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ABSTRACT 

The Pleistocene glaciations, and in particular the Last Glacial Maximum, are 
known to have shaped the present-day distribution and genetic structure of both 
terrestrial and aquatic biota in the northeast Atlantic and Mediterranean areas. 
Sponges constitute an excellent model group to study the effects of these events, 
given their ubiquity in benthic communities, their broad scale distribution which 
is mainly determined by temperature, and their limited dispersal ability. In this 
study, we assessed the genetic population structure of an Atlanto-Mediterranean 
demosponge, Phorbas fictitius (Porifera: Poecilosclerida), based on sequences of a 
556bp partition of the mitochondrial cytochrome c oxidase subunit I gene (COI), 
at two spatial scales: a regional scale comparing mainland (Iberian) and insular 
(Macaronesian) populations, and a local (Archipelagic) scale focusing on different 
island populations of the Azores archipelago. At the regional scale we found 
highly structured populations with separation of an insular (Macaronesian) and 
mainland (Iberian) clades. At the Archipelagic scale we again found populations 
to be structured and evidence of a recent expansion of the species to the 
westernmost islands of the Azores. The level of differentiation found at both 
scales is consistent with the low dispersal potential and bathymetric range of this 
species. The observed gradient of lower genetic diversity at higher latitude, 
combined with the geographical distribution of mtDNA haplotypes, is consistent 
with current models of glacial refugia of the late Pleistocene. Our results further 
identify the Macaronesian islands as putative offshore refugia for P. fictitius 
populations, thus highlighting the important role that these archipelagos have 
played in the recent evolutionary history of Northeast Atlantic marine biota. 
 
KEYWORDS: Porifera, Iberia, Macaronesia, Azores, mitochondrial DNA, genetic 
diversity, glacial refugia 
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INTRODUCTION 

The North Atlantic and Mediterranean areas underwent dramatic climatic 
changes during the Pleistocene glacial/interglacial cycles which culminated in the 
Last Glacial Maximum (LGM, 30-19 kyr BP). These events have shaped the 
present-day distribution and genetic constitution of both terrestrial and aquatic 
biota, as a consequence of extinction, re-colonization, and repeated range shifts of 
many taxa (Hewitt, 1996, 1999, 2000, 2004).  

Recently, several studies were performed to infer the population structure 
and phylogeography of various marine taxa with an Atlanto-Mediterranean 
distribution (see review by Patarnello et al., 2007) and some refugial areas were 
identified (Coyer et al., 2003; Luttikhuizen et al., 2003; Gysels et al., 2004; Provan 
et al., 2005, Hoarau et al., 2007). However, most studies have focused on the 
mainland shores and only few addressed the importance of the Macaronesian 
islands as potential offshore refugia for marine organisms during these climatic 
events (e.g. Domingues et al., 2006, 2007a,b, 2008; Chevolot et al., 2006). 

 Macaronesia comprises four oceanic archipelagos - Azores, Madeira, 
Canaries, and Cape Verde - with a volcanic origin and complex geological history 
(Whittaker and Fernández-Palacios, 2007). Due to their geographic location, 
topographic features, and oceanographic context each archipelago experienced 
differential climatic effects (namely sea surface temperature anomalies) during 
the LGM, which were attenuated in relation to mainland locations (see Crowley, 
1981; Pflaumann et al., 2003; Hayes et al., 2005). 

