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Abstract The white-clawed crayfish is endemic to western
and southern Europe and its populations have decreased over
recent decades. Spanish populations are generally poorly represented in scientific reports and are usually studied only with
a single molecular marker. Here, we use two mitochondrial
markers (cytochrome oxidase subunit I and rDNA 16S genes)
to examine levels and patterns of genetic structure across the
range of the species’ distribution in Spain. Data reveal the
existence of two main genetic groups of white-clawed crayfish
in Spain with the Ebro basin as a possible contact zone.
Processes occurred in historical and recent times, such as genetic drift and translocations, contribute greatly to this genetic
structure. Levels of genetic variability and genetic structure of
Spanish populations together with demographic inferences
suggest that the species established in the Iberian Peninsula,
at least since the Late Pleistocene. Knowing the true origin of
the Spanish populations is crucial when deciding upon the
management policies that should be followed. Given the lack
of any clear evidence against its indigenous status, we propose
that current protection and conservation measures should be
maintained. From a management point of view, we suggest
that Spanish population should be considered as a single
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evolutionary significant unit (ESU) with two management
units (MUs) corresponding with the genetic clusters detected
in the present study.
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Introduction
The white-clawed crayfish Austropotamobius italicus (Faxon,
1914) (though officially known as Austropotamobius pallipes
sensu lato (Lereboullet, 1858) [Decapoda: Astacidae]), is endemic to western and southern Europe (Grandjean et al.
2006). The species colonises a wide range of water bodies
and plays an important role in aquatic ecosystem dynamics.
Throughout Europe, its populations have decreased over recent decades, the consequence of environmental degradation,
habitat fragmentation, the rise in human demand for water, the
introduction of alien species, and crayfish plague caused by
Aphanomyces astaci. In Spain, white-clawed crayfish populations have been severely reduced (Alonso et al. 2000).
Although this trend appears to be changing now, only about
1000 small populations remain in the country (Alonso 2012),
occupying marginal areas or short stretches of watercourses
usually isolated from the main river systems (Martínez et al.
2003). The species has been categorised as endangered
(Füreder et al. 2010) and recognised as requiring special conservation measures by different European Habitat Directives
(Annex II and IV of 92/43/EEC and Annex III and IV of the
Bern Convention). It is also protected by national legislation
in Spain (Boletín Oficial del Estado, 49: 2011), and different
plans for the conservation and restoration of its populations
have been implemented.
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Current restoration programs are based mainly on the translocation of individuals from other natural or from farmed populations. These actions take into account factors such as the
risk of transmission of crayfish plague, the chances of survival
of new populations, the characteristics of the water bodies to
be restored, and the distribution of exotic species in those
areas (Alonso et al. 2000; Diéguez–Uribeondo et al. 1997).
A major goal of such programs should, however, also be to
preserve genetic diversity, on which both the viability and
future evolution of populations depend (Avise 2000; Moritz
2002). Understanding the current distribution of the species,
its population genetics, past and recent demographic events
and gene flow, is important for the management of the species
(see Moritz 1994; Saccheri et al. 1998).
A number of authors have examined the mitochondrial
genome of the white-clawed crayfish in attempts to unravel
the phylogenetic and phylogeographic relationships among its
European populations. The first analyses showed a lack of
genetic diversity among Spanish populations. The single haplotype discovered, which is shared with populations in northwestern Italy, has generated debate on whether the Iberian
Peninsula was artificially stocked (Grandjean et al. 2001;
Trontelj et al. 2005; among others). However, the studies performed on Spanish populations usually involved small fragments of a single gene in a small number of specimens per
population or small numbers of populations. In addition, samples were commonly taken from a reduced geographic area.
The genetic variation reported for these populations might,
therefore, be skewed. In fact, the latest studies on mitochondrial genetic variation among Spanish populations have begun
to provide evidence that the species may be native to the
Peninsula (Callejas et al. 2009; Diéguez–Uribeondo et al.
2008; Matallanas et al. 2011; Pedraza–Lara et al. 2010).
Knowing the true origin of the Spanish populations is crucial
when deciding upon the management policies that should be
followed (Vedia and Miranda 2013).
The aim of the present work was to study the phylogeographic
relationships among Spanish white-clawed crayfish populations
and, for conservation purposes, to review the genetic data available regarding their natural or human-mediated origin. For this,
two of the species’ mitochondrial genes—the cytochrome oxidase subunit I (COI) and 16S rDNA (16S) genes—were examined. These are powerful markers of genetic variation at the
intraspecific level in crustaceans (Haye et al. 2004; Meyran et
al. 1997; Meyran and Taberlet 1998), including crayfish (Schull
et al. 2005; Versteegen and Lawler 1997), and particularly, the
white-clawed crayfish (Grandjean and Souty–Grosset 2000;
Grandjean et al. 2002b; Fratini et al. 2005; Trontelj et al. 2005;
among others). Different regions of these genes evolve at different rates, and consequently, some show more variation than
others (Lunt et al. 1996; Misof et al. 2002; Reidys et al. 1997).
Amplification of long fragments of these genes might therefore
detect significant genetic variation—if it exists.
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Materials and methods
Sampling
One hundred and thirty individuals of Au. italicus were collected from 13 populations across the main drainage basins
within the species’ Spanish range. Ten specimens from an
Italian population were also analysed as outgroup. In addition,
data for 120 crayfish from 12 other locations across the country (Matallanas et al. 2011, 2012) were also included for subsequent analysis (Fig. 1; Table 1).
From each individual, one periopod was taken by officers
in charge of crayfish management (after the granting of mandatory permits to make legal captures) and preserved in 90 %
ethanol until arrival at the laboratory. All crayfish were
returned alive to the water.
DNA isolation, amplification and sequencing
Genomic DNA was extracted from each specimen using the
DNeasy Blood and Tissue Kit (QIAGEN, CA, USA), and resuspended in Tris-EDTA (10, 1 mM; pH 8.0). Employing the
p r i m e r s C / N 2 7 6 9 ( 5 ′ T TA A G T C C TA G A A A A
TGTTGRGGGA, Gopurenko et al. 1999) and LCO 1490 (5′
GTCAACAAATCATAAAGATATTGG, Folmer et al. 1994),
the polymerase chain reaction (PCR) was used to amplify a
fragment of the mtDNA COI gene in a final volume of 50 μl,
with 25 ng of total DNA, 1x reaction buffer, 2 mM MgSO4,
200 μM of each dNTP, 30 μg of BSA, 1 μM of each primer
and 1 U of the high-fidelity Vent® DNA polymerase (New
England Biolabs, Ipswich, MA, USA). The PCR programme
included an initial denaturation step at 94 °C for 5 min, followed
by 44 cycles of 94 °C for 45 s, 53 °C for 1 min and 72 °C for
90 s, plus a final extension step of 72 °C for 10 min.
The amplification of the mtDNA 16S rDNA marker was
performed using primers 1472 (5′A GATAG AAA
CCAACCTGG, Crandall and Fitzpatrick 1996) and Tor12sc
(5′ AAGGGGGATTTAATTGTAAA, Largiadèr et al. 2000),
using the following PCR programme: an initial denaturation
step at 95 °C for 2 min, followed by 9 cycles of 95 °C for 25 s,
57 °C for 30 s, and 72 °C for 150 s, then 29 cycles at 95 °C for
35 s, 54 °C for 30 s, and 72 °C for 150 s, plus a final extension
step at 72 °C for 10 min. Each reaction (final volume 50 μl)
contained 25 ng of total DNA, 1x reaction buffer, 2.2 mM
MgCl2, 200 μM of each dNTP, 100 μg of BSA, 0.44 μM of
each primer, and 1 U of AmpliTaq® DNA polymerase
(Applied Biosystems, USA). The amplicons produced included a portion of the 12S rDNA, the entire Val-tRNA and provided partial coverage of the 16S rDNA.
All PCR reactions were performed in a LabCycler apparatus (SensoQuest Göttingen, Germany). Amplified products
were purified using the high pure PCR product purification
kit (Roche Applied Science, Mannheim, Germany) and used

