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Abstract The Spanish populations of Juniperus oxyce-

drus subsp. macrocarpa are restricted to coastal dune

habitats of the Mediterranean and Atlantic coasts. Here, we

investigate the genetic structure in this taxon and the pos-

sible existence of detailed phylogeographic structure

associated with the Strait of Gibraltar using data from

amplified fragment length polymorphism (AFLP) and

plastid markers for 14 populations in three regions:

Andalusia, the Valencian Community and the Balearic

Islands. Principal coordinate analysis (PCOA) data

revealed a lack of clear genetic structure in J. oxycedrus

subsp. macrocarpa based on AFLP. The highest AFLP

genetic diversity was found in Andalusia. Plastid markers

revealed 14 haplotypes, only two of them were shared

among the regions. Andalusian populations had the highest

number of exclusive haplotypes. Our results support

Andalusia as a reservoir of genetic diversity for J. oxyce-

drus subsp. macrocarpa, and, as for other gymnosperms,

this area could be considered as a genetic refugium. The

frequent presence of common and exclusive haplotypes in

Andalusia might indicate the colonisation of the Spanish

Mediterranean coast from the Atlantic populations. Colo-

nisation of these new areas could be promoted by biolog-

ical factors, such as the existence of long-lived individuals

or potential for seed dispersal. Finally, the Strait of

Gibraltar did not constitute a natural barrier to the expan-

sion of this species along the coast, as identical haplotypes

are found on the Atlantic and Mediterranean coasts.

Keywords Cupressaceae � Genetic diversity � Migration

routes � South of Spain � Balearic Island

Introduction

The Mediterranean basin has been considered as a refu-

gium (Quézel 1985), and the maintenance of plant biodi-

versity in this region during glacial periods is well

established (Magri et al. 2006). Plant species and their

genetic lineages experienced complex histories during

successive glacial and interglacial periods, involving

extinction, persistence, local differentiation or migration,

and the Pleistocene glaciations appear to have been the

most important paleoclimatic events in shaping the genetic

structure of Mediterranean plants (Thompson 2005). As a

direct consequence, the Mediterranean area has become a

hotspot for phylogeographical and evolutionary studies

(e.g. Petit et al. 2005; Terrab et al. 2008; Magri et al. 2007;

Médail and Diadema 2009; Escudero et al. 2010).

Recently, Fady and Conord (2010) analysed the relation-

ships between genetic diversity of plant populations and

paleoclimate data for the Last Glacial Maximum (LGM)

around the Mediterranean basin, demonstrating that the
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LGM climate had a significance effect on current geo-

graphical and genetic diversity patterns, especially in

woody taxa. Moreover, their studies revealed a pattern in

which there was remarkably low within-population genetic

diversity in western populations compared with eastern

populations in the Mediterranean region, leading them to

stress the need for a focus on new genetic research of

western populations for conservation purposes.

The spatial genetic structure of plant populations around

the western Mediterranean area has been analysed to assess

the phylogeographical patterns mostly related to the iden-

tification of glacial refugia and therefore to determinate

migration routes of plants (e.g. Piñeiro et al. 2007; Terrab

et al. 2008). The Iberian Peninsula is potentially important

phylogeographically, because it is the western extreme of

the Mediterranean basin and because the Strait of Gibraltar

links the Atlantic Ocean and the Mediterranean Sea and

also constitutes the closest link between Europe and Africa.

The role of biogeographical barriers such as the Strait of

Gibraltar would be expected to influence phylogeographic

patterns, though different views have been put forward.

Kadereit et al. (2005) stated that the Strait of Gibraltar

could act as an effective barrier for Eryngium maritimum

L., Cakile maritima Scop. and Salsola kali L. along the

coast of the Iberian Peninsula. In addition, the Strait of

Gibraltar has been also reported to be a barrier between the

Iberian Peninsula and northern Morocco (Escudero et al.

2008; Rodrı́guez-Sánchez et al. 2008; Terrab et al. 2008;

Jaramillo-Correa et al. 2010). However, the ecological

conditions of this Strait have not always been considered as

an effective barrier as there is no obvious break in the

genetic structure of populations of some other taxa along

the European coast (Kadereit and Westberg 2007) or

between the Iberian Peninsula and North Africa (Arroyo

et al. 2008).

The Iberian Peninsula has also been regarded as a glacial

refugium (Provan and Bennett 2008; Médail and Diadema

2009), and populations of some species there have high

levels of genetic diversity (Comes and Kadereit 1998;

Taberlet et al. 1998) and a high number of haplotypes

(Hewitt 2001). No genetic data are currently available for

any populations of maritime juniper (Juniperus oxycedrus

L. subsp. macrocarpa (Sm.) Ball) relating to the identifica-

tion of glacial refugia and subsequent recolonisation, but

different migration routes have been postulated for other

Juniperus species from southern Iberian territories to other

Iberian or European areas as the climate warmed (cf. Terrab

et al. 2008). Finally, Michalczyk et al. (2010) used genetic

data to identify the geographical positions of genetic refugia

and clarify recolonisation routes, in the absence of a fossil

record. This allowed them to recognise several glacial

microrefugia during the LGM in Central Europe for popu-

lations of common juniper (J. communis L).

