
ABSTRACT

KEGLEY, ANGELIA JOYCE.  Evaluation of Atlantic Coastal and Piedmont sources of
loblolly pine (Pinus taeda L.) seedlings and their hybrids for growth and cold hardiness
(Under the direction of Dr. Bailian Li).

Seedlings of 60 loblolly pine (Pinus taeda L.) families representing four populations,

Atlantic Coastal, Piedmont, Coastal x Piedmont, and Piedmont x Coastal were compared for

early seedling growth and cold hardiness.  The objectives of this study were to examine

seedling growth of the four populations in a greenhouse environment and cold hardiness of

the four populations in controlled environments (preconditioning) designed to mimic

environmental conditions in the Piedmont areas planned for deployment.  In addition family

differences within each population for seedling growth characteristics (height, root collar

diameter, and volume index) and cold hardiness were evaluated.

The Atlantic Coastal population was the tallest in average, followed by the Coastal x

Piedmont hybrids, the Piedmont x Coastal hybrids, and the Piedmont population.  All

improved populations were superior in seedling growth to the unimproved Piedmont

checklot.  The height superiority appears to be related to length of the growing season in the

provenance of origin.   There was not much distinction between populations for root collar

diameter although the improved populations were all superior to the checklot. Differences in

volume index were related to family rather than population effects, and differences in height

contributed more to volume growth than differences in diameter.

Cold injury was not significantly different based on preconditioning treatments, but

differences in cold hardiness were related to population and families.  Hybrids behaved in a

manner similar to the maternal parent.  Heritability estimates were moderate for injury



assessment, indicating that cold injury is under strong genetic control.  Coastal families had

the highest narrow sense heritability for injury (h2=0.45) followed by the Piedmont families

and Coastal x Piedmont hybrids.  Coastal x Piedmont hybrids had the highest heritability for

survival followed by the Piedmont families.

There was a strong genetic correlation between height and cold hardiness at the

population level.  The taller trees from Atlantic Coastal population tended to suffer more

damage than the shorter trees from Piedmont population.  Seven of the top ten families

ranked for height were in the bottom 1/3 of families ranked by injury.  These tended to be

Coastal or Coastal x Piedmont families.  Seven of the top twenty families ranked for height

fell into the middle 1/3 of families ranked by injury.  These tended to be hybrid families,

although a few Coastal families were present.

Based on these early results, it appears that intraspecific hybridization between the

two sources of loblolly pine may provide taller trees similar to Coastal parent and cold

hardiness similar to the Piedmont parent.  It would appear that there is an advantage to

deploy Piedmont x Coastal hybrids on the more adverse (e.g. colder Piedmont, cold area)

sites.  On the miler sites, deployment of Coastal x Piedmont or hardy Coastal families might

be appropriate.  There are risks associated with deploying families that are not hardy on these

sites.  Excessive mortality would cancel out the growth advantage if non-hardy tree

genotypes were deployed.
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GENERAL INTRODUCTION

Elite populations of tree species are receiving much interest in advanced

generation breeding strategies because of the potential to capture extra genetic gain by

breeding the most highly selected trees for specific geographic regions (McKeand and

Bridgwater 1998, Williams and Hamrick 1996).   Growth and adaptation of loblolly

pine (Pinus taeda L.) may be modified by breeding trees from different geographic

sources; this could introduce traits such as disease resistance and cold-hardiness into a

fast-growing population of loblolly pine (Schmidtling and Nelson 1996).  Provenance

trials have demonstrated that coastal sources of loblolly grow faster than Piedmont

sources, but they are more susceptible to cold damage when moved inland (Kraus et

al. 1984).  An elite breeding program has been developed to hybridize loblolly pine

from the Atlantic Coastal Plain with Piedmont sources for planting in Piedmont regions

by the North Carolina State University-Industry Tree Improvement Cooperative.  The

purpose of this elite breeding program is to integrate fast-growing Coastal and cold-

hardy Piedmont loblolly pine populations into a deployment population for the

Piedmont.

As part of this breeding program, an early study with seedlings was established

(1) to examine the early growth of Coastal and Piedmont sources of loblolly pine and

their hybrids in an outdoor environment and to evaluate family differences within each

population for growth  characteristics (height, root collar diameter, volume index),   (2)

to examine the cold hardiness of Coastal and Piedmont sources of loblolly pine and their
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hybrids in controlled environments designed to mimic conditions in the deployment

areas,  and   (3)  to evaluate family differences within each population for growth and

cold injury.  The focus of this research was to determine whether or not the hybrids of

Coastal and Piedmont sources exhibit superior performance compared with the pure

Piedmont source, or if they are intermediate between the parental sources for these

traits.  If the hybrids do indeed exhibit superior growth and acceptable cold hardiness,

then they can be deployed in the Piedmont and cold areas.  If the hybrids are

intermediate between their parents, they may be deployed in milder regions within the

Piedmont (e.g. the fall line which is the geographic region between the Coastal Plain and

the Piedmont).  They would be faster-growing than the Piedmont parent in those

locations and would exhibit more cold-hardiness than the faster-growing Coastal parent.
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CHAPTER ONE

EVALUATION OF ATLANTIC COASTAL AND
PIEDMONT SOURCES OF LOBLOLLY PINE

AND THEIR HYBRIDS FOR SEEDLING GROWTH
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INTRODUCTION

Background:

Loblolly pine (Pinus taeda L.) is the most commercially valuable forest tree

species in the southern United States, with a wide natural range stretching from East

Texas to Maryland and  New Jersey.  The extensive variation in environments has led to

the development of many geographic races (Wells 1983;  Zobel and Talbert 1984).

For example, the Coastal Plain source is noted for its relatively fast growth and poor

stem form, whereas the Piedmont source is known to be slower growing with a better

stem form. When moved more north or more inland, coastal sources generally outgrow

Piedmont sources until environmental stresses become damaging to the coastal source

(Lambeth et al. 1984, Woessner 1972, Wells and Wakeley 1966, Kraus et al. 1984).

Hybridization between diverse provenances of forest trees may provide

opportunities to combine the desirable growth and adaptive traits of the parental

population.  Hybrids between Atlantic Coastal and Piedmont sources of loblolly pine

have the potential to combine the faster growth of the Coastal source with the cold

hardiness and straightness of the Piedmont source.

Hybrids and hybrid superiority:

Hybridization is used in forest tree breeding to cross individuals of diverse

populations within or between species (Nikles 1992).  Hybrid superiority is attributed to

two causes:  heterosis and complementarity (Nikles 1992).  Heterosis results from non-

additive gene effects.  It apears to increase with increasing divergence in gene frequency

of the parental populations (Owino and Zobel 1977, Nikles 1992).  Heterosis is used to



5

describe the superiority of F1 hybrids over the mid-parent value or over the better

parent.  Two major hypotheses have been proposed to explain the genetic basis of

heterosis.  The dominance hypothesis attributes heterosis to the masking of deleterious

recessive alleles from one parent by dominant alleles from the other parent in the

heterozygous F1 (Li et al. 1998).  The overdominance hypothesis suggests that it is the

combination of heterozygous alleles at a single locus that causes the hybrid superiority

(Li et al. 1998).

Complementarity, the other cause of hybrid superiority, is due to additive gene

effects of the two species (Li and Wyckoff 1994, Nikles 1992).  Two or more

characteristics from different parents may complement each other in specific

environments.  In forest tree species, characteristics like adaptability, growth, and

disease/pest resistance appear to exhibit complementarity (Nikles 1992).   Magnussen

and Yeatman (1989) suggest the possibility of additive genetic variation in the parents

that can be captured using conventional breeding strategies.  Provenance hybrids have

performed above the level expected based on additive genetic effects (Nikles 1992).

Crosses among widely separate populations of loblolly pine have demonstrated

heterosis (Schmidtling and Nelson 1996).  Owino and Zobel (1977) reported that the

greater the genetic divergence of loblolly pine populations, the greater the heterosis,

calculated as the deviation of the F1 from the mean of the corresponding open-

pollinated progeny.  Progeny from interprovenance or wide crosses may have

performance superior to midparent values on environments unlike those from which the

parent trees originated (Woessner 1972). Progeny from Coastal x Piedmont loblolly
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pine crosses were intermediate between the parents for height, possibly indicating that

planting the hybrids on Piedmont sites would be more desirable than planting Coastal

loblolly in the Piedmont (Woessner 1972).  Provenance hybrids of jack pine (Pinus

banksiana Lamb.) had significantly higher height growth than the average of parental

provenance progenies (Magnussen and Yeatman 1989).   Woessner (1972) found that

height growth of the hybrids was not significantly higher on good soil but was

significantly higher under poorer growing conditions; he proposed that the hybrids can

tolerate a more diverse range of site conditions than their parents.

Objectives:

Because of large differences between Coastal and Piedmont sources of loblolly

pine, hybridization between these two sources may result in a combination of superior

volume production (over the Piedmont source) and cold hardiness.  This study was

initiated as part of an elite breeding program and  a larger long-term field trial to

evaluate gain and risk potentials.

The objectives of this study are to examine the early growth of Atlantic Coastal

and  Piedmont sources of loblolly pine seedlings and their hybrids in an outdoor

environment and to evaluate family differences within each population in these traits.

The focus is to determine whether or not the hybrid populations exhibit superior growth

characteristics over the pure Piedmont source or if they are intermediate between the

parental (pure) sources.
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MATERIALS AND METHODS

Plant materials:

Twenty superior clones from the Piedmont region of Georgia, South Carolina and North

Carolina and 20 clones from the North Carolina and South Carolina Coastal Plain, selected on

the basis of height and rust performance in open-pollinated tests of second generation parents at

3-6 years of age, were used as parents for polycrosses.  Pollen from 20-30 average clones

from the Piedmont based on height in open-pollinated tests was collected and bulked to form a

pollen mix for the Piedmont, while pollen from 20-30 average clones of Coastal was collected

and bulked to form a pollen mix for the Coastal Plain.  The pollen mixes were used to pollinate

the best 20 clones possible from each of the two sources.  Four different groups of pollen mix

families were generated; two hybrids (Piedmont x Coastal and Coastal x Piedmont) and two

within provenance (Piedmont x Piedmont and Coastal x Coastal) (Table 1.1).   Long-term field

tests have been established in each of four regions 1) Lower Piedmont or Fall Line,  2) Central

Piedmont,  3) Inland or Northern Piedmont, and 4) Cold Areas.

Experimental design and data collection:

Using the same genetic material, seedlings of 59 polycross families representing 4

populations, the Atlantic Coastal Plain (C x C), Piedmont (P x P), Piedmont x Coastal (P x C),

and Coastal x Piedmont (C x P) were used in this study (Table 1.1).   An unimproved check

from the Piedmont region of Georgia and South Carolina was also included in the study.  Half

the study, 59 families plus the checklot (60 seedlots total) (Set 1), was sown in flats containing

vermiculite in May 1996; ten seedlings per family were transplanted to 164 cm3 Super CellsG

following germination and grown in a greenhouse during the summer.  Seedlings were moved
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outside over the 1996-97 winter.  The other half of the study, 59 families plus the checklot (Set

2), was sown in flats at the end of November 1996; ten seedlings per family were transplanted

to RL Super Cells following germination and grown in a greenhouse during the winter.   Set 1

was transplanted into Tall-One Treepots (35.6 cm tall, 10.2 cm square across the top, tapering

to a 6.4 cm square base, a 3670 cm3 volume) with 2:2:1 mixture of peat, vermiculite, and perlite

in March, and Set 2 was transplanted into treepots in May.  Seedlings were grown outside in

Raleigh, North Carolina (35o47’ N 78o42’W) in a randomized complete block design with 10

blocks in single tree plots per set. Seedlings were randomly selected and distributed within the

blocks within each set.  Plants were fertilized once per week with 30 ppm nitrogen using Peters

15-16-17 (Peat-Lite Special).