Update of genetic information for the white-clawed crayfish

535

Fig. 1 Location of the white-clawed crayfish populations analysed. Table 1 provides details for each population

as templates for sequencing reactions. Both strands were sequenced using the BIG Dye® Terminator Cycle Sequencing
Ready Reaction Kit (Applied Biosystems, Inc., USA) in a
3730 DNA Analyzer (Applied Biosystems, Inc., USA), using
the primers employed for the amplification step (performed at
the genomics unit of the Universidad Complutense de
Madrid).
Sequence alignment and phylogenetic analysis
The mtDNA sequences were aligned using CLUSTAL W
software (Thompson et al. 1997) and edited with BioEdit
v.7.0.9.0 software (Hall 1999). To control for possible nuclear
mitochondrial pseudogenes (numts) in the COI fragment,
checks were made for double-peaks in every output chromatogram. Nucleotide sequences were also computationally translated into amino acids to search for unexpected stop codons
and indels (Song et al. 2008; Buhay 2009). After alignment
and edition, the sequences were trimmed to a length of 1317
and 1184 bp for the 16S and COI markers, respectively, and
concatenated to form a unique data set. Concatenation of the
sequences to provide the combined haplotypes was performed
using DnaSP v5.10 software (Librado and Rozas 2009).
Different approaches were followed to reconstruct phylogenetic relationships. Given that population genealogies can
be multifurcated due to different factors (Posada and Crandall
2001), a Median-Joining network was produced using
Network v.4.6 software (http://www.flexus-engineering.
com). Networks or reticulated graphs allow, within a single
figure, the visualisation of alternative genealogical pathways
among haplotypes, and thus give a more explanatory display
of intraspecific information. Phylogenetic trees were also
constructed. Using TNT v.1.1 software (Goloboff et al.

