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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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Due to the wide distribution of Turkish red pine in cli-
matically different regions, its breeding program has
been partitioned into six main breeding zones (Figure 1).
In the program, up to now totally 3014 phenotypically
superior plus trees have been selected from 139 high
quality natural stands (20344.6 ha.) representing the
species natural range. The selected plus trees have been
grafted in a total of 68 seed orchards. Furthermore, in
five of the six main breeding zones, progeny trials were
established with seed collected from the first generation
and genetically unrouged seed orchards (ICGEN et al.,
2006).

Wood specific gravity (WSG) is the most widely used
criterion for evaluating quality of wood and its strength
properties. Wood specific gravity itself is dimensionless
and defined as the ratio of the dry weight of wood sub-
stance to the weight of an equal volume of distilled
water at 4°C. Wood density, on the other hand, is the
ratio of the dry weight of wood to its volume and nor-
mally expressed as kilograms per cubic meter (kg/m3)
(BARBOSA and FEARNSIDE, 2004). In fact, wood density
and wood specific gravity are different ways of express-
ing the amount of actual wood substance present in a
unit volume of wood. WSG was primarily used in this
study, but either specific gravity or density can be calcu-
lated by knowing the other. The magnitude and direc-
tion of relationships between WSG and other related
traits (growth and wood characteristics) directly influ-
ence the genetic gain, and the quality of wood obtained
from intensively managed plantations (ZHANG and
JIANG, 1998; LOUZADA et al., 2002). Therefore, WSG was
selected as an ideal trait for genetic improvement in
NTBP (KOSKI and ANTOLA, 1993). Although WSG is com-
monly referred to as an individual trait, it is actually a
composite of several wood properties such as chemical
content of the wood, tracheid length, cell wall thickness,
cell diameter and latewood to earlywood ratio. These
properties contribute to the overall specific gravity of

wood. Thus, they may or may not be genetically indepen-
dent of each other (KAYA et al., 2003). 

There is surprisingly very little published information
dealing with genetic control of WSG and its relation to
other growth traits in Turkish red pine (KAYA et al.,
2008). Previous studies have mainly dealt with the
genetic control of the growth traits (IŞIK and KARA, 1997;
KAYA and IŞIK, 1997; IŞIK and IŞIK, 1999; ÖZTÜRK et al.,
2004). In the current study, the main objective was to
investigate genetic parameters concerning wood specific
gravity of young Turkish red pine progenies and its
genetic relation with growth traits (height, diameter,
stem volume) and tracheid length. Furthermore, it was
aimed to evaluate the potential of early selection in
WSG and volume for industrial plantation with short
rotation.

Material and Methods

Field trial

Due to its wide distribution in different ecological
regions, the Turkish red pine tree breeding program has
been partitioned into six main breeding zones based on
major climatic and geographical gradients and early
genetic test results. According to different elevational
ranges, these breeding zones were further divided into
subzones. Each subzone was considered as a separate
breeding unit. One of the these zones, which is the sub-
ject of this study, is a low elevation breeding subzone
(0–400 m) of Mediterranean Main Breeding Zone (Fig-
ure 1). To implement the Turkish Red Pine Breeding
Program in the Low-Elevation Mediterranean Breeding
subzone, a total of 168 phenotypically superior-plus
trees were selected from natural stands and grafted into
six seed orchards (Table 1). To test the 168 clones in
these orchards, progeny trials were established in 1998
at three sites (Fethiye, Antalya and Ceyhan in the
Mediterranean Low Elevation Zone; Figure 1). The trials

Figure 1. – Distribution and location of breeding zones for Turkish red pine (I. Mediterranean
II. Aegean, III. Marmara, IV. Amanos Mountains, V. Western Anatolian and VI. Black Sea
regions) and locations of low elevation breeding zone of Mediterranean region progeny trials
(A; Adana-Ceyhan1A, B; Antalya-Antalya1A, C; Antalya-Fethiye1A). Numbers indicate the
location of the seed orchards used in this study (3; Antakya-Uluçınar, 7; Mersin-Anamur, 
4; Mersin-Silifke, 5; Antalya-Alanya, 11; Antalya-Kumluca, 16; Antalya-Kemer).
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were coded as; Fethiye1A, Antalya1A and Ceyhan1A. All
the details related to those progeny trials were provided
in ÖZTÜRK et al. (2004).

