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A complex genetic structure of Tetraclinis articulata
(Cupressaceae) in the western Mediterranean
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Some tree species have distributions on both sides of the Strait of Gibraltar and the Strait of Sicily. It is a challenge to
determine whether such distributions result from the Tertiary or Pleistocene or from more recent dispersal related to
human activities. Tetraclinis articulata (Cupressaceae) is a gymnosperm that offers an ideal model to deal with this
problem because it has a limited area of distribution and has been used only moderately by humans. Three hundred
and twenty-three individuals from 30 populations covering the entire distribution of the species were analysed.
A multiple approach was developed: (1) by assessing the genetic structure through two molecular techniques, AFLP
and nSSR markers, which were used to evaluate the genetic diversity of these populations and the relationships
among them and (2) by estimating past distributions. Four lineages of populations that are geographically intermixed
to a certain extent are documented here. Results obtained are discussed in the context of palaeontological records
and climatic models. There is evidence of an ancient widespread distribution, including Europe, and the subsequent
appearance of four isolated lineages that, nowadays, are partially intermixed. Nevertheless, the origin of the current
populations could not be fully ascertained through this work, although logical deductions are discussed that consider
human activities or, much less probably, wind dispersal of seeds out of refugia in northern Africa-southern Europe
during the Quaternary, including shore connections.

ADDITIONAL KEYWORDS: AFLP - dispersal — fossils — glacial refugia — gymnosperm — microsatellites —
phylogeography — Tertiary.

INTRODUCTION Sea existed during the Oligocene—Miocene, especially
during the Messinian salinity crisis, which was
followed by opening of the Strait of Gibraltar
(Bocquet, Widler & Kiefer, 1978; Krijgsman et al.,
1999; Broderick et al., 2003; Thompson, 2005). During
the Miocene and Pliocene, microplate tectonics in the
south-western Mediterranean (Rosenbaum, Lister &
Duboz, 2002) modified contacts between palaeoshores,
making long-term vicariance events possible when
microplates separated (Pfenninger et al., 2010). More
recently, glaciations in the Quaternary shaped current
*Corresponding author. E-mail: anass@us.es distributions of many tree species, including Abies alba

Migration routes, refugia and speciation have led the
Mediterranean Basin to contain large numbers of
endemic species in relatively small areas. This, with
significant threats of habitat loss, led Myers et al.
(2000) to consider it among the 25 most important
biodiversity hotspots. Its geological history in the last
30 Myr has been dynamic. Land bridges between the
northern and southern shores of the Mediterranean
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Mill. or Fagus sylvatica L. (Hewitt, 1999). The number
of phylogeographical studies on plant species that live
on both shores of the Mediterranean Sea reached a
substantial level in the last dozen years (Ortiz et al.,
2009; Fernandez-Mazuecos & Vargas, 2010; Gonzéalez-
Martinez et al., 2010; Sanchez-Gémez et al., 2018;
Sckiewicz et al., 2018). A review of older studies was
presented by Rodriguez-Sanchez et al. (2008). In
these types of phylogeographical investigation, a wide
assortment of molecular approaches, especially AFLP
(amplified fragment length polymorphisms; Garcia-
Castario et al., 2014; Sanchez-Gomez et al., 2018) and
nSSRs (nuclear simple sequence repeats, Sanchez-
Robles et al., 2014a), have been used. The number of
studies focusing on the Mediterranean southern shore,
however, is low, despite the sensitivity of this area to
climate change (Houghton et al., 2001). Furthermore,
the scarcity of fossil records in this region makes
phylogeographical reconstructions difficult (Elenga
et al., 2000; Magri & Parra, 2002; Garcia-Castario
et al.,2014).

Tetraclinis articulata (Vahl) Masters, commonly
known as the sandarac gum tree, Barbary thuja, araar
tree or Mediterranean alerce (among other names),
is an evergreen, medium-sized coniferous tree in a
currently monospecific genus in the cypress family
(Cupressaceae). It is 6(-12) m tall, with a reddish-
brown scented trunk, flattened branches, scale-like

leaves and female cones with four characteristic scales.
It is endemic to the mountain ranges of northern
Africa (Morocco, Algeria and Tunisia, up to 1800 m
a.s.l.), with isolated populations mainly occurring in
east Spain (near Cartagena, Murcia province) and
Malta (Tutin, 1964; do Amaral Franco, 1986; Charco,
2001; see Fig. 1). There are also scattered populations
that are considered naturalized or of uncertain origin
in Cyprus (Hand, 2010), the Canary Islands (Santos
Guerra & Reyes-Betancort, 2014) and the southern
Spanish provinces of Madlaga (Monte San Antén),
Huelva (Dofiana), Granada (Barranco de Lanjarén)
and Almeria (Bajo Almanzora, Sierra de Gador and
Sierra de Licar), among others (Rosuda et al., 2001;
Farjon, 2005; Casimiro-Soriguer & Pérez Latorre,
2008; Baonza Diaz, 2010; Pérez Latorre & Cabezudo,
2011; Casimiro-Soriguer, Pérez Latorre & Cabezudo,
2014; Raab-Straube, 2014). Reports from Libya were
not substantiated by Farjon (2005).

The hardness, veneer, durability and fragrance
of Tetraclinis articulata wood have encouraged
traditional human use in construction, handcrafting,
wood carving, cabinet making and even improving the
flavour of drink [Plinius Secundus (better known as
Pliny the Elder), 15t century AD; Smith, 1857; Khabbach
et al., 2012; Azémard, Ménager & Vieillescazes,
2017]. Its impermeability to water and resistance
to fungal decay (Fidah et al., 2015) offer important
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Figure 1. Geographical distribution of the 30 sampled populations of Tetraclinis articulata and BAPS results based on AFLP
data. Four groups were distinguished [log (marginal likelihood) of the optimal partition = —45 269.95]: the WC-Moroccan
group of populations (yellow), the Algerian group of populations (blue) and two groups [widespread (green) and Moroccan—
Algerian (red)] that appeared to some extent in different countries. Circle size proportional to the number of individuals
genotyped (for population codes and details, see Table 1).
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characteristics for shipbuilding. Nevertheless, the
intensity of these uses is far from that of species like
Olea europaea L. (Besnard & Rubio de Casas, 2016).
According to Charco (1999), traditional practices, as
well as grazing pressure and uncontrolled fires, have
led to degradation of many forests (Hadjadj-Aoul,
Chouieb & Loisel, 2009; Lopez-Hernandez, 2000;
Baonza Diaz, 2010). Although resistance to fire and
ability to resprout have helped avoid extinction of this
species (Lépez-Hernandez et al., 1995), large trees
are scarce and density is low (DREF, 2002). Listed
as a ‘least concern’ species in the IUCN Red List of
Threatened Species (v.2020-3) with a ‘decreasing’
population trend, the populations in Spain and Malta
are regionally ‘endangered’ (Sanchez-Gémez et al.,
2011; Thomas, 2017).

Despite the ecological and economic importance of
this species (Charco, 1999), little information exists
on the genetic structure and variability of its natural
populations. However, Sanchez-Gémez et al. (2013)
studied genetic diversity and differentiation of 14
populations based on inter-simple sequence repeats
(ISSR markers). Their study showed that 83% of
the total genetic variation was within populations,
grouping Spanish populations near Cartagena with
those from Malta and Tunisia. Nevertheless, partly
due to the use of only one type of genetic marker, many
important questions, such as the origin of the non-
African populations, remained unsolved.

We propose an ancient widespread distribution
followed by a reduction that led to the appearance of
isolated lineages. Populations were probably spread
further by human activities (trade and deliberate
introductions for its wood) or naturally by wind-
mediated pollen or seed dispersal, leading to a
connection between the shores of the Mediterranean
Basin. The aims of this study were: (1) to clarify
the genetic diversity and population structure of
T. articulata; and (2) to investigate the evolutionary
history of this species in its area of distribution. These
objectives were addressed by (1) assessing the genetic
structure through two molecular markers, AFLPs and
nSSRs, and (2) estimating past distributions based on
niche modelling. Results obtained are discussed in the
context of palaeontological records, climatic models,
reproductive biology of the species and the influence
of human culture.

MATERIAL AND METHODS
MATERIAL COLLECTION AND DNA EXTRACTION

Young leafy branches were collected from six to 14
individuals in 30 populations throughout the entire
area of distribution in Spain (populations 1-2), Morocco

(populations 3-18), Algeria (populations 19-27),
Tunisia (populations 28-29) and Malta (population
30), resulting in a total of 323 samples (Table 1;
Fig.1).All the populations analysed here are considered
as wild, except population 2 (from Monte San Antén,
Malaga, Spain), which is recognized as non-native. In
most cases, the collected specimens were sufficiently
far apart to avoid collecting the same individual.
Moreover, the number of individuals per population
was based on collector observations in the field and,
in some cases, on bibliographic sources. Material
was preserved in silica gel, and DNA was extracted
using an Invisorb Spin Plant Mini Kit (Invitek,
Berlin, Germany). A related species, Platycladus
orientalis (L.) Franco (Yang, Ran & Wang, 2012), also
Cupressaceae, was used to root the tree including the
sampled populations of T. articulata. Vouchers from all
sampled populations were deposited at the Herbarium
of the University of Seville (SEV, Spain; see Table 1).

AFLP ANALYSES

AFLP was performed following the protocols of
Vos et al. (1995). A previous screening of selective
primers was performed on eight individuals from
eight populations, with 72 two- and three-selective
nucleotide primer combinations. The final six selected
primer combinations, based on polymorphism
and success, were (fluorescent dye in brackets):
EcoRI(FAM)-ACC/Msel-CAG, EcoRI(VIC)-ACG/Msel-
CTA, EcoRI(NED)-AGC/Msel-CAG, EcoRI(FAM)-
ACC/Msel-CGA, EcoRI(VIC)-ACG/Msel-CTG and
EcoRI(INED)-AGC/Msel-CGA. Fifty-eight individuals
(18%), with one to two individuals per population,
were replicated to calculate the error rate according
to Bonin et al. (2004), starting from DNA extracts.
Assuming that genotyping and scoring errors were
randomly distributed and no bias at the population
level would occur, a 0.1-limit error was followed as
recommended in Skrede et al. (2006) and Bonin,
Ehrich & Manel (2007).

The fluorescence-labelled selective amplification
products were separated by capillary gel electrophoresis
on an automated sequencer (3730 DNA Analyzer, PE
Applied Biosystems, Foster City, CA, USA) with an
internal size standard (GeneScan - 500 LIZ, Applied
Biosystems) at the Genomics Unit of the Madrid
Science Park (Complutense University, Madrid,
Spain). Raw data were exported to GeneMarker v.1.8
(SoftGenetics, LLC, PA, USA) for scoring of fragments.
The scoring was normalized after automatic runs.
Amplified fragments from 75 to 503 bp were scored.
Scoring results were exported as an absence/presence
(0/1) matrix.

