
ABSTRACT

BELONGER, PAUL JAMES.  Variation of selected juvenile wood properties in four
southern provenances of loblolly pine.  (Under the direction of Steven E. McKeand.)

Gravimetric wood density, x-ray densitometry, and latewood tracheids were used to

investigate the relative importance of genetic and environmental effects on various

assessments of wood density, tracheid characteristics, and growth traits in loblolly pine

(Pinus taeda L.).  Breast-height wood samples were taken from four 12–year–old plantings

of a genetics trial that included approximately 50 open-pollinated families of loblolly pine

from diverse sources.  The densitometry and tracheid analysis included wood samples from

only two of the test sites and assessed variation in 51 families, and 38 families, respectively.

Moderate provenance differences, but strong family and environmental differences were

found for wood density and volume, and the pooled genetic correlation between volume and

density was -0.30.  The Atlantic Coastal and Lower Gulf sources had higher average wood

density than the Marion County and Gulf Hammock sources, and the Lower Gulf source had

the lowest stem volume.  Provenance variation in wood density was not consistent with

geographic trends indicating a need for field testing in the area of intended deployment.

Location effects were very important and sites which promoted high volume production

also appeared to cause low wood density.  Strategies are available to combat the unfavorable

negative environmental correlation (-0.91, P < 0.01) between stem volume and wood

density.

Provenance variation was important for disk densities of early ring segments, but

diminished with age and was not significant (P > 0.10) beyond the segment consisting of

rings 3-6.  Pooled narrow-sense heritability estimates for the consecutive-ring group disk

densities ranged from 0.142 to 0.225, and all groups were highly correlated with average



(tree) disk density (rA > 0.90).  Mean latewood density and mean latewood percent both

showed a strong positive genetic correlation with average disk density and the disk

density of the ring 3-5 segment.  Early selection for disk density can be effective.

The transition to “mature” wood occurred at ring number 5.9 at the flatwoods location

with higher wood density and ring number 8.9 at the upland test site with lower density.

The point of transition also showed a strong provenance component (P < 0.05); the higher

density Atlantic Coastal and Lower Gulf Coastal Plain sources transitioned sooner than

the lower density Gulf Hammock and Marion County sources.

Trachied length, total diameter, lumen diameter, and cell wall thickness were

measured using outer-ring latewood tracheids.  Of the trachied traits, only cell wall

thickness showed a marginal location effect (P < 0.10).  Measured in the middle-third of

the cells, tracheids sampled at the Florida location were about 11% larger in total

diameter, lumen diameter, and cell wall thickness, but no difference was detected for

tracheid length.  Provenance differences were strongest for cell wall thickness (P < 0.01)

and marginally important for tracheid length (P < 0.16) and total cell diameter (P < 0.18).

Variation among families within provenances was large (P < 0.01 for all tracheid

traits) and resulted in relatively high narrow-sense heritability estimates of 0.58 for

length, 0.34 for total diameter, 0.22 for lumen diameter, and 0.37 for cell wall thickness.

The genetic correlations among these traits were all greater than 0.69 except the

correlation between length and lumen diameter which was 0.42.  Measurement of

tracheid length can be used to assess family differences for cell diameter and cell wall

thickness.



None of the tracheid traits were strongly correlated with average disk density or the

disk density of rings 3-5.  Therefore, genetic selection for high average density in 10 to

12 year-old loblolly pines from the provenances studied here will not produce a

predictable pattern in the character of outer-ring latewood tracheids.
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CHAPTER ONE

Variation in selected juvenile wood properties in four southern provenances of
loblolly pine: A literature review

by

Paul J. Belonger
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Introduction

While the United States accounts for only 6% of the world’s total forest area, 25.5% of

the world’s roundwood is produced here (Cubbage and Abt 1998). The South accounts

for about 55% of US timber harvests and produces more industrial roundwood than any

other region in the world. Much of this production is generated by southern plantations

which account for nearly one-half of the world’s total plantation acreage.

In the South, elevated localized demand for wood in high use areas coupled with

anticipated national consumptive increases is projected to create a real annual upward

price pressure on forest stumpage (Cubbage and Abt 1998). The single most important

cost in the manufacture of pulp is wood cost, and a similar case can be presented for solid

wood products (Arnold 1995). Therefore, maximizing wood production in fast growing

plantations will continue to be emphasized. There may be a large hidden cost in the

quality of the wood produced, however. The wood quality of fast growing pines

produced in southern plantations was brought into question nearly 40 years ago by Zobel

et al. (1959), more recently by others (Blair and Olson 1984; Zobel 1975; Zobel and Blair

1976; Pearson and Gilmore 1971) and remains a contentious issue today (Zobel and Jett

1995).
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Juvenile and Compression Wood

The most significant concerns are related to the size and wood quality of the juvenile

core of plantation grown southern pine trees. In loblolly pine (Pinus taedaL.), juvenile

wood normally occupies the inner 6 to 14 growth rings depending largely on geographic

location with trees grown in more northern and inland locations exhibiting the longest

periods of juvenility (Clark and Saucier 1991). A related trend has been noted for

average wood density, wherein it generally decreases from South to North and from the

coastal plain inland to the Piedmont (Jett et al. 1991; Zobel et al. 1972; Saucier and Taras

1969; for slash pine by Goddard and Strickland 1962). While in most cases trees younger

than 10 years produce essentially all juvenile wood, the wood produced in the tops and

branches of mature trees is likewise all of juvenile character (Zobel and van Buijtenen

1989). Crown wood, as juvenile wood is frequently called, is characterized by low wood

density, low latewood percent, short thin-walled tracheids, and large microfibril angle

(Smook 1992; Zobel and van Buijtenen 1989; Haygreen and Bowyer 1996).

The characteristics of juvenile wood are similar to those of abnormally formed reaction

wood, called compression wood, which is further characterized as having a higher than

normal lignin content and rounded, thick-walled cells. Compression wood is most

prevalent in trees that do not have straight boles and is also associated with knots and

steep-angle branches. As a consequence, selection and breeding for straight trees with

good crown and branching habit is one of the most effective approaches to alleviating the

effects of compression wood (Shelbourne and Stonecypher 1971). Young trees have

large proportions of compression wood cells and separation of these cells from juvenile

wood cells is often not possible (Zobel 1980). In general, the characteristics of juvenile
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wood, and even more so compression wood, are undesirable for many forest products

(Dinus and Welt 1997).

Zobel (1980) further summarized some of the characteristics of juvenile wood of hard

pines as follows:

1. Juvenile wood essentially forms a cylinder from the base of the tree to the crown as

determined by the number of rings from the pith.

2. The shift from juvenile wood to mature wood production occurs over several years.

During this transition period the wood formed is considered part of the juvenile

core.

3. Low wood density associated with juvenile wood results primarily from thin-

walled cells and the relative absence of normal latewood cells. These

characteristics result in solid wood products having diminished strength properties.

4. Tracheid length is short near the pith (less than 2 mm long) and increases rapidly

toward mature wood, where it stabilizes (3-4 mm) to some extent.

5. Sawn wood is unstable when dried because of longitudinal shrinkage that results

from relatively flat microfibril angles.

6. Because juvenile wood has a different chemical composition, it pulps differently

than mature wood.

7. The low density and chemical composition of juvenile wood results in 5-15% less

pulp yield compared to mature wood (Zobel and van Buijtenen 1989).

Juvenile wood formation is not, strictly speaking, the result of fast growth. Rather it is

a function of the age of the cambium that produced the wood (Larson 1969; Pearson et al.

1980). Fast growth typically results in a larger juvenile core. Since fast grown trees
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attain merchantable size sooner, they are often harvested at younger ages and contain

higher proportions of juvenile wood (Senft et al. 1985). About 60% of the total wood

volume in a 20 year-old loblolly pine stand was juvenile wood and only 20% of the wood

was classified as juvenile by age 40 (Zobel et al. 1965). Fast grown trees can essentially

be regarded as a distinct subspecies with their own characteristics and properties (Pearson

and Gilmore 1980).

Wood Density

Wood density is defined as the ratio of the dry weight of wood to its volume and is

normally expressed as kilograms per cubic meter (kg/m3) or pounds per cubic foot

(lb/ft3). Specific gravity on the other hand is the ratio of the dry weight of wood

substance to the weight of an equal volume of distilled water at 40 C. Using the metric

system, wood density and specific gravity are easily converted. When wood density is

expressed in kg/m3, division by 1000 produces the equivalent specific gravity value. For

example, 425 kg/m3 equals a specific gravity of 0.425.

Because of the numerous efforts investigating wood density, its variation, can be

described in terms of geographic, tree-to-tree, within tree, and within annual ring

components. Fortunately, investigators have found that breast height sampling is

acceptable for estimating average tree wood density, characterizing tree-to-tree

variability, and studying the inheritance of wood density (Zobel et al. 1960; Wahlgren and

Fassnacht 1959). Zobel and van Buijtenen (1989) reported an average correlation

coefficient of 0.8 between breast height samples and whole-tree density for many

conifers.
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Geographic variation was briefly noted above in terms of north/south and

inland/coastal gradients (Jett et al. 1991; Goddard and Strickland 1962). The differences

are most evident near the edges of the natural range of loblolly pine with more northern

and inland locations showing a 5-8% reduction in wood density (Megraw 1985).

Environmental effects accounted for 32% of the total variation in wood density among

seven loblolly pine trials planted across the South (Jett et al. 1991) and were even greater

(73% of the total variation) in a series of tests in the lower Coastal Plain (Belonger et al.

1996). These geographic trends are a function of environmental factors such as

temperature, rainfall pattern, soil type, and length of growing season (Mitchell 1964).

Since latewood is a key element of wood density, several studies have considered the

mechanism that triggers the onset of latewood production relative to geographic location,

for instance, seasonal and annual rainfall patterns and growing season length. Factors

such as soil moisture stress brought on by a sustained period of summer-time drought

(Cregg et al. 1988) and slowing or cessation of height growth (Larson 1969;

Jayawickrama et al. 1997) are instrumental in initiating the production of latewood cells.

Cregg et al. (1988) presented evidence, however, that late summer rain following a wet

growing season could extend the period of latewood production, thus compensating for a

delayed transition from earlywood. Such speculation helps explain the general

geographic trends noted above and the pocket of high wood density in north-peninsular

Florida where the climate is characterized by late summer rains.

Tree-to-tree variation for wood density within a stand is generally more dramatic than

geographic differences (Zobel and van Buijtenen 1989). Such differences can be

explained in part by varying growth rates. Aside from genetic makeup (see genetic
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component of wood properties below), differences in growth rate among trees within a

stand are caused primarily by the microenvironment in which the trees are growing.

Influences such as herbaceous and woody competition, nutrient availability, soil texture

and drainage, and seasonal soil moisture patterns act to stimulate the growth of some

trees and inhibit the growth of others. In even-aged stands these differential growth rates

sometimes result in trees with drastic differences in the size of their juvenile cores since

juvenile wood formation is largely a function of cambium age and not simply distance

from the pith. In stands where tree age varies by say, two to four years, like those

resulting from natural regeneration, other factors come into play. For instance, seed

germination rates, annual growth rhythm, and seed dispersal over two or more years can

provide some trees with an early growth advantage and put others at an extreme

competitive disadvantage.

It has been shown that thinning, if not extreme, causes a minimal change in the density

of growth rings formed following treatment (Megraw 1985; Taylor and Burton 1982). In

the case of truly selective thinnings of genetically improved plantations, the harvested

wood is usually much more similar in its wood properties compared to those of trees cut

during a row thinning or a final harvest from an unthinned stand. This is largely because

most of the thinned trees would have predominantly juvenile wood and would have

occupied intermediate positions in the stand canopy and, therefore, have similar radial

density profiles (Zobel and van Buijtenen 1989). However, if a thinning operation is

conducted in a natural stand, a genetically unimproved plantation, or a stand with

moderate to high infection from fusiform rust, many of the removed trees will have

considerably more compression wood and other stem defects (Pearson et al. 1980; Blair
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et al. 1974) causing much tree-to-tree variability in wood properties. Clark and Saucier

(1991) suggested that forest management strategies that include high initial planting

densities followed by later thinning will improve tree quality by limiting knot size and the

diameter of the juvenile core. The result of all silvicultural thinnings should be a final

harvest comprised of trees with more similar wood characteristics compared to that from

an unthinned stand, with a larger proportion of clear mature wood.

In general, the effects of fertilization on wood density are more varied and

controversial than the impact of proper thinning. This is particularly so in the case of

large amounts of nitrogenous fertilizers (Zobel and van Buijtenen 1989; Megraw 1985).

Zobel and van Buijtenen (1989) summarized the effect of fertilization on wood density of

conifers as reported by numerous researchers as follows:

1. The greatest change in wood density is caused by nitrogen. Some reports show

negative effects from the use of phosphorous alone and in combination with

nitrogen.

2. Nitrogen has been shown to extend the transition to mature wood formation.

3. Fertilization frequently increases the earlywood – latewood ratio.

4. In some instances, fertilization improves within-ring uniformity by increasing the

thickness of earlywood cells and decreasing the thickness of latewood cells.

5. If nitrogen is used, it is best applied as frequent, light applications to produce the

best solid wood products.

6. The added value of greater wood volume more than compensates the occasional

negative effect of fertilizers on wood properties.
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Similar trends were recognized by Megraw (1986). However, his summary of nitrogen

fertilization effects on wood density of loblolly pine pointed to a different response for

young trees (less than 6 years old) compared to older trees (16+ years old). In all five

studies involving the younger trees, nitrogen had no effect on wood density, while in all

six of the studies of older trees, a negative response was reported for up to seven years

following treatment. Megraw suggested that as long as the wood is under direct influence

of the crown, fertilization of loblolly pine, and perhaps slash pine, may have minimal

impact on wood density. The impact of fertilization observed in the wood of the crown

of mature trees supported this hypothesis. Another study summarized by Megraw (1986)

included fertilization at age 6 years followed by a second application at age 14 years. No

effect on wood density was observed following either treatment.

Within-tree differences in wood density from base to crown and within annual rings

presents perhaps the greatest amount of variation. Although complex and very difficult to

elucidate, it’s believed that the crown of a tree through its metabolic activities invokes

dramatic changes during the wood formation process (Larson 1969). As a consequence

of perhaps nothing more than transport distance, those forces are most evident in the

properties of the wood produced within the tree crown itself. The influence of the live

crown is what gives validity to the notion of top or crown wood and helps explain the

consistency of its properties with those of juvenile wood in the lower bole (Zobel and van

Buijtenen 1989). It also helps define the conical shape of the juvenile core of mature

conifers; a broad base narrowing with increasing height to include the entire crown

(Zobel et al. 1959). Average radial density therefore, decreases from the base of the tree
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to the crown, and at any point along the bole of the tree will have a similar density profile

from pith to bark given the age of the cambium.

Visual within-ring differences due to earlywood and latewood cell types are obvious.

Causes for this contributing source of variability are explained below (see Cellular

Traits). The most notable are density differences; earlywood ~ 300 kg/m3 and latewood ~

650 kg/m3. As the cambium ages, the percent of latewood produced within a ring

increases. The greatest change occurs during transition from juvenile to mature wood

formation. Subsequent to transition, the ratio remains relatively steady with some

changes resulting from cultural treatments like thinning and fertilization (Larson 1969;

Schmidtling 1973; Pearson et al. 1980; Taylor and Burton 1982; Clark and Saucier 1991).

Wood Density and Forest Products

The amount of juvenile wood surrounding the pith of southern pines is important to

both of the primary forest products sectors, pulp and paper and solid wood. For paper

properties, high density generally indicates lower tensile, burst, and fold strengths, greater

bulk, and higher tear strength (Smook 1992). Equally important is the effect of density

on pulp yield. Since wood density is largely determined by the amount of latewood cell

wall material, it follows that dense wood will generally yield more pulp than less dense

wood. However, because of the nature of groundwood mechanical pulping, processing of

high density wood often results in reduced pulp yield compared to other pulping options.

And, although fast grown trees with lower wood density have been shown to produce

more dry weight than more slowly grown trees with higher wood density (Belonger et al.
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1996), the harvest, transportation, and manufacturing costs are often greater for lower

density tress (Borralho et al. 1993).

Further, while a steady furnish of large quantities of juvenile wood is not necessarily

bad for a pulp mill, a problem arises from mixtures of relatively high density and low

density wood necessitating wood yard management and separate cook times to maximize

yields (Dinus and Welt 1997). In general, these differences arise primarily from the tight

spacing, slower growth, and consequently longer rotation lengths of often under-managed

natural stands compared to plantations (Ruark et al. 1991). Zobel et al. (1972) reported

that the wood density of trees grown in plantations is nearly always 20 to 40 kg/m3 less

than that of trees of the same age grown in natural stands under similar environmental

conditions. As plantation forestry becomes more and more prevalent such drastic

differences could diminish. However, in the wake of the intensive silvicultural treatments

being made by forest industry, such differences may in fact continue to exist unless many

of the non-industrial private land owners convert to fast growing pine plantations.

Another consideration will always be wood produced from thinnings (lower density)

versus rotation age trees (higher density).

As noted, the properties of crown wood are not disdained for all wood uses, for

instance, writing papers, newsprint, and some tissues (Zobel and Blair 1976). In fact, it

was recognized early on by Kirk et al. (1972) that the relatively short cells of juvenile

wood from the southern pines could be used as a substitute for hardwood fiber in pulp

and paper producing mills. However, when printability and opacity are important, the

juvenile wood from pines is a poor substitute for hardwood fibers. In general, then,

juvenile wood is not desirable because pulp yield is largely a function of wood density.
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High density is desired, and juvenile wood is characterized by low density relative to

mature outer wood.

Managers of mills producing solid wood products, especially dimensional lumber are

keenly interested in wood density, growth rings per inch, and the microfibril angle of the

trees in their furnish. The density of the wood and the number of rings per inch directly

affect strength properties while rings per inch and microfibril angle contribute to

dimensional stability. While fast growth adversely affects rings per inch and microfibril

angle, the relationship between growth and wood density is controversial (see Growth

Rate and Wood Density below). Reports can be found supporting all three genetic and

phenotypic relationships between growth and wood density; negative, positive, and no

correlation (Zobel and Jett 1995).

The effect of the juvenile core was evident in a study by Bendtsen and Senft (1986)

where they found the mechanical properties of juvenile wood ranged from 47% to 63% of

those for mature wood in the same trees. They attributed these differences to the tracheid

length, fibril angle, and radial increase in wood density. A similar result was reported by

Pearson and Gilmore (1980) where large lumber strength differences were found in a

study including wood sampled from three distinctly different sources (41 year-old natural

stand, 25 year-old plantation, and 15 year-old plantation) of loblolly pine, all sampled

within 5 miles of each other. Average DBH for trees from the three forest stands ranged

from 10.6 to 11.7 inches. Despite this similarity, the static bending modulus of elasticity

(MOE) and modulus of rupture (MOR) for wood cut from the outer rings of trees from

the 15 year-old stand were 60% and 77% of the same measures, respectively, for outer

rings cut from the 41 year-old stand. Similarly the MOE and MOR comparing the young
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stand to the intermediate aged stand were 93% and 90%, respectively. Similar

differences were found for other strength properties. These differences can be largely

attributed to the average size of the juvenile core found in each stand; 6%, 21%, and 43%,

respectively (oldest to youngest), of breast height diameter. Pearson and Gilmore made

the point that had the younger trees been allowed to grow they would have produced

wood of the same quality, and probably in greater quantity, as the older trees in their

study. The fact remains, however, that the sooner trees attain merchantable size, the

sooner they are likely to be harvested regardless of the juvenile core to mature outerwood

ratio.

Cellular Traits

Conifer wood fiber is primarily comprised of earlywood and latewood type cells. Each

tracheid is a two-walled cell, primary and secondary, both of which are made up of

bundles of cellulose molecules called microfibrils (Smook 1992). The secondary (S) wall

is dominant in terms of thickness and consists of three layers: S1, S2 and S3. The middle

layer is most pronounced often accounting for more than 50% of tracheid diameter in

latewood cells. The thickness of layers other than the S2 layer remain relatively constant

from one tracheid to another (McIntosh 1970). Therefore, the difference in wall thickness

between a thin-walled tracheid and one with thick walls is accounted for by the thickness

of the S2 layer. Further, the orientation of the microfibrils is of little practical concern in

all cell wall layers except the S2 layer where they are oriented parallel to each other and

inclined about 50-450 relative to the long axis of the tracheid.
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While commonly referred to as an individual trait, wood density is actually a

composite of several wood properties (Larson 1969; Zobel and van Buijtenen 1989).

Most notable are percent latewood, cell wall thickness, and cell diameter. The cell walls

are very dense (~ 1500 kg/m3; van Buijtenen 1969) and consist of cellulose produced by

the assimilation of photosynthate (Larson 1969). Further, because the cell walls of

latewood are much thicker than those of earlywood, the former play a larger role in

determining the wood density of a tree.

Percent latewood together with cell wall thickness and lumen diameter interact to

affect wood density. Since latewood cell walls are much thicker than those of earlywood

it follows that the higher the latewood–earlywood ratio the higher will be the density of

the wood. For a given equal latewood percent, a tree with thicker-walled latewood cells

will have a higher wood density than a tree with thinner-walled cells. However, the third

element, lumen diameter, must also be considered. Again, if we assume two trees with

the same latewood percent and, this time, with the same thickness of latewood cell walls,

the tree with smaller lumens will have a greater proportion of its wood comprised of cell

wall material and therefore will have a higher wood density.

Three elements pertinent to tracheid development and morphology will be briefly

discussed; cell diameter, cell wall thickening, and cell length. Several researchers, by

manipulating photoperiod, light intensity, and water stress, have drawn the conclusion

that radial diameter and secondary wall thickness vary independently (see Zimmermann

and Brown 1980). A hypothesis proffered by Larson (1969) suggests that during early-

season growth, auxin is translocated from the live crown in a decreasing gradient down

the stem cambial layer. The effect of this event is to produce wide diameter cells at all
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points of influence in the cambium. At the same time, the developing needles in the

crown are acting as a metabolic sink for the photosynthate being produced. As crown

growth slows in late summer so does the downward movement of auxin, and as a

consequence narrower cells are formed. At approximately the same time, the needles

reach “maturity” and become net exporters of photosynthate.

The photosynthate is transported down the secondary phloem (inner bark) and used in

the synthesis of cell wall (cellulose) material. The result is thicker-walled cells.

Although presented as distinct influences, Larson and others (see Zimmermann and

Brown 1980) suspect that auxin and photosynthate interact in the cell differentiation

process, perhaps with gibberellin and other growth factors, to affect the character of

tracheids.

The decrease in radial diameter and increase in wall thickness that signals the

formation of latewood cells begins at the base of the tree and progresses upward as the

season advances (Larson 1969). Thus the juvenile character of wood produced in and just

below the crown is maintained while wood of mature character nearer the base of the tree

is produced. Larson explained that the independence of these two physiological events

means that latewood cells can be produced as a consequence of either i) cell wall

thickening with no decrease in cell diameter, ii) a decrease in cell wall diameter with no

change in wall thickness, or iii) the combined effect of the two events. Further, Larson

explained the properties of any given tracheid as being the product of a time-space

continuum. The tracheid’s distance from the crown (and related hormonal influence), the

age of the cambium that produced the tracheid, and its time of formation within the

growing season all interact to determine its morphology.
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Of course, tree growth does not occur in a vacuum; environmental forces play a

significant role in wood formation. Any environmental conditions that enhance shoot

elongation and foliage production and development will stimulate the production of high

levels of auxin resulting in cell differentiation into large diameter, earlywood-type cells,

and, as photosynthate exceeds needs in the needles, thicker-walled cells (Zimmermann

and Brown 1980). Fortunately for tree breeders, as with wood density, tangential cell

diameters measured using wood samples taken near breast height are well correlated with

whole tree values (Wheeler et al. 1966).

Although somewhat arbitrary and at times difficult to apply to juvenile wood, Mork’s

1928 definition of a latewood cell, cited by Zobel and Talbert (p. 378, 1984), as one

having a double wall thickness that is greater than or equal to the width of its lumen is

acceptable for breast height wood samples taken from trees that are approaching or have

surpassed transition age for wood density. In such cases latewood cells are evident

following the abrupt transition from radially wide thin-walled (earlywood) cells to

radially narrower, thick-walled cells.

Megraw (1985) summarized the processes at work during growth in the bole of a tree

related to tracheid formation, especially tracheid length. He explained growth as resulting

from the division of cells in the cambial layer in two fundamentally different ways, i)

from periclinal divisions responsible for growth in diameter and ii) anticlinal divisions

resulting in circumferential expansion of the cambium. The thin cambium, believed to be

a single cell in width, consists of cells called cambial initials. In periclinal division, a

given cambial initial repeatedly divides during the active growing season, each time

forming another cambial initial and either a xylem (wood) cell on the pith side or a
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phloem cell on the outer side which eventually dies and becomes bark. During periods of

very rapid growth, the newly formed xylem and phloem cells can themselves divide into

two cells of near equal size. The other primary type of cell division, Pseudotransverse,

gives rise to two new cambial initials and a subsequent increase in the girth of the tree.

A critical factor determining the length of a newly formed tracheid is the length of the

cambial initial from which it developed. For coniferous species, only 5-10% of tracheid

elongation occurs following cambial division (Bailey and Sheppard (1915) as cited by

Megraw (1985)). The two cambial initials resulting from anticlinal division initially are

about one-half the length of their parent cell. They immediately begin to grow with the

potential to attain the approximate length of the original cell. As a consequence of rapid

tree growth, the cambial initials may begin periclinal division before attaining full length.

The result is shorter tracheids. It also then stands to reason that earlywood cells should be

somewhat shorter than latewood cells, especially during periods of rapid growth as in the

case of juvenile wood.