2003), parsimony (MP) analysis was performed on the haplotype dataset, using simple stepwise addition. The procedure
involved the use of 1000 random additional sequences and
tree bisection-reconnection (TBR) branch swapping. A majority rule consensus tree was generated from the 1000 bootstrap
replications. In addition, and using MEGA v.5 software
(Tamura et al. 2011), a neighbour-joining (NJ) tree was constructed using Kimura 2-parameter (K2P) distances between
sequences. K2P distances and bootstrap values, determined
for 1000 replications, were also calculated using MEGA v.5
software. Bayesian inference (BI) analysis was performed
using Mr Bayes v.3.2 software (Ronquist et al. 2011),
employing the Metropolis-couple Markov chain Monte
Carlo method with one million iterations (generations), two
runs (four chains per run), and a burn-in of 10 %. The BI tree
was constructed using two data partitions corresponding to
each gene fragment (COI and 16S rDNA) in the concatenated
alignment. The statistical selection of the best-fit models for
nucleotide substitution was undertaken using jModeltest v.3.5
software (Posada 2008). The models obtained for use in BI
analysis were GTR+G+I for the COI gene, and HKY for the
16S marker (selected using the Akaike-corrected information
criteria [AICc]). FigTree v1.2.1 (Rambaut and Drummond
2009) was employed for visualisation of the trees.

Genetic diversity and population structure analyses
Haplotype diversity (Hd), nucleotide diversity (π) and the
number of segregating sites (S) were estimated using DnaSP
v5.10 software. The haplotype frequencies for each population analysed—calculated using Arlequin v.3.11 software
(Excoffier et al. 2005)—were recorded on a map.
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Table 1

Collection sites and genetic variation for the white-clawed crayfish populations studied in the present work

Code

Water body

Watershed/drainage direction

#1

Crayfish hatchery

Hatchery/-

El Pont de Suert/Lérida

2

#2

River Calcón

Ebro/MED

Casbas de Huesca/Huesca

7

#3

Mestas Brook

Sella/CAN

Cangas de Onís/sturias

0

17

Collection sites

S

Hd

π

8, 13, 14

0.622

0.00028

1, 5, 6, 15

0.711

0.00077

0.000

0.00000

H

#4

Azumara River

Miño/ATL

Pol/Lugo

1

1, 2

0.200

0.00008

#5

Cuende Brook

Guadiana/ATL

Huerta de Obispalia/Cuenca

1

8, 12

0.200

0.00008

#6

River Ebro

Ebro/MED

Beceite/Teruel

0

1

0.000

0.00000

#7

River Gallego

Ebro/MED

Santa Eulalia de Gallego/Zaragoza

3

1, 8, 15

0.688

0.00052

#8

P.N.V. Garrotxa

Costero Catalana/MED

Olot/Gerona

1

1, 7

0.200

0.00008

#9

Ermitas Brook

Guadalquivir/ATL

Albuñuelas/Granada

0

1

0.000

0.00000

#10

River Guadalupe

Ebro/MED

Castellote/Teruel

1

1, 8

0.466

0.00019

#11

Guztar Brook

Ebro/MED

Padrones de Bureba/Burgos

1

17, 19

0.200

0.00008

#12

River Huerva

Ebro/MED

Cucalón/Teruel

4

1, 2, 8, 9, 10

0.800

0.00046

#13

River Lea

Miño/ATL

Castro de Rei/Lugo

0

1

0.000

0.00000

#14

Valsemana Pool

Duero/ATL

Lugán/León

3

1, 15, 17

0.600

0.00035

#15

Ercina Pool

Sella/CAN

Cangas de Onís/Asturias

0

17

0.000

0.00000

#16

Madalena Sring

Duero/ATL

Rebolledo de Traspeña/Burgos

2

17, 18

0.200

0.00016

#17

Brenalejo Pond

Júcar/MED

Utiel/Valencia

2

8, 11

0.355

0.00028

#18

Gorgàs Gorge

Júcar/MED

Lucena del Cid/Castellón

0

1

0.000

0.00000

#19

River Ega

Ebro/MED

Estella/Navarra

1

15, 16

0.200

0.00008

#20

Pozuelo Brook

Tajo/ATL

El Pozuelo/Cuenca

0

8

0.000

0.00000

#21

River Nervión

Nervión/CAN

Altube/Álava

0

15

0.000

0.00000

#22

Crayfish hatchery

Hatchery/–

Rillo de Gallo/Guadalajara

1

1, 8

0.555

0.00022

#23

Gorge Salt

Júcar/MED

La Pobla de Benifassà/Castellón

2

1, 4, 8

0.644

0.00044

#24

River Guadazón

Júcar/MED

Valdemoro/Cuenca

2

1, 3, 8

0.600

0.00029

Arno/LIG

Florence and Prato/Italy

2

1, 20, 21

0.733

0.00037

#25

S number of polymorphic sites, H number of haplotypes found, Hd haplotype diversity, π nucleotide diversity. CAN Cantabrian Basin, MED
Mediterranean Basin, ATL Atlantic Basin, LIG Ligurian Basin, ADR Adriatic Basin

