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Abstract

Genetic parameters for height (H), diameter at breast
height (DBH), stem straightness (STR), and under
crown clear bole height (CH) of loblolly pine (Pinus
taeda L.) were estimated for 255 families (209 open pol-
linated (OP) and 46 controlled pollinated (CP) families)
using a family model and an individual tree model at
age 1, 2, 3, 5, 11, and 15 years. Heritability estimates for
growth traits of individual trees at age 11 years were
the highest (0.17–0.78), and those at age 15 years were
the lowest (0.05–0.74). Heritability estimates for DBH,
STR, and CH were lower than those for H. Genetic cor-
relations between H and DBH were generally strongly
positive, attained a maximum values at age 2 to 3, and
declined slightly thereafter. The genetic correlations
between CH at age 11 and both H and DBH at different
ages were moderate. Age-age genetic correlations for
growth traits were moderate to high (0.56–0.91) at age 5
for half-rotation age (15 years), indicating the opportu-
nity exists for early selection. Indirect selection from the
age 5 to 11 years for H and DBH could be expected to
produce gains of over 50% and 35% respectively, for
these two ages, relative to direct selection at age 15.
Efficiencies of early selection for H and DBH indicated
that growth at maturity could be improved by early
selection.

Key words: age-age correlation, genetic correlation, genetic
gain, height, heritability, Pinus taeda.

Introduction

Loblolly pine (Pinus taeda) is the most important com-
mercial tree species in the southern United States
because of its good growth characteristics, desirable
wood properties, and broad utilization range, with over
1.1 billion seedlings planted annually (MCKEAND et al.,
2003). The North Carolina State University Cooperative
Tree Improvement Program achieved genetic gains up to
30% using 3rd generation selectively breed loblolly pine
when compared with unimproved genetic material
(MCKEAND et al., 2003). Genetic improvement of loblolly
pine was initiated in the 1950s in several tree improve-
ment programs in the southern USA with the long-term
objective of using selective breeding and deployment of

superior genotypes to improve several traits such as
stem volume, tree form, and disease resistance. Some
attention has also been paid to wood properties since the
1960s (ZOBEL, 1961). With success in improving tree vol-
ume and form traits, the average rotation length for
loblolly pine plantations declined to about 25–30 years
old (GWAZE et al., 2000, 2001). Loblolly pine is a major
non-native plantation species in China and some South
American and African countries (GWAZE et al., 2001).
Genetic improvement of loblolly pine began in the early
1980s in China; Comprehensive progeny tests and
provenance tests were started in the 1990s and some
progress has been made in selective breeding (ZHONG et
al., 1995).

The selection of elite trees for breeding purposes based
on progeny tests was usually conducted before the eco-
nomic rotation age, because conifer trees typically have
long generation intervals. Therefore, testing the age-age
correlation of economically important traits is critical to
determining the optimal age for early forward selection
for breeding purpose and backward selection for estab-
lishment of seed orchards (LAMBETH et al., 1983; WU et
al., 2007; KUMAR and LEE, 2002). Many efforts have also
been made to evaluate the efficiency of early selection
for growth traits (LAMBETH, 1980; MAGNUSSEN, 1988;
BURDON, 1989). Several researchers have suggested the
most efficient age for selection is between 5 and 10 years
based on the growth traits of several conifers (LAMBETH,
1980, 1983; NANSON, 1969; SQUILLACE and GANSEL,
1974). Age-age genetic correlations have been reported
in loblolly pine and were generally very high for younger
aged trees compared with trees 15 or 20 years old (LAM-
BETH et al., 1983; BALOCCHI et al., 1993; GWAZE et al.,
1998, 2000; SVENSSON et al., 1999; LAMBETH and DILL,
2001; GWAZE and BRIDGWATER, 2002). However, Age-age
correlation values were usually low to moderate for
older aged trees in the Pinaceae at more than half the
rotation age (WU et al., 2007). 

Heritability and age-age genetic correlations for
growth and wood density in loblolly pine have also been
studied (TALBERT et al., 1983; LOO et al., 1984; ZOBEL

and van BUIJTENEN, 1989; WILLIAMS and MEGRAW, 1994).
In a recent report, XIANG et al. (2003) thought that the
optimal age for backward selection for height (H) and
tree volume on half-sib families was as early as 3 and 4
years of age, respectively. However, a few reports
address the genetic parameters and age-age genetic cor-
relation in loblolly pine as a non-native species.

