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Abstract 

 

Dispersal and connectivity of three marine exploited lobster species have been examined by 

addressing their genetic diversity and population structure in the Mediterranean and NE Atlantic. New 

polymorphic microsatellite markers were developed for the slipper lobsters Scyllarus arctus (Linnaeus, 

1758) and Scyllarides latus (Latreille, 1802) using next-generation 454 whole genome shotgun 

sequencing. A total of three multiplex-PCR reactions were designed to amplify ten microsatellite loci in 

each species. Population genetic structure was examined in 121 S. arctus individuals collected from 

the archipelago of the Azores (NE Atlantic) and in four different locations of the mainland shelf coast 

(Iberian Peninsula). High levels of genetic diversity were observed (number of alleles per locus varied 

from 8 to 31; mean HE = 0.855). Despite the relatively long geographic distance that separates the 

Azores from the mainland (~1500km) and the predominantly eastward flow of the oceanic surface 

currents and wind patterns, no population differentiation was observed. The maintenance of genetic 

homogeneity in this species is most likely a result of the high dispersive ability of its planktonic larvae. 

Additionally, a total of 156 specimens of S. latus were collected in two locations from the W 

Mediterranean and 13 locations from the NE Atlantic, including the Macaronesian archipelagos of 

Azores, Canary Islands and Cape Verde. Genetic diversity was lower when compared to S. arctus 

(numbers of alleles ranged from 4 to 14; mean HE = 0.552). All analyses suggested panmixia for S. 

latus and no differentiation was found between the Atlantic and Mediterranean basins. Again, such 

pattern may result from the long-lived pelagic larvae of S. latus, which can promote high levels of 

genetic admixture and gene flow between geographic distant populations. Finally, a total of 12 

microsatellite loci were amplified and scored in 67 individuals of Palinurus elephas (Fabricius, 1787) 

from the archipelago of Azores. Results showed that P. elephas in Azores belong to a single 

population and should be treated as a unique conservational unit. The current work provides 

information of theoretical as well as practical importance that should be used to inform conservation 

strategies and promote the sustainable exploitation of lobsters in NE Atlantic and Mediterranean. 
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Resumo             sd 

 
A capacidade de dispersão e conectividade de três espécies de lagosta foi avaliada através da 

determinação da respetiva diversidade genética e estruturação populacional ao longo do 

Mediterrâneo e Atlântico NE. Foram caracterizados novos microssatélites para os cavacos Scyllarus 

arctus (Linnaeus, 1758) e Scyllarides latus (Latreille, 1802) através da plataforma de sequenciação de 

2ª geração GS FLX Roche/454. Três reacções de PCR em multiplex foram otimizadas para um total 

de dez microssatélites em cada uma das espécies. A estrutura populacional de S. arctus foi 

determinada em 121 indivíduos recolhidos no arquipélago dos Açores e em quatro locais da costa 

europeia (Península Ibérica). A diversidade genética registada foi elevada (número de alelos por locus 

variou entre 8 a 31; HE média = 0.855). Apesar da elevada distância que separa os Açores da costa 

continental (~1500km) e da predominância de correntes e ventos na direção Oeste-Este, não foi 

verificada qualquer estruturação populacional. Esta homogeneidade genética em S. arctus deve estar 

sobretudo relacionada com a elevada capacidade de dispersão da sua larva pelágica. 

Adicionalmente, foram coletados 156 espécimes de S. latus em dois locais do Mediterrâneo e 13 

locais do Atlântico NE, incluindo os arquipélagos da Macaronésia: Açores, Canárias e Cabo Verde. 

Em comparação com S. arctus, os valores de diversidade genética foram relativamente inferiores 

(número de alelos por locus variou entre 4 a 14; HE média = 0.552). Todas as análises apontam para 

um cenário de panmixia em S. latus e ausência de diferenciação entre as populações do Atlântico e 

Mediterrâneo. A grande longevidade e comportamento da sua larva pelágica são presumivelmente 

responsáveis pelos elevados níveis de fluxo genético entre populações geograficamente distantes. 

Por último, foram amplificados 12 microssatélites em 67 indivíduos da lagosta-castanha Palinurus 

elephas (Fabricius, 1787) provenientes do arquipélago dos Açores. Os resultados indicaram a 

ausência de estruturação e inclusão de todos os indivíduos dos Açores numa única unidade de 

conservação. Os resultados do presente trabalho devem ser usados para estabelecer estratégias de 

conservação que promovam a sustentabilidade da exploração de lagostas no Mediterrâneo e 

Atlântico. 
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Chapter 1. 

 

General introduction 

Human activities are known to impact the structure and functioning of marine ecosystems (e.g. 

Halpern et al. 2008). Particularly, disturbance due to over-fishing is thought to have a profound effect 

in many of the ocean fishing grounds, leading to full depletion of stocks and consequential changes at 

the ecological level (Jackson et al. 2001). In fact, uncontrolled fishing efforts can severely reduce the 

genetic diversity and the adaptive potential of species, leading to biodiversity loss and ecosystem 

deterioration (Pauly et al. 2003). The impacts of such anthropogenic pressure can be more severe in 

highly structured species with limited vagility (movement capability), highlighting the need to 

understand how a given species is spatially and temporally structured and connected within its 

distribution range. Actually, an increased interest in population genetics and phylogeography of 

species, have prompted researchers to develop and use new and fast-evolving molecular tools. 

Microsatellites, mitochondrial DNA and other single-locus markers, have been widely applied in marine 

organisms, and have increased the power and accuracy of estimating a variety of important 

parameters in conservation of species (Allendorf et al. 2010).  

Because of its great economic value, decapod lobsters have experienced harvesting pressure 

throughout its geographic range (Spanier & Lavalli 2007). Larger ships and more efficient technology 

are harming the lucrative lobster industry, and worldwide catch of lobsters in 2009 was estimated to be 

over 256.000 tons (FAO 2009). The overexploitation and illegal fishing of this marine resource has led 

to a severe crisis in the commercial fisheries in many world oceans, and catches per year have 

declined dramatically over the last decades (Holthuis 1991; FAO 2009). Regulatory measures for 

management and conservation of such an important resource should be aimed at protecting, not only 

specific species, habitats, or biodiversity hotspots, but also its genetic diversity and population 

connectivity throughout its distribution range. In fact, determining connectivity levels between marine 

populations is crucial to our understanding of genetic structuring, population dynamics and the 

resiliency of populations to human exploitation (Cowen et al. 2006). Similarly, understanding the 

ecological and evolutionary processes responsible for a realized population genetic structure is of 
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great relevance for the conservation and management plans of a given species (Avise 1998).  

In the marine realm, the connectivity and structuring of populations is a function of several biological 

(e.g. larvae behaviour, larval transport potential, or reproductive strategies), and physical (e.g. past 

and present oceanographic and climatic features such as currents, oceanographic fronts, tides and 

intense storms) processes (see Grantham et al. 2003; Palumbi 2004; White et al. 2010). The interplay 

of these processes, acting across a range of spatial and temporal scales, has a significant implication 

in determining the amount of gene flow and connectivity between usually patchily distributed marine 

populations (see Palumbi 1994 and references therein). Despite the dispersal potential over long 

distances for many species, population differentiation in the marine environment is more common than 

previously thought. In fact, many of the aspects involved in controlling connectivity patterns in most 

marine populations remain unresolved, and only an interdisciplinary approach integrating reliable 

information from oceanography, population genetics, and life-history traits, will allow a comprehensive 

understanding of the population dynamics of marine organisms. In this study, a part of this complex 

puzzle will be addressed, and genetic data will be used to provide insights on the population structure 

and connectivity of three marine lobsters from the NE Atlantic and Mediterranean, 

Objectives 

The main objectives of the current thesis are to examine the genetic diversity and the degree to which 

populations of three exploited lobster species are connected in a putative dispersive system such as 

the marine environment. The current study will focus on the spiny lobster Palinurus elephas (Fabricius, 

1787), and the slipper lobsters Scyllarides latus (Latreille, 1803) and Scyllarus arctus (Linnaeus, 

1758), across the Mediterranean and NE Atlantic regions, including the Macaronesia archipelagos of 

Cape Verde, Canaries, and Azores. In contrast to spiny lobsters, that have received great attention 

during recent years (see review in Goñi and Latrouite 2005), including numerous studies on their 

ecology (e.g. Díaz et al. 2005; Buscaino et al. 2011), phylogeography (e.g. Gopal et al. 2006; Palero et 

al. 2008), and molecular phylogeny (e.g. Ptacek et al. 2001; Groeneveld et al. 2007), the slipper 

lobsters, although constituting an important fishery resource, have been barely studied (Spanier & 

Lavalli 2007). Moreover, despite intense marine phylogeographical research over the last 20 years on 

the region spanning the NE Atlantic and Mediterranean Sea (see Patarnello et al. 2007), the 
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Macaronesian archipelagos have been consistently neglected in many of these studies. 

Overall, the current thesis addresses the genetic diversity and population structure of three marine 

lobsters using species-specific microsatellite markers. Novel microsatellite markers for the slipper 

lobsters Scyllarides latus and Scyllarus arctus will be isolated and characterized for the first time, 

using next-generation 454 whole genome shotgun sequencing (Chapter 2). Such markers will then be 

applied to investigate the population genetic structure of S. arctus in the NE Atlantic, including 

samples from oceanic islands (Azores) and mainland (Iberian Peninsula) (Chapter 3). Similarly, the 

genetic diversity and population structure will be estimated for the slipper lobster S. latus in the W 

Mediterranean and NE Atlantic, including the Macaronesian archipelagos of Cape Verde, Canaries, 

and Azores (Chapter 4). Finally, previously described microsatellite markers will be used to determine 

the population genetic structure of the spiny lobster Palinurus elephas in the archipelago of Azores 

(NE Atlantic) (Chapter 5). The findings and their implications for the phylogeography, population 

dynamics, connectivity, conservation and management of lobsters are discussed in each chapter (for 

each species), and summarized in Chapter 6. 
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Chapter 2. 

 

Isolation and characterization of microsatellite markers for the 

commercially exploited slipper lobsters Scyllarus arctus (Linnaeus, 

1758) and Scyllarides latus (Latreille, 1802) 

 

Abstract 

Twenty new polymorphic microsatellite loci were isolated for the slipper lobsters Scyllarus arctus and 

Scyllarides latus using next-generation 454 whole genome shotgun sequencing. Three multiplex-PCR 

reactions were designed to amplify ten microsatellite loci for each species. Allelic variation was tested 

on 35 individuals of S. arctus from Foz do Neiva (NE Atlantic) and 40 S. latus individuals from 

Almeria/Alicante (W Mediterranean). Allelic richness and mean observed heterozygosity were 16.8 (± 

6.0) and 0.683 (± 0.250), respectively, for S. arctus, and 7.9 (± 3.4) and 0.593 (± 0.246) for S. latus. 

Three loci significantly deviated from Hardy–Weinberg equilibrium in S. arctus, while all loci except 

one, followed Hardy–Weinberg expectations in S. latus. Genetic linkage disequilibrium analysis 

between all pairs of loci did not yield any significant values for both species. Overall, the 20 

microsatellite loci described here seem well resolved, are highly polymorphic and segregate 

independently, confirming their utility for population genetic studies in S. latus and S. arctus. 

Keywords: conservation, microsatellites, slipper lobsters, population structure. 
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There is a growing consensus that anthropogenic activities are impacting the structure and functioning 

of marine ecosystems (e.g. Hoegh-Guldberg & Bruno 2010). In particular, overfishing is thought to 

have profound community-level effects particularly when highly lucrative species are targeted 

(Botsford et al. 1997). Genetically distinct populations may be even eliminated by intensified fishing 

pressure, with consequential damages for the ecosystem components. In such cases, the diversity 

and the adaptive potential of the species can be lost (Pauly et al. 2003). Because of its great economic 

value, lobsters have experienced harvesting pressure throughout its geographic range (Spanier & 

Lavalli 2007). The slipper lobsters Scyllarides latus (Latreille, 1803) and Scyllarus arctus (Linnaeus, 

1758) are both listed as threatened species under Annex III of the Barcelona and Bern Conventions. 

Despite this inclusion, they have been barely studied and little is known about genetic diversity, 

patterns of gene flow, dispersal and population structure of these lobsters on their current area of 

distribution. To address these issues and to provide useful information for management plans and 

conservation actions on both species, here I describe the isolation and characterization of ten 

microsatellite loci for S. arctus and S. latus.  

Samples of S. arctus and S. latus were collected in the NE Atlantic and W Mediterranean, and 

preserved in 96% ethanol. DNA extractions from tissues were carried out using the QIAamp Tissue Kit 

(QiagenTM) involving overnight digestion with proteinase K. DNA yield was quantified using Qubit® 

Fluorometer (InvitrogenTM) following manufacturerʼs protocol. A DNA mix (>10µg/ml) of three 

individuals per species was sent to Ecogenics GmbH (Zürich, Switzerland) for building microsatellite-

enriched libraries. Size selected fragments from genomic DNA were enriched for SSR (single 

sequence repeats) content by using magnetic streptavidin beads and biotin-labelled CT, GT, GTAT 

and GATA repeat oligonucleotides. Each species SSR enriched library was analyzed on a Roche 454 

platform using the GS FLX titanium reagents. 

A total of 5.568 reads with an average length of 152 base pairs were generated for S. arctus. Of these, 

405 contained a microsatellite insert with a tetra- or a trinucleotide of at least six repeat units or a 

dinucleotide of at least ten repeat units. Suitable primer design was possible in 74 reads, of which 23 

were tested for polymorphism. These were selected according to the type of repeat sequence (perfect 

motifs with simple repeats only) to ensure that microsatellite loci were as close as possible to the 

stepwise mutation model (Estoup et al. 2001). Microsatellites with both shorter and longer motifs were 
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selected (di-, tri- and tetra-nucleotides) and amplicon sizes varied from 83-158 bp. 

Initial PCR reactions were performed in simplex to validate selected loci and ascertain optimal 

annealing temperatures. Several distinct DNA samples per loci were used in these amplifications. For 

each primer pair a gradient of annealing temperatures was carried out in a final volume of 10µL with 

approximately 15ng DNA template, 1×QiagenTM Multiplex Kit, 0.4µM of each primer and ddH2O. PCR 

cycles were performed in a DNA Engine Dyad Thermal Cycler (Bio-Rad Laboratories, Inc.) consisting 

of a denaturing step of 15 min at 95°C followed by 35 cycles of 95°C for 30 sec, annealing at 50°C-

64ºC for 60 sec, and 72 °C for 30 sec, and a final elongation step of 10 min at 72°C. PCR amplification 

products were checked on 2% agarose 1×TBE electrophoresis and optimal annealing temperatures 

were selected for each primer pair. Of the 23 microsatellites tested, only 15 amplified and generated a 

specific product of the expected size. Forward primers were fluorescently labelled with NED, VIC, 

PET, or 6-FAM (Applied Biosystems, CA), and all 15 loci were tested for polymorphisms on ten 

samples from Foz do Neiva, NE Atlantic (41º36ʼN, 8º48ʼW). PCR conditions were the same as before 

except for the annealing temperature, which was fixed for each primer pair (Table S1, Appendix 1). 

Again, PCR products were visualized in a 2% agarose gel and diluted if needed for subsequent 

analysis (1:10 or 1:20 in ddH20). 1.5µL of each PCR product was added to 96-well plates containing 

10 µL of HiDi Formamide (Applied Biosystems) with 1:50 GeneScanTM 500Liz® (Applied Biosystems) 

size standard. Fragment length analysis was conducted in an ABI 3130xl automated DNA sequencer 

using Genemapper v.4.1 (both from Applied Biosystems). Five primer pairs had to be discarded either 

because they showed tri-allelic patterns, artifact bands interfering with allele calling, and/or were 

monomorphic for all samples screened. Ten primer pairs were polymorphic, and yielded interpretable 

results (Table 1). Before multiplexing and to ensure that primers were compatible, the forward and 

reverse sequences were analyzed with the software AUTODIMER (Vallone & Butler 2004) and 

screened for potential primer–dimer and hairpin structures. MULTIPLEX MANAGER v.1.0 (Holleley & 

Geerts 2009) was used to combine all markers into the most efficient number of PCR reactions, with 

each locus assigned to a given fluorescent dye. A total of three multiplexes were designed and PCR 

reactions followed the same as before except for primer concentration (Table S1, Appendix 1). To 

increase specificity, a touchdown protocol was applied in all multiplex reactions. A total of 35 

individuals from Foz do Neiva (NE Atlantic) were genotyped. Number of alleles, expected 
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Table 1. Characterization of ten microsatellite loci in Scyllarus arctus 

Locus Repeat Motif Primer Sequence (5ʼ-3ʼ) Fluorescent dye Ta (ºC) N Size range (bp) Number of alleles He Ho 

Arc1 (AC)11 F: CGATGCACAGGATGTACGTATG NED 56 35 96-128 8 0.637 0.229 
  R: TACCTCAAAAGACTGCGTCC        
Arc2 (CT)13 F: GACAGGACACGCCCAAAAAG NED 58 32 93-131 18 0.930 0.875 
  R: CTGGGAAGACTGGGAAGGTC        
Arc3 (GT)14 F: GGATGGGTTCGTACAATGGG PET 56 32 119-169 22 0.956 0.469 
  R: AGCCTAACACCGCTAACTCC        
Arc5 (TG)11 F: GGGAATAACGTGAGATTCAATAACG VIC 56 32 104-170 25 0.946 0.906 
  R: TGGCTCAAAAGATGCACACTC        
Arc10 (AC)22 F: GCCTACACCAGCATCAAAGC NED 58 35 141-205 24 0.953 0.943 
  R: GAGCAGCACTGCATCGCC        
Arc11 (ACT)15 F: GGCAGATAAGCGGAAACCTG PET 56 35 134-163 10 0.830 0.743 
  R: TGCGTGGAGTAGGGAAAGAG        
Arc15 (TCAT)9 F: TCGTGCTGTAGGGATGTACC FAM 56 34 149-245 15 0.903 0.353 
  R: AGTGAGCTTGGATATTGGATTAGG        
Arc21 (TAG)7 F: AATACCTCGCACGCTTGTTC PET 56 35 160-263 21 0.903 0.829 
  R: TCCTCACCAACTGCATCACC        
Arc22 (AGT)12 F: TGCACAATAGTCCCTCCCAC VIC 56 35 154-202 17 0.911 0.829 
  R: ATTGGGACCACCACCACTAC        
Arc23 (AC)14 F: CCATCCTAAAAGAAAAAGCACGG FAM 56 35 164-181 11 0.783 0.657 
  R: GAAAGTGTGTTCCTCACCGC        
Mean ± SD       16.8 ± 6 0.875 ± 0.010 0.683 ± 0.250 

F = forward primer sequence; R = reverse primer sequence; Ta = annealing temperature; N = number of individuals genotyped; HE = expected heterozygosity; HO observed heterozygosity; Mean 
number of alleles were corrected for minimum sample size (N=32); significant departure from Hardy–Weinberg equilibrium after Bonferroni correction (P<0.005) are indicated in bold. 
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heterozygosity (HE) and observed heterozygosity (HO) were estimated for each microsatellite marker in 

FSTAT v.2.9.3 (Goudet 1995). Tests for deviation from Hardy-Weinberg equilibrium and linkage 

disequilibrium were performed in GENEPOP v.4.1 (Raymond & Rousset 1995). Corrections for 

multiple comparisons were performed using the sequential Bonferroni procedure (Rice 1989). The 

program MICRO-CHECKER (Van Oosterhout et al. 2004) was used to detect genotyping errors and 

the presence of null alleles. 

A total of 4.521 sequence reads were obtained for S. latus with an average length of 184 bp. Of these, 

281 contained microsatellite inserts and 104 reads were suitable for primer design. In total, 23 primer 

pairs with amplicon sizes ranges from 81-248 bp were tested for polymorphism. Samples of S. latus 

were collected from Alicante and Almeria in the western Mediterranean Sea (38°44ʼN, 27°12ʼW and 

36º49ʼN, 2º27ʼW, respectively). The same experimental procedures used in S. arctus were applied to 

S. latus and a total of ten primer pairs were identified as polymorphic and amplified in three distinct 

multiplex reactions (Table 2; Table S1, Appendix 1). Allelic variation was assessed in 40 individuals of 

S. latus and standard population genetics parameters were estimated using FSTAT and GENEPOP. 

MICRO-CHECKER was also used to test each locus for the presence of null alleles and to score 

errors from stutter and large allele dropout. 

Allecic diversity varied from seven to 23 with an average of 17.2 ± 5.6 alleles per locus in S. arctus 

(Table 1). The observed heterozygosity ranged from 0.229 to 0.943. Three of the loci (Arc1, Arc3 and 

Arc15) showed heterozygote deficiencies with significant departure from Hardy–Weinberg equilibrium 

after sequential Bonferroni corrections. The presence of null alleles is the most probable reason for 

such deviations, as given by MICRO-CHEKER analysis; although the small sample size cannot be 

ruled out. It is possible that stuttering might have resulted in scoring errors for the locus Arc1, as 

indicated by the highly significant shortage of heterozygotes with alleles of one-repeat unit difference. 

Linkage disequilibrium was not observed between loci in any lobster. 

Allelic richness and mean observed heterozygosity for S. latus were 7.9 (± 3.4) and 0.593 (± 0.246), 

respectively (Table 2). While nine loci displayed no significant deviations from the Hardy–Weinberg 

equilibrium, deficit of heterozygote was observed for locus Lat5, with MICRO-CHECKER suggesting 

that null alleles at this marker may have constrained accurate allele scoring. No significant genotypic
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Table 2. Characterization of ten microsatellite loci of Scyllarides latus 

Locus Repeat Motif Primer Sequence (5ʼ-3ʼ) Fluorescent dye Ta (ºC) N Size range (bp) Number of alleles He Ho 

Lat5 (GTA)8 F: AAGGAGCCCACTTTCCCTAC VIC 58 40 140-156 6 0.548 0.225 
  R: GATAGTCTGCCCTCCTCAC        
Lat7 (AC)12 F: CACACACATTCTACGCATTCAC FAM 58 40 122-146 11 0.862 0.800 
  R: ATTTCTCCTTAATGATGATCTACCG        
Lat9 (TGT)7 F: ACCTCGTTATGGGCCAACTG NED 60 40 156-168 4 0.246 0.225 
  R: TGTGGCTACAGACGACACG        
Lat10 (AC)12 F: CGCATGCAGAAACAAATACGC PET 58 40 175-187 7 0.631 0.750 
  R: GAGGCTGTGGGTAGTATGGG        
Lat12 (TG)13 F: GTTAATGTCACCTGTGGCCG VIC 58 40 186-202 6 0.563 0.675 
  R: GGCAACACGAGTGTAAAACG        
Lat13 (AAC)8 F: AGGGTGGTGGGAGTAACAAC VIC 60 40 207-219 5 0.248 0.275 
  R: GTACTTGTGCTGACTGGTCG        
Lat14 (CAG)8 F: ACGTTACAGAGCAGTAGAAACC FAM 58 40 208-237 15 0.754 0.725 
  R: TAGAATACGAAGCCCCAGCG        
Lat15 (AC)13 F: CTACGGCACTTGTCTGTTCG FAM 58 40 243-265 9 0.661 0.675 
  R: TACTGGGAACGTAGTGGCAG        
Lat21 (ACT)17 F: CTGTTGATGGTGCTTCTGCC NED 58 40 155-188 10 0.880 0.800 
  R: AGTCCTAGAAACCGACATTCAG        
Lat22 (TAG)8 F: GCAGCGGTAGTAGTAGTAGAAAC PET 60 40 235-247 6 0.731 0.775 
  R: GGGGATGATTGTGTTGGCAG        
Mean ± SD       7.9 ± 3.4 0.612 ± 0.222 0.593 ± 0.246 

F = forward primer sequence; R = reverse primer sequence; Ta = annealing temperature; N = number of individuals genotyped; HE = expected heterozygosity; HO observed heterozygosity; 
Significant departure from Hardy–Weinberg equilibrium after Bonferroni correction (P<0.005) are indicated in bold. 
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linkage disequilibrium was found between any pair of loci after sequential Bonferroni correction. 

