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Abstract
Quaternary climatic fluctuations have left contrasting historical footprints on the neutral
genetic diversity patterns of existing populations of different tree species. We should
expect the demography, and consequently the neutral genetic structure, of taxa less
tolerant to particular climatic extremes to be more sensitive to long-term climate
fluctuations. We explore this hypothesis here by sampling all six pine species found in
the Iberian Península (2464 individuáis, 105 populations), using a common set of
chloroplast microsatellite markers, and by looking at the association between neutral
genetic diversity and species-specific climatic requirements. We found large variation in
neutral genetic diversity and structure among Iberian pines, with cold-enduring
mountain species (Pinus uncinata, P. sylvestris and P. nigra) showing substantially
greater diversity than thermophilous taxa (P. pinea and P. halepensis). Within species, we
observed a significant positive correlation between population genetic diversity and
summer precipitation for some of the mountain pines. The observed pattern is consistent
with the hypotheses that: (i) more thermophilous species have been subjected to stronger
demographic fluctuations in the past, as a consequence of their maladaptation to
recurrent glacial cold stages; and (ii) altitudinal migrations have allowed the maintenance of large effective population sizes and genetic variation in cold-tolerant species,
especially in more humid regions. In the light of these results and hypotheses, we
discuss some potential genetic consequences of impending climate change.
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Climate change is triggering vegetation range-shifts in
many parts of the world and we can anticipate increasing impacts for the future. In Europe, these changes are
likely to result in the northward shift of Mediterranean
ecosystems, currently recognized as plant biodiversity

hotspots (Myers et al. 2000), into the comparatively spe. r
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cies-poor Euro-Sibenan región (IPCC 2001; Thmller
et al. 2005). Individual species responses to such
changes will depend on ecological and evolutionary factors such as niche breadth, colonization and competitive
ability, phenotypic plasticity, and adaptability. Considerable information is now available on gene flow (at the
local and regional scale), long distance migration, and
paleogeographic history (Taberlet et al. 1998; Hewitt
2000; Liepelt et al. 2002; Petit et al. 2003), and on how
such factors have shaped the current distribution of

genetic diversity in tree species (e.g. Newton et al. 1999;
Bucci et al. 2007). The combination of longevity, high
intra-population genetic diversity and long-distance
seed and pollen dispersal should make trees more resistant to extinction and loss of genetic diversity in changing environments than other plant species (Hamrick
2004). Tree species show substantial variation in their
ecological requirements, however, and we should
expect the demographic and genetic structure of taxa
less tolerant to particular climatic extremes to be more
sensitive to climate fluctúations.
Quaternary climatic fluctuations have left a historical
footprint on the neutral genetic population structure
and diversity of existing populations of many tree species (Comes & Kadereit 1998; Hewitt 2000) that should
provide some insight into the interaction between climatic niche and climate change sensitivity, relative to
predicting future changes (Petit et al. 2008). Under the a
priori hypothesis that species-specific climatic requirements have influenced long-term demographic processes, we would expect variation in current levéis of
neutral genetic diversity (reflecting those demographic
processes) across species and some degree of association of genetic diversity levéis with current climatic
range. In particular, given the mild pre-Quaternary conditions and the prevalence of cold stages throughout
the Pleistocene in Europe (Anderson & Borns 1994),
populations of warm-demanding species would have
suffered stronger demographic fluctuations during
glaciations and, consequentially, more intense genetic
erosión than cold-tolerant species.
Several genetic-marker-based methods have been
used to investígate Holocene migration routes in
diverse organisms, showing that hotspots of genetic
diversity are associated with glacial refugia in the Iberian Península, Italy and the Balkans (e.g. Taberlet et al.
1998; Petit et al. 2003; Gómez & Lunt 2007). Still,
detailed analysis of major glacial refugial regions
including the low-latitude limit Crear edge') of species
ranges (the 'refugia within the refugia') is still lacking
(Hampe & Petit 2005; Gómez & Lunt 2007). In addition,
few studies are based on plant communities or complete species clades (e.g. Fady-Welterlen 2005; Médail &
Diadema 2009). Multi-species comparative studies of
genetic diversity provide powerful inference on the
interplay among climatic changes, species-specific ecological requirements and long-term demographic
dynamics (Alvarez et al. 2009). Here, we adopt a multispecies approach, sampling all six pine species found in
the Iberian Península (2464 individuáis, 105 populations) with a common set of chloroplast microsatellite
markers. By studying the level and distribution of neutral genetic diversity of congenerics that show similar
life-history traits but diverse adaptations to local