Height was measured from the soil line to the top of the terminal shoot at three-week

intervals.  Root collar diameter was measured at the soil line at 6-week intervals.  Volume index

was calculated as the product of height and diameter squared.    Budset was estimated

retrospectively for the last three measuring periods.  If the height of an individual tree was

identical to its height at the previous measuring date or was one centimeter or less taller, the tree

was considered to have set a terminal bud.  An estimate of seed weight was made

retrospectively by weighing 10 seed of each available seedlot (only 53 of 60 seedlots).

Data analysis:

Analyses were conducted separately for each measuring date for seedling height, bud

set, root collar diameter and volume index.  Individual analyses for each set were performed

using the following model:

Yijk = µ + bi + Pj + bPij + f(P)k(j) + eik(j)
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where

Yijk = observed value of the kth  family of the jth population in the ith block

µ = overall mean

bi = random effect of the ith block

Pj = effect of the jth population----fixed

bPij = random interaction effect of jth  population in the ith  block

f(P)k(j) = random effect of the kth family within the jth population

eik(j) = random error of the kth family (tree) of the jth population in the ith block

A combined analysis using both data sets was also performed for each measuring date.  The

model is similar to the one described above with the addition of a set effect and its interactions

with blocks, populations, and families.  These were considered to be random effects.  The

combined analysis for each trait used the following model:

Yijkl = µ + Si + b(S)j(i) + Pk + P*b(S)kj(i) + f(P)l(k) +f*Sik + ej(i)l(k)

where

Yijkl = observed value of the lth family of the kth provenance in the jth

       block of the ith set

µ = overall mean

si = fixed set effect

b(s)j(i) =random effect of jth block in ith set

Pk =effect of kth population----fixed

P*b(s)kj(i)=random interaction effect of kth population in the jth block in the ith  set
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 f(P)l(k) = random effect of lth family within the kth population

s*f(P)il(k)=random interaction of  lth  family in the kth population in the ith set

ej(i)l(k) =random error of the lth family in the kth population in the jth block in the

   ith set

Analyses of variance for each trait were conducted using PROC GLM with Type III

sums of squares in SAS  (SAS Institute 1988).  Differences among populations were

determined by Least Significant Difference.

Variance components were estimated using the SAS VARCOMP procedure with the

REML option  (SAS Institute Inc. 1988).  The variance among families within populations was

assumed to estimate ¼ of the additive genetic variance, and individual narrow sense heritabilities

were estimated as the ratio of additive genetic variance to total phenotypic variance for each

trait by  population (Falconer and McKay 1996).  Standard errors of the heritability estimates

were calculated as s = 16(σ2
fam var)/(σ2

total var) (Dieters et al. 1995).

Between set genetic correlations for seedling height, root collar diameter, and volume

index were examined using Type B genetic correlations (Burdon 1977).  Type B genetic

correlations were computed for all improved populations within this test using the following

equation:

rBg = σ2
fam/σ2

fam +σ2
set∗ fam

Additionally, a Type B genetic correlation was calculated for the different pollen mixes to

determine if the females performed similarly with different pollen mixes.

The Pearson product-moment correlations of the total height and seed weight on

phenotypic family-means were performed for each population using Proc Corr in SAS (Sas
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Institute 1988).  Family mean correlations usually provide conservative estimates of genetic

correlations (Bridgwater and McKeand 1997).

RESULTS

Height analysis:

Population and family within population effects were significant for all measuring dates in

both sets and most dates in the combined analysis (Table 1.2).  The Coastal source (C x C)

was always tallest in Set 1 and the Piedmont source (P x P) was the shortest of the improved

populations.  The unimproved check was always the shortest (Table 1.3, Figure 1.1).  The

hybrid populations of C x P and P x C were generally intermediate in height growth, and there

were some rank changes over time.  By the end of the growing season, the C x C population

was 15% taller than the checklot, 11% taller than the P x P population, 7% taller than the P x C

population, and 5% taller than the C x P population.   The hybrids were 4 and 6% taller than the

P x P population (Figure 1.1a).

In Set 2, similar results were observed except that height growth of C x C and C x P

was virtually indistiguishable (Figure 1.1b).  In both sets, the hybrids were not statistically

different from the Coastal source (Table 1.3).  P x C crosses were taller than the Piedmont

source, but this difference is not statistically significant.  All genetically improved sources were

superior to the checklot at all measuring dates.  By the end of the growing season, C x P

crosses were 0.5% taller than the C x C population.  The C x C and C x P populations were

approximately 4% taller than the P x C population, 9.5% taller than the P x P population, and
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17% taller than the checklot.  The P x C population was 5.5% taller than the P x P population

and 13% taller than the checklot.  The P x P population was 7% taller than the checklot.

Differences in shoot growth were significant between the two sets. However, there was

not a significant set by population or set by family effect.  In Set 1, the C x C source was taller

than the other populations (Figure 1.1a), whereas in Set 2, the C x C and C x P populations

were virtually indistinguishable (Figure 1.1b).

In the combined analysis, population effects were significant for height growth at all

measuring dates, but family effects were significant only after the third measurement (Table 1.2).

The interactions between set and populations and set and families were not significant.  This is

also illustrated by the high Type B genetic correlations between the families in the two sets (rBg,

Table 1.4).    Families in the C x C population had a lower rBg between the two sets.

Differences in bud set were significant at the provenance level for the last measuring

date (Table 1.2).  Seedlings from the checklot set more buds and more quickly than the

improved sources (Figure 1.2).  Of the improved sources, the Piedmont source set more buds

by the end of the measuring period, and the Coastal source had set the fewest.  The P x C

crosses had set more buds than the C x P crosses.

Heritabilities for total stem height for families within a population ranged from 0.14 to

0.39 (Table 1.3).  The additive genetic control for height was greatest within the P x P

population with a heritability  of 0.39 followed by the P x C population (0.25).  The C x P

population had the lowest heritability.  There was a tendency for higher h2 for pure populations

compared to hybrid populations (e.g. P x P > P x C; C x C > C x P).
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When the female means were compared across pollen mixes, there was a high Type B

genetic correlation for total stem height regardless of pollen mix used.  The Coastal females had

a rBg of 1, while the Piedmont females had a rBg of 0.80, indicating Piedmont females responded

slightly differently to the two pollen mixes.

Additive genetic control for budset was strongest in the Piedmont population, with a

heritability of 0.15, followed by the Coastal population with h2=0.11 (Table 1.4).  There was

virtually no additive genetic variation in the hybrid populations for timing of growth cessation.

There is a positive family-mean correlation between total seedling height and seed

weight for the C x C and the C x P populations (p=0.05 and 0.07); however, seed weight is not

significantly correlated with height growth in populations with a Piedmont maternal parent

(Appendix B). Seed having a Piedmont maternal parent were heavier than seed having a

Coastal maternal parent.

Root collar analysis:

Some significant family effects were observed for root collar diameter in both sets and

the combined set analysis (Table 1.2).  Not much distinction between populations was visible,

although all improved populations were superior to the check (Figure 1.3).  Mean root collar

diameter was 7.6 mm for Set 1 and 5.7 mm for Set 2 (Table 1.3).  The C x P population had

the highest heritability for root collar diameter (0.26), followed by the Coastal population

(0.20).

Volume index analysis:

Volume index, estimated as the product of height and root collar diameter squared,

exhibited some family effects in the individual sets; none were significant in the combined
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analysis (Table 1.2).  The set by population and set by family interactions were not significant

(Table 1.2) and the populations generally exhibited high Type B genetic correlations for volume

index.

All improved sources in both sets had higher volume than the checklot (volume index

=31.49 and 10.46 cm3 in Sets 1 and 2, respectively).  In Set 1 the C x C source had the highest

volume index (38.65 cm3), followed by the P x C population (36.02 cm3), C x P population

(35.98 cm3), and the Piedmont population (35.16 cm3).  In Set 2, the C x P population had the

highest volume index (13.65 cm3), followed by the P x C population (13.34 cm3), the Coastal

population (12.94 cm3), and the Piedmont population (12.73 cm3).

The C x P population had the highest heritability for volume index (0.21), followed by

the P x C population (0.10) and the P x P population (0.06) (Table 1.4).

DISCUSSION

Growth Comparison

The C x P hybrids grew as well as the pure Coastal loblolly source, and the P x C

hybrids were taller than the pure Piedmont population. The hybrid populations exhibited

heterosis, defined in this instance as superiority over the pure Piedmont source; they were 4-

10% taller than the P x P population. The difference in root collar diameter among populations

was small, and the differences in volume index were mainly contributed by  seedling height

differences.  There seems to be an advantage for early seedling height growth in having at least

one parent from the Coastal plain.  Of the top 20 families from all four populations ranked for

total seedling height, all 20 in Set 1 and 19 in Set 2 had at least one Coastal parent, and 12 in
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Set 1 and 6 in Set 2 had two Coastal parents (Table 1.5).  More C x P than P x C families

were ranked in the top twenty for total seedling height (Table 1.5).   Ranking for height was

consistent between the two sets as supported by the high Type B genetic correlations (Table

1.4); eleven families between the sets ranked in the top twenty for height, and 12 families

ranked in the bottom 1/3 in both sets.  These were predominantly P x P and P x C families.

Type B genetic correlations, which measure the stability of family performance across two

environments, were high for total height growth, indicating very little rank change of families

between the two sets of material (Table 1.4).  The rBg was high for total height for females of

both the Piedmont and the Coastal Plain, although there was more variability for the Piedmont

females.

These early results for seedling growth are similar to other studies (e.g. Bridgwater and

McKeand 1997).  Loblolly pine from the Atlantic Coastal Plain has exhibited superior growth in

many provenance trials (Wells 1983, Kraus et al. 1984).  Woessner (1972) found that height

growth of loblolly pine provenance hybrids was not significantly higher under good growing

conditions, but it was superior under poorer growing conditions, possibly indicating that the

hybrids can tolerate a more diverse range of sites.

Family differences within population

There are strong family differences in growth, especially for seedling height, within

Coastal, Piedmont, and hybrid populations.  This strong variation among families provides great

potential for selecting the best families within the best populations.  The high heritability for

height in the Piedmont population and the wide range of family mean heights within the hybrid
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populations suggests that families from the Piedmont population can be selected more

effectively.

 Although the Piedmont population is generally slower growing than Coastal sources,

there are some fast-growing Piedmont families.   Better hybrids may be produced by using the

best Piedmont parents as pollen parents for controlled crosses, rather than the average pollen

parents.

Factors affecting growth differences

The growth difference between Coastal and Piedmont loblolly pine seedlings is generally

expected since these seedlings were grown in an outdoor environment in Raleigh (North

Carolina), a typical Piedmont climate.  Coastal loblolly pine populations were found to be less

responsive to changing environmental conditions (e.g. decreasing photoperiod) than more inland

sources of loblolly pine (Perry et al. 1965 Jayawickrama et al. 1997). This is probably related

to adaptive strategies; trees from the Piedmont must enter dormancy sooner than Coastal

families to ensure that they are hardy for fall, and are more responsive to environmental cues.

