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Abstract
& Context Turkish red pine (Pinus brutia Ten.) is widespread
in the eastern Mediterranean Basin. In the late 1970s, four
common gardens were established along steep altitudinal
transects extending from the coast to about 1,200 m in the
Taurus Mountains (Antalya, Turkey).
& Aims The aim was to study the role of altitude in shaping
Turkish red pine genetic diversity and population structure
as well as to evaluate the existence of local adaptation
along altitudinal gradients in this species.
& Methods Genetic diversity and population structure were
evaluated in replicated altitudinal gradients using chloro-
plast microsatellite (cpSSR) markers. Genetic differentia-
tion for neutral markers was compared with quantitative
differentiation for growth traits for the same populations
evaluated at different altitudes.
& Results Genetic differentiation among altitudinal
groups was higher than among transects. A high portion
of the genetic variance corresponded to families within
populations (up to 10.75%). Overall quantitative genetic
differentiation (QST) was higher than molecular differen-

tiation in most test sites for all the traits and ages
considered.
& Conclusion Turkish red pine shows signatures of local
adaptation to environmental gradients related to altitude.
For forestry practices, such as selection of seed sources,
both altitude and the family level of variation need to be
considered.

Keywords Turkish red pine . Haplotypic variability . Local
adaptation . Altitudinal variation . Genetic differentiation

1 Introduction

The ability of forest tree populations to evolve in response to
environmental changes is crucial for their survival (Aitken
et al. 2008). Consequently, the identification of those traits
(and the underlying genes) linked to processes of adaptation
to local environments has become a main goal for tree
geneticists. Genetic differentiation for quantitative traits (QST)
is normally measured by computing the variance due to
population differences in the metric trait investigated. This
value can be compared with genetic differentiation for
molecular markers, more specifically with the variance of
allele frequencies among populations (FST). Neutral or quasi-
neutral marker loci (as most microsatellites) are not affected
by natural selection. Thus, they are expected to have a lower
genetic differentiation than quantitative traits in the presence
of local adaptation (Kremer et al. 2000; Leinonen et al. 2008;
Whitlock 2008). Conversely, when QST are significantly lower
than FST, the action of stabilizing selection maintaining similar
phenotypes can be depicted (e.g., Petit et al. 2001).

Estimates of genetic differentiation parameters for both
quantitative traits and neutral markers are available in different
forest trees (e.g., Yang et al. 1996; González-Martínez et al.
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2002; Ramírez-Valiente et al. 2009), showing that forest trees
often have higher quantitative genetic differentiation levels
than molecular ones. In most cases, this result has been
interpreted as a local adaptation of populations and as the
effect of selective forces acting differently on quantitative
trait and molecular marker genetic diversity (González-
Martínez et al. 2002; Whitlock 2008).

Turkish red pine (Pinus brutia Ten.) is distributed in the
eastern Mediterranean Basin naturally, mainly in the Mediter-
ranean and Aegean regions of Turkey, with small isolated
populations along the Black Sea coast. It covers 5.4 million
hectares of forestland which constitutes 24% of the total
forested areas in Turkey, and it is widely used in afforestation
and reforestation programs (Boydak 2004; Anonymous 2006).
Turkish red pine normally forms pure stands from sea level up
to 1,500 m in the Taurus Mountains in the south and up to
600 m in the north. Natural stands are found on an extremely
wide range of soil types and under a variety of climatic
conditions. Turkish red pine shows regional adaptations along
its large distribution range in Turkey, which makes it a
relatively complex species. In the Taurus Mountains, a
substantial amount of morphological variation seems to be a
function of altitude and associated climatic factors (Isik et al.
1999; Isik and Isik 1999).