environments across their Iberian ranges, and by examining the climatic correlates of observed neutral population genetic structure, we can shed some light on
species-specific demographic responses to past climate
changes and on the demographic and genetic effects to
be expected from future climate changes. Neutral
genetic variation obviously does not reflect adaptive
differentiation, but it allows inference about the longterm demography of different species, which can be
compared against climatic niche correlates.
Pine species are important components of many natural ecosystems across the Mediterranean (Barbero
et al. 1998), and their demographic and genetic
dynamics may therefore have community-level consequences (Whitham et al. 2006). Six pine species are
native to the Iberian Península (Pinus halepensis Mili.,
P. pinea L., P. pinaster Ait, P. nigra Arn., P. sylvestris L.
and P. uncinata Ram.); the fossil record shows their
presence throughout the Holocene (Carrión et al. 2003;
García-Amorena et al. 2007). These species belong to
two different clades of Eurasian pines (Price et al.
1998; Wang et al. 1999): the Mediterranean clade (=Pinaster; see Gernandt et al. 2005) (P. halepensis, P. pinea
and P. pinaster) and the silvestres clade (P. nigra, P. sylvestris and P. uncinata). This sextet of species presents
marked differences in ecological requirements (Tapias
et al. 2004). Within the Iberian Península, P. pinaster
has the broadest ecological niche (from sea level to
high altitude, a range of 1900 m, and in different soil
types); Pinus nigra also has a broad ecological niche
(though being less tolerant of high temperature and
drought than P. pinaster); the other species, despite
large current distribution ranges, are confined to comparatively narrow environments, P. halepensis and
P. pinea in the Mediterranean bioregion and P. uncinata
at high-mountain timberline. Previous studies with
organelle markers have generally shown higher levéis
of neutral genetic diversity for Eurasian P. sylvestris
and P. nigra (Robledo-Arnuncio et al. 2005; Afzal-Rafii
& Dodd 2007) than for the three Mediterranean pine
species (Bucci et al. 1998, 2007; Vendramin et al. 2008).
These differences are also apparent with allozyme protein markers, with P. sylvestris having high levéis of
genetic variation (Prus-Glowacki et al. 2003), Pinus pinaster intermedíate levéis (Salvador et al. 2000) and
P. pinea very low polymorphism (Fallour et al. 1997),
the latter probably due to a severe and prolonged
demographic bottleneck (Vendramin et al. 2008). However, these studies did not use the same biochemical
or molecular markers in all cases and none was based
on an exhaustive sample of all six species across a
wide shared range with a common Holocene history,
such as the Iberian Península, thus complicating comparative inference.

We report here the levéis of neutral genetic diversity
and differentiation of an extensive sample of native
populations of all six Iberian pine species, based on a
common set of chloroplast microsatellite (cpSSR) markers. Their modérate levéis of polymorphism and their
non-recombinant, uniparentally-inherited nature make
cpSSRs useful markers for biogeographic studies (Provan et al. 2001). The use of a common set of markers is
particularly valuable for cross-species comparisons,
although such studies remain very rare (but see Price
et al. 1998; Alvarez et al. 2009). Two specific questions
are considered here: (i) How different are the levéis of
neutral genetic diversity and population genetic differentiation across ecologically-divergent (albeit closelyrelated) pine species in the Iberian Península? (ii) Is
neutral genetic diversity of Iberian pines correlated with
species-specific climatic requirements? The answer to
such questions should inform any discussion of past
demographic and genetic history, as well as the likely
genetic consequences of impending climate change.

Materials and methods
Plant material and molecular

methods

A total of 2464 individuáis from 105 populations were
sampled, covering the Iberian range of the six native
pine species (Supporting Information Fig. SI) and distributed as follow (# populations, # individuáis):
P. halepensis (13, 312), P. pinea (5, 114), P. pinaster (38,
892), P. nigra (14, 326), P. sylvestris (30, 706) and P. uncínata (5, 114). A special effort was made to include only
native populations, based on fossil and/or historical
records (detailed location maps of native pine populations for each species are available on request). Sampling was designed to cover the full ranges of the
species in Spain, especially in mountainous áreas,
where physiographic heterogeneity and steep gradients
of rainfall and temperature result in varied ecological
conditions. The relative genetic isolation of the Iberian
Península from other glacial refugia (see, for instance,
Cheddadi et al. (2006) for P. sylvestris) makes it an adequate setting for the detection of genetic signatures of
regional demographic dynamics.
Sampled populations of the six Iberian pines occur
across a Mediterranean-Eurosiberian gradient, characterized by a decrease of the drought period and an
increase of frost incidence with increasing altitude and
latitude (see Table SI in online Supporting Information). Pinas halepensis is found in warm Mediterranean
climates, with the highest mean temperatures (T: 14.3 ±
1.8 °C) and a prolonged dry period (annual rainfall,
P, of 492 ± 122 mm). Pinus uncinata populations, by
contrast, are found in the coldest environments

(T: 7.8 ±1.3 °C) and the shortest dry period during the
summer (P: 816 ± 153 mm). The other species, P. pinea
(T: 12.9 ± 0.8 °C; P: 401 ± 16 mm), P. pinaster (T: 12.5 ±
1.9 °C; P: 572 ± 199 mm), P. nigra (T: 10.6 ± 2.4 °C;
P: 682 ± 179 mm) and P. sylvestris (T: 8.8 ± 1.9 °C;
P: 720 ± 186 mm), are found between these extremes.
Populations of P. pinaster and P. nigra can grow in
a large range of climatic conditions, including cold
continental áreas, whereas P. pinea and P. halepensis
grow in áreas characterized by comparatively narrow
warm niches. From each population, we randomly
selected 24 trees, spaced at least 50 m apart, from which
needles or seeds were collected and stored at 4 °C until
DNA isolation.
Needle (collected in the field) or seedling tissue
(obtained from germinated seeds) were ground in
liquid nitrogen, and total DNA was extracted using
Dellaporta et al. (1983) and Doyle & Doyle (1990) protocols for needles and seedlings, respectively. Four microsatellite regions (Ptl5169, Pt36480, Pt71936, Pt87268;
Vendramin et al. 1996) of the chloroplast genome were
amplified in all six pine species. An additional locus
(Pt30204) was screened in all species but P. halepensis,
and one more (Ptl254) in all species but P. halepensis
and P. pinea. Protocols for polymerase chain reactions
(PCR) and fragment sizing are described in Gómez
et al. (2005). Fragment sizes obtained in the Li-Cor 4200
Series and ALF Express automatic sequencers were
standardized using samples of known size from all six
species. Most genotypic data were specifically generated
for this study, though some within-species partial
results, based on a small number of Iberian populations
or loci, can be found in previous works (Gómez et al.
2005 for P. halepensis and P. pinaster, Heuertz et al. 2009
for P. uncinata, Robledo-Arnuncio et al. 2005 for P. sylvestris, Vendramin et al. 2008 for P. pinea).

