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A B S T R A C T   

The crayfish plague, a severe disease caused by the oomycete Aphanomyces astaci, is responsible for most pop-
ulation declines of susceptible crayfish in Europe. This pathogen has been devastating native populations of 
Austropotamobius pallipes since the 1970s in the Iberian Peninsula. In this study, we report a massive mortality 
event in one of the most important Spanish populations of A. pallipes. We aimed to: (i) identify the cause of the 
mortality, and (ii) evaluate the reintroduction viability of the species. Over the course of six months, we used 
environmental DNA (eDNA) and traditional trap-based methods to detect the presence of A. astaci or of native or 
invasive crayfish in order to evaluate the reintroduction viability of A. pallipes to the affected population. We did 
not capture any live crayfish or detect the presence of A. astaci in the reservoir water during the six months 
following the mass mortality event. Our analyses indicated that it was feasible to initiate a reintroduction pro-
gram at the site, which will continue to be monitored for three to five years and will help improve the con-
servation status of A. pallipes.   

1. Introduction 

The management of freshwater species populations is one of the most 
relevant conservation challenges over the last decades due to their 
constant decline. Between 1970 and 2014, the global populations of 
freshwater species dropped by an estimated 83 % owing to different 
factors, including climate change, freshwater salinization and micro-
plastic pollution (Reid et al., 2019). However, one of the most important 
threats to freshwater species are invasive alien species (IAS), and their 
role as vectors for the introduction of emerging diseases (Conn, 2014, 
Reid et al., 2019). Freshwater IAS severely impact community structure 
and ecosystem functioning (Havel et al., 2015), and emerging diseases 
pose severe threats to wildlife and human health, as well as to food and 
natural resources security (Fisher et al., 2012, Voyles et al., 2015). One 
of the most significant emerging diseases translocated via IAS, and 
affecting freshwater ecosystems and wildlife is the crayfish plague. This 
disease is caused by the oomycete Aphanomyces astaci, a pathogen that 
originates from North America (Martín-Torrijos et al., 2021), and is 
specialized in parasitizing freshwater decapods (Rezinciuc et al., 2015). 
Outside their native range, both North American crayfish and the 

pathogen act as IAS. The damaging impact of the pathogen has been so 
great that A. astaci is one of the few microorganisms included in the 100 
world’s worst invasive alien species list (Lowe et al., 2004). The path-
ogen has been translocated and introduced worldwide alongside its 
vectors, North American crayfish, and has caused severe damage to 
freshwater environments (reviewed in Rezinciuc et al., 2015, Jussila 
et al., 2021). In Europe, the introduction of A. astaci has caused mass 
mortalities and, consequently, drastic population declines of susceptible 
native species since the 19th century (Rezinciuc et al., 2015). 

Until recently, most methods for identifying A. astaci infection 
required the analyses of crayfish after their death. Initially, the crayfish 
plague could only be diagnosed by microscopic observation and 
attempting culture isolation (reviewed in Rezinciuc et al., 2015). The 
latter development of molecular techniques has provided several pure- 
culture independent diagnostic methods (e.g., Oidtmann et al., 2004, 
2006, Vrålstad et al., 2009), and has allowed the description of the ge-
netic diversity of the pathogen (e.g., Huang et al., 1994, Makkonen et al., 
2012, Grandjean et al., 2014, Makkonen et al., 2018). To date, 13 
A. astaci haplotypes have been described from Europe, Japan and the 
south-eastern USA using the mitochondrial (mtDNA) ribosomal small 
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(rrnS) and large (rrnL) subunit regions (Makkonen et al., 2018, Martín- 
Torrijos et al., 2018, Martín-Torrijos et al., 2021, Martín-Torrijos et al., 
2023). The haplotypes reported from Europe (i.e., a, b, d1, d2 and e- 
haplotypes) exhibit a species-specific pattern of distribution, e.g., b- 
haplotype corresponds to Pacifastacus leniusculus, d1- and d2-haplotypes 
to Procambarus clarkii, and e-haplotype corresponds to Faxonius limosus. 
This pattern allows the occurrence of the pathogen to be associated with 
specific introductions of North American crayfish species in Europe. 

