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ABSTRACT

There has been an increased interest in wood properties within the last decade.
Microfibril angle is one of the main determinants of the mechanical properties of wood.
Microfibril angle significantly affects the dimensional stability and stiffness of sawn lumber and
has been found to be highly correlated with the stretch, stiffness, and strength of paper
properties. Sixty loblolly pine (Pinus taeda L.) trees from four distinct physiographic regions in
the Southeastern United States were sampled for microfibril angle analysis. Prediction equations
were developed from mathematical models to explain the change of microfibril angle at any
height, distance from pith, and rings from pith. Consistent radial and longitudinal patterns in
microfibril angle are predictable and suggest potential patterns of wood utilization of loblolly
pine bole wood. The models developed here represent the first attempt to describe microfibril
angle in 3-dimensional space and can be used in conjunction with height equations to predict
microfibril angle at any position within loblolly pine trees grown in the Southeastern United
States.
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CHAPTER 1
INTRODUCTION

Loblolly pine (Pinus taeda L.) is the most important commercial species in the
Southeastern U.S. This region produces 58 percent of the marketed timber in the United States
and 16 percent of all timber marketed in the world (Wear and Greis 2002). Loblolly pine is the
primary species of the U.S. pulp and paper industry and is also a desired resource for use in the
manufacture of lumber and composite wood products. Among the many wood properties
important to these manufacturing processes and uses, microfibril angle (MFA) is one of the most
important measures due to its high correlation with paper and solid wood properties (Daniels et
al. 2002).

Although widely used, the term ‘timber quality’, or ‘wood quality’ is not easily defined,
and perceptions of what constitutes quality can vary between different sectors of the forestry and
wood-using industries (Kliger et al, 1994). Wood quality could be defined as the physical and
chemical characteristics that allow a tree, or its parts, to be used for different products. Briggs
and Smith (1986) describe wood quality as “...the appropriateness of the wood for a particular
end use’. Zhang (1997) defined wood quality as ‘all the wood characteristics and properties that
affect the value recovery chain and the serviceability of end products.” This definition takes into
account the cost of operations throughout the wood chain process, such as the cost of harvesting,
transporting and processing. All of these definitions imply that ‘wood quality’ is a subjective
term that depends ultimately on the end-product to which the tree is converted (MacDonald and

Hubert 2002).



Microfibril angle is known to be one of the main determinants of the mechanical
properties of wood. MFA is defined by Lichtenegger et al. (1999) as the angle between the
cellulose fibrils and the longitudinal cell axis. MFA is highly correlated with specific gravity,
modulus of elasticity, modulus of rupture, the longitudinal and tangential shrinkage of wood and
has a significant effect on both mechanical behavior and dimensional stability of wood, and as
such is an important quality characteristic for sawn timber (MacDonald and Hubert 2002). In
addition, MFA has been correlated with differences in paper properties such as stretch, stiffness,
and strength (Watson and Dadswell 1964; Kellogg et al. 1975; Megraw 1985). Because of these
relationships, MFA has become an important indicator of wood quality to the forest products
industry.

In this project, individual tree models will be developed to describe how MFA changes
within individual trees, from stump to tip and pith to bark for loblolly pine in the Southeast.
These models allow measures of wood properties and quality to be added to current forest yield
prediction systems. These models will also provide the basis for comparing properties from tree
to tree, within a stand, and among stands in different regions in the Southeastern U.S., against

which MFA from fast growing intensively managed plantations could be compared.

OBJECTIVES

A study was implemented in 1999 to assess the importance of wood properties of loblolly
pine plantations in the Southeast. This is the first attempt to establish a baseline of loblolly pine
plantation wood properties in relation to environmental conditions (Daniels 1999). The study
was designed to address three objectives:

1) Review the existing literature on basic wood properties.



2) Determine wood properties for existing plantations.
3) Develop models that predict wood properties for loblolly pine, so that wood
properties can be factored into growth and yield management models.

Currently, over 100 plantations have been characterized, measured, and sampled for basic
wood properties including, specific gravity, moisture content, fiber length, and coarseness in the
Southeastern United States. A subset of 20 plantations at or near rotation age, on various sites
and growing conditions, and spanning 6 states (Florida, Georgia, South Carolina, North Carolina,
Texas, and Virginia), were selected for MFA analysis. With the collection of these data, the first
two objectives were fulfilled and allowed progression to the final objective, model development.

This study focuses on, modeling microfibril angle.

SPECIFIC OBJECTIVES

The main objective of this study is to predict MFA from stump to tip and pith to bark for
loblolly pine in the Southeastern United States. Specific study objectives include:

1) To identify the patterns of average MFA at various tree heights and diameters.

2) To develop models for prediction of earlywood and latewood MFA at any age and
height.

3) To develop predictive 3-dimensional models describing MFA as a function of
height, age, and distance from pith.

4) To develop whole disk models that will allow for prediction of average cross-

sectional MFA at any age, height, and distance from pith.



CHAPTER 2
LITERATURE REVIEW

Increased growth rates and subsequent increases of juvenile wood in southern plantations
have led to the need for more quantitative data to predict timber quality. Fast grown, short
rotation southern pines may not have properties needed for products requiring structural strength
and stiffness. Forest managers and silviculturalists are becoming aware that modern silviculture
faces a two-sided problem: maintaining wood strength and dimensional stability while
increasing stem diameter and growth. The race to produce maximum timber volume per acre

cannot ignore consumers’ needs for forest products best produced by slow growth (Harris 1981).

WOOD FORMATION AND DEVELOPMENT

Intensive management including: fertilization, herbaceous weed control, and genetic
improvement alter the development and structure of wood. Fast-grown trees will have a greater
proportion of juvenile wood, which results in inferior mechanical performance. Juvenile wood or
corewood is produced by immature cambium within the active crown. Transition wood, is a
zone where wood properties are changing rapidly from juvenile wood to mature wood, and is
produced by all trees. Mature wood occurs as a stand grows older, crowns begin to close, lower
branches begin to self-prune, and the vigorous crown moves up the stem. In the spring, radial
growth begins at the apex of the bole in the vigorous crown accounting for the abundance of
thin-walled earlywood cells and wider rings in the upper bole than in the lower bole. The

transition to thick-walled latewood tracheids occurs first near the base of the bole and proceeds



upward as moisture stress increases. Therefore, there is a more-or-less cylindrical core of crown-
formed wood surrounded by a band of transition wood from the butt to the merchantable top of
the tree (Clark and Saucier 1991).

The growth of southern pines is seasonal in nature. Growth proceeds rapidly in early
spring and slows in late summer before ceasing in the fall. This kind of growth pattern results in
different kinds of wood being formed in various seasons of the year. Alternating bands of wood
formed early (earlywood) and late in a growing season (latewood) mark annual growth limits.
Tracheids that compose earlywood are large in radial diameter, shorter in length, and relatively
thin walled. The main function of earlywood cells is to transport water and nutrients from root to
crown. In contrast, latewood cells are narrow in radial diameter, longer in length and have
relatively thick walled cells. The cells of latewood provide strength to the new growth sheath

and support for the expanding crown (Larson ef al. 2001).

CONTRASTS IN JUVENILLE AND MATURE WOOD

From the onset of establishment, a young tree grows vigorously. The period of juvenility
of Southeastern pines typically lasts from 6-15 years. Annual growth rings nearest the pith,
regardless of tree height, contain a greater proportion of earlywood. Earlywood possesses lower
than average strength and specific gravity; longitudinal shrinkage and MFA are higher than
average; cell length is shorter than average. In trees from closely spaced stands where
competition is established early, ring widths are reduced concomitant with the degree of
competition. Thus, the radial extent of the juvenile core cannot be estimated on the basis of ring
width patterns. Trees freed of competition by early and frequent thinnings or whose growth is

enhanced by fertilization and cultivation can maintain wide growth rings well beyond the



generally accepted juvenile period. On the contrary, trees subject to competition early in life
might exhibit narrow growth ring patterns suggestive of mature wood (Larson et al/ 2001).

Juvenile wood is considered to be lower in quality than mature wood. The cells
comprising juvenile wood are shorter than those of mature wood. Mature cells of pines may be
three to four times the length of juvenile wood cells (Dadswell 1958). Tracheid length in the
juvenile zone has been found to range from 2.92 mm to 3.79 mm for earlywood and latewood
respectively. Similarly, the tracheid length of mature wood was found to range between 3.91
mm and 4.17 mm respectively (McMillan, 1968; Taylor and Moore 1981). Zobel and Jett (1995)
reported that increased tracheid length was generally favorable for pulping, resulting in improved
burst, tearing, and tensile strength of paper. Megraw (1985) states ‘a direct connection between
the strength properties of solid wood and tracheid length has never been established, and
probably does not exist. The impact of shorter tracheids lengths are associated with larger
microfibril angles which adversely affect both strength and longitudinal shrinkage’.

In addition to differences in cell length, cell structure differs as well. There are relatively
few latewood cells in the juvenile zone, and a high proportion of cells have thin wall layers. The
result is low density and a corresponding low strength in comparison to mature wood (Haygreen
and Bowyer 1996). Zobel and Blair (1976) found that the proportion of juvenile wood in the
mature bole of loblolly pine on a dry weight basis was 76, 50, and 15 percent for 15, 25, and 40-
year-old stands respectively. Similarly, Clark and McAlister (1991) found juvenile wood in 36-
year-old loblolly pine to have 76% the density, only 39% the stiffness, or modulus of elasticity
(MOE), and 54% of the bending strength, or modulus of rupture (MOR) than mature wood from

the same trees.



SILVICULTURAL EFFECTS

Any factor that changes the growth pattern or form of a tree may result in a change in
wood quality and properties (Zobel and Jett 1995). Silvicultural practices, site factors, and
geographic region can all affect tree growth, and subsequently wood quality. Brazier (1977)
divided silvicultural operations into two broad categories:

1) Those that act directly on individual trees, or on groups of trees, such as initial

spacing and rotation age.

2) Those that modify the site, and thus act on the crop as a whole such as cultivation

and fertilizer application.

It has been suggested by Walker (1993) that the most significant feature of softwood
plantation silviculture is the effect of the reduced age at which trees are harvested on wood
properties. Increased growth rates brought about by advances in timber management techniques
mean that plantation-grown trees are reaching merchantable sizes at younger ages.
Consequently, trees harvested at a younger age will contain a greater proportion of juvenile
wood, resulting in inferior mechanical performance (Zobel and Blair 1976; Clark and McCalister
1991).

Initial spacing in plantations affects the competition between trees for nutrients and
moisture, which influences tree growth and wood formation. The major effects of wider spacing,
which have long been recognized, are increased rates of early diameter growth and longer
retention of a deep living crown as a suppression of branches is delayed (MacDonald and Hubert
2002). Trees planted at a wider initial spacing tend to have increased ring widths during the

period of juvenile wood formation resulting in a larger juvenile core, and reduced average wood



density. Clark and Saucier (1991) found that differing planting densities do not alter the period
of juvenile growth of loblolly pine, but can be used to influence the size of the juvenile core.
Recent work has shown that there is a strong correlation between wider spacing and larger grain
angle for Sitka spruce, with implications for strength and stability of sawn timber (MacDonald
and Hubert 2002).

Cultivation is the process of breaking up soil for planting or the removal of herbaceous
weeds, grasses, and woody undergrowth. Planting on cultivated ground tends to result in faster
initial growth due to improved drainage, soil aeration, and nutrient mineralization. This
increased growth will likely affect the wood quality in the juvenile core, but the practical effects
of this growth on wood utilization will depend largely on spacing or the amount of time that the
tree grows free from competition. Schmidtling (1973) found that cultivation of a loblolly pine
plantation during the first 3 years of growth resulted in a 6-foot growth advantage by the 9" year
compared with uncultivated controls. Despite the increase in growth rate, wood density values
were not appreciably less than that of uncultivated controls. In a similar study, Clark et al.
(1991) found that slash pine in the coastal plain of Georgia growing on moderately well and
poorly drained sites that received no cultivation had a length of juvenility of 8 years. It was also
found that the wood density on the moderately well drained sites was 6% higher than that of
control trees on poorly drained cultivated sites.

Fertilization may be applied to relieve nutrient deficiencies or increase growth. Elliot
(1970) stated that ‘generalisations on the role of a particular nutrient or combination of nutrients
are so confounded by site and species effects as to be at best empirical if not dangerous’. The
most obvious effect of fertilizer application is an increase in growth rates. This has been

demonstrated for different southern pines by numerous authors (Clark and Saucier 1991;



Broerman 1967; Jokela and Morris 1998; Haywood and Burton 1990). Tree age at the time of
fertilization has a significant effect on the nature of the response. Fertilization either at the time
of planting or during the first few years of growth, especially if combined with cultivation,
increases both height growth and crown development. Decreases in latewood percentage and
wood density usually accompany the growth responses. In older trees, particularly beyond the
juvenile stage, the response is less dramatic. Although a modest decrease in the percentage of
latewood often occurs during the first few years after fertilization, it is usually short-lived and is
probably due to an increase in earlywood rather than a reduction in latewood (Larson ef al.
2001).

In a study by Williams and Hamilton (1961) the percentage of latewood was reduced by
2.8% on those plots receiving fertilizer. Similarly, wood density was lowered by 6.7%. Mitchell
and Wheeler (1959) reported that a 0.01 unit change of wood density reflects a 50-pound change
in the dry weight of an average cord of southern pine pulpwood. MacPeak et al. (1990) found
that the average wood density, modulus of rupture, and modulus of elasticity were significantly

lower in 20-year-old fertilized slash pine, than 50-year-old control trees of similar diameter.

MICROFIBRIL ANGLE FORMATION

Microfibril angle (MFA) refers to the mean helical angle between the cellulose fibrils and
the longitudinal cell axis. A tree is sheathed by a thin cambial layer, which is composed of cells
capable of repeated division. New cells produced on the inside of this sheath become new wood,
while those moved to the outside become part of the phloem. In a process that may take several
weeks to complete, the cell enlarges and the cell wall gradually thickens as biopolymers

produced within the cells are progressively added to the inside of the wall. Eventually, the fluid



filling the cell is lost and the cell has a thickened wall, consisting of primary and secondary wall
layers and a hollow center (Haygreen and Bowyer 1996).

