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Height growth is one of the most commonly measured phenotypic traits for
assessing volume production in tree improvement programs. This study focused on the
genetic architecture of the phenological (initiation, cessation, duration and growth rate)
and morphological (number of flushes, flush length, number of stem units (NSU), mean
stem unit length (MSUL)) aspects of the second-year annual height growth, using
approximately 900 clones and 61 seedling families of loblolly pine from 61 full-sib
families and 3 provenances.

Rooted cuttings differed from seedlings for all phenological and morphological
traits that were analyzed in this study. This difference was due to propagation effects
since types were compared for common families.

The overall results of this study indicated that the average growth rate per day was

the most important variable in determining second-year annual height increment. The
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contribution of growing season duration to second year annual height increment was
negligible. Both analogies were used to assign relative importance to the components of
height growth. The narrow and broad-sense heritability estimates for the different dates
for height growth increment during the growing season were moderate and decreased
from initiation date to cessation date.

For the total population average flush length was the principal contributor to total
annual height while number of flushes was a minor contributor.

NSU was by far the most important trait for the length of the first three flushes. For
later flushes NSU and MSUL contributed equally to flush length. The genetic
contribution of MSUL to flush length was relatively larger than the phenotypic
contribution, becoming more important than NSU after flush 3, especially for seedlings.

Provenances demonstrated different shoot elongation patterns. FL provenance had
higher growth at the beginning of the growing season while ACC and LG growth was
slightly higher than FL seed source after the second flush. Length of the early flushes
appeared to confer a significant advantage for FL cutting over the other seed sources.
Florida-source loblolly pine also had a longer growing season and more flushes than the
other provenances.

With an understanding of the relationship among the loblolly pine shoot growth
components, their genetic parameters and their physiology, we can obtain the structural
and functional clues about differences among propagule types, seed sources, family and

clones for annual height growth performance.
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CHAPTER 1
INTRODUCTION

Pinus taeda L. (loblolly pine) is the most important commercial tree species
planted in the southern United States occupying approximately 12 million hectares
(Jokela and Long 2000). The material planted over the last 50 years has been developed
from bulk orchards, open-pollinated orchards, full-sib families and more recently clones.
In the southern United States, state agencies and forest companies carry out tree
improvement programs and some of them are initiating their third generation of breeding.
The overall gains in volume per unit area range from 10 to 30 percent over unimproved
material; depending the deployment strategies used; but, if just the best full-sib and
clones are planted, gains of 35 to 50 percent are possible (McKeand et al. 2003).

Height growth is one of the most commonly measured phenotypic traits for
assessing volume production in tree improvement programs (Kremer and Lascoux 1988)
and also seems to be the most dependable and simplest trait for early selection in loblolly
pine in the southeastern United States (Bridgwater and McKeand 1997). Annual apical
growth in conifers is a compound trait and can be divided into multiplicative and additive
components (Cannell 1978 and Ford 1980). Those components can be grouped into
phenological and morphogenical aspects. Knowledge of pine shoot growth components
is essential for understanding height growth.

Annual apical growth (annual height increment AHI) can be considered as the
product of shoot growth duration (D) and the average shoot growth rate (ASGR). For

estimation of D and ASGR, in addition to height growth, the phenological traits, timing of



initiation and cessation, have to be determined. Higher growth rate was responsible for
the superior height growth of two interprovenance jack pine (Pinus banksiana) families
(Magnussen and Yeatman 1989). Perry ef al. (1966), determined for loblolly pine that
growth rate accounted for about 60 percent of the height growth variation. Bollmann and
Sweet (1977) suggested that one of the reasons for the high growth rate of Pinus radiata
is its extensive growing season. For loblolly pine Jayawickrama et al.(1998), implied
that large gains in growth rate can be obtained from north Florida material because of
their genetically longer growing season. Dougherty ef al. (1994) reported an almost 6
week difference in bud break timing in P. taeda from two localities which differ by 6°
latitude (Gulf Coast 30.5° and North Carolina-Virginia border 36.5°N). Loblolly pine
has a broad natural range (14 States in USA, Burns and Honkala 1990) which promotes
the occurrence of diverse ecotypes.

Loblolly pine has a complex shoot morphogenesis, with the annual height
increment including many flushes or cycles (Boyer 1970; Griffing and Elam 1971,
Bridgwater ef al. 1985; Bridgwater 1990; Harrington 1991). There are commonly 3 to 6
cycles, and two types of growth, predetermined and free (Lanner 1976). Height growth
initiation is primarily related to temperature (Boyer 1970; Ford 1980) and it has been not
determined if the overwintering bud goes through a true dormancy or only a chilling
period is needed to burst (Carlson 1985). Apical height growth starts during the spring
with the elongation of the stem units present in the overwintering bud and this constitutes
the first flush. This is predetermined growth because all the stem units that constitute the
first flush were formed during the previous growing season. Commonly the

overwintering bud contains only one flush, but one or two cycles from the preformed bud



were noted by Greenwood (1980). Subsequent flushes are called free, summer or
indeterminate growth. The main characteristic of this type of growth is that both the bud
and the elongation of its components occur in the same growing season, generally during
the summer. The number of free cycles varies from 1 to 7 (Lanner 1976). Griffing and
Elam (1971) studied the height growth patterns of loblolly pine saplings and pointed out
overlapping flush elongations. Usually two consecutive cycles elongate concomitantly.
At the time that a succeeding flush is at its maximum elongation rate the growth rate of
the previous flush decelerates. This repeated pattern occurs until the winter bud is
formed, which takes place when a succeeding bud does not elongate even when the
preceding flush is fully elongated. Several studies of shoot growth have assessed the
relative contributions of predetermined and free growth (Pollard and Longan 1974;
Cannell and Johnstone 1978; Bailey and Feret 1982). Zhang et al. (1997), in loblolly
pine under nitrogen fertilization, found that on average the first flush contributed about
69% of the total leaf area. Measuring annual shoot growth Isik ef al. (2002) concluded
that summer shoot growth can serve as an explanatory variable to predict height growth
in Pinus brutia populations. Thus, annual shoot length is the result of the summation of
predetermined and indeterminate flushes. The number of flushes also has an influence on
height growth. Under different levels of vegetation control and site preparation in 3-year-
old loblolly pine, the individuals with superior height growth had a larger numbers of
flushes and a greater length per flush (Allen and Wentworth 1993).

The length of each flush is the product of the number of stem units (NSU) and the
mean stem unit length (MSUL). The partitioning of the shoot growth into its components

allows a better understanding of the genetic variation in height growth through



phenological, morphological and physiological characteristics associated with shoot
growth (Rehfeldt and Lester 1966; Magnussen and Yeatman 1989; Rweyongeza et al.
2003). Theoretically NSU and MSUL are inherited independently because the meristems
for stem unit initiation and for stem unit elongation are physically different and are
activated at different times by independent mechanisms (Cannell ef al. 1976; Cannell
1978). The division of conifer shoot growth into its factors has been performed by
several authors, providing a method for assessing genetic, phenotypic and environmental
variation but with very diverse results. NSU has been shown to be more important
contributor to shoot length in loblolly pine, P. rigida and their hybrids (Bailey and Feret
1982), in P. pinaster (Kremer and Lascoux 1988), in Abies cephalonica (Fady 1990), in
P. elliottii under two nitrogen treatments (Smith et al. 1993b) and P. palustris (Allen and
Scarbrough 1970). For Kremer and Xu (1989), MSUL was the component with the
highest stability and also a better predictor of total height in P. pinaster. Kaya (1993)
working with Douglas-fir obtained moderate correlations among NSU, MSUL, and height
increment. In P. patula, Gomez-Cérdenas ef al. (1998) found that both MSUL and NSU
where influential components in shoot height with a low negative correlation between
them. Negative correlation between NSU and MSUL was reported by several authors
(Kremer and Larson 1983; Bongarten 1986; Kremer and Lascoux 1988; Magnussen and
Yeatman 1989) who suggested that NSU and MSUL are not good selection criteria. Some
studies show variation between provenances and families within provenances for NSU
and MSUL. Kremer and Larson (1983) reported that NSU was a better predictor of
annual height increment on a provenance level, whereas MSUL was a slightly better

predictor on a family-within provenance level. Within provenances of Douglas-fir



(Pseudotsuga menziesii) and blue spruce (Picea pungens) the phenotypic variation in
shoot length assigned equally to MSUL and NSU. In blue spruce the genetic variation
was mostly due to MSUL and the environmental variation was caused primarily by NSU
(Bongarten 1986). Rweyongeza et al. (2003) working with white spruce found that
MSUL would give more expected gain from direct selection at 11 years than NSU for
both of the sites in which they were working. Their path coefficient analysis indicated
that branch length was primarily determined by NSU.

Assessing height growth variation for NSU and MSUL several studies have
promoted differential genetic expression of juvenile traits for predicting field
performance by creating different environments such as irrigation and/or fertilization
with promising results in slash pine (DeWald et al. 1992; Smith et al. 1993b; Surles
1993) in loblolly pine (Li et al. 1992; Williams 1988; Waxler and van Buijtenen 1981).

Traits of shoot growth patterns (NSU, MSUL, annual height increment (4H]I),
number of cycles) have been evaluated as early selection criteria on genotypic and
phenotypic age-age correlations with varying results (Williams 1987; Williams 1988;
Bridgwater 1990; Li ef al. 1991; Li et al. 1992; Smith ef al. 1993a; Lu ef al. 2003). In
one study, second-year total annual height increment was found to be better correlated to
8-year height performance than MSUL or NSU in loblolly pine (Bridgwater 1990) while
summer NSU and AHI of treatments with supplementary irrigation and fertilization had
equal or better correlation with 8-year height (Li et al. 1992).

One of the advantages of working with clonal tests derived from full-sib families is
the chance to estimate additive and non-additive genetic components of variance

associated with a specific trait (Isik ez al. 2003). Isik et al. (2003) working with a



clonally replicated trial of loblolly pine determined that additive variance was the major
source of genetic variance in height growth. Dominance variance for height, diameter
and volume was insignificant during the first year, but was important at age 6. Epistatic
variance was not important for growth traits. Similar results for additive and dominance
variance were obtained by Paul et al (1997) for height. The importance of dominance at
age 5 indicates the likelihood of additional genetic gains through clonal testing (Carson
1986; Paul et al 1997). Isik et al (2003) arrived at a similar conclusion and suggested
that clonally replicated progeny tests may provide special advantages for loblolly pine
tree improvement programs. In clonal tests the efficiency of testing is increased by
averaging the microenviromental variance and a more precise estimation of genetic
parameters can be obtained.

This study examined loblolly pine shoot growth patterns in clones in two different
environments, and provided the opportunity to examine the genetic mechanisms
controlling tree growth strategies, and to examine the adaptability of Florida material to
cooler environments. The present study contains large numbers of clones (around 900)
from full-sib families derived from a partial diallel mating design. The objectives were
to: (1) Determine whether propagule types, seed sources, families or clones differ in the
timing of growth initiation or cessation; (ii) Estimate genetic parameters, genetic
architecture, propagule type and seed source effects for phenological and morphological
traits; (ii1) Determine the relative contributions of the number of flushes to total height
growth; and (iv) Determine the relative contributions of the different components of the

flush to flush length.



CHAPTER 2
MATERIALS AND METHODS

Study Area Characteristic

Two loblolly pine sites of the Forest Biology Research Cooperative (FBRC)
CCLONES (Comparing Clonal Lines On Experimental Sites) study were measured
during their second growing season. The intensive silvicultural treatment portion of
those tests was chosen for this study. Site 1 was on Plum Creek land in Putnam County,
Florida (approximate latitude 29° 38 24” N, longitude 81° 49’ 27 W; elevation: 7m.)
and Site 2 was on MeadWestvaco land in Randolph County, Georgia (approximate
latitude 31° 47 59” N, longitude 84° 41° 32 W; elevation: 137m).

The soils at Site 1 belong to Pomona fine sand soil series with slopes from 0 to 2
percent. Their taxonomic classification is sandy, siliceous, hyperthermic Ultic Alaquods.
These soils are very deep and have a surface layer of black fine sand of about 18 cm. The
subsurface layer is gray and light-gray fine sand with a depth of about 50 cm. The upper
part of the subsoil is dark reddish brown loamy fine sand of a depth of 70 cm. Below that
layer is dark brown and light brownish gray fine sand at an approximate depth of 105 cm.
At around 180 cm the lower layer is gray and light gray fine sandy loam. The substratum
as deep as 200 cm is greenish gray fine sandy loam. The water table under natural
conditions is within 15 to 45 cm of the surface for one to three months and is at a depth of
25 to 100 cm for six months or more during most years. The natural fertility of these

soils is low (Readle 1990). The average annual precipitation for the test area is around



1250 mm. The average high and low temperatures in summer are 33.4°C and 24.2°C,
respectively. The average high and low temperatures in winter are 16.3°C and 6.6°C.

Soils at Site 2, Randolph County, GA, are classified as the Red Bay soils series.
The Red Bay series consists of very deep, well drained, moderately permeable soils that
formed in thick beds of unconsolidated, loamy marine sediments on uplands of the
Coastal Plain. Slopes range from 0 to 15 percent. The taxonomic classification is fine-
loamy, kaolinitc, thermic Rhodic Kandiudults. The typical sequence of horizons of this
series is a dark reddish-brown sandy loam Ap horizon of about 15 cm, from
approximately 15 to 120 cm this soils has a series of Bt horizons (Bt1, Bt2 and Bt3) dark
red sandy loam to sandy clay loam (Monroe 2005). The average annual precipitation for
the test area is around 1340 mm. The average high and low temperatures in summer are
33.5°C and 18.8°C, respectively. The average high and low temperatures in winter are
10.6°C and 3.5°C.

Plant Material and Experimental Design

The study population consisted of 61 genetically-improved full-sib loblolly pine
families. The families were generated from 30 selected parents from the Atlantic Coastal
Plain of South Carolina and Georgia, the flatwoods of Florida and the Gulf Coastal Plain
of Mississippi and Alabama. Two slow-growing parents were included as connectors
with other studies (FBRC 2000). The 32 parents were mated in a partial diallel design
creating 70 full-sib families but just 61 full-sib families where in this two test. The
material was propagated at the International Paper Company greenhouse in Jay, Florida
(Baltunis et al. 2005).

The experimental design is an Alpha lattice with 4 complete replications per

treatment. Each replication had 1,120 and 1,100 trees at Site 1 and 2, respectively. Weed



control, pesticides and the addition of macro and micro nutrients constitute the intensive
silvicultural treatment. The tests were planted in 2002 with a chemical site preparation
prior to planting. At Site 1 the chemical site preparation was done with a combination of
triclopyr, glyphosate and imazapyr. Vegetation competition was controlled with directed
spray application of glyphosate during the first and second growing season. In May 2003
the test received a broadcast application of 280 kg ha™' of diammonium phosphate.
During April 2004 560 kg ha™ of 10-10-10 and micronutrients were applied and in June
2004 the test received 4.17 kg ha of copper supplement. At Site 2, before the bed
preparation the area was broadcast sprayed with glyphosate. During the first year the site
was sprayed with sulfometuron methyl and later released with glyphosate applied with
backpack sprayers. The fertilizer application was applied before bedding preparation and
consisted of 11.2 kg ha™ micronutrients blend and 902 kg ha™ of 15-07-13.

The total number of clones tested was 941 in Site 1 and 868 in Site 2 (FBRC 2003).
This allowed us to compare the genetic performance of 30 elite parents, 61 full-sib
families, and about 900 clones within the full-sib families.

Traits Measured
Initiation and Cessation

Height growth increment was assessed to estimate timing of initiation and cessation
using repeated measurements during the 2004 growing season. Before the trees of Site 1
started their second growing season all the trees were marked on their east side with an
orange paint as near to the top as possible. The distance from the orange paint mark to
the top was measured and used as a reference. Consecutive measurements were taken
every fifteen to twenty days during the spring and fall for growth initiation and cessation

and every thirty to forty days during the summer for monitoring height increment. The
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first and the last measurement were performed on day of year 44 and 323, respectively.
Four replications of each test (4440 trees) were measured. While the top of the trees
could be reached easily, measurements were accomplished using a tape graduated in cm
(Lufkin® Executive thinline 2m W606PM). After May 2004 a T-form graduated pole
was used. The T form was used to place the tip of the tree under one of the T’s arms with
the objective of having more accurate measurement knowing that the pole was exactly at
the top of tree. Height increment was measured to the nearest 0.1 cm. During 2004 the
State of Florida was hit by three major hurricanes. None of them hit the study sites
directly but their proximity affected Site 1, especially with flooding and wind damage.
Trees which were leaning greater than 20-25 degrees from the vertical were not included
in the determination of cessation. The final number of trees measured at Site 1 was
4,038. From late August to early December 2004 (day of year 243 to 348) measurements
for determining timing of growth cessation were done at Site 2, initially on 3,252 trees.
With the help of a trailer pulled by an All Terrain Vehicle (ATV) the top of the trees were
reached and the painted reference measurement was placed 20 cm from the tip. Site 2
was relatively unaffected by the hurricanes but many trees suffered from tip die-back
which reduced the cessation data. The final number of trees measured at Site 2 was
3,049.