Wood samples, used in this study, were collected from
168 open-pollinated half-sib families of Turkish red pine
from the Ceyhan1A progeny trial established in Adana
province (Figure 1). The Ceyhan progeny trial was
established with “R” (sets-in-replicates) type experimen-
tal design (Schutz and Cockerham, 1966). In this design,
four sets were established and then seven blocks were
placed into each set. Forty-two families were randomly
distributed into each set (Table 1). With this design,
each family in a set was represented with 28 (7 block x
4 trees in a row plot) trees. Additionally, seedlings from
6 families which were originated from six different  seed-
stands representing the Mediterranean region were
included into the Ceyhan progeny trial as check-lot
materials. In total, 5376 trees were tested in the prog -
eny trial (48 family/set x 4 trees/family/block/set x
7 blocks/set x 4 sets=5376).

Sampling for WSG and wood quality measurements

The Ceyhan progeny trial was established on agricul-
tural land and initial spacing between trees was
2 m x 3 m. At the age of seven years, this spacing
became inadequate for development of the trees. There-
fore, a systematic thinning program was initiated in
2005 by removing first and third trees in each four-row
plot. Determination of wood characteristics of Turkish
Red Pine was carried out using wood samples obtained
from the trees removed during the thinning of this trial
at age seven. Before removal, the diameter and height of
trees were measured and the north facing side was
marked at the breast height. Half of the total number of
trees were removed from the trial (48 family/set x
2 trees/family/block/set x 7 blocks/set x4 sets=2688). 

After felling, a 10 cm thick wood disk was cut from
each tree at 1.30 m above ground (at the breast height).

Although ZOBEL and TALBERT (1984) reported a high cor-
relation between breast height samples and whole-tree
density for many conifers, nevertheless, WSG variation
at different heights in the stem was also observed in
some tree species (ZOBEL and VAN BUIJTENEN, 1989).
Therefore, to have a better representation of WSG of the
whole tree, 10 cm disks were also cut at three different
stem heights (0, 1.30 and 4 m above ground) from a ran-
domly selected subset of 192 trees (48 families). The
bark of all sampled wood disks was removed to prevent
decomposition. Then, the wood discs were air dried and
stored at the room temperature until being prepared for
WSG measurement. 

Determination of wood specific gravity (WSG), 

Calculation of ring width-weighted WSG was done by
volumetric method, where the dry weight of a piece of
wood is divided by its volume (WILLIAMSON and WIEA-
MANN, 2010). Wood samples were cut from the south and
north sides of the wood disks into blocks of 2 x 2 x 3 cm
dimensions using a buzz saw. Wood samples taken from
the wood disks at the base of the trees included last four
annual rings (representing the ages of 4, 5, 6 and 7)
while the top (4 m) samples contained the last two
annual rings( the ages of 6 and 7). At breast height, the
samples included only 3 rings (5, 6 and 7 ages). To
approximate the conditions of natural saturation, each
wood sample was soaked in a water bath filled with dis-
tilled water and kept in the bath for two days until a
constant weight of samples was obtained. Saturated vol-
umes of samples were determined by the water displace-
ment method. Then, they were oven-dried at 102±3°C
for 48 hours until a constant dry-weight was obtained.
At the end, samples were weighed again to obtain oven
dry-weight of wood at 0% moisture content. The WSG
values of wood samples were calculated by computing
the ratio of the dry mass of the wood to its respective
saturated volume (BARBOSA and FEARNSIDE, 2004).

