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Abstract

Habitat fragmentation can bring about a variety of
gene-flow alterations in plant populations, potentially
threatening adaptive potential and local persistence. It
is expected that following habitat fragmentation an
increased level of inbreeding will be evident. In addition,
a reduction in genetic diversity and increased genetic
differentiation is expected following severe or long term
population bottlenecks. We examined population genetic
parameters for the subtropical rainforest tree
Macadamia tetraphylla (Proteaceae) at six field sites
throughout its recently fragmented range, using four
microsatellite loci. Genetic diversity (HE) of the juvenile
cohort was significantly correlated with estimated popu-
lation size. No significant difference was observed for
genetic diversity between adult and juvenile cohorts, but
juveniles, and not adults, exhibited significant popula-
tion differentiation (�=0.061; P<0.0001 and �=0.016;
P=0.23, respectively). A second, standardised measure
of differentiation, � ,́ yielded similarly large differences
between the two cohorts, though higher estimates of dif-
ferentiation overall (adults – �´=0.034, juveniles –
�´=0.116). The coefficient of population inbreeding (f )
was significant and positive in all juvenile, and four out
of six adult, populations, and was significantly positively
correlated with adult tree density, but not adult popula-
tion size. Since fragmentation is relatively recent for
this species, the population bottleneck must have been
quite severe to have produced the observed patterns of
population differentiation and genetic diversity. Frag-
mentation of forest across the study area over the last
100+ years has led to the genetic isolation of M. tetra-
phylla populations resulting in increased population
divergence and likely eventual loss of genetic variation
in future generations.

Key words: Macadamia tetraphylla, subtropical rainforest,
fragmentation, gene diversity, inbreeding coefficient, differenti-
ation, microsatellites.

Introduction

Habitat fragmentation, the reduction of continuous
tracts of vegetation to smaller, spatially distinct patches,

is now a ubiquitous feature of much of the planet’s
forested areas (YOUNG and MITCHELL, 1994; LAURANCE
and BIERREGAARD, 1997; HOBBS and YATES, 2003). Empir-
ical studies examining the genetic impacts of habitat
fragmentation have demonstrated that the process can
bring about a variety of gene-flow alterations. Frequent-
ly, plant populations experience increased levels of
inbreeding and random genetic drift following fragmen-
tation (YOUNG et al., 1996; DAYANANDAN et al., 1999;
COLLEVATTI et al., 2001; LIRA et al., 2003; CARDOSO et al.,
2005; LOWE et al., 2005). The magnitude of such gene
flow alterations depends on the severity and duration of
the reduction in population size (BARRET and KOHN,
1991). Where deforestation events lead to a reduction of
gene flow between forest patches, the genetic bottle-
necks experienced in fragmented populations can cause
the independent loss of alleles from fragments, resulting
in increased population differentiation (JUMP and
PEÑUELAS, 2006).

To further understand the impact of fragmentation on
an Australian subtropical rainforest species, we used
microsatellites to estimate genetic parameters for the
midstorey tree Macadamia tetraphylla (Proteaceae).
Populations of M. tetraphylla were selected to represent
the range of population sizes exhibited across its patchy
distribution. The study took place in and around the Mt
Warning Caldera, central eastern Australia (Figure 1).
The vast majority of subtropical lowland rainforest vege-
tation in which M. tetraphylla grows was cleared
between 145 and 105 years ago, with clearing beginning
slightly earlier in more southerly areas (RITCHIE and
PUGH, 1981). 

Specifically, we aimed to determine: (1) whether larger
or denser populations have higher levels of genetic
diversity and lower levels of inbreeding, relative to
smaller populations; and (2) whether the post-fragmen-
tation (juvenile) cohort exhibits higher levels of inbreed-
ing and differentiation among populations, compared
with the pre-fragmentation (adult) cohort.