These novel microsatellite markers can be very useful in future population genetic studies like the 

ones presented in chapters 3 and 4, providing new insights on demographic and evolutionary aspects 

in both lobster species. Overall, this will provide information of theoretical as well as practical 

importance that may be used to inform conservation strategies and promote a sustainable exploitation 

of these two lobsters in NE Atlantic and Mediterranean regions. This study also confirms the 

effectiveness of high-throughput sequencing for developing polymorphic microsatellites in non-model 

species. 
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Chapter 3. 

 

Population genetic structure of the small European slipper lobster 

Scyllarus arctus in the NE Atlantic 

 

Abstract  

Understanding the genetic population structure of a species is essential for the successful 

conservation and management of extant populations, especially those that are commercially exploited. 

The slipper lobster Scyllarus arctus is a common crustacean found in the Mediterranean and NE 

Atlantic and has a long-lived planktonic larval phase that can readily disperse. This study investigates 

the population genetic structure of S. arctus in the NE Atlantic using ten nuclear microsatellite loci. 

One-hundred and twenty one individuals were collected from the archipelago of the Azores and from 

four different locations of the European shelf seas (Iberian Peninsula). Polymorphism ranged from 

eight to 31 alleles and genetic diversity was globally high (mean HE = 0.855). Analyses using FST and 

RST estimates yielded no statistically significant differences among populations (P > 0.05). Pairwise 

Dest estimates were substantially higher and significant for comparisons involving only populations 

from the mainland. However, the Bayesian analysis performed by STRUCTURE did not reveal any 

differentiation between populations in S. arctus, and fully supported the hypothesis of panmixia in this 

species. Despite the relatively long geographic distance that separates the Azores from the mainland 

(~1500km) and the predominantly eastward flow of the oceanic surface currents and wind patterns, no 

population differentiation was observed. These results suggest that high levels of population 

connectivity and gene flow are driving the evolution of the slipper lobster S. arctus in the NE Atlantic. 

The maintenance of genetic homogeneity in this species is most likely a result of the high dispersive 

ability of its planktonic larvae. Conservation strategies should consider this panmictic scenario in S. 

arctus, and propose adequate transregional measures that act to protect such vulnerable and 

endangered species, providing most focus on regions where stocks have been severely depleted. 

Keywords: microsatellites, population structure, slipper lobster, phyllosoma larvae, Scyllarus arctus 
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Introduction 

Understanding the genetic population structure of marine organisms can be a tricky task, mostly 

because of the complexity of factors involved in such process. For decades, there was this classical 

idea that ocean systems were strictly open habitats in which species could circulate without any 

impediment (see Cowen et al. 2000). This was mostly due to the lack of obvious hard physical 

barriers, which would favour homogeneity and lack of structure in marine organisms (see Hauser & 

Carvalho 2008). However, there are a number of oceanographic and climatic factors, such as currents, 

oceanographic fronts, tides and intense storms, and historical changes that, despite being poorly 

understood, are known to affect the structuring of marine populations (Grosberg & Cunningham 2001). 

Additionally, at the biological level, factors such as local recruitment, larval transport potential, or 

reproductive strategies can have an intricate influence on a species population structure (Palumbi 

1994). At different spatial scales, structuring has been shown for a number of marine groups such as 

fishes (Magoulas et al. 1996; Ball et al. 2007; Coscia & Mariani 2011), molluscs (Pérez-Losada et al. 

2007; Sá-Pinto et al. 2010), crustaceans (Palero et al. 2011, Chow et al. 2011) algae (Andreakis et al. 

2004; Hu et al. 2011), sponges (Duran et al. 2004; Dailianis et al. 2010) and marine mammals 

(Garcia-Martinez et al. 1999; Bourret et al. 2007). In fact, panmixia in the marine realm is thought to be 

less frequent than previously expected, and many species are often seen, within their geographical 

range, as differentiated populations that can exchange larvae, recruits, juveniles, or adults to a certain 

extent. Levels of connectivity, dispersal ability, gene flow, and population structure, rely on the 

interaction of several biological and physical factors that have been widely addressed in many studies 

(Cowen et al. 2000; Palumbi 2003; Bell 2008; Cowen & Sponaugle 2009; Hellberg 2009). 

Nonetheless, ascertaining the influence of such processes in marine organisms is quite challenging 

and has been hindered by the difficulty of tracking the trajectory and fate of their dispersal units (e.g. 

larvae) (Weersing & Toonen 2009). For instance, there is the intuitive idea that a species potential to 

disperse is primarily determined by the length of its pelagic stage (e.g. Doherty et al. 1995, Bohonak 

1999; Kinlan et al. 2005). This long-standing hypothesis has been verified in many occasions (Shanks 

et al. 2003; Siegel et al. 2003), but exceptions to the rule have also been reported (Woodson & 

McManus 2007; Diehl et al. 2007). In fact, complex interactions between coastal geomorphology, 

ocean currents and species life history traits result in variable and complicated temporal and spatial 



	   14	  

patterns of larval dispersion and settlement (Cowen & Sponaugle 2009; see Barber et al. 2000). The 

prediction that increased pelagic larval duration would result in increased gene flow and, 

consequently, decreased levels of population genetic structure, has been therefore challenged, with 

connectivity patterns among populations being more intricate and complex than previously expected 

(Weersing & Toonen 2009). In addition, local adaptation to differing ecological conditions and strong 

selective pressures (Slatkin 1987) may promote geographic patterns of differentiation for a given 

species. For conservation purposes, it is vital that connectivity levels between marine populations are 

properly ascertained, to gain better knowledge on processes affecting genetic structuring and 

population dynamics (Cowen et al. 2006). The analysis of genetic structure is particularly important for 

species with ecological and commercial value, and there is now a growing interest by resource 

managers, policy makers, and academics on the applicability of such data to define marine protected 

areas. Genetic information will not only help to better assess marine biodiversity but will also 

contribute to manage fisheries more efficiently. 

The lesser slipper lobster Scyllarus arctus (Linnaeus, 1758) (Fig. S1, Appendix 2), also known as 

locust lobster, is commonly found in the Mediterranean and NE Atlantic in the infra- and circalittoral 

zones, mainly on rocky substrates with holes and hiding places, at depths from five to 50 m, but it can 

also be seen at greater depths (Pessani & Mura 2007). S. arctus is an endangered vulnerable species 

listed in the Annex III of the Bern Convention. Despite the small size of its adults, this species has 

been commercially fished in considerable amounts, and in some regions, stocks have been depleted 

and overfished (Santos et al. 1995; Fernández et al. 2010). Nevertheless, its economic importance is 

almost negligible compared to other palinurids, such as Jasus and Panulirus spp., which form 

important fully exploited fisheries (FAO 2009). As a result, S. arctus has been poorly studied and 

many aspects of its biology, ecology and genetics remain unknown. Scyllarid lobsters have a long-

lived planktonic phyllosoma larval phase that can potentially disperse over large distances (Booth et 

al. 2005). After 3-7 months in coastal or more distant waters (Pessani et al. 1999; Fernández et al. 

2010), phyllosomas metamorphose into the nisto (Sekiguchi et al. 2007). The nisto provides the link 

between the planktonic and benthic life-history phases in scyllarids. Consequently, larval dispersal is 

expected to play a major role in facilitating gene flow and determining population structure. However, 

the potential gene flow of a species is difficult to determine and may be highly variable among 
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locations (Almany et al. 2007). For example, Bell (2008) using microsatellite data showed that, within a 

relatively small spatial scale (~20km), gene flow was restricted between populations of the acorn 

barnacle Semibalanus balanoides, which is also known to have a long-lived planktonic larvae (4-6 

weeks) (Dufresne et al. 2002).  

Few studies have generated genetic data for S. arctus and those focused only on the taxonomic and 

phylogenetic relationships of the species (Patek & Oakley 2003; Palero et al. 2009; Porter et al. 2005; 

Bracken et al. 2009; Yang et al. 2012). These studies combined nuclear (18S, 28S, and H3) and 

mitochondrial (16S and COI) gene regions to test distinct evolutionary hypotheses and solve 

taxonomic disagreements in the group. Up to our knowledge, no study has used microsatellite DNA 

data to assess the population structure of S. arctus throughout its geographic distribution range. 

Indeed, such fast-evolving molecular markers can help to determine levels of population structure at 

several spatial scales. The high degree of length polymorphism and relatively easy scoring of 

microsatellites represent two major advantages for its application to genetic studies (Zane et al. 2002). 

Their high variability makes them very powerful genetic markers and they have proven to be extremely 

useful in ecological and evolutionary studies, genomic mapping, pedigree analysis and on inferring the 

genetic structure of populations (Jarne & Lagoda 1996). In this study, variation at ten microsatellite 

DNA loci will be investigated in five S. arctus populations sampled throughout the NE Atlantic, 

including the archipelago of the Azores and continental locations from the Iberian Peninsula. The 

Azores are separated from Iberia by ~1500km of open water, which includes three ocean current 

systems: the Portugal Current (PC), the Portugal Coastal Countercurrent (PCC) and the Azores 

current (AC) (Johnson & Stevens 2000; Mason et al. 2006). The spatial and temporal characteristics 

of such water masses may have an impact on the dispersive ability of S. arctus and presumably affect 

the structuring of its populations. For instance, Shaw et al. (1999), using microsatellite DNA markers 

for a highly mobile and migratory cephalopod (Logilo forbesi), detected extreme genetic differentiation 

between the Azorean population and those populations occupying the European shelf seas of the NE 

Atlantic. Such patterns of genetic structure highlight the importance and influence of hydrodynamic 

(current regimes) and hydrographic (water depth) factors as barriers to migration and gene flow 

among populations of marine taxa. However, for S. arctus, predictions are that genetic differentiation 

within and between continental and insular populations will be low due to the long duration of its 
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pelagic larvae, which can potentially cover larger distances and reach isolated areas such as oceanic 

islands. Based on the results of this study, the current genetic status of the slipper lobster S. arctus 

will be discussed and conservation recommendations will be proposed for this endangered species. 

Materials and methods 

Sampling, DNA extraction and microsatellite genotyping 

Samples of S. arctus were collected in five different locations from the NE Atlantic: Foz do Neiva 

(FZN), Vigo (VIG), Portimão (POR), and Sagres (SAG) in the Iberian Peninsula, and São Miguel island 

(SMI) from the archipelago of the Azores (Fig. 1). For most locations sample sizes were small due to 

difficulties in finding individuals. Specimens were collected by SCUBA only during spring and early 

summer (April-June), when S. arctus migrates to shallow waters (2-40m). Sampling was further 

aggravated by the paucity of individuals observed in most locations. This can be ultimately associated 

to overfishing or the nocturnal behaviour of S. artus. Sampling was performed mainly during daylight 

time, when specimens are sheltered. 

Tissue samples from pereiopods or antennae were collected and immediately preserved in 95% 

ethanol, and then stored at -20ºC until further use. Genomic DNA was extracted from muscle tissue 

using a standard salting-out protocol following treatment with proteinase K (Sambrook et al. 1989). 

High molecular weight DNA was isolated by isopropanol precipitation and visualized by gel 

Region N Location  N 

76 Foz do Neiva (FZN) 65 North Iberia (NPT) 

 Vigo (VIG) 10 

26 Portimão (POR) 14 South Iberia (SPT) 

 Sagres (SAG) 12 

Azores (AZO) 19 São Miguel (SMI) 19 

    

 Total 121  

Figure 1. Left: Map showing the distribution of locations sampled for Scyllarus arctus along the NE Atlantic; Right: number 

of individuals sampled in each location and region. 
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electrophoresis. Microsatellite alleles were amplified in three different multiplex polymerase chain 

reactions using ten primers pairs (Table 1) previously described in Chapter 2. Groups were made 

according to annealing temperatures, expected allele sizes, and by avoiding the potential formation of 

primer-dimers and hairpin structures, as indicated in AUTODIMER (Vallone & Butler 2004). Forward 

primers were fluorescently labelled with NED, VIC, PET, or 6FAM (Applied Biosystems, CA). PCR 

reactions were performed on a DNA Engine Dyad® Peltier Thermal Cycler (Bio-Rad Laboratories) in a 

10 μL solution, using 20–50ng of template DNA, 5μL of 0.5× Qiagen Multiplex PCR Kit and variable 

concentrations of primer pairs and fluorescent dyes (according to prior optimization of multiplex 

reactions). The reaction profile was as follow: initial denaturation at 95°C for 15 min followed by 9 

cycles of denaturation at 95°C for 30 s, 60 s annealing at 62°C where the annealing temperature is 

lowered by 0.5°C with each consecutive cycle, and 1 min elongation at 72°C; 27 cycles of denaturation 

at 95ºC for 30 s, annealing at 58ºC for 45 s, and extension at 72ºC for 40 s; 8 cycles at 95ºC for 30 s, 

53ºC for 45 s, 72ºC for 40 s, and a final extension at 60ºC for 30 min. Labelled PCR amplicons were 

resuspended in 10 μL Hi-DiTM  formamide and their sizes were determined using a 3730 (Applied 

Biosystems) automated DNA sequencer, with GeneScan 500LIZ® as an internal size standard. Allelic 

sizes were determined with GENEMAPPERTM v.4.2 software (Applied Biosystems). A total of 121 

samples  were  genotyped  of  which  seven  individuals were removed. These either did not amplify  

Table 1. Summary of the ten microsatellite loci and 3 multiplex reactions used for Scyllarus arctus samples. 

Locus Repeat Motif Primer Sequence (5ʼ-3ʼ) N Multiplex Fluorescent dye GenBank 
Accession nº 

Arc1 (AC)11 F: CGATGCACAGGATGTACGTATG 105 PLEX_1 NED ×××××××× 
  R: TACCTCAAAAGACTGCGTCC     
Arc3 (GT)14 F: GGATGGGTTCGTACAATGGG 76  PET ×××××××× 
  R: AGCCTAACACCGCTAACTCC     
Arc5 (TG)11 F: GGGAATAACGTGAGATTCAATAACG 93  VIC ×××××××× 
  R: TGGCTCAAAAGATGCACACTC     
Arc15 (TCAT)9 F: TCGTGCTGTAGGGATGTACC 93  FAM ×××××××× 
  R: AGTGAGCTTGGATATTGGATTAGG     
Arc2 (CT)13 F: GACAGGACACGCCCAAAAAG 95 PLEX_2 NED ×××××××× 
  R: CTGGGAAGACTGGGAAGGTC     
Arc21 (TAG)7 F: AATACCTCGCACGCTTGTTC 108  PET ×××××××× 
  R: TCCTCACCAACTGCATCACC     
Arc10 (AC)22 F: GCCTACACCAGCATCAAAGC 110 PLEX_3 NED ×××××××× 
  R: GAGCAGCACTGCATCGCC     
Arc11 (ACT)15 F: GGCAGATAAGCGGAAACCTG 112  PET ×××××××× 
  R: TGCGTGGAGTAGGGAAAGAG     
Arc22 (AGT)12 F: TGCACAATAGTCCCTCCCAC 114  VIC ×××××××× 
  R: ATTGGGACCACCACCACTAC     
Arc23 (AC)14 F: CCATCCTAAAAGAAAAAGCACGG 113  FAM ×××××××× 

  R: GAAAGTGTGTTCCTCACCGC     

F = forward primer sequence; R = reverse primer sequence; N = number of individuals genotyped 
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for the selected markers or produced band patterns completely different from those expected. MICRO-

CHECKER v.2.2.3 (Van Oosterhout et al. 2004) was used to test for large allele dropout and scoring 

errors due to stuttering. Frequencies of null alleles were estimated for each sample and locus by the 

expectation maximization algorithm (Dempster et al. 1977) implemented in FREENA (Chapuis & 

Estoup 2007). 

Estimates of genetic diversity 

Allele frequencies, observed (HO) and expected (HE) heterozygosity were estimated in GENALEX 

v.6.4.1 (Peakall & Smouse 2006). Deviations from the Hardy–Weinberg equilibrium (HWE) and linkage 

disequilibrium were tested for each locus-population combination using GENEPOP v.4.1 (Raymond & 

Rousset 1995) and 10.000 iterations, following the algorithm of Guo & Thompson (1992). Single and 

multilocus inbreeding coefficients FIS (Weir & Cockerham 1984) were calculated using GENETIX 

v.4.05 (Belkhir et al. 1996-2004). Allelic richness [Ar(g)] and private allelic richness [Ap(g)] were 

estimated following a rarefaction method (Petit et al. 1998) implemented in ADZE v.1.0 (Szpiech et al. 

2008) that is not dependent on the sample size. g represents the minimum number of genes observed 

at one locus in one of the samples. All these calculations were done for g = 4 (Arc3 for VIG). 

Population differentiation and Model-based clustering 

Genotypic differentiation between samples was tested using an exact test based on the Markov chain 

algorithm (Guo & Thompson 1992) using default parameters in GENEPOP. To observe the distribution 

of genetic variation in a multi-dimensional format, allele frequency data were subjected to factorial 

correspondence analysis (FCA) as implemented in GENETIX. FCA allows for a graphical display of 

the genetic similarity among samples in a multi-dimensional graphical space. Independent axes are 

derived and ranked according to how much variance they explain. The advantage of factorial analysis 

is that it does not make assumptions about the underlying genetic model and no pre-defined 

population structure is needed (Jombart et al. 2009). A neighbour-joining (NJ) dendrogram based on 

the pairwise Nei (Da) genetic distances (Nei et al. 1983) was constructed in POPULATIONS v.1.2.32 

(Langella 1999). Tree confidence was assessed by bootstrap analysis (1000 replicates). NJ trees 

were visualized using FIGTREE v.1.3.1 (Rambaut 2009). 

Pairwise FST estimates among populations were calculated using FSTAT v.2.9.3 (Goudet 1995) and 
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departures of FST from the null hypothesis of panmixia were evaluated via a permutation test (1000 

iterations). The effect of null alleles in FST estimates was assessed by comparing FST before and after 

correction for null alleles using the ENA method implemented in FREENA (Chapuis & Estoup 2007). 

Recently, it has been argued that the FST (and its relatives such as GST) estimator might not be 

accurate at describing genetic differentiation between subpopulations (Meirmans 2006; Kronholm et 

al. 2010; Meirmans & Hedrick 2011; Leng & Zhang 2011). Its negative dependence on within-group 

heterozygosity causes estimates to tend to zero when diversity is very high (Hedrick 2005). A new 

measure of genetic differentiation Dest was then proposed by Jost (2008) and may prove to be more 

useful. Dest seems to more accurately account for differences in allelic diversity, especially for highly 

polymorphic markers such as microsatellites (Jost 2008). Even so, FST estimators continue to be a 

valuable tool for exploring the magnitude of gene flow among populations (Weersing & Toonen 2009). 

Jostʼs D was calculated in R v.2.14.1 software (R Development Core Team 2011) with the package 

DEMETICS v.0.8.4 (Gerlach et al. 2010), which uses a bootstrap method (1000 bootstrap repeats) to 

estimate P-values. Additionally, the RST estimator in RSTCALC v.2.2 (Goodman 1997), which 

implements the stepwise mutation model, characteristic of microsatellite loci, was also calculated. 

Significant departures from zero for RST were tested using permutation tests contained within the 

software package. For all analyses involving multiple tests, significance levels were adjusted by the 

sequential Bonferroni correction method (Rice 1989). 

Population structure was also investigated throughout an analysis of molecular variance (AMOVA) 

implemented in ARLEQUIN v.3.5.1.3 (Excoffier & Lischer 2010). The AMOVA was used to partition the 

total molecular variance into covariance components due to differences within populations, among 

populations within geographic regions and among geographic regions. Two comparisons were 

performed: differentiation among all regions (AZO vs. NTP vs. SPT) and differentiation between 

oceanic islands (AZO) and mainland (NTP+STP) (see Fig. 1 for codes). 

The model-based approach implemented in STRUCTURE v.2.3.3 (Pritchard et al. 2000) was used to 

assign individuals to genetic clusters and identify the most likely number of populations (K). 

Assignment is conducted in ways that minimize deviations from Hardy–Weinberg and linkage 

equilibrium within each cluster. No particular population structure was assumed a priori and ten 

independent runs were carried out for each value of K (1-5). Length of the burn-in period was set to 
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1×105 followed by 5×105 Markov-chain Monte Carlo (MCMC) iterations. Correlated allele frequencies 

and admixed populations were assumed. To account for differences between runs, the individual runs 

for each putative cluster were permuted and averaged using CLUMPP v.1.1.2 (Jakobsson & 

Rosenberg 2007) and then visualized in DISTRUCT v.1.1 (Rosenberg 2004). The most likely value for 

K was selected based on the posterior probability of the data for a given K (Pritchard et al. 2000), and 

as indicated by the ΔK method (Evanno et al. 2005) implemented in STRUCTURE HARVESTER 

v.0.6.92 (Earl & vonHoldt 2011).  

In addition, a discriminant analysis of principal components (DAPC) was performed to identify and 

describe clusters of genetically related individuals (Jombart et al. 2010). DAPC has been shown to 

perform generally better than STRUCTURE at characterizing population subdivision (Jombart et al. 

2010). DAPC is a multivariate analysis that integrates principal component analysis (PCA) together 

with discriminant analysis to summarize genetic differentiation between groups. DAPC is free of 

assumptions about Hardy-Weinberg equilibrium or linkage disequilibrium and provides graphical 

representation of divergence among populations. DAPC was performed using the ADEGENET 

package (Jombart 2008) for the R v.2.14.1 software (R Development Core Team 2011). 

Bottleneck detection and recent migration rates among populations 

The heterozygosity excess method (Luikart et al. 1998) implemented in BOTTLENECK v.1.2.02 (Piry 

et al. 1999) was used to investigate the occurrence of recent genetic bottlenecks in S. arctus for each 

location. Excess of heterozygotes is expected in populations that have experienced a significant 

reduction in size because the number of alleles decreases faster than the heterozygosity due to a 

rapid loss of rare alleles (Cornuet & Luikart 1996). Thus, after a recent bottleneck event heterozygosity 

will be higher than expected under the assumption of a constant size population (Luikart et al. 1998). 

The software was run assuming all mutation models: an infinite alleles model (IAM), a stepwise 

mutation model (SMM), and a two-phase model (TPM), which incorporates elements of the IAM and 

SMM model. Still, the TPM model is thought to be the most appropriate model for microsatellites (Di 

Rienzo et al. 1994; Piry et al. 1999) and was used with the proportion of SMM set to 70% and a default 

variance of 30 among multiple steps. For each of the mutational models, the heterozygosity of each 

locus expected under mutation-drift equilibrium (Heq) given the observed number of alleles was 
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determined using 10 000 simulations. Such values were then compared against the observed 

heterozygosity (He) to establish whether there is a heterozygosity excess or a deficit at any given 

locus. Statistical significance was determined using the Wilcoxon sign-rank tests. Significance levels 

were adjusted for multiple tests using the sequential Bonferroni correction. 

Rates of recent migration among populations, as well as its direction, were estimated using the 

Bayesian multilocus genotyping procedure implemented in BAYESASS v.1.3. (Wilson & Rannala 

2003). This method relies on a Markov chain Monte Carlo (MCMC) algorithm and requires fewer 

assumptions for assigning individual genotypes to populations of origin and, in particular, relaxes the 

key assumption of Hardy-Weinberg equilibrium (HWE) within populations. BAYESASS calculates 

separate inbreeding coefficients for each population, the joint probabilities of which are used to 

estimate recent migration rates. Samples with small number of individuals were not included in the 

analysis (VIG with n=9), as it has been shown that such numbers are too low to allow reliable 

estimates of migration rates (Wilson & Rannala 2003; Faubet et al. 2007). According to Wilson & 

Rannala (2003) the most accurate results are obtained when the number of proposed changes for the 

parameters allele frequency (P), migration (m), and inbreeding (F) fall into 40 to 60% of the total chain 

length. A series of preliminary runs were performed with distinct combinations of delta values (i.e. 

maximum parameter change per iteration of the MCMC) for the mixing parameters P, m and F. A total 

of 3×106 iterations were run, discarding the first 106 iterations as burn-in, with a sampling frequency of 

2000 iterations. All runs failed to yield an average number of changes in the accepted range for all 

mixing parameters simultaneously. For instance, the acceptance rate for inbreeding coefficients (F) 

was systematically high (> 75%). Under such conditions the MCMC chain does not mix well, often 

proposing values very near to the current value (which are accepted) and failing to adequately explore 

the parameter space (Wilson & Rannala 2003). Therefore, BAYESASS migration rates between S. 

arctus populations must be interpreted with caution. 

