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Species whose geographical distribution encompasses both mainland and island populations provide ideal systems for examining potential isolation and genetic divergence.
This has also interest from a conservationist point of view, as it is important to protect
“evolutionarily signiﬁcant units”. We report a phylogenetic mitochondrial DNA analysis
comparing the populations of the three Chalcides skink species from the Chafarinas Islands
(NW Africa) with specimens of the same species from the nearest mainland. We tested for
the potential genetic distinctiveness of the skink island populations. However, the results
of the comparison of the genetic variability of the mitochondrial coding gene cytb were
conclusive showing that the genetic divergence between continental and island Chalcides
species was either non-existent or extremely low. We discuss how genetic divergence may
be lower than expected if separation time of the islands with the mainland has not been
long enough or if the island skink populations were currently communicated via ocean
rafting with individuals coming from the mainland ones.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
Islands provide a good opportunity to understand how biodiversity is generated and maintained. This is because islands
are discrete geographical entities within deﬁned oceanic boundaries and because gene ﬂow with the mainland is reduced by
oceanic barriers (Whittaker and Palacios, 2007). Therefore, it is interesting to study the evolutionary history of species with
both mainland and island populations, as they provide an ideal system for examining potential isolation and genetic
divergence. This also has interest from a conservationist point of view, as it is important to protect “evolutionarily signiﬁcant
units” (Crandall et al., 2000; Fraser and Bernatchez, 2001).
The Chafarinas Islands is a small archipelago of volcanic origin (aprox. 8e9 Ma) (Barrera and Pineda, 2007) located in NW
Africa in the southwestern Mediterranean Sea (35110 N, 2 250 W), 3.4 km off to the northern mainland Moroccan coast (Ras el
Ma, Morocco). It consists of three small islands with a total surface of 0.75 Km2: Congreso, Isabel II (the only inhabited island),
and Rey Francisco. The Chafarinas Islands have been entirely isolated from the mainland since the rise in sea level during the
Flandrian transgression, with the last possible connexion by a narrow sand dome between the coast and Congreso Island, but
not the other islands, being probably lost at least 6500 years ago (Barrera and Pineda, 2007). There are ten reptile species in
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the Chafarinas Islands (García-Roa et al., 2014), but their biogeography and evolutionary relationships with their African
mainland relatives are unknown. The Chafarinas Islands are strictly protected as a nature reserve and, therefore, it is
important to know whether these populations form “evolutionarily signiﬁcant units” worth to be protected.
Among the most characteristic reptile species of North Africa, there are around 24 skink species belonging to the genus
Chalcides (Squamata, Scincidae), most of which occur in Morocco and surrounding areas (Mateo et al., 1995; Bons and Geniez,
1996; Carranza et al., 2008). A few of these Chalcides species are common and widespread, but many others have restricted
distributions and are little known and threatened (Bons and Geniez, 1996). Three species of Chalcides skinks can be found in
Chafarinas Islands (García-Roa et al., 2014; Martín et al., 2015) and in the nearest mainland (Mateo et al., 1995; Bons and
Geniez, 1996; Mediani et al., 2015). The Ocellated skink, Chalcides ocellatus, is a widespread species in North Africa (Mateo
et al., 1995; Kornilios et al., 2010; Mediani et al., 2015) that is also found in all of the three Chafarinas Islands (García-Roa
et al., 2014). The Chafarinas skink, Chalcides parallelus, is a poorly known threatened species, which distribution is limited
to the Rey Island in the Chafarinas Archipelago, where it is abundant (Civantos et al., 2013; García-Roa et al., 2014), and to a
very narrow mainland coastal strip in North Africa where it is found sporadically (Mateo et al., 1995; Bons and Geniez, 1996;
Mediani et al., 2015). The third skink species is the two-ﬁngered skink, Chalcides mauritanicus, a poorly known fossorial
species, whose distribution is limited to Congreso Island in Chafarinas (Martín et al., 2015) and a very small sandy coastal
mainland area in North Africa (Mateo et al., 1995; Bons and Geniez, 1996; Mediani et al., 2015).
Here, we report a phylogenetic mitochondrial DNA analysis of the three Chalcides skink species from the Chafarinas Islands
in comparison with specimens of the same species from the nearest mainland. We tested for the potential genetic distinctiveness of the Chafarinas Islands populations. We hypothesized that because the island populations should be isolated from
the mainland ones, they might have evolved separately leading to genetic divergence and forming “evolutionarily signiﬁcant
units”. Alternatively, it is possible that genetic divergence may be low if separation time of the islands with the mainland has
not been long enough or if there was gene ﬂow via ocean rafting of individuals between continental and island populations
(Carranza et al., 2000; Carranza and Arnold, 2003; De Queiroz, 2005).