Genetic diversity was assessed for each population
using the total number of AFLP fragments present
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(Frag, ), the number of polymorphic fragments
(Fragpoly) and the number of private fragments (Fragpriv).
We also calculated the average Nei’s gene diversity
(1987) H) with Arlequin v.3.11 (Schneider et al., 1997;
Excoffier, Laval & Schneider, 2005): H) = 1 — 2Zx2;
where x, is the population frequency of each phenotype
‘allele’ (0 or 1) at locus i. The average gene diversity
was the resulting mean across all loci. AFLPDAT
(Ehrich, 2006) was used to calculate the number of
AFLP phenotypes (n ) after scoring-error correction
(i.e. considering the average number of loci subject
to error per individual). Population F ¢ values were
calculated using the Bayesian method of estimation
of the within-population inbreeding coefficient (F4
analogue) with the software I14A (I4A, Inbreeding For
AFLP), with the default priors (Chybicki, Oleksa &
Burczyk, 2011). This method assumes independency of
allele frequencies among sub-populations and linkage
equilibrium, which was tested by means of the exact
test for haplotypic data implemented in Arlequin
v.3.11. Moreover, ascertainment bias in AFLP markers
might introduce bias to F estimates and there is
also risk of bias when assessing extreme values.
Nevertheless, it works reasonably well if the actual
inbreeding coefficient shows high variance, which,
as long as some variation due to, for example, mixed
mating system exists, provides robust estimates.

The population structure was examined by an
approach based on statistical inference with Bayesian
clustering methods, applying BAPS v.5.3 (Corander,
Waldmann & Sillanpédé, 2003; Corander et al., 2004;
see also Supporting Information, Fig. S1 for a parallel
Structure approach). BAPS was run on diploid data
with the maximal number of groups (K) set to 30 (i.e.
a number equal to the sampled populations), which
was replicated 30 times, and the results were averaged
according tothe obtained likelihood scores. Subsequently,
admixture analysis (Corander & Marttinen, 2006) was
conducted with the following settings: 50 iterations to
estimate the admixture coefficients for the individuals,
and a minimal size of clusters of one individual and 20
iterations to estimate the admixture coefficients for 50
reference individuals. Migration rates, based on the
estimated population sizes, were indirectly calculated
to assess the confidence of the optimal K value obtained
(Cullingham et al., 2020).

Cavalli-Sforza and Edwards’ chord population
distances (Cavalli-Sforza & Edwards, 1967; Takezaki &
Nei, 1996) were calculated with FAMD v.1.30 (Schliiter
& Harris, 2006) by applying the Bayesian method to
calculate null allele frequencies and with the among-
population non-uniform prior assumption (Zhivotovsky,
1999). The matrix was exported to SplitsTree
v.4.5 (Huson & Bryant, 2006) where a Neighbor-
Net (Bryant & Moulton, 2004) was constructed to

establish the different relationships between sampled
populations. The support for each node was calculated
with FAMD v.1.30, using bootstrap replicates based
on the mentioned chord distances for 1000 neighbor-
joining trees. To investigate genetic distances and
relationships between individuals and populations,
we applied two principal coordinate analyses (PCoAs)
with the software FAMD v.1.30, based on (1) squared
Euclidean distances, averaged per population and (2)
chord distances.

Analyses of molecular variance (AMOVA) were
conducted with Arlequin v.3.11, in haplotypic format,
based on 20 022 permutations. Two approaches were
carried out: (1) for all the populations and (2) only for
the populations of the main area of distribution, i.e.
continental northern Africa, in four groups delimited
by the three countries sampled and splitting Morocco
into two regions (closer to the Atlas Mountains or
closer to the Rif): i.e. south and centre of Morocco, north
Morocco, Algeria and Tunisia (four geographically
delimited groups from west to east). To test for
isolation by distance, the population chord distances
were compared with their geographical distance
using Mantel bilateral tests based on Spearman’s
correlations (on 10 000 random permutations; XLSTAT
v.2016.03.30882, Addinsoft), for all the populations
and only for the northern African ones. Finally, we
tested the existence of a diversity (based on H ) or
an inbreeding pattern along the continental northern
African west—east axis, which was highly correlated
to the south—north axis (Spearman’s p = 0.885,
P < 0.0001; n = 27) by a Spearman’s correlation, as
well as the relationship between genetic diversity and
population size, which was not correlated to the west—
east axis (Spearman’s p = 0.093, P < 0.645; n = 27)
(JMP v.6.0.0; SAS Institute Inc., 2005).

For the BAPS-inferred groups of populations,
considering those individuals completely assigned
to one of them, the Frag, , Frag and Frag . were
calculated, as well as H,, and n, after scoring-error
correction. A Neighbor-Net was constructed based
on pg,,, values, used here to compensate for the high
degree of inequality in the sample sizes (El1 Mousadik
& Petit, 1996).

NUCLEAR SSR ANALYSES

A total of seven nuclear microsatellite (nSSR)
markers previously developed for 7. articulata were
used for plant genotyping: Tetral, Tetra2, Tetra4,
Tetralb, Tetral9, Tetra29 and Tetra49. Details about
microsatellite characteristics, PCR cycle profiles and
amplification conditions can be found in Lorenzo
et al. (2014). Amplification and labelling of amplified
products were performed at the University of Seville
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Research, Technology and Innovation Centre (CITIUS,
University of Seville, Seville, Spain) and analysed on
a 3730 DNA Analyzer sequencer (Applied Biosystems)
at the Genomics Unit of the Madrid Science Park
(Complutense University, Madrid, Spain). nSSR
markers were scored using GeneMarker v.1.8.0
(SoftGenetics, State College, Pennsylvania, USA)
and they were further manually checked. Genotyping
reproducibility was checked in 60 independent repeats
(19% of total), starting from DNA extracts.

First, the number of multilocus genotypes (MLGs)
was calculated for each population. When individuals
with the same MLGs resulted, an estimate of the
probability for a genotype to be obtained by chance
(Pgen; Arnaud-Haond et al., 2007) was taken into
account. Investigations as to whether the populations
were clonal (where significant disequilibrium is
expected due to linkage among loci) were carried out,
estimating the standardized index of association (r;
Agapow & Burt, 2001). Additionally, to test whether
MLG replicates were the result of a clonal spread
rather than a distinct recombination event, P__was
estimated (Arnaud-Haond et al., 2007). These tests
were performed with the R package poppr v.2.3.0
(Kamvar, Tabima & Griinwald, 2014; Kamvar,
Brooks & Griinwald, 2015; Kamvar et al., 2016). To
assess the genetic diversity of each population, the
average number of alleles per locus (A_NA), and the
observed and the expected heterozygosity (H and
H , respectively) were computed with the R package
adegenet v.2.0.1 (Jombart, 2008). In addition, allelic
richness (RA) and rarity (private alleles per locus, P)
were estimated following a generalized rarefaction
approach using ADZE v.1.0 (Szpiech, Jakobsson &
Rosenberg, 2008).

As presence of null alleles may affect estimates of
inbreeding, INEST v.2.2 (Chybicki & Burczyk, 2009;
Chybicki et al., 2011) was used to estimate, at the same
time, the number of null alleles, the genotyping errors
and the inbreeding coefficients of the populations.
INEST was run for different models for each population
(500 000 generations plus 5000 burn-in steps): ‘nfb’
(accounting for null alleles, inbreeding and genotyping
errors), ‘nb’ (null alleles and genotyping errors), ‘nf’
(null alleles and inbreeding), ‘b’ (just genotyping
errors), ‘f” (just inbreeding), ‘n’ (just null alleles) and
‘null’ (null model). To select which model performed
better, the deviance information criterion was used
(DIC; Spiegelhalter et al., 2002).

Bayesian analyses were developed with Structure
v.2.3.4 (Pritchard, Stephens & Donnelly, 2000; Falush,
Stephens & Pritchard, 2007) from K = 1 to K = 8
(20 runs per K, burn-in lengths of 100 000 and runs
of 500 000 steps). The optimal K value was selected
according to Evanno, Regnaut & Goudet, (2005) and

migration rates were indirectly calculated, based on the
estimated population sizes, to assess the confidence of
the optimal K value obtained (Cullingham et al., 2020).
Furthermore, among-population genetic distances
(Reynolds, Weir & Cockerham, 1983) were calculated
from nSSR data and a neighbor-joining tree was built
with poppr v.2.3.0 (10 000 replicates). The partitioning
(within and among populations) of genetic variation
was determined with an AMOVA (Schneider et al.,
1997; Excoffier, Laval & Schneider, 2005) performed in
poppr v.2.3.0 over all the studied samples. As for AFLP,
two approaches were used: (1) for all the populations;
and (2) only for the northern African ones, grouped
for southern and central Morocco, northern Morocco,
Algeria and Tunisia. To test for isolation by distance,
comparison of the population Reynolds’ distances with
their geographical distance using Mantel bilateral
tests based on Spearman’s correlations (on 10 000
random permutations; XLSTAT v.2016.03.30882,
Addinsoft) was carried out for all the populations and
for the northern African ones only. Finally, we sought
for a diversity (based on H) or an inbreeding pattern
along the west—east axis by a Spearman’s correlation
and a relationship between genetic diversity and
population size (JMP v.6.0.0; SAS Institute Inc., 2005).

AFLP-NUCLEAR SSR COMPARISON

To assess the congruence between the molecular
approaches, three analyses were done. The first
one consisted of an AMOVA on the AFLP and nSSR
data, considering as populations those groups of
individuals completely assigned to one of the BAPS-
inferred groups for the AFLP data. The second one
estimated the correlation between diversity indexes
and F; values obtained for both markers (JMP v.6.0.0;
SAS Institute Inc., 2005). Finally, a Mantel bilateral
test was applied to detect a potential correlation
between AFLP-based chord and nSSR-based Reynolds’
population distances (on 10 000 random permutations;
XLSTAT v.2016.03.30882, Addinsoft).

NICHE MODELLING

To investigate the historical range of T articulata,
niche-modelling analyses based on presence/pseudo-
absence data were conducted for three temporal
climatic frames: the last interglacial period (c. 140 000—
120 000 years BP; Otto-Bliesner et al., 2006), the last
glacial maximum (c. 21 000 years BP; Braconnot
et al., 2007) and the present (c. 1950-2000; Hijmans
et al., 2005). The last glacial maximum scenario was
assessed by means of two models: CCSM and MIROC.
CCSM is based on a framework that divides the climate
system into four components connected by a coupler
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in a completely asynchronous manner: atmosphere,
sea ice, land and ocean, each exchanging data with
the coupler only (Collins et al., 2006). MIROC consists
of five components: atmosphere, land, river, sea ice
and ocean. The atmospheric component interacts
with the land and the sea ice components. The air—
sea exchange is realized exclusively between the
atmosphere and the sea ice components, and the ocean
component interacts only with the sea ice component.
The river component receives ground runoff water
from the land component and drains riverine runoff
water into the sea ice component (Hasumi & Emori,
2004). Bioclimatic and soil data were used to develop
predictive analyses by using the maximum entropy
method with the software MaxEnt (Phillips, Anderson
& Schapire, 2006), following methodology as in Garcia-
Castano et al. (2014).