Megraw (1985) gives an excellent description of the structure of microfibrils.
“Microfibrils are long strands of physically aggregated and more or less parallel polysaccharide
chains. They contain a crystalline cellulose core surrounded by shorter chain hemicelluloses
partly linked to this core, all encased into a rigid structure by the surrounding lignin. They are
usually arranged in sheets or lamellae that lie parallel to the cell surface. In the primary wall
they are loosely and more or less randomly interwoven. The secondary cell wall is comprised of
three distinct layers: the S, S,, and S; walls (Figure 2.1). The S, layer contains alternating
lamellae of Z and S helical orientation at 50 to 70 degrees to the fiber axis. In the thick S, layer,
they are usually oriented in a Z helix around the cell, but in some cases also occur in an S helix.
In the S, layer microfibrils are highly parallel and steeply aligned to the fiber axis. In the S3
layer they again occur in a very flat helical orientation, with angles 60 to 90 degrees to the cell
axis. Because the S, layer is many times thicker than the other layers, its properties normally

dominate, and the term fibril angle refers to the microfibular angle in the S, layer.”
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Figure 2.1. Orientation of microfibrils in the S2 layer of the tracheid cell wall

(after Dickson and Walker 1997).

FACTORS INFLUENCING MICROFIBRIL FORMATION

A strong relationship between tracheid length and MFA exists. In mature wood, short
tracheids tend to have large MFA’s; with MFA tending to decrease as tracheid length increases.
This relationship is also true in juvenile wood, but the correlation is not as strong, and it is for
this reason that MFA’s often continue to decline from pith to bark in the stem long after tracheid
length values have stabilized (Larson et al. 2001). Strong correlations between wall thickness
and MFA have also been reported, with thicker walls having corresponding lower MFA’s. Hiller
(1964) found that wall thickness accounted for 64%-81% of the variation in MFA. Thicker walls
are generally associated with latewood cells, and thus smaller mean diameters and smaller

lumens as well. ‘It seems reasonable that not just the cell length, but overall cavity geometry

11



may be the determining factor of MFA; long narrow cavities favoring deposition at low angles,

short wide cavities favoring deposition at high angles’ (Megraw 1985).

MICROFIBRIL ANGLE AND SHRINKAGE

The shrinkage of wood is governed to a large extent by its anatomical structure and by
the orientation of the microfibrils in the cell walls (Harris and Meylan 1965). When water enters
the cell wall it occupies spaces between the microfibrils. If the MFA is large, there is more
swelling along the grain as water is added. The reverse applies as water is removed from woody
cells. In agreement with this, Ying et al. (1994) reported that specific gravity and MFA are the
best predictors of longitudinal shrinkage in wood. Numerous authors have found that
longitudinal shrinkage increased with MFA, but in a non-linear fashion in radiata pine (Pinus
radiata), (Walker and Butterfield 1996; Harris and Meylan 1965). Longitudinal shrinkage tends
to be large when the MFA’s are large, and negligible when the MFA is less than about 28°.
Meylan (1968) found that longitudinal shrinkage was minimal when the MFA was less than 30°,
but as MFA increased above this there was a very rapid increase in longitudinal shrinkage and a
corresponding decrease in tangential shrinkage. Meylan also found that high longitudinal
shrinkage was often associated with short fibered wood of low density and strength. The large
S, MFA causes a high degree of longitudinal shrinkage and a corresponding decrease in
transverse shrinkage. The longitudinal shrinkage of juvenile wood has been reported to average

up to three times that of mature wood (McAlister and Clark 1992).

12



MICROFIBRIL ANGLE AND STIFFNESS

The stiffness of wood arises from its cellulose content and the way that this cellulose is
distributed within the cell wall. Cave and Walker (1994) reported that the only known physical
characteristic of wood capable of effecting large changes in the stiffness of wood, is the cellulose
MFA in the S2 layer of the tracheid cell wall. There are also significant differences in MFA
between earlywood and latewood. In an experiment carried out by Cowdrey and Preston (1966),
a six-fold increase in stiffness in the earlywood of sitka spruce was observed as the MFA
decreased from 40° to 10°. In close agreement with this, Walker and Butterfield (1996) observed
that the stiffness of early wood in radiata pine increased five-fold as the MFA decrease from 40°
to 10°. Tamalong ef al. (1967), in a study of 17 species of tropical hardwood, found MFA to be
the major determinant of fiber stiffness, and breaking load was found to be largely determined

by cell wall area but, per unit of cell wall area, the major factor governing breaking load was

MFA.

WITHIN TREE VARIATION OF MICROFIBRIL ANGLE

Variations in wood quality of any species can be attributed to variation within a tree,
between trees in a particular stand, between different growing sites, and between different
siliviculutural regimes (Addis et al. 1995). MFA varies within each growth ring, from pith to
bark, with height in the stem and among trees. Cave and Walker (1994) reported that the MFA
decreases from the first earlywood cell to the last latewood cell. MFA in loblolly pine is large
near the pith and decreases rapidly out to 10 or more rings from the pith, and then continues
dropping, regardless of height, but at a much slower rate until such time as it essentially

stabilizes. MFA also tends to increase as tracheid length decreases after sudden increases in

13



growth (Waldrop 1951). Just as for tracheid length, the decrease in angle with age takes place at
a slower rate near the base of the tree than it does at upper heights. This results in higher MFA’s
for a given number of rings from the pith at the butt and breast height regions than at several
meters in height and above (Megraw 1985).

MFA varies considerably within the three zones of tree wood (juvenile, transition, and
mature), thus affecting the mechanical properties of the wood. Within tree cells, the MFA in the
S, part of the secondary wall is characteristically greater in juvenile wood. Pillow et al. (1953)
found that MFA in the juvenile wood of open-grown loblolly pines averaged 20° larger than
those in a closely spaced natural stand.

In mature loblolly pine, MFA is small, averaging about 5° to 10°, while in juvenile wood
the MFA is large, averaging 25° to 35° and often up to 50° in rings next to the pith, then
decreasing outward in the juvenile core (Larson et al. 2001). MFA has been found to decrease
from 33° at age 1 to 23° at age 10, and to 17° at age 22, in fast-grown loblolly pines (Ying et al.
1994). Bendtsen and Senft (1986) found that MFA within loblolly pine had stabilized at age 30.
The number of microfibrils is directly related to the size of the cell wall, and is reflected in the

strong relationship between specific gravity and strength properties.
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CHAPTER 3
METHODS AND MATERIALS
University of Georgia and U.S.D.A. Forest Service field crews collected stand data and
wood samples from 20 stands during the summers of 1999 through 2001. Loblolly pine stands,
20-27 years old, were sampled across the Southeastern U.S. for MFA analysis and other wood
properties. Plantations were sampled in each physiographic region, (Figure 3.1): Atlantic

Coastal Plain (8), Piedmont (6), Gulf Coastal Plain (3), and Hilly Coastal Plain (3).

Wood Quality Consortium
Baseline Stands Selected
For MFA Analysis

Stands Sampled for MFA by Physiographic Region
« Atlantic Coastal
a Guif Coastal
m Hilly Coastal
+ Pledmont 0 500 Miles

Figure 3.1. Map of the 20 stand locations sampled between 1999 and 2001 for

microfibril angle analysis.
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The stands selected for sampling were located on land owned by forest products
companies, and included only stands with similar silvicultural history: 1) site preparation with no
herbaceous weed control; 2) no fertilization at planting except phosphorus on phosphorus-
deficient sites; 3) stand density of at least 250 trees per acre at the time of sampling. Trees larger
than five inches in diameter were inventoried on 3 1/10-acre plots to determine stand density and
diameter distribution. A sample of 3 trees was chosen for MFA analysis proportional to the
diameter distribution of each stand to represent a range of tree sizes in the stand. A total of 60

trees were sampled for MFA in this study.

FELLED TREE ANALYSIS

One-inch thick cross-sectional disks were cut at the stump, 4.5 feet, 10 feet, and then at 5-
foot intervals to a 2-inch top for all trees. A subsample of disks was then selected from each tree
for MFA analysis. For the Hilly Coastal and Gulf Coastal regions disk heights selected for MFA
analysis were taken at 4.5 feet, 10 feet, and then at 5-foot intervals to a disk height of 50 feet.
Cross sectional disks subsampled for MFA analysis in the Piedmont and Atlantic Coastal regions
were taken at 4.5 feet, 15 feet, and then at 10-foot intervals to a disk height of 45 feet. Radial
strips were cut from each disk, dried, glued to core holders and sawn into two strips. One 0.063
inch wide strip was used for x-ray densitometry for measurement of earlywood and latewood as
well as radial growth and specific gravity at 0.0024 inch intervals. One strip, 0.5 inch square,
was cut for MFA and fiber length analysis from each disk, dried at 122° Celsius, and shipped to
Australia and analyzed by Silviscan® using x-ray diffraction at 0.04 inch intervals on the

tangential surface.
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MFA and specific gravity of earlywood and latewood of each annual ring for the trees
selected for analysis from the Hilly Coastal Plain and Gulf Coastal Plain were determined at 0.04
and 0.0024 inch intervals respectively at heights of 4.5 feet and then at 10-foot intervals to a
height of 45 feet. A specific gravity value of 0.530 was used to separate earlywood and
latewood. The densitometer was calibrated to express specific gravity on an air dried basis.
Separation of earlywood rings from latewood rings was accomplished using Silviscan’s
Analyse2001 program. Whole ring MFA was determined by weighting each ring with respect to

the proportion of latewood and earlywood.

DATA PREPARATION

Whole ring MFA was generated for all trees not analyzed on a ring basis by using ring
width characteristics from the disk strip that was measured for specific gravity using x-ray
densitometry. Given that the strips used were from the same tree disk, but opposite one another,
it was assumed that one side could possibly be longer/smaller than the other due to sample
preparation error or a non-perfect circular tree. Even though the strips may not be of the same
length, the individual ring properties from both strips should be similar. To resolve this problem

ring width was calculated as:

GSRING, = RwSG, ZMEA
LSG

where,
GSRING ; = Generated ring width of MFA strip
RWSG ; = Width of ith specific gravity ring
LMFA = Total length of MFA strip

LSG = Total length of specific gravity strip
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For example, let LMFA =4.17", LSG =3.91”, RWSG | = 0.45”. Thus GPSRING | =0.480".

The program to make these calculations was done in SAS V8 and can be found in Appendix A.

CROSS-SECTIONAL MFA

Whole disk cross-sectional MFA was calculated for every age, by weighting the ring
MFA to the proportion of its basal area. This calculation was done for every tree at every height
level. For example, at age 1, the cross-sectional MFA would simply be the MFA of ring 1. The
cross-sectional MFA of a tree at age 5 would be found by weighting rings 1-5 with respect to the
proportion of the basal area of the total that each ring made up. The program to make these
calculations was done in SAS V8 and can be found in Appendix B.

Whole disk cross-sectional MFA was also calculated by distance from pith by weighting
the MFA at any distance to the proportion of its basal area. This calculation was done for every
tree at every height level. For example, the 2-inch cross-sectional MFA value was calculated by
weighting the sum of all 0.040 inch interval measurements to a diameter inside bark of 2 inches
with respect to the proportion of the basal area of the total. The program to make these

calculations was done in SAS V8 and can be found in Appendix C.

18



CHAPTER 4
MODELING EARLYWOOD AND LATEWOOD MICROFIBRIL ANGLE IN SOUTHEAST

TEXAS LOBLOLLY PINE

ABSTRACT

Loblolly pine (Pinus taeda L.) is the primary species of the U.S. pulp and paper industry
and is also a desired resource for use in the manufacture of lumber and composite wood
products. Among the many wood properties important to these manufacturing processes and
uses, microfibril angle (MFA) is one of the most significant measures due to its high correlation
with paper and solid wood properties (Daniels et al. 2002). MFA was sampled from disks cut at
10 foot intervals from 18 trees in Southeast Texas. Prediction equations were derived from
mathematical models to explain the 3-dimensional change of MFA from stump to tip and pith to
bark.

Keywords: microfibril angle, loblolly pine, modeling, latewood, earlywood

INTRODUCTION

Microfibril angle is known to be one of the main determinants of the mechanical
properties of wood. MFA is defined by Lichtenegger ef al. (1999) as the angle between the
cellulose fibrils and the longitudinal cell axis. MFA is highly correlated with specific gravity,
modulus of elasticity, modulus of rupture, and the longitudinal and tangential shrinkage of wood.

MFA has a significant effect on both mechanical behavior and dimensional stability of wood,
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and as such is an important quality characteristic for sawn timber (MacDonald and Hubert 2002).
In addition, MFA has been correlated with differences in paper properties such as stretch,
stiffness, and strength (Watson and Dadswell 1964; Kellogg et al. 1975; Megraw 1985).
Because of these relationships, MFA has become an important indicator of wood quality to the
forest products industry.

Variations in wood quality of any species can be attributed to variation within a tree,
between trees in a particular stand, between different growing sites, and between different
silvicultural regimes (Addis et al. 1995). MFA varies within each growth ring, from pith to bark,
with height in the stem and among trees. Cave and Walker (1994) reported that the MFA
decreases from the first earlywood cell to the last latewood cell. MFA in loblolly pine is large
near the pith and decreases rapidly out to 10 or more rings from the pith, and then continues
dropping, regardless of height, but at a much slower rate until such time as it essentially
stabilizes. The decrease in MFA with age takes place at a slower rate near the base of the tree
than it does at upper heights. This results in higher MFA’s for a given number of rings from the
pith at the butt and breast height regions than at several meters in height and above (Megraw
1985).

The objective of this paper is to develop models for predicting earlywood and latewood

microfibril angle as a function of height and rings from pith.

METHODS AND MATERIALS

Eighteen trees representing six stands were selected from Southeast Texas for MFA
analysis (Figure 4.1). The stands were located on land owned by forest products companies, and

included only stands with similar silvicultural history: 1) site preparation with no herbaceous
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weed control; 2) no fertilization at planting except phosphorus on phosphorus-deficient sites; 3)
stand density of at least 250 trees per acre at the time of sampling. Trees larger than five inches
in diameter were inventoried on 3 1/10-acre plots to determine stand density and diameter
distribution. A sample of 3 trees was chosen for MFA analysis proportional to the diameter
distribution of each stand to represent a range of tree sizes in the stand. Stand attributes are
summarized in Table 4.1.