Results 

A total of 121 specimens were collected from selected locations, from which seven failed to amplify or 

produced band patterns completely different from those expected. Therefore, allelic frequencies were 

determined per locus and populations for 114 specimens (Table S1, Appendix 2). Unsuccessful PCR 
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amplifications were relatively high in some loci, with values of up to ~77% for locus Arc3 in VIG (Table 

S2: A, Appendix 2). In fact, this locus had the highest percentage of unsuccessful amplifications 

across all populations (33.3%). Overall, microsatellite loci were highly polymorphic and the number of 

detected alleles per locus across all locations ranged from eight to 31 (Table 2). Mean expected 

heterozygosity (HE) was 0.855, ranging from 0.564 to 0.952 (for Arc1 and Arc10, respectively). Mean 

observed heterozygosity (HO) was low (0.679). Five of the ten loci (Arc1, Arc3, Arc5, Arc15 and Arc23) 

showed considerable lower values of HO than expected and allelic richness and private allelic richness 

did no vary much between locations (Table 2). No linkage disequilibrium between loci was observed in 

any of the populations; thus, the ten loci were considered statistically independent. When tested for 

Hardy–Weinberg equilibrium within populations (HWE), a deviation from HWE due to heterozygote 

deficiency was observed in all sampling locations, except for POR. Single-locus tests revealed 

deviations in FZN (loci Arc1, Arc3, Arc15 and Arc23), VIG (Arc15), SAG (Arc15) and SMI (Arc1, Arc3, 

Arc10 and Arc15) (Table S3, Appendix 2). Probable causes for such deficit are non-random mating, 

population subdivision (the Wahlund effect) or the presence of null alleles (Allendorf & Luikart 2007). 

In this case, all loci causing departures from HWE showed signs of null alleles as indicated by MICRO-

CHECKER (Table S2: B, Appendix 2). In fact, excess of homozygotes due to the presence of null 

alleles is frequent in microsatellite loci (e.g. Hedgecock et al. 2004; Peijnenburg et al. 2006; Polato et 

al. 2010; Lawton et al. 2011) and may lead to overestimation of genetic differentiation statistics. Null 

alleles appear when one allele fails to amplify because of mutations in the sequence where primers 

were designed (Callen et al. 1993), or due to technical problems associated with amplification and 

scoring. Loci with null alleles were found to have a minimal effect on FST estimation, so they were not 

excluded or corrected for the presence of null alleles in further analyses. For example, the overall 

corrected FST was 0.011 (CI: 0.000–0.025), while the uncorrected FST estimate was 0.011 (CI: 0.001–

0.025) (Table S4, Appendix 2).  

Table 2. Genetic variation in five samples of Scyllarus arctus for ten microsatellite loci. 

 FZN VIG POR SAG SMI Total 

N 65 9 11 12 17 114 
Arc1       

HO 0.233 0.111 0.667 0.500 0.214 0.345 
HE 0.609 0.307 0.641 0.689 0.571 0.564 
FIS 0.619 0.652 -0.007 0.236 0.634 0.507 
Na 8 3 6 4 6 8 
Ar(4) 2.9 1.6 2.4 2.6 2.3  
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Ap(4) 0.2 0.3 0.4 0.3 0.4  
Arc2       

HO 0.852 0.875 1.000 0.778 1.000 0.901 
HE 0.933 0.958 0.875 0.954 0.950 0.934 
FIS 0.088 0.093 -0.183 0.168 -0.055 0.055 
Na 22 11 8 12 17 22 
Ar(4) 3.6 3.8 3.2 3.7 3.7  
Ap(4) 1.4 1.6 1.1 1.6 1.6  

Arc3       
HO 0.468 0.000 0.700 0.000 0.500 0.334 
HE 0.954 0.667 0.968 0.800 0.944 0.867 
FIS 0.512 1.000 0.324 0.750 0.480 0.507 
Na 27 2 14 3 15 31 
Ar(4) 3.7 2.0 3.8 3.4 3.7  
Ap(4) 2.5 0.9 2.3 1.5 2.1  

Arc5       
HO 0.875 0.800 0.909 1.000 0.688 0.854 
HE 0.948 0.911 0.939 0.924 0.917 0.928 
FIS 0.081 0.135 -0.065 0.089 0.257 0.098 
Na 29 7 13 8 12 31 
Ar(4) 3.7 3.5 3.7 3.6 3.5  
Ap(4) 1.7 1.7 1.7 1.4 1.7  

Arc10       
HO 0.908 1.000 1.000 1.000 0.733 0.928 
HE 0.953 0.974 0.924 0.941 0.970 0.952 
FIS 0.047 -0.029 -0.084 -0.059 0.251 0.048 
Na 26 14 12 12 19 31 
Ar(4) 3.7 3.8 3.6 3.7 3.8  
Ap(4) 1.9 2.0 1.6 1.6 2.1  

Arc11       
HO 0.841 0.778 1.000 0.364 0.765 0.749 
HE 0.838 0.863 0.848 0.810 0.799 0.831 
FIS -0.004 0.104 -0.170 0.500 0.044 0.048 
Na 12 7 9 6 10 12 
Ar(4) 3.2 3.2 3.3 3.0 3.0  
Ap(4) 0.5 0.7 0.9 0.4 0.5  

Arc15       
HO 0.308 0.125 0.636 0.222 0.231 0.304 
HE 0.890 0.808 0.918 0.824 0.926 0.873 
FIS 0.657 0.854 0.236 0.775 0.758 0.654 
Na 20 6 11 7 10 24 
Ar(4) 3.4 3.0 3.5 3.2 3.6  
Ap(4) 1.2 1.1 1.2 1.3 1.6  

Arc21       
HO 0.794 0.625 0.900 0.900 0.765 0.797 
HE 0.877 0.892 0.874 0.747 0.877 0.853 
FIS 0.095 0.314 -0.024 -0.220 0.132 0.228 
Na 22 9 8 7 11 26 
Ar(4) 3.4 3.4 3.3 2.8 3.3  
Ap(4) 1.5 1.3 1.3 1.0 1.5  

Arc22       
HO 0.862 0.889 0.667 0.909 0.941 0.853 
HE 0.916 0.908 0.888 0.913 0.927 0.911 
FIS 0.060 0.023 0.278 0.008 -0.016 0.231 
Na 18 10 10 12 14 24 
Ar(4) 3.5 3.5 3.3 3.6 3.6  
Ap(4) 1.2 1.1 0.8 1.3 1.3  

Arc23       
HO 0.672 0.667 0.833 0.727 0.706 0.721 
HE 0.796 0.817 0.859 0.840 0.891 0.841 
FIS 0.157 0.193 0.070 0.235 0.213 0.220 
Na 13 7 9 8 12 18 
Ar(4) 3.0 3.1 3.2 3.3 3.4  
Ap(4) 0.5 0.6 0.8 0.8 1.2  

Multilocus       
Mean HO 0.681 0.587 0.844 0.656 0.654 0.679 
Mean HE 0.871 0.811 0.868 0.864 0.877 0.855 
FIS 0.220 0.314 0.030 0.256 0.261 0.213 
Mean Ar(4) 3.4 3.1 3.3 3.3 3.4  



	   24	  

Mean Ap(4) 1.3 1.1 1.2 1.1 1.4  

N = number of samples; HO = observed heterozygosity; HE = expected heterozygosity; FIS = 
inbreeding coefficient; Na = number of alleles; Ar(g) = allelic richness (g accounts for the maximum 
standardized sample size i.e. twice the number of genotypes); Ap(g) = private allelic richness; 
significant departure from HWE after sequential Bonferroni correction are indicated in bold; (see 
Figure 1 for codes). 

Population differentiation and Model-based clustering 

Global exact tests of population differentiation implemented in GENEPOP showed significant 

differences for the distribution of genotypes between populations, and distinguished FZN samples 

from POR and SAG, VIG from SAG, and SAG from SMI (P < 0.003) (Table S5: A, Appendix 2). 

Individual tests showed that only locus Arc21 yielded significant estimates, and therefore was 

accountable for the described differences (Table S5, Appendix 2). The factorial correspondence 

analysis (FCA) conducted on the data was unable to clearly discriminate any of the populations. The 

FCA showed substantial overlapping among all individuals/ populations and its explanatory axes were 

not very informative (Fig. S2, Appendix 2). The neighbour-joining (NJ) tree showed higher support for 

the relationship between POR and SAG populations, with a bootstrap value of 99% for 1000 iterations 

(Fig. 2). Additionally, the NJ tree indicated some level of clustering between VIG and the cluster FZN 

and SMI (both with bootstrap values of 77%). 

	  

Figure 2. Neighbor-joining tree based on the modified Da genetic distance estimate of Nei et al. (1983). Bootstrap values are 

indicated for all nodes (see Figure 1 for codes). 

Overall multilocus values for FST and Dest were significant (FST = 0.011 and Dest = 0.155; P < 0.001), 

although no loci other than Arc21 showed significant differences after sequential Bonferroni 
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adjustment (Table S4, Appendix 2). Global and single locus RST values did not yield any significant 

estimates. Pairwise values using all indexes were very low and only significant for Dest estimates 

involving comparisons between populations FZN and POR, and VIG and POR (i.e. higher genetic 

differentiation) (Table 3). 

Table 3. (A) Pairwise estimates of FST (above diagonal) and RST (below diagonal) and (B) pairwise estimates of Jostʼs Dest 

(above diagonal) and 95% CI (below diagonal), across ten microsatellite loci between all sampled locations for Scyllarus arctus. 

*Significant deviation at P < 0.05; Significant values after sequential Bonferroni correction (P < 0.005) are indicated in bold. (see 

Figure 1 for codes) 

A.      

 FZN VIG POR SAG SMI 

FZN  0.019* 0.017* 0.018* 0.000 

VIG 0.000  0.024* 0.022 0.000 

POR 0.063 0.062  0.000 0.010 

SAG 0.043 0.030 0.012  0.023* 

SMI 0.003 0.000 0.045 0.018  
 

B.      

 FZN VIG POR SAG SMI 

FZN  0.139 0.177 0.156* 0.040 

VIG (0.075-0.280)  0.218 0.117 0.033 

POR (0.123-0.288) (0.132-0.382)  0.030 0.161* 

SAG (0.116-0.308) (0.064-0.339)   0.215* 

SMI (0.000-0.141) (0.000-0.216) (0.090-0.301) (0.169-0.384)  

The partitioning of genetic variance among geographic regions (NPT, SPT and AZO) revealed that the 

largest proportion of variability (98.1%) was explained by genetic variation within populations. Only 

2.1% of the variation was distributed among populations within regions, and regions were not 

differentiated (Table 4). Statistical significance was only detected for variation within populations (P < 

0.000). Similar results were obtained when comparisons were made between oceanic islands (AZO) 

and the mainland (NPT and SPT). Variability was not explained by differences among regions, and 

significance was only detected for differences among populations within regions and within 

populations (Table 4). Despite its significance, only 2.51% of the total variation was attributed to 

differences among populations within groups (NPT vs. SPT), and genetic variation was mostly 

distributed within populations (98.9%). The genetic structure detected by population-based FST and 

RST analyses are mirrored in the AMOVA. When addressing all regions independently, there is no 

indication of differentiation between populations within regions, suggesting that all populations are 

genetically homogenous. In the second AMOVA test performed, very little genetic variation was 
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attributed to differences between the two mainland populations of S. arctus (NPT vs. SPT), suggesting 

that they are in fact genetically similar. 

Table 4. Hierarchical Analysis of Molecular Variance (AMOVA) for all regions independently (1), and for mainland vs. islands (2) 

Significant P-values are iindicated n bold. (see Figure 1 for codes). 

Source of variation Variation (%) F-statistic  P-value 

1. All regions (NPT vs SPT vs AZO)    

Among regions -0.16 FCT: 0.000 P = 0.392 
Among populations within regions 2.07 FSC: 0.020 P = 0.079 
Within populations 98.14 FST: 0.019 P < 0.000 

2. Islands vs. Mainland (AZO vs NPT+SPT)    

Among regions -1.46 FCT: -0.015 P = 0.935 
Among populations within regions 2.51 FSC: 0.025 P < 0.001 
Within populations 98.94 FST: 0.011 P < 0.000 

STRUCTURE did not reveal any differentiation between populations of S. arctus, hence supporting the 

hypothesis of panmixia in this species. The failure to identify a meaningful pattern of structure is 

largely a result of the very low levels of differentiation observed. In fact, these methods have been 

shown to be less effective when FST values are low (Latch et al. 2006). In this case, the most likely 

number of clusters was K = 1, with higher values of K returning lower likelihoods (Fig. 3). The 

proportional membership to each of the five populations did not vary consistently across individuals 

indicating that all individuals are from a single panmictic population (Fig.  S3, Appendix 2). The ad hoc 

statistic ΔK analysis could not be applied, as ΔK cannot find the best K if K = 1 (Evanno et al. 2005). 

Similarly, DAPC using known group priors failed to detect any structure in the data (Fig.  S4 and Fig.  

S5, Appendix 2). To perform a DAPC, data is first transformed using PCA, and then a DA is performed 

using the retained principal components (PCs). In order to retain a sufficient amount of information, a 

total of 70 PCs were retained (these would explain more than 90% of the total variation). However, in 

DACP, retaining too many components with respect to the number of individuals (N=114) in the 

analysis can lead to over-fitting of the discriminant functions provided by the method. This bias can 

result in apparent perfect discrimination of any given set of clusters. The number of PCs to retain 

should be lower than N/3, but high enough to avoid losing too much information. In this PCA step of 

DAPC the a-score was applied to serve as a criterion for choosing the optimal number of PCs. A total 

of 20 PCs were retained but these could only explain half of the total variance. Altogether, the DAPC 

analysis did not retrieve any structure in the data, and point out to admixture and panmixia in the S. 

arctus populations (Fig.  S4 and Fig.  S5, Appendix 2).  
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Figure 3. Bayesian assignment of S. arctus samples. The graph indicates the mean posterior probability (Ln P(X|K)) and 

standard deviation (error bars) over ten runs for each of the K genetic clusters (K [1, 5]). Maximal value of Ln P(X|K) = -5277.4.1 

for K=1. 

Bottleneck detection and recent migration rates among regions 

The results from BOTTLENECK suggested no evidence of recent bottleneck in any of the S. arctus 

populations (Table S6, Appendix 2). None of the models tested were significant after sequential 

Bonferroni adjustment, and the approximately L-shape distribution of allele proportions confirmed this 

trend (as expected under mutation-drift equilibrium). Except for VIG, all populations provided sufficient 

sample size. The Bayesian approach (BAYESASS) for estimating the current number of migrants did 

not yield informative results because there was not enough information and accuracy in the data given 

the relatively low FST (Faubet et al. 2007) (Table S8, Appendix 2). When genetic differentiation 

between populations is low (FST < 0.05) and the demographic history of the species does not fit the 

assumptions of the inference model, then BAYESASS can give fairly inaccurate estimates of migration 

rates. When violating the assumptions, accurate estimates for m are only obtained if migration rates 

are very low (m = 0.01) and genetic differentiation is high (FST > 0.10) (Wilson & Rannala 2003; Faubet 

et al. 2007). Moreover, the inability to assign individuals with statistical rigor to their source population, 

which in turn is correlated to the degree of genetic divergence among source populations, will bias the 

precision of the estimation (Palsbøll et al. 2010). Given the lack of genetic differentiation between 

populations of S. arctus and its potentially highly dispersive larvae, it seems reasonably to conclude 

that S. artcus demographic history violates several assumptions of the method.  

Discussion 

It is recognized that understanding the population structure of a commercially important species has 
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become a vital aspect in management and conservation plans. Many of the human exploited species 

in the marine realm, such as lobsters, are distributed over large geographical areas and can be 

subjected to exploitation in many countries set apart in the same general region. As such, it becomes 

important to distinguish stocks within the same population and populations within the same 

metapopulation. In the last decades, genetic studies have become a tool of excellence in addressing 

such questions, and have provided important insights into fisheries management and preservation of 

marine populations (Gonzalez et al. 2008; Ledoux et al. 2010; Coscia & Marianni 2011). In recent 

years, due to its high economical value and overexploited status, many marine lobsters have been the 

focus of several population genetic studies (Ovenden et al. 1992; Silberman et al. 1994; Stamatis et al. 

2004; Palero et al. 2008; Follesa et al. 2009; Pampoulie et al. 2011). These were mostly centred on 

the more valuable palinurid species (e.g. the spiny lobsters Palinurus elephas and Panulirus argus; 

and the rock lobster Jasus edwardsii), whereas less attention has been given to scyllarid lobsters. This 

study provides the very first insights into the genetic population structure of the slipper lobster S. 

arctus in the NE Atlantic. 

The levels of variability estimated in S. arctus were globally high and comparable to those obtained for 

other marine invertebrate species, such as gastropods (Weetman et al. 2006; Gruenthal & Burton 

2008; Pérez et al. 2008), sea urchins (Addison & Hart 2004), starfish (Zulliger et al. 2009), barnacles 

(Dufresne et al. 2002; Robson et al. 2009), and other crustaceans (Ben-Horin et al. 2009; Pascoal et 

al. 2009). High population genetic diversity is typically associated with ecological success, and may 

reflect larger evolutionarily effective population sizes (Hansson & Westerberg 2002). Additionally, high 

levels of admixture may suggest that larval dispersal between populations provide sufficient 

recruitment for sustainable populations, enhancing genetic diversity and species persistence on an 

evolutionary scale. Even so, the attempt to interpret the genetic diversity of one particular species can 

be complicated as it may be the product of multiple factors (see Bazin et al. 2006).  

Genetic differentiation in S. arctus as expressed by pairwise multilocus values of FST and RST between 

populations was almost zero and not significant. Dest values were substantially higher and significant 

only for comparisons involving POR and FZN or VIG (Table 3). A closer look into Dest values might 

indicate a slight difference between North (NPT) and South (SPT) mainland populations of S. arctus. 

This is also suggested by the significant signal (P < 0.001) in the AMOVA analysis between the 
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islands and mainland (Table 4). However, the variance explained by differences between both 

mainland populations was very little (2.5% of the total variation), an apparent indication of genetic 

homogeneity between those populations. A putative cause for such signals of differentiation can be 

attributed to the influence of differences found in locus Arc21. Both genetic differentiation tests 

implemented in GENEPOP and the Dest estimator indicated that locus Arc21 is able to identify some 

level of structuring in S. arctus  (Table S4 and Table S5; Appendix 2). Results for this locus seem to 

suggest that south populations (POR and SAG) have limited gene flow with the north populations 

(FZN and VIG), and that the Azorean sample (SMI) cluster together in the last group (also shown by 

the NJ analysis). Such observation might imply that Arc21, or a closely linked locus, is being subject to 

some sort of divergent selection. Evidence for microsatellite hitch-hiking selection is not that 

uncommon (see Nielsen et al. 2006, 2009; Larsson et al. 2007) and caution must be taken when 

attempting to establish relationships among populations based on such outlier loci. Although local 

adaptive divergence processes cannot be ruled out for this locus, none of the other eight loci exhibited 

such intricate pattern, and they all indicated genetic homogeneity between populations. This is also 

confirmed by the STRUCTURE and DAPC analyses. In fact, Bayesian clustering revealed one 

supported panmictic population, which indicates extensive admixture in S. arctus. Hence, despite 

small inconclusive signals of differentiation that can also arise when interpreting very low genetic 

differentiation in marine organisms (see Waples 1998), the overall results indicate panmixia in S. 

arctus. This confirms that high levels of population connectivity and gene flow are occurring in the 

slipper lobster S. arctus from the NE Atlantic. The maintenance of genetic homogeneity in this species 

is most likely a result of the high dispersive capacity of its planktonic larvae. Phyllosomas spend more 

than three months in the water column going through several development stages (Sekiguchi et al. 

2007). During this phase, it is thought that larval behaviour can play an important role in controlling 

dispersion, while taking advantage of ocean currents (Booth et al. 2005). For instance, the capacity of 

vertical movement, triggered by positive or negative phototactic responses, enables larvae to occupy 

particularly favourable strata in the water column (see Butler IV et al. 2011). By changing their vertical 

position, phyllosoma larvae can avoid/select the strength of most flow fields and take advantage of 

distinct water flow speeds and directions (Minami et al. 2001; Woodson & McManus 2007; Paris et al. 

2007). Moreover, several scyllarid genera have been observed to be associated with gelatinous 
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zooplankton (e.g. medusae), which may provide an additional indirect way of exploiting water 

movement (Booth et al. 2005). 

Despite the relatively long distance that separates the Azores from the mainland and the 

predominantly eastward flow of oceanic surface currents and wind patterns (Mason et al. 2006), larval 

behaviour associated with specific hydrographic patterns facilitate a high connectivity between 

populations. A similar dispersion pattern leading to weak structuring was described in the crab Maja 

brachydactyla between populations from the Canary islands and the Atlantic European coasts (Sotelo 

et al. 2008). 

The absence of genetic structuring in S. arctus suggests a substantial capacity for locally exploited 

populations to recover from declines through the dispersal of individuals from other nearby 

populations. In fact, intensive exploitation of S. arctus is not a standard practice throughout its 

geographic distribution, and in many regions, individuals have no commercial value or use, and are 

only a product of by-catch in other fisheries (Holthuis 1991). This allows exploited populations to be 

maintained at reasonable numbers from phyllosoma larvae produced in more distant populations. 

Nonetheless, and despite some local regulations, the slipper lobster S. arctus has become very rare in 

some coastal areas of the Mediterranean (Lloret & Riera 2008); similarly, over-exploited populations 

have also been described in the archipelago of the Azores (Santos et al. 1995) and in Galicia NW 

Spain (Férnandez et al. 2010). Under the neutral theory of molecular evolution, the reduced size of 

such populations would imply lower levels of diversity, which is a result not observed in the current 

study. Despite the collapsed status of S. arctus populations in the Azores (SMI) and Galicia (VIG), 

there was no evidence of a severe genetic bottleneck for any of the populations studied, and genetic 

diversity was found to be high in all analysed microsatellites. This incongruence is not uncommon in 

marine species (Sotelo et al. 2008; Chapman et al. 2011; Palero et al. 2011), and highlights the variety 

of processes that may affect genetic diversity besides population sizes (see Amos & Harwood 1998). 

Whereas exploited populations may still be large enough to prevent a genetic bottleneck, genetic 

diversity in S. arctus is most likely maintained by high levels of gene flow from neighbouring or more 

distant populations. Despite localized intensive overfishing, general features of the life history and 

reproductive behaviour of S. arctus such as high fertility and long duration of its planktonic larvae, may 

contribute to maintain its genetic diversity. Nonetheless, the reduced number of stocks reported in 
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some regions ranks S. arctus as a vulnerable or endangered species, and advocate for more effective 

and adequate regulatory measures in its conservation. Because populations of S. arctus are found to 

be panmictic, all management and conservation efforts must be coordinated at the transnational level, 

as over-exploitation in one region will negatively affect the metapopulation and will decrease 

recruitment across the whole distributional range. 

In the future, it will be interesting to test if S. artus is panmictic throughout its entire geographic 

distribution, and if there is any structure across the Atlantic–Mediterranean transition, as reported for 

other marine species (see Patarnello et al. 2007). To better understand the genetic diversity and 

population dynamics of such endangered species, future studies should also integrate DNA sequence-

-based measures of genetic diversity. 
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Chapter 4. 

 

Panmixia over NE Atlantic and W Mediterranean for the endangered 

large slipper lobster Scyllarides latus 

 

Abstract 

In the marine realm, it is important to understand the connectivity and population dynamics of 

commercially exploited species, and use such information to promote better sustainable fishing 

practices. The large slipper lobster Scyllarides latus is a highly commercially valuable marine 

crustacean and has been over-exploited in many areas throughout its entire distribution range. Here, 

we report the first molecular population genetics study of S. latus based on nine nuclear microsatellite 

loci. A total of 156 specimens of S. latus were collected in two locations from the Western 

Mediterranean and 13 locations from the NE Atlantic, including the Macaronesian archipelagos of 

Azores, Canary Islands and Cape Verde. Maximum numbers of alleles per locus ranged from four to 

14, and observed heterozygosities per locus ranged from 0.143 to 0.795 (overall mean: 0.539 ± 0.087 

SE). Pairwise estimates of FST, RST and Dest were very low and not significant. Bayesian clustering 

analysis also suggested panmixia in S. latus across all sampled locations. Similarly, the Almeria–Oran 

front (AOF), an important biogeographic boundary between the Atlantic and Mediterranean basins, 

was not found to have a significant effect on the structure of S. latus. Overall, analyses of genetic 

differentiation suggested panmixia in S. latus across its distributional range. This panmictic pattern 

may result from the long‐lived pelagic larvae of S. latus, which can promote high levels of genetic 

admixture and gene flow between geographic distant populations. Conservation and management 

strategies should take this information into account and design adequate trans-regional measures to 

protect this vulnerable and endangered species. 