Fixation indices (FST) were calculated using the method of
Weir and Cockerham (1984) employing Arlequin v.3.11 software. Statistical significant levels were determined applying a
sequential Bonferroni correction (Rice 1989). These were then
used in principal coordinates analysis (PCoA) (Sneath and
Sokal 1973), employing NTSYSpc v2.10q software (Rohlf
2000) to visualise the grouping populations. The genetic differentiation between populations was also assessed via the
nearest-neighbour statistic Snn (Hudson 2000), using DnaSP
v5.10 software and employing 10,000 permutations.
Patterns of genetic variation were examined via the analysis of molecular variance (AMOVA) using Arlequin v.3.11
software. Levels of significance for variance components
and F values, were calculated by permutational procedures
involving 10,000 replications. The aim was to assess the partition of genetic variation among populations sampled and
within populations. In addition, different groups were defined
based on the geographical locations of the samples, like watersheds, drainage directions and country of origin (see Table
1 for details). Different genetic structures were also tested due
to the phylogenetic reconstructions and PCoA outcomes. In
the latter, ‘Northern’ genetic group of Spanish crayfish refers

to populations #3, #11, #14, #15, #16, #19 and #21 (carrying
mainly, haplotypes H15 and H17) and ‘Central’ group gathered the remaining populations (with haplotypes H1 and H8 at
high frequencies).
Gene flow among populations was estimated from the Weir
and Cockerham FST indices and by a maximum-likelihood
analysis. This was performed using Migrate-N v.3.2.16 software (Beerli 2009; Beerli and Felsenstein 2001), which allows
the direction of migration between populations or regions to
be identified in species showing mild divergence among populations (Beerli and Felsenstein 1999, 2001; Beerli 2006,
2008). A full migration model was used with 20 short chains
of 50,000 steps followed by two long chains of 50,000,000
steps, with each chain sampled every 100 steps, and an initial
burn-in of 10,000. The programme ran three times with different random seed numbers and the results averaged.
Historic and demographic inferences
To investigate the historic demography of Au. italicus in
Spain, the Fu’s Fs (Fu 1997) and R2 (Ramos–Onsins and
Rozas 2002) tests, two of the most powerful for detecting
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deviations from neutrality, were performed using the entire
Spanish dataset, and that for the genetic groups revealed by
PCoA and AMOVA. Fu’s Fs takes into account the number of
different haplotypes in the samples. Negative values are indicative of an excess of recent mutations; population stasis can
thus be rejected. R2 is based on the comparison of the differences between the number of singleton mutations; this is more
powerful for small numbers of segregating sites. Tajima’s D
statistic (Tajima 1989) was also estimated; negative values can
be interpreted as evidence of population expansion (Fu
1997). Neutrality test significances values were calculated over 10,000 coalescent simulation, using a modification of the make_tree routine (Hudson 1990), as provided by DnaSP v5.10.
To confirm demographic expansion events, mismatch distribution analyses were performed (Rogers and Harpending
1992) using DnaSP v.5.10 software. The sum of the squared
deviation (SSD) was calculated to assess whether the mismatch distribution fitted the sudden expansion model. A thousand bootstrap replicates were used to generate an expected
distribution using this model with Arlequin v.3.11 (Excoffier
et al. 2005).
The time elapsed since the last expansion was determined
using the formula τ = 2ut, where τ is estimated via mismatch
distribution analysis and expressed in units of evolutionary
time, t is the time in generations, and u = μk, in which μ is
the substitution rate in the specific DNA region and k is the
length of the analysed sequence. It is known that 16S and COI
show great variation in the mutation rates in decapods. For this
reason, the substitution rate used was 2 % divergence per
million years for the whole mtDNA (Avise 1992). Finally, a
generation time between 2 (Hobbs 1991) and 4 (Grandjean et
al. 2006) years was contemplated to obtain the time elapsed
since the last expansion in years.