Sponges constitute a dominant group in hard-bottom benthic communities 
both in terms of biomass and species richness (Sarà & Vacelet, 1973). They are 
sessile in the adult phase and only disperse by means of lecitotrophic larvae with 
a life span of a few days to 2 weeks (Maldonado, 2006). Although passive 
dispersal by water currents may occur, most sponge larvae appear to remain in 
the immediate vicinity of the parental location (Mariani et al., 2005, 2006). This 
low dispersal potential has important consequences for the connectivity and 
structure of sponge populations. With over 700 shallow-water species reported 
for the Northeast Atlantic and Mediterranean areas (Xavier & Van Soest, 
submitted; Chapter 2) and a geographical distribution mainly determined by 
temperature (Sarà & Vacelet, 1973), sponges are thus an excellent model group to 
study the effects of the Pleistocene glaciations on the dynamics of Northeast 
Atlantic and Mediterranean marine biota. 
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Surprisingly, studies addressing the population genetics and 
phylogeography of sponges are still scarce and limited to a handful of species 
worldwide (e.g. Wörheide et al., 2002; Duran et al., 2004a; Wörheide, 2006; 
Bentlage & Wörheide, 2007; Blanquer et al., 2009).  In the Northeast Atlantic and 
Mediterranean areas, studies into sponge phylogeography are restricted to a 
single species, Crambe crambe, a Mediterranean species which also occurs at some 
locations in adjacent Atlantic waters. In a first study, Duran and co-workers 
reported low sequence variation of the cytochrome c oxidase subunit I gene (COI) 
in sponges (Duran et al., 2004a). In fact, with only two mtDNA haplotypes 
detected in samples spanning over 3,000 km, Folmer’s COI fragment (Folmer et 
al., 1994), in sponges proved to be amongst the slowest evolving ones reported for 
marine organisms. Although some genetic structure was found among Atlantic 
and Mediterranean populations, this gene fragment failed to reveal the 
phylogeographic history of the species. Soon after, sensitivity was increased by 
sequencing the nuclear rDNA internal transcribed spacers (ITS-1 and ITS-2) and 
microsatellite genotyping for the same specimens; and a recent origin of the 
species or, alternatively, a recent bottleneck followed by a range expansion from 
the Mediterranean to the Macaronesian islands by human-mediated transport 
was then proposed (Duran et al., 2004b, c). 

In the present study, we examined the phylogeographical history of the 
Atlanto-Mediterranean sponge Phorbas fictitius (Bowerbank, 1866) (family 
Poescilosclerida) based on mtDNA sequences of an alternative partition of the 
COI gene (“I3-M11”) proposed to be suitable to infer intraspecific relationships in 
Porifera (Erpenbeck et al., 2006; López-Legentil & Pawlik, 2009), and for which 
we developed new sponge specific primers.   

Phorbas fictitius is a red encrusting sponge typical of the rocky subtidal. It 
has a wide distribution range in the northeast Atlantic (including the 
Macaronesian archipelagos) and Mediterranean. No specific information is 
available about the reproductive ecology of P. fictitius, but members of the 
Hymedesmiidae, to which this species belongs, are known to release brooded 
larvae to the surrounding water (Maldonado, 2006).  

The main goals of this study were 1) to assess the extent of genetic 
differentiation and structure of P. fictitius populations at regional [Iberian 
(mainland) versus Macaronesian (island) populations] and local (populations of 
different islands of the Azores archipelago) scales, and 2) to investigate the role of 
the Macaronesian islands as potential refugia for this species during the last 
glacial maximum.  
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METHODS 

Sampling 

Specimens of P. fictitius (total N=94) were collected by scuba-diving at ten 
locations separated by distances ranging from 55 to 3250 km (Fig. 1, Table1). 
Specimens were preserved in 96% ethanol and deposited in the Porifera collection 
of the Zoological Museum of Amsterdam (ZMAPOR). Small fragments (3 mm3) to 
be used for genetic analyses were preserved in absolute ethanol and kept at -10 oC 
until further processing.  
 

Population Sampling location Pc N Nh Hd π 

Galicia Graña GAL 8 2 0.250 
(0.180) 

0.00045 
(0.00032) 

Berlengas Berlenga Grande island BER 9 3 0.750 
(0.079) 

0.00181 
(0.00028) 

Mediterranean  Blanes MED 6 2 0.333 
(0.215) 

0.00120 
(0.00078) 

Madeira Madeira island MAD 13 4 0.526 
(0.153) 

0.00250 
(0.00096) 

Canaries Tenerife island CAN 10 4 0.644 
(0.023) 

0.00364 
(0.00094) 

Azores Azores archipelago AZO 48 3 0.462 
(0.062) 

0.00234 
(0.00033) 

    Santa Maria Santa Maria island SMA 8 2 0.250 
(0.180) 

0.00045 
(0.00033) 

    Formigas Formigas islet & Dollabarat Bank FOR 16 2 0.125 
(0.106) 

0.00023 
(0.00019) 

    São Miguel São Miguel island SMG 11 2 0.509 
(0.101) 

