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Abstract

Aim of study: Forest geneticists developed various methods to predict an early selection age for forest tree species in order to shorten
the breeding cycles. This study aims to estimate age-age correlations among diameter growth of trees at different ages and predict early
selection age for Pinus brutia Ten.

Area of study: P. brutia populations in the study were sampled from the most productive distribution range of the species, which is an
important forest tree in the eastern Mediterranean Basin. To understand genetic variation and determine early selection age for the species,
a common garden experiment was established in two test sites near Antalya city, Turkey, in 1979.

Materials and methods: Wood increment cores at breast height were collected at age 30 years, and diameters (dbh) were measured for
the ages 13, 15, 19, 21, 23, 25, and 27 years on the cores. Diameters at ground level (dgl) and dbh were also measured on live trees at age
35. Variance components, age-age correlations, heritability and selection efficiency were estimated for the diameters.

Main results: Age-age genetic correlations for diameters were high (mostly > 0.90). Genetic correlations between dgl (at age 35)
and dbh (at all measurement ages) ranged from 0.84 to 0.99. Regressions of genetic correlation on natural log of age ratio (LAR) of
juvenile age to older age were significant (P < 0.0001). Selection efficiencies estimated by employing the prediction equation indica-
ted that for rotation age 40, the optimum selection age would be between 3 to 5 years, and for rotation age 100 it would be between
5 to 9 years.

Research highlights: The results of this study provide information that can be used to find early selection ages in P. brutia. On relatively
poor test sites most trees may not attain enough height growth to have measurable dbh trait. In such cases, dgl and/or tree height traits (both
of which are highly correlated with dbh traits of all ages) can be measured and used instead of dbh trait for evaluations.
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Introduction Consequently, in tree breeding programs theoretical

models have been developed and implemented to de-

Selection and breeding of plant species require ge-
netically screening the best individuals for a “desired
character”, traditionally at harvest time (direct selec-
tion). This process is relatively easy in short-rotation
agricultural crop species (Lin et al., 2014). However,
forest tree species are long-lived, and many years are
needed to detect and evaluate the desired character,
which is usually “wood volume" in most tree impro-
vement programs (Libby, 1973; White et al., 2007).

tect and select best genotypes at early ages (indirect
selection) (Lambeth & Dill, 2001; Osorio et al., 2003).
To maximize genetic gain, genetic and / or phenotypic
correlations among different ages need to be estimated
(Xiang et al., 2003; Rweyongeza, 2016). This process
is typically known as “age-age correlations” in addi-
tion to “juvenile age (young) - mature age (older, har-
vest) correlations” in the literature (Gwaze et al., 2000;
White et al., 2007; Isik et al., 2010).
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Tree height, dbh (diameter at breast height), and wood
volume are typically the analyzed traits for age-age corre-
lations in timber-oriented breeding programs. Tree height
and tree diameter are the major components of wood vo-
lume and so are the ones mostly used in early selection
estimates. In estimating early / optimum selection age,
age-age genetic and phenotypic correlations have been
reported for the above traits for various forest tree species.
For example, McKeand (1988), in a study on 18 tests on
Pinus taeda, found that optimum selection age for selec-
ting the top families ranged from 3 to 10 years, the grea-
test expected gain per year being between ages 6 and 8
years. Cotterill & Dean (1988), based on observations by
age 16 years on Pinus radiata, a relatively fast growing
pine species, suggested that optimum ages for early se-
lection on height growth could range from 2.5 years to
6.5 years. However, they also cautioned that, regardless
of the test site conditions, trees should reach around 10 m
height before deciding on early selection age. Xie & Ying
(1996), measuring height of trees from 42 open-pollinated
families of Pinus contorta ssp latifolia in Canada, found
that annual genetic gain was maximized at selection age
seven years. Jansson et al. (2003) reported on Pinus syl-
vestris progeny test sites in Sweden in which optimal age
for parental selection for height on this relatively slow
growing pine was about 11 years. The estimated optimal
ages in the southern test sites in Sweden were several
years earlier than that in the northern ones.

Turkish red pine (Pinus brutia Ten.) is a native and
important forest tree species both economically and eco-
logically in the eastern Mediterranean Basin, mostly in
southern and western parts of Turkey. It is a relatively
fast growing tree species (annual increment in plantations
over 10 m® / ha) compared with other Mediterranean co-
nifers. The harvest age of the species could range from 30
to 100 years depending on the desired wood quality, seed
origins and plantation site conditions (Boydak, 2004). P
brutia covers about 5.6 million ha of forest land, which
constitutes 25.1% of the total forest areas in Turkey. The
altitudinal distribution range of the species begins at sea
level and goes to 1500 m, thriving under diverse ecologi-
cal conditions on the Taurus Mountains (Boydak, 2004;
TOD, 2019).

Earlier studies reported large variabilities in various
growth characteristics among and within natural popula-
tions of P. brutia. For example, Isik (1986) working on
seedling traits of P. brutia in nursery found significant
differences on growth characters among different popu-
lations. Even at the nursery stage, close relationships of
seedling growth characters with the altitudes of seed sour-
ces suggested that the species shows a clinal variation,
with locally adapted races. Isik & Kaya (1997) reported
that, when the trees were six years old, middle elevation
populations had better height growth and better uniformi-
ty than both the lower- and higher-elevation populations

Forest Systems

on provenance test sites. Furthermore, isozyme analyses
in the same study indicated that populations originating
from middle-elevations have a higher heterozygosity le-
vel and higher numbers of alleles per locus, which means
higher genetic variability within the middle-elevation po-
pulations. Isik & Isik (1999) collected and analyzed data
from individual trees cut during the thinning process, first
at age 13 and then at age 17 years at the same test sites
as the present study. Their study on genetic variation of
certain crown and branching traits of P. brutia showed
that populations from higher altitudes exhibited relatively
shorter branches, wider branch angles, and longer and
narrower crowns. Isik et al. (1999) also assessed certain
growth, stem quality and biomass characters on the same
material cut during the thinning process. Populations ori-
ginating from middle altitudes showed better growth, ex-
hibited more desirable bole straightness and allocated a
higher proportion of biomass to the stem. When the trees
in the same experimental sites were 30-year-old, Guller et
al. (2011, 2012) studied wood density traits of P. brutia.

Kurt et al. (2012) provided new information on gene-
tic diversity of P. brutia, using both cpSSR markers and
quantitative traits. They suggested that genetic diversity
in the species, particularly in quantitative traits, is more
associated with altitude of seed sources than with geo-
graphical proximity among populations in the Antalya
region. Their overall analyses suggested that P. brutia has
higher levels of quantitative differentiation than of mole-
cular genetic differentiation.

