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Abstract

Masson pine (Pinus massoniana Lamb) has long been
employed as a main source of pine resin in China. To get
a better understanding of genetic regulation of resin-
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yielding capacity (RYC), a total of 50 open-pollinated
families of masson pine were planted at three testing
sites for progeny testing. Investigation was conducted at
ages 7,9, 11, 13, 15, 20, 24 and 26 years to study inheri-
tance, age-age genetic correlation, and early selection
efficiency for RYC, height (HT), diameter at breast
height (DBH) and volume of individual tree (VOL).
Growth characteristics increased gradually with age.
RYC had a rapid increase at early ages (before age 15)
and a slight decrease at later ages. Additive genetic coef-



ficients of variations (CV) for four traits showed a
decreasing trend with age and the decreasing rate was
rapid at early ages and minor at later ages. Heritability
for four traits was relatively stable with minor fluctua-
tion. For across-age classes, heritability was the highest
for height, intermediate for RYC, and lowest for volume
and DBH. RYC had highly positive genetic correlations
with three growth characteristics. Genotype-by-environ-
ment interaction for four traits was stronger at Yunan
than at other testing sites. Age-age genetic correlations
were high for four traits studied, reaching 0.7 after age
9 for most analyses. Early selection at age 13 was highly
effective for height, age 15 for DBH and volume, and age
11 for RYC.

Key words: Pinus massoniana, resin-yielding capacity, progeny
trial, age-age correlation, early selection efficiency.

Introduction

Masson pine (Pinus massoniana Lamb) is a native
species of pine growing in a wide area of central and
southern China. It is an evergreen tree reaching 45 m in
height and 1 m in diameter at breast height, with a
broad, rounded crown of long branches (ZENG and YUE,
1984). Besides its wide uses in wood, pulp and paper
industry, this species also has long been employed as a
main source of resin, a hydrocarbon secretion of many
plants widely used to produce resin and turpentine for
chemical industry (ToMUSIAK and MAGNUSZEWSKI, 2009;
CoPPEN and HONE, 1995). China is the leading producer
of resin in the world (WANG et al., 2006). During the
1990s, China annually exported a total of 200,000 tons
of resin to more than 40 countries, accounting for about
50% of resin traded in the world (Liu, 2001). Of the pine
resin resources, approximate 95% comes from masson
pine (ZENG and YUE, 1984). However, due to its high
commercial value, masson pine has been subjected to
over-exploitation during past decades, leading to a grad-
ual decrease in genetic resources (SHI and L1, 1998).

Genetic improvement of this species was initiated in
late 1950s, and since then, active breeding programs
have been launched for the purpose of improving the
wood yield and quality (HONG et al., 2010; LiN et al.,
2010; ZHOU et al., 2000; LiaN et al., 2006. Genetic analy-
ses have detected significant variation in growth and
wood density among masson pine provenances and fami-
lies. Estimates of heritability coefficients in progeny test
have shown moderate genetic control for growth and
wood density. Genetic gains have been estimated at
3.8 % for height, 14.4% for DBH, and 27.5% for real vol-
ume (HONG et al., 2010). These studies show high poten-
tial of this species for improving growth and wood quali-
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ty through selection of the more productive provenances
and families.

In term of resin-yielding capacity (RYC) of this
species, there are few breeding practices reported so far.
In south China, the main resin-yielding region of this
species, the annual planting area has reached approxi-
mately 45% of total plan (ZENG and YUE, 1984). How-
ever, the majority of seedlings used for afforestation
have not been subjected to genetic improvement, and
the pine plantations have limited contribution to the
increment of RYC. The need for genetically improved
seedlings has long been recognized. To date, tree
improvement program concerning RYC of the species is
still in its infancy and started with the selection of 182
plus-trees from natural stands in main resin-yielding
region. Forward or backward selecting genetically supe-
rior individuals through progeny test trials has been
considered a preferred method (KUMAR and LEE, 2002).

The objectives of this study were (1) to calculate the
variance components and heritabilities for growth char-
acteristics and RYC in three progeny trials, (2) to esti-
mate the coefficients of age-age correlation and early
selection efficiency.

Material and Methods

Sampling and experimental design

In 1982 intensive survey and inspection of natural
stands of masson pine were conducted in six provinces of
south China, including Guangdong, Guangxi, Anhui,
Jiangxi, Fujian and Zhejiang. This resulted in the initial
selection of 182 candidate plus trees along with 910
check trees. Each candidate was subsequently scored for
traits of interest in relation to five selected check trees
(LEDIG, 1974). The scored traits included RYC, height
(HT), diameter at breast height (DBH), volume of indi-
vidual tree (VOL), stem form and crown size. Ninety-
three trees were screened out of these 182 candidates
from the first round checking procedure. Subsequently,
these 93 trees were subject to a second round checking
with RYC as the primary selection criteria in the next
year and a total of 50 plus trees with high RYC were
identified for the progeny testing (Table 1). The origin of
these 50 plus trees was located in five prefectures of
Guangdong province, in the range of Ilatitude
21°55'N—-23°87'N, longitude 110°47'E—-114°41'E and at
elevation from 35 m to 458 m (Table 1).

Seeds from these 50 plus trees were collected for
establishment of progeny trials in 1984 (Table 2). Open-
pollinated families from these trees were included in

Table 1. — General information of plus-trees of Masson pine used in progeny testing.

GD represents Guangdong province.