One inch thick cross-sectional disks were cut at 4.5 feet, 15 feet, and then at 10-foot
intervals to a height of 45 feet. Radial strips 0.5 inch square were cut from each disk, dried at
122° Fahrenheit, and shipped to Australia and analyzed by Silviscan® using x-ray diffraction at
0.04 inch intervals on the tangential surface. A densitometer was used to determine specific
gravity. The densitometer was calibrated to express specific gravity on an air dried basis and a
specific gravity value of 0.530 was used to separate earlywood and latewood. Separation of
earlywood rings from latewood rings was accomplished using Silviscan’s Analyse2001 program.

The nonlinear models in this paper were fitted using the statistical package S-PLUS. S-
PLUS allows for modeling of grouped and repeated measure data by associating random effects
to observations sharing the same classification factor. This allows for an appropriate and flexible
variance/covariance structure accounting for auto and spatial correlation. Within the data, the
ring-by-ring MFA measurements led to autocorrelation. In such a situation, one may expect
there to be a serial dependence structure to the errors, where observations close together in time
are correlated with the strength of the correlation decreasing with the time lag. To account for

this, an ARMA (1, 1) variance/covariance structure was used.

MODEL DEVELOPMENT
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The data were plotted by wood type (earlywood/latewood) to identify patterns by ring
and height. There is a noticeable difference between MFA at 4.5 feet and the other height levels
for both early and late wood (Figures 4.2-4.5). The average MFA value for ring 1 at 4.5 feet was
found to be 30.3° and 27.5° for earlywood and latewood respectively. The value of MFA at ring
1 for the other height levels was found to range from 27.7°-26.5° and 22.5°-21.7° respectively for
early and late wood. Latewood was found to have lower initial values of MFA starting at ring 1
at all height levels. It can be seen from the graphs that both early and late wood approach some
lower asymptotic bound of ~10.0°, and that all height levels appear to converge and level off by
age 13, although earlywood MFA at 4.5 feet retains some separation from the other height

levels.

MODEL DEVELOPMENT: EARLYWOOD MFA

Several candidate model forms were selected to describe the change of earlywood MFA
from stump to tip and pith to bark. A linear model was considered first with the form:

MFA , = B, + B, In( Ring )+ B, In( Height )+ B,DBH + ¢, (1)

where,
MFA;; = earlywood MFA for Ring i at Height level j,

DBH = Diameter Breast Height,

¢;  =random error for Ring i at Height level j

MFA appears to be decreasing in a non-linear fashion (Figure 4.2), so a non-linear
function was found with the form:

1
i - T &y
(B, + B,Ring,)

MFA (2)
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where,

MFA, = earlywood MFA for Ring i at Height level j

¢,  =random error associated with Ring i at Height level j

Model (2) is known as the reciprocal model and has been used extensively in yield-
density studies with agricultural applications. The form of model (2) is a generalized linear

model with a linear predictor S, + f,Ring, and a reciprocal link (Ratkowsky 1990). For model

(2) to describe MFA in 3-dimensions, height must be added. This can be accomplished by
letting the parameters B; and B, vary with height. Daniels et al. (2002) noted that the asymptote
of specific gravity tended to decrease with increasing height. By making the parameters
quadratic functions of height, they were able to successfully model specific gravity as a function
of rings from pith and height. This was a reasonable assumption to make for model (2), thus the

parameters become:

B, = b+, In(Height ) + g, [In(Height )]

A

B, =Py + ¢, In(Height ;) + ¢,,[In(Height , )
where,
Height ;= height above ground at disk ;
Do »---» Py, = parameters to be estimated
The natural log of disk height was chosen to represent the independent height variable

used in making model (2) a 3-dimensional predictor of earlywood MFA due to a stronger

correlation than disk height with the dependent MFA variable.

MODEL DEVELOPMENT: LATEWOOD MFA
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A linear model was first proposed to explain the change of latewood MFA in 3-

dimensional space. The linear latewood model takes the form:

MFA , = B, + B Ring , + B,Ring ''* + B, In( Height ) + (3)
B.(In(Height))Ring, + fsDBH + &,

where,

MFA;; = latewood MFA for Ring i at Height level j

g;  =random error for Ring i at Height level j

A nonlinear model was developed to assess the nonlinear trend of latewood MFA as a
function of rings from pith and height (Figure 4.4).

The nonlinear model proposed is:
MFA; = f5 exp[ B, /(Ring; + ;)] + &; 4)
where,

MFA,;= latewood MFA for Ring i at Height level j

¢;  =random error associated with Ring i at Height level j

As for the nonlinear earlywood model, model (4) must include a dependent height
variable to predict MFA in 3-dimensional space. Again, Daniels et al. (2002) method was used.

Thus the parameters in model (4) become linear parameters of height and take the form:
B\ =Py +¢,, In(Height ;) + ¢, [In(Height , NE

;g)z =0y + o ln(Heightj) + ¢, [ln(Heightj )

A

B = o + @15 In(Height ;) + §,,[In(Height, )T’

where,
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Height ; = height above ground at disk ;

Do »---» #,; = parameters to be estimated

RESULTS

LINEAR EARLYWOOD MODEL

Parameter values and fit statistics for model (1) can be found in Table 4.2.
All parameters in the model were significant at the 0.0001 level. Model (1) was found to have a
residual standard error of 3.169° and a fit index value of 0.74, where fit index equals one minus
the residual sums of squares errors divided by the sums of squares total. The plot of residuals
versus predicted values (Figure 4.6) indicates that the linear model is over predicting. This was
confirmed by a median value of -0.27 for all residuals and from the graph, it is apparent that the
majority of the residual lie below the 0 marker. This however, also indicates that the model is
not biased and the majority of the residuals are centered on zero. The maximum and minimum
residuals were found to be 13.3 and -8.4 respectively. Examination of the residuals plots (Figure
4.6) against the independent variables; the natural logarithm of ring, the natural logarithm of
height, and DBH, shows some departure from the linear assumption, suggesting the need for a
curvilinear regression function. Figure 4.6, shows the plot of fitted values vs. actual values. The
model appears to be predicting well up to a MFA value of 20°. One explanation for this may be
that MFA decreases sharply up to ~ 13 rings then levels out, at which the model ceases to be
linear in fashion. Figure 4.7 contains plots of the mean actual MFA values versus the fitted
MFA values by disk height. It can be seen that the linear model, on average, is under predicting

earlywood MFA at 4.5 feet up to ring 10. Above 4.5 feet, the model performs reasonably well,
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with the exception of it under predicting beyond ring 11 at disk heights of 25 and 35 feet. The

final linear model is of the form:

MFA ; = 35.0089 — 6.5088 In( Ring )— 3.7120 In( Height )+ 0.5122 DBH

NONLINEAR EARLYWOOD MODEL

Table 4.3 contains the fit statistics and parameter values for the nonlinear earlywood
model (2). Many parameters were found to be insignificant and thus were dropped from the

prediction equation. The final nonlinear earlywood model is:

M}?Aij = !
(o1 + P, (ln(Heightj ))2] +[4, (ln(Heightj )Ring, ]
A ” 1

"~ [0.029+0.00028(In(Height, ))’ 1+ [0.00167 (In(Height,))Ring,]

The remaining parameters in the model were significant at the 0.002 level. The median
value of the residuals was found to be centered on zero with a value of -0.105, indicating little or
no bias. The maximum and minimum residuals were found to be 3.9° and -2.7° respectively.
Examination of the residuals plots (Figure 4.8) against the dependent variables ring and the
natural logarithm of height show no apparent trends. Figure 4.8, shows the plot of actual values
vs. fitted values. The nonlinear earlywood model appears to be predicting MFA well. The
distribution of the fitted versus actual values appears to be more uniform in shape than the linear
model (1). It can be seen that the nonlinear model is also under predicting earlywood MFA at
4.5 feet up to ring 10 (Figure 4.9). However, the rate at which earlywood MFA decreases at 4.5
feet is not as great as the linear earlywood model. Above 4.5 feet, the model is under predicting

beyond ring 11 at disk heights of 25 and 35 feet.
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LINEAR LATEWOOD MODEL

All parameters in model (3) were found to be significant at the 0.0001 level (Table 4.4).
As with the earlywood linear model, model (3) seems to be over predicting latewood MFA
(Figure 4.10). Plots of residuals versus ring and ring"? show no general pattern suggesting a
strong linear correlation (Figure 4.10). However, the residual plots for the natural logarithm of
height suggest some deviation from the linear assumption (Figure 4.10). From Figure 4.10, it
can be seen that some additional function of height may be required to describe these data. The
residual standard error for the linear latewood model was found to be 2.7 °, with a fit index of
0.75. Plots of mean actual MFA values versus mean fitted values for the linear latewood model
can be seen in Figure 4.11. The linear model is not capable of reproducing the sigmoid shaped
curve at 4.5 feet. On average, the model is over predicting latewood MFA at 15 feet from ring 1
toring 11. Also, at 45 feet, the model is grossly under predicting MFA, although the shapes of

both the actual and fitted values are similar. The final linear latewood model form is:

; . . / .
MFA , = 46 .121 + 0.801 Ring — 11 .871 Ring V2~ 5.040 In( Height )+

0.235(In(Height))Ring + 0.312DBH

NONLINEAR LATEWOOD MODEL

Initial examination of the fit statistics and residual plots of the nonlinear latewood model
indicated a need for additional data to describe the change of latewood MFA by rings from pith.
Upon further investigation it was decided to include ring' in the model. Attempts were made to
include this variable inside the exponential function; however the model repeatedly failed to
converge. It was then decided to let ring'”® enter linearly in the model. Thus the improved

model becomes:
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MFAij = B exp[ B, /(Ring + B;)]+ B, (Ringl/z)_l Ty

where, all parameters are defined previously and

A

By =0y +dy ln(Heightj) + P [ln(Heightj )
Table 4.5 contains the fit statistics and parameter values for the nonlinear latewood model

(4). The coefficients ¢,, and ¢, were dropped from the final model because their estimates were

not significantly different from zero at the 0.05 level. It can be seen from Figure 4.12 and the
median residual value of -0.099 that the residuals are distributed around zero. The deviation of
the fitted versus actual values of MFA was greatly improved by fitting the nonlinear model.
Upon comparison of the standardized residual plots of the linear and nonlinear models, it can be
seen that the majority of the nonlinear residuals lie within + 2°. The normalized residual plots of
ring, ring'”?, and the natural logarithm of height variables (Figure 4.12) indicate no trends, a
significant improvement over the linear latewood model. The nonlinear model also produced a
much tighter fit with the fitted values uniformly distributed around the regression line (Figure
4.12). The nonlinear latewood model was found to mimic the curves of latewood MFA
extremely well at all heights (Figure 4.13). The model was able to take on the sigmoid shaped
curve at 4.5 feet and the transform to a decreasing exponential function. The nonlinear model
also reaches a lower asymptotic bound, an attribute that the linear model does not possess. The

final nonlinear latewood model is:
MFA;/ = B expl B, /(Ring + B,)]+ B, (Ringl/z)il t+é&;

where,

A

B, =16.143 +3.836 In(Height)]
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A

B, =[32.544—14.6911In(Height) +1.984{In(Height)}" |

A

B, =[Ring +17.319—8.099 In(Height) +1.113{In( Height)}* ]

A

B, =[ {{—32.314ln(Height)+4.337{1n(Height)}2} (Ring”z)_l]

DISCUSSION

Earlywood and latewood models were developed to represent the change of MFA from
stump to tip and pith to bark for 18 loblolly pine trees sampled in Southeastern Texas. Both
linear and nonlinear model forms were developed to explain the trends of MFA in 3-dimensional
space. Nonlinear models tended to explain the change of MFA better than the linear models. Fit
index values were found to be 0.74 for both models. The residual standard error of the models
was found to be 2.76° and 3.17 ° respectively for the nonlinear and linear models. From
examination of the residual and fitted versus actual plots, the nonlinear model would be
preferred. Upon examination of the fit statistics, residual plots and fitted versus actual plots, the
nonlinear latewood model is preferred over the linear model. The nonlinear model is more
flexible and will more accurately model the rate of change of MFA in 3-dimensional space. Fit
index and residual standard error values were found to be 0.75 and 0.81,2.7° and 2.15°
respectively for the linear and nonlinear models.

Why though is the nonlinear model a better choice overall? Interpretation of the data is

one reason to prefer the nonlinear model over the linear model. It is obvious from Figures 4.2
and 4.3, that over the range of ring and height values, MFA decreases in a nonlinear fashion.

The linear function may adequately predict MFA, but not over the entire range of data. There
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does appear to be a linear trend occurring from rings 1 to 13. However, at this point the data
ceases to be linear. Thus the linear model may not accurately represent what is occurring.
There has been an increased interest in wood properties data within the last decade.
Forest products firms’ desire improved wood and better quality in addition to maximizing
growth rates. With the use of intensive silvicultural management including fertilization,
herbaceous weed control, and site preparation, forest companies are producing loblolly pine at
rates faster than ever before. However, more emphasis is beginning to be placed on the quality
of timber produced rather than the quantity. This is one of the first attempts to model MFA as a
function of height and ring from pith. These models can be used to evaluate not only MFA, but

solid wood strength and stiffness along with pulp and paper properties.
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Figure 4.1. Location of loblolly pine stands sampled for microfibril angle analysis in

Southeast Texas.

Table 4.1. Range and average tree size (in parenthesis) characteristics for 18 loblolly

pine trees sampled for MFA analysis.

DBH (inches) TOTAL AGE (years) | MFA (degrees)
HEIGHT (feet)
55-11.5 374-71.2 20-27 8.1-39.8
(7.9) (56.5) (22) (16.5)
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Earlywood MFA vs. Rings from Pith by Height
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Figure 4.3. Plot of average ring earlywood microfibril angle versus rings from pith by disk

height.

