

Size variables vs. RV for P. leptodactylus

Intercept −0.58568 1.19834 −0.489 0.62575

TL 0.05430 0.01838 2.954 0.00366**

CL −0.06978 0.02241 −3.113 0.00222**

Size variables vs. RV for F. limosus

Intercept 2.6732 1.4904 1.794 0.0751

CW 0.4408 0.2787 1.582 0.1160

DL −0.2266 0.1363 −1.663 0.0986

Size variables vs. Ct for P. leptodactylus

Intercept 1.17833 0.18905 6.233 4.59e− 09***

CW 0.04688 0.02155 2.176 0.0312*

DL −0.01928 0.01052 −1.832 0.0690

Size variables vs. Ct for F. limosus

Intercept 1.58713 0.36130 4.393 2.22e− 05***

CL −0.03147 0.01382 −2.278 0.0243*

CT 0.13849 0.08555 1.619 0.1078

TL, total length; CL, chela length; CT, chela thickness; CW, chela width; DL,
dactylus length; and force outcome modelling (FAv, maximum force; Ct, contraction
time; Rt, releasing time; LV, loading velocity; RV, releasing velocity; EN, energy
of the pinching cycle) for the two investigated crayfish species. ∗Borderline
significant (0.01 < p ≤ 0.05). ∗∗Medium significant (0.001 < p ≤ 0.01). ∗∗∗Very
significant (p ≤ 0.001).

TL and CL were significant for the LV outcome. The same
predictors, TL and CL, had a significant effect on the RV outcome.
A significant relationship with the outcome Ct was found for CW.
No significant relationships were found between chela weight and
force variables (Table 2).

The results for F. limosus (Tables 1, 2) obtained after stepwise
regression indicate that CL CW, DMM, and DCM have a
significant influence on the FAv outcome. For the EN, the same
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TABLE 2 | Results of the stepwise regression on the chelae weight.

Estimate Std. Error t-value p-value

Chelae weight variables vs. FAv for P. leptodactylus

Intercept 2.6173 0.149 17.46 2e-16***

Chelae weight variables vs. FAv for F. limosus

Intercept 4.4937 0.5227 8.597 1.66e− 14***

DMM 21.99 10.5906 2.076 0.0397*

DCM −6.7442 3.092 −2.181 0.0309*

Chelae weight variables vs. EN for P. leptodactylus

Intercept 4.878 1.255 3.886 0.000153**

DDM 7.772 5.089 1.527 0.1288

Chelae weight variables vs. EN for F. limosus

Intercept 17.941 3.282 5.466 2.13e− 07***

DMM 261.231 67.795 3.853 0.000179***

DCM −201.592 81.045 −2.487 0.014077*

DDM 264.755 178.968 1.479 0.141362

Chelae weight variables vs. LV for P. leptodactylus

Intercept 2.0754 0.2151 9.648 2e-16***

Chelae weight variables vs. LV for F. limosus

Intercept 2.6810 0.6674 4.017 9.65e− 05***

DCM 2.3155 1.3734 1.686 0.0941

Chelae weight variables vs. RV for P. leptodactylus

Intercept 1.7238 0.1501 11.49 2e-16***

Chelae weight variables vs. RV for F. limosus

Intercept 3.6171 0.2554 14.16 2e-16***

Chelae weight variables vs. Ct for P. leptodactylus

Intercept 1.2569 0.1078 11.664 2e-16***

DCM −3.2366 1.9911 −1.626 0.1062

Chelae weight variables vs. Ct for F. limosus

Intercept 1.6098 0.1663 9.681 2e-16***

DMM 7.0442 3.3693 2.091 0.0384*

DCM −2.4522 0.9837 −2.493 0.0139*

DMM, dry muscle mass; DCM, dry cuticle mass; DDM, dry dactylus mass; and
force outcome modelling (FAv, maximum force; Ct„ contraction time; Rt, releasing
time; LV, loading velocity; RV, releasing velocity; EN, energy of the pinching cycle)
for the two investigated crayfish species. ∗Borderline significant (0.01 < p ≤ 0.05).
∗∗Medium significant (0.001 < p ≤ 0.01). ∗∗∗Very significant (p ≤ 0.001).

predictors were significant. The CW was significantly related to
outcome LV. For the outcome RV, no predictor was significant,
whereas for outcome Ct , the variables CL, DMM, and DCM
were significant.

To understand the differences in the results obtained for the
two investigated species, the body variables that were significant
(TL, CL, CW, DMM, and DCM) for at least one of the force
variables were compared using the two-sample t-test, as all of
the variables are normally distributed. Testing the one-sided
hypothesis that the mean values of P. leptodactylus are greater
than those of F. limosus, the values for TL, CL, CW, DMM, and
DCM were significant. To visualise those significant differences,
we refer readers to Figures 2A–E.

Boldness Assessment
Of all tested specimens, 5.8% of P. leptodactylus and 29.6%
of F. limosus completely crossed the arena ramp. The Mann-
Whitney U test was significant (P < 0.05) in the tcrs of the two

species; F. limosus managed to cross the arena ramp much faster
than P. leptodactylus. Analysis of the TL of the crayfish revealed
no influence on the complete crossing success, with the logistic
regression model (Table 3) showing no significant relationship
between TL and the binary sa variable (0/1).

The results differed significantly between day and night sa
of the arena ramp for both species (P < 0.05), with successful
crossing being encountered exclusively during the night in native
species, whereas 7.9% of the successful crossings for the invasive
species were recorded in daylight.

Force Assessment
Raw data analysis revealed that the invasive species F. limosus
exhibited higher Fmax and FAv compared to P. leptodactylus,
with some individuals producing more than double values
(Figures 3A,B). The maximum limit of the force recorded for
P. leptodactylus represented the lower limit for F. limosus. A body
size in the range of 90 to 100 mm TL seemed to be suitable
for the highest force development in F. limosus, while no force-
length relation could be observed for P. leptodactylus. The LV, a
measure of how quickly the maximum force is achieved, appeared
to be similar for the two investigated species (Figure 3C); for a
CV of around 2 cm3, the maximum LV was achieved in both
crayfish species. The average RV (Figure 3D) showed a higher
releasing rate for F. limosus, indicating that muscle relaxation
occurs much faster for F. limosus. Most individuals of both
species exhibited a releasing velocity of around 3 N/s. Larger
Ct values could be observed for F. limosus (Figure 3E). Because
no obvious difference in loading velocity was identified between
the species, the larger Ct might be determined by the higher
force values produced by F. limosus. The EN (Figure 3F) was
also higher for F. limosus, a normal evolution of this parameter
since the forces and contraction times were also larger. The
faster releasing rate does, however, not compensate for the other
two parameters. Higher mechanical energy was recorded in both
species for smaller CV values.

HRR Assessment
The results of HRR measurements in the analysed groups are
presented in Figure 4. To calculate the respiratory rates, we used
the Oroboros software Datlab. Mitochondrial respiration was
corrected for oxygen flux due to the instrumental background
and ROX (Gnaiger, 2014).

Based on a previous study, STATE 2 (i.e., basal respiration
corresponding to mitochondria oxidising substrates when
the membrane is fully energised) is determined by the
intrinsic proton conductivity of the inner membrane,
which dissipates the 19 (Harris and Das, 1991). In
mitochondria respiring on glutamate + malate, we found a
statistically significant increase in basal respiratory state in
F. limosus vs. P. leptodactylus groups (Figure 4A): STATE
2 12.04 ± 2.8 vs. 5.8 ± 2.6 pmol.s−1.mL−1 (P < 0.05).
Addition of ADP stimulates oxidative phosphorylation
(OXPHOS capacity), which induces a drop in membrane
potential and a subsequent increase in respiration (Harris
and Das, 1991). In our results, OXPHOS was significantly
lower in the F. limosus group energised with CI substrates
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FIGURE 2 | Boxplots showing the difference between P. leptodactylus and F. limosus for the statistically relevant variables: (A) total length (TL), (B) chela length (CL),
(C) chela width (CW), (D) dry chela muscle mass (DMM), and (E) dry chela cuticle mass (DCM). Values represent means ± SD.

TABLE 3 | Parameter estimates for logistic regression relationship models
between crayfish total length (TL) and the binary successful attempts to escape
(sa variable) to assess boldness behaviour.

Estimate Std. Error z-value P-value

Intercept −1.902 3.978 −0.478 0.633

TL −0.0017 0.037 −0.049 0.961

(Figure 4C): 19.33 ± 4.8 vs. 34.6 ± 3.9 pmol.s−1.mL−1

(P < 0.05). Addition of FCCP, a protonophore, induces the
inhibition of oxidative phosphorylation due to dissipation of
the membrane potential, leading to the increase in respiration
(i.e., phosphorylation and respiration become uncoupled)
(Harris and Das, 1991). In mitochondria energised with
glutamate + malate, the Uncoupled State (Figure 4E) was
similar in F. limosus vs. P. leptodactylus groups: 58.1 ± 10.9 vs.
60.15± 6.2 pmol.s−1.mL−1 (P NS).

In the presence of CII-dependent substrate, we observed the
same trend of mitochondrial respiratory rates in F. limosus vs.
P. leptodactylus groups, albeit in a lesser (not significant) degree
as compared to CI-supported respiration: STATE 2 (Figure 3B)
19 ± 7.1 vs. 10.5 ± 3.8 pmol.s−1.mL−1 (P NS), OXPHOS
(Figure 4D) 23.9 ± 9.7 vs. 27.8 ± 9.1 pmol.s−1.mL−1 (P
NS) and the Uncoupled State (Figure 4F) 51.7 ± 30.6 vs.
43.7± 16.9 pmol.s−1.mL−1 (P NS).

We further calculated the Respiratory Control Ratio (RCR) as
the OXPHOS/State 2 ratio. Under both experimental conditions,
RCR was significantly decreased (P < 0.05) in the F. limosus

group (Figures 4G,H) as a direct reflection of the STATE 2
increase and the inhibition of ADP phosphorylation.

DISCUSSION

The Competitors’ Bio-Mechanical
Performance
The invasive crayfish F. limosus was more confident than the
native P. leptodactylus, taking more risks as demonstrated by
our laboratory experiments. The native P. leptodactylus appeared
to be more shy, probably explaining other findings such as its
limited access to shelter and food resources (Lele and Pârvulescu,
2017; Pacioglu et al., 2020). The species F. limosus exhibited
superior values of every parameter except those related to
body size, emphasising the differences also observed from a
biomechanical point of view. The average of maximum forces
applied by F. limosus revealed pinching forces of 2.3 times higher
than for P. leptodactylus. This advantage becomes even more
relevant in the context of the total body length of individuals,
which did not influence the mechanism of pinching force
development. However, it may contribute to the body stability
condition of the larger species during a fight (Zeil and Hemmi,
2006; Bywater et al., 2008; Malavé et al., 2018; Kuo et al., 2019).

Force production is a physiological attribute of the adductor
muscle, which in turn is proportional to the chelae volume. On
the other hand, force transmission depends on the length of the
mobile dactylus of the chelae, and therefore, both aspects should
be taken into account. The reaction force measured at the tip of
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FIGURE 3 | Raw data of force and biometrical parameters: (A) maximum pinching force (Fmax ) vs. total length (TL), (B) average of maximum pinching forces (FAv ) vs.
chela volume (CV), (C) average loading velocity (LV) vs. CV, (D) average releasing velocity (RV) vs. CV, (E) contraction time (Ct ) vs. CV, and (F) energy of the pinching
cycle (EN) vs. CV.

the claw can be explained by the lever mechanism developed by
the muscle force through the physiological distances, as depicted
in Figure 5. The value of the reaction force at the tip of the claw is

directly influenced by the muscular force value and its insertion
point, while being negatively influenced by the length of the claw.
This is caused by the effect or the moment of torque developed by
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FIGURE 4 | High-resolution respirometry data for CI-supported (A,C,E,G) and CII-supported (B,D,F,H) respiration in Pontastacus leptodactylus and Faxonius
limosus. Values represent means ± SD.

the forces and physiological distances. Therefore, for a constant
muscle force, as the claw became longer the reaction force will be
smaller. This biomechanical behaviour may explain the smaller
pinching forces of P. leptodactylus species, which possesses longer

claws compared to F. limosus. This disadvantage is apparently
neither compensated by the observed better muscular energetic
efficiency in P. leptodactylus nor by the increased physiological
distance between the fulcrum and the adductor insertion point.
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FIGURE 5 | Mechanism of force production and transmission. The equation
that governs the biomechanical equilibrium is Rp =

d1
d2
· FA, where Rp is the

reaction force at the tip of the claw, FA is the adductor muscle force and d1

and d2 are the lever arms.

Investigations on pinching cycle energy revealed higher values
for F. limosus, which leads us to infer that this crayfish species
not only produces higher forces but is also capable of sustaining
this force for an extended period of time compared to the native
P. leptodactylus. The energy of the pinching cycle will create a
significant advantage for the invasive in clash with the native
species, since the application of a force for a longer time allows
crack growth and propagation up to the fracture point in any
biological (Egan et al., 2015) or non-living structures (Linul et al.,
2020). The biomechanical parameters (biometrics and forces)
make the invader prone to win most of the fights, as revealed in
other studies regarding confrontations between these two species
for food and shelter (Lele and Pârvulescu, 2017). The agonistic
behaviour strategy of the invasive crayfish species appears to be
based on physical superiority, whereas the native crayfish works
on intimidation display.

The Competitors’ Chelae Muscular
Performance
There is evidence that metabolic capacity changes with thermal
acclimation in crayfish (Seebacher and Wilson, 2006), and
this might counteract threats from invasive species. We
found that RCR, an indicator of the efficacy of oxidative
ATP production (Montaigne et al., 2011), was significantly
higher in native crayfish, and mitochondrial respiration rates,
using the physiologically relevant substrate mixtures (i.e.,
glutamate + malate), significantly differed between F. limosus and
P. leptodactylus when compared to using succinate (+rotenone)
as the substrate. Thereby, an important finding of our study
is that mitochondrial respiration in crayfish chelae is substrate-
dependent, with a preference for CI substrates.

Another finding in our experiments was that the STATE 2
respiration rate was increased in the F. limosus group under
both experimental conditions (with a significant difference
in CI-supported respiration, see Figure 4), indicating partial
mitochondrial uncoupling; yet, mitochondrial uncoupling was
not complete since mitochondrial respiration further increased

after the addition of ADP (Figure 4). Mild uncoupling of
mitochondrial respiration, leading to the decrease in membrane
potential, could yet be beneficial since it prevents the excessive
generation of reactive oxygen species (Skulachev, 1998).

Finally, a major indicator of mitochondrial function is RCR,
which represents a measure of the efficiency of oxidative
phosphorylation. Accordingly, another important finding of our
study was that RCR in the F. limosus group was significantly
lower in mitochondria energised with both substrate types.
This result, together with the finding of OXPHOS inhibition,
indicates that the chelae muscle mitochondria of this species use
oxygen less efficiently compared to P. leptodactylus. Literature
data suggest that dominance can modulate behavioural dynamics
through a better synchronisation of biomechanical activities
(Alcala et al., 2019).

Further Coexistence Scenario
Boldness is often related to intense activity and exploration
and less neophobic behaviour (Chapple et al., 2012), with
bolder individuals being more likely to be found in crowded
environments (Evans et al., 2010), and often associated with
invasive species ready to assume more risks (Hazlett et al., 2003;
Pintor et al., 2008; Reisinger et al., 2017). Invasive crayfish
encounter, along their paths, many different habitats, with
changing environments and biological associations. Our data
detected a bolder behaviour of invasives in novel environments
over the native crayfish, supporting the findings that animals
in prolonged highly changeable environments display less or no
neophobia (Modlinska and Stryjek, 2016; Meuthen et al., 2019).
Moreover, these results confirm a similar behaviour pattern
of invasive species, such as cane toads, in introduced habitats
(Candler and Bernal, 2014).

The fighting strategies (both inter- and intraspecific) of
different species vary (Fořt et al., 2019), and although body
size and chelae display are important in the initial assessment
of the competitor, these are no longer good indicators of the
outcome once the fight is initiated, as there is evidence that
these are unreliable signals of actual chelae strength (Walter
et al., 2011; Angilletta and Wilson, 2012). Consequently, species
aggressivity (Fořt et al., 2019) or even sheer force, as measured for
F. limosus in our study, influences the individual’s rank. Equally
important, prior research substantiated the idea that social rank
position and boldness level in animals are at least connected by
the same influencing factors (Boogert et al., 2006; Mettler and
Shivik, 2007). In our case, superior chela force seems determinant
in dominance and, therefore, in bolder behaviour, both being
advantageous for the invasive species.

The behavioural expression of boldness is influenced by
various factors such as resource availability, predation-risk cues
or even temperature (Hazlett et al., 2003; Seebacher and Wilson,
2006; Juette et al., 2014; Zhao and Feng, 2015; Reisinger et al.,
2017). Studies primarily investigating the trophic position of
these two crayfish species, in the same habitat of the Lower
Danube, revealed that the invasive F. limosus outcompetes the
native P. leptodactylus, pushing the latter to a lower position
(Pacioglu et al., 2019, 2020). Still, in this context, recovering

Frontiers in Ecology and Evolution | www.frontiersin.org 9 February 2021 | Volume 9 | Article 58124778

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


fevo-09-581247 February 4, 2021 Time: 15:22 # 10

Pârvulescu et al. Invasion Driven by Force

pockets (i.e., sub-populations) have been documented, where
males of P. leptodactylus have a larger chelae size compared to
those populations that did not encounter the pressure of invasive
species competition (Pacioglu et al., 2020). The reduced genetic
structure of these recovering populations (Pacioglu et al., 2020)
led to the assumption of a kind of resettlement of both crayfish
species’ competition over time, after invasion. Apparently, the
native species selectively increased its weapon in size in the
detriment of force (Seebacher and Wilson, 2006), whereas the
invasive species may already have passed through the basic
establishment period of a self-sustaining population in the
invasion dynamics (Song et al., 2006; Blackburn et al., 2011;
Hudina et al., 2015), documented as resulting in the increase
of its biological (i.e., foraging and reproductive) conditions
(Pârvulescu et al., 2015; Pacioglu et al., 2020). This would be
an encouraging scenario for these two species to further reach a
reasonable equilibrium of their coexistence.
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Developing an optimal diet for rearing endangered white-clawed crayfish
Austropotamobius pallipes is important for captive breeding success prior to wild
release. Four ex situ, 40-day experiments assessed survival and growth of crayfish fed
different treatment diets. Two experiments (A and B) were undertaken with hatchlings,
to determine if live food was an essential dietary component during the first few
weeks after hatching. The second set of experiments (C and D) were undertaken with
juvenile (60-day-old) A. pallipes, to determine an optimal diet after the initial critical
feeding stage. In experiment A, we fed hatchlings: i) live Artemia nauplii + plankton
(Live + P); ii) decapsulated Artemia cysts + plankton (Cyst + P) or iii) decapsulated
Artemia cysts + plankton encapsulated in agar gel (Gel + CP). Survival and growth
was significantly greater with Live + P than with the other two diets. In experiment B
we compared Live + P with commercially available feeds by feeding hatchlings: i) live
Artemia nauplii + Australian pellet (Live + Aus); ii) live Artemia nauplii plus New Zealand
pellet (Live + NZ); iii) live Artemia nauplii + plankton (Live + P); or (iv) practical Spanish
crayfish pellet diet (Spain). Under these experimental conditions crayfish survival was
significantly higher with Live + P diet than with Live + Aus or Spain. Growth was also
significantly greater with Live + P than with the Live + NZ or Spanish treatment diets.
In experiment C, 60-day-old juvenile A. pallipes were fed: i) defrosted plankton plus
vegetables (Standard) or (ii) defrosted plankton plus vegetables encapsulated in agar gel
(Gel + PV). Survival was not significantly different between the diets; however, growth
was significantly greater with the Standard diet rather than Gel + PV. In experiment
D, juveniles were fed four different diets: i) Australian pellet (Australia); ii) New Zealand
pellet (New Zealand); iii) plankton and vegetables (Standard); or iv) practical Spanish diet
(Spain). Survival was significantly lower in crayfish fed the New Zealand diet. Crayfish
growth was significantly greater with the Standard diet of plankton and vegetables than
all three pellet diets. Our results showed that live food is optimal for high survival and
growth in A. pallipes hatchlings and a plankton, plus vegetable, diet produces higher
growth in juveniles compared to pellet diets.
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INTRODUCTION

The white-clawed crayfish Austropotamobius pallipes is
endangered throughout its native range in the United Kingdom
and mainland Europe (Sibley et al., 2011). The loss of this
species is attributed to the spread of the invasive American
signal crayfish Pacifastacus leniusculus and associated crayfish
plague, caused by the pathogen/oomycete Aphanomyces astaci,
along with habitat degradation and pollution (Sibley et al., 2011).
In response to this decline, white-clawed crayfish aquaculture
is increasing in the United Kingdom and mainland Europe
(Nightingale et al., 2017).

A major issue with the mass-rearing of animals in captivity is
the provision of a well-balanced and nutritional diet, to ensure
good survival, growth and development, which is particularly
important for juvenile life stages. With crayfish, a critical period
of survival occurs during the first weeks, post-hatching, when
high mortality rates can occur due to a lack of adequate nutrition
(González et al., 2011; Celada et al., 2012). When crayfish hatch,
they initially feed on their egg yolk and remain attached to the
female’s pleopods. When they have undergone two moults and are
free-living, their exogenous mouth parts have formed and feeding
begins (Reynolds, 2002). Observations from the wild can provide
key information on suitable diets for captive-bred animals. Wild
A. pallipes are opportunistic omnivores, feeding on invertebrates,
carrion, vegetable matter, and organic and inorganic detritus
(Gherardi et al., 2004). Scalici and Gibertini (2007) found
stomach contents of wild-caught A. pallipes differing with age
and sex. Insect larvae were found to be a key component of
juvenile and adult female diets, in contrast, adult males mainly
fed on vegetable matter. These findings are also supported by
in situ analysis of the gut contents of A. pallipes juveniles, which
were shown to be feeding predominantly on aquatic invertebrates
(Paglianti and Gherardi, 2004). This ontogenetic diet shift may
be a result of the digestive enzymes within the hepatopancreas
altering as crayfish mature and this corresponds to changes in
diets (Hammer et al., 2000; Figueiredo and Anderson, 2003).

Several studies have examined feeding and nutrition
requirements of captive-bred crayfish, including P. leniusculus
(Carral et al., 2011; González et al., 2012), red swamp crayfish
Procambarus clarkii (Hua et al., 2015) and common yabby
Cherax destructor (Austin et al., 1997). Commercially available
fish-feed pellets were historically fed to all age-classes resulting in
low survival rates of hatchlings in both A. pallipes (Sáez-Royuela
et al., 2001) and P. leniusculus (Ulikowski et al., 2006; Sáez-
Royuela et al., 2007). Artemia nauplii have also been used as feed
for captive-bred juvenile crayfish, as these are a readily available
and easily produced substitute for insect larvae found in the diet
of wild juvenile crayfish. Artemia nauplii are a popular first feed
within aquaculture as they are high in protein and lipids and
contain proteolytic enzymes, which can aid the digestive abilities
of young animals (Bengtson et al., 1991). As Artemia will readily
feed on a wide variety of food items, they provide a useful vessel
for enrichment products, such as lipids and algae, to be easily
incorporated (Léger et al., 1986).

Artemia spp. is deficient in some nutrients, such as poly
unsaturated fatty acids and therefore is often enriched prior

to feeding juveniles (Coutteau and Mourente, 1997). When
hatchling P. leniusculus were reared using enriched live Artemia
nauplii, high survival rates of up to 80% were achieved (González
et al., 2008). After day 20, however, there was no significant
difference in survival between P. leniusculus fed on a pellet
diet and those fed live Artemia nauplii, although growth was
significantly greater if live Artemia were fed up to day 50
(González et al., 2011). Following on from this research, live
Artemia nauplii were replaced with Artemia cysts and fed to free-
living hatchling P. lenisuculus, also resulting in high survival rates
(81%) (González et al., 2009). Subsequently, a practical pellet
feed, incorporating decapsulated Artemia cysts, was developed
and high survival rates (86%) were achieved with hatchling
P. leniusculus (Carral et al., 2011).

Despite the ecological importance of A. pallipes, and likely due
to the previous lack of aquaculture of the species, commercially
available diets have not been tested or developed for the species.
This study presents results from a series of experiments testing
different diet formulations on the growth and survival of
hatchling and juvenile A. pallipes.

MATERIALS AND METHODS

Study Animals and Site
The crayfish used within the experiments were captive-born
juvenile A. pallipes, hatched from 21, wild-caught, ovigerous
females (collected from a local river population in South
Gloucestershire, England, under Natural England licence). The
females were brought into an indoor, closed-circuit, aquaculture
facility (in Somerset, England), two-months prior to the
experiment commencing. They were removed once the juveniles
had undergone two moults and were free-living. The experiments
took place within the same aquaculture facility. This comprised
24 glass tanks (0.12 m2 bottom area; 45 L3 total tank volume),
on a closed-circuit, recirculating system including a filtration
sump, with a de-gassing chamber, filled with bio-balls and a
fluidised sand bed. Water returned from the lidded tanks to
the sump via 2 mm meshed tanks outlets (to prevent escape)
and was fed back to the tanks from the sump via an ultraviolet
filtration unit. Turnover rate was four times per hour and
total system water volume was 1,200 L3. Water temperature
varied between 12 and 18◦C over the course of the experiments.
The temperature range was controlled with coolers, to ensure
there was a maximum temperature variation of <3◦C, over a
24 h period. The photoperiod was ambient and averaged 12 h
light and 12 h dark. Each experimental tank had a 30 mm
substrate base layer of coral sand and fine gravel (0.4–1.0 mm
diameter). Polycarbonate 10 mm sheeting, held down with
substrate, provided refuges (two per crayfish), together with
15 mm internal diameter pipe for the larger animals. All tanks
were gravel-siphoned weekly and 20% of the water was replaced
with rainwater, collected within a water reservoir adjacent to
the aquaculture facility. Water quality was measured weekly
using a Colombo Testlab water testing kit (Aquadistri UK Ltd.,
Cambridgeshire, United Kingdom). Chemical levels remained
consistent throughout the experiment: ammonia <0.1 mg/L,
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nitrite <0.1 mg/L, nitrate <15 mg/L, phosphate 0.2 mg/L, pH 7.8,
calcium ≥35 mg/L, general hardness 10 KH, potassium hardness
8 KH and a level of dissolved oxygen ≥90%.

Experimental Procedure
Four feeding experiments (A–D) took place over two breeding
seasons. Experiments A and B were with juvenile (20-day-
old), hatchling A. pallipes with an initial mean carapace length
(mm ± SD) of 5.3 ± 0.14 mm. All hatchlings had undergone
two moults, having fully formed mouth parts and uropods.
Experiments C and D used 60-day-old crayfish, with an initial
mean carapace length of 7.9± 0.23 mm. For each experiment, the
juvenile A. pallipes were randomly selected and put into different
treatment tanks, with six replicates of each, at varying densities
for each food treatment to be trialled (Table 1). All experiments
ran for 40 days.

Experiment C used juvenile crayfish that had not been
used in experimental trials and had been fed an enriched
diet of live Artemia fransicana nauplii and defrosted plankton
since hatching. In contrast, experiment D used the same
experimental crayfish that were in B as an extension of
this experiment. Therefore, in experiment D, the live food
component was removed after day-40 for treatments i, ii and
iii, whereas treatment iv remained the same throughout both
experiments B and D.

All diets, (except the pellet-only Spanish practical diet
treatment, tested in experiments B and D), were enriched with
1 mL multivitamins, 1 g Spirulina, 1 mL lipids, plus 1 g
of the carotenoid Astaxanthin, which was added to prevent
the crayfish turning blue (Menasveta et al., 1993; Lorenz and
Cysewski, 2000). As these enrichments were already included
in the Spanish practical diet they were excluded. Additionally,
the Spanish practical diet was not presented with live Artemia

as the pellet already contained Artemia cysts. The defrosted
plankton used in all four experiments was gamma-irradiated,
prior to freezing. The A. fransicana nauplii were hatched from
A. fransicana eggs and 24 h, post-hatching, were then gut-loaded
with 0.1 mL Nannochloropsis spp., and enriched with highly
unsaturated fatty acids (HUFA), for 8 h, prior to feeding to
crayfish (Supplementary Table 2). The gel diet (for experiments
A and C) was made by mixing 1.5 g of potato dextrose agar
powder and 0.8 g of locust bean gum, which was added to
help binding. To this mixture, 50 mL of water was added
and then boiled for 1 min. The mixture was allowed to cool
to 35◦C before the other food items were added, to ensure
that the mixture did not solidify but was cool enough to
prevent the protein within the food items denaturing (Lepock,
1997). The mixture was then put in a fridge to set. For
experiment A, we added 9 g of enriched plankton and 2 g
of enriched decapsulated A. fransicana cysts to the gel. For
experiment C, we added 8 g of enriched plankton and 3 g of
vegetable mix (Supplementary Table 1), plus 1g of Spirulina.
The pellet diets were commercially available crayfish-specific
pellets (Supplementary Table 2). As these are commercially
available diets not all content of the formulas was available.
For experiments B and D, the crayfish the standard diets
were made up at a ratio of three parts plankton to one
part vegetable mix.

All crayfish were fed to excess, at a rate of approximately
4% of bodyweight of food per individual, presented at 18:00
daily. For hatchlings (experiments A and B), live A. fransicana
or decapsulated A. fransicana cysts were fed at a rate of
500/crayfish/day; plankton, pellet or gel diets were fed at a rate
of 0.01 g per day. For juveniles (experiments C and D), crayfish
were fed at a rate of 0.02 g of food per animal per day. In both
hatchling experiments, plankton or pellet was offered, in addition

TABLE 1 | Four feeding experiments A–D, on A. pallipes including dietary treatments, density equivalent, treatment replicates, duration of experiment, and
age-class of animals.

Experiment Treatments Date Crayfish/tank (/m2) Treatment replicates Age-class

A (i): Live Artemia + plankton1 (Live + P)
(ii): Artemia cysts + plankton1

(Cyst + P)
(iii): Artemia cysts + plankton1 in gel
(Gel + CP)

Jul–Aug’16 12 (100) 6 hatchlings

B (i): Live Artemia + Australian pellet
(Live + Aus)
(ii): Live Artemia + New Zealand pellet
(Live + NZ)
(iii): Live Artemia + plankton1 (Live + P)
(iv): Spanish practical pellet diet (Spain)

Jun–Jul’17 16 (150) 6 hatchlings

C (i): Plankton2
+ vegetable3 (Standard)

(ii): Plankton2
+ vegetable3 in gel

(Gel + PV)

Aug–Sep’16 12 (100) 6 60-day

D (i): Australian pellet (Australia)
(ii): New Zealand pellet (New Zealand)
(iii): Plankton2

+ vegetable3 (Standard)
(iv): Spanish practical pellet diet (Spain)

Jul–Aug’17 16 (150) 6 60-day

1Experiments A and B – defrosted plankton = equal proportions cyclops, Daphnia and rotifers.
2Experiments C and D – defrosted plankton = equal proportions of bloodworm, Mysis, krill and Daphnia.
3Vegetable – equal proportions of spinach, chard, peas, carrot and kale blended and frozen.
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to the live food element, recognising that a combination diet may
be important for crayfish growth and survival.

All four experiments were approved by the University of
Bristol’s Animal Welfare and Ethical Review Board (AWERB)
and the Bristol Zoological Society’s Conservation, Ethics and
Sustainability Committee (CESC). Wild collection of animals was
carried out under Natural England crayfish survey licence and an
Environment Agency trapping licence. Crayfish were maintained
in captivity under a Natural England scientific handling licence.
The Crayfish Research Unit was inspected and certified as a
hatchery facility by the Centre for the Environment, Fisheries and
Aquaculture Science (Cefas).

Data Analysis
All crayfish were counted and individually measured on day-1
and day-40 (mm± SD) of the experiments, to determine survival
and growth. Growth was quantified by the carapace length, which
was measured from the anterior edge of the rostrum to the
posterior edge of the cephalothorax to the nearest 0.1 mm using
Vernier callipers (Moore and Wright, Sheffield). Crayfish growth
in each treatment group was calculated by subtracting the starting
average carapace length from the final average carapace length.

To determine if there were any significant differences between
the survival (% ± SD) with the different dietary treatments,
data were examined using binomial generalized linear models
(function glm, R package lme4) (Bates et al., 2015). To determine
if there was any difference in growth among the treatments,
data were examined with an ANOVA. Goodness-of-fit to normal
distributions was checked by running the Shapiro - Wilk test on
residuals (Shapiro and Wilk, 1965), prior to using an ANOVA.
To determine if there were differences in growth among the
treatments, data were log-transformed and examined with linear
mixed models (function lmer, R package lme4) (Bates et al.,
2015) or ANOVA if tested at tank level. The treatments were
considered as fixed effects, and tanks were considered a random
effect. The alpha level was set at p < 0.05. Only variables that had a
significant effect were retained in models. Statistical analyses were
performed using R 3.2.5 (R Development Core Team, 2006).

RESULTS

Experiment A
Survival for those fed with the Live + P diet (91.7 ± 6.4%) was
significantly higher than for those fed the Cyst+ P (43.7± 23.2%)
or Gel + CP (43.7 ± 8.9%) diets (z285 = 6.28, p < 0.001). There
was no significant difference in crayfish survival between the
Gel+ CP and Cyst+ P diet (z285 = 0.06, p = 0.95) (Figure 1).

Crayfish growth with the Live + P was significantly greater
(2.4 ± 0.1 mm), than with the Cyst + P (2.0 ± 0.3 mm), or
Gel+ CP (2.0± 0.2 mm) diets (F2,169 = 14.94, p < 0.001). There
was no significant difference in growth between the Gel+CP and
Cyst+ P diet (Figure 2).

Experiment B
Hatchling crayfish survival from day-1 to day-40 was significantly
higher (z383 = 2.3, p = 0.02) with the Live + P diet

FIGURE 1 | Percentage survival of hatchling A. palliipes, within the different
treatment diets: live Artemia nauplii plus plankton (Live + P); Artemia cysts
plus plankton (Cyst + P); or Artemia cysts plus plankton incorporated into agar
gel (Gel + CP), at day-40. A different letter denotes significance between
treatments. Error bars represent standard deviations.

FIGURE 2 | Mean growth (final carapace length – start carapace length mm)
of hatchling A. pallipes, within the different treatment diets: live Artemia nauplii
plus plankton (Live + P); Artemia cysts plus plankton (Cyst + P); or Artemia
cysts plus plankton incorporated into agar gel (Gel + CP), at day-40.
A different letter above a treatment denotes significance. Error bars represent
standard deviations.

(95.8 ± 5.1%) than with the Live + Aus (85.4 ± 12.3%) and
Spain treatment diets (80.2 ± 6.1%) (z383 = −3.0, p = 0.002).
Crayfish survival with the Live + NZ diet (91.7 ± 7.6%)
was significantly higher than with the Spain diet (z383 = 5.5,
p = 0.03) but was not significantly different from the Live + Aus
diet (Figure 3).

From day-1 to day-40, crayfish growth was significantly
greater with the Live + P treatment diet (2.5 ± 0.1 mm)
than with the Live + NZ and Spain diet (F3,335 = 7.1,
p < 0.001). There was no significant difference between
growth with the other three diet treatments (mean
2.24± 0.06 mm) (Figure 4).
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FIGURE 3 | Percentage survival of hatchling A. pallipes for the four different treatment diets: Live Artemia nauplii plus Australian pellet (Live + Aus); Live Artemia
nauplii plus plankton (Live + P); Live Artemia nauplii plus New Zealand pellet (Live + NZ) and the Spanish practical crayfish pellet diet (Spain), from day-1 to day-40.
A different letter above a treatment denotes significance. Error bars represent standard deviations.

Experiment C
For the juvenile A. pallipes, there was no significant difference in
crayfish survival between Standard (97.9 ± 5.9%) and Gel + PV
diet (96.9± 6.2%) (t187 = 0.45, p = 0.65) (Figure 5).

Crayfish growth (mm ± SD) on the Standard diet
(3.1 ± 0.3 mm) was significantly greater than those on the
Gel+ PV diet (2.4± 0.2 mm), (t187 = 4.38, p < 0.001) (Figure 6).

Experiment D
For the juvenile crayfish, survival from day-40 to day-80
was significantly lower in the New Zealand treatment diet

FIGURE 4 | Mean growth (final CL – start CL mm) of hatchling A. pallipes for
the four different treatment diets: Live Artemia nauplii plus Australian pellet
(Live + Aus); Live Artemia nauplii plus plankton (Live + P); Live Artemia nauplii
plus New Zealand pellet (Live + NZ) and the Spanish practical crayfish pellet
diet (Spain), from day-1 to day-40. A different letter above a treatment
denotes significance. Error bars represent standard deviations.

(78.4 ± 10.3%) than all the other three treatments: Australia
(97.4 ± 4.1%); (z383 = 3.2, p < 0.001), Standard (92.5 ± 11.6%);
(z383 = 2.2, p = 0.03) and Spain (96.3 ± 4.0%); (z383 = 3.2,
p < 0.001). Crayfish survival was not significantly different
between the other three treatment diets (Figure 7).

From day-40 to day-80, crayfish growth was significantly
greater within the Standard treatment diet (2.5 ± 0.4 mm) than
with all three other treatment diets: Australian (1.4 ± 0.3 mm,
p < 0.001); New Zealand (2.0 ± 0.2 mm, p = 0.01); and
Spanish diets (1.1 ± 0.3 mm, F3,20 = 28.52, p < 0.001). Crayfish
growth with the New Zealand pellet was significantly greater than
with the Australian pellet (p = 0.01) and Spanish practical diet
(F3,20 = 28.52, p < 0.001) (Figure 8).

DISCUSSION

Hatchling Survival
In both experiments with hatchling A. pallipes (A and B),
consistently high survival rates (>85%) were achieved with
crayfish fed with enriched live Artemia (with additional
food sources). This is thought to be due to its nutritional
components, having a high protein content (>50%) and
levels of lipids and fatty acids (Treece, 2000). González et al.
(2012), demonstrated that a level of 55% protein was optimal
for survival and growth of hatchling P. leniusculus; with
levels of over 33% required, to not compromise survival.
However, the essential nutritional elements that hatchling
crayfish require still remain unknown (González et al.,
2011). During the first 4–6 weeks of life, the levels of
digestive enzymes steadily increase as the hepatopancreas
matures (Hammer et al., 2000). The proteolytic enzymes
that Artemia nauplii contain may make digestion of dietary
items easier for crayfish hatchlings and contribute to the
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FIGURE 5 | Percentage survival of juvenile A. pallipes, within the different
treatment diet, plankton plus vegetable (Standard) or plankton plus vegetables
incorporated into agar gel (Gel + PV), between day-1 to day-40. Error bars
represent standard deviations.

FIGURE 6 | Mean growth (final CL – start CL mm) of juvenile A. pallipes,
within the different treatment diets, plankton plus vegetable (Standard) or
plankton plus vegetable incorporated into agar gel (Gel + PV), between day-1
to day-40. A different letter above a treatment denotes significance. Error bars
represent standard deviations.

maturation process of the hepatopancreas (Léger et al., 1986;
Bengtson et al., 1991).

Lower survival rates occurred with Artemia cysts plus
plankton (experiment A), than with live Artemia. This suggests
that the nutritional content was not optimal and live Artemia
nauplii are a more suitable first food item than Artemia cysts. This
is potentially because prey motility is important for A. pallipes
hatchlings with the movement of the nauplii stimulating them to
feed. This is in contrast to a study on hatchling P. leniusculus,
where no significant difference in survival between Artemia cysts
and live Artemia nauplii was observed (González et al., 2009).
When four age classes of yabby Cherax destructor were tested
with live plankton versus pellet food, they spent 85% of their time
feeding on live food and 15% feeding on the inert pellets (Meakin
et al., 2008), demonstrating a preference for live food items.
This was also observed in a study where juvenile hairy marron

Cherax tenuimanus, when presented with both live Daphnia and
pellet, showed a significant preference for feeding on the live food
(Meakin et al., 2009). While observations on feeding preferences
were not made as part of this study, a preference for live food
items may be a result of their greater nutritional value. A stronger
feeding response might have also been triggered by the presence
of the live A. fransicana and therefore more food was ingested in
total by the hatchlings in comparison to alternative diets.

The practical Spanish diet (experiment B), which contained
Artemia cysts, within the pellet mix, achieved higher survival
rates in hatchling crayfish than the rehydrated, decapsulated
Artemia cysts, with or without agar gel. The higher survival
rate in trials, which contained live elements, suggests there were
some nutritional elements lacking from the non-live treatment
diets, which could be due to the quality of the original food
elements (such as the cysts) or the preparation. For example,
in a study by Kouba et al. (2011), industrially decapsulated
Artemia cysts produced lower growth and survival rates than
freshly decapsulated cysts fed to six-month-old noble crayfish
Astacus astacus.

Artemia cysts like Artemia nauplii also contain proteolytic
enzymes. In a study by Garcıa-Ortega et al. (1998) the
composition of both Artemia cysts and newly hatched Artemia
nauplii was investigated. There was little difference in protease
enzyme activity at the time of hatching; however, the enzyme
levels increased as the nauplii developed. In our experiments,
we fed the Artemia nauplii at 30 + hours post-hatching. When
newly hatched, the Artemia nauplii lack exogenous mouth parts
(Sorgeloos et al., 2001). We therefore grew on the nauplii until
they had sufficiently developed mouth parts, to enable them
to feed on the food items offered. From Garcıa-Ortega et al.
(1998), protease activity was elevated and increasing up until
the end of their study (7-hours post-hatching), suggesting that
this proteolytic enzyme levels would increase with older nauplii,
which could help to explain the increase in growth and survival
that we experienced in our experiments.

Hatchling survival was lowest in the Spanish diet compared
to the other treatment diets and survival was highest in the
Live + P diet (experiment B). Due to the potential for increased
food consumption in the presence of live feed, the exclusion
of live Artemia when animals were fed the Spanish practical
diet may have limited consumption in comparison to other
pellet diets tested.

Hatchling Growth
Growth of the hatchlings (experiment A) was significantly greater
when fed live Artemia nauplii plus plankton diet (Live + P)
in comparison to decapsulated Artemia cysts plus plankton
(Cyst + P). This was despite significantly lower numbers of
crayfish within the cyst treatment groups during this time
period due to mortalities. Previous studies have shown there
is an increase in growth with a reduction in crayfish density
(Nightingale et al., 2018), which was not observed in this case,
and therefore suggests that diet was a limiting factor. Growth of
the hatchlings (experiment B) was also significantly greater when
fed live Artemia nauplii plus plankton diet (Live + P) than when
they were fed the Live+ NZ or Spanish diets.

Frontiers in Ecology and Evolution | www.frontiersin.org 6 March 2021 | Volume 9 | Article 60710087

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


fevo-09-607100 February 26, 2021 Time: 20:16 # 7

Nightingale et al. Dietary Requirements for A. pallipes

FIGURE 7 | Percentage survival of juvenile A. pallipes for the four different treatment diets: Australian pellet (Australia); New Zealand pellet (New Zealand); plankton
plus vegetable (Standard); and the Spanish practical crayfish diet (Spain); from day-40 to day-80. A different letter above a treatment denotes significance. Error bars
represent standard deviations.

FIGURE 8 | Mean growth (final CL – start CL mm) of juvenile A. pallipes for the four different treatment diets: Australian pellet (Australia); New Zealand pellet
(New Zealand); plankton plus vegetables (Standard); and the Spanish practical crayfish diet (Spain), from day-40 to day-80. A different letter above a treatment
denotes significance. Error bars represent standard deviations.

The survival and growth of hatchling A. pallipes fed live
food is consistent with previous studies on P. leniusculus (Sáez-
Royuela et al., 2007) and C. destructor (Austin et al., 1997) where
growth and survival of hatchling crayfish was significantly higher
when fed live food rather than other treatment diets. The fact
that hatchling survival and growth was improved with live food
and plankton is supported by studies of A. pallipes analysing
gut contents, which found that juvenile crayfish ingest a high
proportion of invertebrates in their diet (Gherardi et al., 2004;
Reynolds and O’Keeffe, 2005).

Juvenile Survival
There was no difference in survival between the treatments
in experiment B, indicating that the critical life phase was

over. However, in experiment D, crayfish fed the New Zealand
pellet diet had significantly lower survival rates than the three
other treatment diets, suggesting there may be some nutritional
element lacking within this particular diet for A. pallipes
juveniles. There are lower levels of protein in the New Zealand
diet, compared to the other pellet feeds, which may result in
lower survival rates. Mortalities were often observed during the
moulting stage, where a lack of adequate nutrition can cause
crayfish to die whilst moulting due to a lack of sufficient energy
(Bowser and Rosemark, 1981).

Juvenile Growth
Crayfish growth was significantly higher in the Standard diet
than in the Standard diet encapsulated in agar diet (experiment
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C), suggesting that the crayfish were not ingesting the same
food items in the same quantities. In experiment D, crayfish
growth in the Standard diet was significantly greater than in
the all three other pellet treatment diets, suggesting that the
crayfish were either eating more or better quality food items.
In contrast to juvenile survival rates, the New Zealand pellet
diet elicited better growth when compared to the Australian and
Spanish diets; although this may have been due to cannibalism
in the New Zealand pellet trial tanks, as this corresponded to
a reduction in crayfish numbers within the tanks and not all
the mortalities were accounted for. The crayfish may have been
attacking moulting crayfish due to a nutritional deficiency within
the diet (synchronised moulting was not occurring and therefore
some crayfish were susceptible to cannibalism at this time).
Alternatively, the reduced numbers of crayfish in the treatment
tanks, due to the lower survival rate, caused an increase in
growth of the remaining individuals (Savolainen et al., 2004;
Nightingale et al., 2018).