Origin I.atitude T.ongitude  Altitude  Annual precipitation No. of plus
{N) (E) (metres) {mm/annum) rees
Heyuan, G 23543 114°%471" 35-109 1881.8 2
Deging, GD 23°87 110247 122265 1513.0 2
Gaozhou, GDD 21955 116751 104 388 1892.7 10
Xinyi, GD 2282 110756 150 458 1481.7 22
Yunan, GD 23°15" 111°32' 127-339 1433.0 14
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Table 2. — Details of trial locations of masson pine progeny
testing.

Parameler Xinyi Yunan Heyuan
Latitude 22°253'IN 23°%15'N 23%45'N
Longilude 110°56'E 111°32'R 114%41"E
Llevation {m) 450.0 100.0 41.1
Rainfall {mm) 18G0.0 14000 1665.0
Annual average temperature (°C) 22.3 21.3 211

three trials, which were established at three locations:
Xinyi, Yunan and Heyuan, in Guangdong province
(Table 2). The trials used randomized complete block
design with four-tree row plots and 10 replications per
site. Seedlings were planted with 3 X3 m spacing. The
trees in seven randomly selected replications were mea-
sured for RYC in grams per day, HT in meters and DBH
in centimeters at ages 7, 9, 11, 13, 15, 20 (only for
Xinyi), 24 (only for Heyuan) and 26 (only for Yunan)
years after planting.

Resin receiver

\

B

- c

& &

Figure 1. — Narrow face system of resin tapping. A total of 15
cuttings (once each day) are performed for resin tapping on
each testing tree, leading to a tapping face of 5 cm wide and
10 cm long.
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The resin tapping was carried out using the narrow
face systems as described by CopPEN and HONE (1995).
In mid-August of each tapping year, the trees were cut
once each day by a removal of a sliver of wood from the
stem without the application of stimulant. In order to
reduce damage to trees, the narrow tapping face was 5
cm wide and only 15 cuts were performed on the trees
(Fig. 1.

HT and DBH were used to compute volume of individ-
ual tree outside bark per tree as described by ZENG and
YUE (1984):

VOL () = 6.2341803% 10 xDBH" #5147 HT0 56242 (1)

Where VOL is the volume of individual tree in cubic
meters; DBH is the diameter at breast height in meters;
and HT is the height of the tree in meters. An edition
and cleaning was made to data prior to statistical analy-
sis. Observations lying outside the normal range were
eliminated to avoid inflation of error variances and mis-
leading estimates. Deleted measurements accounted for
less than 3% of the observations for all tests.

Statistical Analysis

Single-site analyses were conducted on each test site
for the traits RYC, HT, DBH and VOL. Variance compo-
nents were estimated using the SAS program, PROC
GLM and VARCOMP (SAS Institute, 1999). The follow-
ing model was used for analysis of variance (ANOVA) for
each trait at each test site:

Ya=p+F+ R+ (FR) j+ ewyp (2)

where: Y., = the observation of the dependent variable
of the k-th tree of the i-th family in j-th block (R)

u = the overall mean

F, = the random effect of i-th family

Rj = the fixed effect of j-th block

(FR), = the plot error

ey, = the within-plot error.

The single-site family (hzbf) and individual (A%, heri-
tabilities for each trait were calculated using the vari-
ance components and the following formulae:

2

2 Gi"

= :
Y ogi+alinbio/b

3

4o P

=" 2 2 (4)
UerO'ﬂ,JrO'C

bi

where: 4 = the coefficient for estimating A%, of half-sib
families.

n, = harmonized average number of trees in each
block

b = block number

0% = the family variance

‘72;% = the family-by-block variance

0'2e = the residual variance.

Resin-yielding capacity (RYC) was calculated as:
Wt

RYC=—r—-
D-wd/C

(5)



where: Wt = total weight of collected resin of a tree
D = the cutting times for resin tapping on each tree
Wd = the total width of narrow tapping face

C = the circumference of trunk where the bark was
cut.

The following model was used for across-site analyses:
K;-id: H + Sx + F:, + ern + (SF) y’+ (FR)ﬂﬂ'i} + Elijiy (6)

where: Y:.jkl = the observation of the dependent variable

of the [-th tree of the j-th family (F) in k-th block (R)
within the i-th site (S)

u = the overall mean

S, = the i-th site effect (S)

F'; = the random effect of j-th family ()

R, = the fixed effect of k-th block (R)

(SF)U. = the family-by-site (G X E) interaction

(FR)jk(i) = the plot error

€l = the within-plot error.

The across-site family (2?) and individual A2) heri-
tabilities for each trait were calculated using the vari-
ance components and the following formulae,

: q;
hy=— T ; 7
"ol /nbst ol bst o /st0 ] @
. 40}
h; (8)

"It O Ot
where: O'Zf = the family variance
n, = the harmonized average number of trees in each
block
b = the block number in each site
s = the site number
02}% = the family-by-block variance
a2fs = the family-by-site variance
o2, = the residual variance.

The genetic correlation between performances of half-
sib families for the same trait in different environments
is termed a type B genetic correlation (BURDON, 1977,
YamaDA, 1962). The magnitude of the genotype by envi-
ronment interaction at the additive level was measured
by using estimates of type B genetic correlation (r, ) fol-
lowing BURDON (1972).

Ly
By = 9

Y &y X0 £y

where: r, = genetic correlation between one trait at
environments x and y

covg,, = covariance for groups between the trait as it is
expressed at environments x and y
o, and 0g, are square roots of variances of group

means at environments x and y.

Juvenile- to mature-age genetic correlations (r) were
calculated as:

.- COV 5

= (10)
o p Xg ™

10
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where: cov,,, = the family covariance among juvenile (J)
and mature age (M); oy and 0Oy are square roots of fam-
ily variances for juvenile (J) and mature age (M).