Materials and Methods

Study Species

Macadamia tetraphylla is a small to medium sized
mid-storey rainforest tree that is endemic to central
eastern Australia. Listed as vulnerable under both State
and Federal legislation, concerns have been raised about
its viability in the wild, over both the medium and long
term (GROSS, 1995). The species is patchily distributed
within the regional landscape matrix, and is poorly rep-
resented in the reserve system. Populations are small
(usually about 5–25 adults), with <1000 individuals
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estimated to be within conservation areas (PISANU,
2001). Its preservation is considered important, both in
terms of biodiversity maintenance, and also because of
the species’ significance to the macadamia nut industry.
The species is hermaphroditic, and flowers are borne on
long racemes. The European honeybee, Apis mellifera,
and native stingless bees, Trigona spp., are important
pollinators in Australian macadamia orchards (HEARD,
1993, 1994; HEARD and EXLEY, 1994). In the wild, both of
these pollinators have been observed on M. tetraphylla,
with A. mellifera the more common of the two. However,
overall pollinator activity appears to be low (PISANU,
2001; pers. obs.), with potential pollen limitation
(PISANU, 2001). M. tetraphylla is estimated to have a
lifespan of over 100 years, of which up to six years con-
stitutes the juvenile period (QUEENSLAND CRA/RFA
STEERING COMMITTEE, 1997). 

The level of fragmentation experienced by M. tetra-
phylla in natural populations is relevant to many other
species in the region, especially endemics with limited
population size or distribution, and so it can be consid-
ered a suitable case study species to examine the impact
of fragmentation on the genetic dynamics of threatened
plant populations in the region.

Study sites and spatial mapping

Six study sites were selected (Figure 1; Table 1),
encompassing a range of adult population sizes. This
range of population sizes is regarded as representative
of the variety of situations in which M. tetraphylla can
be found in the regional landscape matrix. All six of
these study sites are bona fide wild populations, not the
result of plantings by early settlers.

Figure 1. – Field sites used in this study, showing the distribution of all adult trees present within each site. Each dot
represents a tree. Site abbreviations are shown in the corner of each box: CV– Crookes Valley; CC– Cave Creek;
MO– Mooball; Mullumbimby Creek; LH– Lennox Head; MF– Minyon Falls.
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Sample collection, DNA extraction and microsatellite
survey

For each population, genomic DNA from every adult
(6–37) and 15–20 randomly selected juveniles was
extracted using the QIAGEN DNeasy™ Plant Mini Kit.
The standard protocol was followed, and success of DNA
extractions and quantity of yield was determined by
visualisation on 1.8% agarose gels (stained with ethidi-
um bromide), using a 1000 BP ladder (HyperLadder I,
Bioline). Based on screening and optimisation experi-
ments, four polymorphic loci (Minµs2, Minµs7, MinµS14
and MinµS74) were selected from Schmidt et al. (2006)
for genotyping the six populations. Samples were plated
out onto 96 well trays and diluted 1:10. Ten percent of
individuals were repeated in order to estimate the fre-
quency of genotyping errors. Polymerase chain reaction
(PCR) amplification was carried out in 20 µL reaction
volumes containing final concentrations of ~20 ng
genomic DNA, 1xPCR Buffer, 2 mM MgCl, 0.2 mM
dNTPs, 0.094 µM dye-labelled M13 forward, 0.006 µM of
M13 tagged forward primer, 0.1 µM of reverse primer
and 0.22 units Taq. The annealing temperatures (Ta)
were 50°C for Minµs2, Minµs7 and MinµS74, and 53°C
for MinµS14. PCR amplification cycles are described in
SCHMIDT et al. (2006). PCR products were visualised on
3% agarose, using a 500 BP ladder (HyperLadder™ V,
Bioline). Genotypes were determined using a Beckman
Coulter™ CEQ™ 8000 System, and sized in comparison
to SizeStandard-400. Scoring and binning of alleles was
carried out using the CEQ™ 8000 fragment analysis
software package, with additional binnings being carried
out manually. Repeat genotyping provided a genotyping
error estimate of 1.69%. We used the program MICRO-
CHECKER (VAN OOSTERHOUT et al., 2004) to detect scor-
ing errors resulting from the presence of null alleles as
such artefacts are a well-known issue for microsatellites
(POMPANON et al., 2005). Estimates of null allele frequen-
cy indicated that no loci showed evidence for null alleles.

Data analysis

Two pre-analysis tests of locus independence and suit-
ability were carried out using Genepop 3.3 software
(RAYMOND and ROUSSET, 1995): (1) a test for departure
from Hardy-Weinberg (H-W) expectations, with signifi-
cance determined by a Bonferroni multiple testing pro-
cedure; (2) a test for significant linkage disequilibrium
between locus pairs using Fisher’s exact test. The follow-
ing genetic diversity parameters were calculated:
expected heterozygosity (HE) (gene diversity) per locus
using FSTAT 2.9.3 (GOUDET, 1995), and overall, using
GENETIX 4.01 (BELKHIR et al., 1998); and number of alle-

les (AO) and effective number of alleles (AE) using POP-
GENE (YEH et al., 1997).