The reduction in A. pallipes growth experienced with several
of the treatment diets from day 40-80 is typical for this species.
In a recent paper by Nightingale et al. (2018), a 240-day study
of A. pallipes hatchlings, found growth was highest in the first
60-days (47.1% ± 6.6%). Growth then dropped to an average
14.1% ± 5.8% increase with every 60-day increment. This
corresponds to other crayfish studies, which found that smaller
crayfish grow faster than larger crayfish (Evans and Jussila, 1997;
Jones and Ruscoe, 2000).

Agar Treatments
Crayfish graze periodically; therefore, if their food source is
encapsulated within a gel, it should not degrade as quickly in
water and should retain both its palatability and nutritional value
for longer. This is supported by a study investigating survival
and growth in juvenile (10 g) white yabby Cherax albidus. The
crayfish were either fed fish and potatoes or this fresh food
was encapsulated within pectin, alginate, agar or chitosan. There
was a significant increase in growth when using the gel diets in
comparison to a fresh food diet without gel (Coccia et al., 2010).
However, this was not the case in our experiments (A and C).
The agar may not be suitable as an early food item for A. pallipes
hatchlings and juveniles, performing poorly in contrast to the
plankton diets in both experiments A and C. Crayfish may be
consuming too much agar and not enough of the other dietary,
protein-based items at a life-stage where protein is an important
dietary component.

Palatability
Studies on the palatability of diets have shown crustaceans will
increase their feeding when particular stimulants are added to
their diet (Harpaz et al., 1987; Hua et al., 2015). Crustacean
species within aquaculture have preferences for specific textures
and softness of food items (Cox and Johnston, 2003). In the case
of both the agar-encapsulated (experiments A and C) and the
pellet diets (experiments B and D), versus the plankton diets
(experiments A–D), the plankton may be more palatable to the
crayfish, in terms of both taste and texture, and therefore more is
ingested, which increases growth.

Ontogenetic Dietary Changes
It has been suggested that as crayfish species mature they
become predominantly detritivores (Paglianti and Gherardi,
2004); however, isotopic analysis of tissue suggests that aquatic
invertebrates form a significant part of the diet throughout all
age classes as found in koura Paranephrops zealandicus (Hollows
et al., 2002) and P. leniusculus (Stenroth et al., 2006). A recent
study investigated reproductive ability and growth in P. clarkii
showed there was a significant increase in both fecundity and
specific growth rate when zooplankton diets were offered rather
than a commercial pellet feed. It indicates that the importance
of zooplankton within crayfish diets at all age classes should
not be underestimated (Sonsupharp and Dahms, 2017). This
could explain why even in the older crayfish growth was still
improved with the Standard diet, which was still predominantly
consisting of plankton.

CONCLUSION

Enriched live diets are important for high survival and growth
of A. pallipes from when the hatchlings are free-living, up until
day-60, after which time the hepatopancreas and associated
proteolytic enzymes are more mature. The hatchling may be
using the proteolytic enzymes from the A. fransicanca to aid
digestion at this early life stage. The enriched plankton diet
consistently produced high rates of survival and growth in
A. pallipes in both the hatchling and juvenile experiments (A–
D), in comparison to all other diets offered, which suggests that
nutritional quality and palatability is optimal. This is supported
by studies of wild-caught A. pallipes juveniles, which consume
a diet of predominantly aquatic invertebrates (Scalici and
Gibertini, 2007). Therefore, it is possible that pellets do not give
optimal nutrition in comparison to a more natural diet and the
A. pallipes juveniles are showing a natural tendency to consume
plankton rather than the artificial feeds offered. Evidence suggests
that zooplankton may be important within crayfish diets at all
age classes Hollows et al., 2002; Reynolds and O’Keeffe, 2005;
Stenroth et al., 2006; Sonsupharp and Dahms, 2017). Therefore
further research is required, to assess the long-term effects on
growth, survival and fecundity of A. pallipes offered a solely
pellet-based diet, rather than more natural food items.

The pellet diets used in this study were commercially available
crayfish-specific pellets. As these are commercially produced
diets, not all content and quantities of the formulas was available
from the suppliers. However, the percentage values for proteins
and lipids were provided for all diets; these are the components
of the diets that have been discussed.

Pellet diets are a cheaper and more convenient option than
producing bio-secure live food or gamma-irradiated frozen
plankton. Where time and financial constraints are not an issue,
feeding live Artemia plus enriched plankton for the first 40-days
and then moving on to an enriched plankton diet is optimal for
high survival and growth in A. pallipes. However, if A. pallipes
are to be produced on a larger-scale, it may be more efficient
to offer the practical crayfish pellet diet for all life-stages, but
growth, survival and potentially fecundity may be compromised.
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All the diets trialled in these experiments have been specifically
designed for particular species of freshwater crayfish, which may
have different nutritional requirements, and therefore there may
not be a specific diet that will work for all the species that are bred
and reared. Therefore, for juvenile A. pallipes it is suggested that
an enriched plankton and vegetable diet, with a live food element
during the first weeks, will produce the best survival and growth.
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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
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(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

Frontiers in Ecology and Evolution | www.frontiersin.org 9 March 2021 | Volume 9 | Article 621613100

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 # 10

Manenti et al. Successful White-Clawed Crayfish Reintroduction

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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eDNA Detection of Native and Invasive
Crayfish Species Allows for
Year-Round Monitoring and
Large-Scale Screening of Lotic
Systems
Franziska Chucholl 1,2*, Franziska Fiolka1, Gernot Segelbacher2 and Laura Saskia Epp1*

1Laboratory of Environmental Genomics, Limnological Institute, University of Konstanz, Konstanz, Germany, 2Laboratory of
Conservation Genetics, Wildlife Ecology and Management, University of Freiburg, Freiburg im Breisgau, Germany

Effective management of both endangered native and invasive alien crayfishes requires
knowledge about distribution, monitoring of existing and early detection of newly
established populations. Complementary to traditional survey methods, eDNA
sampling has recently emerged as a highly sensitive non-invasive detection method to
monitor crayfish populations. To advance the use of eDNA as detection tool for crayfish we
used a twofold approach: 1) we designed a novel set of specific eDNA-assays for all native
(Austropotamobius torrentium, Austropotamobius pallipes, Astacus astacus) and the
most relevant invasive crayfish species (Pacifastacus leniusculus, Faxonius limosus,
Faxonius immunis) in Central Europe. To ensure specificity each primer pair was tested
in silico, in vitro, and in situ; 2) we assessed the influence of spatio-temporal variables
(distance to upstream population, season, stream size) on eDNA detection in seven
streams using two different detection methods (qualitative endpoint PCR and quantitative
droplet digital PCR, ddPCR). The newly developed eDNA assays successfully detected all
crayfish species across different lotic and lentic habitats. eDNA detection rate (endpoint
PCR) and eDNA-concentration (ddPCR) were significantly influenced by distance and
season. eDNA detection was successful up to 7 km downstream of the source population
and across all seasons, although detectability was lowest in winter. eDNA detection rate
further decreased with increasing stream size. Finally, eDNA-concentration correlated
positively with estimated upstream population size. Overall, we provide near operational
eDNA assays for six crayfish species, enabling year-round detection, which represents a
clear benefit over conventional methods. Due to its high sensitivity, eDNA detection is also
suitable for the targeted search of as-yet unrecorded or newly emerging populations.
Using quantitative ddPCR might further allow for a rough estimation of population size,
provided that the identified spatio-temporal factors are accounted for. We therefore
recommend implementing eDNA-detection as a complementary survey tool,
particularly for a large-scale screening of data-deficient catchments or a year-round
monitoring.
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INTRODUCTION

Freshwater crayfish (Crustacea, Decapoda, Astacidae) are
among the most threatened animal taxa in Central European
fresh waters (Souty-Grosset et al., 2006; Chucholl and
Schrimpf, 2016). All of the three indigenous crayfish species
(ICS; Astacus astacus, Austropotamobius pallipes,
Austropotamobius torrentium) are listed under the Habitats
Directive and their conservation status is “unfavourable-
inadequate” to “unfavourable-bad” in all biogeographical
regions of the European Union with deteriorating
population trends (Habitats Directive 92/43/EEC). The
alarming population declines of native crayfish are driven by
several threats, of which the most imminent is the ongoing
spread of invasive non-indigenous crayfish species (NICS) of
North American origin (Holdich et al., 2009). These act as a
reservoir host for the causative agent of crayfish plague
(Aphanomyces astaci), a lethal disease for native crayfish
(Almeida et al., 2014; Chucholl and Schrimpf, 2016). In
addition to displacement by NICS and crayfish plague, ICS
suffer from pollution and degradation of habitats, and the
increasing frequency of summer droughts due to climate
change (Chucholl and Schrimpf, 2016).

Effective management of both ICS and NICS requires
knowledge about distribution, early detection of newly
emerging and monitoring of existing populations (Chucholl
and Dehus, 2011; Kouba et al., 2014; Agersnap et al., 2017).
However, conventional detection methods, such as manual
search and trapping, are often hampered by the nocturnal
behavior and elusive nature of crayfish (Peay, 2004).
Specifically, crayfish populations are very hard to detect at low
population densities, which are typical for early invasion stages of
NICS and deteriorating populations of ICS (Cowart et al., 2018;
Rice et al., 2018). What is more, conventional methods are mostly
successful during summer when animals are active, and are
normally associated with a disturbance of the habitat (Peay,
2004; Olarte et al., 2019).

In recent years, environmental DNA (eDNA) has emerged as
new monitoring tool to survey aquatic environments (Ficetola
et al., 2008; Goldberg et al., 2015; Yates et al., 2019), including
crayfish (Dougherty et al., 2016; Mauvisseau et al., 2017; Rusch
et al., 2020). The advantages of eDNA as monitoring tool are the
high sensitivity of the method, the possibility to screen large
sections of running waters with only a few sampling sites and the
non-invasive nature of the sampling (Larson et al., 2017; Geerts
et al., 2018). Detection by means of eDNA therefore shows
considerable promise for both the early detection of new or
spreading biological invasions (Jerde et al., 2011; Cowart et al.,
2018), as well as the monitoring of rare or endangered species that
also often occur at low abundances (Atkinson et al., 2019; Ikeda
et al., 2019). Moreover, the simultaneous detection of both ICS
and NICS is possible (Robinson et al., 2018). Studies on eDNA
detection of crayfish show general applicability of this novel
method and confirm its high sensitivity (Agersnap et al., 2017;
Mauvisseau et al., 2017; Rusch et al., 2020). For instance, in small
headwater streams in Japan, crayfish detection by means of
eDNA was more sensitive than conventional methods, i.e.

eDNA was found in sampling sites where a manual capture
failed to detect crayfish (Ikeda et al., 2016).

However, it is still largely unknown how environmental
factors and population properties affect detectability of
crayfish populations. For instance, eDNA transport distances
in lotic systems, that are often taxon-specific (Deiner and
Altermatt, 2014; Wacker et al., 2019), are unknown for
freshwater crayfish, although persistence of eDNA was
assessed in laboratory and mesocosm experiments (Dunn
et al., 2017; Harper et al., 2018). Moreover, unlike in other
taxa (Buxton et al., 2018; Wacker et al., 2019; Curtis et al.,
2020), seasonal variation of crayfish eDNA detectability has
never been consistently assessed; existing studies either
sampled only during one season or included preliminary field
experiments (Ikeda et al., 2016; Harper et al., 2018; Rusch et al.,
2020). Finally, water volume, e.g. during flood conditions, has
been found to influence eDNA detectability (Curtis et al., 2020).
This might imply an influence of stream size on crayfish eDNA
detectability, which, however, has not been investigated yet.
Overall, this lack of information is unfortunate as the routine
application of eDNA detection, for instance in applied
conservation projects, generally requires knowledge about
these relationships.

To advance eDNA as detection tool for Central European
crayfish we used a twofold approach: 1) we designed a novel set of
specific endpoint eDNA-assays for all native (Austropotamobius
torrentium, Austropotamobius pallipes, Astacus astacus) and the
most relevant invasive crayfish species (Pacifastacus leniusculus,
Faxonius limosus, Faxonius immunis) using a consistent multiple
step approach, including an in silico, in vitro and in situ
evaluation; 2) we assessed the influence of spatio-temporal
variables (distance to upstream population, season, stream
size) on eDNA detection. For this, we took water samples
from 40 sampling sites in seven streams using two different
detection methods (qualitative endpoint PCR and quantitative
droplet digital PCR, ddPCR). All samples were subjected to
endpoint PCR, whereas only a subset of samples (30 sampling
sites in four streams) was analyzed with ddPCR. Finally, ddPCR
was used to assess the relationship between estimated population
size and eDNA concentration in the water.

We expected that eDNA detection probability is highest
within or directly downstream of the population (Rice et al.,
2018) and during the main activity time from spring to autumn
(Harper et al., 2018). For small streams we expected a higher
eDNA detection probability than for large rivers because the
eDNA signal is probably diluted in a larger volume of water.
Furthermore, we hypothesized a correlation between eDNA
concentration in the water and estimated upstream population
size, as the eDNA signal probably integrates with the populated
stretch through downstream flow (Rice et al., 2018).

MATERIALS AND METHODS

Primer Design and Evaluation
For each crayfish species a specific eDNA-assay with species-
specific primers was developed. Primers were initially designed by
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visually screening alignments using the software Geneious Prime
2020.0.5 and evaluated for specificity using the program ecoPCR
(Ficetola et al., 2010). Species-specific primers, amplifying
fragments of 58–295 bp, were designed using alignments of the
standard animal barcoding marker Cytochrome c Oxidase
subunit I (COI). Alignments were built using published
sequences of the respective target species and sequences of a
range of non-target species. Accession numbers of the sequences
used are listed in Supplementary Table S1.

For Astacus astacus, Faxonius limosus and Faxonius immunis all
European sequences were used as target sequences. For
Austropotamobius pallipes only sequences from the West
European haplotype were included in the alignment, as A.
pallipes represents a species complex with several proposed (sub)
species, of which only the western form occurs in Central and
Northern Europe (Grandjean et al., 2000; Gouin et al., 2006). For
Austropotamobius torrentium, only haplotypes from the North of
the Alps were included as target sequences, as haplotypes from the
South of the Alpes belong to genetically different lineages (Trontelj
et al., 2005) For non-native Pacifastacus leniusculus only sequences
that belong to the subspecies P. l. leniusculus were included, because
the other subspecies have never been imported fromNorth America
into Europe (Larson et al., 2012). As outgroups, sequences of all
native and non-native crayfish species occurring in Europe, aquatic
species that are likely to occur in the same habitats (e.g.,Cottus gobio,
Salmo trutta, and Gammarus fossarum) and species that represent
common contaminants (e.g., humans and chicken) were included in
the alignment.

The alignment was visually inspected for suitable primer pairs,
which were subsequently tested in an in silico PCR for their
specificity against the public NCBI database, covering
approximately 160,000 taxa, using the program ecoPCR
(Ficetola et al., 2010). The specified conditions for the in silico
amplification allowed for a maximum of three mismatches for
each primer, but demanded a perfect match on the last two
nucleotides of the 3’ end of each primer. The minimum and
maximum amplified sequence lengths (excluding primers) were 5
and 1,000 bp, respectively. Output of the ecoPCR was
subsequently screened to ensure that amplified non-target

species do not occur in European freshwater habitats (i.e. they
were marine species, terrestrial species or species with a
distribution range outside Europe).

After the in silico evaluation, the most suitable primer pairs
were tested in vitro for their efficiency and specificity against
tissue and environmental samples (see below) in an endpoint
PCR. Each primer pair was tested with DNA extractions from
tissue samples of both the target species and of non-target crayfish
species, using DNA of the following: A. torrentium, A. pallipes, A.
astacus, P. leniusculus, F. limosus, F. immunis, Procambarus
virginalis. Finally, the best performing primer pair for each
crayfish species was selected (Table 1).

To ensure that the selected primers correctly amplified the
target amplicon, also in DNA extractions of environmental
samples, PCR-products of at least one environmental sample
for each primer were purified with ExoSAP-ITTM PCR Product
Cleanup (ThermoFisher Scientific) and DNA sequences were
obtained through Sanger-Sequencing (performed by
Microsynth Seqlab, Göttingen).

Study Populations
To test the efficiency and specificity of the novel set of eDNA-
assays in situ, a total of 13 water bodies with known populations
of the six target species were sampled (Figure 1). Detailed
information on water body characteristics and eDNA sampling
is summarized in Table 2. To prevent accidental transmission of
the crayfish plague agent between water bodies, the used sampling
equipment was cleaned and thoroughly dried for a minimum of
7 days upon each sampling occasion (OIE, 2019). In streams with
several sampling locations, sites were visited in direction of
stream flow to avoid upstream transmission of A. astaci
spores. Furthermore, in streams with both manual capture and
eDNA sampling (see Population Abundance and Size), the eDNA
sampling was always done before the manual capture, to prevent
contamination of eDNA sampling equipment with crayfish DNA.

eDNA Sample Collection and Extraction
At each sampling site and occasion, four replicates of water
samples were taken using sterile standup Whirl-Pak® sampling

TABLE 1 | Specific primer pairs for all crayfish species investigated in this study and ddPCR probes for A. torrentium and A. pallipes (species name and status, primer/probe
name, primer sequence, length in basepairs, annealing temperature (Ta) used in the PCR reaction).

Target species Species status Primer/probe Primer name Sequence (59-39) Length Ta

A. torrentium native forward Torr_COI_333F GGGTACCGGTTGAACTGTCTAC 22 58
A. torrentium native probe Torr_COI_381P HEX/CTCACGCAG/ZEN/GAGCCTCTGTAGAT/3IABkFQ 23 64
A. torrentium native reverse Torr_COI_514R CGATCTAAAGTTATTCCCACACCC 24 58
A. pallipes native forward Pall_COI_299F GAGGGTTAGTGGAGAGAGGG 20 60
A. pallipes native probe Pall_COI_353P FAM/CATCACT/ZEN/TTGCCCACGCAGG/3IABkFQ 22 66
A. pallipes native reverse Pall_COI_401R AAATCCCCAGATCCACAGACG 21 60
A. astacus native forward Ast_COI_324F GATTAGAGGAATAGTAGAGAGAGG 24 54
A. astacus native reverse Ast_COI_434R TGCCAAGTGTAATGAAAAAATCC 23 54
P. leniusculus invasive forward Len_COI_320F AAGAGGAGTGGGTACTGGAT 20 60
P. leniusculus invasive reverse Len_COI_428R AACACCCGCTAAATGAAGTG 20 60
F. limosus invasive forward Lim_COI_380F GAACAGTGTATCCTCCTCTC 20 54
F. limosus invasive reverse Lim_COI_522R GGCCCGTATATTAATAGCCG 20 54
F. immunis invasive forward Imm_COI_76F GAATAGTTGGGACTTCGTTAAGAT 24 54
F. immunis invasive reverse Imm_COI_516R CTGCACGTATATTAATAGCCGT 22 54
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bags (V � 2041 ml, Nasco). Upon sampling, water samples were
immediately put on ice in an opaque box and transported to the
laboratory. Per sample 2 L of water were filtered, but in some
cases, where the filter was clogged, the filtered volume was
reduced to 1.5 L. All water samples were filtered on the same
day using a membrane vacuum pump (VWR vacuum pump/
compressor VCP 130) connected to a filter flask attached to a
sterile analytical filter funnel with a Cellulose-Nitrate filter inside
(analytical filter funnels, CN, Nalgene®, pore size 0.45 µm). For
each sample, a new sterile filter funnel was used. Filters were
removed from the funnel with sterile forceps and the filter was
loosely rolled and put into a sterile 8 ml tube (Sarstedt).
Subsequently, samples were frozen at −20°C until DNA-
extraction. Extractions of eDNA samples were performed in a

clean laboratory that had never been exposed to crayfish DNA.
All extractions were carried out under an eDNA-extraction hood
in a pre-PCR lab that is physically separated from the PCR and
post-PCR lab to avoid back-contamination from PCR products.
Before and after every DNA-extraction the bench of the
extraction hood was cleaned with DNA-exitus, wiped with
ddH2O and sterilized with UV-light for 15 min. Extractions
were carried out using the DNeasy Power Water kit from
Qiagen, following the protocol of the manufacturer. For every
18 samples, one extraction blank was included.

Spatio-Temporal Sampling Design
To test for spatio-temporal effects (distance to upstream
population, season, and stream size) on eDNA detection a

FIGURE 1 | Map of the study area (federal state of Baden-Württemberg, southwestern Germany) showing all investigated water bodies. Native and invasive
crayfish populations are presented by blue- and red-colored symbols, respectively. Sampling sites with diamonds were used for spatio-temporal eDNA sampling,
whereas sampling sites with circles were only used for primer evaluation. See Table 2 for habitat characteristics.

TABLE 2 |Overview of the investigated water bodies with information on the target species, name and catchment of water body, habitat characteristics, sampling date and
sampling method.

No. Name Species Catchment Habitat Elevation [m] Sampling date Spatio-temp. Sampling

1 Bottwar A. astacus Neckar stream 277 Aug 2020 no
2 Wagensteigbach A. pallipes Rhine stream 531 Aug, Oct 2019 Feb, Apr 2020 yes (four sites), two sites in Oct
3 Aubächle A. pallipes Rhine small stream 344 Aug 2019 no
4 Brugga A. pallipes Rhine stream 352 Apr 2020 no
5 Attentalerbach A. torrentium Rhine small stream 412 Aug, Oct 2019 Feb, Apr 2020 yes (two sites)
6 Mühlbach A. torrentium Rhine small stream 318 Oct 2020 yes (seven sites)
7 Kirbach A. torrentium Neckar stream 244 Aug 2019 yes (two sites)
8 Danube P. leniusculus Danube river 663 May 2020 yes (three sites)
9 Radolfzeller Aach P. leniusculus Lake Constance small river 437 May 2020 yes (three sites)
10 Eggenbach P. leniusculus Lake Constance stream 652 Jun 2020 yes (five sites)
11 Lake Constance P. leniusculus Lake Constance large lake 395 May 2020 no
12 Lake Constance F. limosus Lake Constance large lake 395 Nov 2019 no
13 Goldbachsee F. limosus F. immunis Neckar small lake 450 Jul 2020 no

The numbering of water bodies corresponds to the respective numbers in Figure 1.
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total of 40 sampling sites in seven streams with known
populations of either A. torrentium (N � 3), A. pallipes (N �
1) or P. leniusculus (N � 3) were sampled (Table 2).
Contemporary population extent was either known from
monitoring surveys within the last 6 months or was surveyed
during this study in May and August 2020 using manual capture
following Chucholl and Schrimpf (2016). To account for spatial
effects on eDNA detection, each of these streams was sampled
with two to seven sampling sites. The most upstream sampling
site was always located within the core population and the
remaining sampling sites were distributed downstream of the
population in an equally spaced distance from each other. The
distance to the upstream crayfish population was measured as in-
stream distance between the lower distribution limit of the
population and the respective sampling site and ranged
between 800 and 7,000 m. The number of sampling sites
downstream of the core population was determined by the
distance between the lower distribution limit and the
confluence of the stream with the main water course. To make
sure that eDNA-concentration in the flow was not significantly
diluted by other waters, only streams without major tributaries
were selected. To investigate seasonal effects on eDNA detection,
a year-round sampling in spring, summer, autumn and winter
was done in two streams (c.f. Table 2). To assess the effect of
stream size on eDNA detection all investigated streams were
categorized into four size classes, according to their width
(0–5 m � small stream, >5–10 m � stream, >10–20 m � small
river, >20 m � river).

PCR Procedures
Endpoint PCR
Qualitative endpoint PCR was performed for all tissue and
environmental samples using a Flex Cycler (Analytik Jena). All
PCR assays were prepared in a prePCR lab either on a bench
(tissue samples) or under a UV hood reserved for PCR setup of
eDNA extractions (environmental water samples) that was
cleaned as outlined above for the UV hood used for DNA
extraction.

For runs that contained only tissue samples, each 21.5 µl
reaction contained 10 µl myTaq mix (MyTaqTM Mix, Bioline),
8 µl DEPC treated H2O, 0.5 µl BSA (4 mg/ml), 1 µl of each primer
(10 µM) and 1 µl template DNA. For amplification the following
cycling protocol was used: 95°C for 1 min (initial denaturation),
35 cycles of 95°C for 20 s (denaturation), 55 °C for 30 s
(annealing), 72°C for 20 s (elongation), and a final elongation
step at 72°C for 2 min.

For environmental water samples, all reactions were run in
triplicates including a positive control (tissue), an extraction
blank and a negative template control (NTC) for every run of
N � 22 samples. Prior to use, the PCR buffer, MgSO4 and BSA
solution were subjected to 5 min of UV irradiation at short
distance from the light bulbs in a UVP crosslinker CL-1000
(see recommendations by Champlot et al. 2010). Each subsequent
25 µl reaction contained 15.05 µl water, 2.5 µl buffer (10x), 0.25 µl
dNTPs (25 mM), 1 µl BSA (4 mg/ml), 1 µl MgSO4 (50 mM), 1 µl
of each Primer (10 µM), 0.2 µl polymerase (PlatinumTM Taq
DNA-Polymerase High Fidelity, InvitrogenTM, ThermoFisher

Scientific, 5 U/ul) and 3 µl template DNA. For amplification
the following cycling protocol was used: Initial denaturation at
94°C for 4 min, 55 cycles of denaturation at 94°C for 30 s, primer-
specific annealing at 52°C (F. limosus), 56°C (F. immunis, A.
astacus), 58°C (A. torrentium), 60°C (A. pallipes, P. leniusculus)
for 30 s, elongation at 72°C for 20 s, and a final elongation step at
72°C for 2 min. After amplification PCR products were visually
checked for bands of the correct amplicon size using a 2% agarose
gel electrophoresis stained with GelRed (Biotium, Hayward, CA).
If only one technical PCR replicate was positive, at least one PCR
product from this site was purified with ExoSAP-ITTM PCR
Product Cleanup (ThermoFisher Scientific) and subjected to
Sanger-Sequencing (performed by Microsynth Seqlab,
Göttingen) to exclude the possibility of false positives. Finally,
the detection rate was calculated as proportion of positive PCR
replicates per sampling site by dividing the number of positive
PCR replicates per site by the total number of PCR replicates per
site. The lower and a upper 95% confidence interval (CI) of the
detection rate was calculated using the R package epiR (R Core
Team, 2019; Nunes et al., 2020).

Droplet Digital PCR
In addition to the endpoint PCR, environmental samples from
the A. pallipes and A. torrentium streams (cf. Table 2) were
subjected to a quantitative droplet digital PCR (ddPCR) using a
BioRad QX200 system. To quantify target DNA of A. pallipes and
A. torrentium a double-quenched TaqMan probe was developed
according to the assay design guidelines for ddPCR (Bio-Rad).
The A. pallipes probe had a length of 22 base pairs:
Pallipes_COI_353P (/56-FAM/CAT CAG CTA/ZEN/TTG
CCC ACG CAG G/3IABkFQ/) and the A. torrentium probe
had a length of 23 base pairs: Torrentium_COI_381P (/56-
HEX/CTC ACG CAG/ZEN/GAG CCT CTG TAG AT/
3IABkFQ/). In the ddPCR every sample is partitioned in
20,000 droplets and target and non-target DNA is distributed
randomly. In every single droplet a PCR reaction takes place. The
target DNA is marked by the fluorescence probe and the number
of positive droplets is measured by a droplet reader. All ddPCR
reactions were run in triplicates with a positive control (tissue), an
extraction blank and an NTC for each 96 well PCR plate. Each
22 µl reaction contained 11 µl of ddPCR Supermix for Probes (Bio
Rad), 1 µl of the probe (5.5 µM), 1 µl of each primer (19.8 µM),
6 µl of DEPC treated H2O and 3 µl of template DNA. Of each
22 µl reaction 20 µl were transferred to a BioRad QX200 droplet
generator, which partitioned each reaction mixture into
nanodroplets by combining 20 µl of the reaction mixture with
70 µl of BioRad droplet oil for Probes. After processing, this
resulted in a total nanodroplet volume of 40 μl, which was
transferred to a 96 well PCR plate for amplification on Bio
Rad C1000 Touch™ thermal cycler using the following cycling
protocol: hold at 95°C for 10 min, 40 cycles of 94°C for 30 s
(denaturation), 58°C (A. torrentium) or 60°C (A. pallipes) for 30 s
(annealing), 60°C for 30 s (elongation), and a final enzyme
deactivation step at 98°C for 10 min. The plate was then
analyzed on a QX200 droplet reader. The DNA copies in each
reaction were calculated (absolute quantification) using the
manufactures software (QuantaSoftTM Analysis Pro 1.0.596),
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which separates negative from positive droplets. A ddPCR
replicate was scored as positive, when two or more droplets
were positive. The QuantaSoftTM software automatically
calculates the number of copies per µl of the final PCR Mix,
which was subsequently converted to copies per µl of the starting
sample using the following formula: number of copies per μl ×
25 μl (the initial volume of the PCR Mix used for each reaction)/
3 µl (the volume of template DNA used for each reaction). As for
the endpoint PCR, a water sample was considered as positive,
when one or more of the three technical ddPCR replicates were
positive. Finally, the mean number of DNA copies per µl was
calculated for each water sample by averaging the three technical
ddPCR replicates.

Population Abundance and Size
To assess whether eDNA-concentration obtained by ddPCR was
related to upstream crayfish population size, the size of six A.
pallipes and A. torrentium populations was estimated from point
abundance data and the population extent upstream of the
sampling site. Abundance (indiv./m2) of crayfish was
estimated with the “removal capture”-method (two-pass
depletion approach) in August 2020 (Gouin et al., 2011). For
this, a defined stretch of the stream was searched twice for
crayfish by carefully inspecting potential shelters (e.g. stones,
submerged roots) with a standardized effort. After the first pass,
captured animals were temporarily removed from the stream
until the second pass was undertaken. From the number of
crayfish caught in the first and the second pass and the
sampled area an estimate for the abundance (±confidence
interval, CI) was calculated using the R package FSA (Ogle
et al., 2020). Upstream population extent was assessed as in-
stream distance between the respective eDNA sampling site and
the upper distribution limit of the population. The distribution
limit was taken from recent crayfish surveys in the course of the
Habitats Directive (survey years: 2017–2019, fish and crayfish
database of the federal state of Baden-Württemberg, FiAKa).
Upstream population size was then calculated from the point
abundance estimate and the upstream population extent, with
confidence intervals propagated from the CI of the removal
capture estimate. All crayfish samplings were done in
agreement with the federal fisheries and nature conservation laws.

Statistical Analyses
All statistical analyses were performed using the software R 4.0.3
(R Core Team, 2019). Prior to statistical analyses, all variables
were checked for normality and nonparametric tests were used
when appropriate. Multiple linear mixed-effect models (LMM)
were used to assess the effects of the spatio-temporal candidate
predictors (distance to upstream population, season, and stream
size) on eDNA detection rate (endpoint PCR) and eDNA-
concentration (ddPCR), respectively. For the endpoint PCR,
the proportion of positive PCRs per sampling site (detection
rate) and for the ddPCR, the mean eDNA concentration per
sampling site was used as dependent response variable. The
stream ID was included as a random factor, as samplings sites
were not independent from each other. Distance to upstream
population (Dist. [m]), season (factor with four levels) and stream

size (ordered factor with four levels) were included as
independent explanatory variables. To identify the optimal
model, four candidate models containing different
combinations of the predictor variables were compared based
on the Akaike information criterion, corrected for small sample
size (AICc). The AICc is a model selection tool that measures
model fit based on likelihood, with a penalty for model
complexity (Chambers and Hastie, 1992; Zuur et al., 2009).
Then the model with the highest Akaike weight (wAICc) and
the highest relative likelihood (rel. LL) was selected and its
performance was tested against a null model that only
included a constant predictor as a fixed effect. For all model
comparisons, individual models were fitted with maximum
likelihood (ML) (Zuur et al., 2009). To examine the optimal
model in detail, it was fitted with restricted maximum likelihood
(REML) and predictor effects were assessed by analysis of
deviance (Type II Test) (Zuur et al., 2009). As a measure of
goodness of fit of the optimal model, marginal R2 were calculated
following Nakagawa et al., 2017. To test for a correlation between
estimated population size and eDNA concentration a Pearson’s
product-moment correlation was undertaken. Then a linear
model (LM) was used to assess the effect of estimated
population size on eDNA concentration.

RESULTS

Primer Evaluation
In silico evaluation of the primers for the six target crayfish species
showed high specificity (no amplification of non-target species at
zero nucleotide mismatches for all primers). When allowing for
1–3 mismatches amplification of N � 0 (A. torrentium primers),
N � 7 (A. pallipes primers), N � 6 (A. astacus primers), N � 19 (F.
limosus primers), N � 4 (F. immunis primers), and N � 285 (P.
leniusculus primers) non-target species occurred, none of which
are known to inhabit European freshwaters. In vitro validation
with tissue samples confirmed that all six primer pairs amplified

TABLE 3 | Results of species-specific eDNA detection from sampling sites used
for primer evaluation (see Figure 1 and Table 2 for location and
characteristics of water bodies). Detection rate is given as proportion of positive
endpoint PCRs (including 95% confidence interval).

No. Species Habitat Pos. #
PCR

Total #
PCR

Detection rate
(95 %CI)

1 A. astacus stream 5 9 0.56 (0.21–0.86)
2 A. pallipes stream 15 15 1.00 (0.78–1.00)
3 A. pallipes small stream 12 12 1.00 (0.73–1.00)
4 A. pallipes stream 12 12 1.00 (0.73–1.00)
5 A. torrentium small stream 12 12 1.00 (0.73–1.00)
6 A. torrentium small stream 12 12 1.00 (0.73–1.00)
7 A. torrentium stream 12 12 1.00 (0.73–1.00)
8 P. leniusculus river 4 12 0.33 (0.09–0.65)
9 P. leniusculus small river 9 18 0.50 (0.26–0.74)
10 P. leniusculus stream 18 18 1.00 (0.81–1.00)
11 P. leniusculus large lake 3 18 0.17 (0.03–0.41)
12 F. limosus large lake 6 18 0.33 (0.13–0.59)
13 F. limosus small lake 9 9 1.00 (0.66–1.00)
13 F. immunis small lake 3 9 0.33 (0.07–0.70)
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their target species successfully, with no cross-amplification of
tissue from other crayfish species (A. torrentium, A. pallipes, A.
astacus, P. leniusculus, F. limosus, F. immunis, P. virginalis). In
environmental water samples, taken in situ, detection of target-
DNA was also successful for all tested crayfish species, but
detectability varied across species and habitats (Table 3). None
of the negative controls (extraction blank or NTC) was positive.
Moreover, sanger sequencing of a subset of PCR products from
water samples confirmed the correct amplicon for each species.

Spatio-Temporal Effects on eDNA
Detectability
Multiple mixed regression analysis revealed a significant effect of
distance, season and stream size on eDNA detectability
(Figure 2). A ranking of the best performing candidate
models is shown in Table 4. LMM 1 and LMM A were
considered optimal models based on the applied model
selection criteria (δAICc, ωAICc, and rel. LL). Both models
were highly significant and performed better than the

FIGURE 2 | Effect plots of the LMM used to predict the effect of the three independent variables distance (A), season (B) and stream size (C) on the detection rate
(proportion of positive PCRs; blue-shaded areas and error bars represent the 95% confidence intervals; N � 40, see Table 5 for model statistics). Small ticks on the axes
indicate the marginal distribution of the data.

TABLE 4 | Ranking of the three best performing candidate models to explain the detection rate (proportion of positive PCRs) and eDNA concentration in relation to the
respective null model (with a constant predictor as fixed effect).

Response N Model Predictors δAICc ωAICc Rel. LL

detection 40 LMM_1 distance + season + streamsize 0.00 1.00 0.98
rate LMM_2 distance + season 7.63 0.02 0.02

LMM_3 distance 15.18 0.00 0.00
null mod. constant predictor 47.14 0.00 0.00

eDNA concentration 30 LMM_A distance + season 0.00 1.00 0.73
LMM_B distance + season + streamsize 2.00 0.37 0.27
LMM_C distance 9.28 0.00 0.00
null mod. constant predictor 30.17 0.00 0.00

Stream ID was included in all models as random factor. AICc refers to the Akaike information criterion, ωAICc indicates the Akaike weight, and rel. LL gives the relative likelihood for
each model.
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respective null models with a constant predictor as a fixed effect
(chi-square test: χ2� 61.14, p < 0.001 and χ2 � 38.17, p < 0.001 for
LMM 1 and LMMA, respectively). Goodness of fit of the optimal
models, as assessed by marginal R2, ranged between 0.69 (LMM
A) and 0.72 (LMM 1).

The fixed effects of the spatio-temporal predictors on
detection rate and eDNA concentration, as contained in the
optimal model, are summarized in Table 5. Distance had a
strong negative effect on detection rate and eDNA
concentration (Figures 2,3, respectively). Season showed a
clear effect on both response variables, with a lower detection
rate and eDNA concentration in winter compared to the other
seasons (Figures 2,3, respectively). Stream size was negatively
associated with detection rate (Figure 2). The detection rate was
independent of the PCR method (endpoint PCR vs. ddPCR)
(Wilcoxon Signed Rank Test, N � 30, p > 0.3).

Relationship Between eDNA Concentration
and Estimated Population Size
There was a significant correlation between estimated upstream
population size and eDNA concentration in the water from
sampling sites within populations (Pearson’s product-moment
correlation, N � 6, R � 0.93, p < 0.01). Linear regression analysis

revealed a positive effect of estimated population size on eDNA
concentration (Figure 4, adj. R2 � 0.83, p < 0.01).

DISCUSSION

Primer Evaluation and eDNA Detection
We designed a novel set of specific assays for all native (A.
torrentium, A. pallipes, A. astacus) and the most relevant invasive
crayfish species (P. leniusculus, F. limosus, F. immunis) in Europe.
To ensure specificity and sensitivity of our assays we used a
consistent multiple step approach, consisting of in silico, in vitro
and in situ evaluation as well as Sanger sequencing to confirm
correct amplification of each amplicon.

Our approach is largely consistent to the recently proposed
validation scale for targeted eDNA assays (Thalinger et al.,
2020). According to this scale there are five levels ranging
from “incomplete” to “operational.” Within this scale our
assays can be classified from level 4 “substantial” to level
5 “operational.” Except for establishing a limit of detection
(LOD), which is not possible when using endpoint PCR, our
assays met all criteria propagated by the validation scale
(Thalinger et al., 2020).

Our study shows successful eDNA detection of all
investigated native and invasive crayfishes in a variety of
habitats. Detection efficiency was 100%, i.e. crayfish were
successfully detected at all sites where they have been known
to occur (c.f. Table 3). This is in line with results of previous
studies that investigated the suitability of eDNA as monitoring
tool for freshwater crayfish (Tréguier et al., 2014; Dougherty
et al., 2016; Ikeda et al., 2016; Agersnap et al., 2017; Mauvisseau
et al., 2017; Ikeda et al., 2019; Troth et al., 2019; Rusch et al.,
2020). However, detection efficiency varied among studies. For
example, Treguier et al. (2014) detected the invasive crayfish
Procambarus clarkii in 59% of ponds where it was trapped.
Mauvisseau et al. (2017) investigated ponds in the same region
but with a different assay and detected P. clarkii in 70% and F.
limosus in 66% of the ponds, where presence was confirmed.

TABLE 5 | Fixed effects of spatio-temporal variables on the detection rate
(proportion of positive PCRs) and eDNA concentration as assessed by mixed-
model analysis with stream ID as a random factor (see Table 4 for model statistics).

Response N Model Fixed effects χ2 P

detection rate 40 LMM_1 distance 79.50 <0.001 ***
season 13.24 <0.01 **
stream size 14.41 <0.01 **

eDNA concentration. 30 LMM_A distance 47.49 <0.001 ***
season 16.61 <0.001 ***

Chi-square statistics were calculated by drop-one hypothesis testing using likelihood as
measure of model fit, and asterisks denote significant effects (*p < 0.05, **p < 0.01, and
***p < 0.001).

FIGURE 3 | Effect plots of the LMM used to predict the effect of the two independent variables distance (A) and season (B) on the eDNA concentration (blue-
shaded area and error bars represent the 95% confidence intervals; N � 30, see Table 5 for model statistics). Small ticks on the axes indicate the marginal distribution of
the data.

Frontiers in Environmental Science | www.frontiersin.org March 2021 | Volume 9 | Article 6393808

Chucholl et al. eDNA-Detection of Native and Invasive Crayfish

112

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Dougherty et al. (2016) investigated eDNA detection of
Faxonius rusticus at low abundances in inland lakes of North
America and showed a 100% accordance with conventional
methods. A recent study of Rusch et al. (2020) investigated
eDNA detection of native (A. astacus) and invasive (P.
leniusculus, F. limosus and P. virginalis) crayfishes in a wide
range of habitats in Central Europe and found crayfish in 95% of
the habitats, where presence was confirmed.

Detection rate, i.e. the number of positive PCRs, in our study
ranged between 17 and 100% for the respective sampling sites
(Table 3). Ikeda et al. (2016), by comparison, showed a lower
eDNA detection rate (range 12–50%) for their sampling sites in
small headwater streams. This difference might be explained by
the lower filter volume (0.25 L vs 2 L) used by Ikeda et al. (2016),
the differences in extraction methods (DNeasy Blood & Tissue kit
vs. DNeasy Power Water Kit) and the polymerase used (Taq Man
Environmental Master Mix 2.0 vs. PlatinumTM Taq DNA-
Polymerase High Fidelity).

Spatio-Temporal Effects on eDNA
Detectability
Our study is among the first to coherently assess eDNA
detectability of crayfish using a spatial and temporal sampling
design. Previous field studies on eDNA detection of crayfish have
primarily focused on either determining presence/absence
(Tréguier et al., 2014; Harper et al., 2018; Mauvisseau, 2019)
or on correlations between abundance/biomass and eDNA
concentrations (Dougherty et al., 2016; Larson et al., 2017;
Rice et al., 2018).

Our results show successful eDNA detection of crayfish
species up to 7 km downstream of the source population
(Figures 2, 3), whereby detection rate was independent of the
PCR method. As expected, both detection rate and eDNA
concentration were highest within or directly downstream of
the source population and decreased with increasing in-stream
distance. This represents a known effect, as eDNA in lotic waters
is transported downstream through advection, until settlement
and decay processes lead to a complete vanishing of eDNA from
the water column (Sansom and Sassoubre, 2017). Over which
distances detectable eDNA persists, is variable and depends on
hydraulic properties of the water body (e.g., flow rate) as well as
species-specific eDNA shedding rates (Nukazawa et al., 2018) and
upstream population size (this study, Rice et al., 2018). Observed
eDNA distances in previous studies vary therefore between less
than 1 km inmesocosm and field experiments (Pilliod et al., 2014;
Jane et al., 2015; Wilcox et al., 2016) to more than 100 km for a
large river, where eDNA of a lake-dwelling fish species was
detected (Pont et al., 2018). For freshwater crayfish, specific
eDNA transport distance have not been assessed until now but
are presumably more comparable with distances reported for
other benthic invertebrates rather than fish and amphibians.
Indeed, eDNA detection distances observed for Unio tumidus,
a lake-dwelling benthic freshwater mussel, were with a maximum
distance of 9 km relatively similar to detection distances in our
study (Deiner and Altermatt, 2014). Generally, it seems that each
species or taxon has its own spatial eDNA footprint, depending
on individual eDNA shedding rates that are determined by the
biology of the investigated species (Deiner and Altermatt, 2014;
Wacker et al., 2019). Compared to fish and amphibians,
freshwater crayfish are expected to have low eDNA shedding
rates, because crayfish lack mucous producing structures present
in fish and amphibians. Additionally, crayfish exhibit a hard
exoskeleton that limits the release of extracellular eDNA into the
water (Tréguier et al., 2014; Cai et al., 2017).

Detection of crayfish was successful year-round. However,
LMM analysis indicated that there is a difference in eDNA
detectability between winter and summer samples both with
regard to detection rate and eDNA concentration (Figures 2,
3). This result is in line with previous studies, showing that eDNA
detectability can be affected by season, depending on the biology
of the target species (e.g., reproduction period, activity) (Buxton
et al., 2018; Curtis et al., 2020). For crayfish, reduced detection
rates in winter were an anticipated effect, since all European
crayfish species show reduced activity and metabolism during
winter (Bubb et al., 2002), which likely results in reduced eDNA
shedding rates. Nonetheless, detection rate in winter never
dropped below a threshold of 50% (range 50–100%), even at
the most downstream sites, suggesting a reliable eDNA detection.
Previous studies that analyzed winter samples for eDNA
detection of crayfish showed contrasting results (Ikeda et al.,
2016; Harper et al., 2018; Rusch et al., 2020). A Scottish study
from Harper et al. (2018) completely failed to detect eDNA of P.
leniusculus in three streams in winter. Another study from Japan
was able to detect Cambaroides japonicus at one site with a low
detection rate (12.5%), but failed at two other sites, where it was
presumed to occur (Ikeda et al., 2016). A recent study from Rusch

FIGURE 4 | eDNA concentration within populations (median per
sampling site) in relation to estimated upstream population size. Trend line is
given by linear regression (R2 � 0.83, p < 0.01, red-shaded area represents the
95% confidence interval). Light-blue and dark-blue dots represent
populations of A. pallipes and A. torrentium, respectively. Horizontal error bars
indicate the lower and upper 95% CI for the population estimate.
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et al. (2020) investigated two lakes and two streams in winter,
three of them with syntopic occurrences of F. limosus and P.
virginalis and one of them with an abundant F. limosus
population. eDNA detection was successful in all habitats,
where species presence was currently confirmed, but failed in
one habitat, where historic presence was documented.
Differences in detectability among studies might be in part
related to varying filter volumes and/or differences in
extraction methods. For example, Harper et al. (2018) used a
filter volume of 15 ml combined with precipitation as extraction
method, whereas Rusch et al. (2020) filtered a total volume of 10 L
and used the CTAB method for extraction (Strand et al., 2019).