Themain objective of this study was to investigate the role of
altitude in promoting the differentiation of P. brutia populations
using both molecular markers and quantitative traits and to test
whether altitude is a relevant selective driver in this species. As
altitude increases, the temperature and length of the growing
season decrease, leading to a certain degree of phenological
isolation and, potentially, to population adaptive divergence.
However, this hypothesis has never been tested before, and
whether previously observed morphological differences are
due to selection, or to purely demographic or historical
processes, is currently unknown. Thus, the specific objectives
of this study were (1) to use highly polymorphic, paternally
inherited chloroplast microsatellites (cpSSRs) to determine
levels of neutral genetic variation and population genetic
structure along steep altitudinal gradients; (2) to describe
patterns of genetic differentiation using quantitative data—
height and diameter—obtained at different ages (reanalyzing
data from previous work and including a new measurement at
age 30); and (3) to compare molecular and quantitative data on
the same populations and families to infer the role of altitude
as a driver of local adaptation in this major pine species.

2 Materials and methods

2.1 Common garden experiments

The experimental setting of this study was established in
1979 with the general goal of studying quantitative genetic

variation along altitudinal gradients for economically
relevant traits in Turkish red pine. Six natural populations
were sampled from two altitudinal transects extending from
the Mediterranean coast to the Taurus Mountains in the
Antalya region, in southern Turkey (see Isik et al. 1999).
Three altitudinal classes were distinguished in each tran-
sect: coastal (∼100 ma.s.l.), middle range (∼500 ma.s.l.),
and high elevations (∼1,000 ma.s.l.; see details in Table 1).
Selected stands had a natural origin (i.e., no plantations
were included in the study) and had undergone similar
management. Open-pollinated seeds were collected from a
total of ten trees in each stand, and kept separate by parent
tree. The seeds were first grown in a local nursery and then
planted as 1+0 seedlings in four common garden test sites
located at different altitudes along the western transect in
1979 (Table 1). Each test site (set as completely randomized
non-contiguous plots design) contained six populations, ten
families per population, and 30 half-sib seedlings per
family (see details in Isik et al. 1999; Isik and Isik 1999).

Height (in centimeters) and diameter (in millimeters) of
trees were recorded at age 17 in Düzlercami and at age 18
in the other three test sites. More recently (in 2008),
diameter was also measured at age 30 in Düzlercami and
Kepez test sites. These latter data have never been
presented before. Based on a previous linear model for
age 17–18 (Isik et al. 1999), variance components were
obtained by restricted maximum likelihood assuming similar
genetic variances within populations. Then, the coefficient of
genetic differentiation among populations (QST) was esti-
mated for each trait as:

QST ¼ VP= VP þ 2VAð Þ

where VA is the additive genetic variance of a given trait within
population and VP is the genetic variance among populations.
Standard errors were obtained using the Taylor series
approximation (Gilmour et al. 2002). For diameter at age
30, in addition to the overall QST, we were also able to
compute the coefficient of population differentiation among
altitudinal classes within transects and among transects in
Düzlercami and Kepez test sites. Quantitative data were
analyzed using SAS vs. 9.0 (SAS Institute Inc., Cary, NC).

2.2 DNA extraction and cpSSR markers

Needle samples for molecular analysis were collected (at
Düzlercami test site) from 240 trees (60 half-sib families×
four trees per family) belonging to the six populations
included in the quantitative genetics multisite trial. The
samples were stored at −20°C until DNA extraction. Total
genomic DNA was extracted from the needles using the
Invisorb® DNA Plant HTS 96 Kit/C. DNA concentrations
were determined by electrophoresis on agarose gels and
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comparisons with standards of known concentration. Six
primer pairs for chloroplast microsatellites (Vendramin et al.
1996) were used: Pt1254, Pt15169, Pt30204, Pt36480,
Pt71936, and Pt87268.

PCR amplifications were carried out in a total volume of
10 μl containing 5 ng of template DNA, 2 mM MgCl2,
0.2 μl BSA (10 mg/ml), 1× reaction buffer (Ecogen,
Barcelona, Spain; Invitrogen, the Netherlands), 1.5 pmol
reverse primer, 1.5 pmol forward primer labeled with IRD-
800, and 0.4 U Taq polymerase (Ecogen and Invitrogen).
Reactions were carried out on a Perkin Elmer 9700 thermal
cycler (Applied Biosystems Norwalk, CT, USA) using the
following parameters: initial denaturation at 95°C for
5 min, followed by 15–30 cycles of 1 min at 94°C, 45 s
at 55°C, and 1 min at 72°C, and a final extension step of
8 min at 72°C. Amplification products were resolved on
7% denaturing polyacrylamide gels (25 cm long, 0.25 mm
thick). Electrophoresis was performed in Li-Cor 4300
automated sequencers (Li-Cor Bioscience Lincon, Nebraska,
USA) using 0.8× TBE running buffer at 1,500 V, 40 mA, and
45°C of plate temperature. Samples were loaded with external
standards in the same gel.

