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Temporal and spatial genetic 
differentiation in the crab 
Liocarcinus depurator across the 
Atlantic-Mediterranean transition
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Aymée Robainas-Barcia1, Francesc Mestres1, Tania Roda1 & Pere Abelló4

Spatial genetic studies often require sampling broadly separated areas, difficult to access 
simultaneously. Although comparing localities surveyed at different time periods might result in 
spurious genetic differentiation, there is a general believe on the stability of genetic structure through 
time, particularly if sampled localities are isolated or very distant. By analysing spatial and temporal 
genetic differentiation of the portunid crab Liocarcinus depurator we assessed the contribution 
of historical and contemporary processes on population connectivity patterns across three main 
oceanographic discontinuities along the Atlantic-Mediterranean transition: Gibraltar Strait, Almeria-
Oran Front and Ibiza Channel. A partial fragment of the cytochrome oxidase I gene was sequenced in 
366 individuals collected from localities at both sides of each discontinuity during three time periods. 
Although localities showed genetic fluctuations through time, a significant gradient was detected along 
the coast for all sampling periods. Significant inter-annual differences identified within the Alicante 
area, north of the Almeria-Oran Front, were associated with shifts in the relative contribution of Atlantic 
and Mediterranean water masses. The persistence of a clinal pattern in the Atlantic-Mediterranean 
transition area together with local fluctuations suggests a complex balance of dispersal and selection.

Spatial genetic studies have increased in the last decades in many taxa while temporal genetic studies, despite 
being essential to understand biodiversity distribution, are still scarce. Landscape genetics and phylogeography 
are both concerned with understanding the distribution of genetic variation across natural environments1,2. 
Landscape genetic papers mostly focus on the effects of barriers or environmental variables reducing connectivity 
through contemporary gene flow3,4. On the other hand, phylogeographic studies often ascribe genetically differ-
entiated units to old vicariant events5,6 or to adaptation (reviewed in Knowles7). Both spatial genetic approaches 
require sampling different areas, sometimes broadly separated, which are difficult to survey simultaneously. 
Indeed, most studies include samples collected over different years whereas others do not even mention collec-
tion dates8,9. It has been claimed that different genetic markers are appropriate for drawing inferences at different 
temporal scales, with mitochondrial DNA, chloroplastic DNA or nuclear gene sequences being most suitable to 
unveil historical processes and microsatellite or amplified fragment length polymorphism loci for contemporary 
processes10. However, the importance of the sampling scheme should not be forgotten regardless of the marker 
used. The relative importance of historical and current processes on the spatial distribution of genetic diversity 
is difficult to ascertain, since both time and space may not be independent. Consequently, studies sampling the 
same areas during multiple time periods should be carried out to identify whether the observed genetic variation 
is due to historical and/or contemporary processes, and demonstrate whether mitochondrial DNA markers are 
suitable or not to describe present day connectivity patterns.

The large population sizes of marine organisms generally result in little genetic differentiation despite 
restricted gene flow, and molecular markers show practical limitations in making inferences for recent timescales 
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and single time point samples3. Dispersal is expected to be mostly related to pelagic larvae being driven by ocean-
ographic mesoscale processes because many marine species present homing behaviour and restricted move-
ment in the adult phase at mid/large geographical scales11,12. However, multi-species comparisons across the 
same environmental gradient failed to find a significant relationship between population genetic differentiation 
and planktonic larval duration13–15. The observed discrepancies between theory and data could be caused by the 
scarce knowledge on behaviour patterns and/or different evolutionary processes (e.g. vicariance, colonization or 
selection events) affecting the studied species16, but they could also be due to the sampling scheme used if there 
were inter-annual fluctuations of water masses across oceanographic fronts.

Three oceanographic discontinuities along the Atlantic-Mediterranean transition in the south and eastern 
Iberian Peninsula (Gibraltar Strait, Almeria-Oran Front and Ibiza Channel) have been shown to restrict gene 
flow in several marine species. The connection of the Mediterranean Sea and the Atlantic Ocean through the 
Gibraltar Strait is characterized by the inflow of surface Atlantic water and outflow of deeper Mediterranean 
water17,18. Significant genetic differences between populations located at both sides of Gibraltar Strait have been 
observed in some crustacean and fish species9,14,19,20. The Almeria-Oran front is a large scale density front located 
400 km east of Gibraltar Strait and formed by the convergence of the main jet of incoming Atlantic water and the 
Mediterranean Sea. It is controlled by the geographic position and strength of the Eastern Alboran Gyre21 and 
it has been proposed as the main genetic break between the Atlantic Ocean and the Mediterranean Sea16. At the 
Ibiza Channel, northwestern Mediterranean water recirculates northwards following the Balearic coast so that 
just a small fraction of the Northern Current actually crosses the channel22. This front is thought to significantly 
reduce gene flow between populations, but disparate effects are found depending on the species12,14,23,24. The 
dynamic behaviour of these fronts, with significant intra- and inter-annual variability18,25,26, can affect gene flow 
across these discontinuities and influence population differentiation levels12,27.

Previous studies in the portunid crab Liocarcinus depurator showed that the Almeria-Oran front did not rep-
resent a significant barrier to gene flow, whereas Ibiza Channel acted as the main genetic barrier14. Such unex-
pected result was attributed to historical and/or contemporary processes. In order to characterize the stability of 
marine genetic barriers through time we have explored spatial and temporal differentiation in L. depurator across 
the three main oceanographic discontinuities along the Atlantic-Mediterranean transition. A partial region of the 
mitochondrial DNA cytochrome oxidase subunit I (COI) was analysed in 366 individuals from five areas situated 
at both sides of each discontinuity (Gibraltar Strait, Almeria-Oran front and Ibiza Channel) and sampled during 
three time periods (Fig. 1). We found that diversity decreases from Atlantic to Mediterranean populations and 
identified steep changes in allele frequency in the transition between the two basins. Most interestingly, genetic 
diversity was found to vary across years, which indicates that both historical and contemporary processes affect-
ing population genetic structure can be unveiled using mitochondrial DNA markers when temporal samples are 
used.