Inbreeding coefficient (f ) and an index of differentia-
tion (�) were calculated following the formula of WEIR

and COCKERHAM (1984), using FSTAT 2.9.3 (GOUDET,
1995). The significance of obtained global FST (≈ �) val-
ues were tested by performing 50,000 randomisations of
genotypes among samples. P-values were generated by a
simulation of 50,000 random permutations of genotypes
among populations. Tests did not assume H-W within
populations. The influence of each locus on generating
global FST estimates was examined by successive jack-
knifing across loci using GENETIX 4.01 (BELKHIR et al.,
1998). We also calculated � ,́ a standardised measure of
�. This was done by transforming our genotype data in
the utility RECODEDATA (MEIRMANS, 2006) such that
each population only contained private alleles. By maxi-
mizing the different covariance components, we obtained
values for � (max). Following the method of HEDRICK
(2005), the standardised measure was calculated by
dividing the original � value by the maximum value. We
included estimation of �´in this study because tradition-
al methods for estimating genetic population differentia-
tion are dependent on the level of allelic diversity,
whereas �´is standardised for all levels of genetic varia-
tion (HEDRICK, 2005; MIERMANS, 2006; MIERMANS and
HEDRICK, 2011). Tests for significance were not applica-
ble to �´because the calculation of � (max) relies on a mod-
ified dataset, rather than original genotype data (MIER-
MANS, 2006). Regression analyses were carried out using
the ‘analysis toolpak’ extension in Excel® (Microsoft Cor-
poration). All further analyses were conducted in R
2.13.1 (R DEVELOPMENT CORE TEAM, 2011).

Results

Genetic diversity

Locus characteristics. Across the 178 genotyped indi-
viduals, 54 alleles were identified. The highly polymor-
phic MinµS7 had 36 alleles, with the other three loci
each exhibiting six alleles. The populations in the study
showed no significant departures from H-W expecta-
tions (P=<0.0025, following Bonferroni multiple-testing
correction), apart from the adult cohort at Cave Creek
(n=15) for Minus74. Due to a lack of evidence of any
similar departure from H-W for any other population-
cohort combination at this locus, it was retained for fur-
ther analysis. No significant linkage disequilibrium was
detected between the loci (P=0.585–0.847), suggesting
that they are independent. Accordingly, each locus was
treated separately for analysis.

Table 1. – Site characteristics and stratification for six populations of M. tetraphylla, central eastern, Australia.
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Number of alleles (A). The observed number of alleles
(AO) across loci ranged between 1–16 in the adult cohort
and 1–10 in the juvenile cohort (Table 2). Effective num-
ber of alleles (AE) across loci ranged between 1–8.97 in
the adult cohort and 1–7.5 in the juvenile cohort (Table
2), but did not differ significantly between adult and
juvenile cohorts (P=0.47).

Genetic differentiation 

Levels of genetic differentiation among populations
differed between adult and juvenile cohorts. There was
no evidence of genetic structuring among the adult pop-
ulations (�=0.016, P=0.23; Table 3), but a higher and
significant value was recorded for the juvenile cohort
(� =0.061, P>0.0001). Estimates of �´were higher than
� for both cohorts, but the measure exhibited a similar
magnitude of difference between the two cohorts as �
(adults – � =́ 0.034, juveniles – � =́ 0.116).

Inbreeding

A positive and significant inbreeding coefficient (f )
was recorded both for adults (0.132, P=0.002) and juve-

niles (0.209, P=0.0005), indicating that M. tetraphylla
generally exhibits an excess of homozygotes. The juve-
nile cohort exhibited significant positive inbreeding coef-
ficients at all sites (Figure 3), but only four of the six
adult cohorts did. Juveniles showed higher levels of
inbreeding in five out of the six populations (the Mooball
population had considerable inbreeding coefficients for
adult and juvenile cohorts of 0.11 and 0.09 respectively).
But large sampling errors reveal these differences to be
non-significant, and there was no relationship between
adult population size and the level of inbreeding. A
regression of juvenile inbreeding coefficient against the
estimated total number of adults within a one kilometre
radius at each site also showed no compelling correla-
tion (R2=0.22, P=0.34). A significant negative correla-
tion was observed between the level of inbreeding in the
juvenile cohort and density of adult trees (P=0.001), as

Table 2. – Gene diversity (HE), number of alleles (AO) and effective number of alleles (AE) for four microsatellite loci in six M. tetra-
phylla populations and overall, and averaged over loci. Software used: HE for each locus– FSTAT 2.9.3 (GOUDET, 1995); overall
HE– GENETIX 4.01 (BELKHIR et al., 1998); AO, AE– POPGENE (YEH et al., 1997). AC=adult cohort, JC= juvenile cohort.

