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Abstract

Genetic variation in precocity and fruitfulness was ex-
amined in open-pollinated families and diallel crosses of
loblolly pines (Pinus taeda L.). Genetic variation in average
amount of flowering was very strong among families in a
diallel and most of the genetic variation was additive.
Diallel analyses and parent-progeny regressions yielded
narrow-sense heritability estimates of 0.61 and 0.52, re-
spectively. The inheritance of precocity was not as strong
as that of average flowering, being only 0.13 on an indivi-
dual basis and 0.47 on a family basis. Flowering traits were
negatively correlated with growth traits, indicating that
selection for average flowering or precocity alone would
result in some growth loss. Although results of a half-sib
progeny test suggest that simultaneous selection for preco-
city and growth could be successful, it would not be ad-
visable in loblolly improvement programs.
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Zusammenfassung

Bei frei abgeblithten Familien und Kreuzungsdiallelen
von Pinus taeda L. wurde die genetische Variation in Friih-
reife und Fruchtbarkeit untersucht. Die genetische Va-
riation in der durchschnittlichen Bliihbereitschaft war zwi-
schen Familien sehr groB und der grofite Teil der gene-
tischen Variation war additiv. Diallel-Analysen und El-
tern-Nachkommenschafts-Regressionen erbrachten Herita-
bilitatsschatzwerte im engeren Sinne von 0,61 bzw. 0,52
Die Erblichkeit der Friihreife war nicht so hoch wie die
der durchschnittlichen Bliihbereitschaft, da sie auf Einzel-
baumbasis nur 0,13 und auf Familienbasis nur 0,47 be-
trug. Blihmerkmale waren mit Wachstumsmerkmalen ne-
gativ korreliert, was anzeigt, dal eine Selektion auf die
durchschnittliche Bliihbereitschaft oder Friihreife allein zu
einem Verlust an Hohenwachstum fiihrt. Obwohl die Er-
gebnisse einer Halbgeschwister-Nachkommenschaftsprii-
fung anzeigen, daf3 eine gleichzeitige Selektion auf Friih-
reife und Wachstum erfolgreich sein kann, wére dies in Pi-
nus taeda-Ziichtungsprogrammen nicht ratsam.

Introduction

Most woody plants are unable to flower until they pass
through a juvenile period and attain a stage or condition
known as “ripeness to flower.” In many tree species, the
extended length of the juvenile period is a serious obstacle
to advanced generation breeding.

Genetic variation in the length of the juvenile period in
pines has been documented (GeruoLp 1966, Jerrers and
NienstAeDpT 1972, TEiIcH and Howist 1969, and Scurock 1957).
Greene and Porterrierp (1962) have suggested utilizing this
variation in tree improvement programs to shorten gene-
ration intervals by selecting for precocious flowering. But
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little information is available on the genetic relationship
between precocity or fruitfulness and growth.

GreeNwooDp (1978) suggests that seedling pines do not
flower because they grow almost continuously during the
the growing season, and that a quiescent bud must be
Whether or not growth cessation is necessary to allow
reproduction, it seems likely that reproduction will lead
to slower growth. Trees that direct photosynthetic energy
to reproductive development at an early age probably do
so at the expense of growth (RoMBERGER 1967).

FieLpinG (1960) has estimated that 16 percent of the mean
annual increment of a pine plantation was diverted to
reproductive structures. Thus, a negative correlation be-
tween reproductive growth and vegetative growth might
then be anticipated.

WriGHT et al. (1966) found substantial variation between
provenances for precocious flowering in Scots pine, but
low family (within provenance) variation and no relation-
ship between precocity and growth. In Virginia pine (P.
virginiana MuL.), which normally flowers at an early age,
Bramiert (1971) found high narrow-sense heritability of
fruitfulness in seedlings (h? = 0.59 and 0.65), and that
flowering trees on the average ware taller than nonflow-
ering, or precocity, as also a qualitative trait, and is defined
BeLancer (1976) found that fruitfulness was heritable but
negatively correlated with height in parent-progeny cor-
relations.