Results
Sequence variation and phylogenetic analysis
In total, the mitochondrial COI and 16S genes of 250 specimens of Au. italicus were sequenced. All COI sequences were
checked to avoid numts. Those used in subsequent analyses
were unambiguously aligned. Translation into amino acids
ruled out the presence of stop codons. Thirteen COI and 10
16S rDNA haplotypes were found. DNA sequences were deposited in GenBank under accession numbers FJ897840-45,
JF430567-73 for the COI haplotypes, and JF430574-85 for
the 16S rDNA haplotypes. Appendix 1 provides further details about haplotype frequencies in each population.
The concatenated sequences of both genes had a length of
2501 bp, the COI (1184 bp) and 16S (1317 bp) fragments
contributing 11 and 13 polymorphic sites, respectively.
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These 24 SNPs, of which 11 were parsimonious informative,
defined 21 composite haplotypes that differed by between one
and eight substitutions (0.04–0.32 %) (Table 2). Four haplotypes represented 87.2 % of the analysed specimens.
Haplotype H1 was common to many of the Spanish populations and the Italian sample. Haplotypes H8, H15 and H17
were found in several Spanish populations. The 17 remaining
haplotypes were population-specific, except for H2 which was
found in two populations (#4 and #12).
The different phylogenetic reconstructions were in agreement with one another (Figs. 2 and 3). The MJ network
showed a star-like topology, consistent with a pattern of population expansion in the past. The network also designated
haplotype H1, the most common, as the ancestral haplotype
and revealed two major clades for Spain separated by two
mutational steps. The first clade comprises five haplotypes,
H15 to H19. The phylogenetic (haplotype) trees support this
separation with high bootstrap and posterior probability
values, and differentiate haplotypes subgroups H15—H16
from H17—H19. The second clade encompasses 16 haplotypes, among which two subgroups can also be differentiated.
The first is composed of eight haplotypes closely related to
H1. The second subgroup gathers six population-specific haplotypes differing by 2–4 mutations from H8 (which is separated by a single mutation from H1). High bootstraps and posterior probability values support this last subgroup in all haplotype trees.
Genetic diversity and geographic distribution
Among the Spanish populations, Au. italicus shows 19 haplotypes (H1–19), of which 18 are private (H2–19). The haplotype diversity (Hd) is 0.797 and the nucleotide diversity (π)
0.00073 (Table 1). Sixteen populations out of 24 showed genetic variation at the mtDNA level whereas eight were monomorphic but for different haplotypes. The highest haplotype
and nucleotide diversity was found in populations #12 (five
haplotypes, Hd = 0.8, π = 0.00046) and #2 (four haplotypes,
Hd = 0.7, π = 0.00077). An abundance of haplotypes at low
frequency, closely related to the most common one (H1), is
seen in the polymorphic samples (Fig. 2). The Italian sample
has three haplotypes: two private ones (H20 and H21) and H1,
the most common in Spain (Table 1).
The 19 haplotypes detected are not evenly distributed
across Spain (Fig. 4). Haplotypes H1 and H8 have a wide
distribution, although that of H8 lies mostly outside the Ebro
basin. Haplotypes H15 to H19 are found in northern Spain,
H15 to H16 towards the east and H17 to H19 towards the
west. Two main genetic clusters can therefore be distinguished: the Central cluster gathering haplotypes H1 to H14,
and the Northern cluster with haplotypes H15 to H19.
The Snn value reveals a small but significant association
between mtDNA gene sequence similarity and geographical
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Fig. 2 Haplotype network of the concatenated haplotypes generated by
the ‘median-joining’ method. The area of the circles is proportional to the
haplotype frequency. Mutational steps between haplotypes are shown as
grey lines

location (Snn = 0.2797, p < 0.001) (all samples taken into account). This association is seen very clearly between the
Northern and Central groups (Snn = 0.9513, p < 0.001). The
mean FST value for the Spanish populations of white-clawed
crayfish was 0.69. FST values arising from pairwise comparisons between populations of the Northern and Central groups
were significant, ranging from 1 to 0.34 (Table 3).
Projection of the FST values onto the first two PCoA axes
also revealed the Spanish populations to fall into two clusters.
The first axis explains 55.7 % of the variance (Fig. 5) and
separates populations #3, #11, #15, #16, #14, #19 and #21
located in northern Spain—mainly with haplotypes H15 and
H17—from the rest. In turn, samples around the Cantabrian
mountains (#3, #11, #14, #15 and #16) are separated from
those from near the Basque mountains (#19 and #21 samples).
The second axis accounts for 31.13 % of the variance and
distinguishes two sets of populations within the Central group:
populations mostly carrying H8, and those carrying the H1
haplotype.
AMOVA indicated that the populations were not genetically homogeneous, with 75.99 % (p < 0.001) of the variation due
to differences among populations when no hierarchical structure was imposed in the test. Indeed, the great majority
(72.83 %, p < 0.001) of the total variation present in the
mtDNA data can be attributed to differences between the
Northern and Central clusters. The influence of watersheds
or drainage directions was also examined. The AMOVA results showed these to have a significant influence on the current genetic structure of the Spanish populations (39.38 %,
p < 0.01 and 19.73 %, p < 0.05, respectively). Finally,
AMOVA revealed significant genetic differences between
the Spanish and Italian samples, although these findings must

Fig. 3 Phylogenetic tree derived from the parsimony (MP) analysis.
Posterior probability and bootstrap values from the BI, NJ and MP analyses are given above the nodes

be taken with caution given the size of the Italian sample
(Table 4).
Gene flow estimates (Nm) derived from the FST values
agreed with the maximum-likelihood results provided by
Migrate-N analysis, showing that the populations are not
equally related to one another. Higher gene flow rates were
seen for populations belonging to the same genetic group,
especially those of the Central cluster (Table 3). In this cluster,
populations #10 and #12 seem to play a particularly important
role in the gene flow through the surrounding populations
since they provide both a source (origin) and sink
(destination) of migrants. Limited gene flow (0.86) was
detected between the Northern and Central clusters,
mainly in the Central to Northern direction.
Contributions from the Northern to the Central cluster
are restricted to the close-by Northern populations #19
and #21 and Central #2 and #7 (Fig. 5).
The Spanish populations are not equally related to
the Italian populations. Gene flow (Nm around 1 on
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Fig. 4 Pie graphs representing the relative proportion of haplotypes for each population sampled. Table 1 provides details for each population

average) is directed mainly from the Central cluster towards Italy. Little gene flow appears to occur between

the Northern cluster populations and those in Italy (Nm
around 0.1 on average).