Genetic diversity and differentiation

estimates

Genetic diversity estimates were computed for each of
the six cpSSR regions separately, and for haplotypes
defined from the combination of: (i) the four cpSSR
regions assessed in all species; and (ii) the five and (iii)
six cpSSR regions assessed in all species except, respectively, P. halepensis and P. halepensis and P. pinea. In this
way, it was possible to make all-six-species comparisons using the common set of four markers and fiveand four-species comparisons with additional genetic
resolution. The following species-level genetic diversity
parameters were computed after pooling data from all
populations within each species: the observed number
of alíeles (nlOO) and haplotypes (nhlOO), standardized
to a sample size of 100, using the rarefaction method
described in El Mousadik & Petit (1996), and the effective

numbers of alíeles (ne) and haplotypes (nhe), defined as
the inverses of the unbiased probability of allelic or
haplotypic identity on the total set of alíeles or haplotypes of each species (Nielsen et al. 2003).
Standard errors were computed by bootstrapping
individuáis within species 1000 times. It would not be
correct to perform a non-parametric permutation test of
diversity differences between species pairs, since each
pair of samples (species) will be non-identical (genetic
pools with different haplotypic spectra) even under the
nuil hypothesis of equal diversity. For this reason, a
bootstrap-based test for comparing two samples was
conducted in three steps: (1) draw a random resample
of individuáis with replacement from the species with
higher observed diversity and a sepárate random resample from the second species, and compute the difference in diversity parameters between the first and the
second group; (2) repeat the first step 1000 times; and
(3) construct the bootstrap distribution of the difference
between diversity parameters, rejecting the nuil hypothesis of equal diversity if the cx-th percentile of the bootstrap distribution is larger than zero, with ex being the
individual comparison significance level (calculated
using a Bonferroni correction for múltiple comparisons
with experiment-wise 0.05 significance).
Population-level genetic diversity was also assessed
for each species by estimating the mean number of
haplotypes per population, adjusted to a sample size of
15 (nhplS) and the mean effective number of haplotypes
per population (nhpe). In this case, haplotypic diversity
was computed based on the four common cpSSR haplotypes only, since the number of five- and six-locus haplotypes per population was so large that in many cases
all trees within a given population carried a unique
haplotype, resulting in important small sample size
biases for haplotypic richness measures and infinite valúes for the effective number of haplotypes.
To test for genetic structuring among populations
within species, haplotypic F ST , RST and D were computed. F ST and _RST are classical measures of genetic
structure, which we calculated using an AMOVA (Excoffier et al. 1992) with inter-haplotypic distance metric
defined as the number of different cpSSR regions (for
FST) and the sum of squared size differences (for RST).
By incorporating a step-wise microsatellite mutation
model (SMM), _RST may potentially reveal phylogeographic patterns (Hardy et al. 2003) (but notice that the
fragments do not always follow a strict SMM; see Supporting Information Appendix S2). Foliowing Hardy
et al. (2003), a randomization test based on 10 000 permutations of alíele sizes among allelic states was used
to determine whether stepwise-like mutations contributed to genetic differentiation. Unlike F ST , Jost's D provides a measure of actual differentiation of haplotypic

frequencies among populations that is mathematically
independent of within-population diversity (Jost 2008),
which is useful when comparing genetic differentiation
across species with contrasting diversity levéis. We
used the nearly unbiased estimator of D described in
Jost (2008), based on Nei & Chesser (1983) diversity
estimators.
Differences in genetic structure between species pairs
were tested by bootstrapping over populations in three
steps: (1) assuming that populations are independent,
draw a random resample of populations with replacement from the species with higher differentiation and a
sepárate random resample from the second species, and
compute the difference in genetic structure parameters
between the first and the second group; (2) repeat the
first step 1000 times; and (3) construct the bootstrap distribution of the difference between genetic structure
parameters, rejecting the nuil hypothesis of equal structure if the cx-th percentile of the bootstrap distribution is
larger than zero, with ex being the individual comparison significance level (calculated using a Bonferroni correction for múltiple comparisons with experiment-wise
0.05 significance).

Correlation among population genetic diversity and
climatic variables
Three climatic variables were considered: mean annual
(T) and mínimum of the coldest month (MTC) temperatures, and summer rainfall (Ps). These variables have a
strong link with the physiology and growth of plant
species in the Mediterranean (Thompson 2005) and
have previously been used to model their distribution
across Europe and the Iberian Península (Thuiller et al.
2005; Benito Garzón et al. 2008). In addition, they are
important descriptive variables for the present distribution of the six pine species in Spain (3rd Spanish
National Forest Inventory: grid of l x l km, data
obtained in 1997-2006; BDB 2006; Sánchez de Ron &
García del Barrio, unpublished data), as revealed by a
Máximum entropy model of species distribution with
jackknife test of climatic variable importance (using the
Maxent software by Phillips et al. 2006; see Supporting
Information Fig. S2). Climatic data were obtained for
each population from a climatic model of the Iberian
Península (Gonzalo 2007) (Supporting Information
Table SI).
The relationship between genetic diversity within
populations (nhpl5 and nhpe) and population climatic
variables (T, MTC and Ps) was analyzed using linear
regression, with a parallelism test of regression lines
(Milliken & Johnson 2001) for determining significant
differences in independent terms («i) and regression
coefficients (P¡) between species. In cases where the