Table 1. – Origins of the families (clones) tested in first series Turkish red
pine progeny trial of Low Elevation Breeding Zone (0–400 m) of the Mediter-
ranean Ecoregion and their distribution to the sets in Ceyhan 1A progeny
trial.
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Determination of early and late wood proportions 
and tracheid length

To investigate the relationship between WSG and late-
wood proportion, 2 cm-disks were sampled from the
10 cm breast height disks removed from each tree. The
2 cm disks were sanded with an orbital sander to obtain
a clear surface. Then, each disk’s picture was taken with
a morphometric light microscope. These images were
subjected to a morphometric light microscope analysis
system (Leica Model MZ16, Germany) to measure annu-
al ring width and late wood width. The ring boundaries
in Turkish red pine have high color contrast so early
and latewood could be distinguished using this color
change. This color contrast differentiation was also asso-
ciated with changes in tracheid-lumen diameter from
earlywood to latewood. For this purpose, very thin slices
were taken from the 2 cm wood disks with a microtome
and changes between early to late wood examined with
a light microscope. When the changes of tracheid-lumen
diameters reached a two fold increase from early to late
wood, this zone was accepted as the transition from
early to late wood (GULLER, 2006). Latewood percentages
were calculated based on the latewood widths of the
growth rings divided by the total width of the rings.

Additionally, tracheid lengths also measured to inves-
tigate its relationships with WSG. For this purpose, all
families used to estimate WSG in the trial were firstly
grouped into three categories based on the magnitude of
the WSG values such as low, moderate and high. Then,
20 families were randomly selected from each group.
After taking the wood samples for WSG determination,
the remaining parts of the wood disks from breast
height of the trees were utilized for tracheid length mea-
surement. First, annual rings representing ages
between three to six was separated from the wood disks
and each ring was cut into pieces as the size of match-
sticks. Then, they were macerated in a boiling mixture
of acetic acid:hydrogen peroxide (1:1v/v). Furthermore,
the tracheid suspension was fixed to microscope slides
with a methyl blue solution that is used to dye tracheids
(GRAY, 1965). By using a light microscope (LEICA Model
MZ16, Germany), the lengths of 30 undamaged trachei-
ds, coming from both early and latewood, were measured
for each tree of a family (14 trees per family x 20 fami-
lies per WSG category x 3 WSG categories=840 trees) to
estimate an average tracheid length. 

Statistical analysis

Analysis of variance (ANOVA) and Multivariate
Analysis of Variance (MANOVA) for the studied traits
were carried out by using a Proc Mixed Procedure of
SAS (SAS INST, 2004). The following linear statistical
model was used to estimate the family component of
total variance in the traits and covariance components
between traits.

Yijkl=µ+Si +Bj(i) +Fk(i) +FBjk(i) + eijkl (Equation 1)  

where, Yijkl: Observed value of lth tree in the ith set, jth

block, kth family. µ: Experimental mean; Si: Environmen-
tal effect of ith set, i=1, 2, 3, 4; Bj(i): Effect of jth block in
the ith set, j =1, 2,…, bi; Fk(i): Effect of kth family in the ith

set, k=1, 2,…, fi; FBjk(i): Family-block interaction; eijkl:
Experimental error.

Individual heritabilities (h2
i) were calculated with the

following formula (LYNCH and WALSH, 1998).

(Equation 2)

where, �2
f: family variance, �2

fb: Family-Block interac-
tion, �2

e: Error variance and �2
a: Additive genetic vari-

ance (4 �2
f).

Family heritabilities (h2
f) were calculated by using the

following equations (LYNCH and WALSH, 1998). 

(Equation 3)

where, �2
f: Family Variance, �2

fb: Family-Block Interac-
tion, �2

e: Error Variance. C1 and C2 are the coefficients
for family variance and block-family interaction vari-
ance, respectively (SORENSEN and WHITE, 1988). C1 and
C2 coefficients were determined by equating the
observed mean squares with the TYPE III expected
mean squares which were calculated by the Proc GLM of
SAS (SAS INST, 2004).