35



25

- ©
x
r ~
[ ©
k -
L [%2)
=24
o
- - -
N - - hos
. o S
. oo F . & b
. L
- 0. N
2 S - <
<=
.o o F e = * A - =
. owoen F W PN = M
P * wome S P
@ ] D * .- o Qo
R wware F = K =
%3
P * @emme F 23 o St ad © oD
o £ ™ =
~ - o comeneee Fe & o o we o ~ 2
- * coenen S
. - L o @eome o ©
- omown S soere we ©
- nnm o S
wseene o <
> 40 B cu0n -0
AR el k * socenee ™
* W meeoe o r e cevess s o o~
» 0 PN o r
- L a4 24 ~
e s cnesee e o S
T T T T T T o T T T T T T o
o) o [e) o 7o) o [T [Pol =] [e] = 2] o
5] 3] N 59 ~ - 3] & 5 39 ~ ~
V4N poomsieT V4N poomaje
R . o o
- r - .o =
- LR r © . ha
o oo k o o o ©
o oo F ce o w0 - . 1=
o
* e o r
34 * oo A
o o o t - - . o o
o oo t - oo )
* Raated r o oo ] “w e =)
¢ o wmewe t = - =
—
* oo cmmee F e = Rantend - = =
o o g > ®we ~ o
DR AR 2 ed r c » wm o S e £
S cee o weame t = =
Q =] @ e o L2 @ * eooe ©o £
[} o oo @wm L = D s o = D =
L 17 [ n [ 17
o - o o wne oo r =2 ) o ®© =4 w0 * soo w £
- Lo = N = < =
< - w o wmerw o S £ wsons ~ oa
- *  ww o t
N o ommsecmen oo L *  cmwee © * we oo <
- oomsneem o oo r s momm oo w
o soom wor o 3 .o w 3]
o cumemne <
* owe cwe o L w
* wnwe . 3 - *on somese ™ * coem o~
Aot dhdad * [ e @ wuner o~
R s d o 4 r - * 000 o ~
oo e t A andadind =
r T T T T T o r T T T T T o r T T T T T o
o) =] o 2] o 0 0 o o) o w o [¥s) o 0 o [%2) o
e} I3e) ~ e} 15¢) N ~ 5] & -~

& & =2
V4N poomaien

& 2
V4N poomsien

N N ~
V4N poomaje]

Figure 4.4. Plot of latewood microfibril angle versus rings from pith at different height

levels.

36



Latewood MFA vs. Rings from Pith by Height
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Figure 4.5. Plot of average ring latewood microfibril angle versus rings from pith by disk height.
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Table 4.2. Parameter estimates and fit statistics for the linear earlywood model (1).

Coefficient Value Std. Error t value

p value
[% 35.0889 0.6223 56.3891 0.0000
/z -6.5088 0.1345 -48.4044 0.0000
/Zz -3.7120 0.1294 -28.6888 0.0000
[% 0.5122 0.0597 8.5770 0.0000

Fit index: 0.740

Residual standard error: 3.169

Residuals:
Min Median Max
-8.394 -0.2674 13.31
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Residual plots versus the independent variables and actual MFA values

versus fitted MFA values for the linear earlywood model (1).
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model (1) by disk height.
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Table 4.3. Parameter estimates and fit statistics for the nonlinear earlywood model (2).

Coefficient Value Std. Error t value p value
¢%1 0.029427 0.001045158 28.15631 <0.0001
¢21 0.000277 0.000089229 3.10549 0.002
¢u 0.001674 0.000091816 18.23246 <.0001

Overall Fit Statistics:

AIC BIC logLik
4079.26 4118.01 -2031.63

Fit index: 0.740

Residual standard error: 2.763049
Residuals:
Min Med Max

-2.703964 -0.105041 3.934785

41



Figure 4.8.
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versus fitted MFA values for the nonlinear earlywood model (2).
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earlywood model (2) by disk height.
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Table 4.4. Parameter estimates and fit statistics for the linear latewood model (3).

Coefficient Value Std. Error t value p value
[% 46.1212 1.0359 44,5228 0.0000
/z 0.8007 0.1043 7.6767 0.0000
/ZZ -11.8712 0.5512 -21.5365 0.0000
B -5.0401 0.2140 -23.5514 0.0000
/34 0.2352 0.0254 9.2515 0.0000

/35 0.3125 0.0519 6.0244 0.0000

Fit index: 0.753
Residual standard error: 2.714
Residuals:

Min Median Max
-7.669 -0.2578 10.41
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Figure 4.11. Plot of mean actual values versus mean fitted values for the linear

latewood model (3) by disk height.
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Table 4.5. Parameter estimates and fit statistics for the nonlinear latewood model (4).

Coefficient Value Std. Error t value p value
Do, 6.14373 1.724062 3.56 0.0004
o, 3.83642 0.856088 4.48 0.0001
Do 32.54439 4.734458 6.87 0.0001
b -14.69113 2.970155 -4.94 0.0001
/8 1.98485 0.475620 4.17 0.0001
Pos 17.31994 2.197035 7.88 0.0001
8 -8.09903 1.387472 -5.83 0.0001
[/ 1.13047 0.223947 5.04 0.0001
P4 -32.31373 5.335321 -6.05 0.0001
@, 4.33751 1.607745 2.69 0.0071

Overall Fit Statistics:

AIC BIC logLik
3586.012 3662.939 -1777.006

Fit index: 0.812

Residual standard error: 2.154227
Residuals:
Min Med Max

-3.181732 -0.09921649 4.220346
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CHAPTER 5
MODELING MICROFIBRIL ANGLE FROM STUMP TO TIP AND PITH TO BARK IN

LOBLOLLY PINE GROWN IN THE SOUTHEASTERN UNITED STATES

ABSTRACT

Microfibril angle (MFA) was determined using x-ray diffraction at 0.04 inch intervals
from sixty loblolly pine (Pinus taeda L.) trees representing four physiographic regions in the
Southeastern United States. Linear and nonlinear models were developed to predict MFA at any
ring from pith, distance from pith, and height. The relationship of physiographic region, total
tree height, disk height, diameter breast height, and average MFA values were examined.

Keywords: microfibril angle, loblolly pine, modeling

INTRODUCTION

Microfibril angle is known to be one of the main determinants of the mechanical
properties of wood. MFA is defined by Lichtenegger ef al. (1999) as the angle between the
cellulose fibrils and the longitudinal cell axis. MFA is highly correlated with specific gravity,
modulus of elasticity, modulus of rupture, and the longitudinal and tangential shrinkage of wood.
MFA has a significant effect on both mechanical behavior and dimensional stability of wood,
and as such is an important quality characteristic for sawn timber (MacDonald and Hubert 2002).
In addition, MFA has been correlated with differences in paper properties such as stretch,

stiffness, and strength (Watson and Dadswell 1964; Kellogg et al. 1975; Megraw 1985).
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Because of these relationships, MFA has become an important indicator of wood quality to the
forest products industry.

Microfibrils are polysaccharide chains with a cellulose core within a hardened shell. In
the primary cell wall, microfibrils are randomly interspersed (Megraw 1985). The secondary
cell wall is comprised of three distinct layers: the S, S,, and S; walls (Figure 5.1). The S; layer
contains alternating flat sheets of microfibrils with an orientation of 50° to 70° to the fiber axis.
In the S, layer microfibrils are highly parallel and steeply aligned to the fiber axis. In the S3
layer they again occur in a very flat orientation, with angles 60 ° to 90 ° degrees to the cell axis.
Because the S; layer is many times thicker than the other layers, its properties normally
dominate, and the term fibril angle refers to the microfibular angle in the S, layer.

Variations in wood quality of any species can be attributed to variation within a tree,
between trees in a particular stand, between different growing sites, and between different
silvicultural regimes (Addis et al. 1995). MFA varies within each growth ring, from pith to bark,
with height in the stem and among trees. Cave and Walker (1994) reported that the MFA
decreases from the first earlywood cell to the last latewood cell. MFA in loblolly pine is large
near the pith and decreases rapidly out to 10 or more rings from the pith, and then continues
dropping, regardless of height, but at a much slower rate until such time as it essentially
stabilizes (Megraw 1985). The decrease in MFA with age takes place at a slower rate near the
base of the tree than it does at upper heights. This results in higher MFA’s for a given number of
rings from the pith at the butt and breast height regions than at several meters in height and
above (Megraw 1985).

MFA varies considerably within each of the three zones of wood, juvenile, transitional,

and mature wood, thus affecting the mechanical properties of the wood. Within tree cells, the
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MFA in the S, part of the secondary wall is characteristically greater in juvenile wood. The large
S; MFA causes a high degree of longitudinal shrinkage and a corresponding decrease in
transverse shrinkage. The shrinkage of juvenile wood has been reported to average up to three
times that of mature wood (McAlister and Clark 1992). Pillow et al. (1953) found that MFA in
the juvenile wood of open-grown loblolly pines averaged 20° greater than those in a closely
spaced natural stand.

In mature loblolly pine, MFA is small, averaging about 5° to 10° as measured by
deviation from the vertical. In juvenile wood, the MFA is large, averaging 25° to 35° and often
up to 50° in rings next to the pith, then decreasing outward in the juvenile core (Larson et al
2001). MFA has been found to decrease from 33° at age 1 to 23° at age 10, and to 17° at age 22,
in fast-grown loblolly pines (Ying et al. 1994). Bendtsen and Senft (1986) found that MFA
within loblolly pine had stabilized at age 30.

The objective of this paper is to develop models for predicting MFA at any ring, distance
from pith, and height. These models will allow measures of wood properties and quality to be
added to current forest yield prediction systems. These models will also provide the basis for
comparing properties from tree to tree, within a stand, and among stands in different regions in

the Southeastern United States.

METHODS AND MATERIALS

Sixty loblolly pine trees from twenty loblolly pine stands, 20-27 years old, were sampled
across the Southeastern United States for MFA analysis. Plantations were sampled by the USDA

Forest Service and the University of Georgia’s Wood Quality Consortium in each physiographic
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region, (Figure 5.2): Atlantic Coastal Plain, Piedmont, Gulf Coastal Plain, and Hilly Coastal
Plain.

The stands were located on land owned by forest products companies, and included only
stands with similar silvicultural history: 1) site preparation with no herbaceous weed control; 2)
no fertilization at planting except phosphorus on phosphorus-deficient sites; 3) stand density of
at least 250 trees per acre at the time of sampling. Trees larger than five inches in diameter were
inventoried on 3 1/10-acre plots to determine stand density and diameter distribution. A sample
of 3 trees was chosen for MFA analysis proportional to the diameter distribution of each stand to
represent a range of tree sizes in the stand. Stand attributes are summarized in Table 5.1.

One-inch cross-sectional disks were cut at 4.5 feet, 10 feet, and then at 5-foot intervals to
a height of 50 feet for the Hilly Coastal and Gulf Coastal regions. Cross sectional disks for the
Piedmont and Atlantic Coastal regions were cut at 4.5 feet, 15 feet, and then at 10-foot intervals
to a height of 45 feet. Two one-half inch square radial strips were cut from each disk. One strip
was dried, glued to core holders and used for x-ray densitometry for measuring earlywood and
latewood, radial growth, and specific gravity at 0.0024 inch intervals. The second strip, was
used for MFA and analysis from each disk, dried at 122° Celsius, and shipped to Australia for
analysis by Silviscan® using x-ray diffraction at 0.04 inch intervals on the tangential surface.

Whole ring MFA was generated using ring width characteristics from the disk strip that
was measured for specific gravity using x-ray densitometry. Given that the strips used were
from the same tree disk, but opposite one another, it was assumed that one side could possibly be
longer/shorter than the other due to sample preparation error or a non-perfect circular tree. Even
though the strips may not be of the same length, the individual ring proportions from both strips

were similar. To resolve this problem ring width was calculated as:
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LMFA
LSG

GSRING , = RWSG,

where,
GSRING ; = Generated width of ith ring from MFA strip
RWSG ; = Ring width of ith specific gravity ring
LMFA = Total length of MFA strip
LSG = Total length of specific gravity strip
For example, let LMFA =4.17", LSG =3.91”, RWSG | = 0.45”. Thus, GSRING | = 0.480".
Due to the variation of MFA over the small measurement interval of 0.04 inches from
pith, a moving average was calculated for modeling purposes. An average of MFA was taken
over five and ten measurements, making the interval lengths 0.20 and 0.40 inches respectively,

which are the standard lengths used by forest products companies when evaluating MFA.

MODEL DEVELOPMENT

The data were plotted by region and height level to identify patterns and changes of ring
MFA by rings and distance from pith and height (Figures 5.3-5.6). The minimum and maximum
values for MFA by distance from pith at 4.5 feet was found to be 8.0° and 63.45°, 8.8° and 59.8 °,
9.04° and 49.6°, 9.2° and 41.5° for the Atlantic, Piedmont, Gulf Coastal, and Hilly Coastal
regions respectively. Above 10 feet MFA is similar for all height levels. MFA by distance from
pith was found to be on average higher in the Atlantic Coastal and Piedmont regions and display
more variability in MFA versus the Gulf and Hilly Coastal regions at all height levels (Table 5.2
and Figure 5.8).

Examining MFA by rings from the pith, there is an apparent difference between whole

ring MFA at 4.5 feet versus the other height levels for all regions (Figures 5.9 and 5.10). The
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minimum and maximum values for whole ring MFA at 4.5 feet by rings from pith was found to
be 8.4° and 47.0°, 10.0° and 50.7°, 9.5° and 38.3°, 10.0° and 33.7° for the Atlantic, Piedmont,
Gulf Coastal, and Hilly Coastal regions respectively. MFA by rings from pith dropped
significantly by 10 feet for the Gulf and Hilly Coastal regions (Figure 5.9). Above 10 feet the
effect of height on MFA appears to be negligible. MFA by rings from pith was found to be on
average higher in the Atlantic Coastal and Piedmont regions versus the Gulf and Hilly Coastal
regions at all height levels (Table 5.3 and Figure 5.10).

The same general trends of MFA can be observed using 0.20 and 0.40 inch intervals from
pith. MFA was found to be on average higher at 4.5 feet than any other height level for all
regions (Figures 5.11-5.14). For the Gulf and Hilly Coastal regions, MFA can be seen to be
greatest at 4.5, above which MFA display the same general trends across all regions. Regional
differences can still be observed at 0.20 and 0.40 inch intervals. On average, MFA values were
found to be higher in the Atlantic Coastal and Piedmont regions versus the Gulf and Hilly

Coastal regions (Figures 5.12, 5.14, Table 5.4, Table 5.5).