regression coefficients were significantly different
between species, we conducted contrasts of slopes
(í-test) among each pair of species. All 105 populations
from the six pines were used for this analysis.
Results
Genetic diversity and differentiation

of Iberian

fines

The six Iberian pine species differed greatly in levéis of
genetic diversity (Tables 1 and 2; see also Table S2 in
Supporting Information). Four of the cpSSR markers
(Ptl5169, Pt30204, Pt36480 and Pt87268) were monomorphic in P. pinea and one (Pt36480) in P. halepensis, while
all six were polymorphic in the other four species.
Chloroplast microsatellite (cpSSR) fragment sizes overlapped among species, except for Ptl5169, which had a
4-bp difference between P. halepensis-pinea-pinaster-nigra
and P. sylvestris-uncinata, which could thus be used to
discrimínate these two groups of species. Variation in
size among cpSSR variants was due, in most cases, to
differences in the number of repeats of the microsatellite motif, as revealed by sequencing of common variants in all six pine species (see Supporting Information

Appendix S2). Number of repeats was roughly similar
for all loci in sequenced trees. Moreover, variant sizes
were similar among species within each locus, and we
did not find any correlation between microsatellite
length and genetic diversity at the species level (data
not shown). The most variable locus, in terms of nlOO
and ne, was different for each species.
Focusing on the set of four cpSSR regions genotyped
in all species, a total of 273 haplotypes were observed
across all six pines, with substantial specific variation,
ranging from only two haplotypes in P. pinea to a máximum of 98 in P. sylvestris. Most haplotypes (~98%)
were species-specific. Four and zero haplotypes, respectively, were shared among reportedly interfertile P. sylvestris/P. uncinata (Wachowiak & Prus-Glowacki 2008)
and P. halepensis/P. pinaster (Schütt 1959) pairs (data not
shown). Shared haplotypes between P. sylvestris and
P. uncinata based on four cpSSR regions, however,
turned out to be different when the number of assessed
regions increased to six, ruling out the possibility that
they were the result of recent natural hybridization. The
most frequent haplotypes (21 haplotypes with a frequency greater than 0.05 in at least one of the species)
had a collective frequency of 54.5% (Table 1) whereas

Table 1 Frequency of most common haplotypes across the six Iberian pine species. Haplotypes were defined as unique combinations of size variants at four chloroplast microsatellites (Ptl5169, Pt36480, Pt71936 and Pt87268)
Within-species frequency

Code

Haplotype

L033
114,140,147,172
L044
114,145,143,163
L040
114,145,142,163
L252
128,144,146,165
L065
115,145,143,163
L231
127,144,146,165
L043
114,145,143,162
L235
127,144,147,165
L205
126,144,146,165
L129
118,145,148,167
L256
128,144,147,165
L070
115,145,144,163
L121
118,145,147,166
L122
118,145,147,167
L232
127,144,146,166
L128
118,145,148,166
L168
124,144,144,164
L167
124,144,143,164
L155
123,144,144,166
L154
123,144,144,165
L157
123,144,145,165
L173
124,144,145,166
Cumulative fraction
Total # of haplotypes

Tally
270
173
108
89
77
72
58
43
42
41
40
40
38
38
38
33
14
13
10
9
6
6
0.545
106

Pinus
halepensis

Pinus
pinea

Pinus
pinaster

0.020
0.980

0.216
0.011

Pinus
nigra

Pinus
sylvestris

Pinus
uncinata

0.865

0.133
0.097
0.108
0.073
0.064
0.061

0.009

0.134
0.060
0.051

0.124
0.124
0.057

0.107

0.001

0.865
16

1.000
2

0.448
86

0.489
51

0.484

0.126
0.117
0.081
0.081
0.054
0.054
0.522
29

Table 2 Chloroplast haplotypic richness and diversity for the six Iberian pine species. Species-level estimates were obtained after
pooling populations within each species. Population-level estimates are averages across populations within species. Haplotypic diversity valúes with at least one common upper-case letter are not significantly different across species (experiment-wise oí = 0.05)

Species
level

Haploó

Haplo5

Haploá

Population
level

Haploá

#Pop
# Trees
nh
nhWO
nhe
SD(nhe)
nh
nhWO
nhe
SD(nhe)
nh
nhWO
nhe
SD(nhe)
nhp
nhplS
nhpe
SD(nhpB)

Pinus
halepensis

Pinus
pinea

Pinus
pinaster

Pinus
nigra

Pinus
sylvestris

Pinus
uncinata

Average

13
312

5
114

—
—
—
—
—
—
—
—

—
—
—
—

38
892
335
77.29
C 125.95
13.96
176
54.96
B 35.10
3.44
86
34.79
B 13.57
1.03
8.87
7.04
C6.83
4.27

14
326
204
85.10
B 270.73
51.52
121
62.15
A 71.90
8.73
51
30.67
B 14.66
1.27
11.86
9.16
AB 12.22
6.43

30
706
307
82.36
B 200.08
24.35
219
67.87
A 92.64
7.37
98
38.32
A 19.92
1.39
13.23
10.13
A 21.60
18.51

5
114
50
48.60
A 39.85
8.66
42
40.15
B 31.39
5.78
29
27.89
AB 18.33
2.80
9.00
7.35
BC 8.69
3.78

224
73.34
159.15
24.62
112
45.43
46.41
5.07
47
23.86
11.47
1.09
7.89
6.23
8.64
5.60