Tracheid length, unlike wood density, increases rapidly from year one attaining

transition to mature characteristics between (cambium) age 10 and 20 years, and may

continue to gradually increase over time or level off (Megraw 1985; Zobel and van

Buijtenen 1989). The pattern of change in tracheid length from pith to bark is similar at

all heights of the bole, but the rate of change over time is slowest in the lower 4-6 m

(Megraw 1985). As with wood density and tracheid diameters, tracheid lengths measured

in wood samples taken near breast height are well correlated with whole-tree values

(Wheeler et al. 1966).
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Cellular Traits and Forest Products

McIntosh (1970) offered the following synopsis to introduce the importance of wood

cell characteristics. Wood from conifers can be considered a mass of hollow cells

cemented together by lignin and hemicelluloses into a rigid, stiff, strong material. The

pulping process is used to separate wood into its constituent parts by dissolving the

“cement” during chemical pulping, or tearing the wood cells apart during mechanical

pulping. These components can then be matted together to form paper products. As a

consequence, the character of the individual cells (microfibril angle, length, diameter, and

wall thickness) and the proportion of cell types is important in determining the end use

and quality of the pulp.

Of particular importance to both lumber strength and pulp yield and quality is the

orientation angle of the microfibrils. Low microfibril angles are desirable for both solid

wood and paper products because of improved dimensional stability due to enhanced

fiber strength and reduced shrinkage. In the case of lumber, wood with a high average

microfibril angle usually produces material that suffers from excessive longitudinal

shrinkage, twist, and warp resulting in degrade on drying and reduced yield.

Regarding pulp and paper products, tracheid length and diameter and thickness of the

S2 layer of the cell wall are considered to be the most important cellular characteristics.

Tracheid length is important in interfiber bonding contributing to paper quality and is

virtually proportional to tear strength (Smook 1992). While mature wood tracheids of

southern pines are sufficiently long (avg. 3-4 mm) to be of little concern to pulp and

paper producers, increases in the length of juvenile pine tracheids are desirable especially

in light of increasing harvests of young, fast-grown plantation trees (Zobel and van
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Buijtenen 1989). Also of interest is the ratio of cell length to wall thickness which is

sometimes used as an index of flexibility; long, narrow tracheids are preferred. This is of

particular importance to quality of chemical pulps (van Buijtenen 1969), while narrow,

thin-walled cells perform best when mechanically pulped (Ellis and Rudie 1991).

Another measure of cell type suitability for papermaking is the Runkel Ratio (double wall

thickness to lumen diameter), ratios near unity are most desirable (Watson and Dadswell

1962). Although steps (e.g., species selection, cultural practices, genetic improvement) to

increase wood density will generally increase pulp yield, doing so blindly will not always

produce better tracheid characteristics. For instance, Watson and Dadswell reported that

increasing latewood content beyond 50% would further increase tearing strength, but it

would be at the expense of reduced fiber bonding. They noted that pulp of satisfactory

quality can be obtained from loblolly pine with 20 to 50% latewood content.

Most investigations of cell traits focus on the S2 layer of the secondary cell wall.

Again, this is because most of the pulp is derived from thick-walled latewood cells and

latewood percent shows a strong positive correlation with wood density (Zobel and van

Buijtenen 1989). The properties of pulps resulting from latewood cells, or high density

wood in general, were characterized by van Buijtenen (1969) as possessing high tear

factor, low tensile strength, low bursting strength, poor printability, low folding

endurance, increased bulk, and high resistance to beating. Wall thickness of latewood

cells is the most important factor affecting pulp properties of the southern pines, even

more so than the proportion of latewood (Barefoot et al. 1964). While thick-walled cells

are desired for unbleached kraft paper and paperboard products, they are not preferred for

all paper products. The thinner-walled cells of juvenile wood (and earlywood) produce
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paper with lower tear strength, but greater bursting and tensile strength and folding

endurance because the cells collapse more readily during pulping and so form well

bonded sheets (Smook 1992). Also, smaller overall tracheid diameter usually improves

the major strength properties of paper (Zobel and Jett 1995).

The fast growth, subsequent low cost, and availability of the bulky fibered southern

pines has made the South home to the manufacture of over half of the pulp and paper

products produced in the US (Cubbage and Abt 1998). However, technological advances

are allowing users of northern species to narrow the gap in the production of some

products. Southern researchers are urged to produce forest stands of trees with thinner

cell walls to provide improved performance in most paper products (Ellis and Rudie

1991).

Juvenile/Mature Transition

The age of transition from juvenile to mature wood is another source of variation in

wood properties (Zobel and van Buijtenen 1989). The transition is characterized by a

change to higher wood density, increased latewood percent, and longer, thinner tracheids

with thicker cell walls. Although all wood properties display a transition from juvenile to

mature character, most attention has been devoted to wood density because of its

importance to manufactured products and ease of measurement.

When loblolly and slash pines are grown on the same site and under the same

conditions, the transition from juvenile to mature wood will be nearly the same for both

species (Clark and Saucier 1991). Further, cultivation plus fertilization did not alter

transition age and had no affect on juvenile or mature wood density. Geographic location
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was shown to have the greatest effect on time of transition. Clark and Saucier (1991)

concluded that the two most important factors determining the proportion of tree basal

area in juvenile wood at time of harvest are the tree’s age and the geographic location of

the stand.

Transition age may, however, be affected by super-culture (annual fertilization and

complete weed control for at least the first eight years from establishment). Such cultural

treatments had little or no effect on the age of transition from juvenile to mature wood in

slash pine, but the age of transition for loblolly pine was extended by two years

(Rockwood et al. 1997). Transition age for slash pine wood density was increased by two

years due to more intensive site preparation on a moderately well-drained soil compared

to the control treatment on the same site and compared to the same treatments on a poorly

drained site (Clark et al. 1990). These results do not agree with conclusions drawn by

Clark and Saucier (1991). The discrepancy may be attributable to the intensity of the

cultural treatments imposed by Rockwood et al. (1997). Another contradictory report

showed that fast growth may be related to early transition to mature wood (Loo et al.

1985). In another report from the western Gulf Coast states, Syzmanski and Tauer (1991)

studied 36 seed collection areas (that were later grouped into seven provenances)

representing the entire range of loblolly pine. No regional or seed source differences in

age of transition were found. Factors affecting transition age remain a question.

Genetic Component of Wood Properties

For the most part variation in forest trees for a given trait can be quantified in terms of

species, geography, different sites within the same region, tree-to-tree differences within
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the same environment (i.e., stand), and differences within the same tree. Since genetic

character is passed from one generation to the next by individual trees, it is at this level of

complexity that heritabilities are normally calculated. A heritability estimate expresses

the proportion of total variation that can be attributed to genetic variation. As such,

heritability provides a measure of the resemblance among relatives and, perhaps more

importantly, the degree to which the phenotype expresses the genotype. When additive

genetic variation is being exploited, this latter relationship largely determines how

successful a tree breeder can be in advancing the mean of the population he/she is

attempting to improve. Individual-tree and family-mean narrow-sense heritability

estimates are normally calculated assuming the trees of a given family are related as half-

siblings (Falconer 1989), wherein the family variance component estimates one-quarter of

the additive genetic variance (Squillace 1974). Causal components of genetic and

environmental variation can be inferred from observed components of variation

(Cockerham 1963).

An analysis of covariance between traits and the calculation of covariance components

can be used in determining the genetic correlation between two traits. The same approach

can be used to calculate family mean correlations. Genetic correlation and phenotypic

correlation based on family means can be used to assess the relationship between two

different traits or the same trait evaluated on different sites, or on the same tree at different

ages (Falconer 1989).

All of the major wood property traits (wood density, tracheid length, cell wall

thickness, cell diameter, and percent latewood) appear to be under moderate to high

genetic control (Zobel and Jett 1995). Fortunately for tree breeders, most of the variation
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appears to be additive making recurrent breeding and selection for general combining

ability the most common avenue for trait improvement. The high level of genetic control

for wood properties and the gains that are achievable despite prior intensive selection for

growth and tree form (Jett and Talbert 1982; Loo et al. 1985; for slash pine Hodge and

Purnell 1993) suggest the absence of a negative genetic correlation between these two

groups of traits. On average, individual-tree narrow-sense heritabilities for the above

listed wood properties range from 0.4 to 0.7 making selection and improvement more

amenable than for most other traits such as tree height or total tree volume (Zobel and Jett

1995).

By far the most effort has been devoted to studying the genetic control of wood

density. Had earlier researchers known of its complexity in terms of component traits,

much less work may have been spent dissecting its genetic mechanism (Zobel and van

Buijtenen 1989). Despite that complexity, wood density behaves as a single trait and is

essentially inherited as such. Zobel and Jett (1995) summarized findings from more than

fifteen studies involving the density of juvenile wood; only one showed an individual-tree

narrow sense heritability estimate less than 0.35. Fewer studies can be found that

examined mature wood. In one such study, the heritability for juvenile and mature wood

were reported as 0.44 and 0.45, respectively (Talbert et al. 1983). The heritability for

weighted average density was also 0.45 and the genetic correlation among the three traits

was greater than 0.85. These results are similar in magnitude to those reported by

Harding (1995) indicating that juvenile wood density is a good predictor of both mature

and average tree density (Zobel and Jett 1995).
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Limited information has been published regarding genetic parameters of earlywood

and latewood density. Within a tree, earlywood density shows little radial phenotypic

variation after about age three to four years while latewood density increases at a

relatively fast rate up to about age six to ten years when it plateaus. Perhaps the two most

in-depth examinations of the components of wood density of southern pines were

reported by Harding (1995) for 191 specific crosses of loblolly pine and by Hodge and

Purnell (1993) for 56 open-pollinated slash pine families. Earlywood density seems to be

under at least moderate genetic control (hi
2 ≅ 0.42) in loblolly pine (Harding 1995). In

contrast, very little tree-to-tree variation was found in earlywood density of slash pine, but

the narrow-sense heritability (0.13) still approximated that for total tree volume (Hodge

and Purnell 1993). The two studies showed dramatically different heritabilities for

latewood density; 0.71 and 0.22 for loblolly and slash pine, respectively. The difference

may be attributable to the small number (2) of sites in the loblolly pine study and a

possible underestimation of the genotype by environment variance component. Analyses

in the slash pine study included data from six trials. Neither study mentioned genetic

correlations between earlywood and latewood.

Tracheid length is the next most intensively researched wood property owing largely to

its impact on pulp and paper properties and ease of measure. As stated earlier, the pattern

of change in tracheid length from pith to bark is similar at all heights of the bole, but the

rate of change over time is slowest in the lower 4-6 m (Megraw 1985). Average tracheid

length has been shown to be under moderate genetic control, but an array of narrow-sense

heritabilities have been reported ranging form 0.01 up to 0.97 (Zobel and Jett 1995).

Very few studies investigating provenance differences have been reported. A study that
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included two different seed sources, one of them represented by a single family, planted

on a Sand Hills site in South Carolina showed no significant difference for tracheid length

for the combined 15th and 16th growth rings (Jett and Guiness 1992).

The frequency of reports on the genetic control of the components of wood density

decreases with increasing difficulty of assessment. As a consequence, little information

is available on the inheritance of cell diameter and cell wall thickness, but tree-to-tree

variation exists for both traits and forms the basis for the possible presence of genetic

control (Goggans 1962). According to Zobel and Jett (1995) the available research

suggests that cell diameter and wall thickness are under moderate genetic control in

conifers, but van Buijtenen (1965) presented evidence for a higher degree of

environmental control than exists for tracheid length. Goggans (1962) reported a narrow

sense heritability of 0.84 for latewood cell wall thickness, but just 0.13 for earlywood cell

wall thickness.

Numerous reports of correlations among the major wood properties can be found, but

most of them present only phenotypic correlations and many do not even identify the type

of correlation and must be assumed phenotypic (Zobel and Jett 1995). Upon a

comprehensive review of published literature, Zobel and Jett (1995) concluded that no

consistently negative relationships appear to exist among wood properties. As a

consequence, selective breeding is unimpaired. Some positive correlations exist in the

case of closely related traits, for instance wood density with cell wall thickness and

latewood percent (Zobel and Jett 1995). A detailed look at several provenances with

known families in each, and planted on sites of vastly contrasting productivity would be

valuable.
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Wood Properties and Tree Improvement

Several authors have reported on the importance of wood density to the quality of the

raw material produced and subsequent impact on the manufacturing process and final

product (summarized by Zobel and Jett (1995) and Zobel and van Buijtenen (1989)).

Fortunately, tree breeders of the southern pines are blessed with a wealth of variation in

wood properties, wood density included, owing largely to the undomesticated nature of

the species and large tree-to-tree differences. The among-tree variation within a site is

often far greater than the differences comparing mean values of trees growing on two or

more sites (Zobel and McElwee 1958). Over the years this variation together with high

levels of genetic control has helped stimulate much interest in the genetic improvement of

various wood properties of numerous tree species, especially wood density of loblolly

pine.

While few tree breeders, geneticists, or mill managers argue against the importance of

incorporating wood properties into the primary objectives of industrial tree improvement

programs, Zobel and Jett (1995) cite several sources attesting to the difficulty of doing so.

However, some wood quality gains were made in the early rounds of superior tree

selection, due to selection pressure placed on tree straightness, branching habit, and form.

These traits were included because of their importance to pulping properties knowing that

crooked trees and those with large or acute branches contain much reaction wood and

large amounts of lignin (Dinus and Welt 1997). In addition, branch angle, which is under

the greatest genetic control of the limb characteristics (Zobel and Jett 1995), directly

affects the amount of resin and bark in nearby wood (Smook 1992). The presence of
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excessive amounts of resin, bark, and lignin in wood increases processing costs and

reduces pulp yield (Smook 1992).

Unfortunately, gains of this sort from selection are largely unquantified in terms of

added value to the raw material. However, selecting straight trees with small-diameter,

flat-angled branches can increase pulp yields and tear strength (Blair et al. 1974).

Regarding solid wood products, Bridgwater (1984) used regression techniques to

determine realized gains from selection for straightness of 2% for lumber recovery, 17%

for the average length of the log processed, and 13% for the average length of lumber

recovered. Fortunately, investigators have found that wood properties are generally not

negatively genetically correlated with one another allowing simultaneous selection for

more than one trait (Zobel and Jett 1995).

Foremost among the reasons for the difficulty of incorporating improvement of wood

properties into traditional tree improvement programs are reduced selection intensity for

traits associated with growth and disease resistance, the absence of a premium value

placed on wood of superior quality, and the time lags in developing breeding populations

with wood characteristics desired today versus what may be desired 25 or 30 years from

now. While clonal forestry may solve the selection intensity issue and engineered wood

products can accommodate various wood characteristics, the ability of a wood using

facility (particularly pulp, paper, and chip mills) to selectively purchase and sort wood

from different known sources will remain paramount to effectively utilizing the furnish.

At a minimum, information about quality traits of the wood produced on company

managed land is needed so at least a portion of the mill furnish can be used to maximum

benefit. In most cases, the primary factor of interest will be wood density as it has the
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most profound effect on pulp yield and suitability for end use including solid wood

products. Perhaps the only certain need in the wood supply of the future is improved

uniformity (Zobel and van Buijtenen 1989; Zobel and Jett 1995; Dinus and Welt 1997).

Since faster growth results in a reduction in the number of rings per inch, the link

between growth rate and strength properties is an important issue. As the number of rings

per inch increases so does the degree of warping and cracking in dimensional lumber.

This is largely the result of the difference in wood density, microfibril angle, and

shrinking and swelling properties of latewood compared to earlywood. As growth rates

increase, annual rings become wider and successive bands of latewood are separated by

wide bands of earlywood formed during early, rapid growth each spring. This lack of

within-ring uniformity is an important element of wood quality (Zobel and van Buijtenen

1989; Larson 1969). There is evidence that fertilization may act to improve within-ring

uniformity by increasing earlywood density and reducing latewood density (Gladstone

and Gray 1972; Blair and Olson 1984). Also, families or seed sources showing more

within-ring uniformity than others may exist. Genetic mechanisms of control may be

useful in reducing this source of non-uniform wood as well, but are yet to be identified.

On a larger scale, compared to within-ring observations, tree-to-tree differences in wood

density is also an issue because dramatic variation, even within the same stand of trees, is

frequently encountered.

There is some indication that transition from juvenile to mature wood is a heritable

trait and therefore potentially useful in increasing juvenile wood density (Loo et al. 1985;

Hodge and Purnell 1993). Working with a 25 year-old loblolly pine progeny test in east

Texas, moderate family differences were found for wood density transition age suggesting
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that fast growth may be related to early transition from juvenile to mature wood (Loo et

al. 1985). Hodge and Purnell (1993) also reported encouraging results related to wood

uniformity for slash pine. They found that selection to reduce transition age would cause

juvenile wood density to increase and, conversely, result in lower mature wood density.

By lowering transition age in this manner uniformity of wood density across the core will

be improved.

Environmental and Provenance Influences on Wood Density

The environment in which a tree is grown, not its genetic makeup or geographic origin,

is widely held as the prime determinant of the tree's wood properties (Saucier and Taras

1969; Talbert and Jett 1981; Zobel and van Buijtenen 1989), but there are conflicting

reports on environmental impacts on wood properties (see Megraw 1985, Zobel and van

Buijtenen 1989 for detailed summary). As noted above, Jett et al. (1991) and Belonger et

al. (1996) reported that environmental effects accounted for 32% and 73%, respectively,

of the total variation in wood density in several loblolly pine trials planted across the

South. The major environmental influences on wood density in loblolly pine stands planted

in diverse regions appear to be available soil moisture and length of growing season (Clark

and Saucier 1991). Trees growing in coastal and southern locales had higher wood density

than trees in the Piedmont or northern stands. Latewood formation presumably occurred

longer when the growing season was longer and soil moisture was adequate.

However, when grown in common garden experiments, comparisons among

provenances cannot always be predicted fromin situ measures of wood density (Byram and

Lowe 1988; Belonger et al. 1996; Zobel and Jett 1995). In their study examining wood
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density variation in loblolly pine seed sources in the Western Gulf region, Byram and

Lowe (1988) found that while wood density was under strong genetic control,

environmental and genetic patterns of variation were not in agreement. They concluded

that in situ measures of wood density should not be used when making decisions

regarding seed source movement. Provenance and family rankings were consistent

among test locations, but the test environment largely determined wood density. As a

consequence, genetic sources showing high wood density when planted on a given site

type or geographic area may have much lower wood density when planted in a different

environment. Belonger et al. (1996) came to the same conclusion in a study involving

four southern provenances of loblolly pine. A recent report by Jayawickrama et al. (1997)

elucidated a possible cause for this phenomenon. They detailed the association between

the cessation of height growth and the onset of latewood production at the provenance

level. Because height growth of the more southern, faster growing sources of loblolly

pine extends longer into the fall, less latewood is produced prior to shoot dormancy

compared to more northern or slower growing sources. This result suggests that if, for

instance, trees from the Atlantic Coastal Plain source of loblolly pine were grown in

central Florida beside trees from the local source, the former would possess the greater

wood density. A degree of provenance-level genetic control is also suggested. Taken to

extreme, one might expect the Atlantic Coastal Plain source to repeat its wood density

superiority over the Florida source regardless of the plantation location as shown by Jett

et al. (1991).

Most of the provenance studies of wood properties involve the more western sources

(Byram and Lowe 1988). Tauer and Loo-Dinkins (1990) reported results from a study
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that included 36 seed collection areas (that were later grouped into seven provenances)

representing the entire range of loblolly pine. Their work supported the conclusions

drawn by Byram and Lowe (1988) regarding the need to test for provenance differences

in the environment of interest. Although Byram and Lowe’s study included plantings

across the Western Gulf region while Tauer and Loo-Dinkins’ area of inference was

limited to southwest Arkansas, they both identified the south Arkansas provenance as

being superior in wood density to the East Coast and Lower Gulf Coast provenances.

Despite greater volume yield from the East Coast provenance, and particularly the North

Carolina source, the south Arkansas provenance provided 8% more fiber per unit volume

when both are planted in Arkansas (Byram and Lowe 1988).

Limited information is available on the variation and genetic parameter estimates for

detailed measures of wood density (and associated wood properties) in the southern

provenances of loblolly pine relating the contribution of genetic and environmental

effects to performance. Some insight has been provided (Belonger et al. 1997;

Jayawickrama et al. 1997), but perhaps the most comprehensive work performed to date,

even though within-ring assessments were not made, was reported by Jett et al. (1991).

Although the genetic sample was limited, large family and seed source differences were

found across the seven diverse sites included in the study.

Genotype x Environment Interaction

The objective of many tree breeding programs remains the selection of genotypes that

are consistently high-performing across an array of growing conditions. The occurrence

of interactions between genotypes and the environment in which there are growing,
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termed G x E, can result in inefficiencies in the selection process. G x E exists when

genetic entries, for example, full- or half-sib families or provenances, do not perform in a

consistent manner when grown in two or more environments. If an interaction exists it

becomes an element of variance in the denominator of heritability calculations,

representing a degree of unpredictability, and will therefore lower the heritability

estimate. If an interaction is present and not measured or assumed to be zero, subsequent

estimations of genetic gain will be overstated. In general, the greater the genetic

uniformity of the material under investigation, the greater is the possibility of interactions

with the growing environment (Allard and Bradshaw 1964). For instance, clones are

more likely to exhibit G x E than half-sib families. Provenances do not generally display

significant G x E because they are well buffered genetically.

McKeand et al. (1990) and Li and McKeand (1989) have indicated that the majority of

selected families display stable performance for volume growth when planted across the

southeastern United States. However, volume is only one factor in the assessment of

either source or family performance (Jett et al. 1991; Zobel and van Buijtenen 1989). For

wood density, Jett et al. (1991), unlike Byram and Lowe (1988), found significant

genotype x environment interaction, but concluded that the economic impact of the GxE

was minimal; the loss in potential gain was estimated to be only 1%. Nonetheless, G x E

should be a consideration in all tree breeding programs. With the trend toward

deployment of relatively few open-pollinated families and as some forest products

companies begin deploying full-sib families, and even clonal material, the presence of

unidentified genotype by environment interactions could be disastrous.
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Genotype by environment interaction for wood density is usually small (Zobel and Jett

1995; Jett et al. 1991), but investigation is warranted for specific genetic material and

wood properties of interest. For example, at the provenance level G x E would be

generally manifest as an inconsistent site-to-site ranking of wood density for the

provenances under study. If genotype identities are known within each provenance it is

also possible for inconsistencies to appear at the family level. Rank changes do not need

to occur for an interaction to exist, however. A milder form of G x E is evident when the

magnitude of response between genetic entries is statistically different on one site verses

another (see Mckeand et al. 1989), but it’s usually not of economic importance because

wood traits are under high genetic control (Jett et al. 1991).

Statistical Treatment of Genotype x Environment Interaction

Given the expectation of little or no G x E for most wood properties, an acceptable

starting point is an analysis of variance followed by an evaluation of potential loss of gain

from selection (Matheson and Raymond 1984). In this practical approach to considering

the importance of G x E to breeding programs, the tree breeder must establish a level of

loss that is regarded as serious. The criterion Matheson and Raymond (1984) used to

express the potential loss of gain is calculated as “1 minus the ratio of the phenotypic

standard deviation not including the interaction term and the phenotypic standard

deviation including the interaction term, expressed as a percentage.” They determined

that, in the presence of an important interaction, the best method to increase the potential

gain from selection was to remove the parent trees from the breeding population whose

progeny contribute most to the interaction component of variance. The method used to
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identify the troublesome parents involves a simple arithmetic calculation of the average

rank deviation for each parent from the overall rank for that parent. The impact on the

family and interaction variance component and genetic gain can then be compared with

and without the interactive group of parents.

If a sufficiently large loss of potential gain is detected, the analysis of variance can be

followed by further investigation using a method such as Shukla’s (1972) stability

variance or Wricke’s (1962) ecovalence. Shukla’s method estimates the contribution of

each genetic entry to the G x E term using the variance of a genotype across environments

as the stability measure. Use of this statistic is also enhanced by a flexible statistical

program made available by Kang (1985) that allows straightforward data entry. Shukla’s

stability variance statistic is favored over Wricke’s ecovalence because, whereas the latter

is merely an index of stability, Shukla’s statistic is an unbiased estimate of the variance

for a given genotype (Lin et al. 1986).

Upon review of the results from a method like those above, another approach may be

deemed necessary such as one using regression (see Finlay and Wilkinson 1963 and

Perkins and Jinks 1968) or cluster analysis (see Lin et al. 1986 and 1992). Additional

measures of genotype stability are summarized by Lin et al. (1986). In situations such as

provenance studies, regression analysis is usually not appropriate unless a large number

of sites are being studied. Or, if within provenance instability is being investigated, a

large number of families must comprise each provenance. The cluster analysis approach

is appropriate if the investigator is interested in segregating the genotypes into groups

based on the presence or absence of an interaction with the growing environment; thus,

it’s a qualitative assessment.
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Burdon (1977) offered another approach when it becomes necessary to examine G x E

in detail. He contended that in forestry more attention should be accorded the role of the

environment and less effort placed on teasing apart the nature of genotype response.

Burdon noted that genetic correlations are normally made as an estimate of agreement

between two traits measured on the same individuals and designated these as Type A

genetic correlations. For the special case of measuring genetic agreement for traits

measured on different individuals, for instance, trees growing in different environments,

the label of Type B genetic correlations is assigned. In such a treatment, the performance

in each environment is considered a distinct trait. The departure from a genetic

correlation of unity is a measure of the degree of genotype instability among

environments. Burdon suggested that such an approach may be useful when working

with exotic species when a framework of geographic adaptation is not obvious. This

approach may also be useful in studies involving well replicated provenances or open-

pollinated families on sites of contrasting productivity.