0.00276 
(0.00055) 

    Faial Faial island FAI 7 1 0.000 
(0.000) 

0.00000 
(0.00000) 

    Flores Flores island FLW 6 1 0.000 
(0.000) 

0.00000 
(0.00000) 

TOTAL All populations   94 10 0.747 
(0.034) 

0.0042 
(0.00027) 

Table 1. Diversity measures for Phorbas fictitius populations 

Population code (Pc), sample size (N), number of haplotypes (Nh), haplotype diversity 
(Hd), and nucleotide diversity (π) are presented. Standard deviations for Hd and π are 
given in parenthesis. GAL, BER and MED correspond to the Iberian populations while 
MAD, CAN and AZO constitute the Macaronesian populations. 
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Azores
(AZO)

Madeira
(MAD)

Galicia
(GAL)

Berlengas
(BER)

Canaries
(CAN)

Blanes
(MED)

Flores
(FLW)

Faial
(FAI)

S. Maria
(SMA)

S. Miguel
(SMG)

Formigas
(FOR)

DNA extraction, amplification, and sequencing 

Total DNA was extracted using DNeasy® Tissue kit (QIAGEN), following 
manufacturer instructions, and a fragment of the COI gene was sequenced. The 
usefulness of Folmer’s COI partition (Folmer et al., 1994) at the inter- and 

(b) 

(a) 

Figure 1. Geographical distribution of mtDNA haplotypes of Phorbas fictitius at (a) 
regional (Iberian/Macaronesian) and (b) local (Archipelagic) scales. Letters in 
parentheses refer to population codes (see Table 1). 
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intraspecific level phylogeny in sponges and other lower metazoans has been 
recently questioned (Erpenbeck et al., 2006). Because this fragment has an 
extremely slow rate of sequence evolution in sponges (Duran et al., 2004a; 
Wörheide, 2006) and anthozoans (Shearer et al., 2002; France & Hoover, 2002), it 
exhibits a low resolution in the assessment of relationships at low taxonomic 
levels. However Erpenbeck and colleagues (2006) showed that COI can be a 
suitable marker if another partition (“I3-M11”) located downstream of Folmer’s 
fragment is used. In this study, we amplified and sequenced a partition of the 
COI gene that overlaps approximately 60bp with Folmer’s 3’ partition and 
includes Erpenbeck’s “I3-M11”. For that purpose we designed a new primer set 
from the alignment of three complete poriferan COI sequences available from 
Genbank (NC006894, NC006990, NC006991; Lavrov et al., 2005) with our own 
sequences. These primers, PficCOI2f (5’ –AACATGAGGGCANTGGGAGTAACT– 
3’) and PorCOI2r (5’ –ACTGCCCCCATNGATAAAACAT– 3’), were developed 
for P. fictitius but also appear to successfully amplify and sequence COI from 
sponge species belonging to orders different than the Poecilosclerida (e.g., 
Hadromerida, Astrophorida). 

Amplifications were carried out in 25 μl volume reaction containing 2.5 μl 
of 10x buffer (Sphaero Q), 4 μl dNTPs (1 mM), 1.6 μl BSA (10 mg/ml), 1.6 μl 
MgCl2 (25 mM), 0.3 μl (5 U/μl) of Taq polymerase (Sphaero Q), 0.8 μl of each 
primer (10 μM), and 1.5 μl of DNA. The amplification profile was as follows: 
initial denaturing step of 95 oC for 3 min, 36 cycles (94 oC for 30 s, 57 oC for 45 s 
and 70 oC for 90 s) and a final extension of 72 oC for 10 min. Amplified products 
were excised from 1% TAE gels and purified with QIAquick Gel Extraction kit 
(QIAGEN) following the manufacturer’s instructions. The same primers were 
used for the sequencing reaction with the ABI-Big-Dye Ready-Reaction and 
purified products sequenced on both directions on an ABI 3700 automated 
sequencer at the Amsterdam Academic Medical Centre. 