RESULTS
AFLP ANALYSES

The six AFLP primer combinations of the analysed
individuals resulted in 435 fragments, which ranged
from 100 to 503 bp, three of which were private for
Platycladus orientalis, with an average scoring-
error rate value of 8.9%. For T. articulata, 427 were
polymorphic (Table 1) and the number of fragments
per population ranged from 165 (population 27) to 309
(population 14), polymorphism from 69.7% (population
13) to 94.5% (population 14), the number of private
fragments from zero (populations 16, 23, 27, 28, 29 and
30) to seven (populations 21 and 26) and gene diversity
from 0.05 (population 14) to 0.17 (population 25), with
European populations (Spain and Malta) showing
relatively high values (0.12-0.14; Table 1). After
scoring-error correction, the number of phenotypes
(n,,) per population was similar to the population
sample size except for some populations (populations
10, 14, 24 and 30; see Table 1). Linkage disequilibrium
was, generally, high (88.7% + 19.3%, mean + SD). These
high values might have influence on the accuracy of
the estimation of the F' values, although a correlation
between linkage disequilibrium and F values was not
found (Spearman’s p = -0.071, P = 0.711; N = 30).
BAPS analysis (see Supporting Information, Fig.
S1 for the parallel Structure approach) distinguished
four groups [log (marginal likelihood) of the optimal
partition=—45269.95;Fig. 1].Two groups of populations
showed geographical coherence, a western-central
(WC, hereafter)-Moroccan group of populations and
an Algerian group of populations, whereas the other
two groups (widespread and Moroccan—Algerian)
did not, as they were distributed to some extent in
Morocco, Algeria, Tunisia and even in Spain; Malta

contained mostly only one of these two widely spread
groups. Nevertheless, the degree of intermixing was
remarkably high, and the number of pure or nearly
pure populations was low. The relationships of these
populations at a genetic level are shown in a chord
distance-based Neighbor-Net together with bootstrap
values, which supported three out of the four BAPS
population clusters (Fig. 2). The four BAPS groups
can also be recognized in the PCoA analysis based on
averaged per population individuals (Fig. 3). Mean
PCol axis (9.5%) split two groups, the Moroccan—
Algerian group of populations and the remaining ones
(closer to each other), and Mean PCo2 axis (5.0%)
separated the WC-Moroccan and the Algerian groups
of populations; the widespread group of populations
located at a diffuse intermediate position. When the
analysis was developed directly at a population level,
the percentages of variation explained by the axes
were 31.7 and 14.4% for PCol and PCo2, respectively.

Platycladus orientalis

Figure 2. Neighbor-Net for the populations of Tetraclinis
articulata sampled, including Platycladus orientalis as an
outgroup representative, based on chord distances from
AFLP data. Bootstrap values (> 80%) obtained on the chord
distances for the neighbor-joining tree (see Table 1 for
population codes). Colours: WC-Moroccan (yellow), Algerian
(blue), widespread (green) and Moroccan—Algerian (red)
group of populations.
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Figure 3. Mean PCoA for the first two axes, showing
the different Bayesian-inferred groups of populations
for population means from squared Euclidean distances
between individuals of Tetraclinis articulata, from AFLP
data (within brackets, amount of variation the axis
accounts for). Bootstrap values (> 80%) obtained on the
chord distances for the neighbor-joining tree; when the
analysis was developed directly at a population level,
PCol and PCo2 accounted for 31.7 and 14.4% of variation,
respectively (see Table 1 for population codes). Colours:
WC-Moroccan (yellow), Algerian (blue), widespread (green)
and Moroccan—Algerian (red) group of populations.

The general AMOVA analysis showed high
intrapopulational variation (88.43%; Table 2A),
which resulted in low F, values (0.116, P < 0.0001;
estimated migration rate for most populations
resulted in m = ¢. 0.005). If populations in North
Africa were clumped into four geographically
delimited groups (from west to east: southern and
central Morocco, northern Morocco, Algeria and
Tunisia), these absorbed more than a third of the
variance among populations (4.14% out of 11.83%,
P < 0.0001; Table 2B). A slight relationship was
found between geographical and genetic population
distance (Spearman’s p = 0.098, P = 0.042), which
increased when only those populations from North
Africa were considered (Spearman’s p = 0.136,
P < 0.011). For these populations, there was no
evident genetic diversity pattern along the west—
east axis (Spearman’s p = —0.005, P = 0.981; N = 27).
Nevertheless, F ¢ values increased in a westward
direction (west—east Spearman’s p =—0.406, P = 0.036;
N = 27). AFLP diversity and population size were not
correlated (Spearman’s p = 0.207, P = 0.272; N = 30).

According to the Neighbor-Net built for the four
BAPS groups, considering only those individuals fully
assigned to one of them (Table 3), no conspicuous
pattern could be stood out but a significant separation
between them and Platycladus orientalis (Fig. 4).

NUCLEAR SSR ANALYSES

Sign of clonality, in relation to the number of multilocus
genotypes, was found only in a few populations
(populations 1, 3, 15, 18 and 27; Table 1), the overall
rate of clonality per population being low (0.03).
Congruently, the standardized index of association
values found in these few populations was, frequently,
significantly different from zero. The probability
of repeated MLGs evolved by chance was low (Pgen
range: 1.2 x 1071°-8.2 x 10*), which suggested a high
power of MLG identification of the used loci. Similarly,
the probability for the MLG replicates to originate
from distinct sexual reproductive events was low
(P, <0.05, range 3.9 x 10"°-2.3 x 10™) except for the
replicated MLGs in population 1. Estimates of genetic
diversity for the studied populations are presented in
Table 1. On average, the microsatellite loci revealed
4.72 + 0.16 (mean + SE) different alleles per locus. The
heterozygosity observed was almost always lower than
expected (exceptions were populations 3, 4 and 27).
Although diversity measures as the allelic richness or
the average number of alleles per locus were similar
throughout the range of the species, in general,
European populations (Spain and Malta) showed
lower values. More than half of the populations showed
significant inbreeding after accounting for null alleles.
The absolute values of the inbreeding coefficient (F;)
varied from 0.00 to 0.63 (the latter in population 13;
Morocco). Null alleles were detected by INEST in ten
out of the 30 populations, which showed a population
average over loci of 7.3%.

The optimal K obtained from the Structure results
was K = 3, that distributed without a clear pattern
but for population 2, which was homogeneous (for the
parallel BAPS approach, slight peculiarities where
additionally found in populations 1, 27 and 30 for
the optimal, maximum set, K = 30; see Supporting
Information, Fig. S2). nSSR-based neighbor-joining
phylogram for T. articulata showed poorly resolved
internal relationships (all bootstrap values < 60;
phylogram not shown). For this reason, no significant
inference could be drawn according to this source.
AMOVA for nSSR data (Table 2A) revealed that most
of the variation occurred within populations (88.49%;
see similar m values estimated in the previous ‘AFLP
analyses’ section). As for AFLP data, when considering
the four North African groups of populations, more
than a third of the variance among populations
was contained above the population level (2.67%
out of 6.33%, P < 0.0001; Table 2B). It was found a
significant relationship between geographical and
genetic population distance (Spearman’s p = 0.284,
P < 0.001), which was also present when only those
populations from North Africa were considered
(Spearman’s p = 0.241, P < 0.001). Nevertheless,
for these populations, neither a significant genetic
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Table 2. Results of the AMOVAs applied to AFLP and nSSR data: A, considering all the populations and B, grouping the
North African populations in southern and central Morocco, northern Morocco, Algeria and Tunisia. C, AMOVA based on
the four Bayesian-inferred groups obtained on AFLP data, selecting those individuals fully assigned to a group. See Tables
1 and 3 and Figure 1 for details

A
AFLP nSSR
Source of variation d.f. SS Variance % SS o %
component
Among populations 29 1777.92 3.33% 11.57 285.38 0.53* 11.51
Within populations 293 7461.33 25.47 88.43 1201.80 4.10 88.49
Total 322 9239.25 28.80 1487.18 4.64
B
AFLP nSSR
Source of variation d.f. SS Variance % SS o %
component
Among groups 3 390.61 1.18% 4.14 140.12 0.40%* 2.67
Among populations within 23 1122.69 2.20% 7.69 451.85 0.54% 3.66
groups
Within populations 265 6677.46 25.20% 88.16 3668.54 13.84* 93.67
Total 291 8190.76 28.58 4260.51 14.78
C
AFLP nSSR
Source of variation d.f. SS Variance % SS o %
component
Among BAPS groups 3 699.65 2.91%* 9.88 27.06 0.06%* 1.35
Within populations 287 7609.55 26.51 90.12 1310.01 4.56 98.65
Total 290 8309.20 29.42 1337.07 4.63
*P < 0.0001.

Table 3. Bayesian-inferred, based on AFLP data, groups of populations. n: sample size, n number of phenotypes, Frag, :

number of fragments, Fragpoly: number of polymorphic fragments, Fragpriv: number of private fragments, H : average gene

diversity, F\i: inbreeding coefficient. SD: standard deviation, CI: confidence interval

BAPS group n n, Frag, Frag Frag H_, (SD) F (95% CI)
WC-Moroccan 84 57 330 314 15 0.10 (0.05) 0.33 (0.21-0.47)
Algerian 58 41 334 320 21 0.09 (0.04) 0.41 (0.27-0.55)
Widespread 98 89 346 331 15 0.15 (0.07) 0.28 (0.18-0.41)
Moroccan—Algerian 51 48 319 293 16 0.15 (0.08) 0.13 (0.05-0.21)
diversity (Spearman’s p = —0.069, P = 0.732; N = 27) AFLP-NUCLEAR SSR COMPARISON

nor a significant inbreeding coefficient pattern along The BAPS lineages (obtained from AFLP data)
the west—east axis (Spearmanisp = -0.130, P = 0'5'17? explained only 1.35% variation of the nSSR data
N = 27) was detected. nSSR diversity and population whereas 9.88% was explained for the AFLP ones
size were not correlated (Spearman’s p = 0.189, (a similar value to the populational AMOVA but
P =0.317; N = 30). for only four values instead of 30; Table 2C).
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Platycladus orientalis

Figure 4. Rooted Neighbor-Net for the Bayesian-inferred
groups of Tetraclinis articulata (yellow: WC-Moroccan; blue:
Algerian; green: widespread; red: Moroccan—Algerian; see
Table 3), including Platycladus orientalis as an outgroup
representative, based on the p,, distances from AFLP
data. Bootstrap value for the four groups, obtained on the
chord distances for the neighbor-joining tree.

Additionally, from the perspective of a mirrored
Bayesian approach, it was not possible to assess for
incongruence between both markers, as no pattern
(except a clear distinctiveness in population 2 and
slight peculiarities in populations 1, 27 and 30) was
found from the nSSR data. There was also a lack of
correlation between the diversity values obtained
by both types of markers (Spearman’s p = —0.197,
P = 0.296; N = 30), the F ¢ values (p = -0.291,
P =0.119; N = 30) and the chord and Reynolds’
distances (p = 0.029, P = 0.538).