Although the terms “early fruitfulness,” “precocious
flowering,” and “ripeness to flower” are often used inter-
changeably, they have slightly different meanings. Ripeness
to flower is a qualitative trait, either the tree has flowered
or it has not. The ripeness to flower concept assumes that
once flowering occurs, it is not reversible, even though
flowering may not occur in subsequent years. In this
study, a tree is considered to have attained ripeness at any
given age if it had flowered previously. Precocious flow-
ering, or precocity, asalso a qualitative trait, and is defined
as the early manifestation of ripeness to flower. Fruitfulness
or early fruitfulness, on the other hand, is considered a
quantitative trait and consists of counts of reproductive
structures. In most previous work on flowering in pines,
fruitfulness was measured.

Since a tree must attain ripeness to flower before it can
be fruitful, the two traits are obviously related, but not
necessarily the same.

In an analogous situation dealing with fusiform rust in
loblolly pine (P. taeda L.), somewhat different results were
obtained when proportion infected was used rather than
number of galls (Brair 1970). Visser et al. (1976) used age
at first flowering, a trait similar to ripeness, which was not
related to the eventual fruitfulness of the seedlings, sug-
gesting that genetic control is separate for the two traits.

In this study, ripeness to flower and precocity were trea-
ted as threshold traits by measuring proportion of trees
flowering at given ages. The objective was to determine
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the heritability of precocity and fruitfulness in loblolly
pine seedlings and to explore the genetic relationship
among fruitfulness, precocity, and growth.

Materials and Methods

Data from two experiments are included in this study:
a 10-parent diallel and a half-sib progeny test.

Diallel. Ten randomly selected mature loblolly pine trees,
located on the Harrison Experimental Forest in south Mis-
sissippi, were crossed in all possible combination, ex-
cluding selfs, to give 90 seed lots. The seed was sown in
the nursery in the spring of 1966, and the 1-year-old seed-
lings were bar-planted in January 1967 on the Harrison
Experimental Forest. Spacing was triangular, with 2.74 m
between rows and 3.17 m between trees in the rows. The
experimental design was a randomized-complete block of
8 replications with 8-tree row plots and 45 plots per block
(reciprocal crosses were combined). Scions from the parent
trees were grafted on potted seedling rootstocks in January
1967 and included in the planting.

Female flowers were counted on seedlings and grafts
each spring at ages 2 through 8 years except at age 6 when
measurements on the grafts were not made. Trees flow-
ering at age 2 were considered precocious. Heights were
measured at ages 3, 5, and 10 years, diameters at 5 and 10
years, and crown width at age 5.

Flowering data were analyzed as binomial traits (zero or
one), where a tree was given the value one if it had flow-
ered in a given year or in any previous year. This proce-
dure not only allows estimation of both individual and
family heritabilities from qualitative data, but also provides
better estimates of predicted gain than using transformed
plot means (SouN and Gopparp 1979). Average number of
flowers, square-root transformed, was also analyzed.

The flowering data from the grafts were used only for

--parent-progeny regressions. The data from the seedlings
were analyzed by a general least squares analysis program
for dialleles. “DIALL” (Scuarrer and Usanis 1969), assuming
nonrelated, random parents from a diploid population
(Cockeruam 1963) (Table 1).

Negative components of variance were handled as rec-
ommended by Taompson and Moore (1963); i.e., a mean

Table 1. — Form of analysis of variance and covariance for the

diallel experiment.

1 Error degrees of freedom are adjusted for missing data. Out of

a total of 360 plots in the study, 3% were missing.

Uzwp = Variance component due to error. DIALL computed this
by subtraction, so it was a pooled error term containing
both within- and among-plot variance.

ng = Variance component due to among-plot error in analyses
based on plot means.

