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Abstract: The grooved carpet-shell clam is one of the most economically relevant shellfish species 

living in the Mediterranean and nearby Atlantic coasts. Previous studies using different types of 

genetic markers showed a remarkable genetic divergence of the Eastern Mediterranean, Western 

Mediterranean and Atlantic populations, but important details remained unclear. Here, data from 

six nuclear introns scored for restriction fragment size polymorphisms in eight populations that 

have not been studied before have been pooled for the analysis with data scattered through three 

previous studies, totaling 32 samples from 29 locations. The results show lower levels of 

heterozygosity, higher mean number of alleles, and alleles with restricted distribution in the 

Mediterranean populations, suggesting the existence of a large isolated population in the eastern 

Mediterranean at the middle Pleistocene. The data also confirm the similarity of populations from 

Tunisia to western Mediterranean populations. Finally, a genetic mosaic is apparent in the Atlantic 

coasts of the Iberian Peninsula, with a divergence of Rias Baixas populations from more northern 

populations and Central Portugal populations. The effects of oceanic fronts, seasonal upwellings, 

river plumes and/or fishery management operations could explain this and other features of the 

Atlantic populations. 
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1. Introduction 

The grooved carpet shell clam (Ruditapes decussatus) lives in estuaries, lagoons and tidal flats 

along the coasts of the Northwest Atlantic Ocean and the Mediterranean Sea. It is one of the main 

commercial clam species native to this area. However, catches have decreased along this century in 

the European fishing grounds due to overfishing, recruitment failure, and mortality [1–3]. Clam 

fishery management practice has changed with the time. In the second half of the past century, when 

the market grew, spat was collected and translocated to areas were the environment favored survival 

and growth. In the 1970’s, overfished stocks in Spain were replenished with juveniles taken in wild 

populations from other regions or other countries. European regulations now set limits to daily 

catches and a minimum size at harvest. Since the 1990’s bivalve hatcheries have been producing clam 

juveniles, especially in France, Spain and Italy, making hatchery seed available for population 

restocking and grow-out in licensed coastal areas. These developments in management have raised 

an interest on the genetic aspects of wild and captive populations.  

One of the tools to refine the management is the knowledge of the species’ population genetic 

structure. The population genetic data for R. decussatus are spread across several publications, each 

based on a handful of populations, often restricted to particular regions, and based on different types 

of genetic markers (protein polymorphisms, sequences of mitochondrial DNA fragments, restriction 
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fragment length polymorphisms of introns in nuclear genes, and microsatellites), which, all together, 

make it difficult to reach general conclusions. Early studies based on protein polymorphisms 

indicated a high level of genetic variability and a low genetic differentiation of the populations [4,5]. 

With the availability of DNA-based genetic markers and increased population sampling, it was 

possible to detect a remarkable genetic differentiation among wide regions along the distribution 

range of the species. Using sequences of the mitochondrial cytochrome oxidase I gene (COI), and 

restriction fragment length polymorphisms in sequences of introns of six genes, Cordero et al. 

reported a phylogeographic break (a sharp change in the sequences that appear in a DNA phylogeny 

between two or more geographic regions) located between the Western Mediterranean Sea and the 

Adriatic and the Aegean seas [6]. The genetic structure reported by Cordero et al. from the 

mitochondrial marker was corroborated later by Sanna et al. [7]. Cordero et al. also reported a strong 

genetic differentiation between the populations located on the Atlantic coasts of southern Europe and 

the Western Mediterranean Sea, but only for the intronic markers. The intronic markers also showed 

the strong differentiation between the populations in the eastern and western basins of the 

Mediterranean Sea. The pattern of differentiation between Atlantic populations and West and East 

Mediterranean populations has been reported in many species and is usually interpreted as the result 

of a secondary contact between an Atlantic and Mediterranean subpopulations that were separated 

once or more times in the Pleistocene, when the sea level dropped because of the glaciations, cutting 

the connection between the Atlantic Ocean, the West Mediterranean Sea and the East Mediterranean 

Sea. Present day oceanographic features such as the Almeria –Oran oceanographic front (AOOF) 

(Figure 1) and the patterns of marine circulation past the Siculo-Tunisian Strait are thought to 

contribute to the persistence of the genetic differentiation[8,9]. The effect of natural selection could 

favor the coincidence of allele frequency changes with oceanographic barriers[10,11]. 

The study of microsatellite markers in grooved carpet-shell clam populations from the Spanish 

Atlantic and Mediterranean coasts by Arias-Pérez et al. confirmed the genetic differentiation between 

the Atlantic and West Mediterranean populations, and suggested the genetic differentiation of the 

populations living in the central and northern Atlantic façade of the Iberian Peninsula with respect 

to those from the Bay of Biscay and the SW of the Iberian Peninsula [12]. Gharbi et al. studied 12 

populations from Tunisia using sequences of COI and the internal transcribed spacers of the 

ribosomal RNA genes (ITS), and found little differentiation between populations [13]. Later, in a 

study focused on Atlantic Spanish and Portuguese coasts using microsatellites, Cruz et al. discovered 

an increased genetic differentiation of two populations located in the coasts of central Portugal, with 

respect to those from Rias Baixas and Bay of Biscay (including one population from Rias Medias) [14]. 

Finally, Saavedra et al. scored four populations for intron polymorphisms, including one in southern 

France, an area that had not been studied before with nuclear markers, where they found alleles 

typical of the Eastern Mediterranean in very low frequency [15]. 