NICHE MODELLING

Results from niche modelling suggested a narrow
potential distribution of T articulata during the last
interglacial period (Fig. 5A). It was even narrower on
the northern shore of the Mediterranean during the
last glacial maximum, although the degree of this
narrowing was highly dependent on the atmospheric
model chosen (Fig. 5B, C). Nevertheless, on the
southern shore, occurrence was probable for several
groups. At least the two BAPS-defined linages with
a current geographical entity (i.e. western/central

Morocco and Algeria) showed some potential areas
of permanence during this glacial period. The
estimated present and interglacial suitable areas
were similar and largely corresponded to the current
distribution of T. articulata on the southern shore.
However, the suitable areas in the Iberian Peninsula
did not fit the nowadays-restricted distribution in
Spain (Fig. 5D).

DISCUSSION

COMPLEX GENETIC STRUCTURE AND PATTERNS OF
DIVERSITY OF TETRACLINIS ARTICULATA

The molecular markers used (AFLPs and
microsatellites), although non-redundant, are not
incongruent, and show different aspects of the
genetic structure of T. articulata. AFLP data point
to the existence of four lineages, two of them located
in separate geographical regions (western/central
Morocco and Algeria), but the other two highly
dispersed and intermixed. These results might
indicate a complex scenario of expansion from four
areas (after generation by isolation or colonization).
The current area of distribution could be the result of a
pattern of vicariance that differentiated two areas, one
in Morocco and one in Algeria; additionally, two other
sources, which are of uncertain geographical origin,
appear to have spread throughout the present area of
distribution. No centre of diversity was distinguished
as a candidate for an unambiguous origin. There was
no clear genetic difference between populations on
the northern and southern Mediterranean shores,
whereas other authors did detect differences for other
Mediterranean species, such as Aegilops geniculata
Roth (Arrigo et al., 2010), Erophaca baetica (L.) Boiss.
(Casimiro-Soriguer et al., 2010) or Juniperus thurifera
L. (Teixeira, Rodriguez-Echeverria & Nabais, 2014).

As also found by Mariette et al. (2002), diversity
values for both markers were not correlated and the
nSSR analyses, contrary to the AFLP ones, did not
manage to group significantly different populations.
This lack of redundancy might be due to the different
mutation rates both types of marker experience: rapid
for AFLP but even faster for SSR markers (Mariette
et al., 2002, Gaudeul et al., 2004; Garoia et al., 2007;
Tang et al., 2008; Grinwald & Goss, 2011). Therefore,
where nSSR data could not suggest any grouping,
AFLP data could draw four population groups due
to less recent events. Moreover, the populational
structure that was obtained did not fit the previous
results from ISSR data (Sanchez-Gémez et al., 2013).
The low percentage of genetic diversity present among
populations (< 12% for both markers) makes it difficult
to assess any pattern.
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Figure 5. Suitable areas for Tetraclinis articulata estimated in three periods. A, Last interglacial (LIG, ~140 000—
120 000 years BP; B, last glacial maximum (LGM, ~21 000 years BP) for the CCSM atmospheric model; C, for the MIROC
atmospheric model and D, the present period (~1950-2000). Results shown for two thresholds: maximum training sensitivity
plus specificity logistic threshold (in dark grey) and ten-percentile training presence logistic threshold (in black). LIG and

LGM are represented with current coastlines.

In addition, the inbreeding coefficients (F), both
from AFLP and nSSR data, were frequently far from
zero, pointing to high within-population inbreeding.
Nevertheless, the high linkage disequilibrium, found
for the AFLP data, might be behind these values
and this could be due to other reasons (e.g. selection,
genetic drift or clonality). A plausible explanation for
this high inbreeding might relate to the reproductive
characteristics of the species since anemophily might
encourage selfing through huge pollen clouds near
the male cones; the latter, i.e. a pollen influence
concentrated in the vicinity of the father trees, has
been documented specifically in other gymnosperms
(Restoux et al., 2008; Sanchez-Robles et al., 2014b).
In addition, its post-fire resprouting capacity (Léopez-
Hernandez et al., 1995) may help explain the high
within-population diversity, allowing the persistence of
the ancestral gene pool and increasing the generation
time of this species (Premoli & Steinke, 2008).

OLD ORIGIN AND EXPANSION: INTEGRATING
MOLECULAR AND FOSSIL INFORMATION

The weak spatial genetic pattern and the low
number of fossil records on the southern shore
of the Mediterranean are major impediments for
phylogeographical reconstructions in 7 articulata (but
see the record in the Canary Islands for the Miocene—
Pliocene; Anderson, Channing & Zamuner, 2009).
Nevertheless, some attempts regarding the origin and
evolutionary history of this species can be brought
assisted by historic literature. Fossil evidence indicates
that Tetraclinis Masters spread in the past from North
America to Europe (Hably, Kvacek & Manchester, 2000).
Tertiary macrofossils are known from Oregon (Meyer
& Manchester, 1997), France and Austria (Kvacek,
2010), Germany (Mai, 1994), Poland (Szafer, 1961),
Czech Republic (Kvacek & Walther, 1998), Hungary
and Slovenia (Erdei et al., 2012), northern Spain
(Barrén, 1999, Barron et al., 2006), Sicily (Teodoridis
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et al., 2015) and Crete (Zidianakis, Mohr & Fassoulas,
2007); Palamarev (1987) also reported Tetraclinis for
Romania and Bulgaria. As Tetraclinis was known in
Europe in the early Eocene—Palaeocene (Mai, 1994;
Kvacek, Manchester & Schorn, 2000) and at this
time Europe and most of the African continent were
not in contact, a northern origin for 7. articulata and
a subsequent generation of the different lineages are
supported. Tetraclinis could have become distributed
on both sides of the Mediterranean via land bridges
at the Strait of Sicily, which connected Italy to Tunisia
during the Oligocene—Miocene, or through the Strait
of Gibraltar during the Messinian salinity crisis
(Reguant, 1986; Garcia-Castellanos & Villasenor, 2011;
Troia, Raimondo & Geraci, 2012). A similar pattern
was found in other gymnosperms, including Juniperus
thurifera (Jiménez et al., 2003) or Mediterranean
firs (Balao et al., 2020), and angiosperms such as
Chamaerops humilis L. (Garcia-Castano et al., 2014).

PLIOCENE AND QUATERNARY ECOLOGICAL NICHE
CONTRACTION

The past distribution of Tetraclinis, which was not
necessarily strictly continuous, and the current AFLP
genetic structure across the southern Mediterranean
area indicate extinction and fragmentation after the
Tertiary of the species range. Extinction could have
started at the northern side in the late Miocene—
Pliocene following a global cooling (Ravelo et al., 2004)
and generation by isolation among the four Tetraclinis
lineages could have been subsequently encouraged by
Quaternary glaciations. Results of the niche modelling
indicate that the potential distribution during the last
interglacial was not extensive, and they support the
hypothesis of massive habitat loss and fragmentation
during the last glacial maximum. According to the
CCSM model, the range of T. articulata would have
been extremely narrow and confined to a few regions in
North Africa and some refugia in the Iberian Peninsula
(cf. Abies pinsapo Boiss.; Sanchez-Robles et al., 2014a).
Nevertheless, the presence was probable, under both the
CCSM and the MIROC models, for the four lineages of
northern African populations considered. Additionally,
and according only to the MIROC model, there was
a low probability of occurrence in Malta. The effects
of Pleistocene glaciations on the distribution of other
Mediterranean species have been widely demonstrated
both in plants and animals (Hampe et al., 2003; Fady
& Conord, 2010; Conord, Gurevitch & Fady, 2012;
Sanchez-Robles et al., 2014a; Garcia-Castaio et al.,
2014, Balao et al., 2017). Specifically, the importance of
the south-eastern corner of the Iberian Peninsula has
been considered in relation to the presence of different
species of gymnosperms and angiosperms during the
last glacial stage (see Gonzalez-Sampériz et al., 2010

for a review). From some of these potential refugia,
estimated by the niche-modelling analyses, a slight
expansion could have occurred.

Last, genetic diversity from AFLP data did not
vary in North Africa from west to east, suggesting the
existence of a genetically homogeneous distribution for
a period of time. Nevertheless, there was an increase
of inbreeding (F ) as we went westwards, which might
have occurred due to ecological reasons (e.g. less open
areas with less intense wind activity in the south in
comparison to those in the north). The nSSR data,
pointing to more recent events, showed the same lack
of variation for the genetic diversity in North Africa
from west to east and for the inbreeding estimated
(F¢) values that, for instance, might have risen in the
north by the inclusion of more different nuclei in a
recent expansion.

ASSESSING POTENTIAL EXPLANATORY CAUSES
LEADING TO HIGH GENETIC INTERMIXING

In accordance with AFLP and nSSR analyses, a high
level of intermixing among the four T. articulata
lineages occurred during post-glacial colonization.
Moreover, low numbers of AFLP private fragments
and nSSR private alleles (null in Malta) were found.
These patterns suggest post-glacial migration to
distant locations. High within-population diversity
and relatively low among-population differentiation
are consistent with this. Additionally, high inbreeding
(F\g) values point to a high degree of geitonogamy,
as pollen would tend to concentrate near its source
(Restoux et al., 2008; Sanchez-Robles et al., 2014b).
Subsequently, populations connected more likely
via sporophytes (e.g. seeds) than via gametophytes
(pollen), which would have led to admixing.
Human-driven migration and seed dispersal by
wind, potentially and not exclusively, might explain
the intermixing found in the, not necessarily always
continuous, distribution range for the groups obtained
from the AFLP data, which sometimes appear in a very
similar way despite the long distance between some
populations (e.g. those in Spain and Tunisia). The first
source of intermixing points to along-distance expansion
implemented by the moderate traditional use of this
species by humans. The Moroccan—Algerian and the
widespread lineages (and, partially, the WC-Moroccan
and the Algerian ones) are related to known trade
routes, as old as those practised, for example, by the
Phoenicians (Benjamin & Wiesner-Hanks, 2015). Later
peoples throughout the long history of humans in the
western Mediterranean (Carthaginians, Romans or
Arabians) might be pointed out as potential dispersing
agents (Abulafia, 2011; Sanchez-Gomez et al., 2013).
Similar human-driven dispersal has been suggested
for many other plant species as a result of centuries
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of human occupation in the region (Blondel, 2006).
Specifically, cultivation of T. articulata has been
recorded by Mai (1994) and El-Hilaly, Hmammouchib
& Lyoussi (2003). A second source of intermixing points
to wind-dispersed seeds (do Amaral Franco, 1986).
Nevertheless, because of their weight, they tend to
concentrate near their mother trees (Esteve-Selma
et al., 2017) making this improbable.