2.3 cpSSR data analysis

Haplotypes were defined as a unique combination of size
variants across the six microsatellite regions. Standard
haplotypic Nei’s genetic diversity (He) was computed using
custom spreadsheets. Genetic diversity according to a
microsatellite stepwise mutation model (SMM) was estimated
using the average genetic distance among individuals within
populations,D2

sh, as defined by Vendramin et al. (1998). This
distance considers the pairwise differences in repeat
units at the SSRs for all individuals in a sample (Goldstein
et al. 1995).

To estimate neutral genetic differentiation, analysis of
molecular variance (AMOVA) was used. Different hierarchi-

cal AMOVAs based on altitudes and transects were computed
using Arlequin version 3.1 (Excoffier et al. 2005), calculating
in every case FST and RST coefficients of population
differentiation. F statistics are classical estimates of genetic
differentiation that only take into account haplotype frequen-
cies, while R statistics also incorporate haplotype distances
following a SMM in the calculations. The comparison of
these two indices, which are estimated from the same cpSSR
data, can provide useful information on the causes of
population differentiation, in particular about the existence
of a phylogeographic structure (Hardy et al. 2003). Finally,
we performed Bayesian analyses of population structure
using BAPS vs. 4.14 (Corander et al. 2003) to test for
population clustering with no prior assumptions of popula-
tion differentiation.

3 Results

3.1 cpSSR genetic diversity and differentiation

All primers, except Pt36480, were polymorphic. The six
primers altogether yielded a total of 29 variants (from one
variant in monomorphic Pt36480 to nine in Pt1254) in a set of
231 individuals from six different populations (9 samples out of
240 failed to amplify). The chloroplast microsatellite (cpSSR)
variants were combined in 60 different haplotypes. The cpSSR
variants showed single 1-bp mutational steps, except for
Pt71936 in which a 2-bp gap was detected. This gap was
found in 13 individuals in all populations except Sarilar. There
were only four shared haplotypes among all populations (H12,
H19, H39, and H45). The frequency of these haplotypes was
45.5% overall. Thirty-seven (61.7%) out of the 60 haplotypes
were private (i.e., unique) to one population. On average,
10.3% of the haplotypes found in each population were private.

The overall mean genetic diversity was very high, 0.9283
(ranging from 0.8667 inMurtbeli to 0.9582 in Sarilar; Table 2).

Table 1 Location of sampled
P. brutia populations and
common garden test sites
(see also Isik et al. 1999)

Transect Code Name Altitude (m a.s.l.) Latitude, N Longitude, E

Sampled populations

Eastern S Sarilar 92 36°48′ 31°26′

M Murtbeli 490 37°01′ 31°24′

K Kapan 933 37°06′ 31°24′

Western D Doyran 61 36°52′ 30°32′

B Buk 480 36°58′ 30°26′

H Hacibekar 1,033 37°19′ 30°11′

Common garden test sites

Western 1 Kepez 90 36°55′ 30°36′

2 Düzlercami 350 36°58′ 30°32′

3 Buk 500 36°57′ 30°25′

4 Yenicedere 850 37°01′ 30°25′
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The average mean genetic distance among individuals within
populations (D2

sh) was 4.87. Overall genetic differentiation
among populations, as estimated by FST, was 0.0122. Judging
by the AMOVAs, the genetic differentiation among altitudinal
classes was low for estimates based on haplotype frequency
(FST), but significant for estimates based on the SMM (RST=
0.0497; Table 3), indicating that altitudinal differences
produced some phylogeographical structure. Similar results
were obtained from the altitude component of hierarchical
AMOVAs by transect (albeit in this case FST was significantly
different from zero; Table 3). Genetic differentiation among
transects was negligible despite much longer distances among
transects than among populations at different altitudes within
transects. In addition, a significant portion of the genetic
variation was found among families within populations
(3.55–10.75%, see Table 3). Finally, BAPS Bayesian cluster-
ing singled out the high-altitude Hacibekar population, while
the rest were pooled together. Nevertheless, running hierar-
chical AMOVAs removing this population did not change the
results (not shown).