Keywords: microsatellites, slipper lobster, Scyllarides latus, genetic structure, marine connectivity, Atlantic-

Mediterranean transition. 
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Introduction 

Human activities are known to severely impact marine ecosystems, not only by physically degrading 

the environment (e.g. pollution, excess nutrients inputs), but also throughout the massive exploitation 

of its resources (Jackson et al. 2001). In fact, intensified fishing efforts are known to reduce the 

abundance of targeted stocks, which in many cases can lead to depleted populations and complete 

disruption of important trophic levels and ecosystems (Crowder et al. 2008; Branch et al. 2010). 

Therefore, it becomes vital to fully understand the population structure and dynamics of commercially 

important marine species throughout their distribution range. In the last decades, the use of 

appropriate molecular and genetic markers allowed researchers to address the geographic structure of 

species in terms of the distributions and movements of individual organisms within and among local 

populations (i.e. gene flow) (Slatkin 1987; Bohonak 1999). This important information can then be 

used for stock assessment, fisheries management, and spatial design of marine protected areas 

(Palumbi 2003). In the marine realm, the connectivity and structure of populations is a function of 

several biological (e.g. life history traits, larval behaviour), ecological (e.g. food availability, species 

interactions) and physical (e.g. past and present oceanographic and climatic features) processes (see 

Grantham et al. 2003; Palumbi 2004; White et al. 2010). The interplay of these processes, acting 

across a range of spatial and temporal scales, has a significant implication in determining the amount 

of gene flow and connectivity between usually patchily distributed marine populations (see Palumbi 

1994 and references therein). For instance, transition zones between seas or oceans are known to 

impact the phylogeographic structure of many species (Avise 2000, 2009). In recent years, these 

transition zones have been the focus of many studies, in an attempt to understand the evolutionary, 

physical or selective forces that shape the structure of populations and amount of gene flow between 

them (Pelc et al. 2009; Galarza et al. 2009; Riginos et al. 2011). Present day genetic patterns suggest 

that the Atlantic Ocean and Mediterranean Sea transition zone may have a profound effect in the 

phylogeographic structure of species, acting as a barrier to gene flow and preventing population 

admixture between regions. Genetic differentiation across the Atlantic-Mediterranean transition zone 

has been demonstrated for many marine taxa, including fishes (Debes et al. 2008; Cimmaruta et al. 

2005; Schunter et al. 2011), mammals (Bourret et al. 2007; Gaspari et al. 2007), echinoderms (Duran 

et al. 2004; Baus et al. 2005), molluscs (Quesada et al. 1995; Perez-Losada et al. 2002; Perez-
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Losada et al. 2007), crustaceans (Zane et al. 2000; Palero et al. 2011), sponges (Dailianis et al. 

2011), seagrasses (Alberto et al. 2008) and seaweeds (Andreakis et al. 2007). This genetic 

discontinuity has been mostly associated with the Almeria-Oran front (AOF) (see review in Patarnello 

et al. 2007). In this area a strong inflow transports surface Atlantic waters into the Alboran Sea 

(Tintore et al. 1988), creating an Atlantic domain within the Mediterranean and partially isolating the 

Alboran Sea from the other Mediterranean basins. The AOF itself may be responsible for the genetic 

break within species, and/or can act as a force maintaining apart population groups differentiated in 

the past (Diz & Presa 2008). In fact, genetic discontinuities between the two basins have been 

generally explained by differences in contemporary environmental regimes (e.g. oceanographic 

conditions that create barriers to dispersal such as the AOF), and/or past vicariance events produced 

by climatic fluctuations in sea level and surface temperatures (e.g Pleistocene glacial episodes; 

Messinian salinity crisis) (see review in Patarnello et al. 2007). However, a clear biogeographical 

separation between the Atlantic and the Mediterranean has been challenged by a number of studies 

that showed discordant results for closely related species (Bargelloni et al. 2003, 2005; Zardoya et al. 

2004; Charrier et al. 2006). Those studies revealed that species with similar ecological behaviour and 

life history traits can differ in their level of genetic divergence between the two oceanographic basins. 

In fact, although the AOF can be an effective barrier to gene flow for most marine species, some of 

them show very little or no population structure and no signs of Atlantic–Mediterranean division 

(Stamatis et al. 2004; Karaiskou et al. 2004; Domingues et al. 2007). Such distinct patterns of gene 

flow and connectivity highlight the complex interaction of both historical and contemporary processes 

in shaping the structure of marine populations throughout their geographic distribution. 

Despite intense phylogeographical research over the last 20 years on the region spanning the NE 

Atlantic Ocean and the Mediterranean Sea (Perez-Losada et al. 2007), the Macaronesian 

archipelagos, which comprise the oceanic islands of the Azores, Madeira, Selvagens, Canaries and 

Cape Verde, have been consistently neglected. In fact, there is limited information regarding genetic 

diversity and gene flow patterns between marine fauna populations from the Macaronesian islands 

and their continental relatives, especially on those that are commercially exploited. 

The slipper lobster Scyllarides latus (Latreille, 1803) (Fig. S1, Appendix 3) is a large decapod 

crustacean inhabiting the Mediterranean Sea (except in the northern and central Adriatic) and central 
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eastern Atlantic Ocean, including the Macaronesian archipelagos (Holthuis 1991; Spanier & Lavalli 

1998). Individuals of S. latus are nocturnal and feed mainly on bivalves and gastropods (Johnston 

2007). They are found in hard substrata usually at depths ranging from two to 50 m, and occasionally 

deeper (Pessani & Mura 2007). They seek shelter during the day on the ceilings of caves and natural 

crevices, exhibiting a tendency for gregarious behaviour. Slipper lobsters such as S. latus move 

seasonally to deeper waters and return to the shallow reefs around early spring to mid-summer for 

reproduction (Hearn et al. 2007). Differences in the time of appearance can differ for distinct regions, 

and is usually associated with optimal water temperatures for egg and larval development (Spanier & 

Lavalli 2007a). Females carry the fertilized eggs before they hatch into the water column as a free-

living naupliosoma larva. This larva becomes a stage-I phylossoma and initiates a long-lived 

planktonic phase, which reaches the postlarval nisto stage after several months and many molts 

(Bianchini & Ragonese 2003; Spanier & Lavalli 2007a). In fact, phyllosoma larvae are assumed to 

spend many months in the open sea, up to 9-11 months (Martins 1985; Booth et al. 2005) before 

settling to the benthic environment. 

The slipper lobster S. latus has a very high commercial value [e.g. up to ~45 USD per kg in Azores 

(Lotaçor 2011)] and has been over-exploited in many areas throughout its entire distribution range, 

especially along the coasts of southern Europe (Spanier & Lavalli 2007b) and Macaronesian 

archipelagos (Santos et al. 1995). Exact catches and landings of S. latus are difficult to estimate, as 

most individuals do not pass through the fish auction, and escape the inspection of local authorities 

(Santos et al. 1995; Spanier & Lavalli 2007b). In fact, the assessment of stocks for this species in 

areas where commercial fishing exists is very limited or completely absent (Spanier & Lavalli 2007b). 

In many places, S. latus individuals are almost absent and their size has decreased due to selection 

for large specimens by fishermen (Martins 1985). For instance, populations of S. latus in the Azores 

and Italy are so depleted that may not be able to recover (Bianchini & Ragonese 2007). For such 

reasons, S. latus is listed in Annex V of the European Union Habitats Directive (92/43/CEE) as a 

species with community interest whose exploitation should be subject to management measures. 

Aiming at promoting the conservation of individuals and their natural habitats, S. latus is also included 

in Annex III of the Bern Convention and in Annex III of the Protocol concerning Special Protected 

Areas and Biological Diversity in the Mediterranean (under the Barcelona Convention). Although 
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considerable knowledge has been accumulated on this species (mostly at the biological and ecological 

level), there is still a great need for more information, compared to the other highly commercial clawed 

and spiny lobster, especially at the genetic level. Actually, due to insufficient data to make an 

assessment on the population status of S. latus stocks, the species is classified as Data Deficient in 

the IUCN Red List for conservation (Butler et al. 2011). Most studies to date concerning S. latus have 

focused on its biology and ecology (e.g. development, reproduction, behaviour; see review in Spanier 

& Lavalli 1998), and to the best of our knowledge only one study has attempted to explore the genetic 

diversity and structure of S. latus populations (i.e. Froufe et al. 2011). These authors used partial 

fragments of the cytochrome c oxidase I (COI) gene to explore the genetic structure of three 

populations in the NE Atlantic. Globally, Froufe et al. (2011) found a high level of genetic diversity 

within both the Azores and Cape Verde archipelagos with almost all individuals sampled presenting 

unique mtDNA haplotypes. They found no evidence for genetic differentiation between samples from 

the Azores, Cape Verde and NE Atlantic continental coasts, suggesting high levels of gene flow for S. 

latus populations. 

Expanding the results provided by Froufe et al. (2011), the current study will examine the genetic 

variation in natural populations of S. latus in the NE Atlantic and Mediterranean Sea, increasing the 

sampling effort and using microsatellite nuclear markers. These hypervariable markers have been 

extensively used in conservation genetic studies, and have provided important information on species 

population structure and dynamics (Guichoux et al. 2011). Using nine microsatellite loci, this study 

seeks to (1) test the hypothesis of panmixia for S. latus and (2) investigate if there is any differentiation 

between Atlantic and Mediterranean populations associated with the AOF. Although patterns of larval 

dispersal are still poorly understood for many lobsters, predictions are that the potential for long 

distance dispersal in S. latus larvae should favour population mixing, leading to low levels of genetic 

subdivision and range-wide panmixia. The current work will provide important results that can help 

decision-makers designing adequate plans and strategies for the management and conservation of 

the endangered slipper lobster S. latus. 

Materials and methods 

Sample collection and DNA extraction 
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Appendages from the thoracic region (pereiopods) of the slipper lobster S. latus were collected from 

13 different locations in the NE Atlantic, including the Macaronesian archipelagos (Azores, Canaries 

and Cape Verde) and two locations from the Western Mediterranean Sea (Fig. 1). Sampling was 

performed by SCUBA during a limited period of time, when individuals migrate to shallower waters 

(early spring to mid summer months). In most locations, the number of individuals sampled was below 

the intended. In fact, specimens of S. latus were very hard to collect either because they were absent 

due to high fishing pressure, and/or their nocturnal behaviour prevented collectors from finding them 

(sampling was performed during daylight, a time when slipper lobsters seek shelter in crevices and 

holes between rocks). Tissue samples from the pereiopods were preserved in 96% ethanol jars and 

stored at 4ºC for further analysis. Total genomic DNA was extracted from the collected tissues 

following standard salting-out protocols (Sambrook et al. 1989). Approximately 0.3 cm3 of muscle 

tissue was placed in 600µl of lysis buffer containing 0.8 mg/ml proteinase K and incubated overnight at 

56°C. Following incubation, proteins and DNA were precipitated from samples with ammonium acetate 

(7M), and frozen isopropanol, respectively. DNA was ressuspended in distilled water and diluted 

stocks were stored at -20°C until further use.  

Region N Location  

44 Alicante (22) Western Mediterranean (MED) 
 Almeria (22) 

South Portugal (ATL) 7 Sagres (2) 
  Portimão (1) 
  Gorringe (4) 
Canary Islands (CAN) 17 Gran Canaria (13) 
  La Palma (3) 
  Lanzarote (1) 
Cape Verde (CPV) 10 Boavista (8) 
  Sal (2) 
Azores (AZO) 50 Pico (14) 
  Graciosa (2) 
  Terceira (26) 
  São Miguel (3) 
  Santa Maria (5) 

 

 Total 128 

Figure 1. Left: Map showing the distribution of locations sampled for Scyllarides latus along the Macaronesian 

archipelagos, NE Atlantic and Mediterranean Sea; AOF, Almeria-Oran Front. Right: number of individuals sampled in each 

location and region. 

Microsatellite loci amplification and scoring 

S. latus individuals were genotyped using ten microsatellite nuclear markers (Table 1). Markers were  
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amplified in three multiplex PCR reactions containing 2–4 loci using the Qiagen PCR multiplexing kit 

according to the manufacturerʼs recommendations. Amplification took place on a MyCyclerTM thermal 

cycler (BioRad) using a touchdown protocol with the following conditions: 94°C for 15min, followed by 

nine cycles of 95°C for 30 sec, 60° to 56°C for 60 sec (decreased by 0.5°C intervals per cycle), and 

72°C for 40 sec, followed by 27 cycles of 95°C for 30 sec, 56°C for 45 sec, and 72°C for 40 sec, 

followed by eight cycles of 95ºC for 30 sec, 53ºC for 45 sec, and 72ºC for 40 sec, with a final 30 min at 

60ºC for final extension. Approximately 20% of the samples were re-run to ensure repeatability in 

scoring. Amplified fragments were visualized using an ABI 3730 (Applied Biosystems) automated DNA 

sequencer with an internal size standard (GeneScanTM 500Liz®, Applied Biosystems) for accurate 

sizing. Genotypes were scored using GENEMAPPERTM v4.2 (Applied Biosystems). A total of 156 

samples were genotyped, among which 28 individuals either did not amplify for the selected markers, 

produced band patterns completely different from those expected, or were removed from the analysis 

because they were part of limited sample size populations, which may impede meaningful statistical 

treatments (Kalinowski 2004). Due to low number of samples in most of the sampled locations, genetic 

analyses were performed by grouping samples in their respective region (Fig. 1). Analyses were also 

performed for both Mediterranean populations separately (data not shown). As the final results did not 

Table 1. Summary of ten microsatellite loci and three multiplex reactions used for the amplification of Scyllarides 

latus samples. Microsatellite markers were previously described in Chapter 2. 

Locus Repeat Motif Primer Sequence (5ʼ-3ʼ) N Multiplex Fluorescent dye GenBank 
Accession nº 

Lat5 (GTA)8 F: AAGGAGCCCACTTTCCCTAC 119 PLEX_1 VIC ×××××××× 
  R: GATAGTCTGCCCTCCTCAC     
Lat7 (AC)12 F: CACACACATTCTACGCATTCAC 126  FAM ×××××××× 
  R: ATTTCTCCTTAATGATGATCTACCG     
Lat9 (TGT)7 F: ACCTCGTTATGGGCCAACTG 128 PLEX_2 NED ×××××××× 
  R: TGTGGCTACAGACGACACG     
Lat13 (AAC)8 F: AGGGTGGTGGGAGTAACAAC 127  VIC ×××××××× 
  R: GTACTTGTGCTGACTGGTCG     
Lat15 (AC)13 F: CTACGGCACTTGTCTGTTCG 123  FAM ×××××××× 
  R: TACTGGGAACGTAGTGGCAG     
Lat22 (TAG)8 F: GCAGCGGTAGTAGTAGTAGAAAC 123  PET ×××××××× 
  R: GGGGATGATTGTGTTGGCAG     
Lat10 (AC)12 F: CGCATGCAGAAACAAATACGC 115 PLEX_3 PET ×××××××× 
  R: GAGGCTGTGGGTAGTATGGG     
Lat12 (TG)13 F: GTTAATGTCACCTGTGGCCG 126  VIC ×××××××× 
  R: GGCAACACGAGTGTAAAACG     
Lat14 (CAG)8 F: ACGTTACAGAGCAGTAGAAACC 120  FAM ×××××××× 
  R: TAGAATACGAAGCCCCAGCG     
Lat21 (ACT)17 F: CTGTTGATGGTGCTTCTGCC 121  NED ×××××××× 

  R: AGTCCTAGAAACCGACATTCAG     

F = forward primer sequence; R = reverse primer sequence; N = number of individuals genotyped. 
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differ notably, the two Mediterranean populations were grouped together in the region MED. Five 

major regions were considered: Western Mediterranean (MED), South Portugal (ATL), Azores (AZO), 

Canaries (CAN), and Cape Verde (CPV) archipelagos.  

Analysis of genetic variation 

Genetic variation within and among sampling populations was assessed using GENALEX v.6.4.1 

(Peakall & Smouse 2006) by calculating basic estimates, such as number of alleles, allele frequencies, 

observed (HO) and expected heterozygosity (HE). Inbreeding coefficients FIS (Weir & Cockerham 1984) 

were calculated using GENETIX v.4.05 (Belkhir et al. 1996-2004). ADZE v.1.0 (Szpiech et al. 2008) 

was employed to obtain estimates of allelic richness [Ar(g)] and private allele richness [Ap(g)] using 

the rarefaction method to account for uneven sample sizes (Petit et al. 1998) with g representing the 

minimum number of genes observed at one locus in one of the samples. Linkage desequilibrium 

between all pairs of loci and deviations from Hardy–Weinberg equilibrium (HWE) were tested by 

estimation of exact P-values by the Markov chain methods implemented in GENEPOP v.4.1 

(Raymond & Rousset 1995). Significance values were tested through 10.000 randomizations and 

adjusted for multiple comparisons using the sequential Bonferroni method (Rice 1989). The software 

MICRO-CHECKER, v.2.2.3 (Van Oosterhout et al. 2004) was used to identify loci suspected of null 

alleles and scoring errors caused by stuttering and large allele dropout. The effect of null alleles on FST 

values was assessed by comparing FST before and after correction for null alleles using the ENA 

method implemented in FREENA (Chapuis & Estoup 2007). Null alleles were found to have a minimal 

effect on FST values, and all further analyses were therefore conducted on data uncorrected for null 

alleles. The software BOTTLENECK v.1.2.02 (Piry et al. 1999) was used to address any evidence of a 

recent bottleneck based on the heterozygosity excess method of Luikart et al. (1998). Populations that 

have experienced a recent reduction of their effective population size exhibit a reduction either in allele 

numbers as in heterozygosity. Allele number is reduced faster than heterozygosity, thus, after a recent 

bottleneck event heterozygosity will be higher than expected under the assumption of a constant size 

population (Luikart et al. 1998). Bottleneck was run under all possible models: the infinite allele model 

(IAM), the stepwise mutation (SMM) and the two-phase mutation model (TPM), which incorporates 

elements of the SMM and the IAM. This last model is considered to provide the best fit for most 

microsatellite loci (Di Rienzo et al. 1994; Piry et al. 1999), and was run with the proportion of SMM set 
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at 70% and a default variance of 30 among multiple steps. The significance of the tests was assessed 

using Wilcoxon signed-rank test with 10000 iterations, which is the most appropriate test when fewer 

than 20 microsatellite loci are used (Luikart & Cornuet 1998). An excess of heterozygotes would 

indicate that the population has been through a recent bottleneck (Luikart et al. 1998).  

Genetic differentiation and population structure 

Exact tests for population differentiation based on Markov chain algorithms were performed in 

GENEPOP. To portray the relationship between individuals and samples based on the best linear 

combination of allele frequencies, a three-dimensional factorial correspondence analysis (FCA) was 

performed in GENETIX. Neighbor-joining dendrograms (NJ) based on pairwise Nei (Da) genetic 

distances (Nei et al. 1983) were constructed with POPULATIONS v.1.2.32 (Langella 1999). 

Confidence estimates of tree topology were calculated by 1000 bootstrap replicates of loci. NJ trees 

were drawn and visualized using FIGTREE v.1.3.1 (Rambaut 2009).  

Genetic differentiation and population structure was evaluated by computing estimates of Jostʼs actual 

measure of differentiation Dest (Jost 2008) in SMOGD v.1.2.5 (Crawford 2010). P-values and 95% 

confidence limits for global single- and multilocus Dest values were obtained from bootstrap methods 

using the package DEMETICS v.0.8.4 (Gerlach et al. 2010) within the statistical package R v.2.14.1 (R 

Development Core Team 2011). Additionally, pairwise FST values (Weir & Cockerham 1984) among all 

sampling locations were calculated using FSTAT v.2.9.3 (Goudet 1995) and tested for significance 

with 1000 permutations. Genetic differentiation among sampling sites was also measured by 

determining RST values (Slatkin 1995), using RSTCALC v.2.2 (Goodman 1997). RST calculations 

assume a stepwise mutation model and adjust for differences in sample size and allele size variances 

among loci. Significant departure from zero was tested using permutation tests contained within the 

software package. The partition of the genetic diversity within and among the Mediterranean and 

Atlantic regions was investigated by hierarchical analyses of molecular variance (AMOVA) as 

implemented in ARLEQUIN v.3.5.1.3 (Excoffier & Lischer 2010) Genetic variation within populations 

(FST), among populations within regions (FSC) and among regions (FCT) was assessed and significance 

of F-statistics was tested using 10.000 permutations. The population structure among samples was 

also analysed using the fully Bayesian model-based clustering approach implemented in 
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STRUCTURE v.2.3.3 (Pritchard et al. 2000). This program uses a maximum likelihood approach to 

determine the most likely number of genetically distinct groups in a sample (K). Assignment of 

genotypes at multiple loci is conducted in ways that minimize deviations from Hardy–Weinberg and 

linkage equilibrium within each cluster. Individual lobsters were assigned to a given cluster without 

using any prior information about their origin. Runs were conducted for the number of putative 

populations and set at K=1–7. Correlated allele frequencies and an admixture model (individuals may 

have mixed ancestry) were assumed as suggested by Falush et al. (2003) for closely related 

populations. Ten independent runs were made for each K with each run consisting of a burn-in of 1 × 

105 Markov-chain Monte Carlo steps, followed by 5 × 105 steps. Selection of the most likely number of 

genetic clusters (K) was based on the posterior probability of the data for a given K (Pritchard et al. 

2000), and also by comparing that with the ΔK method (Evanno et al. 2005) as implemented in 

STRUCTURE HARVESTER v.0.6.92 (Earl & vonHoldt 2011). The software CLUMPP v.1.1.2 

(Jakobsson & Rosenberg 2007) and DISTRUCT v.1.1 (Rosenberg 2004) were used to graphically 

display individualʼs membership coefficients for each cluster.  

Results 

Analysis of genetic variation 

From a total of 156 collected specimens of S. latus, only 128 were used in allele frequencies 

estimation and in all subsequent genetic analysis (Table S1, Appendix 3). Globally, amplification 

success was high, except for locus Lat14 in CPV, where 50% of the individuals failed to amplify (Table 

S2: A, Appendix 3). Significant linkage disequilibrium was found for one microsatellite pairwise 

comparison test (Lat21 and Lat22; data not shown) after correcting for multiple comparisons. 

Subsequent analyses did not show any obvious difference by removing either Lat21 or Lat22 from the 

dataset. Nonetheless, locus Lat21 was excluded in all subsequent analyses. 

Globally, values of genetic diversity were relatively low and very similar for each population, with mean 

expected heterozigosities ranging from 0.457 in CPV to 0.596 in ATL samples. The average observed 

heterozygosity per locus and population was 0.539. Allelic richness was similar for all regions with a 

maximum value of 4.0 for region ATL, and a minimum value of 2.9 for region CPV. For all 

microsatellites and regions, levels of polymorphism ranged from four to 14 alleles. After sequential 
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Bonferroni adjustment, six out of 48 exact tests remained significant for heterozigosity deficit, which 

indicates their departure from Hardy-Weinberg equilibrium (HWE) (Table S3, Appendix 3). Overall, 

regions CAN and AZO showed a slight and significant heterozigosity deficit (Table 2). Such 

heterozygote deficiencies within populations could be the result of several nonexclusive factors such 

as the presence of null alleles, inbreeding, and Wahlund effect. Only loci Lat5 (MED and AZO regions) 

and Lat7 (AZO) deviated from HWE and were characterized by a positive FIS value (Table 2). The 

presence of null alleles was confirmed for these loci and also for Lat10 and Lat14, as determined by 

MICRO-CHECKER, and therefore helped explaining the global significant FIS values found in CAN and 

AZO (Table S2: B, Appendix 3). Since taking these loci out of the analyses did not qualitatively affect 

population comparisons (data not shown), all loci were included in further analyses. Additionally, 

correction for null alleles using the ENA method implemented in FREENA provided no evidence of 

differences in FST estimates (Table S4, Appendix 3). Bottleneck detection using Wilcoxon signed-rank 

tests under all three models (IAM, SMM and TPM) revealed no evidence of recent bottleneck events, 

and all tests were not significant for heterozygosity excess (Table S5, Appendix 3). Moreover, the 

mode-shift indicator test revealed a L-shaped distribution pattern of allele frequencies indicating the 

presence of a larger proportion of low frequency allele classes. This result further supports the 

absence of recent bottleneck in S. latus.  