In this study, the last measurement year at each site
was considered the mature age, namely age 20 at Xinyi,
age 24 at Heyuan and age 26 at Yunan. The efficiency
(Ef,.,) of juvenile selection relative to mature age was
calculated as:

'i..’}:\h.f

Ej;ven =

: (11)
tM hM

where: r, =the additive genetic correlation between
juvenile and mature ages; i, and i, are selection intensi-
ties at juvenile (J) and mature age (M); h; and h,, are
square roots of the heritability at the juvenile (J) and
mature ages (M); The same selection intensity for the
juvenile and mature ages was used in this calculation
(Wu et al., 2007; KUMAR and LEE, 2002).

Results

Trend of annual trait means

Annual survival rates of testing progenies at three
sites were recorded and summarized in Table 3. The sur-
vival rates decreased gradually with age. At the mature
ages, 73% of trees remained at Xinyi (age 20), 63% at
Heyuan (age 24) and 68 % at Yunan (age 24), respective-
ly. Nevertheless, there was no significant variation in
survival rate among families at each testing site (data
not shown).

Overall means for HT, DBH, VOL (eq. 1) and RYC (eq.
5) were shown in Figure 2. The means of three growth
traits increased gradually with age. The trees in
Heyuan displayed the maximum early growth (before
age 11) and low midterm growth from age 11 to 15. The
seedlings in Xinyi showed the maximum later growth
(after age 11). The mean of individual volume increased
from 0.018 m? at age 7 to 0.181 m3 at mature age 20,
suggesting that Xinyi were more suitable for growth of
masson pine. In comparison, the trees in Yunan main-
tained low growth rate without dramatic fluctuation.
The mean of individual volume was only 0.145 m3 at
mature age 26.

In general, RYC showed a rapid increase at early ages
and a subsequent slow decrease at mature ages. It dis-
played significant differences at three testing sites
(P<0.0001). Heyuan produced the highest yield of resin
at early ages from 7 to 11, varying from 22.95 g/d to
44.83 g/d. Xinyi showed the maximum yield at later
ages from 13 to 20, reaching the maximum 50.55 g/d at
age 15. While, Yunan always exhibited the lowest resin
yield except at the beginning age 7.

Table 3. — Annual survival rate of masson pine at three testing
sites.

Testing Age (vears)
sile 7 9 11 13 15 20 24 26
Xinyi 918 945 773 773 744 729 - -
Yunan 920 83,7 834 830 827 68.0
Heyuan 865 808 76.1 753 739 - 630 —
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Figure 2. — Production trends of four traits from ages 7 to 26 at three testing sites. XY =Xinyi; YN =Yunan;

HY =Heyuan; AS=Across-site. The same below.
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Figure 3. — Trends in coefficients of variation (CV; %) for four traits from age 7 to 26 at three testing sites;

HT =height; DBH =diameter at breast height; VOL =volume; RYC =resin-yielding capacity. The same below.
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Analysis of variances

For single-site analysis (eq. 2), family had significant
(P<0.05) effects on four traits at all ages. The effects of
block and block-by-family interaction were also signifi-
cant for majority of analyses. Similarly for across-site
analysis (eq. 6), family had significant (P<0.05) effects
on four traits at all ages. Testing site also played a sig-
nificant role (P<0.05) in affecting four traits at all ages.
The effects of block, site-by-family interaction, and
block-by-family interaction were significant in most
cases.

Table 4. — Heritability estimates for height from ages 7 to 26 at
three testing sites.

Age Xinyi Yurmnan Ileyuan Across-site
(years) g2 7 Bl Rl kL W, hl o h
7 032 036 033 030 06! 034 017 036
(L14) (0113 (0.19) (0.09) (0.12) {08 (0.03) (0.172)
9 045 038 031 034 059 055 022 054
(0.12) (0.08) (0.09) (0.153) (0.05) (0.143 (0.07) (0.11)
11 038 042 048 039 042 048 017 030
(0.13) (0.14) (0.13) (0.10) (0.14) (0.143 (C.06) (0.11}
13 k40 043 049 051 041 040 .13 036
(0.14) (0.04) (D.16) (0.04) (0.09) (0.11} (0.07) (0.08)
13 147 045 039 034 0.3 046 021 044
(0L08) (0.12) (0.13) (0.11) (0.14) (005} (C.10) (0.06)
20 040 043 - - - - - -
(0.11) 0.07)
24 038 043
(0.11) €0.13)
26 - - 039 045 - - - -
(0.11) (0.15)

Values in parentheses are approximate standard errors; A%,
and A% .indicate individual and family heritability, respectively,
from single-site analyses; A% and h2f represent individual and
family heritability, respectively, from across site analyses.
Dashes indicate no estimates. The same below.

Table 5. — Heritability estimates for diameter at breast height
from ages 7 to 26 at three testing sites.
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Genetic coefficients of variations and heritability

Trends in additive genetic coefficients of variations
(CV; %) are presented in Figure 3. A decreasing trend of
magnitude of CV was observed for four traits with age.
The decreasing rate was rapid at early ages (before age
11) and minor at later ages (after age 11). In general, CV
for overall VOL was much higher than that for overall
HT, DBH and RYC, and there was a larger scale of
decline in the CV for VOL when compared with that for
other traits.

In general, heritability for four traits was relatively
stable (Tables 4 to 7). For single site analyses, there was
no significant difference between family heritability (eq.
3) and individual heritability (eq. 4) for four traits. Heri-
tability was the highest for height (>0.30) at all ages,

Table 6. — Heritability estimates for individual volume from
ages 7 to 26 at three testing sites.