3.2 Quantitative genetic variation and comparison
with molecular markers

P. brutia showed relatively high levels of genetic differenti-
ation among populations (0.065–0.384) for height and
diameter at age 17–18 in the four test sites (Table 4). QST

differentiation values for these traits (in Table 4) were always
higher than the neutral genetic differentiation among
populations, as shown by cpSSRs (in Table 3). However,
large standard errors and contrasting values of the coefficient
of quantitative differentiation across test sites were observed
for diameter at age 30 (Table 4). For this trait, although
overall quantitative genetic differentiation was still higher
than the molecular one (in Table 3), QST among altitudinal
classes varied from none (Düzlercami test) to a very high
value of 41% (Kepez test).

Table 2 Genetic diversity estimates based on six cpSSRs (combined in
haplotypes) for six Turkish red pine populations from Antalya region

Population code n N Np He D2
sh

S 39 24 8 0.9582 4.03

M 40 16 3 0.8667 4.37

K 38 20 7 0.9403 5.94

D 40 23 6 0.9538 4.21

B 39 21 3 0.9514 4.68

H 35 17 10 0.8992 5.97

Average 38.5 20.2 6.2 0.9283 4.87

n number of individuals analyzed, N number of haplotypes, Np

number of private haplotypes, He Nei’s gene diversity, D2
sh average
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4 Discussion

General levels of cpSSR genetic diversity (HE=0.9283 and
D2

sh ¼ 4:87) were very high in Turkish red pine, despite the
limited sampling, and similar to or slightly higher than in
other European pines (sampled in a wider range): for
example, D2

sh of 3.58 for Pinus halepensis (Morgante et al.
1998) and of 4.3 for Pinus sylvestris (Robledo-Arnuncio
et al. 2005). In comparison with the study of Bucci et al.
(1998) on Turkish red pine, we found a substantially higher
within-population haplotypic diversity, probably due to the
much larger sampling size per population in our study (about
five fold). Such high levels of haplotypic diversity in Turkish
red pine may respond to more stable effective population
sizes in eastern Mediterranean forest tree populations, as
recently suggested for Aleppo pine by Grivet et al. (2009)
and, more in general, for Mediterranean conifers by Fady
(2005). Finally, our study indicates that cpSSR markers
could be useful to monitor genetic diversity changes in
Turkish red pine populations due to their high resolution and
easy optimization for different genotyping platforms.

Neutral genetic differentiation in P. brutia was low
(albeit significant), yet within the range previously reported
for this species using isozyme and RAPD markers (e.g.,
Kara et al. 1997; Lise et al. 2007). The Bayesian clustering
analysis (BAPs) revealed that the Hacibekar population is
highly differentiated from the others. Hacibekar also
showed the highest number of private haplotypes (58.8%).
This population is noteworthy because it is located over an
altitude of 1,000 m, which is close to the altitudinal limit of
the species, on a transition region between Mediterranean
and continental climates. Ecological marginality could have
contributed to the isolation and accumulation of new
mutations over time.

Interestingly, in our study, larger genetic differences (as
estimated with cpSSRs, a paternally inherited marker) were
found for Turkish red pine as a function of altitude than as a
function of distance between transects. As a higher RST

than FST has been found, these differences can be
interpreted as the development of local lineages (i.e., the
existence of a phylogeographic structure). The results also
hold when the marginal population of Hacibekar is
removed from the analyses. In contrast, several other
studies using molecular markers have reported lack of
genetic differentiation along altitudinal gradients in pines.
For instance, Navascués et al. (2008) found very low
genetic differentiation in Pinus canariensis along altitudinal
gradients using chloroplast and nuclear microsatellites, and
Saenz-Romero and Tapia-Olivares (2003) have reported no
significant genetic differentiation with altitude in Pinus
oocarpa using allozymes.