Evidence of this is supported by the fact that Piedmont families set buds sooner than the other

improved sources in this seedling study.

Superior height growth may be related to longer growing season. Typically, more inland

sources of loblolly have a shorter growing season than Coastal sources.  For example,  loblolly

pine from coastal North Carolina and South Carolina has about 225-270 frost-free days;

western Kentucky (although outside the natural range, loblolly pine is deployed there) has a

freeze-free period of about 180 days, while the Fall Line in Georgia has about 230 frost free

days (National Oceanic and Atmospheric Administration 1985).   This means that Coastal
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sources of loblolly have adapted to receiving 40 to 90 more growing days than more inland

sources, a factor which gives them a tremendous growth advantage.

The higher numbers of set buds in the checklot relative to the improved sources is also

reflective of the fact that those improved populations have been selected for superior growth.

Growth superiority may be related to bud set and therefore length of the growing period.

Timing of bud set may explain the height differences between the pure Coastal and the

pure Piedmont populations, but it does not explain the difference in height growth between the

two hybrid populations (Figure 1.2).  The differences in height between the C x  P and P x C

populations appear to be due to variation in flush length.   The C x P population may be growing

more or longer stem units than the P x C population. Woessner (1972) observed different

growth patterns between Coastal and Piedmont seed sources. He observed that Coastal

families grew faster at the beginning of the growing season relative to the Piedmont families,

which exhibited a sustained growth long after the Coastal families’ growth slowed and that

hybrids between the two tended to exhibit a growth pattern similar to that of the Piedmont

parent.  In this seedling study the C x P and P x C populations had a significant height growth

advantage over the P x P population. (Figure 1.1).

A small but significant correlation between total seedling height and seed weight

indicated there might be a maternal effect on early seedling growth for the C x C and the C x P

populations but not for seedlings with a Piedmont maternal parent.  This correlation within

population, however, cannot explain the growth difference among populations because

Piedmont parents had heavier seeds than Coastal parents.  Maternal effects were found to

impact the growth of Scots pine for year one but not after bud set and regrowth (Dormling and
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Johnsen 1992).  For Norway spruce, however, these effects have extended past year 17

(Johnsen et al. 1996).  In loblolly pine maternal effects have been linked to 45-80% of the

variation in tree size for trees 4-8 years old (Perry 1976). The difference between P x C

and C x P could also be due to the pollen mix differences.  If the relative difference between the

“Top 20” and the “the average” was different for the Atlantic Coastal Plain and the Piedmont,

this could help explain the observed differences in between the two hybrid populations.

If C x P families are indistinguishable from C x C families with mediocre parents, how

would they compare if the best Piedmont parents were used?  The similarity of rankings for

height between families with the same Coastal mother regardless of pollen parent (C or P) as

well as the high family correlations seem to indicate that they would perform well regardless of

pollen parent.  Heritability estimates for height between the C x C population and the C x P

population were very similar (0.16 vs 0.14).

The similarity of diameter among the sources could indicate that the trees are allocating

more resources to height growth than diameter growth at this stage of their development, a

typical developmental strategy of early successional plant species.  Although root collar

measurements are good indicators of growth in some species (Li et al. 1998), they are not very

useful in early selection of loblolly pine (Bridgwater et al. 1985; Williams 1987).

The close spacing of the study (1200 trees in 24.8 m2) could have influenced the small

differences in diameter.  The competitive situation may cause the trees to expend more

resources to gain a height advantage rather than using their resources to expand horizontally.  A

wider spacing might allow diameter differences between the populations and families within

populations to be more discernable. Volume index is a complex trait that is calculated as the
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product of two other traits.  Differences in volume growth at this stage of development were

attributable mainly to differences in height.  Because there is little difference between populations

for diameter growth, which has a low heritability at this stage of development, differences in

volume index are more related to family rather than population effects.   Selection for volume

growth of loblolly pine at very young ages has had little correlation with volume at rotation age

(Bridgwater et al. 1985, McKeand 1988).

Implications

The implications of these early results are that the hybrids (especially the C x P hybrids)

can grow as well as the pure Coastal population, with the potential for increased cold hardiness

(relative to the Coastal source).  The implication is that the hybrid populations of C x P and P x

C with improved growth may be better planting stock for the Piedmont than the pure

populations.  However, the emphasis of this research is not only in creating a deployment

population of fast-growing trees; they should also be able to withstand temperatures in the

Piedmont region, the Fall Line region, and even areas outside the natural range of loblolly.  The

range of loblolly pine is curtailed to the north and inland because of damage to reproductive

tissues (not a major concern in a deployment population) and ice and snow breakage (Hodge

1986).

The next phase of this study is to determine how cold hardy the hybrid seedlings are in

comparison with the pure Piedmont source.   Do the hybrids exhibit the cold hardiness of the

Piedmont source combined with the superior growth of the Coastal source, or are they

intermediate for these traits?  Results will have implications for deployment strategies.   If the

hybrids do indeed exhibit superior growth and acceptable cold hardiness, then they can be
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deployed in the Piedmont and cold areas.  If the hybrids are intermediate between their parents,

they may be deployed near the fall line (the geographic region between the Coastal Plain and the

Piedmont).  They would be faster-growing than the Piedmont parent in those locations and

would exhibit more cold-hardiness than the faster-growing Coastal parent.
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Table 1.1.  Polycross families generated by using a Piedmont pollen mix (P-PMX) and
a Coastal pollen mix (C-PMX) on clones of Piedmont and Coastal sources.  Four
populations were generated, pure Coastal families (ID 1-21), Coastal x Piedmont
families (ID 22-42), Piedmont x Coastal (ID 43-65), and pure Piedmont (ID 66-88).

    Coastal Families                Coastal x Piedmont Families    Piedmont x Coastal Families    Piedmont Families
Family

ID
Cross Family

ID
Cross Family

ID
Cross Family

ID
Cross

 1* 05-1501 x C-PMX  22* 05-1501 x P-PMX 43* 01-1015 x C-PMX 66 01-1015 x P-PMX
 2* 05-1502 x C-PMX  23* 05-1502 x P-PMX 44 01-1027 x C-PMX 67 01-1027 x P-PMX
 3* 05-1503 x C-PMX  24* 05-1503 x P-PMX 45 01-1066 x C-PMX 68 01-1066 x P-PMX

       4 07-1011 x C-PMX  25* 07-1011 x P-PMX 46* 01-1090 x C-PMX 69* 01-1090 x P-PMX
       5 07-1022 x C-PMX      26 07-1022 x P-PMX 47* 01-1098 x C-PMX 70* 01-1098 x P-PMX

 6* 07-1037 x C-PMX  27* 07-1037 x P-PMX 48* 01-1316 x C-PMX 71 01-1316 x P-PMX
 7* 07-1040 x C-PMX  28* 07-1040 x P-PMX 49* 01-1328 x C-PMX 72* 01-1328 x P-PMX
8 07-1090 x C-PMX      29 07-1090 x P-PMX 50* 01-1335 x C-PMX 73* 01-1335 x P-PMX

 9* 08-1021 x C-PMX  30* 08-1021 x P-PMX 51 01-1357 x C-PMX 74* 01-1357 x P-PMX
10* 09-1019 x C-PMX  31* 09-1019 x P-PMX 52* 03-1018 x C-PMX 75* 03-1018 x P-PMX
11* 09-1039 x C-PMX  32* 09-1039 x P-PMX 53* 03-1049 x C-PMX 76* 03-1049 x P-PMX
12 09-203 x C-PMX 33 09-203 x P-PMX 54* 03-1051 x C-PMX 77* 03-1051 x P-PMX
13 10-1015 x C-PMX 34 10-1015 x P-PMX 55* 05-1016 x C-PMX 78* 05-1016 x P-PMX
14* 11-1017 x C-PMX  35* 11-1017 x P-PMX 56* 06-1008 x C-PMX 79* 06-1008 x P-PMX
15* 11-1027 x C-PMX      36 11-1027 x P-PMX 57 06-1028 x C-PMX 80* 06-1028 x P-PMX
16 11-1031 x C-PMX      37 11-1031 x P-PMX 58* 06-1054 x C-PMX 81* 06-1054 x P-PMX
17* 11-1062 x C-PMX 38* 11-1062 x P-PMX 59 09-1001 x C-PMX 82* 09-1001 x P-PMX
18 11-1080 x C-PMX 39* 11-1080 x P-PMX 60 09-1025 x C-PMX 83 09-1025 x P-PMX
19* 11-1095 x C-PMX 40* 11-1095 x P-PMX 61* 09-1038 x C-PMX 84 09-1038 x P-PMX
20* 11-1103 x C-PMX      41* 11-1103 x P-PMX 62 09-1078 x C-PMX 85 09-1078 x P-PMX
 21* 22-1004 x C-PMX 42* 22-1004 x P-PMX 63* 12-1057 x C-PMX 86* 12-1057 x P-PMX

64 12-1069 x C-PMX 87 12-1069 x P-PMX
65* 15-1038 x C-PMX 88* 15-1038 x P-PMX

• Denotes families used in the greenhouse trial
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Table 1.2.  Mean squares of population effect (MS Pop) and families within populations (MS Fam) from separate and the combined
analysis of variance for each measurement date for seedling height, bud set, root collar diameter and volume index.

Height Bud Set Diameter Volume Index
Set Date MS Pop MS Fam Ms Pop MS Fam MS Pop MS Fam MS Pop MS Fam
Set 1 23-May 212.3098* 33.9591*

17-Jun 310.2581* 47.9716** 0.745 0.4403** 122176.6 74658.44*

12-Jul 315.3848* 47.5875**

2-Aug 399.7265* 50.4435 0.3539 0.6124** 405323.7 370232

23-Aug 624.7145* 72.4223** 0.0582 0.0623

13-Sep 936.0493* 92.3149* 0.3481 0.2742 0.563 0.8113 2948968.86** 1289419

5-Oct 1230.5037* 122.406* 1.3875** 0.2531

Set 2 23-May 267.3505* 24.0147*

17-Jun 448.7839* 23.4191* 7.7589 8.8385 19425385 2.7E+07

12-Jul 277.5384* 39.6694*

2-Aug 230.429* 50.2902* 0.7808 0.5037* 186557.95** 83882.2*

23-Aug 249.1029* 55.2155* 0.0222 0.185

13-Sep 404.0574* 82.2534* 0.2525 0.3295** 0.5718 0.5806** 352083.6 212637.53**

5-Oct 615.2399* 120.3059* 0.5861** 0.2616

Combined 23-May 357.3063** 26.6411

Set 17-Jun 554.0993** 40.6482 5.4103 4.5806 7204867 8962874

12-Jul 432.4484** 63.4219*

2-Aug 460.3116** 76.7353* 0.9582 0.6324 326627.2 235002

23-Aug 639.6558** 92.3432*

13-Sep 1000.4458** 115.8448** 0.8018 0.9047* 1460560 870586

5-Oct 1475.2273* 164.0572*
*  Denotes significance at the alpha=0.05 level
** Denotes significance at the alpha=0.001 level
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Table 1.3.  Population means by set for the Coastal (C x C), C x P, P x C, and Piedmont
(P x P) populations for total stem height, root collar diameter, and volume index by set