Standard errors of both family and individual heri-
tability were calculated according to the Delta model as
described by LYNCH and WALSH (1998). Analyses of
covariance between traits were carried out to estimate
covariance components, which are used to determine the
genetic and phenotypic correlations. Variance compo-
nents were estimated by using PROC VARCOMP REML
option of SAS (SAS INST, 2004). Genetic correlations
(R g(x, y)) were calculated by the following equation
(FALCONER, 1981; KAYA et al., 1989).

(Equation 4)

where Rg(x,y) is estimated genetic correlation between
traits x and y, �2

fx is estimated family variance compo-
nents for trait x, �2

fy is estimated family variance for
trait y and Covf (x,y) is estimated genetic covariance
between traits x and y. The phenotypic correlations
between traits x and y were calculated as described in
KAYA et al. (1989). Standard errors of genetic and pheno-
typic correlations were calculated according to FALCONER

and MACKAY (1996) and KAYA et al. (1989). 

Estimation of Breeding Values (BV) and Genetic Gains

To bring the results of genetic trials into an applica-
tion, it is often useful to express the results in terms of
response to selection, or gain from selection. In this
sense, the calculation of breeding values (BV) is attrac-
tive because it allows breeders flexibility to choose par-
ents with high BV for a combination of traits (YANCHUK

and KISS, 1993). Breeding values for each family in the
present study were calculated via the best linear unbi-
ased predictors method (BLUPs) using Proc Mixed pro-
cedure with restricted maximum likelihood (REML)
option in SAS (SAS INST., 2004).
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As genetic gains from selection or breeding programs
are determined by a comparison with unimproved mate-
rials, combined checklots were treated and taken as the
baseline in the prediction of breeding values of families
in this trial. However, the average of estimated breeding
values, calculated by BLUP, is equal to zero. Therefore,
it is not possible to compare tested material with the
checklots. To overcome this problem, absolute breeding
values (ABV) were calculated by adding the general
mean of the traits to the breeding values. Then, genetic
gains were calculated as described in the sections below.

Genetic gain from rouged phenotypic seed orchard
(�Grso): In order to increase genetic gain in breeding
studies, seed orchards can be subjected to a genetic
rouging by leaving certain number of clone in the
orchards. Genetic gain from this type rouged seed
orchards were calculated with the following formula;

(Equation 5)

Where BVrf: The average breeding value estimated
from the top 20 families that are left in each seed
orchard, BVc: Average breeding value of checklots and
ABVc: Average absolute breeding value of checklots.

Genetic gain from clonal seed orchards (�Ggso): Estab-
lishment of a clonal seed orchard containing grafts from
clones having the highest breeding values is the best
way of maximizing the genetic gain in breeding pro-
grams. Genetic gain obtained from these orchards was
calculated by the following formula;

(Equation 6)

Where BVb: The average breeding value estimated
from the top 30 clones with the highest breeding values
from all the seed orchards. The other parameters are the
same as described in equation 5.

Results and Discussion

Progeny test means for Growth, WSG and Tracheid
Length Traits

Average family height, diameter and volume at age 7
were 685.2 cm (range: 322–1014 cm), 11.95 cm (range:
5.78–19 cm) and 43.3 dm3 (range: 8.8–113 dm3), respec-
tively. The average annual growth increments for height
(97 cm), diameter (1.71 cm) and volume (6.9 dm3) indi-
cated that the species has a high growth rate. Although
these results were based on only one progeny trial,
established in an agricultural area, the estimated high
type B genetic correlations among progeny test sites
including this series of progeny trials (Ceyhan1A)
ÖZTÜRK et al. (2008) suggest that the best families at
this site are likely to be the best one at other sites
(Fethiye1A and Antalya1A). This is further supported by
the strong positive genetic correlations (0.88) between
family performances for height at ages 4 and 8 based on
the data from three other test sites with the same fami-
lies (ÖZTÜRK et al., 2008).