Table 2. Genetic variation in five samples of Scyllarides latus for nine microsatellite loci. 

 ATL MED CPV CAN AZO Total 

N 7 44 10 17 50 128 
Lat5       

HO 0.000 0.205 0.000 0.375 0.133 0.143 
HE 0.485 0.503 0.000 0.623 0.456 0.399 
FIS 1.000 0.596 - 0.406 0.710 0.628 
Na 2 4 1 4 5 5 
Ar(10) 2.0 2.8 1.0 3.1 2.7  
Ap(10) 0.0 0.1 0.0 0.2 0.3  

Lat7       
HO 0,833 0.795 0.667 0.588 0.640 0.705 
HE 0.863 0.845 0.549 0.831 0.777 0.744 
FIS 0.038 0.059 -0.231 0.298 0.178 0.125 
Na 6 10 5 9 10 11 
Ar(10) 5.6 5.5 3.6 5.5 4.8  
Ap(10) 0.6 0.6 0.1 0.8 0.4  

Lat9       
HO 0.143 0.182 0.100 0.235 0.180 0.168 
HE 0.143 0.208 0.100 0.219 0.170 0.163 
FIS - 0.128 - -0.076 -0.063 0.017 
Na 2 4 2 3 4 4 
Ar(10) 1.7 1.9 1.5 2.0 1.8  
Ap(10) 0.0 0.2 0.0 0.2 0.2  

Lat10       
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HO 0.500 0.690 0.714 0.357 0.652 0.583 
HE 0.652 0.621 0.626 0.630 0.623 0.604 
FIS 0.250 -0.114 -0.154 0.442 -0.042 -0.001 
Na 4 7 4 5 7 9 
Ar(12) 3.8 3.3 3.4 3.5 3.3  
Ap(12) 0.3 0.2 0.6 0.8 0.3  

Lat12       
HO 0.714 0.659 0.556 0.563 0.580 0.614 
HE 0.714 0.565 0.667 0.716 0.596 0.627 
FIS 0.000 -0.170 0.175 0.220 0.026 0.000 
Na 4 6 5 5 6 8 
Ar(10) 3.9 3.1 3.7 4.0 3.1  
Ap(10) 0.1 0.4 0.3 0.1 0.1  

Lat13       
HO 0.571 0.250 0.300 0.250 0.240 0.322 
HE 0.560 0.230 0.268 0.325 0.248 0.313 
FIS -0.021 -0.087 -0.125 0.236 0.033 0.006 
Na 3 6 2 3 3 6 
Ar(10) 2.9 2.0 1.9 2.2 1.9  
Ap(10) 0.5 0.3 0.0 0.0 0.0  

Lat14       
HO 0.857 0.682 0.800 0.667 0.653 0.732 
HE 0.824 0.765 0.800 0.717 0.791 0.744 
FIS -0.043 0.109 0.000 0.073 0.177 0.120 
Na 8 14 4 7 11 14 
Ar(10) 6.2 4.9 4.0 4.5 5.0  
Ap(10) 1.2 1.0 0.0 0.3 0.8  

Lat15       
HO 1.000 0.705 0.889 0.733 0.640 0.793 
HE 0.868 0.629 0.647 0.653 0.672 0.667 
FIS -0.167 -0.122 -0.407 -0.128 0.049 -0.075 
Na 7 9 4 5 9 11 
Ar(10) 5.8 3.9 3.5 3.5 4.0  
Ap(10) 1.6 0.4 0.6 0.3 0.4  

Lat22       
HO 0.857 0.773 0.875 0.813 0.660 0.795 
HE 0.692 0.733 0.750 0.756 0.727 0.705 
FIS -0.263 -0.054 -0.181 -0.077 0.093 -0.016 
Na 4 6 4 5 5 7 
Ar(10) 3.6 3.9 3.6 3.8 3.7  
Ap(10) 0.0 0.3 0.0 0.0 0.2  

Multilocus       
Mean HO 0.608 0.549 0.544 0.509 0.487 0.539 
Mean HE 0.596 0.560 0.457 0.588 0.557 0.552 
FIS 0.062 0.031 -0.120 0.167 0.136 0.084 
Mean Ar(10) 4.0 3.5 2.9 3.6 3.4  
Mean Ap(10) 0.5 0.4 0.2 0.3 0.3  

N = number of samples; HO = observed heterozygosity; HE = unbiased expected heterozygosity; 
FIS = inbreeding coefficient; Na = number of alleles; Ar(g) = allelic richness (g accounts for the 
maximum standardized sample size i.e. twice the number of genotypes); Pr(g) = private allelic 
richness; significant departure from Hardy–Weinberg equilibrium after sequential Bonferroni 
correction is shown in bold; (see Figure 1 for codes). 

Genetic differentiation and population structure 

No evidence for genetic differentiation between populations was found using the exact tests 

implemented in GENEPOP after sequential Bonferroni adjustment (Table S6; Appendix 3). Similarly, 

both FCA and NJ methods confirmed the absence of differentiation in S. latus samples. Individual 

samples belonging to each sampling location could not be distinguished and separated in FCA (Fig. 

S2; Appendix 3). Only a single cloud of points can be visualized, with overlapping occurring in all 



	  

	   49	  

sampled populations. Moreover, bootstrap values in the NJ dendogram were low and did not provided 

any solid conclusion on region clustering (Fig. 2). 

 

Figure 2. Neighbour-joining tree based on the modified Da genetic distance estimate of Nei et al. (1983). Bootstrap values are 

indicated for all nodes. 

Pairwise FST and RST values were very low and not significant in any of the comparisons after 

Bonferroni correction (Table 3A). A similar trend was detected for Dest with values very close to zero 

indicating a lack of genetic structure (Table 3B). Without any structure in the data there was no 

expectation for differences between Atlantic and Mediterranean populations. Results from the AMOVA 

analysis provided such confirmation, with most of the variation (~99%; P<0.015) being allocated to 

genetic differences within populations rather than between regions (Table 4). The results of the 

Bayesian clustering performed with STRUCTURE also suggested panmixia in S. latus. From all runs, 

K = 1 had the highest average value for ln P(X|K). All subsequent Ks showed a decreased in ln P(X|K) 

and larger variance between the independent runs (Fig. 3). When thereʼs no structure in the data, the 

proportion of the sample assigned to each population is roughly symmetric (~1/K in each population), 

and most individuals will be fairly admixed (Fig. S3, Appendix 3). The ΔK method (Evanno et al. 2005) 

was not comprehensive as it cannot find the best K when K=1. 
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Table 3. (A) Pairwise estimates of FST (above diagonal) and RST (below diagonal) and (B) pairwise estimates of Jostʼs Dest 

(above diagonal) and 95% CI (below diagonal), across nine microsatellite loci between all sampled locations for Scyllarides 

latus. *Indicates significant deviation at P < 0.05. None of the estimates remained significant after sequential Bonferroni 

correction (P < 0.005) (see Figure 1 for codes). 

A.      

 MED ATL AZO CAN CPV 

MED  0.008 0.004 0.014* 0.030* 

ATL 0.004  0.001 0.004 0.040 

AZO 0.009 0.015  0.018* 0.006 

CAN 0.000 0.000 0.022  0.014 

CPV 0.026 0.028 0.028 0.000  
  

B.      

 MED ATL AZO CAN CPV 

MED  0.006 0.008 0.019 0.040* 

ATL (-0.054-0.093)  0.000 0.006 0.037 

AZO (-0.010-0.032) (-0.064-0.073)  0.032* 0.006 

CAN (-0.015-0.066) (-0.070-0.104) (-0.006-0.081)  0.005 

CPV (-0.004-0.123) (-0.041-0.178) (-0.031-0.080) (-0.042-0.097)  

	  

Table 4. Global Analysis of Molecular Variance (AMOVA) as a weighted average over nine loci performed to address the effect 

of the Almeria-Oran Front (AOF) on the genetic structuring of S. latus populations. Significant values are in bold. (see Figure 1 

for codes). 

Source of variation Variation (%) F-statistics  P-value 

Mediterranean vs. Atlantic    

Among regions 0.03 FCT: 0.000 P = 0.319 
Among populations within regions 1.12 FSC: 0.011 P = 0.053 
Within populations 98.85 FST: 0.012 P = 0.015 

    

 

Figure 3. Bayesian assignment of S. latus samples. The graph indicates the mean posterior probability (Ln P(X|K)) and 

standard deviation (error bars) over 10 runs for each of the K genetic clusters (K [1, 7]). Maximal value of Ln P(X|K) = -2765.1 

for K=1.	  
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Discussion 

The current study is the first attempt to use microsatellite markers to study the genetic diversity and 

structure of the endangered large slipper lobster Scyllarides latus. Moreover, it includes samples from 

the Macaronesian archipelagos, which have been consistently neglected in many genetic studies 

involving marine species in the NE Atlantic. Despite the size of the geographical area studied here 

[e.g. Alicante (W Mediterranean) and Boa Vista (Cape Verde) are separated by ~3300km; Fig. 1], no 

evidence for population structuring was detected in S. latus. All estimates of population differentiation 

were very low and not significant, and the Bayesian analysis performed in STRUCTURE also 

suggested a lack of differentiation in S. latus throughout the sampled regions. In fact, panmixia, or very 

weak differentiation among populations has been previously reported for other crustacean species in 

the same area (Stamatis et al. 2004; Sotelo et al. 2009) and also for different regions (Ovenden et al. 

1992; Silberman et al. 1994; Tolley et al. 2005; Garcia-Rodriguez & Perez-Enriquez 2006). Such high 

levels of genetic mixing have generally been attributed to high fecundities, the ability to spawn many 

times in a lifetime, and an extended pelagic larval duration. Indeed, adult females of S. latus are 

known to produce a brood up to about 350.000 eggs (Sekiguchi et al. 2007), and larvae can live in the 

water column for more than nine months (Booth et al. 2005). This high fecundity and the extended 

larval period provides potential for widespread dispersal in wind-driven surface currents and in 

subsurface flows (Sekiguchi et al. 2007). Although relatively few migrants are required in order to 

prevent genetic differentiation between populations (Slatkin 1985), gene flow levels and number of 

migrants in S. latus are presumably high, with dispersal of larvae occurring over long distances in a 

wide geographical scale. Larvae behaviour such as vertical movement capacity is also likely to 

facilitate dispersal by taking advantage of favourable oceanographic currents and fronts (see Queiroga 

& Blanton 2005; Dos Santos et al. 2008). By occupying the water column in its vertical dimension, with 

distinct larval stages associated with preferable physical conditions, S. latus can increase substantially 

its dispersion success (see Butler IV et al. 2011). Unfortunately, data on larvae behaviour for the 

slipper lobster S. latus is very limited, and little is still known on the association between water 

dynamics and gene flow in such endangered species. 

Additionally, dispersal capacity can be enhanced by the close association of some scyllarid 
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phyllosomas with other highly dispersive marine organisms i.e. medusae (Booth et al. 2005). On the 

other hand, active adult migration is unlikely to contribute to such genetic mixing and dispersal. For 

example, Bianchini et al. (2001) found one recaptured adult individual of S. latus that has been at sea 

for more than four years only at about ~5km away from the original capture location. Lack of genetic 

differentiation in S. latus has also been reported before for NE Atlantic populations, using partial 

fragments of the mtDNA COI gene (Froufe et al. 2011). Our analysis, using a more variable molecular 

marker confirms the homogeneity (i.e. panmixia) of S. latus populations in its area of occurrence.  

Despite highly overfished there was no indication for a recent bottleneck event in S. latus populations. 

It is known that a genetic bottleneck can occur when the effective population size (Ne) is significantly 

reduced (e.g. overexploitation), causing a correlative and progressive reduction of the allele number 

and heterozygosity (Cornuet & Luikart 1996). The capacity of S. latus for maintaining high levels of 

gene flow via its long-lived pelagic larvae might counteract the rapid loss of genetic diversity that a 

recent bottleneck would imply (Palero et al. 2011). Although a conclusive population census for the 

slipper lobster S. latus is still missing, a reduction in genetic diversity compared to other crustaceans 

(see Palero et al. 2011) may be an indication of overexploited stocks (Hauser et al. 2002).  

The absence of genetic differentiation in S. latus between the Atlantic and the Mediterranean Sea 

adds up to the diversity of species-specific demographic patterns described in this biogeographic 

transition zone (see review in Patarnelo et al. 2007). While some species show evidence of genetic 

differentiation and limited gene flow between these two basins (e.g. Xavier et al. 2011; Fruciano et al. 

2011), others, like S. latus show no differentiation and high levels of gene flow between them (e.g. 

Launey et al. 2002; Bargelloni et al. 2003; Zardoya et al. 2004; Dannewitz et al. 2005). This study 

showed that, similarly to what was observed in other decapod crustaceans (see Garcia-Merchán et al. 

2011), the Almeria-Oran Front (AOF) does not seem to restrict gene flow between Atlantic and 

Mediterranean populations of S. latus. The dispersal of the free-living S. latus larvae across the AOF 

does not seem to be blocked by the flow patterns and physical properties of such front. This could be 

related to the winter relaxation of the AOF (Tintore et al. 1988), which coincides with the season of 

main planktonic larval development for S. latus (Spanier & Lavalli 1998). Such seasonal changes in 

current patterns and the relationship between ocean circulation processes and spawning 

characteristics can definitely play an important role in shaping population structure around 
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oceanographic fronts. Overall, life-history traits in S. latus seem to be determinant in generating 

genetic admixture between geographically distant populations. The duration and behaviour of its 

pelagic larvae, which can take fully advantage of favourable oceanographic conditions, is the basis for 

the high levels of gene flow and connectivity between S. latus populations. The finding of panmixia in 

S. latus advocates for a single-conservation unit management strategy, although specific local 

regulations should be implemented in places where S. latus stocks have been almost decimated. For 

example, the complete closure of fisheries in certain regions would favour the recovery of populations 

via larval recruitment from healthy stocks. 
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Chapter 5. 

 

Novel microsatellite data from the Azores (North Atlantic) on the 

spiny lobster Palinurus elephas (Fabricius, 1787) 

 

Abstract 

The European spiny lobster Palinurus elephas represents a highly commercial and recreational 

fisheries resource in the Mediterrranean Sea and the Atlantic Ocean. Although regulated, the impact of 

such exploitation on the sustainability of lobster populations outside regional management jurisdictions 

can be severe. Therefore, it is important to understand the patterns of dispersal and connectivity 

between populations of P. elephas along its distribution range. In this study, the genetic variability and 

population differentiation of P. elephas was examined in two groups of islands from the archipelago of 

Azores. Twelve microsatellite loci were amplified and scored in 67 individuals. Number of alleles 

varied from five to 32 and gene diversity was high (HE = 0.841) and similar to that estimated in other 

marine crustaceans. Very low and non-significant genetic differentiation was observed in samples of 

P. elephas from the Azores. This is probably a consequence of the high dispersive ability and long 

duration of its planktonic larval stage. Our results indicate that individuals of P. elephas samples 

belong to a single population and should be treated as a single conservational unit.  

Keywords: microsatellites, population structure, spiny lobster, Palinurus elephas, Azores. 
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Introduction 

It has been widely accepted that the current geographical distribution of living organisms is the result 

of both present and past ecological or historical factors (Hewitt 1996). Indeed, phylogeographic studies 

have provided new insights into the history of many species and have been useful in identifying 

regions of high conservational value (Avise 1998). In the marine environment, it is known that 

population connectivity and gene flow are mainly determined by the ability of a species to disperse 

(Palumbi 2003; Cowen & Sponaugle 2009). In such case, the longer the duration of a planktonic larval 

stage, the less genetic structuring is expected for a given species, as the larvae can potentially 

disperse over longer distances. However, even for species with high dispersive capacity, the genetic 

structure of populations can be affected not only by larvae behaviour (e.g. spawning season, mobility), 

but also by several coastal and oceanographic features such as ocean circulation patterns, eddies and 

current discontinuities (Palumbi 1994; White et al. 2010; Schunter et al. 2011). It has been shown that 

the duration of a pelagic larval stage alone cannot predict the magnitude of gene flow and scale of 

population structure in a marine system (Bowen et al. 2006; Weersing & Toonen, 2009; Foster et al. 

2012), and only by the assessment of a vast number of genetic, ecological, species-specific traits and 

oceanographic attributes, it is possible to explain and fully understand population connectivity and 

dynamics throughout time and space. Ultimately this information will lead to important applications in 

management and conservation of highly exploited marine species. Indeed, human pressure and 

overexploitation is known to change the dynamics of a given resource, not only by impacting individual 

morphologies (e.g. size at age) and reproductive strategies, but also by leaving a genetic footprint on 

its populations, (erosion of genetic diversity) (Botsford et al. 1997; Tufto & Hinder 2003). If restricted 

gene flow is taking place in a highly exploited species then natural populations may collapse, imposing 

profound and negative impacts on the ecosystem functioning, its dynamics and resilience (Hughes et 

al. 2005). 

In the last few decades, a number of genetic studies have focused on the population connectivity and 

genetic diversity of exploited marine species (Zardoya et al. 2004; Cimmaruta et al. 2005; Gonzalez et 

al. 2008; Als et al. 2011). In fact, molecular tools such as mitochondrial DNA sequences and 

microsatellite markers have proved to be very useful in explaining population connectivity patterns, 
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and have provided valuable information for conservation strategies and sustainable exploitation of 

marine resources (Duran et al. 2004; Nielsen et al. 2010). The European spiny lobster Palinurus 

elephas (Fabricius, 1787) (Fig. S1, Appendix 4) is a large benthic crustacean from temperate waters in 

the NE Atlantic, ranging from Norway to Morocco and including the Macaronesian archipelagos, and 

also inhabits the western and central Mediterranean (Holthuis 1991; Goñi & Latrouite, 2005). This 

species represents a very important fishery and it has been intensively harvested in the last decades 

typically by the use of trammel nets (see review in Goñi & Latrouite, 2005). In fact, almost all P. 

elephas populations in the Mediterranean are now overexploited (Galhardo et al. 2006; Ceccaldi & 

Latrouite 1994). Overexploitation is also reported for the archipelago of the Azores (Santos et al. 1995; 

Froufe et al. 2011). P. elephas occupies rocky substrates, mostly where micro-caves and natural 

protective holes are numerous, at depths of five to 160m (Holthuis 1991). The life cycle of P. elephas 

is complex and includes a long oceanic larval phase with several growth stages, adapted to a long 

offshore drifting life (Kittaka et al. 2001). Its duration is estimated to be from five to 12 months, with 

some as long as 24 months depending on the region (Groeneveld et al. 2006; Phillips et al. 2006), and 

settlement occurs preferentially in holes and crevices in rocks at depths of 5–15m, although a wider 

bathymetric range cannot be discarded (Diaz et al. 2001). With such a long larval duration it is 

expected that P. elephas will constitute a large panmictic population, exhibiting little genetic structure 

and high gene flow throughout its distribution range. In the last few years, several genetic studies have 

focused on the evolutionary and phylogenetic relationships of this species (Ptacek et al. 2001; 

Groeneveld et al. 2007; Tsang et al. 2009; Palero et al. 2009a, 2009b, 2010), and also on its 

population dynamics and phylogeography, more precisely within and between stocks of the Atlantic 

and the Mediterranean basins (Palero et al. 2008, 2011; Babbucci et al. 2010). Only one of these 

studies included a small number of specimens (n=13) from the archipelago of the Azores (see 

Babbucci et al. 2010), but no exact location was provided. These isolated oceanic islands are part of 

the Macaronesian islands (Azores, Madeira, Canaries, and Cape Verde) and constitute interesting 

evolutionary model systems. The Azores are situated ~1500 km away from the nearest coast and 

comprises nine islands divided into three geographic groups. Such islands play a key role in the 

reproduction and dispersal of marine organisms, and provide a staging point for the colonization of 

other coastal areas and the surrounding ocean (Whittaker et al. 2008). The present study will use a 
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total of twelve previously described microsatellite markers to study the genetic diversity and structure 

of P. elephas in the Azores archipelago. The null hypothesis of panmixia in P. elephas populations 

across the central (Graciosa, Terceira, Pico and São Jorge) and eastern Azorean islands (Santa Maria 

and São Miguel) will be tested. Considering the high dispersal ability of its larvae, the expectations are 

that P. elephas populations in the Azores constitute a single homogeneous genetic unit, without any 

clear differentiation between individuals from distinct groups of islands. In the future, such data will be 

combined with other available genetic data to address the population differentiation of this species in 

the Macaronesian islands and in the NE Atlantic and Mediterranean basins. 

Materials and methods 

Sample collection and DNA extraction 

A total of 67 specimens from P. elephas were collected in the Azores islands (North Atlantic) in 2010 

(Fig.1). Samples consisted of either antennae or pereiopods removed from the adult individual and 

preserved in ethanol 96%. Total genomic DNA was extracted from muscle tissue using a standard 

salting-out protocol (Sambrook et al. 1989) with ammonium acetate (7M) and isopropanol as 

precipitating agents for proteins and DNA, respectively. 

Multilocus microsatellite genotyping 

All samples were screened for allelic variation at twelve microsatellite loci formerly isolated and 

characterized by Palero & Pasqual (2008) and Babbucci et al. (2010) (Table 1). These loci were 

Figure 1. Sampling locations for Palinurus elephas. Number of samples collected from each island is shown in brackets. 
Central: Graciosa, Terceira, Pico and S. Jorge islands; Eastern: S. Miguel island.	  
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chosen because of their high polymorphism and, except for the A8 locus, because of their simple 

repeat motif. Multiplex amplification reactions were optimized and carried out in 10-µl PCRs composed 

of approximately 15ng DNA template, 1× QiagenTM Master Mix, 0.8-1.2µM of each primer mix and 

ddH2O. PCR cycles were performed in a DNA Engine Dyad Thermal Cycler (Bio-Rad Laboratories, 

Inc.) and consisted of an initial denaturing step at 95°C for 15 min, followed by (i) 7 touchdown cycles 

of 95°C for 30 s, annealing at 56ºC (decrease -0.5ºC per cycle) for 45 s and 72°C for 40 s; (ii) 27 

cycles of 95°C for 30 s, annealing at 54ºC for 45 s and 72°C for 40 s; 8 cycles for 95°C for 30 s, 

annealing at 53ºC for 45 s and 72°C for 40 s; and a final extension at 60°C for 30 min. Forward 

primers were labelled with fluorescent dyes, and negative controls were included in all PCR runs to 

check for contamination. Amplified products were run for size detection on an ABI 3730 automated 

sequencer (Applied Biosystems) and sizing of alleles were carried out using Genemapper v.4.2 

(Applied Biosystems). Additionally, cross-species amplification was tested in different lobsters, using 

the same P. elephas primers as before and also microsatellite markers described in Diniz et al. (2004) 

for the Caribbean spiny  lobster Panulirus argus (Table  S1, Appendix  4). Cross-species  amplification 

Table 1. Summary of the 12 microsatellite loci and three multiplex reactions used to amplify Palinurus elephas samples 

from the Azores. 