This study on P. brutia is the first of its kind on age-
age correlation and on estimation of optimum selection
age related to a native forest tree species in the eastern
Mediterranean basin. We expect that this study will also
set the example for similar studies on provenance + pro-
geny studies on other forest tree species in the region. Our
objective is to estimate relevant genetic parameters and
age-age correlations in order to predict optimum age for
early selection. For this purpose, we measured diameters
of the same trees at eight different ages growing on two
35-years old provenance + progeny test sites.

Materials and Methods

Plant materials, test sites and data collection

The plant material included six natural populations of
Pinus brutia from two altitudinal transects extending from
the Mediterranean coast up to 1100 m on the Taurus Moun-
tains (Fig. 1). The cones (seeds intact) were collected from
10 mother trees within each population and kept separate
by mother trees. There were at least 100-meter distance
between any two mother trees in a given stand. Therefore,
trees derived from the seeds of a given mother tree were
considered half-sibs. The seeds were first sown by mother
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Figure 1. Location of Turkish red pine populations (S, M, K,
D, B, and H, dark circles) and common garden test sites (Kp
and Dz, squares) in the study (see also Table 1) (Modified from
Kurtet al., 2011, 2012).

tree at Zeytinkdy forest nursery near Antalya, and then
were transferred as 1 + 0 seedlings to common garden test
sites in 1979 in southwestern Turkey (Fig. 1, Table 1). The
sampled population names and the test site codes in the rest
of the text are abbreviated as they appear in Table 1.

The experimental design at the test sites was non-con-
tiguous single-tree plots in a randomized complete block
with three interlocked replications (Libby & Cockerham,
1980; Isik, 1988). At each replication, there were six pro-
venances (populations), 10 families (mother trees) within
each provenance, and 10 trees (half sibs) within each fa-
mily. Therefore, initially there were 600 trees on each of
the three replications. This design allows systematic thin-
ning by sequentially removing one replication at a time
when trees reach a competing stage. Trees in the third re-
plication (initially 600 trees) may be left until harvest age
for additional studies on mature tree traits. By the time of
data collection for this study, two of the replications wi-

thin each test site had been thinned, and the cut trees were
used to evaluate growth, biomass, stem quality (Isik et
al., 1999), branching and crown traits (Isik & Isik, 1999).

For diameter (dbh) data we collected wood increment
cores (12 mm thick) at breast height (1.3 m) from bark to
pith of all live trees, by taking one core per individual tree.
When mortality and the cut trees were not counted, there
were 1010 live trees at the two test sites. Trees at the test
sites were 29 years old at the time of increment core sam-
pling. The core samples were processed and made ready for
diameter measurements as described in Guller et al. (2011,
2012). Diameter values (in mm) of trees at seven different
ages (13, 15, 19, 21, 23, 25, and 27 years) were obtained,
and 852 trees belonging to 60 families were included in sta-
tistical evaluations. We also measured two other diameter
characters on the same trees at age 35 years [i-the diameter
at ground level (dgl) (taken 30 cm above the ground, above
bark), ii-dbh (both under- and above bark)].

Statistical analyses

ANOVA (Analysis of Variance) tests are crucial to es-
timate genetic parameters in quantitative genetic studies
(Becker, 1992; Falconer & MacKay, 1996; Lynch & Walsh,
1998). Depending on the design of the experiment in ques-
tion, models and types of ANOVA tests can differ conside-
rably. Any error in determining a proper ANOVA model for
a given experimental design would lead to misestimating
of variance components and relevant genetic parameters.
Therefore, we first determined an appropriate ANOVA mo-
del to fit to the study’s experimental design (Hicks, 1964;
SAS, 2011; Sokal & Rohlf, 2012). Considering the experi-
mental design in our study [i.e., 2 test Sites, 6 Populations
within each test site, 10 Families (mother trees within each

Table 1. Information about the locations of (A) Pinus brutia seed origins and (B) common garden test sites included in the study

(see also Fig. 1).

A. Populations sampled

Sampled populations (Provenances = Transect Mean Altitude Latitude Longitude Nearest
Seed origins), Name (Code) (m., asl.,) N) (E) settled locality
Sarilar (S) East 92 36°48° 31°26° Sarilar
Murtbeli (M) East 490 37°00 31°24° Beydigin
Kapan (K) East 933 37°06° 31°24° Beydigin
Doyran (D) West 61 36° 52 30°32° Doyran
Buk (B) West 480 36° 58’ 30°26° Buk
Hacibekar (H) West 1033 37°19° 30°11° Hacibekar
B. Test sites included in this study
Test sites Transect  Altitude (Elevation)  Latitude Longitude Soil type
Name (Code) (m., asl.) N) (E)
Kepez (Kp) West 90 36°55° 30°36° Sandy loam
Duzlercami (Dz) West 350 36° 58’ 30032 Sandy loam
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population) and initially 10 individual trees (observed trees,
i.e., half sibs) within each family], we applied the ANOVA
Model as in Equation 1 (Falconer & MacKay, 1996; Lynch
& Walsh, 1998; White ez al., 2007; SAS, 2011):

Yix=pn+ Si+ P;j+ SPj + F(P) « i)
+ SF(P) ixg) + eijn)

(Eq. 1)

Where:

Yijkl = Observation on the /’th tree in the £’th family in
the j’th population in the i’th Site;

p = Overall mean; Si = Effects due to i’th site; Pj = Effects
due to the j’th population; SPij = Effects due to interaction
between site and population; F(P)k(ij) = Effects due to the
k’th family in the j’th population in the i’th site; SF(P)ik(j)
= Effects due to interaction between site and family; eigw=
Normally and independently distributed random deviation
of I’th tree, of family £, in population j, in site i.

Populations (P;) were analyzed as fixed effects, whe-
reas sites (S;) and mother trees (families) within popula-
tions [F(P) (] were considered as random effects in the
model. Variance components of random effects were es-
timated based upon the expected mean squares derived
from this model and are presented in Table S1 [suppl.]
(Becker, 1992; Sokal & Rohlf, 2012).

Broad sense (family means, H?%;) heritabilities were
estimated as defined by Becker (1992) and Falconer &
Mackay (1996) by:

H?% = 6%(P) / 6*¢ (Eq. 2)

Where: H% = Family means (broad sense) heritabili-
ty; o%(P) = Variance caused by family differences within
populations;

= 0%(P) + 0%y / 8 + 6% / (s X 1)

Details of these and other abbreviations derived from
the ANOVA test are shown in Table S1 [suppl.]. Standard
errors of broad sense heritabilities were estimated accor-
ding to Anderson & Bancroft (1952), as cited and detailed
in Isik & Isik (1999).