Littoral sand dunes are characterised by a clear linear

distribution of plant populations, and this might limit the

spatial options for migration among populations on a large

scale (Kadereit and Westberg 2007). Apart from the studies

of Kadereit et al. (2005), a few studies of the genetic

variability of sand dune plants are available (Stachys

maritima L., López-Pujol et al. 2003; Pancratium mariti-

mum L., Zahreddine et al. 2004; Grassi et al. 2005;

Ammophila arenaria (Link.) L., Rodrı́guez-Echeverrı́a

et al. 2008). However, little information is available about

the typical shrubby species from coastal sand dunes. In this

study, we selected Juniperus oxycedrus subsp. macrocar-

pa, a woody coniferous shrub that is naturally distributed

along the coastal dunes of the Mediterranean basin.

In Spain, the populations of J. oxycedrus subsp. mac-

rocarpa grow on stabilised littoral sand dunes on the

Atlantic and Mediterranean coasts, and no previous

molecular studies have focused in detail on these popu-

lations. On the contrary, the widespread and close-related

species J. communis has been much studied in Europe

(Van der Merwe et al. 2000; Oostermeijer and de Knegt

2004; Provan et al. 2008; Khantemirova and Semerikov

2010; Michalczyk et al. 2010). Data about the spatial

genetic structure would provide an opportunity to deter-

mine the phylogeography of this coastal species related to

the identification of refugia and colonisation processes.

Moreover, the existence of potentially important barriers,

such as the Strait of Gibraltar, may influence migration

routes among populations, as shown for other plants. The

main aims of the present study were (1) to infer

the spatial genetic structure of Spanish populations of

J. oxycedrus subsp. macrocarpa and to test whether the

current population fragmentation represented a barrier to

gene flow and promoted genetic differentiation; (2) to

reconstruct colonisation history from possible refugia,

reflecting historical patterns of genetic differentiation in

comparison to other Mediterranean gymnosperms or

coastal plant species; and (3) to compare our genetic

structure data with the dispersal patterns for other western

Mediterranean species characterised by similar breeding

systems, ecological habitat or fragmented population

structure. Finally, some conservation aspects related to

management are discussed in relation to the genetic

information obtained.

Materials and methods

Plant sampling and DNA extraction

Spanish maritime juniper can be considered to have three

main centres of distribution: Andalusia, the Valencian

Community and the Balearic islands (Fig. 1). A total of
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195 samples were collected from 14 populations, covering

the range of this plant in Spain (Table 1). Total genomic

DNA was extracted from silica gel-dried leaves (Chase and

Hills 1991) using a modified 29 CTAB method (Doyle and

Doyle 1987), and DNA was resuspended in 1,000 lL 0.19

TE buffer (10 mM Tris–HCl, 1 mM EDTA, pH 8.0). DNA

was purified using QIAGEN and MOBIO purification kits,

according to the manufacturers’ protocols.

AFLP analysis

Among the collected individuals, an initial set of 100 indi-

viduals from the three regions was analysed to infer the

genetic structure of J. oxycedrus subsp. macrocarpa.

Restriction and ligation reactions were carried out in accor-

dance with the AFLP
TM

Plant Mapping Protocol (Applied

Biosystems). Juniperus oxycedrus subsp. macrocarpa is

ROM
PU

PO

DO

CHI

ROCHE

PC

TF

PPBB
100 km

MLL

V

ALI

CS

100 km

Fig. 1 Map showing locations

and geographical distribution of

plastid haplotypes of Juniperus
oxycedrus subsp. macrocarpa
sampled in this study. For

population codes, see Table 1

Table 1 Studied localities of J. oxycedrus subsp. macrocarpa

Region/province Populations Abbrev. Geographical coordinates Nind Nt Na Np

Andalusia

Huelva El Rompido ROM 37�120N 7�50W 30 15 8 11

El Portil PO 37�120N 7�20W 30 10 – 10

Punta Umbrı́a PUM 37�110N 6�590W 270 10 8 7

National Park of Doñana DO 36�580N 6�300W 13,500 15 10 15

Cádiz Chiclana CHI 36�200N 6�90W 100 10 10 7

Roche ROCHE 36�170N 6�80W 300 20 10 18

Trafalgar TF 36�100N 6�20W 65 10 7 8

Natural Park Breña and Marismas of Barbate BB 36�110N 5�590W 6,500 15 10 15

Punta Camarinal PC 36�40N 5�470W 300 10 – 10

Punta Paloma PP 36�30N 5�420W 210 10 10 10

Valencian Community

Alicante North Alicante ALI 38�730N 0�220W 40 15 7 15

Valencia Natural Park of Albufera V 39�290N 0�280W 75 15 8 15

Castellón Prat de Cabanes CS 40�190N 0�220E 21 15 5 15

Balearics

Balearic Islands Majorca MLL 39�840N 3�110E 250 15 7 15

The name of the populations, the abbreviations used (Abbrev.), the geographical coordinates and the estimated number of individuals (Nind) per