There are several aspects of the previous studies that require more detailed scrutiny. Here we 

will deal with three of them. Firstly, Cordero et al. found a strong genetic differentiation between the 

Eastern and the Western Mediterranean basins. This is a common observation in genetic studies of 

populations of many species of marine organisms [8–10]. However, in the study by Cordero et al. 

only populations from the northern coasts of the eastern Mediterranean (Adriatic and Aegean seas) 

were included. The observation of the Tunisian population joining the western Mediterranean 

populations in several analyses suggests that northern African populations could be more related to 

the western Mediterranean populations than to the Aegean and Adriatic ones. Therefore, it remains 

to be clarified if the clam populations from the southern part of the Eastern Mediterranean (Africa) 

are more similar to their western or to their northern counterparts. A second finding reported by 

Cordero et al., which is related with the previous one, was that the single population from Tunisia 

included in their study clustered with the Western Mediterranean populations, and Gharbi et al. 

found that populations from the northern and the eastern coasts of Tunisia did not differ markedly 

in the frequencies of COI and ITS haplotypes [6,13]. This is in contrast to the majority of studies of 

other species, which usually report a genetic break placed at the Siculo –Tunisian strait (Figure 1), 

with the populations on the eastern coasts of Tunisia clustering with other Eastern Mediterranean 
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populations [e.g.: references [16,17]. As the result reported by Cordero et al. from a single Tunisian 

population could be due to sampling artifacts or to the introduction of clams from the Western 

Mediterranean in the sampled locality by ballast waters or for population restocking, additional 

sampling in Tunisia is necessary to corroborate that finding. Finally, the findings by Arias-Pérez et 

al. and Cruz et al. of a mosaic of genetically differentiated areas in central and N Portugal, and in the 

estuaries of NW Spain, is especially important, as it affects one of the regions where exploitation of 

the species is most intensive. From the point of view of fisheries management, it is therefore very 

interesting to know in more detail the pattern of genetic differentiation in that area and their potential 

causes. 
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Figure 1. Maps showing the locations considered in this study and the main geographic and 

oceanographic features cited in the text. Red dots show the new locations sampled for this study. 

Black dots show locations sampled in previous studies. (a) Locations outside of the Atlantic coasts of 

the Iberian Peninsula. BF: Balearic Front. AOOF: Almeria-Oran oceanographic front; S-TS: Siculo-

Tunisian Strait. (b) Locations on the Atlantic coasts of the Iberian Peninsula. 

The goals of this study are to clarify the aspects referred to above, and to provide a 

comprehensive and up to date report of the genetic structure of Ruditapes decussatus populations and 

its potential causes, based on a much larger number of populations than those considered so far. We 

present restriction fragment length polymorphism (RFLP) new data of six introns in seven 

populations from NW Spain, Portugal, Tunisia and Egypt that had not been studied before. For the 

analysis, these data have been pooled with those collected in our previous works [6,12,15], totaling 

32 samples from 29 locations distributed from the Eastern Mediterranean to NW France. This 

approach has led to the discovery of new aspects of the genetic structure of the clam that had 

remained hidden due to the limited geographic sampling of previous studies, which may be 

important for the management of the species’ genetic resources in fisheries and aquaculture. 

2. Materials and Methods 

2.1. Clam Sampling and DNA Extraction 

Eight new locations from Spain (2), Portugal (3), Tunisia (2) and Egypt (1) have been sampled 

for this study (Figure 1 and Table 1). Clams from most locations were obtained from local fishermen 

and transported live to the IATS-CSIC facilities. Animals were euthanized and tissues of three organs 

(mantle, siphons, gills) were preserved in ethanol 90%. The samples from Egypt (EM4) and Tunisia 

(WM4 and WM6) were sent to the IATS as a piece of mantle or siphons preserved in ethanol. DNA 

extraction was performed by using the EZNA Mollusc DNA extraction kit (Omega Bio-tek) following 

the protocol of the manufacturer. DNA quality and concentration were checked with agarose gel 

electrophoresis and by using a NanoDrop instrument. After extraction, DNA was kept frozen at -20 

⁰C until further use.  

Table 1. Populations included in this study and, when applicable, references of previous studies 

where they were first analyzed. Population codes refer to Atlantic coasts (AT), West Mediterranean 

including eastern Tunisian coasts (WM), and Eastern Mediterranean excluding Tunisian coasts (EM). 

Population code Locality 
Sampling  

year 
Reference 

Population code  

in reference 
     

AT1 Golfe du Morbihan (France) 2005 [6] GMO 

AT2 Carasa (Spain) 2010 [12] Car 

AT3 Pontejos (Spain) 2010 [12] Pon 

AT4 Villaviciosa (Spain) 2009 [12] Vil 

AT5 Ría del Eo (Spain) 2009 [12] Eo 

AT6 Mugardos (Spain) 2004 [6] MUG 

AT7 A Coruña (Spain) 2005 This study - 

AT8 Camariñas (Spain) 2019 This study - 

AT9 Ría de Noia (Spain) 2011 [15] AN 

AT10 Lombos do Ulla (Spain) 2008 [6] LUL 

AT11 Cambados  (Spain) 2009 [12] Cam 

AT12 Redondela (Spain) 2009 [12] Red 

AT13 Viana do Castelo (Portugal) 2021 This study - 

AT14 Aveiro (Portugal) 2018 This study - 

AT15 Lagoa de Óbidos (Portugal) 2018 This study - 

AT16 Milfontes (Portugal) 2008 [6] MLF 

AT17a Ria Formosa (Portugal) 2004 [6] FOR 
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AT17b Ria Formosa (Portugal) 2011 [15] AS 