Genetic correlation coefficients (rg;y) between any two
observed J-M character pairs were estimated as in Falco-
ner & Mackay (1996), by applying:

rommo = COVim / (\/ o g X Vo “om) (Eq. 3)

Where:

ram-o: Genetic correlation coefficient calculated (ob-
served) for any two dbh characters based on measured
data at early (J) and later (M) ages.

COVgu: Genetic covariance for ages J and M,

0% : Genetic variance for diameter for an early age, J,

ogm : Genetic variance for diameter for a later age, M.

Genetic variances (0% and / or o%gy) of each diame-
ter character for a given age, and genetic covariances
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(COVgiy) of each character pairs for any early (J) and any
later (M) age were estimated by applying PROC GLM,
MANOVA option (TYPE III SS and TYPE III SSCP Ma-
trix tables) in SAS (2011).

Developing a prediction equation for Pinus brutia

Lambeth (1980) developed a linear regression mo-
del to predict the genetic correlation coefficient (rgpp)
between any two different ages (J and M), by applying
available data from certain species of Pinaceae family.
Following Lambeth’s approach, we developed a predic-
tion equation specific to P. brutia for the diameter cha-
racter. At the first step, we calculated observed genetic
correlation coefficients (rgm.0) for 28 pairwise dbh com-
binations by employing Eqn. 3. Secondly, we applied re-
gression analyses by using LAR values as independent
variable (on X axis) and rgn.o values (on Y axis) [PROC
REG, SAS (2011)]. We then estimated “a” and “b”
coefficients, and from there developed a prediction equa-
tion applicable to diameter characters for any J and M age
pairs of P. brutia. The regression equation thus obtained
(Eq. 7 in the “Results” section) could be employed to pre-
dict rgpp values between ages beyond measurement ages.

Estimating genetic gains
Genetic gain based on direct selection at mature (M)

age is expressed from the following equation (Lambeth,
1980; Jansson et al., 2003):

Gy = iy X H2py % (“/GZTF) (Eq. 4)
Where:
Gy = Genetic gain based on direct selection at mature
age,

iy = Selection intensity at age M,

H?y = Family means (broad sense) heritability at age M,

o’rp = Total Phenotypic variance (as defined under
Eqn. 2).

Correlated (predicted) Genetic gain at age M based on
indirect selection at an early age (J) was estimated accor-
ding to equation (Lambeth, 1980; Jansson et al., 2003;
Xiang et al., 2003; Isik et al., 2010):

CGwmy =1y X Hpy X Hpm X rgpm p X (\lczTFJ) (Eq.5)

Where:

CGy; = Correlated (predicted) Genetic gain at age M
based on indirect selection at age j,

i; = Selection intensity at age J,

Hg; = Square root of Family means (broad sense) heri-
tability at age J,
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Hgy = Square root of Family means (broad sense) he-
ritability at age M,

o’r¢ = Total Phenotypic variance.

In our study, we assumed that i, = iy, = 1.365 (Falconer
& Mackay, 1996). This value corresponds to backward
family selection of top 20% of 60 families included in the
study (i.e., 12 out of 60 in the study).

Genetic gain per year was estimated for both di-
rect (Gypy) and indirect (CGypy) selection as the ratio
between the relevant estimated genetic gain and the
corresponding assessment age, T (McKeand, 1988; Xiang
etal.,2003). Before completing the calculations of genetic
gain per year values, an additional time “t”, which is the
time required to complete the breeding cycle, needs to be
added to T. We assumed “t” to be 3 years for P. brutia [i.e.,
time needed to establish the next generation in the field
(collecting seeds + growing seeds in nursery for one
year + transferring to the field), following comple-
tion of juvenile selection in the previous generation]

(McKeand, 1988).
Estimating per year selection efficiency

Selection efficiency per year (SEgpy) is simply the ra-
tio of gain per year between indirect selection and direct

selection (Lambeth, 1980; Xie & Ying, 1996; Falconer &
Mackay, 1996; Jansson et al., 2003; Xiang et al., 2003).
In short, it is shown as:

SEgpy = CGwmpy / Gupy

When the values on the right side of the equation are
replaced by their equivalents (and assuming i; = iy), then
the full equation becomes:

SEcpy = CGmipy/ Gmpy = [(HFJ X rGJM-P)

/(He)] % [ Tw/T) ] (Eq. 6)

As Hg; value in Eq. 6, we used the corresponding heri-
tability values estimated for each diameter as presented in
Table 2B. For early ages before the first measurement at
age 13, we used the same value as that of age 13 (i.e., H%;
= 0.217). For later (older) ages beyond age 35, we used
the value as that of dbh age 35 (i.e., H%y = 0.282) for the
related calculations. SEgpy can be predicted for any harvest
age such as 40, 45, 50, ..., 100 years, using rg;y.p Values.

Results
Growth trends of dbh characters at the test sites

There were statistically significant differences
between the two test sites at all ages. Differences among the

Table 2. Variance components (A) and heritability values (B) for tree diameters (dbh and dgl) at different measurement ages in Pinus
brutia (“dbh” = diameter at breast height; “dgl” = diameter at ground level).

A-Variance components in absolute and percent values (% value for each characteristic in a column is shown in parenthesis)

Source of variation

Diameter characteristics (Traits)**

(and Variance)* dbh13 dbhls dbh19 dbh21 dbh23 dbh25 dbh27 dbh35  dgl35%*
S, (6%) 262 432 822 1098 1454 1903 2302 1715 3293
(23.5) (32.2) (42.8) (47.0) (51.1) (54.2) (56.0) (48.7) (50.7)
P, (6%) 46 50 59 70 82 103 118 77 273
4.2) (3.3) 3.1 (3.0) (2.9) (2.9) (2.9) (2.2) 4.2)
SxP, (c%p) 38 38 41 43 48 57 66 67 112
3.4) (2.8) 2.1 (1.8) 1.7 (1.6) (1.6) (1.9) 1.7
F(P), (6%kr) 21 22 30 37 41 50 54 62 130
(1.8) (1.6) (1.5) (1.6) (1.4) (1.4) (1.3) (1.8) (2.0)
SXF(P)(0%skp)) 51 63 70 72 84 98 116 104 170
4.5) 4.7 3.7 3.1 (3.0) (2.8) (2.8) (2.9) (2.6)
Within (Error) (c%) 699 737 899 1016 1134 1300 1456 1500 2523
(62.6) (54.9) (46.8) (43.5) (39.9) 37.1) (35.4) (42.5) (38.8)
Total 1117 1342 1921 2336 2844 3511 4112 3525 6501
(100) (100) (100) (100) (100) (100) (100) (100) (100)
B- Family means heritability values [H?F, and their Standard Errors (in italics)]
dbh13 dbhl15 dbh19 dbh21 dbh23 dbh25 dbh27 dbh35 dgl35%*
H% 0.217 0.205 0.235 0.257 0.253 0.261 0.250 0.282 0.332
0.481 0.483 0.480 0.475 0.476 0.472 0.474 0.467 0.456

*S: Sites; P: Populations, F: Families. The remaining abbreviations are the same as in Table S1 [suppl.].
** dbh13, ... dbh35: Diameters (under bark) at breast height at ages 13 ... 35 years. And, dgl35: diameter above bark at ground level at age

35 years.
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populations within the test sites and among families wi-
thin populations were also significant. Population by
Site interactions were significant for all the diameter
characters studied. Since our primary aim in this arti-
cle is to focus on prediction of early selection age, de-
tails of the ANOVA tests on diameter characters are not
presented here.