"tSC A Variance component due to specific combining ability.

¢ 1 = Variance component due to general combining ability.

The variance component coefficients Cl, C-z’ C,, determined by

DIALL, were C, = 30.8, C2 = 32.8, C3 = 249.1 for individual tree

analysis, and C1 =12, C2 =14, C, = 58.2 for plot mean analysis.

Source D.F. Expected mean squares
Blocks 7

General combining

ability (GCA) 9 o2y + C2 a?gch + C3 02gca
Specific combining

ability (SCA) 35 o2y, + €1 o2scp

Error 1361 azup

{plot mean basis) (276)1 (Uzp)

square smaller than a predecessor mean square, and whose
component was included in it was pooled with the prede-
cessor and the result equated to both expectations. Herita-
bility (h?) estimates.for individual trees were calculated by
the formula:
. 40%z04
" Phenotypic variance ’
variance = o®gop to%gon 0%

When plot means were analyzed, family heritability was
computed as:

®aoa . )
—, where phenotypic variance =

where the phenotypic

Phenotypic variance
0*aon T 0%sca T 0%ps

The DIALL program computes the standard deviation

of the variance components as:

SD. = ]/ 2 a® (MS)*
DF; + 2

where the a; are the coefficients of the linear combination
of the mean squares used to estimate the components (An-
DERsON and Bancrorr 1952). GCA and SCA values differing
from zero by more than two standard deviations were
considered significant. Genetic correlations based on GCA
components were calculated also.

Half-sib test. Open-pollinated progenies of 24 loblolly
pine trees were included in the half-sib test. Three of the
trees were selected for precocity and 21 were selected from
the National Forest System’s tree improvement program
in Mississippi, Alabama, Texas, North Carolina, and South
Carolina. The 3 trees selected for precocity were from an
experimental planting of 3,451 loblolly pines in which 12
trees flowered 2 years after outplanting and 62 flowered
after 3 years. The 3 trees were subjected to further selec-
tion for flowering as they were the only ones in the total
of 75 precocious trees which produced enough seed in the
9th year to be included. One of these (Pre-1) had origi-
nally flowered at age 2, and the other two (Pre-2 and Pre-
3) at age 3. All three precocious trees were also taller than
the plot means at 2 years of age as well as at 9 years of
age when seed were collected. The fact that they were
taller than average at age 9 probably had an important
role in determining their fruitfulness. There was intense
competition in the original stands at the 3 X 3 m spacing,
and only dominant trees would be expected to flower
(FoweLLs and ScHUBERT 1956).

Seed from the 24 families were sown in a nursery. The
1-year-old seedlings were bar-planted at two locations in
south Mississippi. Four replications of a randomized com-
plete block were planted at each location, with four trees
per plot and 3 X 3 m spacing. At age 6, female flowers,
conelets (1-year-old strobili), and cones were counted, and
height and d.b.h. were measured. Fruitfulness at ages 4
and 5 was assessed by cone and conelet counts at age 6.
Mean number of trees flowering per plot was analyzed.
The fixed model assumed for the analysis of variance.
Statistical significance was tested at the 0.05 level of pro-
bability.

Results and Discussion

Diallel. Approximately 5 percent of the diallel progeny
had female flowers after 2 years in the field. The number
with female flowers increased to over 30 percent by age
3, and to 80 percent by age 8. Although the seedlings flow-
ered better than the grafts at age 2, the grafts subsequently
flowered much better than the seedlings (Fig. 1). This was
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undoubtedly due to physiological maturity of the grafts.
The grafts averaged 10 female strobili each at age 7, where-
as the seedlings averaged only 2 each. Yearly variation in
flowering of the seedlings was approximately parallel to
that of the grafts.