Finally, stream size also had a negative effect on eDNA
detection rate (Figure 2). In addition, the lakes examined in
this study also tended to show a lower detection rate with
increasing water body size (cf. Table 3). This was an expected
outcome as the eDNA signal is probably diluted in a larger
volume of water. Rusch et al. (2020) made a similar
observation in a large river in Hungary, where the detection of
an abundant F. limosus population failed. In contrast to that, Pont
et al. (2018) were able to successfully detect a fish species in a large
river habitat. This difference is probably due to the fact that
crayfish are benthic littoral species that usually only colonize the
area near the shore due to the increased flow rate in the middle of
streams (Bohl, 1999). Population size of crayfish is therefore not
linearly related to water body size and the eDNA signal is
presumably disproportionally more diluted in large water
bodies. This is a marked difference to pelagic taxa, whose
population size can be expected to be more closely related to
water body size, suggesting similar eDNA concentrations across
different sized habitats.

Relationship Between eDNA Concentration
and Estimated Population Size
eDNA concentration correlated positively with estimated
upstream population size (Figure 4). This result met our
expectations as eDNA concentrations in lotic environments
probably depend on both abundance and length of the
populated stretch. According to Rice et al. (2018) it is very
likely that the eDNA signal integrates with the populated stretch
through downstream transport of water and accumulates with
increasing stream distance. For that reason, it might be difficult
to infer abundance from eDNA concentration in lotic
environments, in particular when population extent is
unknown and not accounted for. In line with this reasoning,
Rice et al. (2018) found that the likelihood to detect Faxonius
eupunctus in a large lotic system was independent from local
crayfish abundance but increased with the upstream length of
the populated stretch. In lentic situations, previous studies
mostly reported a relationship between eDNA copy number
and relative abundance of crayfish, estimated by trapping
(Dougherty et al., 2016; Larson et al., 2017) or visual counts
(Cai et al., 2017), although a recent study found no correlation
between trapping data and eDNA concentration (Johnsen et al.,
2020). In our study, manual capture was used as reference
method, which is known to have a very high capture

probability in streams of the study region (see Chucholl and
Schrimpf, 2016), and, which is also known as the least biased
conventional sampling method (Peay, 2004; Hilber et al., 2020).
In general, rough quantification of crayfish abundance using
eDNA copy numbers seems therefore possible (cf. Yates et al.,
2019), provided that population extent and habitat type (lotic vs
lentic) as well as sampling season are accounted for.

CONCLUSION

Our results highlight that eDNA is a suitable tool for year-round
detection of native and invasive crayfish species in a wide variety
of habitats. Opposed to most conventional methods, eDNA based
monitoring allows detection of crayfish independent of their
activity pattern, even in natural habitats with abundant or
inaccessible shelters, where detection with conventional
methods is difficult and labor intensive (Peay, 2004). Typical
applications could include non-invasive monitoring of native
populations, for instance following reintroductions or
population bottlenecks, and control of functionality of invasive
species barriers (Cowart et al., 2018). Moreover, eDNA detection
allows to scan large sections of running waters with only few
sampling sites, which can be used for the targeted search of as-yet
unrecorded or newly emerging populations. This feature makes
eDNA an excellent tool for initial large-scale surveys, whereby
sampling effort should be higher in large water bodies and winter
to maximise the detection rate and, thus, detection probability.
Subsequent validation and fine-scale localization of populations
should include conventional monitoring methods, though (c.f.
Johnsen et al., 2020). Finally, eDNA might allow for a rough
quantification of upstream population size. However, further
research across different habitats and natural settings is
needed to refine our ability to predict population size or
abundance from eDNA surveys.
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The crayfish plague pathogen Aphanomyces astaci is one of the main factors
responsible for the decline in European and Asian native crayfish species. This pathogen
was transported to these regions through its natural carriers, North American crayfish
species, which were introduced during the last century. Since then, the carrier species
and the pathogen have spread worldwide due to globalization and the highly invasive
nature of these species. In Europe, five carrier species have been categorized as high-
risk as they are responsible for the loss of provisioning services, which endangers
freshwater ecosystems. The red swamp crayfish Procambarus clarkii, in particular, is
currently one of the most concerning species as its spread threatens crayfish biodiversity
and freshwater ecosystems worldwide. In this study, we describe the first detection of
A. astaci in an introduced population of P. clarkii in Central America, specifically in Costa
Rica. Using molecular approaches, we analyzed 48 crayfish samples collected from
Reservoir Cachí and detected the presence of A. astaci in four of these samples. The
introduction of P. clarkii and the incorrect management of the species (related to its
fishery and the commercialization of live specimens) over the past decades in Europe
are mistakes that should not be repeated elsewhere. The detection of the pathogen
is a warning sign about the dangerous impact that the introduction of this invasive
crayfish may have, not only as a carrier of an emerging disease but also as a direct
risk to the invaded ecosystems. Our results may serve to (1) assess current and future
consequences, and (2) direct future research activities, such as determining the potential
impacts of A. astaci on native decapod species, or on other introduced crayfish species
that are used for aquaculture purposes, such as Cherax quadricarinatus.

Keywords: biodiversity, invasive alien species, crayfish plague, Procambarus clarkii, Cherax quadricarinatus,
mtDNA, conservation

INTRODUCTION

Freshwater crayfishes are a highly diverse group of aquatic organisms that comprises more than
650 described species (Crandall and Buhay, 2008; Crandall and De Grave, 2017). These crustacean
decapods are threatened by habitat destruction, water diversion, pollution, and invasive alien
species, particularly other crayfish species (Kawai and Crandall, 2016). For example, native Eurasian
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crayfishes (i.e., species of the genera Astacus, Austropotambius,
Pontastacus, and Cambaroides) are keystone species that have
alarmingly declined in the last few decades (Kouba et al., 2014;
Martín-Torrijos et al., 2018). The introduction and spread of
North American crayfish species is one of the main factors
responsible for this decline (reviewed in Rezinciuc et al.,
2015). The rapid life cycle, dispersal capacities, burrowing
activities, high population densities, and aggressive behavior of
crayfishes destabilize trophic chains (Souty-Grosset et al., 2016).
In addition, North American crayfish species act as vectors for the
crayfish plague agent Aphanomyces astaci (see Huang et al., 1994).
This pathogen, one of the 100 world’s worst invasive alien species
(Lowe et al., 2000), is responsible for the European crayfish
decline during the past century (reviewed in Holdich et al., 2009;
Rezinciuc et al., 2015).

Aphanomyces astaci belongs to the class Oomycetes, which
includes important pathogenic species of both plants and animals
(Beakes et al., 2012). This pathogen chronically infects its
natural hosts, North American crayfish species, by establishing
a balanced host-pathogen interaction (Unestam, 1969, 1972;
Cerenius et al., 2003). The first documented introductions of
North American crayfish species to Europe, and subsequent
crayfish plague outbreaks, occurred during the 19th century
(Cornalia, 1860; Bott, 1950). The ensuing large-scale and
worldwide importation of these species, and their spread
by illegal translocations, has caused outbreaks throughout
Europe (Taugbøl et al., 1993; Huang et al., 1994; Diéguez-
Uribeondo et al., 1997; Lilley et al., 1997; Machino and Diéguez-
Uribeondo, 1998; Vennerström et al., 1998; Diéguez-Uribeondo
and Söderhäll, 1999; Oidtmann et al., 1999; Diéguez-Uribeondo,
2006; Kozubíková et al., 2009; Rezinciuc et al., 2014; Jussila et al.,
2015; Martín-Torrijos et al., 2019) and other biogeographical
regions of the world (Kawai and Crandall, 2016; Martín-Torrijos
et al., 2018). The introduced North American crayfish species
pose a real threat to European crayfish biodiversity, public
health, and the economy. Indeed, five introduced crayfish species
(Faxonius limosus, Faxonius virilis, Pacifastacus leniusculus,
Procambarus clarkii, and Procambarus virginalis) have already
been included in the “List of Invasive Alien Species of Union
concern” (the Union list). This legislation, which aims to prevent,
control and/or eradicate invasive alien species, has been adopted
by all member states (EUR-lex, 2014, 2016; Kopf et al., 2017).

Over the past few decades, several studies have assessed the
devastation caused by introduced North American crayfishes
on native European crayfish populations (Huang et al., 1994;
Diéguez-Uribeondo et al., 2006; Kouba et al., 2014; Martín-
Torrijos et al., 2019). In particular, the red swamp crayfish
P. clarkii is a well-known threat, not only as a vector of A. astaci
but also for its countless impact on freshwater ecosystems
(Gherardi et al., 2011; Arce and Dieguez-Uribeondo, 2015; Souty-
Grosset et al., 2016). The natural distribution of P. clarkii
includes northern Mexico, and the southern and southeastern
United States (Nagy et al., 2020). This species, however, has
been introduced to all continents, except Australia and Antarctica
(Kawai and Crandall, 2016); furthermore, it has also been seized
from Australian pet trade (Queensland Government, 2019). To
date, all A. astaci haplotypes analyzed from P. clarkii belong to the

same lineage, also named D-haplogroup (Makkonen et al., 2018;
Martín-Torrijos et al., 2018, 2019, 2021a,b). Some strains of the
D-haplogroup can grow, sporulate, and disperse their zoospores
at higher temperatures (by more than 5◦C) than those belonging
to other genetic groups, suggesting that they are better adapted
to warmer freshwater environments compared with other strains
(Diéguez-Uribeondo et al., 1995). The presence of both P. clarkii
and A. astaci has been confirmed in several tropical regions,
including Brazil (Peiró et al., 2016) and Indonesia (Putra et al.,
2018). Although several Central American countries, including
Costa Rica, Nicaragua, Guatemala, and Belize, have reported
the presence of the invasive species P. clarkii (Wehrtmann
et al., 2016), the presence of A. astaci in its Central American
populations has not yet been tested.

Several cases of the introduction of alien animal species have
been reported for Costa Rica (e.g., Barrientos-Llosa and Monge-
Nájera, 2010; Barquero and Araya, 2016), a known biodiversity
hotspot (Myers et al., 2000). However, to date, only two invasive
crayfish species, P. clarkii and Cherax quadricarinatus, have
been reported for the country (Figure 1; Torres and Álvarez,
2012; Wehrtmann et al., 2016; Azofeifa-Solano et al., 2017).
Procambarus clarkii was introduced to Costa Rica from Louisiana
in 1966 (Huner, 1977). The population present in the Reservoir
Cachí, Province of Cartago, likely represents the oldest and
largest population in the country (Figure 1). The crayfish
resource in this reservoir is harvested and commercialized by
locals for human consumption; however, it is suspected that
individuals from this population are also captured for the pet
trade or for their translocation to other water bodies (FV-R,
CIMAR, personal communication).

The high ecological plasticity of both P. clarkii and A. astaci
in tropical environments makes the presence of P. clarkii in
Costa Rica a matter of great concern (Villalobos-Rojas, 2019),
as does their continued introduction to other parts of the world,
despite the well-documented negative impacts that both species
have had, and continue to have, on European biodiversity. In
this study, we aimed to determine whether the crayfish plague
pathogen A. astaci is already present in the P. clarkii population
at Reservoir Cachí. By using a specific mitochondrial marker
[the ribosomal small subunit (rnnS) (Makkonen et al., 2018)],
we confirm the presence of the pathogen A. astaci in Costa Rica,
and provide information about its genetic diversity. Finally, we
discuss our results in light of the European experience as a lesson
learned to emphasize the potential danger of the introduction of
both invasive alien species (P. clarkii and A. astaci) to tropical
freshwater ecosystems.

MATERIALS AND METHODS

Crayfish Sampling
In May 2019, we collected a total of 48 live crayfishes from
a population of P. clarkii introduced into Reservoir Cachí
(Province of Cartago, Costa Rica) (Table 1, Figure 1, and
Supplementary Table 1). The specimens were transferred into
aquaria at the Centro de Investigación en Ciencias del Mar y
Limnología (CIMAR) of the Universidad de Costa Rica, located
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FIGURE 1 | Map showing the locations of the reported invasive alien crayfishes in Costa Rica. Red circles indicate Procambarus clarkii populations; blue circles
indicate Cherax quadricarinatus populations. Numbers (1–9) indicate the following locations: (1) Río Balsa, Ciudad Quesada, Alajuela Province; (2) Universidad
Técnica Nacional, Bagaces, Guanacaste Province; (3) Irrigation Channels in Bagatzi, Guanacaste Province; (4) Fraijanes Lagoon, Alajuela Province; (5) Hydroelectric
Dam Cachí, Cartago Province; (6) Jardín Botánico Lankester Lagoons, Cartago Province; (7) Instituto Tecnológico Costarricense Lagoons, Cartago Province; (8)
Peace Park, El Rodeo, San José Province; (9) La Sabana Lake, San José Province.

in San José (Costa Rica). The aquaria were maintained at 25◦C,
and crayfishes were checked daily for the presence of molts. Molts
were maintained in sterile distilled water for 3 days prior to their
examination under a microscope to detect for the presence of
A. astaci, as described in Martín-Torrijos et al. (2021b). Finally,
molts were individually preserved in 96% ethanol for further
examination and the molecular analyses.

Macroscopic and Microscopic
Examination
Each collected individual was examined macroscopically for
the presence of melanized areas or spots in the soft cuticle
and appendages (common indications of potential A. astaci
infection). Because crayfish can regenerate pereiopods (Shull,
1909), we collected one pereiopod per individual (suspected to be
infected) and individually preserved them in 96% ethanol for the
molecular analyses. Prior to these analyses, each pereiopod was
examined microscopically for the presence of melanized hyphae

using an Olympus CKX41SF inverted microscope (Olympus
Optical, Tokyo, Japan). Light micrographs of colonizing hyphae
were captured using a QImaging Micropublisher 5.0 digital
camera (QImaging, Burnaby, BC, Canada).

Molecular Analyses and Phylogenetic
Approximations
All samples were washed with TE buffer (TRIS 10 mM/EDTA
1 mM, pH 8) prior to DNA extraction. Samples were transferred
into individual 2-ml Eppendorf tubes, frozen at −80◦C and
then lyophilized in a VirTis BenchTop K freeze dryer for 24 h
(≤−50◦C; ≤20 mTorr). Subsequently, samples were mechanical
ruptured using a TissueLyser (QIAGEN, Venlo, Netherlands).
Genomic DNA was isolated using the E.Z.N.A. R© Insect DNA Kit
(Omega Bio-Tek, Norcross, GA, United States).

In order to detect the presence and diversity of A. astaci, we
attempted to amplify fragments of the mitochondrial ribosomal
small (rnnS) and large (rnnL) subunits using two primer pairs
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TABLE 1 | Locations of populations of invasive alien crayfish species in Costa Rica.

Location Latitude Longitude Crayfish species

1 Río Balsa, Ciudad Quesada, Alajuela Province 10.3625 −84.51418 Cherax quadricarinatus

2 Universidad Técnica Nacional, Bagaces, Guanacaste Province 10.33497 −85.13975 Cherax quadricarinatus

3 Irrigation Channels in Bagatzi, Guanacaste Province 10.37946 −85.27321 Cherax quadricarinatus

4 Fraijanes Lagoon, Alajuela Province 10.12471 −84.19105 Procambarus clarkii

5 Hydroelectric Dam Cachí, Cartago Province 9.8316 −83.80968 Procambarus clarkii

6 Jardín Botánico Lankester Lagoons, Cartago Province 9.839553 −83.888691 Procambarus clarkii

7 Instituto Tecnológico Costarricense Lagoons, Cartago Province 9.854629 −83.91052 Procambarus clarkii

8 Peace Park, El Rodeo, San José Province 9.91911 −84.2768 Procambarus clarkii

9 La Sabana Lake, San José Province 9.934766 −84.10359 Procambarus clarkii

described in Makkonen et al. (2018). The positive control for the
rnnS and rnnL primers was the A. astaci strain SAP-Malaga 5
(which originated from the Iberian Peninsula) (Martín-Torrijos
et al., 2019); milliQ water was used as the negative control.
All PCR products were checked on 1% agarose gels containing
0.5 µM of SYBR Safe. Both strands were sequenced using
an automated sequencer (Applied Biosystems 3730xl DNA) by
Macrogen (Netherlands).

Sequences were assembled and edited using the program
Geneious R© 10.2.3 (Kearse et al., 2012). Two phylogenetic
approximations, Bayesian Inference (BI) and Maximum
Likelihood (ML), were used to reconstruct phylogenetic
relationships, following Makkonen et al. (2018). Reference
sequences were obtained from Makkonen et al. (2018) and
Martín-Torrijos et al. (2019). Aphanomyces frigidophilus was
used as the outgroup.

RESULTS

Macroscopic and Microscopic
Examination
We obtained a total of two molts (1CR and 23CR) from
the collected P. clarkii specimens (Supplementary Table 1).
Macroscopic observations of these molts revealed that both
exhibited melanized areas in the soft abdominal cuticle and
pereiopods characteristic of infection by A. astaci. Moreover,
under microscopic observation, we found melanized hyphae
growing within the pereiopods of specimen 1CR (Figure 2).

Molecular Analyses and Phylogenetic
Approximations
The rnnS subunit was amplified from four of the 48 crayfish
specimens (3CR, 5CR, 8CR, and 10CR; Supplementary
Table 1). The obtained sequences showed 100% identity to the
d1/d2-haplotypes of the D-haplogroup (GenBank accession
numbers MW181669–MW181672) (Supplementary Figure 1
and Supplementary Table 1). However, we could not amplify the
rnnL subunit from these specimens. Also, neither of the subunits
could be amplified from either of the two collected molts.

The two phylogenetic approximations (BI and ML) based on
the rnnS data (Supplementary Figure 1) recovered congruent
topologies, and showed the correspondence of the analyzed

A. astaci sequences from P. clarkii in Costa Rica with the
D-haplogroup.

DISCUSSION

This is the first reported case of the crayfish plague pathogen
A. astaci in Central America. The presence of this pathogen
was found in Reservoir Cachí in Costa Rica as a consequence
of translocations of the invasive alien crayfish species P. clarkii.
We also determined that the A. astaci found in this P. clarkii
population belongs to the D-haplogroup. Four haplotypes have
been identified for A. astaci in P. clarkii: d1, d2, d3, and
usa6 (Makkonen et al., 2018; Martín-Torrijos et al., 2018,
2021b). The four mitochondrial rnnS sequences obtained in
this study are all identical to those corresponding to either
the d1 or d2 rnnS haplotypes reported by Makkonen et al.
(2018). However, to identify a specific A. astaci haplotype
with confidence, both the rnnS and rnnL regions must be
analyzed (Casabella-Herrero et al., 2021). Therefore, the lack
of rnnL sequences for these samples makes it impossible to
confirm their specific haplotype. Nevertheless, rnnS data are
reliable enough to identify both the pathogen and its genetic
group (rnnS is a new reliable marker, and can be used to
identify genetic variability in order to differentiate A. astaci
from close-related taxa) (Casabella-Herrero et al., 2021). The
fact that the analyzed Costa Rican sequences belong to the
D-haplogroup and that some strains of this genetic group appear
to be better adapted to warm environments (Diéguez-Uribeondo
et al., 1995) suggest an increased likelihood of A. astaci
transmission to other suitable hosts (freshwater decapods) in this
tropical environment.

In Costa Rica, although there are no native crayfish species,
there are approximately 26 native species of freshwater
decapods (21 shrimp species belonging to the families
Atyidae and Palaemonidae, and 15 crab species belonging
to Pseudothelphusidae) (Lara and Wehrtmann, 2011; Lara et al.,
2013; Magalhães et al., 2015). Despite the seemingly narrow host
range of A. astaci (Unestam, 1972; Diéguez-Uribeondo et al.,
2009), several studies have shown transmission of the pathogen
to other freshwater decapods including Atya gabonensis, Atyopsis
moluccensis, Eriocheir sinensis, Macrobrachium dayanum,
Macrobrachium lanchesteri, Neocaridina davidi, Palaemon
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FIGURE 2 | A pereiopod of a Procambarus clarkii specimen from Reservoir Cachí, Costa Rica, showing the presence of melanized hyphae (mh), signs of a strong
immune reaction against the crayfish plague pathogen Aphanomyces astaci.

kadiakensis, and Potamon potamios (Schrimpf et al., 2014;
Svoboda et al., 2014; Putra et al., 2018; Mrugała et al., 2019;
Martín-Torrijos et al., 2021b). Although the coexistence of
native freshwater decapods with P. clarkii has not been reported
yet in Costa Rica, the potential impact of the invasive species
presence on freshwater fauna in the country should be evaluated.
Also, the occurrence of P. clarkii in other Central American
countries (Wehrtmann et al., 2016) indicates a need for genetic
studies of these other populations to determine the extent of
A. astaci distribution in the region and assess any possible
threats to the local native fauna. Moreover, the accessibility
to live specimens by people makes the translocation and
further spread of P. clarkii and the pathogen highly probable.
It is already clear that once North American crayfish species
have been introduced, their expansion becomes difficult to
control. The main mechanisms of spread of this invasive
crayfish and the disease in Europe have been identified
as fishery-related activities, fishing as a means to control
increasing populations, and the commercialization of live
crayfishes (Alonso et al., 2000; Diéguez-Uribeondo, 2006).
Therefore, control and biosecurity measures aimed at these
particular activities, among others, should be implemented
in other countries or regions to prevent the dispersion of
the crayfish plague pathogen (e.g., prevent the movement
of potentially infected live or dead crayfish and potentially
contaminated water and equipment from sites with a potential
or known presence of the pathogen to uninfected sites)
[OIE (World Organization for Animal Health), 2019].

Furthermore, the effects of P. clarkii as an invasive species
has been extensively studied in Europe, where the species has
been recorded in at least 16 territories (Souty-Grosset et al.,
2016). In these areas, freshwater biodiversity has been severely
affected due to constant predation of the invasive species on
fishes (Ilhéu et al., 2007; Reynolds, 2011), shrimps (Banha and
Anastácio, 2011), amphibians (Ficetola et al., 2012; Nunes et al.,
2014), mollusks (Correia et al., 2005; Chucholl, 2013), and other
macroinvertebrates (Correia et al., 2005; Correia and Anastácio,
2008). Therefore, at management level, P. clarkii is considered
an agricultural pest, and a threat to water drainage systems and
the restoration of several European water bodies (Souty-Grosset
et al., 2016). Thus, P. clarkii is considered a high-risk species,
responsible for the loss of provisioning services (associated with
wide changes in ecological communities and increased costs to
agriculture and water management) (Souty-Grosset et al., 2016).

Additionally, in 1985, another invasive crayfish, the Australian
species C. quadricarinatus, was introduced to Costa Rica for
aquaculture purposes (Luis Rolier Lara personal communication
in Wehrtmann et al., 2016). Since its introduction, accidental
releases have occurred (INCOPESCA, personal communication),
and in 2017, the presence of this species in both Pacific and
Caribbean freshwater drainages was reported (Azofeifa-Solano
et al., 2017) (see Figure 1), making the situation in Costa Rica
even more complex. These unintentional releases from holding
facilities (Azofeifa-Solano et al., 2017) highlight the problematic
use of invasive alien species for aquaculture purposes. Cherax
quadricarinatus, as with other Australian crayfish species, has
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been reported as highly susceptible to the crayfish plague
pathogen (Unestam, 1975; Marino et al., 2014; Hsieh et al., 2016;
Mazza et al., 2018). In fact, some of these studies have even
shown that invasive alien species such P. clarkii can eradicate
other invasive alien species (e.g., C. quadricarinatus or Cherax
destructor) due to the transmission of pathogens, and not direct
competition or predation (Marino et al., 2014; Mazza et al., 2018).

Considering Costa Rica is a biodiversity hotspot, the presence
of high-risk species such as P. clarkii and C. quadricarinatus
should be a cause of concern for national authorities. The native
freshwater fauna may become threatened if more translocations
of these invasive alien crayfish species occur. This may be
especially true for amphibians: Brannelly et al. (2015) found
evidence of Batrachochytrium dendrobatidis (Bd) infections in
farmed and natural populations of Procambarus spp. These
authors describe how even a low prevalence of Bd infection
could have implications for global amphibian conservation.
Zumbado-Ulate et al. (2019) summarized the data on prevalence
of Bd in Costa Rica and how it has irreversibly affected
amphibian populations since the 1980s. Low-intensity Bd
infections in amphibian, below the threshold associated with
mortalities, seem common in the country. However, populations
of P. clarkii present in Costa Rica (see Table 1 and Figure 1)
could act as additional reservoirs for Bd and contribute to
its further spread.

In 2014, the European Union implemented legislation to
prevent and regulate the introduction and spread of invasive
alien species that focused on control and eradication (EUR-lex,
2014, 2016; Kopf et al., 2017). In this context, the Council of
Europe has drafted a series of voluntary codes of conduct based
on the Convention on the Conservation of European Wildlife
and Natural Habitats (Bern Convention). These codes of conduct
and other guidelines aim to make industries and institutions
that handle or encounter non-native species aware of the risks
that these species can have on native biodiversity [European
Alien Species Information Network (EASIN), 2021]. Similarly,
in 2017, Costa Rica implemented the Regulations to the Wildlife
Conservation Law (Decreto No. 26435 MINAE), which deals with
invasive alien species (República de Costa Rica, 2005). However,
the importation of live, captive bred invasive alien species (fauna
and flora) and products of inland fisheries is still permitted under
this legislation (República de Costa Rica, 2005; Young, 2006). If
ever released, these species could negatively impact Costa Rican
freshwater biodiversity. Currently, there are no official lists of
introduced invasive alien species in Costa Rica; however, as of
2017, at least 461 vertebrate species (6 amphibians, 68 birds, 23
mammals, 12 reptiles, and 352 teleost fishes) are considered to
have been introduced (Eduardo Chacón-Madrigal, Universidad
de Costa Rica, personal communication).

The bad experience and mistakes made by European countries
in their treatment of invasive crayfish species offer a lesson for
other countries starting to experience the impact of introduced
crayfish species, such as Costa Rica. The sooner that these
countries are aware and concerned about the detrimental impact
crayfish invasions can have on native ecosystems and their
biodiversity, the greater the chance they can act to minimize
the impact. Moreover, wildlife managers, conservationists,

aquaculture companies, and authorities should also be made
aware of the threats that each invasive alien species (crayfish
and pathogen) may have on already threatened species. To better
understand the scope of these threats, additional studies are
necessary to assess their potential impact on the native freshwater
fauna in Costa Rica and other tropical regions worldwide.
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The oomycete Aphanomyces astaci is the etiologic agent of crayfish plague, a disease
that has seriously impacted the populations of European native crayfish species.
The introduction of non-indigenous crayfish of North American origin and their wide
distribution across Europe have largely contributed to spread of crayfish plague in areas
populated by indigenous crayfish. Tracking A. astaci genotypes may thus be a useful
tool for investigating the natural history of crayfish plague in its European range, as well
as the sources and introduction pathways of the pathogen. In this study, we describe the
development of real-time PCR TaqMan assays aiming to distinguish the five genotype
groups of A. astaci (A–E) previously defined by their distinct RAPD patterns. The method
was evaluated using DNA extracts from pure A. astaci cultures representing the known
genotype groups, and from A. astaci-positive crayfish clinical samples collected mostly
during crayfish plague outbreaks that recently occurred in Central Italy and Czechia. The
assays do not cross-react with each other, and those targeting genotype groups A, B,
D, and E seem sufficiently specific to genotype the pathogen from infected crayfish in the
areas invaded by A. astaci (particularly Europe). The unusual A. astaci genotype “SSR-
Up” documented from crayfish plague outbreaks in Czechia and chronically infected
Pontastacus leptodactylus in the Danube is detected by the group B real-time PCR. The
assay originally developed to detect group C (one not yet documented from crayfish
plague outbreaks) showed cross-reactivity with Aphanomyces fennicus; the A. astaci
genotype “rust1” described in the United States from Faxonius rusticus is detected by
that assay as well. Analyses of additional markers (such as sequencing of the nuclear
internal transcribed spacer or mitochondrial ribosomal subunits) may complement such
cases when the real-time PCR-based genotyping is not conclusive. Despite some
limitations, the method is a robust tool for fast genotyping of A. astaci genotype groups
common in Europe, both during crayfish plague outbreaks and in latent infections.
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INTRODUCTION

Crayfish plague is a disease of freshwater crayfish caused by
the oomycete Aphanomyces astaci, which has been endangering
the populations of indigenous crayfish throughout Europe and
adjacent regions for over 150 years (Alderman, 1996; Holdich
et al., 2009; OIE (World Organisation for Animal Health),
2019). Recently, the presence of A. astaci in the wild has been
documented from Brazil (Peiró et al., 2016), Indonesia (Putra
et al., 2018), and Japan (Mrugała et al., 2017a), with confirmed
mortalities of the endemic Japanese crayfish Cambaroides
japonicus (Martín-Torrijos et al., 2018). Furthermore, the disease
has caused mortalities in aquacultures of susceptible crayfish
hosts (Hsieh et al., 2016). Its negative impacts thus also extend
to biogeographic regions other than the Western Palaearctic.

The original hosts of the crayfish plague pathogen A. astaci
are North American freshwater crayfish species, such as the
signal crayfish Pacifastacus leniusculus, red swamp crayfish
Procambarus clarkii, and spiny-cheek crayfish Faxonius limosus
(Unestam and Weiss, 1970; Vey et al., 1983; Diéguez-Uribeondo
et al., 1995) which are particularly widespread as invaders in
Europe (Kouba et al., 2014). North American crayfish coevolved
with this oomycete and only succumb to crayfish plague
under particular conditions (e.g., Unestam, 1969, 1972; Diéguez-
Uribeondo and Söderhäll, 1993; Diéguez-Uribeondo et al., 1995),
but can act as carriers of the infection [e.g., Persson and Söderhäll,
1983; Diéguez-Uribeondo and Söderhäll, 1993; Jussila et al., 2015;
OIE (World Organisation for Animal Health), 2019]. Recently,
with the development of suitable molecular methods, chronic
infections in populations of crayfish species that are generally
considered susceptible but had not experienced mass mortalities
or other symptoms of acute crayfish plague were also documented
(see a review in Svoboda et al., 2017).

The first wave of crayfish mass mortalities across Europe
seem to have occurred in the second half of the nineteenth and
early twentieth centuries, spreading through native populations
of European crayfish (reviewed in Alderman, 1996) but without
any documented information about the presence of the original
pathogen carriers. The subsequent introduction of North
American crayfish species to Europe and their current wide
distribution across the continent (Holdich et al., 2009; Kouba
et al., 2014) have been the cause of past and recent spread
of crayfish plague in areas populated by indigenous European
species (e.g., Huang et al., 1994; Bohman et al., 2006; Diéguez-
Uribeondo, 2006; Kozubíková et al., 2011a; Schrimpf et al., 2012;
Filipová et al., 2013; Viljamaa-Dirks et al., 2013; Kozubíková-
Balcarová et al., 2014; Rezinciuc et al., 2014; Vrålstad et al., 2014;
Martín-Torrijos et al., 2019) and have also led to the introduction
of pathogen genotypes different from those involved in early
crayfish plague outbreaks (Rezinciuc et al., 2015).

Molecular typing by the random amplified polymorphic DNA
(RAPD) of A. astaci axenic laboratory cultures (Huang et al.,
1994) has allowed the identification of five distinct genotype
groups, labeled alphabetically from A to E (reviewed in Rezinciuc
et al., 2015). The application of genotyping markers to clinical
samples (i.e., DNA isolates from infected crayfish), particularly
the analysis of microsatellite loci (Grandjean et al., 2014) and

sequencing of mitochondrial ribosomal genes (Makkonen et al.,
2018), allowed the discovery of additional variation among
A. astaci strains, both in outbreaks of the disease (Grandjean et al.,
2014; Martín-Torrijos et al., 2018) and from non-symptomatic
hosts (Mrugała et al., 2017a; Martín-Torrijos et al., 2018; Panteleit
et al., 2019; Martín-Torrijos et al., 2021). However, the vast
majority of crayfish plague outbreaks in Europe analyzed so far
have been linked to one of the four RAPD-defined genotype
groups either isolated from one of the widespread crayfish
invaders (groups B, D, E; Huang et al., 1994; Diéguez-Uribeondo
et al., 1995; Kozubíková et al., 2011b) or associated with
historical mortalities (group A; Huang et al., 1994). Tracking
A. astaci genotypes or genotype groups may thus be a useful
tool for investigating the natural history of crayfish plague in its
invaded range, as well as the sources and introduction pathways
of the pathogen.

The data on the distribution of A. astaci genotypes in
Europe and adjacent regions, analyzed from various sources
including axenic laboratory cultures, crayfish mass mortalities,
and chronically infected crayfish hosts, were recently summarized
by Ungureanu et al. (2020). Most information available from
Europe so far comes from crayfish mass mortalities, which have
been analyzed by various molecular approaches that should allow
matching results to the original RAPD-defined genotype groups
(see below). In particular, causative agents of crayfish plague
outbreaks have been genotyped in regions where crayfish plague
is considered a major threat to indigenous crayfish conservation,
and thus research has been intensive in the past two decades. It
is important to keep in mind that the diversity of A. astaci in
its native range is largely unexplored, and substantial additional
variation has been already discovered since this oomycete became
studied in other natural hosts (Panteleit et al., 2019; Martín-
Torrijos et al., 2021).

The distribution pattern of A. astaci genotype groups, as
identified by RAPD analysis of axenic cultures or by other DNA-
based methods from clinical samples, is uneven across Europe
(see map in Ungureanu et al., 2020). Group A, presumably the
first to have been introduced there in the 19th century (Huang
et al., 1994), has been frequently detected in Fennoscandia
and also caused recent mortalities in Czechia, Croatia, Bosnia
and Herzegovina, and Central Italy (Caprioli et al., 2013, 2018;
Viljamaa-Dirks et al., 2013; Kozubíková-Balcarová et al., 2014;
Vrålstad et al., 2014; Maguire et al., 2016; Mrugała et al.,
2017b). Other genotype groups, which have been associated with
American crayfish host taxa introduced to Europe in the late 19th
and 20th centuries, follow to some extent their distribution across
the continent (Kouba et al., 2014). Group B, originally isolated
from the signal crayfish P. leniusculus (Huang et al., 1994), is
widespread, being associated with at least some mortalities in
most European regions from which genotyping data are available
(e.g., Vrålstad et al., 2014; Caprioli et al., 2018; Martín-Torrijos
et al., 2019). Group D, isolated from the red swamp crayfish
P. clarkii (Diéguez-Uribeondo et al., 1995), has mostly been
detected in southwestern Europe, where this crayfish invader
is particularly widespread (e.g., Caprioli et al., 2018; Martín-
Torrijos et al., 2019). Recently, group D strains were also
associated with mortalities in Czechia (Mojžišová et al., 2020),
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with aquarium-kept crayfish (known to host this group; Mrugała
et al., 2017a; Makkonen et al., 2018) implicated as likely sources
of the infection. Group E was originally isolated from the
spiny-cheek crayfish F. limosus (Kozubíková et al., 2011a). Its
crayfish host is widespread from France across Central Europe
to the Baltic countries (Kouba et al., 2014), which corresponds
to regions where mortalities associated with group E have
been reported (Grandjean et al., 2014; Kaldre et al., 2017;
Mojžišová et al., 2020).

It is worth noting, however, that most mortalities associated
with crayfish plague have not yet been examined by pathogen
genotyping, and no data are available from some European
regions (such as Poland, or most of the Balkans and Eastern
Europe). It is thus certain that the distribution of known
genotype groups is substantially wider than so far documented.
Furthermore, links between A. astaci genotypes and the host
taxa serving as sources of the infection are rather presumed
than well documented, as genotyping of the pathogen from
the invasive populations of its American hosts has not been
performed frequently (Ungureanu et al., 2020), and horizontal
transfer of the pathogen upon contact with non-symptomatic
hosts seems possible both in captivity and in the wild (Mrugała
et al., 2015; James et al., 2017).

Interestingly, recently obtained data on the A. astaci
distribution and genotypes from Eastern Europe and Turkey,
summarized in Ungureanu et al. (2020), come mostly from
chronic infections of the narrow-clawed crayfish Pontastacus
leptodactylus indigenous to those regions. In this host,
at least three different strains have been documented,
including those of genotype groups A and B (e.g., Kokko
et al., 2018) as well as the enigmatic genotype “SSR-Up”
(Panteleit et al., 2018), characterized so far by a specific allele
combination of microsatellite markers and otherwise known
only from mass mortalities in Czechia (Grandjean et al., 2014;
Mojžišová et al., 2020).

As already mentioned, A. astaci genotyping has been
accomplished using various molecular typing techniques. Two
of these, RAPD analysis (Huang et al., 1994; Diéguez-Uribeondo
et al., 1995; Kozubíková et al., 2011a) and amplified fragment
length polymorphism (AFLP) (Rezinciuc et al., 2014), require
axenic cultures of the pathogen. However, the use of high-
throughput sequencing and bioinformatic analyses has allowed
the development of alternative genotyping methods suitable for
processing mixed genomic DNA samples extracted directly from
infected crayfish tissues. The first of these was an analysis of
microsatellite markers (Grandjean et al., 2014). The variation in
these microsatellite loci is sufficient to differentiate among all
A. astaci genotype groups identified to date in Europe (Grandjean
et al., 2014; Panteleit et al., 2018, 2019). The method also allows
the retrospective analyses of the disease natural history, pathogen
sources, and most likely introduction pathways, based on
historical samples preserved from past crayfish plague outbreaks
(e.g., Grandjean et al., 2014; Vrålstad et al., 2014; Kaldre et al.,
2017; Caprioli et al., 2018).

More recently, Makkonen et al. (2018) published a genotyping
method based on the sequencing of phylogenetically informative
mitochondrial ribosomal markers (small and large ribosomal

subunits, rnnS and rnnL) amplified by conventional PCR;
this method allows the distinguishing of A. astaci from other
known related oomycete species, as well as the differentiation
of known RAPD-defined genotype groups except for group
C (Makkonen et al., 2018; Casabella-Herrero et al., 2021).
Whole-genome analysis of A. astaci strains representing the
five currently known genotype groups allowed Minardi et al.
(2018) to identify genomic regions presumably unique to each
representative strain and to develop genotype-specific primers for
a conventional PCR-based genotyping assay. In order to improve
the sensitivity, the same group published an alternative method
based on restriction fragment length polymorphism (RFLP) of
mitochondrial markers (Minardi et al., 2019).

In this study, we describe the development and application of
a new method based on real-time PCR as an alternative approach
to currently available methods for the quick identification of
common A. astaci genotype groups causing crayfish plague
outbreaks in Europe. This method is applicable on both pure
cultures and clinical crayfish samples. Since its appearance two
decades ago, real-time PCR has been used as a powerful tool for
genotyping (Alker et al., 2004; Birdsell et al., 2014). This method
is a closed-tube system requiring no post-PCR processing,
reducing the likelihood of laboratory cross-contamination by
amplified products. Moreover, real-time PCR often has high
specificity and sensitivity. Considering all these benefits, we
developed TaqMan real-time PCR assays targeting all five
genotype groups, designed on the genomic regions previously
described by Minardi et al. (2018). The method was evaluated
using DNA extracts from pure A. astaci cultures representative of
the known genotype groups, and from A. astaci-positive clinical
crayfish samples collected during crayfish plague outbreaks that
recently occurred in Central Italy and Czechia or representing
crayfish hosts chronically infected by this pathogen.

MATERIALS AND METHODS

DNA from all P. clarkii individuals collected in Italy and used in
this study were isolated from the crayfish soft abdominal cuticle
by means of a Maxwell 16 Tissue DNA Purification Kit (Promega,
Madison, WI) following the manufacturer’s guidelines. Other
DNA isolates originating from infected crayfish or from axenic
laboratory cultures of oomycetes were reused from previous
studies (see below).

The anonymous locus sequences (MH016383, MH016384,
MH016385, MH016386, MH016387) published by Minardi et al.
(2018) as being specific for the A. astaci strains representing
genotype groups A–E, respectively, were used to design five
TaqMan real-time PCR assays in Primer Express software 3.0.1
(Applied Biosystems, Foster City, CA). These assays are further
referred to by the respective letter, although some of them amplify
a wider range of targets (see “Results”). The sequences of primer
pairs and probes of each of the assays are listed in Table 1.

PCR reactions were performed on a QuantStudio 7 Flex
Real-Time PCR System (Applied Biosystems) in fast mode with
the following protocol: initial denaturation at 95◦C for 20 s,
followed by 45 cycles of denaturation at 95◦C for 1 s and
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TABLE 1 | Sequences of primers and probes for the real-time PCR assays
designed to amplify specific genomic regions of strains representing
Aphanomyces astaci genotype groups A–E.

Assay Oligoname Sequence (5′–3′) Amplicon size

A Aast_A_fwd CAGTCCCACGAGCCGAAA 71 bp

Aast_A_rev CCATCGCTGCTTGCAAGAC

Aast_A_probe JOE-TCGCGCTTCTAGTGCTTCTA
TTCGATCCA-TAMRA

B Aast_B_fwd AACAAGCGACCTTCCATTTCA 66 bp

Aast_B_rev TTTCGGAGCAGCCAGATTG

Aast_B_probe FAM-
AACGCAACTCGCACAATGGAACGA-

TAMRA

C Aast_C_fwd CAACATACCAGTTGCGAACGA 77 bp

Aast_C_rev GATTTCATCTACCGAGCTTCAACA

Aast_C_probe FAM-CTTGCGTTCATGCTCGATTTCG
TCTAATTC-TAMRA

D Aast_D_fwd AATTTGACGATGTGCAATGGAA 67 bp

Aast_D_rev TCCGCTTTCATTTTGCAAATATT

Aast_D_probe FAM-CCGTTTCAACAAACAGTGG-
TAMRA

E Aast_E_fwd TGCCTGGAGTATTGCCTGAAT 74 bp

Aast_E_rev TACGCGCAAACCTATCTCTGAA

Aast_E_probe JOE-CGTGCGAGCAAAAGCCT
CAACTCG-TAMRA

annealing/extension at 60◦C for 20 s. The 20-µl reaction volume
contained final concentrations of 1×GoTaq Probe qPCR Master
Mix (Promega), 0.5 µM forward primer, 0.5 µM reverse primer,
0.2 µM TaqMan probe, 5 µl DNA template, and nuclease-free
water up to volume. No Template Control (NTC) was used for
every assay. The fluorescent signal was measured during the
annealing step of the reaction.

Specificity was tested on DNA isolates from axenic laboratory
strains of genotype groups A–E (Table 2), which were also
used as positive controls in every PCR run, and on DNA
isolates from axenic cultures of various other oomycete taxa
isolated from crayfish. These included, in particular, multiple
Aphanomyces strains: A. fennicus (M6/1), a recently described
apparently avirulent species closely related to A. astaci,
which cross-reacts with the real-time PCR-based A. astaci
detection (Viljamaa-Dirks and Heinikainen, 2019), A. laevis-
repetans (strain SAP761; Kozubíková-Balcarová et al., 2013),
six strains of two Aphanomyces lineages (T10, T2S1, T2S2,
T2S3, T2UN1, T2UN2) isolated from Lake Tahoe signal crayfish
P. leniusculus by Makkonen et al. (2019), and A. frigidophilus
(SAP233, SAP472) isolated from Spanish white-clawed crayfish
Austropotamobius pallipes (Ballesteros et al., 2006; Diéguez-
Uribeondo et al., 2009). We also included DNA from strains of
Saprolegnia ferax (SAP691, Li19), S. hypogyna (Li16), S. parasitica
(SAP694), S. australis (SAP684), Pythium sp. (Li18, Li20),
and an unidentified Saprolegniaceae strain (Li01), all of these
originally cultivated from crayfish bodies (Kozubíková-Balcarová
et al., 2013). Furthermore, two additional Aphanomyces species
parasitizing other organisms, a plant pathogen A. cochlioides and

a fish pathogen A. invadans (SAP308; Diéguez-Uribeondo et al.,
2009), were tested for the specificity of the assays.