Table 3. – Differentiation (�) and standardised differentiation
(� ’) values for the adult and juvenile cohorts of six populations
of M. tetraphylla, at each locus individually and overall.
 Jackknife � shows overall values for � without each locus as
well as mean and standard deviation values from jackknife
procedure. Significant values denoted * (P>0.0001). AC=adult
cohort, JC= juvenile cohort.

Figure 2. – Relationship between HE in the juveniles cohort
and the total number of adult trees estimated to be within a
one kilometre radius following population census.
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measured by mean nearest neighbour distance (Figure
4). Juveniles in populations with more clumped adult
trees tended to have higher inbreeding scores than did
sites where adults were more sparsely spaced.

Discussion

Genetic diversity and differentiation

Gene diversity estimates were not observed to be sig-
nificantly different between adult and juvenile cohorts
within a site or between sites. Modelling studies indi-
cate that this parameter decreases only slowly following
population size reduction (LOWE et al., 2005). Unlike the
inbreeding coefficient, which reflects a redistribution of
allelic variation in the form of reduced heterozygosity,
relative to its H-W expectation, an observable change in
gene diversity may only become apparent after several
generations (NEI et al., 1975; VARVIO et al., 1986; LOWE
et al., 2005). In addition juveniles in this study are like-
ly to be primarily the progeny of pre-fragmentation or

early fragmentation parents, given the lifespan of the
species, which will further buffer expected diversity loss.
A regression of HE against the estimated number of
adults within a one kilometre radius did show a signifi-
cant positive correlation (P=0.002) (Figure 2). Therefore
a reduction in population size associated with fragmen-
tation would be expected to reduce diversity over time.

Quantifying the extent of population differentiation in
patchily distributed plant species can highlight the
importance of gene flow in enabling populations to
evolve together (STARR and CARTHEW, 1998). Among
M. tetraphylla populations, significant differentiation
was observed among the juvenile cohort (�=0.061), but
not among the adult cohort (�=0.016). While �´showed a
similar pattern between the two cohorts (adults –
� =́ 0.034, juveniles – � =́ 0.116), estimated levels of dif-
ferentiation were higher for both, as expected for this
type of measure (HEDRICK, 2005; JOST, 2008). The index
reduces the downward bias known to be present in tra-
ditional estimators, and potentially provides a more
accurate estimate of differentiation levels of M. tetra-
phylla populations. However as standardised measures
such as �´cannot be easily interpreted in the context of
basic demographic factors (WHITLOCK, 2011), and as the
theoretical framework for this group of statistics is still
being developed in the context of the broader evolution-
ary theory, it is prudent to report both traditional and
standardised measures (LENG and ZHANG, 2011), as has
been done here.

The lack of structure within the adult cohort suggests
that, prior to habitat fragmentation, there was relatively
unrestricted gene flow within a regionally continuous
population. However since fragmentation, the data sug-
gest that M. tetraphylla pollen flow between fragments
has significantly decreased. A number of studies under-
score the utility of comparing life-stages of tree popula-
tions to reveal insights into the dynamics of post-frag-
mentation gene flow. In a study of the tropical hardwood
Carapa guianensis (DAYANANDAN et al., 1999), saplings
within logged plots had higher differentiation than
adults (RST=0.060 and 0.017, respectively). The authors
took this as evidence of restriction of gene flow as a
result of landscape alterations. In a comparison of popu-
lations of the tropical canopy tree Symphonia globulif-
era in continuous compared to fragmented forest
(ALDRICH et al., 1998), significant differentiation in both
younger and older juveniles was found among sites.
Also, saplings – but not adults – in continuous forest
were significantly differentiated from those in surround-
ing fragments. These differences were observed despite
the surrounding fragments having only been separated
from the continuous patch for 10–30 years. Such a
 pattern has also been recorded for other tree species
(FARWIG, 2008; ORTEGO et al., 2010), as well as a cycad
(OCTAVIO-AGUILAR, 2009). Yet post-fragmentation cohorts
do not always display higher levels of differentiation
than their pre-fragmentation counterparts: a number of
studies have found low levels of differentiation for both
cohorts (LATOUCHE-HALLÉ, 2003; SCHWARCZ et al., 2010),
sometimes still with significantly higher values for juve-
niles than adults (RIBEIRO et al., 2005; FIGUEROA-
 ESQUIVEL, 2010). Alternatively, both may display high

Figure 4. – Relationship between inbreeding coefficient (f ) for
the juvenile cohort (averaged over all loci) and the mean near-
est neighbour distance.