Population Total Ht (cm) Diameter (mm) Volume (cm3)
SET 1
C x C 71.7  a 7.6  a 38.65  a
C x P 68.1  ab 7.5  ab 35.98  ab
P x C 66.6  bc 7.6  a 36.02  ab
P x P 63.9  cd 7.6  a 35.16  ab
Checklot 60.8  d 7.1  b 31.49  b
SET 2
C x C 47.3  a 5.6  ab 13.65  a
C x P 47.1  a 5.8  a 13.34  a
P x C 45.3  ab 5.8  a 12.94  a
P x P 42.4  bc 5.8  a 12.73  a
Checklot 39.3  c 5.5  b 10.46  b
COMBINED SET
C x C 59.3  a 6.6  a 25.57  a
C x P 57.6  ab 6.7  a 24.87  a
P x C 55.6  bc 6.7  a 24.66  a
P x P 53.1  c 6.7  a 23.82  ab
Checklot 50.1  d 6.6  a 21.48  b

*Differences followed by the same letter are not significantly different
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Table 1.4.  Heritability and Type B genetic correlation estimates between the families
in Sets 1 and 2 for height, bud set, root collar diameter, and volume index by
population

Trait Population h2    1 RBg  (Set 1 with
Set 2)    

Height C x C  0.16 (0.03) 0.68
C x P 0.14 (0.02) 0.99
P x C 0.25 (0.05) 0.88
P x P 0.39 (0.05) 1.00

Bud set C x C 0.11 (0.01) 1.00
C x P 0      (0) 0
P x C 0.07 (0) 0
P x P 0.15 (0.02) 1.00

Root Collar Diameter C x C 0.20 (0.02) 0.19
C x P 0.27 (0.03) 1.00
P x C 0.02 (0.01) 0.27
P x P 0.10 (0) 0

Volume C x C 0      (0) 0
C x P 0.20 (0.02) 1.00
P x C 0.10 (0.02) 0.74
P x P 0.06 (0.01) 1.00

1Standard errors of heritability estimates are given in parentheses.
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Table 1.5.  Family means for total stem height, root collar diameter, and volume index
for seedlings from the C x C, C x P, P x C, and P x P populations

Set Family Population Ht (cm) RC (mm) Vol (cm3)
1 15 C X C 77.89 8.01 43.67
1 7 C X C 76.44 7.49 39.08
1 1 C X C 76.33 7.28 37.95
1 65 P X C 75.67 8.00 42.47
1 63 P X C 75.56 7.80 42.33
1 3 C X C 74.44 6.98 32.22
1 17 C X C 74.33 7.96 43.43
1 28 C X P 74.22 7.35 36.66
1 10 C X C 73.89 7.81 41.35
1 2 C X C 73.22 7.54 39.14
1 24 C X P 73.11 7.18 32.70
1 14 C X C 72.56 7.57 38.73
1 23 C X P 72.11 7.42 38.04
1 20 C X C 71.78 7.76 40.41
1 55 P X C 70.67 7.75 40.43
1 11 C X C 70.11 7.52 36.62
1 31 C X P 70.11 7.89 41.10
1 21 C X C 69.88 7.64 33.71
1 54 P X C 69.56 8.10 42.74
1 9 C X C 69.00 7.95 41.30
1 35 C X P 68.22 7.78 40.42
1 39 C X P 67.89 7.47 38.49
1 22 C X P 67.33 6.72 28.11
1 48 P X C 67.33 7.32 33.10
1 77 P X P 67.33 7.36 33.20
1 41 C X P 67.00 7.42 35.10
1 74 P X P 67.00 7.41 34.29
1 46 P X C 66.89 7.79 36.14
1 53 P X C 66.78                    7.6 36.05
1 19 C X C 66.67 7.38 34.93
1 25 C X P 66.44 7.73 36.61
1 50 P X C 66.33 7.29 33.86
1 52 P X C 66.33 7.49 35.32
1 32 C X P 66.22 7.48 34.55
1 61 P X C 66.22 7.51 32.82
1 86 P X P 66.22 7.50 34.50
1 38 C X P 66.11 7.75 36.93
1 30 C X P 66.00 7.94 38.94
1 76 P X P 66.00 7.50 35.52
1 6 C X C 65.89 7.58 38.78
1 70 P X P 65.89 7.55 37.95
1 78 P X P 65.22 7.66 33.59
1 72 P X P 65.00 7.59 33.56
1 42 C X P 64.56 7.10 30.80
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Table 1.5. Cont.
Set Family Population Ht (cm) RC (mm) Vol (cm3)

1 69 P X P 64.44 8.20 42.39
1 80 P X P 64.44 7.44 34.52
1 43 P X C 64.11 7.41 34.38
1 49 P X C 64.11 7.74 38.02
1 81 P X P 64.11 7.76 37.70
1 75 P X P 64.00 7.59 34.57
1 56 P X C 63.56 7.22 31.19
1 40 C X P 63.11 7.55 35.50
1 79 P X P 62.89 7.66 37.94
1 73 P X P 62.44 7.56 35.78
1 58 P X C 62.22 7.16 31.37
1 88 P X P 60.44 7.42 33.11
1 CC7 CK 60.11 7.09 31.49
1 47 P X C 58.89 7.28 30.09
1 27 C X P 56.89 7.62 35.26
1 82 P X P 56.78 7.27 28.62
2 38 C X P 55.75 5.88 16.05
2 1 C X C 53.00 5.17 13.30
2 28 C X P 52.22 5.66 14.71
2 63 P X C 50.78 5.66 15.38
2 20 C X C 50.00 5.97 14.03
2 22 C X P 49.89 6.08 11.13
2 14 C X C 49.22 5.63 13.61
2 11 C X C 49.13 5.68 13.34
2 17 C X C 48.75 5.81 12.70
2 35 C X P 48.60 6.09 15.11
2 53 P X C 48.33 5.73 12.96
2 48 P X C 48.11 6.03 12.40
2 21 C X C 48.10 5.68 15.48
2 40 C X P 48.10 5.65 12.32
2 23 C X P 48.00 5.36 13.53
2 25 C X P 48.00 6.26 14.50
2 39 C X P 48.00 5.56 13.55
2 55 P X C 48.00 5.45 13.14
2 65 P X C 48.00 5.64 12.55
2 2 C X C 47.89 5.35 11.97
2 88 P X P 47.89 6.12 13.24
2 27 C X P 47.88 6.04 15.17
2 43 P X C 47.78 6.12 12.51
2 61 P X C 47.67 6.08 15.37
2 7 C X C 47.56 5.51 14.33
2 86 P X P 46.89 5.75 13.95
2 74 P X P 46.78 5.63 13.51
2 15 C X C 46.73 5.56 11.41
2 54 P X C 46.63 5.65 15.00
2 24 C X P 46.60 5.63 10.55
2 3 C X C 46.57 5.34 10.24
2 6 C X C 46.56 5.97 12.78
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Table 1.5. Cont.
Set Family Population Ht (cm) RC (mm) Vol (cm3)

2 41 C X P 45.71 5.58 12.22
2 30 C X P 45.44 6.23 13.45
2 70 P X P 45.33 5.77 14.31
2 76 P X P 45.33 5.85 12.87
2 73 P X P 45.22 5.90 13.88
2 42 C X P 44.50 5.68 12.32
2 9 C X C 44.44 5.78 12.59
2 80 P X P 44.33 5.82 13.30
2 47 P X C 43.89 5.64 14.28
2 49 P X C 43.78 5.91 12.73
2 31 C X P 43.44 5.72 14.23
2 79 P X P 43.22 5.78 10.95
2 10 C X C 43.11 5.70 12.29
2 46 P X C 42.89 6.24 14.66
2 81 P X P 42.89 6.03 13.21
2 56 P X C 42.25 5.99 11.01
2 78 P X P 41.88 5.42 10.84
2 72 P X P 41.78 6.09 13.27
2 50 P X C 41.67 5.37 12.97
2 19 C X C 40.90 5.53 11.82
2 58 P X C 40.50 5.83 12.65
2 CC7 CK 40.25 5.49 11.48
2 52 P X C 40.13 5.52 10.59
2 32 C X P 40.00 5.63 11.95
2 75 P X P 40.00 5.59 10.59
2 69 P X P 39.78 6.14 11.96
2 77 P X P 38.88 5.56 12.08
2 82 P X P 33.00 5.82 10.42

* Families are sorted by total height at the last measurement date.
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Figure 1.1.  Mean height of Atlantic coastal (C x C), Piedmont (P x P) seedlings and
their hybrids (C x P and P x C) and unimproved checklots for each measurement date.

Detail 1.1a.  Mean height of loblolly pine seedlings in Set 1 by 
source; significant differences at the final measuring date 
were indicated in Table 1.3.
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Detail 1.1b.  Mean height of loblolly pine seedlings in Set 2 by 
population; significant differences at the final measuring date 
were indicated in Table 1.3.
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Figure 1.2.  Mean bud set of Atlantic Coastal (C X P), Piedmont (P X P) loblolly pine
seedlings and their hybrids (C X P and P X C) and unimproved checklot for each
measuring date

Detail 1.2a.  Cumulative bud set of loblolly pine seedlings by 
source in Set 1.
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Detail 1.2b.  Cumulative percent bud set of loblolly pine 
seedlings by source in Set 2
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Figure 1.3.  Mean root collar diameter of Atlantic Coastal, Piedmont loblolly pine
seedlings, their hybrids (C X P and P X C), and an unimproved checklot for each
measuring date

Detail 1.3a. Mean root collar diameter of loblolly pine 
seedlings in Set 1 by source.
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Detail 1.3b.  Mean root collar diameter of loblolly pine 
seedlings in Set 2 by source.
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CHAPTER 2

EVALUATION OF ATLANTIC COASTAL AND PIEDMONT

LOBLOLLY PINE SEEDLINGS

AND THEIR HYBRIDS FOR COLD HARDINESS
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INTRODUCTION

Background

Loblolly pine is an extremely important commercial tree species; it is currently the

leading timber species in the United States, growing on more than 13.4 million hectares in the

South and comprising about ½ the growing stock of all southern yellow pine (Schultz 1997).

There is considerable interest in planting loblolly pine in areas outside of its natural range.  For

example, loblolly pine is the preferred pulpwood species in western Kentucky and southern

Illinois (approximately 350 km north of the native range) because loblolly produces more

volume than other species (Barbour 1981).  Planting loblolly outside the natural range or at

higher elevations than it normally occurs negatively impacts survival, growth, and wood quality

(Hodge 1986, Ritchie 1991).   Loblolly pine’s wide natural distribution is limited primarily by

damage to reproductive structures (Hodge 1986).  However, this is not necessarily a concern

for deployment where the desired species is planted for its growth advantage.

Loblolly pine has a wide species range with extensive environmental variation, leading to

the development of many geographic races.  Provenance tests throughout the geographic range

have determined that inland or more northern sources of loblolly are more cold hardy than

coastal sources (Wells and Wakeley 1966, Wells 1983).  Hybrids between inland (Piedmont)

and coastal sources may exhibit some of the faster growth of the coastal source but have less

susceptibility to freezing temperatures.  There is interest in examining if interprovenance

hybridization can combine both fast growth and cold-hardiness in populations of loblolly pine.

Chapter 1 examined the seedling growth differences of pure Atlantic Coastal      (C x
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C) and Piedmont (P x P) populations of loblolly pine and their hybrids (C x P and P x C) in an

outdoor environment in Raleigh, North Carolina.  The early results of this study showed that the

hybrid seedlings (especially the C x P hybrids) can grow as well as the pure C x C in this

Piedmont site (Chapter 1).  However, it is unknown if the hybrid populations of C x P and P x

C would exhibit acceptable cold hardiness.   If the hybrids with their greater growth have also

the necessary cold hardiness, they may be better planting stock for the Piedmont than the pure

Piedmont loblolly pine.