Mean dbh at age 13 years was 50.3 mm at Kp, and 74.1
mm at Dz test sites. By age 35, they reached to 129.7 mm at
Kp, and 189.9 mm at Dz (Fig. 2). At the Kp test site (loca-
ted at low elevation), low elevation populations (S and D)
showed the fastest dbh growth, and high elevation popula-
tions (H and K)) showed the slowest dbh growth (Fig. 2A).
At the Dz test site (located in mid-elevation), population M
(from a mid- elevation) exhibited distinctly the fastest dbh
growth through all observed ages. Population M was also
racing for the second rank at the Kp test site (Fig. 2A, 2B).
Population H, is also the slowest growing origin at the Dz
test site, as it is at the Kp test site (Fig. 2B).

Trends in variance components and heritabilities

As expected, the error (within sites) variance showed
a high proportion (i.e., 63%) at age 13, declining steadi-
ly until age 27 years, after which it remained around 40%
(Fig. 3). The site effect arising because of environmental
differences between the test sites was also high. Its propor-
tion was 23% at age 13 years, it doubled (56%) by age 27,
and smoothed down to 49% by age 35. Each of the other
variance components (population, site x population, site X
family, family within population) were less than 5%, up to
the latest observation age of 35 years (Table 2A, Fig. 3).

Family means (broad sense) heritability values for dbh
trait steadily increased from 0.21 to 0.28, remaining within
a relatively narrow band through the measurement ages
(Table 2B). Heritability of dgl was slightly higher than the
others (i.e, 0.332). Standard errors for heritabilities were
quite high compared to heritability values (Table 2B).

The age-age correlations

The results based on dbh data of P. brutia showed that
the genetic age-age correlations were positive and ra-
ther high (mostly > 0,90) (Table 3). As the age interval
between any two dbh character pairs increased, age-
age correlation between them gradually decreased. For
example, genetic correlation between dbh13 and dbhl15
was very strong (rg = 0,99), whereas this value became
smaller between dbh13 and dbh35 (rg = 0.72 yet;
statistically still significant). There were also strong ge-
netic correlations between ground level diameter at age
35 (dgl35) and dbh characters of trees at all ages, ranging
from 0.84 to 0.99 (Table 3).
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Figure 2. Age trends in diameter growth (mm) of six different
populations (S, D, M, B, K, H) from age 13 to age 35 years
at two Common Garden Experimental Sites in Pinus brutia
(broken line indicates the overall test site mean. Test Sites:
A- Kepez, B- Duzlercami).
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Figure 3. Age trends in variance components (%) for dbh (dia-
meter at breast height) in Pinus brutia. (Variances due to: S
= Sites; P = Populations; SXP = Interaction; F(P) = Families
within P; SxF(P) = SitesxFamily interaction; Within = within
families).
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Table 3. Observed genetic correlation coefficients (rgv) among diameter pairs measured at different ages on Pinus brutia

Diam.* dbh13 dbh15 dbh19 dbh21 dbh23 dbh25 dbh27 dbh35  dbh35bq
dbh15 0.99 -

dbh19 0.99 0.98 -

dbh21 0.99 0.99 0.98 -

dbh23 0.98 0.97 0.96 0.99 -

dbh25 0.96 0.95 0.94 0.98 0.99 -

dbh27 0.95 0.93 0.93 0.98 0.99 0.99 -

dbh35 0.72 0.72 0.78 0.86 0.91 0.94 0.95 -

dbh35by 0.76 0.75 0.81 0.89 0.93 0.96 0.97 0.98 -
dgl35b# 0.84 0.86 0.85 0.91 0.96 0.98 0.99 0.96 0.99

* . dbhl13. ... dbh35: Diameter (under bark) at breast height at ages 13 ... 35 years.
9 :dbh35b: Diameter above bark at breast height at age 35 years.
# dgl35b: Diameter above bark at ground level at age 35 years.

Prediction equation for Pinus brutia

We developed an equation to predict genetic correla-
tion coefficients for any two dbh characters for any J and
M ages in P. brutia (Fig. 4). Prediction equation for the
dbh traits of P. brutia can be expressed as:

Iomp = 1.034 +0.241 x LAR. (Eq. 7)
We used rgvp values to estimate selection efficiencies
and optimum early selection year.

Selection Efficiency per Year

Estimated selection efficiency per year (SEgpy) values
for different selection ages (J) and harvest (rotation, M)

V4
=]
=
=2
§ w o
& 09 rGJM =1.034 + 0.241 x LAR ]
S R2=0,538
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0 0,85 =
=
=
2 o8 .
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LOG VALUE OF JUVENILE/MATURE RATIO (LAR)

Figure 4. Prediction of genetic correlation coefficients (rgu) on
Y axis, using LAR values on X axis for Pinus brutia dbh (dia-
meter at breast height) (Each square dot on the graph represents
observed rgpy values on Y axis for each character pair as seen in
Table S2 [suppl.].

Forest Systems

ages are presented in Table S2 [suppl.]. Rotation age for P
brutia may differ depending on various management deci-
sions and plantation site conditions. In Table S2 [suppl.],
we presented five different rotation ages ranging from 30
to 100 years. Selection age, J, which corresponds to the
highest SEgpy value in a given harvest age, is determined as
the optimum selection age for the relevant harvest age. For
example, if the harvest age has been decided as 60 years
for future plantations, then the highest SEgpy value is 3.020,
which corresponds to optimum selection age 4 years in the
first column (Table S2 [suppl.]). The highest SEgpy value
under each harvest age is written in bold and underlined.
Values with plus (+) sign (and the values between two +
signs) in a given column are within the range of 95% of the
related optimum SEgpy value in the same column. Depen-
ding on harvest age of future plantations and considering
the 95% values of optimum SEgpy values, we found in P
brutia that early selection ages for selecting families ranged
from 3 to 9 years, whereas optimum selection ages were
between ages 4 to 6 years (Fig. 5).