Growth Rate and Wood Density

The relationship between growth rate and wood density is of critical importance. In

the absence of a negative correlated response, improvement can be made in both traits

simultaneously. Or, as is normally practiced, selection for superior growth will, on

average, not adversely affect dry weight yield at harvest. The best of both worlds results

when a positive genetic correlation exists between the two traits. Where appropriately

assessed, some slightly negative and generally non-statistically significant genetic

correlations have been reported, for instance Bridgwater et al. (1983). Therefore, as a
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general rule little or no meaningful relationship exists between growth rate and wood

density (Zobel and Jett 1995). In perhaps the most in-depth wood density examination of

a loblolly pine population to date, Harding (1995) concluded that early selection for

density will not compromise gains in mature radial growth. However, there have been

reports of important negative associations at the provenance level (Belonger et al. 1996;

Byram and Lowe 1988).

Zobel and van Buijtenen (1989) and Megraw (1985) pointed out that much of the

confusion regarding the influence of growth rate on wood density stems from a failure to

take into account the normal with-in tree patterns of variation for radial growth and wood

density. Both authorities note that there is an obvious physiological relationship within

the juvenile core where fast (or slow) growth is always associated with low density owing

to the influence from the crown. And further, as the crown recedes up the bole the trend

is for the newly formed basal wood to have narrower annual rings with a higher latewood

percent and subsequent higher density. If wood density is evaluated purely as a function

of ring width, the conclusion of a negative relationship is inevitable. Cambium age and

position within the tree must be considered.

An argument can be made for there being no correlation between growth and wood

density stemming from the discussion of Larson’s (1969) findings and speculation.

Although rapid spring growth will normally result in a wide earlywood growth segment,

needle growth and crown development should also occur. As a consequence, there will

be a greater amount of photosynthate available for the cell wall thickening, and late

season diameter growth may be extended. However, increased growth rate can also have

an opposite affect. As noted, nitrogen fertilization applied in large quantity apparently
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interacts in some manner to exaggerate production of earlywood cells or to inhibit either

cell wall thickening or late season cell division in the cambium. In all probability, other

factors are also at work affecting cellular characteristics.

The influence of intensive silviculture on wood density is not clear (Megraw 1985).

Numerous examples can be cited to support a variety of positions (Zobel and van Buijtenen

1989). For instance, under a wide range of nitrogen levels at time of stand establishment

that led to significantly increased volume production, there was no impact on juvenile or

mature wood density (Clark and Saucier 1991); Clark and Schmidtling 1989). This was

also the case as summarized by Megraw (1985) for several studies. Conversely, a marked

decrease in wood density followed mid-rotation applications of N-P-K at approximately 80-

17-33 kg/ha or 160-34-66 kg/ha (Zobel et al. 1961.

Fertilization at young ages may have the most pronounced affect on overall wood

quality because of the often dramatic increase in the size of the juvenile core. The

tendency is to then reduce the rotation age because of the rapid attainment of

merchantable size. If the trees were allowed to grow for the normal rotation length, the

impact on wood properties of repeated fertilizations made over the life the stand should

be negligible. An even greater benefit may be realized if fertilization and thinning are

used in consort to attempt to maintain a steady growth rate throughout the rotation-life of

the tree; good growth rates may be maintained along with a relatively uniform radial

density profile.

It should be obvious that controversy, or at least confusion, still surrounds the

correlation of wood density with growth rate. Silvicultural attempts to increase growth

will often affect the quality of the wood produced differently than will the use of
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genetically improved seedlings (Zobel and van Buijtenen 1989). This distinction is not

always clear in the literature, however. A case in point centers around the use of different

seed sources. Although non-local sources of loblolly pine can produce higher volume

yields than indigenous populations (Lantz and Kraus 1987; Zobel and Talbert 1984),

recent investigations report contradictory findings correlating growth rate and wood

density for the fast growing non-local sources. In the Western Gulf region, Byram and

Lowe (1988) reported consistent negative associations between growth and wood density.

In 11-year-old trials, the southern and east coast seed sources were always the fastest

growing and had the lowest wood density compared to the northern seed sources in each

trial. Jett et al. (1991) reported a similar relationship for Florida and Livingston Parish,

Louisiana seed sources in a series of trials throughout the South. These fast-growing seed

sources had the lowest specific gravities in the study, even though they have the highest

specific gravities in their indigenous ranges (Zobel and van Buijtenen 1989). However, it

has also been reported that no correlation exists between growth rate and wood density

for families within a provenance (Megraw 1985; Zobel and van Buijtenen 1989; Belonger

et al. 1996).

In their summary comments, both Zobel and Jett (1995) and Megraw (1985) agree that

growth rate and wood density are for practical purposes genetically independent traits.

Thus making gain from simultaneous selection possible. Less is known, however, about

the genetic relationships among growth and other wood properties.
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Gain from Selection

To bring the results of genetics trials into an applied light, it’s often useful to express

the results in terms of response to selection, or gain from selection. Response to selection

results when the mean of a population subgroup is greater than the mean of the entire

population (Zobel and Talbert 1984). The improvement that can be made is a function of

the variation that exists for a given trait, the heritability of that trait, and the intensity of

selection. In situations when one trait is selected, expected genetic gain in the trait is

estimated by using the equation for direct response (Falconer 1989). If a genetic

correlation exits between the trait under selection and any other trait, a correlated

response in the second trait will result. The correlated response can be estimated using

Falconer’s (1989) equation for indirect response.

The above approach is appropriate when considering similar traits, for instance, height

growth at age four and height growth at age 25. In the case of wood properties, the traits

should be considered in terms of the age of the cambium. Because juvenile and mature

wood properties are dissimilar traits, heritability is not an appropriate statistic when using

juvenile wood characteristics to estimate genetic gain in older trees (Jett and Talbert

1982). The approach taken by Baradat (1976) of calculating a coefficient of genetic

prediction (CGP) is appropriate in this situation. McKinley and Lowe (1986) suggested

that the CGP approach should also be used more generally to evaluate two different traits,

not only to evaluate a trait at two different ages. However, with the arrival of powerful

and relatively inexpensive computing capabilities, conventional genetic correlations are

generally preferred.
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The gains in growth rate and quality traits from tree breeding have resulted in large

increases in plantation productivity and the value of harvested trees (Talbert et, al. 1985).

In addition, cooperators in the North Carolina State University-Industry Cooperative Tree

Improvement Program that selected first generation orchard clones for average or above

average wood density achieved a 2.6% gain in the wood density of the resultant improved

plantation trees (Jett and Talbert 1982).

It is not enough to limit discussion to wood density alone, at some point results must

be reported in dry weight yield of fiber (Zobel et al. 1965). For example, Zobel et al.

(1978) showed an improvement of 32 kg/m3 in ten-year-old trees by selecting parents

with high wood density. Whether or not such a gain is of economic importance would

require further evaluation relative to trade-offs in tree volume and market recognition of

expected higher yields and perhaps product quality.

Additional benefit can be realized by including wood density in selection strategies for

advanced generations (Jett and Talbert 1982; Zobel and van Buijtenen 1989; Zobel and

Jett 1995). However, only a few programs (e.g., Anonymous 1995) have actually

incorporated wood density into selection indices. A notable example is the effort within

the Western Gulf Forest Tree Improvement Program where a selection index was

developed incorporating loblolly pine wood density and volume production after

identifying a strong genetic correlation between five year and mature gravimetric wood

density (Lowe and Byram 1995). To do so elsewhere will require additional information

describing the genetic and environmental variation of wood density of loblolly pine and

the estimated gain from selection.
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Summary

With the possible exception of overall wood density, it is not known if wood

properties for a given provenance or family jointly behave in a consistent manner across

site types. Like wood density, cellular wood properties affect yields, manufacturing

processes, and the quality of the end product for the solid wood and pulp and paper

industries. For years, tree breeders and mill managers have attempted to find a solution to

the impact of the steadily increasing production of fast grown plantation wood that has

high within- and among-ring variability and a high juvenile wood component. Lack of

uniformity of wood has been a major drawback to its efficient use as a raw material

(Larson 1969; Zobel, Campinhos, and Ikemori 1983; Dinus and Welt 1997). In their

recent book, Zobel and van Buijtenen (1989) state that "The great need for research into

variations in wood properties, their control, and their affect on the quality of the end

product is emphasized by nearly every author" reporting on the subject. The value and

potential returns from reducing tree to tree, within tree, and within-ring variation cannot

be overstated.

Efforts to increase the per acre value of plantation grown wood through genetic

manipulation have been underway for loblolly pine in the southern United States for over

five decades. During that time, volume production and tree quality have been the

preeminent selection criteria while wood properties, led by wood density, have received

less emphasis (Zobel and Jett 1995; Jett and Talbert 1985). Given the high heritabilities

for wood density and other wood properties, the relentless drive to produce more wood

faster, and the continued trend to lower rotation lengths to recapture costs and generate
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cash flow, a tradeoff is needed where some of the productivity gains are enhanced by

increased genetic selection to improve wood quality.
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CHAPTER TWO

Wood density in four southern provenances of loblolly pine: genetic and environmental
control, relationship to tree growth, and gain from selection
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Abstract

Gravimetric measures and x-ray densitometry were used to investigate the relative

importance of genetic and environmental effects on wood density and growth traits in

loblolly pine (Pinus taedaL.). Wood samples were taken from four 12–year–old plantings

of a genetics trial that included 49 open-pollinated families of loblolly pine from diverse

sources. The densitometry analysis included wood samples from only two of the test sites.

Moderate provenance differences, but strong family and environmental differences were

found for wood density and volume, and the pooled genetic correlation between volume and

density was -0.31. The Atlantic Coastal and Lower Gulf sources had higher average wood

density than the Marion County and Gulf Hammock sources, and the Lower Gulf source

had the lowest stem volume. Provenance variation in wood density was not consistent with

geographic trends indicating a need for field testing in the area of intended deployment.

Average gravimetric and densitometric density of wood samples from the same trees

were nearly perfectly correlated. However, the heritability estimate for densitometric

wood density was much lower than for the gravimetric measure. The high correlation

between these two measures of average wood density suggests more variation around

mean values for the densitometry traits, but very consistent family ranking regardless of

how the trait was measured and the number of tests included. High wood density was

associated with high latewood percent with a genetic correlation of 0.87.

Location effects were very important in this study accounting for 67% of the variation in

volume and 55% of the variation in wood density. Sites which promoted high volume

production also appeared to cause low wood density. Strategies are available to combat the

negative correlation between volume and wood density (very strong site effects and

relatively weak genetic effects).
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Introduction

The single most important cost in the manufacture of pulp is that of the wood (Arnold

1995), and a similar case can be presented for solid wood products. Therefore, the trend

toward maximizing wood production in fast growing plantations will continue. However,

the wood quality of fast growing pines produced in southern plantations was brought into

question nearly 40 years ago by Zobel et al. (1959), more recently by others (Blair and

Olson 1984; Zobel and Blair 1976; Pearson and Gilmore 1971) and remains a contentious

issue today (see Zobel and Jett 1995).

Since faster growth results in a reduction in the number of rings per centimeter, the

link between growth rate and strength properties is an important issue. As the number of

rings per centimeter increases for a given tree size so does the degree of warping and

cracking in dimensional lumber. This is largely the result of the difference in wood

density, microfibril angle, and shrink and swell properties of latewood compared to

earlywood. As growth rate increases, annual rings become wider and successive bands of

latewood are separated by wide bands of earlywood formed during early, rapid growth

each spring.

Likewise, the relationship between growth rate and wood density is of critical

importance. Controversy, or at least confusion, still surrounds the correlation of these

two traits. Although non-local sources of loblolly pine can produce higher volume yields

than indigenous populations (Lantz and Kraus 1987; Zobel and Talbert 1984), recent

investigations report contradictory findings correlating growth rate and wood density for

the fast growing non-local sources (Byram and Lowe 1988; Jett et al. 1991). In the

western part of the loblolly pine range Byram and Lowe (1988) reported consistent negative
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associations between growth and wood density. However, it has also been reported that no

correlation exists between growth rate and wood density for families within a provenance

(Megraw 1985; Zobel and van Buijtenen 1989). The genetic correlation between factors

relating growth to wood density deserves additional investigation.

When grown in common garden experiments, comparisons among provenances cannot

always be predicted fromin situ measures of wood density (Byram and Lowe 1988; Zobel

and Jett 1995). In their study examining wood density variation in loblolly pine seed

sources in the Western Gulf region, Byram and Lowe (1988) found that while wood

density was under strong genetic control, environmental and genetic patterns of variation

were not in agreement. They concluded thatin situ measures of wood density should not

be used when making decisions regarding seed source movement. Provenance and family

rankings were consistent among test locations, but the test environment largely

determined wood density. As a consequence, genetic sources showing high wood density

when planted on a given site type or geographic area may have much lower wood density

when planted in a different environment.

It is not enough to limit discussion to wood density alone, however, at some point

results must be reported in dry weight yield of fiber (Zobel et al. 1965). For example,

Zobel et al. (1978) showed an improvement of 32 kg/m3 in ten-year-old trees by selecting

parents with high wood density. Whether or not such a gain is of economic importance

would require further evaluation relative to trade-offs in tree volume and market

recognition of expected higher yields and perhaps product quality.

Efforts to increase the per acre value of plantation grown wood through genetic

manipulation have been underway for loblolly pine in the southern United States for over
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five decades. During that time, volume production and tree quality have been the

preeminent selection criteria while wood properties, led by wood density, have received less

emphasis (Zobel and Jett 1995; Jett and Talbert 1982). Given the high heritabilities for

wood density and other wood properties, the relentless drive to produce more wood faster,

and the continued trend to lower rotation lengths to recapture costs and generate cash flow,

a tradeoff is needed where some of the productivity gains are enhanced by increased genetic

selection to improve wood quality. To do so will require additional information describing

the genetic and environmental variation of wood density of loblolly pine and the estimated

gain from selection.

Relatively few reliable studies can be found that examined mature wood. Fortunately,

juvenile wood density is a good predictor of both mature and average tree density

(Harding 1995; Talbert et al. 1983; see Zobel and Jett 1995). The objectives of the

present study involving southern provenances of young loblolly pine are to characterize the

genetic and environmental components of wood density, assess the genetic stability of

wood density in different environments, quantify the genetic variation and covariation of

wood density and stem volume, and determine the implications of these results for wood

quality improvement. An additional important question is: Can fast growing families be

identified that also have high wood density when planted within or outside of their local

range?
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Materials and Methods

Source of Plant Material

Wood samples for this study were taken from four (Table 1; Figure 1) of the remaining

six installations of a loblolly pine provenance–progeny study jointly established by

members of the North Carolina State University-Industry Cooperative Tree Improvement

Program and the University of Florida Cooperative Forest Genetics Research Program. The

original objective of the plantings was to determine if two of the southern sources of

loblolly pine (Marion County, Florida and Gulf Hammock, Florida) could be incorporated

into a single coastal loblolly pine breeding population spanning from South Carolina to

Mississippi (Anonymous 1988; Anonymous 1994).

As described below, sample preparation, data collection, and analysis was of two

types: (i) gravimetric data were collected and analyzed using samples from all four tests;

and (ii ) samples from two of the sites were used for x-ray densitometry analysis.

The trials were planted in 1982 and 1983 and include representative open-pollinated

families (Table 2) from four geographic provenances (Figure 1) of loblolly pine: 1)

Georgia–South Carolina Atlantic Coastal Plain (ACP), 2) Marion County (MC), Florida,

3) Gulf Hammock (GH) area of Florida located in Levy and Dixie Counties, and 4)

Lower Gulf (LG) region of Mississippi and Alabama. These provenances are

distinguished largely by geographic separation and the soil types on which they developed

(Vasquez 1993). The seeds for these plantings were produced in provenance-specific

first-generation open-pollinated seed orchards.

At all four test locations (Figure 1) the four provenances were arranged as whole-plots

in a Randomized Complete Block Design to avoid inter-provenance competition effects.
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Up to 15 families were randomly allocated as 10-tree row plots to each provenance

whole-plot. In this sense the design and treatment structures were both nested; blocks

within locations and families within provenances, respectively. Each block was

replicated five times at each location. The sets of up to 15 families sampled the range of

growth potential within each provenance and as such approximated a random sample.

The locations and blocks used for the gravimetric analysis were selected based on

environmental uniformity and family representation within the four provenances as

affected by mortality and level of fusiform rust infection (caused by the fungus

Cronartium quercuum[Berk] Miyabe ex Shirai f. sp.Fusiforme). Every effort was made

to attain balance in the dataset. Analysis of 10-year growth data were also used to

identify the three most uniform blocks for growth at each location. Selection of the

subset of two test locations used for the densitometry analysis was made using the same

criteria. All families were present in all four tests. Each family was represented in at

least two blocks per location and in a total of no fewer than nine or five blocks for the

gravimetric and densitometric data, respectively.

Sampling Procedure

Following the end of the 1993 growing season, bark-to-bark 12mm increment cores

were extracted from up to five dominant or codominant trees from each family in the

three blocks sampled from each of the four locations. Cores were extracted at breast

height with minor allowances to avoid the confounding influence of compression wood

caused by limbs and fusiform rust. Trees that were suppressed or had excessive stem rust

or bole sweep were not sampled. Cores were placed in air tight containers to prevent
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cracking and checking after being labeled with test identification, block number,

provenance, female parent, and row-plot tree number.

Each core was divided at the pith and unextracted gravimetric wood density was

determined for one radial core for each tree using the ratio of oven dry weight to green

volume. Green volume was obtained through water displacement for each fully water-

saturated radial core (Zobel and Talbert 1984).

The opposing half of each core from the trees in the two subset tests was prepared for

density data collection using the direct scanning x-ray densitometer housed in the tree

improvement laboratory at NCSU. In some cases a radial core was not suitable for either

densitometry or gravimetric analysis (see Table 1 and Table 2). The radial cores were

glued into yellow poplar (Liriodendron tulipiferaL.) strips that were machined to hold

the increment cores. A strip approximately 2 mm thick was sawn from the center of each

radial core exposing smooth radial faces along the length of the sample. A moisture

content of about 8% was achieved in the wood samples by storing them in the

environment-controlled densitometer room for at least 48 hours prior to assessment.

A strip of Delrin® acetal of known density was included with each scanned wood

sample. The density of the acetal strip was determined during calibration of the

densitometer. Variation in x-ray readings caused by fluctuations in the attenuation of the x-

ray beam were removed by adding or subtracting the adjustment for the acetal density from

the earlywood, latewood, and average density of each ring for each wood sample. The

acetal density adjustment was calculated as the difference between the calibrated acetal

density and the density recorded during a given scan. Additional details of sample

preparation methods and use of the densitometer can be found in Harding (1995).
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The transition from earlywood to latewood within a growth ring was set at a density of

480 kg/m3 except within the first and second growth rings where a threshold of 450 kg/m3

was used (Harding 1995). These thresholds correspond to classification from visual

inspection of the cores and were used as ring density separation criteria throughout the

analysis.

Density data together with visual inspection of the scanned wood cores were used to

identify samples believed to contain resin deposits, compression wood, and other

maladies that would interfere with accurate density assessment. Such samples were

omitted from all analyses. Further, rings one and two were omitted from analyses as noted

below because these rings were frequently incomplete and contained maladies that were

not always easily detected.

Traits Studied

All measures of wood density are presented as the ratio of the dry weight of wood to its

volume and are expressed as kilograms per cubic meter (kg/m3). (Specific gravity is the

ratio of the dry weight of wood substance to the weight of an equal volume of water at 40 C.

Using the metric system, wood density and specific gravity are easily converted. When

wood density is expressed in kg/m3, division by 1000 produces the equivalent specific

gravity value. For example, 425 kg/m3 equals a specific gravity of 0.425.)

As noted, gravimetric wood density (GWD) was determined for wood samples from all

four test plantations. Using the densitometry data, two additional distinct measures of wood

density were calculated. First, the arithmetic mean of the individual ring densities (MWD)

was calculated to approximate GWD. Likewise, mean earlywood density (MEWD) and

mean latewood density (MLWD) were calculated. The densitometry measurements were
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also used to calculate basal-area-weighted radial-core wood density (DWD) to approximate

the density of a disk-shaped wood sample taken at breast height (Harding 1995). This

approach gives more weight to outer rings, which, relative to the entire disk, comprise a

greater proportion of the wood material present.

The basal area for a ring was defined as the area of its annulus except in the case of the

(unused) first ring which is a circle. For example, the basal area of the annulus for ring

seven was calculated by subtracting the area of the circle comprising rings one through six

from the area of the circle comprising rings one through seven. The average density of each

ring was multiplied by its basal area and then summed from ring three to the outermost ring

to determine disk density (DWD).

Finally, mean latewood percent (MLWP) was calculated as a simple average of the

observations (ring three to outermost ring) for a radial core and is equivalent to the average

latewood percent for the disk.

Age 10-year total-tree height (HT) and diameter at breast height (DBH, 1.3m)

measurements of the same trees sampled for gravimetric wood density (GWD) were used

for the analyses of yield data. A similar data set of yields was created using only those trees

included in the densitometry analyses. Individual whole-tree volume (VOL) was estimated

using a volume equation for young loblolly pine (Goebel and Warner 1966). Stem dry

weight was estimated as the product of whole-tree volume (m3) and wood density (kg/m3)

measured at breast height, providing an index of dry weight (DWI). No effort was made to

sample wood density throughout the stem to obtain a whole-tree dry weight estimate, but

there is a very high correlation between wood density at breast height and whole-tree wood

densities (Zobel et al. 1960; Wahlgren and Fassnacht 1959).
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Statistical Analysis

Variance analysis was conducted using the VARCOMP procedure of SAS (SAS

Institute Inc. 1988a) and the restricted maximum-likelihood (REML) method to estimate

components of variance for use in calculating genetic parameter estimates. The general

linear model (GLM) procedure (SAS Institute Inc. 1988b) was used to assess the effects

of locations, provenances, families within provenance, and interactions for wood density.

Location was considered a random effect in all analyses allowing for inference across the

southern Atlantic and eastern Gulf Coastal Plains.

Additional analysis was directed toward an evaluation of the variation available among

the families under study. Since all families included in this study are well adapted to the

Atlantic Coastal and Gulf Coastal Plains within the natural range of loblolly pine, they can

be viewed as a single population in terms of deployment. Variation due to provenance

differences was not considered in the family-level analysis although the field trials were not

specifically designed for this purpose.

Analysis of Variance

The extent of environmental and genotypic variation must be quantified to make

heritability calculations. An initial combined analysis (Table 3; Model 1) of data from all

locations, provenances, and families was performed using the VARCOMP procedure of

SAS (SAS Institute Inc. 1988a) to determine contributions to the total phenotypic

variation from each factor. To assess their contribution, each factor was treated as a

random effect. In all subsequent analyses, including those for genetic parameter analysis,

data were pooled among provenances and the provenance effect was treated as fixed

because each provenance was specifically selected to address the objectives of the study.
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Results of Waller-Duncan k-ratio t tests were the criteria for separating means. Tests

were performed to examine test location, provenance, and family within provenance

effects on the traits studied.

The full random effects model used to estimate total contribution to variation in wood

density and growth traits is shown here:

Yijklm = µ + Li + B(L)ij + Pl + PLil + PB(L)ijl + F(P)kl + LF(P)ikl + F(P)B(L)ijkl + εijklm

(1)

where: Yijklm is the individual observation for the kth half-sib family of the lth provenance in

the jth block of the ith location; µ is the fixed experimental mean; Li is the random effect of

the ith location; B(L)ij is the random effect of the jth block nested within the ith location; Pl

is the random effect of the lth provenance; PLli is the interaction effect of the lth provenance

with the ith location; PB(L)ijl is the interaction effect of the lth provenance with the jth

block within the lth location; F(P)kl is the random effect of the kth half-sib family of the lth

provenance; LF(P)ikl is the interaction effect of the ith location with the kth half-sib family of

the lth provenance; F(P)B(L)ijkl is the interaction effect of the kth half-sib family of the lth

provenance with in the jth block nested within the ith location; εijklm is the within plot

residual error term.

An Additional analysis was performed at the provenance level using provenance-plot

means as the mean of family-plot means in each block to provide more reliable F-tests for

the Waller-Duncan multiple-range separation procedure.

The final analysis (Table 4; Model 2) was used to assess the genetic variation of the

families studied. Provenance effects were not considered here since most tree breeders

consider this group of families as a single population in terms of breeding and
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deployment opportunities. This model (2) was also used to assess provenances

individually. Variance components were estimated and tests of significance were

performed using the following model:

Yijk = µ + Li + B(L)ij + Fk + LFik + FB(L)ijk + εijk (2)

where: Yijk is the individual observation for the kth half-sib family in the jth block of the

ith location; µ is the fixed experimental mean; Li is the random effect of the ith location;

B(L)ij is the random effect of the jth block nested within the ith location; Fk is the random

effect of the kth half-sib family; LFik is the interaction effect of the kth half-sib family

with the ith location; FB(L)ijk is the random interaction effect of the kth half-sib family

and the jth block at the ith location; εijk is the within plot residual error term.

Genetic Parameter Estimates

Causal components of genetic and environmental variation can be inferred from

observed components of variation (Cockerham 1963). Individual-tree and family-mean

narrow-sense heritabilities were calculated as pooled estimates among provenances

according to Falconer and Mckay (1996) assuming the trees of a given family are related as

half-siblings wherein the family variance component estimates one-quarter of the additive

genetic variance (Squillace 1974). The following formulae were used:
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where: h^
i
2 is the individual tree heritability estimate; h^

F
2 is the family mean heritability; G

is the additive genetic variance; P is the phenotypic variance among individuals;σ̂2
F(P) is the

family within provenance variance component;σ̂2
F(P)L is the variation due to the interaction

of families within provenances with locations;σ̂2
B(L)F(P) is the variation due to the

interaction of families within provenances and blocks within locations;σ̂2
e is the within

plot variance; l is the number of test locations; b is the number of blocks per test location;

t is the number of trees per family per block.