Acclimation

Acclimation is the process by which plants adapt to colder temperatures and thus gain

hardiness (Ritchie 1991).  There are seasonal as well as tissue variations in cold resistance

(Ketchie and Beeman 1973; Ketchie 1985; Ritchie 1991).  Acclimation of many tree species of

the temperate zone involves two stages (Glerum 1985; Jonsson 1985; Timmis 1976; Fernandez

1987; Weiser 1970).  The first stage is a response to decreasing daylength; height growth stops,

terminal buds are formed, and dormancy begins (Glerum 1985).  This phase can be called

vegetative maturity (Fuchigami and Nee 1987).  Unless vegetative maturity is reached, trees do

not acclimate (Ketchie 1985). The second stage of acclimation is a response to decreasing

temperatures, or chilling (Weiser 1970; Glerum 1985).

Cold hardiness in loblolly pine is determined by temperature, not photoperiod (Sakai

and Larcher 1987).  Mooney (1985) and Mirov (1967) elaborate that growth of loblolly pine

seedlings is more related to the difference between day and night temperatures than to the actual

day or night temperatures. Temperature dictates the length of the transition between stages one

and two and can occur over a period of several days or several weeks (Glerum 1985). For
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loblolly pine, maximum hardiness is reached in January with only slight dehardening in February

and March (Bongarten and Boltz 1986).  Hodge and Weir (1993) and Mexal et al. (1979)

examined the effects of acclimation treatments on loblolly pine.  There was found to be little

interaction between acclimation treatments and freeze tests, although hardiness levels may

change at different times of the year (Mexal et al. 1979, Hodge 1986).

Cold hardiness

Trees are cold hardy when they have achieved the physiological state necessary to

withstand exposure to sub-freezing temperatures without sustaining significant injury (Ritchie

1991).  Cold injures plants through chilling and freeze-induced dehydration or ice crystal

formation (Hodge 1986, Ritchie 1991).  Intracellular freezing only occurs under artificial

conditions and results in death (Levitt 1956, Hodge 1986); the hypothetical cause being that the

cell membrane is pierced by ice crystals (Levitt 1956, Hodge 1986).  Extracellular freezing

occurs in freezing-tolerant plants.  Water from the protoplasm is transported to extracellular

spaces.

There are two processes that explain the hardening mechanism.  The first is dehydration

avoidance.  This occurs in species that undergo supercooling.  In plants that supercool, plant cell

water can remain in a liquid state about –40oC because there is no nucleus around which the

water molecules may form ice crystals (Ritchie 1991). Dehydration avoidance involves

decreasing the amount of ice formed in plant tissue; having a higher percentage of unfrozen

water at a given temperature means that it requires a lower  (colder) temperature to produce

injury (Hodge 1986).  In species that do not supercool (such as loblolly pine), the main

mechanism of hardening is thought to be dehydration tolerance (Ritchie 1991); the mechanisms
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involved in this process are unknown but require major biochemical changes in the plasma

membrane and other processes (Ritchie 1991).  Loblolly pine has been found to demonstrate

dehydration tolerance (Hodge 1986).  Families that were cold hardy were found to keep a

larger fraction of their total cell water in a bound or inactive state, enabling them to suffer less of

the cell contraction associated with freeze dehydration water volume loss (Hodge 1992).

Cold hardiness screening

Screening for cold hardiness involves three steps.  The first is conditioning the seedlings

to various stages of hardening (acclimation treatments).  The plants are then frozen at different

temperatures.  Finally, the temperature at which 50% are killed is estimated; this is called the

LT50 (lethal temperature at which 50% of the frozen plants are killed)  (Levitt 1956).

Artificial freezing trials are necessary because the cold events useful for screening occur

on average every 10 years under field conditions (Hodge 1986).  A combination of factors are

needed to experience a cold event:  fall drought stress, a mild fall (no acclimation), and a

dramatic drop in temperature (4.5 - 10oC over 12-24 hours) with desiccating winds (Rousseau

1995, Tanaka et al 1997).  Loblolly pine seedlings between the ages of 1 and 4 are the most

susceptible to damage, and most damage occurs between mid December to mid January

(Rousseau 1995).

Methods of assessing injury:

Methods of assessing cold damage have been reviewed by Timmis (1976) and Ritchie

(1991).  Whole plant browning tests are the most reliable, recommended, and traditional

method of evaluating injury (Burr et al 1990, Ritchie 1991, Aitken and Adams 1996).   Tissues

are visually inspected, and injury is subjectively scored.  Foliar injury in evergreens often
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manifests as mottling, discoloration, or dryness (Ritchie 1991).  Usually the youngest foliage is

most susceptible to damage, and commonly the uppermost needles suffer more damage than the

lowermost needles.  In some genera (e.g. Pinus, Pseudotsuga, and Eucalyptus) a strong odor

of terpenes and other volatiles is a symptom of foliar injury (Ritchie 1991).  Cambial damage is

also distinguishable by color; healthy cambium is bright green, whereas dead or injured cambium

is tan, brown, or yellowed.

Reduction in plant growth can be a meaningful indicator of injury when measurements

are taken when growth resumes.  Other operational or semi-operational methods of assessing

injury include electrical conductance and electrical impedance.  These methods use excised

plant tissue to evaluate cold hardiness (Burr et al. 1990, Ritchie 1991, Timmis 1976).

There has been a general lack of success with early selection for cold hardiness.

Freezing studies have very low correlation with time-consuming field trials (Lindgren and

Nilsson 1992, Ericsson and Andersson 1997, Hodge and Weir 1993, Timmis 1976).  One of

the problems associated with artificial screening is that many studies have used very young

(succulent) seedlings or detached tissue to evaluate cold injury; the excised tissue or very young

seedlings are very different morphologically and physiologically from whole, field-sized

seedlings.   Young seedlings are not the same (morphologically, physiologically) as older trees

(Dougherty et al. 1994). Freezing excised tissue does not allow the investigator to evaluate

recovery from injury, and injury varies by type, age and location of the tissue.

Objectives:

 The objectives of this study were to evaluate differences in seedling cold hardiness

between Atlantic Coastal sources of loblolly (C x C) , Piedmont sources of loblolly (P x P), and
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hybrids between the two sources (C x P and P x C).  Using these lignified seedlings, this study

investigates whether the hybrids exhibit the cold hardiness similar to the Piedmont source or are

intermediate between the parent sources.  Results will have implications for breeding and

deployment strategies for the Piedmont region.   If the hybrids do indeed exhibit superior growth

and acceptable cold hardiness, then they can be used for breeding and deployment in the

Piedmont and cold areas.  If the hybrids are intermediate between their parents, they may be

deployed near the fall line (the geographic region between the Coastal Plain and the Piedmont).

They would be faster-growing than the Piedmont source in those locations but would exhibit

more cold-hardiness than the pure Coastal source of loblolly pine.

MATERIALS AND METHODS

Plant materials and Preconditioning treatment

A subset of the loblolly pine seedlings from the growth study (Chapter 1) was used for

examination of cold hardiness in this study.  The 59 polycross families representing four

populations:   (1)  Atlantic Coastal (C x C),   (2)  Piedmont (P x P)  (3)  Atlantic Coastal x

Piedmont (C x P) and  (4)  Piedmont x Atlantic Coastal (P x C) as well as an unimproved

check from the Piedmont region of Georgia and South Carolina were used (Table 1.1).

The preconditioning treatments consisted of three acclimation regimes designed to

reflect climatic conditions in three of the four deployment regions (Appendix D).  Treatment one

mimics the climatic conditions in the Fall Line, the geographic region between the Piedmont and

the Coastal Plain (transition zone).  Treatment two mimics climatic conditions in the Middle
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Piedmont (typical Piedmont zone).   The Piedmont is an area extending from the foothills of the

Appalachian Mountains to the Coastal Plain.  It is comprised of hilly terrain with elevations

ranging from 150 to 460 m above sea level.  Treatment three simulates climate in the cold areas,

referring to areas outside the natural range of loblolly pine (coldest temperatures).  This would

include areas in western Tennessee and Kentucky where loblolly pine is planted as an “exotic”.

Table 2.1 summarizes the temperatures for these three treatments.  A six-week acclimation in

the phytotron began November 24.  Photoperiod was set at 9 hours and did not vary for the

treatments.

Experimental design

The experimental design was a randomized complete block with 3 blocks per set per

treatment, each block consisting of 59 families representing 4 populations (15

families/population for P x P, P x C, and C x P and 14 families for C x C), plus an unimproved

checklot in each of three treatments with one tree per block per family per treatment.   A subset

of the seedlings involved in the growth evaluation (Chapter 1) was used for this part of the

study; only 9 of the 10 blocks from each Set were used.  The blocks were randomly assigned

to the three treatments, with 3 blocks per set per treatment.

Because of spatial limitations in the phytotron, this study was conducted in two runs.

Seedlings from Set 1 underwent treatments beginning November 24. Each phytotron chamber

(each chamber representing one treatment) contained 3 blocks with 60 seedlots (59 families and

one checklot) and 1 individual per seedlot per block per treatment.  Seedlings from Set 2

underwent acclimation beginning January 5.  Each chamber (representing one treatment)
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included 3 blocks with 60 seedlots and one individual per seedlot per block per treatment.

Time for each series of treatments was 42 days and followed the schedule listed in Table 2.1.

Seedlings were watered twice a week before the second week of acclimation; after

which they were watered once a week.  This study attempts to mimic the environmental

conditions the seedlings would experience in the field.  Water stress in the field has been linked

with loblolly cold hardiness (Rousseau 1995).

Detailed descriptions of the spatial and environmental capabilities of the phytotron are

summarized in Appendix E of this report (Phytotron Procedural Manual 1991).

Freezing treatment

After acclimation, the seedlings were subjected to a standard freezing treatment.  The

plants were moved to a Delfield-Alco 6000 series freezer to expose the trees to a sudden,

extreme drop in temperature.  The underlying concept of this research is mimicry of natural

conditions.  Most of the cold damage occurring naturally to loblolly pine occurs after a 4.5-

10oC drop in temperature within 24 hours accompanied by desiccating winds (Rousseau 1995).

Unfortunately, desiccating winds are something that cannot be duplicated in a laboratory setting;

they most likely serve to exacerbate the dehydration the plants suffer as they are frozen.

Temperature was reduced at a rate of 3-5oC per hour until the target -15oC was reached.

Temperature was monitored by a Fisherbrand Expanded Range thermometer with a Type K

beaded probe.  A temperature recorder was also used to provide a visual record of air

temperature within the freezer.  One entire treatment block (60 seedlots, with 1 individual per

seedlot) was frozen at a time.  The trees were maintained at the target temperature for 3 hours,

before removal to a walk-in cooler to thaw at 4.5oC for 24 hours.  After thawing, the plants
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were removed to an outdoor facility for symptoms to develop (January for Set 1; February for

Set 2).

Data collection

Freezing injury of the entire seedling, measured as percent dead foliage,  was

subjectively scored on a scale of 0-100% in increments of 10, with 0 indicating little or no foliar

browning, and 100 indicating all foliage brown.   Rating of injury occurred 10-14 days after

exposure to freezing temperatures, with one person evaluating all trees within a block.  Survival

and vigor of the trees was assessed in the spring when the plants began flushing (April 1998).