AT18 Isla Cristina (Spain) 2008 [12] Isl 

AT19 Río Piedras (Spain) 2008 [12] Rio 

WM1a Mar Menor (Spain) 2004 [6] MME 

WM1b Mar Menor (Spain) 2011 [15] MS 

WM2a Ebro delta (Spain) 2005 [6] EBR 

WM2b Ebro delta (Spain) 2009 [12] Del 

WM3 Thau lagoon (France) 2011 [15] MN 

WM4 Bizerte (Tunisia) 2010 This study - 

WM5 Sfax (Tunisia) 2008 [6] SFX 

WM6 Biben (Tunisia) 2010 This study - 

EM1 Venice (Italy) 2005 [6] VEN 

EM2 Halkidiki (Greece) 2008 [6] HAL 

EM3 Izmir (Turkey) 2007 [6] IZM 

EM4 Suez Canal (Egypt) 2010 This study - 

2.2. Intron Amplification and DNA Polymorphism Detection 

The methods for amplification of the introns and restriction fragment length-polymorphism 

detection were exactly the same used in our previous studies [6]. Six introns from different genes 

were amplified in an Applied Biosystems GeneAmp PCR System 9700 thermocycler using intron-

specific primer pairs, and the digestion of the PCR products was conducted with a single restriction 

enzyme. DNA fragments were separated in an agarose gel and stained with GreenSafe Premium 

(Nzytech), and photographed under UV light. Individuals of known genotypes from previous 

studies were run together with the newly scored samples as controls. Fragment sizes were estimated 

by comparison with the NZYDNA Ladder III (Nzytech). Samples showing low frequency alleles or 

potentially new alleles were amplified, digested and run again all together at the end of the study to 

check for identical or different RFLP patterns. 

2.3. Data Analysis 

The data obtained from the eight new populations were pooled with those from our previous 

studies [6,12,15]. Table 1 gives the list of all localities, and the acronyms employed in the original 

references and along this paper. This population set includes 29 locations, and 32 population samples, 

as three locations have been sampled twice, in different years. Four populations come from the 

Eastern Mediterranean, eight form the Western Mediterranean and 20 from the Atlantic coasts. Allele 

and genotype frequencies were calculated with the software Genepop 4.8.3 [18]. The goodness-of-fit 

test to the Hardy-Weinberg proportions was carried out with the software Arlequin ver. 3.11 [19,20]. 

Deviations from the expected Hardy-Weinberg equilibrium proportions was measured with the 

statistics FIS in each population, which was estimated by means of GenPop 4.8.3 program [18]. 

Statistical differences in allele frequencies among populations were tested with an exact G test in 

GenPop 4.8.3. Null alleles were detected at some loci and the allele frequencies were calculated by 

applying the correction derived from the Ramdom Mutation Model [21,22] with the software INEst 

[23]. FST was used to measure the amount of differentiation in different geographic regions and 

between pairs of populations. The statistical significance for the null hypothesis of FST = 0 was carried 

out by using a non-parametric permutation approach run for 20000 replicates [24]. A hierarchical 

analysis of F –statistics was employed to estimate the amount of genetic differentiation among 

populations within regions, and among regions within the total area sampled. All F-statistics were 

estimated using the AMOVA routine in Arlequin with the option Locus by locus with the distance 

method Pairwise differences. AMOVA results are given as a weighted average F-Statistics over all 

loci. 

FST values between pairs of populations were used to construct a neighbor-joining tree [25] with 

the software MEGA X [26].  
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A Bayesian analysis of genetic structure was also carried out using the software STRUCTURE 

version 2.3.3 [27]. The genotypic data of populations was analyzed under an admixture model of 

correlated allele frequencies among populations [28]. Sampling locations were assumed as a prior 

information. Data were analyzed with clustering models from K=1 to K=10, with 10 replicates of 

400000 iterations and previous burn-in of 300000 each one. Results from STRUCTURE were processed 

with CLUMPP and DIStruct, and a graphical image of ancestral gene clusters were generated [12,13]. 

The number of clusters that best explained the data were determined by computing the posterior 

probability of K supported by the estimates of the posterior probabilities of the data P(X|K) following 

Pritchard et al. [27], and the maximum posterior probability differences (ΔK) of contiguous K 

obtained by the Delta method of Evanno et al. [29]. 

3. Results 

3.1. Newly Sampled Populations 

Seventeen to 59 individuals were scored in each locality (median = 42). Allelic frequencies, 

heterozygosity, deviations from Hardy-Weinberg equilibrium (FIS) and sample sizes are shown in 

Table S1 and Figure S1 (Supplementary Materials), together with those from all populations from 

previous studies. No new RFLP alleles were found in the new locations. All loci were polymorphic 

in all populations with the exception of Fas in the Egyptian population EM4. Average heterozygosity 

showed similar levels as in previous studies. Nine out of 65 tests for Hardy- Weinberg equilibrium 

were significant, in all cases due to a deficit of heterozygotes (positive values of FIS). Significant 

heterozygote deficiencies were concentrated at locus Ech, where a null allele is segregating over the 

whole studied area [6]. Cordero et al. [6] found that most intronic alleles were present in the majority 

of the populations, but four showed geographic restricted distributions, either to the Mediterranean 

(Ech-3) or to the Adriatic and Aegean seas (Ech-4 and TBP-3). Later, Arias-Perez et al. found Ech-3 in 

an Atlantic population in very low frequency [12]. In this study one individual carrying the Ech-3 

allele was found in the Atlantic population AT4. In previous studies there were two private alleles 

(TBP-4 in WM5, and TBP-5 in AT5) (Table S2, Supplementary Materials). Allele TBP-4 has been found 

in the new Egyptian population EM4 (2 individuals), so it is no longer a private allele, but an allele 

restricted to the southern Mediterranean. 