At age 3, the precocious seedlings were taller than non-
precocious (Fig. 2). Although statistically significant in a
t-test, the difference was small (2.3 m versus 2.2 m for the
nonflowering seedlings). By ages 5 and 10, there were no
differences in height. Precocious trees continued to flower
better than the nonprecocious trees. At age 6, the difference
in flowering was largest, when the precocious trees aver-
aged 12 flowers per tree and the nonprecocious averaged
only 6. Though the absolute difference varied widely, pre-
cocious trees had about twice as many flowers each year
that they were measured.

The diallel analysis showed that precocity and fruit-
fulness were heritable. General combining ability (GCA)
values for flowering were all significant. Specific com-
bining ability (SCA) values for flowering traits were gene-
rally much smaller than GCA values and were significant
only for average number of flowers (Table 2), Heritabilities
ranged from 0.13 for 2nd-year ripeness to 0.61 for average
number of flowers on individual trees. Values using fami-
ly means were higher, ranging from 0.47 for 2nd-year
ripeness to 0.65 for 3rd-year ripeness. Average number of
flowers, a quantitative trait, was highly heritable both on
an individual tree basis and on a family basis (0.61 and
0.63, respectively). This agrees with findings from previous
work (ScumiptuNnG 1980). Precocity was much less heritable
on an individual basis (h? = 0.13), but was moderately
heritable on a family (plot mean) basis (h2 = 0.47).

Heritabilities of the growth variables were lower than
those for flowering (Table 2). Only the GCA for crown
width was significant. Heritabilities for height seemed to
increase with time, however, reaching 0.30 by the 10th
year for individual tree height. In contrast to flowering,
SCA values were significant for several characteristics:
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Figure 1. — Flowering of the parent grafts and their seedling

progeny in the diallel experiment. Vertical axis is square-root

scale. Data for the grafts at age 6 were missing, and this point is

estimated using flowering data from a near-by clone bank of
grafted loblolly.
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5th-year d.b.h., 10th-year height, and 10th-year d.b.h. on
an individual basis, and 10th-year height and 10th-year
d.b.h. on a family mean basis. Genetic variation in this
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Figure 2. — Growth and flowering of the precocious trees (flow-

ering at age two) compared to the non-precocious trees in the

diallel experiment. A. Height. B. Flowering. Vertical axis -of-B
is square-root scale.

Table 2. — Diallel statistics based on individual tree data and plot

mean data for flowering and growth traits. Standard deviations

are shown below general combining ability (GCA) and specific

combining ability (SCA) statistics.

1 Having flowered by the year indicated.

2 Over the eight years measured.

3 Since heritabilities are based on one location they may be
biased upwards, since there is no estimate of genotype X environ-
ment interactions.

Famil
Individual tree basis (Plot mean) basis
3
Trait GCA SCA h2 GCA SCA h2
Second-year "ripeness”! 0.0015 0.0000 0.13 0.0023 0.0002  0.47
(precocity) +0.0007 +0.0003 *0.0011 *0.0007
Third-year “ripeness"! 0.0127  0.0018  0.24 0.0148 0.0002 0.65
10.0059 *0.0019 +0.0068 £0.0021
Average number of 0.5334 0.0937 0.61 0.5843  0.1742 0.63
flowers $0.2377 $0.0435 +0.2687 £0.0852
Third-year height 0.0427  0.0294  0.07 0.0617 -0.0068 0.32
£0.0240 $0.0244 +0.0337 $0.0337
Fifth-year height 0.0902 0.1035 0.10 0.1146 0.0654  0.28
+0.0516 *0.0544 +0.0666 *0.0758
Fifth-year D.B.H. 0.0078 0.0160 0.10 0.0078 0.0140 0.22
$£0.0048 +0.0058 +0.0050 +0.0070
Fifth-year crown width 0.1697 0.0514 0.32 0.1582 -0.0064 0.58
+0.0785 £0.0263 £0.0738 $0.0296
Tenth-year height 0.9388 0.9658 0.30 0.8307 0.8377 0.36
+0.4745 *0.3052 +0.4388 $0.3620
Tenth-year D.B.H. 0.0606  0.0888  0.28 0.0558  0.0954 0.29
+0.0323 %0.0262 £0.0316 +0.0331




Table 3. — Genetic (GCA) correlation among flowering and growth
variables from the diallel analysis (based on plot means).
1 Having flowered by the year indicated.
2 Over the eight years measured.
3 All correlation coefficients differed by more than two standard
deviations from zero.