Discussion

Test sites differences: Larger diameter growth at the
Dz test site than the Kp test site at all ages could be at-
tributed to environmental differences between test sites.
Dz has a first quality site class conditions (index 19,8),
whereas Kp is second class (index 13,7) (Usta, 1991). In
addition, the Dz site is located on a relatively higher ele-
vation (Table 1) and likely to receive more rainfall than
the Kp site (Kantarci, 1991).

Population variation: The differential growth perfor-
mances of the populations at the test sites can be explai-
ned mainly by two interrelated factors: One is the widely
accepted theory that “local populations (or local races) are
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—B—Harvest Age HA30 —&—HA40 --%--HA60 —A&—HA80 --e¢--HA100

35

25 }

SELECTION EFFICIENCY PER YEAR

15

1
[} 2 4 6 8 10 12 14 16

EARLY SELECTION AGE (Juvenile, Year)
Figure 5. Trends in selection efficiency per year (SEgpy) in re-
lation to early selection ages for different rotation (harvest) ages
(HA) of 30, 40, 60, 80 and 100 years). [The peak point on each
curve for a given HA indicates the optimum selection age for the
corresponding rotation age].

usually the best adapted populations in an area” (Zobel &
Talbert, 2003; White et al., 2007; Vander Mijnsbrugge et
al., 2010; Boshier et al., 2015). Aside from the results at
early ages, our dbh data at age 35 supports the theory of
adaptive superiority of local races, such that low elevation
populations (S, D) showed the fastest growth at the low
elevation test site (Kp), while mid elevation population
(M) performed the best at the mid elevation site (Dz).

The second factor mightbe the advantages ofrich gene
pool diversity, which bestows central populations with
higher adaptability. Namely, the seed source of popu-
lation M is located at the central part of both the ver-
tical and horizontal distribution range of the species,
and thus has higher gene pool diversity because of gene
flow from both the lower and higher elevation popu-
lations. On the other hand, the seed source of popula-
tion H is a peripheral population located at the upper
margin of the vertical distribution range of the species,
and thus has less gene pool variation and would be ex-
pected to be under a higher risk of selective pressures.
Indeed, isozyme analyses (Isik & Kaya, 1997; Kaya et
al., 1997), RAPD (Kurt et al., 2011) and SSR markers
(Kurt et al., 2012) also demonstrated that, when com-
pared with the others, population H has a lower genetic
variation.

Variance components: High proportion of Within
(Error) variance at early ages is a common pattern in
provenance + progeny trials of forest trees (White et al.,
2007; Diao et al., 2016). The high Site effect in the study
is attributed mainly to ecological differences associated
with plantation sites (Li et al., 2017).

Forest Systems

Statistically significant interactions between sites x
populations indicate that genotypes of populations res-
pond differently to different environmental conditions in
expressing their quantitative traits. This differential res-
ponse is not a surprising result for P. brutia which is a
relatively complex species with relatively high variation
and locally adapted populations in diverse altitudinal and
associated climatic environments throughout its distri-
bution range (Isik, 1986; Isik & Kaya, 1997; Kurt et al.,
2012). Such adaptations and genotype x environment in-
teractions are common phenomena in P. brutia (Kaya et
al., 1997; Isik et al., 2000; Dangasuk & Panetsos, 2004) as
well as in many other forest tree species (Li et al., 2017).

Heritability values: Cornelius (1994), in his review on
67 published paper on various forest tree species, about
70% of which are pine species, reported that “heritabilities
of height, diameter, volume, branching traits and straight-
ness are generally below 0.4 and frequently in the range
of 0.1 — 0.3”. Isik et al. (1999) found that on 17 years old
P. brutia at the same test sites as the present study, family
heritability for dbh (under bark) was 0.20, which is rather
consistent with the results of the present study. The family
heritability values in the present study are also in accord
with different pine species such as Pinus radiata (0.38;
Burdon & Banister, 1992), Pinus sylvestris (0.23; Haa-
panen, 2001), and Pinus taeda (0.13; Paul et al., 1997).
Standard errors of heritabilities for dbh were higher than
the corresponding heritability estimates. This might arise
primarily due to high variance among families within po-
pulations (which is closely related to small sample sizes),
and partly due to high Site x Family interactions.

Genetic correlations among characters: As expected,
correlation is high and positive between the same traits at
different ages. As the age interval between any two age
pairs (i.e., J and M) increases, both observed (rgp.0) and
predicted (rg;.p) genetic correlation coefficients among
them decreases, because predicted genetic correlations
are found principally by employing observed genetic
correlation values. All of these trends are consistent with
those found by Lambeth (1980) and other studies on age-
age correlations (e.g., Xie & Ying, 1996; Lambeth &
Dill, 2001; Jansson et al., 2003; Isik et al., 2010; Ye &
Jayawickrama, 2012; Diao et al., 2016).

Isik et al. (1999), when working on the same test sites
as the present study when the trees were 13 years old,
reported that genetic correlation between dbh and tree
height was 0.89 (P < 0.001). In a subsequent study at age
17 years at the same test sites, Isik (1998) also reported
high and positive genetic correlations between dbh and
tree height (0.84), between dbh and volume (0.99), and
between height and volume (0.91). When taking 265 sam-
ple plots throughout the natural distribution range in sou-
thern Turkey, Erkan (1996) found that P. brutia exhibits
strong phenotypic correlations between diameter growth
and height growth (r = 0.838; P < 0.001).
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Presence of high genetic (and phenotypic) correlation
coefficients between any two given characters offers plant
breeders great opportunities for concurrent selection.
Specifically, if one characteristic is selected for genetic
improvement, the other characteristic could simulta-
neously be selected. For example, high positive genetic
correlations between dgl (diameter at ground level) and
dbh, and also between tree height and dbh characters at
all ages suggest that if dgl and / or height is selected for
genetic improvement at early ages dbh characteristics of
later ages would also be selected indirectly (Falconer &
Mackay, 1996; Lin et al., 2014).

Prediction equation for P. brutia: Estimated “a”
(1.034) and “b” (0.241) values in prediction equation in
P. brutia in this study are consistent with the correspon-
ding values found by Lambeth (1980) and others [i.e., in
Lambeth (1980) a = 1.02 and b = 0.308; in Weng et al.
(2007) a=1.04, b= 0.13; in Isik et al. (2010) a=1.023,
b =0.384].

Selection efficiency and optimum selection age: In
predicting selection efficiencies in this study, we prefe-
rred to use genetic correlation coefficients. The preference
is because genetic correlations among the characters are
more stable and less influenced by environmental factors
than that of phenotypic correlations, especially in long-li-
ved organisms such as forest tree species (Libby, 1973;
Falconer & Mackay, 1996; Li et al., 2017). In some stu-
dies, instead of genetic correlations, phenotypic correla-
tion coefficients have also been used in estimating selec-
tion efficiencies (e.g., Burdon, 1989; Xie & Ying, 1996;
Lambeth & Dill, 2001).