3.2. Analysis of the Pooled Set of Populations 

3.2.1. Genetic Variability 

The addition of data from new populations and pooling them with those already published has 

clarified the distribution of genetic variability across clam populations (Figure 2 and Table S1). The 

mean heterozygosity per locus (H) ranged from 0.334 to 0.482. The lowest value was found in the 

EM4 population, and the maximum in AT6. The mean number of alleles per locus (Na) ranged from 

2.17 to 3.00, with minimum values registered at WM2a, and maximum values registered at WM3 and 

EM2. The correlation coefficients of sample size with H (r = 0 0.19) and Na (r = 0.50) were 

nonsignificantly different from zero, indicating a negligible contribution of sample size differences 

to variation of the estimates of genetic variability across populations. However, the plot of Na against 

H clearly shows that Mediterranean populations have lower H values and higher Na values than the 

Atlantic ones. Only two West Mediterranean populations (WM1b and WM2a) and one East 

Mediterranean population (EM4) showed Na values equal or lower than the lowest values registered 

in the Atlantic samples, and these populations were the ones with the lowest sample sizes in the 

entire study. 
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Figure 2. Plot of the mean number of alleles per locus and the mean heterozygosity per locus (H) in 

the clam populations from the Atlantic (AT), West Mediterranean (WM) and East Mediterranean (EM) 

regions. Dot sizes are proportional to sample sizes (N). 

3.2.1. FST Statistics and Population Neighbor-Joining Tree 

The results of the study of genetic differentiation by means of F-statistics are presented in Table 

2. The overall FST for all populations was 0,132. Mediterranean populations showed a higher overall 

FST (0.080) than the Atlantic populations (FST = 0.065). Within the Mediterranean, the eastern basin 

showed higher within-basin differentiation (FST = 0.101) than the western basin (FST = 0.036).  

Table 2. Hierarchical F-statistics analysis based on six intron RFLP markers in the grooved carpet-

shell clam. Regional groupings of the populations are as in Table 1 except for: Bay of Biscay (AT1, 

AT2, AT3, AT4, AT5), NW Spain (AT6, AT7, AT8, AT9, AT10, AT11, AT12), North Portugal (AT14, 

AT15), SW Iberian Peninsula (AT16, AT17a, AT17b, AT18, AT19), and "a" (AT17a, WM1a, WM2a) and 

"b" (AT17b, WM1b, WM2b) groups in model 11. 

 

Model 

 

F-statistics  
 FST FSC FCT 

Models without subdivision    

    

1 - All populations 
0,132**

* 
- - 

2 - AT populations 
0,065**

* 
- - 

3 - WM + EM populations 
0,080**

* 
- - 

4 - WM populations 
0,036**

* 
- - 

5 - EM populations 
0,101**

* 
- - 

Models with geographical subdivision    
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6 - AT/WM/EM 
0,186**

* 

0,063**

* 

0,131**

* 

7 - WM/EM 
0,100**

* 

0,060**

* 
0,043** 

8 - Bay of Biscay / NW Spain / Central Portugal + AT13 / SW Iberian 

Peninsula 

0,073**

* 

0,037**

* 

0,038**

* 

9 - Bay of Biscay / NW Spain + AT13 / Central Portugal / SW Iberian 

Peninsula 

0,075**

* 

0,033**

* 

0,043**

* 

10 - Bay of Biscay+AT13 / NW Spain / Central Portugal / SW Iberian 

Peninsula 

0,076**

* 

0,027**

* 

0,050**

* 

    

Model with temporal subdivision    

    

11 –  a vs. b 
0,129**

* 

0,185**

* 
-0,068 

    

 * P < 0.05; ** P < 0.01; *** P < 0.001       

Genetic differentiation between pairs of populations ranged between 0 and 0.345 (Table S2, 

Supplementary Materials). The maximum value in the entire study area was observed between two 

very distant populations (EM4 and AT14). Zero values were found between geographically close 

populations (WM3 in SE France, and WM2a, in NE Spain), or between samples taken from the same 

location in different years (WM2a and WM2b). However, zero values were also observed between 

pairs of distant populations, such as EM1 (northern Adriatic Sea) and EM4 (Timsah Lake, Egypt). The 

highest value resulted from the comparison of AT15 (Obidos lagoon, central Portugal) and EM3 

(Izmir, Turkey). In the Atlantic populations, pairwise FST values ranged from 0 to 0.209. Two pairs of 

populations showed FST higher than 0.200. The first pair was composed of two distant populations: 

AT1, from NW France, and AT12, from NW Spain. The second pair, however, was composed of AT13 

and AT14, two nearby locations in northern Portugal. The pairwise FST of Mediterranean populations 

ranged from 0 to 0.198. The maximum divergence in the Mediterranean was observed between EM2, 

in Turkey, and EM3, in Egypt. 

FST distances between pairs of populations have been used to draw an unrooted tree (Figure 3). 

Geographically close populations tend to be positioned close to each other also in the tree, with very 

few exceptions (see below). Mediterranean populations occupy the right part of the tree and Atlantic 

populations appear in the left part. A group of populations from the SW Mediterranean, that includes 

the two samples from the WM1 population (SE Spain) and the three populations from Tunisia (WM4, 

WM5, and WM6), occupy the center of the tree. This SW Mediterranean group is characterized by 

low, and often nonsignificantly different from zero, pairwise FST values (Table S2, Supplementary 

Materials). They are connected with the other Mediterranean populations through a node common 

to the northern Tunisian WM4 population, but this node then leads to two other branches. One 

branch includes the northern W Mediterranean populations WM2a, WM2b and WM3. The other 

branch includes the eastern Mediterranean populations, excluding EM3 (Smyrna, Turkey). This 

population appears, surprisingly, at a very long branch that joins the SW Mediterranean central 

group, indicating a high differentiation of EM3 from all the rest of the Mediterranean populations. 