Differences in WSG values for wood samples taken
from both the south and north sides of the wood-disks

were found to be statistically insignificant at P<0.01.
Therefore, all the other analyses were done and present-
ed using the average WSG values of these two type sam-
ples. The analysis of WSG results indicated that Turkish
red pine has quite superior wood with 0.438 WSG, rang-
ing from 0.350 to 0.620, at age seven. Despite the lack of
knowledge about transition zone from juvenile to
mature in literature for Turkish red pine, other studies
indicate that the number of rings from tree center will
determine whether or not mature wood is formed. This
transition zone was found to be about 15–20 rings in
Scots pine (FRIES and ERICSSON, 2009), 5–7 rings in
P. caribaea (Oluwadare, 2007), 8–9 rings in P. radiata
(ZAMUDIO et al., 2002) and 6–8 rings in P. elliottii
(HODGE and PURNELL, 1993). Our samples in this study
include only 7 rings, therefore, we may conclude that our
results mostly pertain to juvenile wood which is charac-
terized by low WSG, and short tracheid length. With
maturation of the wood, WSG or density will attain
higher values than the estimated average WSG of 0.438.
The findings of GÖKSEL and ÖZDEN (1993) support this
prediction and indicate that whole disk WSG values
increased from 0.433 at the age of 12 to 0.492 at age of
36 in Turkish red pine. The other studies on WSG values
reported similar results such as a WSG of 0.465 for 38
year old (RAYMOND et al., 2004) and 0.507 (GÜRBOY,
2007) for 80 year old Turkish red pine trees.

The age of transition from juvenile to mature wood
was mostly determined by assessing the number of
growth rings from the pith to bark with respect to signif-
icant changes for an important wood property such as
WSG, tracheid length or latewood-earlywood proportion
(JAYAICKKRAMA et al., 1997; HANNRUP and EKBERG, 1998;
ZAMUDIO et al., 2002; FRIES and ERICSSON, 2009). In the
current study, tracheid length measurements for differ-
ent annual rings indicated an increase from pith to
bark, however, significant increase in tracheid length
were observed only at age six (2.15 mm). There were no
significant differences in average tracheid lengths
among the other ages (1.83, 187 and 1.89 mm for the
ages 3, 4 and 5, respectively). ZOBEL and TALBERT (1984)
summarized that tracheid length is commonly less than
2 mm in juvenile wood and varies between 2.5 to 5.5 mm
in mature wood. GÜRBOY (2007) investigated fiber mor-
phology of Turkish red pine at different ages and found
an increase from 2.3 mm at ages 1–20 to 3.3 mm at ages
80–100. Therefore, significant change in the tracheid
length at age six in this study could possibly be
explained by initiation of transition from juvenile to
mature wood.

It has been reported in many studies that WSG varies
greatly with height in the stem (KOGA and ZHANG, 2004;
ZHANG and JIANG, 1998). While juvenile wood exists in
the form of an inner cylinder at the center of the bole,
mature wood is mostly produced at the base of the tree
as an extension of this cylinder (ZOBEL and VAN BUIJTE-
NEN, 1989). The result is that top logs consist mainly of
juvenile wood which has low specific gravity, whereas
the butt log of the same tree has more mature wood
with a higher specific gravity (ZOBEL and TALBERT,
1984). Vertical change in WSG along the stem in the cur-
rent study correspond well this variation from base to
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the top. The results indicated that average family WSG
decreased abruptly above the base and then remained
relatively uniform in the upper part of the stem (e.g.,
0.473, 0.437, and 0.430 for 0, 1.30 and 4.00 m levels of
stem height, respectively). These WSG differences
between breast height and top samples were not signifi-
cant at P<0.01 level. The differences in WSG along ver-
tical positions of stems could possibly be explained with
the initiation of transition from juvenile to mature
wood. 