 

Genetic diversity and structure 

Multiple alignments were performed using the ClustalW tool in BioEdit (Version 
7.0.0; Hall 1999). Haplotype and nucleotide diversities were calculated for each 
population in DnaSP (version 4.0; Rozas et al., 2003). Genetic differentiation 
among populations was assessed from pairwise FST analyses and gene flow (M) 
estimates. Analysis of molecular variance (AMOVA) was performed in order to 
assess the hierarchical population structure at the considered spatial scales. At the 
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regional scale, all Azorean populations were pooled and compared with the other 
Iberian populations. At the archipelagic scale, we performed an AMOVA 
exclusively for the five Azorean populations to assess the level at which island 
populations of P. fictitius are structured. In order to test for a model of isolation 
by distance we applied a Mantel test to the pairwise genetic and geographical 
distance matrices. All analyses were implemented in ARLEQUIN (Version 3.11; 
Excoffier et al., 2005).  
 

Phylogenetic and phylogeographic relationships 

Haplotype phylogenies were assessed by Neighbor Joining (NJ), Maximum 
Parsimony (MP), and Maximum Likelihood (ML) methods as implemented in 
PAUP* (Version 4.0; Swofford, 1998). For the NJ and ML we selected a simple 
model of evolution, the Kimura-2-distance (K2P; Kimura, 1980), and assessed the 
topological confidence with 10,000 and 100 bootstrap replicates for NJ and ML, 
respectively. The MP was implemented by full heuristic search and the 
confidence evaluated with 5,000 replicates. Additionally, a statistical parsimony 
network was constructed in TCS (Version 1.21; Clement et al., 2000). This method 
implements the parsimony criterion to connect haplotypes with a 95% probability 
cut-off. A nested clade design was performed (Templeton et al., 1987), with clade 
distance (Dc) and nested clade distance (Dn) measured and tested under the null 
hypothesis of no geographical association of the haplotypes in GEODIS (Version 
2.4; Posada et al., 2000).  
 

RESULTS 

Sequence variation and genetic diversity 

A total of 94 partial COI sequences were obtained for P. fictitius with an aligned 
length of 557bp. These resulted in ten haplotypes defined by nine variable sites, 
deposited in GenBank under Accession nos. GQ273482 – GQ273491. Distances 
between haplotypes (assuming a K2P model of nucleotide substitution) ranged 
from 0.18 to 1.28% and the highest number of substitutions found was seven 
(between haplotypes I and VI).  

Overall haplotype and nucleotide diversities were, respectively, 0.747 and 
0.0042 (Table 1). At the regional scale, island (Macaronesian) populations 
revealed higher genetic diversity than their mainland (Iberian) counterparts. A 
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gradient of lower diversity at higher latitude was observed. The northern 
(Galicia) and easternmost (Mediterranean) populations revealed the lowest 
haplotype and nucleotide diversities. At the archipelagic scale, haplotypic 
diversity ranged from 0 at the westernmost islands (Flores and Faial islands) to 
0.509 at the eastern island group (São Miguel island). 

 
Phylogenetic and phylogeographic relationships 

The geographical distribution of haplotypes at the two spatial scales is shown in 
Fig. 1. Of the ten detected haplotypes, two (haplotypes I and II) are confined to 
the northernmost Iberian populations (Galicia and Berlengas; Fig. 1a). Haplotype 
III is shared between all archipelagos (Berlengas, Madeira, Canaries, and Azores) 
and haplotype IV is shared between Azores, Madeira, Canaries, and the only 
Mediterranean population, Blanes. Six private haplotypes were detected, one in 
the Azores (X), two in Madeira (VI and VII) and the Canaries (VIII and IX), and 
one in the Mediterranean (V) populations. Several haplotypes are prevalent 
(relative frequency >0.6) in some populations: haplotype I in Galicia, IV in the 
Canaries and Azores, V in the Mediterranean, and haplotype VII in Madeira 
(Table 2). The distribution of haplotypes at the archipelagic scale was 
characterized by the presence of different haplotypes on the islands of Faial (IV) 
and Flores (III), in the westernmost part of the archipelago (Fig. 1b).  