population are given. The total number of collected individuals (Nt) is indicated and the numbers of individuals studied with AFLP (Na) and

plastid markers (Np) are also specified
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characterised by a large genome (Murray et al. 2004), and the

preselective and selective primers were therefore modified as

suggested by, e.g., Fay et al. (2005). The preselective primers

had two extra 30 bases (EcoR1-AC ? MseI-CT), and three

and four extra 30 bases were added to EcoR1 and MseI

selective primers. The rest of the reagents and amplification

range of temperatures followed the original protocol. A primer

trial was carried out with 12 different primers combinations,

but only the primers EcoR1-ACT ? MseI-CTAG (blue-

labelled), EcoR1-ACG ? MseI-CTAT (green-labelled) and

EcoR1-ACC ? MseI-CTAC (yellow-labelled) showed

clearly distinguishable bands. Fluorescently labelled frag-

ments from the selective amplifications were separated by

electrophoresis on a 5.0% denaturing polyacrylamide gel

using an ABI 3100 automated sequencer. Gel analysis was

carried out using Genescan 3.1. (Applied Biosystems, Inc.).

Subsequently, fragments of each primer combination were

scored with Genotyper 2.0 (Applied Biosystems, Inc.). Only

amplified fragments with sizes between 50 and 500 bases were

scored because bands outside this size range cannot be accu-

rately sized.

Plastid molecular markers

To assess the phylogeographical pattern of the Spanish

populations, we added two new populations (PO, PC) from

Andalusia (Table 1), since these populations represent the

extremes of the Andalusian distribution area. Sixteen

plastid regions were sequenced and aligned to screen for

microsatellites or nucleotide polymorphisms, using a single

accession from each population. The regions sequenced

were trnT-trnL, trnL-trnF, trnS-trnG, rpl20-rps12, psbB-

psbH, trnH-psbA, trnK–trnK, trnD-trnT, rps4, matK-trnK,

rps16, petG-trnP, trnV, rpl16, rpl14 and accD-psaI

(Taberlet et al. 1991; Johnson and Soltis 1994; Demesure

et al. 1995; Jordan et al. 1996; Oxelman et al. 1997;

Hamilton 1999; Saltonstall 2001; Wang et al. 2003).

Samples were then run on an ABI 3100 automated

sequencer, and complementary strands were assembled

using Sequencer (Gene Codes Corp., USA). Sequences

were then exported to PAUP v.4.0d64 (Swofford 2002),

and the sequences were aligned by eye.

Most of the regions were amplified and sequenced

successfully (except rpl16, rps4, rpl14, accD-psaI and

rpl20-rps12), although several changes to the original pro-

tocol were made. Only three regions (petG-trnP, trnD-trnT

and trnL-trnF) contained nucleotide polymorphisms (see

Appendix S1): the petG-trnP intergenic spacer contained a

polyA nucleotide microsatellite [(A)10–12], whereas the other

two (trnL-trnF and trnD-trnT) contained one and two

indels, respectively. These were used as molecular markers

(GenBank accessions numbers HM594857-HM594865).

For petG-trnP, the whole region had to be sequenced

according to Wang et al. (2003), because no amplification

was obtained using several newly designed primers (data

not shown). Sequences were aligned using PAUP v.4.0d64

(Swofford 2002), with adjustments by visual inspections.

Length variable fragments of trnL-trnF and trnD-trnT were

amplified using newly designed primers (Table 2). These

primers were designed using the Primer3 program (http://

frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). The

PCR conditions were an initial round of denaturing at 94�C

for 5 min, followed by 30 cycles of denaturing at 94�C for

30 s, annealing at 48–50.0�C (depending on primer pairs)

for 30 s and extension at 72�C for 30 s, followed by a final

extension at 72�C for 10 min. PCR reactions were per-

formed in a reaction volume of ca. 20 lL containing

17.5 lL ABGene 1.1 9 Master mix, 0.5 lL labelled pri-

mer (1.5 pmol/lL), 0.5 lL unlabelled complementary

primer (25 pmol/lL), 0.5 lL of 0.4% bovine serum albu-

min (BSA) and 1 lL template DNA. Sufficient differences

in the size of the fragments lengths allowed all regions to

be analysed in a single capillary. A 0.4-lL sample of each

diluted PCR product was added to 0.2 lL Rox internal size

standard (ABI) and 10 lL HiDi formaldehyde. Fragment

lengths were analysed on a 3100 ABI automated sequencer.