16
9.50
C 1.33
0.06
3.01
2.53
D1.44
0.52

2
2.00
C 1.04
0.03
2
2.00
D 1.04
0.03
1.40
1.18
D1.06
0.10

# Pops, number of populations sampled; # Trees, number of individuáis sampled; nh, observed number of haplotypes; nhWO,
observed number of haplotypes, corrected for a sample size of 100; nhB, effective number of haplotypes; SD (nhB), standard deviation
of the effective number of haplotypes; nhpl5, observed number of haplotypes per population, corrected for a sample size of 15; nhpe,
effective number of haplotypes per population; SD (nhpe), standard error of nhp¿ Haploá, haplotypes defined at Ptl5169, Pt36480,
Pt71936 and Pt87268 cpSSR regions; Haplo5, haplotypes defined at the same cpSSR regions as Haploá plus Pt30204; Haplo6,
haplotypes defined at the same cpSSR regions as Haplo5 plus Ptl254.
singletons (of which there were 106) represented a collective frequency of only 4.6%. The frequencies of the
most abundant haplotype of each species differed
greatly, being over 85% in P. halepensis and P. pinea, the
two species with lower genetic diversity, and below
25% in the more polymorphic P. pinaster, P. nigra,
P. sylvestris or P. uncinata.
Haplotypic diversity was substantially smaller in
thermophilous P. halepensis and P. pinea than in the
other species, both at the species and population levéis,
while mountain species P. nigra and P. sylvestris showed
the largest diversity valúes (Table 2). For instance,
P. sylvestris showed effective numbers of haplotypes at
the species (nhe) and population (nhpe) levéis that were
about 20-fold greater than the corresponding valúes for
P. pinea, considering four-locus haplotypes. Pinus pinaster and P. uncinata had intermedíate levéis of haplotypic
diversity, relative to the other species, not significantly
different from each other at the population level but
significantly larger for P. pinaster at the species level
(when considering six-locus haplotypes; Table 2). Haplotypic richness measures (nhlOO and nhplS) ranked
species in the same order as haplotypic diversity measures (nhe and nhpe): P. sylvestris > P. nigra > P. uncinata
> P. pinaster > P. halepensis > P. pinea. A numerical anal-

ysis showed that the unequal sample sizes were not a
confounding factor in cross-species comparisons (see
Supporting Information Appendix SI).
All species showed significant levéis of population
differentiation, except P. pinea, which exhibited very
limited haplotypic variation and no population divergence (Table 3). The scattered dwarf mountain pine,
P. uncinata, and the ecotypically diverse and also highly
fragmented maritime pine, P. pinaster, showed the largest F S T valúes (>0.20, not significantly different from
each other), followed by considerably lower valúes
(FST < 0.12, considering four-locus haplotypes) for P. nigra
and P. sylvestris and for the low-diversity P. halepensis.
Estimated variances of FST were large, thus limiting the
statistical power of multispecies comparisons, but some
of the differences in the level of genetic structure
among species were significant. The population differentiation of P. pinaster was notably stronger than that of
any other species, except P. uncinata. Noteworthy,
highly scattered timberline P. uncinata exhibited stronger differentiation than P. sylvestris, which is also scattered but is ecologically more diverse and wider spread
(Table 3).
Higher valúes of J?ST than F S T (following Hardy et al.
2003) were observed only for P. sylvestris, when

Table 3 Among-population haplotypic differentiation (FST, RST and D) within each of the six Iberian pine species. All valúes except
those marked (NS) are significantly different from zero (P < 0.05). Differentiation valúes with at least one common upper-case letter
are not significantly different across species (experiment-wise oí = 0.05). Bold RST valúes are significantly (P < 0.05) greater than the
corresponding FST valúes (Hardy et al. 2003)

Haploá

Statistic

Pinus halepensis

FST

0.072 BC
0.079 BC
0.023 C

RST

D
Haplo5

FST
RST

D
Haploó

FST
RST

D

—
—
—
—
—
—

Pinus pinea
0.014
0.014
0.000
0.014
0.014
0.001

NS
NS
NS
NS
NS
NS

C
C
C
C
C
E

—
—
—

Pinus pinaster

Pinus nigra

Pinus sylvestris

Pinus uncinata

0.292 A
0.172 A
0.676 A
0.259 A
0.182 A
0.763 D
0.221 B
0.173 A
0.869 C

0.117 B
0.146 AB
0.368 B
0.079 BC
0.091 BC
0.518 C
0.136 A
0.214 A
0.794 B

0.045 CB
0.161 ABC
0.362 B
0.038 BC
0.129 AB
0.617 B
0.070 C
0.191 A
0.811 B

0.358
0.448
0.782
0.293
0.385
0.900
0.322
0.513
0.929

AB
AB
A
AB
AB
A
AB
A
A

Haploá, haplotypes defined at Ptl5169, Pt36480, Pt71936 and Pt87268 cpSSR regions; Haplo5, haplotypes defined at the same cpSSR
regions as Haploá plus Pt30204; HaploS, haplotypes defined at the same cpSSR regions as Haplo5 plus Ptl254.
considering four-locus haplotypes, and for P. sylvestris,
P. uncinata and P. nigra, when considering five or sixlocus haplotypes (Table 3), but not for any of the thermophilous Mediterranean pines (P. pinaster, P. halepensis
and P. pinea), indicating that significant phylogeographic structure in the región is found only in the mountain
pine species. These results should be interpreted with
some caution, however, given the very low genetic variation of P. halepensis and P. pinea, and given that even if
homoplasy and imperfect step-wise mutation (we found
two cases of indels within the SSR regions, see Supporting Information Appendix S2) seem to have very little
influence on conifer cpSSR diversity measures based on
haplotypic counts and effective haplotypic numbers,
they can nevertheless confound phylogeographic structure detection (Navascués & Emerson 2005).
The actual differentiation measure D ranked species
very similarly than F ST and P S T , confirming the position
of P. pinea and P. halepensis at the lower extreme of the
differentiation spectrum, of P. uncinata and P. pinaster at
the higher extreme, and of P. sylvestris and P. nigra in
between (Table 3). As expected (Jost 2008), actual differentiation was substantially higher than F ST for all but
the minimally diverse species (P. halepensis and P. pinea). In particular, D-values reached ~90% for P. uncinata and P. pinaster and ~80% for P. nigra and
P. sylvestris, based on six-cpSSR haplotypes (Table 3).