Age Xinyi Yunnan Heyuan Across-site

(years) 2 pl kL ki, kL h, kDR

i

7 018 017 026 027 021 030 016 043
(0.06) (0.04) (0.10) (0.14) (0.03) (0.15) (0.05) (0.13)
9 017 026 010 012 024 029 017 055
(0.08) (0.19) (0.04) (0.02) (0.08) (0.13} (0.11) (0.11)
11 016 028 016 0.14 028 037 0.15 051

{0.10} (0.08) (0.07) (0.05) (0.12) (0.10) (0.11) (0.05)
13 019 029 0.14 014 022 029 017 048
(0.13) (0.05) (0.09) (0.08) (0.13) (0.12) (0.10) (0.13)
15 014 024 032 035 034 040 0.9 053
(0.06) (0.11) (0.13) (0.10) (0.14) (0.05) (0.07) (0.12)
20 016 027 - - - - - -
{0.09) (0.10)
24 - - - - 048 042 - -
(0.03) (0.16)
029 040 - - - -
(0.14) (0.15)

26 - -

Table 7. — Heritability estimates for resin-yielding capacity
from ages 7 to 26 at three testing sites.

Age Xinyi Yunnan [Neyuan Across-site Age Xinyi Yunnan Heyuan Across-site
years) pl wl Ry kL Rl kL R B ears) i bl kL B R, kL R R
7 0.14 020 020 027 028 038 027 055 7 023 035 028 036 011 018 17 038
(0.05) (0.12) (0.09) (0.14) (0.08) (0.10} {0.12) (0.05) (@.11) (0.10) (0.02) (0.10) (0.09) (0.10) {.08) (0.11)
9 0.15 020 025 023 016 024 016 050 9 024 033 026 031 0.23 035 020 055
(0.08) (0.10) (0.05) (.11} (0.11) (0.04) (0.05) (0.13) (0.06) (0.11) (0.06) (0.12) {(0.06) (0.17) (1.09) {0.12)
11 013 020 011 015 313 023 010 045 1 013 022 025 029 0.14 022 013 0352
(0.10) (0.09) (0.04) (0.09) (0.07) (D.12) (0.04) (0.02) (0.08) (0.14) (0.07) (©.07) (0.05) (0.06) (1.03) (0.05)
13 0.16 022 015 020 014 022 008 040 13 615 022 021 028 016 023 018 0359
(0.07) (0.15) (0.06) (0.11} (0.09) (0.08) (0.04) (0.15) (0.09) (0.11) (0.07) (0.16) (0.04) (0.14) (0.03) (0.13)
L5 0.17 024 029 037 024 034 023 0,60 15 G153 022 025 033 0,30 040 (I8 054
(0.07) (0.13) {0.14) (0.13) (0.04) (0.14) (0.12) (D.15) (0.08y ¢(0.13) (0.12) (0.15) (G.11) (0.16) {(GL09) (0.12)
20 016 023 20 017 021 - - - -
(0.09) (0.07) (0.05) (0.08)
24 — - - - (122 0.30 - - 24 - - - - 0,31 0.39 - -
(0.14) (0.14) (0.17) (0.10)
26 023 034 26 022 033
{0.12) (0.0 (0.13) (0.08)
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intermediate for RYC, and the lowest for DBH and VOL.
With regard to across-site analyses, the family heritabil-
ity (eq. 7) for four traits was much higher than individ-
ual heritability (eq. 8). At most ages, individual heri-
tability for four traits was between 0.10 and 0.20, and
family heritability between 0.40 and 0.60. The family
heritability for RYC displayed the highest stability,
ranging from 0.51 to 0.59 across ages. The family heri-
tability for height varied from 0.30 to 0.54, which was
lower than that for other three traits at most ages.

Genetic correlations among traits

To identify the sites contributing to the significant
site-by-family interaction, type B genetic correlations
(eq. 9) between testing sites were estimated (Table 8).
HT, DBH and VOL showed significant genetic correla-
tions between Xinyi and Heyuan at most cases except
for VOL at age 13. However, these growth traits dis-
played relatively low correlations between Xinyi and
Yunan as well as between Heyuan and Yunan in majori-
ty of cases except for DBH between Heyuan and Yunan

Zheng et. al.-Silvae Genetica (2013) 62/1-2, 7-18

at ages 13 and 15, suggesting the existence of strong
site-by-family interactions between these testing pairs.
Additionally, no obvious trend of correlation was
observed for each growth trait. With regard to RYC, sig-
nificant correlations between Xinyi and Heyuan were
detected between ages 9 to 15. In contrast, the signifi-
cant correlations were only observed between Heyuan
and Yunan at ages 13 and 15 and no significant correla-
tion was identified between Xinyi and Yunan. Interest-
ingly, there was a gradual increase in correlations with
age between Heyuan and Yunan, but not in other testing
pairs.