Results
Genetic diversity levels varied across space and time (Table 1). Haplotype richness was significantly different 
among localities (ANOVA test: F =​ 9.03, P =​ 0.003). Diversity was higher in the two populations under Atlantic 
water influence (CADI and WALB) and decayed in the Mediterranean (ALAC and VALE), with the lowest val-
ues found in DELT (Table 1). Isolation by distance patterns were observed for the 2013 (Mantel test: r =​ 0.94, 

Figure 1.  Sampling locations of Liocarcinus depurator along east and south of the Iberian Peninsula. Each 
location was sampled several years. Each mark represents the mean latitude and longitude of all the individuals 
analysed from a campaign. Location acronyms are DELT (Delta de l’Ebre), VALE (València), ALAC (Alacant), 
WALB (Málaga) CADI (Cádiz) and the two last digits of the sampling year. Dashed lines identify the main 
oceanographic discontinuities present in the area: Gibraltar Strait (GS), Almeria-Oran Front (AOF) and Ibiza 
Channel (IC). Figure created using the software Mathematica 10.4.
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P =​ 0.006) and for the 2009–2010 (Mantel test: r =​ 0.80, P =​ 0.027) datasets, whereas no significant pattern was 
obtained for the 2005–2007 samples (Mantel test: r =​ 0.63, P =​ 0.112). Nevertheless, García-Merchán et al.14 
reported significant isolation by distance in those 2005–2007 samples when including an additional locality 
(north from the area selected in the present work), which suggests that our non-significant pattern could be 
related to the lower number of comparisons included in the present work.

Genetic differentiation among years was significant in CADI and ALAC (Fig. 2). Differences in ALAC were 
driven by the 2007 sample, while samples from the other two years did not differ genetically (Table 2). For CADI, 
significant differentiation was observed between the samples from 2010 and 2013. The first axis of the princi-
pal coordinate analysis plot, constructed using pairwise FST values between all populations and sampling years, 
explained 88% of the observed variance and split the samples into two main groups (Fig. 3), one group including 
all samples from populations with Atlantic influence (CADI and WALB) plus the 2007 sample of ALAC, and 
another group including all remaining samples.

For all three oceanographic discontinuities, most comparisons between adjacent localities were significant 
(Table 3). Nevertheless, these effects were not permanent, since at least one comparison across every oceano-
graphic discontinuity produced no genetic differentiation during the three sampling periods. Finally, no genetic 
differentiation was observed between the localities which are not separated by any known oceanographic front 
(i.e. VALE and DELT).

The haplotype network (Fig. 4) resulted in two main star shape groups each centrally including a highly fre-
quent haplotype (Ldep03 and Ldep02). These two frequent haplotypes had been previously shown to describe 
opposite geographic frequency clines14. Along the new time series dataset analysed here, most CADI individuals 
also belonged to the first group (Fig. 4 and Supplementary material), while most individuals from DELT belonged 
to the second group. Similarly, the Bayesian phylogenetic tree obtained with all Liocarcinus depurator haplotypes 
recovered two highly supported clusters, one including mostly haplotypes from areas with a strong Atlantic influ-
ence (Ldep03 and related haplotypes), and another including haplotypes mostly found in the Mediterranean 

Population Year N Nh
Haplotype 

richness
Haplotype 
diversity

Nucleotide 
diversity

Salinity 
(PSU)

DELT
2013 27 4 2.48 0.430 0.0017 38.1

2009 26 4 2.68 0.348 0.0016 38.0

VALE

2013 26 6 3.85 0.354 0.0016 38.0

2010 26 9 6.61 0.732 0.0035 38.1

2007 22 6 4.55 0.411 0.0021 37.5

ALAC

2013 30 9 6.02 0.600 0.0026 37.8

2009 32 9 5.24 0.488 0.0016 37.5

2007 20 6 5.00 0.789 0.0038 36.5

WALB

2013 32 12 7.82 0.817 0.0043 37.0

2009 23 10 8.09 0.846 0.0046 36.5

2005 24 9 6.83 0.746 0.0040 36.3

CADI

2013 32 13 8.81 0.877 0.0045 36.5

2010 24 8 5.83 0.507 0.0014 36.5

2007 22 10 8.27 0.710 0.0029 36.2

Table 1.  Sampling locality, year of collection, number of analysed individuals (N), number of different 
haplotypes (Nh) and genetic diversity measures of each sample of Liocarcinus depurator.  Haplotype 
richness was computed with rarefaction methods. Mean salinity of the previous year during winter months 
corresponding to the reproduction time and larval dispersal phase. Locality acronyms as in Fig. 1.

Figure 2.  Global genetic differentiation (Kst) among years for each locality (*P < 0.05). Acronyms as in 
Fig. 1.
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(Ldep02 and related haplotypes) and were thus referred as the Atlantic (ATL) and the Mediterranean (MED) 
haplogroups, respectively (Fig. 4 and Supplementary material). The mean frequency of the two haplogroups was 
estimated for each year and locality, and frequency distributions were obtained by resampling 1000 times (with 
replacement) the two haplogroups within each population taking into account sample size. Each haplogroup 

Locality Pairwise comparison Fst (P value)

DELT
2009–2013 −​0.014 0.566

2007–2010 0.002 0.293

VALE

2007–2013 −​0.001 0.410

2010–2013 0.066 0.078

2007–2009 0.329 0.000

ALAC

2007–2013 0.212 0.006

2009–2013 −​0.005 0.403

2005–2009 −​0.028 0.882

WALB

2005–2013 −​0.027 0.959

2009–2013 −​0.019 0.736

2007–2010 0.004 0.315

CADI
2007–2013 0.031 0.090

2010–2013 0.109 0.003

Table 2.  Genetic differentiation across time. Pairwise FST and P values between samples collected from the 
same locality in different years.  Significant FST values after FDR correction are in bold.