The development of environmental DNA (eDNA) sampling tech-
niques has been changing the concept of species sampling and moni-
toring by enabling detection directly from the environment. This 
approach has proven useful for field detection of hard to detect taxa in 
freshwater systems, e.g., IAS during the first invasion steps (Larson et al., 
2020, Morisette et al., 2017), endangered or presumed locally extinct 
native species (Rees et al., 2014, Sigsgaard et al., 2015, Goldberg et al., 
2016), or emerging diseases (Gomes et al., 2017, Sieber et al., 2020), 
providing a suitable framework for crayfish plague monitoring. Strand 
et al., (2012, 2014) demonstrated the detectability of A. astaci under 
both laboratory and natural conditions with eDNA, and some studies 
even showed more sensitivity for A. astaci detection with eDNA than 
with traditional trap-based methods (Wittwer et al., 2018, 2019). In 
addition, methods based on eDNA have also been widely applied for the 
detection of IAS and endangered crayfish (e.g., Agersnap et al., 2017, 
Atkinson et al., 2019, Rusch et al., 2020, Troth et al., 2020, Chucholl 
et al., 2021), sometimes also showing higher detection rates than 
traditional trapping (Tréguier et al., 2014, Strand et al., 2019). The re-
sults of these studies have led to the establishment of eDNA-based 
monitoring programs for both A. astaci and crayfish by some author-
ities (Cheslett et al., 2019, Strand et al., 2019). 

In the Iberian Peninsula, North American crayfish species, i.e., 
P. clarkii and P. leniusculus, were first introduced in the 1970s (Habs-
burgo-Lorena, 1979) and subsequently caused the spread of A. astaci b-, 
d1- and d2-haplotypes throughout the Spanish basins (Martín-Torrijos 
et al., 2019). Crayfish translocations for leisure fishing and food con-
sumption used to be common, which allowed the crayfish plague to 
reach habitats of the native species Austropotamobius pallipes. Native 
A. pallipes populations started suffering sudden mass mortalities of up to 
100 % individuals (Diéguez-Uribeondo et al., 1997a). It was estimated 
that, by the beginning of the 21st century, 80 % of the populations of 
A. pallipes had been lost (Alonso et al., 2000), leading to the inclusion of 
the species in the Spanish National Catalogue of Threatened Species and 
the List of Wild Species under Special Protection (Real Decreto 139/ 
2011, February 4th). The protection of the remaining wild populations 
of A. pallipes is a conservation priority in Spain, in line with European 
policies (Council Directive 92/43/CEE, of May 21st 1992). One of the 
most important Spanish populations of A. pallipes was located in the 
Leurtza reservoirs in Navarra. In this region, A. pallipes is considered a 
species at risk and is therefore protected (Decreto Foral 142/1996, 
March 11th). The Leurtza reservoirs cover an area of 8 hectares (ha), 
with approximately 7 ha in the lower reservoir and 1 ha in the upper 
reservoir. Until recently, this area possibly held the largest population of 
A. pallipes in Europe and has been a key conservation area for decades. 
This population has guaranteed crayfish restocking in many areas of 
Navarra, and scientific research on it has been conducted for, at least, 
the past 30 years. Unfortunately, in May 2022, a massive crayfish 
mortality event occurred in the Leurtza reservoirs, and the suspected 
cause was infection by A. astaci. In this study, we aimed to: (i) identify 
the cause and origin of the crayfish mortality using microscopy and 
molecular approaches, and (ii) evaluate the reintroduction viability of 
the species using both eDNA and traditional trap-based sampling 
methods to confirm the absence of A. astaci, crayfish IAS, and A. pallipes 
survivors prior to any reintroduction. 

