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Summary

Seedlings of 64 open-pollinated slash pine (Pinus elliottii
ENGELM. var. elliottii) families were grown from seed to 18
months of age in raised outdoor boxes under 2 nitrogen
(N) treatments (5 ppm and 50 ppm). Twenty-one shoot
characteristics were measured and analyzed, of which the
most promising twelve were evaluated for use in multi-
trait selection indices to predict parental breeding values
of 5- aid 15-year field volume. Genetic parameters were
estimated for each seedling trait and individual-tree
heritabilities ranged from 0.15 to 0.70. There was a mod-
erate to high degree of genetic commonality for all traits
across both N treatments (type B genetic correlations =
0.56 to 0.97). Caliper, green weight, and total height at 18
months were genetically correlated within each treatment
(type A genetic correlations = 0.72 to 0.97) and bud burst
was not correlated with any trait in either treatment.
Family means for height at 13 months (low N treatment),
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the difference in heights between 9 months and 13 months
(low N), bud burst (high N), and total numbers of branches
(high N) were the traits most positively correlated with
15-year breeding values for field volume growth (rj., =
0.24 to 0.37). All possible 2- and 3-trait indices were
formed and correlations between pradicted genetic values
and true breeding values (Corr(g,g8)) were calculated to
assess indices with the best predictive ability. Total num-
bers of branches (high N), total numbers of cycles (high N),
and the difference in height from 9 to 13 months (low N)
formed the most precise index for predicting 15-year
volume (Corr(g,8) = 0.51). This 3-trait index was not
effective at identifying the best 10% of the families used
in the experiment.

Key words: Heritability, genetic correlation, type B genetic cor-

relation, juvenile-mature correlations, selection in-
dices, genetic gain efficiency.
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Introduction

Currently, only 1 tree improvement program in North
America utilizes an operational technique to select genet-
ically superior families at an early age without field
testing (LowE and vaN BUITENEN, 1989). A variety of juve-
nile traits (before age 5) have been identified as possible
early selection criteria in conifers (e.g., numbers of stem
units, cyclic growth, annual height increment), but results
have not been conclusive enough for tree improvement
programs to adopt early testing techniques operationally.
Future evaluations of early selection traits should be based
not only on juvenile — mature correlations but also on
other estimates of genetic parameters and genetic gain to
clearly identify which traits can be used in operational
early testing (L1 et al., 1992).

Early selection researchers have based their choice of
potentially useful juvenile traits on genotypic and pheno-
typic age-age correlations. These efforts to correlate juve-
nile traits with mature field performance have produced
inconsistent results due to 1) low heritabilities for the
juvenile or mature-target traits (FrankLiN, 1979; GiLL, 1987),
2) maternal seed effects on juvenile performance (BARNES
and ScHWEPPENHAUSER, 1978; CANNELL et al., 1978), 3) small
or imprecise phenotypic or family mean correlations be-
tween juvenile and target traits (CorTerILL and DEAN, 1988),
and 4) imprecise genetic parameter estimates due to in-
adequate numbers of families and individuals within-fam-
ilies (LAMBETH, 1983; BurDpON, 1989). '

Previous early selection studies with conifers have re-
ported results for juvenile shoot traits (e- g., total height,
lengths and numbers of cycles) that were correlated with
later field performance (e.g., height or volume) (WiLLIAMS,
1987; RIEMENSCHNEIDER, 1988; L1 et al., 1991). Attempts to
correlate mature performance with length of juvenile
growing season (bud burst to bud set) have been widely
tested with some conifer species such as Douglas-fir (Pseu-
dotsuga menziesii (Mirs.) FraNcO), but not with the south-
ern pines of the United States. CanneLL et al. (1978) found
that the date of first-year bud set was poorly correlated
with eight-year volume of loblolly pine (Pinus taeda L.).
For Douglas-fir, CamrseLL (1986) reported that height
growth was genetically correlated across seed sources with
the duration of growing season for second-year seedlings.
Rirrers and Perry (1987) determined that the date of
second-year bud burst was significantly correlated (p <
0.10) with 15-year field height. Wwarte et al. (1981)
corroborated other studies that found genetic differences
between Douglas-fir provenances in bud burst date.