Figure 3.  Principal Coordinates Analysis obtained from the genetic distance matrix of FST values between 
all years and localities. The two digits identify the sampling year. Acronyms as in Fig. 1.

Oceanographic 
discontinuities Samples compared Fst (P value)

Gibraltar Strait

CADI07–WALB05 0.074 0.032

CADI10–WALB09 0.173 0.000

CADI13–WALB13 −​0.005 0.458

WALB05–ALAC07 −​0.016 0.496

Almería-Oran Fron

WALB09–ALAC09 0.407 0.000

WALB13–ALAC13 0.278 0.000

ALAC07–VALE07 0.181 0.004

Ibiza Channel
ALAC09- VALE10 0.085 0.017

ALAC13–VALE13 −​0.010 0.504

No discontinuity
VALE10–DELT09 0.030 0.167

VALE13–DELT13 −​0.003 0.437

Table 3.  Effect of the oceanographic discontinuities on genetic differentiation across space and time in the 
Atlantic-Mediterranean transition. Pairwise FST and P values. Significant FST values after FDR correction are 
in bold.
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maintained its frequency relatively constant through time in some localities but not in others (Fig. 5), in agree-
ment with the global Kst results per locality (Fig. 2). For instance, the mean (±​s.d.) frequency of the MED hap-
logroup showed little variation between years both in DELT (90 ± ​3%) and in WALB (37 ± ​2%). However, for 
the other three localities (CADI, ALAC and VALE) the frequency of the two haplogroups changed through time 
(Fig. 5), as indicated by the larger standard deviation of the mean between the three sampling years (ranging 
from 12 to 26%). The relative frequency of the two groups changed the most within ALAC, which presented 55% 
of individuals with the ATL haplogroup in the 2007 sample while the proportion was less than 14% in the other 
two sampling years. The higher frequency of haplotypes belonging to the ATL haplogroup (Fig. 5) would explain 
why ALAC07 was more similar to the localities most influenced by Atlantic waters in the principal coordinate 
analysis (Fig. 3).

When analysing the presence/absence of Atlantic or Mediterranean waters in the different sampling areas and 
years (Table 1), we observed the presence of typical Atlantic waters (salinity ca. 36.5‰) in the area of the Gulf of 
Cádiz (CADI) and Alboran Sea (WALB), in agreement with other studies18,26. The areas north of Ibiza Channel, 

Figure 4.  Bayesian haplotype tree for the COI sequences of Liocarcinus depurator (Ldep). Only posterior 
probability values higher than 95% are given. The median joining haplotype network combines the frequency of 
haplotypes from different years for each locality. Each circle represents a haplotype and its size is proportional to 
its frequency. Populations are colour coded as indicated in the legend and their acronyms are as in Fig. 1.

Figure 5.  Proportion of individuals assigned to the MED haplogroup in each location and sampled year 
from 1000 pseudoreplicates. Acronyms as in Fig. 1.
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Gulf of Valencia (VALE) and Ebro Delta (DELT) were dominated as expected by Mediterranean waters (>​37‰). 
However, an increase of Atlantic waters was observed north of Almeria-Oran front (ALAC area) during the 
winter 2006, whereas this area was dominated by Mediterranean waters in winter 2008 and 2012. The entrance of 
Atlantic waters through the Almeria-Oran front in winter 2006 suggests that Liocarcinus depurator larvae could 
have drifted with that current, indicating that the higher frequency of adults with ATL haplogroups observed in 
2007 could result from contemporary connectivity mediated by temporal changes in water currents.

Discussion
In contrast to the single-frame fixed picture available until now, our temporal sampling reveals that mitochon-
drial DNA phylogeographic patterns can vary significantly across time and space in marine species. All three 
oceanographic discontinuities restrict larval dispersal between populations, but the lack of genetic differentiation 
during particular time periods indicates that the effect of oceanographic barriers might be eventually relaxed. The 
significant interannual genetic differentiation and haplotype diversity observed in some localities further indicate 
that both historical and contemporary processes can affect population genetics in marine species, with tempo-
ral mesoscale events explaining observed variations in connectivity patterns. Despite diversity and population 
structure of a species are largely shaped by historical events (i.e. glacial periods) the present study evidences that 
contemporary processes impact local genetic diversity and modify connectivity between populations. Temporal 
variability of oceanographic discontinuities should not be overlooked when defining connectivity patterns 
because this could mislead conservation decisions (e.g. when designing networks of marine protected areas)28,29.

Changes in environmental conditions (estimated from paleoclimatic data) and historical shifts of species dis-
tributions can shape genetic variation, as shown by spatially-explicit demographic modelling of genetic differen-
tiation30. The higher genetic diversity levels observed in Liocarcinus depurator populations under strong influence 
from Atlantic waters and decaying diversity going into the Mediterranean, suggests an Atlantic origin of the 
species. Many phylogeographic studies identify genetically differentiated units that can be attributed to vicariance 
or selection reducing gene flow31. Nevertheless, divergence patterns may also carry the signature of altered con-
temporary landscapes together with historical ones32. Coalescence times of COI haplotypes for L. depurator can 
be related to an abrupt decline of sea temperature in north Atlantic waters around 38–40 kya14,33. Therefore, the 
two main haplogroups observed in L. depurator probably diverged due to vicariance events and posterior range 
expansions, as observed in other species influenced by climatic fluctuations during the Quaternary34–36.