Table 3 Genetic divergence (FST, below the diagonal) and gene flow (Nm, above the diagonal) values for pairwise comparisons of genetic
differentiation among white-clawed crayfish sampling locations

Bold values indicate significant (p < 0.05) genetic divergence after Bonferroni correction. Boxed groupings contain populations belonging to the
‘Northern’ or ‘Central’ genetic clusters. Shadowed areas indicate comparisons between populations of the same haplotype subgroups within each
genetic cluster
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Fig. 5 Principal Coordinate
Analysis (PCoA) of the whiteclawed crayfish populations.
Eigenvalues for each principal
coordinate are listed beside each
axis. The pie graphs show the
relative proportion of haplotypes

Demographic inferences
Historic population expansion was examined via neutrality
tests and mismatch distribution. In the former, departure from
neutrality is revealed by the significant or nearly significant
values (Fs = −6.70, p < 0.01; R2 = 0.03, p = 0.05; D = −1.32,
p = 0.06) observed across the entire Spanish dataset. The mismatch distribution (Fig. 6) yielded a unimodal left-handed
peak providing support for an expansion event
(SSD = 0.008, p > 0.05) that occurred around 25,000–50,
000 years BP (τ = 1.242), depending on the generation time
employed.
All values for the Central group were significant
(Fs = −7.78, p < 0.01; R 2 = 0.03, p < 0.05; D = −1.92,
p < 0.001; SSD = 0.005, p > 0.05). The estimated τ value

Table 4

Discussion
Levels of genetic variation
Analysis of the COI gene led to the detection of 13 haplotypes,
12 of them private for Spanish populations. The COI gene is a
powerful marker of genetic variation at the intraspecific level

Molecular variance (AMOVA) of the 25 sampled populations of white-clawed crayfish
Among groups
% var

1 groupa
11 groupsb
4 groupsc
2 groupsd
2 groupse

(0.687) from the mismatch analysis indicates demographic
expansion around 14,000–27,500 years BP.
The negative D and Fu’s Fs values recorded for the
Northern group, and the unimodal mismatch distribution
(SSD = 0.03, p > 0.05), also suggest a population expansion
event occurred around 10,000–21,000 years ago (τ = 0.525).

39.38
19.73
72.83

Among populations (within groups)

Within populations

FCT

% var

FSC

% var

FST

0.39**
0.19*
0.73***

75.99
39.91
57.17
12.90
17.79

0.61***
0.72***
0.48***

24.01
23.71
23.13
14.27
82.21

0.76***
0.76***
0.72***
0.86***
0.18***

The table shows the percentage of total variance contributed by each component (% var) and the corresponding F statistics. Five different analyses were
performed
*p < 0.05; **p < 0.01; ***p < 0.001
a

All Spanish populations: samples #1 to #24

b

Watersheds: Ebro (#2, #6, #7, #, 10, #11, #12 and #19); Sella (#3 and #15); Miño (#4 and #13); Guadiana (#5); Costero Catalana (#8); Guadalquivir
(#9); Duero (#14 and #16); Júcar (#17, #18, #23 and #24); Tajo (#20); Nervión (#21) and Arno (#25) basins

c

Drainage directions: Mediterranean (#2, #8, #6, #7, #8, #10, #11, #12, #17, #18, #19, #22 and #23); Cantabrian (#3, #15 and #21); Atlantic (#4, #5, # 9,
#14, #16, #20 and #24) and Ligurian (#25)

d

Spanish populations, two groups: Northern (#3, #11, #14, #15, #16, #19 and #21) and Central (remaining Spanish samples)

e

By country of origin: Spain (#1 to #24) and Italy (#25)

542

B. Matallanas et al.

Fig. 6 Mismatch distributions,
observed and expected, in the
Spanish populations as a whole
and in the ‘Northern’ and
‘Central’ genetic clusters
detected. The neutrality test Fs, D
and R2 values are also shown