Percent of cumulative height was calculated to observe the proportional distribution
of the height growth over the growing season using total second year increment and
periodic summer measurements (Allen and Wentworth 1993). The cumulative height
increment was plotted by day of year and the dates of height growth initiation and

cessation were estimated by interpolation to determine the dates of which 5% and 95% of
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the total annual height were reached (Mirov ef al. 1952; Hanover et al. 1963; Cannell and
Willett 1976; Jayawickrama et al. 1998). At Site 1 the second growing season duration
(D) was determined by subtracting the initiation date from the cessation date and the
average rate of shoot growth (4SGR) (cm day'l) was calculated dividing 90% of the AHI
by D.
Flush Descriptors

Traits involving flush length (FLn), number of flushes (NF) and number of stem
units (NSU) were measured, in 2005 once the shoots were fully elongated. When those
traits were measured mean stem unit length (MSUL) and annual height increment
(AHIg,) were calculated. AHIF;, was computed as the sum of the flush lengths of the
annual shoot. This height increment was slightly different from AHI described above.
The number of trees evaluated was 2,132 at Site 1 and 2,101 at Site 2. Flush length and
number of stem units were measured for each flush of the main leader. A 2.4 m ladder
was used to reach and measure the flush length and count the number of stem units. Each
flush whether predetermined or free growth is characterized by a whorl of branches at the
bottom followed by a sterile bract zone, the fertile bract zone (needle-fascicles) and
another whorl of branches (or branches buds) at the top. Thus, flush length was
measured from the whorl of branches at the bottom to the other whorl of branches at the
top with a graduated pole to the nearest 0.1 cm. Annual height increment was obtained
by adding the flush length of each cycle for each tree. Also the proportion of AHIr;,
attributable to each flush (PFLn) was calculated by dividing the length of each flush by
the AHIry, and multiplying the result by 100.

The term “stem unit” was introduce by Doak in 1935 and has been used by several

authors with different meanings since then (Critchfield 1985). Stem unit in this study is
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as defined by Doak (1935): A pine stem unit is comprised of four components 1) a node,
2) the internode below it, 3) a lateral appendage at the node (usually a needle fascicle),
and 4) structures in the axial of the lateral appendage. The first three components are
always present. NSU are the number of needles and sterile bracts which are in a spiral
disposition along the flush or stem. One of the nondestructive ways to assess the number
of stem units is through the leaf arrangement (needle-fascicles and sterile bracts) on the
tree stem (phyllotaxis). Pinus species present phyllotactic parastichies (spiral or helix).
These can be illustrate as imaginary lines that join adjacent stem units (Doak 1935;
Kremer and Roussel 1982; Kremer et al. 1989, Fredeen et al. 2002) (Figure 2-1). Those
helical arrangements on each pine flush can be followed in either clockwise (left) or
counterclockwise (right) direction (Zagorska-Marek 1985; Fredeen et al. 2002) and are
also known as opposed parastichy pairs (Figure 2-1). The number of stem units was
determined by counting the stem units on one of the ascending parastichy (n) and
multiplying that number by the number of parastichies on each flush (np) (Allen and
Scarbrough 1970; Fady 1990 and Bridgwater 2004, personal communication) (Figure 2-
1, Equation [2-1]).

NSU =n*np [2-1]
where NSU are the number of stem units z are the number of stem units on a single
parastichy and np are the number of parallel parastichies

A permanent marker was used to follow the spirals from the bottom to the top of
the flush. To avoid systematic errors the same person evaluated the number of the stem

units at both sites.
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Figure 2-1. Loblolly pine parastichy arrangement. A) The line marked in black shows a
clockwise parastichy. B) The lines in color show two opposing parastichies:
the clockwise in yellow and the counterclockwise in red. The numbers
illustrate a way to obtain the number of parastichies on each flush. For
example: counting the stem units in a clockwise manner (yellow) the number
of parastichies on that flush is five. Counting in the counterclockwise
direction the number of parastichies is eight, so for this flush the number of
opposing parastichies is 5:8. (Drawing adapted from Kremer and Roussel
1982).

Mean stem unit length (MSUL) was obtained by dividing the flush length (mm) by
number of stem units (NSU) (Equation 2-2).

Flushlength(mm)
NSU

MSUL= [2-2]

Even though determining helical phyllotactic patterns (PPs) was not one of the
objectives of this study, the way that NSU were measured provided a pattern of
arrangement in terms of recognizable contact parastichies. Different helical phyllotaxis
series can be typified by the number of opposing parastichies and the value of the

divergence angle (angle between successive fascicles on the stem). The helical



14

phyllotactic series classification adopted in this study was the one proposed by Zagorska-
Marek (1985) (Table 2-1), who followed the earlier proposal of Richards (1951) and
differs little from Jean (1988). PPs were analyzed as an additional trait.

Table 2-1. Phyllostatic series identification.
Divergence  Sequence of opposed

Phyllotactic patterns angle (°) parastichy numbers
Monojugate pattern
Fibonacci (principal) ~137.5 2:3:5:8 ...

First accessory ~99.5 3:4:7:11 ...

Second accessory ~779 4:5:9:14 ...

Third accessory ~ 64.08 5:6:11:17 ...

Seventh accessory ~132.2 3:8:11:19 ...
Multijugate patterns

Bijugy =~ 137.5/2 2:4:6:10 ...

Trijugy =~ 137.5/3 3:6:9:15 ...

Adapted from Zagorska-Marek (1985)
Statistical Analyses and Genetic Parameters

Phenological Traits

The phenological and growth variables were analyzed in ASREML (Gilmour et al.
2002). Analyses were first run for each propagule type and site separately. A parental
model was used to estimate the genetic variances components. Equations 2-3 and 2-4
show the linear models for cuttings and seedlings respectively.

Yijim =u + R; + incblkjg) + gcar + gca; + scay + cloneng + rgeay + rgeay + rscaiy
+&ijkim [2-3]

Yjjtimn is the measured trait of the m™ clone within the k/™ full-sib family in the ;™
incomplete block within the i replication.

4 s an overall mean

R; is the fixed effect of replication, i = 1,2,3,4

incblk;q is random incomplete block ~ (0, Diag 6. , (i))
gcaiand gca; are the random female (k) and male (/) general combining ability

respectively ~ N (0, A 52 ., ) where A is the numerator relationship matrix

scay, is the random specific combining ability ~ NID (0, &2,
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cloney is the random clone within full-sib family ~ NID (0, 62, oz )
rgca; and rgca; are the random replication by female and male general combining ability
and replication respectively ~ N [0, Diag (A&7, .., )]

rscay is the random replication by SCA interaction ~ NID (0, &7 .p.cs

&ijim 18 the random error term ~ NID (0, & ERROR)

Yijtim = + R; + incblkjq) + geay + gea; + scay + rfamiy + €ijim [2-4]

Yjjuim 1s the measured trait of the m" seedhng within the k™ full-sib family in the ;' ]
mcomplete block within the i replication.

u 1s the seedling population mean

R; is the fixed effect of replication, i = 1,2,3,4

incblk; is the random incomplete block ~ (0, Diag s> | o)

gcay and gca; are the random female (k) and male (/) general combining ability
respectively ~N (0, A&}.,)

scay, is the random specific combining ability ~ NID (0, &3.,)
rfamy, is the random replication by full-sib family ~ NID (0, &.p., )

&ijim 1S the random error term ~ NID (0, o ERROR)

The estimates of additive (I}A ) and total genetic variance for clonal (I}GC ) and

seedling (I}GS) population were calculated by the Equations 2-5, 2-6 and 2-7 respectively.

V 4O'GC y [2-5]
I}GC = 26_éCA + 6_§CA + 6-(2?L0NE [2-6]
Ve, =465c,+465, [2-7]

Equations 2-8 and 2-9 were used to compute the estimates of the phenotypic

variance for clonal (¥, ) and seedling (¥, ) population.
5 Aa2 A2 ) A2 ) A2
VPC =206 ey + Osca O crone 20 repecea™t O repasca + O rror [2-8]

5 a2 A2 ) A2
VPS =20 Gy T Osca + Orpperanr + O krror [2-9]
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Individual tree-narrow-sense heritability (4”) and broad-sense heritability (H?*)
were calculate using the estimated variance components for the phenological and growth

traits for each propagule type. Equations 2-10 and 2-11 were used for assessing clonal

heritabilities.

n [/A [2-10]
Fe
P

H?>=-%¢ [2-11]
VP(,‘

Equation 2-12 and 2-13 were used for obtaining seedling heritabilities.

h = IfA [2-12]
By
V"

2= G [2-13]

Standard errors for narrow and broad-sense heritabilities were estimated using
ASREML as a Taylor series approximation for the variance of a ratio (Gilmour 2002).

Atlantic Coastal Plain (4CC), Florida (FL), and Lower Gulf (LG) were the loblolly
pine provenances present in this study. The analysis of provenance effect was performed
using ASREML (Gilmour 2002). The mean of the population was partitioned into the
provenance effect since provenances effects were included as fixed variable in models [2-
3] and [2-4]. Least square means for the phenological and growth traits of each
provenance were calculated adding the estimated mean, the provenance effects and the
average of the replication values. The effects of the provenance and their standard errors

were also computed using ASREML (Gilmour 2002).
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Genetic correlations among phenological traits and growth rate were calculated for
each propagule type and genetic component using Equation 2-14 (Falconer and Mackay

1996):

o= [2-14]

where cov_ is the genetic component covariance between two traits, and o and o) are

the product of the genetic component variance for traits x and y, respectively. Standard

error for genetic correlations was estimated using ASREML (Gilmour 2002).
Differences between propagule types for shoot length and phenological traits were

calculated using ASREML (Gilmour 2002). The propagule types were considered

different when their F value was greater than F, 6.94.

00s (24 =

Path coefficient analysis (Wright 1968) was used in order to determine the relative
contribution of D and ASGR to the AHI. The method has been fully described (Kremer
and Larson 1983; Kremer 1985; Bongarten 1986; Magnussen and Yeatman 1989;
Rweyongez et al. 2003). The following is a short summary of the method

The data is standardized by dividing each trait by its mean. With the
standardization each trait has a mean of 1 and makes it possible for the variances to be
compared when the path coefficients are computed (Bongarten 1986; Rweyongeza et al.
2003).

Shoot elongation (4HI) also can be described as the product of D and ASGR

AHI =(D)(ASRG) [2-15]

Applying a logarithmic transformation to equation 2-15 the resultant relationship

1S:
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log(AHI):log(D)+10g(ASRG) [2-16]
In terms of variances
Gy =0+ 0 pee +2c0ov(D, ASRG) [2-17]

As the correlation of D and ASRG is: 7}, i) = cov(D, ASRG) replacing

O pO 4srG

cov(D,ASRG) by 0,0 670 askc, then equation 2-18 is obtained

O = b + Tasrg + 20050 45z . sk [2-18]
Replacing and dividing each term by &7, in equation [2-17], equation [2-18] is obtained

Part =Pp + Pasee +2Pp Paskc "o, ssr6) [2-19]
where p?,, is equal to 1 because it is the path coefficient of log(AHI) to itself. p, and
Pusrc are the path coefficients for log(D) and log(ARSG) respectively to log(AHI).
The relative contribution of D to AHI can be determined as

Cp = Pp Tiarm,p) [2-20]
where ¢, is the degree of determination of D to AHI and 7, ;¢ is the correlation

coefficient between AHI and D. The relative contribution of ASGR to AHI can be
calculated as

CusrG = P asrc Vi anr, 4sRG) [2-21]
where ¢ g 1s the degree of determination of ASGR to AHI and 7, ,;;; s, 18 the

correlation coefficient between AHI and ASGR.

Cp+Cyuspg =1 [2-22]
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Flush Descriptors

The flush descriptors, FLn, NSU, MSUL, number of flushes of each shoot leader
(NF), PFLn, AHIFy, and second-year total height (TH) traits were analyzed in ASREML
(Gilmour et al. 2002). Analyses were run for each propagule type and site separately. A
parental model was used to estimate the genetic variances components and the linear
model used for cuttings and seedlings were detailed in equations [2-3] and [2-4]
respectively. NSU and MSUL were analyzed for each flush. The numbers of replications

measured for shoot components were 2 for Site 1 and 3 for Site 2.
Genetic parameter (VA , I}GC ,I}GS , VP’ ,I}PS ,h*, and H*) were calculated according

equations [2-5] to [2-13] respectively. Standard errors for narrow and broad-sense
heritabilities were estimated using ASREML (Gilmour 2002).

Provenance differences and genetic correlations were computed to explain
phenological traits.

Differences between propagule types were also computed for shoot components
and growth traits as for phenological traits using ASREML (Gilmour 2002). The
propagule types were considered different when their F value was greater than

F, 22=19.0 forSite l and F, ,;=9.55 for Site 2.

Shoot components, PFLn, AHIry, and TH traits were also analyzed across the two
sites separately by propagule type. The mixed model is described in equation [2-23] for
clones population and equation [2-24] for seedlings respectively. Different residual
variances were allowed by site.

Yijamn =p~+ S; + Ry + incblkig)+ gcai+ gean+ sca, + clone, g+ sgeay + sgeaim +

sscaimt scloneim) + rgeai + rgeaim + rscajim + Eijimn [2-23]
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Yijtimn 1s the measured trait of the n" clone within the Im™ full-sib family in the K"
incomplete block within the j replication of the i site.

u s the clonal population mean

S; 1s the fixed effect of site i=1,2

Rj; is the fixed effect of replication, i= 1,2 j=1,2,3,4
incblky) is the random incomplete block ~ (0, Diag &7 , (l))
gca;and gca,, are the random female (/) and male (m) general combining ability

respectively ~N (0, A7)
scayy is the random specific combining ability ~ NID (0, &2,

clone gy is the random clone within full-sib family ~ NID (0, 62, vz )

sgca; and sgca;, are random site by replication by female and male general combining
ability and replication respectively ~ NID (0, 62,00

sscajm, 1 the random site by SCA interaction ~ NID (0, &;C y

sclone,m)1s the random site by clone within full-sib family interaction ~ NID (0,

O SITExCLONE
rgcay; and rgeay;, are the random site by replication by female and male general

combining ability and replication interaction respectively ~ N (0, A&7 ., )
rscajim 1s the random site by replication by SCA interaction ~ NID (0, JREMC y

Eijimn 15 the random error term ~ [0, Diag (O'ERR oR,, )]

Yijkimn =u+ Si + Rij + incblkk(ij)+ gcal+ gcam+ scalm + sgcail + sgcaim +
sscailm+ rfamijlm ~+ €ijimn [2-24]

Yijtimn 1s the measured trait of the n' seedhng Wlthln the Im™ full-sib family in the K"
incomplete block within the j replication and the /" " site.

u s the clonal population mean

T: is the fixed effect of site i=1,2

Rj; is the fixed effect of replication, i= 1,2 j=1,2,3,4

incblkig is the random incomplete block ~ (0, Diag &7 , (,))

gca;and gca,, are the random female (/) and male (m) general combining ability
respectively ~NID (0, A, )
scayy, is the random specific combining ability ~NID (0, &2,
sgca; and sgca;, are random site by female and male general combining ability
respectively ~ NID (0, 62 p.ccq)
sscaj, is the random site by SCA interaction ~ NID (0, 63604
rfamg,, is the random site by replication by full-sib family interaction ~ NID (0,
UAREPxFAM

Eijkimn 15 the random error term ~ [0, Diag (&ERR oR,, )]
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From the across sites analyses type B correlations for each of the traits were

calculated. A type B genetic correlation gives us an indication of how consistently the

trait is expressed in two different environments (Yamada 1962). When the correlation is

near 1 the trait-by-environment interaction is small and genetic entries rank the same in

both environments. When the genetic correlation is low the genetic entries rank

differently in the two environments.

r
By,

7,
Baca

r
Bravwy

The formulae to calculate the type B correlation were the follow:

2 2 2
20604+ 0scat Ocrone

r = [2-25]
Berone 2 2 2 2 2 2
206c4+ O sca Y Ocrone Y20 5mmGea T O simsca + O siecrone
.., 18 the type B genetic correlation for clonal value across trials
O_Z
— GCA
Boea — 2 2 [2-26]
OGea T Osiregea
is the type B genetic correlation for parents across the two sites
200, +0:
GCA SCA
Py = [2-27]
FAMILY

=5 2 2 2 2
20604+ 0 sca T 20 yrei6ca + O sirmnsca
~1s the type B genetic correlation for full-sib families across trials

In order to estimated the degree of determination of the AHI by the number of

flushes (NVF) and the average flush length (4vFLn) as well as the estimate the contribution

of the MSUL and the NSU to each flush length FLn, a path coefficient analysis (Wright

1968) was computed for each case (Bongarten 1986; Rweyongeza et al. 2003).