MODEL DEVELOPMENT: WHOLE RING MFA

Several candidate model forms were selected to describe the change of MFA by ring and
height. The independent variables used in the linear model were selected based upon the linear

correlation they exhibited with MFA. The variables chosen to be included in the model were the

) Total Height ] ] ] . ] )
natural log of ring, , In (ring) In (disk height) interaction, and form with
In(Disk Height)

correlation coefficients of -0.60333, 0.34146, -0.75064, and 0.42487 respectively. Thus, the

linear model becomes:
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MFA i z(ﬂo +ﬁ01H +IBOIG +ﬁolp)+

(By+ Bily + Bl + Bi1p)In(Ring ;) +
Total Height . (1)

+ I, + J P I
(ﬂz ﬂz H ﬂ2 G ﬂ2 P)ln(DlSk Helght )

(Bs + ByIyy + Bslg + ByI,)|In( Ring ) In( DiskHeight )]+

(ﬂ4 +ﬂ41H +,B4]G +,341P)F0rm

where, the base model represents the Atlantic Coastal region and Iy, I, and Ip,represent
deviations from the base parameters for the Hilly Coastal, Gulf Coastal and Piedmont regions
respectively, and

MFA;; =MFA at Ring i and Disk Height j,

Ring = Ring from pith,

Form — In(DBH) (in.) ’
In(Disk Height) (ft.)

Disk Height = Height above Ground (ft.),
DBH = Diameter Breast Height (in.),

Iy - 1 if Hilly Coastal Region
0 otherwise

I = 1 if Gulf Coastal Region
0 otherwise

Ip - 1 if Piedmont Region
0 otherwise

Whole ring MFA appears to be decreasing in a non-linear fashion with ring, so a non-

linear model was found with the form:
MFA = ¢, exp [(¢, + ¢, + 4, )In( Ring )] @)

where,
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¢ = [(,80 + Lol + Bl +,BOIP)+(,Bl +B1, +pP 1, +pI, )Form]
9, :(ﬂz + 5,1+ B,1 +ﬂz]p)
9 :(183 + 81, + Bsl +,B3IP)F0rm

Total Height (ft.)
In(Disk Height) (ft.)

¢4 :(ﬂ4 +:B4IH +ﬂ41G +ﬂ4IP)

and,
MFA;; =MFA at Ring i and Disk Height j,

I - 1 if Hilly Coastal Region
0 otherwise

I - 1 if Gulf Coastal Region
0 otherwise

Ip - 1 if Piedmont Region

0 otherwise

and all other parameters previously defined.

MODEL DEVELOPMENT: MFA AT 0.20 INCH INTERVALS

A linear model was selected to explain the change of MFA by 0.20 inch interval from
pith and height. The linear model proposed is:

MFA i = (Bo+Boly +Bolg + Bolp)+
(B, + B 1, + B, 1; + B, I,)In( Interval )+
(3)
(B, + B, 1, +B,1; + B,1,)ILH +

(By+ B3I, + B, + B,1,)Form

where,

MFA;; =MFA at Interval i from pith and Disk Height j,
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Interval = 0.20 Inch Intervals

Distance from Pith (Inches) = Interval* 0.20

_ In(Total Height) (ft.)
" In(Disk Height) (fi.)

ILH

Iy - 1 if Hilly Coastal Region
0 otherwise

I = 1 if Gulf Coastal Region
0 otherwise

Ip - 1 if Piedmont Region
0 otherwise

and all other parameters previously defined.
MFA appears to be decreasing in a nonlinear fashion (Figures 5.4, 5.10, and 5.11) with
distance from pith. Thus, a nonlinear model was developed to represent the change of MFA at

0.20 inch intervals and height. The model takes the form:

MFA = ¢, exp (¢, )+ ¢, exp (¢,) 4
where,

¢ =By + Lol + Bol; + Bol )+ (B + Bl + B + B, )Form]

b, = (B, + B, + B, 1+ B,1,)In(Disk Height)

By = (Bs + Bl + Byl + Bil )

¢, =(B, + B, + B, +B.1,)nterval

and,

MFA;; = MFA at Interval i from pith and Disk Height j,

Interval = 0.20 Inch Intervals

Distance from Pith (Inches) = Interval* 0.20
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Iy - 1 if Hilly Coastal Region
0 otherwise

I - 1 if Gulf Coastal Region
0 otherwise
Ip - 1 if Piedmont Region

0 otherwise

and all other parameters previously defined.

MODEL DEVELOPMENT: MFA AT 0.40 INCH INTERVALS

A linear model was first selected to represent the change of MFA by 0.40 inch interval

from pith. The linear model takes the form:

MFA i = (ﬂO +ﬁ01H +ﬂ0[G +ﬁolp)+
(B, + B, 1, + B 1;+ B,1,)In( Interval
(B, + By, + B,1s + B,1,)ILH +

(B + B3I, + B, + B,1,)Form

where,

MFA;; =MFA at Interval i from pith and Disk Height j,
Interval = 0.40 Inch Intervals

Distance from Pith (Inches) = Interval* 0.20

Iy - 1 if Hilly Coastal Region
0 otherwise

I - 1 if Gulf Coastal Region
0 otherwise

Ip - 1 if Piedmont Region
0 otherwise
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and all other parameters previously defined.
MFA appears to be decreasing in a nonlinear fashion (Figures 5.4, 5.10, and 5.11) at 0.40
inch intervals from pith. Thus, a nonlinear model was developed to represent the change of

MFA at 0.40 inch intervals and height. The model takes the form:
MFA ;= @, exp (¢2)+ @, exp (¢4) ©)

where,

¢, = (B, + Byl + Bolg + Byl )Form

6, = (B, + 1, +B 1, +pB1,)in(Disk Height)

by =B+ Poly + ol + Bl 1)

b, =B, + 1, + Bl + By )+ (B, + Bul,, + B + B, )Form]interval
and,

MFA;; = MFA at Interval i from pith and Disk Height j,

Interval = 0.40 Inch Intervals

Distance from Pith (Inches) = Interval* 0.40

Iy - 1 if Hilly Coastal Region
0 otherwise

I = 1 if Gulf Coastal Region
0 otherwise

Ip - 1 if Piedmont Region
0 otherwise
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RESULTS

Parameter estimates and fit statistics for the linear whole ring MFA model (1), for are
found in Table 5.6. The linear model was found to account for 75" of the variation in MFA with
a mean square error of 11.35°. The plot of residuals versus the natural log of ring indicates a

deviation from the linear assumption and appears to be quadratic in form (Figure 5.15). Plots of

. Total Height (ft.) .
the residuals versus and Form (Figure 5.15) show no trends, and are all
In(Disk Height) ( ft.)

centered on zero. The plot of residuals versus the In (ring) In (disk height) interaction indicates
non-constant variance over the interaction term. Parameter estimates were found to differ by
region. Intercept estimates were found to be 16.98° for the Atlantic and Gulf, 17.98° for the
Hilly, and 12.43° for the Piedmont regions respectively. From Figure 5.10, it can be seen that the
Gulf Coastal region, on average, had higher values of whole ring MFA above 15 feet, however
the Atlantic region was found to have the highest MFA values at height levels of 4.5 and 15 feet.
Whole ring MFA was found to decrease -7.90° in the Atlantic and Hilly regions, -9.03° in the
Gulf, and -8.97° in the Piedmont regions given a one unit change in rings from pith. MFA was

found to decrease -0.56° and -0.031° in the Atlantic and Hilly regions, and increase 0.255° and

o . . ) Total Height (ft.)
0.133" in the Gulf and Piedmont regions with the term. Parameter
In(Disk Height) (ft.)

estimates for the Form term were found to be 31.05° in the Atlantic, 11.97° in the Hilly, 6.13° in
the Gulf, and 14.18° in the Piedmont regions. This means that if DBH is held constant, MFA
will decrease with increasing disk height. Figure 5.16 shows the plots of the mean actual versus
mean predicted values by disk height. It can be seen at 4.5 feet, that the linear model is
incapable of reproducing the observed sigmoidal shaped curve of MFA. The model produces

higher initial values of MFA at ring 1, and then decreases exponentially, under estimating the
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true value of MFA. At height levels above 4.5 feet, the model tracks MFA well. However,
instead of reaching some lower asymptote, the linear model continues decrease, over estimating
MFA at larger ring values.

All parameters for the nonlinear whole ring MFA model (2) were found to be significant
at the 0.05 level (Table 5.7). With Form held constant, initial values of MFA were found to be
31.57°,30.58° 30.85°, and 30.79° in the Atlantic, Hilly, Gulf, and Piedmont regions respectively.

The general rate of change of MFA for this model can be evaluated by examining the ¢,
parameter. ¢, was found to be -0.42 in the Atlantic, Hilly, and Gulf regions, and -0.34 in the

Piedmont region, signifying that MFA decreases more rapidly in the Atlantic, Hilly, and Gulf
regions than in the Piedmont region. Parameter estimates for the Form term were found to be
0.62 in the Atlantic, 0.098 in the Hilly, -0.02 in the Gulf, and 0.099 in the Piedmont regions.
This means that if DBH is held constant, MFA will decrease with increasing disk height in the
Atlantic, Gulf, and Piedmont regions, and increase in the Hilly region. Examination of the
residual versus predicted plot (Figure 5.17) indicates no trends and all residuals are centered on
zero. The model does seem to be over predicting at higher ring values. The plot of residuals

versus the natural log of ring indicates a slight deviation from the linear assumption and appears

Total Height (ft.)
an
In(Disk Height) (ft.)

to be quadratic in form (Figure 5.17). Plots of the residuals versus

Form (Figure 5.17) show no trends, and are all centered on zero. Figure 5.18 shows the plots of
the mean actual MFA versus mean predicted MFA values by disk height. It can be seen at 4.5
feet, that the model is incapable of reproducing the observed sigmoidal shaped curve of MFA.
The model produces higher initial values of MFA at ring 1, and then decreases exponentially,

under estimating the true value of MFA. At height levels above 4.5 feet, the model predicts
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MFA better than the linear model. However, at height levels of 45 and 50 feet, the model tends
to be under predicting the true values of MFA.

Parameter estimates and fit statistics for the linear 0.20 inch interval model (3) were
found to be significant at the 0.0001 level (Table 5.8). The linear model was found to account
for 677 of the variation of MFA with a means square error of 16.63°. Plots of the residuals
versus the independent variables can be found in Figure 5.19. The plot of the residuals versus
predicted values shows that the majority of the residuals are centered on zero, and the model is
unbiased. The model was found to be over predicting at higher values of MFA. MFA values
this high were found near intervals 1-3 at 4.5 feet, indicating estimation problems in this area of
the tree. The plot of residuals versus the natural log of interval are all centered on zero, but may
indicate a slight quadratic trend. Plots of the residuals versus the independent variables ILH and
Form show no general patterns. Intercept estimates for the linear 0.20 inch interval model were
found to be 22.08° in the Atlantic, Hilly, and Gulf regions, and 19.51° in the Piedmont region.
MFA was found to decrease at a rate of -6.55 © in the Atlantic, Hilly, and Gulf regions, and -5.67°
in the Piedmont region given a one unit change in interval. ILH parameter estimates were found
to be -4.79 in the Atlantic and Hilly regions, 0.40 in the Gulf, and -0.15 in the Piedmont region
respectively. The high parameter values in the Atlantic and Hilly region suggest that the effect
of disk height on MFA changes rapidly as disk height increases, and MFA changes little as disk
height increases in the Gulf and Piedmont regions. The Form parameter estimates were found to
be 20.99, 19.43, 9.25, and 13.31 for the Atlantic, Hilly, Gulf, and Piedmont regions respectively.
This indicates that if DBH is held constant; MFA will decrease with increasing disk height.
Figure 5.20 shows the plots of the mean actual MFA versus mean predicted MFA values by disk

height. It can be seen at 4.5 feet, that the model is incapable of reproducing the observed
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sigmoidal shaped curve of MFA. The model produces higher initial values of MFA at ring 1,
and then decreases exponentially, severely under estimating the true value of MFA from
intervals 3 to 12. At height levels above 4.5 feet, the model predicts MFA well. However, the
model is incapable of reaching the lower asymptotic value of MFA, and consequently under
estimates the true value of MFA at 0.20 inch intervals from pith.

All parameters for the nonlinear MFA model (4) at 0.20 inch intervals were found to be
significant at the 0.05 level (Table 5.9). The nonlinear model was found to account for 69% of
the variation of MFA with a mean square error of 16.1°. Examination of the residual plots
(Figure 5.21) indicates no general trends and the majority of the residuals are centered on zero.
Overall, the nonlinear model may slightly over predict MFA. This was confirmed by a median
residual value of -0.335°. If all other independent variables are held constant, increasing disk
height will result in shifting the model to reach a lower asymptotic value, while increasing DBH,
will shift the asymptotic bound to a higher value. The functionality of the height and form
variables in the model can be described as a linear adjuster. These values will be a constant
fixed value and will shift the value of MFA interval up or down, depending on height level. It
can be seen from the parameter estimates, that the Atlantic and Hilly regions have significantly
higher asymptotic bounds than the Gulf and Piedmont regions. The second term in the model
defines the rate of change of MFA from pith to bark. Initial values of MFA at the first interval
were found to be 25.2° in the Atlantic, 21.6° in the Hilly, 21.6° in the Gulf, and 22.3° in the
Piedmont regions. The rate of change of MFA at 0.20 inch intervals was found to be -0.09°,
-.14°,-0.17°, and -0.08° in the Atlantic, Hilly, Gulf, and Piedmont regions respectively given a

one unit change in the interval from pith.
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Plots of the average predicted and actual values for the nonlinear 0.20 inch interval model
are found in Figure 5.22. Since this model is essentially a decreasing exponential function with a
constant shifter, it can be seen how the model would poorly represent the change of MFA at 0.20
inch intervals at 4.5 feet. The model at 4.5 feet over predicts MFA at the first 2 intervals from
pith, and then significantly under-estimates the true value of MFA from the fourth to the eleventh
interval. It can be seen that the model is incapable of reproducing the observed sigmoid trend at
4.5 feet. At height levels greater than 4.5 feet, it was found that the model performed reasonably
well. The model does have a tendency to under predict MFA from the 13" interval out to the
bark. This may be attributed to the fact that the models developed, do not truly reach a lower
asymptotic.