Table 2. Relative frequencies of ten COI haplotypes in each of six Phorbas fictitius 
populations. Population abbreviations as in Table 1 

Population 
Haplotype 

I II III IV V VI VII VIII IX X 

GAL 0,875 0,125                 

BER 0,333 0,333 0,333        

MED    0,167 0,833      

MAD   0,154 0,077  0,077 0,692    

CAN   0,200 0,600    0,100 0,100  

AZO     0,271 0,688           0,042 

Due to the low sequence variation, the analysis of phylogenetic 
relationships between haplotypes resulted in only moderately supported trees, 
with bootstrap values ranging from 59 to 78 (Fig. 2a). However, the trees 
generated by the three methods showed the same topology: a clade comprising 
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haplotypes IV, VI, VII, and X with a southern (insular) and haplotypes I and II 
with a northern (mainland) distribution.  A similar topology was obtained from 
the constructed statistical parsimony network (Fig. 2b). Haplotypes III and IV, 
occurring in all three Macaronesian archipelagos (AZO, CAN, and MAD) were 
found to be the ancestral haplotypes as they yield the highest outgroup 
probability (0.225 and 0.230, respectively). The network ambiguities were solved 
and the nested design was performed but due to the low number of haplotypes 
and linearity of the network the outcome of the nested clade analysis was 
inconclusive. 

 

Figure 2. Phylogenetic relationships of Phorbas fictitius haplotypes: (A) unrooted consensus 
tree based on neighbour joining (NJ), maximum parsimony (MP), and maximum 
likelihood (ML) methods. Only bootstrap support values that are >50% are shown (NJ/MP/
ML); (B) Statistical parsimony network. The area of the polygons is proportional to the 
frequency of the haplotypes in the total sample. 
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Differentiation and structure at regional and local scales 

The genetic structure of P. fictitius populations was first assessed by pairwise FST 
and gene flow estimates (Table 3). Significant high levels of genetic differentiation 
were found between most population pairs at the regional spatial scale. The 
northernmost population (GAL) showed the highest differentiation to all other 
populations (FST>0.7) with the exception of Berlengas (500 km to the South), to 
which it showed no significant differentiation. The lowest differentiation (FST<0.4) 
was found among the Macaronesian archipelagos (AZO/MAD/CAN) with the 
Azorean populations showing no significant differentiation to the Canarian ones. 

At the archipelagic 
scale, two contrasting results 
stand out: high FST values 
between populations that are 
only tens of kilometers apart 
(FST>0.5 between SMA/FOR 
and SMG) versus non-
significant differentiation 
between populations that are 
hundred’s of kilometers 
apart (for instance, FST=0.207 
between SMG and FLW that 
are over 500 km apart). 
Structure at both spatial 
scales was further confirmed 
by the AMOVA results 
(highly significant FST values; 
Table 4). At the Iberian scale, 
variation was similar within 
and among populations 
(FST≈0.5) while at the 
archipelagic scale 71% of the 
total variation was found 
among islands. 

The Mantel test, performed at the regional scale, revealed a non-significant 
trend (r=0.287, P=0.209) of increasing genetic differentiation with increasing 
geographical distance between populations. The same test was again not 

Regional scale (Iberian/Macaronesian) 

  GAL BER MED MAD CAN AZO 

GAL   0.991* 0.048* 0.109* 0.206* 0.176* 

BER 0.335ns   0.137* 0.192* 0.431* 0.301* 

MED 0.913* 0.785*   0.353* 0.849* 0.591* 

MAD 0.821* 0.722* 0.586*   1.406* 1.152* 

CAN 0.708* 0.537* 0.371* 0.262*   inf. 

AZO 0.740* 0.624* 0.458* 0.303* -0.017ns   

Local scale (Archipelagic) 
  SMA FOR SMG FAI FLW 

SMA - inf. 0.446* inf. 0.024* 
FOR -0.075ns - 0.294* inf. 0.016* 
SMG 0.529* 0.630* - 0.433* 1.917* 
FAI -0.018ns -0.063ns 0.536* - 0.000* 
FLW 0.954* 0.970* 0.207ns 1.000* - 

Table 3. Pairwise FST values (below diagonal) and 
gene flow estimates M (above diagonal) between 
Phorbas fictitius populations at regional (top table) 
and local (bottom table) scales 