Conifers exposed to different test environments have
displayed significant differences between populations and
families for juvenile shoot components (WHEELER, 1979;
WHITE et al., 1981; Cuasg, 1988; BRIDGWATER, 1990; CARTER
et al., 1990). For southern pines, different fertilizer treat-
ments have promoted differential genetic expression of
juvenile shoot traits and revealed potentially useful early
selection traits (L1, 1989; DeWaLDp et al., 1992; L1 et al,,
1992). For slash pine (Pinus elliottii ENGeLM. var. elliottii),
which has evolved on nitrogen (N) deficient soils (PritT-
cHETT and CoMERFORD, 1983), significant family x N treat-
ment interactions for height growth have been reported
(PritcHETT and Gobpparp, 1967; Horapay, 1973; JaHROMI
et al., 1976)-

Although individual juvenile traits have been identified
as useful for predicting mature performance, rarely have
combinations of juvenile traits measured in controlled en-

vironments (i.e., greenhouse, growth chamber, nursery bed)
been used to predict the genetic value of a target trait
(indirect testing). Correlsted response (FaLconer, 1981),
which uses one dindirect trait to predict a single target
trait, has been used to assess early selection efficiency with
loblolly pine (LamBeTH, 1980, 1983; FosTER, 1986; LI et al.,
1992). With slash pine, combinations of juvenile traits
have been shown to more precisely predict target genetic
values than individual juvenile traits (Wurre and HobgGe,
1991; SwmrrH, 1992). Different combinations of juvenile
traits can be used to predict the same target genetic value
(e.g., 15-year breeding value for volume growth), and
they can be compared for selection efficiency using the
correlation (Corr(g,8)) between the true and predicted ge-
netic values (WuiTe and Hobpcg, 1991). Corr(g,8) is also the
gain per unit of selection intensity and can be used as a
basis for identifying useful combinations of juvenile traits.

In this paper, we report results on 12 shoot traits from
2-year-old slash pine that may have value as early selec-
tion criteria. This study was part of a larger investigation
which tested the usefulness of other slash pine juvenile
traits in early selection (Surris et al.,, in review; SwitHh,
1992). The objectives: of-this experiment were to 1) esti-
mate genetic parameters for seedling traits grown in 2 N
treatments, 2) determine which traits are related to 5- and
15-year field performance, 3) predict a target genetic value
(field volume) with all possible combinations of juvenile
traits in 2- and 3-trait indices, and 4) identify trait com-
binations that are potentially useful in multi-trait selec-
tion indices.

Materials and Methods

Plant Material

The 64 open-pollinated slash pine families used in this
study were a random sample of 2300 first-generation
selections made by members of the Cooperative Forest
Genetics Research Program (CFGRP) from natural stands
in northeast Florida and southeast Georgia, U.S.A. All
the families have been field tested at a minimum of 4
progeny test locations and measured for height, diameter
at breast height, and volume at ages 5-, 10-, and 15-years
(Wurte and Hopoce, 1988; HopGe and WwiTE, 1992). Most of
the families were in more than 4 tests (range = 4 to 16),
and the median family was tested in 8 locations. All
selections currently exist as clones in 2 seed orchards
owned by ITT-Rayonier and Container Corporation of
America in northeast Florida. Seeds were harvested in
1987 and 1989.

Seedling Culture

The seeds were soaked for 24 hours in room temperature
tap water and stratified in a refrigerator at 3° C for 2
weeks. The seeds were sown during the week of April 9,
1990 in 8 seedling boxes (20m long x 2m wide x 1m deep)
containing coarse sand as a growing medium. The boxes
were located outdoors, approximately 17 km north of
Gainesville, Florida (29° N, 82° W) in the University of
Florida‘s Austin-Cary Memorial Forest. Each box was
underlain with 12 cm of coarse gravel and horticultural
landscape cloth to promote drainage and to keep roots
inside the boxes. Fertilization began 3 weeks after ger-
mination to avoid damping-off, and the seedlings were
fertilized and watered twice weekly with a low (5 ppm)
or high (50 ppm) N-fertilizer solution. Other nutrients
besides N were supplied in non-limiting proportions ac-
cording to INGEstap’s (1979) recommendations for pine
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species, and the boxes were flushed monthly to prevent
nutrient accumulation. In late September 1990, fertilizer
and watering regimes were changed to 1 per week to slow
growth and promote bud set. Biweekly fertilization was
started again in March 1991. The pH of the nutrient solu-
tion was adjusted to 5.0 to 54 with concentrated sulfuric
acid. The nutrient solutions and growing medium were
sampled periodically for nutrient analysis.