The FLn of each flush is the result of the product of NSU and MSUL and AHI can

be described as the product of NF and AvFLn. With logarithmic transformation those

multiplicative relationships became additive. Following the steps described from
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equations [2-16] to [2-19] we obtain for FLn and AHIF;, equations [2-28] and [2-29]

respectively
2 2 2
Prin =Pusu + Pusur + 2P nsu Pusur Foumsuz, Nsu) [2-28]
2 2 2
P, =Pkt Pavrrn T 2D P avrrn VNF, avFLn) [2-29]

From [2-28] and [2-29] p;,, and p; ur,, are equal to 1 because they are the path
coefficients of log(#Ln) and log(AHI,,) with themselves. p,, and p,, arethe
path coefticients for log(NSU) and log(MSUL) to log(FLn) as well as p,, and p, ;.
are the path coefficients for log(NF') and log(AvFLn) to log(AHI,,, ), respectively.

The relative contribution of NSU and MSUL to FLn, and NF and AvFLn to AHIr;, can be

determined with the equation [2-30], [2-31], [2-32] and [2-33] respectively

Cnsu = Psu TirLn, nsu) [2-30]
Cusur = Pusur Veron, msur) [2-31]
Cnr = Pwr Yanr,,, NF) [2-30]
Cavrrn = P aviin Yani,,, avFLn) [2-31]

where ¢, and c,, are the degree of determinations of NSU and MSUL to FLn and
cyr and ¢, ., are the degree of determinations of NF and AvFLn to AHIpn. ¥y, nsur s

Vermnmsuny > Yo, vy > @04 7o 40, are the correlation coefficients between FLn and

NSU, FLn and MSUL, AHIF;, and NF, and AHIr;, and AvFLn, respectively.
Genetic correlations among shoot components traits were calculated for each

propagule type and genetic effect using equation [2-14] (Falconer and Mackay 1996).
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Standard error for genetic correlations was estimated using ASREML (Gilmour 2002).
The number of trees involved in each analysis is detailed in Table 2-2.

Table 2-2. Number of trees involved in each of the analyses by site and propagule type.

Flush descriptors by Site 1 Site 2
flush number Cuttings Seedlings  Cuttings  Seedlings
FLn
1 1730 402 1678 423
2 1729 402 1674 421
3 1727 401 1666 416
4 1702 397 1635 404
5 1493 329 1471 337
6 732 132 746 133
7 134 18 130 21
PFL
1 1727 400 1657 419
2 1727 400 1655 418
3 1727 400 1651 415
4 1702 397 1623 404
5 1493 329 1464 337
6 732 132 746 133
7 134 18 129 21
NSU, MSUL
Parastichy 1 1730 402 1674 423
pattern 2 1729 402 1670 421
3 1727 401 1662 416
4 1702 397 1631 404
5 1492 329 1469 337
6 730 131 745 133
7 134 17 130 21
NF 1727 400 1657 419
AHlpy, 1727 400 1657 419
TH, 1769 404 1680 426
Phenological

. 3352 731 2432 618
traits




CHAPTER 3
RESULTS AND DISCUSSION

Phenological Traits
Least Square Means for Phenological Traits by Provenance and Propagule Type

Significant differences (p<0.05) between propagule types were found for all the
phenological and growth traits (Appendix A). For Site 1 the average difference for
initiation date for seedling and cutting was 4 days. In contrast to Site 1, Site 2 seedling
material had earlier cessation dates than cutting material.

Cuttings provenances were significantly different (p<0.05) for initiation, cessation
and duration at Site 1 and for cessation at Site 2, but were not significantly different for
ASRG and AHI (Table 3-1). ACC provenance height growth initiation started growing
latter than L and LG which had the same least square mean initiation date. Although
LG and FL started together for both propagule types, FIL provenance cuttings grew later
in the season while ACC and LG had stopped growing by a similar date. There were no
significant differences in cessation date for seedlings among provenances. Although
there were significant differences in initiation, cessation and duration for provenance for
Site 1, no significant differences were obtained for AHI. FL was the provenance with the
longest growing season and ACC had the shortest growing periods for both propagule
types. LG was the provenance with the smallest AHI, because of its lower ASRG. FL and
ACC presented similar initiation dates and ASRG. In Site 2 again FL is the provenance
which the latest cessation date. These results are in partial agreement with Jayawickrama

et al. (1998) on height growth pattern of loblolly pine in Southwest Georgia. They found
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significant differences among provenance for height growth cessation but no significant
differences for height growth initiation. For Jayawickrama et al. (1998) Atlantic Coastal
Plain, Lower Gulf and Florida provenance grew until day 241, 233 and 248 in 1993 and
244, 240 and 253 in 1994, respectively. Also their Florida material (Gulf Hammock) had
the longest growing season and greatest height. McCrady and Jokela (1996), in South
Carolina, reported a mean bud-break Julian Date of 73 to 84 for their different families
and planting spacings. Those dates are in accordance with the ones found in this report.
Also the average shoot rate growth reported in this study for cuttings was in agreement
with McCrady and Jokela (1996) of 0.58-0.65 cm-day™. The duration of the shoot
growth in this study in North Central Florida (Table 3-1) is shorter than the one reported
by McCrady and Jokela (1996) (191 versus 201 days).

Table 3-1. Least square means for second-year phenological traits and annual height

increments by provenances and propagule type for 2004 growing season in
Site 1 (North Central Florida) and Site 2 (Southwest Georgia).

INITIATION CESSATION DURATION ASRG AHI
(days) (days) (days) (cm day™) (cm)
C S C S C S C S C S
Site 1
LG 79 84 248 263 170 180 0.56  0.67 108.9 121.3
FL 79 83 252% 266 174* 183* 0.65 0.72 128.7 131.2
ACC 84* 87* 247 261 165 175 0.65 0.72 121.0 125.8
Site 2
LG 269 255
FL 277* 257*
ACC 263 248

Note: LG, FL and ACC are Lower Gulf, Florida and Atlantic Coastal Plain provenances,
respectively. C= cuttings; S= seedlings.
Initiation and cessation are days after January 1 to complete 5 and 95% of total AHI.
(*) indicates significant differences between the provenances (p<0.05)

Provenances were also significantly different for shoot growth pattern during the
growing season. Least square means were calculated for each of the measurement days

(Figure 3-1) for average cumulative apical height growth increment and apical height

growth increment by propagule type and provenance. Fewer significant points in



26

seedlings than in cuttings are attributable to lower numbers of seedlings present in the

study (Table 2-2).

CUTTINGS SEEDLINGS
140

o

N

o
L

100 4

o]
o
L

60 -

40 A

Average Cummulative Height
Increment (cm)

20 A

Height growth increment (cm)

50 100 150 200 250 300 50 100 150 200 250 300

Day of Year 2004 Day of Year 2004
Figure 3-1. Least square means for average cumulative apical height growth increment
and apical height growth increment by provenance and propagule type at Site

1 (North Central Florida). (+) indicates significant differences between
provenances (p<0.05).

Seedlings and cuttings have a similar general growth pattern for height increment
with two peaks, one later in the spring and the other in later summer. Even though no
significant difference between provenances were found for the second half of the growing
season for cumulative height increment, the cutting curve shape shows how cumulative
growth increment by provenance becomes distinct whereas for seedlings provenances

differences of cumulative height increment at the end of the growing season are subtle.
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Peaks of height increment are larger in seedlings than in cuttings. It seems that the
differences in height increment occurred in cuttings during the second half of the growing
season are responsible for the evident (but not significant) differences in cumulative
height increment. Heritabilities values for cumulative height increment and height
increment are shown in Table 3-2 and 3-3 by day of measure.

Heritability Estimates
Height Growth Increment

Narrow sense heritability for incremental height growth was always greater for
cuttings than for seedlings except for dates 141 and 268 (Table 3-2). Seedling values for
broad sense heritability were more inconsistent than cutting values. Cuttings show a
declining trend after day 68 except for day 141 which was smaller than expected.
Narrow sense heritabilities also decreased during the growing season after day 68 and
cutting heritability values were more inconsistent than seedling values. Larger standard
errors are associated with seedlings than with cuttings heritabilities. After day 268
narrow and broad sense heritabilities for both cuttings and seedling become constant and
almost zero. The decreasing and small values of heritabilities are attributable to growth
cessation. There was little or no additive variance for day 68 (h° was 0.00 and 0.07 for
seedlings and cuttings, respectively) but moderate non-additive variance for both
propagule types (H° was 0.35 and 0.26 for seedlings and cuttings, respectively) for height

increment, cumulative height increment and cumulative percentage height increment.

The total genetic variance evaluated in A” is primarily due to clonal variation; 2 Cocy IS a

distant second while the SCA variance contribution is almost negligible (Table 3-2).
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These contributions are also consistent for cumulative height growth increment (Table 3-

3) and average cumulative percent height growth (Table 3-4).

Table 3-2. Incremental height growth: narrow (h*) and broad-sense (H°) heritabilities on
measurement days during 2004 growing season by propagule type at Site 1

(North Central Florida).
Day Seedlings Cuttings
No.” " H " H Clone/Vp* 2GCA/Vp*  SCA/Vp*
68 0.00 (0.00)  0.35(0.16) 0.07 (0.03)  0.26 (0.02) 0.218 0.035 0.011
88 0.22 (0.11)  0.26 (0.14) 0.25 (0.08)  0.40 (0.03) 0.259 0.124 0.016
141 0.17 (0.08)  0.17 (0.08) 0.07 (0.03)  0.11 (0.02) 0.074 0.033 0.002
173 0.15(0.13)  0.41(0.17) 0.21 (0.06)  0.22 (0.03) 0.109 0.104 0.005
236 0.13 (0.09)  0.13 (0.09) 0.23 (0.06)  0.22 (0.03) 0.103 0.113 0.000
268 0.14 (0.10)  0.20 (0.15) 0.09 (0.04)  0.11 (0.02) 0.058 0.046 0.010
278 0.00 (0.00)  0.00 (0.00) 0.02 (0.01)  0.01 (0.01) 0.000 0.008 0.006
299 0.00 (0.00)  0.12(0.12) 0.01 (0.01)  0.01 (0.02) 0.000 0.007 0.003
323 0.00 (0.00)  0.00 (0.00) 0.00 (0.00)  0.02 (0.02) 0.021 0.000 0.003

" Day of the year 2004 when the height increment was recorded.

** Clone/Vp, 2GCA/Vp and SCA/Vp, are the relative contribution of clonal, GCA and
SCA variances to broad-sense heritability (). Standard errors are given in parentheses.

Cumulative and Cumulative Percentage Height Growth Increment

Cumulative broad sense heritability values (Table 3-3) were generally smaller for

cuttings than for seedlings. The decreasing pattern during the growing season is also

present for both narrow and broad-sense heritabilities for all traits except height growth

increment. After day 268 (end of the growing season) heritability values became

constant. Non-additive variance seems to be larger for seedlings than for cuttings, with

larger standard errors associated with seedlings than cuttings

For cumulative percentage of height growth the decreasing pattern in both narrow

and broad-sense heritability values started at day 88 and becoming close to zero after day

236.
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Table 3-3. Cumulative height growth: narrow (4°) and broad-sense (H) heritabilities on
measurement days during 2004 growing season by propagule type at Site 1

(North Central Florida).
Day Seedlings Cuttings
No.+ s H " H Clone/Vp*  2GCA/Vp* SCA/Vp*
68 0.00 (0.00)  0.35 (0.16) 0.07 (0.03)  0.26 (0.02) 0.218 0.035 0.011
88 022 (0.11)  0.31(014) 0.24 (0.07)  0.41(0.03) 0.274 0.120 0.018
141 0.18 (0.10)  0.28 (0.14) 0.09 (0.03)  0.14 (0.02) 0.096 0.043 0.000
173 0.22 (0.12)  0.31(0.15) 0.14 (0.05)  0.17 (0.03) 0.101 0.070 0.002
236 0.14 (0.12)  0.24 (0.16) 0.19 (0.06)  0.19 (0.03) 0.087 0.095 0.004
268 0.21(0.12)  0.23 (0.15) 0.20 (0.06)  0.20 (0.03) 0.087 0.099 0.008
278 0.19 (0.12)  0.22(0.15) 0.20 (0.06)  0.19 (0.03) 0.083 0.100 0.009
299 0.17 (0.12)  0.21(0.15) 0.20 (0.06)  0.19 (0.03) 0.082 0.102 0.010
323 0.11(0.12)  0.23 (0.16) 0.20 (0.06)  0.20 (0.03) 0.084 0.102 0.009

" Day of the year 2004 when the height increment was recorded.
* Clone/Vp, 2GCA/Vp and SCA/Vp, are the relative contribution of clonal, GCA and SCA
variances to broad-sense heritability (). Standard errors are given in parentheses.

Table 3-4. Cumulative percentage of height growth: narrow (h*) and broad-sense (H?)
heritabilities on measurement days during the 2004 growing season by
propagule type in Site 1 (North Central Florida).

Dav No Seedlings Cuttings
Y O W )i " H Clone/Vp* 2GCA/Vp*  SCA/Vp*
68 0.00 (0.00)  0.35(0.17) 0.05 (0.02)  0.14 (0.02) 0.115 0.026 0.003
88 0.33(0.14)  0.43 (0.15) 0.18 (0.06)  0.27 (0.03) 0.148 0.090 0.030
141 0.31(0.14)  0.47(0.17) 0.20 (0.06)  0.21 (0.03) 0.105 0.100 0.003
173 0.20 (0.11)  0.24 (0.16) 0.15(0.05)  0.19 (0,03) 0.117 0.075 0.000
236 0.09 (0.09) 0.17 (0.16) 0.02 (0.02) 0.08 (0.02) 0.046 0.012 0.017
268 0.01 (0.04)  0.01 (0.04) 0.00 (0.00)  0.05 (0.02) 0.036 0.000 0.011
278 0.02 (0.05)  0.02(0.05) 0.00 (0.00)  0.03 (0.02) 0.025 0.000 0.007
299 0.00 (0.00)  0.00 (0.00) 0.00 (0.00)  0.02 (0.02) 0.018 0.000 0.005

" Day of the year 2004 when the height increment was recorded.
* Clone/Vp, 2GCA/Vp and SCA/Vp, are the relative contribution of clonal, GCA and SCA
variance to the broad-sense heritability (A°). Standard errors are given in parentheses.

Phenological Traits and AHI

Little non-additive variance was present for cutting height growth initiation (Table
3-5). Height growth cessation had little genetic variance in cuttings and seedlings at Site
1. In contrast, for Site 2 seedling height growth cessation was highly controlled by non-
additive variance (4’ is 0.02; H” is 0.58). More moderate values for narrow and broad-

sense heritabilities were present for cutting height growth cessation (4”is 0.29; H is
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0.39). This study also reports low narrow and broad-sense heritabilities for seedlings and
cuttings for growing season duration. Cutting growing season duration seemed to be
influenced by non-additive genetic variance. Narrow-sense heritabilities for initiation,
cessation and duration obtained in this study are smaller than those reported by Li and
Adams (1993) in 15 year-old pole-size Douglas-fir. They estimated strong narrow-sense
heritabilities for bud burst and bud set and low to moderate values for growing season
duration (4°are 0.73, 0.81 and 0.17, respectively). ASGR was not influenced by non-
additive variance for cuttings. Seedling ASGR heritabilities are higher than cuttings

heritabilities. Clonal variation was the greatest contributor to the total genetic variance;
20, made a small contribution while SCA variance contribution was almost negligible
(Table 3-5).