2. Materials and methods
2.1. Sampling procedures
We conducted ﬁeld work during two weeks in March 2014 (spring) at the Chafarinas Islands. Skinks were found and
captured by hand under stones or burrowed in sandy areas. A small piece of tail (less than 5%) was sampled and preserved for
DNA analysis in 96% ethanol. Skinks were released at the capture sites in less than 5 min after ensuring they were in good
condition.
Samples from a total of nine skinks from the Chafarinas Islands, including two C. mauritanicus, four C. parallelus, and three
C. ocellatus, were included in the phylogenetic analysis. To test the genetic distinctiveness of the skinks from Chafarinas, these
were put into a broader context of related mainland taxa from different localities in North Africa and especially with specimens of the same species from the nearest mainland (Ras el Ma and Moulouya, Morocco), which had been collected for a
previous study (Carranza et al., 2008) (Fig. 1). We assumed that these closest mainland populations are the most probable
founding populations and the origin of possible migrants to the islets. A specimen of the skink Scincopus fasciatus was used to
root the tree (Carranza et al., 2008). A list of the specimens included in the phylogenetic analysis with their corresponding
geographical distribution, sample codes and GenBank accession numbers for the sequenced gene analyzed can be found as
Supplementary Material.

2.2. Genetic analyses
Genomic DNA was extracted from alcohol preserved tissue samples using the Speedtools Tissue DNA Extraction Kit
(Biotools BandM Labs S.A.). All samples were ampliﬁed for the cytochrome b mitochondrial gene (cytb) using the same
primers and PCR conditions as in Carranza et al. (2008). The puriﬁcation and sequencing of PCR products was carried out by
Macrogen Inc., Amsterdam. The chromatographs were edited and assembled using Geneious v.R6 (Biomatters Ltd.). Sequences were also translated into amino acids and no stop codons were observed. DNA sequences were aligned using MAFFT
v.6 (Katoh and Toh, 2008) applying parameters by default (i.e. Auto strategy, Gap opening penalty: 1.53, Offset value: 0.0).
To estimate the level of genetic divergence between samples, uncorrected (p-distance) mean genetic distances for the cytb
gene fragment (307 bp analyzed) were calculated with MEGA 5 (Tamura et al., 2011). Best-ﬁtting model of sequence evolution
for the cytb gene was inferred using jModeltest v.0.1.1 (Posada, 2008) under the Akaike information criterion (AIC) (Akaike,
1973), being the GTR þ G the model selected. The phylogenetic analysis was performed using Maximum Likelihood (ML)
implemented in the software RAxML v.7.0.3 (Stamatakis, 2006). Reliability of the ML tree was assessed by bootstrap analysis
(Felsenstein, 1985) including 1000 replications. Nodes were considered strongly supported if they received ML bootstraps
values  70% (Wilcox et al., 2002).

J. Martín et al. / Biochemical Systematics and Ecology 71 (2017) 187e192

Fig. 1. Geographic location of the Chafarinas Islands, indicating the Chalcides skink species found at each islet (þ), and mainland localities of the North African skinks used in the phylogenetic analyses.
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3. Results
The phylogenetic relationships among the individuals sampled (Fig. 2) based on the genetic variability of the mitochondrial coding gene cytb showed that the genetic divergences between each of the three Chafarinas Island Chalcides skink
species and their respective continental populations were either non-existent or extremely low.
Thus, within C. ocellatus, genetic variability between island and coastal individuals ranged between 0 and 0.7% (0.3 ± 0.2%),
which corresponds to a minimum of 0 and a maximum of 2 bp changes. This low level of genetic differentiation between the
Chafarinas islands and the nearest mainland populations contrasts with the high level of genetic variability (between 3.8 and
9.0%) detected among C. ocellatus populations across North Africa (Fig. 2; see Carranza et al., 2008).
Also, there were no genetic differences between the samples of island and coastal C. parallelus (0.2 ± 0.2%), with two of four
samples of the Chafarinas Islands being genetically identical to the coastal one in the highly variable cytb gene.
Finally, C. mauritanicus presented 0.9 ± 0.4% of genetic variability between mainland and island populations, which
corresponds to only two variable positions. Moreover, within the mainland specimens analyzed, there were only two variable
sites.
4. Discussion
Our phylogenetic analysis clearly shows that the populations of the three Chalcides skink species from Chafarinas Islands
are genetically very similar or identical to their respective populations from the nearest mainland localities. These results do
not support the hypothesis that the current geographic isolation of the Chafarinas Islands promotes isolated evolution of the
island skinks. There are several possible explanations for this lack of genetic divergence. The low levels of divergence may
simply mean that different mtDNA lines may have not had enough time to diverge since the last terrestrial connection of the
islands with the mainland disappeared. Also, the different haplotypes might not be segregating if they appear both in the
islands and in the mainland. Alternatively or in addition, it is possible that in spite of the existence of a sea barrier, the island
populations are not actually isolated from the mainland ones, and that some gene ﬂow is maintained with the mainland.