For any harvest age in P. brutia, as selection age (J) in-
creases starting from early years, selection efficiency per
year also increases until it reaches the highest (optimum)
value. Then, it declines gradually and, when J becomes
equal to M, it reaches the theoretical value 1.0. Selec-
tion efficiency curves in most studies also exhibit more
or less similar trends as P. brutia (e.g., Lambeth & Dill,
2001; Jansson et al., 2003; Osorio et al., 2003; Xiang et
al., 2003; Isik et al., 2010). Obviously, if forest managers
decide the harvest age to be a relatively young age, annual
genetic gain is maximized at earlier years (i.e., optimum
early selection age is reached in earlier years on the test
sites). However, there is no any correlation between har-
vest age and corresponding optimum selection age. For
instance, for harvest ages 40 and 60 years, optimum early
selection ages are the same.

Fast growing forest tree species, including P. brutia,
reach optimum selection ages usually in earlier years
compared with the slow growing tree species. For exam-
ple, on Pinus taeda, which is a relatively fast growing
species, Xiang et al. (2003) found that optimum selec-
tion age for height growth was 3 or 4 years. On the other
hand, in Pinus sylvestris, which is a slow growing pine,
optimum selection age (for height) was between 10 to 15

Forest Systems

years (Jansson et al., 2003). Isik et al. (2010), by working
on a clonal experiment in Picea abies, a slow growing
species, reported that for height growth early selection
age could be as early as age 13.

Our data for predicting early selection age in P. bru-
tia is based on the dbh characteristic. One can argue that
most trees in the species cannot attain enough height to
have measurable dbh at early ages. However, it should be
emphasized that there are strong genetic correlations be-
tween ground level diameter (dgl) and dbh characters, as
found in this study. In addition, Kurt et al. (2021) reported
that there were very high correlations (r = 0.99) between
the mean dgl and mean dbh on data obtained from seven
different even-aged P. brutia plantations, ages of which
ranged from 10 to 35 years. Isik (1998), based on me-
asurements at age 17 years on the same test sites as the
present study, reported high and positive genetic correla-
tions between dbh and tree height (0.84), dbh and volu-
me (0.99), and tree height and volume (0.91). Based on
these strong relationships among diameter characters and
height, dgl or tree height (or both) characters at early ages
can also be measured instead of dbh character to predict
optimum selection ages.

Conclusions and management implications

One of the challenges in breeding of forest trees,
which are long-lived species, is the long-time interval
between selection age and the harvest age. Determining
the early selection age of forest trees instead of wai-
ting until harvest age for direct selection is an effecti-
ve tool to save both time and money. Development of
new DNA sequencing technologies within the past 15
years in molecular biology offers great opportunities in
various respects in plant and animal breeding. Genomic
selection (GS), which uses large number of DNA mar-
kers to cover the whole genome, has been successfully
applied in animal breeding, doubling genetic gain in
milk yield per unit time (Goddard et al., 2011). Forest
geneticists / tree breeders also have embraced GS tech-
nology to select superior genotypes and to shorten the
breeding cycles. However, Isik (2014) in his extensive
review article cautioned that “Forest geneticists should
avoid over-promising GS to the community, until all
the necessary ingredients are in place”. In this respect,
conventional field tests such as progeny trials are very
important to characterize the base populations for mole-
cular breeding approaches. Breeding programs for many
forest trees, including P. brutia in Turkey, are still in
their early stages. Therefore, we consider that both the
present and relevant other studies of P. brutia are the
pioneering efforts to provide "necessary ingredients” for
genetic improvement, and subsequently genomic selec-
tion programs for this species.
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There are some limitations regarding Lambeth’s pre-
diction model and the assumptions used in the present
study. First, this study includes only six provenances (and
10 mother trees per provenance) planted on only at two
test sites located on an elevational transect. However, it
is worth noting that the provenances (and mother trees)
covered in the present study represent the core and the
most productive parts of the vertical and horizontal dis-
tribution range of P. brutia (Usta, 1991; Erkan, 1996).
Second, this study is based on dbh characteristic, which
cannot be directly measured before the trees attain certain
height growth as in most forest tree species. Tree bree-
ders thus need to observe other correlated traits, measura-
ble at early ages. Diameter at ground level (dgl) and tree
height, both of which are significantly correlated with dbh
traits, can be measured at early ages to replace the dbh
trait. Third, in estimating selection efficiency, we assu-
med that broad sense heritability (H%) values for the dbh
trait beyond the observation ages are the same as those
of the nearest measurement ages. Our results also justify
this assumption, since H% values for dbh remain within
a narrow band within the observation ages (i.e., between
0.205 and 0.282). These concerns are also shared by seve-
ral other researchers in their relevant studies (e.g., Lam-
beth, 1980; Cotterill & Dean, 1988; Gwaze et al., 2000;
Isik et al., 2010). It appears that additional studies are re-
quired to fine tune the optimum selection age reported in
this study. It remains to be seen how genetic parameters
reported here would change by studying larger numbers
of populations (and mother trees) covering wider distri-
bution ranges of P. brutia.

Acknowledgements

Maintenance of the experimental sites since 1978
were carried out in close cooperation with many different
colleagues working in connection with Turkish Forest
Service Units in Antalya. Data on diameter growth in this
study were collected through the logistic support by Sou-
thwest Anatolia Forest Research Institute and Dr. Mehmet
CALIKOGLU in Antalya. Two anonymous reviewers did
careful reading of our manuscript and made many in-
sightful comments and suggestions that helped to impro-
ve it. We cordially acknowledge the contributions of all
these persons and institutions. We also thank Chadwick
D. Oliver, Professor Emeritus, Yale University School of
the Environment, for his review and adjustment of the pa-
per’s English.

References

Anderson RL, Bancroft TA, 1952. Statistical Theory in
Research. McGraw-Hill, New York, 399 pp.

Forest Systems

Becker WA, 1992. Manual of Quantitative Genetics (5th
edition). Pullman, Wa., USA,Academic Enterprises.
191 pp.

Boshier D, Broadhurst L, Cornelius J, Gallo L, Koskela J,
Loo J, Petrokofsky G, StClair B, 2015. Is local best?
Examining the evidence for local adaptation in trees
and its scale. Environ Evid 4: 20, 10 pp. https://doi.
org/10.1186/s13750-015-0046-3

Boydak M, 2004. Silvicultural characteristics and natu-
ral regeneration of Pinus brutia Ten. - a review. Plant
Ecol 171: 153-163. https://doi.org/10.1023/B:VE-
GE.0000029373.54545.d2

Burdon RD, 1989. Early selection in tree breeding: Prin-
ciples for applying index selection and inferring input
parameters. Can J Forest Res 19: 499-504. https://doi.
org/10.1139/x89-076

Burdon RD, Banister MH, 1992. Genetic survey of Pinus
radiata 4: Variance structures and heritabilities in ju-
venile clones. New Zeal J For Sci 22: 187-210.