Table 3-5. Individual narrow (4°) and broad-sense (H°) heritabilities for phenological

traits and AHI by propagule type for the 2004 growing season in Site 1 (North
Central Florida) and 2 (Southwest Georgia)

Variable 2Seedhngs . , . Cuttings
h H h H Clone/Vp  2GCA/Vp  SCA/Vp
Site 1
Initiation ~ 0.40 (0.13)  0.40 (0.13) 0.29 (0.08)  0.39 (0.03) 0.228 0.143 0.018
Cessation  0.07 (0.07)  0.07 (0.07) 0.00 (0.00) ~ 0.07 (0.02) 0.058 0.000 0.011
AHI 0.11(0.12)  0.23 (0.16) 0.20 (0.06)  0.20 (0.03) 0.084 0.102 0.009
Duration  0.10(0.07)  0.10 (0.07) 0.02 (0.02)  0.08 (0.02) 0.060 0.008 0.007
ASGR 0.26 (0.14)  0.33(0.16) 0.18 (0.06)  0.19 (0.03) 0.090 0.093 0.009
Site 2
Cessation ~ 0.02(0.11)  0.58 (0.24) 0.22 (0.07)  0.34 (0.03) 0.216 0.110 0.017

Clone/Vp, 2GCA/Vp and SCA/Vp, are the relative contribution of clonal, GCA and SCA
variances to broad-sense heritability (7°). Standard errors are given in parentheses.

Correlations Among Phenological Traits.

Genetic correlations were not estimated for those components whose genetic

variance was 0.
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Initiation-Duration Correlation

Genetic correlations between initiation and duration at Site 1 were significantly
strong and negative for both propagule types, which indicated that the material which
initiated height growth later tended to have a shorter growing season and the material
which had early height growth initiation tended to grow longer (Table 3-6). Phenotypic
and microsite initiation-duration correlations were negatively low and significant. Also
initiation-duration correlations for seedlings were in general lower than those for cuttings.
GCA initiation-duration correlation was the strongest negatively and significant
correlation.

Cessation-Duration Correlation

Cessation-duration correlations were significant and strongly positive. Phenotypic
and environmental cessation-duration correlations were positive and even larger than the
genetic correlations. The positive correlation between cessation and duration indicated
that the material with the latest cessation date will have the longest growing season.

Phenotypic and environmental correlations between initiation and cessation were
significant and low for both cuttings and seedlings. The clonal initiation-cessation
correlation was also low. The significant positive correlation between initiation and
cessation implies that the material which started growing later also stopped growing later
in the season and vice versa.

Initiation-AHI and Initiation-Cessation Correlations

For Site 1 the standard errors associated with initiation-4HI and cessation-4AHI
genetic correlations were many times larger than the estimates whereas phenotypic and
environmental initiation-4HI and cessation-4HI correlation were positive low and

significant. Lower correlation values were estimated for cuttings than for seedlings and
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cessation-4HI correlation were lower than initiation-4H/ correlations. Positive
correlation for initiation-4HI meant that material which initiated later in the growing
season had larger height increments. At Site 2, standard errors associated with genetic
cessation-4HI correlation for seedlings were larger than the estimate also microsite
standard errors were larger than the estimated correlations for both propagule types. The
phenotypic and environmental correlations were low and positive, clonal and total genetic
correlation for cessation-4HI at Site 2 were moderate but with high standard errors.
Positive correlation for cessation-4HI indicates that material which grew longer in the
season had the largest AHI.

Initiation-ASRG Correlations

Phenotypic, environmental and genetic correlations for initiation-ASRG were
positive, moderate-to-low and significant for cuttings, except for the SCA correlations
where the standard error which was four times larger than the estimate (Table 3-6).
Seedling genetic correlations also had high standard errors whereas the phenotypic
correlations were positive, significant and moderate. Seedling microsite initiation-ASRG
correlation was also moderate, significant and negative. Positive correlations indicate
that materials with later initiation dates would have higher growth rate. The negative
correlation for microsite initiation-4SGR meant that a particular microsite promoting

early height growth initiation tended to promote higher growth rate.
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Table 3-6. Genetic, phenotypic and environmental (microsite) correlations between
phenological traits and annual height increment (4H1) by propagule type for
2004 growing season in Site 1 (North Central Florida) and 2 (Southwest

Georgia).
Variables Cuttings Seedlings
C AHI D ASGR C AHI D ASGR
Site 1
-0.49 0.25 -0.91 0.49 -0.16 0.31 -0.71 0.38
roea (0.50) 0.21) (0.08) (0.17) (0.33)  (0.44) (0.18) (0.23)
0.66 0.36 0.18
rsca (0,46) (0.73) kokok (0,82) kokok kokok kokok kokok
0.29 0.06 -0.41 0.21
¥Clone (0.11) (0.09) (0.10) (0.09)
FGenetic 0.14 0.16 -0.60 0.35 -0.11 0.19 -0.48 0.38
(0.10) (0.11)  (0.08) (0.10) (0.23)  (026)  (0.20) (0.23)
F Phenofmic 0.11 0.29 -0.29 0.38 0.13 0.89 -0.25 0.42
P (0.02) 0.03)  (0.02) (0.03) (0.04)  (0.13)  (0.05) (0.04)
0.12 0.35 -0.21 0.40 0.18 0.37 -0.23 -0.43

F'Microsite (0.02) (0.02)  (0.02) (0.02) (0.04)  (0.04)  (0.04) (0.03)

0.56 0.84 0.26 -0.23 0.81 -0.45
rGea 0.31) 0.27) (0.37) 0.41) (0.12) (0.31)
0.32 0.97 0.12 o o o
r'sca (0.77)  (0.22) (0.86)
-0.11 0.77 -0.35
¥Clone 0.17) (0.05) (0.14)
FGenetic 0.11 0.73 -0.14 -0.23 0.81 -0.31
0.13)  (0.05) (0.13) (0.41) (0.12) (0.23)
F Phenotvic 0.09 0.93 -0.24 0.16 0.92 -0.23
P 0.02)  (0.00) (0.02) (0.04) (0.01) (0.04)
0.08 0.95 -0.26 0.18 0.93 -0.22
'Microsite 0.02)  (0.00) (0.02) (0.05) (0.01) (0.04)
Site 2
rGCA skksk skksk
0.36
ek
F'sca (0.24)
0.53
C VClone (0.24) -
. 0.47 0.36
V4 s
Genetic (0.20) (0.24)
. 0.12 0.0
V' Phenotypic (0.05) © 0491)
0.06 0.06
¥ Microsite (0.04) (0.04)

Note: /= Initiation; C=Cessation; D=Duration; ASRG=average shoot growth rate.
*#**Correlation could not estimated because o, was 0.

(---) was not included in the model.
Standard errors are given in parentheses.
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Cessation-ASGR Correlations

Genetic cessation-ASGR correlations were associated with large standard errors for
both propagule types. Phenotypic and environmental correlations for both cuttings and
seedlings were negative significant and low, which means that the material which
stopped growing early tends to have a higher growth rate. Phenological and growth
correlation results were in agreement with those reported by Li and Adam (1993) for
Douglas-fir. They found positive correlation between bud set and growth. Also they
reported negative moderate (-0.30 & 0.24) and negative low (-0.07 = 0.28) correlations
between bud burst and bud set with duration for their first year of analyses. For their
second year of analysis the duration-bud set correlation became a strong correlation
(-0.87 £ 0.07). Ekberg et al. (1994) working with Norway spruce (Picea abies) seedlings
did not find any strong correlation between total height or shoot elongation with any of
the bud phenological traits or shoot elongation period. They also could not strongly
associate the shoot elongation period with bud burst and bud set.

Path Analysis

Table 3-7 presents the phenotypic and genetic path coefficients, correlation
coefficients and degrees of determination for the second-year AHI from duration and
average shoot growth rate for both propagule types. For both propagule types average
shoot growth rate was the principal contributor to AHI. The genetic and phenotypic
degree of determination of AHI by ASRG was almost 1 for cuttings and 0.86 and 0.72 for
seedlings. Both phenotypic and genetic correlations between AHI and ASRG were
positive strong and significant, indicating that material which has higher average shoot

rate growth has larger AHI.



35

Table 3-7. Values of phenotypic and genetic path coefficients, correlation coefficients
and degrees of determination for annual height increment (4HI) by growth
duration (D) and average shoot growth rate (4ASRG) by propagule type for Site
1 (North Central Florida).

. Correlation D
Path coefficients components . egree
AHI Path 1 P _ Coefficient Of ‘
Pl}rjog Components Coeff. p2 p2 . . determination
4 (LOg) ij[ D ASRG zpypzryz > (D,ASRG) Cp
Y 4H1, 4SRG) c oo
ASRG
Phenotypic
Cuttings
D -0.053 -0.016
ASRG 1.004 0.086 1.133 -0.215 0907 -0.344 0.965
Seedlings
D 0.036 0.134
ASRG 0.999 0.139 1.113 -0.253 0.814 -0.322 0859
Genetic
Cuttings
D -0.098 -0.033
ASRG 0.986 0.112 1.177 -0.303 0891 -0.418 0.967
Seedlings
D -0.134 -0.045
ASRG 0.998 0.111 1.198 -0.310 0.656 -0.426 0718

Note: Path coefficient formula: p3,, =pp + Pise +2Pp Puskc . sske)

* _ . _
2pp Paske Fp,asrGy+ €p = Pp Vamr, asrcy: Casrc = P asrc Vianr, 4src)

Numbers in bold are significant (p<0.05)

These results were in agreement with those obtained by Magnussen and Yeatman
(1989) in jack pine, who found that rate of shoot extension was a better predictor for
within-family shoot length than the duration of the shoot elongation. Some reports for
loblolly pine were in concordance with our results like: Perry et al. (1966), who through
regression analyses reported that growth rate accounted for approximately 60 percent of
the height growth variation while duration growth rate accounted for 30 percent.
McCrady and Jokela (1996) attributed the differences in AHI between families to the
height growth rate, and Boyer (1970) suggested that the flush growth variation in loblolly

is attributable to growth rate and not to length of the growth season.
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Duration and average growth rate were moderately and negatively correlated
meaning that materials with shorter growing period had high growth rates. Phenotypic
and genetic correlations were significantly different except for the seedling genetic
correlation.

Flush Descriptors
Heritability Estimates

Significant differences (p<0.05) between propagule types were found for all the
flush descriptors (FLn, PFL, NSU and MSUL), NF and growth traits (4HIr;, and TH>)
(Appendix A).

On Site 1 additive variance was the primarily genetic variation associated with
seedlings and cuttings for most of the flushes for FLn, NSU, MSUL, and PFL (Table 3-8)
whereas non-additive genetic variance was the principal genetic variation associated with
NF and TH, for seedlings. Additive genetic variance was the main genetic variation for
TH, cuttings and AHI;, for cuttings and seedlings. There was non-additive variance for
seedlings except for FLn flush 1, PFL flush 1 and 4, NSU flush 3 and MSUL flush 2.

On Site 2, as well, additive variance was the primarily genetic variation associated
with seedlings for most of the flushes by FLn, NSU, MSUL, and PFL (Table 3-9) whereas
non-additive genetic variance was the principal genetic variation associated with NF, TH>
and AHIr;,. There was less non-additive variance associated with NF, TH, and AHIr;, in
cuttings than in seedlings. Seedlings had no non-additive variance except for flush 2 for
FLn, PFL and NSU.

Non-additive genetic variance was more frequent in with cuttings for Site 2 than for
Site 1 (Table 3-8 and Table 3-9). On Site 2 for several flushes and different traits, 7 was

at least twice as large as /°.
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At both sites total genetic variance for cuttings was due primarily to clonal genetic
variance. Two times GCA variance was the next highest contributor to the total genetic
variance while SCA variance was generally small.

Seedling heritabilities were slightly larger and more inconsistent among the flushes
than cuttings and also had larger standard errors than cuttings, which is attributable to the
small seedling population (Table 2-2). Site 2 cutting heritabilities in general were
slightly larger than in Site 1. There was no clear pattern of decreasing/increasing
heritabilities values with the increasing/decreasing flush number for either propagule type
or site. Heritabilities for flushes 6 and 7 are probably not reliable due to the small
number of trees that produced 6 or 7 flushes.

NF AHIpy, and TH; narrow and broad-sense heritabilities values were larger for
Site 2 than for Site 1 for both cuttings and seedlings (Table 3-8 and 3-9).

For both Site 1 and 2, additive genetic variance was the primary genetic variance
for seedlings and cuttings across site for most of the flushes for FLn, PFL, NSU and
MSUL. Across sites cuttings had little to no non-additive variance; for a few flushes non-
additive variance was twice as large as the additive variance.

Non-additive genetic variance was associated with NF, and seedlings TH>.
Additive genetic variance was the main genetic variance for AHIr;, and cutting TH,.
Across-site NF, AHIr1, and TH, cutting heritability values were two to five times larger

than seedlings heritabilities values.
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Table 3-8. Site 1 (North Central Florida): individual-tree narrow (4°) and broad-sense
(H°) heritabilities for growth and shoot components by propagule type for the

2004 growing season.
Variable Seedlings Cuttings

by i 7 ¥ = 2G6C4 sc4 Clone
Sflush # V, V, VP
I 000(0.00) 021(026)  0.07(0.03) 022(0.04)  0.03 0.00 0.19
2 0.14(0.10) 0.14(0.10)  0.16(0.06) 022(0.04)  0.08 0.01 0.12
3 023(0.12) 023(0.12)  0.19(0.06) 022(0.04)  0.10 0.00 0.12
FLn 4 0.25(0.15) 0.27(0.22) 0.16 (0.05)  0.17 (0.04) 0.08 0.00 0.09
5 0.00 (0.00)  0.00 (0.00) 0.21 (0.07)  0.20 (0.05) 0.11 0.00 0.09
6 0.03(0.00) 0.03(0.00) 0.10 (0.08) 0.12(0.09)  0.05 0.00 0.07
7 0.00 (0.00)  0.00(0.00)  0.00 0.00 0.00
I 012(0.13) 033(0.23)  0.17(0.06) 027(0.04)  0.08 0.00 0.18
2 0.08(0.08) 008(0.08)  0.08(0.04) 0.13(0.04) 004 0.02 0.08
3 0.19(0.10) 0.19(0.10)  0.09(0.04) 0.16(0.04)  0.04 0.01 0.11
PFL 4 0.09 (0.13)  0.45(0.30) 0.10 (0.04)  0.13 (0.04) 0.05 0.00 0.09
5 0.07 (0.10)  0.07 (0.10) 0.13(0.06)  0.15(0.05) 0.07 0.03 0.05
6 073(042) 0.73(0.42) 0.14(0.09) 0.21(0.09)  0.07 0.00 0.14
7 0.00 (0.00)  0.00(0.00)  0.00 0.00 0.00
I 000(0.00) 0.00(0.00)  0.12(0.04) 020(0.04 006 0.00 0.14
2 0.13(0.09) 0.13(0.09)  0.13(0.05) 021(0.04)  0.06 0.01 0.14
3 012(0.11) 0.19(025)  022(0.07) 033 (0.04)  0.11 0.00 0.21
NSU 4 0.13(0.10)  0.13(0.10) 0.17 (0.06)  0.17 (0.04) 0.08 0.01 0.07
5 0.00 (0.00)  0.00 (0.00) 0.15(0.06)  0.22 (0.04) 0.07 0.00 0.15
6 0.00(0.00) 0.00(0.00) 0.00 (0.00) 0.12(0.09)  0.00 0.00 0.12
7 - 0.00(0.00) 0.18(0.34)  0.00 0.18 0.00
1 010(0.09) 0.10(0.09)  0.11(0.05) 0.16(0.04)  0.06 0.00 0.10
2 008(0.10) 0.11(020)  0.10(0.06) 0.14 (0.04)  0.05 0.01 0.08
3 042(0.15) 042(0.15)  0.29(0.08) 032(0.04)  0.14 0.00 0.17
MSUL 4  028(0.13) 028(0.13)  021(0.06) 028(0.04)  0.11 0.01 0.16
5 0.27 (0.16)  0.27 (0.16) 0.22 (0.08)  0.30 (0.05) 0.11 0.03 0.16
6 0.52(0.42) 0.52(0.42) 0.21 (0.08)  0.21 (0.08) 0.11 0.00 0.10
7 - 0.00 (0.00)  0.00(0.00)  0.00 0.00 0.00
NF 0.06(0.12) 024(022)  0.14(0.07) 032(0.04)  0.07 0.05 0.20
AVFL 0.00 (0.00) 0.00(0.00)  0.18(0.08) 031(0.06)  0.09 0.00 0.22
AHI gy, 0.00 (0.00)  0.00 (0.29) 0.26 (0.08)  0.20 (0.05) 0.13 0.00 0.06
TH, 0.01 (0.08) 0.1 (0.26) 021(0.07) 022(0.04) 0.1 0.01 0.109

Note: FLrn=flush length; PFL=flush contribution to annual height increment in percent;
NSU=number of stem units; MSUL=mean stem unit length; NF= number of flushes;
AvFL= average flush length; AHIp;,—annual height increment as summation of the flush
length; TH,=second year total height. Standard errors are given in parentheses.
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Table 3-9. Site 2 (Southwest Georgia): individual tree narrow (4°) and broad-sense (H°)
heritabilities for growth and shoot components by propagule type for 2004
growing season.