Locus Repeat Motif Primer Sequence (5ʼ-3ʼ) N Multiplex Fluorescent dye GenBank 
Accession nº 

Pael12 (TAGA)17 F: ACTCTCTGAAAATCGTTTCGGGG 66 PLEX_1 PET EU525184a 
  R: CGGGTCACATGTGTGAGGCATGC     
Pael14 (AGAT)18 F: AGGTTATTACATGACCAACAGCC 66  NED EU525186a 
  R: ATTCTCTCCCGTGGTGGTCAGC     
Pael21 (ATAG)11 F: GCGTCCTTTACTCTCGGATCCCC 65  FAM EU525185a 
  R: ACTTGCATCCACGTCACACAC     
Pael49 (GTT)8 F: TGCAGTGAACAAAACTCGTCCC 67  VIC EU525179a 

  R: ACCTACAACATCCACCAACCG     
A1 (ACC)8 F: TACTAACCCTTCCAATACCG 66 PLEX_2 NED EU170354b 

  R: ATTTAGGGAGTTGTCTGGAG     
A8 (AC)8TA(CA)7 F: GCCTGACGTAACTCTCTACA 66  PET EU170355b 

  R: GCAGATCTGACAGAACCTC     
A16 (CA)15 F: GCTGCCACTAAACCATTTGT 67  VIC EU170356b 

  R: ACTGGGTTCTTTTGAGACGA     
A39 (CA)12 F: GAAATGCTGGGGTTTGACAT 67  FAM EU170359b 

  R: AGGATCAAAGGGGTCTTGCT     
A26 (GT)6 F: CTAGAGTGCAGCCTTCAAGA 66 PLEX_3 NED EU170357b 

  R: ACCCCTCAAATAACAGCAGA     
A28 (TG)21 F: GAGCCTTTTGCAATTGTAGG 67  FAM EU170358b 

  R: AGTTTTGTATTCGTGATGCC     
A55 (AG)20 F: GTCACGGGTCCATCTCTTAG 66  PET EU170360b 

  R: ACCAAGATGTTTGTGTGGTC     
Pael53 (TA)10 F: TGCCTCGTATCGTGAAGACA 66  VIC EU525178a 

  R: CTGAAATTGAGGCAGTCACG     

F = forward primer sequence; R = reverse primer sequence; N = number of genotyped individuals; afrom Palero & Pasqual 2008; bfrom 
Babbucci et al. 2010. 
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was tested following temperature gradient PCR profiles applied in Scyllarus arctus, Scyllarides latus, 

Panulirus regius and Palinurus elephas. 

Genetic Diversity  

Standard genetic diversity measures such as allele frequencies, and expected (HE) and observed (HO) 

heterozygosities for each locus were calculated using GENALEX v.6.4.1 (Peakall & Smouse 2006). 

Inbreeding coefficient FIS (Weir & Cockerman 1984) were estimated using GENETIX v.4.05 (Belkhir et 

al. 1996-2004). Deviations from Hardy–Weinberg equilibrium (HWE) and genotypic linkage 

disequilibrium (LD) between pairs of loci were tested using exact tests implemented in GENEPOP 

v.4.1 (Raymond & Rousset 1995). All probability tests were based on Markov chain Monte Carlo 

(MCMC) simulations using 10,000 dememorization steps followed by 500 batches of 5000 iterations. 

Significance levels were adjusted using the Bonferroni sequential correction for multiple comparisons 

(Rice 1989). The software MICRO-CHECKER v.2.2.3 (Van Oosterhout et al. 2004) was used to 

assess the presence of scoring errors and/or null alleles. Moreover, putative population differentiation 

in the Azores was tested by distinguishing individuals of the central islands from those of the eastern 

(Fig. 1). Standard genetic measures and deviations from HWE and LD were determined as before for 

each locus/population. Allelic richness [Ar(g)] and private allelic richness [Pr(g)] were calculated in 

ADZE v.1.0 (Szpiech et al. 2008) under the rarefaction method to account for uneven sample sizes (El 

Mousadik & Petit 1996). In this method, g accounts for the maximum standardized sample size. 

Statistical significance was tested with the Wilcoxon rank-sum test in R version 2.14.1 (R Development 

Core Team 2011). 

Population structure and clustering analysis 

The null hypothesis of alleles being drawn from the same distribution in both populations was tested in 

GENEPOP using a Fisherʼs exact test. Additionally, differentiation among sampling localities was 

estimated using Jostʼs differentiation index Dest (Jost 2008) implemented in the R package DEMETICS 

v.0.8.4 (Gerlach et al. 2010). Pairwise FST (Weir & Cockerham 1984) estimates among populations 

were calculated in FSTAT v.2.9.3 (Goudet 1995). To adjust for differences in sample size and allele 

size variances among loci, unbiased RST was also calculated in RSTCALC v.2.2 (Goodman 1997). 

Estimates for the above statistics were tested for significant departure from zero using permutation 
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tests in the respective software packages. The effect of null alleles on FST estimation was assessed by 

comparing FST before and after correction for null alleles using the ENA method implemented in 

FREENA (Chapuis & Estoup 2007). Null alleles were found to have minimal effect on FST estimation, 

hence all further analyses used data uncorrected for null alleles. Moreover, the pattern of allelic 

frequency differentiation between populations was explored through a multi-dimensional factorial 

correspondence analysis (FCA) using GENETIX, which portrays the relationship between individuals 

or populations based on the detection of the best linear combination of allele frequencies. Bayesian-

based analyses of population structure and admixture proportions were performed using the Bayesian 

clustering algorithm implemented in STRUCTURE v.2.3.3 (Pritchard et al. 2000). All analyses were 

computed using the admixture model, assuming that allele frequencies are correlated among 

populations, and without using sampling locality as a prior. Runs with K = 1–5 were carried out with 2 x 

105 MCMC repetitions, (the first 5 x 104 iterations were discarded as burn in) and repeated ten times to 

assess the consistency of the results across runs. Selection of K was determined using two methods: 

(i) choosing the K that maximizes the posterior probability of the data Ln P(D) and (ii) using the DK 

method described in Evanno et al. (2005) and implemented in STRUCTURE HARVESTER v.0.6.92 

(Earl & vonHoldt 2011). The results of ten replicate runs for each value of K were averaged in 

CLUMPP v.1.1.2 (Jakobsson & Rosenberg 2007) and summary outputs were displayed graphically in 

DISTRUCT v.1.1 (Rosenberg 2004). 

Results 

Shape of genetic variation 

Allele frequencies were determined for all samples (Table S2, Appendix 4) and a total of 221 alleles 

were detected across all loci, ranging from a maximum of 32 alleles for locus A55 to a minimum of five 

alleles detected in loci A8 and A26 (Table 2). Evidence of null alleles was detected in two of the 12 loci 

(Pael14, Pael49) as suggested by MICRO-CHECKER. Null alleles were also detected for locus A26 

when using the ENA method in FreeNA (Table S3: A, Appendix 4). Unsuccessful amplifications also 

occurred in some samples, with a maximum failure of 14.5% for locus Pael21 (Table S3: B, Appendix 

4). None of the microsatellites tested showed signs of linkage disequilibrium, and heterozigote deficit 

was indicated for the loci Pael14 and A26 with a significant deviation (P < 0.001)
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Table 2. Levels of genetic diversity observed in 12 microsatellite loci within two groups of Palinurus elephas samples from the Azores archipelago: the 
Central group (n=57) and the Eastern group (n=9).  

  Locus  
Groups of 
samples  Pael12 Pael14 Pael21 Pael49 Pael53 A1 A8 A16 A26 A28 A55 A39 Mean ± SD 

Na 17 23 28 25 12 8 5 24 5 27 28 11 17.8 ± 9.1 
HO 0.912 0.719 0.929 0.862 0.772 0638 0.439 0.897 0.526 0.897 0.982 0.776 0.779 ± 0.170 
HE 0.923 0.932 0.931 0.946 0.857 0.697 0.481 0.930 0.674 0.946 0.960 0.816 0.841 ± 0.150 
FIS 0.012 0.230 0.002 -0.051 0.100 0.085 0.088 0.037 0.221 0.052 -0.023 0.050 0.067  
Ar(18) 10.3 11.2 11.9 12.0 7.6 4.8 3.6 11.0 3.7 12.1 13.2 6.2 9.0 ± 3.4 

Central 

Pr(18) 3.1 6.0 8.0 5.2 1.1 1.1 0.8 3.1 0.2 6.1 8.7 1.4 3.7 ± 3.0 

Na 10 13 9 12 8 5 3 13 4 12 14 7 9.2 ± 3.8 
HO 1.000 0.667 0.667 1.000 0.889 0.667 0.556 1.000 0.778 1.000 1.000 0.889 0.843 ± 0.167 
HE 0.922 0.961 0.706 0.954 0.895 0.725 0.464 0.961 0.712 0.948 0.967 0.837 0.838 ± 0.156 
FIS -0.091 0.319 0.059 -0.034 0.008 0.086 -0.212 -0.043 -0.098 -0.059 -0.036 -0.067 -0.014  
Ar(18) 10.0 13.0 9.0 12.0 8.0 5.0 3.0 13.0 4.0 12.0 14.0 7.0 9.2 ± 3.8 

Eastern 

 

Pr(18) 2.8 7.8 5.1 0.5 1.1 1.3 0.8 5.1 0.4 6.0 9.5 2.2 3.9 ± 3.1 

Na 17 26 29 25 12 8 5 24 5 27 32 11 18.4 ± 9.9 
HO 0.924 0.712 0.892 0.881 0.788 0.642 0.497 0.910 0.561 0.910 0.985 0.791 0.788 ± 0.164 
HE 0.919 0.939 0.912 0.947 0.861 0.699 0.475 0.932 0.674 0.948 0.964 0.824 0.841 ± 0.150 

Global 

FIS -0.006 0.243 0.021 0.071 0.086 0.083 0.044 0.023 0.169 0.040 -0.022 0.040 0.066 
 Ar(18) 10.1 11.6 11.5 12.0 7.6 4.9 3.6 11.1 3.7 12.2 13.5 6.4 9.0 ± 3.6 

Na = number of alleles; HO = observed heterozygosity; HE = unbiased expected heterozygosity; FIS = inbreeding coefficient; Ar(g) = allelic richness (g accounts for the maximum 
standardized sample size i.e. twice the number of genotypes); Pr(g) = private allelic richness; Mean ± SD = across all samples and loci. Significant departure from Hardy–Weinberg 
equilibrium after sequential Bonferroni correction are indicated in bold. 
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from the HWE. The MICRO-CHECKER analyses indicated excess of homozygote at locus Pael14 with 

HWE departure mainly caused by the presence of null alleles. Mean expected heterozygosity (HE) was 

high (0.841) and not significantly different from the mean observed heterozygosity (HO) (Wilcoxon test, 

P > 0.24). The locus A55 showed the highest value of HE (0.948). Moderate to high HE values were 

estimated for loci A1, A8 and A26, ranging from 0.475 to 0.699. Most inbreeding coefficient FIS 

estimates were close to zero with an average over all samples and loci of 0.066. For the same loci, the 

expected heterozygosity estimates (0.788 ± 0.181) were similar to those estimated by Babbucci et al. 

(2010) for their Azorean samples (0.774 ± 0.234) (Table S4, Appendix 4). No significant differences 

were detected for the diversity estimators between both studies (P > 0.05; Wilcoxon rank-sum test 

corrected for multiple testing). 

Regarding different geographical locations within the archipelago of the Azores, mean values for 

rarefied allelic richness Ar(18) across loci did not differ significantly (Wilcoxon test, P > 0.79), with 

values of 9.0 and 9.2 for central and eastern groups, respectively. Likewise, values for observed and 

expected heterozygosity were similar between groups (Wilcoxon test, P > 0.28 and P > 0.68, 

respectively). Exact tests for homogeneity of allele frequencies in both groups of samples indicated no 

significant differences, either at individual loci and over all loci combined. 

Cross-species amplifications  

Under the given set of PCR conditions, all but one (A39) of the cross-species amplifications did not 

yield reliable PCR products (Table S5, Appendix 4). Even though it needs further optimization, only the 

locus A39 successfully amplified samples of the slipper lobster Scyllarides latus. Other studies have 

also found difficulties in cross-amplifying of microsatellites from non-congeneric species of achelate 

lobsters (see Ben-Horin et al. 2009), and only primers used for the same genus proved successful in 

all amplifications (see Palero et al. 2010). 

Population differentiation and clustering analysis 

Exact tests for overall population differentiation revealed no significant differences in genotypic 

frequencies between the two island groups when all loci were combined (P > 0.05). Again, genetic 

differentiation between populations was absent as evidenced by the low values for the multilocus 

estimators [Dest = 0.047; FST = 0.001; and RST = 0.004; none of the estimates was significant (P < 
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0.05)]. Single-locus estimates were only significant for Dest in loci Pael21 (Dest = 0.272) and A55 (Dest = 

0.314) (Table S6, Appendix 4). Null alleles were found to have minimal effect on FST values when the 

raw dataset was corrected in FREENA (Table S6, Appendix 4). Similar values were also obtained for 

the RST estimates. For all estimators, negative values were generated in some cases, suggesting that 

populations have virtually identical gene frequencies and are essentially panmictic. Even so, the 

reduced number of specimens for one of the groups (Eastern; n = 9) may likely reflect the imprecision 

of the algorithms used to estimate genetic differentiation among sample localities.  

Factorial correspondence analysis (FCA) allowed a three-dimensional view of the genetic relationships 

among populations with the first and second axes representing 3.08% and 3.03% of the variation 

respectively. The smaller the percentage the less accurate is the FCA in explaining variation. A 

substantial overlap of individuals from both populations can be seen, evidencing the absence of any 

population structure (Fig. 2). This agrees with clustering results in STRUCTURE, where all individuals 

were assigned to a single panmictic population, with ln P(D) maximal at K=1 (Fig. 3). Lack of 

population structure usually generates a roughly symmetric (~1/K in each population) proportion of 

specimens assigned to each population (Fig. S2, Appendix 4).  

 

Figure 2. Biplot representation of the FCA in Palinurus elephas populations from the Central (n=57) and Eastern (n=9) Azores. 

 

 

-2!

-1.5!

-1!

-0.5!

0!

0.5!

1!

1.5!

2!

-2! -1.5! -1! -0.5! 0! 0.5! 1! 1.5! 2!A
xi

s 
2 

(3
.0

3%
)!

Axis 1 (3.08%)!

Central Group!

Eastern Group!



	  

	   68	  

Figure 3. Bayesian assignment of P. elephas samples. The graph indicates the mean posterior probability (Ln P(X|K)) and 

standard deviation (error bars) over 10 runs for each of the K genetic clusters (K [1, 5]). Maximal value of Ln P(X|K) = -3861.1 

for K=1. 

Discussion 

Despite intense regulation on lobster fishing in the Azores, during the last decade, P. elephas landings 

have declined sharply (Lotaçor 2011). This is mainly due to an increase in the proportion of lobsters 

sold outside the legal market and also because of the substantial increase in the fishing effort and 

modernization of the fleet (Goñi & Latrouite 2005). To avoid full depletion of stocks, authorities should 

establish efficient marine protect areas (MPAs) and impose proper regulations on lobster fisheries. For 

example, several studies have indicated the effectiveness of fishing restrictions in rebuilding lobster 

populations, and also suggested that small MPAs should be set up (Goñi et al. 2006; Follesa et al. 

2007, 2008). Even so, to designate and plan the appropriated conservation units, it is advisable to fully 

understand the population structure and genetic diversity of P. elephas throughout its distribution 

range. Such conservation units will allow proper transnational level coordination in defining protective 

and sustainable practices, as over-exploitation in one region will negatively affect the total lobster 

population and decrease recruitment across the whole distributional range. 

Despite its importance as a fishery resource, the population structure of the spiny lobster Palinurus 

elephas has only been recently addressed by sequence analysis of the mtDNA COI (cytochrome C 

oxidase subunit I) gene and/or through the use of microsatellite markers (Palero et al. 2008, 2011; 

Babbucci et al. 2010; Froufe et al. 2011). These studies focused mainly on structuring processes 

between the Atlantic and Mediterranean regions, and only the study of Froufe et al. (2011) extended 
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their research to the Macaronesian archipelagos of the Azores and Cape Verde. Babbucci et al. 

(2010) also included P. elephas specimens collected in the archipelago of the Azores. Overall, the 

studies addressing both basins suggested the existence of two differentiated gene pools in P. elephas 

associated with the Atlantic-Mediterranean separation. Palero et al. (2008) observed a small but 

significant difference at the mitochondrial level between populations from the Atlantic and 

Mediterranean regions. The same evidence was confirmed by Babbucci et al. (2010) while using 

mtDNA, but when using nuclear markers these authors were unable to find any structuring associated 

to the Atlantic–Mediterranean transition. Noteworthy, the sample from Azores clustered into the 

Mediterranean group and was significantly different from those in the Atlantic. According to the 

authors, these incongruences might be related to the reduced sample sizes and the limited resolution 

power of their data and analyses. In fact, Palero et al. (2011), using larger sample sizes and ten 

microsatellite markers, demonstrated that samples from the Atlantic and Mediterranean basins were 

genetically different and that populations in these two areas constitute two partially-overlapping units. 

Unfortunately, Palero et al. (2011) did not included in their studies samples from the Azores or other 

Macaronesian archipelagos. As a result, the role of such oceanic islands in the structure and 

connectivity of P. elephas in the NE Atlantic-Mediterranean remains poorly understood. Inversely, 

Froufe et al. (2011) showed a scenario of panmixia for P. elephas at the mtDNA level for NE Atlantic 

samples, and also a small signal of genetic differentiation between Atlantic and Mediterranean 

locations. 

In the current study, high levels of genetic diversity characterized all samples from the Azores (mean 

HE = 0.841). Genetic diversity across all loci was also similar to the average value obtained for other 

marine species, such as fishes (DeWoody & Avise 2000), molluscs (Kenchington et al. 2006; Dupont 

et al. 2007), echinoderms (Addison & Hart 2004; Zulliger et al. 2009) and other crustaceans (Ben-

Horin et al. 2009; Pascoal et al. 2009). Levels of genetic diversity were also not significantly different 

from those found by Palero et al. (2008, 2011) and Babbucci et al. (2010) for P. elephas populations. 

Despite the small sampling size of one of the island groups in this study (see Kalinowski 2005) there 

was no evidence of population structure in P. elephas from the archipelago of the Azores. This 

indicates that P. elephas from the Azores constitute a single panmitic population and therefore should 

be treated as a single conservational unit. Other population genetic studies on lobsters have also 
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reported little or no differentiation between geographically distinct populations (Ovenden et al. 1992; 

Thompson et al. 1996; Tolley et al. 2005; Garcia-Rodriguez & Perez-Enriquez 2008; Inoue et al. 

2007). Nevertheless, cases of genetic division in such decapod crustaceans have been reported 

before (Brasher et al. 1992; Diniz et al. 2005; Gopal et al. 2006; Chow et al. 2011). Overall, the lack of 

genetic differentiation in lobsters is considered to be the result of the long duration of its planktonic 

larval stage, ranging from months to years (Booth & Phillips 1994). This high capacity to disperse can 

favour population mixing, leading to low levels of genetic subdivision. Yet, the distance that marine 

larvae may achieve is potentially constrained by particular oceanographic features or biological 

characteristics of the species. Intrinsic factors such as larval behaviour (Butler IV et al. 2011), 

spawning periodicity (Caley et al. 1996) and larval mortality (Sponaugle et al. 2002) can influence 

larval dispersal and population connectivity. Additionally, environmental mechanisms that affect larval 

drift and gene flow are transient and may at times cause populations to become isolated (Pollock 

1995). For instance, seasonal and short-term fluctuations such as hurricanes can affect a species 

dispersal capacity (Briones-Fourzan et al. 2008), and can potentially cause populations to 

differentiate. In fact, panmixia in widely distributed species such as P. elephas is considered highly 

unusual (see Als et al. 2011). In fact, the selective pressure on the interaction between the genotype 

and the environment, over large geographical and environmental scales, is expected to lead to local 

adaptation and structuring of populations (Kawecki & Ebert 2004). All these aspects highlight the 

relevance of oceanographic barriers, life history traits and paleoecological history events in shaping 

the population genetic differentiation of marine species. 

Studies involving fine-scale population genetic structure of marine organisms within the archipelago of 

the Azores are very scarce. For instance, a combination of mitochondrial DNA (mtDNA) sequences 

and/or microsatellite markers were applied to study the population structure of marine mammals 

(Que ́rouil et al. 2007; Pinela et al. 2009), fishes (Aboim et al. 2005; Chevolot et al. 2006), molluscs 

(Sá-Pinto et al. 2008) and sponges (Xavier et al. 2010). Variable degrees of genetic structure were 

detected, which again emphasizes the complex interplay between biological traits and physical factors 

on the structuring of marine populations at diverse spatial scales.  

Overall, this study makes an important contribution to the amount of genetic data available to further 

study the diversity and population structure of P. elephas along its distribution. In the future, this new 
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dataset will be combined with data generated by Palero et al. (2008, 2011) and Babbucci et al. (2010) 

to address the role of Macaronesian islands such as the Azores, on the phylogeography of the spiny 

lobster P. elephas in the Atlantic-Mediterranean. 
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Chapter 6. 

 

Main conclusions and future remarks 

Over the last decades, many studies have focused on the spatial patterns of genetic diversity in 

natural marine populations, providing evidence of significant genetic differentiation, even in taxa with 

long-life pelagic larvae and hence with high potential for dispersion. Although the duration of a species 

larval phase has shown, in some circumstances, to be positively correlated to its dispersal potential, in 

many cases, the dispersal is not fully realized, highlighting the complex interplay between many 

biological and physical processes involved. In fact, connectivity, and hence the exchange of 

individuals and genes among populations, is far from being properly understood, and little is still 

known about the shape of the dispersal curve for most marine species. The ability to disperse differs 

for various systems, species, and life histories and is likely highly variable in space and time. In fact, 

the intricate interactions between coastal geomorphology, ocean currents and species life-history traits 

result in variable and complicated temporal and spatial patterns of larval dispersion, transport and 

settlement. Understanding how these processes interact to determine populationʼs connectivity is 

paramount for the conservation of species throughout their distributional range, especially those that 

are highly exploited for human use. 

The current study provided clear results that indicate the lack of population genetic structure in three 

marine exploited lobsters (Scyllarus arctus, Scyllarides latus and Palinurus elephas) from the 

Mediterranean and NE Atlantic. Overall, the maintenance of genetic homogeneity in all species is a 

result of the high dispersive capacity of their planktonic larvae, named the phyllosoma. High levels of 

genetic mixing in such lobsters can also be associated with high fecundities, the ability to spawn many 

times in a lifetime, and to the behavioural component of larval dispersal (e.g. vertical movement, 

phototactic preferences, changes in buoyancy). In fact, the capacity to occupy particularly favourable 

strata in the water column is likely to play an important role in controlling dispersion. On the whole, 

high levels of gene flow and connectivity in such lobsters are determined mostly by life-history traits, 

which are determinant in shaping the (un)structure of their populations, throughout its distributional 

range.  
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In particular, for the spiny lobster P. elephas, there was no evidence for population differentiation at 

the archipelago level (within the Azores). On such a relatively small spatial scale, individuals of P. 

elephas belong to a single genetic cluster. Similarly, the small slipper lobster, S. arctus, showed lack 

of structure between populations from oceanic islands (Azores) and the mainland (Iberian Peninsula), 

which are separated by about 1500km. On a wider geographic scale, the large slipper lobster S. latus 

was found to be panmictic across the Atlantic–Mediterranean transition zone and also throughout the 

Macaronesian archipelagos of the Azores, Canary Islands and Cape Verde. Overall, increased 

geographic distance and environmental factors (e.g. oceanographic fronts and currents) are not strong 

enough to prevent high levels of genetic mixing between distant populations of such lobster species. 

One major contribution of this study is the development of new microsatellite markers isolated and 

characterized for the slipper lobsters S. arctus and S. latus. This is the first time that such highly 

variable markers are described and applied in population genetic structure studies for both species. 

The relevance of this work can be further highlighted, as genetic studies on S. arctus are completely 

absent, and very little is still known about this species.  

Another valuable contribution of this study is the inclusion of samples from the Macaronesian 

archipelagos, as these islands have been consistently neglected in many of the studies focussing on 

the regionʼs biota, which are mainly centred on the Atlantic–Mediterranean junction. The involvement 

of such geographically isolated islands in shaping connectivity, differentiation and speciation 

processes in marine species is unquestionable, and therefore should be included in future 

evolutionary, ecological and phylogeography studies. Nonetheless, population genetic studies should 

extend the current work to the complete distribution range of these species, especially within the 

Mediterranean.  