Height growth was measured as an indicator of plant vigor.  Total stem height in centimeters,

height to the actively growing portion of the stem was measured, and elongation of the growing

stem was measured.  A secondary browning assessment was made after the trees began

flushing.

Data analysis

Separate analyses of injury were conducted for the two sets of seedlings, using the

following model:

Yijkl = µ + Bi + Tj + Pk +TPjk + BTPijk + F(P)l(k) + F(P)*Tjl(k) + eijl(k)

where

Yijkl        = observed value of lth family of the kth provenance in the ith block of the

     jth treatment

µ =overall mean

Tj            =effect of the jth treatment-----fixed
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B(T)i(j)    =random effect of the ith block in the jth treatment

Pk            =effect of the kth population (source) -----fixed

TPjk          =interaction of the kth population and jth treatment------fixed

BTPijk        = random interaction effect of the kth population in the jth treatment in

       the ith block

F(P)l(k)      =random effect of the lth family within the kth population

F(P)*Tjl(k)   =random interaction effect of the lth family within the kth population in

        the jth  treatment

eijl(k)                 =random error of the lth family of the kth population in the ith block of

        the jth treatment

A combined analysis using both data sets was also performed.  This model is similar to the one

described above with the addition of a random set effect and its interactions with blocks,

populations, treatments, families within populations, and treatment and families within

populations.

Analyses of variance for each trait were conducted using PROC GLM with Type III

sums of squares in SAS  (SAS Institute 1988).  Differences among populations were

determined by Least Significant Difference (SAS Institute 1988, Swallow 1984).

Variance components were estimated using the VARCOMP procedure (REML) in

SAS (SAS Institute Inc. 1988).  The variance among families within populations was assumed

to estimate ¼ of the additive genetic variance (Falconer and MacKay 1996), and individual

narrow sense heritabilities were estimated as the ratio of the additive genetic variance and total
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phenotypic variance for each trait by population.  Standard errors of heritability estimates were

calculated using Becker’s (1975) methods.

Correlation analysis of the two injury scores, final height before entering the phytotron,

bud set, volume index, root collar diameter, survival and total seedling height after regrowth in

spring (flush height) of phenotypic family means were performed by population using Proc Corr

in SAS (SAS Institute 1988).  The Pearson product-moment correlation was calculated to

examine associations between family means for injury and the growth traits (listed above) for

each population.  Family mean correlations usually provide conservative estimates of  genetic

correlations (Bridgwater and McKeand 1997).

RESULTS

Population comparisons

Acclimation treatment effects were not significant for either set; there was no population

by treatment or family by treatment interaction (Table 2.2).   There was a significant family by

set effect, although the population by set effect was not significant.

Significant population effects were observed for injury at both scoring times (Table 2.2).

The populations performed as expected with C x C seedlings sustaining significantly more injury

than the P x P seedlings for both injury scores (Table 2.3). Seedlings in Set 2 were more

succulent and sustained more injury than the seedlings in Set 1.  The C x C seedlings sustained

the most injury in both sets for the first assessment, followed by the C x P, P x C and P x P.

The C x P seedlings sustained similar injury as the C x C for the first assessment in Set 2 and for

the second assessment in both sets.  The P x C sustained significantly less injury in both sets and
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for both injury assessments and were non-significantly different from the least injured P x P

seedlings (Table 2.3).  Mean injury for the C x C seedlings averaged over two sets was 66%

foliage browned for both assessments; mean injury for the C x P seedlings was 56% for the first

assessment and 66% for the second assessment.  Mean injury at the first assessment was 41%

for the P x C seedlings and was 52% for the second assessment.  For the P x P seedlings, mean

injury at the first assessment was 40% and 51% for the second assessment.  The checklot had

intermediate foliar injury for the first assessment with 56% brown foliage and was almost the

most injured source for the second assessment with 67% foliage browned.

Population rankings were generally the same for mortality as for injury score. The

hybrids behaved in a manner similar to the maternal parent for cold injury and mortality.  The P

x C hybrids were not significantly different from the pure Piedmont source, and the C x P

hybrids were not significantly different from the pure Coastal source.  The P x C hybrids

exhibited lower injury scores and higher survival than the average of the two pure sources

(Table 2.3).

Family comparisons

Family effects for injury were significant at the first assessment for Set 1 and for both

assessment dates for Set 2 (Table 2.2).  Although the C x C population on average sustained

more injury than the hybrids and P x P populations, there were some hardy families in the C x C

population (Figure 2.1).  Family means ranged from 39-82% foliage browned in the C x C, 22-

91% in the C x P, 23-71% in the P x C, and 15-75% in the P x P (Figure 2.1, Table 2.4).

Inspection of family means of all four populations for both traits shows that 7 of the top

10 families for height are in the bottom 1/3 of families ranked by injury (Table 2.4).  These
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families tended to be C x C or C x P families.  On the other hand, 7 of the top 20 families

ranked for height fell into the middle rankings for cold hardiness.  These tended to be hybrid

families, although a few C x C families were present.  Four out of the top ten families in both

sets for least cold injury were P x P families.  Two and four families out of the top 10 ranked for

cold hardiness were P x C families.

Survival and injury at the second assessment appear to be more heritable than injury at

the first evaluation--made two weeks after freezing (Table 2.5).  Heritability estimates were

moderate for the combined sets, ranging from 0.18 to 0.31 for survival and 0.04 to 0.40 for

injury at evaluation II.  In general the C x C population exhibited the highest h2 for the traits

measured, followed by the C x P and the P x P.  Heritabilities tended to be higher in the

individual sets than in the combined set, although there is more noise (higher standard errors) in

the individual sets, particularly Set 2.

Correlation analysis

Family mean height before freezing was only significantly correlated with injury at both

assessments for the C x P and P x P seedlings (positive correlation) in Set 2, and a slightly

negative correlation in the P x P seedlings in Set 1.  This can be easily seen in Figures 2.3 and

2.4.  There is a range of about 15 cm between the minimum and maximum family means for

height of each population, but the extremes for injury have a range of about 30% (Set 1) and

50% (Set 2) for inury I and 50% (Set 1) and 60% (Set 2) for injury II (Figure 2.1).  Families

that are the same height are not necessarily injured to the same degree.  Volume was found to

correlate only with injury of the first assessment for the C x P population in Set 2 (Table 2.6,

Figure 2.2).  Although, at the population level, tall seedlings suffered more injury, family height,
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root collar diameter and volume index were not strongly correlated with cold injury within

population, other than the C x P and P x P populations in Set 2.

There was a significant negative correlation between bud set and injury for the    C x C

and P x P populations in Set 2 (Table 2.6).  Bud set was also significantly negatively correlated

with mortality for the pure Coastal and Piedmont sources in Set 2.

DISCUSSION

Treatment effects

Treatment effects were not significant for either set in this experiment, indicating that

freezing injury would be the same regardless of preconditioning regime. This is similar to findings

by Hodge (1986) where family performance of shoot tips of loblolly pine was unaffected by

acclimation under artificial conditions.  The implication is that a single preconditioning treatment

could be applied to all families regardless of population; the response would be the same.  This

is advantageous if numerous progeny must be screened.  Biologically, differences in day vs.

night temperature lead to acclimation in loblolly (Levitt 1956); the trees may be genetically

predisposed to begin acclimated in response to particular stimuli (Perry et al. 1966, Levitt

1956).  The relatively short time of the acclimation treatment as well as no difference in

photoperiod in this study may also contribute to these results.

Population and family effects

Differences in cold hardiness are important among populations and families within each

population.  The seedlings with a Piedmont maternal parent had increased hardiness (less injury)

and higher survival relative to the other populations.  All the families in the bottom 1/3 ranking



48

for injury (e.g. most injured) had a Coastal mother in Set 1 and 15 of the families in the bottom

1/3 had a Coastal maternal parent in Set 2.  Eighteen out of 20 of the families with the least

injury in Set 1 and 15 out of 20 in Set 2 had a Piedmont maternal parent.  It would appear that

cold-hardiness is inherited maternally, and the P x C population is as cold hardy as the P x P

population.

The greater cold hardiness of the P x C hybrids relative to C x P crosses could be

reflective of maternal effects impacting growth and bud set.  Trees that had set a terminal bud

tended to be less injured than trees that had not set a terminal bud.  Bud set was also

significantly negatively correlated with survival; trees that set a terminal bud tended to have

higher survival and less injury.  These correlations were not observed in Set 1, the older

material, and would seem to support findings by Dormling and Johnsen (1992) who found that

maternal effects for Scots pine were significant for the first year only; after bud set and

regrowth, maternal effects were not significant for cold hardiness and growth traits.

The Piedmont parents used in in this study are from an area having 50-90 fewer frost

free days than the coastal parent (National Oceanic and Atmospheric Administration 1985).

Differences in injury scores between the populations probably result from differences in timing of

initiation of the acclimation process; P x C and P x P may begin acclimating sooner than the C x

C as part of their adaptive strategy.    More P x C hybrids had set buds at the end of the height

measurements than C x P hybrids.  This trend may be similar to coastal Douglas fir, where

hardening rates are similar among populations, but families initiate hardening at different times

(Aitken and Adams 1996).
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Families with the same maternal parent do not necessarily rank the same for injury

(Table 2.4) within or between the sets.  However, 4 Piedmont mother trees contributed 8 of the

most cold hardy families in both sets.  This is similar to findings with Scots pine and slash x

Caribbea pine hybrids; although there was family variation within the taxa, different mothers

were associated with hardy families (Aho 1994, Duncan 1994).  Alternatively, different families

may reach peak cold hardiness at different parts of the winter season.

Correlations between injury and size

In general size does not seem to affect cold hardiness; taller trees were not less cold

hardy than shorter.  Height is significantly correlated with injury for populations with a Piedmont

paternal parent in Set 2 (Table 2.6).  This poses some interesting questions.   One would expect

the C x C population also to exhibit the association of taller trees with higher injury.  Why is the

P x C population different?  The cause seems to be temporary; the populations in Set 1 do not

exhibit this significant correlation.    In Scots pine origin of pollen parent had a significant effect

on freezing injury, suggesting that early freeze testing can be used to evaluate frost hardiness of

seed orchard crops with pollen contamination (Aho 1994).  Volume index is not a good

indicator of cold hardiness at this stage of the trees’ development.

Differences between the two sets

The differences in injury between the sets can be attributed to several factors.  The first

is age.  The material in Set 2 is 6 months younger than the material in Set 1.  Seedlings in Set 1

had two growing seasons and overwintered outside in the Fall/Winter of 1997.   Seedlings in

Set 1 also had more lignified stem tissue; whereas the seedlings in Set 2 were more succulent.

Fijikawa et al. (1999) observed differences in freezing behavior associated with differences in



50

cell wall organization in several softwood species (Pinus, Crytomeria, Sciadopitys, and

Larix); trees with more lignified xylem ray parenchyma cells responded differently to freezing

than trees with thin, unlignified primary walls.  Additionally, the two sets of material are

physiologically different.  Younger trees are more susceptible to cold injury than older trees.

Also, the trees in Set 1 acclimated one fall and overwintered outside.