Experimental Design

Seedlings were grown at a 15 cm x 15 cm spacing in a
randomized complete block, split-plot design with 2 main-
plot treatments (high and low N) and 4 blocks (2 N
treatments x 4 blocks = 8 boxes). Each box was divided
into 5 sections, each section representing a different
harvest date. This study was part of a larger investiga-
tion of nitrogen-use efficiency and early selection, thus
only one-fifth of the total number of seedlings in each
box (i.e., a single harvest date) was used for this study-
Six seedlings from each of the 64 families were randomi-
zed within each main-plot of each block for a total of 3072
seedlings (2 N treatments x 4 blocks x 64 families x
6 seedlings).

Traits Measured

Twenty-one traits were measured and analyzed of which
the most promising 12 are reported here (Table 1). Date of
second-year bud burst (BB1 and BB2) was recorded by
attaching flat wooden sticks (with marks at 2 cm and 6
cm above the dormant shoot tip) to the terminal shoot
of each seedling during the first week of January 1991.
Observations were made every 2 or 3 days and the Julian
date was recorded when each seedling’s bud passed each
mark on the stick.

wgmnd

Total heights were recorded at four time intervals during
the second growing season at 9, 13, 16, and 18 months after
germination. Heights were measured from 1 cm above the
epicotyl scar to the terminal tip of the stem. Total num-
bers of branches (TOTBRCH), caliper (CAL), total number
of cycles or flushes (TOTFL), and total green weight
(WEIGHT) were all measured during a final destructive
harvest 18 months after germination.

Statistical Analysis
An analysis of variance (ANOVA) based on plot means
(averages of the 6 seedlings from a given family in each
whole-plot) and combined over N treatments was con-
ducted to test for N treatment, family, and family x
treatment interaction for the 12 shoot traits (SAS Institute
Inc., 1988)- Family (%) and plot (0p?) variance components
were then estimated in separate ANOVA'’s for the high
and low N treatments because the error variances in the
2 treatments were quite different. Sequentially adjusted
mean squares (Type 1) were equated to their expectations
to solve for the variance components. Harmonic means (n)
of the number of observations per plot were calculated
for each trait in both treatments to estimate within-plot
(06,? variance components, and individual-tree (h%) and
family heritability (h®) estimates were obtained as (FaL-
CONER, 1981):
h* = 0,%0,? = 40f/(0f + 0,2 + 0,7)

Eq. 1

hé = o#/(od + 0,2/4 + ¢, 4n)

Eq. 2
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Standard errors of heritability estimates were calculated
as in Namkoone (1979, p. 233).

Type A genetic correlations, which measure the additive
genetic correlation between pairs of traits in the same
treatment, were estimated as given by MopE and RosiNsON
(1959):

rAg(l.j) = a(ij)/(aﬁz 0.62)0.5 Eq- 3
where ry.;, is the estimated genetic correlation for traits
i and j in one N treatment, o(;; is the estimated family
covariance between traits i and j from an analysis of
covariance, and og? and oy;* are the estimated family vari-
ances for traits i and j, respectively, with all parameters
estimated from the ANOVA for one N treatment. Standard
errors were estimated using Mope and RosiNsoN’s (1959)
methods.

Type B genetic correlations (Burpon, 1977), which in this
study quantify family x N treatment interaction, were
estimated for each trait as:

Ty = 0f/(of + 05 Eq. 4
where rp, is the estimated Type B genetic correlation for
a given trait expressed in the 2 N treatments, o is the
estimated family variance from the combined ANOVA,
and op? is the estimated family x N treatment variance
from the combined ANOVA. A correction term (K) was
used to adjust the type B genetic correlation for the
heterogeneity of variances among treatments (DICKERSON,
1962; YAMADA, 1962):

K = (Gﬂ = 00)2/2 ch 5
where oy and ogp are estimated family standard deviations
from the separate ANOVA for the 2 N treatments. K was
subtracted from oy and resulted in og,% and the adjusted
type B genetic correlation was estimated as:

reg* = of1(0f + 0g%) Eq. 6
Standard errors for the unadjusted type B genetic correla-
tions were estimated using Mope and RosiNsoN’s (1959)
methods and were taken as the standard errors for the
adjusted correlations.