2. Materials and methods 

2.1. Study area 

The Leurtza reservoirs were built in the early 20th century for 
electricity production and is a recreational area regulated by the Gov-
ernment of Navarra (Spain) (Fig. 1A) consisting of two reservoirs that 
are connected and separated by concrete walls, but that maintain a 
water connection. Two streams flow into the upper reservoir, while the 
upper one flows into the lower one, and the lower one flows into a 
downstream drainage (Fig. 1B). Most of the A. pallipes population 
inhabited the lower reservoir as the concrete walls prevented crayfish 
from expanding into the upper one (Fig. 1B) (though the presence of 
A. pallipes in the upper reservoir has been occasionally detected in the 
past, but never in the upper streams). Until the outbreak in May 2022, 
the A. pallipes population in the lower reservoir was believed to be the 
largest crayfish population in Spain, with CPUE numbers that could vary 
from 5 to up to 600 depending of the sampling points and time of the 
year. Overall, the population density was estimated at approximately 12 
individuals per square meter (Diéguez-Uribeondo, unpublished data). 
During our sampling campaigns, the two streams had low flow and a 
narrow channel due to high temperatures and low rainfall. We estab-
lished a total of seven sampling points (SP) for water monitoring: SP1 – 
Stream 1, SP2 – Stream 2, SP3 – Upper reservoir (Fig. 2B and 2D), SP4 – 
Upper part of the lower reservoir, SP5 – Mid part of the lower reservoir, 
SP6 - Lower part of the lower reservoir (Fig. 2A), and SP7 – Drainage of 
the lower reservoir (Fig. 2C). The primary purpose of sampling SP1, SP2 
and SP3 was to compare their status with that of the lower reservoir, and 
to try to discover any indication of the origin (and direction) of the 
infection into the water system. The sampling of SP3, SP4, SP5, SP6 and 
SP7 aimed to detect possible surviving A. pallipes, introduced 
P. leniusculus or remaining A. astaci associated with any crayfish species. 

2.2. Crayfish samples 

2.2.1. Microscopic and molecular analyses 
In May 2022, we collected 20 dead crayfish from the lower reservoir 

area, specifically close to the SP3. These samples were preserved in 
ethanol 96◦ after the crayfish mortality event. We excised and cleaned 
the soft sub-abdominal cuticles of the specimens, and we examined the 
presence of hyphae of A. astaci using an inverted Olympus CKX41SF 
microscope (Olympus Optical, Tokyo, Japan). Although species of 
Aphanomyces are very difficult to distinguish by eye in the absence of 
reproductive structures, the presence of growth of abundant aseptate 
hyphae within the ventral abdominal cuticle of crayfish are suggestive of 
A. astaci infection. All samples were handled individually, and the tools 
were sterilized by flame before and after use, to avoid cross 
contamination. 

After the cuticles were examined, we rinsed them three times in TE 
buffer (TRIS 10 mM/ EDTA 1 mM, pH 8) for at least 30 min each time to 
remove the ethanol and then transferred them to 2 mL Eppendorf tubes. 
We manually fragmented the cuticles and froze them at − 80 ◦C over-
night before homogenizing them using a TissueLyser (Qiagen, Ger-
many). DNA was extracted from the samples using the E.Z.N.A. Insect 
DNA Kit (Omega Bio-tek, Norcross, Atlanta, USA) following the manu-
facterer’s protocol. We performed two rounds of different PCRs using 
three assays: (i) primer pair 42F (Oidtmann et al., 2004) and 640R 
(Oidtmann et al., 2006), which amplify the nuclear ribosomal internal 
transcribed spacer (nrITS), to test for the presence of A. astaci; and 
primers (ii) SSU (mtDNA rrnS region) and (iii) LSU (mtDNA rrnL region), 
to assess the intraspecific genetic diversity of A. astaci (Makkonen et al., 
2018) and further confirm the presence of A. astaci (specifically with the 
rnnS region; Casabella-Herrero et al., 2021). 

For each PCR reaction performed from cuticle extracts, the reaction 
mixture contained 10x Buffer, 2,5mM dNTP, 50mM MgCl2, 1 mg/mL 
BSA, 10 mM forward and reverse primers, 5u/mL Taq-Polymerase, 
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milliQ water, and 3 μL of extracted DNA. We also included a positive 
control (DNA from A. astaci strain CCRJB_70) and a negative control 
(milli-Q distilled water) per PCR reaction. PCR amplifications were 
checked on a 1 % agarose TAE gel stained with SYBR Safe (Thermo 
Fisher Scientific, Waltham, MA, USA). For the rrnS and rrnL regions, the 
amplified products were purified using the QIAquick PCR Purification 
Kit (QIAGEN) and sequenced using an automated sequencer (Applied 
Biosystems 3730xl DNA, Macrogen, Madrid). The obtained sequences 
were visualized, edited and aligned using Geneious 11.0 (Kearse et al., 
2012) according to Makkonen et al. (2018). We compared the obtained 
sequences against a previously generated oomycete database (Casabella- 
Herrero et al., 2021), which included the reference haplotype-sequences 
of the six haplotypes detailed by Makkonen et al. (2018) and Martín- 
Torrijos (2018) for both mitochondrial regions (rrnS and rrnL). 