Table 2 Description of four plastid polymorphic markers, primers, fluorescent dye (if modified), annealing temperature of primer pair and

number of alleles

Plastid markers Primer name Primer sequence Fluorescent dye Annealing T (�C) N of alleles/haplotypes

trnL-F trnL-Fjm1F ACCAATGTCTGCTTCTCTTC 50 JOE 50 4

trnL-Fjm1R ACCAAACTCCTGTCAACTAGCAA –

trnD-T indel 1 trnD-Tjm1F TGTGCCGGGTCGTATTTTT 50 FAM 48 2

trnD-Tjm1R GAAAGAATCGGAACGAACAGA –

trnD-T indel 2 trnD-Tjm2F TGTGCCGGGTCGTATTTTT 50 FAM 48 2

trnD-Tjm2R CCAACTTGATAGATTGAG –

petG-trnP petG GGTCTAATTCCTATAACTTTGGC – 58 3

trnP GGGATGTGGCGCAGCTTGG –

848 Eur J Forest Res (2012) 131:845–856

123

http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi
http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi


Analysis was carried out using Genescan 3.1. and Geno-

typer 2.0 (Applied Biosystems, Inc.).

Data analysis

AFLP data

Polymorphic bands were scored as present (1) or absent (0)

and used to form a binary matrix. For each population,

allele frequencies were estimated using the Bayesian

approach proposed by Zhivotovsky (1999), based on non-

uniform prior distribution of null-allele frequencies. Allele

frequencies were then used to calculate gene diversity for

each population (Hj), total gene diversity (Ht) and genetic

differentiation between populations (Fst) (Lynch and

Milligan, 1994). The percentage of polymorphic fragments

(P) at the 5% level was calculated using AFLP-SURV

(Vekemans 2002), and the number of private alleles was

also estimated. As differences in sampling intensity

between populations could bias our comparisons of genetic

diversity, we computed the band richness (Br) standardised

to the smallest sample size by means of a rarefaction

method with the AFLP-DIV 1.0 software (Coart et al.

2005). An analysis of molecular variance (AMOVA) was

also performed with the variance components for (1) within

populations, without regional grouping, (2) among popu-

lations within regions and (3) among regions, using Arle-

quin v. 3.1 (Excoffier et al. 2005). In addition, SAMOVA

(spatial analysis of molecular variance) was used to iden-

tify groups of populations that maximised the proportion of

total genetic variance (Dupanloup et al. 2002). SAMOVA

was undertaken assuming different groups (K, ranging

from two to eleven) as simulated by the software SAM-

OVA v. 1.0 (Dupanloup et al. 2002). Population structuring

was also determined using the STRUCTURE software v.

2.3.3. (Pritchard et al. 2000). This Bayesian method was

used to assign individuals to genetic clusters (K) and to

estimate admixture proportions (Q) for each individual.

The proportion of membership for each cluster was cal-

culated without the consideration of sampling localities.

The analyses were performed under the admixture model

assuming independent allele frequencies and using a burn-

in period of 50,000 followed by 100,000 Markov Chain

Monte Carlo, and the most likely value of K was deter-

mined according to Evanno et al. (2005). A principle

coordinates analysis (PCOA) was performed in the R

Package for Multivariate Analysis version 4.0 (Casgrain

and Legrendre 1999) using Jaccard’s coefficient (Jaccard

1908). The table of eigenvalues produced by R was

exported to Microsoft Excel to produce XY scatter plots.

To test for repeatability of AFLP results, we ran five

samples from Andalusia region twice from DNA extraction

through to selective PCR. In all cases, the banding patterns

were similar and produced identical results for all selective

primers, even though there was some variation in the

quality of the PCR (as evidenced by differences in band

intensity between replicates).

Plastid marker data

A matrix was prepared, using different numbers for alleles

of different lengths of the size-variable fragments (see

Appendix S1). In the case of petG-trnP region, the length

of the microsatellite was used to identify alleles. Haplo-

types numbered 1–15 were defined by the combination of

the alleles for the four different loci. The haplotype defi-

nitions are given in Table 3.

The number of haplotypes (Nh) and number of private

haplotypes (Hp) were computed for each population.

Genetic diversity was calculated using Popgene 1.31 (Yeh

et al. 1999) and haplotype richness following Petit et al.

(1998) using CONTRIB program. Haplotype richness was

corrected for differences in sample size using the rarefac-

tion method. To provide robust estimates, the sample size

of the smallest population sample (n = 7) was used for

rarefaction. AMOVA was also conducted, as described

previously for the AFLP data. The existence of a phylog-

eographic structure was tested following Pons and Petit

(1996) by calculating two measures of genetic differenti-

ation: Gst and Nst. Whereas Gst is a differentiation mea-

sure that is based on allele frequencies only, Nst takes into

account the similarities between haplotypes (i.e. the num-

ber of mutations between haplotypes). These two param-

eters were compared using PERMUT software with 5,000

permutations. To identify hypothetical migration pathways

Table 3 The allelic composition of haplotypes 1–15

Haplotypes Alleles

trnD-T
indel 1

trnD-T
indel 2

trnL-F petG-trnP

H1 1 1 1 1

H2 1 1 1 3

H3 1 1 2 3

H4 1 2 1 1

H5 1 2 1 2

H6 1 2 1 3

H7 1 2 3 2

H8 1 2 4 1

H9 1 2 2 3

H10 1 2 2 2

H11 2 1 1 2

H12 2 1 2 3

H14 2 1 4 2

H15 2 1 2 2

Eur J Forest Res (2012) 131:845–856 849
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of maritime juniper along the coast based on plastid

markers, pairwise analyses along the cline based on cor-

relations between genetic parameters (number of haplo-

types and Nei’s gene diversity) and longitude were made

using Kendall’s s estimate according to Gómez et al.