HANNRUP et al. (2001) emphasized that size of wood
cells and the proportion of latewood have the strongest
correlation with WSG in wood. With multiple regression
analysis, they could explain up to 73% of the variation
in WSG. It is a known fact that the specific gravity of
latewood could be over three times that of earlywood for
a given ring. Although latewood to earlywood propor-
tions for the annual rings are largely controlled by the
growing conditions (temperature and rainfall) within
each year this proportion can also be altered indepen-
dently by transition from juvenile to mature wood
(ZOBEL and TALBERT, 1984). Many studies indicated that
from pith to outer wood, an increase in the latewood pro-
portion is associated with transition from juvenile to
mature wood (KOGA and ZHANG, 2004; FRIES and ERIC-
SON, 2009; ZAMUDIO et al., 2002). In this study, as in tra-
cheid length measurements, a significant difference
between annual rings for latewood to earlywood propor-
tion was observed only at the age six. Latewood propor-
tion at the age six was found to be 20%, while this pro-
portion was 9.24% and 9.15 for ages 4 and 5, respective-
ly. This change at the age six could also be explained by
transition from juvenile to mature wood when fiber
length measurement and vertical change in WSG along
with stem were considered. The annual rainfall in the
progeny trial sites for the years of 2002, 2003 and 2004
which correspond to the ages of 4, 5 and 6 were 635, 660
and 636 mm, respectively (B. Ozturk, Personal Com.,
Turkish State Meteorological Services, July 1, 2011).
From the precipitation data, it is doubtful that climatic
conditions may have caused the increase in latewood
proportion at the age of six. The apparent early-transi-
tion from juvenile to mature wood at the age 6–7 could
present an advantage to breeding studies with regard to
wood quality, when the rotation age of Turkish red pine
in industrial plantations is being considered as early as
about 30 years (USTA, 1991).

Genetic variation in WSG, tracheid length and growth
traits 

Analysis of variance revealed that all evaluated
growth traits, WSG and tracheid length at the age of
seven varied significantly at the family level (p<0.001)
(Table 3). Among various characteristics studied, growth
traits (stem volume, height, diameter) exhibit remark-
ably higher phenotypic variation (CV ranges from 15.2%
to 42.4%) than WSG (6.7%). Tracheid length exhibited
an intermediate variation (12.1%) (Table 2). The vari-
ance component due to families was significant at
p<0.01 for growth traits and accounted for 6%, 5.8%,
and 7.49% of the total variance for stem volume, diame-
ter, height, respectively (Table 3). Although WSG and
tracheid length exhibit less variation than the growth
traits, the family component of the variation was signifi-
cant and accounted for 10% of the total variance for
both traits. Significant family differences for WSG were
also reported in other pine species such as loblolly pine
(JAYAICKKRAMA et al., 1997) Ponderosa pine (KOCH and
FINS, 2000) and Pinus nigra (KAYA et al., 2003). 

Heritabilities

The heritability estimates for WSG indicated that
WSG is under strong genetic control in Turkish red
pine, with an individual heritability of 0.42 (±0.07) and
family heritability of 0.58 (±0.05) (Table 3). These heri-
tability estimates of WSG for Turkish red pine are com-
parable to those reported for other conifers (ZOBEL and
TALBERT, 1984). Several studies (NICHOLLS et al., 1980;
TALBERT et al., 1983; ZOBEL and JETT, 1995) reported
that individual heritabilities of WSG in pine species
range from 0.4 to 0.70 for juvenile wood. Tracheid length
also exhibited a strong heritability in this study. Individ-
ual and family heritabilties were found to be 0.42± 0.12
and 0.59±0.08, respectively. Reported heritability esti-
mates varied greatly for tracheid length in other species
(HANNRUP and EKBERG, 1998; HANNRUP et al., 2001;
FRIES and ERICSON, 2006). 