2.2.2. Phylogenetic analyses and haplotyping 
To characterize the genetic diversity of A. astaci, we performed two 

phylogenetic analyses, Bayesian inference (BI) and maximum likelihood 
(ML), with the concatenated mtDNA rrnS and rrnL regions according to 
Makkonen et al. (2018) and we applied the GTR+I+G model of evolu-
tion. The BI analysis was performed in Mr Bayes v.3.2.6 (Ronquist et al., 
2012) for 10 million generations using the MCMC method, two runs (4 
chains each), and a standard deviation of split frequencies < 0.01. We 
performed the ML analysis in RAxML v.8 (Stamatakis, 2014), as 
implemented in raxmlGUI v1.5b1 (Silvestro and Michalak, 2012), which 
consisted of 1000 independent replicates and 10.000 rapid bootstraps. 

Nodes with posterior probabilities (pp) greater than 0.95 for the BI (pp 
> 0.95), and greater than 75 for bootstrap values (bs) for ML (bs > 75) 
were considered well supported. The resulting trees were visualized and 
edited in FigTree v1.4.2 (Rambaut, 2012). 

To estimate the most parsimonious haplotype network of A. astaci, 
we used TCS v.1.21 (Clement et al., 2002) with the obtained sequences 
of the rrnS+rrnL regions. Haplotype relationships were visualized using 
PopArt v1.7.2 (Leigh and Bryant, 2015). 

2.3. eDNA procedures 

2.3.1. eDNA sampling 
We carried out nine sampling campaigns from May to October 2022 

at seven sampling points (Fig. 1B). In each campaign, we sampled water 
at different sampling points according to circumstances (Fig. 1C). Water 
samples were collected from the upstream to downstream direction to 
avoid spore transport from the lower reservoir, where the crayfish 
mortality took place. For the filtration process, we used glass fiber filters 
(47 mm, 2 μm pore size, AP2504700 Millipore, MA, USA) placed inside 
in-line filter holders (47 mm, Millipore). Water was pumped into 
platinum-cured silicone tubing (Masterflex L/S, Cole-Parner, USA) using 
a peristaltic pump (Masterflex E/S 230 VAC, Cole-Parner, USA). After 
collecting the water, each filter was transferred to a sterile 15 mL Falcon 
tube and stored on ice until transported to the laboratory with a 
maximum 8 h from collection, where they were immediately stored at 
− 20 ◦C. Sampling materials were thoroughly decontaminated using 10 

Fig. 1. Schematic representation of the area of study, sampling points and environmental DNA results (eDNA): A) map of Navarra, Spain, and the location of the 
Leurtza reservoirs; B) eDNA sampling points (SP) for water monitoring: SP1 – Stream 1, SP2 – Stream 2, SP3 – Upper reservoir, SP4 – Upper part of the lower 
reservoir, SP5 – Middle part of the lower reservoir, SP6 – Lower part of the lower reservoir, and SP7 – Drainage of the lower reservoir; C) eDNA results according to 
time and point of sampling: green square indicates A. pallipes detection; yellow square, A. astaci detection; white square, no eDNA detection; and no square, area not 
sampled. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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% bleach for 15 min between sampling days, and different equipment 
(filter holder and tubing) was used between sampling points to avoid 
cross contamination. We aimed to filter 5 L/per site, but sometimes it 
was not possible due to filter clogging. To try to avoid turbidity and 
premature filter collapse, we sampled water at some distance from the 
edge of the wall (>1m) using a fishing rod fitted with the tubing 
(Fig. 2B), to prevent the equipment from touching the ground (Strand 
et al., 2019). We filtered between 1L and 5L per sample, depending on 
the turbidity of the water. The volume of filtered water was registered 
and discharged at each sampling point. A total of 91 water samples were 
collected, with two field replicates per sampling point; in the case of 
very early filter collapse (when only 1 to 2.5L of water had been 
filtered), we collected a third replicate. 