Fig. 2. Maximum-likelihood (ML) tree for the cytb mtDNA sequences, showing the phylogenetic relationships among Chalcides skink species analyzed. Numbers
above branches indicate bootstrap support values. The three different clade names correspond to clades identiﬁed by Carranza et al. (2008). Codes after the
species names of the Chafarinas islands skink species refer to tissue sample codes, as animals were released in the wild. Numbers after the species names of
skinks from mainland North Africa and Israel refer to the specimen numbers used by Carranza et al. (2008).
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In fact, rafting of terrestrial organisms dispersed while being conﬁned to ﬂoating items has been reported from all oceans
(De Queiroz, 2005; Thiel and Gutow, 2005). In particular, many reptiles can “travel” between islands even at long distances.
For example, Anolis lizards and green iguanas are thought to be frequently dispersed between Caribbean Islands via rafting
(Censky et al., 1998; Calsbeek and Smith, 2003). Also, the evolutionary history of Tarentola geckos from the Canary Islands has
involved trans-oceanic dispersal from Africa, between the Canary and the Cape Verde islands, as well as between islands
(Carranza et al., 2000). Moreover, two independent long range crosses between Africa and America have been suggested for
skinks (Carranza and Arnold, 2003).
The Chafarinas Islands are not far from the coast, and after episodes of heavy storms, ﬂoods from the mainland Moulouya
river (only 11 km away) result in a current of sediments and ﬂoating vegetal materials that can be observed on the sea heading
towards the Chafarinas Islands. As a result, tree trunks and other materials often arrive to the island shores, which very likely
could be the source of mainland skinks arriving to the islands. However, to assess whether there is current gene ﬂow further
genetic studies using nuclear markers would be needed.
An additional potential explanation might be that some island skinks could have been translocated by humans (Kornilios
et al., 2010). However, this possibility is unlikely because access of visitors to the two uninhabited islands (Rey and Congreso
islands) is highly restricted.
In spite of the low genetic distinctiveness of the populations of the skink species from the Chafarinas Islands, the conservation interest of the Chafarinas populations of skinks is still high. This is because this is a protected area that holds wellpreserved high density populations (much higher than in the mainland) of these threatened skinks, which in North African
mainland regions suffer a human-induced, progressive quick loss of the quality of their habitat (Mediani et al., 2015). The
results of this study will contribute to the design of conservation plans for these skinks.
Acknowledgements
The ﬁeld station of the “Refugio Nacional De Caza de las Islas Chafarinas” provided logistical support. We thank Juan
pez, Alfredo Ruiz and Javier Zapata for friendship and
Ignacio Montoya, Javier Díaz, Gonzalo Martínez, Angel Sanz, Francisco Lo
help in the Islands, and Meritxell Txipell for drawing the map. R. García-Roa beneﬁted from a FPI grant, J. Ortega from a CSIC
nomo de Parques NacioJAE-pre grant. Legal authorization and support for the study was provided by the Organismo Auto
n research project CGL2014nales (Spain), with additional ﬁnancial support from the Ministerio de Economía e Innovacio
53523-P.
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://dx.doi.org/10.1016/j.bse.2017.02.007.
References
Akaike, H., 1973. Information theory and an extension of the maximum likelihood principle. In: Petrov, B.N., Csaki, F. (Eds.), Second International Symposium on Information Theory. Academiai Kiado, Budapest, Hungary, pp. 267e281.
lago deseado por todos. Tierra Tecnol. 30, 13e30.
Barrera, J.L., Pineda, A., 2007. Islas Chafarinas. La geología de un archipie
n Herpetolo
gica Espan
~ ola, Barcelona, Spain.
Bons, J., Geniez, P., 1996. Amphibians and Reptiles of Morocco. Asociacio