Variable Seedlings Cuttings
2GCA SCA Clone
by W P 2 )2
flush # v, v, v,
1 0.10(0.09)  0.10 (0.09) 0.13(0.05)  0.30(0.04) 0.06 0.01 0.23
2 0.16(0.14) 0.50 (0.26) 0.20 (0.06)  0.42 (0.04) 0.10 0.00 0.32
3 0.00(0.00) 0.00 (0.00) 0.16 (0.06)  0.26 (0.04) 0.08 0.00 0.18
FLn 4 0.16 (0.11)  0.16 (0.11) 0.19(0.06)  0.28 0.04) 0.10 0.00 0.18
5 0.00 (0.00)  0.23 (0.35) 0.21(0.07)  0.28 (0.05) 0.10 0.00 0.17
6 0.10 (0.63)  1.00(1.21) 0.20 (0.09)  0.33(0.09) 0.10 0.00 0.23
7 0.00 (0.00)  0.18 (13.9) 0.00 0.00 0.15
1 0.14(0.11) 0.14(0.11) 0.13 (0.05)  0.30 (0.04) 0.06 0.01 0.23
2 0.19(0.15)  0.42(0.25) 0.22 (0.06)  0.40 (0.04) 0.11 0.00 0.29
3 0.00 (0.00)  0.00 (0.00) 0.10(0.05)  0.20 (0.04) 0.05 0.02 0.14
PFL 4 0.12(0.10)  0.12 (0.10) 0.16 (0.05)  0.28 (0.04) 0.08 0.00 0.20
5 0.06(0.12) 0.06(0.12) 0.16 (0.06)  0.25 (0.05) 0.08 0.00 0.17
6  0.28(0.47) 0.8 (0.47) 0.11 (0.08)  0.31 (0.09) 0.06 0.00 0.25
7 --- --- 0.00 (0.00)  0.59 (27.1) 0.00 0.00 0.59
1 0.09 (0.09)  0.09 (0.09) 0.14 (0.05)  0.32(0.04) 0.07 0.00 0.24
2 0.16 (0.15)  0.50 (0.26) 0.17 (0.06)  0.39 (0.04) 0.09 0.00 0.30
3 0.03(0.07) 0.03(0.07) 0.18 (0.06)  0.26 (0.04) 0.09 0.01 0.16
NSU 4 0.08(0.08) 0.08(0.08) 0.09 (0.04)  0.21 (0.04) 0.04 0.02 0.15
5 0.08(0.12) 0.08(0.12) 0.11 (0.06)  0.28 (0.05) 0.05 0.02 0.21
6 0.00 (0.00)  0.75(1.29) 0.03 (0.05)  0.21(0.10) 0.02 0.00 0.19
7 - - 0.00 (0.00)  0.33(0.33) 0.00 0.08 0.24
1 0.13(0.11) 0.13(0.11) 0.18 (0.06)  0.23 (0.04) 0.09 0.00 0.14
2 0.03(0.08) 0.03(0.08) 0.20 (0.07)  0.34 (0.04) 0.10 0.02 0.22
3 0.28(0.13)  0.28 (0.13) 0.29(0.08)  0.39(0.04) 0.14 0.00 0.25
MSUL 4 0.05(0.09)  0.05 (0.09) 0.26 (0.08)  0.40 (0.04) 0.13 0.00 0.27
5 0.36 (0.18)  0.36(0.18) 0.22(0.07)  0.38(0.04) 0.11 0.01 0.26
6 0.00(0.00) 1.00 (1.44) 0.16 (0.09)  0.46 (0.07) 0.08 0.00 0.38
7 0.00 (0.00)  0.00 (0.00) 0.00 0.00 0.00
NF 0.20 (0.15)  0.46 (0.25) 0.29 (0.08)  0.41 (0.04) 0.14 0.01 0.26
AvFL 0.09 (0.09)  0.09 (0.09) 0.10 (0.05)  0.22 (0.05) 0.05 0.00 0.17
AHlg,, 0.07 (0.12)  0.44 (0.27) 0.20 (0.07)  0.33(0.04) 0.10 0.02 0.21
TH, 0.03 (0.11)  0.53(0.27) 0.31(0.09) 0.41(0.04) 0.15 0.01 0.25

Note: FLn=flush length; PFL=flush contribution to annual height increment in percent;
NSU=number of stem units; MSUL=mean stem unit length; NF= number of flushes;
AvFL= average flush length; AHIr;,=annual height increment as summation of the flush
length; TH,=second year total height. Standard errors are given in parentheses.
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Narrow and broad-sense heritabilities values were in general lower for across-site
analysis than for single-site analyses. Individual-tree narrow and broad-sense
heritabilities for cuttings are slightly larger than narrow and broad-sense heritabilities for
seedlings.

These study findings are not in complete agreement with other studies of shoot
growth components. Heritability values for second-year total height are in concordance
with Paul et al. (1997) from two different factorial loblolly pine clonal tests. The
h’values from their two factorial tests were 0.08 and 0.26. H° values ranged from 0.12 to
0.25 in their factorial tests.

In general, cutting heritability estimates in this study for second-year total height
were larger than those estimates for the components (FLn, NSU and MSUL) and almost
equal for NF. Heritabilities estimates for NSU and MSUL indicated that they are both
under similar genetic control. Several other studies reported greater heritability values
than the ones found in this study, with values ranging from 0.1 to nearly 1.0 for growth
and growth component traits in loblolly pine and other conifers (Kremer and Larson
1983, Bongarten 1986, Li ef al. 1991; Li et al. 1992, Smith ef al. 1993b, Kaya 1993,
Rweyongeza et al. 2003).

Type B Correlation

The stability of families and parents across site were compared for seedlings and

cuttings (Table 3-11). Also clonal stability across site was analyzed for cuttings.
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Table 3-10. Across site individual narrow (4°) and broad-sense (H°) heritabilities for
growth and shoot components by propagule type for 2004 growing season for
Site 1(North Central Florida) and Site 2 (Southwest Georgia).

Variable Seedlings Cuttings
by e 1% i 7 26C4 SCA Clone
flush # v, v, v,
1 0.03(0.04) 0.10(0.07) 0.06 (0.03)  0.12 (0.02) 0.03 0.00 0.09
2 0.08(0.03) 0.08(0.03) 0.11 (0.04)  0.14 (0.02) 0.06 0.00 0.08
3 0.05(0.04) 0.05(0.04) 0.12 (0.05)  0.13 (0.03) 0.06 0.00 0.07
FLn 4  0.10(0.06) 0.11(0.08) 0.10 (0.04)  0.14 (0.03) 0.05 0.00 0.09
5 0.00(0.00) 0.04(0.09) 0.09 (0.06)  0.17 (0.03) 0.05 0.01 0.11
6  0.00(0.00) 0.00 (0.00) 0.11 (0.05)  0.06 (0.03) 0.06 0.00 0.00
7 0.18(0.12)  0.32(0.12) 0.09 0.00 0.23
1 024(0.10) 0.28 (0.10) 0.17 (0.06)  0.21 (0.03) 0.08 0.01 0.11
2 0.15(0.06) 0.15(0.06) 0.11 (0.04)  0.16 (0.03) 0.06 0.00 0.11
3 0.02 (0.04) 0.02 (0.04) 0.06 (0.03)  0.07 (0.02) 0.03 0.01 0.03
PFL 4 0.10 (0.07)  0.10 (0.09) 0.06 (0.03)  0.11 (0.03) 0.03 0.00 0.08
5 0.03 (0.07)  0.14 (0.10) 0.05 (0.05)  0.13 (0.03) 0.03 0.03 0.08
6  0.06(0.02) 0.00 (0.00) 0.11 (0.05)  0.06 (0.03) 0.06 0.00 0.00
7 0.17 (0.11)  0.16 (0.12) 0.08 0.00 0.08
1 0.08(0.07) 0.27(0.11) 0.11 (0.04)  0.17 (0.03) 0.05 0.00 0.12
2 0.05(0.02)  0.05(0.02) 0.08 (0.03) 0.13 (0.02) 0.04 0.00 0.09
3 0.07 (0.03)  0.07 (0.03) 0.15(0.02)  0.23 (0.02) 0.08 0.00 0.15
NSU 4 0.08 (0.05)  0.08 (0.05) 0.13 (0.05)  0.19 (0.02) 0.06 0.02 0.11
5 0.05(0.04) 0.05(0.04) 0.14 (0.05)  0.26 (0.03) 0.07 0.00 0.19
6  0.01(0.14) 0.24(0.29) 0.05(0.03)  0.08 (0.04) 0.02 0.00 0.06
7 0.00 (0.00)  0.10 (0.19) 0.00 0.04 0.06
1 0.16(0.07) 0.27(0.09) 0.13(0.05)  0.17 (0.03) 0.06 0.00 0.10
2 0.07(0.07) 0.14 (0.09) 0.15 (0.05)  0.14 (0.03) 0.08 0.00 0.06
3 0.28(0.09) 0.28 (0.09) 0.26 (0.07)  0.26 (0.04) 0.13 0.00 0.14
MSUL 4  0.14(0.07) 0.14(0.07) 0.14 (0.06)  0.19 (0.03) 0.07 0.00 0.12
5 0.18 (0.07)  0.18 (0.07) 0.17 (0.07)  0.22 (0.04) 0.09 0.02 0.12
6 0.00 (0.00)  0.00 (0.00) 0.15(0.06)  0.08 (0.03) 0.07 0.01 0.00
7 0.21(0.15)  0.24 (0.14) 0.11 0.01 0.12
NF 0.05 (0.08)  0.11 (0.12) 0.17 (0.07)  0.26 (0.03) 0.09 0.02 0.16
AVFL 0.00 (0.01)  0.00 (0.01) 0.05(0.03)  0.10 (0.02) 0.03 0.00 0.07
AHIy,, 0.04 (0.05)  0.04 (0.05) 0.21 (0.07)  0.22 (0.03) 0.10 0.01 0.11
TH, 0.04 (0.05)  0.11(0.12) 0.22 (0.07)  0.24 (0.04) 0.11 0.01 0.11

Note: FLn=flush length; PFL=flush contribution to annual height increment in percent;
NSU=number of stem units; MSUL=mean stem unit length; NF= number of flushes;
AvFL= average flush length; AHIp;,=annual height increment as summation of the flush
length; TH,=second year total height. Standard errors are given in parentheses.
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Table 3-11. Type B correlations for growth and shoot components by propagule type for
2004 growing season between Site 1 (North Central Florida) and Site 2

(Southwest Georgia).
Seedlings Cuttings
Variable
v

byﬂuSh # rBParents B Family rB Clone rB Parents B Family
FLn 1 0.84 (0.88) 0.92 (0.46) 0.68 (0.12) 0.59 (0.20) 0.57 (0.19)
2 1.00 (0.00) 1.00 (0.00) 0.80 (0.08) 0.69 (0.16)  0.61 (0.15)
3 0.83 (0.52) 0.83 (0.52) 0.65 (0.12) 0.79 (0.14)  0.78 (0.13)
4 0.65 (0.31) 0.66 (0.30) 0.72 (0.13) 0.63(0.17)  0.59(0.17)
5 0.00 (0.00) 0.28 (0.54) 0.69 (0.12) 0.455 (0.21) 0.52 (0.18)
6 0.00 (0.00) 0.00 (0.00) 0.24 (0.11) 0.72 (0.25) 0.72 (0.25)
7 - - 0.98 (0.13) 0.95 (0.44) 0.95 (0.44)
PFL 1 0.94 (0.15) 0.94 (0.14) 0.68 (0.08) 0.93(0.09)  0.91(0.08)
2 1.00 (0.00) 0.98 (0.22) 0.64 (0.10) 0.70 (0.17)  0.60 (0.16)
3 0.34 (0.68) 0.34 (0.68) 0.43 (0.15) 0.66 (0.21)  0.74(0.16)
4 0.60 (0.32) 0.60 (0.31) 0.51(0.13)  0.485(0.23)  0.42(0.21)
5 0.27 (0.56) 0.52 (0.35) 0.59 (0.13) 0.37(0.26)  0.55(0.17)
6 0.00 (0.00)  0.005 (0.14) 0.23 (0.11) 0.72(0.26)  0.72 (0.26)
7 - -—- 1.00 (0.00) 1.00 (0.00) 1.00 (0.00)
NSU 1 0.94 (0.44) 0.97 (0.22) 0.78 (0.11) 0.82 (0.13) 0.80 (0.13)
2 1.00 (0.00) 1.00 (0.00) 0.81 (0.07) 0.67 (0.18) 0.58 (0.16)
3 1.00 (0.00) 1.00 (0.00) 0.94 (0.09) 0.95(0.01)  0.95(0.01)
4 0.78 (0.38) 0.78 (0.38) 0.97 (0.03) 0.92 (0.08)  0.94(0.07)
5 0.70 (0.67) 0.53 (0.52) 0.96 (0.04) 0.86 (0.12)  0.86(0.12)
6 1.00 (0.00) 1.00 (0.00) 0.49 (0.27) 1.00 (0.00)  1.00 (0.00)
7 0.20 (0.40) 0.23 (0.00)  1.00 (0.00)
MSUL 1 0.99 (0.00) 0.99 (0.00) 0.82 (0.12) 0.77 (0.14) 0.77 (0.13)
2 0.47 (0.38) 0.58 (0.30) 0.58 (0.10) 1.00 (0.00)  0.86 (0.11)
3 0.89 (0.14) 0.89 (0.14) 0.73 (0.07) 0.89 (0.07) 0.89 (0.07)
4 0.78 (0.25) 0.78 (0.25) 0.60 (0.08) 0.64(0.16)  0.61 (0.15)
5 1.00 (0.00) 1.00 (0.00) 0.67 (0.08) 0.76 (0.13) 0.79 (0.11)
6 0.00 (0.00) 0.00 (0.00) 0.25 (0.08) 0.93 (0.18) 0.93 (0.17)
7 - -—- 0.99 (0.18) 0.97 (0.39) 0.97 (0.34)
NF 0.36 (0.49) 0.32 (0.29) 0.72 (0.07) 0.76 (0.14)  0.73 (0.11)
AVFL 1.00 (0.00) 1.00 (0.00) 0.82 (0.08) 0.59 (0.21) 0.55 (0.20)
AHIy, 0.89 (1.33) 0.40 (0.55) 0.81 (0.09) 0.88 (0.08)  0.89 (0.08)
TH, 1.00 (0.00) 0.48 (0.39) 0.74 (0.08) 0.88 (0.10) 0.85 (0.09)

Note: FLn=flush length; PFL=flush contribution to annual height increment in decimal
equivalents; NSU=number of stem units; MSUL=mean stem unit length; NF= number of
flushes; AvFL= average flush length; AHIr,—annual height increment as summation of
the flush length; TH,=second year total height. Standard errors are given in parentheses.
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Growth and Shoot Components

Cutting NF, AHIr;, and TH, showed consistent clonal, parental and family ranking
across site with type B correlations that ranged from 0.72 to 0.89 whereas seedling family
and parental rankings across site were quite inconsistent for NF, and for family AHIr;,
and TH, were inconsistent. AvFL family and parental ranking across site was very
consistent for seedlings, but not for cuttings. Only clonal ranking was very consistent for
cuttings.

Flush Descriptors

The type B correlations reported in this study vary greatly from flush to flush, trait to
trait, and with propagule type. While FLn, PFL, NSU and MSUL seedling flush 1 and 2
exhibited high strong parent and family correlations, cuttings flush 1 and 2 parental and
family correlations were moderate, except for MSUL flush 2 for which cutting parental
and family correlation are higher than seedlings.

Seedling NSU and MSUL exhibited consistent family and parental (r, =0.70 to
1.00; r, ~=0.78 to 1.00) rankings across both sites for most of the flushes except family

rankings for MSUL flush 2 and NSU flush 5 which were inconsistent with correlated
values of 0.47 to 0.58 for either parental and family type B correlations (Table 3-11).

Parent type B correlations for seedling FLn were high and ranged from 0.83 to 1.00 for
the first three flushes while the fourth flush had a moderated correlation and the remained
flushes where low (0.28) to uncorrelated. PFL showed similar behavior to FLn, but just
for the first two flushes. Flush 3 was low for both parental and family type B correlation.

The other PFL flushes had moderate to nil family and parental correlations.



44

The majority of the type B correlations for cuttings along the flushes and traits were
moderate to high ranging from 0.51 to 1. There were a small number of correlations
which were lower than 0.50 and most of them were clonal type B correlations. Few
flushes, flush 6 for example, exhibited consistent family and parental ranking across sites
and inconsistent clonal ranking across sites for all the traits analyzed.