2.3.2. eDNA extraction and qPCR analysis 
The CTAB protocol described by Strand et al. (2019) was used to 

extract DNA from all the collected environmental samples. The extrac-
tions also included two negatives controls: (i) a tube with CTAB buffer to 
check for contamination during the process, and (ii) an open tube, to 
check for air contamination. DNA concentration of the samples was 
checked on a QuBit 3 (Invitrogen). 

We analyzed the samples using quantitative PCR (qPCR) on an 
external server maintained by the Fundación Parque Científico de 
Madrid (Spain). We used the following four primer pairs: (i) WC2302-F/ 
R for A. pallipes (Troth et al., 2020), (ii) Apall-F/R for A. pallipes 
(Atkinson et al., 2019), (iii) Paclen_COI_F0336/R0397 for P. leniusculus 
(Agersnap et al., 2017) and (iv) AphastITS-39F/97R for A. astaci (Vrål-
stad et al., 2009, with modifications by Strand et al. (2014). In the case 
of A. pallipes detection, we used two sets of primers to evaluate detection 
performance. For each assay, we established four calibration points in 
order to extrapolate DNA concentrations. For that purpose, we 

performed a series of 1:10 standard dilutions for each species using DNA 
extracted from either crayfish tissue or A. astaci mycelium. Three tech-
nical replicates were performed per sample, with each run containing a 
positive control and a non-template control (NTC) to check for 
contamination during the qPCR preparation procedures. For a detection 
to be considered positive, at least two of the three technical replicates 
had to contain amplifiable DNA and differences among cycle threshold 
(Ct) values had to be below 0.5. If the Ct of one of the replicates differed 
by more than 0.5 from the other, that replicate was discarded from the 
study (Atkinson et al., 2019). Results with a Ct greater than 40 (Ct > 40) 
were considered non-detection (Agersnap et al., 2017). 

2.4. Crayfish trapping and reintroduction approach 

In addition to the eDNA water sampling, we employed traditional 
cage traps to capture any surviving crayfish that could still be present in 
the water, especially in the lower reservoir. We placed three cages close 
to SP4, SP5, and SP6 in the lower reservoir, and one cage close to SP3 in 
the upper one (Fig. 1). No cages were placed in the streams or drainage 
due to their narrow water channel. Cages were placed at least once a 
week during the first month (late May-mid June) of the study and once a 
month for the duration of the study. The cages were left overnight with 
abundant bait and were checked 24 h after the eDNA sampling to avoid 
disturbing the sediment. In total, we placed 36 traps between May and 
October. 

In October, we performed two more trapping experiments to make 
sure that the reservoir water was A. astaci-free before proceeding with 
any reintroduction program. If a single crayfish was trapped, we would 
not be able to reintroduce A. pallipes because A. astaci might still be 
present in the environment. In Spain, late October and early November 
are the optimal months for catching crayfish. Thus, we performed two 

Fig. 2. Photographs of some of the Leurtza sampling points. (A) Lower reservoir at sampling point 6 (SP6), (B) Upper reservoir sampling with tubing held by a fishing 
rod at sampling point 3 (SP3), (C) Drainage of the lower reservoir at sampling point 6 (SP6), and (D) Upper reservoir at sampling point 3 (SP3). 
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additional trapping experiments during this period to increase reliability 
of results. First, we thoroughly checked for the absence of crayfish to 
further confirm the eDNA results by placing 60 cages with abundant bait 
in the two reservoirs, 40 in the lower and 20 in the upper. The cages 
were left overnight and were collected after 24 h. If no crayfish were 
caught in the cages, we proceeded with the second test to evaluate the 
feasibility of reintroduction. In this experiment, we introduced cage 
experiments into the lower reservoir as in Taugbøl et al. (1993), i.e., 
closed cages containing five A. pallipes individuals per cage and abun-
dant bait. After a month, we checked the cages to see if crayfish were still 
alive. If crayfish were dead, we would test them for signs of A. astaci 
infection. However, if crayfish were still alive, we could start the rein-
troduction program by restocking with free-living crayfish from known 
populations with the same genetic diversity as the previous population. 