The greater diversity observed in samples under stronger Atlantic influence (Gulf of Cádiz, CADI and Alboran 
Sea, WALB, Fig. 1) might as well correspond to higher effective population sizes or admixture between genetically 
differentiated groups. In fact, WALB samples were the most diverse both in terms of haplotype and nucleotide 
diversity and presented the two haplogroups at intermediate mean (±​s.d.) frequencies across years (37 ± 2% 
of the MED haplogroup). This observation suggests that, even if historical processes may explain the genetic 
distances observed among haplotypes, the relative frequency of those haplotypes in the population is mostly 
affected by contemporary processes and connectivity patterns. For example, the epipelagic water transport into 
the Mediterranean at the Gibraltar Strait is larger and less variable across time than the deeper outflow towards 
the Atlantic Ocean37, so that Liocarcinus depurator epipelagic larvae could drive genetic connectivity of this spe-
cies by moving along with surface currents38. This seems to be in accordance with previous studies relating ocean 
circulation and directional gene flow across discontinuities4,12. Similarly, the higher interannual genetic variation 
of CADI is also in agreement with the higher standard deviation of outward waters through Gibraltar Strait 
reported by Astraldi et al.37.

The largest fluctuations in haplotype frequency across time were found in ALAC located between two main 
oceanographic discontinuities, the Almeria-Oran front in the south and the Ibiza Channel in the north. The 
ALAC07 sample showed a relatively high frequency of individuals from the Atlantic (ATL) haplogroup, whereas 
ALAC09 and ALAC13 were clearly dominated by haplotypes from the Mediterranean (MED) haplogroup. A 
strong genetic break between Almeria-Oran front and Ibiza Channel and higher proportion of Atlantic genotypes 
was also observed in the comber (Serranus cabrilla) using microsatellite loci suggesting genetic exchange from 
the west side of the Almeria-Oran front towards the east and north12. Nonetheless, two of our samples showed 
a low frequency of individuals belonging to the ATL haplogroup, which indicates that this exchange is not sta-
ble through time. Several processes could explain the observed interannual genetic differences in the ALAC 
area. Given that our samples are somehow disperse over space we cannot discard the existence of micro-spatial 
genetic structuring due to the coastal boundary layer influencing larval dispersal39. The interannual variation in 
ALAC could be also mediated by the oceanographic variability observed along the Ibiza Channel. According to 
the oceanographic model by Balbín et al.40 the Northern Current could flow through the Ibiza channel in mild 
winters while effectively blocking the channel during cold winters. Nevertheless, no correlation was found here 
between the years where the Ibiza Channel was blocked25 and the presence of the ATL haplogroup in the popula-
tions located at both sides of Ibiza Channel (VALE and ALAC). Therefore, the higher presence of ATL haplotypes 
in ALAC07 seems to be most probably related to the incoming Atlantic water through the Almeria-Oran front 
during the previous winter as indicated by the match in salinity levels.

Temporal variations in genetic differentiation patterns in COI have also been found in the sea urchin 
Paracentrotus lividus27, with a marked change in 2008 caused by an arrival of many private haplotypes coincident 
with an abnormality in the circulation pattern around the Ibiza Channel. Temporal genetic variation has been 
assessed using nuclear markers in a few marine organisms suggesting a complex interplay of selection and drift. 
For instance, significant differences were detected among years in the blue crab Callinectes sapidus in the north-
ern Gulf of Mexico, but changes were observed mostly at one locality and attributed to larval mortality after an 
oil spill41. Similarly, significant differentiation was observed between discrete size classes of the Caribbean spiny 
lobster Panulirus argus that could be related to changes in dispersal through currents or selective processes affect-
ing larval survival42. Temporal genetic shifts in the bicolour damselfish (Stegastes partitus) pointed to the effect 
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of variable reproductive success, and highlighted the unpredictable nature of connectivity in coral reef fishes43,44. 
Oceanographic connectivity, as well as temperature and salinity differences between sites, contribute to genetic 
differentiation in the Atlantic herring Clupea arengus45. Thus, reduced connectivity could result from restricted 
gene flow through oceanographic discontinuities but also from selection. The different impact of oceanographic 
discontinuities as barriers to gene flow in species with similar population sizes and dispersal capabilities made 
Bierne et al.46 to suggest that they represent tension zones (i.e. endogenous barriers to gene flow) trapped by the 
discontinuity. Many marine species may have had their Mediterranean and Atlantic populations separated during 
glacial periods, with genetic differentiation maintained after secondary contact. Following Bierne et al.46, genetic 
differentiation would be maintained in those tension zones only because a genetic barrier is superimposed on the 
natural barrier. This interesting hypothesis would explain the presence of two groups in Liocarcinus depurator as 
well as in other species with high dispersal capabilities (e.g. Palinurus elephas3), but remains to be tested using a 
multiple-marker approach.

In conclusion, our study evidences that not only historical but also contemporary processes determine pop-
ulation genetics patterns in marine organisms. Some localities present larger interannual variations than others, 
probably due to changes in ocean circulation shifts that modify gene flow across fronts. All three oceanographic 
discontinuities analysed here varied in their intensity through time and should be considered permeable. Thus, 
discrepancies on the genetic-barrier effect of oceanographic discontinuities in different species could result from 
differences in the sampling periods. Further studies with longer time series analyses and multiple markers should 
be carried out to better characterize the changes in gene flow taking place through space and time.

Materials and Methods
Liocarcinus depurator is a temperate-cold portunid crab commonly found on the continental shelf and upper 
slope of the north-east Atlantic and Mediterranean Sea, with a peak of reproduction during winter in the 
Mediterranean and summer in colder latitudes of the northern Atlantic Ocean47,48. Females reach maturity during 
their first year of life and 2–3 year age classes can be observed in wild populations47. To avoid using individuals 
from different cohorts within the same year, the analysed samples were selected by mean (±​s.d.) carapace size 
(41 ±​ 6 mm) which would correspond to one year old mature individuals. Therefore, the main dispersal phase 
(planktonic larvae) originating our sampled individuals would have occurred during the previous winter every 
year.