Parameter estimates and fit statistics for the linear 0.40 inch interval model (5) were
found to be significant at the 0.0006 level (Table 5.10). The linear model was found to account
for 70” of the variation of MFA with a means square error of 14.83°. Plots of the residuals
versus the independent variables can be found in Figure 5.23. The plot of the residuals versus
predicted values shows that the majority of the residuals are centered on zero, and the model is
unbiased. The plot of residuals versus the natural log of interval are all centered on zero, but
may indicate a slight quadratic trend. Plots of the residuals versus the independent variables ILH
and Form show no general patterns. Intercept estimates for the linear 0.40 inch interval model
were found to be 19.65° in the Atlantic, Hilly, and Gulf regions, and 17.38° in the Piedmont
region. MFA was found to decrease at a rate of -7.63 ° in the Atlantic, Hilly, and Gulf regions,
and -6.54° in the Piedmont region given a one unit change in interval. ILH parameter estimates
were found to be -5.29 in the Atlantic and Hilly regions, -0.10 in the Gulf, and -0.79 in the

Piedmont region respectively. The high parameter values in the Atlantic and Hilly region

65



suggest that the effect of disk height on MFA changes rapidly as disk height increases, and MFA
changes little as disk height increases in the Gulf and Piedmont regions. Form parameter
estimates were found to be 21.89, 20.35, 10.15, and 14.38 for the Atlantic, Hilly, Gulf, and
Piedmont regions respectively. This indicates that if DBH is held constant; MFA will decrease
with increasing disk height. Figure 5.24 shows the plots of the mean actual MFA versus mean
predicted MFA values by disk height. It can be seen at 4.5 feet, that the model is incapable of
reproducing the observed sigmoidal shaped curve of MFA. The model produces higher initial
values of MFA at interval 1, and then decreases exponentially, severely under estimating the true
value of MFA from intervals 3 to 12. At height levels above 4.5 feet, the model predicts MFA
well. However, the model is incapable of plateauing at the lower asymptotic value of MFA, and
consequently under estimates the true value of MFA at 0.40 inch intervals from pith.

All parameters for the nonlinear MFA model (6) at 0.40 inch intervals were found to be
significant at the 0.008 level (Table 5.11). The nonlinear model was found to account for 71% of
the variation of MFA with a mean square error of 14.3°. Examination of the residual plots
(Figure 5.25) indicates no general trends and the majority of the residuals are centered on zero,
with a median residual value of -0.34°. If all other independent variables are held constant,
increasing disk height is going to result in shifting the model to reach a lower asymptotic value,
while increasing DBH, will shift the asymptotic bound to a higher value. The functionality of
the height and form variables in the model can be described as a linear adjuster. These values
will be a constant fixed value and will shift the value of MFA at any 0.40 inches up or down,
depending on height level. It can be seen from the parameter estimates, that the Atlantic and
Hilly regions have significantly higher asymptotic bounds than the Gulf and Piedmont regions.

The second term in the model defines the rate of change of MFA from pith to bark.
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Plots of the average predicted and actual values for the nonlinear 0.40 inch interval model
are found in Figure 5.25. Since this model is essentially a decreasing exponential function with a
constant shifter, it can be seen how the model would poorly represent the change of MFA at 0.40
inch intervals at 4.5 feet. The model at 4.5 feet is over predicting MFA at the first interval and
then significantly under-estimates the true value of MFA from the second to the sixth interval. It
can be seen that the model is incapable of reproducing the observed sigmoid trend at 4.5 feet. At
height levels greater than 4.5 feet, it was found that the model performed reasonably well. The
model does have a tendency to under predict MFA from the 7" interval out to the bark. This may

be attributed to the fact that the models developed, do not truly reach a lower asymptotic.

DISCUSSION

MFA was found to be significantly higher at 4.5 feet and to decrease with increasing
height. Regional differences in MFA were also found with higher values of MFA found in the
Atlantic Coastal and Piedmont regions than the Gulf and Hilly Coastal regions. The finding of
higher MFA values in the Piedmont region than the Atlantic Coastal Plain is consistent with
higher specific gravity findings by Clark (2002). Clark (2002) found that specific gravity values,
which are highly inversely correlated with MFA, were on average higher in the Lower Coastal
Plain of Georgia and South Carolina than in the Piedmont. With the Atlantic Coastal region
receiving more summer rainfall and an extended growing season, it would be expected that trees
in this area would have a greater percentage of latewood and conversely lower MFA values.
Regional weather patterns are not the sole factor influencing MFA. Initial stocking density, the

number of trees per acre at the time of sampling, or genetics could influence MFA.
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MFA models were developed to represent the change of MFA from stump to tip and pith
to bark for 60 loblolly pine trees sampled in the Southeastern United States. Both linear and
nonlinear model forms were developed to explain the trends of MFA in 3-dimensional space.
Identifying the patterns and change of MFA by rings from pith, distance from pith, and height
allowed candidate model forms to be developed.

The linear models developed for predicting MFA at any ring are quadratic in form, and
may truly estimate the correct values of MFA at rings close to the pith at 4.5 feet, and rings close
to the bark at all height levels. All models developed to predict MFA at any ring from pith and
height were found to be over predicting. MFA appears to be linear or sigmoid in shape at 4.5
feet, above which MFA decreases rapidly in nonlinear fashion. However, these patterns were
found to vary from tree to tree, with some trees exhibiting an almost perfect linear relationship at
all height levels and others representing nonlinear trends.

The models developed for predicting MFA by interval from pith were found to be less
useful. Taking the average of MFA over any specified distance points out the variability
between trees. Dominant trees in the stand would be expected to have larger rings, not
necessarily larger MFA values. However, when averaging across a specific distance in the
dominant trees, it may be that the MFA value includes only earlywood, while suppressed trees
may be averaged over both earlywood and latewood MFA. Average MFA values over wider
intervals may provide a more stable dependent variable. In fact, higher fit index values were
found when averaging over 0.40 inch intervals, which indicates a reduction in variability at wider
intervals.

The models developed here represent the first attempt to describe MFA in 3-dimensional

space and can be used in conjunction with localized site index and height equations to predict
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MFA at any ring, interval from pith, and height for loblolly pine grown in the Southeastern

United States.
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Microfibril angle

Primary wall
and rorddle lamella

Figure 5.1. Orientation of microfibrils in the S2 layer of the cell wall (after Dickson and

Walker 1997).

Stands Sampled for MFA by Physlographic Reglon
Atlamtic Coastal
Gulf Coastal
Hilly Coastal

Pledmont Q 00 Miles
P ————————

W - 8

Figure 5.2. Map of the 20 stand locations sampled between 1999 and 2001 for

microfibril analysis.
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Table 5.1. Range and average tree size characteristics (in parenthesis) for 60 loblolly

pine trees sampled for MFA analysis by physiographic region.

REGION TREES DBH TOTAL AGE MFA
SAMPLED (inches) HEIGHT (years) (degrees)
(NO.) (feet)

Atlantic 24 6.1 -12.7 51-83 21-24 10.2-47.0
Coastal (9.3) (69.2) (22) (21.3)
Piedmont 18 62-142 | 49.6-654 21-25 12.0 - 50.7

(10.1) (60.0) (23) (22.2)
Gulf 9 57-9.8 | 41.3-613 20-27 12.7-38.3
Coastal (7.5) (55) (24) (19.3)
Hilly 9 55-11.5 | 374-71.2 20 12.4-34.7
Coastal (8.3) (58.0) (19.4)
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Figure 5.3. Plot of microfibril angle versus distance from pith at different height levels.
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Figure 5.5. Plot of microfibril angle versus distance from pith at 0.20 inch intervals at
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Figure 5.6. Plot of microfibril angle versus distance from pith at 0.40 inch intervals at

different height levels
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Figure 5.7. Average microfibril angle versus distance from pith in inches (rounded to the

t levels for the Atlantic, Piedmont,



MFA
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Figure 5.8. Average microfibril angle versus distance from pith in inches (rounded to the

nearest one-tenth inch) by physiographic region and height level.
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Table 5.2. Mean, minimum, and maximum, distance from pith MFA values, by

physiographic region and height level.

DISK MEAN | MINIMUM | MAXIMUM
HEIGHT | REGION MFA MFA MFA
4.5 Atlantic 26.8 8.04 63.45
4.5 Piedmont 27.8 8.76 59.76
4.5 Gulf 22.8 9.04 49.57
4.5 Hilly 23.8 9.19 41.46
15 Atlantic 18.8 7.19 47.71
15 Piedmont 19.0 7.47 44 8
15 Gulf 18.2 7.81 42.18
15 Hilly 18.1 8.08 33.63
25 Atlantic 17.7 7.21 57.11
25 Piedmont 17.6 8.21 44.52
25 Gulf 18.0 8.38 42.77
25 Hilly 17.3 7.65 35.25
35 Atlantic 18.1 7.54 43.38
35 Piedmont 18.0 8.32 40.11
35 Gulf 18.0 9.27 33.61
35 Hilly 17.6 8.51 37.15
45 Atlantic 19.0 7.96 42.81
45 Piedmont 20.2 9.84 46.93
45 Gulf 20.2 12.09 31.85
45 Hilly 18.3118 9.38 36.64
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Figure 5.9. Average microfibril angle versus rings from pith at different height levels for

the Atlantic, Piedmont, Gulf Coastal, and Hilly Coastal regions.
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Figure 5.10. Average microfibril angle versus rings from pith by physiographic region and

height level.
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Table 5.3. Mean, minimum, and maximum whole ring MFA values by physiographic

region and height level.

DISK MEAN MINIMUM | MAXIMUM
HEIGHT | REGION MFA MFA MFA
4.5 Atlantic 22.8 8.4 47.0
4.5 Piedmont 24.9 10.0 50.7
4.5 Gulf 18.8 9.5 38.3
4.5 Hilly 19.8 10.0 33.7
15 Atlantic 15.2 7.9 37.2
15 Piedmont 16.3 8.7 31.0
15 Gulf 15.1 9.1 34.1
15 Hilly 14.5 8.2 29.9
25 Atlantic 14.8 8.1 31.9
25 Piedmont 15.7 9.4 29.1
25 Gulf 15.1 8.4 34.0
25 Hilly 14.6 9.1 30.5
35 Atlantic 15.5 7.8 28.5
35 Piedmont 16.5 9.3 30.5
35 Gulf 15.3 9.8 29.0
35 Hilly 15.8 8.5 30.7
45 Atlantic 17.1 8.7 31.7
45 Piedmont 19.1 11.5 32.1
45 Gulf 18.4 12.3 28.8
45 Hilly 17.2 10.4 28.6
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Figure 5.11. Average microfibril angle versus distance from pith at 0.20 inch intervals at

different height levels for the Atlantic, Piedmont, Gulf Coastal, and Hilly

Coastal regions.
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Figure 5.12. Average microfibril angle versus distance from pith at 0.20 inch intervals by




Table 5.4. Mean, minimum, and maximum MFA values at 0.20 inch intervals by physiographic

region and height level.

DISK MEAN MINIMUM | MAXIMUM
HEIGHT | REGION MFA MFA MFA
4.5 Atlantic 26.5 8.6 47.9
4.5 Piedmont 27.6 10.6 54.7
4.5 Gulf 22.7 10.7 40.0
4.5 Hilly 23.6 10.0 35.5
15 Atlantic 18.6 8.2 41.5
15 Piedmont 18.8 9.3 34.8
15 Gulf 18.1 9.4 32.3
15 Hilly 17.9 8.3 32.0
25 Atlantic 17.5 7.6 42.5
25 Piedmont 17.5 9.6 34.6
25 Gulf 17.8 9.6 32.9
25 Hilly 17.0 9.2 32.6
35 Atlantic 17.8 8.4 31.2
35 Piedmont 18.0 9.9 32.8
35 Gulf 17.8 10.1 28.9
35 Hilly 17.5 10.2 31.6
45 Atlantic 18.9 8.5 35.0
45 Piedmont 20.1 11.6 37.0
45 Gulf 20.2 13.9 28.9
45 Hilly 18.2 10.8 32.3
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Figure 5.13. Average microfibril angle versus distance from pith at 0.40 inch intervals at

different height levels for the Atlantic, Piedmont, Gulf Coastal and Hilly

Coastal regions.
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Figure 5.14. Average microfibril angle versus distance from pith at 0.40 inch intervals by

physiographic region and height level.
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Table 5.5. Mean, minimum, and maximum MFA values at 0.40 inch intervals by physiographic

region and height level.

DISK MEAN MINIMUM | MAXIMUM
HEIGHT | REGION MFA MFA MFA
4.5 Atlantic 26.1 8.7 47.8
4.5 Piedmont 273 11.2 51.8
4.5 Gulf 22.4 10.9 35.3
4.5 Hilly 23.6 11.2 34.5
15 Atlantic 18.4 8.3 37.9
15 Piedmont 18.7 9.7 33.4
15 Gulf 17.9 9.4 30.8
15 Hilly 17.5 8.3 29.3
25 Atlantic 17.3 8.4 37.4
25 Piedmont 17.4 9.9 30.4
25 Gulf 17.6 9.8 28.3
25 Hilly 16.8 9.2 31.0
35 Atlantic 17.7 8.5 28.6
35 Piedmont 17.9 10.3 324
35 Gulf 17.7 10.3 27.2
35 Hilly 17.5 10.4 28.8
45 Atlantic 18.7 8.9 32.1
45 Piedmont 19.9 11.9 32.7
45 Gulf 20.2 13.9 26.4
45 Hilly 18.1 10.8 29.1
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Table 5.6. Parameter estimates and fit statistics for the linear whole ring MFA model (1).

Parameter | Estimate Std. Error P-Value
B, 16.98542 0.3703 <0.0001
Bol 1.00130 0.4116 0.0150
Bolp -4.55486 0.7368 <0.0001
B, -7.90223 0.2522 <0.0001
Bl -1.12871 0.3953 0.0043
B, -1.06440 0.4689 0.02330
B, -0.56274 0.0263 <0.0001
5.1, 0.53181 0.0333 <0.0001
L1, 0.81825 0.0467 <0.0001
B.1, 0.69609 0.0514 <0.0001
B, 0.50459 0.0854 <0.0001
Bl 0.50449 0.1090 <0.0001
B, 0.70330 0.1684 <0.0001
B, 31.04751 0.8841 <0.0001
e -19.0748 1.0540 <0.0001
e -24.9087 1.3280 <0.0001
B, -16.8601 1.4138 <0.0001

Fit index: 0.7533

Mean Square Error: 11.3465
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Figure 5.15. Residual plots versus the independent variables and actual MFA values

versus predicted MFA values for the linear whole ring MFA model (1).