To determine the interrelationships between RYC and
other three growth traits, the genetic correlations were
estimated (Table 9). Except for HT at age 7, significantly
positive genetic correlations between RYC and growth
traits were observed at three testing sites, but no obvi-
ous age trend was detected in the magnitude of these
correlations. For majority of analyses, the correlations
were between 0.50 and 0.85. The correlations between
pairs of traits did not differ apparently, nor did those

Table 8. — Estimates of type B genetic correlations and associated standard errors (in parenthesis) between testing sites for four

traits.
Age HT DBH VOL RYC
(years) "XY/HY XY/YN HY YN XY/HY XY/YN HY/YN XYHY XY/YN HY/YN XYHY XYYN HY/YN
7 .72%*  HO03INS GIRNS  086*%*F  004NS 025NS  045%  00INS 0.22NS 033NS  (020NS  0.21NS
(0.1 (0.03) 0.1 (0.13) (0.03) 0.1 (0.14) (0.06) {0.08} (0.20) (0.08) (0.1
9 .92%%  0.09NS 0.05NS  0.86** 0.05NS 022NS  0.81%* 0OJIINS 027NS  0.50% 0.23 NS 27 NS
(0.11) {0.06) (0.05) (0.09) (0.06) (0.10) .11 {0.10) {0.02) (0.14) {0.11) (0.05)
11 0.48%  QI3NS 013NS 023NS 0.09NS 0J6NS  040%  0.00NS 0.23NS  040% 031 NS 029 NS
(0.15) (0.09 (012 (0.12) (4.02) (0.10) (0.14) {0.00) {0.02) (0.14) (0.06) (0.02)
13 0.72%  009NS 020NS  042%  Q0INS  040%*  03LNS 00INS 03INS  030% 0,24 NS 0.45%
(0.14) (0.01) (0.11) (0.03) {0.02) (0.15) (0.10) (0.01) {0.10} (0.15) (0.06) (0.20)
15 G.73%% 007 NS GLI4NS  0.60%*  020NS  042%%  0.57%% (03I NS (26NS  047% 0.28 NS 0.46%
(0.05) (0.04) (0.09} (.08 BN (0.22) {0.08) (0.10) {0.07} (0.2() (0.03) (0.14)

NS: not statistically significant; “significant at P<0.05; " significant at P<0.01. HT: height; DBH: diameter at breast height;
VOL: individual volume; XY = Xinyi; YN = Yunan; HY = Heyuan. The same below.

Table 9. — Estimates of age-age genetic correlations and associated standard errors (in
parenthesis) between resin-yielding capacity and three growth traits.

Ape HT DBH VOL
(years) Xinyi  Yunan Heyuan Xinyi Yunan Hevuan Xinyi Yunan Heyuan
7 0.36 NS 0.72*%%  0.56%F 0.76%* 076%% 0.51* 081%* 0.75%* (.67%*
0.15)  (0.20) (022}  (0.14) (0.22) {0.13) (0.10) (0.06) (0.11)
9 0.86%%  (.73%%  (.65%% (LR7*F ().72%*  (51% O.67%%  (),79%F () 57%*
0.06) (020) (024} (0.10) (023) (0.30) (0.05 (0.24) (0.13)
11 0.51%*  0.73%%  0.59%%  (0.71%*% 0.64**  0.60%* 0.80*%* 0.66%*+ (83**
0.06)  (011) (023 (018 (024) (011 {015 (.15 (0.11)
13 079%%  (.46% 0.42% (L57%%  0.75%%  0.60%%  (63%F  0.74%*  (),54%%
0.18) (0.17) (001} (0.28y  (0.15) {0.22) {0.15) (.15 (0.25
15 QO8F*  0.66%*F  0.69%F (0.95%FF 0.60*F (58%* Q97*F 0.04%¥* (.69**
000 ©008) 014y (0.05 (022 (0.26) {0.04) (023 (00D
20 0.60%* - - 0.68%% - - 0.63%* - -
0.21) (0.20) (0.14)
24 - - 0.80%* - - 0.67** - - 0.81%*
(0.14) (0.20) (0.11)
26 — 0.54%* - — 0.54%* - - 0.52** -
(0.11) (0.14) (0.08)
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between testing sites. Nevertheless, RYC had the lowest
correlation (0.355) with HT at Xinyi at age 7 and high-
est correlation (0.967) with VOL at Xinyi at age 15.

Age-age correlations between earlier ages and mature
ages

The additive age-age genetic correlations (eq. 10)
between earlier ages and mature age were shown in Fig-
ure 4. There was an increasing trend in the magnitude
of genetic correlations for HT at three testing sites, and
the increase range at Xinyi and Yunan was much higher
than that at Heyuan, particularly at early ages (ages 7
to 15). The correlations for DBH at Heyuan were com-
paratively stable, and increased from 0.82 at age 7 to
unity (1.0) at age 15. An analysis of correlations at early
ages (ages 7 to 11) found a sharp increase at Xinyi and
an obvious decrease at Yunan. Correlations at Yunan
were much lower than those at Xinyi and Heyuan
between ages 11 and 15. The age trend of genetic corre-
lations for VOL was highly similar with that for DBH.
An increasing trend was observed at Xinyi and Heyuan,
and the increase range at Xinyi was much higher than
that at Heyuan. Correlations at Yunan displayed a
sharp decrease at early ages (ages 7 to 9) and strong
increase between ages 11 and 20. The correlations for
RYC at Heyuan and Yunan were relatively stable at all
ages and much higher (>0.9) than those at Xinyi, partic-
ularly at early ages (ages 7 to 11). Correlations at Xinyi
had a sharp increase between ages 9 and 13.