3. Results 

3.1. Crayfish samples 

We observed abundant non-melanized hyphae characteristic of those 
from Aphanomyces as described by Diéguez-Uribeondo et al. (2004) in 
all of the examined sub-abdominal cuticles collected from the crayfish 
individuals that died during the mass mortality event (Fig. 3). We 
confirmed the presence of DNA specific to A. astaci via PCR (using 
diagnostic primers 42F and 640R) in all of the examined samples. We 
also identified the haplotype of the pathogen as the b-haplotype by 
sequencing and analyzing the concatenated sequences of the mtDNA 
rrnS+rrnL regions. 

3.2. eDNA analyses 

We detected eDNA of A. astaci only in Stream 1 during a two-week 
period in May (SP1, Fig. 1C). We detected eDNA of A. pallipes from 
May to October in Streams 1 and 2 (SP1 and SP2, respectively; Fig. 1C) at 
all sampling times, except August. The August samples were discarded 
due to signs of contamination in the extraction negative controls. 
Overall, the two sets of primers used to detect DNA of A. pallipes (Apall 
and WC2302) performed equally well, except in July. Both exhibited a 
similar level of amplification in the two field replicates per sample in 
most qPCR runs. For runs in which one set was weak, the other worked 
well. A difference in the primer performance was only observed in the 
analyses of the samples collected in July: although the Apall primers 
amplified A. pallipes, the WC2302 primers failed to amplify any product. 
Additionally, we did not detect DNA of P. leniusculus, A. pallipes, or 
A. astaci in any of the reservoirs during our sampling (Fig. 1C). We also 

did not detect any DNA of P. leniusculus from any of the sampling areas in 
the six-month period covering this study. 

3.3. Crayfish reintroduction approach 

To test for possible reintroduction of the species to Leurtza reser-
voirs, we first assessed whether living crayfish were still present in this 
locality. In the first instance, we placed a total of 36 traps over a six- 
month period. During the same period, we also carried out an eDNA 
monitoring. In the second instance, we conducted an intensive crayfish 
trapping experiment, placing 60 cages along the shorelines of the upper 
and lower reservoirs (0.5 km and 1 km of shoreline, respectively) in late 
October. We did not catch any crayfish using traditional trapping 
methods at any time point or location over the duration of these ex-
periments. Because no crayfish were trapped during either of these 
trapping experiments, suggesting that the local population has become 
extinct, we proceeded with the second test (i.e., cage experiments). It 
was necessary to further test the possibility of A. astaci or its carriers 
being present in the environment since non-detection with eDNA-based 
methods or trap-based sampling does not guarantee its absence. All 
crayfish kept in the introduced cages survived the surveillance period. 
Moreover, the results of the eDNA analyses further suggested the 
absence of A. astaci and any crayfish in the reservoirs. Therefore, we 
proceeded to restock the lower reservoir with 500 free-living crayfish 
belonging to the same genetic group as the previous population. 

4. Discussion 

In this study, we demonstrated that a recent mass mortality in one of 
the most important European populations of A. pallipes was caused by 
the pathogen A. astaci that originated from the IAS P. leniusculus. Ac-
cording to our analysis of the mtDNA rrnS+rrnL regions of affected 
crayfish, the b-haplotype was responsible for the outbreak. This haplo-
type has so far only been found in individuals of P. leniusculus or in 
native European crayfish infected with the crayfish plague that inhabit 
in the vicinity of this IAS (Huang et al., 1994, Lilley et al., 1997, Ven-
nerström et al., 1998, Diéguez-Uribeondo and Söderhäll, 1999, Oidt-
mann et al., 1999, Viljamaa-Dirks et al., 2013, Makkonen et al., 2018, 
Martín-Torrijos et al., 2019). Widespread populations of P. leniusculus 
are known to inhabit localities near the reservoirs, and as expected, 
those populations are carriers of the b-haplotype (Martín-Torrijos et al., 
2019). 