in crayfish (Schull et al. 2005; Versteegen and Lawler 1997)
and other crustaceans (Haye et al. 2004; Meyran et al. 1997;
Meyran and Taberlet 1998). Its patterns of sequence variation,
however, are restricted by the functional constraints of the
protein. Consequently, the COOH terminal was found to be
significantly more variable than the central region, loops or
transmembrane helices (see Lunt et al. 1996).
Although the 16S rDNA gene has a rate of molecular evolution about three times lower than that of the COI gene
(Knowlton and Weight 1998), it also revealed genetic variation in the Spanish crayfish populations. Indeed, eight haplotypes were found, two of them with high frequencies. This
finding is striking since previous surveys (Grandjean et al.
2002a; Pedraza–Lara et al. 2010) suggested Au. italicus populations in Spain to be monomorphic. 16S rDNA domains
evolve at different rates, dictated by functional constraints.
The structural core of the ribosome is highly conserved while
the peripheral secondary structural elements are less conserved across genomes (Misof et al. 2002; Simon et al.
1994; van der Peer et al. 1993). The extensive sampling, the
number of specimens studied per sample, and the length of the
fragments analysed were crucial in detecting more genetic
variation than previously reported.
Given that the entire non-recombining mitochondrial genome can be considered a single locus from a genealogical
perspective (Avise 2007), the two mitochondrial markers were
analysed together. This revealed 21 combined haplotypes,
with 18 private for Spanish populations (Table 2). The mean
nucleotide and haplotype diversities in the Spanish samples
were 0.00037 ± 0.00006 and 0.733 ± 0.076, respectively.
Therefore, the genetic variation (Hd, π, Table 1) is greater than
that previously reported (Grandjean et al. 2001; Pedraza–Lara
et al. 2010), although it is at the lower limit of the range
described for other European populations (Pedraza–Lara et
al. 2010; Stefani et al. 2009; Trontelj et al. 2005). This is
probably due to the reduced sizes of the Spanish populations.
The white-clawed crayfish has been in regression in Spain, a
victim of environmental change, the spread of the crayfish
plague, and other factors (Alonso et al. 2000; Callejas et al.
2009; Galindo et al. 2003). In fact, only about 1000 small
populations now remain in the country (Alonso 2012), occupying marginal areas or short stretches of watercourses usually isolated from the main river systems (Martínez et al. 2003).