92



4.5 Feet 10 Feet 15 Feet
40 4 40 - 40 -
5 —o—Actual Values —o—Actual Values —o—Actual Values
1 354 354
—4—Predicted Values ——Predicted Values —4—Predicted Values
304 304
< 51 < 21
o [T
=20 =201
154 154
104 104
LI A e e o e T i N LA St S+
13 5 7 9 11 13 1517 19 21 23 25 13 5 7 9 11 1315 17 19 21 23 13 5 7 9 11 13 15 17 19 2
RING RING RING
20 Feet 25 Feet 30 Feet
40 40 4 40
% —o—Actual Values % —o—Actual Values 5 —o—Actual Values
—4— Predicted Values —&—Predicted Values —4— Predicted Values
30 304 30
<5 < %1 <5
w w w
=2 =20 =2
15 15 15
10 104 10
L L o S T S S M S R N S5+—r—7T T T T T T T S+——FT 7T 7T T T T T T T
1.3 5 7 9 11 13 15 17 19 2 123456789101112131415161718 1234567 891011121314151617
RING RING RING
35 Feet 40 Feet 45 Feet
40+ 40 40
% —o—Actual Values 5 —o—Actual Values % —o—Actual Values
—a—Predicted Values —a—Predicted Values —4— Predicted Values
304 304 30
< 254 < 25 <5
o w o
= 20 =204 =2
154 154 15
10 104 10
5+ S}/ I+
12345678 91011121314151617 12 3 456 7 8 910 111213 14 12 3 4 5 6 7 8 9 10 11 12 13
RING RING RING
50 Feet
40
—o—Actual Values
35
—a— Predicted Values
30
<5
[T
=2
15
10
5
1 2 3 4 5 6 7 8
RING

Figure 5.16. Plot of mean actual values versus mean predicted values for the linear whole

ring MFA model (1) by disk height.
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Table 5.7. Parameter estimates and fit statistics for the nonlinear whole ring model (2).

Parameter | Estimate Std. Error P-Value
B, 18.16769 0.5190 <0.0001
Lol 2.78029 0.7353 0.0002
Bolp -3.58567 0.9308 0.0001
B, 13.40483 0.5980 <0.0001
B, -0.99328 0.4862 0.0411
Bl -3.49886 1.0763 0.0012
B, 2.81024 0.9967 0.0048
B, -0.41598 0.0107 <0.0001
L1, 0.07719 0.0199 <0.0001
B, 0.62724 0.0247 <0.0001
Bl -0.52893 0.0303 <0.0001
Bl -0.64856 0.0445 <0.0001
- -0.52823 0.0378 <0.0001
B, -0.01718 0.0007 <0.0001
L., 0.01612 0.0010 <0.0001
B 0.02104 0.0015 <0.0001
B, 0.01599 0.0013 <0.0001

Fit index: 0.7398

Mean Square Error: 11.9673
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Figure 5.17. Residual plots versus the independent variables and actual MFA values

versus predicted MFA values for the nonlinear whole ring MFA model (2).
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Figure 5.18. Plot of mean actual values versus mean predicted values for the nonlinear whole

ring MFA model (2) by disk height.
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Table 5.8. Parameter estimates and fit statistics for the linear 0.20 inch interval model (3).

Parameter | Estimate Std. Error P-Value
B, 22.0776 0.2400 <0.0001
Bolp -2.5681 0.4432 <0.0001
B, -6.5526 0.0891 <0.0001
Ll 0.8861 0.1657 <0.0001
B, -4.7930 0.4773 <0.0001
Bl 5.1941 1.1155 <0.0001
£, 4.6403 0.9330 <0.0001
B, 20.9938 0.9042 <0.0001
Bl -1.5589 0.1849 <0.0001
. -11.7456 2.1924 <0.0001
- -7.6780 1.6573 <0.0001

Fit index: 0.6740

Mean Square Error: 16.6331
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Figure 5.19. Residual plots versus the independent variables and actual MFA values

versus predicted MFA values for the linear 0.20 inch interval model (3).
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Table 5.9. Parameter estimates and fit statistics for the nonlinear 0.20 inch interval model (4).

Parameter | Estimate Std. Error P-Value
B, -4.6489 0.2233 <0.0001
Bol 1.8324 0.4075 <0.0001
Lol 5.5889 1.6300 0.0006
B, 9.7365 0.2915 <0.0001
Ll 3.2016 0.6283 <0.0001
B, 0.2598 0.0219 <0.0001
Bl -0.1732 0.0643 0.0070
L1, -0.1965 0.0484 <0.0001
B, 25.2108 0.5774 <0.0001
- -3.6322 0.7926 <0.0001
B -3.6471 0.8844 <0.0001
- -2.9476 0.6038 <0.0001
B -0.0886 0.0047 <0.0001
e -0.0518 0.0108 <0.0001
e -0.0853 0.0176 <0.0001
B, 0.0114 0.0055 0.0374

Fit index: 0.6849

Mean Square Error: 16.0944
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Figure 5.21. Residual plots versus the independent variables and actual MFA values

versus predicted MFA values for the nonlinear 0.20 inch interval model (4).
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Table 5.10. Parameter estimates and fit statistics for the linear 0.40 inch interval model (5).

Parameter | Estimate Std. Error P-Value
B, 19.6463 0.2941 <0.0001
Bolp -2.2669 0.5401 <0.0001
B, -7.6313 0.1352 <0.0001
Ll 1.0925 0.2505 <0.0001
B, -5.2866 0.6290 <0.0001
Bl 5.1811 1.4635 0.0004
B.1, 4.4971 1.2275 0.0003
B, 21.8924 1.1925 <0.0001
Bl -1.53785 0.2437 <0.0001
. -11.7453 2.8777 <0.0001
Bl -7.5053 2.1823 0.0006

Fit index: 0.6992

Mean Square Error: 14.8335

103



versus predicted MFA values for the linear 0.40 inch interval model (5).
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Figure 5.23. Residual plots versus the independent variables and actual MFA values
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Figure 5.24. Plot of mean actual values versus mean predicted values for the linear 0.40 inch

interval model (5).
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Table 5.11. Parameter estimates and fit statistics for the nonlinear 0.40 inch interval model (6).

Parameter | Estimate Std. Error P-Value
B, 6.6496 0.4026 <0.0001
Lol 1.5543 0.3606 <0.0001
B, 0.2298 0.0190 <0.0001
B, -0.0417 0.0159 0.0088
B, 24.7956 0.4317 <0.0001
B,1, -2.1701 0.4709 <0.0001
L1, -3.0727 0.7721 <0.0001
i -0.4333 0.0215 <0.0001
Bl -0.0328 0.0086 0.0001
B, 0.18741 0.0143 <0.0001

Fit index: 0.7106

Mean Square Error: 14.2640
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Figure 5.26. Plot of mean actual values versus mean predicted values for the nonlinear 0.40 inch

interval model (6).
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CHAPTER 6
MODELS FOR PREDICTING AVERAGE CROSS-SECTIONAL MICROFIBRIL ANGLE OF

PLANTED LOBLOLLY PINE IN THE SOUTHEASTERN UNITED STATES

ABSTRACT

Microfibril angle (MFA) was determined using x-ray diffraction at 0.04 inch intervals
from sixty loblolly pine (Pinus taeda L.) trees representing four physiographic regions in the
Southeastern United States. Linear and nonlinear prediction equations were developed to model
the average cross-sectional MFA value at any age, distance from pith, and height. The
relationship of physiographic region, total tree height, disk height, diameter breast height, and
average cross-sectional MFA values were examined. All equations developed were found to
account for at least 70 percent of the variation in average cross-sectional MFA.

Keywords: microfibril angle, loblolly pine, modeling

INTRODUCTION

Microfibril angle (MFA) is known to be one of the main determinants of the mechanical
properties of wood. MFA is defined by Lichtenegger ef al. (1999) as the angle between the
cellulose fibrils and the longitudinal cell axis. MFA is highly correlated with specific gravity,
modulus of elasticity, modulus of rupture, and the longitudinal and tangential shrinkage of wood.
MFA has a significant effect on both mechanical behavior and dimensional stability of wood,

and as such is an important quality characteristic for sawn timber (MacDonald and Hubert 2002).
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In addition, MFA is correlated with stretch, stiffness, and strength properties of paper (Watson
and Dadswell 1964; Kellogg et al. 1975; Megraw 1985). Because of these relationships, MFA
has become an important indicator of wood quality to the forest products industry.

Microfibrils are polysaccharide chains with a cellulose core within a hardened shell. In
the primary cell wall, microfibrils are randomly interspersed (Megraw 1985). The secondary
cell wall is comprised of three distinct layers: the S, S,, and S; walls (Figure 6.1). The S, layer
contains alternating flat sheets of microfibrils with an orientation of 50° to 70° to the fiber axis.
In the S, layer microfibrils are highly parallel and steeply aligned to the fiber axis. In the S3
layer they again occur in a very flat orientation, with angles 60 ° to 90 © degrees to the cell axis.
Because the S; layer is many times thicker than the other layers, its properties normally
dominate, and the term microfibril angle generally refers to the microfibril angle in the S, layer.

MFA in loblolly pine is large near the pith and decreases rapidly out to 10 or more rings
from the pith, then continues dropping, but at a much slower rate until such time as it essentially
stabilize. The decrease in MFA with age takes place at a slower rate near the base of the tree
than it does at upper heights. This results in higher MFA’s for a given number of rings from the
pith at the butt and breast height regions than at several feet in height and above (Megraw 1985).

MFA varies considerably within juvenile and mature zones of tree wood, thus affecting
the mechanical properties of the wood. MFA is characteristically greater in juvenile wood than
mature wood. The large MFA causes a high degree of longitudinal shrinkage and a
corresponding reduction in tangential shrinkage. Longitudinal shrinkage of juvenile wood has
been reported to average up to three times that of mature wood (McAlister and Clark 1992).
Pillow et al. (1953) found that MFA in the juvenile wood of open-grown loblolly pines averaged

20° larger than that in a closely spaced natural stand.
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In mature loblolly pine, MFA is small, averaging about 5° to 10° as measured by
deviation from the vertical. In juvenile wood, the MFA is large, averaging 25° to 35° and often
up to 50° in rings next to the pith, then decreasing outward in the juvenile core (Larson et al.
2001). MFA has been found to decrease from 33° at age 1 to 23° at age 10, and to 17° at age 22,
in fast-grown loblolly pines (Ying et al. 1994). Bendtsen and Senft (1986) found that MFA
within loblolly pine had stabilized at age 30.

The objective of this research was to develop models for predicting average cross-
sectional MFA (ACMFA) at any age, distance from pith, and height. These models will allow
measures of wood properties and quality to be added to current forest yield prediction systems.
These models will also provide the basis for comparing properties from tree to tree, within a

stand, and among stands in different regions in the Southeastern U.S.

METHODS AND MATERIALS

Sixty loblolly pine trees from twenty stands, 20-27 years old, were sampled across the
Southeastern United States for MFA analysis. Plantations were sampled in the Atlantic Coastal
Plain, Piedmont, Gulf Coastal Plain, and Hilly Coastal Plain physiographic regions (Figure 6.2).

The stands were located on land owned by forest products companies, and included only
stands with similar silvicultural history: 1) site preparation with no herbaceous weed control; 2)
no fertilization at planting except phosphorus on phosphorus-deficient sites; 3) stand density of
at least 250 trees per acre at the time of sampling. Trees larger than five inches in diameter were
inventoried on 3 1/10-acre plots to determine stand density and diameter distribution. A sample
of 3 trees was chosen for MFA analysis proportional to the diameter distribution of each stand to

represent a range of tree sizes in the stand. Stand attributes are summarized in Table 6.1.
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One-inch thick cross-sectional disks were cut at the stump, 4.5 feet, 10 feet, and then at 5-
foot intervals to a 2-inch top for all trees. A sub-sample of disks was then selected from each
tree for MFA analysis. For the Hilly Coastal and Gulf Coastal regions disk heights selected for
MFA analysis were taken at 4.5 feet, 10 feet, and then at 5-foot intervals to a disk height of 50
feet. Cross sectional disks sub sampled for MFA analysis in the Piedmont and Atlantic Coastal
regions were taken at 4.5 feet, 15 feet, and then at 10-foot intervals to a disk height of 45 feet.
Radial strips 0.5 inches square were cut from each disk, dried, glued to core holders and sawn
into two strips. One strip was used for x-ray densitometry for measurement of earlywood and
latewood as well as radial growth and specific gravity at 0.0024 inch intervals. One strip was cut
for MFA analysis from each disk, dried at 122° Celsius, and shipped to Australia and analyzed
by Silviscan® using x-ray diffraction at 0.04 inch intervals on the tangential surface.

Whole ring MFA was generated for all trees not analyzed on a ring basis by using ring
width characteristics from the disk strip that was measured for specific gravity using x-ray
densitometry. Given that the strips used were from the same tree disk, but opposite one another,
it was assumed that one side could possibly be longer/smaller than the other due to sample
preparation error or a non-perfect circular tree. Even though the strips may not be of the same
length, the individual ring properties from both strips should be the same. To resolve this

problem ring width was calculated as:

LMFA
LSG

GSRING, = RWSG,

where,
GSRING ; = Generated ring width of MFA strip
RWSG ; = Ring width of ith specific gravity ring

LMFA = Total length of MFA strip
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LSG = Total length of specific gravity strip
For example, let LMFA =4.17", LSG =3.91”, RWSG | = 0.45”. Thus, GPSRING | = 0.480".

Whole disk cross-sectional MFA was calculated for every age, by weighting the ring
MFA to the proportion of its basal area. This calculation was done for every tree at every height
level. For example, at age 1, the cross-sectional MFA would simply be the MFA of ring 1. The
cross-sectional MFA of a tree at age 5 would be found by weighting rings 1-5 with respect to the
proportion of the basal area of the total that each ring made up.

Whole disk cross-sectional MFA was also calculated by distance from pith by weighting
the MFA at any distance to the proportion of its basal area. This calculation was done for every
tree at every height level. For example, the 2-inch cross-sectional MFA value was calculated by
weighting the sum of all 0.040 inch interval measurements to a diameter inside bark of 2 inches

with respect to the proportion of the basal area of the total.