Genophenotypic correlations (Wurte and Hobcg, 1991)
were estimated between the family means of seedling
traits with the predicted breeding values of 5- and 15-
year volumes from the CFGRP field trials by direct cor-
relation of the 64 pairs of numbers for each trait combina-
tion. Best linear prediction (Henperson, 1984) was used
to predict parental breeding values for field volume at age
15 for each of the 64 parents (Wwarte and Hobpcg, 1988).
Similar procedures were used to predict breeding values
at age 5. The predicted breeding values for 5- and 15-
year volume were taken as true breeding values because
they were derived from progeny test data collected across
many sites and tests.

The indirect index selection procedures developed by
Wurte and Hooce (1991) were used to identify shoot com-
ponents that were valuable in 2- and 3-trait indices for
predicting parental 5- and 15-year breeding values. The
correlation (Corr(g,8)) between predicted genetic values
(using combinations of juvenile traits) and true genetic
values (15-year breeding values) was used to assess the
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Results

Cultural and Seed Effects

precision of the prediction. Corr(g,g) approaches 1 as the

predicted genetic value approaches the true genetic value.

Mean date of bud burst occurred ten days earlier in the
high N treatment (Table 1). Total heights from all time

All possible combinations of traits were tried in 2- and

intervals were consistently larger in the high N treatment,
although the magnitude of the difference between treat-

3-trait indices, and those with the highest Corr(g,8) were

considered potentially useful.
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ments decreased considerably from HTI1 to HT4. Caliper,
green weight, and total branch number were all signifi-
cantly larger in the high N treatment. TOTFL was similar
in both treatments.

Crown closure occurred at approximately 12 months
after germination in the high N treatment compared to
16 months in the low N treatment. As a result of the
increased above and below-ground competition for light
and nutrients, mortality increased dramatically from 2%
at 13 months to 47% at 18 months in the high N treatment
but stayed relatively constant throughout the experiment
(3% at 9 months to 5% at 18 months) in the low N treat-
ment.

Seed characteristics (total seed weight, seed coat weight,
embryo weight, and megagametophyte weight) were meas-~
ured as part of the larger study (SurLEs et al., in review)
and were more positively correlated with the height meas-
urements in the low N treatment than in the high N
treatment (Figure 1). Seed embryo weight was the most
highly correlated with HT2 in the low ~ treatment (r =
0.49). Total seed weight was less correlated with all the
height measurements in both N treatments compared to
the other three seed components.

Genetic Parameter Estimates

Family effects were significant (p<0.01) for all traits in
both the separate ANOVA’s and also those combined across
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Figure 1. — Family mean correlations between second-year total

height increments and seed weight components for 64 slash pine
families grown in: A) low N treatment and B) high N treatment.
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N treatments. In the combined ANOVA, family x N treat-
ment interactions were significant (p<0.01) for all traits
except WEIGHT (p<0.02) and HT3, HT4, and HT4-1
(non-significant). Across all 12 traits, there was no clear
trend of higher estimates of individual-tree heritability
(h?) or family heritability (h®) in either treatment (Table
1). HT1 in high N had a high estimate of h? (0.70 £ 0.12)
compared to the low N estimate (0.33 * 0.08). Throughout
the second-year, heritability estimates for height remained
consistent in the low N treatment (h? = 0.30), while they
fluctuated greatly in the high N treatment (h? =~ 0.30 to
0.70). Lower estimates of hy? for HT3 and HT4 in the high
N treatment were attributable to the loss of a large
number of trees due to mortality from inter-tree compe-
tition.

BB1 and BB2 both had higher heritability estimates in
the high N treatment. Both measures of bud burst had
small or negative type A genetic correlations (r,) with
most other traits in both N treatments (Table 2). For
example, negative correlations of BB1 with caliper (rp,) =
—0.26 and ry, =—0.31) indicate that later bud burst was
genetically associated with smaller caliper across the 64
families in the low N and high N treatments, respectively.
Of special note, BB1 and BB2 were not highly correlated
with any of the height measurements or TOTFL. CAL was
strongly correlated with WEIGHT in both treatments and
all the height measurements in the low N treatment.
WEIGHT was positively correlated with all heights in
both treatments. TOTBRCH was strongly correlated with
all other traits except BB1 and BB2 in both treatments
and HT2-1 and HT2 in the high N treatment.