Individual heritabilities (h2
i) for height, diameter and

stem volume at age 7 were estimated as 0.55 (±0.09),
0.40 (±0.08) and 0.40 (±0.08), respectively. Family heri-
tabilities for the same traits were also high and estimat-
ed as 0.64 for height, 0.56 for diameter and 0.58 for vol-
ume at age 7. Individual heritability estimates for
growth traits were reported to be low, ranging from 0.15

Table 2. – Means, standard deviations (SDEV), ranges and coefficients of variation
(CV%) of selected growth and wood traits  for 168 families.
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to 0.25 for other pines (SHELBOURNE et al., 1997). Both
individual and family heritability estimates in this
study indicated that these traits are under strong genet-
ic control. Family selection seems to be effective way to
obtain high genetic gain for WSG and growth traits in
short terms as suggested in the National Tree Breeding
Program (KOSKI and ANTOLA, 1993). It is generally
known that heritability estimates may vary consider-
ably from one trial to another depending on the environ-
mental variation of the trial site. However, the result of
the study with the same materials (ÖZTÜRK et al., 2008)
for growth traits at age 8 for all progeny trials
(Fethiye1A, Antalya1A and Ceyhan1A) supported the
high heritability estimates. Especially family heritabili-

ty estimates from combined data from all three progeny
trials were in close agreement with the estimates of this
study (i.e., family heritabilities were 0.63 for height,
0.55 for diameter and 0.54 for volume at age 8).

Genetic correlations between WSG and growth traits

Genetic correlations between WSG and growth traits
such as height (rg =–0.03) diameter (rg =0.00) and stem
volume (rg =0.01) at the age 7 were found to be insignifi-
cant. On the other hand, there was a weak and negative
genetic correlation between WSG and tracheid length
(Table 4). After reviewing hundreds of papers dealing
with the effect of growth rate on wood density, ZOBEL

and VAN BUIJTENEN (1989) and ZOBEL and JETT (1995)

Table 3. – Estimated variance components (VC), their proportion in the total variance (%) and
some genetic parameters for wood specific gravity (WSG), growth traits and fiber length of a
Turkish red pine progeny trial at the age 7.

�2
s: Set variation; �2

b: Block variance in the set; �2
f: Family variance; �2

t: Total variance; 
�2

a: Additive genetic variance (4 �2
f); �2

pi: Phenotypic variance; �2
pfam: Phenotypic variance of

family means; h2
i: Individual heritability; h2

f: Family heritability; S.E: Standard error.
*: significant at p<0.05; **: significant at p<0.01; ns: non-significant.

Table 4. – Estimated genetic (top diagonal) and phenotypic correlations (below
diagonal) between wood specific gravity (WSG) and growth traits at the age of
seven. Standard errors of genetic correlations are in brackets.
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reported that there is either a weak positive genetic cor-
relation between growth rate and wood density in sever-
al genera (e.g., Picea spp. and Abies spp.) or little to no
meaningful genetic correlation (e.g., hard pines) between
these traits. Considering the degree of genetic and phe-
notypic correlations between WSG and growth traits,
genetic gains can be achieved by breeding for each trait
independently without loss of quantity and quality pro-
duction (ZHANG and JIANG (1998). Furthermore, some
studies (POT et al., 2002) have reported that selection for
WSG would not be expected to alter tracheid length. 

However, genetic correlations between tracheid length
and growth traits were positive and moderate (rg =0.37)
(Table 4). Also, genetic correlations between growth
traits were positive and quite high, as were phenotypic
correlations. Thus, selection of families with high diame-
ter growth would cause an indirect and positive selec-
tion on height growth, stem volume increment and tra-
cheid length.

Estimated Breeding Values and Genetic Gain

The existence of strong inheritance patterns and no
meaningful relationship between growth and WSG in
the current study encouraged us to estimate genetic
gain predictions from phenotypic and clonal seed
orchards of Turkish red pine. Although most growth
assessments were based on height, gains were increased
when volume growth was considered (ZOBEL and TAL-
BERT, 1984). Therefore, for genetic gain estimations
instead of all growth traits, stem volume along with
WSG was taken into consideration. 