* significant values at P<0.05 
ns – not significant 
inf. – infinite 
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Spatial scale  Source of  d.f. Sum of  Variance  Percentage Fixation  

  variation   squares components of variation index 

Regional Among 
5 53,456 0.77824 Va 55,64 

FST = 0.5564* 
(Iberian/Macaronesian) populations 

 Within 
88 54,593 0.62038 Vb 44,36 

 populations 

 Total 93 108,049 1,39862   

Local Among 
4 21,024 0.54375 Va 71,12 

FST = 0.7112* 
(Archipelagic) populations 

 Within 
43 9,494 0.22078 Vb 28,88 

 populations 

  Total 47 30,518 0,76453   

Va and Vb represent the associated covariance components. Significant values of FST 
(P<0.001) are indicated with an asterisk. 

significant at the archipelagic scale (r=0.266, P=0.150) and therefore the observed 
genetic patterns could not be explained by a model of isolation by distance.  

 

DISCUSSION 

Sequence variation and the use of an alternative partition of COI 

Our results confirm the previously reported low sequence variation for mtDNA 
in sponges. Nonetheless, the overall nucleotide diversity (π= 0.0042) found in the 
“I3-M11” partition in our study was higher but of the same magnitude as the 
value found for the giant barrel sponge in the Caribbean (Xestospongia muta, π= 
0.0039, López-Legentil & Pawlik, 2009) using this same partition, and much 
higher than the values found in Folmer’s COI partition in several species at 
similar but also larger spatial scales (Crambe crambe, π= 0.0006, Duran et al., 2004a; 
Astrosclera willeyana, π= 0.00049, Wörheide, 2006; Xestospongia muta, π= 0.00058, 
López-Legentil & Pawlik, 2009). The intraspecific variation (1.28%) found in our 
study is of the same order of magnitude as found in the nuclear ribosomal 
internal transcribed spacers (ITS-1 and ITS-2) of C. crambe (Duran et al., 2004b). 
Our findings therefore support that this alternative partition of the COI gene, 

Table 4. Analysis of molecular variance (AMOVA) for COI sequences of Phorbas fictitius at 
two spatial scales. At the regional scale (Iberian/Macaronesian) the Azorean populations 
were pooled and at the local (Archipelagic) scale only Azorean populations are considered  
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located downstream of Folmer’s partition, is indeed more suitable to infer 
interspecific relationships in sponges as initially suggested by Erpenbeck and 
colleagues (Erpenbeck et al., 2006) and even for intraspecific studies but for 
species with somewhat deeper phylogeographic histories (see also López-Legentil 
& Pawlik, 2009). Furthermore, the use of taxon-specific primers has obvious 
methodological advantages over the use of “universal” primers such as those of 
Folmer (Folmer et al., 1994), particularly in species known to harbor symbionts 
(as is the case with sponges). The primers developed by us amplify a large range 
of sponge species belonging to different orders and therefore we highly 
recommend its use for lower level phylogenetic studies in this taxonomic group.  

Some caution has to be taken when interpreting phylogeographic patterns 
from single markers studies (Sunnucks, 2000). Yet, molecular studies at the 
intraspecific level in sponges are not only relatively recent but have also proven 
troublesome due to: (i) the slow rate of sequence evolution (Duran et al., 2004a; 
Wörheide, 2006) and absence of a control region, commonly used in intraspecific 
studies, in most poriferan mitochondrial genomes (Lavrov et al., 2005; Wang & 
Lavrov, 2006; see exception in Erpenbeck et al., 2007) at the mitochondrial level; 
(ii) intragenomic polymorphism and paralogy in the nuclear ribosomal markers, 
such as the internal transcribed spacers (van Oppen et al., 2002; Wörheide et al., 
2004); and (iii) the presence of endosymbionts that makes difficult the 
development of microsatellites (Duran et al., 2002; Knowlton et al., 2003; Blanquer 
et al., 2005; Hoshino & Fujita, 2006). The use of variable single copy nuclear 
markers (such as introns) seems to be the most promising forthcoming 
development but only recently these were successfully employed in this 
taxonomic group (Bentlage & Wörheide, 2007; Wörheide et al., 2008).  