The objectives of this study were: (1) to estimate heri-
tability for growth and form traits at different ages in
loblolly pine using a large population (255 families)
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planted in China; (2) to estimate age-age genetic corre-
lation for H and diameter at breast height (DBH) for dif-
ferent subgroups within the population; and (3) to esti-
mate the efficiency of early selection with half rotation-
aged loblolly pine.

Materials and Methods

Genetic material and trial design

A total of 255 families of loblolly pine were introduced
into southern China through the United Nations Devel-
opment Program (CPR/91/153) from 1992 to 1996, which
included 209 open pollinated (OP) and 46 controlled pol-
linated (CP) families from eight sources in the USA

(Table 1). The eight groups were planted in 1997 on an
arenaceous shale lateritic red soil (pH 5.2–6.7) in Yingde
County, in a subtropical region, western Guangdong
Province, China (24°15’N, 113°45’E, elevation 50 m) in
an area with an average annual rainfall of 1,918 mm
and the average slope gradient of less than 25°. To
reduce the block size and minimize within-block envi-
ronmental errors, families were planted into eight adja-
cent locations and eight original groups of families from
different seed sources were established at each location.
Each group was planted at only one or two or three test
locations. (Fig. 1 and Table 1). Families within each
group were planted using 3 m � 3 m spacing, with six or
seven replications, and using a randomized complete

Table 1. – Designation of eight loblolly pine family groups, their test locations, and sources and trait means ± stan-
dard error for height (H) and diameter at breast height (DBH) at age 11 years.

Values within a column followed by the same letter are not significantly different from � = 0.05 using Duncan’s test
(R package “Agricolae”). 

Figure 1. – Location of progeny trials of eight loblolly pine groups in Yingde Institute of Forestry in china. The read
lines indicate the road. G indicates group number, Rep indicates replication number. Location 2 has G6Rep5–6, Loca-
tion 3 has G3Rep1–3, Location 4 has G4Rep6 and G6Rep1–4, Location 5 has G2Rep5–6, Location 6 has G2Rep1–4,
Location 7 has G3Rep4–6, Location 8 has G4Rep1–3and 5 and G8Rep1–7, Location 9 has G4Rep4 and G7Rep5–6,
Location 10 has G5Rep6 and G7Rep1–4, Location 11 has G1Rep1–5 and G5Rep1–5, Location12 has G1Rep6.
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block design for each group of families with 5- or 6-trees
per row in each plot.

Measures of H and DBH were made during 1997,
1998, 1999, 2001, 2007, and 2011 for all families of the
eight groups. DBH was measured at 1.3 m above the
ground. Stem straightness (STR) and under crown clear
bole height (CH) was measured at age 11 years, and
STR was scored on a scale of 1 (most crooked) to 5
(straightest).

Statistical analysis

Summary statistics were computed using R software
(R Version 2.15.1, R Development Core Team, 2012) and
statistical analyses were conducted on all eight groups
using ASReml 3.0 software (GILMOUR et al., 2004). First,
H and DBH measurements at different ages were ana-
lyzed as a single trait. Each trait from the eight groups
(univariate, single-group) was analyzed to estimate indi-
vidual-tree narrow heritability and standard errors.
Likelihood ratio testing was used to identify non-signifi-
cant non-genetic effects which would be removed and
then used to identify the best model for the eight groups
as well as for the combined data. A family linear mixed
model was used for open pollinated family with location
and the interaction of location and replication as fixed
effects, and family as random effects:

Yijkl = µ + Li + R(Lij) + Fk + e(ijk)l (1)

where Yijkl was the observation of the lth tree from the kth

family in the jth replication within the ith location, µ was
the overall mean, Li was the fixed effect of the ith loca-
tion, R(Lij) was the fixed effect of jth replication within
the ith location, Fk was the random effect of family
N(0, �2

F), and e(ijk)l was the random residual effect
N(0, �2

E).