Average
2nd year 3rd year number
“ripeness”l “"ripeness™ of flowers
Third-year
“ripeness” 0.93 3 - -
Average number
of flowers? 0.83 0.87 -
Third-year height -0.29 -0.17 =-0.53
Fifth-year height -0.47 -0.37 -0.54
Fifth-year D.B.H. -0.64 ~0.37 -0.35
Fifth-year crown width -0.65 -0.51 -0.40
Tenth-year height -0.39 -0.42 -0.39
Tenth-year D.B.H. -0.54 -0.35 -0.10

diallel is similar to that found by SNyber and NamkoonG
(1978) in a longleaf pine diallel. Heritabilities in their
study for growth traits were in the same range as those
found here. They also noted significant SCA effects for
many traits.

Genetic (GCA) correlations based on family mean data
agreed very closely with those based on individual trees.
Genetic correlations among flowering traits were uni-
formly high and positive (Table 3), ranging from 0.83 be-
tween average number of flowers and 2nd-year ripeness
to 0.93 between 2nd-year ripeness and 3rd-year ripeness.

Genetic correlations between all growth variables and
flowering variables were negative. The uniformly negative
signs indicate that selection based on fruitfulness or pre-
cocity alone would result in some loss in growth. The
strongest genetic correlations were between 2nd-year ripe-
ness (precocity) and various growth traits, ranging from
r = —0.29 between precocity and height at 3 years for
individuals, to r = —0.65 between precocity and crown
width for plot means.

So, even though precocious trees were significantly tal-
ler than nonprecocious trees at age 3, the height difference

Table 4. — Average flowering of the grafts compared to precocity
and average flowering of the progeny in the diallel planting.

Parents (grafts) Progeny

Family Average number Percent individuals Average number
of flowers 1 flowering at age 2 of flowers 1
7 14.6 12.7 2.5
9 12.0 3.2 2.1
4 4.1 5.2 1.5
1 3.5 14.7 2.3
8 3.4 6.1 1.8
6 1.9 4.4 9
3 1.7 6.3 9
5 1.2 1.4 8
10 0.8 2.0 8
2 0.6 2.9 9

¢t Qver the 8 years measured.

was environmental since the genetic portion of the overall
correlation between height and precocity was negative.
Negative correlations between flowering traits and crown
width were surprising because it seems logical to assume
that trees with larger crowns would have more cones. In
this study, however, there was no genetic evidence for
such an assumption.

Parent-progeny relations. Regression between mid-par-
ent average (average of the two parents for each cross) and
progeny average for number of flowers yielded a herita-
bility of 0.52. This was slightly less than the heritability
found in the diallel analysis, h?2 = 0.61 (Table 2). However,
the most fruitful parents, in a quantitative sense, were
not necessarily the parents which produced the most pre-
cocious progeny (Table 4). Parent 1 ranked 4th out of 10
for average flowering, but produced the most precicious
progeny, 14.7 percent. The correlation between mid-parent
average flowering of the grafts and precocity of the pro-
geny, although positive and significant, was only r = 0.36.

Correlations between mid-parent fruitfulness and vari-
ous growth measures of the progeny were all negative
except for the correlation between 10th-year d.b.h. and
parent fruitfulness (r = 0.13). Correlations between parent
fruitfulness and 3rd-year height, 5th-year height, 5th-year
diameter, and 10th-year height were all negative though
weak, ranging from r = —0.24 for 3rd-year height to r =
—0.02 for 5th-year diameter. Though correlations of this
magnitude probably are not very important, they reinforce
the findings of the diallel analysis in cautioning against
selection or roguing for fruitfulness without considering
other aspects, since there may be a tendency for the most
fruitful parents to produce slower growing progeny.