In Spain, because of the origin of the populations
(natural vs. naturalized), two different situations
would occur. On the one hand, populations from Sierra
Minera de Cartagena-La Unién (Murcia), presumably
natural (Esteve-Selma et al., 2017), showed a shared
pattern with those in Tunisia. Tertiary Tetraclinis
fossils in Spain (Barrén, 1999, Barroén et al., 2006) and
antracological records attributed to 7' articulata for the
Chalcolithic in an archaeological site only ¢. 200 km away
(Rodriguez-Ariza & Vernet, 1991; Garcia Martinez, 2009)
make a foreign foundation unnecessary. Therefore, this
similarity, which is based on two of the four detected
AFLP groups, points to: either (1) intermixing between
both sides, i.e. south-eastern Spain and Tunisia, or (2)
the possibility for south-eastern Spain to act as the only
source (Sanchez-Goémez et al., 2013), in both cases due
to human activities. Additionally, its low nSSR diversity
and slight peculiarity (Supporting Information, Fig. S2)
point to a relatively intense bottleneck. On the other
hand, the naturalized population from Monte San Anton
in Méalaga (Pérez Latorre & Cabezudo, 2011), based on
the detected AFLP groups, showed two lineages that did
not necessarily reach the place directly from two different
sources, i.e. no independent transplantation was needed;
however, possibly because of a strong bottleneck in the
foundation process, the nSSR diversity was low and
distinctive (Supporting Information, Fig. S2).

In Malta, the indigenous origin of T articulata has
never been doubted (Baldacchino, 1985). However, its
complete native origin cannot be taken for granted.
This study showed that Malta has a high AFLP genetic
diversity that can be interpreted as intermixing of
genes coming from different sources. The hypothesis
that T. articulata expanded naturally from Tunisia into
the Maltese territory when these lands were possibly
connected by a land bridge during the Messinian salinity
crisis (Troia et al., 2012) is not supported in this study.
When Al-Himjari described Malta during the Ottoman
Empire between 870 and 1054 stated that ‘the island
of Malta remained an uninhabited ruin (hirba), but it
was visited by shipbuilders, because the wood in it is
of the strongest kind by the fishermen’ (Brincat, 1995).
This matches important characteristics of T" articulata,
the hard and durable wood of which is impermeable
to water and resists fungal decay (Fidah et al., 2015),
offering important characteristics for shipbuilding;
nevertheless, other timber alternatives, such as Pinus
L. or Quercus L., are not excluded (Smith, 1857; Gambin

et al., 2016). Therefore, a plausible explanation for the
population in Malta might combine a man-mediated
dispersion, added or not to a natural occurrence. The
wild populations declined gradually over the last five
centuries and became depleted to a point of facing
extinction (Borg, 1927; Baldacchino, 1985), which might
explain diversity loss and slight peculiarity of the more
recent nSSR markers (Supporting Information, Fig. S2).

CONSERVATION REMARKS

Currently, T. articulata populations face different
threats. Human activities, such as habitat conversion,
logging for timber, overgrazing and forest fires, have led
to intense reduction of the distribution of this species
in recent times (Lopez-Hernandez, 2000; Hadjadj-
Aoul et al., 2009; Baonza Diaz, 2010; Sanchez-Gémez
et al., 2011). Other factors, such as competence with
other species such as Pinus halepensis Mill., affect its
occurrence (Esteve-Selma & Mifiano Martinez, 2010;
Esteve-Selma et al., 2017). Finally, studies in south-
eastern Spain have shown that the impact of future
climate change on the distribution of 7 articulata is not
completely clear (Esteve-Selma et al., 2010, 2012, 2017).

Nevertheless, our results reveal that populations
represent < 12% of the total genetic variance in
T. articulata. This value is similar to the 14-17%
found in other studies on T. articulata (Sédnchez-
Gomez et al., 2013; Makkaoui et al., 2020), based
on ISSR studies, and low among those found for
other Cupressaceae in AFLP-based studies, which
can range from 8% in Cunninghamia konishii
Hayata (Li et al., 2019) to 34% in Calocedrus
formosana (Florin) Florin (Chien et al., 2020) or
37% in Juniperus phoenicea L. (Sanchez-Gémez
et al., 2018); specifically, the value of 12% found
in Cunninghamia lanceolata (Lamb.) Hook. was
labelled as low (Chunga et al., 2004). For this reason,
conservation should be focused on each of the four
groups detected by the AFLP analyses rather than
on every population. Already proposed conservation
strategies for these lineages, based on both in
situ and ex situ measures, include preservation of
natural areas and source-controlled reintroductions,
and use of germplasm banks, respectively. All of
them are potentially adequate to preserve the
genetic structure when considering the source (at
least, when the same AFLP group is controlled);
other factors, such as economics or logistics, would
determine which one to use.

On the one hand, these measures can be developed
in North Africa (Makkaoui et al., 2020), where its
abundance leads to consider the species conservation
status as ‘least concern’ with a ‘decreasing’ population
trend (Sanchez-Goémez et al., 2011). On the other, for

© 2021 The Linnean Society of London, Botanical Journal of the Linnean Society, 2021, XX, 1-19

120 BUN[ B0 UO JOSN E[IIASS ap PepISIoAlun Aq 68ES6Z9/0E0GEOG/UBSUUINOG/EE0 L 0 L/I0P/aI01E-80UBAPE/UESUUIOG/WOD dNO"dlWSPEDE//:SA)Y WOI) PAPEOJUMOQ


http://academic.oup.com/botlinnean/article-lookup/doi/10.1093/botlinnean/boab030#supplementary-data
http://academic.oup.com/botlinnean/article-lookup/doi/10.1093/botlinnean/boab030#supplementary-data
http://academic.oup.com/botlinnean/article-lookup/doi/10.1093/botlinnean/boab030#supplementary-data

14 J.L.GARCIA-CASTANO ET AL.

the European populations of south-eastern Spain
and Malta, considered ‘endangered’ (Thomas, 2017),
we only found slight nSSR peculiarities (Supporting
Information, Fig. S2), presumably associated to recent
bottlenecks. Nevertheless, in the context of their
geographical and historical singularities, recently
addressed protection plans are worthy (Moreno, 2011,
and Esteve-Selma et al. 2017 for Spain; L.N. 12, 2001,
and Baldacchino, 2015, for Malta).

CONCLUSIONS

Four lineages of populations, geographically
intermixed to a certain extent, could be documented.
Our work supports the hypothesis of an ancient wide
distribution, including Europe, and the appearance of
four isolated lineages. Nevertheless, we could not fully
determine the recent origin of the current populations
that may have been generated or aided by human
activities or, much less probably, from seeds dispersed
by wind out of refugia in northern Africa-southern
Europe in the Quaternary, including shore connections.

ACKNOWLEDGEMENTS

The authors thank the Spanish Ministerio de Ciencia
e Innovacion for the grant CGL2009-08713 given to
AT to fund this work, and Belinda Gambin for helpful
discussion. The authors declare no conflict of interest

DATA ARCHIVING STATEMENT

AFLP, nSSR and presence data for this research
are available at a GitHub repository doi: 10.5281/
zenodo.84173074 (https:/github.com/fbalao/tetraclinis/
tree/v1.0). The separate files refer to information related
to AFLP data and primers information, nSSR data and
presence data from SEV Herbarium.

REFERENCES

Abulafia D. 2011. The great sea: a human history of the
Mediterranean. Oxford: Oxford University Press.

Agapow P-M, Burt A. 2001. Indices of multilocus linkage
disequilibrium. Molecular Ecology Notes 1: 101-102.

do Amaral Franco J. 1986. Tetraclinis Masters. In:
Castroviejo S, Lainz M, Lopez Gonzélez G, Montserrat P,
Murioz Garmendia F, Paiva J, Villar L, eds. Flora iberica, Vol.
1. Madrid: Real Jardin Botéanico, CSIC, 179-180.

Anderson CL, Channing A, Zamuner AB. 2009. Life,
death and fossilization on Gran Canaria — implications for
Macaronesian biogeography and molecular dating. Journal
of Biogeography 36: 2189-2201.

Arnaud-Haond S, Duarte CM, Alberto F, Serrao EA. 2007.
Standardizing methods to address clonality in population
studies. Molecular Ecology 16: 5115-5139.

Arrigo N, Felber F, Parisod C, Buerki S, Alvarez N,
David J, Guadagnuolo R. 2010. Origin and expansion
of the allotetraploid Aegilops geniculata, a wild relative of
wheat. New Phytologist 187: 1170-1180.

Azémard C,Ménager M, Vieillescazes C. 2017. On the tracks
of sandarac, review and chemical analysis. Environmental
Science and Pollution Research 24: 1-9.

Balao F, Lorenzo MT, Sanchez-Robles JM, Paun O,
Garcia-Castano JL, Terrab A. 2020. Early diversification
and permeable species boundaries in the Mediterranean firs.
Annals of Botany 125: 495-507.

Balao F, Navarro-Sampedro L, Berjano R, Garcia-
Castano JL, Casimiro-Soriguer R, Talavera M,
Talavera S, Terrab A. 2017. Riverine speciation and long
dispersal colonization in the Ibero-African Onopordum
dissectum complex (Asteraceae). Botanical Journal of the
Linnean Society 183: 600-615.

Baldacchino AE. 1985. Our indigenous tree (5): l-Gharghar:
the Sandarac Gum Tree: a tree on the verge of extinction.
Civilization 24: 671-672.

Baldacchino AE. 2015. L-Gharghar: is-sigra nazzjonali.
Available at: https://alfredbaldacchino.wordpress.com/
category/fwied-filep/ [accessed 11 January 2021].

Baonza Diaz J. 2010. Tetraclinis articulata (Vahl) Mast.
especie probablemente autéctona en Donana. Ecologia 23:
139-150.

Barroén E. 1999. Estudio macrofloristico del afloramiento
mioceno de concreciones carbonaticas de Izarra (Alava,
Espana). Aspectos tafonémicos, paleoecolégicos y
bioestratigraficos. Revista Espariola de Paleontologia 14:
123-145.

Barrén E, Herndandez JM, Lopez-Horgue M, Alcalde-
Olivares C. 2006. Palaeoecology, biostratigraphy and
palaeoclimatology of the lacustrine fossiliferous beds of the
Izarra Formation (lower Miocene, Basque-Cantabrian Basin,
Alava Province, Spain) based on palynological analysis.
Revista Espaniola de Micropaleontologia 38: 321-338.

Benjamin C, Wiesner-Hanks M. 2015. The Mediterranean.
In: Benjamin C, ed. The Cambridge world history. Cambridge:
Cambridge University Press, 325-349.

Besnard G, Rubio de Casas R. 2016. Single vs multiple
independent olive domestications: the jury is (still) out. New
Phytologist 209: 466-470.

Blondel J. 2006. The “design” of Mediterranean landscapes:
a millennial story of humans and ecological systems during
the historic period. Human Ecology 34: 713-729.

Bocquet G, Widler B, Kiefer H. 1978. The Messinian model
— a new outlook for the floristics and systematics of the
Mediterranean area. Candollea 33: 269-287.

Bonin A, Bellemain E, Bronken Eidesen P, Pompanon F,
Brochmann C, Taberlet P. 2004. How to track and assess
genotyping errors in population genetics studies. Molecular
Ecology 13: 3261-3273.