Zheng et. al.-Silvae Genetica (2013) 62/1-2, 7-18

Efficiency of early selection relative to selection at mature
age

Efficiency of early selection (eq. 10) at Heyuan for HT
was very high and stable (>0.85) at all ages, and slowly
increased from 0.87 at age 7 to 0.93 at age 15. Addition-
ally, efficiency at Heyuan was much higher than that at
Xinyi and Yunan at early ages (ages 7 to 11, Fig. 5). Effi-
ciency at Xinyi and Yunan displayed a sharp increase at
early ages. Early selection at age 15 almost had the
same efficiency as selection at mature age for three test-
ing sites. Similar to selection for HT, early selection for
DBH at Heyuan was also very high (about 0.80) and sta-
ble at all ages (Fig. 5). Efficiency at Yunan was 0.77 at
age 7, but sharply decreased to middle level (0.550) at
age 9 and maintained the middle level (0.55~0.60) with
minor increase from age 9 to 13. At Xinyi, efficiency at
age 7 was only 0.45, but sharply increased to 0.69 at age
9 and 0.80 at age 11. Early selection at all ages at
Heyuan, age 11 at Xinyi and age 15 at Yunan was
almost as efficient as selection at mature age. The trend
of selection efficiency for VOL was very similar with
that for DBH (Fig. 5). At Yunan, there were an initial
sharp decrease from age 7 to 9 and a subsequent dra-
matic increase from age 13 to 15, leading to the fact that
efficiency was much lower than that at Xinyi and
Heyuan between age 9 and 13. At Heyuan, efficiency
stably increased from 0.66 at age 7 to unity (1.0) at age
15. Early selection at age 9 at Xinyi, age 11 at Heyuan
and age 15 at Yunan was almost as efficient as selection
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at mature age. Efficiency for RYC at three testing sites
displayed similar age trend. But efficiency at Yunan was
stable and much higher than that at Xinyi and Heyuan
at early ages (ages 7 to 13). Selection at all ages at
Yunan, age 9 at Heyuan and age 11 at Xinyi had an effi-
ciency >0.8.

Discussion

Since our ultimate goal is to improve resin-yielding
capacity of masson pine, RYC was considered the prima-
ry selection criteria during the entire investigation of
candidate plus trees in the natural forests of six
provinces. Furthermore, two rounds of resin tapping
was conducted for the purpose of screening for candi-
dates with stable and high RYC. Therefore, it was rea-
sonable for the fact that only 50 out of 182 (27.5%) can-
didates were identified to be plus trees. Further analy-
sis found that all of these 50 plus trees were distributed
in Guangdong province, the principle region for resin
production. Interestingly, our previous study on 274
masson pine trees from 6 provinces identified that RYC
increased with the decrease of latitude (HE et al., 1999).
Of these 6 provinces, Guangdong is located in the south-
east part. This might imply geographic variation play a
role in determining the RYC of masson pine. Similar
geographic variation was also found in alder, in which
provenances ranked differently at different sites and red
alder provenances tended to perform better in both
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growth and survival at the sites near their origin (XIE,
2008).

We observed that family effect was significant for all
growth traits and RYC in this study. This may not be
surprising considering that family was detected having
strong influence on growth traits of masson pine (HONG
et al., 2010; JIN et al., 2008a, 2008b; ZHOU et al., 2008;
ZHANG et al., 2010). Since there were highly positive
genetic correlation between RYC and growth character-
istics in this study (Table 8), it is possible to detect the
significant effect of family on RYC.

Similarly, site had significant effects on growth char-
acteristics and RYC, suggesting important implications
for seed transfer guidelines (XIE, 2008). Such effects
might be attributed to differences in environmental con-
ditions. A principal component analysis indicated that
elevation, precipitation and evaporation were the three
determinative factors for growth of masson pine (XU,
1994). The central Guangdong province where there are
numerous low mountains and hills with a middle eleva-
tion and high rainfall is considered the highly adaptable
region for masson pine (XU, 1994). Therefore it is not
surprising to detect significant site-by-family interac-
tions for three growth traits in this study.

Estimates of type B genetic correlations showed
that Xinyi was well correlated with Heyuan and that
Yunan was poorly correlated with other two sites
(Table 8). It seemed that Yunan might be the site con-
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tributing to the strong site-by-family interaction. In
terms of RYC, it was reported that the rise of tempera-
ture and humidity led to an increase in RYC, suggesting
a close association between RYC and these two factors
(ZHANG, 2001). In this study, Xinyi had significant type
B correlations with Heyuan and relatively low (not sig-
nificant) correlations with Yunan, which was in agree-
ment with the RYC order of three testing sites at later
ages: Xinyi>Heyuan>Yunan (Fig. 2). This result might
be attributable to the fact that Xinyi had the highest
elevation (450 m), rainfall (1,800 mm) and annual aver-
age temperature (22.3°C), which is favorable for the
growth and resin-yielding of masson pine (Table 2).
Heyuan is closer to Xinyi and much higher than Yunan
in RYC production (Fig. 2). It appears that RYC produc-
tion of masson pine is more sensitive to rainfall when
the trees are on low elevation with similar temperature
(Table 2).

Estimation of CV suggested that there were plenty of
genetic variations in four traits, particularly at early
ages. The variation among masson pine families indicat-
ed the potential benefits of genetic improvement (HoNG
et al., 2010). However, further analysis found that CV
for four traits displayed a decreasing trend with age.
The decrease was found to be sharp at early ages and
minor at later ages (Fig. 3). These trends were similar to
wood density found in radiata pine (KUMAR and LEE,
2002), Norway spruce (HYLEN, 1999) and Scots pine
(Fries and ERricssonN, 2009). This might be reasonable
considering that the survival rate of masson pines had a
similar decreasing trend at three testing sites (Table 3).
As trees mature, some tree may die while others may be
suppressed by bigger neighboring trees due to inter-tree
competition (WU et al., 2007). Additionally, there was a
larger CV for volume of individual tree, which was in
accordance with the results from other studies on mas-
son pine (HONG et al., 2010; DU et al., 2010; J1 et al.,
2005). Similar trends were also found in Pinus caribaea
Mor. var. bahamensis (SEBBENN et al., 2008) and radiata
pine (KUMAR and LEE, 2002). This may be explained by
the fact that the volume was calculated by multiplying
height and DBH.