(2005). These correlations were calculated using the pro-

gram PAST v. 1.97 (Hammer et al. 2001). Unrooted sta-

tistical parsimony networks were constructed using the

program TCS version 1.06 (Clement et al. 2000). For that,

the matrix was prepared using the nucleotide sequence of

each size-variable fragment (see Appendix S1). Presence of

loop structures was resolved following the systematic cri-

teria of Pfenninger and Posada (2002).

Results

AFLP data

Results for AFLP were obtained for 85 samples since some

samples showed weak electropherograms or did not

amplify. The final matrix contained 508 characters gener-

ated from the combination of three selective primer pairs.

No difference or pattern between female and male or

monoecious and dioecious individuals was detected in any

statistical analysis, and all individuals were therefore

considered together for the statistical analysis. Genetic

diversity estimators are given in Table 4. There was no

obvious geographical pattern in relation to the distribution

of genetic diversity. The Andalusian region was the most

genetically diverse region, based on P, Hj, Br and Npal.

The total gene diversity (Ht) and genetic distance (Fst) for

the Spanish J. oxycedrus subsp. macrocarpa populations

were 0.2097 and 0.1433, respectively.

The principal coordinate analysis (PCOA) did not reveal

any clear geographical pattern among the three regions

(Fig. 2) or within these regions (data not shown); most of

the populations were intermixed though the samples from

the Valencian Community and the Balearics showed a

tendency to group. Plots of coordinates 2 versus 3, 1 versus

2 and 1 versus 4, and the graphs obtained showed similar

results (not shown). As revealed by SAMOVA, the optimal

number of groups of populations (K) was two, because FCT

values decreased progressively as K was increased from

two to 11. In this case, only the most northeastern Iberian

population CS was differentiated from the others, but these

results were not significantly statistic (P [ 0.05). Bayesian

clustering analysis using Structure showed no strong pat-

tern of population differentiation. The admixture propor-

tions (Q) for each individual plant are shown in Fig. 3.

Heterogeneity or intermediacy among populations was

reflected in the proportional assignment of their individu-

als. No geographical region clustered separately, indicating

existence of gene flow or similar genetic structure among

Table 4 Proportion of polymorphic loci (P), genetic diversity (Hj)

(±SE), branch richness (Br) and number of private alleles (Npal)

based on AFLP, and, allelic richness (Pb) after rarefaction, number of

haplotypes (Nh) and number of private haplotypes (Hp) based on

plastid marker data for Spanish J. oxycedrus subsp. macrocarpa
populations

Region/populations AFLP Plastid markers

P Hj (±SE) Br Npal Pb Nh Hp

Andalusia

ROM 47.0 0.17500 (0.00841) 1.209 16 4.070 7 2

PUM 42.5 0.18757 (0.00898) 1.270 10 2.000 3 0

DO 51.2 0.21212 (0.00880) 1.307 16 1.344 3 0

CHI 52.8 0.24217 (0.00864) 1.373 20 2.000 3 0

ROCHE 50.6 0.19806 (0.00892) 1.249 – 0.389 2 1

TF 33.5 0.11120 (0.00752) 1.109 – 2.750 4 2

BB 65.6 0.21328 (0.00857) 1.296 46 0.000 1 0

PP 35.2 0.08463 (0.00621) 1.080 – 0.000 1 0

PO* – – – – 2.675 4 0

PC* – – – – 0.000 1 0

Valencian Community

V 39.6 0.0277 (0.00942) 1.264 13 0.981 2 0

CS 45.3 0.1232 (0.00929) 1.305 12 0.981 2 0

ALI 38.8 0.0854 (0.00806) 1.185 3 2.414 4 1

Balearic Islands

MLL 39.8 0.0638 (0.00767) 1.129 1 2.684 4 2

* Population not included in the calculation of AFLP population genetic diversity parameters

850 Eur J Forest Res (2012) 131:845–856
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the current populations. The current geographical subdi-

vision is not supported by the molecular analyses. The

AMOVA indicated that the highest proportion of the

molecular variation was within populations (70.84%, all

P \ 0.05), whereas only 6.56% corresponded to variation

among regions (Table 5). This same analysis based on

SAMOVA groups revealed a high percentage of molecular

variation within populations (50.5%, FCT P [ 0.05).