Correlation between genetic diversity
populations and climatic variables

negative and due to a species effect: populations of species with lower T and MTC (i.e. colder-tolerant species)
exhibited significantly larger effective numbers of haplotypes (nhpe) and standardized numbers of haplotypes
(nhplS) (Fig. 1; Supporting Information Table S3). The
associations between genetic diversity and temperature
variables were also negative for populations of individual species (except for P. pinea; data not shown), but
the intraspecific effect was not significant (Supporting
Information Table S3). In the case of the summer
precipitation (Ps), there was a significant populationwithin-species effect. In particular, nhpe and nhpl5
showed a significant positive linear relationship with Ps
in P. nigra and P. uncinata, while there was a significant
negative correlation in P. pinaster (Fig. 1; Table 4).
Overall, correlations between genetic diversity within
populations and the range of climatic variation can be
summarized as: (i) higher genetic variation in Eurosiberian species, P. sylvestris and P. uncinata, relative to
thermophilous pines, P. pinea and P. halepensis; (ii) lower
genetic variation in more Mediterranean, more summer-drought affected, populations within mountain
species (though not significant for P. sylvestris);
(iii) lower genetic variation in more Eurosiberian populations within Mediterranean P. pinaster; and (iv) virtually no haplotypic variation within either P. pinea or
P. halepensis, avoiding any potential association between
genetic and climatic variables within these species.

within

Within-population genetic diversity was significantly
correlated with the three climatic variables considered
(Fig. 1 and Supporting Information Table S3). In the
case of the mean annual (T) and mínimum of the coldest month (MTC) temperatures, the correlations were

Discussion
This paper presents new comparative data on neutral
genetic diversity patterns across the six pine species
present in a refugial área of high interest for phylogeographic studies, the Iberian Península, using a common
set of chloroplast DNA markers. There was large
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Fig. 1 Correlation between climatic variables (Ps, summer precipitation; T, average annual temperature, and MTC average
mínimum of tUe coldest montU) and tUe effective number oí
Uaplotypes (nhpe) for populations of tUe six Iberian pines.
Regression Unes show significant (P < 0.05) correlations found at
the intraspecific level (Pinus pinaster, continuous Une; P. nigra,
upper dotted line; and P. uncinata, lower dotted Une), only
observed for Ps. Species-level correlations (species pooled
together) between nhpB and climatic variables were significant
(P < 0.001), for all Ps (slope = 0.027, r = 0.457), T (slope = -0.783,
r = -0.617) and MTC (slope = -0.689, r = -0.534). Results for
haplotypic richness (nhplS) were similar and are not reported.

variation in neutral genetic diversity and structure
among Iberian pines, with cold-enduring mountain
species showing substantially greater diversity than
thermophilous taxa. There were no shared chloroplast
haplotypes between species, even though hybridization
has been reported for some of them: P. halepensis and P.
pinaster (Schütt 1959) and P. sylvestris and P. uncinata
(Wachowiak & Prus-Glowacki 2008). The lack of

remnant signatures of ancient genetic exchange in this
study would suggest that hybridization has not been an
important evolutionary forcé in this group of species
within the Iberian Península, in contrast to what has
been suggested for other tree species, such as southern
US yellow pines (Edwards-Burke et al. 1997) or European white oaks (Petit et al. 2002). It must be noted,
however, that interspecific and intraspecific gene flow
are expected to be inversely related (Petit & Excoffier
2009). Thus, assuming that pollen dispersal is larger
than seed dispersal, it would be risky to conclude from
the present data that there is no DNA sharing across
species at genome regions with maternal or biparental
inheritance (see, e.g. Du et al. 2009).
The six Iberian pine species present marked differences in distribution, realized ecological niche and
neutral genetic diversity. Observed genetic diversity
differences across species were not consistent with general predictions relating distribution range and intraspecific variation: in general, higher levéis of diversity are
expected for species with larger distribution ranges, but
our results do not fit this simple rule, at least within the
confines of the Iberian Península. For instance, Pinus
uncinata has the smallest range and a scattered distribution, but its species-level diversity is among the highest
observed, and much higher than two of the species
(P. pinea and P. halepensis) with large distributions and
continuous populations. Departures from this simple
expectation have also been found in range-wide studies
of some European conifers with a variety of molecular
and biochemical markers, both organellar and nuclear
(see review for the pine sextet in Supporting Information Table S4). For example, range-wide studies by Bucci et al. (1998, 2007) reported disparate levéis of cpSSR
diversity in P. halepensis and P. pinaster. This contrast
can be interpreted as the result of very different historical demographic processes and range shifts for each
species, both at the range-wide and at Iberian Península
scales. Within the Iberian Península, there is a well-documented presence of pine species throughout the Holocene (e.g. Carrión et al. 2003; García-Amorena et al.
2007). Climatic and demographic fluctúations could be
expected to have affected each species differently,
depending on their specific ecological requirements.
Contrasting demographic histories, effective population
sizes and consequent genetic processes (for example,
genetic bottlenecks, founder effects, and drift), rather
than contrasting present-day ranges, provide better
explanations of the striking differences in genetic diversity among these species.
Even though the data presented here do not allow
establishing causal links between species' climatic niche
and neutral genetic diversity, the significant correlation
between genetic diversity and current climatic range at