Half-sib test. About 12 percent of the trees in the half-
sib test flowered the 4th year. Flowering increased to 16
percent the 5th year and to 26 percent the 6th year. Family
and location effects were statistically significant, but the
family X location interaction was not.

Results of selection for precocity were evident, An aver-
age of 33 percent of individuals from the three precocious
families flowered by age 4 compared with an average of
10 percent of the other families. Over 40 percent of Pre-1
progeny flowered by age 4. Only one nonprecocious family
equalled flowering of the poorest precocious family, Pre-3,
with 27 percent flowering by the 4th year. The realized
gain of 23 percent in frequency of trees with flowers at
age 4 is slightly higher than one would expect from the
diallel experiment. The selection differential for the pre-
cocious parents was about 0.022 (75 trees flowering at ages
2 or 3 out of a total of 3451 trees). According to FALCONER
(1960) heritability is expressed as:

h? = (realized gain X2)/selection differential =
= (0.23X2)/0.022 = 0.21
This is higher than the 0.13 heritability in the diallel but
is probably biased upwards because of the further selec-
tion for fruitfulness at age 9, since only 3 of the original
75 selections had enough cones at that time to be included.

Growth of precocious selections was good, contrary to
what one would expect from the negative correlations be-
tween flowering and growth in the diallel analysis. Pre-
cocious progeny were significantly larger than the non-
precocious progeny-averaging 5.7 m tall versus 5.4 m for
height and 9.3 cm versus 8,6 cm for diameter. Caution in
interpretation is needed here, since geographic variation
has likely biased these results. Eleven of the 21 National
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Forest selections were from areas of slower growing pro-
venance; i.e., from north and central Alabama, Texas, and
South Carolina Piedmont (WeLLs 1969, WeLLs personal
communication). By excluding the slow growing prove-
nances, mean height and diameter of the remaining trees
were not significantly different from the precocious selec-
tions. After dropping these slower growing provenances
from the analysis, flowering differences between precocious
and select trees still remain significant.

Theoretically, one could increase genetic gain in breed-
ing programs by utilizing precocious flowering for a more
rapid turnover of generations. In order to be practical,
breeding such precocious trees would need to be combined
with rogueing based on later evaluation of the select
trees, since growth evaluation at age 2 would be very
uncertain. This is approximately what occurred in the
half-sib study. The precocious trees were selected at ages
2 and 3 for flowering; they were then indirectly selected
for growth at age 9, since the close competition prevented
all but strongly dominant trees from having cones. It is
possible that in a two-stage selection process, as in this
half-sib study, both of these traits could be improved
simultaneously. In this study, the precocious selections
flowered earlier and grew as well as the National Forest
selections, which were selected for growth.

Conclusions

Precocious flowering in loblolly pine appears to be
heritable, and selection for this trait can be effective.
Fruitfulness is highly heritable, and the broad-sense her-
itability estimates determined from clonal studies (around
0.5) appear to be low (ScumiptLing 1980). In the present
study (of 10 parents only), a negative relationship between
growth and flowering had a genetic basis.

Although the results of the half-sib study suggest that
it is possible to breed for both traits stmultaneously, in
practical programs this would not be advisable. To use
precocity to produce long-term gains in growth would
require that the heritability of precocity be high, the cor-
relation between precocity and growth be near-zero or
positive, and costs of testing be reasonable. On the basis
of the diallel and the half-sib test, I conclude that using
precocity for turning over generations for selection for
growth would not be advisable for improvement in lob-
lolly pine. Physiologically inducing precocity would seem
to be a more reasonable approach to shortening generation
time.
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