Results with Scots pine have indicated that maternal effects decrease after trees set first

bud and begin regrowth (Dormling and Johnsen 1992).  The trees in Set 1 had set two winter

buds, while the trees in Set 2 had set only one.  Further, the trees in Set 2 were placed in a

controlled temperature greenhouse ~24oC while they waited to undergo the acclimation

treatments.  This could have retarded the acclimation process somewhat (Nilsson and

Walfridson 1995), meaning that the trees in Set 1 were physiologically further along in the

acclimation process than the trees in Set 2.  These differences did not affect the overall ranking

of the populations.  The differences, however, may have affected the family rankings within each

population.  The families may differ in timing of acclimation, following a similar acclimation curve

but having different slopes.  Coastal Douglas fir has exhibited this pattern of fall cold hardening

(Aitken and Adams 1996).

Implications

The freezing treatment has shown that for loblolly pine seedlings, the  P x C hybrids are

as cold hardy as the pure P x P population.  Maternal factors may control timing of bud set for

initiating cold acclimation in loblolly for the first year.  Hybrids of jack pine provenances have

been created to maximize length of the growing season while attaining appreciable levels of

hardiness; jack pine hybrids are bred for longer growth and a predictable response to entering



51

dormancy (e.g. response to photoperiod and decreasing temperatures) (Magnussen and

Yeatman 1989).  In this study population rankings are the same for the two sets although there

are differences among families within populations.  Different mother trees are associated with

different cold hardy families within each population, suggesting that family or individual within

family selection might be the approach to maximizing genetic gain.   Based on these early results,

hardy families within populations,  exhibiting the growth rates of interest, may be selected for

deployment.
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Table 2.1.  Three acclimation treatments for preconditioning seedlings before freezing
treatment.

Daylength (h) Day temperature oC Night temperature oC Number of days
Treatment 1 9 20 16 21

9 15 12 7
9 10 6 14

Treatment 2 9 18 14 21
9 12 8 7
9 8 5 14

Treatment 3 9 16 12 21
9 11 7 7
9 6 2 14
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Table 2.2.  Mean squares of treatment effect (MS Trt), population effect (MS Pop), families within populations (MS Fam),
population x treatment interaction (MS TRT*Pop), and family x treatment interaction  (MS Trt*Fam) from the analysis of
variance for each set.

Trait MS TRT MS POP MS TRT*POP MS FAM MS TRT*FAM
____________________________________________________________________________________________________________

Set 1 Score 1         6.3 19917**    249.0   1098.2     786.3
Score 2   7988.9   9512.7**    428.3   1576.0**     772.9
Mortality         1.5         1.7*        0.07         0.39**         0.16

Set 2 Score 1   4737.3   6838.1**    400.4     944.5*     580.1
Score 2 10616.2 13357.7**  1125.7   2465.3**   1096.5
Mortality         0.48         4.75        2.4         2.0         2.3**

* Denotes significance at α = 0.05 level
**Denotes significance at α = 0.01 level
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Table 2.3.   Population means by set for the Coastal, C x P, P x C, and Piedmont
populations for injury I, injury II,  mortality, and total height in spring after injury (flush
ht) by set

Population Injury I (%) Injury II (%)       Mortality (%)        Flush Ht (cm)
SET 1
C x C 64.5  a 72.0  a 54.4  ab       79.2  a
C x P 50.1  b 74.0  a  58.8  a        75.8  ab
P x C 36.3  cd 56.8  b 33.3  c       76.8  ab
P x P 33.3  d 55.1  b   34.8  bc       74.3  b
Checklot 48.3  cb 62.8  ab 55.6  a       69.8  c
________________________________________________________________________

SET 2
C x C 67.8  a 60.6  ab 46.0 ab       71.4  a
C x P 63.5  ab 69.3  a 55.7 a       70.2  a
P x C 48.2  c 47.5  b 29.0 b       71.4  a
P x P 49.4  bc 47.4  b 30.0 b       68.9  a
Checklot 70.0  a 73.5  a 62.5 a       63.5  b

COMBINED SET
C x C 65.8  a 66.3  a 50.2  a       75.3  a
C x P 55.5  b 71.7  a 57.3  a                   73.1  ab
P x C 41.0  c 52.2  b 31.2  b                   74.2  ab
P x P 39.7  c 51.3  b 32.5  b       71.6  b
Checklot 56.1  ab 67.9  a 58.8  a       66.8  c

*Differences followed by the same letter are not significantly different
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Table 2.4.  Phenotypic family means by family, population and set for injury,
height, and mortality for Atlantic Coastal, Piedmont loblolly pine seedlings,
their hybrids, and an unimproved check sorted by height at the end of the 1997
growing season.

FAM SET POP Inj I Inj II HT FLUSH Mortality
74 1 PxP 22.14 32.86 67.00 78.57   0.00
81 1 PxP 20.56 37.78 64.11 73.67   0.00
72 1 PxP 23.50 38.50 65.00 75.80 20.00
46 1 PxC 26.11 38.89 66.89 78.89 11.11
50 1 PxC 23.89 40.00 66.33 79.22 33.33
65 1 PxC 33.89 42.22 75.67 84.78 11.11
76 1 PxP 23.89 43.89 66.00 76.11 22.22
40 1 CxP 22.22 46.67 63.11 74.44 33.33
54 1 PxC 23.89 48.89 69.56 78.67 22.22
61 1 PxC 26.11 48.89 66.22 75.22 11.11
70 1 PxP 33.89 49.44 65.89 78.00 22.22
47 1 PxC 27.78 50.00 58.89 69.22 22.22
58 1 PxC 38.33 52.22 62.22 74.44 22.22
42 1 CxP 63.67 52.78 64.56 78.67 44.44
75 1 PxP 38.00 53.00 64.00 75.90 30.00
9 1 CxC 58.89 53.89 69.00 81.22 33.33
10 1 CxC 64.44 54.44 73.89 81.56 33.33
53 1 PxC 23.89 54.44 66.78 78.33 44.44
19 1 CxC 75.00 55.56 66.67 77.56 22.22
43 1 PxC 47.22 55.56 64.11 73.33 33.33
3 1 CxC 51.67 56.67 74.44 81.67 44.44
30 1 CxP 32.78 56.67 66.00 77.89 11.11
69 1 PxP 43.33 56.67 64.44 76.67 33.33
77 1 PxP 38.89 60.00 67.33 75.11 44.44
80 1 PxP 32.22 61.11 64.44 73.33 44.44
31 1 CxP 40.00 61.67 70.11 80.78 44.44
88 1 PxP 38.33 61.67 60.44 75.44 44.44
82 1 PxP 46.67 62.78 56.78 66.78 55.56

CC7 1 CK 48.33 62.78 60.11 69.78 55.56
11 1 CxC 55.00 64.44 70.11 78.22 44.44
56 1 PxC 26.67 64.44 63.56 77.44 44.44
48 1 PxC 42.22 66.67 67.33 75.78 33.33
55 1 PxC 48.89 66.67 70.67 78.11 55.56
73 1 PxP 36.67 66.67 62.44 69.00 44.44
2 1 CxC 61.67 68.33 73.22 82.11 44.44
14 1 CxC 71.67 70.00 72.56 78.00 55.56
32 1 CxP 52.22 71.11 66.22 75.56 44.44
35 1 CxP 43.89 71.11 68.22 73.33 55.56
78 1 PxP 37.78 71.11 65.22 73.33 55.56
52 1 PxC 50.00 71.67 66.33 77.00 44.44
24 1 CxP 60.00 72.78 73.11 80.00 55.56
49 1 PxC 55.00 73.89 64.11 71.11 33.33
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Table 2.4. Continued

FAM SET POP Inj I Inj II HT FLUSH Mortality
79           1 PxP 15.00 75.56 62.89 75.89 11.11
6 1 CxC 75.00 77.22 65.89 71.00 55.56
63 1 PxC 50.00 77.22 75.56 79.89 77.78
41 1 CxP 58.33 77.78 67.00 75.00 55.56
27 1 CxP 65.00 78.89 56.89 70.56 44.44
1 1 CxC 62.22 81.11 76.33 78.89 66.67
23 1 CxP 38.89 81.11 72.11 80.00 77.78
15 1 CxC 73.33 82.22 77.89 85.11 66.67
28 1 CxP 66.67 83.33 74.22 78.56 66.67
86 1 PxP 46.67 83.33 66.22 70.89 88.89
38 1 CxP 57.22 86.11 66.11 73.11 77.78
17 1 CxC 68.33 86.67 74.33 78.67 66.67
39 1 CxP 67.78 86.67 67.89 72.78 88.89
20 1 CxC 57.22 88.89 71.78 76.78 77.78
21 1 CxC 50.94 89.38 69.88 77.31 81.25
25 1 CxP 56.67 90.00 66.44 74.56 88.89
7 1 CxC 75.56 91.11 76.44 81.67 88.89
22 1 CxP 53.89 91.11 67.33 71.33 88.89
82 2 PxP 25.00 17.78 33.00 62.00   0.00
47 2 PxC 40.83 18.33 43.89 70.89   0.00
72 2 PxP 33.33 24.44 41.78 65.89   0.00
3 2 CxC 61.25 30.00 46.57 76.00 14.29
10 2 CxC 49.17 33.89 43.11 73.33 22.22
32 2 CxP 48.33 36.25 40.00 69.00 12.50
69 2 PxP 56.00 36.67 39.78 66.67   0.00
79 2 PxP 52.50 40.56 43.22 70.78 22.22
21 2 CxC 39.29 41.00 48.10 71.50 20.00
43 2 PxC 57.50 41.11 47.78 71.00 22.22
77 2 PxP 35.83 41.25 38.88 72.50 25.00
9 2 CxC 60.00 41.67 44.44 73.00 22.22
54 2 PxC 31.67 42.50 46.63 69.38 25.00
56 2 PxC 37.50 43.13 42.25 69.88 25.00
73 2 PxP 40.83 43.33 45.22 70.44 11.11
81 2 PxP 55.00 43.33 42.89 74.67 33.33
58 2 PxC 41.67 43.75 40.50 69.25 37.50
78 2 PxP 46.67 46.25 41.88 67.50 25.00
46 2 PxC 53.33 47.78 42.89 75.22 33.33
49 2 PxC 45.00 47.78 43.78 68.11 22.22
52 2 PxC 52.50 48.13 40.13 66.88 25.00
61 2 PxC 53.33 48.89 47.67 71.33 22.22
24 2 CxP 41.43 50.00 46.60 68.00 40.00
63 2 PxC 70.83 50.00 50.78 73.56 11.11
70 2 PxP 40.83 50.00 45.33 68.00 33.33
48 2 PxC 50.83 51.11 48.11 70.11 44.44
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Table 2.4. Continued

FAM SET PROV Inj I Inj II HT FLUSH Mortality
80 2 PxP 53.33 52.22 44.33 77.56 44.44
15 2 CxC 69.38 52.73 46.73 68.18 36.36
88 2 PxP 41.67 52.78 47.89 69.56   44.44
30 2 CxP 57.50 53.33 45.44 71.00   33.33
75 2 PxP 41.67 53.33 40.00 68.89   44.44
53 2 PxC 30.00 53.89 48.33 75.78   33.33
50 2 PxC 51.67 56.56 41.67 73.44   33.33
74 2 PxP 67.50 57.78 46.78 65.00   44.44
11 2 CxC 61.67 58.75 49.13 69.50   37.50
42 2 CxP 62.00 58.75 44.50 70.13   37.50
27 2 CxP 63.33 60.00 47.88 69.13   50.00
65 2 PxC 45.00 60.00 48.00 72.89   44.44
7 2 CxC 71.67 61.11 47.56 75.11   44.44
20 2 CxC 73.33 63.33 50.00 77.78   44.44
19 2 CxC 75.71 65.00 40.90 70.70   40.00
76 2 PxP 75.00 66.11 45.33 64.00   44.44
25 2 CxP 73.33 67.50 48.00 70.88   50.00
23 2 CxP 52.50 67.78 48.00 71.33   66.67
31 2 CxP 70.83 67.78 43.44 63.33   33.33
22 2 CxP 54.17 68.89 49.89 74.22   44.44
55 2 PxC 57.50 68.89 48.00 72.33   55.56
6 2 CxC 72.50 72.22 46.56 70.11   66.67
17 2 CxC 76.67 72.50 48.75 68.38   62.50