Another linear mixed effects model was used for con-
trol pollinated families with location and replication
within location as fixed effects, and parental effects as
random effects. Parental interaction was considered
because the mating design was irregular and imbal-
anced.

Yijklm = µ + Li + R(Lij) + Fk + Ml + e(ijkl)m (2)

where Yijklm is the individual tree measurement, µ, Li,
and R(Lij) were defined above, Fk and Ml are the random
effect of female N(0, �2

f) and male N(0, �2
m), and e is the

random residual effect N(0, �2
E).

Univariate and pedigree (e.g. combined open pollinat-
ed families) analysis was also conducted to estimate
individual-tree narrow sense heritability for all families
and the additive genetic correlations between traits
using an individual tree mixed linear model. Approxi-
mate standard errors of statistics were obtained by Tay-
lor expansion within the ASReml programme. One-
tailed likelihood ration test (LRT) was applied to assess
the statistical significance of additive variances (STRAM

and LEE, 1994).

Yijklmn = µ + Li + R(Lij) + Gk + Tijkl + 
Li.Gk + L.Fm(G)ikm + e(ijklm)n

(3)

where Yijklmn is the individual tree measurement, µ, Li,
and R(Lij) were defined above, and Gk was the fixed

effect of group N(0, �2
k), Tijkl was the additive genetic

effect of individual tree N(0, �2
T), Li.Gk and L.Fm(G)ikm

were the random effect of groups by location interaction
and family within groups by location N(0, �2

L.F), respec-
tively, and e(ijklm)n was the random residual N(0, �2

E).
The starting values for the joint analyses were obtained
from single group analyses.

Observed variance components were used to estimate
the causal variance component and individual-tree nar-
row sense heritability for each trait: �2

A = estimate of
additive genetic variance (e.g. �2

A = 4 �2
F for OP fami-

lies, �2
A = 2�2

f + 2�2
m for CP families, �2

A = �2
T for

 combined data); �2
P = estimate of phenotypic variance

(�2
P = �2

F + �2
E for OP families, �2

P = �2
f + �2

m + �2
F for

CP families, �2
P = �2

F(G) + �2
T + �2

E for combine data),
and

estimate of individual-tree narrow-sense heritability.
The coefficients of relationship for OP families and com-
bined data of one-fourth and one-half of all CP families
were assumed since data from molecular genetic studies
of the 1978 natural population collection indicated very
low levels of selfing or inbreeding (MORAN et al., 1988;
VOGL et al., 2002) Multivariate, multi-location (all traits
and OP and CP families ) analysis was conducted to
estimate additive genetic correlations between traits
across 11 locations using a model similar to equation (3),
except that here Li.Gk and L.Fl(G)ikl were not included
in this model.

Early- to half rotation-age and trait and trait genetic
correlations were calculated as:

(4)

where covfEH is the family covariance among early age E
and later age H (e.g. H = 15 for half rotation) for each
group or combined data, �2

fE and �2
fH are family vari-

ances for early age E (at age 1, 2, 3, 5 and 11 years) and
half rotation age H (at age 15 years), respectively. The
additive genetic correlations between traits were com-
puted using similar to equation (4). Statistical signifi-
cance for heritability and genetic correlations was tested
using standard errors of the estimates and normal dis-
tribution probability.

The efficiency of early selection relative to half rota-
tion age (at age 15 years) per generation is calculated as

(5)

where ij and im are the selection intensity at the juvenile
at age 1, 2, 3, 5, 11 and mature at age 15 years, hj and
hm are the square root of the heritability at the juvenile
and mature age, respectively, and rA is the additive
genetic correlation between the juvenile and half rota-
tion age. The same selection intensity for the juvenile
and mature traits was used in this formula.

The genetic gain efficiency of early selection per year
was also calculated as follows (LAMBETH, 1980):
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(6)

where Tm and Tj are the ages 15 and juvenile selection,
and d is the interval time between selection and estab-
lishment of the new progeny test. The interval d was
assumed to be 5 years, comprising 2 years for grafting, 2
years for pollination and seed maturation, and 1 year for
growing seedlings in the nursery (LI and WU, 2005).