Study area and sample collection.  Samples were obtained from the MEDITS_ES49 and ARSA50,51 fish-
ery research surveys by bottom trawl gear. Several hauls were carried out for each of five areas chosen in order 
to analyse the effect of the three oceanographic discontinuities mentioned above. Sampling collections, coded 
by their acronym and year of sampling, and oceanographic discontinuities are shown in Fig. 1, made using the 
CountryData and Graphics functions in Mathematica v10.4 software52. Cádiz (CADI) is located west of the Strait 
of Gibraltar, Málaga (WALB) between the Strait of Gibraltar and the Almeria–Oran Front, Alacant (ALAC) 
between the Almeria–Oran Front and the Ibiza Channel, and València (VALE) and Delta de l’Ebre (DELT) are 
both located north of the Ibiza Channel. To assess the interannual variability on the genetic composition of the 
populations, samples from three years were analysed for each locality, with the exception of DELT where only two 
sampling years were available (Table 1). Data for 2005 and 2007 were used in García-Merchán et al.14 and data for 
years 2009, 2010 and 2013 are original contributions for the present study. The number of individuals analysed for 
each area and year range between 20 and 32 individuals (Table 1).

DNA extraction, amplification and sequencing.  Muscle tissue from each individual was preserved in pure eth-
anol on board of the vessel. Total DNA extraction was performed for 2009 and 2010 samples using Chelex 10% 
as in Estoup et al.53, and samples from 2013 were extracted with QIAamp®​ DNA Mini Kit (Qiagen Inc) fol-
lowing the manufacturer’s instructions. The cytochrome oxidase I (COI) gene fragment was amplified using the 
universal primers LCO1490 and HCO219854. PCR amplifications and sequencing for 2009 and 2010 samples 
were carried out as described in García-Merchán et al.14. PCR reactions for 2013 samples were carried out in 
20 μ​l final volume with 1 μ​l of genomic DNA, 1 U of Taq polymerase (GoTaq, Promega), 4 μ​l 5 × buffer (GoTaq, 
Promega), 1 μ​l MgCl2 (25 mM), 0.5 μ​l dNTP’s (1 mM) and 0.4 μ​l (10 μ​M) of each primer. PCR products of 2013 
samples were cleaned with ExoSAP (1.2 U Exonuclease and 1.2 U Shrimp Phosphatase per μ​l) at a proportion of 
1:2 (ExoSAP:PCR product) and sequenced at the Scientific and Technical Services of the University of Barcelona 
(Spain) or at Macrogen Inc. (Seoul, Korea).

Data analyses.  Sequences were visually inspected, aligned and trimmed, to obtain a final alignment of 527 bp, 
with BioEdit v7.2.555. The number of haplotypes, haplotype diversity and nucleotide diversity and their stand-
ard deviations were calculated using DnaSP v556. In order to allow for comparison among samples with differ-
ent number of individuals, haplotype richness was computed with rarefaction methods as implemented in the 
software Contrib 1.0257. To evaluate differences in haplotype richness between localities, an ANOVA test was 
performed after ensuring normality of the data using STATISTICA v8.0. Global genetic differentiation among 
sampling years for the same locality were estimated measuring the Kst statistic58 and its significance obtained 
through a permutation test with 1000 replicates as implemented in DnaSP. Pairwise genetic differentiation among 
sampling areas and sampling years were estimated as pairwise FST values and their significance assessed perform-
ing 1000 permutations with Arlequin v. 3.559. P-values were corrected for multiple comparisons using the false 
discovery rate (FDR) as in Narum60. To visualize the relationship among different samples in a two-dimensional 
space a Principle Coordinate Analyses (PCoA) was performed based on FST pairwise distances with GenAlEx 
v6.561. The same software was used to analyse isolation by distance in each sampling period comparing pairwise 
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genetic and geographical distances with a Mantel test. The geographical distances were measured along the 200 m 
isobath as in García-Merchán et al.14.

The phylogenetic relationships between Liocarcinus depurator haplotypes were estimated by Bayesian 
Inference (BI) using MrBayes v 3.262. We sampled across the entire GTR model space with invgamma using two 
independent runs of 1 million generations each. Markov chains were sampled every 100 generations and a default 
burn-in value of 25% was used after ensuring convergence of the two chains. The haplotype network for L. depu-
rator COI sequences was reconstructed using the median joining method63 as implemented in NETWORK V 5 
(fluxus-engineering.com).

Oceanographic data.  Sea surface salinity provides presence/absence data of Atlantic and Mediterranean water 
masses along the different areas and years in the western Mediterranean18,25,26. In the present study we obtained 
from SOCIB64 (Balearic Islands coastal ocean observatory and forecasting system, http://www.socib.eu/) and 
buoys located within the different sampling areas (Spanish Harbours “Puertos del Estado”; www.puertos.es) salin-
ity data as a proxy for identifying Atlantic and Mediterranean water masses (Table 1). We averaged salinity during 
the winter period of the previous year, which corresponds to the peak of reproduction and larval abundance of 
the adults sampled the following year.

References
1.	 Avise, J. C. et al. Intraspecific Phylogeography: The Mitochondrial DNA Bridge Between Population Genetics and Systematics. 