Calsbeek, R., Smith, T.B., 2003. Ocean currents mediate evolution in island lizards. Nature 426, 552e555.
Carranza, S., Arnold, E.N., 2003. Investigating the origin of transoceanic distributions: mtDNA shows Mabuya lizards (Reptilia, Scincidae) crossed the Atlantic
twice. Syst. Biodiv 1, 275e282.
Carranza, S., Arnold, E.N., Mateo, J.A., Lopez-Jurado, L.F., 2000. Long-distance colonization and radiation in gekkonid lizards, Tarentola (Reptilia: Gekkonidae), revealed by mitochondrial DNA sequences. Proc. R. Soc. Lond. B 267, 637e649.
Carranza, S., Arnold, E.N., Geniez, P., Roca, J., Mateo, J.A., 2008. Radiation, multiple dispersal and parallelism in the skinks. Chalcides and Sphenops
(Squamata: Scincidae), with comments on Scincus and the age of the Sahara desert. Mol. Phyl. Evol. 46, 1071e1094.
Censky, E.J., Hodge, K., Dudley, J., 1998. Over-water dispersal of lizards due to hurricanes. Nature 395, 556.
pez, P., Pe
rez-Cembranos, A., Pe
rez-Mellado, V., Martín, J., 2013. Diet selection by the threatened Chafarinas' skink Chalcides
Civantos, E., Ortega, J., Lo
parallelus in North Africa. Afr. J. Herp 69, 78e89.
Crandall, K.A., Bininda-Emonds, O.R.P., Mace, G.M., Wayne, R.K., 2000. Considering evolutionary processes in conservation biology. Trends Ecol. Evol. 15,
290e295.
De Queiroz, A., 2005. The resurrection of oceanic dispersal in historical biogeography. Trends Ecol. Evol. 20, 68e73.
Felsenstein, J., 1985. Conﬁdence-limits on phylogeniesdan approach using the bootstrap. Evolution 39, 783e791.
Fraser, D.J., Bernatchez, L., 2001. Adaptive evolutionary conservation: towards a uniﬁed concept for deﬁning conservation units. Mol. Ecol. 10, 2741e2752.
pez, P., Civantos, E., Martín, J., 2014. Revisio
 n de la distribucio
n y abundancia de la herpetofauna en las Islas Chafarinas: datos
García-Roa, R., Ortega, J., Lo
ricos vs. tendencias poblacionales. Bol. Asoc. Herp. Esp. 25, 55e62.
histo
Katoh, K., Toh, H., 2008. Recent developments in the MAFFT multiple sequence alignment program. Brief. Bioinform 9, 286e298.
Kornilios, P., Kyriazi, P., Poulakakis, N., Kumlutas, Y., Ilgaz, Ç., Mylonas, M., Lymberakis, P., 2010. Phylogeography of the ocellated skink Chalcides ocellatus
(Squamata, Scincidae), with the use of mtDNA sequences: a hitch-hiker’s guide to the Mediterranean. Mol. Phyl. Evol. 54, 445e456.
 pez, P., Pe
rez-Cembranos, A., Leo
n, A., García, L.V., Pe
rez-Mellado, V., 2015. Occurrence and ecological aspects of the
Martín, J., García-Roa, R., Ortega, J., Lo
two-ﬁngered skink Chalcides mauritanicus in the Chafarinas islands in North Africa. Afr. J. Herp 64, 67e79.
niez, Ph, Bons, J., 1995. Saurians of the genus Chalcides laurenti 1768 (Reptilia, Scincidae) in Morocco, I: review and distribution. Rev. Esp. Herp
Mateo, J.A., Ge
9, 7e36.
Mediani, M., Brito, J.C., Fahd, S., 2015. Atlas of the amphibians and reptiles of northern Morocco: updated distribution and patterns of habitat selection. Basic
Appl. Herp 29, 81e107.
Posada, D., 2008. jModelTest: phylogenetic model averaging. Mol. Biol. Evol. 25, 1253e1256.
Stamatakis, A., 2006. RAxMLVIHPC: maximum likelihood based phylogenetic analyses with thousands of taxa and mixed models. Bioinform 22, 2688e2690.

192

J. Martín et al. / Biochemical Systematics and Ecology 71 (2017) 187e192

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., Kumar, S., 2011. MEGA5: molecular evolutionary genetics analysis using maximum likelihood,
evolutionary distance, and maximum parsimony methods. Mol. Biol. Evol. 28, 2731e2739.
Thiel, M., Gutow, L., 2005. The ecology of rafting in the marine environment. II. The rafting organisms and community. Oceanogr. Mar. Biol. Ann. Rev. 43,
279e418.
Whittaker, R.J., Palacios, J.M.F., 2007. Island Biogeography: Ecology, Evolution, and Conservation. Oxford University Press, New York.
Wilcox, T.P., Zwickl, D.J., Heath, T.A., Hillis, D.M., 2002. Phylogenetic relationships of the dwarf boas and a comparison of Bayesian and bootstrap measures of
phylogenetic support. Mol. Phyl. Evol. 25, 361e371.