Figure 3. – Inbreeding coefficient (f ) across all loci. Sites are
arranged from smallest to largest population sizes. Bars show
standard errors.
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differentiation, for example where populations are natu-
rally fragmented (KETTLE et al., 2008). The implications
of the current study are that the fragmentation of the
region’s forests over the last 100+ years has led not only
to spatial but also genetic isolation of M. tetraphylla
populations. If this is the case, then the future of rem-
nant stands of this species may be one of increased pop-
ulation divergence, and eventual loss of genetic varia-
tion. This is the scenario observed within modelling
studies over many generations of restricted population
sizes (LOWE et al., 2005).

Inbreeding and population dynamics

Significant levels of population level inbreeding were
found within both juvenile and adult cohorts of M. tetra-
phylla, most likely due to crossing between closely relat-
ed trees. As the juvenile populations in low disturbance
continuous tracts of rainforest (Minyon Falls and Cave
Creek) showed similar levels of inbreeding to those at
other sites, it is possible that habitat fragmentation has
not augmented inbreeding significantly. Juveniles in the
majority of populations did show higher levels of
inbreeding compared to adults, although the differences
were not great (Figure 3), and on this basis the role of
fragmentation in augmenting inbreeding cannot be con-
firmed or ruled out based on the data available. For the
closely related congener M. integrifolia it was found that
seedling emergence in small fragments was significantly
greater than in medium fragments and continuous habi-
tat, although trends in mortality at different growth
stages was not investigated (NEAL et al., 2010). If
seedling emergence is also elevated for fragmented
M. tetraphylla populations and they survive to adult-
hood, then inbreeding may be further elevated in these
disturbed habitats. 

Investigations that utilise comparisons of genetic pat-
terns at different life-history stages for recently frag-
mented populations can yield valuable insights into the
current processes. However it should be noted that vari-
ation in levels of population inbreeding at each life-his-
tory stage may depend on the intensity of selection
(HUFFORD and HAMRICK, 2003), independent of habitat
fragmentation. It has been reported for a number of tree
species that inbreeding is higher in the seedling cohort
even in continuous forest (e.g., ALLY and RITLAND, 2007),
probably because in a given sample this cohort repre-
sents a smaller age range than adult trees and hence
the progeny of far fewer mating events (Hall et al.,
2004). 

A reduction in population size caused by habitat frag-
mentation in preferentially outcrossing species like
M. tetraphylla would be expected to promote biparental
inbreeding and increase inbreeding depression (DUDASH
and FENSTER, 2000; FRANCISCO-ORTEGA et al., 2000;
MATHIASEN et al., 2007; but see HONNAY and JACQUEMYN,
2007). For the early successional rainforest tree Elaeo-
carpus grandis, sampled across the same region as this
study, ROSSETTO et al. (2004) found a non-significant
increase in inbreeding levels as population size declined.
No relationship was observed here, possibly because the
species occurs in small populations naturally. The lack of
a compelling correlation between inbreeding coefficient

and estimated total number of adults is potentially a
function of the number of sites we surveyed. Future
studies incorporating more populations should not dis-
count possible relationship between inbreeding level
and population size.

For some tree species, density has been found to influ-
ence pollination patterns, with the ratio of outcrossing
higher at a lower adult tree density (ISAGI et al., 2007).
We found a significant correlation between inbreeding
and tree density: the closer adult trees were to one
another, the more inbred the juveniles within a popula-
tion (Figure 4). This relationship suggests family spatial
structure may be causing inbreeding in fragmented pop-
ulations. If dense populations have a high degree of
genetic structuring, which seems likely, then the proge-
ny of these trees are more likely to be inbred. This has
been found to be the case for other rainforest trees
(TAKEUCHI, 2010) as well as in herbaceous species (KITA-
MOTO et al., 2007). There may also be an interaction with
pollinator behaviour, which is apparently influenced by
interflowering-tree density (BAWA, 1998). When flower-
ing trees are clumped, pollinators tend to follow near-
neighbour behaviour, whereas when trees are broadly
spaced the insect is more likely to miss the next closest
tree in a fragment and simply fly to the next fragment
(STACY et al., 1996). Such processes may influence fruit
set (JONES and COMITA, 2008) and ultimately affect tree
population dynamics.