Annu. Rev. Ecol. Syst. 18, 489–522 (1987).
2.	 Manel, S., Schwartz, M., Luikart, G. & Taberlet, P. Landscape genetics: combining landscape ecology and population genetics. Trends 

Ecol. Evol. 18, 189–197 (2003).
3.	 Palero, F., Abelló, P., Macpherson, E., Beaumont, M. & Pascual, M. Effect of oceanographic barriers and overfishing on the 

population genetic structure of the European spiny lobster (Palinurus elephas). Biol. J. Linn. Soc. 104, 407–418 (2011).
4.	 Schiavina, M., Marino, I. A. M., Zane, L. & Melià, P. Matching oceanography and genetics at the basin scale. Seascape connectivity 

of the Mediterranean shore crab in the Adriatic Sea. Mol. Ecol. 23, 5496–507 (2014).
5.	 Bernardi, G., Findley, L. & Rocha-Olivares, A. Vicariance and dispersal across Baja California in disjunct marine fish populations. 

Evolution 57, 1599–1609 (2003).
6.	 Fenberg, P. B., Posbic, K. & Hellberg, M. E. Historical and recent processes shaping the geographic range of a rocky intertidal 

gastropod: Phylogeography, ecology, and habitat availability. Ecol. Evol. 4, 3244–3255 (2014).
7.	 Knowles, L. L. Statistical phylogeography. Annu. Rev. Ecol. Evol. Syst 40, 593–612 (2009).
8.	 Palero, F., Abelló, P., Macpherson, E., Gristina, M. & Pascual, M. Phylogeography of the European spiny lobster (Palinurus elephas): 

Influence of current oceanographical features and historical processes. Mol. Phylogenet. Evol. 48, 708–717 (2008).
9.	 Sala-Bozano, M., Ketmaier, V. & Mariani, S. Contrasting signals from multiple markers illuminate population connectivity in a 

marine fish. Mol. Ecol. 18, 4811–4826 (2009).
10.	 Wang, I. J. Recognizing the temporal distinctions between landscape genetics and phylogeography. Mol. Ecol. 19, 2605–2608 (2010).
11.	 Palumbi, S. Population genetics, demographic connectivity, and the design of marine reserves. Ecol. Appl. 13, 146–158 (2003).
12.	 Schunter, C. et al. Matching genetics with oceanography: Directional gene flow in a Mediterranean fish species. Mol. Ecol. 20, 

5167–5181 (2011).
13.	 Galarza, J. et al. The influence of oceanographic fronts and early-life-history traits on connectivity among littoral fish species. Proc. 

Natl. Acad. Sci. USA 106, 1473–8 (2009).
14.	 García-Merchán, V. H. et al. Phylogeographic patterns of decapod crustaceans at the Atlantic-Mediterranean transition. Mol. 

Phylogenet. Evol. 62, 664–672 (2012).
15.	 Selkoe, K. A., Gaggiotti, O. E., Bowen, B. W. & Toonen, R. J. Emergent patterns of population genetic structure for a coral reef 

community. Mol. Ecol. 23, 3064–3079 (2014).
16.	 Patarnello, T., Volckaert, F. A. M. J. & Castilho, R. Pillars of Hercules: Is the Atlantic-Mediterranean transition a phylogeographical 

break? Mol. Ecol. 16, 4426–4444 (2007).
17.	 Millot, C. Circulation in the Mediterranean Sea: evidences, debates and unanswered questions. Sci. Mar. 69, 5–21 (2005).
18.	 Naranjo, C., Sammartino, S., García-Lafuente, J., Bellanco, M. J. & Taupier-Letage, I. Mediterranean waters along and across the 

Strait of Gibraltar, characterization and zonal modification. Deep Sea Res. Part I Oceanogr. Res. Pap. 105, 41–52 (2015).
19.	 Papetti, C., Zane, L., Bortolotto, E., Bucklin, A. & Patarnello, T. Genetic differentiation and local temporal stability of population 

structure in the euphausiid Meganyctiphanes norvegica. Mar. Ecol. Prog. Ser. 289, 225–235 (2005).
20.	 Fruciano, C., Hanel, R., Debes, P. V., Tigano, C. & Ferrito, V. Atlantic-Mediterranean and within-Mediterranean molecular variation 

in Coris julis (L. 1758) (Teleostei, Labridae). Mar. Biol. 158, 1271–1286 (2011).
21.	 Tintore, J., La Violette, P. E., Blade, I. & Cruzado, A. A Study of an Intense Density Front in the Eastern Alboran Sea: The 

Almeria–Oran Front. J. Phys. Oceanogr. 18, 1384–1397 (1988).
22.	 Fernández, V., Dietrich, D. E., Haney, R. L. & Tintoré, J. Mesoscale, seasonal and interannual variability in the Mediterranean Sea 

using a numerical ocean model. Prog. Oceanogr. 66, 321–340 (2005).
23.	 Schunter, C. et al. Genetic connectivity patterns in an endangered species: The dusky grouper (Epinephelus marginatus). J. Exp. Mar. 

Bio. Ecol. 401, 126–133 (2011).
24.	 Mokhtar-Jamaï, K. et al. From global to local genetic structuring in the red gorgonian Paramuricea clavata: the interplay between 

oceanographic conditions and limited larval dispersal. Mol. Ecol. 20, 3291–305 (2011).
25.	 Balbín, R. et al. Interannual variability of the early summer circulation around the Balearic Islands: Driving factors and potential 

effects on the marine ecosystem. J. Mar. Syst. 138, 70–81 (2014).
26.	 Renault, L., Oguz, T., Pascual, A., Vizoso, G. & Tintore, J. Surface circulation in the Alborán Sea (western Mediterranean) inferred 

from remotely sensed data. J. Geophys. Res. 117, C08009 (2012).
27.	 Calderón, I., Pita, L., Brusciotti, S., Palacín, C. & Turon, X. Time and space: genetic structure of the cohorts of the common sea 

urchin Paracentrotus lividus in Western Mediterranean. Mar. Biol. 159, 187–197 (2012).
28.	 Berline, L. O., Rammou, A. M., Doglioli, A., Molcard, A. & Petrenko, A. A connectivity-based Eco-regionalization method of the 