Genetic differentiation with altitude is even more notable
when considering quantitative traits (e.g., QST from 0.065
to 0.384 at age 17–18). Although information about genetic
differentiation along altitudinal gradients based on common
gardens is very scarce, altitudinal variation of some
morphological traits has been reported in Turkish red pine
(e.g., Dangasuk and Panetsos 2004) as well as in other
forest trees (e.g., Saenz-Romero et al. 2006; Alberto et al.
2011). Differentiation along altitudinal gradients in quanti-
tative traits can be explained by phenological or ecological
isolation and selective pressure resulting in genetic clines
(Ohsawa and Ide 2008).

Quantitative genetic differentiation (QST) varied depend-
ing on the site considered, suggesting a certain level of
phenotypic plasticity in Turkish red pine (Table 4). How-
ever, large standard errors in the estimates make this result
inconclusive, and further studies are needed to support this
finding. The QST values for total height were generally
higher at the sites located at middle altitude (for example, at
Buk site located at 500 ma.s.l.), which coincides with the
core range of the species. Nevertheless, with respect to
diameter at age 30, significant genetic differentiation along
the altitudinal gradient was found only at the lower altitude
test site (Kepez, 90 ma.s.l.). These results are relevant for
the adaptive response of Turkish red pine to climatic

Table 4 Coefficient of quantitative differentiation (QST) for total height at age 17–18 (H18) and diameter at age 17–18 (dbh18) and 30 in four test
sites located at different altitudes along two transects in the Antalya region

Test site Altitude (m a.s.l.) Age 17–18 Age 30 (diameter)

H18 dbh18 Overall By altitudinal classes By transects

Kepez 90 0.095 0.214 0.396 (±0.270) 0.410 (±0.459) 0.000 (NA)

Düzlercami 350 0.170a 0.119a 0.077 (±0.1346) 0.000 (NA) 0.077 (±0.1346)

Buk 500 0.281 0.384 NA NA NA

Yenicedere 850 0.182 0.065 NA NA NA

For diameter at age 30, estimates are given for overall differentiation (regardless of altitudinal classes and transects) and for differentiation among
altitudinal and transect groups. Standard errors in parenthesis

NA not applicable as measurements for these two sites were not available
aMeasurement at age 17
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change as it is expected that populations will be subject to
altitudinal shifts in the next decades.

The overall picture suggests that Turkish red pine has
higher levels of quantitative than of molecular genetic
differentiation. Different studies have reported similar results
in a wide range of organisms (see reviews in Kremer et al.
2000; Latta 2004; Leinonen et al. 2008), including forest
trees (e.g., Yang et al. 1996; González-Martínez et al. 2002,
2004). In most cases, such results have been interpreted as
selective forces acting differentially on quantitative traits and
on molecular markers (Whitlock 2008). In the particular case
of altitudinal gradients, a steep clinal variation in environ-
mental factors, such as temperature and precipitation, may
have led to local adaptation despite substantial gene flow
among populations. González-Martínez et al. (2002) sug-
gested that environmental heterogeneity and genotype-by-
environment interactions have major roles in quantitative
differentiation in maritime pine, a Mediterranean pine species
with great dispersal ability. This could also be the case in
Turkish red pine from the Taurus Mountains.

5 Conclusions

This study provides new data concerning the genetic diversity
of Turkish red pine, both with cpSSRmarkers and quantitative
traits. Turkish red pine populations have a high level of
genetic variation. Genetic diversity, in particular at quantita-
tive traits, is more associated with seed source elevation than
with geographical proximity between Turkish red pine
populations in the Antalya region. In addition, our analyses
using cpSSRs showed higher levels of variation within
families than among populations. Therefore, for forestry
practices such as selection of seed sources, determination of
seed transfer zones, and genetic resource conservation
programs, both altitudinal gradients and family level of
variation must be considered. It is important to note that this
study is based on only a small part of the species’ distribution
range. In view of the high levels of variation found between
and within populations, higher numbers of stands (and
families), covering a wider range of environments and
altitudinal gradients, should be systematically studied for
further population genetic analysis, including both molecular
and quantitative traits.
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