Analysis of covariance between traits and the calculation of covariance components

were used in determining the family-mean and genetic correlations. Genetic correlations

(r̂A(x, y)) and phenotypic correlations based on family means (r^
P(x ,y)) were estimated as

follows (Falconer and Mackay 1996):
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where: COVF(P)(x, y) is the family within provenance covariance between traits x and y

calculated as

[(σ̂2
F(x+y)− σ̂2

F(x) − σ̂2
Fy) / 2]

whereσ̂2
F(P)(x+y), σ̂2

F(P)(x), σ̂2
F(P)(y) are the family within provenance variances for traits x+y,

x, and y, respectively; and COVPF(P)(x, y)is the phenotypic covariance between traits x and y

and calculated similarly whereσ̂2
PF(P)(x+y), σ̂2

PF(P)(x), σ̂2
PF(P)(y)are the phenotypic variances for
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traits x+y, x, and y, respectively, based on family means. Correlations calculated in this

manner were used to assess the relationship between two different traits (Type A; Burdon

1977), and a given trait at different ages.

Standard errors of the heritability (SEĥ
2
i) and genetic correlation (SEr̂A(x, y)) estimates

were computed using methods of Becker (1992) and Falconer and Mackay (1996),

respectively, as

SE 4 [2(1- t) [1 (k 1)t]
k(k 1)(s 1)i

2

2 2

oh
= ∗ + −

− −

where: t is one-quarter of the heritability estimate; k is the family within provenance

variance component coefficient; s is the harmonic mean number of families within

provenances; SEĥ2
i(x) and SEĥ2

i(y) are the standard errors of narrow-sense heritability

estimates for traits x and y; h^ 2
i(x) and ĥ2

i(y) are the narrow-sense heritability estimates of

traits x and y.

Stability Analysis

Several methods are available to determine genotype stability across environments

(reviewed by Lin 1986). Such methods become necessary when an analysis of variance

shows a statistically significant interaction of genotype with environment. The approach

used in this study to investigate the presence of important G x E was as analysis of variance

followed by Shukla’s (1972) stability analysis. Shukla’s method (1972) provides an

SE
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SE SEA
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2
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unbiased estimator of the variance of a genotype across environments; Shukla’s stability-

variance,σ2
i. Lin et al. (1986) described Shukla’s method as a type 2 analysis where a

genotype is considered stable if its response to environments is parallel to the mean

response of all genotypes in the trial. Because this type of analysis is a relative measure

depending on the genotypes used in the test, it has been suggested that results should not be

generalized to the population from which the genotypes were taken unless they are a

representative sample of the population (Lin, et al. 1986); as was assumed in this study.

Response to Selection

Genetic gain for future progeny of selected parent trees was calculated across provenances

for a number of traits assuming 20% selection (i=1.360). Since all families included in this

study can be viewed as a single population in terms of deployment, variation due to

provenance differences was not considered in the genetic gain calculations. As such,

genetic parameters were recalculated omitting provenance effects from the linear model.

The equation for direct response was used to calculate expected genetic gain (∆G) from

selection (Falconer and Mackay 1996):

∆G ih= o o2σp

where: i is the selection intensity; h^2 is the appropriate heritability depending on the

selection method (individual or family selection); andσ̂p is the corresponding phenotypic

standard deviation. When a genetic correlation exits between the trait (x) under selection

and any other trait (y), a correlated response in the second trait will result. Correlated

response was estimated for GWD, GDWI and VOL using the equation for indirect

response (Falconer and Mackay 1996):

∆G ih p= 2 σσσσ
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∆CR ih h rx y= o o o o
A xy

σpy

where:∆CR is the correlated response of trait y due to selection for trait x; h^
x and ĥy are

the square roots of appropriate heritabilities for traits x and y, respectively; r^
Axy is the

genetic correlation between traits x and y;σ̂p is the corresponding phenotypic standard

deviation for trait y.

Three measures of average wood density will be reported. One is standard gravimetric

wood density (GWD) and the other two resulted from manipulation of the densitometry

data, neither of which include data from the first two growth rings. The first

densitometric measure is the simple average of the individual growth ring densities and

will be referred to as mean wood density (MWD). Mean densities for the earlywood

(MEWD) and latewood (MLWD) density components will be reported also. The second

densitometric measure of wood density was calculated using the weighted average

approach and will be referred to as disk density (DWD).

Results

Environmental Variation

The best data to evaluate the effects of the growing environment are the summaries for

the four locations from which gravimetric wood density and growth traits were assessed.

Macro-environmental influences caused dramatic differences in both gravimetric wood

density and volume, with a range of 63 kg/m3 for wood density and 110 dm3 for mean

whole-tree volume (Table 5). Site effects were by far the most important factor in the

study, accounting for more than 50% of the total variation for wood density and volume
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(Table 7). Variation in gravimetric dry weight was closely associated with variation in

tree volume.

The four sites differ primarily due to edaphic conditions. The soils at the Florida (FL)

and Georgia (GA) sites are both poorly drained, flatwoods soils. The Alabama (AL) and

Mississippi (MS) studies are both on highly productive, upland soils that are moderately

well drained and very fertile (Table 1). There was a strong negative correlation between

wood density and stem volume across the four study sites (Figure 2). The most

productive site, AL, had the lowest wood density, and the sites in GA and FL, where

volume production was relatively poor, had the highest wood density (Table 5). This

trend was also evident for mean latewood percent (MLWP) as detected in the

densitometry data for the AL and FL test locations. High MLWP was negatively

associated with low volume (Table 8). Mean latewood percent showed a strong positive

relationship with gravimetric wood density and with the two densitometric measures of

average wood density; mean wood density (MWD) and disk wood density (DWD).

Mean wood density, by virtue of its calculation should approximate gravimetric wood

density. However, because of the difficulty in precisely measuring the density of the

inner two rings using x-ray densitometry, these inner rings were omitted from data

analyses. The inclusion of rings one and two as components of gravimetric density

makes a direct comparison with MWD difficult. Therefore, as measured here, MWD

should be greater than gravimetric density because rings one and two have low density

and contribute a disproportionate amount to average density in young trees since they are

much wider than outer rings. By excluding these rings from the calculations of mean

wood density, values are inflated compared to the gravimetric measures.
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A basal area weighted assessment of wood density is valuable because it provides a

good approximation of the true density in the lower portion of the tree bole. Weighting

wood density by the basal area of individual rings causes the outer rings to contribute

more to average density because they have a much larger circumference and consequently

comprise a larger ratio of total basal area compared to inner rings. In the case of the trees

studied here, the effect of wide, lower density inner rings appears to be approximately

equivalent to the contribution from narrower, higher density outer rings. As a result,

mean wood density approximates disk density (Table 6). As these trees mature, the

contribution to disk density from outer rings will increase and disk density will be greater

than gravimetric and mean wood density. Each year, the magnitude of the difference

between disk density and the other two density measures should become larger.

The contribution of site effects for all growth and wood density related traits studied at

the two densitometry test locations (AL and FL) were of similar magnitude to those of the

complete set of four tests. The environmental influence on stem volume, gravimetric

wood density, and densitometry traits at the AL and FL sites ranged from 40.1% for mean

latewood density to 73.3% for disk density.

Provenance and Family Within Provenance Variation

Provenance differences across locations were observed for total-tree volume (VOL),

gravimetric wood density (GWD), mean latewood percent (MLWP), and gravimetric dry

weight index (GDWI) (P < 0.05). Across the four test locations GWD for the ACP and

LG provenances was similar as was the case for the MC and GH provenances (Table 9).

This trend was consistent for disk density (DWD) at the two densitometry test sites and

supports an earlier report of lower wood density for the Florida loblolly sources (Jett et al.
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1991). At all four test sites in the present study, the MC source ranked last for GWD and

only at the GA site did the GH source rank better than third.

Family within provenance variation was evident for GWD and growth traits studied

across the four test sites (P <0.01) and for all traits assessed at the two densitometry sites

(P < 0.05) except VOL and GDWI. The latter two traits had probability values of 0.08

and 0.08, respectively. Although variation for mean earlywood density (MEWD) and

MLWD was not detected at the provenance level, family differences exist for these traits

(Tables 7 and 11).

Genotype by Environment Interaction

Of the traits studied, only gravimetric wood density (GWD) was interactive with test

location (Table 7). The provenance by location interaction (GxE) is largely attributed to

rank change by the LG provenance across test sites. This source ranked third for GWD at

the GA site, but ranked first at the other three locations. Shukla's (1972) method for

identifying interactive genetic entries showed that the LG provenance accounted for

43.9% of the interaction sum squares for provenance by location GxE. The stability-

variance statistic,σ2
i, was significant (P < 0.01). For traits like wood density that are

reported to be under high genetic control such interactions are not expected. Further

statistical analysis of the interaction did not determine the underlying cause and was a

consideration in not selecting the GA test site for the densitometry analysis in which no

GxE was detected.

Genetic Parameters

Because of the relatively small sample size within each of the provenances studied

(Table 2), genetic parameters were calculated as pooled averages among provenances and
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as such represent conservative estimates (Table 11, heritabilities; Table 12 genetic

correlations). Narrow-sense heritabilities calculated across the four sites were

comparable to published reports. Estimates for volume and DBH on average range from

about 0.10 to 0.20 (Cornelius 1994) while the heritability for wood density is infrequently

reported below 0.30 (Cornelius 1994; Zobel and Jett 1995).

The heritability estimates using data from all four sites were higher and had greater

precision compared to the estimates for the same traits using data from the two sites used

in the densitometry analysis. For instance, heritabilities for stem volume and DBH at the

FL and AL test sites were about 50% less than those for the 4-site data. The standard

errors of the estimates were about 20% higher for the smaller data set. The discrepancy

between the 2-site gravimetric heritability and the 2-site densitometry measures were

more dramatic and showed a 0.33 reduction for the heritability of average wood density

(DWD) in the latter data set (Table 11).

The genetic correlations of DWD and MWD with most other traits were positive and very

strong. Only the correlations of these two traits with mean latewood density (MLWD) and

DBH were less than 0.650 (Table 12). Gravimetric wood density showed a strong positive

correlation with both of the densitometry measures of average wood density, but showed

(Table 12) the more commonly reported moderate to low and negative relationship with

volume and DBH (Byram and Lowe, 1988; Zobel and Jett 1995). The trend in the negative

correlations is dominated by provenance differences while little or no relationship is found

among families within a provenance (Figure 3). The slow growing families from the Lower

Gulf provenance tended to have slightly higher wood density than families from the other
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provenances. As a consequence of the relationship between stem volume, wood density,

and dry weight, the LG provenance, had the lowest GDWI.

Percent latewood is generally regarded as having the strongest correlation with average

wood density (van Buijtenen 1965; Zobel and Jett 1995). The most consistent relationship

involving the three average wood density traits in the present study was indeed their

correlation with MLWP (Table 12).

As suggested by the overwhelming effect of volume growth on dry weight fiber

production, the genetic correlation between the two traits, VOL and GDWI, was very high

and precisely estimated (Table 12). The correlation between GWD and dry weight was

essentially zero.

Family Variation Across Provenances

Since all families included in this study can be viewed as a single population in terms

of deployment, the discussion will now turn to a treatment of family variation ignoring

the provenance structure. Genetic effects summarizing provenance variation were pooled

among provenances while those reported here were calculated ignoring the provenance

structure of the data sets.

Family differences were significant for all traits in both the two- and four-location data

sets (P < 0.05). For example, large family differences were found for stem volume and

average wood density. Family means ranged from 78 to 123 dm3 for volume and 410 to

458 kg/m3 for gravimetric wood density (GWD). Family performance was stable across

test locations for all traits with the family x site interaction accounting for less than 2% of

total variation for any given trait. This amounted to one-seventh the family variance for

both volume and GWD across the four test sites. The percent differences between the
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minimum and maximum family mean values were 17.3% for DWD, 13.1% for MEWD,

8.4% for MLWD, and 29.9% for MLWP. In contrast, the ranges for these traits among

provenances did not exceed 6.8%

Further evidence of large family variation is provided by family level individual-tree

heritabilities. Although such heritabilities are inflated by provenance effects, they reflect

the amount of variation available to tree breeders within the southern sources of loblolly

pine studied here. Narrow-sense heritabilities calculated in this manner across all four

sites were, on average, twice as high as those pooled among provenances. When data

analysis was restricted to two densitometry test sites, heritability estimates for the

gravimetric, densitometry, and growth traits were about 50% higher compared to the

pooled estimates. These higher heritabilities imply greater selection efficiency compared

to selection restricted by provenance.

Like wood density and stem volume, gravimetric dry weight index (GDWI) varied

considerably by family, ranging from 33 kg per tree for the worst family to 52 kg for the

best family. A strong positive genetic correlation (0.97, S.E. 0.01) was found for stem

volume and dry weight. The genetic correlation between dry weight and gravimetric

wood density was very weak (-0.09, S.E. 0.16).

Response to Selection

A response to selection results when the mean of a selected population is greater than

the mean of the entire population. The improvement that can be made is a function of the

variation that exists for a given trait, the heritability of that trait, and the intensity of

selection. The implications of the family level genetic parameter estimates were assessed
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by calculating genetic gain estimates for stem volume, gravimetric wood density, and dry

fiber yield (based on the dry weight index) for family selection.

With a selection intensity of i=1.360 (I.e., the top 20% of families), single-trait

selection would result in gains of 5.3% for volume, 2.4% for gravimetric wood density,

and 4.4% for dry weight. Because of the slight negative correlation between volume and

gravimetric wood density, but a strong positive correlation between volume and dry

weight, selection of families for volume production would result in a –2.24 kg/m3

correlated response in wood density and a simultaneous gain in dry weight of 1.98

kilograms. Conversely, primary selection for density would cause a 6.2% decrease in

average volume production among offspring of the selected families.

Discussion

Environmental Effects

The strong negative environmental correlation between wood density and stem volume

that exists among these sites can partly be explained by the availability of water late in the

growing season. Water is rarely limiting on the flatwoods soils that exist at the GA and

FL sites, but late-season water stress is relatively common in the well-drained soils at the

AL and MS locations (see Table 1). High moisture availability late in the growing season

has been associated with a higher proportion of high-density latewood and therefore

overall higher wood density (see Megraw 1985, Zobel and van Buijtenen 1989 for

examples). The present study supports this conclusion as evidenced by the low latewood

percent in trees at the low wood density AL test site compared to the high density FL test

location (Table 8).
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Although average wood density is strongly positively correlated with pulp yields

(Lannan 1960, Zobel et al. 1978), an index of dry weight (GDWI) can be used to evaluate

the combined effect of average wood density and stem volume on dry fiber production

(Table 5). The calculation of GDWI was used to approximate total-tree dry weight and

illustrated the dramatic effect stem volume has on fiber production. The variation in dry

weight was largely explained by the variation in stem volume, while average wood

density explained very little of the variation in stem volume or dry weight. Further, the

dry weight index provides another means to evaluate the importance of site effects and

showed that the AL site with low average wood density, but high volume production was

far superior in indexed dry weight yield.

Genetic Effects

Inferior growth rates have been reported for the LG provenance relative to other

southern provenances of loblolly pine (Jayawickrama et al. 1997; Anonymous 1995) and

were also encountered here (Table 9). Although each provenance studied was

represented by a limited number of families (Table 2), they were representative of natural

variation for growth (based on genetics trials in the local regions) and wood property

traits.

Care must be taken when provenances are evaluated outside their indigenous range. In

common garden experiments, comparisons among provenances cannot always be predicted

from in situ measures of wood density (Byram and Lowe 1988; Zobel and Jett 1995). The

native areas of the MC and GH provenances areas in Florida, and the FL test site used in

this study, are collectively renowned for being a pocket of high wood density (Jett et al.

1991; Zobel et al. 1972). However, as shown here and by others, the dominant factor
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determining wood density is not a genetic effect, rather the environment in which the trees

are grown (for examples, see Zobel and van Buijtenen 1989). Except where GxE was

encountered at the Georgia test site, the two Florida sources always ranked below the LG

and ACP provenances for average wood density (Tables 6 and 8).

An explanation for this phenomenon relates to the association between the cessation of

height growth and the onset of latewood production at the provenance level (Jayawickrama

et al. 1997). Because height growth of the more southern, faster growing sources of loblolly

pine extends longer into the fall, less latewood is produced prior to dormancy compared to

more northern or slower growing sources. This result suggests that trees from the Atlantic

Coastal Plain source of loblolly pine were grown in central Florida along side trees from the

local source, the ACP trees would possess the greater wood density. Grown under wide-

ranging conditions, the Atlantic Coastal Plain source had wood density greater than the

Florida source regardless of the plantation location as shown by Jett et al. (1991) and

confirmed here.

Genetic Parameters

Although the genetic correlation between any pair of the average wood density traits

was essentially 1.0, the heritability estimate for disk wood density and mean wood density

were much lower than for gravimetric wood density (Tables 11 and 12). This is most

likely due to the limited information provided by just two tests in the case of the

densitometry traits. The high correlation among the average wood density traits suggests

more variation around mean values for the densitometry traits, but very consistent family

ranking regardless how the trait was measured and the number of tests included.
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A majority of the correlations involving disk and mean wood density were very high

(Table 12). This result was somewhat unexpected, particularly in the case of the correlation

with stem volume since gravimetric wood density as found here and reported by others is

generally slightly negatively correlated with stem volume (Byram and Lowe, 1988; Zobel

and Jett 1995). Given the relatively large contribution of inner rings to radial growth in

young pines, the exclusion of rings one and two from the densitometry analysis may have

dramatically affected the genetic correlations. Therefore, the correlation of GWD with stem

volume from four test locations should be the best indication of the true relationship

between growth and wood density.

Since the family-level genetic correlation between stem volume and wood density is

moderate to low (-0.31, S.E. 0.15) but is negative, selection of families for deployment or

breeding is somewhat constrained. Fortunately, the trend in this negative correlation is

dominated by provenance, and families within the provenances can be identified that

exhibit both fast growth and high wood density (Figure 3).

The strong positive family-mean and genetic correlation between stem volume and dry

weight presents both an opportunity and potential dilemma. It is apparent that fast

growing trees are needed to maximize dry weight regardless of their wood density, but

such a strategy may sacrifice the quality of the wood produced because of the low density.

This is true especially in the case of solid wood products since low density, fast grown

wood will suffer from poor strength properties (Pearson and Gilmore 1971).
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Implications

Selection for stem volume is the best approach to increasing forest productivity and the

dry weight yield of wood fiber. Dry weight does not complete the puzzle, however.

Factors such as harvesting and transportation costs, digester capacity, and other

manufacturing costs must be considered. As detailed forEucalyptus, properties such as

average wood density are critical to optimizing the return from forest land for an integrated

forest products company (Borralho 1992).

The choice among these provenances for a deployment population should include a

consideration of corporate structure and objectives. A company interested solely in selling

stumpage to the highest bidder, would of course opt for a fast growing source and shy away

from the LG provenance. One that has found a market where a premium is placed on wood

density, either for solid wood or pulp and paper products, would place higher value on the

LG source. The Atlantic Coastal Plain provenance may then be most desirable of the four

sources discussed in this paper. It can be characterized as having both above average

growth, wood density, and form across a range of sites.

Another quality of the Gulf Hammock provenance is the slightly more uniform

character of its wood compared to the other sources; GH seems to have the highest

earlywood density and lowest latewood density (Table 10). Unfortunately, the latewood

component provides stability to both solid wood and paper products and largely affects

pulp yields. The low latewood percent of this source together with its low latewood

density, and resultant low average wood density should combine to produce relatively low

pulp yield. However, a steady supply of wood from the GH provenance would allow mill
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managers to fine tune the cook time of their digesters potentially leading to increased

yield. Therein lies one of the benefits of wood uniformity.

Since all four provenances are well adapted to the South Atlantic and Gulf Coastal

Plains, another alternative is to develop a single deployment population by selecting

desirable families from each of the provenances. This is possible because the genetic

correlation between stem volume and wood density is moderate to low. Families such as

22032 (GH) can be chosen for high volume and dry weight, but only if low wood density

is acceptable. If superior growth and density are desired, a family like 7056 (ACP) is

available (Appendix table 1). Again, corporate objectives will affect selection of families

for the deployment and breeding populations. Other factors such as tree form and

branching character may also be considerations.
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Table 1. Summary of location information.

Test Location AL FL GA MS

County Butler Nassau Tatnall Greene

Latitude (N) 31054' 31038' 32006' 31021'

Longitude (W) 86045' 81037' 81057' 88028'

Elevation (m) 137 7 58 76

Mean Annual Rainfall (mm)
(1992-1994)

1441 1391 1217 1708

Mean Annual Temp. (0C)
20 20 19 19

Soil Series Orangeburg Goldhead Pelham Dothan

Drainage Class Well Poor Poor Well

Total no. of trees sampled

Gravimetric 615 624 646 615

Densitometry* 555 629

Grav. and Dens. 499 494

* Number of trees different from gravimetric tree count because not all whole cores
produced radial cores suitable for both uses, and several radial cores were
dropped from the densitometry analysis due to the presence of malformed wood.
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Table 2. Genetic material studied: Provenances, Half-sib Families and Origin of Ortets.

Atlantic Coastal Plain Lower Gulf Coastal Plain

Origin of Ortet Origin of Ortet
Family County State Family County State

05063 Allendale SC 17004 Marengo AL

05064a Berkeley SC 17005ab Sumter AL

05065 Berkeley SC 17019ab Marengo AL

07004 Georgetown SC 17041b Clarke AL

07034 Georgetown SC 17048 Choctaw AL

07056 Williamsburg SC 23004 Clarke MS

07058 Marion SC 23017b Jasper MS

10016ab Jasper SC 23021 Wayne MS

10027 Hancock GA 23026 Wayne MS

10046ab Hancock GA 23028 Greene MS

11002ab Georgetown SC 24001b Escambia AL

11009ab Georgetown SC 24002 Escambia AL

11010 Georgetown SC 24004 Wilcox AL

11021ab Georgetown SC 24006 Conecuh AL

24009 Conecuh AL

Marion County Gulf Hammock

Origin of Ortet Origin of Ortet
Family County State Family County State

22022 Marion FL 22001 Levy FL

22044 " " 22004 " "

22045 " " 22005 " "

22055 " " 22008 " "

22057 " " 22009 " "

22058 " " 22023 " "

22060 " " 22024 " "

22062 " " 22027 " "

22069 " " 22029 " "

25051 " " 22030 " "

25053 " " 22031 " "

25074 " " 22032 " "

25075 " " 22033 " "

25076 " " 22034 " "

25077b " " 22038 " "

a Not included in densitometry data
b Not included in gravimetric data
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Table 3. Form of the model and expected mean squares for combined analysis of
variance on individual observations. Degrees of freedom and coefficients (e.g.,
t=4) for expected mean squares based on assumption of balanced data from four
test locations.

Source of Variation
Degrees of
Freedom

Expected Mean Square

Location 3
σ2

ε + tσ2
F(P)B(L) + tbσ2

F(P)L +
tpσ2

FB(L) + tfσ2
PB(L) + tfbσ2

PL +
tfpσ2

B(L) + fpbσ2
L

Block (Location) 8
σ2

ε + tσ2
F(P)B(L) + tpσ2

FB(L) + tfσ2
PB(L)

+ tfpσ2
B(L)

Provenance 3
σ2

ε + tσ2
F(P)B(L) + tbσ2

F(P)L + tlbσ2
F(P)

+ tfσ2
PB(L) + tfbσ2

PL + tfblσ2
P

Provenance x Location 9
σ2

ε + tσ2
F(P)B(L) + tbσ2

F(P)L + tfσ2
PB(L)

+ tfbσ2
PL

Provenance x Block
(Location)

24 σ2
ε + tσ2

F(P)B(L) + tfσ2
PB(L)

Family (Provenance) 44 σ2
ε + tσ2

F(P)B(L) + tbσ2
F(P)L + tlbσ2

F(P)

Family (Provenance) x
Location

132 σ2
ε + tσ2

F(P)B(L) + tbσ2
F(P)L

Block x Family
(Provenance x Location)

352 σ2
ε + tσ2

F(P)B(L)

Within Plot Error 1728 σ2
ε

where: σ2 = variance component
l = number of locations (4)
b = number of blocks within locations (3)
p = number of provenances (4)
f = number of families within each provenance (12)
t = number of trees per plot (4)
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Table 4. Form of the model and expected mean squares for family level analysis
of variance on individual observations. Degrees of freedom and coefficients for
expected mean squares based on assumption of balanced data from four test
locations.

Source of Variation
Degrees of
freedom

Expected Mean Square

Location 3
σ2

ε + tσ2
FB(L) + btσ2

FL + ftσ2
B(L) +

fbtσ2
L

Blocks (Location) 8 σ2
ε + tσ2

FB(L) + ftσ2
B(L)

Family 47 σ2
ε + tσ2

FB(L) + btσ2
FL + bltσ2

F

Family x Location 141 σ2
ε + tσ2

FB(L) + btσ2
FL

Family x Block
(Location)

376 σ2
ε + tσ2

FB(L)

Within Plot Error 1728 σ2
ε

where: σ2 = variance component
and assuming balanced data:
l = number of locations (4)
b = number of blocks within locations (3)
f = number of families (48)
t = number of trees per plot (4)
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Table 5. Location means for gravimetric wood density (GWD; age 12), growth traits
(age 10), and gravimetric dry weight index (GDWI).

Location
GWD

(kg/m3)
HT
(m)

DBH
(cm)

VOL
(dm3)

GDWI
(kg)

Alabama 403 d 16.8 a 18.9 a 173 a 69.7 a

Florida 466 a 10.9 c 15.1 b 74 c 34.2 b

Georgia 455 b 10.5 d 14.2 c 63 d 28.5 c

Mississippi 418 c 12.2 b 15.4 b 85 b 35.5 b

Note: Values followed by different letters are significantly different (P < 0.05).