Actually, the lowest pairwise FST value for population pairs including EM3 is 0.089, which results 

from the comparison of EM3 with the Atlantic AT19 population in south Spain, not with another 

Mediterranean population.  
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Figure 3. Neighbor-joining tree of the clam populations based on FST distances. Colored lines group 

populations according to the geographic regions cited in the text. Note the lack of correspondence 

between genetic distance and geographic position of some populations, marked with squares. 

AT19 is precisely the closest Atlantic population to the Mediterranean populations in the tree. 

The connection of AT19 with the remaining Atlantic populations proceeds through several nodes 

which lead to two branches that include one population from northern Portugal (AT13) and the 

populations from the Bay of Biscay in northern Spain and NW France. The tree continues with nodes 

connecting other populations from SW Spain, southern Portugal and then one population from NW 

Spain, AT6. At this point the tree divides in two branches. One contains one population from NW 

Spain (AT7) and two populations from northern Portugal which are relatively distant from it (AT15 

and AT16). The other branch contains the remaining populations from NW Spain estuaries, 

specifically the group of estuaries known as Rías Baixas (AT9, AT10, AT11 and AT12), plus one from 

a small estuary located a bit further to the north (AT8), which belongs to the group of estuaries known 

as Rías Medias. 

3.2.3. Hierarchical FST Analysis 

The hierarchical FST analyses using different models of genetic subdivision are shown in Table 

2. The subdivision of the whole area in Atlantic, Western Mediterranean (including Tunisia) and 

Eastern Mediterranean regions (model 6), gives an overall FST = 0.18. This model also shows that 

among-regions differentiation (FCT = 0,131) is double than differentiation within regions (FSC = 0,063). 

Within the Atlantic, one population (AT13, in northern Portugal) showed pairwise FST values (Table 

S2) and cluster distribution profiles in the Bayesian analysis of genetic structure (see below) that 

deviate strongly from those of their neighbor populations, and suggest a higher similarity to the 

populations of the Bay of Biscay (AT1- AT5). Therefore, we tested three models with 4 subdivisions, 

in which AT13 was included alternatively in the Central Portugal group, the NW Spain group and 

the Bay of Biscay group (models 8-10 in Table 2). Model 10 gives the highest FCT (0.050), supporting 

the higher similarity of AT13 to the Bay of Biscay group.  
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3.2.4. Temporal Genetic Differentiation 

The data set contains three locations that were sampled twice, with samplings separated by 4 

(AT17) or 7 years (WM1 and WM2) (Table 1). The data obtained from these samplings allow an 

empirical evaluation of the magnitude of the differences that can be expected to appear among 

samples taken at different time points. These samples gave an overall FST of 0.129 (Table 2, Model 11), 

and pairwise values comprised between 0.036 and 0.271 (Table S2, Supplementary Materials). The FST 

values for between-year comparisons within locations ranged from 0 to 0.007, which are at least 5 

times lower. Comparison of these numbers suggests that the changes in allele frequencies in 

populations over time are very small, compared to the variation in allele frequencies across 

geographically separated populations that have been sampled at intervals of several years. Even in 

populations separated by relatively short distances in the same marine basin, such as those in the 

Mar Menor lagoon (WM1a and WM1b) or the Ebro Delta (WM2a and WM2b) in Mediterranean Spain, 

FST between populations (FST = 0.036-0.176) is at least five times higher than between temporal samples 

within each location (FST = 0.00-0.007) (Table S2). 

3.2.5. Bayesian Analysis of Genetic Structure 

The optimal number of ancestral genetic clusters resulting from the Bayesian analysis of genetic 

structure are shown in Figure 3. The optimal number of ancestral clusters according to the method of 

Pritchard et al. is K = 6 (Figure 3a). The method of Evanno et al. gives a very high value for K=2 and 

values near 0 for other K values, with the exception of a slightly higher value for K=6 (Figure 3b). 

Pritchard et al.’s method suggests substructuring at different geographic levels, as K= 10 has a 

similarly high posterior probability as K=6, and gives low posterior probability to K=2.  

The plots showing the clusters’ proportions for all studied individuals are presented in Figure 5 

for K=2 and K = 6. The plot for K= 2 shows that one cluster is almost restricted to the Mediterranean 

populations, and the other is almost the only one present in the Atlantic coasts. However, this cluster 

enters the Mediterranean Sea populations in frequencies up to 50% in populations from SE Spain and 

Tunisia, becoming less frequent in the remaining western Mediterranean and Adriatic populations, 

and being almost absent from the Aegean Sea populations. The contribution of the alleles of each 

locus to the clusters’ is presented in Figure S3a (Suppementary Materials). The loci Ech and TBP are 

the most influencing for K=2.  

 

Figure 4. (a) Plot of the posterior probabilities for each K value from the Bayesian analysis of genetic 

structure. (b) Plot of ∆K for each K value from the Bayesian analysis of genetic structure. 
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Figure 5. Plots of cluster frequencies from the Bayesian analysis of genetic structure for K=2 (above) 

and K=6 (below), for all individuals and populations. Clusters are defined by colors. The table below 

gives the average proportions of each cluster in each population for K=6. 

The plot for K=6 shows the same overall picture, but with more substructuring within each basin. 