Seedling family type B correlations estimated in this study for loblolly pine second
growing season were lower than those reported by Smith et al. (1993b), who reported
0.89 to 0.94 family type B genetic correlations for cycle length, number of cycles and
NSU per cycle. The moderate correlations (0.64 to 0.72) for total height, total number of
NSU and free growth stem unit length were more in accord to some of the correlations
obtained in this study. Li et al. (1992) reported genetic correlations across their
treatments (fertilized and irrigated against non- fertilized and non-irrigated) ranging from
0.61 to 0.80.

Path Analyses
Annual Height Increment with Number of Flushes and Average Flush Length

For sites 1 and 2 phenotypic and genetic path coefficients, correlation coefficients
and degree of determination for second year AHIr1, by NF and AvFL for both propagule
types are show in Table 3-12.

For both sites and propagule type average flush length was the principal contributor
to AHIrr,. At Site 1, the phenotypic degrees of determination of AHIp;, by AvFL were
0.80 for cuttings and 0.71 for seedlings. Seedling genetic path analysis could not be
assessed due to the very low variance of the genetic components. Both phenotypic and
genetic correlations between AHIr;, and AvFL were larger than AHIp, and NF

correlations. AHIr,-AvFL correlations were significant positive and moderate to strong
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(0.63 to 0.86), indicating that material which has higher average flush length has larger
AHIrr,. AHIp,-NF phenotypic correlations were positive moderate and significant for
both cuttings and seedlings whereas cutting genetic correlation was low and
nonsignificant. Cuttings and seedlings NF-AvFL phenotypic correlations were negative
low (-0.13 to -0.25) but significant, meaning that materials with fewer flushes had longer
flushes.

Cutting genetic NF-AvFL correlation was much higher (-0.59) than cutting
phenotypic correlations. On the other hand Site 2 cuttings and seedlings NF-AvFL
phenotypic correlation were strongly negative and significant (-0.78 and -0.74).
Although the seedling genetic correlation was also strong negative and significant, Site 2
cuttings genetic NF-AvFL correlation was low positive and significant. Site 2 cuttings
and seedlings AHIr;,~-AvFL phenotypic correlation as well as Site 1 were moderate and
positive. Genetic AHIr,~AvFL correlations were also moderate and positive but only the
cutting correlation was significant. AHIr;,.-NF correlation were low (0.003 to 0.26) and
nonsignificant for both cuttings and seedlings and for phenotypic and genetic
correlations; only the cutting genetic correlation was negative. The relatively larger
phenotypic degree of determination for AvFL to AHIr;, at Site 2 indicated a strong

contribution of AvFL to AHIF;, and a weak role for NF in that environment. Cutting
genetic path analysis was not estimated correctly ij,m (the path estimated of AHIry,

with itself has to be 1 and in this case the number obtained was 4.34).
Gomez-Cardenas et al. (1998) found similar average number of flushes (4+1) in their
two year study on P. patula, but in the second year their annual height increment was

quite low (drought) due to shorter flushes. For Gémez-Cardenas et al. (1998) average
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flush length and NSU were the most important components in the shoot elongation
pattern of P. patula.

Table 3-12. Phenotypic and genetic values for path coefficients components, correlations
coefficients, and degree of determinations for annual height increment AH 1z,
by number of flushes (NVF) and average flush length (4vFL) by propagule type
for Site 1 (North Central Florida) and Site 2 (Southwest Georgia).

Path Path coeff. components Correlation coefficient Degree
a
Flush of
Prop. Components Ctzeff. p2 p2 2p.p.r. "ttty NE) determination
type (Log) P4 Hlpy, NF AVFL y£z"yz r r Cop
g * (AHIy,,AvFL) ' (NF, AVFL)
CarL
Site 1
Phenotypic
Cuttings
NF 0.46 0.31
1.01 0.47 0.86 -0.32 -0.25
AvFL 0.86 0.79
Seedlings
NF 0.56 0.37
1.05 0.44 0.77 -0.16 -0.13
AvFL 0.81 0.71
Genetic
Cuttings
NF 0.26 0.26
1.11 1.02 1.61 -1.52 -0.59
AvFL 0.63 0.80
Seedlings
NF --- -
AVFL
Site 2
Phenotypic
Cuttings
NF 0.09 0.10
0.94 1.26 2.09 -2.41 -0.74
AvFL 0.64 0.92
Seedlings
NF 0.003 0.003
0.99 1.52 2.53 -3.04 -0.78
AvFL 0.64 1.01
Genetic
Cuttings
NF -0.09 -0.11
434 1.35 2.56 0.43 0.12
AvFL 0.69 1.10
Seedlings
NF 0.26 0.33
1.01 166 2.04 -2.69 -0.73
AVFL 0.47 0.67

. : .2 2 2
Note: Path coefficient formula: p'y,, = pie + Ple +2Pye Paver Vove avrn

% _ . _

2pye P Vowe aviry - Cne = Par Vaty, NPy Cavrr = P aver Vanl,,,, avFL)
(---) Could not estimated because at least one of the variances was 0
Numbers in bold are significant (p<0.05).
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Flush Length with Number of Stem Units and Mean Stem Unit Length.

For site 1 and 2 phenotypic and genetic path coefficients, correlation coefficients and
degree of determination for second year height FLn by NSU and MSUL for both
propagule types are show in Table 3-13, 3-14, 3-15 and 3-16.

At both sites in the phenotypic analysis and for both propagule types NSU was by far
the principal contributor to FLn for the first and second flush with values of 1 for
seedlings and cuttings in Site 2 and with values of 0.72-0.75 for flush 2 for both cuttings
and seedlings in Site 1 (Table 3-13 and 3-14). From flush 4 onward, NSU and MSUL
contribute in almost the same proportion to the FLn. In Site 1 for the last flushes
evaluated in seedlings (5 and 6) the contribution of MSUL to FLn was slightly superior to
NSU (Table 3-13).

The phenotypic correlations between MSUL and NSU at Site 2 (Table 3-14) were
low to moderate negative and significant (-0.19 to -0.54) for cuttings and seedlings,
indicating that material with shorter MSUL had a larger number of NSU. The lowest
correlations were for flushes 4 and 5 for both propagule types. FLn-NSU correlations
were positive moderate to high and significant (0.49 to 0.93), indicating that material
with longer flushes had greater NSU. The results indicate that FLn-NSU correlations
decreased in value from flush 1 to 7 and FLn-MSUL correlations increase in value from
flush 1 to 7.

FLn-MSUL correlations were low and negative and not significant for the first two
flushes in cuttings and seedlings, except for seedling flush 2 where the correlation was

significant.
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Table 3-13. Site 1 (North Central Florida): phenotypic values of path coefficients and
path components, correlations coefficients and degree of determination for
flush length (FLLn) as the product of mean stem unit length (MSUL) and
number of stem unit (NSU) by propagule type.

Path coeff. components* Correlation coefficient Degree
Flush R Of .
Prop. Components coeff. » 2 p 2 2p p.r. P determination
tpe (Log) p 12%1 NSU MSUL }* y . ) F tsULNSU) Csu
(FLn,MSUL,
Cusur
Cuttings
Flush
1 ey 095 148 041  -094 st -0.60 o
2 e 099 067 023  0.085 o5 0.11 o
3 e 097 079 061  -043 oo -0.31 o
4 aey 099 069 055  -0.24 o0 -0.20 o
5 I\I;SS[IJJL 0997 064 049  -0.13 8:22 012 g:ig
6 e 098 045 055  -0.02 oo -0.02 sl
7 I\I/IISSSL 0.99 076  0.66  -0.44 8:2;" -0.31 8:22
Seedlings
Flush
1 I\IISSSL 0.94 146 047  -0.99 _%%Z -0.60 _10%33
2 e 100 072 026 002 2% 0.02 075
3 e 097 076 071 -0.50 ool -0.34 0.5
4 e 108 068 056  -0.16 ol -0.13 oy
5 new 104 046 068  -0.10 o 0.09 040
6 e 093 0365 066  -0.09 o -0.09 o

. : L2 2 2
Note: Path coefficient formula: py,, = pie, + Pusur + 2P ysu Pusur Fousurnso)

* _ . _
2pnsu Pusur Yousurxsoy - Casu = Psu Yermnnsuy s Cusur = Passur Vorwn,msur)

Numbers in bold are significant (p<0.05).
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Table 3-14. Site 2 (Southwest Georgia): phenotypic values of path coefficients and path
components, correlations coefficients and degree of determination for flush
length (FLn) as the product of mean stem unit length (MSUL) and number of
stem unit (NSU) by propagule type.

Path coeff. components Correlation coefficient Degree
Flush Path of
Prop. us coeff. s 5 determination
Components p p 2p.p.r, r
type (Log) 2 NSU MSUL yFzly (FLNSU) o s C st
P Frn * ¥ (FLn,MSUL) '
Cusur
Cuttings
Flush
1 NSU 0.87 1.03
MSUL 0.98 1.38 0.34 -0.74 0.05 -0.54 20.03
2 NSU 0.93 1.02
MSUL 1.00 1.21 0.17 -0.38 20.04 -0.42 20.02
3 NSU 0.70 0.74
MSUL 0.98 1.11 0.63 -0.76 033 -0.45 026
4 NSU 0.67 0.54
MSUL 1.00 0.65 0.58 -0.23 061 -0.19 0.47
5 NSU 0.67 0.63
MSUL 1.00 0.85 0.62 -0.47 049 -0.33 038
6 NSU 0.53 0.52
MSUL 1.03 0.96 0.95 -0.88 052 -0.46 051
7 NSU 0.49 0.44
MSUL 1.00 0.84 0.99 -0.83 056 -0.46 056
Seedlings
Flush
1 NSU 0.85 1.01
MSUL 0.99 1.29 0.25 -0.55 20.02 -0.48 001
2 NSU 0.86 1.06
MSUL 101 130 017 -046 o -0.49 o0
3 NSU 0.57 0.75
MSUL 1.00 1.02 0.51 -0.53 035 -0.37 025
4 NSU 0.70 0.49
MSUL 1.00 0.64 0.65 -0.28 063 -0.22 051
5 NSU 0.62 0.55
MSUL 1.00 0.72 0.62 -0.33 057 -0.25 045
6 NSU 0.64 0.56
MSUL 0.69 0.69 0.76 -0.75 061 -0.52 053

. . L2 2 2
Note: Path coefficient formula: p;, = pye + Pusor + 2P vsu Pusur ¥ MSULNST)

* _ . _
2P sy Pusu T, wsuLnsuy - Cnsu = Pasu Virrn, nsvy s Cusur = Pusur ViFrn, msur)

Numbers in bold are significant (p<0.05).
The negative correlations between FLn-MSUL indicated that flushes with short
MSUL had longer flushes. This is in concert with flushes 1 and 2 where the flush length

was determined principally by NSU. At Site 2 FLn-MSUL correlation were no higher
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than 0.63. Site 1 phenotypic correlations followed the general pattern indicated for Site 2
but with some particularities. MSUL-NSU correlations were in general lower but for
flush 2 in both propagule type MSUL-NSU correlations were positive low and significant
and the contribution of NSU to second flush FLn was lower than for Site 2.

FLn-MSUL correlations for flush 2 were moderate positive and significant (0.55
and 0.57) for both seedlings and cuttings. FLn-MSUL phenotypic correlations for
seedling flushes 5 and 6 and for cutting flush 6 were large (0.74 to 0.78) while their
MSUL-NSU correlation were low and nonsignificant; signifying the increasing
contribution of MSUL to the FLn for those flushes. Seedling phenotypic flush 7 path
analysis at both sites could not be estimated (Table 2-2).

NSU was reported to be the main contributor to total height by several authors like
Allen and Scarbrough (1970) in P. palustris, Kremer (1985) in P. pinaster, Guyon (1986)
in P. nigra, Kremer and Lascoux (1988) in P. pinaster, Magnussen and Yeatman (1989)
in P. banksiana, Fady (1990) in Abies cephalonica, Smith et al. (1993b) in slash pine,
Goémez-Cardenas (1998) in P. patula, and Raweyongeza et al (2003) in white spruce. A
mixed support for NSU and MSUL as primary contributors to flush length was reported
by Kremer and Larson (1983) in jack pine, Bongarten (1986) in blue spruce and Douglas
fir, and Kaya (1993) in Douglas fir

MSUL-NSU negative phenotypic and genetic correlations were reported in several
shoot components studies like Kremer and Larson (1983), Kremer (1985), Bongarten
(1986), Kremer and Lascoux (1988), Magnussen and Yeatman (1989), Fady (1990),
Kaya (1993) Smith et al. (1993b) and Goémez-Cérdenas (1998) whereas Raweyongeza et

al (2003) reported genetic, phenotypic and environmental as very low but positive
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correlations between MSUL and NSU. Guyon (1986) in P. nigra obtained just one
positive non significant MSUL-NSU correlation in the 6 years analyzed.

Genetic path analyses by flush for FLn as a product of MSUL and NSU could not be
estimated for all the flushes at both sites due to the low variances for some of the traits
(Table 3-15 and 3-16).

Cutting genetic path analyses for Site 2 followed the general characteristics
described for the phenotypic path analyses for cutting for flush 1 and 2 in which NSU
were the principal contributors for the FLn but after flush 3 MSUL became equal to or
more important than NSU as a determinate of flush length. MSUL degree of
determination values ranged from 0.50 to 0.90. Seedlings in Site 2 had the same genetic
pattern as cutting but MSUL reached only one extreme value (0.99 in flush 3). Seedling
genetic path for flush 5 analysis could not be estimated because at least one of the
component variances was almost 0.

At Site 1 the cutting genetic path analysis had similar values to the phenotypic path
analyses, even the low positive MSUL-NSU correlation for flush 2. Seedling genetic path
analyses could not be assessed for flushes 1, 2 and 6 because the variance of at least of
one of the components was almost 0. For flushes 3, 4 and 5 where the genetic path
analyses could be estimated, MSUL was by far the main contributor to FLn with a degree
of determination ranged from 0.74 to 1.38.

MSUL became more important in its contribution to Lz in the genetic analyses than
in the phenotypic to the point that it became the primary contributor for many flushes at

both sites for cuttings and seedling.
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Table 3-15. Site 1 (North Central Florida): genetic values for path coefficients and path
components, correlation coefficients and degrees of determination for flush
length (FLn) as the product of mean stem unit length (MSUL) and number of

stem unit (NSU) by propagule type.

Path coeff. components* Correlation coefficient Degree
Flush Path Of .
Prop. us coeff. determination
type Components ) ' pIZVSU pZS 2p.p.r ¥ L, NSU) c
I MSUL y Bz : r NSU
(Log) p FLn % ¥ (FLn MSUS L) (MSUL,NSU)
Cusur
Cuttings
Flush
NSU 0.76 0.90
1 MSUL 1.03 1.41 0.47 -0.85 007 -0.52 20.05
NSU 0.88 0.73
2 MSUL 0.98 0.70 0.21 0.07 055 0.10 026
NSU 0.52 0.58
3 MSUL 1.02 1.22 1.08 -1.29 041 -0.56 055
NSU 0.54 0.51
4 MSUL 1.01 0.96 0.97 -0.92 052 -0.48 058
NSU 0.62 0.55
5 MSUL 1.03 0.77 0.70 -0.45 058 -0.30 052
NSU 0.55 0.33
6 MSUL 1.03 0.36 0.74 -0.07 080 -0.07 0.64
; NSU
MSUL
Seedlings
Flush
| NSU
MSUL
5 NSU
MSUL
NSU -0.43 -0.37
3 MSUL 0.89 0.67 2.55 -2.34 087 -0.82 138
NSU 0.31 0.16
4 MSUL 0.55 0.26 0.48 -0.19 084 -0.21 0.74
NSU -0.30 -0.14
5 MSUL 0.96 0.18 1.59 -0.81 094 -0.66 1.16
] NSU
MSUL - —

. : L2 2 2
Note: Path coefficient formula: p;,, = pye + Pusor + 2P vsu Pusur ¥ MSUL.NSU)

k — . =

2pysu Pusur Tousurnsoy - Cnsu = Pasu Timnnsuyr Cusur = Pasvr Vorn, msur)
(---) Could not estimated because at least one of the variances was 0
Numbers in bold are significant (p<0.05).
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Table 3-16. Site 2 (Southwest Georgia): genetic values for path coefficients and path
components, correlation coefficients and degree of determination for flush
length (FLn) as the product of mean stem unit length (MSUL) and number of
stem units (NSU) by propagule type.