Table 6. Location means from the two densitometry test sites for three
measures of wood density (age 12) and total-stem volume (age 10).
(Location effects significant for all traits; P < 0.001.)

Location
GWD

(kg/m3)
DWD

(kg/m3)
MWD
(kg/m3)

VOL
(dm3)

Alabama 403 446 442 172

Florida 466 548 534 74

GWD = Gravimetric Wood Density; DWD = Disk Wood Density;
MWD = Mean Wood Density.
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Table 7. Contribution to total variation across four test locations treating all sources
as random effects. (Actual degrees of freedom; df.)

Source df GWD HT DBH VOL GDWI

Location 3 54.7** 85.5** 43.0** 66.9** 60.4**

Block(Location) 8 0.3 0.0 0.2 0.2 0.1

Provenance 3 2.7** 2.8** 3.5 ** 2.6** 2.7**

Provenance x Location 9 1.5* 0.0 0.4 0.4 0.4

Provenance x Block
(Location)

24 1.5** 0.7** 1.2** 0.5** 0.8**

Family(Provenance) 44 5.1** 0.6** 1.8** 0.9** 1.0**

Family(Provenance)
x Location

127 0.0 0.1 0.0 0.0 0.0

Block x Family
(Location x Provenance)

332 2.4** 2.1** 4.5** 2.0** 2.8**

Within Plot Error 1909 31.8 8.2 45.5 31.8 31.8

Total 2459 100.0 100.0 100.0 100.0 100.0
Note: *, **, significant at P < 0.05, P < 0.01, respectively.

Significance levels came from the analysis treating provenance as a fixed
effect.

GWD = Gravimetric Wood Density;

Table 8. Location means for disk density, mean earlywood and latewood
densities, and mean latewood percent. (Location effects significant for all
traits; P < 0.001.)

Location
DWD

(kg/m3)
MEWD
(kg/m3)

MLWD
(kg/m3)

MLWP
(%)

Alabama 446 307 678 35.8

Florida 548 337 730 48.6

DWD = Disk Wood Density; MEWD = Mean Earlywood Density;
MLWD = Mean Latewood Density; MLWP = Mean Latewood Percent
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Table 9. Provenance means across all four test locations for gravimetric wood
density (GWD; age 12), growth traits (age 10), and gravimetric dry weight index
(GDWI).

Provenance
GWD

(kg/m3)
HT
(m)

DBH
(cm)

VOL
(dm3)

GDWI
(kg)

Atlantic Coastal 443 a 12.8 b 15.8 a 102 a 43.9 a

Lower Gulf 440 a 11.8 c 15.0 b 83 b 36.0 b

Gulf Hammock 434 ab 13.0 a 16.4 a 108 a 45.7 a

Marion County 425 b 12.8 b 16.1 a 101 a 42.4 a

Note: Values followed by different letters are significantly different (P < 0.05).

Table 10. Provenance means across the two densitometry test locations for disk
density, mean earlywood and latewood densities, and mean latewood percent.

Provenance
DWD

(kg/m3)
MEWD
(kg/m3)

MLWD
(kg/m3)

MLWP
(%)

VOL
(dm3)

Atlantic Coastal 508 a 324 a 711 a 43.8 a 127 a

Lower Gulf 501 ab 321 a 710 a 42.4 b 105 b

Gulf Hammock 493 b 325 a 696 a 40.9 c 134 a

Marion County 490 b 320 a 708 a 41.0 c 126 a

Note: Values followed by different letters are significantly different (P < 0.05).
DWD = Disk Wood Density; MEWD = Mean Earlywood Density; MLWD = Mean
Latewood Density; MLWP = Mean Latewood Percent
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Table 11. Individual-tree narrow-sense heritabilities ( ), standard errors (S.E.), and
family-mean heritabilities ( ) for wood density traits, growth traits, and dry weight
index.

Trait S.E. Trait S.E.

GWD 0.524 0.217 0.856 HT 0.230 0.121 0.635

DWD 0.179 0.145 0.484 DBH 0.136 0.087 0.594

MWD 0.167 0.141 0.445 VOL 0.117 0.080 0.532

MEWD 0.345 0.202 0.578 GDWI 0.109 0.077 0.504

MLWD 0.242 0.167 0.602

MLWP 0.165 0.140 0.431

Note: Heritabilities for and genetic correlations among GWD, GWDI, and all growth traits
calculated data from all four test locations. Genetic parameters among remaining traits were
calculated using data from the two densitometry tests only.

GWD = Gravimetric Wood Density; DWD = Disk Wood Density; MWD = Mean Wood Density;
MEWD = Mean Earlywood Density; MLWD = Mean Latewood Density; MLWP = Mean
Latewood Percent; GDWI = Gravimetric Dry Weight Index.

hi
2 hF

2 hi
2 hF

2

hi
2

h
F
2
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Table 12. Genetic Correlations among wood density traits, growth traits, and dry weight
index (standard error in parentheses).

GWD DWD MWD MEWD MLWD MLWP HT DBH VOL GDWI

GWD --
1.105

(0.109)
1.169

(0.191)
0.377

(0.349)
0.781

(0.173)
0.872

(0.125)
0.237

(0.312)
-0.487
(0.277)

-0.297
(0.343)

0.086
(0.379)

DWD --
0.999

(0.001)
0.658

(0.276)
0.374

(0.454)
0.854

(0.158)
0.793

(0.229)
0.443

(0.659)
0.959

(0.066)
0.956

(0.666)

MWD --
0.743

(0.223)
0.373

(0.465)
0.817

(0.199)
0.699

(0.321)
0.384

(0.713)
0.821

(0.314)
0.962

(0.059)

MEWD --
-0.146
(0.441)

0.517
(0.365)

0.103
0.519)

0.197
0.671)

0.257
(0.751)

0.285
(0.596)

MLWD --
-0.088
(0.538)

0.785
(0.218)

-0.659
(0.428)

-0.189
(0.841)

0.052
(0.702)

MLWP --
0.230

(0.596)
0.490

(0.636)
0.674

(0.526)
0.884

(0.171)

HT --
-0.001
(0.883)

0.490
(0.772)

0.742
(0.369)

DBH --
0.849

(0.377)
0.744

(0.489)

VOL --
0.977

(0.056)

GDWI --

GWD = Gravimetric Wood Density; DWD = Disk Wood Density; MWD = Mean Wood
Density; MEWD = Mean Earlywood Density; MLWD = Mean Latewood Density; MLWP =
Mean Latewood Percent; GDWI = Gravimetric Dry Weight Index.
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Figure 1. Map of the southeastern United States showing the natural range of loblolly
pine (shaded), the four provenances used in the study, and the four study locations.
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Figure. 2. Site mean correlation of individual tree stem volume and wood density.



94

r = -0.25

400

410

420

430

440

450

460

70 80 90 100 110 120 130

Stem Volume (dm3)

ACP

GH

LG

MC

Figure 3. Family mean correlation of individual tree stem volume and wood density.
The provenance of origin is indicated for each family. (Provenances as defined in
Figure 1.).
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CHAPTER THREE:

Genetic variation of wood density and its component properties in four southern
provenances of loblolly pine using a direct scanning x-ray densitometer
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Abstract

A direct scanning x-ray densitometer was used to measure breast height juvenile wood

density characteristics for two 12-year-old plantings of a genetics trial that included 51

open-pollinated families from four provenances of loblolly pine (Pinus taedaL.). The

two sites, flatwoods and well-drained upland, differed dramatically in stem volume

production and most wood density traits (P < 0.01). A basal area weighted approach was

used to determine the wood density that approximates the disk density for the tree, and for

distinct ring subgroups including consecutive groupings comprised of ring 3, rings 3 and 4,

rings 3 through 5, and so on up to rings 3 through 10. The simple averages of ring

measurements were calculated to represent mean tree values for latewood density and

latewood percent. Wood uniformity ratios were calculated as percentages to give an

indication of the similarity of the wood density and latewood percent in rings three through

five compared to rings eight through ten (values near 100% show high uniformity). The

transition point to “mature” wood was determined as the ring number at which a growth

ring consisted of at least 50% latewood.

Location effects for stem volume and nearly all wood density traits accounted for up to

80% of total variation. Provenance variation was important for disk densities of early

ring segments, but diminished with age and was not significant (P > 0.10) beyond the

segment consisting of rings 3-6. Pooled narrow-sense heritability estimates for the

consecutive-ring group disk densities ranged from 0.14 to 0.23, and all groups were

highly correlated with average (tree) disk density (rA > 0.90). Mean latewood density and

mean latewood percent both showed a strong positive correlation with average disk
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density and the disk density of the ring 3-5 segment, indicating that early selection for

disk density can be effective.

Of the three wood uniformity measures, only the latewood percent ratio had even a

marginally important provenance effect (P < 0.10). Genetic control of the uniformity

traits was minimal as pooled individual-tree heritability estimates were all less than 0.07.

None of the uniformity traits were well correlated with average disk density or with each

other. Location effects were the dominant factor causing variation in wood uniformity,

although the ratio of within-ring density differences was identical (77.6%) at both

locations. Environmental conditions will have to be modified to affect wood uniformity

as assessed here.

The transition to “mature” wood occurred at ring number 5.9 at the higher density

flatwoods location and ring number 8.9 at the lower density upland test site. Test

location accounted for 63% of total variation (P < 0.01). The point of transition also

showed a strong provenance component (P < 0.05); the higher density Atlantic Coastal

and Lower Gulf Coastal Plain sources transitioned sooner than the lower density Gulf

Hammock and Marion County sources. The heritability of the transition point was 0.09

and its correlations with average disk density and stem volume were strong and negative

suggesting an opportunity to simultaneously increase wood density and volume.

However, the low heritability for transition to mature wood makes genetic gain difficult

to achieve.
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Introduction

The deep south in the United States constitutes the heart of the nation’s wood basket.

Even so, limited information is available describing the variation of detailed measures of

wood density and associated properties in the southern provenances of loblolly pine.

Information is lacking that relates the contribution of genetic and environmental effects to

performance, leading to an evaluation of potential genetic gain. Such knowledge is critical

to maximize forest productivity in pursuit of sustainability.

Much has been written of the negative attributes of juvenile wood as a raw material for

the solid wood and pulp and paper sectors. The primary concern is the strength and stability

of the final products. Although relatively few reliable studies can be found that examined

mature wood, juvenile wood density is a good predictor of both mature and average tree

density (Megraw and Williams 1994; Harding 1995; Talbert et al. 1983; see Zobel and Jett

1995). Because selection age for superior growth in loblolly pine is normally made at age

five or six years, tree breeders would benefit from additional information characterizing

wood properties at this age and the genetic correlation with later years.

Further, while a steady furnish of large quantities of juvenile wood is not necessarily bad

for a pulp mill, a problem arises from mixtures of relatively high density and low density

wood necessitating strict wood yard management and separate cook times to maximize

yields (Dinus and Welt 1997). Such wood density mixtures can result from mixing more

mature timber from natural stands with younger plantation grown wood, but are also caused

by differences between top and bole wood, radial variation, and within-ring differences.

Another consideration is the age of transition to mature wood. If transition age can be

forced to younger ages, a greater proportion of tree volume would be composed of wood of
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similar properties resulting in a more uniform raw material with properties that are more

desirable.

There is evidence that enhanced fertility levels may act to improve within-ring

uniformity by increasing earlywood density and reducing latewood density (Gladstone

and Gray 1972; Blair and Olson 1984). Also, families or seed sources showing more

within-ring uniformity than others may exist. Genetic mechanisms of control may be

useful in reducing this source of non-uniform wood as well, but are yet to be identified.

With the possible exception of overall wood density, it is not known if wood

properties for a given provenance or family jointly behave in a consistent manner across

site types. The component properties of wood density affect yields, manufacturing

processes, and the quality of the end product for the solid wood and pulp and paper

industries (Ellis and Rudie 1991; Smook 1992). For years, tree breeders and mill

managers have attempted to find a solution to the impact of the steadily increasing

production of fast grown plantation wood that has high within- and among-ring

variability and a high juvenile wood component. Lack of uniformity of wood has been a

major drawback to its efficient use as a raw material (Larson 1969; Zobel, et. al 1983;

Dinus and Welt 1997). In their recent book, Zobel and van Buijtenen (1989) state that

"The great need for research into variations in wood properties, their control, and their

effect on the quality of the end product is emphasized by nearly every author" reporting

on the subject. The value and potential returns from reducing tree to tree, within tree, and

within-ring variation cannot be overstated.

Pressure to provide sufficient quantities of wood to forest products manufacturers will

force the continuing trend to utilize ever increasing quantities of juvenile wood. The time
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has come to end the debate over the perils and pitfalls of this “species” of wood and begin a

concerted effort to improve the quality of pine wood grown throughout the South. Such a

contention was evident during a recent workshop that focused on “Wood and Wood Fibers:

Properties and Genetic Improvement1”. Workshop participants rated the lack of

quantitative genetic data for wood properties as one of the primary knowledge gaps to

successfully altering the properties of plantation grown wood. While the task of improving

wood quality can be approached on the manufacturing and silvicultural fronts, this paper

will describe the genetic and environmental variation of several wood traits, evaluate

selection age, assess wood uniformity, and estimate genetic gain from selection.

Materials and Methods

An abbreviated version of the materials and methods section is presented here to point out

differences and similarities to what was presented in chapter two of this thesis. For more

detailed information please refer to chapter two.

Source of Plant Material

Wood samples for this study were taken from two of the remaining six installations of a

loblolly pine provenance–progeny study; Butler County, Alabama and Nassau County,

Florida, (Table 1; Figure 1). The complete set of trials was jointly established by members

of the North Carolina State University-Industry Cooperative Tree Improvement Program

and the University of Florida Cooperative Forest Genetics Research Program (Anonymous

1988; Anonymous 1994).

1 Information Exchange Group~40, July 19-22, 1998, Atlanta, Georgia
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The trials were planted in 1982 and include representative open-pollinated families

(Table 2) from four geographic provenances (Figure 1) of loblolly pine. Test design and

the criteria used to select tests and replications are described on page 56 in chapter two of

this thesis.

Sampling Procedure

Following the end of the 1993 growing season, bark-to-bark 12mm increment cores

were extracted from up to five dominant or codominant trees from each family in the

three replications sampled from both test locations. Each core was divided at the pith and

one radial half of each core was prepared for density data collection using the direct

scanning x-ray densitometer housed in the tree improvement laboratory at North Carolina

State University. Details of sample preparation methods and use of the densitometer can

be found on page 57 in chapter two of this thesis. Density data together with the scanned

wood cores were used to identify samples believed to contain branch or needle traces,

compression wood, and other maladies that would interfere with accurate density

assessment. Such samples were omitted from all analyses. Further, rings one and two

were omitted from analyses as noted below; because these rings were frequently

incomplete and contained maladies that were not always easily detected.

Traits Studied

The density scans for each growth ring of each tree sampled generated data for

numerous variables including ring number from pith; year of ring formation; earlywood,

latewood, and mean ring density; and latewood percent. The two test sites chosen for this

study differed in growth rate and more rings were present at breast height in trees sampled
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from the more productive site in AL. Because wood properties are strongly correlated

with ring number from the pith, only rings 1-10 from each test site were included in this

study.

Selection Efficiency

Basal-area-weighted disk wood density (DWD), as explained on page 59 in chapter

two of this thesis, was calculated for all consecutive ring groups from ring three through

ring ten. That is, disk densities were calculated for ring three (DWD3-3), ring group three

and four (DWD3-4), ring group three through five (DWD3-5), and so on up to ring group

three through 10 (DWD3-10).

Rings one and two were omitted from this analysis to avoid the effect of the “noise”

caused by incomplete rings and undetected maladies such as compression wood, resin

deposits, and needle and branch traces often encountered in rings near the pith. The

objective of this analysis was to evaluate selection efficiency at different ages by

correlating wood density at early ages with that of older trees within the limits of this

study.

Transition Ring Number

Transition from juvenile wood density to mature wood density for the portion of the

natural range of loblolly pine covered by this study has been estimated as about six to ten

rings from the pith (Clark and Saucier 1991; Hodge and Purnell 1993). In this paper,

because the trees (age 11 years) studied are very near the point of transition, a simple

criterion (Hodge and Purnell 1993) was used to assess transition; the ring number at which a

growth ring consisted of greater than or equal to 50% latewood determined the transition

point (TRN50) to mature wood.
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Of the 1184 trees used in this analysis, 114 trees had not yet attained the threshold level

of 50% latewood. Plotted data suggested a linear relationship between ring number from

pith and latewood percent at the Alabama test site and a curvilinear relationship at the

Florida site. The appropriate regression was run for the trees at each site using the general

linear model (GLM) procedure (SAS Institute Inc. 1988) to predict the age of transition to

50% latewood. The mean correlation coefficient (R2) for all regressions was greater than

0.85. Predicted values were used to replace missing values only.

Wood Uniformity

Wood uniformity was assessed across the cross-sectional radius at breast height for (i)

changes in mean disk wood density and (ii ) average differences within growth rings. The

uniformity of disk wood density (DWDR) was measured by computing the ratio of the

average disk density of two, three-ring groups: rings three through five and rings eight

through 10.

Within-ring uniformity was assessed in the same three-ring groups used in the disk

density analysis, rings three through five and rings eight through 10, as (i) the ratio of the

group-mean difference between earlywood and latewood density (RWDR) and (ii ) the

ratio of the group-mean latewood percent (LWPR). The transition from earlywood to

latewood within a growth ring was set at a density of 480 kg/m3 (Harding 1995). These

thresholds correspond to classification from visual inspection of the cores and are used as

ring density separation criteria throughout this paper.

Statistical Analysis

See chapter 2.
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Analysis of Variance

See chapter 2.

Genetic Parameter Estimates

See chapter 2.

Selection Response

See chapter 2.

Results

Environmental Effects

The influence of the macro environmental test location effects had a dramatic impact

on the disk density ring groups (P < 0.01; for each group). Test location accounted for

about 55% of disk density variation in ring groups DWD3-3 and DWD3-4 and 74%-80%

in ring groups DW3-5 through DWD3-10. The differences in location means for disk

density for the ring groups increased quickly from 15% (56 kg/m3) for DWD3 to a plateau

of about 28% (119 kg/m3) in groups DWD3-5 through DWD3-10 (Figure 2).

The wood uniformity ratios, expressed as percentages, give an indication of the

similarity of the wood in the inner rings (3-5) to that of the outer, more mature rings (8-

10). A value approaching 100% indicates a large degree of similarity. A value near 50%

for the disk wood density ratio (DWDR), for instance, indicates that the average density

of the inner rings is about one-half the density of the outer rings. Similarly, the ring wood

density ratio (RWDR) and the latewood percent ratio (LWPR) utilize within-ring

averages for ring groups 3-5 and 8-10. RWDR uses the average difference between



105

earlywood density and latewood density, while LWPR compares the average latewood

percent for the two ring groups.

Two of the three wood uniformity ratios, the disk wood density ratio (DWDR) and the

latewood percent ratio (LWPR), exhibited large environmental effects (Tables 5 and 7).

The difference between the inner and outer ring groups that comprise DWDR was 103

kg/m3 for DWD3-5 at the FL site and 137 kg/m3 at the AL site producing a smaller disk

density ratio at the latter site.

Macro environmental site effects were important for LWPR, a key component of

overall wood density (Table 7). There was a 24% difference in the ratio at the two

locations (Table 5). The FL test location had a higher LWPR, higher overall latewood

percent (49% vs. 36%), and higher average disk wood density (546kg/m3 vs. 448 kg/m3).

(See Chapter 2, Table 8 for additional location summary information.) The average

latewood percent for ring group 3-5 was 23% at the AL site and 36.7% at the FL site.

Similarly, the latewood percent for ring group 8-10 was 47.3% and 58.3% for the AL and

FL sites, respectively.

Ring wood density ratio (RWDR) is a comparison of within-ring density differences

for the inner and outer ring groups. Although the average within-ring density difference

was large for the inner and outer ring groups, there was little difference between the two

sites. The average earlywood-latewood difference for ring group 3-5 was 327 kg/m3 at

the AL site and 338 kg/m3 at the FL site. Similarly, the difference for ring group 8-10

was 424 kg/m3 and 439 kg/m3 for the AL and FL sites, respectively. This similarity in

within-ring density differences at the two locations is illustrated by Figure 3. As a result

RWDR was identical at both test locations (Table 5).
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The impact of test location on TRN50 was dramatic (Table 5). Transition to mature

wood based on latewood percent was delayed for three years at the AL site with lower

overall wood density. A plot of average ring density by growth ring from pith illustrates

the significance of TRN50 on wood density (Figure 4). Average wood density appears to

plateau at the FL site following ring number 6 which agrees with the calculated value for

TRN50. The same trend is not conclusive at the AL site because transition was attained

near the outermost growth rings and additional rings may have been very informative.

Genetic Effects

The statistical significance of provenance variation for the disk density groups steadily

decreased from DWD3-3 (P < 0.02) to DWD3-10 (P < 0.16). The exception to this trend

was the probability value for DWD3-5 which was P < 0.13. At younger ages, disk

densities for the ACP and LG provenances were superior to those of the GH and MC

sources, but disk densities converged in the outer rings (Figure 5).

Variation among the families within the four provenances was high for all disk density

groups (P < 0.08). Only DWD3-8 had a p-value greater than 0.05. No pattern was evident

as a function of ring number from the pith. When provenance structure is ignored, family

level differences are stronger (P < 0.01) for all ring groups.

Among the three wood uniformity ratios, only LWPR had a marginally important

effect of provenance variation (P < 0.10). The ACP and LG provenances had consistently

higher percent latewood content for ring group 3-5 and 8-10 compared to the GH and MC

provenances, but the superiority narrowed in the latter ring group. The difference

between the two provenance groupings was 4% in group 3-5 and about 1.5% in group 8-

10. In the case of DWDR, the lack of significance was due to small density differences
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between ACP and LG and between GH and MC in ring group 3-5, and the convergence

and slight rank change (GxE non significant) in the more mature 8-10 ring group.

Regarding RWDR, although there were relatively large wood density differences among

the provenances within ring group 3-5 (325 kg/m3 to 339 kg/m3) and within ring 8-10

(419 kg/m3 to 441 kg/m3), the ratios were nearly identical for all provenances (Table 6).

Among the provenances, the mean difference between earlywood and latewood density in

ring group 8-10 was 100 kg/m3 ± 6 kg/m3 greater than the mean difference in ring group

3-5.

Although family differences were observed within the four provenances for the

components of the wood uniformity ratios, no such genetic differences were detected for

the ratios themselves (P > 0.34). In the absence of provenance structure, significant

family effects were detected for LWPR (P < 0.05), marginally important effects for

DWDR (P< 0.10), and non-significant differences for RWDR (P < 0.63).

The genetic component of TRN50 at the provenance level was nearly as important (P <

0.02) as the environmental component. The ACP provenance transitioned to mature

wood at an earlier ring number than the remaining provenances (Table 6). The

provenance variation pattern was identical at both test sites as the ACP source reached

transition earliest, followed by the LG, MC, and GH sources. Ten of the 15 families to

transition earliest were in the ACP and LG provenances, while 14 of the 15 families that

were slowest to transition belonged to the MC and GH provenances.

Variation in TRN50 for families pooled among provenances was relatively

unimportant (P < 0.14), but, ignoring the provenance structure, differences were
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detectable at the family level (P < 0.04). The range in TRN50 for families was from 6.4

rings to 8.5 rings.

Genetic Parameters

The highest narrow-sense heritabilities were found for the density traits, namely, overall

disk density (as reported in Chapter 2) and the consecutive ring group traits (DWD3-3

through DWD3-10). Heritability estimates pooled among provenances for the ring groups

ranged from 0.14 for DWD3-3 to 0.23 for DWD3-6 (Table 8). No obvious trend was

detected as a function of ring number from the pith. When the genetic structure of the

provenances was ignored, heritability estimates for the same traits ranged from 0.24 to 0.38.

Standard errors for the pooled estimates ranged from 0.13 to 0.17. When provenances were

ignored, standard errors were an order of magnitude lower than those for the pooled

estimates.

As suggested by the general lack of genetic variation described above, pooled

heritability estimates were low for the wood uniformity traits and transition age (Table 8).

When calculated strictly at the family level, the estimate for DWDR increased nearly

eight-fold to 0.11, the estimate for RWDR remained very low, and that of LWPR

increased dramatically to 0.29. The large change in the estimate for LWPR reflects its

high degree of family variation relative to the other two uniformity traits. Standard errors

for these heritabilities were similar to, but slightly lower than those for the ring groups

traits.

Pooled genetic correlations among DWD3-3 through DWD3-10 were nearly perfect

with very little error in the estimate. This was also the case for the correlation of average

disk density (DWD3-10) with each of the ring groups (Table 9). The genetic correlation
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between each of the ring groups with total tree volume steadily increased from –0.29

(S.E. 0.93) for DWD3-3 to 0.98 (S.E.>0.44) for DWD3-10. Of note are correlations

involving ring group 3-5 because of its value in progeny assessment. The correlation of

DWD3-5 with one of the uniformity traits, DWDR, was relatively high (rA 0.73) but with

a high S.E. 0.78. DWD3-5 was moderately correlated with tree volume, but showed a

strong negative correlation with transition age.

Among the uniformity traits, pooled genetic correlations were less than negative one

and had standard errors that were about four times as large as the correlations. Only

DWDR showed a moderate correlation with disk density, but had a high standard error

for the estimate (Table 9). None of the uniformity traits were correlated with tree

volume. However, DWDR was strongly negatively correlated with TRN50 which in turn

was similarly correlated with disk density (Table 9), and tree volume (-0.88, S.E. 0.27).