Heritability for each trait was relatively stable at all
ages at three sites in this study. This is similar with the
results of radiata pine in which heritability for DBH
increased to a stable value at age 6 (L1 and Wu, 2005;
Wu et al., 2007). Heritability was the highest for height,
intermediate for RYC, and lowest for volume and DBH.
Similarly, the highest heritability for height was also
observed in other studies on masson pine (HONG et al.,
2010; DU et al., 2010; J1 et al., 2005) and ash (MWASE et
al., 2008). In this study, family heritability for height
was greater than 0.30. This was very close to the value
from a previous study (0.32; HONG et al., 2010), but
much lower than other published results in which the
heritability was 0.69 (DU et al., 2010) and 0.83 (J1 et al.,
2005), respectively.

The main interests of this study were to examine effi-
ciency of early selection that was based on one-to-one
correspondence between early and later heritability.
Since the mature ages were different at three sites, only
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heritabilities from single-site analyses were used for
estimation. To our knowledge, there are few publications
reporting age-age genetic correlation and early selection
of masson pine for growth characteristics and RYC. For
most correlations, there was an increasing trend with
age. This increasing trend was also observed in DBH
and wood density of radiata pine (LI and Wu, 2005; Wu
et al., 2007; KumAR and LEE, 2002), scots pine (HAAPA-
NEN, 2001), loblolly pine (BALOCCHI et al., 1994) and Nor-
way spruce (HYLEN, 1999). A correlation drop was
observed for DBH and volume at Yunan. One possible
explanation for this drop could be large errors and
decreasing population size (GWAZE, 2009).

There was an increasing trend of early selection effi-
ciency with age for most analyses, which was also simi-
lar with efficiency for diameter or wood density in radia-
ta pine (L1 and Wu, 2005; KuMAR and LEE, 2002; WU et
al., 2007), loblolly pine (BALOCCHI et al., 1994) and scots
pine (HAAPANEN, 2001). Selection for height at Heyuan
was very efficient (>80%) and stable at all ages as a
result of high genetic correlations and heritabilities.
Selection efficiency for height at Xinyi and Yunan
improved gradually with the increase in age-age genetic
correlations. Selection efficiency for DBH and volume
displayed a similar age trend. Literature suggests that
correlations as low as 0.6 could be useful in early selec-
tion (NAMKOONG et al., 1980; Mwase, 2008). In this
paper, correlation >0.8 is considered efficient for early
selection, thus selection of masson pine would be effec-
tive at age 13 for height, and age 15 for DBH and vol-
ume.

For RYC, selection at age 11 would be highly effective
(>80%) at three testing sites. Obviously, the high effi-
ciency was closely associated with the high genetic cor-
relations and moderate heritabilities. Moreover, an
interesting result was observed that efficiency at three
testing sites increased in a similar way at most ages.
Selection efficiency was close at age 7 for Xinyi and
Heyuan (0.55~0.70), age 9 for Yunan and Heyuan
(0.80~0.90), and later ages for three test sites
(0.80~0.90). The high and close efficiency at three test-
ing sites strongly suggested that early selection at age
11 for RYC was effective and reliable.

Since the resin tapping is a laborious, time-consuming
and destructive procedure, more convenient methodolo-
gy is needed for RYC measurement. The level of genetic
control of a trait and its interrelationships with other
traits determine the feasibility of indirect selection in
breeding program (ZENG and YUE, 1984). In this study,
highly positive genetic correlations were identified
between RYC and three growth traits (Table 9), which
made the RYC could be easily predicted from three
growth traits. DBH is considered cheaper and easier to
measure than height. Both RYC and DBH are under
moderate genetic control (Table 5) and had high age-age
genetic correlations and high early selection efficiency
(Figures 4 and 5). This suggests that DBH is a strong
candidate trait for indirect genetic improvement of RYC.
Additionally, as selection at age 11 would be effective
(>80%) for both RYC and DBH, it is suitable to conduct
prediction of RYC at age 11 by using DBH indirectly.



Conclusions

Family and site had significant effects on three
growth characteristics (height, DBH and volume) and
resin-yielding capacity of masson pine at three testing
sites at all ages. The trees showed gradual increase in
RYC with age. Xinyi was considered highly suitable for
the growth and resin-yielding of masson pine because of
rapid growth and high RYC at later ages. The additive
genetic coefficients of variations (CV) for four traits
decreased gradually with age. Individual heritability
was the highest for height, intermediate for RYC, and
lowest for volume and DBH. RYC had highly positive
genetic correlations with growth characteristics. Age-age
genetic correlations were very high for four traits, and
displayed an increasing trend with age. Such high
genetic correlations led to effective early selection for
four traits.

Acknowledgements

This work was jointly supported by the Planning Sub-
ject of ‘the Twelfth Five-Year-Plan’ in National Science
and Technology for the Rural Development in China
(No. 2012BAD01B0202), Forestry Science and Technolo-
gy Innovation Program of Guangdong Province (No.
2008KJCX005-01) and Ministry and Provincial Indus-
try-university-Institute =~ Strategic ~ Alliance  (No.
2007B090400098). The authors thank Prof. BAILIAN L1
from North Carolina State University, Dr. HARRY WU
from the Commonwealth Scientific and Industrial
Research Organisation (CSIRO), and Dr. HuUIQUAN
ZHENG for paper revision. We also thank an anonymous
reviewer for construction comments and suggestions
which greatly improved the manuscript.

References

BavroccHi, C. E., F. E. BRIDGWATER and R. BRYANT (1994):
Selection efficiency in a nonselected population of loblol-
ly pine. Forest Science 40: 452-473.