Results and Discussion

Trends with age for heights and DBH 

Significant differences in H and DBH at age 11 years
were observed among the eight groups (Table 1). The
overall trends of H and DBH growth in each group fol-
lowed an s-shaped curve of slow-fast-slow growth (Fig.
2). For both H and DBH, the growth for the first three
years was relatively slow, probably because of the need
for a root recovery period. The H and DBH entered a
fast-growing period from ages 3 to 11 years. The average
value of H at age 5 reached 4.1 m and increased to 7.7 m
at age 11. The DBH changed from 6.6 cm at age 5 years
to 12.9 cm at age 11. Families 86 and 81 belonged to a
G8 group that had consistently larger Hs and DBHs
than the other groups at age 15 years; this consistent
growth indicated that selection between families at an
early age would be effective. GWAZE et al. (2002) report-
ed height-age relationships in tests of younger trees
were essentially linear but the relationship of the older
test trees was non-linear for loblolly pine.

Age trends of additive variance and heritability 
for height and DBH

The additive variances for H and DBH were low
(0.07–0.24, and 0.02–0.85) at age 2, 3, 5 years, and then

increased to 0.75 and 2.51 at age 11, and finally declined
to 0.62 and 2.04 at age 15 years for combined groups
(Table 2), respectively. The percentage of additive vari-
ance for H and DBH were the largest at age 11 (Fig. 3).
The age trend for additive genetic variance in tree H
and DBH observed in this study were similar to that
reported by FRANKLIN (1979). FRANKLIN observed that
the additive variance of loblolly pine for H remained
very low until the time of stand closure (at age 3 to 5),
then increased rapidly from age 6 to 20 years, and final-
ly additive variance declined from age 20 to 25 years
old.

We estimated heritability as the ratio of additive to
total genetic variance for combined groups for each trait.
The age-trends of heritability estimates for DBH were
non-linear, peaking at 11 years (Table 3). The estimated
heritabilities were relatively higher than most estimates
for tree H and DBH, which might indicate a relationship
exists among families within groups and between
groups that was not accounted for in the analyses.
Balocchi et al. (1993) found narrow-sense heritabilities
for loblolly pine were near zero at 8 years, and then they
increased sharply up to age 16 years and declined at the
final measurement at age 26. The trends for narrow-
sense heritabilities in the present study are consistent
with those reported by FRANKLIN (1979), in which heri-
tability of H was increasing between ages 10 and 20
years, and finally declined to its lowest level at age 25
years old. The tendency of high individual-tree heritabil-
ities for H and DBH for young loblolly pine (2–11)
implies that the expected gain would be higher if selec-
tion was applied at these young ages, particularly from
seedling progeny trials. Higher heritabilities for H rela-
tive to diameter have been reported in other studies
which indicate that genetic expression in H is not affect-
ed much by environmental variation (NANCE and

Figure 2. – Age trends for height growth (2a) and DBH growth (2b) in 8 groups and combined groups, each group is
represented by different legends.

Table 2. – Analysis of variance components for the effects of trees (VT) and residual errors (VE) for height and DBH (diameter
at breast height) for ages 2, 3, 5, 11, and 15 years.

Note: *, **,*** indicate significance for P ≤ 0.05, P ≤ 0.01, P ≤ 0.001, respectively.
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WELLES, 1981; FOSTER and BRIDGWATER, 1986; BALOCCHI

et al., 1993).

Age trends of heritability in different groups

In this paper, significant heritability was also
observed for all traits and for all groups with a few of
exceptions; heritability for observed H and DBH was
high regardless of groups and ages. For example, for H
at 5 years-old, all groups had significant heritability
estimates except for three groups (G6, G1 and G3). Heri-
tability for H at different ages ranged from 0.04 to 0.88
with a mean heritability 0.38, while heritability for
DBH at different ages ranged from 0.01 to 0.49 with a
mean heritability 0.26. Heritability for H for different
groups attained to the maximum value with a mean
0.36 at 11 years, and thereafter dropped quickly at 15
years. Similarly, heritability of DBH for different groups
reached about 0.32 at age 11, then fell after that age.
These results may suggest the heritability decreases
with increased competition. The heritability of H for G8
group at different ages changed from 0.16 to 0.45, which
is comparable to or slightly higher than results obtained
in previous studies using full-sib families (ERICSSON and
FRIES, 2004; FRIES and ERICSSON, 2006, 2009; FRIES,
2012). GWAZE et al. (2001) reported 0.04 to 0.61 individ-