Table 4 Linear regression analysis between nhpe, the effective number of haplotypes per population (dependent variable), and Ps,
summer precipitation (independent variable, measured in mm) for each of the six Iberian pine species. The slopes of species with
one common letter are not significantly different from each other
Intercept

Slope

Species

Estímate

Std. error

P-value

Estímate

Std. error

P-value

Groups

P. halepensis
P. pinea
P. pinaster
P. nigra
P. sylvestris
P. uncinata

1.183
1.558
6.479
4.644
8.211
-1.880

1.068
7.279
0.794
1.145
0.979
4.292

0.271
0.831
<0.0001
<0.0001
<0.0001
0.662

0.003
-0.009
-0.022
0.022
0.010
0.038

0.013
0.131
0.009
0.008
0.007
0.020

0.810
0.945
0.022
0.005
0.144
0.050

AB
AB
A
B
B
B

the species level is consistent with the hypothesis that
species-specific climatic requirements have played an
important long-term role in shaping demography, and
henee neutral genetic structure of Iberian pines. A similar dependeney of neutral genetic patterns on climatic
(Gutiérrez Larena et al. 2002) and edaphic (Alvarez
et al. 2009) niche has been previously found in plants.
The more thermophilous Mediterranean pines (P. pinea
and P. halepensis) show extremely low levéis of neutral
genetic diversity, while the more cold-enduring pines
(P. uncinata, P. sylvestris and P. nigra) exhibit very high
effective numbers of haplotypes.
Under the assumption that realized climatic niche
reflects adaptive variation (i.e. that species and populations are locally adapted, as Iberian pine common garden experiments suggest; Alia et al. 1997, 2001;
Chambel et al. 2007), we hypothesize that more thermophilous species have been subjected to more severe
demographic fluctuations in the past, as a likely consequence of their susceptibility to recurrent glacial cold
stages. Two caveats that must accompany this argument
are: (a) that current realized niche might not be a good
indicator of actual niche width, by virtue of incomplete
range expansión after glaciations, and (b) that species'
ecological requirements could have changed through
the Holocene. Although the first caveat might transíate
into somewhat imprecise characterization of actual
niche for individual species, it is dubious whether it
would have substantially altered the relative positions
of the species in the space of ecological-niche parameters and the impact on demography, with all of its
ensuing consequences for genetic diversity. Relative to
the second caveat, the potential confounding effeets of
adaptive evolution within species are difficult to predict, but the distributional patterns revealed by the
available paleobotanical data do not seem to support
Holocene changes in the relative temperature requirements of different species in the Iberian Península (i.e.
currently cold-tolerant pine species seem to have

behaved as cold-tolerant species in the past, and analogously for thermophilic pines; Franco Múgica et al.
2001; García-Amorena et al. 2007).
Currently, Iberian pines conform to a warm-stage
distribution pattern, with P. uncinata, P. sylvestris and
P. nigra sheltered at high elevation in mountain chains,
and with P. halepensis and P. pinea growing mostly in
low-elevation, warmer and drier áreas (Fig. 2). In the
Pyrenees, for example, P. uncinata grows at the timberline, with P. sylvestris and P. nigra at high to intermedíate elevations, and P. halepensis and P. pinea in
thermophilous basal áreas. Throughout Quaternary climatic pulses, however, glacial-induced displacement of
altitudinal belts would have enforced recurrent downhill and southward migrations in all six species, with
contrasting demographic consequences. While coldenduring taxa would have been able to establish widespread woodlands in continental lowlands during full
glacial stages (e.g. Robledo-Arnuncio et al. 2005), thermophilous species would have suffered further fragmentation and intense range contractions into smaller
coastal refugia (both cold-stage distributional types are
supported by the Iberian fossil record: Franco Múgica
et al. 2001; Carrión et al. 2003; García-Amorena et al.
2007). Across generations, periodic altitudinal migrations (including fast uphill displacements during the
relatively shorter warm stages) would have allowed the
maintenance of large effective population sizes and
genetic variation in cold-tolerant species, but would
have led to repeated bottlenecks and subsequent genetic
diversity losses in the thermophilous species (e.g.
Vendramin et al. (2008) for P. pinea). In addition, bottlenecks in thermophilous pines might have been exacerbated by higher historical recurrence and intensity of
forest fires in Mediterranean environments (Lloret et al.
2003; Thompson 2005), though we still lack information
on the population genetic consequences of forest fires.
An interesting question for future research, in
particular for testing the above hypothesis that

( í P uncinata
J

^r

P sylvestris j

^pRpinea

T

R

R

P'naster
hale ensis

P

Betic Mountains

Fig. 2 Current altitudinal distribution of the six Iberian pine species in different mountain chains.