Despite the huge capacity to disperse, and consequently the potential to be highly resistant to fishing 

pressure, lobster stocks are overexploited in many regions, and have experienced a severe population 

decline. Urgent measures are needed, and these should include appropriate legislation, control and 

reinforcement, establishment of marine protected areas (MPA), and also the deployment of artificial 

habitats. The current levels of exploitation are not sustainable and a change in both minimum size of 

lobster capture and its enforcement are recommended to achieve sustainability. In some regions, 
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harvesting of lobsters should be completely banned, at least for a suitable period of time, so that 

populations are allowed to recover or at least stop to decline. Nonetheless, management efforts and 

conservation strategies should be supported by accurate information on the biology, ecology and 

dynamics of such species. In the marine environment, it is especially important to understand how 

populations are connected and what are the patterns and pathways of dispersal. Ultimately, the 

fundamental challenge in population connectivity studies is to determine the source populations of 

settling larvae and the settlement sites of dispersing larvae. In order to provide more realistic 

representations of dispersal and connectivity, researchers should focus on understanding individual 

larval behaviour and life history details of the species of interest. These biological attributes should be 

incorporated together with oceanographic conditions to effectively model dispersal outcomes in marine 

populations. Although population genetics can be a valuable tool for indirectly estimating population 

connectivity, the use of such models will allow researchers to depict the processes and factors 

involved in shaping dispersal kernels of a given species.  

The current state of knowledge on larval behaviour and larval-stage duration in marine exploited 

lobsters is still very limited, especially for the slipper lobsters, which are some of the less studied 

groups within the achelata crustaceans. Future studies should be dedicated to such biological features 

if more accurate predictions are to be made concerning dispersal patterns and settlement in complex 

oceanographic settings. Additionally, in the field of fisheries and management, future efforts need to 

be directed at stock assessment and fisheries statistics. In fact, reliable information about landings, 

size, and sex of the fished lobsters is still very limited or completely unavailable in most species. 

Management actions can only be effective if sufficient information exists on the biology, ecology, 

behavior, and fisheries of these lobsters. Moreover, in the future, understanding the connectivity 

between populations of such harvested species is of great importance for their effective conservation 

and management, and many challenges lay ahead for researchers to better understand the dynamics 

of marine lobster populations in such intricate environment, the marine ecosystem. 
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Appendix 1. Supplementary data – Microsatellites 

 

 

 
	  
	  

Table S1. PCR cycling conditions for multiplex reactions in S. arctus (A) and S. latus (B). 

A.     

 Locus Concentration (µM) PCR thermal protocol for A1, A2 and A3  

Multiplex A1 Arc1 0.16 Initial denaturation 95ºC, 15 min  
 Arc3 0.64 TD denaturation 95ºC, 30 s  
 Arc5 0.08 TD annealing 60-0.5ºC/cycle, 1 min 9 cycles 
 Arc15 0.16 TD extension 72ºC, 40 s  
Multiplex A2 Arc10 0.24 Denaturation 95ºC, 30 s  
 Arc11 0.16 Annealing 56ºC, 45 s 27 cycles 
 Arc22 0.08 Extension 72ºC, 40 s  
 Arc23 0.16 Denaturation 95ºC, 30 s 8 cycles 
Multiplex A3 Arc2 0.20 Annealing 53ºC, 45 s  
 Arc21 0.70 Extension 72ºC, 40 s  
   Final extension 60ºC, 30 min  

B.     

 Locus Concentration (µM) PCR thermal protocol for L1, L2 and L3  

Multiplex L1 Lat9 0.20 Initial denaturation 95ºC, 15 min  
 Lat13 0.28  TD denaturation 95ºC, 30 s  
 Lat15 0.36 TD annealing 62-0.5ºC/cycle, 1 min 9 cycles 
 Lat22 0.32 TD extension 72ºC, 40 s  
Multiplex L2 Lat10 0.4 Denaturation 95ºC, 30 s  
 Lat12 0.12 Annealing 58ºC, 45 s 27 cycles 
 Lat14 0.16 Extension 72ºC, 40 s  
 Lat21 0.12 Denaturation 95ºC, 30 s 8 cycles 
Multiplex L3 Lat5 0.16 Annealing 53ºC, 45 s  
 Lat7 0.24 Extension 72ºC, 40 s  
   Final extension 60ºC, 30 min  

Concentration (µM) = concentration of forward and reverse primers and fluorescent tails. TD = touchdown PCR.  

	  
	  

 

 



Appendix 2. Supplementary data – Scyllarus arctus 

 

 

 

Figure S1. Photographs of Scyllarus arctus specimens. From top to bottom and left to right, photographs by: M Cortés, JM 

Wallenstein, A Eliens and E Tarantino. 

 



 

Figure S2. Biplot representation of the ten microsatellite-based FCA conducted on Scyllarus arctus populations. The axes 1 and 

2 explain 4.9% of the variation among the populations. 

 

 

 

Figure S3. Estimated population structure in STRUCTURE for K = 2 to K = 5, permutated by CLUMPP and visualised by 

DISTRUCT. Each individual is represented by a vertical bar in K coloured segments, the length of each colour being 

proportional to the estimated membership coefficient. Black lines separate individuals from different geographic areas (see 
Figure 1 for codes). 
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A. 

 

B. 

 

Little information is gained by adding PCs after the first 
70. Therefore, 70 PCs were retained. 

C.  

For small number of clusters, all eigenvalues can be 
retained since all discriminant functions can be 
examined without difficulty). 

D. 

 

Retaining too many PCs with respect to the number of 
individuals (>N/3) can lead to over-fitting the 
discriminant functions. Membership probabilities can 
become drastically inflated for the best-fitting cluster, 
resulting in apparent perfect discrimination. 

 

Figure S4. Flowchart for the Discriminant Analysis of Principal Components (DAPC) performed on the S. arctus data (see 

Jombart et al. 2010). (A) DAPC was performed on data using prior information for groups (individuals were placed in clusters 

accordingly to their respective sampling locations) (population abbreviations follow Fig.1); (B) Data is first transformed using a 

Principal Components Analysis (PCA) and a graph of cumulated variance is displayed; (C) then a Discriminant Analysis (DA) is 

conducted on the retained principal components; a barplot of eigenvalues for the discriminant analysis is displayed; (D) Finally, 

a scatterplot of DAPC is shown, representing the individuals as dots and the groups as inertia ellipses. The number of PCs 

retained is so large that discriminant functions can model any structure and virtually any set of clusters is well discriminated. 
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A. 

The a-score refers to the proportion of successful 
reassignment corrected for the number of retained PCs. 
The number of retained PCs is chosen so as to optimize 

the a-score (~20). 

B. 

 

Retaining only 20 PCs sacrifices too much information. 

Figure S5. The trade-off between power of discrimination and over-fitting can be measured by the a-score. The a-score reflects 

the difference between the proportion of successful reassignment of the analysis (observed discrimination) and values obtained 

using random groups (random discrimination) (Jombart 2011). The a-score can serve as a criterion for choosing the optimal 

number of PCs in the PCA step of DAPC (A) a-score optimization using spline interpolation; in this case, values for a-scores are 

low and reflect the imprecision in successfully assigning individuals to their particular prior groups (sampling locations). (B) 

DAPC scatterplot using the number of PCs that maximize the a-score (PCs = 20). With such number of PCs retained, too much 

information is lost (~50%). 

 

 

Table S1. Allele frequencies by locus and populations for S. arctus (see Figure 1 for codes). 

Locus      

Arc1 FZN VIG POR SAG SMI 

96 0.83     

98 4.17 11.11 8.33 10.00 3.57 

100 32.50  16.67 45.00 14.29 

102 53.33 83.33 58.33 35.00 64.29 

104 6.67  8.33 10.00 10.71 

106 0.83 5.56 4.17  3.57 

108 0.83  4.17  3.57 

128 0.83     

      
Arc2 FZN VIG POR SAG SMI 

93 0.93     

97 0.93    3.13 

99 2.78 12.50 12.50 5.56  

101 1.85   11.11 6.25 

103 12.96 6.25 6.25 5.56 15.63 

105 10.19 6.25 31.25 11.11 12.50 

107 3.70 6.25 18.75 5.56 6.25 

109 11.11   5.56 6.25 

111 6.48  6.25 11.11 6.25 

113 3.70    6.25 

115 0.93 6.25  16.67  

117 8.33 6.25 6.25  3.13 
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119 11.11 12.50 6.25 5.56 3.13 

121 3.70  12.50  9.38 

123 3.70 6.25  11.11 3.13 

125 4.63 12.50  5.56 3.13 

127 3.70 12.50   3.13 

129 2.78 12.50   6.25 

131 0.93    3.13 

133 3.70   5.56  

137 0.93    3.13 

141 0.93     

      
Arc3 FZN VIG POR SAG SMI 

101   10.00   

111 1.06    3.57 

119 5.32    3.57 

121 2.13    7.14 

123 1.06    7.14 

125 3.19     

127 1.06  5.00  7.14 

129 3.19  5.00  3.57 

131 4.26  10.00 33.33  

133 5.32  10.00 33.33 3.57 

135 4.26 50.00 5.00  3.57 

137 12.77     

139 5.32  10.00  17.86 

141 4.26     

143 5.32  5.00  3.57 

145 9.57  10.00   

147 3.19 50.00   10.71 

149 4.26    7.14 

150   5.00   

151 3.19  5.00   

153 1.06     

155 6.38     

157 2.13   33.33 10.71 

159 3.19     

161 2.13  5.00  3.57 

163 2.13    7.14 

165   10.00   

169 2.13     

171 1.06     

173 1.06     

175   5.00   

      
Arc5 FZN VIG POR SAG SMI 

98 0.91     

100     3.13 

102 0.91     

104 1.82  4.55 8.33  

106 0.91     

108 4.55  13.64   

110 5.46  4.55  3.13 

112 11.82  4.55 16.67 15.63 



114 7.27 20.00  8.33 6.25 

116 3.64    6.25 

118 10.91 30.00 18.18 25.00 18.75 

120 5.46 10.00 9.09 8.33 12.50 

122 7.27 10.00 9.09 8.33  

124 6.36 10.00 4.55  6.25 

126 0.91  4.55  9.38 

128 2.73    9.38 

130 5.46   8.33  

132 2.73 10.00 13.64   

134 0.91  4.55   

136 2.73    6.25 

138 4.55 10.00    

140 2.73     

142 0.91  4.55 16.67  

144 2.73     

146   4.55   

148 0.91     

150 0.91    3.13 

154 0.91     

158 0.91     

160 1.82     

170 0.91     

      
Arc10 FZN VIG POR SAG SMI 

135  5.56    

139     6.67 

141 0.77 5.56  5.56  

143 4.62 5.56 12.50 5.56 3.33 

145 4.62 5.56   3.33 

147 1.54    3.33 

149 2.31     

151 3.85  12.50   

153 2.31 11.11 4.17 5.56 6.67 

155 9.23 5.56   10.00 

157 9.23  4.17 5.56 6.67 

159 3.08 5.56  11.11 3.33 

161 8.46 11.11 16.67 11.11 6.67 

163 2.31 5.56 12.50  6.67 

165 5.39 5.56  5.56 10.00 

167 5.39  4.17 5.56  

169 6.92   5.56 3.33 

171 5.39 5.56   3.33 

173 3.08   5.56 3.33 

175 4.62     

177 4.62 11.11 4.17 22.22 3.33 

179 4.62  16.67 11.11 3.33 

181  11.11 4.17   

183 2.31  4.17  6.67 

185 0.77     

187  5.56    

189     3.33 

191 0.77  4.17  6.67 



193 1.54     

201 0.77     

205 1.54     

      
Arc11 FZN VIG POR SAG SMI 

134 0.79     

138 0.79     

142 3.18  8.33  2.94 

145 28.57 27.78 16.67 31.82 38.24 

148 4.76 16.67 4.17 18.18 5.88 

151 12.70  33.33 4.55 8.82 

154 19.05 22.22 4.17 9.09 23.53 

157 7.94 11.11 8.33 9.09 8.82 

160 14.29 5.56 16.67 27.27 2.94 

163 6.35 11.11   2.94 

167 0.79  4.17  2.94 

170 0.79 5.56 4.17  2.94 

      
Arc15 FZN VIG POR SAG SMI 

139     7.69 

143     7.69 

145 0.96  4.55 11.11  

149 12.50  9.09 38.89  

151 2.89    15.39 

153 16.35 6.25 22.73 11.11 11.54 

157 0.96 37.50 13.64 5.56 15.39 

161 15.39 12.50 4.55 5.56 11.54 

165 20.19  9.09 16.67 7.69 

169 5.77   11.11 7.69 

173 4.81 25.00   7.69 

177 1.92     

183 0.96     

185 3.85    7.69 

189 2.89     

193 2.89 12.50 4.55   

197 0.96     

205 1.92 6.25 13.64   

209   4.55   

213   9.09   

217 0.96     

221 0.96  4.55   

233 1.92     

245 0.96     

      
Arc21 FZN VIG POR SAG SMI 

160 1.59     

161 0.79 6.25   2.94 

167 6.35     

170 0.79     

173 1.59     

175 2.38    8.82 

179 30.95 31.25   26.47 

182 4.76    2.94 



185 6.35 6.25   5.88 

188 5.56    14.71 

191 7.14 12.50 5.00  2.94 

194 4.76  10.00  5.88 

197 2.38  5.00 10.00 2.94 

200 3.97 12.50 20.00 45.00  

203 1.59  25.00 10.00  

206 1.59 12.50 10.00   

209    5.00  

212   5.00   

215 7.94 6.25 20.00 25.00 17.65 

218 5.56 6.25   8.82 

221  6.25    

224 0.79     

230 1.59     

245    5.00  

257 0.79     

263 0.79     

      
Arc22 FZN VIG POR SAG SMI 

137 1.54     

151    4.55  

152     2.94 

154 4.62 5.56  4.55  

157 5.39  4.17 4.55 5.88 

160 6.15 5.56 16.67 4.55 8.82 

163 10.77 22.22 16.67 13.64 17.65 

166 16.15 22.22 25.00 22.73 14.71 

169 12.31 5.56 12.50 18.18 8.82 

170     8.82 

172 8.46 5.56 8.33 4.55 8.82 

175 9.23 11.11 4.17  8.82 

178 9.23 11.11   2.94 

180 0.77 5.56    

181 4.62   4.55 2.94 

183 0.77     

184 2.31 5.56 4.17 9.09  

186     2.94 

187 3.08   4.55  

189   4.17   

190 1.54    2.94 

193 2.31  4.17  2.94 

199    4.55  

202 0.77     

      
Arc23 FZN VIG POR SAG SMI 

158   4.17   

161   4.17   

162    4.55 5.88 

164 2.34  4.17 9.09  

165 0.78    2.94 

166 1.56    5.88 

167 10.94 16.67 20.83 13.64 11.77 



168 3.91  16.67  2.94 

169 14.84 5.56 8.33 13.64 20.59 

170 21.88 38.89 29.17 36.36 14.71 

171 0.78 11.11 4.17 9.09  

172 35.16 16.67 8.33 9.09 20.59 

173     5.88 

174 4.69 5.56  4.55 2.94 

175 1.56     

176     2.94 

178 0.78 5.56   2.94 
181 0.78     

 

 

Table S2. (A) Percentage of failed amplifications across loci and populations. From the 121 samples collected only 114 were 

used in genetic analysis (see text for details). (B) Frequencies of null alleles determined by the EM algorithm (Chapuis & Estoup 

2007) for ten microsatellite loci across all sampled populations of Scyllarus arctus; Null allele presence determined by MICRO-

CHECKER (Van Oosterhout et al. 2004) are indicated in bold; *insufficient samples to proceed analysis in MICRO-CHECKER. 

A.       

 North Portugal (NPT) South Portugal (SPT) Azores (AZO)  

Locus FZN VIG POR SAG SMI Global 

Arc1 7.7   8.3 17.6 7.9 
Arc2 16.9 11.1 36.4 16.7 5.9 16.7 
Arc3 27.7 77.8 18.2 66.7 17.6 33.3 
Arc5 7.7 44.4 9.1 41.7 5.9 14.0 
Arc10    16.7 11.8 3.5 
Arc11 3.1     1.8 
Arc15 20.0 11.1 9.1 16.7 23.5 18.4 
Arc21 3.1 11.1 18.2 8.3  5.3 
Arc22       
Arc23 1.5     0.9 

B.       

 North Portugal (NPT) South Portugal (SPT) Azores (AZO)  

Locus FZN VIG* POR SAG SMI Global 

Arc1 0.23 0.18  0.04 0.22 0.19 
Arc2 0.03   0.07  0.03 
Arc3 0.25 0.33 0.13 0.30 0.22 0.25 
Arc5 0.04    0.12 0.05 
Arc10 0.02    0.11 0.02 
Arc11  0.02  0.20  0.02 
Arc15 0.31 0.36 0.09 0.34 0.36 0.31 
Arc21 0.05 0.10   0.06 0.06 
Arc22 0.02  0.09   0.02 
Arc23 0.07 0.06  0.10 0.09 0.08 

 



Table S3. Testing Hardy–Weinberg equilibrium (H0 = random union of gametes) when the alternative hypothesis is heterozygote 

deficit. Significant values after Bonferroni correction are indicated in bold; (see Figure 1 for codes). 

 Single-locus  Multi-locus 

p-value FZN VIG POR SAG SMI Global   p-value 

Arc1 0.0000 0.0588 0.3079 0.2436 0.0001 0.0000  FZN 0.0000 
Arc2 0.0412 0.2815 1.0000 0.0440 1.0000 0.0280  VIG 0.0000 
Arc3 0.0000 0.3339 0.0029 0.0098 0.0000 0.0000  POR 0.0451 
Arc5 0.0162 0.4043 1.0000 0.2047 0.0023 0.0031  SAG 0.0000 
Arc10 0.1075 1.0000 1.0000 1.0000 0.0008 0.0246  SMI 0.0000 
Arc11 0.3211 0.1711 1.0000 0.0022 0.4830 0.0917    
Arc15 0.0000 0.0000 0.0224 0.0000 0.0000 0.0000    
Arc21 0.0081 0.0322 0.7331 0.9850 0.0256 0.0015    
Arc22 0.0715 0.5950 0.0388 0.2973 0.4935 0.0401    
Arc23 0.0008 0.0682 0.8590 0.0090 0.0066 0.0000    

p-value  All loci        
All populations 0.0000        

 

 

 

Table S4. Global single- and multilocus FST (with and without the ENA correction method), RST and Dest values for Scyllarus 

arctus. 

 Locus            

 Arc1 Arc2 Arc3 Arc5 Arc10 Arc11 Arc15 Arc21 Arc22 Arc23 Multilocus 95% CI 

FST 0.026 0.002 0.002 0.000 0.000 0.009 0.020 0.059 0.000 0.014 0.011 0.001-0.025 
FST (ENA) 0.026 0.003 0.003 0.000 0.000 0.009 0.011 0.061 0.000 0.013 0.011 0.000-0.025 
RST 0.016 0.016 0.000 0.000 0.000 0.000 0.019 0.183 0.000 0.064 0.013 0.010-0.084 
Dest 0.088 0.122 0.608* 0.000 0.000 0.095 0.402* 0.444 0.000 0.038 0.155 0.101-0.211 

CI = confidence interval; significant values after sequential Bonferroni correction are in bold (P < 0.005); *Indicates significant deviation at P < 
0.05. 



Table S5. Genotypic differentiation for (A) each population pair (exact G test) and (B) all populations. Significant values after 

sequential Bonferroni correction are indicated in bold; NA = not available. (see Figure 1 for codes). 

A.           

Locus           

Arc1  P-value  Arc2  P-value  Arc3  P-value 

VIG FZN 0.029  VIG FZN 0.624  VIG FZN 0.462 

POR FZN 0.839  POR FZN 0.257  POR FZN 0.398 

POR VIG 0.311  POR VIG 0.175  POR VIG NA 

SAG FZN 0.746  SAG FZN 0.484  SAG FZN 0.389 

SAG VIG 0.008  SAG VIG NA  SAG VIG NA 

SAG POR 0.318  SAG POR 0.265  SAG POR 0.938 

SMI FZN 0.695  SMI FZN 0.944  SMI FZN 0.469 

SMI VIG 0.521  SMI VIG 0.412  SMI VIG 0.826 

SMI POR 0.991  SMI POR 0.540  SMI POR 0.569 

SMI SAG 0.260  SMI SAG 0.481  SMI SAG 0.622 

Arc5  P-value  Arc10  P-value  Arc11  P-value 

VIG FZN 0.953  VIG FZN 0.056  VIG FZN 0.391 

POR FZN 0.666  POR FZN 0.075  POR FZN 0.221 

POR VIG NA  POR VIG 0.271  POR VIG 0.038 

SAG FZN 0.828  SAG FZN 0.685  SAG FZN 0.360 

SAG VIG NA  SAG VIG 0.781  SAG VIG 0.314 

SAG POR 0.903  SAG POR NA  SAG POR 0.334 

SMI FZN 0.330  SMI FZN 0.559  SMI FZN 0.777 

SMI VIG 0.406  SMI VIG 0.944  SMI VIG 0.827 

SMI POR 0.153  SMI POR 0.642  SMI POR 0.237 

SMI SAG 0.221  SMI SAG NA  SMI SAG 0.197 

Arc15  P-value  Arc21  P-value  Arc22  P-value 

VIG FZN 0.023  VIG FZN 0.494  VIG FZN 0.917 

POR FZN 0.352  POR FZN 0.000  POR FZN 0.357 

POR VIG 0.401  POR VIG 0.061  POR VIG 0.796 

SAG FZN 0.530  SAG FZN 0.000  SAG FZN 0.478 

SAG VIG 0.050  SAG VIG 0.001  SAG VIG 0.729 

SAG POR 0.537  SAG POR 0.212  SAG POR 0.925 

SMI FZN 0.185  SMI FZN 0.653  SMI FZN 0.224 

SMI VIG 0.673  SMI VIG 0.182  SMI VIG 0.769 

SMI POR 0.444  SMI POR 0.000  SMI POR 0.851 

SMI SAG 0.257  SMI SAG 0.000  SMI SAG 0.535 

Arc23  P-value  Global  P-value     

VIG FZN 0.312  FZN VIG 0.093     

POR FZN 0.091  FZN POR 0.002     

POR VIG 0.811  VIG POR 0.106     

SAG FZN 0.189  FZN SAG 0.000     

SAG VIG 0.991  VIG SAG 0.003     

SAG POR 0.993  POR SAG 0.848     

SMI FZN 0.115  FZN SMI 0.601     

SMI VIG 0.550  VIG SMI 0.927     

SMI POR 0.262  POR SMI 0.031     
SMI SAG 0.591  SAG SMI 0.000     

B.           

Locus p-value          

Arc1 0.356          



Arc2 0.648          

Arc3 0.467          

Arc5 0.776          

Arc10 0.306          

Arc11 0.283          

Arc15 0.116          

Arc21 0.000          

Arc22 0.633          

Arc23 0.133          

 

 

Table S6. Analysis of recent genetic bottlenecks in Scyllarus arctus from five locations using the infinite alleles model (IAM), the 

two-phase model (TPM) and the stepwise mutation model (SMM). None of the p-values were significant after sequential 
Bonferroni correction for multiple tests. (see Figure 1 for codes). 

Wilcoxon test p-value 

 FZN VIG POR SAG SMI 

IAM 0.072 0.188 0.063 0.061 0.075 

TPM 0.754 0.278 0.688 0.065 0.216 

SMM 0.993 0.577 0.991 0.348 0.577 

 

 
Table S7. Migration rates (95% confidence intervals) derived from BAYESASS (Wilson & Rannala 2003) for Scyllarus arctus 

across all sampling localities with n > 10 (see Fig. 1 for codes). Values along the diagonal (shaded) are the proportion of 

individuals derived from the source population for each generation (non-immigrants). Most estimates of pairwise migration rates 

are low, and do not differ significantly from values expected in cases of absence of information in the data (m = 0.055, CI: 0.000 

- 0.218). Additionally, as is the case, unreliable results are identified when immigration rate estimates are very close to 1/3 or 0, 

and correspondingly estimates of the proportion of non-migrants are close to either 2/3 or 1 (Faubet et al. 2007). 