The method was then applied to DNA isolates from A. astaci-
infected crayfish of various origins (Table 3): 13 DNA isolates
from 11 crayfish plague outbreaks affecting noble crayfish Astacus
astacus or stone crayfish Austropotamobius torrentium recorded
recently in Czechia (Kozubíková et al., 2008; Kozubíková-
Balcarová et al., 2014; Mojžišová et al., 2020), on 26 DNA isolates
of white clawed crayfish (A. pallipes) from Italian outbreaks
(mostly reported in Caprioli et al., 2018), 26 DNA isolates from
infected crayfish alien to Italy (P. leptodactylus, P. clarkii), and
a DNA isolate from an infected individual of the rusty crayfish
Faxonius rusticus from the United States (Panteleit et al., 2019).
The presence of A. astaci DNA in these samples was confirmed
and quantified by real-time PCR according to Vrålstad et al.
(2009), with details of the protocol provided in Caprioli et al.
(2018). In samples with sufficiently high agent levels (from A3
to A7), the pathogen had also been genotyped by microsatellite
markers following Grandjean et al. (2014).

The tested samples also included DNA isolates from crayfish
infected by two unusual A. astaci genotypes that differ at
microsatellite markers from so far characterized strains of
known RAPD-defined genotype groups. The first was the
specific “SSR-Up” genotype from an outbreak in Úpořský brook
(Czechia), which is more similar to strains of RAPD-defined
group B at the studied microsatellite loci (Grandjean et al.,
2014; Mojžišová et al., 2020), but assigned to mitochondrial
haplogroup A based on rnnS and rnnL sequences (Makkonen
et al., 2018). The second such genotype is “rust1,” also belonging
to haplogroup A, documented from two US populations of
F. rusticus and isolated to axenic cultures from one of them
(Panteleit et al., 2019).

Finally, assays A and B, labeled with different dyes (Table 1),
were optimized for duplex real-time PCR. The same approach
was taken for assays D and E, while assay C was performed
separately. The ROX dye (6-carboxy-X-rhodamine) was used as
passive reference in every reaction mix. For the duplex reactions,
the 20-µl reaction volume contained final concentrations of
1 × GoTaq Probe qPCR Master Mix (Promega), 0.5 µM of both
forward primers, 0.5 µM of both reverse primers, 0.2 µM of both
TaqMan probes, 5 µl DNA template, and nuclease-free water to
reach the final volume. The PCR cycling conditions were identical
to those described above. A paired t-test was used to compare
simplex and duplex real-time PCR results.

RESULTS

All the reference axenic cultures of A. astaci were assigned to
their respective genotype group by the newly developed real-time
PCR assays (Table 2). Moreover, no-template controls and DNA
from all but one isolate of non-target taxa did not produce any
detectable fluorescence signal, demonstrating the high specificity
of the test (data not shown). The exception was the DNA isolate
from A. fennicus, which yielded a positive signal with the real-
time PCR assay originally developed for group C.
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TABLE 2 | Axenic cultures of A. astaci strains used to validate the new real-time PCR assays.

Isolate Origin Crayfish host Genotype group ITSa (Ct) Real-time PCR genotypingb (Ct)

A B C D E

Al7 Armeniac Pontastacus leptodactylus A 27.7 33.5

Pec14 Czechia Astacus astacus B 27.0 34.6

Kv1 Canadad Pacifastacus leniusculus C 21.7 28.5

Fin183 Ornamental tradee Procambarus virginalis D 18.6 22.5

Li10 Czechia Astacus astacus E 23.7 33

aCt values obtained from the real-time PCR targeting the nuclear internal transcribed spacer (ITS) region (Vrålstad et al., 2009).
bCt values obtained from the real-time PCR genotyping assays described in this study.
c Isolated in Czechia from narrow-clawed crayfish presumably originating from Armenia (Becking et al., 2015).
d Isolated in Sweden from signal crayfish that originated from Pitt Lake, Canada (Huang et al., 1994).
e Isolated in Finland from a crayfish purchased in a German pet shop (Mrugała et al., 2015).

The genotypes determined by the five assays on DNA
extracted directly from crayfish cuticles corresponded with
assignments to genotype groups based on the microsatellite
analysis. The two “SSR-Up” samples yielded positive signals in the
assay developed in this study for genotype group B. The sample
from F. rusticus infected by the A. astaci “rust1” genotype yielded
a positive signal with assay C (Table 3).

The novel real-time PCR method succeeded in genotyping the
pathogen in four DNA isolates from infected crayfish specimens
for which the microsatellite analysis failed. However, for 17
samples with low pathogen DNA concentrations that were
detectable by the real-time PCR assay targeting the ITS region
(Vrålstad et al., 2009), neither our real-time PCR assays nor
microsatellite analyses were able to determine the genotype
group (Table 3).

Combining the real-time PCR assays in duplex reactions was
successful. The genotype of all 12 samples tested by the duplex
assays was correctly determined without any cross-amplification,
and with no significant drop in cycle threshold (Ct) values
[t(11) = −0.45; p = 0.32] when compared to those obtained by
simplex assays (Table 4).

DISCUSSION

Molecular typing of A. astaci strains, which differentiates distinct
genotype groups, contributes to a better understanding of the
relationship between this pathogen and its host taxa. It also has
practical implications, as the identification of A. astaci genotypes
can assist in tracing sources of infection during crayfish plague
outbreaks (e.g., Vrålstad et al., 2014; Maguire et al., 2016; Mrugała
et al., 2017b; Martín-Torrijos et al., 2019) and in chronically
infected populations (e.g., Kokko et al., 2018).

RAPD analysis was the first genotyping approach applied to
A. astaci isolates (Huang et al., 1994) but could be applied only
to axenic laboratory cultures. Since then, the challenge has been
to develop genotyping tools that can be applied directly to DNA
isolates from crayfish tissues, avoiding the time-consuming and
often unsuccessful isolation of the agent (Oidtmann et al., 1999;
Cammà et al., 2010). Based on microsatellite analysis, Grandjean
et al. (2014) provided a method to distinguish the five currently
known genotype groups and uncover some additional variation.

This technique is PCR-based, so even intermediate quantities
of template DNA occurring in asymptomatic carriers can be
genotyped. However, microsatellite analysis can suffer from
inter-laboratory reproducibility, including a failure to establish
a successful workflow or inconsistent allele scoring. Indeed,
recent papers have reported minor differences in genotyped
allele sizes from reference strains (compare Panteleit et al., 2018,
2019 with Mojžišová et al., 2020). In addition, the presence
of unusual patterns may lead to uncertain results, especially
when applied directly to field-collected samples. This may be
caused by apparently novel genotypes (Kozubíková-Balcarová
et al., 2014; Panteleit et al., 2019), presumed minor variation
within the known RAPD-defined genotype groups (James et al.,
2017; Mrugała et al., 2017a; Caprioli et al., 2018), or A. astaci
coinfections by different strains (Maguire et al., 2016). Possibly,
the presence of DNA of other related oomycetes may also
contribute to inconclusive results, as some of the markers are not
species-specific (Grandjean et al., 2014; but note the typesetting
error in the Aast10 locus rectified in Mojžišová et al., 2020). The
method also suffers from low success once the pathogen DNA
concentrations drop to agent level A3 and below (Grandjean
et al., 2014; Caprioli et al., 2018).

Recently, in order to improve the genotyping sensitivity,
two alternative methods based on multicopy mitochondrial
DNA markers have been successfully developed and applied
(Makkonen et al., 2018; Martín-Torrijos et al., 2018, 2021;
Minardi et al., 2019; Butler et al., 2020; Casabella-Herrero
et al., 2021). Sequence analysis of the two ribosomal subunits
(rnnS and rnnL) did not allow differentiating between RAPD-
defined genotype groups A and C (which belong to the same
haplogroup A), but it did reveal additional variation within
group D (Makkonen et al., 2018; Martín-Torrijos et al., 2018).
The sensitivity of this haplotyping approach has not been
quantified, but it has been successfully applied to agent level
A3 isolates, i.e., with relatively low levels of the pathogen DNA
in the sample (Kokko et al., 2018; Panteleit et al., 2018). The
RFLP-based assay targeting genotype-specific single-nucleotide
polymorphisms in mitochondrial DNA (Minardi et al., 2019)
demonstrated high sensitivity but lacked specificity. In particular,
A. astaci genotype group D, widespread from southwestern to
central Europe (Ungureanu et al., 2020) and also causing crayfish
plague outbreaks in Japan (Martín-Torrijos et al., 2018), showed
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TABLE 3 | Direct genotyping of mixed DNA isolates from field samples.

Host Rivers/streams (country
code)

Year Microsatellite
genotypesa

ITSb (Ct) Agent levelb Real-time PCR

genotypingc (Ct)

A B C D E

A. astacus Olše (CZ) 2004 SSR-A 27.5 A4 36.9

A. astacus Besének (CZ) 2009 SSR-A 21.3 A5 34.6

A. astacus Brook in Horní Pěna (CZ) 2007 SSR-B 14.2 A7 22.6

A. astacus Černý brook (CZ) 2014 SSR-B 11.8 A7 21.2

A. astacus Litavka (CZ) 2011 SSR-E 18.3 A6 27.1

A. torrentium Úpořský brook (CZ) 2005 SSR-Up 16.4 A7 24.1

A. torrentium Úpořský brook (CZ) 2005 SSR-Up 20.4 A6 25.5

A. astacus Žebrákovský potok (CZ) 2008 SSR-B 17.1 A7 24.5

A. astacus Rožnovská Bečva (CZ) 2018 SSR-D 19.8 A6 26.8

A. torrentium Kublovský brook (CZ) 2018 SSR-D 13.7 A7 28.3

A. astacus Stroupinský brook (CZ) 2018 SSR-D 14.9 A7 22.1

A. astacus Blanice (CZ) 2018 SSR-A 16.6 A7 24.8

A. torrentium Radotínský brook (CZ) 2017 SSR-E 16.6 A7 25.6

A. pallipes Zingano brook (IT) 2011 SSR-A 31.0 A3 38.0

A. pallipes Zingano brook (IT) 2011 SSR-A 20.3 A6 27.0

A. pallipes Zingano brook (IT) 2011 SSR-A 25.9 A4 33.0

A. pallipes Zingano brook (IT) 2011 SSR-A 27.9 A4 34.0

A. pallipes Zingano brook (IT) 2011 SSR-A 26.3 A4 33.0

A. pallipes Zingano brook (IT) 2011 SSR-A 28.3 A3 35.0

A. pallipes Castelnuovo brook (IT) 2011 SSR-D 19.5 A6 27.0

A. pallipes Castelnuovo brook (IT) 2011 SSR-D 16.9 A7 24.0

A. pallipes Gamberale brook (IT) 2013 nd 31.4 A3 39.0

A. pallipes Rio Verde brook (IT) 2013 SSR-D 16.8 A7 25.0

A. pallipes Rio Verde brook (IT) 2013 SSR-D 24.0 A5 33.1

A. pallipes Rio Verde brook (IT) 2013 SSR-D 19.9 A6 27.0

A. pallipes Rio Verde brook (IT) 2013 SSR-D 14.7 A7 21.9

A. pallipes San Leo brook (IT) 2009 SSR-B 27.0 A4 36.0

A. pallipes San Leo brook (IT) 2009 SSR-B 29.1 A3 37.5

A. pallipes Tirino river (IT) 2016 SSR-B 26.2 A4 35.0

A. pallipes Tirino river (IT) 2016 SSR-B 18.4 A6 28.2

A. pallipes Tirino river (IT) 2016 SSR-B 20.0 A6 29.1

A. pallipes Tirino river (IT) 2016 SSR-B 28.5 A3 36.2

A. pallipes Tirino river (IT) 2016 SSR-B 27.0 A4 35.6

A. pallipes Tirino river (IT) 2016 SSR-B 16.0 A7 26.4

A. pallipes Rio Fosse brook (IT) 2017 SSR-D 17.8 A6 27.2

A. pallipes Rio Fosse brook (IT) 2017 nd 31.6 A3 39.0

A. pallipes Rio Fosse brook (IT) 2017 SSR-D 29.7 A3 36.9

A. pallipes Rio Fosse brook (IT) 2017 SSR-D 18.5 A6 27.0

A. pallipes Rio Fosse brook (IT) 2017 SSR-D 26.9 A4 35.1

P. leptodactylus Tirino river (IT) 2016 SSR-A 26.0 A4 36.0

P. leptodactylus Tirino river (IT) 2016 SSR-A 25.5 A4 35.2

P. leptodactylus Tirino river (IT) 2016 SSR-A 26.8 A4 34.5

P. clarkii Crayfish farming* (IT) 2017 nd 36.2 A2

P. clarkii Crayfish farming* (IT) 2017 nd 35.5 A2

P. clarkii Crayfish farming* (IT) 2017 nd 37.0 A2

P. clarkii Crayfish farming* (IT) 2017 nd 33.5 A3

P. clarkii Crayfish farming* (IT) 2017 SSR-D 29.5 A3 39.9

P. clarkii Tevere river (IT) 2018 nd 34.3 A3

P. clarkii Tevere river (IT) 2018 nd 35.6 A2

P. clarkii Tevere river (IT) 2018 nd 36.4 A2

(Continued)
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TABLE 3 | Continued

Host Rivers/streams (country
code)

Year Microsatellite
genotypesa

ITSb (Ct) Agent levelb Real-time PCR

genotypingc (Ct)

A B C D E

P. clarkii Papacqua lake (IT) 2018 nd 33.0 A3

P. clarkii Papacqua lake (IT) 2018 nd 33.6 A3

P. clarkii Crayfish farming* (IT) 2018 nd 31.8 A3 38.4

P. clarkii Crayfish farming* (IT) 2018 nd 31.4 A3 42.0

P. clarkii Crayfish farming* (IT) 2018 SSR-D 30.4 A3 38.1

P. clarkii Crayfish farming* (IT) 2018 nd 33.4 A3

P. clarkii Crayfish farming* (IT) 2018 SSR-D 30.9 A3 37.3

P. clarkii Crayfish farming* (IT) 2018 nd 31.4 A3

P. clarkii Crayfish farming* (IT) 2018 nd 34.7 A2

P. clarkii Crayfish farming* (IT) 2018 nd 36.7 A2

P. clarkii Crayfish farming* (IT) 2018 nd 35.2 A2

P. clarkii Crayfish farming* (IT) 2018 nd 31.5 A3

P. clarkii Crayfish farming* (IT) 2018 nd 34.4 A3

P. clarkii Crayfish farming* (IT) 2018 SSR-D 25.5 A4 35.8

P. clarkii Crayfish farming* (IT) 2018 nd 33.5 A3

F. rusticus Big lake (WI) 2016 SSR-rust1 22.6 A5 30.8

*Crayfish farming Rocchetta al Volturno.
aMicrosatellite genotypes obtained according to the protocol described by Grandjean et al. (2014).
bCt values and Agent levels obtained from the ITS real-time PCR (Vrålstad et al., 2009).
cCt values defined by the real-time PCR genotyping method described in this study.
Samples marked in bold are those for which genotyping was successful by real-time PCR only.

cross-reactivity with Leptolegnia caudata and Phoma-like isolates
(Minardi et al., 2019).

Based on the data reported here, our real-time PCR assays
seem specific for the RAPD-defined genotype groups A, D, and
E (or DNA isolates with corresponding microsatellite multilocus
genotypes) that are known to cause crayfish plague outbreaks
in Europe; no cross-reactions were observed, either between
different A. astaci isolates, in other oomycete strains isolated from
crayfish, or in DNA extracted from field samples. The real-time
PCR assay B identified all clinical samples assigned to SSR-B by
microsatellite analysis, but also detected two samples classified
as SSR-Up by microsatellite markers (Grandjean et al., 2014;
Mojžišová et al., 2020).

The genotype group C assay amplified not only DNA
of the respective A. astaci strain (Huang et al., 1994) but
also DNA of A. fennicus and a DNA isolate obtained from
F. rusticus infected by the “rust1” genotype (Panteleit et al.,
2019). However, as group C has not been documented in
Europe since its original discovery (Ungureanu et al., 2020),
the lack of specificity of assay C should be considered less
relevant; in fact, rather than for the identification of a particular
A. astaci genotype group, this assay can be used as an indicator
of specific cases requiring further attention (i.e., the presence
of unusual A. astaci genotypes or A. fennicus in a sample).
Unfortunately, we failed to obtain any PCR products from
A. fennicus that would allow sequencing of the anonymous
nuclear marker targeted by this assay, so it is not possible to
assess the extent of similarity of this genomic region between the
respective strains of A. astaci and A. fennicus. In case of doubt,

however, A. astaci genotype group C can be distinguished from
A. fennicus by differences in the sequences of other molecular
markers such as ITS (Viljamaa-Dirks and Heinikainen, 2019) and

TABLE 4 | Results of the duplex real-time PCR, with a comparison of the
sensitivity expressed as Ct values with separate simplex reactions.

Host Microsatellite
genotypes

Simplex
(Ct)

Duplex A–B Duplex D–E

(Ct) (Ct)

A B D E

A. astacus SSR-A 24.8 25.5

P. leptodactylus SSR-A 35.2 35.8

A. pallipes SSR-A 27.0 28.7

A. pallipes SSR-B 35.0 35.1

A. pallipes SSR-B 29.1 28.8

A. pallipes SSR-B 36.2 36.3

A. pallipes SSR-D 33.1 33.2

A. pallipes SSR-D 27.2 29.1

P. clarkii SSR-D 35.8 38.2

A. astacus SSR-E 27.1 29.2

A. astacus SSR-E nd Nd

A. torrentium SSR-E 25.6 25.8

Assays A and D were labeled with JOE, while B and E were labeled with FAM at
the 5′ end.
Differences between simplex and duplex Ct values were not significant [paired
t-test, t(11) = −0.45; p = 0.32].
Microsatellite genotypes obtained according to the protocol described by
Grandjean et al. (2014).

Frontiers in Ecology and Evolution | www.frontiersin.org 7 June 2021 | Volume 9 | Article 597585132

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


fevo-09-597585 June 21, 2021 Time: 18:27 # 8

Di Domenico et al. New A. astaci Genotyping Method

both mitochondrial ribosomal subunits (rnnS, rnnL; Casabella-
Herrero et al., 2021).

The original reference strain of the RAPD-defined group C
of A. astaci was isolated from Pacifastacus leniusculus (Huang
et al., 1994). However, isolates showing some level of genetic
similarity to this strain have been obtained from cambarid
crayfish in the United States: axenic cultures matching the
nuclear marker that Minardi et al. (2018) considered specific
to group C have been isolated from Faxonius obscurus from
Pennsylvania by Butler et al. (2020). Our results suggest that
the “rust1” strain infecting F. rusticus (Panteleit et al., 2019)
in Wisconsin also carries a marker sufficiently similar to be
amplified by a TaqMan assay designed to detect the group C.
This is in line with analyses of “rust1” laboratory cultures:
they have a distinct profile of microsatellite nuclear markers
(sharing most alleles with groups C and B), and the sequences of
mitochondrial rnnS and rnnL ribosomal subunits and a nuclear
chitinase gene are identical with the reference strain of group
C (Panteleit et al., 2019). Thus, although originally developed
as specific for A. astaci genotype group C, the real-time PCR
assay developed by us may be rather used as a screening method
for A. fennicus and for a wider range of unusual A. astaci
genotypes. In any case, samples with positive detection by our
assay C require additional detailed analyses, and the same is
likely true when using the genotyping method described in
Minardi et al. (2018). If A. fennicus is not involved, microsatellite
markers from Grandjean et al. (2014), which fail to amplify
in A. fennicus (Viljamaa-Dirks and Heinikainen, 2019), may be
further used to characterize A. astaci strains positively reacting
with our assay C.

In terms of sensitivity, our real-time PCR assays allowed the
genotyping of four samples for which microsatellite analysis
failed (Table 4). These included a sample with agent level A3
from the 2013 outbreak in the Gamberale brook (near Agnone,
Molise region), for which the causative genotype group was
previously unknown. Unlike other outbreaks from Central Italy,
only two dead crayfish were available from this site, with rather
low amounts of pathogen DNA. Although we were unable to
genotype this sample previously (Caprioli et al., 2018), the real-
time PCR assay indicated that it belonged to group D.

Two samples from Úpořský brook (Czechia) deserve
special attention when specificity of the group B assay is
considered. The A. astaci genotype that caused crayfish plague
outbreak in that brook in 2005, since then also detected in
chronically infected P. leptodactylus in the Danube (Panteleit
et al., 2018) and additional recent outbreaks in Czechia
(Mojžišová et al., 2020), is characterized by a consistent
microsatellite pattern (SSR-Up). This differs from any known
strains isolated to axenic cultures (and thus assigned to
genotype groups by RAPD), but its microsatellite allele
composition is most similar to strains representing genotype
group B (Grandjean et al., 2014). Conversely, mitochondrial
markers (rnnS and rnnL) assign this genotype to haplogroup A
(Makkonen et al., 2018). Both SSR-Up isolates consistently
yielded a positive signal in our group B real-time PCR
assay. In these cases, the combination of real-time PCR
targeting the nuclear loci and mtDNA sequencing would allow

distinguishing this particular A. astaci genotype from strains of
genotype group B.

Although less important than specificity and sensitivity, it is
worth reporting that the time needed to perform the real-time
PCR analysis proposed here is greatly reduced, thanks to the use
of rapid PCR protocols and duplexing the reactions targeting the
four widespread genotype groups causing most crayfish plague
outbreaks in European countries (A, B, D, and E).

Despite these benefits, the substantial limitation of the new
method remains sensitivity, which apparently does not exceed
that obtained by sequencing multicopy mitochondrial markers
(Makkonen et al., 2018). Indeed, although our method allowed
us to characterize four A3-level samples that we were unable
to genotype by microsatellite analysis, other A3 samples could
not be characterized. Samples with A3 agent levels fall within
a wide range of Ct values (28–35), so the lower the Ct, the
higher the probability the sample is successfully genotyped. This
is because the ITS target region used in quantitative PCR to
assign the agent level is a multicopy target (Vrålstad et al.,
2009), whereas the five assays described in this study were
designed on presumably single-copy genes. Amplification of
the target marker in a qPCR reaction nevertheless allows the
detection of smaller amounts of the target DNA than is required
for successful characterization in fragment analyses used for
microsatellite genotyping.

Overall, however, the use of real-time PCR assays for
genotyping purposes has multiple advantages. The method
speeds up genetic characterization of A. astaci DNA extracted
directly from crayfish-infected tissues, it is easy to perform,
the interpretation of results is unambiguous (positive/negative)
and highly reproducible, and the likelihood of laboratory
contamination by PCR products is reduced. Once a genotype
group is indicated, samples amplified by group B and C assays
may be further investigated, taking advantage of other currently
available methods. For example, after a positive detection by
our group B real-time PCR assay, samples belonging to the
RAPD-defined group B may be differentiated from the “SSR-
Up” genotype by fragment analysis of diagnostic microsatellite
loci (Grandjean et al., 2014; Mojžišová et al., 2020) and/or
by sequencing the mitochondrial rnnS or chitinase genes
(Panteleit et al., 2018). In conclusion, the different genotyping
methods available for A. astaci, including the real-time PCR
approach described in this study, may thus conveniently
complement each other.
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Schrimpf, A., Pârvulescu, L., Copilaş-Ciocianu, D., Petrusek, A., and Schulz, R.
(2012). Crayfish plague pathogen detected in the Danube Delta – a potential
threat to freshwater biodiversity in southeastern Europe. Aquat. Invasions 7,
503–510. doi: 10.3391/ai.2012.7.4.007

Svoboda, J., Mrugała, A., Kozubíková-Balcarová, E., and Petrusek, A. (2017). Hosts
and transmission of the crayfish plague pathogen Aphanomyces astaci: a review.
J. Fish. Dis. 40, 127–140. doi: 10.1111/jfd.12472

Unestam, T. (1969). Resistance to the crayfish plague fungus in some American,
Japanese and European crayfish. Rep. Inst. Freshw. Res. Drottningholm 49,
202–209.

Unestam, T. (1972). On the host range and origin of the crayfish plague fungus.
Rep. Inst. Freshw. Res. Drottningholm 52, 192–198.

Unestam, T., and Weiss, D. W. (1970). The host-parasite interaction relationship
between freshwater crayfish and the crayfish disease fungus Aphanomyces
astaci: responses to infection by susceptible and resistant species. J. Gen.
Microbiol. 60, 77–90. doi: 10.1099/00221287-60-1-77

Ungureanu, E., Mojžišová, M., Tangerman, M., Ion, M. C., Pârvulescu, L., and
Petrusek, A. (2020). The spatial distribution of Aphanomyces astaci genotypes
across Europe: introducing the first data from Ukraine. Freshw. Crayfish 25,
77–87. doi: 10.5869/fc.2020.v25-1.077

Vey, A., Söderhäll, K., and Ajaxon, R. (1983). Susceptibility of Orconectes limosus
Raff. to crayfish plague. Freshw. Crayfish 5, 192–291.

Viljamaa-Dirks, S., and Heinikainen, S. (2019). A tentative new species
Aphanomyces fennicus sp. nov. interferes with molecular diagnostic methods
for crayfish plague. J. Fish. Dis. 42, 413–422. doi: 10.1111/jfd.12955

Viljamaa-Dirks, S., Heinikainen, S., Torssonen, H., Pursiainen, M., Mattila, J.,
and Pelkonen, S. (2013). Distribution and epidemiology of genotypes of the

Frontiers in Ecology and Evolution | www.frontiersin.org 10 June 2021 | Volume 9 | Article 597585135

https://doi.org/10.1051/kmae/2014007
https://doi.org/10.1016/j.aquaculture.2007.11.015
https://doi.org/10.1016/j.aquaculture.2007.11.015
https://doi.org/10.1016/j.jip.2011.08.002
https://doi.org/10.1016/j.jip.2011.08.002
https://doi.org/10.3354/dao02411
https://doi.org/10.1080/03949370.2014.897652
https://doi.org/10.1016/j.funbio.2013.07.005
https://doi.org/10.1016/j.funbio.2013.07.005
https://doi.org/10.3354/dao02955
https://doi.org/10.1017/S0031182018000227
https://doi.org/10.1016/j.jip.2019.107218
https://doi.org/10.1016/j.jip.2019.107218
https://doi.org/10.1371/journal.pone.0195353
https://doi.org/10.1371/journal.pone.0195353
https://doi.org/10.1371/journal.pone.0219223
https://doi.org/10.1038/s41598-021-88704-8
https://doi.org/10.1017/S0031182019000283
https://doi.org/10.1016/j.jip.2018.06.002
https://doi.org/10.1016/j.jip.2020.107390
https://doi.org/10.1002/aqc.2674
https://doi.org/10.1002/aqc.2674
https://doi.org/10.1007/s10530-014-0795-x
https://doi.org/10.1007/s10530-014-0795-x
https://doi.org/10.1016/j.jip.2017.09.004
https://doi.org/10.1016/j.jip.2017.09.004
https://doi.org/10.3354/dao035235
https://doi.org/10.3354/dao035235
https://www.oie.int/standard-setting/aquatic-manual
https://www.oie.int/standard-setting/aquatic-manual
https://doi.org/10.1086/703417
https://doi.org/10.1016/j.jip.2018.05.006
https://doi.org/10.1007/s10750-016-2841-4
https://doi.org/10.1002/aqc.2970
https://doi.org/10.1016/j.funbio.2013.10.007
https://doi.org/10.3391/ai.2012.7.4.007
https://doi.org/10.1111/jfd.12472
https://doi.org/10.1099/00221287-60-1-77
https://doi.org/10.5869/fc.2020.v25-1.077
https://doi.org/10.1111/jfd.12955
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-597585 June 21, 2021 Time: 18:27 # 11

Di Domenico et al. New A. astaci Genotyping Method

crayfish plague agent Aphanomyces astaci from noble crayfish Astacus astacus
in Finland. Dis. Aquat. Org. 103, 199–208. doi: 10.3354/dao02575

Vrålstad, T., Knutsen, A. K., Tengs, T., and Holst-Jensen, A. (2009). A quantitative
TaqMan MGB real-time polymerase chain reaction based assay for detection of
the causative agent of crayfish plague Aphanomyces astaci. Vet. Microbiol. 137,
146–155. doi: 10.1016/j.vetmic.2008.12.022

Vrålstad, T., Strand, D. A., Grandjean, F., Kvellestad, A., Håstein, T., Knutsen,
A., et al. (2014). Molecular detection and genotyping of Aphanomyces astaci
directly from preserved crayfish samples uncovers the Norwegian crayfish
plague disease history. Vet. Microbiol. 173, 66–75. doi: 10.1016/j.vetmic.2014.
07.008

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Di Domenico, Curini, Caprioli, Giansante, Mrugała, Mojžišová,
Cammà and Petrusek. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Ecology and Evolution | www.frontiersin.org 11 June 2021 | Volume 9 | Article 597585136

https://doi.org/10.3354/dao02575
https://doi.org/10.1016/j.vetmic.2008.12.022
https://doi.org/10.1016/j.vetmic.2014.07.008
https://doi.org/10.1016/j.vetmic.2014.07.008
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-648495 July 26, 2021 Time: 18:21 # 1

POLICY AND PRACTICE REVIEWS
published: 30 July 2021

doi: 10.3389/fevo.2021.648495

Edited by:
Orsolya Valkó,

Centre for Ecological Research,
Hungarian Academy of Sciences,

Hungary

Reviewed by:
Christoph Chucholl,

Fischereiforschungsstelle
Baden-Württemberg, Germany

Antonín Kouba,
University of South Bohemia, Czechia

*Correspondence:
Japo Jussila

japo.jussila@uef.fi

Specialty section:
This article was submitted to

Conservation and Restoration
Ecology,

a section of the journal
Frontiers in Ecology and Evolution

Received: 06 January 2021
Accepted: 29 June 2021
Published: 30 July 2021

Citation:
Jussila J, Edsman L, Maguire I,

Diéguez-Uribeondo J and
Theissinger K (2021) Money Kills

Native Ecosystems: European
Crayfish as an Example.

Front. Ecol. Evol. 9:648495.
doi: 10.3389/fevo.2021.648495

Money Kills Native Ecosystems:
European Crayfish as an Example
Japo Jussila1* , Lennart Edsman2, Ivana Maguire3, Javier Diéguez-Uribeondo4 and
Kathrin Theissinger5,6

1 Department of Environmental and Biological Sciences, University of Eastern Finland, Kuopio, Finland, 2 Department
of Aquatic Resources, Institute of Freshwater Research, Swedish University of Agricultural Sciences, Uppsala, Sweden,
3 Department of Biology, Faculty of Science, University of Zagreb, Zagreb, Croatia, 4 Department of Mycology, Real Jardín
Botánico - CSIC, Madrid, Spain, 5 LOEWE Centre for Translational Biodiversity Genomics, Senckenberg Biodiversity
and Climate Research Centre, Frankfurt, Germany, 6 Institute for Environmental Sciences, University of Koblenz-Landau,
Landau, Germany

Native European crayfish conservation was triggered by invasion of crayfish plague
disease agent, Aphanomyces astaci, starting 1860s in Northern Italy. Resulting crayfish
plague epidemics quickly spread over Continental Europe, then to Finland, Sweden
and finally, after running amok around Europe, A. astaci was discovered also in
Iberian Peninsula, Norway, Ireland, and United Kingdom in 1970s and 1980s. By
that time significant proportion of native crayfish stocks had been lost, and while
crayfish plague epidemics were still recorded, also industrialization and waterways
construction were causing damage to remaining native crayfish stocks. While alien
crayfish introductions, at least Faxonius limosus, already gave rise to first wave
of crayfish plague epidemics in late 19th century, later in 1960s it was decided
that introductions of alien Pacifastacus leniusculus should be initiated to replace
native European crayfish populations. Decisions were based on presumed advantages
for fishery, suitable habitat requirements and supposed immunity against A. astaci.
Furthermore, conservation of native European crayfish species was sidelined and focus
shifted toward alien crayfish stocking routine and consumption. Alien crayfish species
introductions resulted in repeated waves of crayfish plague epidemics among remaining
native crayfish stocks. It was soon discovered that alien crayfish of North American
origin were, as suspected, permanent reservoirs for A. astaci, that some of those
alien species were losing their resistance against selected strains of A. astaci and
struggled in European aquatic ecosystems. In this article, we introduce numerous
motives behind grand mistake of introducing alien crayfish species to Europe and then
promoting their stocks instead of focusing on conservation of native crayfish species.
We outline how false economical, biological and ecologic assumptions were used to
justify a hasty introduction of alien crayfish, which has further devastated native crayfish
and also permanently changed European aquatic ecosystems, both with disastrous
consequences. Lesson to be learnt is that science-based warnings about alien species
damage to native ecosystems and native crayfish must be taken with utmost caution.
Protection of native European crayfish should be core issue, not commercial activities.
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Finally, we summarize main threats and actions needed to protect remaining native
freshwater crayfish fauna in Europe.

Keywords: conservation, biased decision making, environmental economics, political ecology, fisheries
administration, native and alien crayfish, shortsightedness

INTRODUCTION

The Role of Crayfish in Europe:
Ecosystem vs. Economy
Of all ecosystems in the world, freshwaters are among the most
diverse and vulnerable, while constituting only 0.8% of the Earth’s
surface (Strayer and Dudgeon, 2010). Inland waters exhibit a
high degree of endemism and extinction rates (Dudgeon et al.,
2006) due to their insular nature, frequently small size, and
the limited dispersal ability of many freshwater species which
commonly results in adaptation to narrow habitat conditions.
These characteristics make freshwaters vulnerable to extensive
and growing human pressures (Naiman and Turner, 2000;
Jackson et al., 2001; Strayer and Dudgeon, 2010). In the past
century, the rapid increase of human populations accompanied
by economic development resulted in an equally rapid increase
in the demand for freshwater provisioning services, such as water
for consumptive use, irrigation, power generation or transport as
indicated in the Millennium Ecosystem Assessment from 2005.
Among many pressures to freshwaters and their rich biodiversity,
land-use change, pollution, physical alteration and damming,
water abstraction, climate change and introduction of alien
species have caused the most severe degradations (Dudgeon et al.,
2006; Domisch et al., 2011).

Freshwater biodiversity is significantly influenced by
freshwater crayfish, which are keystone species and ecosystem
engineers, important components of freshwater food webs, due
their relatively large body size, long life span and omnivorous
feeding habits (Holdich, 2002; Usio and Townsend, 2008;
Weinländer and Füreder, 2016). Owing to these characteristics,
crayfish can directly affect ecosystem processes, species
abundance and diversity (Pyšek and Richardson, 2010). Thus,
crayfish disappearance from an ecosystem can significantly alter
freshwater ecosystem processes and services, species abundance
and diversity, leading to changes in habitat structure and
functioning as well as to watercourse succession and changes in
the dynamics of sediment transport (Moorhouse and Macdonald,
2011). Since native freshwater crayfish have a key role in the
ecosystem by ensuring its normal functioning, and frequently
being economically important, they need to be conserved. In a
modern approach to species conservation, apart from habitat
conservation, the focus is also on the preservation of species
genetic diversity. High genetic diversity enables survival of
species through time due to higher adaptive potential and fast
evolutionary response to environmental changes (Bickford et al.,
2007; Eizaguirre and Baltazar-Soares, 2014).

On the other hand, crayfish are among the most widely
translocated aquatic invertebrates, introduced both within and
between continents mainly through extensive harvesting for
food, aquaculture and aquarium trade (Kouba et al., 2014;

Loureiro, 2020) (Table 1). Once brought into a new habitat some
alien crayfish species frequently become established and invasive.
Invasive crayfish species are characterized by advantageous life
history traits such as fast growth rate, high fecundity and early
maturation (Souty-Grosset et al., 2006), which contribute to
their invasive success. Their aggressiveness, e.g., Pacifastacus
leniusculus (Dana, 1852) (Söderbäck, 1991), Procambarus clarkii
(Girard, 1852) (Souty-Grosset et al., 2006; Arce and Dieguez-
Uribeondo, 2015), enable them to exclude native species in
competition for space and food sources (e.g., Söderbäck, 1994a,
1995; Hudina et al., 2014; Pacioglu et al., 2020). Additionally,
they may outcompete native species by reproductive interference
(Söderbäck, 1994b). Further, their tolerance to a broad range
of conditions including pollution or organic enrichment, e.g.,
Faxonius limosus (Rafinesque, 1817) (Souty-Grosset et al., 2006),
and transmission of diseases such as crayfish plague, caused by
pathogen Aphanomyces astaci Schikora (Persson and Söderhäll,
1983; Vey et al., 1983; Diéguez-Uribeondo and Söderhäll, 1993),
enhances their potential to drastically affect native crayfish
populations. Thus, invasive species are recognized as the second
most important factor affecting biodiversity loss worldwide
(Lodge et al., 2000; Fahrig, 2003) and determining the factors
of their invasive success is a key issue in invasive species
management (Capinha et al., 2013) in order to conserve
native crayfish populations as well as local biodiversity and
ecosystem functioning.

Commercial activity seems to have had a key role in the
introduction of alien crayfish and their associated diseases to
Europe, and thus to the devastation of the native European
crayfish. Crayfish have been traded since the discovery of their
worth as food item, either for nutritional purposes as a valuable
source of proteins in remote and sometimes poor parts of
Europe (Holdich, 2002; Maguire and Gottstein-Matočec, 2004;
Gherardi, 2011) and other regions (Andriantsoa et al., 2019),
or as a focal point of cultural events (Jussila, 1995; Edsman,
2004; Alonso et al., 2000). They have even been used as food
during fasting within religious communities, in order to bypass
regulations forbidding the consumption of animals during fasting
(e.g., Swahn, 2004; Ackefors, 2005; Patoka et al., 2016b) and
also as a source of additional income for people catching and
marketing them to bourgeois and religious communities (e.g.,
Lehtonen, 1975; Bohman et al., 2006; Gherardi, 2011). Trading
frequently included crayfish transport over long distances (Anon,
1899; Edsman and Schröder, 2009; Jussila et al., 2013b) resulting
in a mix of the natural genetic composition of native species
(e.g., Edsman et al., 2002; Makkonen et al., 2015). Moreover, by
trading live alien crayfish species within Europe, the spreading of
the crayfish plague pathogen A. astaci was facilitated around the
continent, as crayfish were often placed in water bodies along the
way to markets (e.g., Alderman, 1996).
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TABLE 1 | Native and alien crayfish in Europe: distribution, introduction motivation and A. astaci relationship. Distribution indicates in which European countries species
is present (two letter country codes; www.iban.com/country-codes); introduction indicates motivation with AQ, aquaculture; PT, pet trade; WS, wild stock creation;
A. astaci status is V, vulnerable; C, carrier; n/a, no information on A. astaci relation available; background coloration indicative of native species = no color; early
introduced aliens = dark gray; late introduced aliens = light gray. The data is based on Kouba et al. (2014) and unless otherwise indicated been updated using data from
Invasive Species Compendium website (https://www.cabi.org/isc/search/index?q=crayfish).

Species Distribution Introduction9 A. astaci

Astacus
astacus

AL, AD, AT, BY, BE, BA, BG, HR, CY, CZ, DK,
GB, EE, FI, FR, DE, GR, HU, IT, LV, LI, LT, LU,
MD, ME, NL, NO, PL, RO, RS, RU, SK, SI, SE, CH, UA

C V

Pontastacus
leptodactylus

AT, BY, BE, BG, HR, CZ, DE, ES, FI, GB, GR,
HU, IT, LV, LT, LU, MT1, MD, NL, PL, RO, RS, RU, SK, CH, UA

C V

Astacus
pachypus

RU, UA n/a

Austropotamobius
pallipes

AT, BA, HR, GB, FR, DE, IE, IT, LI, ME, SI, ES, CH C V

Austropotamobius
torrentium

AL, AT, BA, BG, HR, CZ, FR, DE, HU, IT, LU, MK, ME, RO, RS, SI, SK, ES, CH V

Austropotamobius
bihariensis

RO16

Faxonius
limosus

AT, BG12, BY, BE, HR, CZ, GB, FR, DE, HU, IT, LV, LT, LU, NL, PL, RO, RS, RU, SK, SI18, ES,
CH

WS C

Pacifastacus
leniusculus

AT, BA15, BE, HR, CY, CZ, DK, GB, EE, FI, FR,
DE, GR, HU, IT, LV, LT, LU, MT1, NL, NO, PL, PT, SK, SI, ES, SE, CH

AQ, WS C V

Procambarus
clarkii

AT, BE11, CY, GB, FR, DE, HU2, IT, MT1, NL, PL10, PT, ES, CH AQ, PT, WS C

Faxonius
immunis

FR, DE AQ, WS C

Faxonius
juvenilis

FR WS n/a

Faxonius
cf. virilis

GB, ME, NL C

Procambarus
cf. acutus

BE12, GB, NL C

Procambarus
virginalis

AT13, BE3, CZ8, DE, EE17, FR19, HR17, HU2, IT6, MT1, NL17, SE4, SK, RO7, UA5 PT C

Procambarus
alleni

HU2 PT C

Cherax
destructor

ES, IT AQ, PT, WS V

Cherax
quadricarinatus

ES14, GB, GR, HU2, SI, MT1 PT, AQ CV

Cherax
holthuisi

HU2 PT n/a

Cherax
snowden

HU2 PT n/a

Cherax sp.
(2 different)

HU2 PT n/a

Cambarellus
patzcuarensis

HU2 PT C

1Deidun et al., 2018; 2Weiperth et al., 2020; 3Scheers et al., 2021; 4Bohman et al., 2013; 5Novitsky and Son, 2016; 6Vojkovská et al., 2014; 7Pârvulescu et al., 2017;
8Patoka et al., 2016a; 9Chucholl, 2015; 10Maciaszek et al., 2019; 11Scheers et al., 2020; 12Todorov et al., 2020; 13Cab Direct UK, 2014; 14Arias Rodríguez and Torralba
Burrial, 2021; 15Trožić-Borovac et al., 2019; 16Pârvulescu et al., 2019; 17Vogt, 2020; 18Govedič, 2017; 19Grandjean et al., 2021.

After struggling for around 100 years with A. astaci epidemics,
some countries of Northern and Southern Europe, losing more
native crayfish stocks and failing with previous introductions of
F. limosus and Faxonius virilis (Hagen, 1870) decided, largely
for commercial purposes, that mass introduction of other alien
crayfish should start from North America, such as P. leniusculus
in Sweden 1960s (Svärdson, 1965, 1995; Abrahamsson, 1973),

P. leniusculus in Finland 1960s (e.g., Westman, 1973), F. limosus
and P. leniusculus in Austria 1960s and 1970s (Spitzy, 1973)
and P. leniusculus and P. clarkii in Spain 1970s (e.g., Diéguez-
Uribeondo et al., 1997a). Previous attempts to also introduce
other North American species had happened, but not on such
a massive scale (Alonso et al., 2000; Souty-Grosset et al.,
2006). As mentioned above, the introduction of the alien
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P. leniusculus, together with organized hatchery and stockling
production, resulted amongst other matters in further waves of
A. astaci epidemics among native European crayfish stocks. The
commercial value of the native crayfish such as Astacus astacus
(Linnaeus, 1758), Pontastacus leptodactylus (Eschscholtz, 1823)
and Austropotamobius pallipes (Lereboullet, 1858), has partially
contributed to protecting their wild stocks via a possibility for
their profitable exploitation. When facing extinction or severe
decline in Continental Europe and Fennoscandia (A. astacus),
the Mediterranean countries (A. pallipes), Eastern Europe and
Turkey (P. leptodactylus), their commercial value could be
seen as directed against these European native crayfish. This
resulted in the potential income from crayfish being used several
times, one could say every time, when introductions of alien
crayfish were discussed and justified (e.g., Westman, 1973;
Söderbäck and Edsman, 1998; Alonso et al., 2000; Sahlin et al.,
2010).

Monetary benefits have played a crucial role in the alien
crayfish introductions, as there have also been at least temporary
economic gains from alien species through aquaculture (e.g.,
Bohman et al., 2006) and exploiting wild stocks (Jussila and
Mannonen, 2004; Bohman et al., 2006). In Fennoscandia,
the economic benefits may have initially been obvious (e.g.,
Kirjavainen and Sipponen, 2004), Spain appears to be the same
(e.g., Gutiérrez-Yurrita et al., 2017), while in Central Europe
and Balkans the economics gains have been considerably smaller
(e.g., Maguire and Gottstein-Matočec, 2004; Souty-Grosset et al.,
2006). Even when discussing the initial cumulative benefits, the
long term direct and indirect economic gains have so far been
negligible or even negative when the whole aquatic ecosystem and
society is taken into account (e.g., Gren et al., 2009). In Spain,
the Scientific Committee of Spanish Ministry has finally declared
that alien P. leniusculus and alien P. clarkii are not naturalized but
invasive and detrimental to local aquatic ecosystems (Díaz, 2021).
The entire ecosystem should always be considered when alien
species benefits are discussed, even though short-term thinking
favors money and ignores intangible benefits.

One crucial issue in the native crayfish conservation has
been, and also will be in the future, several contrasting interests
promoting either native crayfish conservation or alien species
introductions. This issue has been discussed in detail by Biasetti
et al. (2021), highlighting the complex network of intangible
ideas and values relevant to different interest groups with also
strong economic interest involved. Conservation obstinacy has
been mentioned as an example of wasting resources to fight lost
causes, as conservation outcome could, in some cases, be hard
or even impossible to predict (Lehmann et al., 2002; Gontier
et al., 2006) while we argue that lost causes can only be species
extinctions. Animal welfare issues can also be relevant, since
native species might have to be raised under artificial conditions
and alien species eradication could be cruel (e.g., Cowan and
Warburton, 2011). Finally, social factors of conservation are
important and actions would require community acceptance
and support with intensive awareness raising campaigns taking
place. Ecosystem health or biodiversity as such are complex
entities and adding diverse individual attitudes and expectations
to considerations when native species conservation acts are

planned, the result can easily be counterproductive for native
species. The conservation of native crayfish should thus be seen
as an attempt to conserve native ecosystem health, as the native
crayfish are true keystone species and ecosystem managers in the
most positive sense of the phrase.