Bonin A, Ehrich D, Manel S. 2007. Statistical analysis of
amplified fragment length polymorphism data: a toolbox for

© 2021 The Linnean Society of London, Botanical Journal of the Linnean Society, 2021, XX, 1-19

120 BUN[ B0 UO JOSN E[IIASS ap PepISIoAlun Aq 68ES6Z9/0E0GEOG/UBSUUINOG/EE0 L 0 L/I0P/aI01E-80UBAPE/UESUUIOG/WOD dNO"dlWSPEDE//:SA)Y WOI) PAPEOJUMOQ


http://academic.oup.com/botlinnean/article-lookup/doi/10.1093/botlinnean/boab030#supplementary-data
http://academic.oup.com/botlinnean/article-lookup/doi/10.1093/botlinnean/boab030#supplementary-data
https://github.com/fbalao/tetraclinis/tree/v1.0
https://github.com/fbalao/tetraclinis/tree/v1.0
https://alfredbaldacchino.wordpress.com/category/fwied-filep/
https://alfredbaldacchino.wordpress.com/category/fwied-filep/

GENETIC STRUCTURE OF TETRACLINIS 15

molecular ecologists and evolutionists. Molecular Ecology 16:
3737-3758.

Borg J. 1927. Descriptive flora of the Maltese islands including
the ferns and flowering plants. Koenigstein: Otto Koeltz
Science Publishers.

Braconnot P, Otto-Bliesner B, Harrison S, Joussaume S,
Peterschmitt J-Y, Abe-Ouchi A, Crucifix M,
Driesschaert E, Fichefet T, Hewitt CD, Kageyama M,
Kitoh A, Lainé A, Loutre M-F, Marti O, Merkel U,
Ramstein G, Valdes P, Weber SL, Yu Y, Zhao Y. 2007.
Results of PMIP2 coupled simulations of the Mid-Holocene
and Last Glacial Maximum - Part 1: experiments and large-
scale features. Climate of the Past 3: 261-2717.

Brincat JM. 1995. Malta 870-1054: Al-Himyari’s account and
its linguistic implications. Valletta: Said International Ltd.
Broderick D, Idaghdour Y, Korrida A, Hellmich J. 2003.
Gene flow in great bustard populations across the Strait of
Gibraltar as elucidated from excremental PCR and mtDNA

sequencing. Conservation Genetics 4: 793-800.

Bryant D, Moulton V. 2004. Neighbor-Net: an agglomerative
method for the construction of phylogenetic networks.
Molecular Biology and Evolution 21: 255-265.

Casimiro-Soriguer F, Pérez Latorre AV. 2008.
Aproximacién al conocimiento de la flora aléctona de la
provincia de Mdlaga (Espana): catdlogo de metafitos. Acta
Botanica Malacitana 33: 373-382.

Casimiro-Soriguer F, Pérez Latorre AV, Cabezudo B.
2014. Flora y vegetacion de un espacio periurbano singular:
el monte San Antén (Mdlaga, Espafia). Acta Botanica
Malacitana 39: 179-205.

Casimiro-Soriguer R, Talavera M, Balao F, Terrab A,
Herrera J, Talavera S. 2010. Phylogeny and genetic
structure of Erophaca (Leguminosae), a East—West
Mediterranean disjunct genus from the Tertiary. Molecular
Phylogenetics and Evolution 56: 441-450.

Cavalli-Sforza LL, Edwards AWF. 1967. Phylogenetic analysis:
models and estimation procedures. Evolution 21: 550-570.

Charco J. 1999. El bosque mediterrdneo en el norte de Africa:
biodiversidad y lucha contra la desertificacion. Madrid:
Agencia Espariola de Cooperacién Internacional, Ediciones
Mundo Arabe e Islam.

Charco J. 2001. Guia de los drboles y arbustos del Norte
de Africa: claves de determinacién, descripciones,
ilustraciones y mapas de distribucién. Madrid: Agencia
Espanola de Cooperacién Internacional, Ediciones Mundo
Arabe e Islam.

Chien W-M, Chang C-T, Chiang Y-C, Hwang S-Y. 2020.
Ecological factors generally not altitude related played main
roles in driving potential adaptive evolution at elevational
range margin populations of Taiwan incense cedar
(Calocedrus formosana). Frontiers in Genetics 11: 580630.

Chunga JD, Linb TP, Tanc YC, Lind MY, Hwangc SY.
2004. Genetic diversity and biogeography of Cunninghamia
konishii (Cupressaceae), an island species in Taiwan: a
comparison with Cunninghamia lanceolata, a mainland
species in China. Molecular Phylogenetics and Evolution 33:
791-801.

Chybicki IJ, Burczyk J. 2009. Simultaneous estimation of
null alleles and inbreeding coefficients. Journal of Heredity
100: 106-113.

Chybicki IJ, Oleksa A, Burczyk J. 2011. Increased
inbreeding and strong kinship structure in Taxus baccata
estimated from both AFLP and SSR data. Heredity 107:
589-560.

Collins WD, Rasch PJ, Boville BA, Hack JJ, McCaa JR,
Williamson BA, Briegleb BP, Bitz CM, Lin S-J, Zhang M.
2006. The formulation and atmospheric simulation of the
Community Atmosphere Model version 3 (CAMS3). Journal of
Climate 19: 2144-2161.

Conord C, Gurevitch J, Fady B. 2012. Large-scale
longitudinal gradients of genetic diversity: a meta-analysis
across six phyla in the Mediterranean basin. Ecology and
Evolution 2: 2595-2609.

Corander J, Marttinen P. 2006. Bayesian identification of
admixture events using multi-locus molecular markers.
Molecular Ecology 15: 2833-2843.

Corander J, Waldmann P, Marttinen P, Sillanpaa MdJ.
2004. BAPS 2: enhanced possibilities for the analysis of
genetic population structure. Bioinformatics 20: 2363—-2369.

Corander J, Waldmann P, Sillanpaa MdJ. 2003. Bayesian
analysis of genetic differentiation between populations.
Genetics 163: 367-374.

Cullingham CI, Miller JM, Peery RM, Dupuis JR,
Malenfant RM, Gorrell JC, Janes JK. 2020. Confidently
identifying the correct K value using the AK method: when
does K = 2? Molecular Ecology 29: 862—869.

DREF. 2002. Thuya: importance écologique et économique.
Terre et Vie 52: 4.

Ehrich D. 2006. AFLPdat: a collection of R functions for
convenient handling of AFLP data. Molecular Ecology Notes
6: 603-604.

El Mousadik A, Petit RJ. 1996. High level of genetic
differentiation for allelic richness among populations of the
argan tree [Argania spinosa (L.) Skeels] endemic to Morocco.
Theoretical and Applied Genetics 92: 832—839.

Elenga H, Peyron O, Bonnefille R, Jolly D, Cheddadi R,
Guiot J, Andrieu V, Bottema S, Buchet G,
de Beaulieu J-L, Hamilton AC, Maley J, Marchant R,
Perez-Obiol R, Reille M, Riollet G, Scott L, Straka H,
Taylor D, Van Campo E, Vincens A, Laarif F, Jonson H.
2000. Pollen-based biome reconstruction for southern
Europe and Africa 18 000 yr BP. Journal of Biogeography
27: 621-634.

El-Hilaly J, Hmammouchib M, Lyoussi B. 2003.
Ethnobotanical studies and economic evaluation of medicinal
plants in Taounate province (northern Morocco). Journal of
Ethnopharmacology 86: 149—-158.

Erdei B, Utescher T, Hably L, Tamas J, Roth-Nebelsick A,
Grein M. 2012. Early Oligocene continental climate of the
Palaeogene Basin (Hungary and Slovenia) and the surrounding
area. Turkish Journal of Earth Sciences 21: 153—186.

Esteve Selma MA, Montoya P, Moya JM, Mifiano J,
Hernandez I, Carrion JS, Charco J, Fernandez S,
Munuera M, Ochando J. 2017. Tetraclinis articulata:

© 2021 The Linnean Society of London, Botanical Journal of the Linnean Society, 2021, XX, 1-19

120 BUN[ B0 UO JOSN E[IIASS ap PepISIoAlun Aq 68ES6Z9/0E0GEOG/UBSUUINOG/EE0 L 0 L/I0P/aI01E-80UBAPE/UESUUIOG/WOD dNO"dlWSPEDE//:SA)Y WOI) PAPEOJUMOQ



16 J.L.GARCIA-CASTANO ET AL.

biogeografia, ecologia, amenazas y conservacién. Murcia:
Direccién General de Medio Natural.

Esteve-Selma MA, Martinez-Fernandez J, Hernandez I,
Montavez JP, Lopez JJ, Calvo, JF, Robledano F.
2010. Effects of climatic change on the distribution and
conservation of Mediterranean forests: the case of Tetraclinis
articulata in the Iberian Peninsula. Biodiversity and
Conservation 19: 3809-3825.

Esteve-Selma MA, Martinez-Fernandez J, Hernandez-
Garcia I, Montavez J, Lopez-Hernandez JJ,
Calvo JF. 2012. Potential effects of climatic change on
the distribution of Tetraclinis articulata, an endemic tree
from arid Mediterranean ecosystems. Climatic Change
113: 663-678.

Esteve-Selma MA, Mifiano Martinez J. 2010. Plan de
conservacion de Tetraclinis articulata (Vahl) Masters (sabina
de Cartagena), en la Region de Murcia. Murcia: Direccion
General de Patrimonio Natural y Biodiversidad, Consejeria
de Agricultura y Agua, Comunidad Auténoma de la Region
de Murecia.

Evanno G,Regnaut S, Goudet J. 2005. Detecting the number
of clusters of individuals using the software Structure: a
simulation study. Molecular Ecology 14: 2611-2620.

Excoffier L, Laval G, Schneider S. 2005. Arlequin version
3.0: an integrated software package for population genetics
data analysis. Evolutionary Bioinformatics Online 1: 47-50.

Fady B, Conord C. 2010. Macroecological patterns of species
and genetic diversity in vascular plants of the Mediterranean
basin. Diversity and Distributions 16: 53—64.

Falush D, Stephens M, Pritchard JK. 2007. Inference of
population structure using multilocus genotype data: dominant
markers and null alleles. Molecular Ecology Notes 7: 574-578.

Farjon A. 2005. A monograph of Cupressaceae and Sciadopitys.
Kew: Royal Botanic Gardens.

Fernandez-Mazuecos M, Vargas P. 2010. Ecological rather
than geographical isolation dominates Quaternary formation
of Mediterranean Cistus species. Molecular Ecology 19:
1381-1395.

Fidah A, Rahouti M, Kabouchi B, Ziani M, El Bouhtoury-
Charrier F, Fidah A, Famiri A. 2015. Natural durability
of Tetraclinis articulata (Vahl) Masters woods against wood
decay fungi: laboratory test. Wood Research 60: 865—-872.

Gambin B, Andrieu-Ponel V, Médail F, Marriner N,
Peyron O, Montade V, Gambin T, Morhange C,
Belkacem D, Djamali M. 2016. 7300 years of vegetation
history and climate for NW Malta: a Holocene perspective.
Climate of the Past 12: 273—-297.

Garcia Martinez MS. 2009. Recursos forestales en un medio
semidrido. Nuevos datos antracolégicos para la Regién de
Murcia desde la Edad del Bronce hasta época medieval.
Unpublished D. Phil. Thesis, University of Murcia, Murcia.