Dark green to yellow colored clusters shown in Figure 5 are more frequent in the Atlantic, and red to 

pale orange colored clusters are more frequent in the Mediterranean. Cluster 3 (pale orange) is 

present only in the Aegean and the Adriatic seas, and is especially abundant in the EM3 (Smyrna) 

and EM2 (Halkidiki) populations. However, it is absent from the remaining Mediterranean and 

Atlantic populations. Cluster 1 (red) is the most abundant in most Mediterranean populations, 

especially in the north of the Western Mediterranean (WM2a WM2b and WM3), but also in the 

Adriatic population EM1 (Venice). This cluster is present in very low frequency in the Atlantic 

populations, but increases slightly in a few of them: AT2, AT9 and AT13. The third most common 

cluster in the Mediterranean populations is cluster # (orange), especially in the south of the Western 

Mediterranean (WM1a, WM$, WM5 and WM6), but also in the north of the Western Mediterranean 

in lower frequency. It is absent from the Eastern Mediterranean populations, with the exception of 

EM3, where it appears at very low frequencies. In the Atlantic populations, three clusters are 

especially abundant. Cluster 6 (dark green) appears in all populations at variable frequencies, being 

the most abundant in AT7 and in AT14. This cluster is present also in the Mediterranean Sea in very 

low frequencies. Another cluster (5, pale green) is very frequent in southern Portugal and SW Spain 

(AT16 – AT19), and also in the Bay of Biscay populations (AT1- AT6), but reaches it highest 

abundance in AT13 (Viana), in strong contrast with the neighbor populations AT12 and AT14, where 

this cluster is almost absent. Another typical Atlantic cluster is cluster 4 (pale yellow), which is 

abundant in the estuaries of NW Spain, especially in the Rias Baixas estuaries (AT9-AT12), but also 

in the neighbor estuary of Camariñas (AT8). This cluster is present in very low frequencies in the 

remaining Atlantic and in the Mediterranean populations. The most surprising result of the Bayesian 

analysis of genetic structure is the presence of cluster # (orange) in intermediate to high frequencies 

in the Bay of Biscay populations (AT1-AT5). This cluster is present also in intermediate frequencies 

in the Western Mediterranean populations (see above), and appears in low frequencies along the 

regions that separate the Bay of Biscay from the Western Mediterranean: south Atlantic Spain, 

Portugal and the NW Spain estuaries. The populations from the Bay of Biscay and the SW of the 

Iberian Peninsula differ especially in the frequency of cluster 2 (orange). 

4. Discussion 

4.1. Genetic Variability 

The high number of samples included in this study has uncovered a pattern of genetic variability 

which had not been appreciated in previous studies. The mean heterozygosity per locus (H) is higher 

in Atlantic populations, and lower in Mediterranean populations, especially in the Eastern 

Mediterranean region (EMED). However, the mean number of alleles per locus (Na) is higher in the 
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Mediterranean populations, and increased to the East. This contrasting patterns of H and Na are due 

to the presence of several alleles in the populations from the Mediterranean, especially in the EMED, 

that are not present in the Atlantic populations, and increase Na in that region. Lower heterozygosity 

associated to high number of alleles in low frequency is the expected outcome of mutation and genetic 

drift when a population experiences population size contractions followed by population expansions. 

The Pleistocene glacial-interglacial provide a framework to explain these observations. If most of the 

alleles that are restricted to the Eastern Mediterranean were in very low frequencies, a contraction 

followed by expansion associated to Pleistocene glacial-intergalcial cycles would be a possible 

explanation for the observed pattern. However, several alleles restricted to the EMED appear in 

relatively high frequencies (Ech-3, up to 0.35; Ech-4 up to 0.28; TBP-3 up to 0.38), and therefore, other 

processes are need in order to account for the results. It is possible that the populations in EMED are 

remnants from an ancient population with a large effective size (Ne), and glacial-interglacial cycles 

decreased H, but many alleles still remain. Cordero et al. [8] dated the origin of alleles restricted to 

the WEMED and EMED at the loci Ech and TBP. Alleles Ech-D, TBP-A1 and TBP-C (corresponding 

to Ech-4, TBP-1 and TBP-3 in this study), gave best estimates for their divergence from the 

phylogenetically closest alleles of 206, 273 and 416 thousand years before present (KYBP). Allele Ech-

A2 (which was a subgroup of sequences of the allele Ech-A (Ech-2 in this study) was present in the 

whole Mediterranean, and diverged at 424 KYBP. Finally, Ech-C (Ech-3 in this study), which is also 

widespread in the Mediterranean, diverged at 1078 KYBP. The divergence of the Mediterranean 

alleles therefore seems to have occurred earlier than the divergence of the alleles that are exclusive to 

the eastern Mediterranean alleles. The most probable date for this divergence seems to be the late 

Pleistocene period, but much earlier than the last glacial maximum (20 KYBP). Therefore, it is 

probable that, between less than 500 KYBP and the last glacial maximum, at two separated times, the 

Eastern Mediterranean harbored an isolated population of clams that lost part of their genetic 

variability, but did not lose many alleles. The oldest alleles would have expanded to the whole 

Mediterranean, while the more recent alleles have been restricted to the EMED. Another factor that 

could have had a role is natural selection, which could have favored one or more EMED-restricted 

alleles due to their linkage disequilibrium with other variants in the coding regions of the genes or in 

nearby genetic locations. 

4.2. Temporal Genetic Differentiation 

Studies of population genetic differentiation usually are based on data obtained from 

contemporary sampling conducted in the same year or with just a few years apart. The 32 samples 

studied in this work have been taken along a period of 17 years, from 2004 to 2021, which is a longer 

than usual sampling period. An evaluation of the effect of the temporal change in gene frequencies 

is necessary in order to know whether distant sampling time affects the results. If temporally 

separated samples from the same locality differ as much, or more, than they do with respect to 

samples from other locations, the effect of temporal variation and geographic variation would be 

confounded and no robust conclusions could be taken from the data. In this study, three locations 

have been sampled twice, at time points separated by four or seven years. In all three cases, the 

pairwise FST values between temporal samples from each location were not significantly different 

from zero. Moreover, the hierarchical FST analysis of the six samples also gave a nonsignificant 

between-years component (FCT). Therefore, we can conclude that the detected differences among 

geographic populations in this study are not affected by the time distance that separate their 

collection. 