We have used cases from Fennoscandian policies and practices
as an overwhelming example of official management strategies,
based often on economical justifications rather than ecological, to
highlight the detrimental effects of alien species to native species
and ecosystems. In addition, P. leniusculus alone is the most
widespread alien crayfish species in Europe and is present in at
least 28 countries (Kouba et al., 2014; Table 1). The magnitude of
alien crayfish promotion by governmental institutions has been
of such fundamental proportions in Fennoscandia, that several
cases have been discussed from a Fennoscandian view point,
however, with cases from Continental Europe being introduced.
The regions might differ, the species might differ, but the outcome
seems to be repeated. Money talks and native European crayfish
walks, this time, out. This review on policy and practice is
about the dramatic chain of events affecting the fate of European
freshwater crayfish.

On the Brink of Extinction: Crayfish
Plague Is Wiping Out Native Crayfish
Stocks
Over the past 150 years, freshwater crayfish in Europe have faced
a severe challenge caused by the pathogen A. astaci, probably
introduced with alien crayfish species of North American origin,
with mass mortalities first reported by Cornalia (1860). Today,
the European native crayfish populations are in decline nearing
extinction both regionally and species-wise (e.g., Souty-Grosset
et al., 2006). Due to its devastating effects on the native crayfish
populations of Europe, A. astaci is today considered among
the world’s 100 worst invasive species (Lowe et al., 2004).
A. astaci belongs to the class of Oomycetes a diverse group
of fungus-like organisms, including not only a wide variety
of plant and animal pathogens, but also saprophytic species
(Diéguez-Uribeondo et al., 2009). A. astaci itself is originally a
very specific parasite (Unestam, 1969a; Unestam, 1972; Diéguez-
Uribeondo et al., 2009) of freshwater crayfish species from North
America that have developed some tolerance and resistance
whilst also alternative hosts have been reported and speculated
(e.g., Unestam and Weiss, 1970; Svoboda et al., 2014; Martín-
Torrijos et al., 2021b) (Table 2). However, in the European
crayfish, the parasite causes a lethal disease known as crayfish
plague. The pathogen spreads from host to host by producing
free-swimming zoospores; should a suitable host be found, the
zoospores then encyst, germinate, and start to grow hyphae into
the host tissues, typically resulting in death of the host (Söderhäll
and Cerenius, 1999; Cerenius et al., 2009; Rezinciuc et al., 2016).
By contrast, in A. astaci infected North American crayfish species,
there is a continual but low level of sporulation (Strand et al.,
2012; Svoboda et al., 2013).

The presence of North American crayfish, and thus most likely
the pathogen A. astaci, has caused high mortalities and numerous
population collapses among all native European crayfish species
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TABLE 2 | Aphanomyces astaci haplogroups (genotypes) and crayfish carrying these haplotypes as latent infections. Genotypes of A. astaci can only be distinguished
on a molecular (genetic) level, as no morphological differences exist.

Genotypes Species dying on crayfish
plague outbreaks

Latent infections with genotype characterization

Haplogroup* Haplotype* RAPD-
PCR
based**

European species North American species

A (lineage 1) a A (As) Astacus astacus1

Austropotamobius pallipes1

Austropotamobius torrentium1

Pontastacus leptodactylus2

Astacus astacus5

Pontastacus leptodactylus2

Austropotamobius
torrentium9

Faxonius rusticus6

Faxonius obscurus7

Faxonius etnieri8 Procambarus
hybus8

Procambarus acutus8

C (PsII) Pacifastacus leniusculus2 unknown

B (lineage 1) b B (PsI) Pacifastacus leniusculus1

Astacus astacus1

Austropotamobius pallipes1

Pontastacus leptodactylus2 Pacifastacus leniusculus1

Austropotamobius torrentium1

Pontastacus leptodactylus2

E (lineage 1) e E (Or) Astacus astacus1

Austropotamobius torrentium4
Not observed Faxonius immunis7 Faxonius

limosus7

NEW1
(lineage 1)

Usa-1 Not tested Not observed Not observed Faxonius tricuspis8

NEW2
(lineage 1)

Usa-2 Not tested Not observed Not observed Cambarus striatus8

D (lineage 2)
d1

D (Pc)
Austropotamobius pallipes1

Austropotamobius torrentium1
Not observed Cambarellus shufeldtii8

Procambarus clarkii1

d2 Austropotamobius pallipes1 Not observed Procambarus abiusus8

Procambarus clarkii1

Procambarus
fallax1

d3 Not tested Cambaroides japonicus3 Not observed Procambarus
clarkii3

Usa-3 Not tested Not observed Not observed Procambarus raneyi8

Usa-4 Not tested Not observed Not observed Faxonius sp.8

Usa-5 Not tested Not observed Not observed Procambarus raneyi8

Usa-6 Not tested Not observed Not observed Cambarellus shufeldtii8

Procambarus clarkii8

*Based on phylogenetic analyses of mitochondrial DNA regions; **alternative terminology of RAPD-PCR groups; 1Makkonen et al. (2018); 2Panteleit et al. (2018); 3Martín-
Torrijos et al. (2018); 4Mojžišová et al. (2020); 5Jussila et al. (2021a); 6Panteleit et al. (2019); 7Butler et al. (2020); 8Martín-Torrijos et al. (2021b); 9Jussila et al. (2017).

(e.g., Souty-Grosset et al., 2006). The invasive North American
crayfish species appears to tolerate and resist the crayfish plague
infection across their original distribution in North America (e.g.,
Martín-Torrijos et al., 2021b). This seems to be the result of a
balanced relationship arising from coevolution (Unestam, 1969b;
Cerenius et al., 2009). Thus, the pathogen was usually unable
to freely infect its North American host because their immune
system can encase the pathogen within the cuticle (Söderhäll
and Cerenius, 1999; Cerenius et al., 2009). However, susceptible
crayfish and A. astaci seemed to have created a novel and complex
relationship, with evidence for a rapid co-evolution of native
crayfish and A. astaci (Jussila et al., 2015, 2021a). Moreover,
the alien crayfish in their newly invaded biogeographic regions
in Europe show increased susceptibility with even population
collapses reported (e.g., Jussila et al., 2014a; Sandström et al.,
2014; Thomas et al., 2020). As a result, among crayfish stocks in
Europe, the resistance of both native European and alien crayfish

against the crayfish plague has changed, as has the virulence of
the disease agent A. astaci (e.g., Jussila et al., 2015).

Currently, four distinct haplogroups (i.e., group of strains
evolutionarily related as judged by mitochondrial concatenated
sequences, sensu Makkonen et al., 2018) of A. astaci are known
to infect native and alien crayfish in Europe and Asia (Table 2),
named as A, B, D, and E haplogroups (e.g., Kozubíková et al.,
2011; Kozubíková-Balcarová et al., 2013; Makkonen et al., 2018;
Martín-Torrijos et al., 2018), with haplogroup D consisting of
d1, d2, and d3 haplotypes (Makkonen et al., 2018; Martín-
Torrijos et al., 2018). These haplogroups and haplotypes can
only be distinguished on a genetic level, as no morphological
differences exist. Recent studies on A. astaci in the south-
eastern United States indicate that this region seems to be
a center of diversity of the pathogen. In this region, 19
additional North American crayfish species were found to carry
A. astaci and six new haplotypes of the pathogen were identified
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(Martín-Torrijos et al., 2021b). Laboratory infection trials have
shown extensive variation in the virulence among different
strains of some haplogroups (e.g., Makkonen et al., 2012, 2014;
Francesconi et al., 2021). In general, strains of haplogroups
B, D and E seem to possess higher virulence (e.g., Makkonen
et al., 2012; Jussila et al., 2013a; Francesconi et al., 2021) than
those of haplogroup A, which, on the other hand, appear to be
more variable in their virulence (Makkonen et al., 2012, 2014).
Furthermore, latent crayfish plague infections with A. astaci from
the haplogroup A, and in some cases also haplogroup B, without
mass mortalities have been reported in the native European
A. astacus (Jussila et al., 2011; Viljamaa-Dirks et al., 2011; Maguire
et al., 2016), P. leptodactylus (Kokko et al., 2012; Svoboda et al.,
2012; Ungureanu et al., 2020), A. torrentium (Van Paula Schrank,
1803) (Kušar et al., 2013; Maguire et al., 2016; Jussila et al., 2017)
and A. pallipes (Manfrin and Pretto, 2014; Maguire et al., 2016)
(Tables 1, 2).

Aphanomyces astaci has been under high selective pressure to
adapt to the European crayfish hosts and its new environmental
conditions since its original introduction to Europe 150 years ago
(Jussila et al., 2015, 2016a). After its presumed arrival in Europe
in the 1850s (Alderman, 1996), it had access to a variety of host
habitats across the European native crayfish spectrum (Souty-
Grosset et al., 2006) (Table 1). All European crayfish species
were susceptible to A. astaci of haplogroup A, the first intruder,
and the outcome of the crayfish plague epidemic during the
first decades was massive mortality among European crayfish
populations. If it had not had assistance from humans, the
disease might have had a short history in Europe. But the spread
of the disease agent was unintentionally aided by transferring
it to new water bodies and populations through commercial
marketing chains and through natural water ways also along
with alien invasive crayfish species (Alderman, 1996). The rapid
and efficient spread allowed for both the constant presence of
epidemics and opportunities for A. astaci to jump from one
European crayfish species host to the next and, apparently, to also
jump back and forward among crayfish species in close proximity
(e.g., Diéguez-Uribeondo, 2006; Jussila et al., 2015; James et al.,
2017).

It has long been presumed that A. astaci strains of haplogroup
A may have been naturally selected by lowered virulence
toward a balanced host-pathogen relationship, which has been
demonstrated experimentally only during the last decade (e.g.,
Makkonen et al., 2014; Jussila et al., 2014b; Francesconi
et al., 2021). Some wild native European and Turkish crayfish
stocks, which are viable and producing commercial catches,
have been shown to be latent carriers of A. astaci (e.g.,
Svoboda et al., 2012; Kokko et al., 2018; Jussila et al., 2021a).
Laboratory scale infection studies have revealed significant
virulence differences among and within A. astaci haplogroups
and even the existence of very low virulent strains (e.g.,
Makkonen et al., 2012; Jussila et al., 2017; Francesconi et al.,
2021). The invasive crayfish, especially P. leniusculus, have
lately been shown to be susceptible to A. astaci, which points
to the high virulence of the infecting A. astaci haplogroup
B and possibly a lowered resistance of P. leniusculus toward
A. astaci (Aydin et al., 2014; Jussila et al., 2014a; Thomas

et al., 2020). Laboratory experiments have demonstrated that
the A. astaci of haplogroup B, although highly virulent, is
also capable of exhibiting a significant but narrow range of
virulence variation (Jussila et al., 2013a). This indicates that
even A. astaci of haplogroup B could be adapting in Europe
(Ungureanu et al., 2020), while the presence of a permanent
host habitat for the A. astaci of haplogroup B allows for the
maintenance of high virulence without the immediate threat
of the parasite’s evolutionary suicide due to the outbreak of
a devastating crayfish plague epidemic (Jussila et al., 2015).
A similar trend has been observed in A. astaci of haplogroup
D currently infecting some Procambarus species (e.g., Martín-
Torrijos et al., 2017; Makkonen et al., 2018). Furthermore,
some strains of this haplogroup have shown adaptation to
warmer temperatures than other strains from other haplogroups
(Diéguez-Uribeondo et al., 1995; Rezinciuc et al., 2014) and
tolerance to brackish waters (Martín-Torrijos et al., 2021b). These
evolutionary adaptations might be regional between specific
populations of crayfish and A. astaci, as a consequence of host-
parasite co-evolution (e.g., Svoboda et al., 2012; Makkonen
et al., 2014; Jussila et al., 2017). It has recently been shown
that the A. astaci strain carried by Faxonius rusticus (Girard,
1852) is genetically different from all other A. astaci strains
described to date (Panteleit et al., 2019), leading the authors to
hypothesize that each North American crayfish species might
carry its own A. astaci haplogroup, or haplotype, to which
it evolved resistance against. In other words, there might be
as many strains of A. astaci as there are different species of
crayfish in North America; over 300 (Mathews et al., 2008).
If the mode of action and virulence of A. astaci depends on
the different host species or populations, this could have a
high impact on the invasion success of the invasive species.
However, recent studies in North America by Martín-Torrijos
et al. (2021b) do not seem to support this hypothesis since no
clear species-specific or distributional patterns of the haplotypes
and crayfish species were found. Further investigations are
needed to enhance our understanding on the phylogeography of
A. astaci.

The introduction of different A. astaci haplogroups into
Europe and the repeated introductions of its chronically infected
hosts are a classic example of a man-made ecological disaster,
stemming from the naive belief that the manipulation of
an ecosystem would be straightforward. Currently, the native
European crayfish species are on the brink of extinction
(Richman et al., 2015). A. astaci itself has apparently adapted
rather well to European conditions (Jussila et al., 2016a), and
seems to be currently co-evolving while maintaining contact
with its relatively resistant hosts as new crayfish stocks were
imported from North American into Europe (e.g., Jussila
et al., 2016a). One could predict that this will inevitably
lead to possible total eradication of the remaining native
European crayfish stocks. The original introduction of A. astaci
to Europe, though it was most probably purely accidental,
has not only seriously devastated native crayfish populations
throughout Europe, but also resulted in further damage due to
misguided management attempts such as further introductions
of alien crayfish species from North America to rectify the
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situation (Souty-Grosset et al., 2006; Jussila et al., 2015,
2016a).

ASSESSMENT OF POLICY AND
PRACTICE

Human Impact on the Struggle Between
Native and Alien Crayfish
The high financial and cultural values of the freshwater crayfish
in Europe, namely A. pallipes, A. astacus, and P. leptodactylus,
and the devastation of the native crayfish stocks during 19th

and 20th century (Alderman, 1996; Alonso et al., 2000; Jussila
et al., 2016a) encouraged fisheries officers and researchers in
several European countries to grasp the opportunity to introduce
alien freshwater crayfish into Europe (Lodge et al., 2000; Holdich
et al., 2009). During the first wave of the crayfish plague
epidemics in Europe from the 1860s onward, the cause of mass
mortalities among European crayfish populations was not known
to the scientific community, not to mention administrators or
the common public. It took until the 1930s to discover that
A. astaci was the organism causing crayfish plague epidemics
(Schikora, 1903, 1906; Schäperclaus, 1935; Nybelin, 1936), while
it took much longer to fully understand how to halt its spread.
Within 50 years from arrival, the crayfish plague epidemic’s first
wave had permanently changed European aquatic ecosystems
by almost wiping out native crayfish from Continental Europe
(Jussila et al., 2015) and collapsing native crayfish stocks in
Fennoscandia (Jussila and Mannonen, 2004; Bohman et al.,
2006; Jussila et al., 2015). Within one century, crayfish plague
epidemics were even reported from the Iberian Peninsula to the
United Kingdom and Ireland, which were all but the last safe
havens for the native European crayfish (Reynolds, 1988; Holdich
and Reeve, 1991; Diéguez-Uribeondo et al., 1997a, respectively).
Even though in some parts of south-eastern Europe alien
crayfish were introduced quite early, e.g., in Greece (Perdikaris
et al., 2017), other parts of south-eastern Europe resisted alien
crayfish introductions for a long time compared to the rest
of Europe (Holdich, 2002). The first record of F. limosus in
freshwaters of Croatia was in 2003 (Maguire and Gottstein-
Matočec, 2004), while P. leniusculus was first recorded in 2008
(Maguire et al., 2008). In both cases, alien crayfish species spread
naturally through big rivers (Danube and Mura, respectively)
from neighboring countries (Hungary and Slovenia, respectively)
and continued their expansion toward east (i.e., F. limosus to
Serbia and Romania) causing irreversible negative impact onto
the native astacofauna in the region, i.e., in the south-eastern
Europe. It was only in 2011 that P. leniusculus was illegally
introduced to the Korana River (Hudina et al., 2013) situated
in the continental part of Croatia in the karstic region that is
known as a hotspot of the A. torrentium and A. astacus diversity
(Klobučar et al., 2013; Lovrenčić et al., 2020; Gross et al., 2021),
inflicting great damage to the populations of these vulnerable
species distributed in this area.

A common mistake made whenever a large-scale epidemic
is happening is the open spreading of the disease agent and

organisms that are carrying the disease (Alonso et al., 2000;
Bohman et al., 2006; Diéguez-Uribeondo, 2006). In most cases,
it can be claimed that due to the lack of prior knowledge, it
was not possible to apply strategies or tactics that would have
prevented the disease spreading and resulting wide epidemic.
When the pandemic started in the late 19th century, the cause of
the mass mortalities among native European crayfish populations
was not known, while several alternative theories were discussed
(Alderman, 1996). Some of those were based on the actual disease
agent being responsible, but even then there did not seem to
be rational strategies implemented to save the valuable natural
resource of European freshwater crayfish (e.g., Fiskeriverket,
1993; Alderman, 1996; Jussila et al., 2016a). The Europeans were
caught by surprise regarding A. astaci, and proper means of
attempting to stop the spreading of A. astaci happened only after
the whole Continental Europe and large parts Fennoscandia were
hit by crayfish plague epidemics.

Repeated introductions of the disease agent carriers, i.e.,
alien crayfish of North American origin, but also pathogens
spreading through natural waterways, made matters even more
complicated, as eradication of the permanent disease carriers
became impossible and prevention of spreading very hard (e.g.,
Alonso et al., 2000; Pârvulescu et al., 2012; Peay et al., 2019).
Europeans have imported alien crayfish for various reasons from
North America since the late 19th century (Henttonen and
Huner, 1999; Alonso et al., 2000; Souty-Grosset et al., 2006), but
the prime mistake was made during the mid-20th century when
decisions to start mass introductions of alien P. leniusculus to fill
the now mostly empty freshwater courses in Europe were made.
The possibility of introducing novel diseases, e.g., Psorospermium
haeckeli, Saprolegnia spp. (Diéguez-Uribeondo and Söderhäll,
1993; Diéguez-Uribeondo et al., 1994), even the possibility of
introducing novel strains of A. astaci, were played down (e.g.,
Westman, 1973), while the Swedes had their concerns (e.g.,
Svärdson, 1995). The decision to introduce crayfish from the
region where the crayfish plague disease originated, the disease
that had already eradicated most European crayfish stocks, was
made (e.g., Kilpinen, 2003). Several North America species have
been introduced, but the main focus was on P. leniusculus
(Abrahamsson, 1973; Souty-Grosset et al., 2006; Holdich et al.,
2009). The deliberate large-scale introduction of P. leniusculus in
Sweden starting in the 1960s resulted in a fivefold increase in the
spread of crayfish plague epidemics in the country (Bohman et al.,
2006; Bohman, 2020).

It is difficult to appreciate how this decision was made and
justified from an ecologically perspective, mainly because it was
obvious that the introduction of P. leniusculus would result
in further spreading of A. astaci in Europe (e.g., Kilpinen,
2003). Field introductions during the period of 1960–1967, thus
before the massive importation of P. leniusculus to Fennoscandia,
indicated that P. leniusculus was a carrier of A. astaci and thus
eradicated coexisting A. astacus populations (Unestam, 1969b).
The import license application of P. leniusculus to Finland was
first rejected in 1967 by the veterinary administration due to
risks of introducing diseases, namely crayfish plague (Kilpinen,
2003). Later the same year, the veterinary administration was
bypassed and an import license granted using political maneuvers
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and ignoring the risks. Unestam (1969a) already discussed
P. leniusculus resistance against A. astaci, clearly indicating
that the possibility of P. leniusculus acting as a permanent
reservoir existed, yet permits were given to stock 58,100 adult
P. leniusculus from Lake Tahoe, California, into 64 natural waters
in Sweden in 1969 (Svärdson, 1968; Abrahamsson, 1973). Also,
alien P. leniusculus was introduced as resistant to A. astaci,
even immune, while the obvious outcome from this resistance,
i.e., P. leniusculus as a spreading vector for A. astaci, was
largely ignored.

Promotion of the Harmful Alien Species
Is Not Conservation of the Native
Species: Cases From Fennoscandia
Soon after the introduction of P. leniusculus to Fennoscandia,
it was discovered that even the most sophisticated stockling
production systems might produce P. leniusculus that were
carriers of A. astaci (e.g., Makkonen et al., 2010), while some
P. leniusculus stocks remained in disease-free status for a while
once established from farm raised stocklings. This did not halt
the stocking of the disease carrying P. leniusculus into numerous
water bodies, even though there were strict national regulations
banning introductions of diseased organisms into the wild (e.g.,
Fiskeriverket, 1993; Ruokonen et al., 2018; Jussila and Edsman,
2020): a case of fisheries administration favoring the distribution
of an alien species even if it was suspected or known to carry and
spread A. astaci (e.g., Kilpinen, 2003). The relaxed attitude among
fisheries administrators, even an attitude that favors alien species
over native ones (e.g., Ruokonen et al., 2018; Jussila and Edsman,
2020), is bound to cause devastation of the native crayfish, even
when it is already claimed to be vulnerable and threatened, as has
been the case in Sweden (Bohman and Edsman, 2011).

Initial optimistic assumptions, based sometimes on biased
analyses and even wishful thinking, can be hard to correct
when new scientific information surfaces. It was discovered some
20 years after the initiation of major alien crayfish stocking
campaigns that the P. leniusculus wild stocks were declining,
even collapsing in some cases (Jussila et al., 2014a, 2016b;
Sandström et al., 2014). Sometimes this information was ignored
and those managing the wild P. leniusculus stocks were kept in
the dark, which was evident during meetings with stake holders
in Finland and Sweden. The initial inflated information regarding
the resistance of P. leniusculus against A. astaci infection was
not corrected when the first stock collapses were observed and
reported (e.g., Jussila et al., 2014a; Sandström et al., 2014) and
local fisheries managers were wondering how the collapses were
even possible. The original assumption of disease resistance was
used to justify further spreading of the alien crayfish, even after
it was discovered that it was spreading very virulent A. astaci of
haplogroup B and it was quite obvious that it too was suffering
from the infection itself (e.g., Aydin et al., 2014; Jussila et al.,
2014a).

It is common to deprecate novel findings indicating that
an alien harmful species could have developed new diseases
under the new environmental conditions. In Fennoscandia, it
was discovered some 20 years after the intensive P. leniusculus

stocking program that established P. leniusculus stocks were
showing gross symptoms that were then studied and described
as eroded swimmeret syndrome, i.e., ESS (Sandström et al., 2014;
Edsman et al., 2015). The suspected disease causes total or partial
erosion of the female swimmerets and thus prevents the female
from hatching eggs, resulting in reproductive failures. Later it
was been discovered that male P. leniusculus also show similar
gross symptoms including gonopod trauma (Jussila et al., 2016b,
2021b). It took a while before the existence of ESS was admitted
to affect populations of P. leniusculus in Finland. Even then, the
response was based on undermining the possible population level
effects of ESS. This was motivated by trying to maintain the
suspected good reputation of P. leniusculus in Fennoscandia (e.g.,
Jussila and Edsman, 2020). Despite struggling in some parts of
Europe, alien P. leniusculus is still the second worst alien crayfish
in Europe and still spreading (Table 1).

Short-term monetary benefits are sometimes regarded as more
valuable than long-term ecological sustainability, and thus the
promotion of the alien species could be justified by economic
reasons. The designated area for the introductions of the alien
P. leniusculus in Sweden was originally limited to the south-
eastern part of the country (Bohman et al., 2006). The designated
area in Finland was originally only the great lakes in southern
Finland, too (Ruokonen et al., 2018). Due to intensive promotion
of P. leniusculus as a commercially lucrative species and initial
good development of the introduced stocks (e.g., Ackefors, 1999;
Kirjavainen and Sipponen, 2004), the illegal introductions of
P. leniusculus northwards were commonplace (Bohman et al.,
2006; Bohman and Edsman, 2011; Ruokonen et al., 2018). In
Finland, fisheries administration, instead of taking a firm stand
against illegal introductions, drafted several crayfishery strategies,
which all included the regions of illegal introductions within
the newly designated region for P. leniusculus (Ruokonen et al.,
2018). This only encouraged the spread of the alien crayfish and
A. astaci it is carrying, resulting in further devastation of the
remaining native A. astacus stocks.

Emphasizing the alien species’ economic benefits could
sideline conservation attempts of the native species. The start
of the crayfish season is one of the widely publicized events in
Fennoscandian late summer (Taugbøl et al., 2004; Jussila et al.,
2015; Jussila and Edsman, 2020). The premium price for the
crayfish is paid during the first few days of the crayfishing season
due to high demand, while the prices stay considerably high
throughout the season (Jussila, 1995). To boost the start of the
crayfish season trade, the ministry in charge of fisheries arranged
an importation of alien P. leniusculus from England to Finland, an
exception to the EU Alien Species Regulation 1143/2014, using an
economic justification. This is again an example of trying to boost
the economic reputation of the alien species and thus undermine
the fundamentals of the EU Alien Species Regulation 1143/2014.

The strategy for alien species eradication can be deliberately
and erroneously implemented to actually give an upper hand
to the alien harmful species over the native species. Eradication
of the harmful alien P. leniusculus is one of the EU Alien
Species Regulation No 1143/2014 aims and there have been
national strategies drafted and also implemented to test
different strategies and techniques (Edsman and Schröder, 2009;
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Bohman and Edsman, 2013; Huusela-Veistola et al., 2019). In
Finland, the National Research Institute for Natural Resources,
LUKE, has been asked by Ministry of Agriculture and Forestry
to assess the possible gains on relaxing P. leniusculus trapping
regulations, such as open or early season, no bag limits, no
specific trapping licenses, encouragement to removal trapping,
etc. (Anon, 2019). The official justification is that the relaxed
trapping regulations would encourage recreational trappers to
increase their trapping pressure, which would then result in
halting the spread, or even cause eradication, of the wild
P. leniusculus stocks. While in theory this might seem achievable,
the reality is different. Anyone understanding motivational
aspects of the crayfish trapping would claim that recreational
trappers would stop trapping when the catch per unit effort
(CPUE) falls below a certain limit, for example 0.5, which is
well above any rational CPUE that would result in eradication of
the population. The planned relaxation of P. leniusculus trapping
regulations would make the alien harmful P. leniusculus a more
tempting target than A. astacus for a recreational crayfish trapper
as the alien species’ stocks would then be easier to access. This
would only encourage the general public to spread the alien
harmful species even more and it would also give a hidden
message of the alien harmful species actually being more desirable
than the native species. At four international freshwater crayfish
scientific conferences, conclusions and resolutions have been
issued: IAA17 in Kuopio, Finland (2008), Crayfish conservation
meeting in Olot, Spain (2015), IAA21 in Madrid, Spain (2016)
and IAA Gotland, Sweden (2019). At all four meetings it was
clearly stated that “the control of invasive crayfish species by
intensive recreational and commercial fisheries does not represent
a feasible method for this purpose. Instead, it favors the further
spread and increase of these alien populations” (Furse, 2008;
Edsman et al., 2019).

Pet Trade Causing Problems as Means to
Spread Alien Crayfish Species and Their
Diseases
The ornamental aquatic pet trade is another important but
frequently overlooked pathway for the introduction of alien
crayfish species and their diseases into Europe (Hänfling et al.,
2011; Chucholl and Wendler, 2017). While there are numerous
parasitic organisms and viral diseases in crustaceans worldwide
(Bojko et al., 2020), some of which might become a serious threat
for crayfish in the future, the main disease threatening crayfish
in Europe to date is the crayfish plague. Crayfish imported from
North America to be sold as pets or kept in private aquaria
are often vectors of the crayfish plague pathogen A. astaci. In a
study by Mrugała et al. (2014) six crayfish species were identified
as vectors for the first time, with horizontal transmission of
A. astaci, i.e., the transmission of the pathogen between crayfish
individuals kept in close proximity. These results were confirmed
in a study by Panteleit et al. (2017), where a further nine crayfish
species were identified as vectors for A. astaci for the first
time. One of the most problematic crayfish in the pet trade is
probably the marbled crayfish, P. virginalis Lyko, 2017, due to
its parthenogenetic reproduction and its high popularity as a

pet (Patoka et al., 2014). It probably evolved from Procambarus
fallax Hagen, 1870, an American species native to Florida and
South Georgia, after triploidization in the German pet trade in
the mid 1990s (Vogt et al., 2018). The species was first recorded
in the wild in Germany in 2003 (Marten et al., 2004) and has
since established numerous populations in at least 17 countries
worldwide, mainly in Europe1 (Vogt, 2020; Scheers et al., 2021)
(Table 1). However, European mean water temperatures are
widely below the optimum for reproduction of P. virginalis (Seitz
et al., 2005). Consequently it has been suggested that when new
P. virginalis populations become established, it is to some extent
due to the invasive potential of this species, but the location
of the occurrences is rather dependent on human-mediated
releases (Martin et al., 2010). The pet trade presumably led to the
introduction of P. virginalis into Sweden, Romania, Ukraine, and
many other countries (Marten et al., 2004; Chucholl and Pfeiffer,
2010; Bohman et al., 2013; Novitsky and Son, 2016; Weiperth
et al., 2020), and the number of different alien crayfish species
could be expected to increase as the pet trade through different
channels, e.g., on-line trade, will develop (Kotovska et al., 2016;
Vodovsky et al., 2017; Weiperth et al., 2020).

Some countries in Europe have stricter rules for pet trade.
Examples are Ireland and Scotland, where keeping alien crayfish
is illegal and the crayfish pet trade is strictly regulated (Peay,
2009), yet P. virginalis is still for sale on the pet market in
Ireland (Faulkes, 2015a). Another example is Sweden where all
importation, transport and keeping of any live crayfish species
from abroad is banned (Edsman, 2004). Laws and regulations
can only be effective if they are also enforced (Faulkes, 2015b).
When this is not possible, other methods (e.g., education of
pet traders and pet owners) to reduce the negative effects of
the pet trade need to be implemented. Recognizing threats that
alien species and pet trade pose to native European biodiversity,
the EU recently adopted regulations dealing with alien invasive
species in Europe, including crayfish (EU Pet Trade Regulation
No 2016/1141). However, the list of species of Union concern
includes only five alien crayfish species which already have
established viable populations in Europe, namely F. limosus,
F. virilis, P. leniusculus, and P. virginalis. This list does not
include species that are imported through international pet trade,
but are not yet invasive or established in the European aquatic
ecosystems. It is very important, that species which are known to
have a high invasive potential or species which are known carriers
of A. astaci, are added to the invasive species list or, alternatively,
to prepare a white list of crayfish that would not present concern
to European freshwaters and native astacofauna, supported by
scientific evidence.

Twisting the Definitions and Creating
New Language to Cause Confusion
One common way to cause confusion among the general public
and thus also those pondering conservation issues, is a deliberate
erroneous usage of alien species arguments when discussing
native species (e.g., Courtine and Willett, 1986; Clavero et al.,
2016). The concept of an alien species, in the case of Finland,

1https://faculty.utrgv.edu/zen.faulkes/marmorkrebs/
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is that the species has spread to Finland later than 1850 and
the spreading has been assisted by man (Niemivuo-Lahti, 2012).
If arrived later than 1850 by natural spreading to Finland, the
species is considered a newcomer, but not an alien species. In
the EU Alien Species Regulation No 1143/2014, for matters to
be simpler and easier to define, whole nations or geographical
regions, such as peninsulas, are considered one entity with
regard to alien species spreading. Thus, A. astacus in Finland,
even though originally considered as a southern species in its
spreading (Lehtonen, 1975), is regarded a native species in all
regions within Finland. Regardless, to improve the status of alien
P. leniusculus and to weaken the status of native A. astacus,
there have been claims that native A. astacus is actually an
alien species above Jyväskylä (latitude 62◦14′), according to
information regarding its distribution during early days (e.g.,
Lehtonen, 1975). In the same way, claims have been made
that A. astacus was introduced into Sweden during the 1500s
by the kings. Later genetic studies have shown that A. astacus
has inhabited Swedish aquatic ecosystems since the last ice
age, thus being native to Sweden (Edsman et al., 2002; Gross
et al., 2013; Dannewitz et al., 2021). Similarly, A. pallipes
has been claimed to have been introduced to Spain from
Italy only in the 1500s (Clavero et al., 2016), despite genetic
evidence dating the species origin on the Iberian Peninsula from
the last glaciation (Matallanas et al., 2011, 2016; Jelić et al.,
2016; Martín-Torrijos et al., 2021a). Such scenarios, of course,
create confusion and employ everyone to waste resources in
order to correct the deliberate misinterpretation in any given
case.

Another twisted argument in favor of alien invasive species
is the claim that introduced North American crayfish species
P. leniusculus, P. clarkii, or F. limosus are immune against
A. astaci infection, a definition that is commonly used
when justifying the introduction and spreading for example
alien P. leniusculus in Europe (e.g., Bohman et al., 2006;
Jussila et al., 2015). However, it has been shown directly
in laboratory tests (Unestam and Weiss, 1970; Persson and
Söderhäll, 1983; Vey et al., 1983) and indirectly from wild stock
observations, that these alien species, particularly P. leniusculus,
can be quite often susceptible to A. astaci infection and
stock collapses due the crayfish plague epidemics have been
reported (Jussila et al., 2014a; Sandström et al., 2014; Martín-
Torrijos et al., 2019; Thomas et al., 2020). This, again, is
one example on how decision makers aim to justify their
considerations of the first alien species introductions, and
how difficult it is to get the novel message of state of the
art facts recognized, even though being supported by reliable
data. The debates regarding alien P. leniusculus spreading
A. astaci and thus devastating native crayfish populations,
quite often bring up claims that not all alien signal stocks
or individuals are chronically infected with A. astaci, which
also neglects the long term competitive displacement of native
species by alien P. leniusculus. This argument of exceptions
to the rule, i.e., alien P. leniusculus being most often infected
with A. astaci, should bring up the magnitude of the risks
when attempting to spread alien P. leniusculus, but in most
cases a principle of cautious approach is ignored, leading to

actions detrimental to native crayfish. The possibility of a
favored outcome, a false positive expectation, seems to be a
strong motivator sidelining serious ecological considerations and
cautious approach.

Means to Make Things Right, Only Too
Little and Too Late
Eradication of the Alien Species: Another Disaster
Waiting Due to no Proper Eradication Means
Alien species eradication is a very complex task, especially for
aquatic species, and thus bound to cause problematic situations.
Risks are often unknown both because little data is available
on the magnitude of the introduction of alien species and
also uncertainty about positive and negative effects of potential
measures and actions to be undertaken. Under severe uncertainty
about knowledge and value ambiguity in management objectives,
the best initial step would be to perform a robust decision
analyses (Sahlin et al., 2021).

The eradication of P. leniusculus from limited water bodies,
such as golf courses or irrigation ponds, has been tried and
shown to be successful (Peay et al., 2006; Sandodden, 2019).
Successful attempts have also been reported for the eradication
of P. clarkii and Australian Cherax destructor (Clark, 1936) in
Spain (Alcorlo and Diéguez Uribeondo, 2014). Biocides, even
though discussed controversially, have been used efficiently in
the United Kingdom, Sweden, Norway, and Spain to tackle alien
crayfish introductions (Peay et al., 2006, 2019; our personal
observation). In the Italian project RARITY different approaches
(e.g., removal by trapping, pheromones, sterilization of males)
have been applied simultaneously, resulting in temporary
significant reduction in the P. clarkii population size in Italy
(RARITY, 2020). Other methods that were applied with more
or less success include electrofishing, manual removal of crayfish
and introduction of predators or specific diseases into the
system, building physical barriers, water body drainage and shock
liming (Gherardi et al., 2011; Stebbing et al., 2014; Bohman and
Edsman, 2013). A recent study (Krieg et al., 2020) showed that
implementation of different drastic measures, e.g., drainage of
water body in combination with chemicals or barriers, could
reduce alien crayfish population size or even eradicate a whole
population. On the other hand, controlling invasive crayfish
in big rivers (e.g., Danube and Drava) is almost impossible,
and mechanical removal from the water body could only slow
down their dispersal (Hudina et al., 2017; Krieg and Zenker,
2020). Still, achievable strategies for alien crayfish management
in such systems include a combination of methods that would
increase ecosystem resilience and continuous crayfish trapping
(both fishermen and authorities) as well as involvement of well-
informed citizens, as shown in the study of Lemmers et al. (2021).
Also, the application of biological and ecological data on invasive
crayfish to develop new tailored approaches to the management
of specific invasive populations may improve invasive crayfish
control (Hudina et al., 2016).

When eradication attempts are planned in habitats common
especially in Fennoscandia, but also elsewhere in Europe,
where lakes are interconnected by rivers to form watercourses
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stretching hundreds of kilometers, it is soon realized that effective
eradication is impossible, or the vanishing of the alien harmful
P. leniusculus could be an indication of drastic changes in the
aquatic ecosystem. In this case, the alien species could be of least
concern. Even though roughly 10% of Finnish surface area is
freshwater (MMM, 2020), there have been plans for eradication
or limiting the spreading of the harmful alien species (Erkamo
et al., 2019). However, once P. leniusculus is released into the
aquatic ecosystem there are very limited possibilities for its
practical and effective eradication. In addition to the large size
of the watercourses in Finland, most of them are shallow, lacelike
structures, allowing basically their whole benthic area for crayfish
settling.

The release of diseases targeting alien species has been widely
suggested and even used in some cases (e.g., McColl et al., 2018;
Wells et al., 2018). They have been shown to function as planned
initially in some cases (e.g., Saunders et al., 2010), while some
have faced problems right from the start (e.g., Holden, 1995).
Pathogens are known to have evolved into diseases targeting
different species, as is the case with A. astaci (e.g., Jussila
et al., 2015; Simmonds et al., 2019). In Finland, the authority
responsible of veterinary issues was planning to eradicate a sparse
A. astacus population, a protected species, suspected to be carriers
of A. astaci, by using another virulent haplogroup B strain of
A. astaci. Once the suspected remaining A. astacus would have
been eradicated, it would have allowed reintroduction of healthy
stock into those water bodies. The scheme was introduced in
a research proposal and later discussed in a conference in Olot
(Girona, Spain, 2015), with a lively interaction between audience
and presenter. Luckily, the project was not funded. The idea
of fixing an obvious mistake, in this case the introduction of
A. astaci to Europe several times, by making another, known to
be a potential mistake from experience and reports, is a strange
human urge.

Exploitation of the Alien Species: Another Form of
Alien Species Promotion?
One of the main driving forces behind the spreading of the alien
crayfish species and devastation of the native European species
has been ongoing exploitation of those alien species stocks that
have been illegally introduced to regions which have specifically
been allocated for the native species. This has been a common
phenomenon in Finland, Sweden, and Spain (Alonso et al., 2000;
Sahlin et al., 2017; Ruokonen et al., 2018). Thus, even though
there have been attempts to halt the spreading of the alien crayfish
species, the actions of the fisheries administrations in all three
countries have actually encouraged the spreading of the alien
crayfish (e.g., Alonso et al., 2000; Bohman et al., 2006; Ruokonen
et al., 2018), despite national laws banning these introductions for
various reasons, mostly motivated by conservation (e.g., Edsman
and Schröder, 2009; Caffrey et al., 2014; Erkamo et al., 2019)
and legislation (e.g., Jussila and Edsman, 2020). In Finland,
a partial motivation must have been the alien P. leniusculus
population crashes (e.g., Jussila et al., 2014a), resulting in the
urge to push up the alien P. leniusculus catch figures, all in
promotion of the alien P. leniusculus and at the cost of native
A. astacus. It should clearly be mentioned here that although

population density can be thinned and their spreading slowed
down through intense trapping (e.g., Hein et al., 2007), there
are no examples of successful eradication of crayfish populations
by strong trapping pressure. Intensive fishing with baited traps
as well as hand searching and removal is highly unsuccessful
since only a minimal fraction of the total population is removed
(Chadwick et al., 2020; Krieg et al., 2020). On the contrary,
intensive trapping as a control measure may rather be a potential
damaging activity by limiting cannibalistic predation pressure
on the remaining population (Houghton et al., 2017), increasing
fitness in remaining individuals (Moorhouse and Macdonald,
2011), inducing early onset of sexual maturity (Holdich et al.,
2014), increasing intentional anthropogenic spread (Edsman,
2004) and by increasing bycatch of non-target species (De Palma-
Dow et al., 2020).

The promotion of the alien P. leniusculus in Finland has been
taken to the level of selecting a Crayfish King annually, namely a
person who has done the most to promote alien P. leniusculus in
Pirkanmaa county in southern Finland and thus causing the most
damage to native A. astacus in that region, the latter normally
not mentioned in this context. The nomination gets wide media
coverage, not least because quite often the award is handed over
by a minister in charge of fisheries and thus also crayfisheries.
This minister should also be in charge of protecting native aquatic
resources, such as fish and crayfish, but quite ironically does not
see any conflict here.

The Conservation of the Native Species
Is a Challenging Task
Timescale Creates Problems: Humans Short-Term
Planning
Our attempts to solve ecological problems tend to be based
on short-term thinking. While timeframes of decades or even
centuries are required to remedy some matters, the lack of
immediate personal or corporate benefit (e.g., Wu et al., 2017)
and higher levels of uncertainty are seen as difficult to justify.
Looking for the quick fix might be practical when trying to show
benefits to the general public, but from the natural ecosystem’s
viewpoint this time frame is negligible. The idea to compensate
for the declining native natural resources by introducing alien
species while there are still native specimens left is bizarre. On
the other hand, it is quite understandable that the time scale of
human thinking is rather short and quite often does not stretch
over generations, not to mention over decades or millennia. From
nature’s viewpoint, thousand years is not a long time frame and
is in many cases not even long enough for any kind of drastic
evolutionary changes. Animal species are normally spreading
with variable pace (e.g., Messager and Olden, 2018; Melotto et al.,
2020), while introductions of alien crayfish species have happened
via quick and violent moments, in the false belief that human
actions do not result in negative changes within ecosystems.

How does the obvious human selfishness affect decision
making? Are we bound to only look for solutions which allow
us to reap the glory for ourselves? Are the decisions actually
based on selfish gains (like, e.g., political votes) instead of trying
to actually solve the problems in the long run and maintain
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rational balance for the foreseeable future? Quite often the best
solution would have been to do nothing and let solutions be
based on natural progression of matters, even though, in the
case of European crayfish, that would have taken a very long
time for them to possibly bounce back. At least in Finland
and Spain, there are now obvious indications that the native
crayfish could be recovering in some water bodies previously
considered void of native species (personal observation from
Finland and Spain; Diéguez-Uribeondo et al., 1997a; Jussila et al.,
2016b; Martín-Torrijos et al., 2017). This often happened in
Sweden before the introduction of P. leniusculus, and later more
frequently, as a result of liming in acidified waters (Bohman,
2020). It is also rather common that after alien P. leniusculus
introductions, there is a short period when also A. astacus turns
up in trap catches (e.g., Jussila et al., 2016b; Bohman, 2020), even
for several years (e.g., Westman and Savolainen, 2001; Westman
et al., 2002), while even in these reported Finnish cases of co-
existence A. astacus have since disappeared (Erkamo, 2020).
Thus, A. astacus has been in these water bodies, though at such
low densities that trapping them has not been worth the effort.
However, A. astacus must have been waiting for the moment
to bounce back and take a stronger position in the aquatic
ecosystem. After the hasty introduction of the alien P. leniusculus,
A. astacus faces little or no chance to recover in the long run. It
would have been wiser to wait.

Predicting the outcome of an alien species introduction is
quite often made too soon, before it has taken its niche properly,
leading to false promotion of the alien species role in the aquatic
ecosystem (e.g., Kirjavainen and Westman, 1999; Kirjavainen and
Sipponen, 2004; Jussila et al., 2016b). In Fennoscandia and Spain,
the promotion of the alien P. leniusculus (and also P. clarkii
in Spain) was based on the period when it was only settling
down to aquatic ecosystem and was not properly established yet:
populations were growing, there was a lot of free habitat, plenty
of resources and as a result stress levels were low. This resulted in
rapid spreading of these alien crayfish and the virulent A. astaci
strains they have been carrying (Diéguez-Uribeondo et al., 1997b;
Bohman et al., 2006; Ruokonen et al., 2018; Martín-Torrijos
et al., 2019). In Fennoscandia and Spain, only 20 years after
introduction, the alien P. leniusculus stocks were showing signs of
maladaptation (Jussila et al., 2014a, 2016b; Sandström et al., 2014;
Larumbe, 2020) and warning signs of not being quite suitable
to conditions in their novel habitat. From the native European
crayfish perspective this was too late, while this still was only early
stages when the spreading of the alien P. leniusculus is considered.
It is hard to change the positive message later, even though it
is obvious that alien P. leniusculus stocks are not performing as
originally told, especially since the alien P. leniusculus promoters
do not change their story but largely ignore the bad news.