Cornelius JP, 1994. Heritabilities and additive genetic co-
efficients of variation in forest trees. Can. J. For. Res.,
24: 372-379. https://doi.org/10.1139/x94-050

Cotterill PP, Dean CA, 1988. Changes in the genetic con-
trol of growth of radiata pine to 16 years and efficien-
cies of early selection. Silvae Genetica 37 (3-4): 138-
146.

Dangasuk OG, Panetsos KP, 2004. Altitudinal and longi-
tudinal variations in Pinus brutia (Ten,) of Crete Is-
land, Greece: some needle, cone and seed traits under
natural habitats. New Forest 27: 269-284. https://doi.
org/10.1023/B:NEF0.0000022227.33131.10

Diao S, Hou YM, Xie YH, Sun XM, 2016. Age trends
of genetic parameters, early selection and family by
site interactions for growth traits in Larix kaempferi
open-pollinated families. BMC Genet 17(104): 1-12.
https://doi.org/10.1186/s12863-016-0400-7

Erkan N, 1996. Stand Growth Simulation for Pinus brutia
Ten. Forests. Southeastern Anatolia Forest Research
Inst. Publ., Tech. Bull. No: 1, 148 pp. (in Turkish with
an abstract in English).

Falconer DS, Mackay TFC, 1996. Introduction to Quanti-
tative Genetics (4th edition). London: Addison Wesley
Longman, 464 pp.

Goddard ME, Hayes BJ, Meuwissen T, 2011. Ge-
nomic selection in livestock populations. Genet
Res  92(5-6): 413-421. https://doi.org/10.1017/
S0016672310000613

Guller B, Isik K, Cetinay S, 2011. Genetic variation in
Pinus brutia Ten.: Wood density traits. BioResources
6(4): 4012-4027.

Guller B, Isik K, Cetinay S, 2012. Variations in the radial
growth and wood density components in relation to
cambial age in 30-year-old Pinus brutia Ten. at two
test sites. Trees 26: 975-986. https://doi.org/10.1007/
s00468-011-0675-2

December 2021 * Volume 30 ¢ Issue 3 * €010


https://doi.org/10.1186/s13750-015-0046-3
https://doi.org/10.1186/s13750-015-0046-3
https://doi.org/10.1023/B:VEGE.0000029373.54545.d2
https://doi.org/10.1023/B:VEGE.0000029373.54545.d2
https://doi.org/10.1139/x89-076
https://doi.org/10.1139/x89-076
https://doi.org/10.1139/x94-050
https://doi.org/10.1023/B:NEFO.0000022227.33131.f0
https://doi.org/10.1023/B:NEFO.0000022227.33131.f0
https://doi.org/10.1186/s12863-016-0400-7
https://doi.org/10.1017/S0016672310000613
https://doi.org/10.1017/S0016672310000613
https://doi.org/10.1007/s00468-011-0675-2
https://doi.org/10.1007/s00468-011-0675-2

Age-Age Correlations for Diameter Growth in Pinus brutia Ten. 11

Gwaze DP, Bridgwater FE, Byram TD, Woolliams JE,
Williams CG, 2000. Predicting age-age genetic corre-
lations in tree-breeding programs: A case study of Pi-
nus taeda L. Theor Appl Genet 100: 199-206. https://
doi.org/10.1007/s001220050027

Haapanen M, 2001. Time trends in genetic parame-
ter estimates and selection efficiency for Scots pine
in relation to field testing method. For Genet 8(2):
129-144.

Hicks CR, 1964. Fundamental concepts in design of expe-
riments. Holt, Rinehart and Winston, New York, USA.
293 pp.

Isik F, 1998. Estimation of genetic variation, heritabilities
and genetic gain from Pinus brutia open pollinated
progeny trials. Southwest Anatolia Forest Research
Institute, Tech. Bull. No: 7; 211 pp (in Turkish with
English summary).

Isik F, 2014. Genomic selection in forest tree breeding:
the concept and an outlook to the future. New Forest
45(3): 379-401. https://doi.org/10.1007/s11056-014-
9422-z

Isik F, Isik K, Lee SJ, 1999. Genetic variation in Pinus
brutia Ten. in Turkey: I-Growth, biomass and stem
quality traits. For Genet 6(2): 89-99.

Isik F, Keskin S, McKeand E, 2000. Provenance variation
and provenance-site interaction in Pinus brutia Ten.:
Consequences of defining breeding zones. Silvae Ge-
net 49: 213-223.

Isik K, 1986. Altitudinal variation in Pinus brutia Ten.:
Seed and seedling characteristics. Silvae Genet 35 (2-
3): 58-67.

Isik K, 1988. Interlocked hexagonal design with three re-
plications and its application on a population genetics
analyses of Turkish red pine (Pinus brutia Ten.). Doga
(renamed: Turk J Agric For). 12(3): 377-386 (in Tur-
kish with an abstract in English).

Isik K, Isik F, 1999. Genetic variation in Pinus brutia Ten.
in Turkey II, Branching and Crown Traits. Silvae Ge-
net 48 (6): 293-302.

Isik K, Kaya N, 1997. Altitudinal variation in Pinus bru-
tia Ten. and its implication in genetic conservation and
seed transfers in southern Turkey. Silvae Genet 46(2-
3): 113-120.

Isik K, Kleinschmit J, Steiner W, 2010. Age-age correla-
tions and early selection for height in a clonal genetic
test of Norway spruce. For Sci 56(2): 212-221.

Jansson G, Li B, Hannrup B, 2003. Time trends in genetic
parameters for height and optimal age for parental se-
lection in Scots pine. For Sci 49: 696-705.

Kantarc1t MD, 1991. Akdeniz Boélgesinin Yetigme Ortami
Bolgesel Smiflandirmasi. Ankara: Orman Genel Mii-
diirligli Yayin No: 668/64, 150 ss.

Kaya N, Korol L, Isik K, Schiller G, 1997. Genetic diver-
sity in Pinus brutia Ten,: Altitudinal variation. Silvae
Genet 46(2-3): 155-161.