4.3. Geographic Genetic Differentiation 

The results of this study agree with previous studies using intron-RFLP and microsatellite 

markers in showing a subdivision of the species in an Atlantic and two Mediterranean groups, 

corresponding to the Western and Eastern basins[6,12]. The genetic differentiation found between 

the Atlantic and the Mediterranean populations is consistent with many other studies showing the 

same result in other species using several types of genetic markers (enzyme polymorphisms, 
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mitochondrial DNA, microsatellites, SNP), and have been related to the Pleistocene glacial-

interglacial cycles and present-day restriction to gene flow at some points ([8,9]).  

The inclusion in this study of new samples, and their analysis together with those from previous 

studies, has allowed to discover new features of the genetic structure of the clam populations living 

the Mediterranean Sea. In the Eastern Mediterranean, Cordero et al. [6] examined populations from 

the northern part of the basin only, i.e. the Adriatic and the Aegean seas. They used the initial letters 

of both seas to create an acronym (AEGAD) to refer to that group of populations. The inclusion of a 

sample of clams from Egypt in this study has allowed to prove that the southern part of the Eastern 

Mediterranean basin shares the genetic characteristics of the northern part, and therefore it is possible 

to speak of an Eastern Mediterranean subpopulation or race (EMED). Further research could help to 

decide if the EMED populations represents a subspecies of R. decussatus.  

Cordero et al. [6] also observed that the Tunisian population WM5 (Sfax), which geographically 

is located in the Eastern Mediterranean basin, was genetically more similar to Western Mediterranean 

populations than to the remaining Eastern Mediterranean populations. Gharbi et al. [13] examined 

the genetics of twelve Tunisian populations with sequences of the mitochondrial gene COI and the 

nuclear ITS, and found no important differences in haplotype frequencies between the populations 

from the northern coast of the country, which geographically belong in the Western Mediterranean 

basin, and the populations from eastern coast, which belong in the Eastern basin. In this study, two 

of the population samples analyzed by Gharbi et al. have been included, and, together with the 

population studied by Cordero et al., it can be clearly seen that these populations fall on the Western 

Mediterranean group. Studies have reported that populations of marine species from the eastern 

coast of Tunisia can be genetically more similar to western Mediterranean populations in some cases, 

or to the eastern Mediterranean in others. The reasons for this variability are not well known. A 

combination of factors might be acting, including the east to west flow of the northern African current 

favoring dispersal past the Siculo-Tunisian Strait, and the effect of endogenous barriers to gene 

flow[6,17]. Specific studies, including populations beyond the Tunisian borders to the east, should be 

carried out in order to understand the mechanisms that explain this situation. 

Some aspects of the allelic distributions in the Mediterranean could be due to historical and/or 

environmental factors, or to anthropogenic causes. For example, the presence in very low frequency 

of allele TBP-4 in Tunisia (WM4) was interpreted as a private allele by Cordero et al., but in this study 

it appeared in slightly higher frequency in a population near the Suez Canal (Timsah Lake) in Egypt, 

some 2500 km away. This finding points to the presence of this allele in low frequency along the 

northern African coasts, but is also compatible with a spread of this allele from Egypt to Tunisia 

through ballast waters along one of the busiest maritime routes in the world. This seems also the 

most plausible explanation for the presence of typical eastern Mediterranean alleles Ech-5 and TBP-3 

in the Thau lagoon, near the port of Sète in south east France (WM3 population). 

The inclusion of data from a sample from SW France reported by Saavedra et al. [15], along with 

the addition of two new samples from Tunisia, have allowed to confirm the relative homogeneity of 

the populations of the southern part of the western Mediterranean (WMED), and to show a slightly 

higher differentiation of the northern populations in that basin, here represented by samples from 

the Ebro Delta in NE Spain and from the mentioned Thau lagoon in SW France. These populations 

formed a separate branch in the NJ tree and showed a higher frequency of cluster 1 and a lower 

frequency of cluster 2 in the Bayesian analysis of genetic structure. Differentiation of populations 

from the north and south of the WMED has been shown in other marine species living in that region, 

and it has been related with the presence of the Balearic oceanographic front [20]. It would be 

interesting to study samples from other French and Italian populations, as well as from the western 

Mediterranean Islands, in order to better characterize the genetic structure of the WMED. 

This study has increased considerably the sampling along the Atlantic coasts of the Iberian 

Peninsula, and has found out interesting novelties. Previously, Arias-Pérez et al. had found that the 

populations from the SW of the Iberian Peninsula were more similar to the populations of the Bay of 

Biscay than to other populations on the Atlantic façade of the Iberian Peninsula, which are 

geographically closer [12]. Here we have shown that these two regions are no so similar, as they 
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rendered significant pairwise-FST values and showed different frequencies of clusters in the Bayesian 

analysis of genetic structure (especially of clusters 2 and 6 for K=6).  

Cruz et al. [14] described a set of two populations in central Portugal (Obidos lagoon and Aveiro 

) that showed moderate differention with respect to their neighbor Portuguese and Spanish 

populations. In this study, we have presented a more detailed data set of that part of the Iberian 

Peninsula. We have confirmed the differentiation of the same two populations from central Portugal 

(AT14 and AT15) with respect to their sampled neighbor populations, not only the Spanish ones, but 

also one Portuguese population located in northern Portugal (AT13, from Viana do Castelo). 

Surprisingly, AT13 is neither more similar to its closest neighbor in the northwest of Spain (AT12, 

from Redondela in the Ría de Vigo estuary), but rather to the populations of the Bay of Biscay. 