Path coeff. components Correlation coefficient D eg}f ee
0
Prop. Flush Path determination
type Components Cofﬂ pzzvsu p I%JSUL 2p,p.r T (FLn, NSU) c
L e ’ 7 NSU
(Log) Prin * ¥ (FLnMSUL) (MSULNSD)
Cusur
Cuttings
Flush
1 NSU 0.92 1.13
MSUL 0.99 1.51 0.24 -0.76 028 -0.63 014
2 NSU 0.94 1.09
MSUL 0.99 1.34 0.16 -0.51 0.25 -0.55 0.10
3 NSU 0.51 0.57
MSUL 0.95 1.26 1.12 -1.43 040 -0.60 0.42
4 NSU 0.40 0.27
MSUL 1.02 0.46 0.92 -0.36 076 -0.28 0.73
5 NSU 0.50 0.50
MSUL 0.99 0.98 0.98 -0.96 050 -0.49 0,50
6 NSU 0.12 0.08
MSUL 0.99 0.53 1.36 -0.90 077 -0.53 0.90
7 NSU 0.57 0.45
MSUL 1.26 0.62 0.68 -0.04 065 -0.03 0.56
Seedlings
Flush
1 NSU 0.93 1.30
UL 106 196 034  -125 o 0.76 ey
2 NSU 0.97 1.18
MSUL 099 148 013  -062 o 0.71 o8
3 NSU 0.01 0.01
MSUL 0.98 1.34 2.31 -2.67 065 -0.76 0.99
4 NSU 0.82 0.43
MSUL 1.01 0.27 0.43 0.31 089 0.46 0.57
5 NSU N N N . - N ---
MSUL — -
6 NSU 0.56 0.29
MSUL 0.79 0.27 0.40 0.12 082 0.18 052

Note: Path coefficient formula: p7,, = pisy + Pasu +2Pysu Pusvr Fousurnse)
*2pysu Pusur T, wsuLnsvy . Ensu = Psu Viewn, nsuy s Cusur = Pusur ViFLa, msur)
(---) Could not estimated because at least one of the variance was 0
Numbers in bold are significant (p<0.05).
Seedling results have to be viewed with some caution due to the small seedling
sample size. Therefore, these results are in agreement with those reported by Bongarten

(1986), who concluded that the degree of contribution of MSUL and NSU to FLn

depended, among other factors, on the type of the data considered (phenotypic, genetic or
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environmental). His results within Douglas-fir and blue spruce provenances were that
MSUL and NSU contributed equally to flush length phenotypic variation. For genetic
variation MSUL was the primarily component for FLn in blue spruce while NSU was for
environmental. On the other hand Rweyongeza ef al. (2003) reported that the NSU
degree of determination was larger than MSUL under genetic, phenotypic and
environmental analyses. Bridgwater (1990) reported that some loblolly pine families
might show superior height increment due to greater number of stem units while other
families depend more on the greater elongation of the stem units. Also Kaya (1993)
reported for Douglas-fir seedlings that MSUL explained nearly two-third of the free
growth in an inland population while NSU explained coastal population free growth.
Bailey and Feret (1982) working with loblolly pine and hybrids from P. rigida x taeda
result were in agreement to those of this study where MSUL was more important for free
growth flush length than NSU and NSU was the dominating factor for fixed growth.
Cannell (1978) also reported that MSUL tended to be a larger component free growth
(summer flushes) than for the first flush.

Least Square Means for Provenance for FLn, PFL, NSU and MSUL

Significant differences (p<0.05) between propagule type were found for all the
morphological and growth traits (FLn, NSU, MSUL, NF and AHIr;) (Table A-3 in
Appendix A).

FL was the only provenance which demonstrated significant differences for NF for
both propagule types at Site 1. Although, all provenances were significantly different for
NF at Site 2, LG provenance had the highest NF. The Georgia site had higher AHIf;
values for all the provenances and propagule types than Site 1. FL cuttings were

significantly different for AHIy; at Sites 1 and 2 (Figure 3-2).
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Figure 3-2. Least square means for number of flushes (NF) and annual height increment
as a summation of flush length (4HIF;) for the 2004 growing season by
propagule type at Site 1 (North Central Florida) and Site 2 (Southwest
Georgia). (+) indicates significant differences among provenances (p<0.05).

Few flushes were coincidently significantly different for provenances for both
cuttings and seedlings for the same trait.

Figures 3-3 and 3-4 describe graphically the results from the path analyses for flush
length as a product of MSUL and NSU. After flush 3 FLn had the tendency for MSUL to
be a major contributor while NSU is the major importance.

Site 2 seedlings had by far the largest values of FLn and NSU for flush 1 than
cuttings (Figure 3-3 and 3-4).

At both sites seedlings and cuttings had different patterns for all of the traits
analyzed except for MSUL at Site 2. Seedlings trend to have higher values for all the

traits from 3 and on while cuttings present lower values after flush 3.
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Figure 3-3. Least square means for flush length (FLn) and flush length contribution
(PFL) by propagule type at Site 1 (North Central Florida) and Site 2
(Southwest Georgia). LG, FL and ACC are Lower Gulf, Florida and Atlantic
Coastal Plain provenances, respectively. (+) indicates significant differences
between the provenances (p<0.05).
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Figure 3-4. Least square means for number of stem units (NSU) and mean stem unit
length (MSUL) by propagule type at Site 1 (North Central Florida) and Site 2
(Southwest Georgia). LG, FL and ACC are Lower Gulf, Florida and Atlantic
Coastal Plain provenances, respectively. (+) indicates significant differences
between the provenances (p<0.05).
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Provenance demonstrated different shoot elongation patterns. The FL provenance
had higher growth at the beginning of the growing season while ACC and LG growth was
slightly higher than FL seed source after the second flush. Length of the early flushes is
what conferred a significant advantage for FIL cutting over the other seed sources. LG
provenance had the lowest values for NSU and the largest values of MSUL at both sites,
suggesting that for this provenance MSUL was the most important contributor to flush
length.

There were no significant differences for provenances for flush 1 for any of the
morphological traits analyzed except MSUL at Site 2. Values for flush 1 were very
similar for the all provenances for all traits.

Phyllostatic Patterns

Phyllostatic patterns demonstrated little genetic variance. Narrow and broad-sense
heritability for single site and across-site analyses were extremely low (Appendix C).
Similarly, Kremer et al (1989) did not find genetic variability among P. pinaster, P.
banksiana and, P. nigra Ar. ssp. nigrican populations or families for phyllostatic traits.

Fibonacci series (3:5:8:13...) were present for 82.5 % of the trees at Site 1 and for
87.9 % of the trees at Site 2. The second most common series was the principal bijugate
(4:6:10...) with 12.0% at in Site 1 and 8.3 % at Site 2. First accessory of the monojugate
series (4:7:11...) occurred at just 5.5 and 3.2 % at Site 1 and 2, respectively. The
principal trijugate series (3:6:9:15...) were present in 0.6 % of the trees at Site 2 and 0%
at Site 1 (just 2 trees). At Site 2 one “foxtail” tree had the tetrajugate series (4,8,12...).

The phyllostatic pattern survey for propagule type separately gave similar results as

the general, except one for the seedling population at Site 1 (Table 3-17).
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Table 3-17. Frequency of phyllostatic series by propagule type in Site 1 (North Central
Florida) and 2 (Southwest Georgia)

Site 1 Site 2
Pyllostatic series Seedlings Cuttings Seedlings Cuttings
(%) (%) (%) (%)
Monojugate pattern
Fibonacci 65.1 86.1 81.0 89.3
First accessory 22.0 9.7 15.1 6.9
Multijugate patterns
Bijugy 12.9 4.2 2.8 3.2
Trijugy 0.0 0.0 1.1 0.5

These frequencies were comparable to the proportions obtained by Kremer and
Roussel (1982); Kremer et al. (1989), Zagorska-Marek (1985) and Fady (1990) in P.

pinaster, P. banksiana, P. nigra Arn. ssp. nigricans, Abies balsamea, and A. cephalonica,

respectively.



CHAPTER 4
CONCLUSIONS

Rooted cuttings differed from seedlings for all phenological and morphological traits
that were analyzed in this study. This indicates that regardless of the fact that both
propagule types were from the same genetic material the apparent differences in plant
architecture and physiological age between them results in different morphological and
phenological behavior.

Phenological traits

The results of this study indicated that the average growth rate per day was the most
important variable in determining second-year annual height increment. The contribution
of growing season duration to second-year annual height increment was negligible.
Although significant differences were found among propagule types and seed sources for
timing of initiation and cessation these traits were not important contributors to annual
height increment. Because average shoot growth rate and growing season duration were
low negatively and significantly correlated, growing season duration is a trait that has to
be considered because at the same growth rate a longer growing season can result in a
difference in height increment. A longer growing season may also adversely affect FIL
material in cooler environment by increasing frost risks.

The narrow and broad-sense heritability estimates for the different dates for height
growth increment during the growing season were moderate and decreased from
initiation date to cessation date, becoming constant and almost zero for both propagule

types after day 268, increment decrease.

60
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Morphological characters

Average flush length was the principal contributor to total annual height while
number of flushes had a minor contribution. In our results the most important
contribution of number of flushes to total annual height was at Site 2 for seedling
material being responsible for 30% of the annual height increment. NF and AvFL were
negatively strongly to moderately and significantly correlated. These results indicate that
selecting genetic material for height increment would increase average flush length with
minor changes in number of flushes.

NSU was by far the most important phenotypic trait for the length of the three first
flushes, and its contribution decreased in subsequent flushes with an increase in the
MSUL contribution to flush length until reaching to a 1:1 relationship. The genetic
contribution of MSUL to flush length was relatively larger than the phenotypic
contribution becoming more important than NSU after flush 3, especially for seedlings.

MSUL and NSU were negatively moderately and significantly correlated. The NSU
and MSUL flush length correlations varied greatly depending on the flush and the
relationship of NSU and MSUL to flush length.

Despite MSUL and NSU being negatively correlated and under low genetic control,
both were important determinants of flush lengths and flush length is an important
determinant of annual height increment. Thus, both are indirectly important for the
maximization of annual height increment. Selection of individuals with high values of
NSU and MSUL would improve annual height growth but comparing heritabilities

choosing for height growth directly would be more efficient.
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Provenances demonstrated different shoot elongation patterns. FL provenance had
the highest growth at the beginning of the growing season while ACC and LG growth was
slightly greater than FL seed source after the second flush. Length of early flushes
appeared to confer a significant advantage for L cutting over the other seed sources.

Phyllostatic patterns had low genetic variability with extremely low narrow and

broad-sense heritabilities.



APPENDIX A
DIFFERENCES BETWEEN PROPAGULE TYPES



Table A-1. Significance levels (p-values) between propagule types for annual height
increment and phenological traits at Site 1 (North Central Florida) and Site 2

(Southwest Georgia).
Significant level
Variable between propagule
lype
Site 1
Initiation <0.000001
Cessation <0.0000001
Duration <0.0000001
ASGR <0.00001
AHI <0.00001
Site 2
Cessation <0.0000001
AHI <0.000001

ASGR=average shoot growth rate; AHI=annual height increment.

Table A-2. Significance levels (p-values) between propagule types for height increment,
average cumulative height increment and average percentage cumulative
increment at Site 1 (North Central Florida) and Site 2 (Southwest Georgia).

Average
Average
. Height cumulative p ercentage
Variable . . cumulative
increment height .
increment . height
increment
Site 1
Day
68 <0.001 <0.001 <0.001
88 <0.001 <0.001 <0.001
141 <0.0001 <0.00001 <0.00001
173 <0.0001 <0.00001 <0.00001
236 <0.00001 <0.00001 <0.0000001
268 <0.001 <0.00001 <0.000000001
278 <0.001 <0.00001 <0.0000000001
299 <0.1 <0.00001 <0.000000001
323 <0.01 <0.00001
Site 2
Day
256 <0.00001 <0.00001 <0.0001
266 <0.0001 <0.0001 <0.0001
273 <0.001 <0.01 <0.000001
294 <0.001 <0.01 <0.00001
321 <0.001 <0.001 <0.00001
349 <0.001 <0.001 <0.00001
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Table A-3. Significance levels (p-values) between propagule types for growth and shoot
components at Site 1 (North Central Florida) and Site 2 (Southwest Georgia).

Variable
by Site 1 Site 2
flush N°
FLn
1 <0.001 <0.0001
2 <0.01 <0.00001
3 <0.01 <0.000001
4 <0.001 <0.00001
5 <0.001 <0.00001
6 <0.01 <0.00001
PFL
1 <0.001 <0.0001
2 <0.01 <0.0001
3 <0.001 <0.000001
4 <0.001 <0.00001
5 <0.001 <0.00001
6 <0.01 <0.00001
NSU
1 <0.01 <0.0001
2 <0.01 <0.0001
3 <0.001 <0.00001
4 <0.001 <0.00001
5 <0.001 <0.00001
6 <0.01 <0.000001
MSUL
1 <0.001 <0.00001
2 <0.001 <0.000001
3 <0.01 <0.00001
4 <0.001 <0.00001
5 <0.001 <0.00001
6 <0.001 <0.00001
NF <0.001 <0.000001
AvFL <0.001 <0.00001
AHlIry, <0.001 <0.000001
TH, <0.001 <0.000001

Note: FLn=tlush length; PFL=flush contribution to annual height increment in
percentage; NSU=number of stem units; MSUL=mean stem unit length; NF’= number of
flushes; AvFL= average flush length; AHIr;,—annual height increment as summation of
the flush length; TH,=second year total height.



APPENDIX B
SECOND-YEAR PHENOTYPIC, GENETIC AND ENVIRONMENTAL
CORRELATIONS BETWEEN FLUSH LENGTHS (FLN), NUMBER OF STEM
UNITS (NSU) AND MEAN STEM UNIT LENGTH (MSUL) BY FLUSH



Table B-1. Site 1 (North Central Florida): cuttings genetic, phenotypic and environmental
(microsite) correlations between flush length (FLn) by flush for 2004 growing

season.
FLn-FLn correlations
Flush 1 2 3 4 5 6
2 roc 0.63 (0.19)
r'sc4

¥ Clone(fam) 0.51 (0.15)
V' Genetic 0.52 (0.11)
' Phenotypic 0.40 (0.02)
¥ Microsite 0.37 (0.03)
3 rGca 0.25 (0.26) 0.50 (0.20)
r'sc4 -0.03
¥ Clone(fam) 0.07 (0.16) 0.88 (0.20)
V' Genetic 0.12 (0.13) 0.70 (0.12)
V' Phenotypic 0.13 (0.03) 0.20 (0.03)
¥ Microsite 0.14 (0.04) 0.05 (0.04)

4 rGea 0.10(0.28)  0.17(0.26)  0.93(0.05)
r'sc4

FClone(fam) ~ -0-06 (0.19)  0.44(0.20)  0.37(0.17)

FGenetic  -0-02(0.15)  0.31(0.15)  0.61(0.10)

FPhenonpic  0-17(0.03)  0.12(0.03) 043 (0.02)
Futicrosite 021 (0.04)  0.04(0.04)  0.38(0.03)

5 rGea -0.12 (0.29) 0.15 (0.27) 0.81 (0.11) 0.83 (0.10)

r'sc4
FClonefam) ~ -0-17(0.20)  -0.15(0.20) ~ 0.15(0.19)  0.68 (0.16)
FGenetic  -0-15(0.15)  -0.02(0.15)  0.45(0.13)  0.75(0.10)

FPhenonpic 006 (0.03)  -0.13(0.04)  028(0.03)  0.48 (0.02)
Futicrosie 0.12(0.04)  -0.15(0.04) 024 (0.04)  0.42(0.03)

6 reea 20.84(024)  -0.61(024)  0.57(0.25)  0.62(0.28)  1.00 (0.09)
rsc4
FClone(amy 047 (031)  -0.56(0.28)  0.21(0.30)  0.90(0.43)  0.83 (0.48)
FGenetie  -0-35(0.23)  -0.55(0.19)  0.35(0.20)  0.79(0.27)  0.91(0.23)
FPhenonpic  0-16(0.23)  -040(0.06)  022(0.04)  0.16(0.04)  0.55(0.03)
Fticrosite -0-08 (0.06)  -0.39 (0.05) 0.20 0.04 (0.06)  0.47 (0.04)
7 rGCA - - - - - -
r'sc4
rClone(fam) - - - - T -
rGenetic - - - - - -
rPhenotypic - - - - T -

Fricrosie <001 (0.11)  =0.29(0.10)  0.09 (0.10) ~ -0.07 (0.10) ~ 0.18 (0.10)  0.37 (0.09)

Note: (---) Correlation could not be estimated because of variances which were 0.
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Table B-2. Site 1 (North Central Florida): cuttings genetic, phenotypic and environmental
(microsite) correlations between numbers of stem units (NSU) by flush for
2004 growing season.