HT4 and WEIGHT were the most stable traits across
treatments with type B genetic correlations (ng.) of
0.97 and 0.89, respectively (Table 1). TOTBRCH, HT2-1,
and HT3 were the least stable traits (rgge = 0.56 to 0.65).
Correlations for height measurements changed considerably
throughout the second-year‘(r*,‘ag. = 0.65 to 0.97).
Juvenile — Mature Correlations

The strongest genophenotypic correlations (rj_m) between
second-year (2-year) traits and fifth-year (5-year) breeding
values were with HT2 and HT2-1 in the low N treatment
and HT4 in the high N treatment (Table 3). Second-year
TOTFL displayed the lowest correlation with 5-year breed-
ing values in both low and high N treatments (r; , =
0.00 and 0.08, respectively).

Genophenotypic correlations of 2-year traits with 15-
year breeding values were lower than with 5-year breed-
ing values for all traits except BBl and BB2 in the
high N treatment and HT2-1 in the low N treatment. As
with the 5-year data, HT2-1 and HT2 had the highest
correlation with 15-year breeding values (rj_m = 0.37 and
0.30) in the low N treatment. BB1 and TOTBRCH had the
highest 2-year with 15-year correlations in the high N
treatment (r; .. = 0.25 and 0.24, respectively). Again,

J-m
TOTFL had the lowest correlations in both treatments.

Multi-Trait Indices

Combinations of traits from the 2 treatments had higher
correlations between the true and predicted breeding
values (Corr(g,g)) than indices using traits from the same
treatment (Table 4). The most precise 3-trait indices had
estimates of Corr(g,8) = 0.50 meaning that about 25% of
the variation in the 64 field breeding values could be
accounted for by the selection index prediction. The 2-
trait indices using one trait from each treatment had
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Table 3. — Genophenotypic correlations of second-year shoot trait family means with 5- and
15-year predicted breeding values for 64 families grown in low and high N treatments 2)b).

2yr with Syr correlation

2yr with 15yr correlation

Trait Low N High N Low N High N
BB1 0.24* 0.19 0.11 0.25%*
BB2 0.18 0.20%* 0.03 0.20%*
TOTBRCH 0.20 0.26%* 0.14 0.24%*
CAL 0.27%* 0.23* 0.21% 0.12
TOTFL 0.00 0.08 -0.07 -0.07
WEIGHT 0.28** 0.25%* 0.20%* 0.14
HTI 0.24* 0.19 0.09 0.08
HT2 0.36%** 0.23* 0. 30 0.13
HT3 0.29%* 0.26%* 0.22%* 0.16
HT4 0.28** 0.32%4** 0.19 0.17
HT2-1 0.36*** 0.23* 0.37%** 0.16
HT4-1 0.27%* 0.28** 0.20* 0.16

), *), **), *++) significant at 0.05 < p < 0.10, 0.01 < p < 0.05, and p < 0.01, respectively.

b) Correlations are identical to Corr(g,é\) of a single-trait predictive index (Wurre and Hobpgs,
1991). The values in this table may be interpreted as the precision of a single-trait index and
compared with those of table ¢4 for multitrait indices.

Table 4. — Correlations between true and‘p;eaicted ‘ parental breeding values (cOrr((g,Q)) for selection indices predicting 15-year
volume using combinations of second-year slash pine traits from seedlings grown in low and high N treatments (L and H, respec-
tively).
Low N High N Both Treatments
Corr(g,8) Traits Corr(g,8) Traits Corr(g,2) Traits
0.40 TOTFL 0.38 TOTFL 0.42 HT2-1 (L)
HT2-1 TOTBRCH BB1 (H)
Two Trait Indices 0.39 HT2-1 0.36 TOTBRCH 0.41 HT2-1 (L)
HT4-1 BB1 TOTBRCH (H)
0.39 HT4 0.34 TOTBRCH 0.39 HT2-1 (L)
HT2-1 WEIGHT BB2 (H)
HT1 TOTBRCH HT2-1 (L)
0.44 HT2 0.43 TOTFL 0.51 TOTBRCH(H)
HT2-1 BB1 TOTFL(H)
TOTFL TOTBRCH TOTFL (L)
Three Trait Indices 0.4] BB1 0.42 TOTFL 0.49 HT2-1 (L)
HT2-1 BB2 TOTBRCH(H)
TOTFL TOTBRCH HT2-1 (L)
0.40 HT2 0.41 TOTFL 0.48 HT4-1 (L)
HT2-1 HT3 TOTBRCH (H)
Corr(g,8) estimates of 0.42 which were similar to three- Discussion

trait indices formed of traits from a single treatment.