When the above correlations were calculated ignoring the provenance structure, most

of the correlations changed very little and were not of practical importance. One dramatic

change involved the correlation of DWD3-5 with volume. The genetic relationship

changed from being moderately positive to moderately negative (-0.32). This change was

consistent for DWD3-5 through DWD3-10

Discussion

It is clear that genetic components of most wood properties cannot be evaluated in

isolation from the influence of the growing environment (Zobel and van Buijtenen 1989).

To do so can produce misleading results. Although GxE is normally not an issue with
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wood properties, as also found here, care must be taken when provenances are evaluated

outside their indigenous range. When grown in common garden experiments, comparisons

among provenances cannot always be predicted fromin situ measures of wood density

(Byram and Lowe 1988; Belonger et al. 1996; Zobel and Jett 1995). For instance, the native

areas of the MC and GH provenances areas in Florida, and the FL test site used in this

study, are renown for being a pocket of high wood density (Jett et al. 1991; Zobel et al.

1972). However, as shown here and by others (see Zobel and van Buijtenen 1989 for

examples), the dominant factor determining wood density is not a genetic effect, rather the

environment in which the trees are grown. The two Florida sources consistently ranked

below the LG and ACP provenances for overall disk density, disk density of all segments

studied, and latewood percent (see also Chapter Two, Tables 6 and 8), except for the

convergence noted in the outermost rings (Figure 5).

Considerable differences in the growing environment of the two sites resulted in large

differences in growth and wood properties. For instance, density profiles and latewood

content suggested that the rings in the outer ring groups were outside of the juvenile wood

zone and, at the FL site, were mature wood. Consequently, results from this study should

be viewed as average environmental and provenance effects realizing that analysis of data

from a single site or two or more sites with similar characteristics may present a somewhat

different assessment of wood variation from pith to bark at breast height.

When densitometry data are analyzed, sometimes large year-to-year variation is

noticeable in data for individual rings (Harding 1995). To combat this effect, it is useful

to combine data for individual traits into groups of from three to five rings and treat each

as a unique trait. In this study such multiple ring groups were created. Analysis was
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especially focused on ring group 3-5 because most progeny assessments and subsequent

selection, are made between ages 5 and 8; a time when rings 3-5 should have been formed

at breast height.

The pooled provenance results for the wood uniformity traits and transition ring

number will be discussed first, followed by the results for the consecutive ring groups

with regard to selection efficiency. Finally, the genetic parameters from the family level

analysis will be used to estimate genetic gain and correlated response from selection.

Wood Uniformity

Perhaps the only certain need in the wood supply of the future is improved uniformity

(Zobel and van Buijtenen 1989; Zobel and Jett 1995; Dinus and Welt 1997). Mixture of

wood sources at the mill of different ages or that were produced on different site types or

under vastly different silvicultural regimes has been a major drawback to efficient

utilization as a raw material (Dinus and Welt 1997). Likewise, tree-to-tree and within tree

variation dramatically affect wood use efficiencies (Larson 1969; Zobel, et al.1983). In this

study, ring group 3-5 was included as the inner component of each of the three uniformity

ratios. The other half of the ratio, ring group 8-10, was included to provide an assessment

of the change in selected wood properties over time, and, within the scope of this study, to

allow a comparison of juvenile wood (rings 3-5) with more mature wood (rings 8-10).

Variation from pith to bark for most wood properties is similar at all heights in the tree as a

function of ring number from the pith (Megraw 1985) allowing characterization of whole-

tree values from breast-height samples.

One measure of uniformity is how the average density varies from pith to bark. The

trend in southern pines is for wood density to be very low near the pith, to increase
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rapidly to a transition zone, and then to gradually plateau into mature wood (Zobel and

van Buijtenen 1989). The site variation in the disk wood density ratio (DWDR) resulted

from a difference in the rate of wood density increase. The rapid increase in density in

rings near the pith at the FL site resulted in a relatively high density for ring group 3-5,

and consequently greater similarity to the density of ring group 8-10. In contrast, trees at

the AL site showed a relatively slow increase in wood density over time (Figure 2).

This trend was largely driven by percent latewood content and can be seen in the

latewood percent ratio (LWPR). Like the disk wood density ratio, LWPR was higher for

the FL site showing more uniformity between latewood content in inner rings and outer

rings compared to trees at the AL site. This relationship is consistent with the mean

latewood percentages presented earlier (Chapter 2, Table 8) where trees at the FL site

were shown to contain 25% more latewood on average.

Although the true cause of this phenomenon is not clear we can speculate that it relates

to the availability of water late in the growing season. Water is rarely limiting on the

flatwoods soils like that of the FL site, but late-season water stress is relatively common

in well-drained soils like the one found at the AL location (Table 1). High moisture

availability late in the growing season has been associated with a higher proportion of

high-density latewood and therefore overall higher wood density (see Megraw 1985,

Zobel and van Buijtenen 1989 for examples). The present study supports this finding as

evidenced by the difference in latewood percent comparing the AL and FL test sites

(Table 8). The difference in average density can also be caused by earlywood and

latewood contributions, but the AL trees had earlywood and latewood densities that were

no more than 10% less than the densities for the trees at the FL site.
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The genetic component of the three uniformity ratios was marginally important for

LWPR only (Table 6). More uniform wood should tend to have either consistently high

or consistently low latewood content. The latewood percent ratio does not discriminate in

this manner as such, but does indicate the level of uniformity from pith to bark. Since

RWDR was unaffected by site or genetic effects (Tables 5 and 6), and average density

and the latewood percent ratio were highest for the ACP and LG provenances, wood

uniformity as measured here can be enhanced by deploying seedling from the Atlantic

Coastal Plain and Lower Gulf Coastal plain provenances on sites where late season soil

moisture is more available. This of course is a rather idealistic approach given the

inferiority of the growth performance of the LG sources (Jayawickrama et al. 1997;

Anonymous 1995) and the large part volume plays in dry weight yields per hectare (see

Chapter Two).

Transition ring number (TRN50) can also be used as an index of wood uniformity

because, similar to the latewood percent ratio, TRN50 indicates how quickly mature

levels of latewood content are attained. There is some indication that transition from

juvenile to mature wood is a heritable trait and therefore potentially useful in increasing

juvenile wood density (Loo et al. 1985; Hodge and Purnell 1993). Since transition ring

number is strongly negatively correlated with average disk density (Table 9), trees that

transition to mature wood at younger ages will have a greater proportion of their volume

comprised of wood of similar and, for most uses, more desirable character. TRN50 was

found to have a marginally low heritability (0.09) in this study, but may be high enough to

consider in tree breeding efforts.
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Working with a 25 year-old loblolly pine progeny test in east Texas, moderate family

differences were found for wood density transition age and suggesting that fast growth

may be related to early transition from juvenile to mature wood (Loo et al. 1985). A

similar favorable relationship was found in the present study at the provenance level, but

not among families when provenance structure was ignored. TRN50 and stem volume

were strongly negatively correlated (-0.88, S.E. 0.27) when pooled among provenances

and near zero at the family level. Therefore, family selection for transition age would

have minimal affect on volume growth.

The combined strong negative correlation of the disk wood density ratio with transition

ring number, and transition ring number with average disk density suggest that selection

for high wood density should reduce the size of the juvenile core and subsequently

improve wood uniformity as measured by DWDR. Similar encouraging results related to

wood uniformity for slash pine have been reported (Hodge and Purnell 1993). Selection

to reduce transition age in slash pine would cause juvenile wood density to increase and,

conversely, result in lower mature wood density. By lowering transition age in this

manner uniformity of wood density across the core will be improved.

Selection Efficiency

Knowledge of the trends in heritabilities and juvenile-mature correlations of a trait

with age is important for early selection. The consecutive ring groups starting with ring

number three and continuing through ring group 3-10 provided a means of evaluating

selection efficiency at different ages (ring numbers) by calculating age-age correlations

between the disk density for each ring group with average disk density. Rings three
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through ten were chosen to comprise the ring groups at both test locations because of the

strong relationship between wood density and ring number from the pith.

In general, the heritabilities for the consecutive disk densities remained relatively

unchanged from year to year and each disk segment was highly correlated with average

disk density (Tables 8 and 9). The lowest heritability was observed for ring group

DWD3-3 because it was represented by a single ring. More consistent results should be

obtained by using densities comprised of more than one ring. The correlation of disk

segment 3-5 showed one of the strongest correlations with average disk density and

should be valuable in progeny assessment.

Response to Selection

A response to selection results when the mean of a selected population is greater than the

mean of the entire population. The improvement that can be made is a function of the

variation that exists for a given trait, the heritability of that trait, and the intensity of

selection. The implications of the family level genetic parameter estimates were assessed

for family selection by calculating genetic gain estimates and the correlated response. By

selecting the top 20% of the families, single-trait selection for stem volume, disk density,

and transition ring number would result in gains of 4.7%, 0.84%, and 1.2%, respectively.

The low genetic gain for each of these traits is largely due to the relatively low family

variation and low selection intensity; greater gains should be attainable from selection

utilizing all families available among these provenances in the cooperative tree

improvement programs in the Southeast. Because of the moderate family-level negative

correlation between volume and disk wood density, but strong negative favorable

correlation between disk density and transition ring number, selection of families for
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volume production would result in an inconsequential –0.1 kg/m3 correlated response in

wood density. A simultaneous, but likewise unimportant average increase in the time to

transition of about one month (i.e., 0.12 growth rings) would also result. Conversely,

primary selection for wood density would cause a 1.3% decrease in average volume

production among offspring of the selected families.

Summary

Although these results represent important patterns of variation for the traits investigated,

the strength of the heritabilities and correlations might be improved by the inclusion of data

from additional families and/or additional field trials. Because most reports have indicated

higher heritabilities for wood density than those found here, the quality of the densitometry

data itself may be a source of wide variation around family means (Harding 1995).

Information of the type presented here is needed for other provenances of loblolly pine

requiring large plantings spread across wide geographic areas. Where such trials already

exist that have been established for other objectives, incorporation of wood properties

should be evaluated. In the absence of such field trials, silvicultural studies can be

redirected to address wood property and wood quality concerns in light of the explosion of

intensive silviculture. Some would argue that the latter is an even bigger issue than genetic

concerns. Although the present study, using sites of dramatically different productivity, did

not detect GxE, intensive culture in various combinations too numerous to address here may

lead to even larger quality issues that those currently associated with juvenile wood.
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Table 1. Summary of location information including age 10
years growth measurement summary for trees included in the
x-ray densitometry.

Test Location AL FL

County Butler Nassau

Latitude (N) 31054' 31038'

Longitude (W) 86045' 81037'

Elevation (m) 137 7

Mean Annual Rainfall (mm) 1441 1391

Mean Annual Temp. (0C) 20 20

Soil Series Orangeburg Goldhead

Drainage Class Well Poor

Mean Tree Height (m) 16.6 10.4

Mean Tree Diameter (cm) 18.0 13.8

Total no. of trees sampled 555 629
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Table 2. Genetic material studied: Provenances, Half-sib Families and
Origin of Ortets.

Atlantic Coastal Plain Lower Gulf Coastal Plain

Origin of Ortet Origin of Ortet
Family County State Family County State
05063 Allendale SC 17004 Marengo AL
05065 Berkeley SC 17041 Clarke AL
07004 Georgetown SC 17048 Choctaw AL
07034 Georgetown SC 23004 Clarke MS
07056 Williamsburg SC 23017 Jasper MS
07058 Marion SC 23021 Wayne MS
10027 Hancock GA 23026 Wayne MS
11010 Georgetown SC 23028 Greene MS

24001 Escambia AL
24002 Escambia AL
24004 Wilcox AL
24006 Conecuh AL
24009 Conecuh AL

Marion County Gulf Hammock

Origin of Ortet Origin of Ortet
Family County State Family County State
22022 Marion FL 22001 Levy FL
22044 " " 22004 " "
22045 " " 22005 " "
22055 " " 22008 " "
22057 " " 22009 " "
22058 " " 22023 " "
22060 " " 22024 " "
22062 " " 22027 " "
22069 " " 22029 " "
25051 " " 22030 " "
25053 " " 22031 " "
25074 " " 22032 " "
25075 " " 22033 " "
25076 " " 22034 " "
25077 " " 22038 " "
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Table 3. Form of the model and expected mean squares for combined analysis
of variance on individual observations. Degrees of freedom and coefficients
(e.g., t=4) for expected mean squares based on assumption of balanced data.

Source of Variation
Degrees of
Freedom

Expected Mean Square

Location 1
σ2

ε + tσ2
F(P)B(L) + tbσ2

F(P)L + tpσ2
FB(L) +

tfσ2
PB(L) + tfbσ2

PL + tfpσ2
B(L) + fpbσ2

L

Block (Location) 4
σ2

ε + tσ2
F(P)B(L) + tpσ2

FB(L) + tfσ2
PB(L) +

tfpσ2
B(L)

Provenance 3
σ2

ε + tσ2
F(P)B(L) + tbσ2

F(P)L + tlbσ2
F(P) +

tfσ2
PB(L) + tfbσ2

PL + tfblσ2
P

Provenance x
Location

3
σ2

ε + tσ2
F(P)B(L) + tbσ2

F(P)L + tfσ2
PB(L) +

tfbσ2
PL

Provenance x Block
(Location)

12 σ2
ε + tσ2

F(P)B(L) + tfσ2
PB(L)

Family (Provenance) 44 σ2
ε + tσ2

F(P)B(L) + tbσ2
F(P)L + tlbσ2

F(P)

Family (Provenance)
x Location

44 σ2
ε + tσ2

F(P)B(L) + tbσ2
F(P)L

Block x Family
(Provenance x
Location)

176 σ2
ε + tσ2

F(P)B(L)

Within Plot Error 864 σ2
ε

where: σ2 = variance component
l = number of locations (2)
b = number of blocks within locations (3)
p = number of provenances (4)
f = number of families within each provenance (12)
t = number of trees per plot (4)
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Table 4. Form of the model and expected mean squares for family level analysis
of variance on individual observations. Degrees of freedom and coefficients for
expected mean squares based on assumption of balanced data from two test
locations.

Source of Variation Degrees of
freedom

Expected Mean Square

Location 1 σ2
ε + tσ2

FB(L) + btσ2
FL + ftσ2

B(L) +
fbtσ2

L

Blocks (Location) 4 σ2
ε + tσ2

FB(L) + ftσ2
B(L)

Family 47 σ2
ε + tσ2

FB(L) + btσ2
FL + bltσ2

F

Family x Location 47 σ2
ε + tσ2

FB(L) + btσ2
FL

Family x Block
(Location)

188 σ2
ε + tσ2

FB(L)

Within Plot Error 864 σ2
ε

where: σ2 = variance component
and assuming balanced data:
l = number of locations (2)
b = number of blocks within locations (3)
f = number of families (48)
t = number of trees per plot (4)
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Table 5. Location means for disk density of rings 3-5 (DWD3-5) and rings 8-10
(DWD8-10), disk wood density uniformity (DWDR), ring wood density uniformity
(RWDR), latewood percent uniformity (LWPR), and transition ring number (TRN50).
(All P-values for test of location effects < 0.001, except RWDR where P < 0.938.)

Provenance
DWD3-5
(kg/m3)

DWD8-10
(kg/m3)

DWDR
(%)

RWDR
(%)

LWPR
(%)

TRN50
(ring no.)

Alabama 382 519 74.0 77.6 49.3 8.9

Florida 483 586 82.8 77.6 63.3 5.9

DWDR = (disk density rings 3-5 / disk density rings 8-10) x 100

RWDR =
mean [latewood density – earlywood density] rings 3-5

mean [latewood density – earlywood density] rings 8-10)
x 100

LWPR = (mean latewood percent rings 3-5) / (mean latewood percent rings 8-10) x 100

Table 6. Provenance means for disk density of rings 3-5 (DWD3-5) and rings 8-10
(DWD8-10), disk wood density uniformity (DWDR), ring wood density uniformity
(RWDR), latewood percent uniformity (LWPR), and transition ring number (TRN50).

Provenance
DWD3-5
(kg/m3)

DWD8-10
(kg/m3)

DWDR
(%)

RWDR
(%)

LWPR
(%)

TRN50
(ring no.)

Atlantic Coastal 445 a 562 a 79.3 a 77.5 a 59.7 ab 7.0 a

Lower Gulf 442 ab 553 a 80.5 a 77.5 a 61.8 a 7.3 b

Gulf Hammock 426 ab 548 a 78.1 a 77.8 a 53.3 ab 7.6 c

Marion County 423 b 555 a 76.6 a 77.3 a 52.9 b 7.4 bc

Note: Values followed by different letters are significantly different (P < 0.05).

DWDR = (disk density rings 3-5 / disk density rings 8-10) x 100

RWDR =
mean [latewood density – earlywood density] rings 3-5

mean [latewood density – earlywood density] rings 8-10)
x 100

LWPR = (mean latewood percent rings 3-5) / (mean latewood percent rings 8-10) x 100
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Table 7. Contribution to total variation across four test locations treating all sources as random effects for disk
density of rings 3-5 (DWD3-5) and rings 8-10 (DWD8-10), disk wood density uniformity (DWDR), ring wood
density uniformity (RWDR), latewood percent uniformity (LWPR), and transition ring number (TRN50).
(Actual degrees of freedom; df.)

Source df DWD3-5 DWD8-10 DWDR RWDR LWPR TRN50

Location 1 74.3** 43.0** 35.2** 0.0 28.2** 62.8**

Block(Location) 4 0.0 1.7 0.8 3.3 0.0 1.2*

Provenance 3 1.1 0.0 1.5 0.0 6.1 0.6*

Provenance x Location 3 0.5 0.0 2.1 0.3 1.4 0.0

Provenance x Block
(Location)

12 1.0 2.3 1.3 1.9 1.2 0.8

Family(Provenance) 47 1.0* 1.0 0.2 1.3 0.03 0.7

Family(Provenance) x
Location

47 0.0 0.8 0.0 0.6 2.7 0.3

Block x Family
(Location x Provenance)

180 2.2** 2.7* 2.2 0.0 1.8 0.5

Within Plot Error 924 19.9 48.5 56.6 92.5 58.5 33.1

Total 1221 100.0 100.0 100.0 100.0 100.0 100.0
Note: *, **, significant at P < 0.05, P < 0.01, respectively.

Significance levels came from the analysis treating provenance as a fixed
effect.
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Table 8. Individual-tree narrow-sense heritabilities ( ), standard errors (S.E.), family-
mean heritabilities ( ).

Trait S.E. Trait S.E.

DWD 0.179 0.145 0.484 DWDR 0.014 0.086 0.065

DWD3-3 0.141 0.131 RWDR 0.068 0.107 0.272

DWD3-4 0.211 0.157 LWPR 0.001 0.0811 0.005

DWD3-5 0.181 0.146 0.461 TRN50 0.088 0.112 0.288

DWD3-6 0.234 0.165

DWD3-7 0.210 0.156

DWD3-8 0.214 0.158

DWD3-9 0.176 0.147

DWD3-10 0.179 0.145

Note: DWD and DWD3-10 measure the same trait.
DWD = Disk Wood Density; DWD3-3 = Disk Wood Density of ring 3; DWD3-4 = Disk Wood
Density of ring group 3 through 4; DWD3-5 = Disk Wood Density of ring group 3 through 5; and
so on to DWD3-10 = Disk Wood Density of ring group 3 through 10; DWDR = Disk wood
uniformity ratio; RWDR = Ring wood uniformity ratio; LWPR = Latewood percent uniformity
ratio; and TRN50 = Transition ring number.

Table 9. Genetic correlations of disk wood density with group disk wood density traits,
three uniformity ratios, and transition ring number (standard error in parentheses).

DWD3 DWD3-4 DWD3-5 DWD3-6 DWD3-7 DWD3-8 DWD3-9

DWD
0.904

(0.112)
0.968

(0.035)
1.027

(0.032)
0.930

(0.072)
1.020

(0.022)
1.037

(0.041)
1.006

(0.008)

DWDR RWDR LWPR TRN50

DWD
0.514

(1.200)
0.073

(0.810)
0.000

(-)
-0.877
(0.165)

DWD = Disk Wood Density; DWD3-3 = Disk Wood Density of ring 3; DWD3-4 = Disk Wood
Density of ring group 3 through 4; DWD3-5 = Disk Wood Density of ring group 3 through 5; and
so on to DWD3-9 = Disk Wood Density of ring group 3 through 9; DWDR = Disk wood
uniformity ratio; RWDR = Ring wood uniformity ratio; LWPR = Latewood percent uniformity
ratio; and TRN50 = Transition ring number.

hi
2 hF

2 hi
2 hF

2

hi
2

hF
2
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Provenances studied

Atlantic Coastal

Marion Count y

Gulf Hammock

Lower Gulf

Test Locations

Figure 1. Map of the southeastern United States showing the natural range of loblolly
pine (shaded), the four provenances used in the study, and the two study locations.
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Figure 2. Profile of disk density change over time for loblolly pine at two test locations.
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Figure 3. Comparison of earlywood and latewood components of wood density for
loblolly pine at two test locations.
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Figure 4. Profile of average ring wood density change over time for loblolly pine at two
test locations.
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Figure 5. Profile of average ring wood density change over time for four southern
provenances of loblolly pine.
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CHAPTER FOUR:

Latewood tracheid length, cell wall thickness, and lumen diameter in four
southern provenances of loblolly pine: Genetic control and relationship to

wood density and tree volume

by Paul Belonger
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Abstract

Trachied length, total diameter, lumen diameter, and double-cell wall thickness were

measured using latewood tracheids sampled from the outer two rings of breast height

wood samples taken from two 12-year-old plantings of a genetics trial of loblolly pine

(Pinus taedaL.). The trial included 38 open-pollinated families from four provenances.

X-ray densitometry was used to assess wood density of the same breast height samples as

the average density of a disk, the disk density of ring-group 3-5 and ring-group 8-10, and

the mean latewood density for ring-group 8-10.

The two sites, north Florida flatwoods and south Mississippi well-drained upland,

differed dramatically in stem volume production (P < 0.01) and wood density (P < 0.01).

For the trachied traits, only cell wall thickness showed a marginal location effect (P <

0.10). Measured in the middle-third of the cell length, tracheids sampled at the Florida

location were about 11% larger in total diameter, lumen diameter, and double-cell wall

thickness, but no difference was detected for tracheid length. Provenance differences

were strongest for cell wall thickness (P < 0.01) and marginally important for tracheid

length (P < 0.16) and total cell diameter (P < 0.18). The Lower Gulf provenance tended

to have relatively short tracheids (3.9 mm) with smaller diameters (41.6µm) and thin cell

walls (14µm), while the Atlantic Coastal Plain source also had short tracheids (3.8 mm),

but relatively large diameter (43.7µm), thick-walled cells (14.5µm).

Variation among families within provenances was large (P < 0.01 for all tracheid

traits) and resulted in relatively high narrow-sense heritability estimates of 0.58 for

length, 0.34 for total diameter, 0.22 for lumen diameter, and 0.37 for double-cell wall

thickness. The genetic correlations among these traits were all greater than 0.69 except
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the correlation between length and lumen diameter which was 0.42. Measurement of

tracheid length can be used to assess family differences for cell diameter and cell wall

thickness.

The Atlantic Coastal Plain and Lower Gulf provenances had consistently higher

densities (511 and 506 kg/m3, respectively) than the Gulf Hammock and Marion County

sources (494 and 488 kg/m3, respectively). None of the tracheid traits were strongly

correlated with average disk density or the disk density of rings 3-5. Genetic selection for

high average density in 10 to 12 year-old loblolly pines from the provenances studied here

will not produce a predictable pattern in the character of outer-ring latewood tracheids.
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Introduction

The wood quality of fast growing pines produced in southern plantations was brought

into question nearly 40 years ago by Zobel et al. (1959), more recently by others (Blair

and Olson 1984; Zobel 1975; Zobel and Blair 1976; Pearson and Gilmore 1971) and

remains a contentious issue today (Zobel and Jett 1995). There is an increasing trend

toward accelerating tree growth via silvicultural treatments and reducing rotation lengths

on industrial forest land and such activities are spreading to land managed by progressive

non-industrial landowners. As a consequence, it has become more important to define

the genetic variation in wood properties for young southern pines.

Wood density, because of its ease of assessment and known positive affects on the

strength of solid wood products and pulp yield has received considerable attention in the

past (Zobel and van Buijtenen 1989). On the other hand, far fewer investigations have

been made into the environmental and genetic variation of tracheid characteristics such as

length, diameter, and cell wall thickness. The primary limitations have been difficulty of

measurement and the relatively large number of observations needed per tree.

Regarding pulp and paper products, tracheid length, tracheid diameter, and the

thickness of the S2 layer of the cell wall are considered to be the most important cellular

characteristics. Tracheid length is important in interfiber bonding contributing to paper

quality and is virtually proportional to tear strength (Smook 1992). While mature wood

tracheids of southern pines are sufficiently long (avg. 3-4 mm) to accommodate the needs

of pulp and paper producers, improvements to the length of juvenile pine tracheids would

be valuable especially in light of increasing harvests of young, fast-grown plantation trees

(Zobel and van Buijtenen 1989).
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A critical factor determining the length of a newly formed tracheid is the length of the

cambial initial from which it developed. For coniferous species, only 5-10% of tracheid

elongation occurs following cambial division (Bailey and Sheppard (1915) as cited by

Megraw (1985)). The two cambial initials resulting from anticlinal division are initially

about one-half the length of their parent cell. They immediately begin to grow with the

potential to attain the approximate length of the original cell. As a consequence of rapid

tree growth, the cambial initials may begin periclinal division before attaining full length.

The result is shorter tracheids.

Tracheid length, unlike wood density, increases rapidly from year one attaining

transition to mature characteristics between (cambium) age 10 and 20 years, and may

continue to gradually increase over time or level off (Megraw 1985; Zobel and van

Buijtenen 1989). The pattern of change in tracheid length from pith to bark is similar at

all heights of the bole, but the rate of change over time is slowest in the lower 4-6 m

(Megraw 1985). Tracheid length measured using wood samples taken near breast height

is well correlated with whole tree values (Wheeler et al. 1966). Average tracheid length

has been shown to be under moderate genetic control, but an array of narrow-sense

heritabilities have been reported ranging form 0.01 up to 0.97 (Zobel and Jett 1995).