The reintroduction of stock to the wild is a crucial aspect in the 
conservation management of A. pallipes. Here, we successfully combined 
eDNA monitoring and traditional trap-based sampling techniques to 
evaluate the reintroduction viability of A. pallipes in its previous habitat 
at Leurtza. Long-term monitoring appeared to indicate that none of the 
A. pallipes individuals survived the pathogenic invasion of the reservoirs, 
and that A. astaci and P. leniusculus did not remain in that freshwater 
environment. By analyzing eDNA, we did not detect A. astaci or any 
crayfish species (including P. leniusculus) in the reservoirs, nor catch any 
IAS or native crayfish using baited traps. However, using eDNA, we did 
detect the presence of A. pallipes at two other sampling points, Streams 1 
and 2, over the entire duration of the sampling period. After careful 
inspection in these areas, we found no physical evidence of A. pallipes in 
the two streams, though it is plausible that a few individuals found 
refugia in the streams. Regarding the pathogen, we detected eDNA of 
A. astaci only in Stream 1 and only during the first two weeks of sam-
pling. The fact that we: (i) detected the pathogen for only two weeks, (ii) 
did not find any sign of presence of P. leniusculus, and (iii) detected 
A. pallipes consistently over the six-month sampling period, seems to 
indicate that the crayfish inhabiting the streams were not any longer 
infected with crayfish plague, and that they should not be an obstacle for 
the restoration of the native population in the reservoirs. However, a 
non-detection of a species (either by eDNA monitoring or by trapping) 
does not necessarily imply its absence in the environment. A non- 

Fig. 3. Microscopic visualization of hyphae of the crayfish plague organism, 
Aphanomyces astaci colonizing the cuticle of affected Austropotamobius pallipes 
individuals in Leurtza reservoirs. 
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detection of a species can be caused by several reasons: (i) sampling 
method bias, (ii) rapid eDNA degradation, or (iii) low eDNA concen-
tration, that makes eDNA sampled to be below the limit of detection for 
a qPCR assay. Similarly, for trap-based sampling, traps cannot attract all 
specimens in a population due to the size or positioning along the 
waterbodies. For these reasons, and because the reservoirs seemed to be 
free of A. astaci at the end of the monitoring period, we performed two 
additional reintroduction experiments (intensive trap-based sampling 
and cage experiments) prior to the start of the crayfish reproductive 
season (late October to early November in Spain) to further confirm our 
assumptions that the reservoir was free of A. astaci and P. leniusculus. 
Specifically, cage experiments were successfully used for decades to 
evaluate the viability of the reintroduction of susceptible crayfish 
(Taugbøl et al., 1993, Diéguez-Uribeondo et al., 1997b; Spink and 
Frayling, 2000). Overall, the results of our experiments support the 
absence of invasive crayfish and pathogen in the reservoirs. Thus, we 
concluded that a reintroduction plan was viable for this location, and we 
reintroduced 500 adult individuals in the lower reservoir. Continued 
monitoring of this population over the next three to five years will be 
used to assess the success of this restocking program and the stability of 
the population. Nightingale et al., (2017) reviewed crayfish reintro-
ductions and introduction studies conducted in the UK and Ireland and 
concluded that only 26 of 59 cases had been successful. However, suc-
cessful reintroductions after crayfish plague events have been reported 
from several countries including Norway, Italy, and the UK (Taugbøl 
et al., 1993, Spink and Frayling, 2000, Manenti et al., 2021), as well as in 
other regions of Navarra in Spain (Diéguez-Uribeondo et al., 1997b). 