TOTBRCH (high N), TOTFL (both treatments), and HT2-1
(low N) appeared frequently in the highest ranking indices

of all combinations of traits.
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Culturdl Effects

Differential responses to fertilizer treatments have been

previously found with juvenile slash pine families (Prir-



cHETT and GoppARD, 1967; Janromi, 1971; HoLrapay, 1973;
Gopparp et al, 1976; DEWarp et al., 1992). Our high N
treatment accelerated growth and resulted in seedlings
that were more physiologically mature (i.e., earlier for-
mation of secondary needles and branch shedding) than
seedlings in the low N treatment. The rapid juvenile
growth in the high N treatment greatly accelerated the
time at which competition effects (crown closure) occurred
between individuals.

Bud burst took place earlier in the high N treatment and
although late bud burst was considered a favorable mature
trait with northern conifers (BoNGARTEN and HANOVER,
1985), this may not hold true for slash pine which grows in
an environment where early bud burst may be an advan-
tage. Bud burst was not correlated with any other juvenile
trait in either treatment which corroborated results from
Kava et al. (1989) who determined that the timing of Doug-
las-fir second-year bud burst was poorly correlated with
sscond-year height components. Aithough we imposed the
end of the growing season by harvesting seedlings in late
October 1991 (end of second growing season), our results
were not in agreement with BripcwATER et al. (1985) who im-
plied that longer growing seasons for loblolly pine might
lead to more cycles and more growth being produced
annually. Our seedlings that began growing earlier in
the year (February) did not have a significantly greater
number of cycles (flushes) or taller height increment.
Neither measure of bud burst (BB1 or BB2) was genetically
correlated with TOTFL or HT4 in either N treatment.
Our results also differ from work with lodgepole pine
(Pinus contorta Doucr.) that has shown the duration of
the juvenile growing season was correlated with early
height growth (CanneLL et al, 1981). Our findings do cor-
roborate WirLiam’s (1987) observation that the fastest
growing loblolly pine families were those that produced
more growth per unit time rather than those with longer
growing seasons.

Seed Effects

Seed effects, particularly embryo weights, may be con-
founding estimates of early seedling growth. Twenty-five
percent of family mean variation in total height at 13
months was attributable to seed embryo weight in the low
N environment (Figure 1). Several authors have indicated
that seed effects diminish after first-year free growth
(Barnes and SCHWEPPENHAUSER, 1978; CannerLL et al.,, 1978;
WaxLeEr and vaN BunTENEN, 1981; WiLLiams, 1987), but seed
characteristics appear to affect additive genetic variance
in slash pine past year one. Sunies et al. (in review) have
demonstrated that some slash pine seed weight components
are moderately correlated with 15-year breeding walues
(genophenotypic correlation of r = 0.50 between embryo
weight and 15-year breeding value).

Changes in Heritabilities During Second-Year Growth
The decrease of individual-tree heritability (h?) in the
high N treatment from 9 months (HTI1) to 16 months
(HT3) after germination may be attributable to declining
additive variance caused by intense inter-tree compe-
tition. CorreriLL and DEaN (1988) found that additive vari-
ance declined with stand closure and increased competition
between individuals in a study with radiata pine (Pinus
radiata D. DoN). Our results agree with their observa-
tion that seedlings were able to express genetic potential
for height growth before crown closure occurred. Our
estimate for HT1 (b2 = 0.70 * 0.12) reflected this stage of

development. As crown closure was reached in the high
N treatment (approximately 12 months after germination),
estimates of h? decreased. As in FrankLin (1979), the decrease
in heritability wasdue to the phenotypic variance increasing
much more than additive variance during this time inter-
val. The rise of h? estimates from HT3 to HT4
may be due to the increased expression of additive ge-
netic potential following the self-thinning of seedlings due
to competition in the boxes. In the low N treatment,
estimates of h? remained constant throughout the second-
year, possibly because of a lack of competition and canopy
closure.