 

Structure of P. fictitius at regional and local scales 

Despite the low sequence variation, we found P. fictitius to have highly structured 
populations at both small and large spatial scales, as evidenced by high pairwise 
FST values and the AMOVA results. This structure is consistent with the low 
dispersal potential and bathymetric range of the species. Previous studies have 
shown sponge larvae to be philopatric and recruit at short distance from the 
parental locations (Mariani et al., 2005, 2006). Phorbas fictitius is a shallow-water 
species inhabiting rocky habitats down to 50 m depth and therefore oceanic 
depths may constitute a strong barrier to gene flow and range expansion in this 
species. Similarly structured populations were found for the demosponge C. 
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crambe at comparable spatial scales (Duran et al., 2004b, c).   
The non-significant differentiation between Galicia and Berlengas suggests 

high gene-flow among these populations. Alternatively, given the lowest genetic 
diversity of the former, it could indicate a pattern of postglacial expansion 
northward. A recent expansion/colonization of a population into a new 
geographical area, after which genetic exchange ceases, creates a genetic 
homogeneity (non-significant FST values) that does not reflect current patterns of 
gene flow, given that not enough time has elapsed for differences to build up 
(Templeton et al., 1995).  

The similar prevalence of haplotypes III and IV in the Azores and Canaries 
explains the non-significant differentiation found between its populations. 
However, the presence of private haplotypes in both populations indicates that 
the non-significant FST value may reflect the relictual character of these 
populations rather than an unlikely high level of gene flow between these 
archipelagoes, separated by more than 1500 km across deep sea.  

Although only moderately supported, the phylogenetic reconstruction of 
haplotypes and the parsimony network reveals the existence of insular 
(Macaronesian) and mainland (Iberian) clades with one single haplotype (III) 
shared between these locations. Thus, as opposed to the recent invasion of the 
Macaronesian islands by C. crambe, we find P. fictitius to possess well established 
populations in these islands. The high level of differentiation that we found in our 
study reflects the high degree of isolation among island and mainland 
populations of P. fictitius. A comparable isolation between the Macaronesian 
islands and the continental shores has been previously reported for the perciform 
triplefin Tripterygion delaisi (Domingues et al., 2007c) and for several limpet 
species of the genus Patella (Sá-Pinto et al., 2008). The relatedness of the 
Macaronesian populations to each other and to the western Mediterranean is 
consistent with the biogeographic affinities of the marine biota of these regions in 
general (Van Reine, 1988; Morton & Britton, 2000; Ávila, 2000; Almada et al., 2001) 
and of its demosponge fauna in particular (Boury-Esnault & Lopes, 1985; De 
Weerdt & Van Soest, 1986; Van Soest, 1994; Maldonado & Uriz, 1995; Xavier & 
Van Soest, Chapter 2). 

At the archipelagic scale, we found a very patchy distribution of mtDNA 
haplotypes. However, the differentiation that we found at small spatial scales of 
the order of tens of km suggests highly structured and therefore non-panmictic 
island populations. The absence of genetic diversity in the populations from 
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Flores and Faial islands may indicate a recent expansion of the species, via a 
founder event, to the westernmost part of the archipelago. However, sampling of 
these islands was limited (N=6 and 7) and therefore variation could have been 
missed. A more intensive sampling in these and the remaining islands will be 
necessary to confirm whether habitat discontinuity by the deep-sea promotes 
genetic subdivision in shallow-water species of island ecosystems as proposed by 
some authors. Such pattern of subdivision has been found for the antherinid fish 
Craterocephalus capreoli (Johnson et al., 1994) and the intertidal snail Austrocochlea 
constricta in the Houtman Abrolhos Islands (Johnson & Black, 2006). 
Contrastingly, no genetic differentiation was found among island populations of 
the blackbelly rosefish Helicolenus dactylopterus, in the Azores, given the 
continuity of its deep-sea habitat (Aboim et al., 2005). These examples emphasize 
the complex interplay between intrinsic biological and ecological traits (e.g. 
dispersal potential, geographic and bathymetric range, substrate preference) and 
extrinsic present and past environmental factors (e.g. habitat continuity, 
geographical distance, bathymetry, prevailing surface circulation) on the 
structuring of the populations at diverse spatial scales.  