In this scenario, genetic drift and inbreeding in small effective
size populations leads to the loss of genetic variation. The
results of SSR analysis of these populations (Matallanas et
al. 2013) support these conclusions.
Patterns of genetic variation
The mean FST index for the Spanish populations was 0.69,
indicating their clear genetic differentiation. PCoA analysis
revealed that samples clustered into two main groups according to their geographic distribution: the Northern and Central
groups (Fig. 5). In the Northern group, the populations around
the Cantabrian mountains can be distinguished from those
near the Basque mountains. Within the Central group, the
Ebro basin populations can be distinguished from those of
the remaining areas (Fig. 4). The distribution of genetic variation indicated by the PCoA analysis is supported by the
AMOVA results (Table 4) and agrees with recent data from
the analysis of SSR markers (Matallanas et al. 2013). This
pattern extends that previously described by Diéguez–
Uribeondo et al. (2008) who found two COI-haplotypes, differing in a single SNP, one in northern Spain and the other in
the remaining areas, with the Ebro basin as a possible contact
zone. The present results support this assumption, the most
common haplotypes of each genetic cluster (H1 and H8 in
Northern and H15 and H17 in Central clusters) are present
in the Ebro basin.
Four factors could have shaped the current genetic structure
of Spanish populations of white-clawed crayfish: habitat fragmentation, migration, human-mediated translocation and ancient events. The loss of suitable habitat explains part of the
distribution pattern of the genetic variation detected. Habitat
fragmentation can induce genetic bottlenecks, increase the
consequences of genetic drift, and reduce gene flow, which
leads to lower genetic diversity, inbreeding and genetic differentiation (Allendorf and Luikart 2007; Frankham 2010).
In the absence of obstacles, crayfish are able to spread over
relatively long distances (Armitage 2000; Robinson et al.
2000). Indeed, if this is the case, the same haplotype can be
found in populations along the same river, e.g. H8 appears
throughout the Júcar Basin (#16, #22 and #23 samples).
This may explain why watersheds have a significant influence
on the molecular variance as revealed by AMOVA (Table 4).
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Human translocation of white-clawed crayfish has been common in Spain, a consequence of the species’ economic and social
interest (Torre and Rodríguez 1964). The significant gene flow
detected between populations from different basins shows
humans have been an important factor in its dispersal—even
outside its original distribution area (Table 3), e.g. the River
Miño (#4 and #13 samples), which was restocked in the past
decades (although from an unknown donor population [Torre
and Rodríguez 1964]). In the present study, a strong gene flow
was observed from the Ermitas Brook (#9) towards the River Lea
(#13), results that are supported by previous SSR analyses of
these populations (Matallanas et al. 2013). These findings imply
recent translocations of crayfish and would explain the presence
of haplotype H1, common in populations of the Central cluster in
northern Spain (Table 3, Fig. 4).
However, population structures are the result of present processes and past history. At this respect, molecular estimates
indicate that the last population expansion of Spanish whiteclawed goes back to late Pleistocene, even earlier in time. The
population genetic consequences for many species of the
Pleistocene ice age are well known. It has been suggested that
several Iberian areas with high levels of biodiversity and endemism, acted as refugia for different species of fish, amphibians,
reptiles, plants and mammals during the last glacial maximum
(LGM) (see Figs. 2 and 3 in Gómez and Lunt 2007, and
references therein). In fact, two of these shelters concur roughly
with the locations of the detected Iberian white-clawed crayfish
genetic clusters. Thus, their genetic structure might ultimately
be the consequence of the existence of such glacial refugia.
After the LGM, the white-clawed crayfish might have increased its geographic range. However, climate amelioration
did not occur simultaneously across the Iberian Peninsula
(Cacho et al. 2010). Given the τ value calculated (0.687)
(Fig. 6), the expansion of the Central cluster may have happened around 14,000 years ago, following the deglaciation of
the region (Palacios et al. 2011, Palacios et al. 2012). In fact,
haplotype H1 (designated by the NJ network as the ancestral
haplotype) and those closely related are widespread mainly in
central Spain (Fig. 4). In northern Spain, however, the
Younger Dryas (12,600–11,5000 years ago) was a cold, arid
period that went against the general trend towards warmer and
wetter conditions (González–Sampériz et al. 2006). This
could have led to a later expansion of the Northern cluster
around 10,000 years ago (Fig. 6). In fact, haplotypes of the
Northern cluster appear in external branches of the phylogenetic trees constructed (Fig. 3), and at several mutational steps
from the ancestral haplotype (H1) in the NJ network. They
must therefore have arisen at a later time (Figs. 2 and 3).
Origin of the Spanish white-clawed crayfish
The first mtDNA analyses of Spanish white-clawed crayfish
populations aroused debate regarding the species’ origin.
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Some authors propose that the Iberian populations are the
result of human translocations from northwestern Italy a few
centuries ago (Grandjean and Souty–Grosset 2000; Grandjean
et al. 2002b; Fratini et al. 2005; Trontelj et al. 2005; among
others). Thereafter, the artificial spread of the species by
humans would have resulted in its present-day distribution
(Clavero and Villero 2013). Other authors, however, consider
the white-clawed crayfish to be the only crayfish species native to the Iberian Peninsula (Alonso 2012; Beroiz et al. 2008;
Diéguez–Uribeondo et al. 2008; Matallanas et al. 2011, 2012;
Pedraza–Lara et al. 2010; Santucci et al. 1997). The genetic
arguments put forward against a native Spanish origin have
mainly been the absence of genetic variation among and within populations and shared haplotypes between Italian and
Spanish populations (Grandjean et al. 2002a; Grandjean et
al. 2002b). Other arguments have been the limited number
of historic documents that mention them, and a lack of fossils,
even though Spain has an abundant Cretaceous record of
Austropotamobius llopisi, an extinct species related to Au.
pallipes [Garassino 1997], although no Cenozoic fossils have
ever been found. However, no fossils have ever been discovered in the Italian peninsula either, where Au. italicus is doubtless native (Garassino pers. com. to Galindo et al. 2014).
Given the importance of the white-clawed crayfish in different European cultures, historic references can help track its
biogeographic advance (Vedia and Miranda 2013). It has been
recently suggested (Clavero and Villero 2013; Clavero et al.
2015) that this species was not present in the Iberian peninsula
before the seventeenth century, a limit based on the absence of
any reference to the species in the Relaciones topográficas
survey ordered by Philip II (henceforth Relaciones) which
was undertaken between 1556 and 1598 (Clavero and
Villero 2013). The first written document known to the latter
authors that mentions crayfish in Spain dates from 1775. This
supports the hypothesis of Machino et al. (2004) that introduction occurred between the seventeenth and eighteenth centuries. However, the Relaciones was not conducted in areas
where the presence of the crayfish is documented for the seventeenth century, nor within their area of influence (i.e., the
Duero Basin and Upper Ebro basin) (Galindo et al. 2014). In
fact, an older reference, from the La Despensa de Carlos II
(Charles II Larder) (Libro de los Actos Capitulares del
Monasterio de San Lorenzo el Real. Fol. 306), dates back to
1666 and reveals that the King’s mother used to dine on crayfish on Fridays and during vigils (Maldonado et al. 2008).
Taking into account the serious constraints for finding and
giving a reliable interpretation of historical documents, genetic evidence should prevail if both lead to different conclusions. The genetic evidence provided by the present and other,
recent studies (Diéguez–Uribeondo et al. 2008; Pedraza–Lara
et al. 2010) indicates that the species is native to the Iberian
Peninsula, as suggested in the latest update of the distribution
range of Au. pallipes sensu lato for Europe (Kouba et al.
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2014). According to the present demographic inferences,
Spanish populations would have undergone expansion
around 25,000 years ago (Fig. 6) or even earlier, in line
with other estimates (Pedraza–Lara et al. 2010). Thus,
the levels and pattern of genetic diversity found, together with demographic inferences, strongly indicate that
the species seems to be long established in the Iberian
Peninsula, at least since the Late Pleistocene, a lapse of
time not compatible with a recent introduction by man.
These results do not concur with a recent report, which
argues that ‘available genetic studies point towards its
non-native origin’ (Clavero et al. 2015).
In short, there is no clear historic or genetic evidence to
back up an introduced status for the white-clawed crayfish in
Spain, and even if long distance movement of crayfishes were
undertaken and documented, natural and introduced populations would coexist.

B. Matallanas et al.

The populations of the Pont de Suert (#1) and Rillo de
Gallo (#22) hatcheries fall into the Central cluster. Future
reintroductions and translocations from these breeding populations should therefore be limited to the areas encompassed
by this genetic group. The inclusion of external crayfish from
related, wild populations will be essential if genetic variation
is to be increased.
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