ual-tree heritabilities for DBH for loblolly pine at two
sites in the West Gulf Coastal Plain of the United States
at 5-year intervals from 5 to 25 years. ISIK et al. (2004)
also reported 0.05 and 0.03 individual-tree heritabilities
for within half-sib families and full-sib families for
loblolly pine from seedling data at 6 years, respectively.
Heritability for STR and CH at age 11 was very low for
different groups, with mean heritability at 0.21 and
0.12, respectively. The heritability for STR and CH were
lower than those of other reports (SHELBOURNE, 1996;
SHELBOURNE et al., 1967; WOESSNER, 1965; NIKLES, 1966;
WILLIAMS and LAMBETH, 1989).

Genetic correlation between height and DBH 
and form traits

The genetic correlations between H and DBH were
moderate to high (0.49–0.98) except for the correlation
between H2 and DBH15 (Table 4). The correlation
between H and DBH had the highest value at age 2 and
3 years and then declined slightly thereafter. The
results, therefore, show that early H selection may not
always be a good predictor of diameter at half rotation
age. There were generally low genetic correlations
between H and DBH with STR (0.01–0.42), and genetic
correlations between H and CH varied from 0.48 at age
1 to 0.69 at 5 years, and decreased slowly to 0.53 at 15
years (Table 4). For the correlation between DBH and
CH, the correlation coefficient reached a maximum of
0.60 at 3 years, and then decreased slowly to 0.47 at 15
years (Table 4). Positively correlated genetic traits imply
that selection for one trait should also lead to improve-
ment in the second trait; in the case of H, DBH, CH, and
STR, positive genetic correlations for one trait can lead
to gains for that trait based on selection for another
trait.

Age to age genetic correlation

The additive genetic correlations between half rota-
tion age and earlier ages are presented for different
family groups and the combined family group (Fig. 4).
The genetic correlation for H for G7, G1, G3 and G8
reached a much higher value (> 0.8) at 3 years (Fig. 4a)
while other populations reached between 0.5 and 0.8 at
5 years. The genetic correlation of all groups for H
increased to above 0.8 at age 11 years. Similar to H, age

Figure 3. – The ratio of additive to total genetic variance over
time for H and DBH.

Table 3. – Heritability estimates ± standard error for different height, diameter at breast height, stem straightness, and under
crown clear bole height for eight loblolly pine progeny groups in China. Statistical significance is indicated by: 1P<0.10; 2P<0.05;
3P<0.01; 4P<0.001; ns non-significant.

H (height), DBH (diameter at breast height) at age 1, 2, 3, 5, 11, 15 years, stem straightness (STR11), and under crown clear bole
height (CH11) at age 11years.
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to age genetic correlation estimates for DBH increased
to 0.80 at 5 years except for group G4 and G5, and addi-
tive genetic correlation estimates increased to 0.80 at
age 11 years for all groups (Fig. 4b). The results indicat-
ed that indirect selection at age 5 was 80% as effective
as selection at age 15, and selection at age 3 was 70% as
effective as selection at age 15.

Age-age genetic correlations for H generally agreed
with previously estimates published for loblolly pine
(FOSTER, 1986; LAMBETH et al., 1983; GWAZE et al., 2000;
GWAZEL and BRIDGWATER, 2002). However, SVENSSON et
al. (1999) reported the genetic correlations of juvenile
Hs with H at age 11 were generally high and stable for
all ages (> 0.97) in loblolly pine open-pollinated families
during canopy closure. DANJON (1994) reported the

genetic correlations between early Hs and Hs at rotation
age were null or negative (from –0.11 to 0.06) in mar-
itime pine.