Plastid marker data

Plastid markers were scored for 171 samples. The four

polymorphic markers revealed a total of 14 different hap-

lotypes (Table 3, Appendix S2). The most common hap-

lotype was H6 (Fig. 1). Four haplotypes (H5, H6, H11,

H15) were shared among several populations, and two (H5,

H6) were found in all three regions. Ten haplotypes were

unique to a single region, mostly Andalusia (H1, H2, H3,

H4, H8, H9, H14); only one (H12) and two haplotypes (H7,

H10) were exclusive to the Valencian Community and the

Balearics, respectively. Most of these exclusive haplotypes

were only found in one or two individuals within each

population. Populations generally possessed more than one

haplotype (Table 4). The most diverse population in terms

of haplotype richness was ROM, one of the more western

Andalusia populations; seven haplotypes were detected

among 11 individuals. However, haplotype H6 was the

only one found in several other Andalusian populations

(BB, PC and PP) (Pb = 0.000). Genetic divergence esti-

mated with ordered haplotypes (Nst) and unordered hap-

lotypes (Gst = 0.335) was 0.335 and 0.324, respectively.

Values for Nst were significantly larger than Gst values

(P \ 0.05), indicating the existence of phylogeographical

structure.

As with the AFLP data, SAMOVA showed that two groups

(K = 2) yielded the highest FCT values (CS and the rest of

populations), but it was not statistically significant (P [ 0.05).

Moreover, AMOVA always revealed the highest percentage

of variation within populations based on original geographical

fragmentation (47.42%) (P \ 0.0001, Table 5) or on SAM-

OVA groups (50.11%). The pairwise analysis revealed a weak

negative correlation between molecular parameters and lon-

gitude (number of haplotypes, Kendall’s P = -0.0983

P [ 0.05; Nei’s gene diversity, Kendall’s P = -0.0915,

Fig. 2 PCOA analyses using the scored AFLP phenotypes. Individ-

ual samples are represented by a symbol according to their origin. The

proportion of total variance along the two axes was 10.15 and 8.71%,

respectively

Fig. 3 Bayesian admixture proportions (Q) of individual plants of

J. oxycedrus subsp. macrocarpa for a K = 3 population model. Each

individual is represented by a vertical line which is partitioned into

K coloured segments, the length of each colour being proportional to

the estimated membership coefficient

Table 5 Analyses of molecular

variance (AMOVA) for

populations of J. oxycedrus
subsp. macrocarpa based on

AFLP and plastid markers

Source of variation df Sum of

squares

Variance

components

Percentage of

variation

AFLP

Among regions 2 122.926 1.55965 6.56

Among populations within regions 10 411.989 5.37309 22.60

Within populations 47 791.519 16.84083 70.84

Total 59 1326.433 23.77357 100.00

Plastid markers

Among regions 2 90.691 0.46217 36.53

Among populations within regions 11 59.644 0.20313 16.05

Within populations 332 199.218 0.60005 47.42

Total 345 351.552 1.26535 100.00
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P [ 0.05). However, none of these analyses was statistically

significant.

The plastid haplotype network indicated the most com-

mon haplotype H6 as the hypothetical centre of the network

from which two areas could be delimited (Fig. 4). Firstly,

H6 is directly connected to H5, which has been also obtained

in the three studied regions. Most of the exclusive Andalu-

sian haplotypes appear around the haplotype H6, without

any clear geographical relationship within this region.

Secondly, two short branches could be clearly distinguished

from H5, which are characterised by Balearic (H7–H10) and

Valencian (H15–H12) haplotypes, respectively.

Discussion

The lack of geographical structure based on AFLP data and

the greater genetic variation within populations than among

regions point to the existence of a single metapopulation

without any clear geographical structure (Mediterranean vs.

Atlantic or Iberian Peninsula vs. Balearic Islands). Our

molecular data illustrate the general idea of high levels of

gene flow and genetic diversity and low levels of differen-

tiation in outcrossing wind-pollinated coniferous species

(Hamrick et al. 1992), and the AMOVA and genetic diversity

indices fall within the reported variability for wind-polli-

nated plants (Hamrick and Godt 1996). Lewandowski et al.

(1996) found remarkably low levels of polymorphism (11%)

for a single Greek island population of J. oxycedrus subsp.

macrocarpa compared with the range obtained here

(33.5–65.6%) for Spanish populations or values obtained for

other Juniperus spp. (Huh and Huh 2000; Van der Merwe

et al. 2000; Jiménez et al. 2003; Oostermeijer and de Knegt

2004; Meloni et al. 2006). We are not aware of any other

molecular study of genetic variability in maritime juniper

around the Mediterranean basin, but there are some based on

comparative morphology. Klimko et al. (2004) reported low

genetic differentiation of Italian populations based on the

lack of significant differences for most morphological fea-

tures (e.g. cone size). In contrast, some notable morpholog-

ical variability was found in the SW Spanish populations by

Juan et al. (2006). Our molecular data are more in agreement

with these latter results. If there were any direct relationships

between genetic variability and morphological differences,

as Klimko et al. (2004) suggested, detailed genetic and

morphological studies of Italian and other Spanish popula-

tions, respectively, are needed to draw final conclusions.