mediterranean sea. PLoS One 9, e111978 (2014).
29.	 Boero, F. The future of the Mediterranean Sea Ecosystem: towards a different tomorrow. Rend. Lincei 26, 3–12 (2015).
30.	 He, Q., Edwards, D. L. & Knowles, L. L. Integrative testing of how environments from the past to the present shape genetic structure 

across landscapes. Evolution 67, 3386–3402 (2013).
31.	 Kelly, R. P. & Palumbi, S. R. Genetic structure among 50 species of the northeastern pacific rocky intertidal community. PLoS One 5, 

e8594 (2010).
32.	 Zellmer, A. J. & Knowles, L. L. Disentangling the effects of historic vs. contemporary landscape structure on population genetic 

divergence. Mol. Ecol. 18, 3593–3602 (2009).

http://www.socib.eu/
http://www.puertos.es


www.nature.com/scientificreports/

9Scientific Reports | 6:29892 | DOI: 10.1038/srep29892

33.	 Cacho, I., Grimalt, J. O. & Canals, M. Response of the Western Mediterranean Sea to rapid climatic variability during the last 50,000 
years: a molecular biomarker approach. J. Mar. Syst. 33–34, 253–272 (2002).

34.	 Maggs, C. A. et al. Evaluating signatures of glacial refugia for north atlantic benthic marine taxa. Ecology 89, S101–S122 (2008).
35.	 Rius, M., Pascual, M. & Turon, X. Phylogeography of the widespread marine invader Microcosmus squamiger (Ascidiacea) reveals 

high genetic diversity of introduced populations and non-independent colonizations. Divers. Distrib. 14, 818–828 (2008).
36.	 Rius, M., Turon, X., Ordóñez, V. & Pascual, M. Tracking invasion histories in the sea: Facing complex scenarios using multilocus 

data. PLoS One 7, e35815 (2012).
37.	 Astraldi, M. et al. The role of straits and channels in understanding the characteristics of Mediterranean circulation. Prog. Oceanogr. 

44, 65–108 (1999).
38.	 Abelló, P. & Guerao, G. Temporal Variability in the Vertical and Mesoscale Spatial Distribution of Crab Megalopae (Crustacea: 

Decapoda) in the Northwestern Mediterranean. Estuar. Coast. Shelf Sci. 49, 129–139 (1999).
39.	 Nickols, K. J., White, J. W., Largier, J. L. & Gaylord, B. Marine population connectivity: reconciling large-scale dispersal and high 

self-retention. Am. Nat. 185, 196–211 (2015).
40.	 Balbín, R. et al. Interannual variability of the early summer circulation around the Balearic Islands: Driving factors and potential 

effects on the marine ecosystem. J. Mar. Syst. 138, 70–81 (2014).
41.	 Yednock, B. K. & Neigel, J. E. An investigation of genetic population structure in blue crabs, Callinectes sapidus, using nuclear gene 

sequences. Mar. Biol. 161, 871–886 (2014).
42.	 Truelove, N. K. et al. Genetic analysis reveals temporal population structure in Caribbean spiny lobster (Panulirus argus) within 

marine protected areas in Mexico. Fish. Res. 172, 44–49 (2015).
43.	 Hogan, J. D., Thiessen, R. J., Sale, P. F. & Heath, D. D. Local retention, dispersal and fluctuating connectivity among populations of a 

coral reef fish. Oecologia 168, 61–71 (2012).
44.	 Pusack, T. J., Christie, M. R., Johnson, D. W., Stallings, C. D. & Hixon, M. A. Spatial and temporal patterns of larval dispersal in a 

coral-reef fish metapopulation: Evidence of variable reproductive success. Mol. Ecol. 23, 3396–3408 (2014).
45.	 Teacher, A. G., André, C., Jonsson, P. R. & Merilä, J. Oceanographic connectivity and environmental correlates of genetic structuring 

in Atlantic herring in the Baltic Sea. Evol. Appl. 6, 549–567 (2013).
46.	 Bierne, N., Welch, J. & Loire, E. The coupling hypothesis: why genome scans may fail to map local adaptation genes. Mol. Ecol. 20, 

2044–72 (2011).
47.	 Abelló, P. Reproduction and moulting in Liocarcinus depurator (Linnaeus, 1758) (Brachyura: Portunidae) in the northwestern 

Mediterranean Sea. Scientia Marina 53, 127–134 (1989).
48.	 Pan, M., McBeath, A. J. A., Hay, S. J., Pierce, G. J. & Cunningham, C. O. Real-time PCR assay for detection and relative quantification 

of Liocarcinus depurator larvae from plankton samples. Mar. Biol. 153, 859–870 (2008).
49.	 Bertrand, J., Gil de Sola, L., Papaconstantinou, C., Relini, G. & Souplet, A. The general specifications of the MEDITS surveys. Sci. 