While commonly referred to as an individual trait, wood density is actually a

composite of several wood properties (Larson 1969; Zobel and van Buijtenen 1989).

Most notable are percent latewood, cell wall thickness, and cell diameter. In contrast to

the vacuous nature of the lumen, the cell walls are very dense (~ 1500 kg/m3; van

Buijtenen 1969) and consist of cellulose produced by the assimilation of photosynthate

(Larson 1969). Because of this, cell wall material constitutes the solid component of tree
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fiber and therefore largely determines wood density. Further, because the cell walls of

latewood are much thicker than those of earlywood, the former play a larger roll in

determining the wood density of a tree.

Wall thickness of latewood cells is the most important factor affecting pulp properties

of the southern pines, even more so than the proportion of latewood (Barefoot et al.

1964). While thick-walled cells are desired for unbleached kraft paper and paperboard

products, they are not preferred for all paper products. The thinner-walled cells of

juvenile wood (and earlywood) produce paper with lower tear strength, but greater

bursting and tensile strength and folding endurance because the cells collapse more

readily during pulping and so form well bonded sheets (Smook 1992). Also, smaller

overall tracheid diameter usually improves the major strength properties of paper (Zobel

and Jett 1995).

Each conifer tracheid is a two-walled cell, primary and secondary. The secondary (S)

wall is dominant in terms of thickness and consists of three layers: S1, S2 and S3 (Smook

1992). The middle layer is the thickest often accounting for more than 50% of tracheid

diameter in latewood cells. The thickness of layers other than the S2 layer remain

relatively constant from one tracheid to another (McIntosh 1970). Therefore, the

difference in wall thickness between a thin-walled tracheid and thick-walled tracheid is

accounted for by the thickness of the S2 layer which can be measured using a

conventional light microscope.

Although somewhat arbitrary and at times difficult to apply to juvenile wood, Mork’s

1928 definition of a latewood cell, cited by Zobel and Talbert (p. 378, 1984), as one

having a double wall thickness that is greater than or equal to the width of its lumen is
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acceptable for breast height wood samples taken from trees that are approaching or have

surpassed transition age for wood density. In such cases latewood cells are evident

following the abrupt transition from wide thin-walled (earlywood) cells to narrower,

thick-walled latewood cells. Fortunately, as with wood density and tracheid length,

tangential cell diameters measured using wood samples taken near breast height are well

correlated with whole tree values (Wheeler et al. 1966).

Because of the difficulty of assessement, little information is available on the

inheritance of cell diameter and cell wall thickness, but tree-to-tree variation exists for

both traits and forms the basis for the possible presence of genetic control (Goggans

1962). Numerous reports of correlations among the major wood properties can be found,

but most of them present only phenotypic correlations and many do not even identify the

type of correlation and must be assumed phenotypic (Zobel and Jett 1995). This paper

will help to address the need for information on the environmental and genetic variation

of tracheid length, diameter, and cell wall thickness and relate such variation to wood

density and tree growth using breast height wood samples from families within four

provenances of loblolly pine.

Materials and Methods

An abbreviated version of the materials and methods section is presented here to point out

differences and similarities to what was presented in chapter two of this thesis. For more

detailed information please refer to chapter two.
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Source of Plant Material

Wood samples for this study were taken from two of the remaining six installations of

a loblolly pine provenance–progeny study; Butler County, Alabama and Nassau County,

Florida, (Table 1; Figure 1). The complete set of trials was jointly established by

members of the North Carolina State University-Industry Cooperative Tree Improvement

Program and the University of Florida Cooperative Forest Genetics Research Program

(Anonymous 1988; Anonymous 1994).

The trials were planted in 1982 and include representative open-pollinated families

(Table 2) from four geographic provenances (Fig. 1) of loblolly pine. Test design and the

criteria used to select tests and blocks are described on page 56 in chapter two of this

thesis.

Sampling Procedure

Following the end of the 1993 growing season, bark-to-bark 12mm increment cores

were extracted from up to five dominant or codominant trees from each family in the

three blocks sampled from both test locations. Each core was divided at the pith and one

radial half of each core was prepared for density data collection using the direct scanning

x-ray densitometer housed in the tree improvement laboratory at North Carolina State

University. Details of sample preparation methods and use of the densitometer can be

found in Harding (1995). Density data together with the scanned wood cores were used

to identify samples believed to contain resin deposits, compression wood, and other

maladies that could interfere with accurate tracheid and density assessment.

Ten families were selected from each provenance, except for the ACP provenance

where all eight families were used. Selection was based on wood sample quality criteria
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described below and optimum representation of trees per family-plot and families among

blocks and test locations. Creation of a balanced data set was the objective. A

calculation of the error variance of the family mean using gravimetric data from the

complete set of families sampled from the two field trials showed that three trees per

family was a reasonable sample to precisely estimate family means(Figure 2) Although

we did not assume that tracheid traits would follow the exact pattern, the variance pattern

for wood density was used to guide the sampling procedure for the tracheid

measurements.

Wood samples used for the tracheid measurements were obtained by removing the

outer two growth rings, usually rings nine and 10, from the thin sections used for the

densitometry analysis. To avoid a carryover effect of malformed wood, only samples

with “clean” wood in ring numbers seven to the cambium were used in this study. To

determine the pattern of variation in the number of rings as a function of test location, an

analysis of variance using the densitometry data was run. Only location effects were

important in determining the maximum ring number from the pith (p<0.001). The mean

maximum number of rings per tree were 10.8 and 9.9 for the Alabama and Florida tests

sites, respectively. Because the location effect was so pronounced, and would have

confounded results, no effort was made to sample the same rings from both sites in terms

of ring number from the pith.

The wood samples were macerated using a mixture of equal volumes of 30% hydrogen

peroxide and glacial acidic acid followed by incubation at 600C for 24 hours or until the

wood samples took on a silvery-white color. The maceration solution was then removed
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by flushing with distilled water. Fuchsin stain was added followed by distilled water and

three drops of formaldehyde to preserve the wood tissue.

Latewood tracheid lengths were measured under 20x magnification using a light

microscope with an eyepiece equipped with a bulls-eye consisting of graduated concentric

circles. Only uncut cells were measured. No effort was made to account for the

possibility that a disproportionate number of longer tracheids were cut compared to

shorter cells. Results may therefore be biased and variances may be underestimated.

A light microscope connected to a 13” monitor and a personal computer running

Optimus® v.5.0 image analysis software was used to measure tangential lumen diameter

and total cell diameter under 50x magnification. Radial double cell wall thickness was

calculated as the total cell diameter minus the lumen diameter. The tangential face of

each tracheid was assumed by cell morphology and further identified by the absence of

radial pits. Measurements were taken along the length of each cell in the center one-third

in an area where lumen diameter and wall thickness showed consistent dimensions.

The sample size needed to obtain measurements with 95% confidence for each of the

cellular traits (length± 0.1mm; total cell diameter± 1.0 µm; lumen diameter± 1.0 µm;

double cell wall thickness± 0.5 µm) was determined from a preliminary sample in which

thirty tracheids were measured from one randomly selected tree per family from the

Alabama test site. The data analysis showed that 30 measurements per tree were needed to

assess diameter and double-cell wall thickness, while 20 measurements per tree were

adequate to assess tracheid length.
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Traits Studied

The cellular traits studied were tracheid length (TL), total diameter (TD), lumen

diameter (LD), and double cell wall thickness (TCW). X-ray densitometry of each tree

sampled for tracheid characteristics generated data for numerous variables including the

following: ring number from pith; earlywood and latewood average density; average ring

density; total ring width and latewood segment width; and latewood percent. A basal-

area-weighted measure of average wood density (DWD) was calculated, as explained on

page 59 in chapter two of this thesis, for each radial core, for the disk segment consisting

of rings 3-5 (DWD3-5) and rings 8-10 (DWD8-10), and for the outermost three-ring

group. Mean latewood density was calculated as a simple average of the observations for

rings 8-10 (MLWD8-10).

Age 10-year total-tree height and diameter at breast height (DBH; 1.3m) measurements

of the same trees sampled for the tracheid and wood density traits were used for the

analyses of yield data. Individual-tree volume (VOL) was estimated using a volume

equation for young loblolly pine (Goebel and Warner 1966).

Statistical Analysis

See chapter 2. In addition to the Waller-Duncan mean separation technique,

Dunnett’s test was also used. The latter was used to elucidate growth differences between

the LG provenance and the remaining three sources that were shown in chapters two and

three, but were not detectable here using the Waller-Duncan technique (probably) because

of the reduced size of the data set in terms of both families and trees per family.
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Analysis of Variance

See chapter 2.

Genetic Parameter Estimates

See chapter 2.

Results

Environmental and Genetic effects

Tracheid dimensions showed little effect from environmental influence (Table 5).

Only tracheid tangential diameter (TD) and double cell wall thickness (TCW) expressed a

moderate test location effect. There was evidence of larger diameter cells with thicker

cell walls at the FL site with higher density and slower growth (Tables 6 and 7). As

measured in the middle-third of the cell’s length, tracheids at the FL site were about 11%

larger in total diameter, lumen diameter, and double cell wall thickness.

Variation in the density and growth traits showed considerable site-to-site variation

(Table 7) and was consistent with the trends reported in chapters two and three. Using

Dunnett’s test for separation of means, diameter and volume growth for the LG

provenance was less than that of the other sources (P < 0.05). The density differences

from ring three through ring 10 and in the ring 8-10 ring group were due to higher

latewood density and percent latewood at the FL site. The mean latewood percent in

rings 8-10 was 58.3% at the FL site compared to 47.3% at the AL site.

Although the absolute provenance differences in the tracheid characteristics, except

TL, were modest and about one-half the magnitude of the location differences, the genetic

effects were more readily detected (Tables 5 and 8). The LG provenance tended to have
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relatively short tracheids with smaller diameters and cell wall thickness compared to the

other sources. The ACP provenance also had short tracheids, but relatively large

diameters and thick cell walls.

Considerable variation was present for all tracheid characteristics among families

within the provenances and a genotype by environment interaction was detected for

tracheid length (Table 5). Two of the 38 families studied accounted for 30.6% of the

interaction sum of squares and were the only families that had a significant stability-

variance statistic (P < 0.05). Re-analysis of the data excluding the two families, removed

the GxE effect (P > 0.20). (All results reported here include the two interactive families

as overall results did not change.) The interactive families belonged to different

provenances (ACP and MC), and their effect was not strong enough to cause GxE at the

provenance level.

Genetic differences for the density and growth traits were described in detail in

chapters two and three. Observations in this more restricted data set (Table 1) were

similar, but not as strong as for some traits. The ACP and LG provenances had

consistently higher densities than the GH and MC sources for the traits assessed (Table

9). However, early age and overall density differences among the provenances tended to

diminish in the outer rings (Table 9; Chapter 3, Figure 5). Although provenance variation

was found for the disk wood density (DWD) of the outer three rings, no family

differences were detected within the provenances (or when provenance structure was

ignored).
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Genetic Parameters

The family variation noted above for the tracheid characteristics is evident in their

pooled narrow-sense heritabilities which ranged from 0.22 to 0.58 (Table 10) and

compare favorably with other reports of the genetic control of these traits in southern

pines (Zobel and Jett 1995). Conversely, and compared to published reports of density

traits (Cornelius 1994), the heritabilities for the densitometry traits were rather low (hi
2 <

0.20). Heritabilities for total-tree volume and DBH were also low, but near the range

normally encountered (Cornelius 1994). Additive genetic variation was not detected for

the disk wood density of the outer three-ring group which was subsequently dropped from

the analysis.

The genetic correlation between tracheid length (TL) and lumen diameter (LD) was

moderate and all other possible combinations among the tracheid traits showed strong

genetic relationships (Table 11). The family-mean correlations among tracheid diameter,

lumen diameter, and cell wall thickness were nearly identical to the genetic correlations

(P < 0.001). Other noteworthy relationships shown in Table 11 include a near perfect and

precisely estimated genetic correlation between tracheid length and the average latewood

density of rings 8-10 (MLWD8-10) and a moderately strong negative correlation between

tracheid length and DBH. MLDW8-10 also showed a relatively strong genetic

relationship with tracheid diameter and cell wall thickness.

None of the tracheid traits showed a strong genetic relationship to average disk wood

density (DWD) or the disk density of rings 3-5 (DWD3-5), although there was a moderate

correlation of both density traits with lumen diameter (Table 11). Stem volume showed a

moderate negative correlation with LD and a very weak association with the remaining
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tracheid traits. In addition to the moderately strong relationship between tracheid length

and DBH, families with trees having smaller breast height diameters tended to have

tracheids with larger lumen and total cell diameters, and thicker cell walls.

Discussion

Tracheid lengths measured in trees showing rapid diameter growth should be shorter

than those in trees with much slower growth (Larson 1969; Megraw 1985). These data

show no difference in tracheid lengths comparing trees with much better growth at the AL

site to those at the FL site where breast-height diameters at age 10-years were four

centimeters smaller. However, a closer look at the average growth increment in ring

group 8-10 revealed no difference between the two locations for total ring width (P =

0.61) or the width of the latewood portion only (P = 0.43). The apparent cause for the

deceleration in growth in recent years at the AL site is overcrowding and closure of the

tree canopy and perhaps depletion of soil nutrients thus making current growth rates at the

two sites equivalent. Across both sites then, growth rate is comparable for the ring

segment assessed here and apparently was not a factor in determining average tracheid

length.

Provenance differences, however, were detected for tracheid length, but likewise were

not the result of growth rate differences among the provenances. Once again, although

age 10-years DBH and total-tree volume measurements showed the inferiority of the LG

provenance, no ring width differences were detected among the provenances within the

growth segment consisting of rings 8-10 (P < 0.48). Therefore, based on the type of data

available here, the variation in tracheid length among the provenances, although minimal,

can be ascribed totally to genetic affects. In fact, if growth rate was a prominent factor in
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determining tracheid length in the latewood sampled, the LG provenance should have

displayed faster growth relative to the GH and MC sources since it had shorter average

tracheid length. Again, these tracheid length differences were minimal and speculation as

to the cause of the variation should be made with caution. Further, growth rate may have

been found to play a larger role had earlywood or latewood tracheids been measured at a

time when growth rate differences were more important.

Compared to provenance variation, considerably more variation for trachied length

was expressed by families within the provenances. In this case, again, differences were

not detected for total ring width and the width of the latewood segment of ring group 8-10

(P < 0.75). The differences in tracheid length for the families can therefore also be

attributed to genetic effects not confounded by growth differences.

The genetic correlation of tracheid length with tracheid diameter (TD) and cell wall

thickness (TCW) is strong, but the above argument pertaining to the effect of rapid

growth on tracheid length cannot be extended to help explain the genetic control of TD

and TCW. Such a relationship with rapid tree growth has not been documented. There is

a physiologic hypothesis for the transition from wide, thin-walled earlywood cells to

thinner, thick-walled latewood cells (Larson 1969), and evidence that late summer rains

can extend the time during which latewood cells are produced (Cregg et al. 1988), but

neither helps explain genetic variation for the trachied traits.

The strong genetic correlation among tracheid length, diameter, and cell wall thickness

suggests that tracheid length alone, a more easily measured trait, can be used to assess

family differences for the latter two traits. Several researchers, by manipulating

photoperiod, light intensity, and water stress, have drawn the conclusion that radial
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diameter and secondary wall thickness vary independently (see Zimmermann and Brown

1980). Their conclusion, however, implies a phenotypic relationship, not one of genetic

control.

Some implications for the genetic improvement of loblolly pine are available from

analysis of these data. The negative correlation between DBH and tracheid length

reported here was shown to not be informative in and of itself, since information about

growth increment for the rings being sampled is needed to effectively evaluate the impact

of diameter growth on tracheid length. It does, however, suggest caution when viewing

other reports of correlations between growth traits and tracheid measurements, as results

may be misleading.

The relatively strong correlation between cell wall thickness and the latewood density

of the 8-10 ring group segment was expected since cell wall material is largely

responsible for the density of wood (Larson 1969; Zobel and van Buijtenen 1989). If

thick-walled latewood cells are desired, selection on latewood density will achieve the

objective. The moderate correlation between tracheid diameter and disk density for the

ring 3-5 segment suggests that selection for high density at normal selection ages will

produce trees with large diameter latewood cells. In general, however, selection for high

average density in 10 to 12 year old loblolly pines planted in the South Atlantic or Lower

Gulf Coastal Plain will not produce a consistent pattern in the character of latewood

tracheids as measured here. Further, no strong genetic correlations were found between

the tracheid traits and average disk wood density measures, and the correlation between

average disk density and cell wall thickness was lower than what is suggested in the

literature (Zobel and Jett 1995; Goggans 1962).
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Although provenance differences were not large for the tracheid traits, it may be

possible to operationally deploy seedlings that produce tracheids with desirable

characteristics. For example, the fine cell character of tracheids produced by the Lower

Gulf provenance may be useful in the manufacture of some writing papers. On the other

hand the coarse tracheids of the Atlantic Coastal source that resist collapse are better

suited to paperboard products. By taking advantage of family variation, other

combinations of traits are possible. However, because of the generally strong positive

correlations among the tracheid traits and with latewood density, many of the high density

families, like 7056, produce trees with large diameter, thick-walled cells (Appendix table

6). No families were found in this population with high density and long, thin, cells with

thin walls; characteristics that lead to high yields of smooth, low porosity papers

demanded by printers (Dinus and Welt 1997). Other populations may contain families

with such traits.

Reports of genetic evaluations of tracheid characteristics have suffered largely due to

the difficulty in taking the measurements from what seems like large numbers of trees and

families required to make precise estimates. In light of the continuing trend toward

harvesting larger quantities of juvenile wood, perhaps the time has come to begin a

concerted effort characterize the genetic variation in wood properties of young southern

pines. Such a contention was evident during a recent workshop that focused on “Wood

and Wood Fibers: Properties and Genetic Improvement2.” Workshop participants rated

the lack of quantitative genetic data for wood properties as one of the primary knowledge

gaps to successfully altering the properties of plantation grown wood.
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TABLE 1. Summary of location information including age 10 years
growth measurement summary.

Test Location AL FL

County Butler Nassau

Latitude (N) 31054' 31038'

Longitude (W) 86045' 81037'

Elevation (m) 137 7

Mean Annual Rainfall (mm) 1441 1391

Mean Annual Temp. (0C) 20 20

Soil Series Orangeburg Goldhead

Drainage Class Well Poor

Mean Tree Height (m) 16.8 11.0

Mean Tree Diameter (cm) 18.6 13.8

Mean Tree Volume (m3) 0.1704 0.0767

Total no. of trees sampled 317 323
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Table 2. Genetic material studied: Provenances, Half-sib Families and
Origin of Ortets.

Atlantic Coastal Plain Lower Gulf Coastal Plain
Origin of Ortet Origin of Ortet

Family County State Family County State

05063 Allendale SC 17004a Marengo AL
05065 Berkeley SC 17041 Clarke AL
07004 Georgetown SC 17048 Choctaw AL
07034 Georgetown SC 23004 Clarke MS
07056 Williamsburg SC 23017 Jasper MS
07058 Marion SC 23021 Wayne MS
10027 Hancock GA 23026 Wayne MS
11010 Georgetown SC 23028 Greene MS

24001a Escambia AL
24002 Escambia AL
24004 Wilcox AL
24006 Conecuh AL
24009a Conecuh AL

Marion County Gulf Hammock
Origin of Ortet Origin of Ortet

Family County State Family County State

22022a Marion FL 22001 Levy FL
22044 " " 22004 " "
22045a " " 22005 " "
22055a " " 22008a " "
22057 " " 22009a " "
22058 " " 22023 " "
22060 " " 22024 " "
22062 " " 22027a " "
22069 " " 22029a " "
25051a " " 22030 " "
25053 " " 22031 " "
25074 " " 22032 " "
25075 " " 22033 " "
25076 " " 22034a " "
25077a " " 22038 " "

a Not included in tracheid data
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Table 3. Form of the model used and expected mean squares for combined
analysis of variance on individual observations for tracheid data. Degrees of
freedom and coefficients (e.g., t=4) for expected mean squares based on
assumption of balanced data.

Source of Variation
Degrees of
Freedom

Expected Mean Square

Location 1 σ2
ε + tσ2

F(P)B(L) + tbσ2
F(P)L + tpσ2

FB(L) +
tfσ2

PB(L) + tfbσ2
PL + tfpσ2

B(L) + fpbσ2
L

Block within Location 4 σ2
ε + tσ2

F(P)B(L) + tpσ2
FB(L) + tfσ2

PB(L) +
tfpσ2

B(L)

Provenance 3 σ2
ε + tσ2

F(P)B(L) + tbσ2
F(P)L + tlbσ2

F(P) +
tfσ2

PB(L) + tfbσ2
PL + tfblσ2

P

Provenance by Location 3 σ2
ε + tσ2

F(P)B(L) + tbσ2
F(P)L + tfσ2

PB(L) +
tfbσ2

PL

Provenance by Block
within Location

12 σ2
ε + tσ2

F(P)B(L) + tfσ2
PB(L)

Family within
Provenance

36 σ2
ε + tσ2

F(P)B(L) + tbσ2
F(P)L + tlbσ2

F(P)

Family within
Provenance by Location

36 σ2
ε + tσ2

F(P)B(L) + tbσ2
F(P)L

Block by Family within
Provenance by Location

144 σ2
ε + tσ2

F(P)B(L)

Within Plot Error 480 σ2
ε

where: σ2 = variance component
l = number of locations (2)
b = number of blocks within locations (3)
p = number of provenances (4)
f = number of families within each provenance (10)
t = number of trees per plot (3)
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Table 4. Form of the model used and mean squares for family level analysis of
variance on individual observations for tracheid data. Degrees of freedom and
coefficients for expected mean squares based on assumption of balanced data from
two test locations.

Source of Variation
Degrees of
freedom Expected Mean Square

Location 1 σ2
ε + tσ2

FB(L) + btσ2
FL + ftσ2

B(L) +
fbtσ2

L

Blocks (Location) 4 σ2
ε + tσ2

FB(L) + ftσ2
B(L)

Family 39 σ2
ε + tσ2

FB(L) + btσ2
FL + bltσ2

F

Family x Location 39 σ2
ε + tσ2

FB(L) + btσ2
FL

Family x Block
(Location)

156 σ2
ε + tσ2

FB(L)

Within Plot Error 480 σ2
ε

where: σ2 = variance component
and assuming balanced data:
l = number of locations (2)
b = number of blocks within locations (3)
f = number of families (40)
t = number of trees per plot (3)
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Table 5. Contribution to total variation across four test locations treating all sources
as random effects. (Actual degrees of freedom; df.)

Source df TL TD LD TDW

Location 1 0.8 19.5 1.6 26.3+

Block(Location) 4 10.0* 26.5** 31.0** 18.5**

Provenance 3 4.9 0.6 0.0 0.9*

Provenance x Location 3 1.2 0.0 1.6 0.0

Provenance x Block
(Location)

12 7.2** 4.9** 10.2** 2.9**

Family(Provenance) 34 10.9** 4.1** 3.1** 4.7**

Family(Provenance) x
Location

34 3.5* 0.0 0.0 0.0

Block x Family
(Location x Provenance)135 0.0 3.3* 4.6** 1.2

Within Plot Error 414 61.5 41.2 47.9 45.3

Total 640 100.0 100.0 100.0 100.0

Note: +,*, **, significant at P < 0.10, P < 0.05, P < 0.01, respectively.
Significance levels came from the analysis treating provenance as a fixed
effect.
TL = Tracheid length; TD = Tracheid diameter; LD = Lumen diameter;
TCW = Tracheid cell wall thickness
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Table 6. Location means for trachied length (TL), tracheid diameter (TD),
lumen diameter (LD), and trachied double cell wall thickness (TCW).

Locationc
TL

(mm)
TD

(µm)
LD

(µm)
TCW
(µm)

Alabama 4.0 40.5 15.0 27.0

Florida 3.9 44.8 16.4 30.0

P-values 0.315 0.148 0.333 0.84

Table 7. Location means for four measures of wood density, diameter breast height (DBH), and total-tree volume.

Location
DWD

(kg/m3)
DWD3-5
(kg/m3)

DWD8-10
(kg/m3)

MLWD8-10
(kg/m3)

DBH
(cm)

VOL
(dm3)

Alabama 448 383 521 734 19.2 182

Florida 550 483 587 773 15.2 75

P-values 0.001 0.001 0.003 0.008 0.001 0.001

DWD = Disk Wood Density; DWD3-5 = DWD of the ring 3 through ring 5 segment; DWD8-10 = DWD of the
ring 8 through ring 10 segment; MLWD8-10 = Mean Latewood Density of the ring 8 through ring 10 segment.



159

Table 8. Provenance means for trachied length (TL), tracheid diameter (TD),
lumen diameter (LD), and trachied double cell wall thickness (TCW).

Provenance
TL

(mm)
TD

(µm)
LD

(µm)
TCW
(µm)

Atlantic Coastal 3.8 b 43.7 a 16.4 a 28.9 a

Lower Gulf 3.9 ab 41.6 b 15.2 a 27.9 b

Gulf Hammock 4.0 ab 42.3 ab 15.8 a 28.2 b

Marion County 4.1 a 43.2 ab 15.6 a 29.1 a

Note: Values followed by different letters are significantly different (P < 0.05).

Table 9. Provenance means for four measures of wood density, diameter breast height (DBH), and total-tree
volume.