The mean of absolute breeding values of all families
were 0.37% higher than mean value of the check-lots for
WSG though this difference was found to be insignifi-
cant. Among the seed orchards, except for seed
orchard#16 (Antalya-Kemer), breeding values for WSG

for the other seed orchards were above the mean breed-
ing values of the check-lots. However, only the seed
orchard’s #4 (Mersin-Silifke) yielded significantly high
genetic gain (Table 5). The highest mean WSG (0.438)
and genetic gain (1.3%) were estimated in this seed
orchard (Table 5). On the other hand, the mean of stem
volume-breeding values shows that considerable genetic
gain (8.6%) could be obtained by means of using seeds
produced from phenotypic seed orchards. Except for the
seed orchard #16 (Antalya-Kemer), which has the lowest
breeding value for WSG, all the other seed orchards’
breeding values were above the mean breeding value of
the check-lots. From these results, it could be proposed
that seeds produced from the seed orchard #16 (Antalya-
Kemer) should be avoided for plantations.

In tree breeding studies, the highest genetic gains are
obtained when only the best parents from each seed
orchard are brought together in new seed orchards (1.5
generation orchards). In this regard, if a 1.5 generation
clonal seed orchard was established with the best 30
open pollinated families from all seed orchards depend-
ing on the WSG and stem volume traits, estimated
genetic gains were calculated as 5.2% and 35%, respec-
tively (Table 5).

Calculations of genetic gains based on just one trial
may be considered as unreliable parameters, especially
considering that this progeny trial was established on
agricultural land. However, like in estimated heritability
and other genetic parameters, results for growth traits
from all first series progeny trials with the same materi-
als at age 8 indicated the consistency of the results of
this trial with other progeny trials (ÖZTÜRK et al., 2008).
For stem volume, genetic gain was found to be 10.1%
with respect to control, while a 1.5 generation seed
orchard with the best 30 clone produced 30.7% genetic
gain for the same trait. Similar to the results of the pre-

Table 5. – Average breeding values (ABV) of the seed orchards and genetic gains from phenotypic
and clonal seed orchards.

** significant at p<0.05 ns; nonsignificant.
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sent study, the seed orchard#16 (Antalya-Kemer) again
had the worst performance in terms of growth traits in
all other progeny trials at age 8 (ÖZTÜRK et al., 2008).

Although there are many reports in the literature
dealing with genetic gains in volume growth, there are
limited number of reports for genetic gain from WSG
because WSG was not justified as a selection criterion
for many breeding programs. The results of estimated
genetic gain for WSG in this study correspond well with
the results of HANNRUP et al. (1998) and STENER and
HEDENBERG (2003). In the latter study, genetic gain for
WSG was estimated to be approximately 2.7% for the
selection of best 20 families in Pinus sylvestris. HOLLO -
WELL and PORTERFIELD (1986) suggested 8–15% volume
gain at rotation age for Pinus taeda with a single cycle
of selection and roguing of 30–55% individuals in the
seed orchard.

Conclusion

Although the results of this study were based on only
one trial, introducing WSG as a selection trait in Turk-
ish red pine breeding program can be justified by the
results presented from other progeny trials and strong
inheritance of WSG and tracheid length. High individ-
ual and family heritabilities of WSG, tracheid length
and growth traits, insignificant genetic correlations
between wood quality and growth traits in Turkish red
pine indicate great potential to improve these traits in
the future generation through genetic selection. Family
selection for wood quality and growth traits could be
practiced as an effective way to obtain genetic gain in
the short terms, especially for short rotation-industrial
plantations. However to have maximum economic value
with the improvement of WSG and growth, a multi-trait
selection index should be developed by giving appropri-
ate weight to each trait according to its relative econom-
ical importance and genetic parameters. Such index
selection will provide the flexibility to breeders during
culling of families at later ages in the future. 
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