Efficiency of early selection relative to selection 
at  half-rotation age

Early selection was more efficient for H than DBH
with selection of the best 15% of all individuals (Fig. 5).
This mainly was caused by the higher heritability for H
at early ages. Efficiency for H was greater than 1 (100%)
at 2 years while the same efficiency was achieved at age
5 for DBH. The optimal selection age for H and DBH
was estimated to be at age 9–11 years for individual
(forward) selection, which is consistent with the litera-
ture (LAMBETH, 1980; SQUILLACE and GANSEL, 1974).
Early selections for H at age 2 years and for DBH at age
5 years were equally efficient as selection at half rota-
tion age (Fig. 5). The most effective years for early selec-
tion, based on gain achieved per year, are between ages
2 and 5 years for H, and between ages 3 and 5 years for
DBH, based on these data (Fig. 6). This efficiency has a
more practical utility in a breeding program. This indi-
cates that breeders don’t have to wait for formulation of
mature wood (usually around age 15 years) for the selec-
tion of breeding material.

It was difficult to make comparisons with other stud-
ies for early selection since the measurements used to
make correlations with mature age trees in those stud-

Table 4. – Genetic correlation estimates ± standard error for different traits for loblolly pine progeny in China.
Statistical significance is indicated by: 1P < .10; 2P< .05; 3P< .01; 4P< .001; ns non-significant.

H (height), DBH (diameter at breast height) at age 1, 2, 3, 5, 11, 15 years, stem straightness (STR11), and
under crown clear bole height (CH11) at age 11years.

Figure 4. – Genetic correlations between earlier ages and age
15 years to H (4a) and DBH (4b) for different groups and the
combined groups.

Figure 5. – Efficiency of early individual selection relative to
selection at age 15 for height (H) and diameter at breast height
(DBH).
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ies varied widely; for example, gains were computed
based on gain per generation or gain per year in differ-
ent studies. Early selection efficiency for H and DBH
should be considered with caution because of the small
sample size. FOSTER (1986) found families selected for
total plot volume at age 15 years should be as early as
age 3 years with little loss in gain. LAMBETH et al. (1983)
found 87% relative efficiency when they selected for H
at 5 years with a goal of gain in volume at age 20.

Implications for tree breeding programs

The inclusion of growth traits in China’s loblolly pine
breeding program could be beneficial because of its high
heritability if growth yields are commercially important.
It would be beneficial to select juvenile growth for
increasing gains in total volume through the selection of
indirect traits because of the strong age-age genetic cor-
relation found for growth traits in China.

Genetic improvement program for loblloly pine in
Guangdong province was developed rapidly in the
1990s. In the first cycle of loblolly pine improvement
program, we have constructed a nucleus population of
40 elite parents and a main population of 300 parents.
The offspring by positive assortative mating and open-
pollination constituted the second generation base popu-
lation. At the same time, we introduced a number of
families from the United States and considered them as
external population. At present we choose superior indi-
viduals from top-ranking families; the selected plus
trees will form the second-generation breeding popula-
tion. Based on our results that the most effective years
for early selection based on gain per year at half rota-
tion is between age 2 and 5 years for H, and between
age 3 and 5 years for DBH, we will select some plus
trees by early selection as parental supplement for the
breeding population. This will broaden the genetic
diversity of breeding population in our program. The
plus trees will form a complete second-generation breed-
ing population.

Conclusion

Conclusions related to using genetic parameters to
increase the efficiency of early selection of half rotation-

aged growth and form traits in Pinus taeda, based on
the analyses of 255 loblolly families planted in China
follow:

(1) Significant heritabilities for H, DBH, STR, and CH
were observed for combined groups (0.49, 0.31, 0.10 and
0.22, respectively). Significant heritability was observed
for all traits for different groups. Age-trends of heritabil-
ity estimates for H and DBH were non-linear, peaking
at age 11 years.

(2) The age-age genetic correlation for H and DBH
were high with an increased age-age correlation curve,
and the correlation reached a very high value (about
0.8) at age 5 years for half rotation age (15).

(3) The most effective years for early selection based
on gain per year at half rotation is between age 2 and 5
years for H, and between age 3 and 5 years for DBH,
and the efficiency was equally efficient as selection at
half rotation age. But the highest selection efficiency
(the optimal selection age) for H and DBH was estimat-
ed to be at age 9–11 years for individual (forward) selec-
tion. Considering higher heritability of growth trait at
early ages, this efficiency has a more practical utility in
a breeding program. This indicates that tree breeders
don’t have to wait for formulation of mature wood (usu-
ally around age 15 years) for the selection of breeding
material.
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