Burbpon, R. D. (1977): Genetic correlation as a concept for
studying genetype-environment interaction in forest
tree breeding. Silvae Genetica 26: 5-6.

CoPPEN, J. J. W. and G. A. HONE (1995): Gum Naval
Stores: Turpentine and Resin from Pine Resin, Natural
Resources Institute, FAO.

Du, L. F., Y. CHEN, Z. F. Kg, D. X. Gao, Y. F. XiE, J. Zou,
H. P. Liu, X. H. Jia and Z. W. ZHANG (2010): Genetic
gain of analysis on half-sib progenies family of Pinus
massoniana. Journal of Huazhong Agricultural Univer-
sity 29: 772-7717.

Friks, A. and T. ErRicssoN (2009): Genetic parameters for
earlywood and latewood densities and development
with increasing age in Scots pine. Annals of Forest Sci-
ence 66: 404.

GwaAZE, D. (2009): Optimum selection age for height in
shortleaf pine. New Forests 37: 9-16.

HAAPANEN, M. (2001): Time trends in genetic parameters
estimates and selection efficiency for scots pine in rela-
tion to field testing method. Forest Genetics 8: 129-144.

He, B. X,, H. M. LiaN, L. H. ZENG and Z. C. RUAN (1999): A
study on pine resin chemical composition and its geo-
graphic variation of high resin masson pine superior tree.
Guangdong Forestry Science and Technology 15: 1-7.

DOI:10.1515/sg-2013-0002
edited by Thinen Institute of Forest Genetics

Zheng et. al.-Silvae Genetica (2013) 62/1-2, 7-18

Hong, Y. H., W. J. LiN and Y. F. HuaNG (2010): Selection of
excellent families and analysis on growth variation for
the 12-year-old half-sib family of seed orchard of Pinus
massoniana. Journal of Nanjing Forestry University 34:
26-31.

HyYLEN, G. (1999): Age trends in genetic parameters of
wood density in young Norway spruce. Canadian Jour-
nal Forest Research 29: 135-143.

J1, K. S., M. L. FAN and L. A. XU (2005): Variation analysis
and plus family selection on half-sib progenies from
clonal seed orchard of Pinus massoniana. Scientia Sil-
vae Sinicae 41: 43-49.

JIN, G. Q., G. F. QiN, W. H. Liu, D. Y. CHu, S. Z. HONG and
Z. C. ZHOU (2008a): Effects of mating manners on
growth traits of Pinus massoniana and selection of
cross combinations. Scientia Silvae Sinicae 44: 29-35.

JIN, G. Q., G. F. QiN, W. H. Liu, D. Y. CHu, S. Z. HONG and
Z. C. ZHOU (2008b): Genetic analysis of growth traits on
tester strain progeny of Pinus massoniana. Scientia Sil-
vae Sinicae 44: 71-79.

KuMAR, S. and J. LEE (2002): Age-age correlations and
early selection for end-of-rotation wood dentsity in radi-
ata pine. Forest Genetics 9: 323—-330.

LEDIG, F. T. (1974): Analysis of methods for the selection of
trees from wild stands. Forest Science 20: 2-16.

L1, L. and H. X. Wu (2005): Efficiency of early selection for
rotation-aged growth and wood density traits in Pinus
radiata. Canadian Journal of Forest Research 35:
2019-2029.

Lian, H. M., L. H. Zeng, B. X. HE, M. Luo, J. QIN, Z.Y. QI
and R. K. Luo (2006): Study on the genetic variation of
wood properties and correlation in wood properties and
growth, resin yielding ability. Guangdong Forestry Sci-
ence and Technology 22: 5-11.

LiN, Q. H., R. ZHANG, G. Q. JIN, D. Y. CHU and Z. C. ZHOU
(2010): Variation of ring width and wood basic density
and early selection of Pinus massoniana provenances.
Scientia Silvae Sinicae 46: 50-56.

Liu, Q. H,, G. Q. JIN, R. ZHANG, D. Y. CHU, G. F. QIN and
Z. C. ZuHOU (2009): Provenance variation in growth,
stem-form and wood density of masson pine at 24-year-
old and the provenance division. Scientia Silvae Sinicae
45: 55-62

Liu, Y. (2001): Production, consumption and prediction of
China’s resin. Journal of Chemical Industry of Forest
products 35: 31-33.

Mwasg, W. F., P. S. SaviLL and G. HEMERY (2008): Genetic
parameter estimates for growth and form traits in com-
mon ash (Fraxinus excelsior, L.) in a breeding seedling
orchard at Little Wittenham in England. New Forests
36: 225-238.

NAMKOONG, G., R. D. BARNES and J. BURLEY (1980): A phi-
losophy of breeding strategy for tropical forest trees.
Tropical Forestry Paper No. 16. Commonwealth
Forestry Institute, Oxford, 67 pp.

SEBBENN, A. M., F. C. ARANTES, O. V. Boas and M. L. M.
FRrEITAS (2008): Genetic variation in an international
provenance-progeny test of Pinus caribaea Mor. var.
bahamensis Bar. et Gol., in Sao Paulo, Brizil. Silvae
Genetica 57: 181-187.

SHI, K. and Z. L1 (1998): The Development of China’s
Forestry: Review and Prospects. The Environmental
Science Press of China, Beijing. pp 110.

ToMUSIAK, R. and M. MAGNUSZEWSKI (2009): Effect of resin
tapping on radial increments of Scots pine (Pinus
sylvestris L.). In: Kaczka, R., I. MALIK, P. OWCZARE,
H. GARTNER, G. HELLE and I. HEINRICH (eds.) (2009):

17