NSU-NSU correlations
2 rGea 0.30 (0.24)
rsca
PClone(fam) 049 (0.17)
V' Genetic 0.42 (0.13)
"' Phenotypic 0.39 (0.02)
F'Microsite 0.38 (0.03)
3 rGca 0.49 (0.18)  0.80(0.12)
r'sca 0.73 (0.63)
FClone(famy ~ 0-30 (0.13) 1(0.14)

V' Genetic 0.38 (0.11) 0.91 (0.08)
V'Phenotypic 0.38 (0.03) 0.45 (0.02)
'Microsite 0.38 (0.03) 0.29 (0.03)

4 rGea 0.55 (019) 0.91 (0.07)
r'sc4 0.00 (1)

FClone(famy ~ 0-38(0.20)  0.83(0.14)  0.82(0.12)

¥ Genetic 0.43 (0.13) - 0.82 (0.06)

FPhenonpic 029 (0.03)  021(0.02) 1 (0.08)
Fticrosite 0-25(0.03) 006 (0.03)  0.47 (0.03)
5 reea 0.66 (0.17)  0.47(0.23)  0.84(0.10)  0.97 (0.04)
¥sc4
FCloneamy 038 (0.17)  0.66 (0.19) 080 (0.11)  1(0.17)
FGenetie  048(0.12)  0.57(0.13)  0.80(0.07)  1(0.08)
FPhenopic  032(0.03)  0.19(0.03)  0.44(0.03)  0.60(0.02)
FMicrosie 028 (0.04)  0.07 (0.04) 030 (0.04)  0.44 (0.03)
6 reea 0.65 (0.22)
¥sc4
FCloneamy ~ 0-54(027)  0.44(0.32)  049(0.18) 095 (0.24)  0.87(0.16)
FGenetie  0-57(020)  0.32(0.10)  0.31(0.12)  0.70(0.18)  0.87(0.17)
FPhenonpic  025(0.04)  -0.04(0.03)  024(0.03)  0.38(0.03)  0.50(0.03)
Frierosite 0-17(0.06)  -0.13(0.06)  0.22(0.06) 032 (0.05)  0.44 (0.05)

7 rGca - --- --- --- --- ---
r'sc4 - 0.38 (0.43) 0.84 (0.50) - - -

Y Clone(fam) - - - -— — .

V' Genetic --- 0.13 (0.15) 0.20 (0.12) --- - -

¥ Phenotypic --- -0.01 (0.10)  0.15(0.08) - - -

Futierosite. 023(0.11)  -0.04(0.12)  0.14(0.11)  0.26(0.08)  0.28 (0.10)  0.28 (0.09)

Note: (---) Correlation could not be estimated because of variances which were 0.
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Table B-3. Site 1 (North Central Florida): cuttings genetic, phenotypic and environmental
(microsite)correlations between mean stem unit length (MSUL) by flush for
2004 growing season.
MSUL-MSUL correlations
Flush 1 2 3 4 5 6
2 recu 0.64 (0.18)
r'sc4
FClonefam) ~ 0-34(0.23)
PGenetie  0-46 (0.15)
FPhenopic 024 (0.02)
" Microsite 0.20 (0.03)
3 recu 0.50 (0.19)  0.61(0.16)
rsca4
FClone(famy ~ 0-11(0.16) 021 (0.20)
PGenetie  0-27(0.13)  0.41(0.13)
FPhenonpic  0-13(0.03)  0.16 (0.03)
PMicrosite  0-89 (0.04)  0.08 (0.04)
4 recu 0.58 (0.18)  0.73(0.16)
rsca 0.07 (1)
FClone(famy ~ 0-34(0.18)  045(022)  0.88(0.12)
FGenetie 043 (0.13)  0.54(0.13)  0.55 (0.08)
FPhenonpic  0-13(0.03)  024(0.03)  0.24(0.02)
Phicrosite  0-45(0.04)  0.17(0.03)  0.10 (0.04)
5 recu 0.63(0.20)  0.57(0.22)  0.74(0.11)  0.89 (0.07)
r'sc4
FClone(famy ~ -0-02(0.18)  0.18(0.20)  0.79(0.14)  0.74(0.14)
PGenetie  0-21(0.14)  0.34(0.16)  0.77(0.09)  0.81 (0.09)
FPhenoypic  001(0.03)  0.02(0.03)  0.30(0.03)  0.31(0.03)
Picrosite -0-05(0.04)  -0.06 (0.04)  0.07 (0.03)  0.10 (0.04)
6 recu 0.34(0.25)  0.12(0.30)  0.69 (0.14)  -0.21 (0.17)  0.91 (0.09)
rsca 0.99 (0.00) 0.85(0.38)
FClonefamy ~ -0-23 (0.30)  -0.03(0.32)  0.96 (0.28) 1(040)  0.73(0.21)
FGenetie  0-01(0.20)  0.03(0.22)  0.83 (0.14) 1(0.08)  0.81(0.12)
FPhenonpic  -0-11(0.04)  -021(0.04)  035(0.04)  0.35(0.21)  0.53(0.03)
Phicrosite -0-14(0.06)  -0.27(0.05)  0.17(0.05)  -0.21 (0.05)  0.43 (0.05)
7 rGCA - T - - - -

rsc4 o - o o o o
Y Clone(fam) - - --- - - o
V' Genetic

V'Phenotypic
V' Microsite -0.13 (0.10) -0.14 (0.10)  0.13 (0.10) 0.08 (0.10) 0.24 (0.10) 0.55 (0.07)

Note: (---) Correlation could not be estimated because of variances which were 0.
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Table B-4. Site 2 (Southwest Georgia): cuttings genetic, phenotypic and environmental
(microsite)correlations between flush length (FLr) by flush for 2004 growing

season.
FLn-FLn correlations
Flush 1 2 3 4 5 6
2 roc 0.44 (0.22)
r'sc4

FClonegamy ~ 0-01 (0.10)
¥ Genetic 0.11 (0.09)

FPhenotypic  0-14(0.03)
T'Microsite 0.16 (0.04)

3 reca -0.46 (0.22) -0.1 (0.25)
r'sc4
FClone(famy ~ -0-17(0.12)  0.33(0.11)

FGenetic  -024(0.10)  0.21(0.10)
FPhenotypic  -0-16(0.03)  -0.03 (0.03)
FMicrosite  -0-14(0.04)  -0.16 (0.04)

4 reca -0.39(0.26)  -0.12(0.25)  0.83(0.11)

rsca 0.61 (1.1) 0.93 (1.4)
FClonegfamy ~ -0-15(0.12)  0.20(0.10)  0.41(0.12
FGenetic  -0-18(0.10)  0.11(0.10)  0.55(0.10)
FPhenowpic  -0-12(0.03)  0.01(0.03)  0.36(0.03)

FMicrosite  -0-09 (0.04)  -0.05(0.04)  0.28 (0.03)

5 reca -0.48 (0.21)  -0.08(0.23)  0.74(0.14)  0.57 (0.17)
rsc4
FClonegfamy ~ 0:02(0.13)  -0.05(0.11)  0.29(0.14)  0.31(0.14)
¥ Genetic -0.13 (0.11)  -0.06 (0.10)  0.45(0.11)  0.40 (0.11)

FPhenowpic  -0-12(0.04)  -0.03(0.04)  0.27(0.03)  0.26 (0.03)
FMicrosite  -0-12(0.04)  -0.02(0.04)  0.20(0.04)  0.21 (0.04)

6 reca -0.34(027)  -0.53(0.22)  0.34(0.27)  0.41(0.25)  0.40 (0.24)
rsca
FClone(famy ~ 024 (0.18)  -0.42(0.11) 026 (0.20)  -0.04(0.18)  -0.09 (0.19)
¥ Genetic 0.09 (0.15)  -0.45(0.10)  0.28 (0.16)  0.09 (0.14)  0.07 (0.15)
FPhenotpic  -0-08 (0.05)  -0.44(0.04)  0.08(0.04)  0.15(0.04)  0.00 (0.04)

FMicrosite  -0-15(0.06)  -0.44(0.05)  0.01 (0.06)  0.18 (0.06)  -0.03 (0.06)

7 reca -0.55(0.44)  -0.17(0.40)  0.67(0.31)  0.85(0.39)  0.35(0.36) 1(0.27)
rsc4
FCloneamy 087 (0.35)  -0.12(023) ~ 032(0.31)  0.35(0.31)  -0.08(0.30) 0.13(0.30)
¥ Genetic 0.57(0.29)  -0.13(0.20)  0.42(023)  0.45(0.24)  0.06(0.23)  0.34 (0.23)
FPhenotpic  -0-19(0.10)  -0.41(0.10)  0.18(0.09)  0.11(0.08)  -0.03 (0.10)  0.19 (0.09)
FMicrosite 0.7 (0.11) -0.72(0.13)  0.03(0.18)  -0.13(0.18)  -0.09 (0.17)  0.10 (0.18)

Note: (---) Correlation could not be estimated because of variances which were 0.
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Table B-5. Site 2 (Southwest Georgia): cuttings genetic, phenotypic and environmental
(microsite)correlations between numbers of stem units (NSU) by flush for
2004 growing season

NSU-NSU correlations
Flush 1 2 3 4 5 6
2 reea 0.28 (0.24)
rsca

Flonegam) 004 (0.10)
¥ Genetic 0.10 (0.09)
Fphenoppic 023 (0.03)
'Microsite 0.30 (0.03)

3 roca 032(0.23)  0.34(0.22)

r'sc4
FClonegamy ~ 0-11(0.12) 091 (0.11)
¥ Genetic 0.17(0.11)  0.74 (0.09)
FPhenotypic  0:16(0.03)  0.25(0.03)
Ficrosite  0-16(0.04)  0.03 (0.04)

4 rGea 0.09 (0.30) 0.12(0.28)  0.76 (0.11)
r'sca
FClonegamy ~ 0-11(0.13)  0.61(0.11)  0.68 (0.11)
¥ Genetic 0.10(0.12) ~ 0.50(0.10)  0.70 (0.08)

FPhenotpic  0-11(0.03)  0.16 (0.03)  0.43 (0.02)
FMicrosite  0-12(0.04)  0.02(0.04)  0.34(0.03)

5 reca 0.18 (0.30)  0.46 (0.24)  0.85(0.10)  0.64 (0.23)

rsca 0.85 (0.30)
FClonegam) 022 (0.11) 068 (0.09)  0.66 (0.11) 057 (0.11)
¥ Genetic 0.20(0.10)  0.61(0.08)  0.75(0.08)  0.61 (0.09)
FPhenotpic  0-18(0.03)  0.34(0.03)  0.43(0.03)  0.40(0.02)

FMicrosite  0-16(0.04)  0.16 (0.04)  0.30 (0.04)  0.33(0.04)

6 reca 0.85(0.54)  0.74(0.24)  0.96(0.27)  0.78 (0.40)  0.73 (0.24)
r'sca
TClone(fam) ~ 0-44(0.19) 0.30 (0.16)  0.46 (0.10)  0.46(0.19)  0.46 (0.20)
¥ Genetic 0.48(0.17)  0.38(0.14)  0.53(0.16)  0.47 (0.16)  0.51 (0.16)
FPhenowpic  0-10(0.04)  0.24(0.05)  0.28(0.04)  0.29(0.04)  0.41(0.03)
PMicrosite  -0:03(0.06)  0.19(0.06)  0.20 (0.06)  0.24 (0.06)  0.38 (0.05)

7 rGca - - - - - -

rsca - - - - - -
¥V Clone(fam) 0.06 (0.20) 0.47 (0.17)  0.26(0.20)  0.14(0.18)  0.35(0.16)  0.44 (0.18)

FGenetie 0.05(0.16)  0.40(0.14)  0.20(0.15)  0.12(0.15)  0.28(0.13)  0.43 (0.18)
FPhenonpic 003 (0.09)  020(0.08)  0.09(0.08)  0.08(0.07)  0.15(0.07)  0.22(0.07)
Futicrosie 001 (0.24) =020 (0.22) -0.08 (0.24)  0.13(0.26) ~ -0.05 (0.24)  0.13(0.12)

Note: (---) Correlation could not be estimated because of variances which were 0.
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Table B-6. Site 2 (Southwest Georgia): cuttings genetic, phenotypic and environmental
(microsite) correlations between mean stem unit length (MSUL) by flush for
2004 growing season.
MSUL-MSUL correlations
Flush 1 2 3 4 5 6
2 rocd 0.66 (0.14)
r'sc4
FClonetam) 049 (0.12)
PGenetie  0-55(0.10)
V'Phenotypic 0.36 (0.03)
T'Microsite 0.28 (0.03)
3 recd 0.47(0.18)  0.85(0.07)
r'sc4
FClone(famy ~ 029(0.12)  0.82(0.07)
PGenetie  0-36(0.10)  0.83 (0.05)
FPhenopic  020(0.03)  0.47(0.03)
PMicrosite  0-12(0.04)  0.25(0.03)
4 rocd 0.42(0.20)  0.63(0.15)  0.85(0.08)
rsc4
FCloneam) ~ 0-37(0.12)  0.43(0.09)  0.53(0.07)
PGenetie  0-39(0.10)  0.49(0.08)  0.63 (0.06)
FPhenowpic  0-16(0.03)  0.22(0.03)  0.39(0.03)
PMicrosite  0:06 (0.04)  0.05(0.04)  0.23(0.03)
5 recd 0.34(0.21)  0.77(0.11)  0.84(0.08)  0.69 (0.13)
r'sc4
FCloneam) ~ 021(0.13)  0.53(0.10)  0.70 (0.08) ~ 0.47 (0.09)
PGenetie 026 (0.11)  0.61(0.08)  0.75(0.06)  0.54 (0.08)
FPhenonpic  0-14(0.03)  031(0.03)  0.41(0.03) 0.28(0.03)
PMicrosite 0:09(0.04)  0.14(0.04)  0.19(0.04)  0.13 (0.04)
6 rocd 0.14(0.32)  0.68(0.21)  0.80(0.17)  0.59(0.25)  0.59 (0.23)

rsca - - T - -
¥ Clone(fam) 0.14 (0.15) 0.32 (0.12) 0.44 (0.10) 0.30(0.11)  0.33(0.11)

¥ Genetic 0.13 (0.13) 0.40 (0.10) 0.51(0.09) 0.36(0.10)  0.39(0.10)

Y Phenotypic 0.04 (0.04) 0.15 (0.04) 0.34(0.04) 0.20(0.04) 0.26 (0.04)

¥ Microsite 0.00 (0.06) 0.00 (0.06) 0.22 (0.06)  0.11(0.06)  0.19 (0.06)
7 rGca === -= === === === -
rsca o - o o o -
VClone(fam) o - o o o -
¥ Genetic

V'Phenotypic
¥ Microsite 0.00 (0.10) -0.10 (0.10) 0.22 (0.09) 0.22(0.09) 0.26(0.10) 0.28 (0.10)

Note: (---) Correlation could not be estimated because of variances which were 0.



APPENDIX C
SECOND-YEAR GROWING SEASON PHYLLOSTATIC PATTERNS.

Table C-1. Individual tree narrow and broad-sense heritabilities for phyllostatic patterns
by propagule type for 2004 growing season in Site 1 (North Central Florida)
and Site 2 (Southwest Georgia).

Phyllostatic Seedlings Cuttings
pattern 2 2 2 2
by flush h H h H
Site 1
1 0.05(0.09)  0.05 (0.09) 0.00 (0.00)  0.06 (0.02)
2 0.03 (0.08)  0.03 (0.08) 0.00 (0.00)  0.05 (0.02)
3 0.04 (0.08)  0.04 (0.08) 0.00 (0.00)  0.05 (0.02)
4 0.06 (0.09)  0.06 (0.09) 0.00 (0.00)  0.06 (0.02)
5 0.00 (0.00)  0.24 (0.32) 0.00 (0.00)  0.07 (0.03)
6 0.49 (0.58)  1.00 (1.25) 0.00 (0.02)  0.20 (0.06)
7 0.27(0.43)  0.14 (0.21)
Site 2
1 0.00 (0.00)  0.19 (0.23) 0.00 (0.01) ~ 0.00 (0.01)
2 0.00 (0.00)  0.18 (0.23) 0.00 (0.01)  0.01 (0.04)
3 0.10 (0.10)  0.10 (0.10) 0.01 (0.01)  0.02 (0.04)
4 0.00 (0.00)  0.12 (0.24) 0.00 (0.01)  0.00 (0.01)
5 0.19(0.18)  0.19 (0.18) 0.01(0.02)  0.00 (0.01)
6 0.19(0.77)  1.00 (1.10) 0.00 (0.00)  0.08 (0.10)
7 0.10 (0.42)  0.05 (0.21)
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