Compared with traditional trap-based sampling, the eDNA moni-
toring method was more efficient in our study because it required less 
time-investment and effort for sampling, and provided more and faster 
information. Based on the results of this sampling method, we hypoth-
esize three possible entrance points of A. astaci to the Leurtza water 
system, and to Stream 1 that resulted in the crayfish plague outbreak 
that decimated the native population: (i) in the lower reservoir, (ii) in 
the upper reservoir, or (iii) in Stream 1. In the first scenario, A. astaci was 
first introduced to the lower reservoir, and owing to the high density of 
crayfish there, the infection spread rapidly. Then, some infected 
A. pallipes might have migrated to the upper reservoir, and then to the 
Stream 1. In the second scenario, in which the pathogen was introduced 
first to the upper reservoir, we would have to assume that some crayfish 
were not only present there, but were infected. The outbreak occurred in 
May, when water connection between reservoirs is frequent; this would 
have favored A. astaci reaching the downstream crayfish population. As 
in the first scenario, infected crayfish would have then migrated to 
Stream 1, which could explain the detection of A. astaci eDNA in that 
area in the weeks after the outbreak. In the third scenario, A. astaci was 
introduced to the Stream 1, and would have followed the watercourse to 
the lower reservoir, where it caused the outbreak. In this scenario, we 
would have expected to detect eDNA of A. astaci and/or A. pallipes in the 
lower reservoir during the first weeks of sampling, and not exclusively in 
Stream 1. Previous studies have reported increased detection of A. astaci 
and susceptible crayfish during and after outbreaks of the pathogen 
(Strand et al., 2014, 2019). However, by reconstructing the timeline of 
the outbreak, we estimated that the infection process could have started 
two to three weeks before our sampling. This period is long enough to 
allow the local extinction of the crayfish population in the lower reser-
voir, and the rapid degradation of eDNA of both pathogen and host, with 
the few surviving individuals of A. pallipes in Stream 1 favoring a longer 
presence of A. astaci in that stream. In addition, the streams originate 
from underground watercourses with much colder temperatures, which 
might have slowed the degradation of eDNA in these streams compared 
with than in the reservoir waters (e.g., Barnes et al., 2014, Strickler et al., 
2015). Another possibility is that the detection of A. astaci in the Stream 
1 was a false positive due to a potential presence of a closely related 
Aphanomyces species (Viljamaa-Dirks and Heinikainen, 2019). 

Overall, our study demonstrates that eDNA sampling is an 

informative tool for evaluating reintroduction plans, since it allows 
monitoring of crayfish and the pathogen, and facilitates the decision- 
making process in the management of endangered native species and 
its pathogen. Although our methodology did not strictly follow the 
existing criteria of reintroduction for crayfish described by Souty- 
Grosset and Reynolds (2009), we have followed the protocol described 
by the official plan of conservation of A. pallipes in Navarra, which so far 
has been successful (Diéguez-Uribeondo et al., 1997b). We encourage 
future studies to complement traditional detection methods with eDNA 
monitoring (Sepulveda et al., 2020, King et al., 2022) in the detection of 
crayfish and A. astaci. Our study is yet another example that highlights 
that A. astaci still poses a very severe threat to susceptible native crayfish 
populations after more than 50 years of documented presence in the 
Iberian Peninsula. Its continuing threat to native populations empha-
sizes the need for increased prevention measures against IAS crayfish 
translocations, greater awareness among the public (Manenti et al., 
2021) and monitoring of key or high-risk infection areas to avoid further 
A. astaci expansion. 

5. Conclusions  

1. eDNA is a valuable tool for field detection of emerging diseases, and 
native species in freshwater environments.  

2. The combination of eDNA together with traditional trap-based 
methods, can be applied in conservation management, e.g., evalua-
tion of reintroduction strategies. 

3. eDNA monitoring can help accelerate effective conservation deci-
sion-making. 
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Dirks, S., Petrusek, A., 2014. Microsatellite markers for direct genotyping of the 
crayfish plague pathogen Aphanomyces astaci (Oomycetes) from infected host tissues. 
Vet. Microbiol. 170 (3–4), 317–324. https://doi.org/10.1016/j.vetmic.2014.02.020. 

Habsburgo-Lorena, A.S., 1979. Present situation of exotic species of crayfish introduced 
into Spanish continental waters. Freshwater Crayfish 4, 175–184. 

Havel, J.E., Kovalenko, K.E., Thomaz, S.M., Amalfitano, S., Kats, L.B., 2015. Aquatic 
invasive species: challenges for the future. Hydrobiologia 750, 147–170. https://doi. 
org/10.1007/s10750-014-2166-0. 
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