Money Creates Problems: Human Monetary Thinking
The urge to plan and introduce alien species to new regions
has long been a temptation. The fundamental question is
why alien species introductions are more tempting than
conservation of native species. The already known to be
flawed justifications are repeated in order to hide the quite
obvious indications of introduction failures and severe

negative impact on native species (e.g., Lodge et al., 2000;
Westman, 2002; Jussila and Edsman, 2020). In Finland,
the catch of the P. leniusculus was predicted to double
every year due to an increasing number of introduced alien
P. leniusculus populations being established and starting to
produce commercial size crayfish after the early 1990s (e.g.,
Kirjavainen and Sipponen, 2004; Jussila and Edsman, 2020).
This prediction was made early into the introduction scheme,
mainly to encourage those managing wild crayfish stocks to
introduce alien P. leniusculus instead of native A. astacus.
An annual doubling of catches would have easily resulted
in some 30,000,000,000 alien P. leniusculus been caught by
2010, which is not exactly what happened, since annual
P. leniusculus catch briefly peaked at 7 million in mid 2010s
and then leveled at around 3 million (Erkamo, 2019). Instead,
alien P. leniusculus was discovered to be suffering similar
population collapses during 1990s and 2000s as A. astacus
in the past (Jussila et al., 2014a; Sandström et al., 2014) and
being affected by A. astaci and novel diseases (Jussila et al.,
2013b; Edsman et al., 2015). Both consequences were largely
ignored and vigorously debated against in public. It took the
government research institute LUKE until the mid-2010s to
admit that their statistics showed the introductions of the alien
P. leniusculus actually having only a small, even negligible,
impact on the total catch of crayfish in Finland (Erkamo,
2019).

One of the unexpected dangers A. astacus is facing is
possible restrictions on trapping wild A. astacus stocks, as
has been suggested in Sweden, due to a fundamentalist view
on conservation practices (Edsman, 2020a). Crayfish have
been traditionally trapped because of their market value,
the beach price for A. astacus, a minimum 10 cm long,
being between one and two euro each (Jussila, 1995; Jussila
and Mannonen, 2004). The income for a crayfish trapper
could easily be several thousand euros during the crayfish
season, which amongst other matters is a valuable lesson
to a young crayfish trapper of the value of the natural
resource (Jussila, 1995). If trapping of the A. astacus is
restricted, one can always illegally introduce P. leniusculus
in the water body, because trapping of P. leniusculus will
not be restricted in the foreseeable future and it would thus
enable trapping incomes. Even though the beach price of
P. leniusculus is less than half compared to A. astacus, this
scheme would work against conservation of the native A. astacus.
Sometimes it would definitely be worth catching and eating
a few endangered crayfish, for the benefit of the rest of the
population. Even without the economic argument a carefully
managed fishery by many local fishing right owners will be
favorable for conservation by increasing the will for local
people to protect the native crayfish (Edsman and Śmietana,
2004).

The fast buck ideology might have something to do with
the alien species introduction and bluntly ignoring the necessity
to conserve native species. It might be easy to predict a
bright future in the case of unknown factors affecting the
outcome of the alien species introduction. The North American
crayfish species considered for introduction to Europe were
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thriving in their original distribution area despite A. astaci
being present there in its most virulent haplotypes (e.g.,
Makkonen et al., 2019). It must have been tempting to claim
that these species would be doing similarly in Europe, despite
the fact that only the general climate features would be the
same, while there are differences between North American and
European aquatic ecosystems in terms of potential pathogens
and parasites (e.g., Martiny et al., 2006; Litchman, 2010).
Most of the aquatic and geological features would be different
from, for example, conditions in Lake Tahoe, which was one
of the main sources of P. leniusculus being introduced to
Europe (Westman, 1973; Henttonen and Huner, 1999). Ignoring
the fact that Lake Tahoe is very deep and rather constant
in water temperature compared to rather shallow and low
volume water courses in Europe is a grave mistake, which
was verified by a Swedish research group (e.g., Sandström
et al., 2014), showing that one of the main variables explaining
alien P. leniusculus population crashes was warmer water
temperature. In this case, climate change would make matters
even worse for alien P. leniusculus, while it might not help
native A. astacus either (e.g., Capinha et al., 2013; Préau et al.,
2020).

One cannot ignore recent political changes across Europe and
at the national level, with the more populist and nationalistic
tendencies gaining support (Aalberg et al., 2016; Scoones et al.,
2018; Borras, 2020). Quite often these populist movements
tend toward conservative and rightwing policies, which tend to
ignore the importance of conservation values (Cortes-Vazquez,
2020). There has been an increase in ideologies and movements
characterizing nature conservation and an ecologically sound
lifestyle as being detrimental to the well-being of individuals, and
even a threat to the western life style as such (Apostolopoulou
and Adams, 2015). In this political atmosphere, short-term
economic benefits tend to gain the upper hand and indirect
or intangible long-term benefits, such as ecosystems with
biodiversity and strength, are not considered valid priorities
(e.g., McCarthy, 2019). These political tendencies, of course,
threaten the existence of vulnerable native species and whole
native ecosystems, including native European crayfish struggling
with detrimental diseases, such as A. astaci infections, and
pollutants from industrial activities. The well-being of society,
in this context, does not include the well-being of natural,
native resources (Cortes-Vazquez, 2020) but rather short-term
economic benefits.

Lively and productive native ecosystems, as they can be taken
when considering native European crayfish stocks in their prime,
offer both intangible benefits in the form of recreation and
economic benefits in the form of trapping income and sales
of trapping related gear and licenses (Jussila, 1995; Jussila and
Mannonen, 2004; Bohman and Edsman, 2011). In Fennoscandia,
productive native crayfish stocks have been used in the tourism
industry as sites for trapping crayfish and then having crayfish
parties on the lakesides (e.g., Jussila et al., 2016a), as have lately
also the alien P. leniusculus stocks been utilized. In the context
of conservation, the general public could be educated during
the recreational trapping and the following crayfish parties on
the importance of native crayfish stocks from both recreational

and economic viewpoints. As most, if not all, of the native
A. astacus populations are not open access, the hospitality
enterprises are important in terms of widening possibilities
for positive experiences been offered by the productive native
crayfish stocks.

DISCUSSION

The Future for the Native European
Crayfish Is Bright, if We Just Try, Right?
We would like to summarize the threats and necessary actions
to ensure the maximum conservation outcome for the native
European crayfish, with several aspects presented in the Table 3
and outlined in the following paragraphs (cf. Caffrey et al., 2014).

First of all, if ever again attempting to introduce alien species
to substitute declining native species, one should be aware
that such actions will cause more damage than benefit to the
ecosystem or society (Kouba et al., 2021). In Sweden, from a
purely national economic perspective, disregarding the disastrous
effects on biodiversity, the massive introduction of P. leniusculus
resulted in a cost rather than a benefit in the end (Gren et al.,
2009). The loss of local native species populations, especially if it
is limited to a certain region as opposed to a species extinction,
even though a serious issue as such, is not a reason to correct the
mistake by making another one. The spreading of alien crayfish
in Europe is a classic and sad example of how matters can easily
be made worse for the native species by introducing alien species
to compensate local or regional losses of native species stocks
(Gherardi and Holdich, 1999). The causes for their decline have
multiple origins, and some of those must be corrected, such as
pollution of water, acid rain and waterways construction (Edsman
and Schröder, 2009), which the EU has taken a firm stand against
(e.g., Paloniitty, 2016). Then, when habitats and environment
have been restored to an ecologically maintainable level, one
has to wait and see how ecosystem resilience will do its job.
Sometimes less is more. If alien species have been introduced, on
purpose or by accident, conclusions regarding the establishment
and success of these populations should be reached only after a
considerable time period, in the case of P. leniusculus in Finland
more than 20 years after its introductions. In most cases this is too
late and the progress of matters cannot be reversed. Maybe being
more cautious and suspicious in the first place and eschewing the
introduction of alien crayfish into Europe would have been best.

Alien crayfish should at least be restricted to limited
designated regions, as is the general aim of the all European
national crayfisheries strategies, and those alien crayfish
populations which have been stocked, without permission and
in most cases illegally, should be banned from all exploitation
(e.g., Edsman et al., 2019). It thus would be strictly pointless to
spread alien crayfish, which so far has been common practice and
partially encouraged by the fisheries administration at least in
Spain, Finland and Sweden (e.g., Alonso et al., 2000; Ruokonen
et al., 2018; Jussila and Edsman, 2020). If broadly adopted, by
banning introductions and trapping of the illegally established
populations of alien crayfish at least some social pressure would
be created, potentially resulting in hesitation when planning the
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TABLE 3 | Means to secure the conservation of native European crayfish.

Threat Action

Alien crayfish
species

X No more stockings to novel water bodies.
X No commercialization of live crayfish.
X Halt the alien species pet trade.
X Early detection and rapid eradication of newly emerging alien

crayfish populations.
X Full economical responsibility for illegal spreading.

Aphanomyces
astaci

XHalt the spread of alien crayfish.
X Awareness that North American crayfish are chronic reservoirs

and the source of the crayfish plague.
X Increased awareness of fishing gear disinfection.
X Fish stockings only if verified disease free.
X Understanding of molecular mechanisms for crayfish plague

resistance for selective breeding.

Lack of EU level
interest

XImpose EU regulations on halting pet trade of crayfish.
X qPCR test for A. astaci of imported ballast water.
X Funding of native crayfish related management and research.

Impaired
communication
with national
governments

XAwareness of the validity of science.
X Participating in national planning.
X Relevant applications of academic output.
X Demand for transparent crayfisheries policies.
X Stronger law enforcement.

People having
wrong, old, and
false information

XAwareness-raising campaigns.
X Media releases.

People
disconnected from
nature

XAwareness raising campaigns.
X Boosting motivation for conservation.
X Targeting kids as means to educate general public.
X Citizen Sciences programs (e.g., https://alien-csi.eu/).

Interest group
inactivity

XAwareness-raising of the material and intangible benefits of
conservation for society.

next illegal introduction. The role of information campaigns
should be more focused in this context, as it has been clear in the
past that one of the main reasons for the irresponsible spreading
of alien crayfish species has been messages which do not clearly
state the risks related to alien species. One of the main reasons
for this misleading information has been the reluctance of those
in charge to admit that expectations have not been met and thus
the instructions should be revised in order to avoid repeating
mistakes.

While competitive exclusion by alien over native crayfish
is a major risk to the long-term persistence of native crayfish
in Europe, the hitchhiking disease pathogen that comes along
with the alien crayfish possesses a much more immediate threat
(e.g., Unestam, 1969a; Jussila et al., 2014b). Now that various
A. astaci strains from different genotypes are present in various
European water bodies (Table 2), its spread not only via alien
crayfish, but also via fish (Oidtmann et al., 2002) or other species
transporting A. astaci zoospores, i.e., birds and mammals preying
on crayfish (Anastácio et al., 2014) appears inexorable, and we
might have to start to think about how to make co-existence of
the pathogen and native crayfish possible. It has been suggested
that the main mechanism underlying the increased resistance of
the North American crayfish species against the crayfish plague is

the constant overexpression of prophenoloxidase-related genes,
inhibiting pathogen growth and hence infection development.
In European crayfish species, the enzymatic activation of the
prophenoloxidase-cascade is often too inefficient and slow to
successfully combat the disease (Cerenius et al., 2003). Therefore,
in European native crayfish the infection leads to death usually
within a few days or weeks, depending on the pathogen strain
and virulence (Makkonen et al., 2014; Becking et al., 2015).
However, recent reports indicate that European native crayfish
wild populations exposed to A. astaci of haplogroup A, in
some cases even haplogroup B and D, can sometimes resist
the deadly acute crayfish plague infection (Svoboda et al., 2012;
Jussila et al., 2017; Martín-Torrijos et al., 2017). Significant
differences in disease resistance have also been observed in
controlled infection experiments (Makkonen et al., 2012; Martín-
Torrijos et al., 2017; Francesconi et al., 2021). It is thus a major
future challenge to identify target genes and molecular pathways,
which underlie the defense mechanisms of the crayfish immune
system under an A. astaci challenge that might be responsible
for an increased resistance toward crayfish plague infection. In
perspective, such results might become the basis of selective
breeding programs focusing on resistance-genes. Subsequently,
reintroduction programs could make use of crayfish plague
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resistant crayfish to be released into their original habitats.
That being said, there would then be a risk of promoting yet
another reservoir for A. astaci among native crayfish populations.
Thus, speeding up the positive selection process by genetic
enhancement of resistance against pathogens has to be carefully
considered in the context of the conservation of the native
crayfish species.

International pet trade polices like EU Pet Trade Regulation
2016/1141 need to be extended to cover more species which have
high invasive potential and are known A. astaci vectors. More
conservatively, instead of a blacklist of forbidden species, which
takes too much time on EU level to be extended by additional
species, it could be suggested to have a white list of species allowed
for trade within the EU. Such a list seems to be more in line with a
precautionary principle regarding the prevention of introducing
invasive species unintentionally. Additionally, a frequent eDNA
test of ballast water and the water used during animal cargo for
presence of A. astaci spores and other emerging diseases using
molecular methods would be highly advisable and definitely
compulsory in cases where animal cargo could be entering the
EU market (Brunner, 2020). Without effective implementation of
national and international biosecurity measures, the occurrence,
transboundary spread and serious economic and ecological
impact of aquatic animal diseases will continue. In this regard,
globally agreed standards for sanitary measures to apply to
international trade in live aquatic animals are laid out in the
OIE Aquatic Animal Health Code2 and in the OIE Manual of
Diagnostic Tests for Aquatic Animals3. Finally, public education
is probably the key factor to reduce the risk of alien crayfish to
be released into the wild. Education of retailers and pet crayfish
owners is an important aspect to alleviate the threat posed by the
pet trade.

People’s awareness can contribute to public engagement
benefiting nature conservation, which would be initiated by
environmental education as part of the school curriculum. Recent
successful conservation campaigns in Finland and Sweden (e.g.,
LIFE+ CrayMate and other regional campaigns; Jussila, 2016)
have resulted in the common public being more aware of the
possible benefits of native A. astacus stocks and the dangers
of the alien P. leniusculus (Jussila, 2016). During the 3-year
LIFE+ CrayMate awareness campaign, 2013 – 2016, the targeted
fishing rights owners, mostly private persons responsible of the
management wild fish and crayfish stock, initiated A. astacus
restocking programs within carefully selected waters and at least
in Southern Karelia region the success rate of the introductions
was above 50% (Tiitinen, 2020) similarly to what has been
observed in Northern Savo during the 2020s (Kosunen, 2020).
At the same time, people became more aware of the role of alien
P. leniusculus as the main reason for the spreading of A. astaci
and the devastation of the native A. astacus stocks. This came
as a surprise since the Finns have a strong tradition of trapping
and eating crayfish, while the knowledge regarding the basics of
crayfish biology and ecology seemed thin. In Fennoscandia an

2https://www.oie.int/standardsetting/aquatic-code/
3https://www.oie.int/standard-setting/aquatic-manual/

information campaign called “The Crayfish Myth Buster”4 (in
Swedish, Finnish, and English) was launched on the web in 2006
and people were directed to the website by advertisements in
commercial radio jingles, TV, newspapers, flyers, special hats, and
information on milk cartons. The campaign dealt with the 21
most common myths, exaggerations and misunderstandings of
freshwater crayfish. In a very recent project (“MaNaKa,” 2017–
2020) German authorities funded an awareness campaign to
encourage and instruct fishing clubs, water leaseholders and
nature conservation authorities to safely stock suitable water
bodies with the endangered native A. astacus. The colonization of
waters previously free from crayfish plague, if carefully selected,
should make an important contribution to the preservation of
A. astacus in Germany. As an example from the south-east
Europe, there have been campaigns in Croatia dedicated to
raise awareness of the problems that invasive crayfish cause to
freshwater diversity (Pavić et al., 2021). Unfortunately, those
activities rarely attained the expected result. Even though there
were workshops organized for local inhabitants focusing on the
problems that P. leniusculus could cause to karstic habitats,
P. leniusculus was illegally introduced into another karstic river
(Una River) bordering Croatia and Bosnia and Herzegovina
(Trožić-Borovac et al., 2019). Local education campaigns and
workshops are needed in the regions where alien crayfish are
present and also where they are not yet present but highly
likely to spread. Currently, an action plan for alien crayfish
in Croatia is being developed, involving local stake holders
(fisherpersons, policy makers, protected areas employees, local
inhabitants, school teachers, NGOs, etc.) as well as astacologists
and the wider scientific community (Faller, 2020). In Croatia, a
mobile application for invasive species alert has recently been
developed and is now available for citizens (MGOR, 2020).

Finally, natural resources, such as reproductive native crayfish
populations, can be taken as exploitable resources, while this
approach should not be applied to all native crayfish populations
or their distribution regions. The exploitation, and thus the
commercial value of the wild crayfish stock, might be a means
to protect and conserve native crayfish populations or even a
whole species (e.g., Taugbøl, 2004), providing that exploitation
is sustainable and spreading of diseases is prevented. When
exploitation is discussed, one should introduce ecology into the
debate and bear in mind that exploitation should not result in
biodiversity decline or drastic ecosystem changes. Exploitation
should thus be based on wide ecosystem sustainability, which
would then allow both ecosystem health and thriving variety
of species, in this case aquatic species, while also ensuring
income and benefits to those attempting to exploit natural
resources. Discussions regarding exploitation of natural resources
quite often, if not always, focus on maximum economical gain,
ignoring the long-term health of the exploited natural resource
or the ecosystem where this resource belongs to. It never ceases
to surprise how those interested in economic gain tend to forget
that conservation is actually a rather selfish activity, in most cases,
if successful, allowing the existence of human beings and the
cultural frame that we rely on. Thus, conserving native European

4www.krafta.nu
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crayfish, protecting them against alien species and their diseases,
works for us, too, allowing us to enjoy natural resources and, in
the case of the Swedes and maybe the Finns, also crayfish parties,
while having nicely prepared A. astacus (e.g., Fürst and Törngren,
2003; Edsman, 2004; Jussila et al., 2016a), but not in excess.

Quite a few of the suggested management and conservations
actions have been implemented at least partially and with some
success, for example LIFE+ CrayMate awareness campaign in
Finland. As more radical actions we suggest that a fundamental
principle of polluter pays should be enforced in the cases where
the alien species are spreading and resulting in damage to the
native ecosystems (e.g., Gaines, 1991). In Finland, and many
other European countries, spreading of alien species is illegal,
while so far the legal system fails to find culprits or ignores the
cases as meaningless in their impacts (our observation). If an
alien species cannot be eradicated, a functional eradication could
be limiting or even eliminating ecological damage, as has been
observed in the case of P. rusticus in North America (Green
and Grosholz, 2021). Recent advances in bioengineering would
also allow genetic biocontrol, which is based on modifications
of the organism’s genome in a heritable way that would for
example disrupt the reproduction of the alien species (e.g., Teem
et al., 2020). However, such methods are to date only applicable
for some insect and vertebrate model species. In the case of
freshwater crayfish, the most basic genomic knowledge required
for genetic bioengineering, i.e., a fully annotated reference
genome, is still lacking.

In this paper we clearly articulate and showcase that human
perception and knowledge, or rather the lack of them, together
with plain greed, are the most crucial components of the sad
predicament of native freshwater crayfish species in Europe. The
alien species threat has to be dealt with resolutely. However,
to solve the problem of the invasive freshwater crayfish spread
today, the most important thing is to manage people rather than
the crayfish themselves (e.g., Robbins, 2011; Edsman, 2020b).
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Jelić, M., Klobučar, G. I. V., Grandjean, F., Puillandre, N., Franjević, D., Futo, M.,
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The white-clawed crayfish Austropotamobius pallipes complex populations are
decreasing in the Foreste Casentinesi, Monte Falterona and Campigna National Park
(Central Italy), due to several factors, including illegal poaching, predatory fishes,
drought, and invasive alien species. Recently, the Northern raccoon Procyon lotor has
been reported to be present in the area of the National Park and has started to predate
on the white-clawed crayfish. The aim of the study was to update the distribution and
population status of A. pallipes in the reserves, other sites of the National Park, and
surrounding areas to assess the potential effects of the raccoon. Crayfish were sampled
by hand or by traps in 14 sites; sampled individuals were sexed and measured. Signs of
raccoon presence (e.g., footprints and predated crayfish) were also recorded. Our study
confirms the impact of raccoon on native crayfish: indeed, where the invasive mammal
is present (six sites), crayfish disappeared, or their populations have been dramatically
reduced in number, with a size distribution skewed towards juveniles. In two sites, close
to urban settlements, fresh footprints of P. lotor and predated specimens of A. pallipes
were also observed. Populations of crayfish are still abundant or even increasing as
compared with samplings conducted in the past where raccoon is absent (five sites).
Urgent actions (e.g., control of raccoons, and monitoring and restocking of A. pallipes
populations if feasible and where possible) should be taken into account to guarantee
the survival of this protected species.

Keywords: Austropotamobius pallipes complex, Foreste Casentinesi, Monte Falterona and Campigna National
Park, Procyon lotor, predation, Potamon fluviatile, population decrease

INTRODUCTION

Freshwater environments are among the ecosystems most threatened by human activities, and
several impacts on them lead to a crisis in freshwater biodiversity (Abell, 2002). In these
ecosystems, freshwater crayfish (Crustacea: Decapoda: Astacidae) have a crucial key-role, as they
act as bioindicators for water quality, keystone species in trophic webs, and ecological engineers
(Reynolds et al., 2013). Recent declines in several crayfish species, caused by multiple factors, such
as habitat modification, water pollution, and the invasion of alien species (e.g., Manenti et al., 2019),
have highlighted the need to identify and recommend appropriate management conservation
actions and policies (Richman et al., 2015).
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The white-clawed crayfish Austropotamobius pallipes complex
(hereafter referred as A. pallipes) is one of the most threatened
crayfish species in Europe (Chucholl, 2016), characterized
by declining population densities and restricted distribution
(Alonso et al., 2000; Kozak et al., 2011; Mazza et al., 2011, 2017).
This species usually inhabits permanent, clear, well-oxygenated,
and moderately cold (with temperatures below 24◦C) freshwater
bodies (e.g., headwaters and streams), rich in submerged cobbles,
rocks, tree roots, and detritus (Füreder et al., 2010). This
K-selected species has a slow growth rate and a relatively long
average life span (Aquiloni et al., 2010). Sexual maturity is
reached relatively late (around 3 years), and fertility is low (50–
200 eggs per female). Moreover, mating takes place only once
per year in autumn and is followed by a long breeding period,
until the spring/summer of the subsequent year, during which
females hide in a shelter to take care first of the eggs and then
of the juveniles (Aquiloni et al., 2010). All these listed features
make this crayfish particularly vulnerable and, despite being
listed in Annex II of the EU Directive on the Conservation of
Habitats, Flora, and Fauna (92/43/EEC), in Appendix II of the
Bern Convention, and being considered “endangered” on the Red
List of the IUCN, its decline is still ongoing, caused by the joint
action of multiple factors, such as habitat alteration, pollution,
climate change, invasive alien crayfish, and disease spread (e.g.,
Alonso et al., 2000; Mazza et al., 2011, 2017).

Recently, among the several threats affecting this protected
crayfish, the impact of the Northern raccoon Procyon lotor was
reported in Central Italy, in the Foreste Casentinesi, Monte
Falterona and Campigna National Park (Tuscany and Emilia-
Romagna) (Boscherini et al., 2020; Boncompagni et al., 2021).
This mammal is an opportunistic species native to Central
America, the United States, and southern Canada. It was
introduced to Eurasia in the 20th century for fur and as an
exotic pet (Salgado, 2018). It is listed amongst the 100 worst
invasive alien species in Europe due to the multiple and severe
impacts (Salgado, 2018), and it is included in the list of invasive
alien species of Union concern linked to the EU Regulation
1143/2014 on invasive alien species. In Italy, P. lotor has been
recorded in eight regions, although reproductive populations
only occur in Lombardy and in an area between Tuscany and
Emilia-Romagna regions (e.g., Mori et al., 2015; Boscherini et al.,
2020). Boncompagni et al. (2021) confirmed the omnivorous food
habits of the Northern raccoon, in both the native and introduced
ranges, and the evident signs of predation on A. pallipes in the
Foreste Casentinesi National Park, already reported in Boscherini
et al. (2020). In this protected area, the native crayfish is at
risk due to several other factors, including illegal poaching,
predatory fishes, and drought. Moreover, invasive alien species
are becoming an important threat for the species. Indeed,
since 2015, the presence of the invasive red swamp crayfish
Procambarus clarkii (Mazza et al., 2011, 2017) has been reported
at the border of the National Park, and it is contributing to the
local sharp decline of the native clawed crayfish due to the spread
of crayfish plague Aphanomyces astaci, already detected in the
area (T. Pretto, pers. comm.). Moreover, the invasive population
of the Northern raccoon is exponentially increasing in the
National Park (Boscherini et al., 2020; Boncompagni et al., 2021).

Thus, following the suggestions provided by Boncompagni et al.
(2021), the purpose of our research was to update the distribution
and population status of A. pallipes in the reserves, other sites
of the National Park, and surrounding areas in order to assess
the potential effects of the raccoon on the native crayfish and
suggest management actions to limit its impacts. For the first
time, this study monitored all the reserves of the National
Park for the native crayfish: indeed, in the past, only some of
them were sampled.

MATERIALS AND METHODS

Study Area
The National Park of the “Foreste Casentinesi, Monte Falterona
e Campigna” is a ca. 36,000-ha protected area in the Tuscan–
Emilian Apennines (Central Italy). This area includes one of
the most high-quality forested areas in Europe and a variety of
animal and plant species of great conservation value. The natural
reserves of the Park protect a 53-km2 forested area (Figure 1).
These reserves are included within the Natura 2000 network and
are completely covered by forests, with portions of old-growth
forests (“Riserva Integrale di Sasso Fratino”). The main types of
vegetation associations are mono-specific European beech Fagus
sylvatica woodland on mountain tops, where residual secondary
grasslands also occur. Mixed woodlands of silver fir Abies alba
and European beech are present on warm and wet slopes; forests
of oaks (Quercus cerris, Quercus pubescens, and Quercus petraea)
and hornbeams Ostrya carpinifolia occur at the lowest altitudes
(Petralia et al., 2019). Among carnivores, the gray wolf Canis
lupus italicus and the European wildcat Felis silvestris silvestris
are the apex predators. Small-sized carnivores include the red fox
Vulpes vulpes, the European badger Meles meles, the stone marten
Martes foina, the Western polecat Mustela putorius, and the least
weasel Mustela nivalis. The pine marten Martes martes is present
at low density only in the northern part of the National Park,
outside the reserves (Bottacci, 2009; Ragni et al., 2015).

Crayfish Sampling
Our samplings were conducted in 14 sites (Table 1). We selected
sites within the natural reserves and with the presence of raccoon
to assess the situation of native clawed crayfish in the natural
reserves of the National Park (and some areas nearby) and in the
presence of raccoon. From previous samplings, the presence of
A. pallipes was known in 11 out of the 14 sampled sites. Three sites
(Fosso Abetiolo, Fosso di Campo alla Sega, and Fiume d’Isola)
were monitored for the first time during the present study. All
the sites (except Laghetto di Metaleto, a small lake of 1,159 m2

located at 900 m a.s.l.) are small streams of second/third order
located at an altitude range between 500 and 1,000 m a.s.l.,
composed of run and pools, with an average water depth of
50 cm, and a water temperature between 14 and 16◦C. Crayfish
and the native crab Potamon fluviatile also reported in the area
were sampled from July to September 2020. Nighttime searching
was conducted during the period of the species’ maximum
activity (summer, one transect per site). Crayfish (and crabs) were
searched by hand for an hour (for the streams, the investigated
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FIGURE 1 | The sampled sites in the Foreste Casentinesi, Monte Falterona, and Campigna National Park, and surroundings.

length ranged between 250 and 750 m) in all possible refuges:
stones and leaf litter on the bottom of watercourses, and holes
along the riverbanks. For Laghetto di Metaleto only, 10 baited
crayfish traps were set for 24 h, because the hand search was
not possible for its depth (2 m) and steep banks. Each captured
individual was sexed and measured in the field using a digital
caliper (accuracy,±0.2 mm) [crayfish, cephalothorax length (CL)
from the tip of the rostrum to the end of the cephalothorax;
crab, maximum width of cephalothorax (CW)]. Crayfish with
a CL ≤ 25 mm were considered as “juveniles,” whereas
specimens with CL > 25 mm were reported as “mature crayfish”
(Pratten, 1980). Measurements were conducted after disinfection
of equipment to avoid disease transmission; then, crustaceans
were immediately released at the same place of collection. The
population abundance of A. pallipes was estimated using the
method of “catch per unit effort” (CPUE), i.e., two researchers
captured all the crayfish observed within an hour of hand
searching and number of sampled crayfish on the number of used
traps for Laghetto di Metaleto (Mazza et al., 2012). The number
of dead and predated specimens by the Northern raccoon was
reported. Consumption of adult crayfish by the Northern raccoon
involves mostly the abdomen and part of the thorax, with
head and chelae often left unconsumed on the riverbanks or
riverbeds (Boscherini et al., 2020; Boncompagni et al., 2021). This

modality of predation is indeed typical of raccoon and otter
(which is not, however, present in the area), but not of the
other mammals present in the National Park, as reported in
Boncompagni et al. (2021). Signs of raccoon presence (i.e., their
footprints) were also recorded. The presence of the raccoon was
confirmed also by camera trapping data (data not showed). Sex
and mature/juveniles were compared within watercourse by chi-
squared test (statistic: χ2). CL of males and females within each
site was compared by the non-parametric two-sample Mann–
Whitney test (statistic: z). The level of significance at which
the null hypothesis was rejected is α = 0.05. Text, Table 1
and Figures 2, 3 give medians and interquartile ranges (first-
third quartiles).

RESULTS

Overall, CPUE was not high, excluding two sites (Laghetto
di Metaleto and Bidente di Campigna). Mature and bigger
individuals are more abundant when the raccoon is absent
(Laghetto di Metaleto, Fosso Bidente di Campigna, Fosso di
Campo alla Sega, and Torrente Corsalone, upper part; Table 1).
Where the presence of raccoon is confirmed (six sites), crayfish
were not present in two sites where they were present in the
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TABLE 1 | Number, sex (M, male; F, female) and cephalothorax length (CL) in mm of sampled crayfish, the presence of raccoon signs, and the confirmed presence of raccoon per site.

Site Reserve Sampled crayfish CL (mm) Raccoon signs

Total M F χ2 p Ma J χ2 p M F Z p Predated
crayfish

Footprint

Fiume d’Isola Badia Prataglia 0 0 0 – – – – – – – – – – 0 No

Torrente Archiano
(Badia Prataglia)

Badia Prataglia 0 0 0 – – – – – – – – – – 1 (CL:
40 mm)

Yes

Laghetto di Metaleto Camaldoli 114 23 90 38.55 <0.00001 113 1 37 <0.00001 49 (45–50) 42 (39–44) −4.48 <0.00001 0 No

Fosso Abetiolo Camaldoli 0 0 0 – – – – – – – – – – 0 No

Fosso di Camaldoli Camaldoli 0 0 0 – – – – – – – – – – 3 (CL:
33,37,44 mm)

Yes

Fosso di Camaldoli,
Ponte Biforco

– 1 1 0 – – – 1 – – 24 – – – 0 No

Fosso Bidente di
Campigna,
Sant’Agostino

Campigna 109 55 54 0 1 94 15 35.6 <0.00001 37 (33–39.75) 34 (31.5–38) −2.06 0.04 0 No

Fosso della Lama Lama 4 2 2 0 1 1 3 5.33 0.02 17, 28 14.5, 24 – – 0 No

Fosso Forconali Lama 11 5 6 0 1 3 8 5.23 0.02 23 (18–27) 17 (14.75–18.5) −1.28 0.20 0 No

Fosso di Campo alla
Sega

Lama 33 17 10 2.37 0.12 12 21 8.12 0.004 24 (19–39) 21 (18.25–32.25) 0.95 0.34 0 No

Fosso dei Pianelli Lama 15 7 5 0.33 0.56 6 9 4.8 0.03 24 (19.5–38) 32 (18–33) 0.73 0.47 2 (CL:
18,35 mm)

No

Torrente Corsalone
intermediate part*

– 11 6 5 0 1 6 5 0 1 29 (25–33.75) 31 (20–34) 0.37 0.71 0 No

Torrente Corsalone
lower part*

– 0 0 0 – – – – – – – – – – 0 No

Torrente Corsalone
upper part (Siregiolo)

– 55 21 33 2.67 0.10 43 12 34 <0.00001 32 (25–36) 32 (29–38) 0.99 0.32 0 No

Median values (+ 1st and 3rd interquartiles) are reported for the CL. Sex and mature (Ma)/juvenile (J) crayfish are compared by chi-squared test (statistic: χ2)
CL of males and females within each site was compared by the non-parametric two-sample Mann–Whitney test (statistic: z).
Significant p-values are indicated in bold.
The asterisks indicate the sites where the native river crab Potamon fluviatile has been found. The sites where the presence of raccoon has been confirmed from previous studies and data are highlighted in bold.
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FIGURE 2 | Number of crayfish sampled in sites with or without raccoon in the Foreste Casentinesi, Monte Falterona, and Campigna National Park. The three sites
sampled for the first time (Fosso Abetiolo, Fosso di Campo alla Sega, and Fiume d’Isola) were not considered in the graph. Bars represent medians + 1st and 3rd
interquartiles.

FIGURE 3 | Frequency of mature and juvenile crayfish in sites with or without raccoon in the Foreste Casentinesi, Monte Falterona, and Campigna National Park.
The three sites sampled for the first time (Fosso Abetiolo, Fosso di Campo alla Sega, and Fiume d’Isola) were not considered in the graph. Bars represent
medians + 1st and 3rd interquartiles.

past, while in the other four sites, CPUE was very low, individual
crayfish size was very small, and crayfish were mostly juveniles
(Table 1 and Figures 2, 3). Moreover, in two sites, fresh footprints
and predated specimens were observed, confirming the presence
of raccoon (Figure 4 and Table 1). Sex ratio was balanced,
except in Laghetto di Metaleto (Table 1). In the lower part
of Corsalone, only the native crab was found: the sampled
individuals were seven males and seven females with similar
size: CW males = 41 (37.5–45) mm, CW females = 44 (39.5–
46.5) mm (z = 0.38, p = 0.70). In the intermediate part of
Corsalone, crayfish were found to co-occur with crab (one
captured females of CW = 34 mm, two other individuals of
similar size spotted).

DISCUSSION

The invasive population of the raccoon in Central Italy is
exponentially increasing its range (Boscherini et al., 2020;
Boncompagni et al., 2021). In our study area, raccoons show
a wide ecological plasticity, mostly selecting the immediate
surroundings of watercourses for feeding and for denning;
moreover, its dispersal is associated with rivers and valleys,
which may increase the risk for crustaceans (Puskas et al., 2010;
Mori et al., 2015; Mazzamuto et al., 2020). The raccoon has
been found to actively predate on A. pallipes (Boncompagni
et al., 2021), and our study confirms the impact of this invasive
mammal on native crayfish: indeed, where the species is present,
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FIGURE 4 | Fresh footprints of raccoons and predated Austropotamobius
pallipes complex specimens in the study area. Photos by© G. Mazza.

crayfish disappeared or their populations have been dramatically
reduced in number, affecting their size distribution. We excluded
other factors being responsible of this decline, because droughts
or events of pollution were not reported, and four out of six
impacted sites are also isolated and far away from human
settlements (so not reachable for illegal harvesting) and with a
population skewed to juveniles (that could not be the effect of
a crayfish plague event). Moreover, we excluded that crayfish
were preyed upon by native species (e.g., badgers, polecats, wild
boars, herons, and red foxes), as this mortality rate has never
been recorded before raccoon invasion (Mazza et al., 2011), when
badgers and foxes were already abundant in the area. In Fosso
di Camaldoli, Ponte Biforco, an abundant population of crayfish
was reported in 2019 (G. Mazza, pers. comm.); and similarly, in
Torrente Archiano, the presence of crayfish was detected until

2017 (A. Zoccola, pers. comm.). For these two sites, close to urban
settlements, we did not consider the illegal poaching as a cause
because several individuals of P. lotor were observed by local
people and its fresh footprints and above all predated specimens
of A. pallipes were reported during our survey (Figure 3 and
Table 1). An episode of crayfish plague could not be completely
discarded, even if only one event of crayfish plague was reported
and far from these sites (T. Pretto, pers. comm.). Thus, the
presence of raccoon weighs in favor of its impact (but the
mammal could have transported the plague as well; see the
conclusions). As showed by Boncompagni et al. (2021) and in
our study (Table 1), the raccoon predates on medium-large
individuals, which are the reproductive ones: indeed, in Fosso
Forconali, Fosso dei Pianelli, and Fosso della Lama where in 2019
many predated adult crayfish were found (Boncompagni et al.,
2021), only few individuals, mostly juveniles, have been sampled.
Indeed, in these water courses, the CPUE sharply decreased
through years (48 crayfish per hour in 1999: Cenni, 2001; 45
crayfish per hour in 2008–2009: Mazza et al., 2011; 22 crayfish
per hour in 2019: Boncompagni et al., 2021). Considering that
the native crayfish starts reproducing after 3 years, it is evident
that these affected populations could disappear if management
measures (i.e., controlling the raccoon) to protect them would not
be considered. Studies conducted in central Spain (García et al.,
2012) and in the United States (Byrne and Chamberlain, 2012)
detected raccoon eating crayfish as well as predated crayfish and
raccoon tracks, confirming that this crustacean is an important
food source for the species and supporting the findings of the
present study. Crayfish are also absent from Fiume d’Isola and
Fosso Abetiolo, where the raccoon is not present: this could be
due to these sites’ environmental characteristics, because they are
very narrow and not deep streams (water depth is less than 10 cm)
without pools, but no previous surveys have been conducted to
confirm this hypothesis.

Populations of crayfish are still abundant in Bidente di
Campigna (CPUE in 2008–2009: 122 crayfish per hour; Mazza
et al., 2011) and even increased in Laghetto di Metaleto (CPUE
in 2012: 26 crayfish; Mazza et al., 2012; CPUE in 2016 and 2017:
35 and 38 crayfish, respectively, G. Mazza, unpublished data)
and Torrente Corsalone upper part, Siregiolo (CPUE in 2015: 22
crayfish per hour; Mazza et al., 2017). In these sites, the raccoon
is absent; moreover, Laghetto di Metaleto, being fenced and deep,
permits the survival of this endangered crayfish. Concerning
Fosso di Campo alla Sega, we do not have previous data, on
crayfish as it was the first time that the species was sampled.

Our study confirms the co-occurrence of native crayfish
and crabs in Corsalone stream found by Mazza et al. (2017)
with similar distribution, CPUE, and size of sampled animals,
highlighting that this co-occurrence is stable through time
and that when the two species are present in the same
watercourse, crabs and crayfish tend to occupy the lower and
upper parts, respectively.

No reliable data on the population size of raccoon are
available, although Boscherini et al. (2020) presented several
records in this area. Additionally, data on impacts are scattered
and concern predation on pets, livestock, and recently the
indigenous crayfish. It could be interesting to evaluate its
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feeding activity on native crab present in the National Park.
Thus, monitoring of established raccoon populations and
early detection of new nuclei require particular attention and
should be constantly carried out. Unfortunately, since 2015,
few management actions (e.g., capture of few individuals)
have been conducted to control the raccoon. Thus, urgent
actions (e.g., control of raccoons, monitoring of A. pallipes
populations, and a recovery through restocking activities where
possible) should be taken into account to guarantee the
survival of this crayfish species, which is protected according
to national and international laws. Moreover, considering the
presence of the red swamp crayfish and fast spread of the
raccoon, the possibility that this invasive mammal can carry
the crayfish plague should be assessed. It would be also
relevant to analyze raccoon’s scats and stomach content (if dead
specimens are available) to definitively support our findings.
In conclusion, the introduction of raccoons appears to have
caused a decrease in the native crayfish populations: these
invasive mammals currently constitute a major risk factor
for the survival of the crayfish species in this area, already
threatened by several other factors (Mazza et al., 2011, 2017).
Management actions are mandatory; otherwise, as narrated in
the Indian Legend “Raccoon and the Crawfish” (Holmgren,
1990)1, the destiny of the crayfish is already written, and
the risk of losing several populations of this crustacean will
become a reality.

1 https://www.terrain.org/fiction/5/raccooncrayfish.htm
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For 150 years the crayfish plague disease agent Aphanomyces astaci has been the
cause of mass mortalities among native European crayfish populations. However,
recently several studies have highlighted the great variability of A. astaci virulence and
crayfish resistance toward the disease. The main aim of this study was to compare the
response of two crayfish species, the European native noble crayfish (Astacus astacus)
and the invasive alien marbled crayfish (Procambarus virginalis), to an A. astaci challenge
with a highly virulent strain from haplogroup B and a lowly virulent strain from haplogroup
A. In a controlled infection experiment we showed a high resistance of marbled crayfish
against an A. astaci infection, with zoospores from the highly virulent haplogroup B strain
being able to infect the crayfish, but unable to cause signs of disease. Furthermore, we
demonstrated a reduced virulence in the A. astaci strain belonging to haplogroup A,
as shown by the light symptoms and the lack of mortality in the generally susceptible
noble crayfish. Interestingly, in both marbled crayfish and noble crayfish challenged with
this strain, we observed a significant decrease of the detected amount of pathogen’s
DNA during the experiment, suggesting that this A. astaci haplogroup A strain has
a decreased ability of penetrating into the cuticle of the crayfish. Our results provide
additional evidence of how drastically strains belonging to A. astaci haplogroup B
and haplogroup A differ in their virulence. This study confirmed the adaptation of one
specific A. astaci haplogroup A strain to their novel European hosts, supposedly due to
reduced virulence. This feature might be the consequence of A. astaci’s reduced ability
to penetrate into the crayfish. Finally, we experimentally showed that marbled crayfish
are remarkably resistant against the crayfish plague disease and could potentially be
latently infected, acting as carriers of highly virulent A. astaci strains.

Keywords: marbled crayfish, noble crayfish, host-pathogen co-evolution, crayfish plague, experimental infection
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INTRODUCTION

The causative agent of crayfish plague, Aphanomyces astaci, has
been introduced in southern Europe in the 19th century, and
quickly spread across the native crayfish stocks of most of the
continent (Alderman, 1996). The colonization of Europe by the
pathogen took place through two different waves (Alderman,
1996). During the first wave in the 19th century, strains belonging
to haplogroup A spread throughout the continent (Huang et al.,
1994), presumably without their original host (Alderman, 1996).
The second wave was caused by multiple introductions of
different species of North American crayfish (Alderman, 1996). It
is believed that each of them carried its own specific haplogroup
of A. astaci, resulting in the introduction into Europe of three
new haplogroups: B, D, and E (Huang et al., 1994; Diéguez-
Uribeondo et al., 1995; Kozubíková et al., 2011; Makkonen
et al., 2018; Jussila et al., 2021). North American crayfish are
resistant against A. astaci and can act as reservoirs for the
pathogen (Unestam and Weiss, 1970; Unestam and Nylund,
1972; Alderman, 1996). Such resistance is presumably the result
of a shared coevolution history in their original habitat that
allowed for the establishment of a fine-tuned balance between
host and parasite (Unestam, 1969). The susceptible European
crayfish, however, when challenged with the new pathogen,
faced disastrous crayfish plague epizootics, often resulting in the
eradication of entire populations (Alderman, 1996).

In recent years, infection experiments aimed to evaluate the
virulence of the different A. astaci strains have highlighted a
considerable variance in the ability of the different haplogroups
to cause the insurgence of the disease. Generally, A. astaci
haplogroup B is classified as highly virulent, with the disease
caused by this strain usually culminating in the death of all the
challenged noble crayfish (Makkonen et al., 2012a, 2014; Jussila
et al., 2013, 2015; Gruber et al., 2014; Becking et al., 2015). On
the other hand, A. astaci haplogroup A has been shown to be less
virulent in general, and its strains have a much more variable
virulence (Makkonen et al., 2012a, 2014; Becking et al., 2015;
Jussila et al., 2015). Furthermore, increased resistance during
infection experiments in some populations of noble crayfish has
been reported (Makkonen et al., 2014), and several reports of
latently infected European crayfish populations have emerged
(Jussila et al., 2011a, 2017; Viljamaa-Dirks et al., 2011; Schrimpf
et al., 2012; Kusar et al., 2013; Maguire et al., 2016). In addition,
the decline of some wild American crayfish populations due to
crayfish plague epizootics has been observed (Jussila et al., 2014;
Sandström et al., 2014) and laboratory experiments have shown
that North American crayfish can be susceptible to A. astaci
when under stressful conditions (Thörnqvist and Söderhäll, 1993;
Aydin et al., 2014).

Few decades ago, yet another invasive crayfish species, the
parthenogenetic marbled crayfish Procambarus virginalis Lyko,
2017, appeared in Europe (Chucholl et al., 2012; Lyko, 2017). It
has first been spotted in 1995 in the German pet trade and has
since then established numerous populations on the continent
(Vogt, 2018). It evolved from Procambarus fallax, an American
species native of Florida, after triploidization (Vogt et al., 2018).
As no known primary population is present in America, it is

thought that the species may have evolved in captivity in the
pet trade environment (Vogt et al., 2018). Procambarus virginalis
can act as A. astaci carrier, and both wild and captive specimens
have been found infected with A. astaci (Keller et al., 2014;
Mrugała et al., 2015; Makkonen et al., 2018). In two instances
it was possible to genotype the strains infecting P. virginalis
specimens, and they were identified as haplogroup D (Keller et al.,
2014; Mrugała et al., 2015), characterized by elevated virulence
(Martín-Torrijos et al., 2017). Therefore, we expect the marbled
crayfish to be rather resistant to the crayfish plague.