Spatial genetic structure

The high levels of genetic variability might indicate that

J. oxycedrus subsp. macrocarpa in Spain has not lost much

of its genetic variation despite the drastic population

fragmentation in three well-separated areas. It seems that

this species could currently reflect part of the original

genetic population information, as reported for other

Juniperus taxa (Huh and Huh 2000; Jiménez et al. 2003;

Oostermijer and Knegt 2004; Meloni et al. 2006). More-

over, the reproductive biology should be effective in

homogenising genetic structure and preventing clear

molecular differentiation among populations or regions, as

stated by Oostermeijer and de Knegt (2004). It is worth

highlighting that the Balearic maritime juniper population

is embedded within the continental populations, and no

clear genetic isolation was detected with AFLP data. This

spatial genetic pattern is not common, since many other

Balearic populations of perennial plants are fairly genetic

isolated from other island or continental populations

(Rosselló et al. 2002; Juan et al. 2004; Rubio de Casas et al.

2006). The data obtained might indicate that this is an

example in which the biological features (e.g. total life

span, reproduction, seed dispersal) could have more influ-

ence on the current genetic variability than fragmentation

and isolation of the populations. Such life-history traits and

their relationships with patterns of genetic structure have

attracted the interest of population geneticists (Hamrick

and Godt 1996; Aguinagalde et al. 2005). These results

could strengthen the suggestion that the original range of

genetic variability of the maritime juniper has been pre-

served, despite the current natural fragmentation.

Phylogeography and migration routes

The existence of southern genetic refugia has been pro-

posed commonly for forest trees in the different Mediter-

ranean peninsulas (Hewitt 1999; Petit et al. 2003; Médail

and Diadema 2009), as these populations are easily

Fig. 4 Parsimony network relationships of 14 plastid haplotypes

found in Juniperus oxycedrus subsp. macrocarpa. Black circles
indicate missing intermediate haplotypes
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identified by higher haplotype richness (Hewitt 2001).

Recently, Gómez et al. (2005) pointed out the presence of

southern genetic refugia for other gymnosperms (Pinus

spp.) characterised by their high genetic variability on the

basis on rare and exclusive haplotypes. As shown in

Fig. 4, the Andalusian region is characterised by high

levels of plastid genetic diversity, combined with the

presence of private and rare haplotypes. The genetic

information presented here would support the existence of

a natural diversity reservoir for J. oxycedrus subsp.

macrocarpa in the SW of the Iberian Peninsula. In a

similar way, Michalczyk et al. (2010) demonstrated the

usefulness of genetic methods when fossil records are

missing to identify German refugia for the close relative

J. communis. Nevertheless, palynological fossil records

would be also required to support and establish historical

patterns of coastal plant distribution and to support pos-

sible migration routes.

Colonisation routes have been widely discussed for

forest plants (Dumolin-Lapègue et al. 1997; Comes and

Kadereit 1998; Hewitt 2001; Gómez et al. 2005), but few

data are available concerning possible migration routes of

coastal shrubby perennial plants. The current low level of

genetic differentiation among the three Spanish regions and

the pattern of plastid haplotype distribution support the

existence of a possible route of migration from the south-

western (Andalusia) to the eastern populations (Valencian

Community and Balearics). In addition, the SAMOVA for

plastid data and the pairwise analyses between molecular

parameters and longitude pointed out an easterly migration.

Furthermore, the significant difference between Gst and

Nst values indicates the existence of a phylogeographical

structure among Spanish J. oxycedrus subsp. macrocarpa

populations. The existence of migration routes from

southern areas of Iberian Peninsula has also been postu-

lated for other gymnosperms (Gómez et al. 2005; Benito

Garzón et al. 2007). In this case, maritime juniper popu-

lations appear to have migrated from the Atlantic coast to

the Mediterranean coast, as shown by Kadereit and West-

berg (2007) for other coastal plant species. Therefore, the

Strait of Gibraltar does not appear to represent a natural

geographical barrier along the European coast for J. oxy-

cedrus subsp. macrocarpa, as it is for other plants such as

Eryngium maritimum and Halimione portulacoides (L.)

Aellen (Kadereit et al. 2005). A detailed phylogeographical

survey would be needed to corroborate the Strait of

Gibraltar as a biogeographical barrier for Mediterranean

conifers between North Africa and the Iberian Peninsula

(cf. Jaramillo-Correa et al. 2010).

The lack of a clear spatial genetic structure based on

AFLP and the presence of the most common plastid hap-

lotypes (H6 and H5) or shared haplotypes (H11, H15)

between Andalusia and the Balearic and Valencian regions

together with the biological features of J. oxycedrus subsp.

macrocarpa could explain the hypothesis of Austerlitz

et al. (2000) about colonisation. Austerlitz et al. (2000)

stated that life cycle characteristics of trees or long-lived

plants are necessary for explaining the observed structure

of genetic diversity. Biological factors such as the lon-

gevity of shrubby plants could be directly influencing the

genetic pattern. In fact, long-lived woody plants usually

maintain relatively higher within-population levels of

variation than annuals and short-lived perennials (Hamrick

et al. 1992; Hamrick and Godt 1996; Austerlitz et al. 2000).