CC7 2 CK 70.00 73.75 40.25 63.50   62.50
14 2 CxC 81.00 74.44 49.22 70.56   55.56
28 2 CxP 71.67 78.89 52.22 70.89   66.67
35 2 CxP 50.71 81.00 48.60 70.30   70.00
41 2 CxP 66.67 81.43 45.71 69.57   71.43
1 2 CxC 78.33 84.44 53.00 70.33   77.78
86 2 PxP 73.33 84.44 46.89 69.56   77.78
39 2 CxP 73.33 85.56 48.00 73.00   88.89
40 2 CxP 82.14 86.00 48.10 70.90   80.00
2 2 CxC 81.67 94.44 47.89 66.67 100.00
38 2 CxP 91.00 95.00 55.75 71.63   87.50

* Families are sorted by from least to most injured based on Injury II
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Table 2.5.  Narrow sense heritability estimates for Atlantic Coastal (C x C), Piedmont
(P x P) loblolly pine seedlings and their hybrids (C x P, and P x C) for cold injury and
survival for two sets of seedlings.  Standard errors of heritability estimates are given
in parentheses.

Trait Population Set 1 Set 2 Combined Set
Injury I C x C 0      (0) 0.24 (0.20) 0.36 (0.04)

C x P 0.47 (0.12) 0.62 (0.20) 0      (0)
P x C 0.26 (0.08) 0.06 (0.13) 0.29 (0.05)
P x P 0.04 (0) 0.57 (0.20) 0      (0)

Injury II C x C 0.60 (0.15) 0.70 (0.32) 0.40 (0.11)
C x P 0.68 (0.15) 0.29 (0.13) 0.20 (0.06)
P x C 0.30 (0.12) 0      (0) 0.04 (0.04)
P x P 0.35 (0.12) 0.55 (0.13) 0.27 (0.06)

Survival C x C 0.29 (0.07) 0.37 (0.18) 0.31 (0.04)
C x P 0.67 (0.15) 0.43 (0.12) 0.24 (0.08)
P x C 0.33 (0.08) 0      (0) 0.18 (0.08)
P x P 0.61 (0.18) 0.68 (0.16) 0.21 (0.09)
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Table 2.6.  Family mean correlations (Pearson coefficients) between injury scores and  height, bud set,
volume, and diameter for Atlantic Coastal (C x C), Piedmont (P x P) loblolly pine seedlings and their
hybrids (C x P and P x C).

Population:  Atlantic Coastal

  injury II total ht bud set diameter volume mortality
_______________________________________________________________________
    SET
injury I 0.14 0.04 -0.12   0.21 -0.42   0.01
injury II 0.33 -0.36   0.22  0.35   0.95**

bud set                          -0.12  0.18  -0.33
   SET 2
injury I 0.83** 0.29             -0.57*               -0.20 -0.22   0.77**

injury II 0.46             -0.70**              -0.18  0.14   0.96**

bud set                           0.43 -0.11 -0.72**

________________________________________________________________________________

Population:  Coastal x Piedmont

  injury II total ht bud set diameter volume mortality
________________________________________________________________________________
    SET 1
injury I 0.59* 0.03 -0.45 -0.39 -0.34 0.49
injury II 0.21 -0.28 -0.23 -0.09 0.86**

bud set  0.39   0.24           -0.12
   SET 2
injury I 0.78** 0.52*              -0.09               0.02  0.53**           0.60*

injury II 0.73**             -0.09             -0.06  0.47              0.92 **

bud set                        -0.40               -0.11            -0.05
________________________________________________________________________________

Population:   Piedmont x Coastal

  injury II total ht bud set diameter volume  mortality
________________________________________________________________________________
    SET 1
injury I 0.77** 0.17 -0.44   0.07  0.26  0.51
injury II 0.10 -0.23 -0.04  0.14  0.77**

bud set  -0.71** -0.87 ** -0.36
   SET 2
injury I 0.28  0.27 -0.21   0.03  0.21  0.01
injury II 0.29 -0.31 -0.26 -0.15  0.80**

bud set    0.37  -0.35   -0.14
_________________________________________________________________________________

Population:   Piedmont x Piedmont

  injury II total ht bud set diameter volume mortality
________________________________________________________________________________
    SET 1
injury I 0.50* -0.27  0.33  0.06 -0.26 0.83**

injury II -0.25*  0.07 -0.04 -0.10 0.77**

bud set -0.07 -0.18 0.12
   SET 2
injury I 0.78** 0.60* -0.64** -0.04 0.34 0.64**

injury II 0.72** -0.67** -0.26 0.44 0.93**

bud set -0.29            -0.57*            -0.51*

_________________________________________________________________________________

*  Denotes significance at α = 0.05 level
** Denotes significance at α = 0.01 level
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Figure 2.1.  Plot of population means and ranges of the first injury measurement for
loblolly seedlings of the Atlantic Coastal Plain (C x C), Piedmont (P x P) and their
hybrids (C x P and P x C)

Detail 2.1b.  Mean Injury I by population for loblolly pine 
seedlings in Set 2.   
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Detail 2.1a.  Mean Injury I by population for loblolly pine 
seedlings in Set 1.

0

10

20

30

40

50

60

70

80

C x C C x P P x C P x P

population

%
 fo

lia
ge

 b
ro

w
n



64

Figure 2.2.  Plot of mean Injury II for loblolly seedlings of the Atlantic Coastal Plain (C
x C), Piedmont (P x P) and their hybrids (C x P and P x C)

Detail 2.2a.  Mean Injury II by population for loblolly pine 
seedlings in Set 1.  
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Detail 2.2b.  Mean Injury II by population for loblolly pine 
seedlings in Set 2.    
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Figure 2.3.  Plot of mean Injury I vs height before treatment of Atlantic Coastal (C x C)
and Piedmont (P x P) loblolly pine seedlings and their hybrids (C x P and P x C).

Detail 2.3a.  Plot of mean injury I (% foliage brown) vs height 
before treatment for seedlings in Set 1.
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Detail 2.3b.  Mean injury I (% foliage brown) vs height before 
treatment for seedlings in Set 2.
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Figure 2.4.  Plot of mean injury II vs height before treatment of Atlantic Coastal (C x
C) and Piedmont (P x P) loblolly pine seedlings and their hybrids (C x P and P  x C).

Detail 2.4a.  Plot of mean injury II vs mean height before 
treatment for loblolly pine seedlings in Set 1
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Detail 2.4b.  Plot of mean injury II vs total height before 
treatment for loblolly pine seedlings in Set 2.
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SUMMARY

Based on the results of this study comparing growth, cold hardiness, and the correlation

of the characteristics, it would appear that there could be an advantage to deploying P x C

hybrids or Piedmont (P x P) families on the more adverse (e.g. colder—Piedmont, cold area)

sites.  On the milder sites, deployment of C x P or hardy Coastal (C x C) families would seem

appropriate.  There is variation among families within the source for cold hardiness, so the

growth superiority of the Coastal source can be retained with little loss in cold hardiness.

Another point to consider is that the hybrids utilized in this study were generated from "average"

pollen sources within the population.  More height gain or increased hardiness could result from

generation of pure or hybrid strains utilizing pollen from selected Coastal families that have

demonstrated high levels of cold hardiness combined with the desired faster growth.

On average Coastal (C x C) families were the tallest, and Piedmont (P x P) families

were the shortest of the improved seedlings; the hybrids were intermediate, and all improved

sources were taller than the check.

It was determined that injury was not significantly different based on acclimation

treatment.  Seedlings would behave similarly regardless of preconditioning treatment.

Differences in injury among the populations and families within populations probably result from

differences in timing of initiation of the acclimation process.  Initiation of acclimation starts as a

response to decreasing daylight.  It has been found that latitude of origin of the seed, the length

of the frost-free period where the seed originated, and duration of growing season impact

growth cessation of loblolly pine (Perry 1965).  This could mean that trees with a Piedmont

maternal parent are more sensitive to changing photoperiod, the signal triggering the onset of
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dormancy, than the sources with a Coastal maternal parent, enabling them to begin hardening

sooner.  The differences between the  provenances are interesting because they occur at

essentially the same latitude.
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APPENDICES
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Appendix A.  Natural Range of loblolly pine
(Pinus taeda L.)
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Appendix B.  Phenotypic familiy means for height and seed weight and phenotypic
family mean correlations for seed weight and total seedling height for loblolly pine
seedlings representing 4 populations (C x C, C x P, P x C, and P x P).

Population Height(cm) Weight (g)       rAg
1

C x C   59.33   0.33 0.1153  (0.05)

C x P   57.62   0.32 0.1069  (0.07)

P x C   55.57   0.38 0.0356  (0.54)

P x P   53.11              0.37            -0.0812  (0.16)

1Probabilities associated with rAg are in parentheses.
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Interior Highlands

Mississippi Delta

Interior Low Plateau

Appalachian Highlands
and Plateau

Valley and Ridge

Blue Ridge

Piedmont

Coastal Plain

Sandhills

Gulf and Atlantic
Flatwoods

South Florida Flatwoods

Appendix C.  Physiographic regions of the Southeastern United States (Pait, et al. 1991).
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Appendix D.  Sample climates at locations in three of the four deployment regions.

-----------------------------------Coldest Month-----------------------------------

Deployment Region Data from (city, state)      Avg Temp (oC )     Min Temp (oC) Days at Freezing

Cold Areas Savannah, TN      4         -22 22

Fall Line Augusta, GA      7          -17 17

Piedmont Greensboro, NC      3          -22 22

Deployment Region Data from (city, state)    -----Avg Fall Temp-------   ------Min Fall Tem------
Aug Sep Oct Nov Aug Sep Oct Nov

Cold Areas Savannah, TN 26 22 16 10 18 15 8 3

Fall Line Augusta, GA 26 24 18 12 21 18 10 5

Piedmont Greensboro, NC 24 21 15 9 19 15 8 3
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Appendix E.  Description of phytotron B-Chambers

Growing area:  3 m2 with a vertical clearance of 2.13 m.

Temperature:  Air temperatures can be selected over a range of 5-40oC, with 2 B-Chambers
allowing temperatures of –10oC.  Air temperatures are sensed by a type T, 24- gauge
thermocouple mounted in a shielded aspirated housing.  The control sensor is usually a
resistance element , also mounted in the aspirated housing.  Two or three additional sensors may
be placed in strategic locations to act as lead-lag elements for the room sensor.  The
temperature controls are adjusted until the thermocouple outputs, measured with an expanded
scale, Leeds and Northrup potentiometric recorder or a digital read-out device, coincides with
the temperature conditions desired by the investigator.  Each chamber is equipped with a
Partlow round-chart recorder operated from a hydraulic temperature sensor located in the
return air duct.

Lighting:  Combination of T-12, 1500 ma, cool-white fluorescent and 100 W incandescent
lamps.
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