Genotype x Treatment Interactions

HT4 and WEIGHT displayed a high degree of com-
monality of gene effects across the 2 N treatments with
type B genetic correlations (rp,) of 0.97 and 0.89, respec-
tively. L1 et al. (1992) obtained a slightly lower estimate
(rg,=0.78) for second-year height with loblolly pine families
grown under several irrigation and fertilization treatments.
When rp, == 0.67, genotype x environment (g x e) inter-
action variance is half the size of additive variance, and
this was the approximate level of g x e interaction observ-
ed for 5-, 10-, and 15-year slash pine volume growth
across field sites (HopGeE and WHrTE, 1992).

Juvenile — Mature Correlations

Our genophenotypic correlations of second-year shoot traits
with 5- and 15-year breeding values were higher than
SQUILLACVE and GanseL's (1974) family mean correlation of
0.10 between 3-year and 25-year height with slash pine
families. With data interpolated from WAakEeLEY (1971), these
same authors derived a family mean correlation of 0.59
between 3-year and 30-year heights with open-pollinated
families. Frankemw and SouiLLace (1973) found family
mean correlations between 3-year and 25-year height of
0.56, and 043 between 3-year with 25-year volume. For
total height, our most precise correlation was between
HT2 (13 months) with 15-year breeding values Cjem =
0.30 in low N) and HT2 with 5-year breeding value (r jom
= 0.36 in low N).

For loblolly pine, L1 et al. (1992) found a family mean
correlation of 0.68 between second-year height from a well-
watered and fertilized treatment with eight-year field
height. This estimate was much higher than any of our
correlations from the high N treatment. WiLLiams (1987)
determined that cyclic growth length was the best predic-
tor of 8-year height and volume from 18-month-old seed-
lings and calculated a family mean correlation of 0.62 be-
tween cyclic growth length and 8-year height. FosTer (1986)
obtained genetic correlations between second-year height
and 15-year volume of 041 and a correlation of 0.57 be-
tween 2-year height and 10-year volume. These estimates
are higher than our correlations between 2-year height
with 5- and 15-year breeding values (Table 3).

In work with other conifers, RirrErs and Perry (1987)
found a family mean correlation of 0.57 and 049 for
Douglas-fir bud burst (with 15-year height growth) at
117 and 285 days after germination, respectively. In our
high N treatment, bud burst was significantly correlated
with 15-year volume (r jom = 0.25, p = 0.05). GiLr (1987)
determined that phenotypic correlations between juvenile
height and 27-year height of Sitka spruce improved from the
first year to third year (r f-m = —0.15 to 0.39). We found that
in the low N treatment, juvenile — mature correlations be-
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tween total height and 15-year breeding values increased
from 6 months (rj_m = 0.16) to 13 months (rj_m = 0.30),
but then decreased at 18 months (rj_m = 0.19). In the
high N treatment, first-year correlations between total
height with 15-year breeding values were higher than be-
tween 2-year with 15-year correlations (r jm = 0.24 vs.
0.16) (SmrtH, 1992). In work with jack pine (Pinus bank-
siana Lawms.), CArRTER et al. (1990) obtained a phenotypic
correlation of 0.49 between 2-year and 7-year height with
seedlings grown under accelerated conditions. RIEMEN-
SCHNEIDER (1988) obtained a genetic correlation of 0.84 be-
tween 2-year and 7-year heights. Again, these estimates
are higher than our genophenotypic correlation of 0.32
(significant at p = 0.01 level) between 2-year height and
5-year breeding values.

Genetic Gain

Our 2- and 3-trait indices formed with combinations
of traits from both treatments yielded the most precise
estimates of the true breeding values. This was the same
result obtained with 1-year slash pine shoot traits grown
under the same N conditions (SmrtH, 1992). The precision
of these indices was enhanced by using one trait (i.e.,
TOTFL, high N) that was weakly correlated with the
target genetic value (15-year breeding value) and two
traits (i.e, TOTBRCH, high N and HT2-1, low N) that
were not correlated with each other but significantly
correlated with 15-year breeding wvalue. HT2-1 (low N),
TOTBRCH (high N), or TOTFL (both treatments) appeared
in all of the most precise predictions of parental breeding
values (Corr(g,8) > 0.47). BB1 (high N), BB2 (high N), HT2
(low N), and HT4-1 (low N) were also in a high percentage
of the most precise indices.