warm-demanding species have been more affected by
repeated glacial periods, is to what extent has the width
of coastal refugia changed as a consequence of sea-level
fluctuations associated to climate changes. Lowered sea
levéis during glacial pulses could have exposed new
suitable refugial habitats for thermophilic taxa (Provan
& Bennett 2008), mitigating cold-stage range contractions. The área under oceanic influence (the land-sea
ecotone), however, would have been simultaneously
displaced towards the sea, so knowing whether the
actual width of mild costal habitats free from continental climatic extremes would actually have been
increased, and by how much, will probably require
detailed investigation of regional surface and coastal
shelf topography.
Apart from observed differences in genetic diversity
levéis across species, the evidence of phylogeographic
structure for cold-enduring mountain pines but not for
thermophilous pines (as indicated by R$T valúes significantly larger than F ST valúes; Table 3), would also be
consistent with the hypothesis of a less stable longterm demography in thermophilous species. On the
other hand, there was a significant positive correlation
between summer precipitation and genetic diversity at

the population level for two of the mountain pines
(P. nigra and P. uncinata), which might suggest that
mountain populations inhabiting regions with more
regular precipitation would have enjoyed larger longterm effective sizes and demographic stability. An
opposite trend was found among populations of
Mediterranean P. pinaster, which is also consistent with
its known demographic history. Unlike mountain
pines, which maintained large stable populations in
both peripheral and central Iberian regions throughout
glacial periods, P. pinaster seems to have sheltered in
múltiple relatively-small refugia during cold stages,
including mountainous áreas in southeastern Spain
(Bucci et al. 2007); after the last glacial máximum, the
recolonization of most Iberian regions by this species
followed a southeast-northwest direction that coincides
with the Mediterranean-Eurosiberian climatic gradient,
which could explain the negative association between
summer-drought and genetic diversity (Salvador et al.
2000).
Other factors can also be invoked to explain the
observed differences in neutral genetic diversity among
the six pine species, such as human intervention, differences in mutation rates, and time and pattern of initial

establishment of the species in the Iberian Península.
There is no obvious reason, however, to expect any of
these (non-mutually exclusive) factors to result in the
observed association between climatic range and neutral genetic diversity. Human exploitation and management have been similarly intense in both cold-tolerant,
highly-diverse (P. sylvestris, P. nigra) and thermophilous, genetically depaupérate (P. pinea, P. halepensis)
species. In addition, one species with relatively high
diversity, P. pinaster, is the main pine crop in this range.
Moreover, human impact on neutral diversity of Mediterranean conifers seems to have been low (Fady-Welterlen 2005). It is also unlikely that variation in mutation
rates among species would have generated the
observed diversity differences, since all six species were
screened at the same chloroplast SRR regions and
microsatellite motifs in these regions have similar numbers of repeats across species (Supporting Information
Appendix S2), and since observed differences are consistent with other results (albeit partial) in the región
across different type of markers (e.g. Fallour et al. 1997
reported very low levéis of allozyme polymorphism in
P. pinea and Prus-Glowacki et al. 2003 very high in
some P. sylvestris populations, while intermedíate levéis
have been found in P. pinaster, Salvador et al. 2000; see
also Table S4 in Supporting Information).
The impact of initial establishment in the región is
more complex to assess, partly because of the scarcity
of data. It is generally accepted that mountain pines
(P. uncinata, P. sylvestris and P.nigra) are Tertiary relicts
with a continued presence in the Iberian Península
throughout the Quaternary. There are also fossil and
pollens records for P. pinaster and P. pinea, dating back
ca. 30 000 BP and 49 200 BP, respectively (Salvador et al.
2000; Vendramin et al. 2008; and references therein). By
contrast, it is unclear whether P. halepensis was present
in the Iberian Península before the early Holocene
(Gómez et al. 2005 and references therein; Grivet et al.
2009). Assuming that P. halepensis actually arrived in
the Iberian región more recently than the other pines, it
could be hypothesized that its extremely low diversity
is the result of recent founder effects and genetic bottlenecks associated with colonization. It is dubious, however, that a colonization wave alone could have
produced such a depletion of genetic diversity in this
species, given the low (Comps et al. 2001) to modérate
(Cwynar & MacDonald 1987) reductions in allelic richness reported in the few well-documented studies of
rapid tree expansions and the currently wide distribution of P. halepensis across the Iberian Península. It
seems reasonable then to assume periodic demographic
collapses during glacial cold stages, in addition to a
founder effect during a relatively recent (albeit preHolocene) colonization of the Iberian Península, to

explain the very low levéis of haplotypic diversity
found in this species.
Severe and rapid changes in the demography and
distribution of plant species have been forecasted for
coming decades in Europe if rapid global warming continúes, especially in the Iberian Península and other
Mediterranean mountainous regions (Thuiller et al.
2005). Mountain species or populations unable to cope
with increasing heat and drought conditions, and with
the consequential increase in intensity and recurrence of
forest fires, will be threatened, unless rapid migration
brings them to suitable habitat. Migration would
involve further uphill displacements in mountain species. The already small populations of timberline
P. uncinata could suffer further severe habitat contraction, diversity losses and population divergence
through demographic bottlenecks, paralleling those
experienced by some mountain conifer isolates in North
America (Ledig et al. 1997; Oline et al. 2000). By
contrast, the other two mountain pines, P. sylvestris and
P. nigra, presently form widespread populations that
rarely reach the crests of the mountain chains, which
should enable further uphill migration and the maintenance of relatively large effective population sizes
(Robledo-Arnuncio et al. 2005). Climate warming can
be expected to have more positive demographic and
genetic effects on Mediterranean P. pinea and P. halepensis,
as well as for the ecologically diverse P. pinaster, with
an eventual expansión of their distribution ranges
enabling a gradual recovery of their genetic diversity.
Any speculative prediction of this kind, of course, could
be altered by interspecific competition (also subject to
climate change) or by unaccounted interactions among
abiotic factors.
Cross-species patterns of neutral genetic variation
provide indirect clues on climate-species relationships,
especially valuable in forest trees, the longevity of
which hampers direct experimental approaches to the
problem. Future comparative studies across species
would benefit from the combination of neutral genetic
data, useful for demographic inference, with quantitative and gene sequence information of adaptive significance, necessary for a better understanding of the
evolutionary consequences of the interplay between
environmental change and species biology.
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