Forest Systems

Kurt Y, Bilgen BB, Kaya N, Isik K, 2011. Genetic
comparison of Pinus brutia Ten, populations from
different elevations by RAPD markers. Not Bot Hor-
ti Agrobo 39(2): 299-304. https://doi.org/10.15835/
nbha3926276

Kurt Y, Gonzalez-Martinez SC, Alia R, Isik K, 2012. Ge-
netic differentiation in Pinus brutia Ten. using molecu-
lar markers and quantitative traits: the role of altitude.
Ann For Sci 69(3): 345-351. https://doi.org/10.1007/
s13595-011-0169-9

Kurt 'Y, Calikoglu M, Isik K, 2021. Relationships between
bark thickness, tree age and tree diameter in Pinus
brutia Ten. plantations. FEB (Fresenius Env. Bull.)
30(4): 3122-3129.

Lambeth CC, 1980. Juvenile-mature correlations in Pi-
naceae and implications for early selection. For Sci
26(4): 571-580.

Lambeth CC, Dill LA, 2001. Prediction models for juve-
nile-mature correlations for loblolly pine growth traits
within, between and across sites. For Genet 8: 101-108.

Li Y, Suontama M, Burdon RD, Dungey HS, 2017. Ge-
notype by environment interactions in forest tree bre-
eding: review of methodology and perspectives on
research and application. Tree Genet Genomes 13: 60.
https://doi.org/10.1007/s11295-017-1144-x

Libby WJ, 1973. Domestication strategies for forest trees.
Can J Forest Res 3: 265-276. https://doi.org/10.1139/
x73-036

Libby WJ, Cockerham CC, 1980. Random non-conti-
guous plots in interlocking field layouts. Silvae Genet
29: 183-190.

Lin Z, Hayes BJ, Daetwyler HD, 2014. Genomic selection
in crops, trees and forages: a review. Crop Pasture Sci
65(11): 1177-1191. https://doi.org/10.1071/CP13363

Lynch M, Walsh B, 1998. Genetics and analysis of quantita-
tive traits. Sinauer Assoc. Inc. Sunderland, MA, 980 pp.

McKeand SE, 1988. Optimum age for family selection for
growth in genetic tests of loblolly pine. For Sci 34(2):
400-411.

Ortohum, 2021. Forest Tree Seeds and Tree Breeding Re-
search Institute Breeding Facilities (https://ortohum.
ogm.gov.tr/SitePages/OGM/OGMDefault.aspx).

Osorio FL, White TL, Huber DA, 2003. Age-age and
trait-trait correlations for Eucalyptus grandis Hill ex
Maiden and their implications for optimal selection
age and design of clonal trials. Theor Appl Genet 106:
735-743. https://doi.org/10.1007/s00122-002-1124-9

Paul AD, Foster GS, Caldwell T, McRae J, 1997. Trends
in genetic and environmental parameters for height,
diameter, and volume in a multilocation clonal study
with loblolly pine. For Sci 43: 87-98.

Rweyongeza DM, 2016. A new approach to prediction
of the age-age correlation for use in tree breeding.
Ann For Sci 73: 1099-1111. https://doi.org/10.1007/
$13595-016-0570-5

December 2021 * Volume 30 ¢ Issue 3 * €010


https://doi.org/10.1007/s001220050027
https://doi.org/10.1007/s001220050027
https://doi.org/10.1007/s11056-014-9422-z
https://doi.org/10.1007/s11056-014-9422-z
https://doi.org/10.15835/nbha3926276
https://doi.org/10.15835/nbha3926276
https://doi.org/10.1007/s13595-011-0169-9
https://doi.org/10.1007/s13595-011-0169-9
https://doi.org/10.1007/s11295-017-1144-x
https://doi.org/10.1139/x73-036
https://doi.org/10.1139/x73-036
https://doi.org/10.1071/CP13363
https://ortohum.ogm.gov.tr/SitePages/OGM/OGMDefault.aspx
https://ortohum.ogm.gov.tr/SitePages/OGM/OGMDefault.aspx
https://doi.org/10.1007/s00122-002-1124-9
https://doi.org/10.1007/s13595-016-0570-5
https://doi.org/10.1007/s13595-016-0570-5

12 Yusuf Kurt and Kani Isik

SAS, 2011. SAS (Statistical Analysis Software) Institute
Inc./ STAT User's Guide. Version9.3, Cary, NC, SAS
Institute.

Sokal RR, Rohlf FJ, 2012. Biometry: The Principles
and Practice of Statistics in Biological Research
(4th edition). New York: WH Freeman and Co.,
937 pp.

TOD (Foresters' Assoc of Turkey), 2019. Turkish Fores-
try (Tiirkiye Ormanciligi): ISBN: 978-975-93478-4-0,
TOD Yayin No: 47, Kuban Matb., Ankara, 164+20 ss.

Usta HZ, 1991. A Study on the Yield of Pinus brutia Ten.
Plantations [Kizilgam (Pinus brutia) Agaglandirma-
larinda Hasilat Aragtirmalari] (in Turkish with English
summary). Forest Research Inst Publ Tech Bull No:
219, 138 pp.

Vander Mijnsbrugge K, Bischoff A, Smith B, 2010.
A question of origin: Where and how to collect
seed for ecological restoration. Basic Appl Ecol
11(4): 300-311. https://doi.org/10.1016/j.baae.2009.
09.002

Forest Systems

Weng YH, Tosh KJ, Park YS, Fullarton MS, 2007. Age-re-
lated trends in genetic parameters for jack pine and
their implications for early selection. Silvae Genet 56:
5. https://doi.org/10.1515/sg-2007-0035

White TL, Adams WT, Neale DB, 2007. Forest Ge-
netics. Wallingford, Oxfordshire, UK: CABI Pu-
blishing, CAB International, 682 pp. https://doi.
org/10.1079/9781845932855.0000

Xiang B, Li B, McKeand S, 2003. Genetic gain and se-
lection efficiency of Loblolly pine in three geographic
regions. For Sci 49(2): 196-208.

Xie C-Y, Ying CC, 1996. Heritabilities, age-age correla-
tions and early selection in lodgepole pine (Pinus con-
torta spp. latifolia). Silvae Genet 45: 101-105.

Ye TZ, Jayawickrama KJS, 2012. Early selection for im-
proving volume growth in coastal Douglas-fir bree-
ding programs. Silvae Genet 61: 186-198. https://doi.
org/10.1515/sg-2012-0024

Zobel B, Talbert J, 2003. Applied Forest Tree Improvement.
Blackburn Press, Caldwell, New Jersey, USA. 505 pp.

December 2021 * Volume 30 ¢ Issue 3 * €010


https://doi.org/10.1016/j.baae.2009.09.002
https://doi.org/10.1016/j.baae.2009.09.002
https://doi.org/10.1515/sg-2007-0035
https://doi.org/10.1079/9781845932855.0000
https://doi.org/10.1079/9781845932855.0000
https://doi.org/10.1515/sg-2012-0024
https://doi.org/10.1515/sg-2012-0024