Mar. 66, 9–17 (2002).
50.	 López de la Rosa, I. Crustáceos decápodos capturados durante las campañas del IEO ARSA 0393 y ARSA 1093 en el golfo de Cádiz: 

distribución batimétrica. Publicaciones Espec. Inst. Español Oceanogr. 23, 199–206 (1997).
51.	 Silva, L., Vila, Y., Ángeles Torres, M., Sobrino, I. & Acosta, J. J. Cephalopod assemblages, abundance and species distribution in the 

Gulf of Cadiz (SW Spain). Aquat. Living Resour. 24, 13–26 (2011).
52.	 Wolfram Research, Inc., Mathematica v10.4, Champaign, IL (2016). http://www.wolfram.com/mathematica.
53.	 Estoup, A., Largiader, C. R., Perrot, E. & Chourrout, D. Rapid one-tube DNA extraction for reliable PCR detection of fish 

polymorphic markers and transgenes. Mol. Mar. Biol. Biotechnol. 5, 295–298 (1996).
54.	 Folmer, O., Black, M., Hoeh, W., Lutz, R. & Vrijenhoek, R. DNA primers for amplification of mitochondrial cytochrome c oxidase 

subunit I from diverse metazoan invertebrates. Mol. Mar. Biol. Biotechnol. 3, 294–299 (1994).
55.	 Hall, T. BioEdit: a user-friendly biological sequence alignment editor and analysis program for Windows 95/98/NT. Nucleic Acids 

Symp. Ser. 41, 95–98 (1999).
56.	 Librado, P. & Rozas, J. DnaSP v5: A software for comprehensive analysis of DNA polymorphism data. Bioinformatics 25, 1451–1452 

(2009).
57.	 Petit, R. J., Mousadik, A. E. L. & Pons, O. Identifying populations for conservation on the basis of genetic markers. Conserv. Biol. 12, 

844–855 (1998).
58.	 Hudson, R. R., Boos, D. D. & Kaplan, N. L. A statistical test for detecting geographic subdivision. Mol. Biol. Evol. 9, 138–151 (1992).
59.	 Excoffier, L. & Lischer, H. E. L. Arlequin suite ver 3.5: A new series of programs to perform population genetics analyses under Linux 

and Windows. Mol. Ecol. Resour. 10, 564–567 (2010).
60.	 Narum, S. R. Beyond Bonferroni: Less conservative analyses for conservation genetics. Conserv. Genet. 7, 783–787 (2006).
61.	 Peakall, R. & Smouse, P. E. GenALEx 6.5: Genetic analysis in Excel. Population genetic software for teaching and research-an update. 

Bioinformatics 28, 2537–2539 (2012).
62.	 Ronquist, F. et al. Mrbayes 3.2: Efficient bayesian phylogenetic inference and model choice across a large model space. Syst. Biol. 61, 

539–542 (2012).
63.	 Bandelt, H. J., Forster, P. & Röhl, A. Median-joining networks for inferring intraspecific phylogenies. Mol. Biol. Evol. 16, 37–48 

(1999).
64.	 Tintoré, J. et al. SOCIB: The Balearic Islands Coastal Ocean Observing and Forecasting System Responding to Science, Technology 

and Society Needs. Mar. Technol. Soc. J. 47, 101–117 (2013).

Acknowledgements
We thank all participants in the IEO cruises MEDITS_ES and ARSA for all support provided, and J. Tintoré for 
oceanographic advice. This research was funded by project CHALLENGEN (CTM2013-48163) of the Spanish 
Government. FP acknowledges a post-doctoral contract funded by project FP7 Marie Curie IAPP #324475 
‘Colbics’ of the European Union and Beatriu de Pinós contract. The authors are part of research groups SGR2014-
336, SGR2014-120 and SGR2014-1383 of the Generalitat de Catalunya.

Author Contributions
M.P., E.M. and P.A. designed the study. P.A. collected the samples. V.H.G.-M., A.R.-B. and T.R. performed the 
laboratory work. E.M. obtained the oceanographic data. M.P. and F.P. performed the analysis. F.M. contributed to 
data interpretation. M.P. and F.P. led the writing of the manuscript with contributions from all authors.

Additional Information
Accession codes: Liocarcinus depurator haplotypes are available in GenBank under accession numbers 
JN564801-JN564829 and KU941953- KU941986.

http://www.wolfram.com/mathematica


www.nature.com/scientificreports/

1 0Scientific Reports | 6:29892 | DOI: 10.1038/srep29892

Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Pascual, M. et al. Temporal and spatial genetic differentiation in the crab Liocarcinus 
depurator​ across the Atlantic-Mediterranean transition. Sci. Rep. 6, 29892; doi: 10.1038/srep29892 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Temporal and spatial genetic differentiation in the crab Liocarcinus depurator across the Atlantic-Mediterranean transition ...
	Results

	Discussion

	Materials and Methods

	Study area and sample collection. 
	DNA extraction, amplification and sequencing. 
	Data analyses. 
	Oceanographic data. 


	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Sampling locations of Liocarcinus depurator along east and south of the Iberian Peninsula.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Global genetic differentiation (Kst) among years for each locality (*P < 0.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Principal Coordinates Analysis obtained from the genetic distance matrix of FST values between all years and localities.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Bayesian haplotype tree for the COI sequences of Liocarcinus depurator (Ldep).
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Proportion of individuals assigned to the MED haplogroup in each location and sampled year from 1000 pseudoreplicates.
	﻿Table 1﻿﻿. ﻿ Sampling locality, year of collection, number of analysed individuals (N), number of different haplotypes (Nh) and genetic diversity measures of each sample of Liocarcinus depurator.
	﻿Table 2﻿﻿. ﻿ Genetic differentiation across time.
	﻿Table 3﻿﻿. ﻿ Effect of the oceanographic discontinuities on genetic differentiation across space and time in the Atlantic-Mediterranean transition.



 
    
       
          application/pdf
          
             
                Temporal and spatial genetic differentiation in the crab Liocarcinus depurator across the Atlantic-Mediterranean transition
            
         
          
             
                srep ,  (2016). doi:10.1038/srep29892
            
         
          
             
                Marta Pascual
                Ferran Palero
                Víctor Hugo García-Merchán
                Enrique Macpherson
                Aymée Robainas-Barcia
                Francesc Mestres
                Tania Roda
                Pere Abelló
            
         
          doi:10.1038/srep29892
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep29892
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep29892
            
         
      
       
          
          
          
             
                doi:10.1038/srep29892
            
         
          
             
                srep ,  (2016). doi:10.1038/srep29892
            
         
          
          
      
       
       
          True
      
   