Garcia-Castafio JL, Terrab A, Ortiz MA, Stuessy TF,
Talavera S. 2014. Patterns of phylogeography and
vicariance of Chamaerops humilis L. (Palmae). Turkish
Journal of Botany 38: 1132-1146.

Garcia-Castellanos D, Villasenor A. 2011. Messinian
salinity crisis regulated by competing tectonics and erosion
at the Gibraltar Arc. Nature 480: 359-363.

Garoia F, Guarniero I, Grifoni D, Marzola S, Tinfi F.
2007. Comparative analysis of AFLPs and SSRs efficiency
in resolving population genetic structure of Mediterranean
Solea vulgaris. Molecular Ecology 16: 1377-1387.

Gaudeul M, Till-Bottraud I, Barjon F, Manel S. 2004.
Genetic diversity and differentiation in Eryngium alpinum
L. (Apiaceae): comparison of AFLP and microsatellite
markers. Heredity 92: 508-518.

Gonzalez-Martinez SC, Dubreuil M, Riba M,
Vendramin GG, Sebastiani F, Mayol M. 2010. Spatial
genetic structure of Taxus baccata L. in the western
Mediterranean Basin: past and present limits to gene
movement over a broad geographic scale. Molecular
Phylogenetics and Evolution 55: 805—815.

Gonzalez-Sampériz P, Leroy S, Carrion JS, Garcia-
Anton M, Gil-Garcia MdJ, Figueiral 1. 2010. Steppes,
savannahs and botanic gardens during the Pleistocene.
Review of Palaeobotany and Palynology 162: 427-457.

Griinwald NJ, Goss EM. 2011. Evolution and population
genetics of exotic and re-emerging pathogens: traditional and
novel tools and approaches. Annual Review of Phytopathology
49: 249-2617.

Hably L, Kvaéek Z, Manchester SR. 2000. Shared taxa of
land plants in the Oligocene of Europe and North America
in context of Holarctic phytogeography. Acta Universitatis
Carolinae Geologica 44: 59-74.

Hadjadj-Aoul S, Chouieb M, Loisel R. 2009. Effet des
facteurs environnementaux sur les premiers stades de
la régénération naturelle de Tetraclinis articulata (Vahl,
Master) en Oranie, Algérie. Ecologia Mediterranea: Revue
Internationale d’Ecologie Méditerranéenne 35: 19-30.

Hampe A, Arroyo J, Jordano P, Petit ReJ. 2003. Rangewide
phylogeography of a bird-dispersed Eurasian shrub:
contrasting Mediterranean and temperate glacial refugia.
Molecular Ecology 12: 3415-3426.

Hand R. 2010. Supplementary notes to the flora of Cyprus VI.
Willdenowia 39: 301-325.

Hasumi H, Emori S, eds. 2004. K-1 Coupled GCM (MIROC)
Description. K-1 model developers. Tokyo: University of
Tokyo, Center for Climate System Research.

Hewitt GM. 1999. Post-glacial re-colonization of European
biota. Biological Journal of the Linnean Society 68: 87-112.

Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A.
2005. Very high resolution interpolated climate surfaces for
global land areas. International Journal of Climatology 25:
1965-1978.

Houghton J, Ding Y, Griggs DJ, Noguer M,
van der Linden PJ, Dai X, Maskell K, Johnson CA, eds.
2001. IPCC, 2001: Climate Change 2001: the scientific basis.
Contribution of Working Group I to the Third Assessment
Report of the Intergovernmental Panel on Climate Change.
Cambridge: Cambridge University Press.

Huson DH, Bryant D. 2006. Application of phylogenetic
networks in evolutionary studies. Molecular Biology and
Evolution 23: 254-267.

Jiménez JF, Werner O, Sanchez-Gémez P, Fernandez S,
Guerra J. 2003. Genetic variations and migration pathway
of Juniperus thurifera L. (Cupressaceae) in the western

© 2021 The Linnean Society of London, Botanical Journal of the Linnean Society, 2021, XX, 1-19

120 BUN[ B0 UO JOSN E[IIASS ap PepISIoAlun Aq 68ES6Z9/0E0GEOG/UBSUUINOG/EE0 L 0 L/I0P/aI01E-80UBAPE/UESUUIOG/WOD dNO"dlWSPEDE//:SA)Y WOI) PAPEOJUMOQ



GENETIC STRUCTURE OF TETRACLINIS 17

Mediterranean region. Israel Journal of Plant Sciences 51:
11-22.

Jombart T. 2008. adegenet: a R package for the multivariate
analysis of genetic markers. Bioinformatics 24: 1403-1405.
Kamvar ZN, brookjon, Tabima JF, JonahBrooks,
Knaus B, Foster Z, Grunwald N, Hester J. 2016.
grunwaldlab/poppr: poppr version 2.3.0. https:/zenodo.org/

record/168578#.YGIDQa9Kg2x.

Kamvar ZN, Brooks JC, Griinwald Nd. 2015. Novel R tools
for analysis of genome-wide population genetic data with
emphasis on clonality. Frontiers in Genetics 6: 208.

Kamvar ZN, Tabima JF, Griinwald NdJ. 2014. poppr: an
R package for genetic analysis of populations with clonal,
partially clonal, and/or sexual reproduction. Peerd 2: e281.

Khabbach A, Libiad M, Ennabili A, Bousta D. 2012.
Medicinal and cosmetic use of plants from the province of
Taza, Northern Morocco. Boletin Latinoamericano y del
Caribe de Plantas Medicinales y Aromdticas 11: 46—60.

Krijgsman W, Hilgen FdJ, Raffi I, Sierro FJ, Wilson DS.
1999. Chronology, causes and progression of the Messinian
salinity crisis. Nature 400: 652—655.

Kvacdek Z. 2010. Forest flora and vegetation of the European
early Palaeogene — a review. Bulletin of Geosciences 85:
63-76.

Kvadéek Z, Manchester SR, Schorn HE. 2000. Cones, seeds,
and foliage of Tetraclinis salicornioides (Cupressaceae)
from the Oligocene and Miocene of western North America:
a geographic extension of the European Tertiary species.
International Journal of Plant Sciences 161: 331-344.

Kvacdek Z, Walther H. 1998. The Oligocene volcanic flora
of Kundratice near Litomé&fice, Ceské Sttedohoeii Volcanic
Complex (Czech Republic): a review. Sbornik Narodniho
Muzea v Praze, Rada B - Prirodni Vedy 54: 1-43.

Malta Government, Legal Notice 12. 2001. Trees and
woodlands (protection) regulations. Environment Protection
Act (CAP. 348). The Malta Government Gazette 17044:
00093-00116.

Li Y-S, Shih K-M, Chang C-T, Chung J-D, Hwang S-Y. 2019.
Testing the effect of mountain ranges as a physical barrier to
current gene flow and environmentally dependent adaptive
divergence in Cunninghamia konishii (Cupressaceae).
Frontiers in Genetics 10: 742.

Lopez-Hernandez J. 2000. Respuesta ambiental de las
principalesespecies arbustivas en sistemas dridosy semidridos
mediterrdneos: modelos y aplicaciones. Unpublished D. Phil.
Thesis, University of Murcia, Murcia.

Lopez-Hernandez J, Calvo J, Esteve-Selma M, Ramirez-
Diaz L. 1995. Respuesta de Tetraclinis articulata (Vahl)
Masters al fuego. Ecologia 9: 213-221.

Lorenzo MT, Casimiro-Soriguer R, Balao F, Garcia-
Castano JL, Sanchez-Robles JM, Terrab A. 2014.
Isolation and characterization of nuclear microsatellite
primers for the Barbary thuja, Tetraclinis articulata (Vahl)
Mast. (Cupressaceae). Conservation Genetics Resources 6:
233-235.

Magri D, Parra I. 2002. Late Quaternary western
Mediterranean pollen records and African winds. Earth and
Planetary Science Letters 200: 401-408.

Mai DH. 1994. Two conifers — Tetraclinis Mast. (Cupressaceae)
and Metasequoia Miki (Taxodiaceae) — relicts or
palaeoclimatic indicators of the past. In: Boulter M, Fisher C,
eds. Cenozoic plants and climates of the Arctic. Berlin,
Heidelberg: Springer-Verlag Berlin Heidelberg, NATO ASI
Series 27, 199-213.

Makkaoui M, Abbas Y, El Antry-Tazi S, Medraoui L,
Alami M, Rabani S, Filali-Maltouf A. 2020. Genetic
diversity of ten Moroccan populations of Tetraclinis articulata
as revealed by inter simple sequence repeat (ISSR) markers.
Bois et Foréts des Tropiques 345: 13—23.

Mariette S, Cottrell J, Csaikl UM, Goikoechea P, Konig A,
Lowe AJ, van Dam BC, Barreneche T, Bodénes,
Streiff R, Burg K, Groppe K, Munro RC, Tabbener H,
Kremer A. 2002. Comparison of levels of genetic diversity
detected with AFLP and microsatellite markers within and
among mixed Q. petraea (Matt.) Liebl. and @. robur L. stands.
Silvae Genetica 51: 72-79.

Meyer HW, Manchester SR. 1997. The Oligocene Bridge
Creek flora of the John Day Formation, Oregon. University
of California Publications in Geological Sciences 141: 1-195.

Moreno JC, coord. 2011. Lista Roja de la flora vascular
espafiola. Actualizacion con los datos de la Adenda 2010 al
Atlas y Libro Rojo de la Flora Vascular Amenazada. Madrid:
Ministerio de Medio Ambiente, y Medio Rural y Marino
(Direccion General de Medio Natural y Politica Forestal)
and Sociedad Espanola de Biologia de la Conservacién de
Plantas.

Myers N, Mittermeier RA, Mittermeier CG,
Da Fonseca GA, Kent J. 2000. Biodiversity hotspots for
conservation priorities. Nature 403: 853—-858.

Nei M. 1987. Molecular evolutionary genetics. New York:
Columbia University Press.

Ortiz MA, Tremetsberger K, Stuessy TF, Terrab A, Garcia-
Castaiio JL, Talavera S. 2009. Phylogeographic patterns
in Hypochaeris section Hypochaeris (Asteraceae, Lactuceae)
of the western Mediterranean. Journal of Biogeography 36:
1384-1397.

Otto-Bliesner BL, Marshall SJ, Overpeck JT, Miller GH,
Hu A. 2006. Simulating Arctic climate warmth and icefield
retreat in the last interglaciation. Science 311: 1751-1753.

Palamarev E. 1987. Paleobotanical evidences of the Tertiary
history and origin of the Mediterranean sclerophyll
dendroflora. Plant Systematics and Evolution 162: 93-107.

Pérez Latorre AV, Cabezudo B. 2011. Gimnospermas. In:
Blanca G, Cabezudo B, Cueto M, Salazar C, Morales Torres C,
eds. Flora vascular de Andalucia Oriental. Almeria, Granada,
Jaén, Malaga: Universities of Almeria, Granada, Jaén and
Malaga, 81-91.

Pfenninger M, Vela E, Jesse R, Arantzazu Elejalde M,
Liberto F, Magnin F, Martinez-Orti A. 2010. Temporal
speciation pattern in the western Mediterranean genus
Tudorella P. Fischer, 1885 (Gastropoda, Pomatiidae)
supports the Tyrrhenian vicariance hypothesis. Molecular
Phylogenetics and Evolution 54: 427-436.