Corr(g,8) expressess the correlationbetween the predicted
breeding values (&) from finite, indirect tests that have
error, and true breeding values (g) that are assumed to
have no error because they were derived from many
tests in many field locations. In this experiment, Corr(g,8)
also expressess the selection efficiency (undiscounted) of
finite, indirect early testing compared to direct testing
across infinite number of sites at age 15. Thus, for a given
selection intensity, Corr (g,8) equals the genetic gain in
15-year volume achievable from indirect selection at
year-2 relative to the maximum possible gain achievable
from direct selection at 15-years (Wurre and Hopge. 1991).
This means that use of the best 3-trait juvenile index
to select the best families for volume at age 15 is ex-
pected to achieve 51% (Corr(g,8) = 0.51) of the genetic
gain compared to perfect selection based on true breed-
ing values that are known without error.

In some instances, a selection index may be better at
identifying poor performers than superior families, or
vice versa. To determine if our best three-trait index
more precisely predicted the 15-year breeding values of
the best or worst growing families used in this experi-
ment, a comparison was made between selection gain ef-
ficiencies of the highest ranking families (according to the
true breeding value) versus the lowest ranking families.
For example, to calculate the selection efficiency of selec-
ting the top 10% (6 out of 64 families), the top 6 families
were selected according to the selection index or the
known true breeding values. The known true breeding
values of the index selected group were averaged and
divided by the average of the group selected based on
the true breeding values. If the index is equally effective
at identifying family performance throughout the range of

274

true breeding values, then the selection efficiency should
approximate 0.51 (Corr(g,8) of the three-trait index). In
fact, when the top 10%, 25% and 50% of the 64 familie:
used in this study were selected based on the best 3-trait
index, a selection efficiency of 38%, 53% and 58/ was
achieved, respectively. For the bottom 10%, 25% and 50%
of the families used in this experiment, a selection effi-
ciency of 46%, 49% and 48%, was attained, respectively.
These differences may be due to sampling (i.e., experi-
mental error), but there is some indication that the
index was least effective at identifying the very best
families. Across the rest of the range, the selection effi-
ciencies approximated the 51% indicated by Corr(g,8).

Conclusions

Of the 12 second-year slash pine shoot components we exa-
mined in the 2 N treatments, we recommend using the
change in height from 9 to 13 months (HT2-1, low N), total
number of branches (TOTBRCH, high N), total number
of cycles or flushes (TOTFL, both treatments), 2 cm bud
growth (BBI1, high N), 6 cm bud growth (BB2, high N),
height at 13 months (HT2, low N), and the change in
height from 9 to 18 months (HT4-1, low N) as early selec-
tion criteria based on their performance in multi-trait
indices. Caliper (CAL, low N) and WEIGHT (low N) should
also be considered because they were stable across both
treatments, had high h?® estimates, and had significant
juvenile — mature correlations. In future work, these
traits should be analyzed with other potentially useful
juvenile shoot and root traits (i.e., shoot biomass and root
lengths) in multi-trait selection indices to identify com-
binations of characteristics that precisely predict parental
breeding values.
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Variation and Inheritance of Manoyl Oxid Acid in Pinus sylvestris (L.)

By R. GREF!), Th. Moritz!), D. LINDGREN!) and S. GoHiL?)

(Received 18th March 1993)

Summary

The occurrence of manoyl oxid acid in clones and con-
trolled crosses of Pinus sylvestris was investigated. The
occurrence of manoyl oxid acid is under genetic control
but there is not a simple Mendelian monogenic mechanism.
It is suggested that manool is a precusor for manoyl oxid
acid.
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Introduction

In Scots pine needles pinifolic acid and its monomethyl
ester are the dominating diterpenoids together with minor
amounts of abietic, pimaric and 4-epiimbricatolic acids
(EnzeLL and THEANDER, 1962; Tosorskr and ZiINker, 1982;
ANDERssON et al,. 1990). In some individual pine trees the
diterpene alcohol isoabienol is the dominating compound
while it is totally lacking in others (Grer, 1981). Manoyl
oxid acid, the major resin acid of Pinus resinosa needles,
has been found to be the principal resin acid of Pinus
nigra and of Pinus sylvestris in central Europe (ToBoLsk1
and ZINKEL, 1982; ZinkeL et al.,, 1985) but very seldom in
Scots pine native to Scandinavia (AnpEerssoN et al., 1990).
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