With this study we aim to shed some light on the adaptation
process between A. astaci and its new European crayfish hosts.
The increasing number of reports of latently infected European
crayfish populations indicates that the continuous interaction
between host and pathogen might be leading to new equilibria,
balanced by an increased resistance of the crayfish and/or
a decreased virulence of the pathogen (Jussila et al., 2014).
We tested and compared the susceptibility of noble crayfish
and marbled crayfish against a highly virulent (haplogroup B;
Makkonen et al., 2019) and a lowly virulent (haplogroup A)
A. astaci strain. The A. astaci haplogroup A strain has been
isolated from the Finnish noble crayfish population from Lake
Venesjärvi. In the last 50 years, this population has survived
at least three different crayfish plague epizootics, last of which
took place around the year 2000 (Jussila et al., unpublished
data). Since then, the population has been slowly recovering,
and the noble crayfish are now asymptomatic carriers of the
pathogen. By using this A. astaci strain, we aim to provide
additional evidence of the existence of latently infected wild
noble crayfish populations. We hypothesized no mortality in both
species of crayfish infected with haplogroup A. Furthermore,
we hypothesized the highly virulent haplogroup B to cause the
death of the noble crayfish, but no or less intense symptoms in
the marbled crayfish. Finally, we expected different onset of the
symptoms, with the marbled crayfish showing delayed signs of
the disease compared to the noble crayfish.

MATERIALS AND METHODS

Crayfish Species
The noble crayfish were collected from a wild population in Lake
Rytky, Kuopio, Finland (62◦51′22′′N, 27◦25′06′′E), while the
marbled crayfish were obtained from lake Singliser See, Hessen,
Germany (51◦3′35′′N, 9◦18′18′′E; import license to Finland,
ID: ESAVI/15535/04.10.12/2019, date 10.5.2019; ID: Diaari nro
842/5719/2019, date 16.4.2019). Both populations had been tested
for A. astaci presence on previous occasions and no infections
were detected (Keller et al., 2014; Jussila et al., 2017). After
collection and transport from the airport in Helsinki to the
University of Eastern Finland, the marbled crayfish have been
placed for 3 weeks in holding tanks with no food. In the first
2 weeks the crayfish were kept at 6◦C, while the third week the
temperature was raised to 18◦C. The water was changed once
a week. The noble crayfish were kept in holding tanks at 18◦C
for 1 week. All holding tanks were equipped with one aeration
pump to ensure adequate level of dissolved oxygen in the water.
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Twenty days prior to the challenge experiment, the crayfish were
transferred to the individual tanks of the experimental infection
system for acclimatization following a randomized system (e.g.,
Makkonen et al., 2019). For every crayfish, carapace length and
sex were determined, and notes made on any specific features,
e.g., missing limbs or injuries. Marbled crayfish produced eggs
throughout both the acclimatization period and the challenge
experiment. The eggs were systematically removed prior to
the challenge experiment. After the challenge, the eggs were
not removed to avoid additional stress to the crayfish. During
acclimatization period and challenge experiment the crayfish
were given preboiled frozen sweet corn every second day.
Eventual leftover corn was removed before the next feeding.

A. astaci Isolates and Zoospores
Production
Two A. astaci strains were used for the experiment. The highly
virulent A. astaci isolate UEF_T16B, isolated from a signal
crayfish (Pacifastacus leniusculus) from Lake Tahoe, United States
(39◦05′30′′N, 120◦02′30′′E), in 2013. The strain belongs to
haplogroup B based on mitochondrial markers (Makkonen
et al., 2019). Haplogroup B corresponds to RAPD-PCR group
B (Makkonen et al., 2018). The second strain was VEN5/14 a),
isolated from a noble crayfish from Lake Venesjärvi, Kankaanpää,
Finland (61◦4′41′′N, 22◦10′26′′E), in 2014. The isolation of the
A. astaci culture was successful despite the fact that the qPCR
did not detect A. astaci DNA in the tissues of the crayfish
population (Jussila et al., unpublished data). This strain belongs
to haplogroup A which includes RAPD-PCR groups A and C
(Makkonen et al., 2018), and likely also additional A. astaci
strains, considering its wide geographic distribution (Martín-
Torrijos et al., 2021). While no further genetic analysis of this
strain has been conducted, it can be assumed it belongs to RAPD-
PCR group A, as only strains belonging to RAPD-PCR groups
A and B have been isolated from crayfish populations present in
Finland (Viljamaa-Dirks et al., 2016).

The production of zoospores followed the method used in
Makkonen et al. (2012a) with some modifications. Three pieces of
agar (4 mm2 each) were cut from solid PG1 medium containing
A. astaci hyphae and incubated in 150 mL of liquid PG1 medium
at 20◦C for 1 week. Subsequently the hyphae have been finely
cut with a sterile scalpel and incubated in new liquid PG1
medium at 20◦C for 3 days. At the end of the 3 days, to
stimulate zoospores production, the hyphae have been washed
four times with autoclaved water, and then incubated in the
same water on a horizontal shaker at 18◦C for one night. For
each strain twelve replicates have been produced. The density of
the zoospore solution was estimated with an optical microscope
(total magnification of 100x) using a Bürker chamber.

Experimental System
The experimental infection system (RapuLatorio) consisted of
individual interconnected 2 L tanks with recirculating filtered
water from lake Kallavesi (Jussila et al., 2011b). The water
filtration was ensured by a biological filter and a set of three
5 µm filters (Spunflow QN, Domnick Hunter Technologies Ltd.,

England) and two 5 µm absolute filters (Pleatflow II, Prosep Filter
Systems Ltd., England). This system ensures that all A. astaci
zoospores are eliminated from the circulating water (Jussila
et al., 2011b). During the experiment, water pressure before the
absolute filters was regularly monitored. Filters were substituted
when water pressure exceeded 2 × 105 Pa. Water temperature
was maintained stable by air conditioning at 18.8± 1.1◦C. A day-
night rhythm was mimicked through artificial lights, with 8 h
of light and 16 h of dark. Water quality parameters (oxygen
levels, temperature, conductivity, and pH) were monitored once
a day. The dissolved oxygen was 93 ± 12.5% (min-max, 37–
100%). The minimum value of 37% was registered on day 1 of the
challenge, after the interruption of the water circulation prior to
the addition of the zoospores to the tanks. The conductivity was
222 ± 8.1 µS/cm (min-max, 212–256 µS/cm), pH was 7.8 ± 0.2
(min-max, 7.2–8). The pH value was artificially lowered 24 h
before the start of the challenge by three additions of 1 mL of
HNO3 to the circulating water to maintain the pH value 7.8,
considered adequate for the infection process (Unestam, 1966).

Experiment Setup and Infection
The treatment groups (A. astaci haplogroup A-challenged
crayfish, A. astaci haplogroup B-challenged crayfish and controls)
consisted of 20 crayfish each, for a total of 120 crayfish (60 noble
crayfish and 60 marbled crayfish). During day 0 of the infection
the zoospore suspension was added to the individual tanks to
reach a concentration of 1000 zoospores/mL in tank water.
Controls have been treated similarly by adding autoclaved water
from lake Kallavesi. Prior to the addition of the zoospores, the
water circulation was interrupted to maintain the concentration
of zoospores constant during the infection process. Water
circulation was resumed After 16 h. During the experiment, the
crayfish were monitored for symptoms, either gross signs of
infection (scratching, loss of balance, aimless movements of the
appendages, and loss of appendages) or death, multiple times per
day. Moribund crayfish were removed from the system and stored
at −20◦C. During the challenge, crayfish were removed from
the experimental system to sample their tissues (hemolymph,
hepatopancreas, and gills) as part of an overlapping experiment
where tissues from alive crayfish were needed for RNA isolation
and subsequent gene expression analysis (Table 1; Boštjančić
et al., 2021). The crayfish were removed on two different dates.
The first sampling took place on day 3 of the challenge. All the
haplogroup B-challenged noble crayfish showing gross signs of
infection were sampled (n = 19), as they were likely to die in the
following days (Makkonen et al., 2012a). Five individuals were
sampled for each of the other experimental groups on the same
day. During the second sampling, carried out on day 21 of the
experiment, five crayfish per infection group were removed from
the system. As a result, ten crayfish per group were left until the
end of the experiment, except the noble crayfish challenged with
the strain from haplogroup B, where all crayfish were sampled on
day 3 or died on day 7. The experiment lasted 45 days, after which
all remaining crayfish were considered successful survivors. We
expected eventual symptoms of infection to manifest themselves
within this timeframe, as other comparable infection experiments
have shown (Makkonen et al., 2012a, 2014).

Frontiers in Ecology and Evolution | www.frontiersin.org 3 August 2021 | Volume 9 | Article 647037169

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


fevo-09-647037 August 23, 2021 Time: 14:53 # 4

Francesconi et al. Possible Virulence Loss for A. astaci

TABLE 1 | Study design and sampling time point.

Species Treatment group N Sampling time point

Day 3 Day 21 Day 45

Noble crayfish A. astaci of haplogroup A 20 5 5 10

A. astaci of haplogroup B 20 19* – –

Control 20 5 5 10

Marbled crayfish A. astaci of haplogroup A 20 5 5 10

A. astaci of haplogroup B 20 5 5 10

Control 20 5 5 10

Total 120 44 25 50

The number of specimens (N) belonging to each experimental group is reported. During each time point specimens belonging to each treatment group were sampled
and removed from the experiment. *19 crayfish were sampled on day 3, as they were showing symptoms of crayfish plague and were expected to die in the next days.
The remaining crayfish of this group did not show symptoms before the sampling date, and was therefore left in the experiment and it died on day 7.
Bold numbers refer to the number of samples used for RNA sequencing for gene expression analysis (see Boštjančić et al., 2021).

DNA Extraction, qPCR and A. astaci DNA
Quantification
To test for the presence of A. astaci DNA in the crayfish
tissues, qPCR of the samples was conducted. Tissue samples
were taken from uropods, walking legs, and abdominal cuticle.
DNA extraction was conducted following a modified protocol
described in Vrålstad et al. (2009). The qPCR was conducted
using the assay, primers and probe developed and shared from
work in progress at the Norwegian Veterinary Institute (David
A. Strand, unpublished). The new and more specific assay has
been used in the light of possible cross-reaction of the Vrålstad
assay with another Aphanomyces species (Viljamaa-Dirks and
Heinikainen, 2019). As for the assay described in Vrålstad et al.
(2009), the primers of the Strand et al. assay target the ITS region
and the two assays are, therefore, comparable. The details of the
new assay are: forward primer 5′-AAC TAT CCA CGT GAA
TGT ATT CTT TAT-3′, reverse primer 5′-CGG CTA AGT TTA
TCA GTA TGT TAT TTA-3′, and probe 5′-6-FAM-AAG AAC
ATC CCA GCA CAA-MGBNFQ-3′. For each reaction, the qPCR
analysis was performed in 20 µL reaction volume consisting of
10 µL of TaqMan Environmental Master Mix 2.0 (Thermo Fisher
Scientific, Waltham, MA, United States), 500 nM of each primer,
200 nM of probe, nuclease free water, and 5 µl of DNA sample.
The amplification protocol consisted of an initial warming at
95◦C for 10 min and 50 cycles of denaturation phase (95◦C for
15 s) and annealing phase (62◦C for 60 s). PCR forming units
(PFUs) were calculated following Vrålstad et al. (2009). Only
samples with PFU ≥ 5 were considered positive. PFU = 5 is
the limit of detection of the assay and it represents the lowest
concentration that yields a probability of false negatives <5%
(Vrålstad et al., 2009).

Statistical Analysis
The Shapiro–Wilk test was used to assess if the PFU values in
each group were normally distributed. The Levene’s test was
used to test the equality of variance of the PFUs values in the
different groups. As for most groups the PFU values didn’t
follow a normal distribution and the variances among groups
were not equal, the significance of the differences of the PFU

values among the different experimental groups was tested with
the Kruskal–Wallis test. Finally, the pairwise Wilcoxon rank-
sum test was used to evaluate pairwise differences among all the
experimental groups, including control groups, and across the
different time points. The Benjamini–Hochberg (BH) method
was used for p-value adjustment (Benjamini and Hochberg,
1995). Only biologically relevant comparisons were taken into
account (e.g., comparisons between different time points of
the same experimental group and comparisons between noble
crayfish and marbled crayfish challenged with the same A. astaci
strain at the same time point).

RESULTS

Signs of Infection
Noble Crayfish
Among the haplogroup B-challenged noble crayfish group, all
individuals showed signs of infection between day 1 and day
5 in the form of scratching of the eyes, walking legs and
abdomen (Figure 1). The scratching of the eyes generally lasted
for several seconds. Of these crayfish, 19 were removed from
the experimental system on day 3, as they were considered
moribund. The last crayfish of this group started showing
signs of infection on day 5, and died 2 days later. Under
microscopic examination, this crayfish showed a heavy presence
of hyphae in its abdominal cuticle. Subsequently, the soft
cuticle of this single crayfish has been used for re-cultivation
of A. astaci. Because of this, the tissues commonly used
for the qPCR were not available, and thus for this crayfish
the analysis was not conducted. In the noble crayfish group
challenged with haplogroup A, 11 out of 20 crayfish showed
signs of infection in the form of light scratching of eyes,
abdomen and walking legs, or slow, aimless movements of
the walking legs with the appendages fluctuating back and
forth. These signs of infection were observed between day
5 and day 31 (Figure 1). All crayfish belonging to this
group survived until the end of the experiment. No crayfish
belonging to the control group showed signs of infection or died
during the experiment.
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FIGURE 1 | Cumulative number of crayfish showing gross signs of infection. Pv, marbled crayfish; Aa, noble crayfish; A, A. astaci of haplogroup A-challenged
crayfish; B, A. astaci of haplogroup B-challenged crayfish.

Marbled Crayfish
Only one marbled crayfish belonging to the haplogroup
B-challenged group showed signs of infection by scratching
the eyes on day 2 (Figure 1). This particular behavior was
only observed once. However, follow up observations were not
possible as the crayfish was sampled the following day. As
none of the control marbled crayfish were observed with similar
behaviors, the scratching was considered a sign of infection. None
of the crayfish belonging to the haplogroup A-challenged marbled
crayfish and to the control group showed signs of infection. All
marbled crayfish belonging to the three groups survived until the
end of the experiment; out of these, one individual belonging to
the control group molted.

qPCR
Noble Crayfish
In the haplogroup B-challenged noble crayfish, 15 out of 19 tested
crayfish were positive for A. astaci DNA with the PFU values
between 9 and 12949. In the haplogroup-A challenged group,
A. astaci DNA was detected in 4 out of 20 noble crayfish (20%),
with the positive samples detected only in the first time point.
The PFU values of the positive samples ranged between 8 and
129. There was no significant difference in terms of A. astaci load
between haplogroup A-challenged and haplogroup B-challenged
groups during the first sampling point (Pairwise Wilcoxon rank-
sum test, n1 = 5, n2 = 19, p = 0.18, Supplementary Tables 1, 2).
Aphanomyces astaci DNA was not detected in any of the crayfish
in the control groups (Figure 2 and Table 2).

Marbled Crayfish
In total, A. astaci DNA was detected via qPCR in 12 out
of 20 (60%) haplogroup B-challenged marbled crayfish, even

though only one of them showed apparent behavioral signs
of infection. The positive samples were detected in all time
points, with two positive crayfish in the first time point, four
in the second, and six in the third (Table 2). The PFU values
of the positive crayfish ranged between 7 and 289. The only
symptomatic marbled crayfish in this group tested negative in
the qPCR. Aphanomyces astaci DNA was detected in two of the
20 marbled crayfish (10%) from the haplogroup A-challenged
group, with PFU values of 6 and 11 (Figure 2). Both crayfish
were sampled at the first time point (3 days after exposure to
A. astaci spores). The comparison of the PFU values between
haplogroup A-challenged and haplogroup B-challenged groups
showed no significant difference in the first sampling point for
marbled crayfish (Pairwise Wilcoxon rank-sum test, n1 = 5,
n2 = 5, p = 0.27, Supplementary Tables 1, 2). All crayfish from
the control group were negative.

All the remaining relevant comparisons between treatment
groups resulted non-significant (Supplementary Tables 1, 2).

DISCUSSION

The main aim of this study was to compare the response of
two crayfish species, the European native noble crayfish and the
invasive marbled crayfish, to an A. astaci challenge with a highly
virulent strain from the haplogroup B and a lowly virulent strain
from the haplogroup A. We showed a high resistance of marbled
crayfish against an A. astaci infection, with zoospores from the
highly virulent haplogroup B strain being able to infect the host,
but unable to cause the disease. Furthermore, we demonstrated
a reduced virulence in the A. astaci Venesjärvi strain belonging
to haplogroup A, as shown by the light symptoms and the
lack of mortality in the noble crayfish. Interestingly, in both
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FIGURE 2 | PFU values of A. astaci DNA detected in the crayfish of the different experimental groups, divided per sampling date. Medians are represented as red
diamonds. Pv, marbled crayfish; Aa, noble crayfish; A, A. astaci of haplogroup A-challenged; B, A. astaci of haplogroup-B challenged; 1, first sampling point, day 3;
2, second sampling point, day 21; 3, third sampling point, day 45.

TABLE 2 | Median of the PCR forming units (PFU) value and the range of the PFU values of each experimental group by sampling points.

Species Group Sampling time point Number of samples Positive samples PFUs (median) PFUs range

Noble crayfish A. astaci of haplogroup A Day 3 5 4 50.06 8.49–129

Day 21 5 0 – –

Day 45 10 0 – –

A. astaci of haplogroup B Day 3 19 15 842 9.43–12949

Control Day 3 5 0 – –

Day 21 5 0 – –

Day 45 10 0 – –

Marbled crayfish A. astaci of haplogroup A Day 3 5 2 – 6.38–10.6

Day 21 5 0 – –

Day 45 10 0 – –

A. astaci of haplogroup B Day 3 5 2 – 15–72.50

Day 21 5 4 15.55 7.11–31.9

Day 45 10 6 144.50 9.7–289

Control Day 3 5 0 – –

Day 21 5 0 – –

Day 45 10 0 – –

marbled crayfish and noble crayfish challenged with this strain,
the pathogen DNA was only detected in the tissues of the crayfish
sampled on day 3 (Figure 2), suggesting that this A. astaci

haplogroup A strain has a decreased ability of penetrating
into the cuticle of the crayfish and infecting the crayfish.
Finally, our results prove once more how drastically the strains
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belonging to A. astaci haplogroup B and haplogroup A differ in
their virulence.

Elevated Resistance in Marbled Crayfish
Our experiment showed a strong resistance of marbled crayfish
against A. astaci. The crayfish were not affected by the two
A. astaci strains used in this study, which both failed to cause
symptoms in the marbled crayfish, with only a single exception
(Figure 1). This only symptomatic crayfish, belonging to the
A. astaci haplogroup B-challenged group, showed a mild version
of the gross signs of infection, with only briefly scratching
its eyes. Although the marbled crayfish in the haplogroup
B-challenged group mainly did not show gross signs of an
A. astaci infection, the amount of A. astaci DNA detected in
their tissues clearly showed that some of these crayfish were
indeed infected (Table 2). This might indicate that A. astaci
was able to germinate and penetrate into the cuticle of the
crayfish, however, the marbled crayfish’s immune system was
capable of preventing the manifestation of the disease. This
shows that the marbled crayfish has the potential to be latently
infected with highly virulent strains and to act as their carrier.
Interestingly, the amount of A. astaci DNA detected in the
tissues of the marbled crayfish infected with the haplogroup B
strain indicates a possible increase of the pathogen DNA over
time (Table 2 and Figure 2), although this increment was not
statistically significant. The increase of pathogen DNA might be
the result of spores attached to the cuticle of the crayfish without
germinating and causing infection. However, our experimental
system allowed for a constant exchange of water, with spore-
free water flowing into the tanks, and contaminated water being
directed from the tanks to the filters. For this reason, it is more
likely that the detected increment in PFU values is the result
of an active A. astaci infection. From the few studies where it
was possible to confirm the presence of A. astaci in marbled
crayfish specimens, it is clear that this species can withstand
higher levels of infection than the one observed in this study
(Keller et al., 2014; Mrugała et al., 2015). Quantitative PCR
conducted on seemingly healthy specimens from a laboratory-
cultured population revealed high amount of pathogen DNA in
the sampled tissues (104

≤ PFU ≤ 105, Keller et al., 2014). It
might be interesting in future studies to perform an even longer
lasting experiment to assess the progression of the infection, and
to evaluate if it would result in the manifestation of the disease.

When marbled crayfish was first discovered in open waters
in Germany in 2003 (Marten et al., 2004) it was assumed to
have a big invasion potential because of its high fecundity and
parthenogenetic reproduction (Scholtz et al., 2003). However,
since then single individuals unable to produce established
populations have often been observed (Vogt, 2020). Although it
is known that marbled crayfish can survive winters in Central
Europe (Veselỳ et al., 2015), their optimal temperature for
reproduction is between 20 and 25◦C (Seitz et al., 2005), similar
to the water temperature from Florida, where P. fallax, their
closest relative, lives. Martin et al. (2010) already speculated that
marbled crayfish might establish more successful populations in
the newly invaded Madagascar, where the climate is milder. Few
years later this predicted scenario has proven true, and it has

been shown that in warmer climates the marbled crayfish is able
to increase its range dramatically (Andriantsoa et al., 2019). In
Europe, however, this species does not spread as fast and the
population growth is limited, probably because of the colder
temperatures (Günter et al., 2019). It has been observed that when
new populations become established in Europe, it is usually not
due to the invasion potential of marbled crayfish, as is the case
for red swamp crayfish (Procambarus clarkii) or calico crayfish
(Faxonius immunis), but because of human mediated releases.
This might change when more populations will be released in
watercourses as it was observed in Slovakia and Hungary (Lipták
et al., 2016; Weiperth et al., 2020). Marbled crayfish is a popular
pet in the aquarium trade worldwide, and it has now established
populations in at least 16 countries (Vogt, 2020), including those
with warmer climate where the invasion will be more successful.

While it has been confirmed that marbled crayfish can act
as A. astaci carrier, analysis of specimens of this species from
the wild and from the aquarium trade have shown that the
presence of A. astaci in their tissues often cannot be verified
(Lipták et al., 2016, 2017; Patoka et al., 2016; Pârvulescu et al.,
2017; Andriantsoa et al., 2019; Ercoli et al., 2019; Lenich, 2019;
own unpublished data). No infection could be confirmed in
100 tested crayfish from Madagascar (Andriantsoa et al., 2019),
67 specimens from Slovakia (Lipták et al., 2016, 2017), four
specimens from Czechia (Patoka et al., 2016), nine specimens
from Romania (Pârvulescu et al., 2017), six specimens from
Estonia (Ercoli et al., 2019), and 20 specimens from Germany
(Lenich, 2019). On the other hand, when marbled crayfish co-
exists with North American crayfish species, it is usually found to
be infected. This was the case for marbled crayfish held with other
North American crayfish species in common aquaria (Keller
et al., 2014; Mrugała et al., 2015), or for marbled crayfish co-
existing with Faxonius limosus in the wild (Keller et al., 2014; own
unpublished data). Therefore, it can be speculated that marbled
crayfish was not infected when it developed in the aquarium
environment, and only becomes carrier of A. astaci when in
contact with North American crayfish species. Because of its
invasive potential and its A. astaci carrier status the trade with
marbled crayfish is now officially forbidden by the EU Regulation
1143/2014 on Invasive Alien Species in EU countries.

It is generally expected that North American crayfish are
comparatively more resistant to A. astaci infections than
European crayfish (Svoboda et al., 2017). As shown in our
study, the marbled crayfish appeared to be highly resistant to
A. astaci infections. This resistance might be a consequence of
the shared coevolution history of A. astaci and North American
crayfish, of which marbled crayfish is a recent descendant.
While marbled crayfish and its closest relative P. fallax share
similar morphological characters, coloration and some ecological
features, the triploidization in the marbled crayfish genome (a
third identical copy of the P. fallax chromosome set, without any
additional or changed DNA sequences) has led to an enhanced
body size, fecundity and longevity, which contribute to its
invasive capabilities (Vogt et al., 2019). More information about
the resistance or eventual susceptibility of American crayfish
in their natural habitat is needed to better understand the
consequences of the host-pathogen coevolution process.
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Latent Infections Due to Reduced
Virulence
The tested A. astaci Venesjärvi strain did not cause any mortality
among the challenged noble crayfish. While light gross signs of
infection were observed (Figure 1), those appeared to be less
pronounced than the ones caused by the haplogroup B strain,
and did not lead to the death of any crayfish. Only four out of
20 crayfish belonging to this group were shown to be infected
by A. astaci in our experiment. However, the qPCR assay cannot
demonstrate the absence of infection, as the amount of pathogen
present in the crayfish tissue might be below the detection level
and the infection might be localized in different tissues to the
sampled ones. It has been shown on different occasions, that
haplogroup A includes strains that differ greatly in their virulence
(Makkonen et al., 2012a, 2014; Becking et al., 2015; Mrugała
et al., 2016; Jussila et al., 2017). For example, in Makkonen
et al. (2012a) crayfish belonging to the same population and
exposed to the same experimental conditions were infected with
two different strains both belonging to haplogroup A. While
one strain caused 100% of mortality within 19 days, the second
strain failed to cause any significant increase in the death rate
of the experimental crayfish. Strains belonging to haplogroup
A arrived to Europe presumably without their original host
(Alderman, 1996). This might have worked as selective pressure
toward reduced virulence (Makkonen et al., 2012b; Jussila et al.,
2015). On the other hand, a host-parasite equilibrium could be
reached not only by lowered virulence of the parasite but also
by increased resistance of the host. However, the noble crayfish
population from Lake Rytky used in this study has already been
shown, in comparable experiments, to be susceptible to A. astaci
strains belonging to haplogroup A (Makkonen et al., 2012a).
This, together with the haplogroup A strain being isolated from a
latently infected population, suggests a decreased virulence of the
respective A. astaci strain.

The lack of mortality and severe gross signs in the crayfish
challenged with A. astaci of haplogroup A could be taken
as experimental proof of the existence of wild noble crayfish
populations latently infected with A. astaci, which then may
act as carriers of the pathogen (Jussila et al., 2011a; Viljamaa-
Dirks et al., 2011). A similar case of latent infection has been
reported by Jussila et al. (2011a) for a noble crayfish population in
Lake Mikitänjärvi. No population decline or increased mortality
was observed, and the population was considered healthy until
the qPCR analysis revealed that some of the specimens were
infected with A. astaci (Jussila et al., 2011a). Unfortunately,
in that instance A. astaci itself was not isolated, nor was it
possible to identify its haplogroup (Jussila et al., 2011a). The
impossibility of conducting tests on the virulence of the strain
on other noble crayfish populations makes it difficult to speculate
on the effective virulence of the A. astaci strain in this case.
However, subsequent experiments showed a higher resistance
of the Lake Mikitänjärvi population to both haplogroups A
and B when compared to other noble crayfish populations
(Makkonen et al., 2014). The two cases of latent infections of
wild noble crayfish populations from Lake Mikitänjärvi and Lake
Venesjärvi are just two examples of the occasional status of

equilibrium tentatively reached by European crayfish populations
and A. astaci. In the past 20 years, cases of populations latently
infected with A. astaci haplogroup A have been reported not only
in noble crayfish, but also in other European crayfish species
such as white-clawed crayfish (Austropotamobius papilles), stone
crayfish (Austropotamobius torrentium), and narrow-clawed
crayfish (Pontastacus leptodactylus) (Ungureanu et al., 2020).
Interestingly, it has been observed that latent infections are
not only caused by the lowly virulent A. astaci haplogroup
A, but also by the more virulent haplogroup B (Ungureanu
et al., 2020). In Europe, the situation concerning invasive
crayfish species is constantly changing and new species are
expected to start spreading across the continent. It might soon
be the case for Faxonius rusticus, which is already present in
the European pet trade and known for its invasive potential
(Chucholl, 2012). Faxonius rusticus in North America carries a
distinct strain of A. astaci belonging to haplogroup A (Panteleit
et al., 2019). The introduction of additional North American
crayfish species could bring new A. astaci strains to Europe,
as demonstrated, e.g., by F. rusticus. It remains to be seen
if the coevolution between European crayfish and specific
A. astaci strains might eventually lead to European crayfish
populations being better equipped to face infections from novel
A. astaci strains.

Interestingly, for both species of crayfish challenged with
haplogroup A strain, only the specimens sampled during the
first time point tested positive in the qPCR (Table 2 and
Figure 2). This pattern could be explained by the detection of
spores merely attached to the cuticle of the crayfish during the
first sampling point. Spores unable to germinate would then
detach themselves without causing an infection and get filtered
away through the system, leading to negative results in the
qPCR in the second and third sampling points. However, the
observed pattern might also indicate a decreased capacity of
this particular A. astaci strain of haplogroup A to penetrate the
cuticle of the host. The colonization of the host by A. astaci starts
when the spores, covered by sticky substances, attach themselves
to the host surface (Cerenius et al., 2009). The germination
process of the spores begins, followed by the penetration of
the newly germinated hyphae into the cuticle of the crayfish
(Cerenius et al., 2009). With the penetration of the hyphae,
the infected host’s immune system and the pathogen start
interacting (Hauton, 2012). North American crayfish can, to
a different level, resist the penetration of the hyphae, while
native European crayfish are normally susceptible to the A. astaci
infection. These moments of germination and penetration are
crucial for the fate of the A. astaci infection process. The results
of the transcriptome analysis of the crayfish sampled during
the experiment revealed that this haplogroup A was able to
trigger the immune response in the marbled crayfish 3 days
after challenge (own unpublished data). This suggests that, while
the spores were able to germinate, their ability to penetrate the
crayfish cuticle was very limited. It is likely that the detection
of the pathogen DNA in the first sampling point derives from
A. astaci spores attached to the cuticle of the crayfish. Most
of them might have detached themselves from the host, and
even those germinating failed to establish in the host, which
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would explain the negative qPCR results at the second and
third sampling points. Further infection experiments might shed
some light on the mechanisms that resulted in this speculated
reduced ability of this A. astaci strain to penetrate into the
cuticle of crayfish.

Drastically different was the response of the noble crayfish
challenged with the haplogroup B strain (Table 2 and Figure 2)
compared to those of haplogroup A-challenged noble crayfish.
The difference in PFU value between the two groups is not
significant, as the variation within the groups were very high,
with some of the crayfish in the haplogroup B-challenged group
resulting negative despite the clear symptoms of infection. This
might be the reflection of several aspects, both biological and
methodological. The high within group variations might be the
result of real biological differences in the resistance or sensitivity
of the crayfish in the same experimental group. On the other
hand, the qPCR assay is semi-quantitative. It is not possible
to use the entire soft cuticle of the specimens for the qPCR.
Because of this, different parts of the soft cuticles are sampled
to maximize the chance of sampling cuticles containing hyphae.
As a result, the amount of A. astaci DNA detected in the
tissues is influenced by the sampling. However, in this case,
the difference in the effects of A. astaci haplogroup A and
haplogroup B on the noble crayfish are clear when considering
the observed symptoms. The isolate from Lake Tahoe is highly
virulent, and it caused clear symptoms of morbidity in the
challenged noble crayfish, indicating a likely death of the noble
crayfish in 1 or 2 days after the onset of the gross signs, as
recently shown in Makkonen et al. (2019). While the A. astaci
strain from haplogroup A used in this study was probably
adapted to its new European hosts due to the absence of the
original carrier (Makkonen et al., 2012b, 2018), the situation
is very different for A. astaci belonging to haplogroup B. This
haplogroup was introduced to Europe with its original host
(P. leniusculus) which then has established numerous populations
on the European continent (Alderman, 1996; Kouba et al.,
2014). In this situation, scenarios where this strain wipes out
the susceptible European crayfish populations would not have
significant repercussion on A. astaci, which would still be free
to circulate in the usually more resistant crayfish populations
of North American origin (Jussila et al., 2015). Nonetheless,
in the past decades there have been reports of populations
of the native European P. leptodactylus latently infected with
A. astaci strains belonging to haplogroup B (Ungureanu et al.,
2020). Pontastacus leptodactylus is the most resistant among the
native European species, but still it is considered susceptible
to the crayfish plague (Svoboda et al., 2017; Jussila et al.,
2020) and has been shown to suffer from mass mortalities
caused by the disease (Rahe and Soylu, 1989; Timur, 1990).
However, latently infected populations have been observed in
Croatia (Maguire et al., 2016), Romania and Moldova (Panteleit
et al., 2018), Turkey (Svoboda et al., 2014; Kokko et al., 2018),
and Ukraine (Ungureanu et al., 2020). Until now, there have
been no reports of noble crayfish populations resistant to
A. astaci haplogroup B, although less susceptible populations
have been detected (Makkonen et al., 2012a). In future, it
will be interesting to see if the selection of European crayfish

populations resistant to A. astaci haplogroup A would lead to
the development of resistance also toward more virulent or
new haplogroups.

CONCLUSION

This study demonstrated the adaptation of A. astaci haplogroup
A strain isolated from Lake Venesjärvi to their novel European
hosts, supposedly due to reduced virulence. Our results indicate
that this feature might be the consequence of A. astaci’s
reduced ability to penetrate into the cuticle of crayfish.
Our observations support the growing number of reports
of latent infections among native European crayfish stocks,
providing additional evidence that the relationship between
European crayfish and A. astaci might be slowly heading
toward an equilibrium. Finally, we empirically demonstrated
that marbled crayfish are highly resistant against A. astaci
and add evidence to the ability of this species to become
latently infected and act as a carrier of highly virulent
A. astaci strains.
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Several European freshwater crayfish species are currently included in one of the IUCN
Red list categories. In the Iberian Peninsula, the native Austropotamobius pallipes
species complex (the white clawed crayfish, WCC) has experienced a drastic decline
since 1973. Implementing conservation management strategies for this species requires
a better understanding of the patterns and structure of its genetic diversity. In this study,
we assessed the levels and patterns of genetic variation in 71 populations along the
whole distributional range of the WCC in the Iberian Peninsula. The two mitochondrial
markers analyzed (Cytochrome Oxidase subunit I and 16S rRNA genes) indicated high
levels of genetic diversity, which are significantly geographically structured in three main
genetic groups, two corresponding to Northern and one to Central-Eastern and the
westernmost Iberian Peninsula. The diversity found included new private haplotypes,
and revealed the potential effect of paleogeographic barriers and last glaciations in the
population structure observed. Current conservation and management programs for
the WCC in the Iberian Peninsula should consider these three phylogeographic groups
as essential management units in order to preserve the remaining genetic diversity in
the species.

Keywords: Austropotamobius pallipes, mitochondrial 16S rRNA, mitochondrial COI, genetic diversity,
phylogeographic structure, conservation

INTRODUCTION

The status of the European crayfish represents a paradigmatic example of the worldwide freshwater
biodiversity crisis. Currently, there are six native European crayfish species: the white-clawed
crayfish (WCC) (Austropotamobius pallipes species complex, see below), the stone crayfish
(SC) (Austropotamobius torrentium), the noble crayfish (NC) (Astacus astacus), the narrow-
clawed crayfish (NCC) (Pontastacus leptodactylus), the thick-clawed crayfish (TCC) (Pontastacus
pachypus), and the recently described Austropotamobius bihariensis (Pârvulescu, 2019). These
crustaceans have experienced a rapid decimation due to overexploitation, water pollution, flow
modification, habitat destruction, habitat and populations fragmentation, invasive species, and
especially the emerging crayfish plague disease caused by the pathogen Aphanomyces astaci (Jussila
et al., 2021 for review).
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As a consequence of this decline, several crayfish species are
included in one of the IUCN Red list categories (e.g., WCC
and NC are listed as endangered and vulnerable, respectively)
with a declining population trend (IUCN, 2021). Thus, there
has been a recent interest in studying the patterns of genetic
diversity in the European crayfish species to establish sound
management and conservation plans (Schubart and Huber, 2006;
Akhan et al., 2014; Jelić et al., 2016; Bláha et al., 2017; Schrimpf
et al., 2017; Lovrenčić et al., 2020). This is especially true for the
WCC in the Iberian Peninsula since this species has experienced
a drastic decline for the last 45 years (Füreder et al., 2010).
The taxonomic status of WCC, furthermore, is complex. Initial
analyses based on nuclear DNA supported the existence of
one species (Chiesa et al., 2011; Scalici and Bravi, 2012) while
analyses based on mitochondrial DNA (mtDNA) and allozymes
suggested that Austrapotamobius pallipes actually represents a
species complex. This complex was proposed to comprise two
species, A. pallipes sensu stricto and A. italicus, which in turn
includes four subspecies: A. i. carsicus, A. i. meridionalis, A. i.
italicus and A. i. carinthiacus (Fratini et al., 2005).

The WCC populations of the Iberian Peninsula have been
referred as the westernmost part of the A. i. italicus lineage.
They were thought as an introduction from the Italian Peninsula
(Vedia and Miranda, 2013; Clavero et al., 2016), although
they are now considered of autochthonous/natural origin (e.g.,
Beroiz et al., 2008; Diéguez-Uribeondo et al., 2008; Pedraza-
Lara et al., 2010; Matallanas et al., 2011, 2016). Historically, its
distributional range in the Iberian territory covered most part of
this area until the introduction of two North American invasive
crayfish, Procambarus clarkii and Pacifastacus leniusculus, which
are chronic carriers of the crayfish plague pathogen (Alonso
et al., 2000). Since the introduction of this pathogen, at least
80% of the original European populations have disappeared
(Füreder et al., 2010), and the trend of the remaining Iberian
populations is still decreasing (Aldabe et al., 1991; Temiño and
Sáez-Royuela, 1998). The remaining Iberian WCC populations,
and their genetic diversity, thrive in isolated mountainous creeks
or in inaccessible brooks. Initial studies analyzing the genetic
diversity of the Iberian WCC were based on mitochondrial
regions, e.g., 16S rRNA and Cytochrome Oxidase Subunit I
(COI). These investigations did not find significant levels of
genetic diversity among the populations studied (Santucci et al.,
1997; Grandjean et al., 2000, 2001, 2002; Trontelj et al., 2005).
However, subsequent studies evidenced higher levels of genetic
diversity and a perceptible genetic structure by increasing the
number of populations and sample size (Beroiz et al., 2008;
Diéguez-Uribeondo et al., 2008), especially when new markers
were designed. These studies indicated a strong geographical
structure and confirmed the existence of high genetic diversity,
similar to the levels found in other European crayfish populations
(Pedraza-Lara et al., 2010; Matallanas et al., 2011, 2016). In these
studies, however, the distributional range of WCC in the Iberian
Peninsula was not fully covered. Although this species does not
appear to be naturally distributed in some areas of the Western
Iberia peninsula (is absent or very rare in the acid rock areas of
Portugal, Galicia, Extremadura and West of Andalucía) (Alonso
et al., 2000), there was an overlooked gap in the Central-Western

area, still under-sampled and unstudied. The fact that WCC has
not been studied within its whole range of distribution, could
bias the estimates for overall genetic patterns of diversity for the
species in the Iberian Peninsula. Therefore, a study considering
the whole range of this species in the Iberian Peninsula is in
need, and will provide new insights that will also help clarifying
previous claims of a non-native origin of this species in the
Iberian Peninsula (Vedia and Miranda, 2013; Clavero et al., 2016).

Thus, the aim of this study was to unravel the potential
hidden genetic diversity within the unexplored Iberian WCC
populations and to identify patterns of the genetic variation and
structure. For this purpose, we have significantly increased the
number of sampled populations from previous studies along a
wider distributional range in the Iberian Peninsula, applying two
highly informative mitochondrial DNA regions, the 16S rRNA
and COI genes. Approaching the true diversity and identifying
patterns of genetic diversity of the native WCC in the Iberian
Peninsula is crucial for maintaining the genetic pool of this
endangered species. Moreover, these results will improve the
design of conservation programs for the species.

MATERIALS AND METHODS

Crayfish Sampling
A total of 265 specimens of WCC were collected from 47
populations throughout the geographical distribution of the
WCC in the Iberian Peninsula (Table 1). Due to the conservation
status of some populations, and variability in populations size,
the number of specimens per population included in the study
was unequal. Crayfish were captured using nets and by hand
in collaboration with the environmental officers of each of the
localities. In addition, and to cover the geographical range of the
WCC distribution, we included specimens from the “Crayfish
Collection” of the RJB-CSIC in Madrid (set of historical samples
collected and preserved since 1998). A walking leg from each
individual was excised and preserved in 96% ethanol in a 2 ml
tube until the molecular analysis. All crayfish were returned to
their habitat alive.

DNA Extraction, Amplification and
Sequencing
Samples were first rinsed with TE buffer (Tris 10 mM/EDTA
1 mM, pH 8) to remove the preserving ethanol. Each walking leg
was cleaned up to three times with TE and left overnight in the
buffer. Each sample was then transferred to a 2 ml tube, which
was frozen at −80◦C and afterward lyophilized in a freeze dryer
VirTis BenchTop K for 24 h (≤−50◦C; ≤ 20 mTorr) to facilitate
the grinding of the genetic material by mechanical rupture using
a TissueLyser (QIAGEN).

Genomic DNA was extracted with an E.Z.N.A. R©Insect DNA
Kit (Omega bio-tek, Norcross, Atlanta, United States). The
election of the mitochondrial markers used in this study was
made trying to maximized the information obtained from the
sequences as well as the compatibility with the information
available in GenBank. Therefore, we selected the mitochondrial
16S rRNA and COI genes. The primers pair used to amplify the
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TABLE 1 | Populations and locations of the white-clawed crayfish analyzed in the present work (Figure 3).