 

Genetic diversity and refugial areas 

Current models of glacial refugia use genetic diversity estimates and the spatial 
distribution (and relative ages, see below) of haplotypes to identify refugial and 
expansion areas. Refugia are usually characterized by possessing the highest 
genetic diversity (except in cases of contact zones) and by a mixture of ancestral 
and private haplotypes, while expansion areas are usually genetically 
depauperate and composed of a subset of the refugial gene pool (Hewitt, 1996, 
1999, 2000, 2004). Identification of the root in intraspecific gene trees, and 
therefore the relative age of the constituting haplotypes, has proven difficult 
(Castelloe & Templeton, 1994). Nonetheless, some important attributes of 
haplotype networks, derived from coalescent theory, have been shown: 
haplotypes with an interior position in the network are older than haplotypes on 
the tips (network age polarity) and older haplotypes are more widespread than 
younger haplotypes under a restricted gene flow model (haplotypes geographical 
range and frequency) (Castelloe & Templeton, 1994; Templeton et al., 1995; 
Templeton, 1998). 

From the geographical distribution of mtDNA haplotypes of P. fictitius two 
observations stand out: (a) highest genetic diversity at the Macaronesian 
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archipelagoes and a latitudinal gradient in diversity (highest diversity at southern 
locations) and (b) high frequency of ancestral (haplotypes III and IV) and private 
haplotypes at all three Macaronesian archipelagos. Combined, these observations 
suggest the Macaronesian islands as putative offshore refugia for P. fictitius 
populations during the LGM. The occurrence of ancestral haplotype III and the 
relatively high genetic diversity in Berlengas, might indicate these islands as 
refugia of the mainland clade with postglacial expansion to Galicia (haplotypes I 
and II). These results are consistent with current models of glacial refugia and are 
supported by paleoclimatic events of the late Pleistocene (Maggs et al., 2008). 
During the LGM, the North Atlantic and Mediterranean shores endured glacial 
conditions with a major drop in sea surface temperature (SST), eustatic sea level 
fluctuations, and changes in surface circulation patterns (Mörner, 1995; 
Pflaumann et al., 2003; Hayes et al., 2005). Based on several paleoclimatic 
reconstructions, the maximum Atlantic SST anomaly during the LGM (12 oC 
lower than today) was located at approximately 45oN, sharply decreasing along 
the Portuguese coast down to the West African coast (including the Madeira and 
Canaries archipelagos) where SST’s were only slightly lower than the current 
ones (see Pflaumann et al., 2003). In the Atlantic Ocean, the Azores seem to have 
been an exception given its latitude, as - due to the warm Gulf Stream - the SST in 
this region has been relatively stable (variations of 2-3 oC) over the past 150,000 
years (Crowley, 1981). In the Mediterranean, LGM reconstructions suggest an east
-west temperature gradient with maximum SST anomalies (11oC lower than 
today) occurring along the northwestern coasts (Hayes et al., 2005). Hence, 
paleoclimate evidences support the patterns of genetic diversity found in our 
study, with genetically diverse island populations, and less diversity in locations 
that suffered the stronger SST anomalies during the LGM (Galicia and Blanes 
populations). Although considered a eurytopic species, i.e., a species with great 
plasticity in adapting to a wide range of environmental conditions (Carballo et al., 
1996), the abrupt SST anomalies may have greatly impacted P. fictitius 
populations. 

Whilst our study provides the first evidence of the Macaronesian islands as 
putative refugia for invertebrate taxa, other studies have previously supported 
this idea for several fish species, including the pomacentrid Chromis limbata 
(Domingues et al., 2006), the white seabream Diplodus sargus (Domingues et al., 
2007a), and the blennids Coryphoblennius galerita (Domingues et al., 2007b) and 
Parablennius parvicornis (Domingues et al., 2008). The Macaronesian refugium has 
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also been suggested for the thornback ray Raja clavata. Despite the low genetic 
diversity found in individual islands populations, the occurrence of ancestral and 
private haplotypes indicated the Azores as refugium for this species (Chevolot et 
al., 2006). It thus seems that the largely stable environmental conditions of the 
Macaronesian islands throughout the Pleistocenic glaciations provided suitable 
refugial conditions for several marine taxa. Additional data from other 
Mediterranean populations is also required to further understand the structure of 
P. fictitius populations across the Atlanto-Mediterranean region.   

Our study thus adds to the growing evidence of structured populations in 
the marine realm and highlights the importance of the Macaronesian islands on 
the recent evolutionary history of the Northeast Atlantic marine biota. 
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