Phillips SJ, Anderson RP, Schapire RE. 2006. Maximum
entropy modeling of species geographic distributions.
Ecological Modelling 190: 231-259.

© 2021 The Linnean Society of London, Botanical Journal of the Linnean Society, 2021, XX, 1-19

120 BUN[ B0 UO JOSN E[IIASS ap PepISIoAlun Aq 68ES6Z9/0E0GEOG/UBSUUINOG/EE0 L 0 L/I0P/aI01E-80UBAPE/UESUUIOG/WOD dNO"dlWSPEDE//:SA)Y WOI) PAPEOJUMOQ


https://zenodo.org/record/168578#.YGIDQa9Kg2x
https://zenodo.org/record/168578#.YGIDQa9Kg2x

18 J. L. GARCIA-CASTANO ET AL.

Plinius Secundus C. 1st century AD. Naturalis historiae,
vol. XII. In: Bostock J, Riley HT, translators. 1855. The
natural history of Pliny, vol. III. London: HG Bohn.

Premoli AC, Steinke L. 2008. Genetics of sprouting: effects
of long-term persistence in fire-prone ecosystems. Molecular
Ecology 17: 3827-3835.

Pritchard JK, Stephens M, Donnelly P. 2000. Inference
of population structure using multilocus genotype data.
Genetics 155: 945-959.

Raab-Straube E von. 2014. Gymnospermae. In: Euro+Med
Plantbase — the information resource for Euro-Mediterranean
plant diversity. http://ww2.bgbm.org/EuroPlusMed/
[accessed 11 January 2021].

Ravelo AC, Andreasen DH, Lyle M, Lyle AO, Wara MW.
2004. Regional climate shifts caused by gradual global
cooling in the Pliocene epoch. Nature 429: 263-267.

Reguant S. 1986. Geologia historica. Barcelona: Ketres
Editora.

Restoux G, Silva DE, Sagnard F, Torre F, Klein EK,
Fady B. 2008. Life at the margin: the mating system of
Mediterranean conifers. Web Ecology 8: 94-102.

Reynolds J, Weir BS, Cockerham CC. 1983. Estimation
of the coancestry coefficient: basis for a short-term genetic
distance. Genetics 105: 767-779.

Rodriguez-Ariza MO, Vernet JL. 1991. Etude
paléoécologique du gisement chalcolithique de Los Millares
(Santa Fe de Mondujar, Almeria). In: Waldren WH,
Ensenyat JA, Kennard RC, eds. Recent developments in
western Mediterranean prehistory: archaeological techniques,
technology and theory. Oxford: British Archaeological
Reports, International Series 573, 1-16.

Rodriguez-Sanchez F, Pérez-Barrales R, Ojeda F,
Vargas P, Arroyo J. 2008. The Strait of Gibraltar as
a melting pot for plant biodiversity. Quaternary Science
Reviews 27: 2100-2117.

Rosenbaum G, Lister GS, Duboz C. 2002. Reconstruction
of the tectonic evolution of the western Mediterranean since
the Oligocene. Journal of the Virtual Explorer 8: 107-130.

Rosua JL, Lépez de Hierro L, Martin JC, Serrano F,
Sanchez A. 2001. Procedencias de las especies vegetales
autéctonas de Andalucia utilizadas en restauracion de la
cubierta vegetal. Seville: Consejeria de Medio Ambiente,
Junta de Andalucia.

Sanchez-Gomez P, Jiménez JF, Canovas JL, Vera JB,
Hensen I, Aouissat M. 2018. Genetic structure and
phylogeography of Juniperus phoenicea complex throughout
Mediterranean and Macaronesian regions: different stories
in one. Annals of Forest Science 75: 75.

Sanchez-Gomez P, Jiménez JF, Vera JB, Sanchez-
Saorin FJ, Martinez JF, Buhagiar J. 2013. Genetic
structure of Tetraclinis articulata, an endangered conifer of
the western Mediterranean basin. Silva Fennica 47: 1073.

Sanchez-Gémez P, Stevens D, Fennane M, Gardner M,
Thomas P. 2011. Tetraclinis articulata. The IUCN Red
List of Threatened Species 2019: e.T30318A9534227.
Website http://dx.doi.org/10.2305/IUCN.UK.2011-2.RLTS.
T30318A9534227.en [accessed 11 January 2021].

Sanchez-Robles JM, Balao F, Terrab A, Garcia-
Castano JL, Ortiz MA, Vela E, Talavera S. 2014a.
Phylogeography of SW Mediterranean firs: different
European origins for the North African Abies species.
Molecular Phylogenetics and Evolution 79: 42-53.

Sanchez-Robles JM, Garcia-Castafio JL, Balao F,
Terrab A, Navarro-Sampedro L, Tremetsberger K,
Talavera S. 2014b. Effects of tree architecture on pollen
dispersal and mating patterns in Abies pinsapo Boiss.
(Pinaceae). Molecular Ecology 23: 6165-6178.

Santos Guerra A, Reyes-Betancort JA. 2014. Nuevas
adiciones y citas de interés para la flora autéctona y aléctona
de las islas Canarias. Vieraea 42: 249-257.

Schliiter PM, Harris SA. 2006. Analysis of multilocus
fingerprinting data sets containing missing data. Molecular
Ecology Notes 6: 569-572.

Schneider S, Kueffer JM, Roessli D, Excoffier L. 1997.
Arlequin ver. 1.1: a software for population genetic data
analysis. Geneva: University of Geneva, Genetics and
Biometry Laboratory.

Sekiewicz K, Dering M, Romo A, Dagher-Kharrat MB,
Boratynska K, Ok T, Boratyfiski A. 2018. Phylogenetic
and biogeographic insights into long-lived Mediterranean
Cupressus taxa with a schizo-endemic distribution and
Tertiary origin. Botanical Journal of the Linnean Society 188:
190-212.

Skrede I, Bronken Eidesen P, Pifieiro Portela R,
Brochmann C. 2006. Refugia, differentiation and
postglacial migration in arctic alpine Eurasia, exemplified
by the mountain avens (Dryas octopetala L.). Molecular
Ecology 15: 1827-1840.

Smith W, ed. 1857. Dictionary of Greek and Roman geography,
Vol. II. Boston: Little, Brown & Co.

Spiegelhalter DJ, Best NG, Carlin BP, van Der Linde A.
2002. Bayesian measures of model complexity and fit.
Journal of the Royal Statistical Society B 64: 583-616.

Szafer W. 1961. Mioceniska flora ze starych gliwic na slasku.
Prace Instytut Geologiczny 33: 1-205.

Szpiech ZA, Jakobsson M, Rosenberg NA. 2008. ADZE:
a rarefaction approach for counting alleles private
to combinations of populations. Bioinformatics 24:
2498-2504.

Takezaki N, Nei M. 1996. Genetic distances and reconstruction
of phylogenetic trees from microsatellite DNA. Genetics 144:
389-399.

Tang S, Dai W, Li M, Zhang Y, Geng Y, Wang L, Zhong Y.
2008. Genetic diversity of relictual and endangered plant
Abies ziyuanensis (Pinaceae) revealed by AFLP and SSR
markers. Genetica 133: 21-30.

Teixeira H, Rodriguez-Echeverria S, Nabais C. 2014.
Genetic diversity and differentiation of Juniperus thurifera
in Spain and Morocco as determined by SSR. PLoS One 9:
€88996.

Teodoridis V, Kvalek Z, Agostini S, Martinetto E,
Rossi MA, Cavallo O. 2015. Feather palm foliage from the
Messinian of Italy (Capo di Fiume, Palena and Pollenzo near
Alba) within the framework of Northern Mediterranean Late

© 2021 The Linnean Society of London, Botanical Journal of the Linnean Society, 2021, XX, 1-19

120 BUN[ B0 UO JOSN E[IIASS ap PepISIoAlun Aq 68ES6Z9/0E0GEOG/UBSUUINOG/EE0 L 0 L/I0P/aI01E-80UBAPE/UESUUIOG/WOD dNO"dlWSPEDE//:SA)Y WOI) PAPEOJUMOQ


http://ww2.bgbm.org/EuroPlusMed/
http://dx.doi.org/10.2305/IUCN.UK.2011–2.RLTS.T30318A9534227.en
http://dx.doi.org/10.2305/IUCN.UK.2011–2.RLTS.T30318A9534227.en

GENETIC STRUCTURE OF TETRACLINIS 19

Miocene flora. Sbornik Narodhiho Muzea V Praze-Historia
Naturalis 71: 301-314.

Thomas, P. 2017. Tetraclinis articulata. The IUCN Red List
of Threatened Species 2019: . T30318A95804470. Website
https://www.iucnredlist.org/species/30318/95804470 [accessed
11 January 2021].

Thompson JD. 2005. Plant evolution in the Mediterranean.
New York: Oxford University Press.

Troia A, Raimondo FM, Geraci A. 2012. Does genetic
population structure of Ambrosina basii L. (Araceae,
Ambrosineae) attest a post-Messinian land-bridge Sicily and
Africa?. Flora 207: 646-653.

Tutin TG. 1964. Tetraclinis Masters. In: Tutin TG, Heywood VH,
Burges NA, Valentine DH, Walters SM, Webb DA, eds. Flora
Europaea, Vol. 1. Cambridge: Cambridge University Press, 38.

Vos P, Hogers R, Bleeker M, Reijans M, van de Lee T,
Hornes M, Friters A, Pot J, Paleman J, Kuiper M,
Zabeau M. 1995. AFLP: a new technique for DNA
fingerprinting. Nucleic Acids Research 23: 4407-4414.

Yang Z-Y, Ran J-H, Wang X-Q. 2012. Three genome-based
phylogeny of Cupressaceae s...: further evidence for the evolution
of gymnosperms and Southern Hemisphere biogeography.
Molecular Phylogenetics and Evolution 64: 452—470.

Zhivotovsky LA. 1999. Estimating population structure in
diploids with multilocus dominant DNA markers. Molecular
Ecology 8: 907-913.

Zidianakis G, Mohr BAR, Fassoulas Ch. 2007. A late
Miocene leaf assemblage from Vrysses, western Crete,
Greece, and its paleoenvironmental and paleoclimatic
interpretation. Geodiversitas 29: 351-377.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Figure S1. Parallel Bayesian analyses for AFLPs with Structure v.2.3.3 (Pritchard, Stephens & Donnelly, 2000;
Falush et al., 2007), from K = 1 to K = 8 (10 runs per K, burn-in lengths of 100 000 and runs of 500 000 steps). A,
According to Evanno et al. (2005), the optimal K was K = 2, with a suboptimal value of K = 4 (the same K value
selected by BAPS). STRUCTURE results for B, K = 2 and C, K = 4, together with D, the BAPS v.5.3 results for K = 4.
Figure S2. A, Structure v.2.3.4 results on nSSRs for K = 3, which, B, according to Evanno et al. (2005), was the
optimal value. C, BAPS v.5.3 results on nSSRs for K = 30 (optimal value).
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