Provenance
DWD

(kg/m3)
DWD3-5
(kg/m3)

DWD8-10
(kg/m3)

MLWD8-10
(kg/m3)

DBH
(cm)

VOL
(dm3)

Atlantic Coastal 511 a 442 ab 566 a 757 a 17.4 a 137 a

Lower Gulf 506 ab 444 a 559 ab 762 a 16.0 a 105 a

Gulf Hammock 494 bc 426 ab 546 b 742 a 17.7 a 139 a

Marion County 488 c 422 b 548 b 753 a 17.5 a 133 a

Note: Values followed by different letters are significantly different (P < 0.05).
DWD = Disk Wood Density; DWD3-5 = DWD of the ring 3 through ring 5 segment; DWD8-10 = DWD of the
ring 8 through ring 10 segment; MLWD8-10 = Mean Latewood Density of the ring 8 through ring 10 segment.
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Table 10. Individual-tree narrow-sense heritabilities ( ), standard errors (S.E.), family-
mean heritabilities ( ), and genetic correlations (standard error in parentheses).

Heritabilities

Trait S.E. Trait S.E.

TL 0.577 0.339 0.638 DWD 0.140 0.2001 0.295

TD 0.337 0.259 0.561 DWD3-5 0.162 0.209 0.426

LD 0.223 0.216 0.450 MLD8-10 0.102 0.185 0.259

TCW 0.369 0.271 0.595 DBH 0.102 0.168 0.426

VOL 0.078 0.157 0.248

Tracheid variables as defined in table 6.

Density and growth variables as defined in table 7.

hF
2

hi
2

hi
2 hi

2hF
2

hF
2
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Table 11. Genetic correlations among measures of tracheid characteristics, wood density, and growth. (Standard errors in
parentheses.)

TL TD LD TCW DWD DWD3-5 MLWD8-10 DBH VOL

TL --
0.878

(0.109)
0.419

(0.440)
0.999

(0.001)
-0.211
(0.627)

0.070
(0.621)

1.024
(0.036)

-0.682
(0.372)

-0.120
(0.758)

TD --
0.871

(0.147)
0.963

(0.963)
0.028

(0.815)
0.305

(0.703)
0.466

(0.720)
-0.432
(0.645)

-.0225
(0.835)

LD --
0.690

(0.312)
0.391

(0.777)
0.416

(0.721)
-0.016
(1.033)

-0.441
(0.717)

-0.405
(0.826)

TCW --
-0.118
(0.775)

0.251
(0.700)

0.641
(0.521)

-0.356
(0.678)

-0.092
(0.852)

Tracheid variables as defined in table 6.

Density and growth variables as defined in table 7.
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Provenances studied

Atlantic Coastal

Marion Count y

Gulf Hammock

Lower Gulf

Test Locations

Figure 1. Map of the southeastern United States showing the natural range of
loblolly pine (shaded), the four provenances used in the study, and the two study
locations.
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Figure 2. Error variance of the family mean for gravimetric wood density suggesting
the number of trees needed per family row-plot to assess tracheid characteristics.
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Appendix 1.  Family means by provenance (Prov) for gravimetric wood density
(GWD), total-tree height (HT), diameter breast height (DBH), total-tree volume (VOL),
and dry weight index (GDWI) from data set including all four test locations.

Prov Family Blocks
GWD
(kg/m3)

 HT
 (m)

  DBH
  (cm)

VOL
(m3)

GDWI
(kg)

ACP 5063 12 443.881 12.460 15.328 0.09444 40.703

ACP 5064 9 431.014 13.708 16.581 0.11756 49.349

ACP 5065 12 443.008 12.823 16.062 0.10396 44.901

ACP 7004 12 442.717 12.811 16.074 0.10109 43.819

ACP 7034 12 448.214 12.844 16.316 0.10700 46.656

ACP 7056 11 455.599 13.021 16.152 0.10673 47.544

ACP 7058 12 434.302 12.970 16.340 0.10717 45.630

ACP 10027 12 439.959 12.053 14.986 0.08504 36.507

ACP 11010 9 431.129 13.357 16.250 0.10918 46.450

GH 22001 12 450.510 13.209 15.843 0.10239 45.017

GH 22004 9 436.508 13.454 16.566 0.11763 49.577

GH 22005 12 425.724 12.811 17.309 0.11702 48.747

GH 22008 12 435.403 13.260 16.653 0.11054 47.253

GH 22009 11 426.805 12.880 15.386 0.09232 38.741

GH 22023 12 427.321 13.106 16.734 0.11077 46.182

GH 22024 12 425.792 13.383 16.682 0.11468 47.811

GH 22027 12 441.033 13.009 16.254 0.10397 45.279

GH 22029 12 448.894 12.826 15.591 0.09570 41.707

GH 22030 12 436.196 13.183 15.601 0.09812 42.199

GH 22031 12 417.342 12.545 16.450 0.10348 42.107

GH 22032 12 432.099 12.916 17.396 0.12312 52.137

GH 22033 12 443.367 13.094 16.720 0.11124 48.102

GH 22034 12 414.598 13.183 17.428 0.12006 49.052

GH 22038 9 458.408 12.900 15.387 0.10368 45.469

LG 17004 12 431.247 11.546 15.161 0.08503 35.683

LG 17048 12 425.559 11.538 14.744 0.07963 32.785

LG 23004 12 443.496 11.866 15.019 0.08337 36.394
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Appendix 1 (continued).  Family means by provenance (Prov) for gravimetric wood
density (GWD), total-tree height (HT), diameter breast height (DBH), total-tree volume
(VOL), and dry weight index (GDWI) from data set including all four test locations.

Prov Family Blocks
GWD
(kg/m3)

 HT
 (m)

  DBH
  (cm)

VOL
(m3)

GDWI
(kg)

LG 23021 12 441.436 11.854 15.117 0.08554 37.104

LG 23026 12 446.391 11.995 14.593 0.08030 35.176

LG 23028 12 444.292 11.377 15.114 0.08397 36.196

LG 24002 10 443.263 12.664 15.364 0.09435 40.757

LG 24004 12 439.716 11.629 14.787 0.07820 34.042

LG 24006 11 451.863 11.443 14.818 0.07863 35.067

LG 24009 9 450.696 12.087 15.090 0.08607 37.865

MC 22022 12 409.454 12.894 16.538 0.10638 43.069

MC 22044 12 419.910 12.433 16.147 0.09839 40.823

MC 22045 11 437.529 12.596 15.721 0.09287 40.094

MC 22055 12 436.894 13.105 16.334 0.10604 45.705

MC 22057 12 447.494 13.283 16.345 0.10869 47.973

MC 22058 12 413.240 12.778 16.342 0.10521 42.682

MC 22060 12 436.056 12.878 15.709 0.10108 43.057

MC 22062 12 416.482 12.929 16.139 0.10400 42.380

MC 22069 12 427.710 12.489 16.486 0.10363 43.753

MC 25051 12 416.547 12.474 15.261 0.08670 35.530

MC 25053 12 421.143 12.664 16.463 0.10527 43.414

MC 25074 11 425.368 11.728 15.482 0.08706 36.316

MC 25075 10 415.334 12.630 16.149 0.10180 41.588

MC 25076 11 437.211 12.595 15.528 0.09274 39.873
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Appendix 2.  Family means by provenance (Prov) for disk wood density (DWD), mean
earlywood density (MEWD), mean latewood density (MLWD), mean latewood percent
(MLWP), total-tree height (HT), diameter breast height (DBH), total-tree volume (VOL)
for Alabama and Florida test locations.

Prov Family   DWD
   (kg/m3)

MEWD
(kg/m3)

MLWD
(kg/m3)

  MLWP
 (%)

HT
(m)

  DBH
   (cm)

VOL
(m3)

ACP 5063 508.37 314.354 709.302 43.685 13.414 15.837 0.11565

ACP 5065 515.72 329.212 719.793 42.207 13.879 17.323 0.13157

ACP 7004 511.79 328.965 714.120 43.471 14.077 16.957 0.12470

ACP 7034 522.16 335.799 705.987 45.306 14.119 17.415 0.13650

ACP 7056 548.76 338.756 715.858 48.251 14.566 17.784 0.14467

ACP 7058 507.27 314.112 707.001 43.678 14.483 17.568 0.13782

ACP 10027 497.45 305.953 710.710 41.995 13.367 16.171 0.10950

ACP 11010 506.40 321.588 718.124 43.122 13.876 16.700 0.12069

GH 22001 524.50 337.829 718.264 44.610 14.586 17.156 0.13119

GH 22004 494.83 326.452 695.759 38.004 14.590 17.276 0.13896

GH 22005 492.70 332.858 689.710 40.460 14.168 18.830 0.15042

GH 22008 501.75 319.965 706.618 42.864 14.382 17.621 0.13340

GH 22009 490.09 331.021 677.942 41.345 13.672 16.559 0.11217

GH 22023 488.20 325.438 690.391 40.259 14.289 16.945 0.12381

GH 22024 472.62 308.980 685.405 38.392 14.595 17.628 0.13967

GH 22027 503.35 325.899 706.125 41.337 14.304 17.224 0.12753

GH 22029 539.13 327.089 719.433 42.360 13.600 16.613 0.11460

GH 22030 501.63 316.045 723.105 41.468 14.389 16.650 0.12247

GH 22031 480.95 321.331 687.030 38.382 13.896 17.247 0.12559

GH 22032 498.67 319.762 683.705 43.227 14.323 19.389 0.16691

GH 22033 501.24 322.703 708.422 42.312 14.315 17.572 0.13429

GH 22034 492.56 329.438 682.007 39.644 13.839 17.618 0.12686

GH 22038 502.15 326.560 712.299 39.796 14.072 16.775 0.12942

LG 17004 478.34 305.285 695.214 40.261 12.653 16.242 0.10655

LG 17041 504.79 324.125 701.043 42.408 12.878 16.143 0.10806

LG 17048 493.52 312.081 694.253 41.185 12.449 15.486 0.09762

LG 23004 514.51 324.241 699.636 43.906 12.687 16.118 0.10424

LG 23017 519.38 319.808 719.484 42.762 12.477 14.827 0.08484
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Appendix 2 (continued).  Family means by provenance (Prov) for disk wood density
(DWD), mean earlywood density (MEWD), mean latewood density (MLWD), mean
latewood percent (MLWP), total-tree height (HT), diameter breast height (DBH), total-
tree volume (VOL) for Alabama and Florida test locations.

Prov Family   DWD
   (kg/m3)

MEWD
(kg/m3)

MLWD
(kg/m3)

 MLWP
 (%)

HT
(m)

  DBH
   (cm)

VOL
(m3)

LG 23021 509.24 319.339 725.997 43.355 12.710 15.816 0.09830

LG 23026 498.37 319.775 709.154 40.194 13.241 15.273 0.09640

LG 23028 528.58 337.749 689.083 47.263 11.943 15.858 0.09661

LG 24001 507.65 326.017 722.337 41.555 13.040 16.461 0.11153

LG 24002 518.07 316.391 718.670 43.088 13.934 16.300 0.11224

LG 24004 513.58 315.832 728.005 44.034 12.742 15.797 0.09788

LG 24006 525.37 326.057 721.010 45.391 13.224 16.205 0.10947

LG 24009 501.28 321.819 719.359 41.787 13.062 15.850 0.09990

MC 22022 471.46 312.960 695.506 37.059 14.897 17.712 0.13697

MC 22044 489.83 319.770 698.668 40.617 13.567 17.077 0.11968

MC 22045 515.10 321.872 715.653 43.491 13.444 16.153 0.10407

MC 22055 497.01 311.574 715.717 42.327 15.267 17.790 0.14288

MC 22057 511.71 322.708 728.637 43.432 14.658 17.215 0.13562

MC 22058 491.83 308.814 689.319 41.686 13.960 17.579 0.13185

MC 22060 497.20 313.733 735.808 39.050 14.630 17.132 0.13639

MC 22062 473.82 319.715 706.602 37.851 14.166 17.198 0.12879

MC 22069 495.64 319.984 706.067 41.103 13.614 17.287 0.12412

MC 25051 487.55 317.212 705.530 38.039 13.564 15.836 0.09974

MC 25053 487.30 315.428 703.475 40.667 13.772 17.302 0.12320

MC 25074 482.78 327.730 690.727 40.608 13.447 17.753 0.12580

MC 25075 481.22 322.830 707.764 37.084 13.893 17.514 0.13093

MC 25076 505.09 316.584 699.547 44.801 14.291 17.073 0.12936

MC 25077 532.27 345.309 722.266 44.178 13.439 16.265 0.11649
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Appendix 3.  Family means by provenance (Prov) for disk wood densities (DWD; kg/m3) for
consecutive ring groups consisting of ring 3 (DWD3-3), ring 3 and 4 (DWD3-4), rings 3 through
5 (DWD3-5), and so on up to rings 3 through 10 (DWD3-10) for the Alabama and Florida test
locations.

Prov Family DWD
3-3

DWD
3-4

DWD
3-5

DWD
3-6

DWD
3-7

DWD
3-8

DWD
3-9

DWD
3-10

ACP 5063 410.87 436.43 445.66 471.52 482.40 491.97 498.93 508.37

ACP 5065 417.72 431.58 444.48 473.85 484.84 497.43 509.96 515.72

ACP 7004 418.39 427.42 441.10 464.60 482.02 495.05 506.99 511.79

ACP 7034 413.90 431.48 448.54 470.06 491.05 503.28 512.94 522.16

ACP 7056 428.53 458.83 472.58 498.34 515.07 529.96 541.06 548.76

ACP 7058 406.76 424.34 438.05 466.17 479.31 487.95 499.74 507.27

ACP 10027 411.71 429.99 438.51 461.87 470.56 481.74 491.01 497.45

ACP 11010 404.30 432.12 443.52 465.56 482.68 490.32 497.93 506.40

GH 22001 425.20 440.06 458.12 481.71 499.61 511.03 519.74 524.50

GH 22004 389.94 406.55 420.76 446.35 463.92 474.74 487.00 494.83

GH 22005 400.69 414.93 428.70 450.34 464.09 476.50 486.87 492.70

GH 22008 392.79 409.38 425.96 454.20 472.50 482.41 496.35 501.75

GH 22009 397.84 407.05 417.79 443.34 460.76 470.95 481.08 490.09

GH 22023 391.95 403.93 423.93 443.88 458.58 470.21 482.44 488.20

GH 22024 377.03 395.19 403.58 429.46 444.26 454.24 464.84 472.62

GH 22027 394.47 421.87 429.50 454.13 468.20 479.17 492.78 503.35

GH 22029 421.36 443.51 452.69 482.62 498.52 513.29 519.89 539.13

GH 22030 402.90 422.33 435.14 464.61 478.57 488.65 498.60 501.63

GH 22031 372.68 389.87 401.18 422.24 442.66 455.69 470.38 480.95

GH 22032 390.80 404.20 427.62 458.08 471.66 482.23 492.06 498.67

GH 22033 407.72 417.55 434.91 459.48 473.12 485.18 495.33 501.24

GH 22034 382.04 403.91 415.69 437.88 454.73 471.53 481.89 492.56

GH 22038 405.08 421.37 437.11 459.92 471.41 485.43 495.35 502.15

LG 17004 388.08 404.52 422.62 442.46 456.77 466.43 476.64 478.34

LG 17041 408.86 425.26 437.42 467.74 479.48 491.59 504.50 504.79

LG 17048 407.00 418.59 424.23 450.74 466.47 476.90 487.06 493.52

LG 23004 429.53 435.93 451.35 474.88 487.88 497.52 507.22 514.51

LG 23017 425.13 439.62 453.98 478.52 489.59 500.71 513.30 519.38

LG 23021 434.87 440.59 454.76 478.60 492.36 503.13 508.82 509.24
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Appendix 3 (continued).  Family means by provenance (Prov) for disk wood densities (DWD;
kg/m3) for consecutive ring groups consisting of ring 3 (DWD3-3), ring 3 and 4 (DWD3-4), rings
3 through 5 (DWD3-5), and so on up to rings 3 through 10 (DWD3-10) for the Alabama and
Florida test locations.

Prov Family DWD
3-3

DWD
3-4

DWD
3-5

DWD
3-6

DWD
3-7

DWD
3-8

DWD
3-9

DWD
3-10

LG 23026 424.06 429.00 440.29 462.44 474.06 483.89 494.79 498.37

LG 23028 416.31 430.72 454.14 482.46 501.63 515.87 524.32 528.58

LG 24001 420.23 429.43 439.03 467.89 480.05 491.86 501.90 507.65

LG 24002 419.64 435.12 445.99 472.50 486.99 498.99 508.21 518.07

LG 24004 418.61 433.08 445.62 476.11 490.44 503.23 510.57 513.58

LG 24006 432.33 446.89 456.73 485.32 498.55 511.23 521.70 525.37

LG 24009 427.45 428.42 437.71 465.45 480.88 492.08 495.18 501.28

MC 22022 378.54 375.26 391.13 410.17 430.46 447.54 462.73 471.46

MC 22044 401.74 409.32 420.90 446.93 459.80 470.75 484.71 489.83

MC 22045 404.26 414.82 427.93 453.78 466.52 482.62 500.42 515.10

MC 22055 393.99 408.48 420.55 446.12 459.90 474.58 489.18 497.01

MC 22057 410.61 431.09 439.47 471.01 482.89 495.14 504.88 511.71

MC 22058 381.71 403.99 416.71 442.14 458.06 473.20 481.91 491.83

MC 22060 412.16 423.95 434.08 458.52 470.17 486.16 498.21 497.20

MC 22062 384.84 386.47 403.22 426.34 445.76 459.60 471.42 473.82

MC 22069 397.95 416.71 422.40 442.75 460.79 475.31 486.76 495.64

MC 25051 382.85 386.27 401.86 426.13 443.20 458.93 472.86 487.55

MC 25053 379.64 417.02 421.12 449.51 463.83 473.44 482.64 487.30

MC 25074 398.81 410.62 423.19 444.56 456.41 469.57 480.98 482.78

MC 25075 391.95 407.33 414.63 433.74 444.95 459.88 473.33 481.22

MC 25076 400.97 427.42 438.72 463.96 475.86 487.32 500.87 505.09

MC 25077 427.23 453.29 462.27 486.06 498.44 512.98 525.34 532.27
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Appendix 4.  Family means by provenance (Prov) for the ring number
designating the transition point (Trans50) from juvenile wood to mature wood
for the Alabama and Florida test locations
.

Prov Family Trans50

ACP 5063 7.15

ACP 5065 7.23

ACP 7004 7.13

ACP 7034 6.91

ACP 7056 6.41

ACP 7058 7.33

ACP 10027 6.68

ACP 11010 6.79

GH 22001 7.11

GH 22004 8.07

GH 22005 7.45

GH 22008 6.98

GH 22009 7.98

GH 22023 7.85

GH 22024 7.75

GH 22027 7.68

GH 22029 6.95

GH 22030 7.11

GH 22031 7.87

GH 22032 7.23

GH 22033 7.36

GH 22034 8.46

GH 22038 7.88

LG 17004 7.89

LG 17041 6.85

Prov Family Trans50

LG 17048 7.57

LG 23004 7.17

LG 23017 6.50

LG 23021 7.39

LG 23026 7.65

LG 23028 6.65

LG 24001 7.67

LG 24002 7.06

LG 24004 7.32

LG 24006 6.65

LG 24009 7.65

MC 22022 8.03

MC 22044 7.41

MC 22045 7.08

MC 22055 7.27

MC 22057 6.74

MC 22058 7.43

MC 22060 7.84

MC 22062 7.97

MC 22069 7.28

MC 25051 7.99

MC 25053 7.28

MC 25074 7.76

MC 25075 8.01

MC 25076 6.62

MC 25077 6.81
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Appendix 5.  Family means (%) by provenance (Prov) for disk wood density
uniformity (DWDR), ring wood density uniformity (DRDR), and latewood percent
uniformity (LWPR) for the Alabama and Florida test locations.

Prov Family DWDR RWDR LWDR

ACP 5063 81.73 79.86 68.43

ACP 5065 78.91 74.04 61.39

ACP 7004 77.87 77.44 56.36

ACP 7034 78.71 76.93 54.81

ACP 7056 79.21 77.81 59.67

ACP 7058 78.47 80.27 59.23

ACP 10027 82.60 81.60 62.25

ACP 11010 77.17 72.45 55.59

GH 22001 80.30 78.44 57.51

GH 22004 78.13 75.50 53.06

GH 22005 78.11 74.58 50.84

GH 22008 76.12 77.77 52.39

GH 22009 76.54 74.56 47.54

GH 22023 78.12 76.74 52.44

GH 22024 77.65 78.75 50.01

GH 22027 75.94 76.19 53.12

GH 22029 83.42 83.97 61.59

GH 22030 81.21 86.15 61.75

GH 22031 73.81 73.13 46.15

GH 22032 78.72 77.70 55.95

GH 22033 79.03 79.93 52.95

GH 22034 77.01 76.99 50.62

GH 22038 79.93 78.36 58.70

LG 17004 80.60 76.21 58.81

LG 17041 79.69 76.07 57.27

Prov Family DWDR RWDR LWDR

LG 17048 78.59 75.23 58.47

LG 23004 81.26 76.94 64.63

LG 23017 81.37 77.87 65.09

LG 23021 84.21 79.45 67.53

LG 23026 81.23 77.69 64.29

LG 23028 79.38 74.61 57.79

LG 24001 82.83 80.07 63.61

LG 24002 80.11 79.58 59.78

LG 24004 80.18 77.87 64.25

LG 24006 78.89 75.53 62.50

LG 24009 80.80 79.62 63.67

MC 22022 72.62 79.61 44.85

MC 22044 76.95 81.58 51.13

MC 22045 74.37 74.38 52.18

MC 22055 74.10 78.23 51.43

MC 22057 78.17 80.08 55.78

MC 22058 76.21 75.53 52.12

MC 22060 78.81 75.91 57.72

MC 22062 78.25 75.94 52.32

MC 22069 75.06 78.41 52.87

MC 25051 74.74 82.71 48.45

MC 25053 77.14 77.00 53.89

MC 25074 78.40 75.95 53.50

MC 25075 77.23 74.49 50.76

MC 25076 78.05 78.94 57.85

MC 25077 77.19 72.64 55.81
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Appendix 6.  Family means by provenance (Prov) for trachied length (TL),
tracheid diameter (TD), lumen diameter (LD), trachied double cell wall thickness
(TCW), mean latewood density for ring group 8-10 (MLWD8-10; kg/m3), and
mean latewood percent for ring group 8-10 (MLWD8-10; %).

Prov Family    TL
   (mm)

  TD
  (mic.)

    LD
    (mic.)

   TCW
    (mic.)

MLWD
8-10

MLWP
8-10

ACP 5063 3.920 43.167 16.169 28.458 763.60 51.85

ACP 5065 4.035 44.942 16.834 29.680 767.84 52.45

ACP 7004 3.618 42.445 15.759 28.384 759.08 54.48

ACP 7034 3.650 42.436 15.651 28.420 760.32 59.08

ACP 7056 3.610 44.060 16.467 29.242 751.50 61.23

ACP 7058 3.886 45.856 17.810 29.701 741.13 54.03

ACP 10027 4.107 43.771 16.329 28.991 759.35 52.58

ACP 11010 3.903 43.660 16.273 29.077 760.77 55.28

GH 22001 3.932 44.286 17.160 28.834 754.96 54.24

GH 22004 3.829 43.032 16.511 28.166 744.00 50.23

GH 22005 4.092 44.330 16.930 29.237 738.89 51.40

GH 22023 3.815 39.318 14.655 26.159 726.68 50.23

GH 22024 4.078 43.394 15.561 29.442 718.53 49.19

GH 22030 4.121 43.273 15.998 28.937 754.64 50.14

GH 22031 4.020 41.701 15.805 27.465 747.18 52.57

GH 22032 3.795 40.635 14.924 27.289 733.59 54.25

GH 22033 3.838 41.398 15.315 27.731 740.41 53.72

GH 22038 4.145 41.965 15.015 28.620 766.42 50.63

LG 17041 3.849 43.556 16.071 29.228 752.47 52.52

LG 17048 3.908 40.617 15.248 26.862 746.34 50.94

LG 23004 3.879 40.228 14.670 27.138 752.76 53.77

LG 23017 3.807 42.099 15.235 28.346 774.52 54.17

LG 23021 4.016 39.689 14.371 26.741 763.21 51.57

LG 23026 4.074 43.293 15.853 28.925 779.07 51.50

LG 23028 3.680 37.671 13.933 25.178 745.22 60.45

LG 24002 4.076 43.903 15.936 29.627 771.24 55.08

LG 24004 4.233 43.595 15.638 29.507 775.27 52.14
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Appendix 6 (continued).  Family means by provenance (Prov) for trachied length
(TL), tracheid diameter (TD), lumen diameter (LD), trachied double cell wall
thickness (TCW), mean latewood density for ring group 8-10 (MLWD8-10;
kg/m3), and mean latewood percent for ring group 8-10 (MLWP8-10; %).

Prov Family
   TL

   (mm)
  TD

  (mic.)
    LD

    (mic.)
   TCW
    (mic.)

MLWD
8-10

MLWP
8-10

LG 24006 3.780 41.175 15.443 27.118 761.39 56.08

MC 22044 3.935 42.471 15.915 28.194 733.98 54.58

MC 22057 4.201 43.788 16.002 29.278 767.28 54.57

MC 22058 3.910 42.197 15.771 27.946 739.85 52.31

MC 22060 4.171 41.675 14.545 28.611 794.36 48.71

MC 22062 4.146 43.458 15.885 29.259 742.96 46.06

MC 22069 4.033 43.241 15.459 29.349 757.51 54.26

MC 25053 4.100 44.467 15.852 30.269 747.29 50.77

MC 25074 4.095 42.330 15.480 28.274 735.50 53.97

MC 25075 4.284 44.245 15.639 30.218 761.70 48.80

MC 25076 4.381 44.288 15.935 29.897 753.97 54.81