Moreover, the clams from Obidos and Aveiro have the highest similarity with those from A Coruña 

(AT7), a more northern population ca. 500 km apart, which is also different from their closest 

neighbor populations AT6 and AT8. Finally, between A Coruña and Viana do Castelo, there is a 

group of populations which appear closer to one another in the NJ tree and have in common the 

sharing of STRUCTURE cluster 4 in higher frequency than any other populations included in this 

study. These populations belong in the set of estuaries known as Rias Baixas, but also include the 

northern neighbor population AT8, which is part of the Rias Medias together with AT7 and AT6.  

In summary, there is a genetic mosaic along the NW corner of the Iberian Peninsula that had not 

been described before. This mosaic is partially related to the geographic framework of the different 

sets of rias, and require specific explanations. The differentiation between populations of species such 

snails, algae and littoral plants from the NW of the Iberian Peninsula has been explained as the result 

of the Finisterre oceanographic Front [30–32]. This front is formed in summer off the coasts of Cape 

Finisterre due to the encounter of eastern north Atlantic central waters (ENACW) of subtropical and 

subpolar origins (Figure 6)[33,34]. The front could affect the transport of the grooved carpet-shell 

clam larvae, which reproduces in summer months in that region [35,36]. Larval transport disruption 

could result in limited gene flow, which could account for the differentiation between the AT8-AT12 

group from the AT6-AT7 and Bay of Biscay populations. But his would leave unexplained the 

similarity of A Coruña (AT7) in the Rias Medias with Aveiro (AT14) and Obidos (AT15) in central 

Portugal, and the similarity of Viana, in northern Portugal (AT13) with the populations in the Bay of 

Biscay. A possible explanation for this inconsistency is just a higher isolation and lower effective size 

in these populations, which would result in that distant populations would look alike just by chance. 

Another possible explanation is the effect of river plumes, which have been proposed in some marine 

species as causes of genetic differentiation of populations at both sides of the plume [37,38]. In this 

case, the plumes of rivers Minho and Douro (Figure 1b), which show the highest discharge rates 

among the Iberian rivers flowing to the Atlantic, could act as barriers to gene flow. The differentiation 

of AT13 with respect to the populations from Rias Baixas and to AT14 and AT55 would fit this model. 
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Figure 6. Currents and fronts at summer near the NW coasts of the Iberian Peninsula. See Discussion 

for explanations. 

However, since intronic markers are located in protein coding regions (genes), which may be 

sensitive to natural selection, non-neutral (selective or adaptive) explanations cannot be excluded. 

One adaptive explanation for the differentiation of Rias Baixas is the upwelling of cold and nutrient 

rich ENACW water inside these estuaries. The upwelling is favored by N component winds in spring 

and summer. Upwelling episodes are more frequent in the Rias Baixas than in the more northern 

estuaries, and induce important differences between the two groups of estuaries in temperature, 

primary production and phytoplankton communities that may affect both larval and adult clams [39]. 

Another plausible adaptive explanation is that AT7, AT13 and AT14 locations may be characterized 

by a more oceanic than estuarine environment, and the differences with respect to their neighbor 

locations are due to the adaptation to this type of environment. 

Finally, anthropogenic causes cannot be left aside, as the concerned populations in the NW 

Iberian Peninsula are among the most commercially exploited in Europe. The exchange of juvenile 

clams between locations for fishery management purposes, and the introduction of clam spat 

obtained in hatcheries could also result in the observed pattern of differentiation. The similarity of 

the Viana (AT13) population with those of the Bay of Biscay would fit this human intervention, as 

hatcheries in N Spain and Atlantic France are usual suppliers of seed for the fishermen guilds. 

5. Conclusions 

This study, based on the largest population genetic dataset obtained so far from the grooved 

carpet-shell clam, has confirmed previous results showing a remarkable differentiation between the 

Atlantic, the western Mediterranean and the Eastern Mediterranean groups of populations of the 

clam R. decussatus, and has added new details to this general framework. The Mediterranean 

populations showed less heterozygosity, but a higher number of alleles, than the Atlantic 

populations. The difference was especially intense with regard to the eastern Mediterranean group 

of samples. Population contractions and gene-flow restrictions during the Pleistocene seem the most 

reasonable cause of this observation. The study has also shown that one population from northern 

Africa belongs in the eastern Mediterranean group, which strongly suggests that the AEGAD genetic 

subdivision described by Cordero et al. [6] actually comprises all or a great extension of the eastern 

Mediterranean (EMED) basin. Moreover, the data showed clearly that the Tunisian populations 

should be considered as part of the western Mediterranean group (WMED) described by Cordero et 

al. The results obtained also indicate that there is some differentiation between the north and the 
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south areas within the western Mediterranean group of populations, that could be related to the 

Balearic front, but more populations from the region should be studied to be conclusive. As to the 

populations in the Atlantic, they appeared as a genetic mosaic, with the clams from the SW of the 

Iberian Peninsula showing limited similarity to the populations of the Bay of Biscay, and a group of 

rather more genetically subdivided set of populations occupying the north of Portugal and the NW 

of Spain. In that region, the Rias Baixas estuaries appear as a more homogenous unit with respect to 

their northern neighbor populations and to the populations in central Portugal. Some populations in 

this regions show high contrast with their geographic neighbors, which could be due to 

oceanographic features of the region (oceanic fronts, upwellings), river plumes, environmental 

differences (oceanic, vs. estuarine), or human actions (translocations, restocking with hatchery seed). 

Further studies with much larger numbers of genetic markers and intensive geographic sampling 

will be necessary to decide which of these explanations, or their combinations, account best for the 

observed genetic population structure of R. decussatus. 
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