The implications of tree density and fruit set for levels
of inbreeding in M. tetraphylla are clearer when viewed
in the light of a previous study on the species. PISANU
(2001) found that raceme production decreased as near-
neighbour density increased, and that this same pattern
was reflected in seed production, although weakly so.
The combined results of the two studies suggest that
high adult tree density may not only result in decreased
overall fecundity, but that those seeds that are produced
may grow into juveniles exhibiting elevated levels of
homozygosity in comparison to less dense populations.
Seed dispersal of M. tetraphylla is by small rodents and
gravity fall, probably with some assistance from local
stream flooding (COSTELLO et al., 2009). Dispersal dis-
tances for scatter-hoarding murid rodents appear to be
quite short, usually between 5–20 m (CORLETT, 2009;
CHOU, 2011). It is likely that apart from flooding events
opportunities for significant seed exchange between pop-
ulations is limited. If this is the case then germinating
seeds will primarily be close to their parents. Conse-
quently, changes associated with fragmentation such as
restriction of inter-fragment gene flow and increased
population density (by way of elevated seedling germi-
nation and survivorship in disturbed habitats) may aug-
ment inbreeding. There exists the potential for such
interactions to have significant consequences for popula-
tion viability, and this should be a focus of future
research.
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Abstract

To increase quality and amount of wood production in
Turkish red pine (Pinus brutia Ten.), genetic control of
wood specific gravity (WSG), tracheid length and growth
traits was investigated in Ceyhan1A progeny trial by
evaluating 168 families originated from six clonal Turk-
ish red pine seed orchards. Wood samples were taken by
destructive sampling during the rouging of this trial at
the age of seven. Differences among the 168 families for
mean WSG was large (ranged from 0.35 to 0.62), as indi-
cated by high individual (0.42±0.07) and family mean
(0.55±0.03) heritabilities. Family differences and high
heritabilities were also observed for all growth traits
and tracheid length. Genetic correlations between WSG
and growth traits were insignificant (near zero), while
low and insignificant negative phenotypic correlations
among the same traits were also observed. Predicted
genetic gain for single trait selection at age of seven was
low for WSG (0.37%), but substantial for stem volume
(8.4%) in phenotypic seed orchards. However, the first
generation clonal seed orchards consisting of the best 30
clones yielded higher genetic gains (5.2% for WSG and
35% for stem volume). These preliminary results sug-
gest that selection for wood characteristics and growth
traits in Turkish pine could be practiced at early ages
for short rotation (about 30 years) in industrial planta-
tions.

Key words: Pinus brutia, Wood Specific Gravity, Progeny Test,
Heritabilities, Genetic and Phenotypic Correlations, Genetic
Gain.

Introduction

Turkish red pine (Pinus brutia Ten.) is naturally dis-
tributed in the Mediterranean and Aegean regions of
Turkey (ANONYMOUS, 2006). It grows on an extremely
wide range of ecological, climatic, and geographical gra-
dients, from sea level up to an elevation of 1500 meters
(FISCHER et al., 2008). Total forest cover of the species is
estimated to be approximately 4 million hectares, which
constitutes about 50% of the coniferous and 20% of the
total forest area in the country (FISCHER et al., 2008).
The species is also one of the most valuable commercial
trees providing both timber resources and amenities.
Due to its high wood density and long, suitable wood
fibers for pulp and paper production, adaptability to arid
conditions, fast growth and early flowering, Turkish red
pine is considered as an excellent choice for industrial
plantations (GEZER and ASLAN, 1980; GEZER, 1986; USTA,
1991; ICGEN et al., 2006). Evaluation of the optimal rota-
tion age for industrial plantations of Turkish red pine
indicates that with intensive silvicultural treatments
and on good sites, the optimum volume for harvesting
could be achieved as early as age 27 in the species
(USTA, 1991).

In Turkey, tree breeding programs were firstly initiat-
ed by delineating seed procurement and deployment
zones. Although selection of seed stands and plus trees
and establishment of first generation clonal seed
orchards were completed for many tree species in 1960s,
a systematic-long term breeding plan was not available
until preparation of ‘‘National Tree Breeding and Seed
Production Programme (NTBP) for Turkey’’ (KOSKI and
ANTOLA, 1993). With NTBP, five main tree species,
including Turkish red pine, were given the highest pri-
ority and defined as target species for intensive tree
breeding studies. 
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