No direct data are currently available concerning the age of

individuals of maritime juniper, but some data for its close

relative J. communis could be used as a guideline. Most

individuals sampled of the common juniper were over

85 years old (usual range 70–190 years), though some

particular specimens could be over 200 years old (Ward

1982). Spanish populations of maritime juniper are mainly

composed of old long-lived shrubs and juvenile plants are

almost absent (Muñoz-Reinoso 2003). Some old individu-

als will persist even in the absence of regeneration, though

a low percentage of seeds from older bushes are still

potentially viable (Ward 1982). Our results support the

hypothesis of a one-dimensional colonisation process

postulated by Austerlitz et al. (2000). According to those

authors, after a new founder population (e.g. any Balearic

or Valencian Community populations), the growth during

the first year is explained by the presence of new juvenile

migrants resulting from seed dispersal by birds (Piotto et al.

2003) or by rabbits (Soriguer 1986) and not because of

plant reproduction. An individual of Juniperus could be

considered reproductive after at least nine years in male

individuals and longer in females (Ward 1981), and the

potential production of viable seeds can only occur a long

time after establishment and development of seedlings. The

growth rates for these gymnosperms are quite low, and

hence, when long-lived plants reach their reproductive age,

a non-negligible part of space is already occupied by

individuals that arrived years before as seeds. Moreover,

recruitment within these maritime juniper communities is

quite rare, and many seedlings fail (Ortiz et al. 1998;

McKinley and Van Auken 2005; Juan et al. 2003, 2006).

Therefore, although active gene flow via seeds could

happen among populations, no current replacement or new

genetic combinations seem to exist. Similar results were

also found for other wind-pollinated long-lived plants such

as Fraxinus mandshurica Rupr. by Hu et al. (2008).

Conservation implications

Spanish maritime juniper populations have been in decline

for decades, and in the last few years, local Governments

(e.g. Junta de Andalucı́a, Generalitat Valenciana) have
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focused on maintaining and re-establishing natural popu-

lations. Nonetheless, no general conservation action is

planned for the whole Spanish distribution area of J. oxy-

cedrus subsp. macrocarpa. Describing units of conserva-

tion is one of the most important contributions of genetics

to conservation (Frankham 2010). Therefore, our current

results could have direct implications for the management

and development of conservation strategies, since the

maritime juniper is included on the national Red List as

Vulnerable (Moreno 2008) and on local Red Lists as

Endangered (Laguna 1998; Pastor and Juan 1999) or

Vulnerable (Sáez and Rosselló 2001). Moreover, its

threatened habitat has also been included in the European

Union Habitat Directive as a priority plant community. One

of the practical aspects of this work is that the results

gained could be used to identify the genetic refugia for

Mediterranean species that are crucial in delimitating zones

for conservation of genetic resources. The identification of

population units is necessary so that management and

monitoring programmes can be efficiently targeted.

According to our plastid results, it should be stressed that

Andalusia would be considered as a natural genetic

diversity reservoir for the Spanish populations and, as a

consequence, these populations could be considered as the

main management unit.

Consequently, this geographical area deserves special

attention in conservation management programmes.

Finally, the existence of several plastid haplotypes in

populations such as ROM, PO and DO would also allow

these populations to be designated as genetic conservation

units, and thus, management programmes could be effi-

ciently designed. In addition to a global conservation

proposal, some local actions could be also suggested since

each local Government has already undertaken its own

conservation guidelines. For example, in the Valencian and

Andalusian regions, the main conservation actions are

mainly based on the reintroductions of new individuals

from sometimes unspecified origin to reinforce certain

current populations in combination with seed conservation

in germplasm banks and the habitat protection under the

conservation figures of National Park, Natural Park or

Microrreserves. In the case of the Balearics, the mere

protection of the natural environment is basically reported

(Sáez and Rosselló 2001). The genetic data presented here

should be also used to promote new conservation actions

within each geographical region, e.g., to consider new

protected populations or to keep seed separate according to

their origin. Moreover, our data could support the proper

management of those reintroduction actions using plant

material from the same geographical origin or also from the

same population as here suggested for CS, ALI, MLL, DO

or ROM populations according to our genetic data.
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oxycedrus subsp. macrocarpa en el litoral de Andalucı́a’ from the

Junta de Andalucı́a (OG-073/06). A. Juan was supported by a grant

from Conselleria de Ciencia y Tecnologı́a (Generalitat Valenciana) to

work at Jodrell Laboratory (Royal Botanic Gardens, Kew).

References

Aguinagalde I, Hampe A, Mohanty A, Martı́n JP, Duminil J, Petit RJ

(2005) Effects of life-history traits and species distribution on

genetic structure at maternally inherited markers in European

trees and shrubs. J Biogeogr 32:329–339

Arroyo J, Aparicio A, Albaladejo RG, Muñoz J, Braza R (2008)
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Rodrı́guez-Sánchez F, Pérez-Barrales R, Ojeda F, Vargas P, Arroyo J

(2008) The Strait of Gibraltar as a melting pot for plant

biodiversity. Quaternary Sci Rev 27:2100–2117
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