 

  Migration rates from population 

 FZN POR SAG SMI 

FZN 0.995 
(0.980-0.999) 

0.002 
(0.000-0.010) 

0.002 
(0.000-0.010) 

0.002 
(0.000-0.010) 

POR 0.273 
(0.194-0.323) 

0.692 
(0.667-0.749) 

0.017 
(0.000-0.071) 

0.017 
(0.000-0.069) 

SAG 0.277 
(0.200-0.323) 

0.016 
(0.000-0.068) 

0.691 
(0.667-0.749) 

0.016 
0.000-0.069) 

M
ig

ra
tio

n 
ra

te
s 

in
to

 p
op

ul
at

io
n 

SMI 0.280 
(0.212-0.327) 

0.012 
(0.000-0.051) 

0.012 
(0.000-0.051) 

0.684 
(0.667-0.725) 

 



Appendix 3. Supplementary data – Scyllarides latus 

 

 

 

Figure S1. Photographs of Scyllarides latus specimens. From top to bottom and left to right, photographs by: D Horst, S 
Lobenstein (twice), and	  E Carchedi. 

 

 



 

Figure S2. Biplot representation of the nine microsatellite-based FCA conducted on Scyllarides latus populations. 

 

 

Figure S3. Estimated population structure from STRUCTURE analyses for K = 2 to K = 7, permutated by CLUMPP and 

visualised by DISTRUCT. Each individual is represented by a vertical bar in K coloured segments; the length of each colour 

being proportional to the estimated membership coefficient. Black lines separate individuals from different geographic areas 
(see Figure 1 for codes). 

 

-2!

-1.5!

-1!

-0.5!

0!

0.5!

1!

-1.5! -1! -0.5! 0! 0.5! 1! 1.5!
A

xi
s 

2 
(3

.9
7%

)!

Axis 1 (4.20%)!

MED!
ATL!
AZO!
CAN!
CPV!



Table S1. Allele frequencies by locus and population for Scyllarides latus.; 

(see Figure 1 for codes). 

Locus      

Lat5 ATL MED CPV CAN AZO 

143  2.27  3.12 2.22 

146 33.33 20.45  31.25 5.56 

149 66.67 67.05 100 53.12 71.11 

152  10.23  12.5 20 

155     1.11 

      
Lat7 ATL MED CPV CAN AZO 

122    5.88 1 

126 8.33 4.55 5.56  1 

130  1.14   3 

132 16.67 17.05 16.67 11.76 21 

134 16.67 1.14  2.94 4 

136  11.36 5.56 11.76 6 

138 8.33 10.23 5.56 11.76 3 

140 16.67 13.64  14.71 18 

142 33.33 28.41 66.67 35.29 38 

144  10.23  2.94 5 

146  2.27  2.94  

      
Lat9 ATL MED CPV CAN AZO 

156  1.14  2.94 2 

159 7.14 9.09 5 8.82 6 

165 92.86 88.64 95 88.24 91 

168  1.14   1 

      
Lat10 ATL MED CPV CAN AZO 

175  1.19  3.57  

176  2.38  17.86 3.26 

177 8.33 5.95 7.14  1.09 

178   7.14  2.17 

180     2.17 

181 58.33 51.19 28.57 17.86 48.91 

183 16.67 34.52 57.14 57.14 36.96 

185 16.67 3.57  3.57 5.43 

187  1.19    

      
Lat12 ATL MED CPV CAN AZO 

186  1.14    

190 21.43 11.36 33.33 18.75 29 

192 50 61.36 50 46.88 56 

194 14.29 22.73 5.56 18.75 11 

196 14.29  5.56 12.5 2 

200  1.14 5.56 3.12 1 

202  2.27    

204     1 

      
Lat13 ATL MED CPV CAN AZO 

204 21.43 1.14  3.12 2 



207 14.29 7.95 15 15.62 12 

210  1.14    

213 64.29 87.5 85 81.25 86 

216  1.14    

219  1.14    

      
Lat14 ATL MED CPV CAN AZO 

208 7.14 1.14 20 13.33 4.08 

213 7.14 2.27  6.67 1.02 

217 7.14 11.36 20 6.67 10.2 

218 14.29 21.59 20 16.67 25.51 

221 42.86 42.05 40 50 35.71 

222  3.41   2.04 

224  3.41  3.33 5.1 

225 7.14 5.68   6.12 

226  1.14   1.02 

228  2.27   3.06 

229 7.14 1.14    

231 7.14 2.27  3.33 6.12 

234  1.14    

237  1.14    

      
Lat15 ATL MED CPV CAN AZO 

243  1.14   2 

245 7.14    1 

247 7.14 1.14  3.33 2 

249 7.14 13.64   16 

251 21.43 7.95 22.22 23.33 14 

253 28.57 57.95 55.56 53.33 53 

254  3.41  3.33  

255 21.43 12.5 5.56 16.67 8 

257     1 

259  1.14 16.67  3 

265 7.14 1.14    

      
Lat21 ATL MED CPV CAN AZO 

155  5.81 16.67 3.12 3.06 

161 7.14   3.12  

164 28.57 8.14 33.33 12.5 6.12 

167 7.14 18.6  3.12 3.06 

170  5.81 8.33 6.25 2.04 

173  13.95  9.38 17.35 

176 7.14 6.98  18.75 8.16 

179  4.65 8.33 3.12 19.39 

182 28.57 20.93  25 15.31 

185 21.43 8.14 16.67 12.5 14.29 

188  6.98 16.67  9.18 

191    3.12 2.04 

      
Lat22 ATL MED CPV CAN AZO 

235 14.29 11.36 6.25 15.62 11 

237  1.14    

238 28.57 39.77 31.25 34.38 32 



241 50 22.73 31.25 25 36 

242     2 

244 7.14 22.73 31.25 25 19 

247  2.27    
 

 

Table S2. (A) Percentage of failed amplifications across loci and populations. From the 156 samples collected only 128 were 

used in genetic analysis (see text for details). (B) Frequencies of null alleles determined by the EM algorithm (Chapuis & Estoup 

2007) for nine microsatellite loci across all populations of Scyllarides latus; Null allele presence determined by MICRO-

CHECKER (Van Oosterhout et al. 2004) are indicated in bold; (see Figure 1 for codes). 

A.       

Locus MED ATL AZO CAN CPV Global 

Lat5  14.3 10.0 5.9 20.0 7.0 
Lat7  14.3   10.0 1.6 
Lat9       
Lat10 4.5 14.3 8.0 17.6 30.0 10.2 
Lat12    5.9 10.0 1.6 
Lat13    5.9  0.8 
Lat14   2.0 11.8 50.0 6.3 
Lat15    11.8 10.0 2.3 
Lat21  14.3 8.0 5.9 10.0 5.5 
Lat22    5.9 20.0 2.3 
       
B.       

Locus MED ATL AZO CAN CPV Global 

Lat5 0.21 0.32 0.24 0.14  0.22 
Lat7 0.02  0.09 0.12  0.07 
Lat9 0.04      
Lat10    0.16  0.02 
Lat12   0.02 0.09  0.01 
Lat13    0.07   
Lat14 0.03  0.07   0.05 
Lat15       
Lat21  0.03 0.11 0.05  0.05 
Lat22   0.03    

 

 

Table S3. Testing Hardy–Weinberg equilibrium (H0 = random union of gametes) when the alternative hypothesis is heterozygote 
deficit. Significant values after Bonferroni correction are indicated in bold; (see Figure 1 for codes). 

 Single-locus  Multi-locus 

P-value ATL MED CPV CAN AZO   P-value 

Lat5 0.0300 0.0000 NA 0.0169 0.0000  ATL 0.5038 

Lat7 0.2640 0.1718 1.0000 0.0030 0.0000  MED 0.0131 

Lat9 NA 0.2923 NA 1.0000 1.0000  CPV 0.9431 

Lat10 0.2708 0.8232 0.8506 0.0092 0.7355  CAN 0.0002 

Lat12 0.6627 0.8578 0.3318 0.0466 0.1548  AZO 0.0000 

Lat13 0.6625 1.0000 1.0000 0.3065 0.5316    

Lat14 0.8573 0.0974 0.6969 0.2655 0.0065    

Lat15 1.0000 0.9673 1.0000 0.8824 0.3922    

Lat22 0.9622 0.7206 0.8928 0.7856 0.1696    

P-value All loci 
       

All populations 0.0000        



Table S4. Global single- and multilocus FST (with and without the ENA correction method), RST and Dest values for S. latus. 

 Locus           

 Lat5 Lat7 Lat9 Lat10 Lat12 Lat13 Lat14 Lat15 Lat22 Multilocus 95% CI 

FST 0.037 0.006 0.000 0.039 0.013 0.008 0.000 0.012 0.000 0.010* 0.000−0.023 

FST (ENA) 0.049 0.009 0.000 0.034 0.017 0.011 0.000 0.012 0.000 0.012* 0.001−0.024 
RST 0.078 0.000 0.000 0.000 0.000 0.005 0.009 0.000 0.000 0.000 0.000−0.048 
Dest 0.074* 0.053 0.000 0.118* 0.000 0.010 0.000 0.037 0.000 0.021 0.000−0.060 

CI = confidence interval; *Indicates significant deviation at P < 0.05; None of the values were significant after sequential Bonferroni 
correction (P < 0.005). 

 

 

Table S5. Analysis of recent genetic bottlenecks in Scyllarides latus from five sampling localities using an infinite alleles model 

(IAM), the two-phase model (TPM) and the stepwise mutation model (SMM). None of the p-values were significant after 
sequential Bonferroni correction for multiple tests. (see Figure 1 for codes). 

Wilcoxon test p-value 

 ATL MED CPV CAN AZO 

IAM 0.285 0.787 0.578 0.248 0.589 

TPM 0.455 0.993 0.809 0.820 0.990 

SMM 0.787 0.998 0.963 0.986 0.999 

 

 

Table S6. Genotypic differentiation for (A) each population pair (exact G test) and (B) all populations. Significant values after 
sequential Bonferroni correction are indicated in bold. (see Figure 1 for codes). 

A.           

Locus           

Lat5  P-value  Lat7  P-value  Lat9  P-value 

MED ATL 0.505  MED ATL 0.399  MED ATL 1.000 

CPV ATL 0.166  CPV ATL 0.324  CPV ATL 1.000 

CPV MED 0.088  CPV MED 0.110  CPV MED 0.815 

CAN ATL 0.650  CAN ATL 0.768  CAN ATL 1.000 

CAN MED 0.907  CAN MED 0.579  CAN MED 1.000 

CAN CPV 0.012  CAN CPV 0.357  CAN CPV 0.772 

AZO ATL 0.141  AZO ATL 0.661  AZO ATL 1.000 

AZO MED 0.122  AZO MED 0.150  AZO MED 0.848 

AZO CPV 0.218  AZO CPV 0.204  AZO CPV 1.000 

AZO CAN 0.073  AZO CAN 0.518  AZO CAN 0.896 

Lat10  P-value  Lat12  P-value  Lat13  P-value 

MED ATL 0.539  MED ATL 0.058  MED ATL 0.043 

CPV ATL 0.114  CPV ATL 0.693  CPV ATL 0.102 

CPV MED 0.183  CPV MED 0.031  CPV MED 0.742 

CAN ATL 0.039  CAN ATL 1.000  CAN ATL 0.276 

CAN MED 0.005  CAN MED 0.035  CAN MED 0.796 

CAN CPV 0.257  CAN CPV 0.662  CAN CPV 1.000 

AZO ATL 0.251  AZO ATL 0.551  AZO ATL 0.010 

AZO MED 0.225  AZO MED 0.012  AZO MED 0.503 

AZO CPV 0.203  AZO CPV 0.750  AZO CPV 1.000 

AZO CAN 0.009  AZO CAN 0.196  AZO CAN 0.905 



Lat14  P-value  Lat15  P-value  Lat22  P-value 

MED ATL 0.910  MED ATL 0.091  MED ATL 0.290 

CPV ATL 0.937  CPV ATL 0.061  CPV ATL 0.386 

CPV MED 0.560  CPV MED 0.022  CPV MED 0.778 

CAN ATL 0.877  CAN ATL 0.248  CAN ATL 0.250 

CAN MED 0.389  CAN MED 0.084  CAN MED 0.878 

CAN CPV 0.848  CAN CPV 0.113  CAN CPV 0.770 

AZO ATL 0.660  AZO ATL 0.146  AZO ATL 0.679 

AZO MED 0.916  AZO MED 0.394  AZO MED 0.118 

AZO CPV 0.680  AZO CPV 0.162  AZO CPV 0.820 

AZO CAN 0.347  AZO CAN 0.045  AZO CAN 0.630 

Global  P-value         

MED ATL 0.158         

CPV ATL 0.186         

CPV MED 0.039         

CAN ATL 0.572         

CAN MED 0.096         

CAN CPV 0.327         

AZO ATL 0.176         

AZO MED 0.030         

AZO CPV 0.676         
AZO CAN 0.051         

           
B.           

Locus P-value          

Lat5 0.011          
Lat7 0.648          
Lat9 0.467          
Lat10 0.776          
Lat12 0.306          
Lat13 0.283          
Lat14 0.116          
Lat15 0.000          
Lat22 0.633          
Lat5 0.133          

 

	  

 

 



Appendix 4. Supplementary data – Palinurus elephas 

 

 

 

Figure S1. Photographs of Palinurus elephas specimens from the Azores archipelago. From top to bottom and left to right, 
photographs by: MA Santos, N Sloth (Biopix), Eleutério and J Fontes (ImagDOP). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure S2. Estimated population structure in STRUCTURE for K = 2 to K = 5, permutated by CLUMPP and visualised by 

DISTRUCT. Each individual is represented by a vertical bar in K coloured segments, the length of each colour being 

proportional to the estimated membership coefficient. Black lines separate individuals from different geographic areas (see 

Figure 1 for labelling). The proportional membership to each of the two populations did not vary across individuals 

illustrating that all individuals are from a single panmictic population. 

 



Table S1. Summary of additional microsatellite loci used in cross-amplifications of other lobster species. All primers are 

described in Diniz et al. (2004). 

Locus Repeat Motif Primer Sequence (5ʼ-3ʼ) GenBank 
Accession nº 

Par1 (AGAT)14 F: GACGGACAGAAATAGATGGATAGA AY526335 
  R: ACGAAATAGGCGAGCAAGAA  
Par2 (TCTA)7 F: TGTTTGATTAGTGAGGTTGTCTG AY526336 
  R: GACAGATAGGTAGATAGATTGACAGAT  
Par3 (AGAT)16 F: TTACCGGGTTGACAGGAGAC AY526337 
  R: GTCCGTGTGGTCCGATATTC  
Par5 (ACAG)9 F: GGGGGAGGAGGATAGACG AY526339 

  R: TTTTCTGTTCCTCTGGCTTTTT  
Par7 (TCTA)12 F: TGGGTAACGGTAAGACTATTGA AY526341 

  R: CAGACAGATGGACGGAGAGA  
Par8 (TCTG)3(TCTA)14 F: CCCTCTCTCTATCTTTCTCTATCTC AY526342 

  R: GAGGGTCGAAGCAAATGAAC  
Par10 (TAGA)3(AGAT)12(TAGA)3 F: CAAGCAAAGCACAGAAGCAT AY526344 

  R: AACCAGCGTTCCAGTCAGTT  

F forward primer sequence; R reverse primer sequence 

	  
 
Table S2. Allele frequencies by locus and population for Palinurus elephas from the archipelago of the Azores (Central and 

Eastern groups of islands).	  

Locus    Locus    Locus   

Pael12 Central Eastern  Pael14 Central Eastern  Pael21 Central Eastern 

179 11.40 22.22  146  5.56  261 7.14  

183 2.63 5.56  154 1.75   264 3.57 5.56 

187 3.51   158 1.75   269 21.43 55.56 

195 2.63   162 0.88   273 2.68 5.56 

199 1.75   166 7.02   277 4.46  

203 0.88   168 0.88 5.56  281 0.89 5.56 

207 11.40 11.11  170 5.26 16.67  285 0.89  

211 10.53 11.11  172 1.75   289 4.46  

215 7.89 11.11  174 1.75 11.11  296 2.68  

219 14.04 16.67  176 3.51   301 0.89  

223 8.77 5.56  178 6.14 5.56  309 2.68  

227 6.14   180 0.88   310  5.56 

231 6.14 5.56  182 5.26 11.11  313 4.46  

235 2.63 5.56  184 4.39   314 0.89  

239 2.63 5.56  186 15.79 5.56  315 1.79  

243 3.51   188 5.26 5.56  317 3.57  

247 3.51   190 7.89 11.11  319 2.68  

    192 7.02   321 5.36 5.56 

    194 4.39   325 2.68 5.56 

    196 0.88 5.56  326 3.57  

    198 12.28   327 5.36  

    200 0.88 5.56  329 6.25  

    202 3.51   331 0.89  

    211  5.56  333 0.89  

    222  5.56  337 2.68  

    230 0.88   339 4.46 5.56 

        341 0.89 5.56 

        350 0.89  

        358 0.89  



           

Pael49 Central Eastern  Pael53 Central Eastern  A1 Central Eastern 

239 10.34 5.56  185 8.77 16.67  189 1.72  

240 6.03 5.56  187 12.28 22.22  191 44.83 50.00 

243 1.72   189 2.63 5.56  194 1.72 11.11 

245 4.31   190 1.75   196 1.72  

246 6.03   191 26.32 16.67  197 13.79 11.11 

248 1.72 11.11  193 12.28 16.67  200 3.45  

249 9.48   195 18.42 5.56  203 29.31 16.67 

251 9.48 11.11  197 2.63   206 3.45 11.11 

252 8.62 11.11  199 6.14 5.56     

254 6.90 5.56  201 6.14 11.11     

255 3.45 5.56  203 0.88      

257 0.86 5.56  207 1.75      

258 4.31          

260 3.45 16.67         

261 5.17          

263 1.72          

264 3.45 11.11         

266 1.72          

267 2.59 5.56         

270 0.86          

273 2.59 5.56         

279 0.86          

282 0.86          

285 0.86          

288 2.59          

           

A8 Central Eastern  A16 Central Eastern  A26 Central Eastern 

200 0.88   202 1.72   209 29.82 27.78 

201 70.18 72.22  206 1.72   211 44.74 44.44 

202 10.53 11.11  208 1.72   213 20.18 22.22 

203 13.16 16.67  210 4.31 5.56  217 0.88  

205 5.26   212 1.72 5.56  219 4.39 5.56 

    214 6.03 5.56     

    216 10.34 5.56     

    218 14.66 11.11     

    220 3.45 5.56     

    222 12.07 5.56     

    224 7.76      

    225 0.86      

    226 8.62 16.67     

    227 0.86 5.56     

    228 6.03 11.11     

    230 2.59 11.11     

    231 0.86      

    232 1.72 5.56     

    234 1.72      

    235 0.86      

    236 6.03 5.56     

    237 0.86      

    238 2.59      

    240 0.86      



	  

	  
	  

 
Table S3 (A) Frequencies of null alleles determined by the EM algorithm (Chapuis & Estoup 2007) for 12 microsatellite loci 

across all populations of P. elephas; Bold null allele presence determined by MICROCHECKER (Van Oosterhout et al. 2004) 

(B) Percentage of failed amplifications across loci and populations. From the 76 samples collected only 67 were used in genetic 

analysis. 

A.     B.    

Locus Central Eastern Global  Locus Central Eastern Global 

Pael12     Pael12 13.6 10.0 13.2 
Pael14 0.11 0.14 0.12  Pael14 13.6 10.0 13.2 
Pael21     Pael21 15.2 10.0 14.5 
Pael49 0.04  0.03  Pael49 12.1 10.0 11.8 
Pael53     Pael53 13.6 10.0 13.2 
A1     A1 12.1 10.0 13.2 
A8     A8 13.6 10.0 13.2 
A16     A16 12.1 10.0 11.8 
A26 0.10    A26 13.6 10.0 13.2 
A28     A28 12.1 10.0 11.8 
A39     A39 12.1 10.0 11.8 
A55     A55 13.6 10.0 13.2 

           

A28 Central Eastern  A39 Central Eastern  A55 Central Eastern 

175 0.86   249 0.86   159 0.88  

177 2.59   257 22.41 11.11  165  5.56 

194 0.86 5.56  259 29.31 22.22  167 0.88  

197 4.31   261 16.38 16.67  169 1.75  

203 0.86   263 0.86 5.56  171 2.63  

205 3.45 5.56  265 6.03 5.56  175  5.56 

207 5.17   267 0.86 5.56  177 1.75  

209 1.72   269 0.86   179 2.63 5.56 

211 5.17 5.56  271 9.48 33.33  181 1.75 16.67 

213 4.31 5.56  273 12.07   183 2.63  

214 0.86   275 0.86   185 5.26 5.56 

215 6.03 16.67      187 2.63  

217 4.31 16.67      189  5.56 

219 12.07       191 2.63 5.56 

221 6.90       193 1.75 5.56 

223 6.90 11.11      195 7.02  

225 7.76 5.56      197 7.02 11.11 

227 11.21       199 10.53  

229 2.59 11.11      201 4.39  

231 2.59       203 2.63  

233 0.86       205 4.39 5.56 

235 1.72 5.56      207 5.26  

237 1.72 5.56      209 3.51  

239 1.72       211 4.39  

241 1.72 5.56      213 1.75 11.11 

243 0.86       215 3.51  

245 0.86       217 5.26  

        219 3.51 5.56 

        221 1.75 5.56 

        223 3.51  

        225 4.39  

        229  5.56 



Table S4. Genetic variability in Palinurus elephas determined by Babbucci et al. (2010) for the Azorean samples using seven 

microsatellite loci. Allelic richness and heterozygosity (shaded) estimated in the current study for the same locations and 
markers (g accounts for the maximum standardized sample size i.e. twice the number of genotypes). 

 Locus        

 A1 A8 A16 A26 A28 A39 A55 Mean ± SD 

N 13 13 13 13 13 13 13  

Na 8 3 11 5 15 7 16 9.3 ± 4.9 
HO 0.846 0.308 1.000 0.692 0.846 0.846 0.692 0.747 ± 0.221 
HE 0.806 0.280 0.901 0.732 0.951 0.790 0.957 0.774 ± 0.234 

Ar(26) 5.6 3.9 13.5 3.9 15.1 7.0 17.4 9.5 ± 5.7 
HO 0.642 0.497 0.910 0.561 0.910 0.985 0.791 0.757 ± 0.191 
HE 0.699 0.475 0.932 0.674 0.948 0.964 0.824 0.788 ± 0.181 

N sample size; Na number of alleles; HO observed heterozygosity; HE expected heterozygosity; Ar(g) allelic richness; Mean ± SD 
means across all samples and loci. Significant departures from HWE are in bold. 

 

 

Table S5. Cross-species amplification of 19 lobster-specific microsatellite markers. Microsatellites described for Palinurus 

elephas in Palero & Pasqual (2008) (A) and  Babbucci et al. (2010) (B), and for Panulirus argus in Diniz et al. (2004) (C) are 

included. 

 Locus P. elephas P. regius S. arctus S. latus 

A.      

 Pael12 + - - - 
 Pael14 + - - - 
 Pael21 + - - - 
 Pael49 + - - - 
B.      
 A1 + - - - 
 A8 + - - - 
 A16 + - - - 
 A26 + - - - 
 A28 + - - - 
 A39 + - - ± 
 A55 + - - - 
C.      
 Par1 - - - - 
 Par2 - - - - 
 Par3 - - - - 
 Par5 - - - - 
 Par7 - - - - 
 Par8 - - - - 
 Par10 - - - - 

± positive amplification but requires PCR optimization. 



 

 

  Table S6. Global single- and multilocus FST (with and without the ENA correction method), RST and Dest values for Palinurus elephas form the Azores. 

 

 

 Locus              

 Pael12 Pael14 Pael21 Pael29 Pael53 A1 A8 A16 A26 A28 A39 A55 Multilocus 95% CI 

FST -0.019 0.005 0.048 -0.002 -0.007 -0.009 -0.030 -0.013 -0.038 0.010 0.024 0.013 0.001 -0.011−0.014 
FST (ENA) -0.017 0.001 0.048 0.000 -0.005 -0.013 -0.027 -0.009 -0.031 0.012 0.024 0.013 0.002 -0.001−0.014 
RST -0.004 -0.038 0.084 -0.013 0.006 -0.028 -0.016 -0.015 -0.033 -0.017 0.018 0.009 -0.004 -0.005−0.077 
Dest -0.217 0.223 0.272 -0.002 -0.031 -0.017 -0.025 -0.205 -0.071 0.200 0.118 0.314 0.047 -0.028−0.125 

CI, confidence interval; significant values in bold (P < 0.05) 
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