Population Location Catchment SAMOVA n S H Hd π D Fs Collection

AL1 Altube/Álava Ebro G3 10 0 1 (H24) 0.000 0.0000 n/c n/c #21# Matallanas et al.,
2016

AS1 Cangas de
Onis/Asturias

Sella G2 2 0 1 (H30) 0.000 0.0000 n/c n/c This study

AS2 Cangas de
Onis/Asturias

Sella G2 10 0 1 (H30) 0.000 0.0000 n/c n/c #3# Matallanas et al.,
2016

AS3 Cangas de
Onis/Asturias

Sella G2 10 0 1 (H30) 0.000 0.0000 n/c n/c #15# Matallanas et al.,
2016

AV1 Sanchorreja/Ávila Duero G1 9 0 1 (H1) 0.000 0.0000 n/c n/c This study

AV2 Santa María del
Cubillo/Ávila

Duero G1 8 0 1 (H1) 0.000 0.0000 n/c n/c This study

AV3 Sanchorreja/Ávila Duero G1 9 0 1 (H1) 0.000 0.0000 n/c n/c This study

BU4 Rebolledo de la
Torre/Burgos

Duero G2 10 1 2 (H30, H32) 0.356 0.0001 0.015 0.417 This study

BU7 Santa María del
Campo/Burgos

Duero G3 3 0 1 (H24) 0.000 0.0000 n/c n/c This study

BU22 Fuentenebro/Burgos Duero G1 9 3 4 (H1, H9, H13,
and H15)

0.833 0.0005 0.794 −0.450 This study

BU34 Hontoria de
Valdearados/Burgos

Duero G1 6 0 1 (H16) 0.000 0.0000 n/c n/c This study

BU53 Santo Domingo de
Silos//Burgos

Duero G3 7 4 4 (H24, H26,
H27, and H28)

0.810 0.0006 −0.319 −0.655 This study

BU58 Santo Domingo de
Silos/Burgos

Duero G2 10 1 2 (H24, H30) 0.533 0.0002 1.303 1.029 This study

BU64 Arauzo de Miel/Burgos Ebro G1 9 1 2 (H1, H13) 0.500 0.0002 0.986 0.849 This study

BU82 San Zadornil/Burgos Ebro G2 2 1 2 (H29, H30) 1.000 0.0004 0.000 0.000 This study

BU83 San Zadornil/Burgos Ebro G2 4 0 1 (H30) 0.000 0.0000 n/c n/c This study

BU84 San Zadornil/Burgos Ebro G2 5 0 1 (H30) 0.000 0.0000 n/c n/c This study

BU85 San Zadornil/Burgos Ebro G2 3 0 1 (H30) 0.000 0.0000 n/c n/c This study

BU86 San Zadornil/Burgos Ebro G2 5 2 3 (H30, H34, and
H35)

0.700 0.0004 0.243 −0.475 This study

BU98 Padrones de
Burela/Burgos

Ebro G2 10 1 2 (H30, H31) 0.200 0.0001 −1.112 −0.339 #11# Matallanas et al.,
2016

BU99 Rebolledo
Traspeña/Burgos

Duero G2 10 6 2 (H21, H30) 0.200 0.0005 −1.796 2.607 #16# Matallanas et al.,
2016

CAS1 Lucena del
Cid/Castellon

Júcar G1 10 0 1 (H1) 0.000 0.0000 0.000 n/c #18# Matallanas et al.,
2016

CAS2 La Pobla de
Benifassa/Castellon

Júcar G1 10 2 3 (H1, H5, and
H16)

0.644 0.0004 1.743 0.643 #23# Matallanas et al.,
2016

CR2 Pozuelo de
Calatrava/Ciudad Real

Guadiana G1 4 1 2 (H1, H16) 0.667 0.0003 1.633 0.540 This study

CU1 Almagraro/Cuenca Júcar G1 2 1 2 (H1, H16) 1.000 0.0004 0.000 0.000 This study

CU2 Las Truchas/Cuenca Tajo G1 3 0 1 (H16) 0.000 0.0000 n/c n/c This study

CU3 Pedregoso/Cuenca Júcar G1 3 1 2 (H16, H19) 0.667 0.0003 0.000 0.201 This study

CU4 Pozuelo/Cuenca Tajo G1 3 3 3 (H1, H16, and
H24)

1.000 0.0008 0.000 −0.693 This study

CU5 Valmelero/Cuenca Tajo G1 4 0 1 (H16) 0.000 0.0000 n/c n/c This study

CU6 Vaquerizas/Cuenca Tajo G1 3 0 1 (H16) 0.000 0.0000 n/c n/c This study

CU7 Huerta de
Obispalia/Cuenca

Guadiana G1 10 1 2 (H16, H17) 0.200 0.0001 −1.112 −0.339 #5# Matallanas et al.,
2016

CU8 Pozuelo/Cuenca Tajo G1 10 0 1 (H16) 0.000 0.0000 0.000 n/c #20# Matallanas et al.,
2016

CU9 Valdemoro/Cuenca Júcar G1 10 2 3 (H1, H4, and
H16)

0.600 0.0003 0.120 −0.101 #24# Matallanas et al.,
2016

GIR1 Escaramat/Gerona Cataluña G1 3 3 2 (H14, H16) 0.667 0.0008 0.000 1.609 This study

GIR2 Falgars/Gerona Cataluña G1 11 1 2 (H1, H2) 0.327 0.0001 −0.100 0.356 This study

(Continued)
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TABLE 1 | (Continued)

Population Location Catchment SAMOVA n S H Hd π D Fs Collection

GIR3 La Fabrega/Gerona Cataluña G1 12 1 2 (H1, H16) 0.485 0.0002 1.066 1.003 This study

GIR4 La Plana/Gerona Cataluña G1 11 3 3 (H1, H10, and
H20)

0.346 0.0002 −1.600 0.885 This study

GIR6 Santa Llucía//Gerona Cataluña G1 11 2 3 (H1, H2, and
H16)

0.564 0.0003 0.036 −0.113 This study

GIR7 Olot/Gerona Cataluña G1 10 1 2 (H1, H6) 0.200 0.0001 −1.112 −0.339 This study

GRA1 Albuñuelas/Granada Guadalquivir G1 10 0 1 (H1) 0.000 0.0000 n/c n/c #9# Matallanas et al.,
2016

GU1 Chaparrillo/Guadalajara Tajo G1 5 1 2 (H1, H16) 0.600 0.0002 1.225 0.626 This study

GU2 Río Gallo/Guadalajara Tajo G1 10 1 2 (H1, H16) 0.556 0.0002 1.464 1.096 #22# Matallanas et al.,
2016

HU1 Barranco Villano/Huesca Ebro G1 5 0 1 (H16) 0.000 0.0000 n/c n/c This study

HU2 Formiga/Huesca Ebro G1 2 0 1 (H1) 0.000 0.0000 n/c n/c This study

HU3 Casbas/Huesca Ebro G1 10 7 4 (H1, H3, H12,
and H24)

0.711 0.0008 −0.926 0.517 #2# Matallanas et al.,
2016

JA1 Cazorla/Jaen Guadalquivir G1 2 0 1 (H1) 0.000 0.0000 0.000 0.000 This study

LE1 Lugán/León Duero G3 10 3 3 (H1, H24, and
H30)

0.600 0.0004 −0.658 0.206 #14# Matallanas et al.,
2016

LE3 Garrafe de Torios/León Duero G1 11 1 2 (H1, H13) 0.436 0.0002 0.671 0.779 This study

LER1 Pont de Suert/Lérida Ebro G1 10 2 3 (H16, H22, and
H23)

0.622 0.0003 0.019 −0.156 #1# Matallanas et al.,
2016

LU1 Pol/Lugo Miño G1 10 1 2 (H1, H8) 0.200 0.0001 −1.112 −0.339 #4# Matallanas et al.,
2016

LU2 Castro de Rei/Lugo Miño G1 10 0 1 (H1) 0.000 0.0000 n/c n/c #13# Matallanas et al.,
2016

NA2 Doneztebe/Navarra Bidasoa G3 3 1 2 (H24, H30) 0.667 0.0003 0.000 0.201 This study

NA3 Aoiz51/Artanga/Navarra Ebro G3 3 3 2 (H16, H24) 0.667 0.0008 0.000 1.609 This study

NA4 Bidaurreta/Ultzama-
Araquil/Navarra

Ebro G3 4 0 1 (H24) 0.000 0.0000 n/c n/c This study

NA5 Leurtza/Navarra Bidasoa G3 4 1 2 (H24, H30) 0.500 0.0002 −0.612 0.172 This study

NA7 Sunbilla/Navarra Bidasoa G2 2 1 2 (H24, H30) 1.000 0.0004 0.000 0.000 This study

NA8 Estella/Navarra Ebro G3 10 3 2 (H11, H24) 0.200 0.0002 −1.562 1.225 #19# Matallanas et al.,
2016

PA1 Herrera del
Pisuerga/Palencia

Duero G1 4 4 2 (H16, H30) 0.667 0.0011 2.080 2.719 This study

SO1 Navaceno/Soria Duero G1 10 1 2 (H1, H16) 0.356 0.0001 0.015 0.417 This study

SO2 Navaceno/Soria Duero G1 9 1 2 (H1, H16) 0.500 0.0002 0.983 0.849 This study

SO3 Mont Vicarias/Soria Ebro G1 2 1 2 (H1, H16) 1.000 0.0004 0.000 0.000 This study

SO8 Almarza/Soria Duero G1 9 2 3 (H1, H13, and
H16)

0.556 0.0003 −0.583 −0.532 This study

SO15 Devanos/Soria Ebro G3 9 0 1 (H24) 0.000 0.0000 n/c n/c This study

TE1 Valderrobles/Teruel Ebro G1 2 1 2 (H1, H7) 1.000 0.0004 0.000 0.000 This study

TE2 Beceite/Teruel Ebro G1 10 0 1 (H1) 0.000 0.0000 n/c n/c #6# Matallanas et al.,
2016

TE3 Castellote/Teruel Ebro G1 10 1 2 (H1, H16) 0.467 0.0002 0.819 0.818 #10# Matallanas et al.,
2016

TE5 Cucalon/Teruel Ebro G1 10 7 5 (H1, H8, H16,
H18, and H33)

0.800 0.0008 −1.002 −0.733 #12# Matallanas et al.,
2016

VA1 Utiel/Valencia Júcar G1 10 4 2 (H16, H25) 0.356 0.0006 0.023 3.025 #17# Matallanas et al.,
2016

VALL1 Adalia/Valladolid Duero G1 6 0 1 (H1) 0.000 0.0000 n/c n/c This study

VALL2 Adalia/Valladolid Duero G1 2 0 1 (H1) 0.000 0.0000 n/c n/c This study

ZA1 Santa Eulalia de
Gállego/Zaragoza

Ebro G1 10 3 3 (H1, H16, and
H24)

0.689 0.0005 0.775 0.985 #7# Matallanas et al.,
2016

Catchment, hydrogeographic catchment; SAMOVA, grouping structure assigned by SAMOVA; n, sample size; S, number of polymorphic sites; H, number and haplotypes
found and their reference code between brackets; Hd, haplotype diversity; π, nucleotide diversity; D, Tajima’s D; Fs, Fu’s Fs.
The “n/c” means not calculated.
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mitochondrial 16S rRNA gene, 1472 (Crandall and Fitzpatrick,
1996) and Tor12sc (Largiadèr et al., 2000) amplified a fragment
that included partial sequences of the 12S rRNA, the 16S rRNA
and the val-tRNA. From hereafter, the combination of the 12S
rRNA, val-tRNA and 16S rRNA regions will be referred as 16S.
The primers pair used to amplify the mitochondrial COI gene
was C/N 2769 (Gopurenko et al., 1999) and LCO1490 (Folmer
et al., 1994). Both were used in a single round PCR following
the protocols in Matallanas et al. (2016). Negative controls
containing no DNA were included in all single round PCR for
both primer pairs.

We checked for positive amplicons by running an
electrophoresis with 3-µl aliquots of the amplification product
in 1% agarose TAE gels stained with SBYR-Safe (Thermo Fisher
Scientific). Amplified products were purified using a QIAquick
PCR Purification Kit (Qiagen, Germany). Double strand PCR
positive products were sequenced using an automated sequencer
(Applied Biosystems 3730xl DNA, Macrogen, Netherlands).

Sequence Data
Both mtDNA sequence strands were assembled and analyzed
using the program Geneious v10.0.2 (Kearse et al., 2012). We ran
BLAST searches to check the nature of the generated sequences.
We revised the sequences chromatograms for double-peaks and
performed the alignments using the MAFFT algorithm (Katoh
et al., 2002). The final alignments included sequences of 1,317
base pairs (bp) for 16S gene and 1,151 bp for COI gene.

Additionally, we downloaded a total of 748 sequences for
the 16S gene and 669 sequences for the COI gene from
GenBank from previous studies (Supplementary Appendix 1).
Moreover, the sequences for the 16S and COI genes from the
genome of Austropotamobius torrentium were also downloaded
from GenBank (accession numbers NC_033504), as well as
the sequences for the 16S and COI for A. italicus carsicus
(accession numbers KX370126 and KX369706, respectively)
and were used as outgroups in the phylogenetic analyses
(Supplementary Appendix 1).

Data Sets
We designed three different data sets to take advantage of the
genetic information in previous studies. Data Set 1 was designed
to frame the samples from this study within the last phylogenetic
scenario proposed by Jelić et al. (2016). Data Set 2 was designed to
reconstruct the phylogenetic relationships of lineages within the
Iberian Peninsula. Data Set 3 was designed to estimate the genetic
diversity and the population structure of the existing populations
in the Iberian Peninsula.

Data Set 1 comprised all the sequences from the range of
distribution of WCC in Europe, including three subsets: (i)
16S with a total of 1,013 sequences, (ii) COI with a total of
934 sequences, and (iii) concatenated 16S and COI genes from
the specimens that had both genes sequenced with a total of
934 specimens. Austropotamobius torrentium was used as an
outgroup in all the subsets.

The Data Set 2 comprised all the sequences from the
distributional range of the WCC in the Iberian Peninsula,
including three subsets: (i) 16S with a total of 706 sequences, (ii)

COI with a total of 706, and (iii) concatenated 16S and COI genes
from the specimens that had both genes sequenced with a total of
706 specimens. One specimen from the sister clade of the Iberian
WCC populations (A. italicus carsicus) was used as an outgroup
in all the subsets.

The Data Set 3 comprised a total of 505 sequences with the
largest base pair length for the three defined subsets: (i) 16S,
(ii) COI and (iii) concatenated 16S and COI genes, of which
265 sequences were obtained from the 47 populations of this
study (GenBank accession numbers MW317197-MW317461 for
16S and MW325345-MW325609 for COI). The remaining 240
sequences belong to 24 populations spanning the distributional
range of the A. pallipes complex in the Iberian Peninsula
(Matallanas et al., 2016) (Table 1). This data set was used to
determine both genetic diversity and genetic structure of the
existing populations in the Iberian Peninsula.

Phylogenetic Relationships
Phylogenetic relationships were analyzed for the Data Set 1
and Data Set 2. We identified the best model of nucleotide
substitution and best partition schemes for the 16S and the COI
genes for each of the data sets in Partition Finder v2.1.1 (Lanfear
et al., 2016), using the Bayesian Information criterion (BIC). The
base frequencies were estimated using maximum likelihood (+X)
rather than empirically (+F) for the implemented models.

Phylogenetic analyses for the 16S, the COI and the
concatenated 16S and COI genes were run under Bayesian
inference (BI) and maximum likelihood (ML). The BI analysis
was performed in MrBayes v.3.2.6 software (Ronquist et al., 2012)
using the default MCMCMC search algorithm with 100,000,000
generations, three runs (eight chains per run) with a burn-
in of 25% generations. Nodes with posterior probability (pp)
values ≥ 0.95 were considered as supported. Tracer v1.6.0
(Rambaut et al., 2014) was used to check for convergence and
stationarity of the three runs. The ML analysis was performed
in RAxML v.8 (Stamatakis, 2014) as implemented in raxmlGUI
v1.5b1 (Silvestro and Michalak, 2012), with 100 independent
replicates and 1,000 rapid bootstraps. Nodes with bootstrap
values ≥ 75 were considered as supported. The resulting trees
from the BI and ML analyses were visualized in FigTree v1.4.2
(Rambaut, 2012).

Genetic Diversity and Genetic Structure
We examined the genetic structure of the WCC in the Iberian
Peninsula using the Data Set 3 with a Spatial Analysis of
the Molecular Variance (SAMOVA v2.0) (Dupanloup et al.,
2002). This method defines groups of populations (k) that
are genetically and geographically homogeneous and maximally
differentiated from each other (it maximizes the proportion
of total genetic variance, FCT) to identify genetic barriers.
Moreover, it also defines groups of populations that are
maximally differentiated from each other, without constraint for
the geographic composition of the groups. We run SAMOVA v2.0
from k = 2 to k = 20 and each run was with 1,000 simulated
annealing processes.

We used TCS v.1.21 (Clement et al., 2000) to represent
the mutational changes between the sequences throughout
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the most parsimonious haplotype network and the
genealogical relationships were visualized using PopArt v1.7.2
(Leigh and Bryant, 2015).

To further dissect the patterns of genetic diversity and
the genetic structure of the WCC populations in the Iberian
Peninsula, we defined three grouping strategies of the Data
Set 3: (I) populations as independent units, (II) populations
grouped in hydrogeographic areas, and (III) populations grouped
in the phylogeographic areas determined by SAMOVA (Table 1).
Due to the unequal number of the samples conforming each
sampled population, we carried out the rarefaction of the
data in the populations grouped in hydrogeographic areas
and in the populations grouped by phylogeographic areas.
For this, we selected randomly n∗ individuals, subsampled
without replacement from the larger of the original samples, and
equaled the size of the smaller original sample (n = n∗ = 4)
(Magurran and McGill, 2011).

We performed two independent analyses for the two grouping
structures (hydrogeographic areas and the phylogeographic
areas), first for the raw data and then for the rarefied data. We
estimated the number of polymorphic (segregating) sites (S),
the number of haplotypes (H), the haplotype diversity (Hd), the
average number of nucleotide differences (k) and the nucleotide
diversity (π) using the program DNAsp v.5.10.01 (Librado and
Rozas, 2009). We estimated the haplotypes frequencies and
the genetic diversity indices (Tajima’s D and Fu’s Fs) with the
software Arlequin v3.5.2.2 (Excoffier et al., 2005). The patterns
of genetic variation with the analysis of the molecular variance
(AMOVA) were analyzed in Arlequin v3.5.2.2 (Excoffier et al.,
2005). Significance values (p < 0.05) were assessed by using
10,000 permutations.

RESULTS

Phylogenetic Relationships
The phylogenetic analyses of the independent 16S and COI genes
subsets (Data Set 1) provided congruent trees. The concatenated
mtDNA fragments conforming Data Set 1 were divided in three
partitions. First partition included the 12S rRNA and val-tRNA
genes (155 pb) with a JC substitution model (Jukes and Cantor,
1969), a second partition included the 16S rRNA gene (1,162 pb)
with a HKY + I + X substitution model (Hasegawa et al.,
1985) and a third partition included the COI gene (1,151 pb)
with a HKY + G + X substitution model (Hasegawa et al.,
1985). The analyses (BI and ML) of the concatenated data set
showed a clear differentiation between A. pallipes and A. italicus
(Figure 1). Within A. italicus, sequences attributed to A. i.
italicus, A. i. carinthiacus, and A. i. carsicus formed a well-
supported Clade (Clade I). The remaining samples corresponding
to A. i. meridionalis did not form a monophyletic group, as
defined in Fratini et al. (2005) (Figure 1). The samples of A. i.
italicus and A. i. carinthiacus from Austria, Italy, France, and the
Iberian Peninsula grouped in a well-supported sub-clade, sister to
the samples of A. i. carsicus (Figure 1).

The analyses of the Data Set 2 showed that the independent
analysis of the two subsets of 16S and COI genes provided

congruent trees. PartitionFinder subdivided the concatenated
Data Set 2 into three partitions. The first partition included
12S rRNA and val-tRNA genes (155 pb) with a JC substitution
model (Jukes and Cantor, 1969), a second partition included
the 16S rRNA gene (1,162 pb) with a HKY + G substitution
model (Hasegawa et al., 1985), and a third partition included
the COI gene (1,151 pb) with a HKY + G substitution model
(Hasegawa et al., 1985).

The phylogenetic analyses (BI and ML) resulting from this
concatenated dataset showed no clear relationships among
Iberian A. i. italicus populations. Some samples grouped together
with high support but sometimes with no clear geographic
correspondence (Figure 2).

Genetic Diversity and Genetic Structure
The SAMOVA analysis resolved three main groups (K = 3) out
of the 71 populations of WCC in the Iberian Peninsula: the
Central-Eastern (Group 1), the North-Western Group (Group 2)
and the North-Central Group (Group 3) (Figure 3), representing
the Iberian populations with and without a geographical
constraint (equal values for complete data and rarefied samples,
FCT = FCT

∗ = 0.73). Group 1 included 48 populations, Group 2
included 13, and Group 3 included 10 populations (Table 1).

The most parsimonious haplotype network showed 35
haplotypes in the Iberian Peninsula (Figure 4). Four of them
(H1, H16, H24, and H30) were the most represented in the area.
The two haplotypes H1 and H16 covered the Center, South,
East and the westernmost populations of the Iberian Peninsula
(Figure 3) (Group1 defined by SAMOVA), haplotype H30
covered the North-Western of the Iberian Peninsula (Group2
defined by SAMOVA), and the haplotype H24 covered the North-
Center of the Iberian Peninsula (Group3 defined by SAMOVA).
We recovered six shared haplotypes (H1, H2, H13, H16, H24,
and H30) among different populations, presenting medium-
high frequencies, while the 29 remaining haplotypes appeared
as unique from one specific population, conforming private
haplotypes with low-medium frequencies (Table 2).

The 71 Iberian WCC populations hosted 35 haplotypes,
representing a noteworthy mean haplotype diversity
(Hd = 0.775), but low nucleotide diversity (π = 0.00073).
We found that 27 out of the 71 populations were monomorphic
for one of four different haplotypes (H1, H16, H24, or H30).
The highest number of haplotypes per population was found in
TE5 with five haplotypes (H1, H8, H16, H18, and H33), followed
by other three populations hosting four different haplotypes
each: BU22 (H1, H9, H13, and H15), BU53 (H24, H26, H27, and
H28), and HU3 (H1, H3, H12, and H24) (Table 1). These four
populations hosted a high haplotype diversity (HdTE5 = 0.800;
HdBU22 = 0.833; HdBU53 = 0.810, and HdHU3 = 0.711),
and medium-high nucleotide diversity (πTE5 = 0.0008,
πBU22 = 0.0005, πBU53 = 0.0006, and πHU3 = 0.0008) (Table 1).

Following the Iberian hydrogeographic river basins, we
defined 10 hydrogeographic areas (Table 1). The results for the
raw data set showed differences between the hydrogeographic
areas, with the Ebro area standing out by hosting the
largest number of haplotypes (18 out of 35 haplotypes).
The Ebro river basin also presented the highest haplotype
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FIGURE 1 | Bayesian inference analyses based on concatenated mitochondrial 16S rRNA and COI genes sequences from Data Set 1. The posterior probability
values (pp values) are from Bayesian inference analysis and the bootstrap support values (bs values) from Maximum Likelihood. Nodes with black circles have pp
values higher than 0.95 and bs higher than 75, nodes with dark gray circles have pp higher than 0.95 and bs lower than 75, nodes with light gray circles have pp
lower than 0.95 and bs higher than 75, and nodes with white circles have pp lower than 0.95 and bs lower than 75. Scales bar for phylogenetic analysis indicates
substitutions per site.

diversity (Hd = 0.803) and nucleotide diversity (π = 0.00082)
(Table 3). Only two hydrogeographic areas (Guadalquivir
and Sella) were monomorphic for two different haplotypes
(H1 and H30, respectively) (Table 3). The rarefied data set
for the 10 hydrogeographic areas included nine individuals
per area (Table 3). There were again differences among the
hydrogeographic areas, with the Ebro and Duero areas hosting
five different haplotypes. Rarefied samples from the Ebro area
hosted haplotypes H1, H30, H11, H16, and H22, and Duero
hosted haplotypes H1, H9, H16, H24, and H30. Both presented
the highest haplotype (HdEbro = 0.861 and HdDuero = 0.806) and
nucleotide (πEbro = 0.001 and πDuero = 0.0007) diversities. Three
hydrogeographic areas were monomorphic for two different
haplotypes H1 for Guadalquivir and Miño areas, and H30 for

Sella area (Table 3). Tajima’s D and Fu’s Fs were non-significant
(p > 0.05) for the 10 hydrogeographic areas in both raw and
rarefied data, indicating no evidence of recent demographic
expansion within these grouping structures (Table 3).

Results of AMOVA analysis using the 10 hydrogeographic
areas with the raw data suggested more genetic differentiation
among populations within hydrogeographic areas (52.58% of
variation, p < 0.0001) than between the hydrogeographic
areas (20.46% of variation, p < 0.0001). The rarefied data
suggested on the other hand more genetic differentiation between
hydrogeographic areas (51.96% of variation, p < 0.0001),
although they also showed high genetic differentiation among
populations within hydrogeographic areas (31.08% of variation,
p < 0.03). Fixation indices FST and FSC presented medium/high
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FIGURE 2 | Bayesian inference analyses based on concatenated mitochondrial 16S rRNA and COI genes sequences from Data Set 2. The posterior probability
values (pp values) are from Bayesian inference analysis and the bootstrap support values (bs values) from Maximum Likelihood. Nodes with black circles have pp
values higher than 0.95 and bs higher than 75, nodes with dark gray circles have pp higher than 0.95 and bs lower than 75, nodes with light gray circles have pp
lower than 0.95 and bs higher than 75, and nodes with white circles have pp lower than 0.95 and bs lower than 75. Scales bar for phylogenetic analysis indicates
substitutions per site.

scores for the raw data (FST = 0.73032 and FSC = 0.66096)
and rarefied data (FST = 0.83034 and FSC = 0.64684) showing
visible genetic differentiation within populations and among
populations within hydrogeographic areas. On the other hand,
the fixation indices found no noteworthy differentiation among
hydrogeographic areas, being bigger for the rarefied than for the
raw data (FCT−RAW = 0.20456 and FCT−RAREFIED = 0.51959).

According to the third grouping structure, we defined three
phylogeographic areas, one grouping most of the localities from
the Center and East of the Iberian Peninsula (Group 1), and
two in the North (Group 2 and Group 3) (Figure 3). The

results for the raw data set showed differences among three
phylogeographic areas, with the Group 1 hosting 28 out of 35
haplotypes [haplotype diversity (Hd) = 0.636, and nucleotide
diversity (π) = 0.00038, and no monomorphic groups for any
of the locations] (Table 4). The rarefied data set for each of the
three phylogeographic areas included 62 individuals per basin
(Table 4). None of the groups were monomorphic, and there
were differences among them, with the Group 1 also hosting the
largest set of haplotypes (9 out of a total of 18), with the highest
haplotype (Hd = 0.646) and nucleotide (π = 0.00039) diversities.
Values for Tajima’s D and Fu’s Fs were significant (p < 0.05) for
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FIGURE 3 | Phylogeographic structure and haplotypes detected in the white-clawed crayfish populations of the Iberian Peninsula. Location of the three SAMOVA
main groups: Central-Eastern (Group 1 in color blue), North-Western Group (Group 2 in orange color), and North-Central Group (Group 3 in red color). The
haplotype’s frequencies are determined by the relative proportion of the pie graph. Each chart of the legend represents a different haplotype based on concatenated
mitochondrial 16S rRNA and COI genes sequences.

the three phylogeographic areas for both raw and rarefied data,
with the exception of Tajima’s D on rarefied data from Group 1.
These significances indicated an evidence of recent demographic
expansions within each of these three groups.

Results of the AMOVA analysis using the three
phylogeographic areas suggested more genetic differentiation
among phylogeographic areas for both raw and rarefied data
(73.01% of variation, p < 0.0001 for raw data, and 73.80%
of variation, p < 0.0001 for rarefied data). Moreover, the
variation within populations was noticeable (16.91% of variation,
p < 0.0001 for raw data and 18.23% of variation, p < 0.0001
for rarefied data). Fixation indices differed, presenting FST
high values for the raw data (FST = 0.83091) and rarefied
data (FST = 0.81768), but lower FSC values for the raw data
(FSC = 0.37358) and rarefied data (FSC = 0.30425), showing
a visible genetic differentiation within populations but not
among populations within three phylogeographic areas. On the
other hand, the fixation indices found a statistically significant
differentiation (p < 0.05) among the three phylogeographic

areas for both raw and rarefied data (FCT−RAW = 0.73007 and
FCT−RAREFIED = 0.73796).

DISCUSSION

As far as we know, this work represents the most complete
and updated approximation of the WCC genetic diversity in the
Iberian Peninsula. The results obtained complete and confirm the
historical scenario proposed by previous studies on the genetic
diversity of the WCC (Pedraza-Lara et al., 2010; Jelić et al., 2016;
Matallanas et al., 2016), but also reveal new patterns of genetic
diversity and phylogeographic structure. The phylogeographic
approach used here, which incorporates samples from previously
unexplored areas, has allowed us to find a higher genetic
variation in the WCC than previously reported and also identifies
new private haplotypes in the Iberian Peninsula. Moreover, the
results regarding the origin of the genetic diversity and its
phylogeographic structure do not support the hypothesis of an
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FIGURE 4 | Haplotype network based on concatenated mitochondrial 16S rRNA and COI genes sequences, generated by statistical parsimony. The area of the
circles is proportional to the number of specimens sharing haplotype. Mutation steps between haplotypes are shown as hatch marks (Supplementary Appendix 2).

introduction from Italy in the 17th century (Vedia and Miranda,
2013; Clavero et al., 2016), and, instead, strongly suggest a native
origin of the WCC in the Iberian Peninsula.

Genetic variation found within Iberian WCC populations
is strongly structured geographically. The results from this
phylogenetic approach, also supports the scenario proposed
by Pedraza-Lara et al. (2010) and Jelić et al. (2016) for the
Iberian A. i. italicus populations within the European area.
In these scenarios, the Iberian lineages grouped together with
populations from Austria, Italy and South France. This group is
closely related to the A. i. carsicus, which occurs in Croatia and
Italy, and phylogenetically separated from the Central European
WCC populations. Following these previous studies and the
results in here, the existing genetic differentiation between
Central and Southern Europe WCC populations would be of
Pleistocenic/Holocenic origin, and might be related to the climate
oscillations and glaciations, including the phylogeographic and
demographic effects of the ice sheet presence during and after
the Last Glacial Maximum (LGM) (Hewitt, 2000, 2004). The fact
that Central regions of Europe were glaciated during the LGM led
many species to remain isolated in the Southern glacial refugia,
i.e., the Iberian, Italian, and Balkan Peninsulas. Besides the
presence of the ice itself, the LGM also entailed drastic changes
in temperature, droughts, desertification, and large drops in the
sea levels changes, that might have shaped the range area in WCC.
The distribution of A. i. italicus follows a Circum-Mediterranean

distribution. This distribution is also found in other freshwater
species (Perea et al., 2010) associated with the isolation in glacial
refugia during the LGM, and/or with ancient paleogeography
events. For instance, the Alps orogenesis during the late Miocene
until the Pleistocene had isolated the Iberian Peninsula from
Central Europe and prevented most Mediterranean freshwater
species, such as the European cyprinids, to move northward
(Zardoya and Doadrio, 1999; Perea et al., 2010).

The phylogenetic analyses for the Iberian WCC populations
showed a basal polytomy, indicating non-solved phylogenetic
relationships among them. Although some well-supported
grouping are presented, more molecular markers would
be necessary to identify evolutionary lineages and their
relationships. These results agree with the previous assignation
of Pedraza-Lara et al. (2010) and Matallanas et al. (2016) for
the Iberian populations. On the other hand, we confirmed the
utility of these mitochondrial markers that revealed variability
patterns not found in previous studies (Toon et al., 2009). The
combination of a greater sampling effort and the use of these two
regions revealed a total of 35 haplotypes, 16 of which were new
for the Iberian Peninsula, while Matallanas et al. (2016) found 19
haplotypes using the same 16S and COI genes.

In addition, we found a strong phylogeographic structure
in the Iberian populations. Previous studies designated two
phylogeographic areas, while we found three genetically and
geographically differentiated areas. Thus, we found two areas in
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TABLE 2 | Frequency of the haplotypes found in the 71 analyzed populations (the population’s code is detailed in Table 1).

H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 H12 H13 H14 H15 H16 H17 H18 H19 H20 H21 H22 H23 H24 H25 H26 H27 H28 H29 H30 H31 H32 H33 H34 H35

AL1 · · · · · · · · · · · · · · · · · · · · · · · 1.00 · · · · · · · · · · ·

AS1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1.00 · · · · ·

AS2 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1.00 · · · · ·

AS3 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1.00 · · · · ·

AV1 1.00 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

AV2 1.00 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

AV3 1.00 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

BU22 0.33 · · · · · · · 0.22 · · · 0.22 · 0.22 · · · · · · · · · · · · · · · · · · · ·

BU34 · · · · · · · · · · · · · · · 1.00 · · · · · · · · · · · · · · · · · · ·

BU4 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 0.80 · 0.20 · · ·

BU53 · · · · · · · · · · · · · · · · · · · · · · · 0.43 · 0.29 0.14 0.14 · · · · · · ·

BU58 · · · · · · · · · · · · · · · · · · · · · · · 0.40 · · · · · 0.60 · · · · ·

BU64 0.67 · · · · · · · · · · · 0.33 · · · · · · · · · · · · · · · · · · · · · ·

BU7 · · · · · · · · · · · · · · · · · · · · · · · 1.00 · · · · · · · · · · ·

BU82 · · · · · · · · · · · · · · · · · · · · · · · · · · · · 0.50 0.50 · · · · ·

BU83 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1.00 · · · · ·

BU84 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1.00 · · · · ·

BU85 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1.00 · · · · ·

BU86 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 0.60 · · · 0.20 0.20

BU98 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 0.90 0.10 · · · ·

BU99 · · · · · · · · · · · · · · · · · · · · 0.10 · · · · · · · · 0.90 · · · · ·

CAS1 1.00 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

CAS2 0.10 · · · 0.40 · · · · · · · · · · 0.50 · · · · · · · · · · · · · · · · · · ·

CR2 0.50 · · · · · · · · · · · · · · 0.50 · · · · · · · · · · · · · · · · · · ·

CU1 0.50 · · · · · · · · · · · · · · 0.50 · · · · · · · · · · · · · · · · · · ·

CU2 · · · · · · · · · · · · · · · 1.00 · · · · · · · · · · · · · · · · · · ·

CU3 · · · · · · · · · · · · · · · 0.67 · · 0.33 · · · · · · · · · · · · · · · ·

CU4 0.33 · · · · · · · · · · · · · · 0.33 · · · · · · · 0.33 · · · · · · · · · · ·

CU5 · · · · · · · · · · · · · · · 1.00 · · · · · · · · · · · · · · · · · · ·

CU6 · · · · · · · · · · · · · · · 1.00 · · · · · · · · · · · · · · · · · · ·

CU7 · · · · · · · · · · · · · · · 0.90 0.10 · · · · · · · · · · · · · · · · · ·

CU8 · · · · · · · · · · · · · · · 1.00 · · · · · · · · · · · · · · · · · · ·

CU9 0.30 · · 0.10 · · · · · · · · · · · 0.60 · · · · · · · · · · · · · · · · · · ·

GIR1 · · · · · · · · · · · · · 0.67 · 0.33 · · · · · · · · · · · · · · · · · · ·

GIR2 0.18 · · 0.82 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

GIR3 0.67 · · · · · · · · · · · · · · 0.33 · · · · · · · · · · · · · · · · · · ·

(Continued)
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TABLE 2 | (Continued)

H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 H12 H13 H14 H15 H16 H17 H18 H19 H20 H21 H22 H23 H24 H25 H26 H27 H28 H29 H30 H31 H32 H33 H34 H35

GIR4 0.82 · · · · · · · · 0.09 · · · · · · · · · 0.09 · · · · · · · · · · · · · · ·

GIR6 0.27 0.09 · · · · · · · · · · · · · 0.64 · · · · · · · · · · · · · · · · · · ·

GIR7 0.90 · · · · 0.10 · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

GRA1 1.00 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

GU1 0.40 · · · · · · · · · · · · · · 0.60 · · · · · · · · · · · · · · · · · · ·

GU2 0.50 · · · · · · · · · · · · · · 0.50 · · · · · · · · · · · · · · · · · · ·

HU1 · · · · · · · · · · · · · · · 1.00 · · · · · · · · · · · · · · · · · · ·

HU2 1.00 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

HU3 0.50 · 0.10 · · · · · · · · 0.10 · · · · · · · · · · · 0.30 · · · · · · · · · · ·

JA1 1.00 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

LE1 0.10 · · · · · · · · · · · · · · · · · · · · · · 0.60 · · · · · 0.30 · · · · ·

LE3 0.73 · · · · · · · · · · · 0.27 · · · · · · · · · · · · · · · · · · · · · ·

LER1 · · · · · · · · · · · · · · · 0.20 · · · · · 0.60 0.20 · · · · · · · · · · · ·

LU1 0.90 · · · · · · 0.10 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

LU2 1.00 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NA2 · · · · · · · · · · · · · · · · · · · · · · · 0.67 · · · · · 0.33 · · · · ·

NA3 · · · · · · · · · · · · · · · 0.33 · · · · · · · 0.67 · · · · · · · · · · ·

NA4 · · · · · · · · · · · · · · · · · · · · · · · 1.00 · · · · · · · · · · ·

NA5 · · · · · · · · · · · · · · · · · · · · · · · 0.75 · · · · · 0.25 · · · · ·

NA7 · · · · · · · · · · · · · · · · · · · · · · · 0.50 · · · · · 0.50 · · · · ·

NA8 · · · · · · · · · · 0.10 · · · · · · · · · · · · 0.90 · · · · · · · · · · ·

PA1 · · · · · · · · · · · · · · · 0.50 · · · · · · · · · · · · · 0.50 · · · · ·

SO1 0.20 · · · · · · · · · · · · · · 0.80 · · · · · · · · · · · · · · · · · · ·

SO15 · · · · · · · · · · · · · · · · · · · · · · · 1.00 · · · · · · · · · · ·

SO2 0.33 · · · · · · · · · · · · · · 0.67 · · · · · · · · · · · · · · · · · · ·

SO3 0.50 · · · · · · · · · · · · · · 0.50 · · · · · · · · · · · · · · · · · · ·

SO8 0.67 · · · · · · · · · · · 0.11 · · 0.22 · · · · · · · · · · · · · · · · · · ·

TE1 0.50 · · · · · 0.50 · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

TE2 1.00 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

TE3 0.70 · · · · · · · · · · · · · · 0.30 · · · · · · · · · · · · · · · · · · ·

TE5 0.40 · · · · · · 0.10 · · · · · · · 0.30 · 0.10 · · · · · · · · · · · · · · 0.10 · ·

VA1 · · · · · · · · · · · · · · · 0.80 · · · · · · · · 0.20 · · · · · · · · · ·

VALL1 1.00 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

VALL2 1.00 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

ZA1 0.50 · · · · · · · · · · · · · · 0.20 · · · · · · · 0.30 · · · · · · · · · · ·

The symbol “·” means zero frequency.
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TABLE 3 | Genetic diversity within white-clawed crayfish hydrogeographic catchments in the Iberian Peninsula for the raw and rarefied data.

n S H Hd π D Fs

Raw data

Bidasoa 9 1 2 0.5 0.0002 0.98627 0.849

Ebro 145 20 18 0.80316 0.00082 −1.22384 −6.389

Cataluña 58 7 7 0.65094 0.00036 −1.06969 −2.232

Júcar 45 7 6 0.65354 0.00042 −0.96976 −1.075

Guadalquivir 12 0 1 0 0 n/c n/c

Guadiana 14 2 3 0.38462 0.00016 −0.95919 −0.855

Tajo 38 3 3 0.38265 0.00019 −0.73449 0.115

Duero 142 14 12 0.76136 0.00075 −0.70395 −1.964

Miño 20 1 2 0.1 0.00004 −1.16439 −0.879

Sella 22 0 1 0 0 n/c n/c

Rarefied data

Bidasoa 9 1 2 0.5 0.0002 0.98627 0.849

Ebro 9 6 5 0.861 0.00101 0.57782 −0.354

Cataluña 9 2 3 0.667 0.00032 0.1959 −0.108

Júcar 9 1 2 0.556 0.00023 1.40117 1.015

Guadalquivir 9 0 1 0 0 n/c n/c

Guadiana 9 2 3 0.417 0.00018 −1.3624 −1.081

Tajo 9 1 2 0.389 0.00016 0.15647 0.477

Duero 9 5 5 0.806 0.00068 −0.39837 −1.26

Miño 9 0 1 0 0 n/c n/c

Sella 9 0 1 0 0 n/c n/c

n, sample size; S, number of polymorphic sites; H, number of haplotypes found; Hd, haplotype diversity; π, nucleotide diversity; D, Tajima’s D; Fs, Fu’s Fs.
The “n/c” means not calculated.

TABLE 4 | Genetic diversity within white-clawed crayfish SAMOVA groups in the Iberian Peninsula for the raw and rarefied data.

n S H Hd π D Fs

Raw Data

G1 360 28 25 0.636 0.00038 −2.08288* −23.426*

G2 83 10 8 0.267 0.00017 −2.07311* −6.285*

G3 62 8 7 0.32 0.0002 −1.85126* −1.85126*

Rarefied data

G1 62 12 9 0.646 0.00039 −1.77358 −3.902*

G2 62 9 6 0.268 0.00018 −2.07514* −3.479*

G3 62 8 7 0.32 0.0002 −1.85126* −1.85126*

n, sample size, S, number of polymorphic sites; H, number of haplotypes found; Hd, haplotype diversity; π, nucleotide diversity; D, Tajima’s D; Fs, Fu’s Fs; *p < 0.05.

the North (North-Central and North-Western) represented by
two main haplotypes, H24 and H30, respectively. This matches
with the differentiation and structure found in other terrestrial
and aquatic species, such as Salamandra salamandra (García-
París et al., 2003), Ichthyosaura alpestris (Recuero et al., 2014) or
Lissotriton helveticus (Recuero and García-París, 2011). During
the LGM, strong range shifts and bottlenecks occurred and
they probably played a key role in Iberian WCC populations.
Although the Northern regions of the Iberian Peninsula were
mostly covered with ice, glaciers remained confined within
the mountain systems and did not reach the surrounding
lowlands (Oliva et al., 2019). As a consequence, a number
of unglaciated habitats are believed to have acted as refugia
for several species (Gómez and Lunt, 2007). The identification
of private haplotypes in this area could indicate that these

WCC populations were geographically limited and isolated in
these regions, as it occurred to other species (Hewitt, 2000).
A significant postglacial expansion of these endemic haplotypes
might have occurred from several populations during favorable
climate periods (Hewitt, 2004). Moreover, the genetic results and
the shape of the haplotype network indicated an evidence of
recent demographic expansions within these two groups. These
results are consistent with those of Matallanas et al. (2016),
in which molecular estimations dated last WCC population
expansion back to Pleistocene.

The third phylogeographic area that comprises Central-
Eastern and the westernmost Iberian populations, suggested
another expansion event. The evidences from the significant
results obtained in the genetic diversity analysis, as well as
the star-like haplotype network showed another demographic
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expansion, and also reflect the possibility of another LGM-
refugium. The Central-Eastern area is also represented by
two main haplotypes, H1 and H16. During the LGM, these
populations could have persisted in Southern areas of the Iberian
Peninsula in absence of geographical or climate barriers. As
evidenced by the analyses and the samples studied, these two
main haplotypes could represent ancestral haplotypes: H1 (the
most frequent), and H16 (only separated by one mutational step
from H1). Besides, the H1 has been found in other European
populations (Jelić et al., 2016; Matallanas et al., 2016). The
Central-Eastern area could have had an earlier expansion than
that of the Northern areas, since this area was not covered by ice
during the LGM and thus, in absence of barriers, crayfish could
have expanded over long distances to some extent (Robinson
et al., 2000), and a better climate would have favored it.
However, the unequal sampling of the specimens within the
studied populations seem to have favored higher frequencies
of the H1 and H16 haplotypes, so this statement must be
taken with caution. Furthermore, the low genetic diversity found
within the WCC southern areas could be explained by the
introduction of the North American crayfish species P. clarkii
and P. leniusculus during the 1970s (Alonso et al., 2000; Martín-
Torrijos et al., 2019). These North American crayfish are natural
carriers of the crayfish plague pathogenA. astaci (Martín-Torrijos
et al., 2021) and responsible for the decline of the Iberian
WCC until nowadays. In particular, by the end of the 1990s
the Southern WCC populations almost had disappeared in the
Iberian Peninsula (Alonso et al., 2000; Martín-Torrijos et al.,
2019).

The current genetic diversity found in Iberian Peninsula may
have been shaped by the LGM, as suggested above and in previous
studies. The extensive sampling of this study has allowed us
to find the greatest haplotype and nucleotide diversities so far
reported for the Iberian WCC populations (Matallanas et al.,
2016). We should point out, however, that 27 populations
were monomorphic. These monomorphic populations were
represented by the four most common haplotypes (H1, H16,
H24, and H30). This agrees with the strong phylogeographic
structure found. In contrast, the most diverse phylogeographic
area was the Central-Eastern. This contains populations highly
diverse that are located in the provinces of Burgos, Teruel
and Huesca. This high genetic variation found within these
populations coincides with the historical records of dense
populations of WCC described (Alonso et al., 2000). This
abundance evidences the importance that crayfish fisheries used
to have in local economies of rural Iberian areas. By 1964,
Spanish legislation already had regulated the size, amount of
crayfish and the fishing gear allowed for the fishing activities
(Torre Cervigón and Rodríguez Marqués, 1964). This regulation
might have helped to avoid the overexploitation of the resource,
maintaining most of the genetic diversity that remains nowadays.
Although recent human translocations might have influenced
the current Iberian crayfish distribution, there is, still, a strong
phylogeographic structure. During the past years, several authors
have suggested that the origin of the Iberian populations might
have been the result of an Italian crayfish translocation during
the 17th century (Vedia and Miranda, 2013; Clavero et al.,

2016). However, the results obtained in the present study show
a greater genetic diversity than that described in previous
studies, and indicate that is highly structured and difficult to
attribute to a 17th century translocation from Italy. Therefore,
our results support the native origin of the WCC in the Iberian
Peninsula. Moreover, the rapid impact of the crayfish plague
during the 1970s’ dramatically reduced the number of Iberian
WCC populations in less than 2 years (Alonso et al., 2000).
These massive declines might have extinguished highly diverse
WCC populations, and what we actually come across is a
small fraction of its original genetic diversity. In addition, the
enormous extinctions due to the crayfish plague may have driven
Iberian WCC populations to suffer inbreeding, bottlenecks and
genetic drift. Currently, the difficulty of obtaining samples
due to the threatened status of the WCC made us to use
different number of individuals from each of the analyzed
populations. The reduced number of samples obtained from
some of the populations revealed the appearance of rare
private haplotypes in low frequencies. These rare haplotypes
may represent a reflect of the remaining biodiversity within
WCC populations.

In addition, the delimited phylogeographic areas seem
to explain better the genetic diversity of the Iberian WCC
populations. The AMOVA analysis showed more genetic
differentiation among the three phylogeographic areas
and a slight genetic differentiation among populations
within these areas. This suggests substantial gene flow
among populations from the same phylogeographic
areas. On the other hand, the reduced population sites,
the geographical distribution, and the pressure over the
remaining Iberian WCC populations by the continuous
threat by crayfish plague, for instance, might be favoring
their isolation and hindering the gene flow between them.
Thus, the unique genetic diversity represented by private
haplotypes, which is found in low frequencies, would remain
in the same populations instead of being transferred to
proximal populations.

Current populations are a remain of what Iberian WCC
populations used to be. The massive extinction events that Iberian
WCC have been suffering during the past 45 years due to
the introduction of North American invasive crayfish carrying
the crayfish plague (Martín-Torrijos et al., 2019), and intensive
harvesting, might have had irreversible effects on the Iberian
WCC genetic diversity. Thus, the majority of the ancient Iberian
WCC genetic variation might be already extinct. The reduction
of the genetic diversity, and consequently their adaptive potential
(Boulding, 2008; Jump et al., 2009), could increase the species
extinction risk. To preserve the maximum genetic diversity,
we recommend that current conservation and management
programs for the WCC in the Iberian Peninsula should consider
the patterns of genetic diversity found in this study. Thus,
we propose that the three phylogeographic areas revealed
in this study should be considered as essential management
units to preserve the genetic diversity that characterized them.
Furthermore, conservation actions that include breeding and re-
stocking programs should consider for each specific area not
only the most common but also the private haplotypes. This
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will certainly help to preserve the unique genetic pool from the
endangered Iberian WCC populations.
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