MODEL DEVELOPMENT

The data were plotted by region and height level to identify patterns and changes of
ACMFA by age. There is an apparent difference in patterns of ACMFA between 4.5 feet and the
other height levels for all regions (Figures 6.5-6.8), whether weighted by age or distance from
pith. The minimum and maximum values for ACMFA weighted by age at 4.5 feet was found to
be 23.8° and 37.4 ° for the Atlantic, 24.1° and 34.1 ° for the Piedmont, 16.5° and 30.1 ° for the
Gulf Coastal, 20.9 ° and 29.65 ° for the Hilly Coastal regions respectively. The minimum and
maximum values for ACMFA weighted by distance from pith was found to be 15.0° and 34.7°
for the Atlantic, 21.4° and 34.0° for the Piedmont, 20.4° and 35.4° for the Gulf Coastal, 20.1° and

33.1° for the Hilly Coastal regions respectively. Values of ACMFA weighted by distance and
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age were found to be lower at 10 and 15 feet (Figures 6.5 and 6.6) than at 4.5 feet, above which
the effect of height on ACMFA appears to diminish. The change of ACMFA by height can be
described by two different trends. At 4.5 feet, the change of ACMFA by ring or distance appears
to be linear or sigmoid in shape. At 10 feet and above ACMFA appears to be decrease with ring
or distance in a nonlinear fashion. Plots of ACMFA by rings and distance from pith and region
are plotted by each height level (Figures 6.3, 6.4, 6.7, and 6.8). ACMFA values were found to be
larger in the Atlantic and Piedmont regions at heights of 4.5 and 15 feet. Above 15 feet, the

differences of ACMFA by region appear to be negligible.

MODEL DEVELOPMENT: AVERAGE CROSS-SECTIONAL MFA WEIGHTED BY

AGE
Several candidate model forms were selected to describe the change of ACMFA by age
and height. A linear model was considered first to explain how ACMFA changes in 3-
dimensional space. The independent variables used in the linear model were selected based upon
the linear correlation they exhibited with ACMFA. The variables chosen to be included in the
model were the natural log of age, ILH, and form with correlation coefficients of -0.43017,
0.60166, and 0.62037 respectively. The linear model thus has the form:
MFA , = (Bo+ Boly + Boleg + Boly) +
(By+ Bily + il + Bi1,)In(C dge ;) + 0
(B, + p,1, + p,I, + p,1,)ILH +
(s + p1, + B, + p1,)Form
where, the base model represents the Atlantic Coastal region and Iy, I, and Ip,represent

deviations from the base parameters for the Hilly Coastal, Gulf Coastal and Piedmont regions

respectively, and
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MFA;; = ACMFA at Age i and Disk Height j,
Age = Age of interest,

B In(Total Height) (ft.)

ILH = :
In(Disk Height) (ft.)

In(DBH)
In(Disk Height) (ft.)’

Form =

Disk Height = Height above Ground (ft.),
DBH = Diameter Breast Height (in.),
I - 1 if Hilly Coastal Region

0 otherwise

I - 1 if Gulf Coastal Region
0 otherwise

Ip - 1 if Piedmont Region
0 otherwise

ACMFA appears to be decreasing with age in a non-linear fashion (Figures 6.3, 6.5, 6.7),

so a non-linear model was found with the form:

MFAU = (ﬂO +ﬁOIH +ﬁ0]G +ﬂolp)Agei(ﬁl+ﬂlIH+ﬁllG+ﬁ11P) +

@)
(By + Boly + Byl + B,1,)In(Disk Height )\ /tushslexsle)

where, the base model represents the Atlantic Coastal region and 7y, I, and Ip,represent
deviations from the base parameters for the Hilly Coastal, Gulf Coastal and Piedmont regions

respectively, and all other parameters previously defined.
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MODEL DEVELOPMENT: AVERAGE CROSS-SECTIONAL MFA WEIGHTED BY

DISTANCE FROM PITH

A linear model was developed to represent the change of ACMFA weighted by distance
from pith in 3-dimensional space. The independent variables used in the linear model were
selected based upon the linear correlation they exhibited with ACMFA. The variables chosen to
be included in the model were the natural log of distance from pith (Inches), inverse log of
relative height (ILH), distance by ILH interaction, and form with correlation coefficients of -
0.52095, 0.51277, -0.67184, 0.51604 and significance levels of 0.0001, respectively. The linear
model becomes:

MFA gz(ﬂ0+ﬂ01H+ﬁ01G+ﬁ01P)+

(B + Ly + Bilg + Bi1,) In( Dist )+

3)
(p,+ BT, + p,1; + p,1,)ILH +
Dist
(ﬂ3+ﬂslﬁ+ﬂ3[6+ﬂzlp)(1LH ) +

(B, + B,I, + p,Is + p,1,)Form
where, the base model represents the Atlantic Coastal region and /7, I, and Ip,represent
deviations from the base parameters for the Hilly Coastal, Gulf Coastal and Piedmont regions
respectively, and
MFA;; = ACMFA at Distance i and Disk Height j,
Dist = Distance from pith (in.),

Iy - 1 if Hilly Coastal Region
0 otherwise

I - 1 if Gulf Coastal Region
0 otherwise

Ip - 1 if Piedmont Region
0 otherwise
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and all other parameters previously defined.
ACMFA appears to be decreasing with distance from pith in a non-linear fashion

(Figures 6.4, 6.6, 6.8), so a non-linear model was found with the form:

MFA; :(¢1 )(¢2)+(¢3 )(¢4) 4)

where,

¢, =[(:Bo +IBOIH +ﬂolc +IB01P)+(161 + 51, +ﬁlIG +ﬂ11P)ILH]
$, =[exp [(132 + B0, + By + By, )DiSt]}

by =By + Balyy + Bslo + Bilp )+ (B + Bily + Bul g + Bl ILH]
9, :[exp [(ﬁs + By + Bl + Bl +)+(ﬂ6 + Bl + Bl + Belp )DBH]DiSt}

where, the Atlantic Coastal region represents the base model and 7, I, and Ip,represent
deviations from the base parameters for the Hilly Coastal, Gulf Coastal and Piedmont regions

respectively, and all other parameters previously defined.

RESULTS

Parameter estimates and fit statistics for the linear ACMFA model (1) weighted by age
are found in Table 6.2. The linear model was found to account for 76” of the variation in
ACMFA with a mean square error of 8.27°. Residual values were found to range from -13.1° to
13.4° with a median value of -0.139°. The plot of residuals versus the natural log of age show
some indication of non-constant variance (Figure 6.9). Because the ACMFA at any age is an
average over all ages, indicates that ACMFA becomes more stable as age increases. Plots of the
residuals versus ILH and FORM (Figure 6.9) show no patterns, indicating no bias. Parameters

were found to differ by region. Intercept estimates were found to be 17.87°, 18.93°, 19.27°, and
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14.59° for the Atlantic, Hilly, Gulf, and Piedmont regions respectively. The rate of change of
ACMFA over age was found to decrease with an estimated -4.65° change in ACMFA for a one
unit increase in age for the Atlantic, Hilly and Gulf regions. ACMFA was found to decrease at a
slower rate in the Piedmont region with a parameter estimate of -4.01°. ACMFA was found to
increase 0.77° for the Atlantic, -0.55° for the Hilly, 5.64° for the Gulf, and 5.98° for the Piedmont
regions with a one unit change of ILH, indicating ACMFA decreases with increasing height.
Estimates of FORM parameters were found to be 11.27° for the Atlantic and Hilly regions, -0.82°
Gulf, and 4.68° for the Piedmont regions. Given DBH is held constant, this indicates that
ACMFA decreases with increasing disk height for the Atlantic, Hilly, and Piedmont regions and
increases with increasing disk height in the Gulf Coastal region. Plots of the mean actual values
versus the mean predicted values for model (1) can be found in Figure 6.10. It can be seen that
the model was unable to represent the sigmoid shaped function of ACMFA at 4.5 feet. At disk
heights between 10 and 40 feet, the model on average, is accurately predicting ACMFA. Above
40 feet, the linear model tends to be under predicting ACMFA.

All parameters for the nonlinear ACMFA model (2) were found to be significant at the
0.05 level (Table 6.3). The nonlinear model was found to account for 75”° of the variation of
ACMFA with a root mean square error of 8.51°. The median residual value of the nonlinear
model was found to be of -0.189°. Residual plots versus the independent variables of age and the
natural log of disk height (Figure 6.8) show no general trends and are centered on zero,
indicating no bias. Upper values of ACMFA were found to be 24.93° for the Atlantic and Hilly
regions, 25.68° for the Gulf, and 23.65° for the Piedmont region. ACMFA was found to decrease
with increasing age for all regions. A one unit change of age was found to decrease ACMFA by

-0.23°,-0.25°, -0.26°, and -0.22°, in the Atlantic, Hilly, Gulf, and Piedmont regions respectively.
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The height function of model (2) acts as constant value, shifting ACMFA up and down the y-axis

depending on disk height. The f, parameter acts as an initial value, while the f, parameter

indicates how ACMFA changes with disk height. /3, parameter values were found to be 34.06°

for the Atlantic, 25.33° for the Hilly, 24.63° for the Gulf, and 41.77° for the Piedmont region,
indicating higher ACMFA values at all ages in the Piedmont and Atlantic regions versus the
Hilly and Gulf regions (Figure 6.7). ACMFA was found to decrease at a rate of -2.62° for a one
unit change in disk height for all regions. Plots of the mean actual values versus the mean
predicted values for the nonlinear ACMFA model (2) weighted by age can be found in Figure
6.12. As in the linear ACMFA model (1), the nonlinear model was unable to represent the
sigmoid shaped function of ACMFA at 4.5 feet. At disk heights between 10 and 40 feet, the
model on average, is accurately predicting ACMFA. Above 40 feet, the nonlinear model also
tends to be under predicting ACMFA, but less severely than the linear model.

All parameters for the linear ACMFA model (3) weighted by distance from pith were
found to be significant at the 0.01 level (Table 6.4). The model accounted for 72% of the
variation in ACMFA with a mean square error of 12.13°. Intercept estimates were found to be
17.74°,16.92°, 14.95°, and 12.69° for the Atlantic, Hilly, Gulf, and Piedmont regions
respectively. The rate of change of ACMFA over distance from pith was found to decrease with
an estimate -2.33° in the Atlantic, -2.91 in the Hilly, -4.08 in the Gulf, and -2.91 in the Piedmont
regions respectively, with a one unit increase in distance from pith. ACMFA was found to
increase -5.78° in the Atlantic and Hilly regions, 1.92° in the Gulf, and 2.66° in the Piedmont
region with a one unit change of ILH, indicating ACMFA increases in the Atlantic and Hilly
regions, while decreasing in the Gulf and Piedmont regions with increasing height. A significant

distance by ILH interaction was found in all regions. Parameter estimates were found to be -
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4.01°,-2.95° -1.70° and -1.98° for the Atlantic, Hilly, Gulf, and Piedmont regions respectively.
Estimates of FORM parameters were found to be 20.65° for the Atlantic, 19.06° for the Hilly
regions, 4.72° for the Gulf, and 8.419° for the Piedmont regions. Given DBH is held constant;
this indicates that ACMFA decreases with increasing disk height for the Atlantic, Hilly, and
Piedmont regions. Residual values were found to range from -19.2° to 23.3° with a median value
of -0.113°. The plot of the residuals versus the predicted values (Figure 6.13) shows that the
majority of the residual values are centered on zero. The model was also found to have a median
residual value of -0.113°. Plots of the residuals versus the natural log of distance, ILH, the
distance by ILH interaction, and FORM (Figure 6.13) show no patterns, indicating no bias. The
plot of residuals versus the natural log of distance does indicate that model predictions at
distance values less than 0.20 inches are highly variable. From the plot of actual values versus
predicted values (Figure 6.13), it can be seen that the model is not precisely estimating higher
values of ACMFA. Given that higher values of ACMFA are found close to the pith and at 4.5
feet, indicates that the model is not representing the change of ACMFA at a height level of 4.5
feet. Plots of the mean actual values versus the mean predicted values for model (3) can be
found in Figure 6.14. It can be seen that the model is unable to represent the sigmoid shaped
function of ACMFA at 4.5 feet. The mean predicted values at 4.5 feet appears to be exponential
in shape and is under estimating ACMFA up to a distance of 2.5 inches, and over estimating
beyond 2.5 inches. Plots of mean actual values versus mean predicted values at other height
levels show that the model is capable of reproducing the shape of ACMFA. However, the
predicted ACMFA values continue to decrease as distance from pith increases at a faster rate

than the actual values.
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Parameter estimates and fit statistics for the nonlinear sum of exponentials ACMFA
model (4) weighted by distance from pith are found in Table 6.5. All parameters were found to
be significant at the 0.05 level. The model accounted for 757 of the variation of ACMFA
weighted by distance from pith with a mean square error of 10.68°. Residual plots (Figure 6.15)
indicate no bias and an overall good fit. The functionality of model (4) may be decomposed to
evaluate the performance of the parameter values at differing height levels, distances from pith
and DBH values.

Let,

& =By + Boly + Bol s+ Bolp)+ (B + I, + Bl + B 1, )ILH]
¢2 = [exp [(182 +/821117 +ﬂzlc +ﬂ21P )DiSt]}
¢y =By + By + B + B, )+ (By + By + Bl g+ B,1, )ILH]

A4 ={exp [(ﬂs +Bsly + Bl + Bslp +)+(ﬂ6 + Bl + Bl + Belp )DBH]DiSt}

a is a fixed value and increases with increasing disk height given total height is held constant.

 1s a constant decreasing exponential function. Given total height is held constant, ¢ will

decrease with increasing disk height. A is a constant decreasing exponential function, and as
DBH increases the rate of change of A decreases shifting the ACMFA curve up the y-axis,
indicating that larger diameter trees have a higher asymptotic bound than smaller diameter trees
(Figure 6.17). As a result, the model becomes very flexible and is capable of producing sigmoid,
linear, and exponentially shaped curves (Figure 6.18). Plots of the mean actual values versus the
mean predicted values at all height levels can be found in Figure 6.16. At 4.5 feet, it can be seen

that the model is capable of reproducing the sigmoid shaped response of ACMFA at 4.5 feet.
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Above 4.5 feet, the shape of the model appears to be a decreasing exponential function, which
resembles the shape of the true data (Figures 6.4, 6.6, 6.8). The model does however have

problems in accurately predicting ACMFA at extreme values of distance from pith.

DISCUSSION

ACMFA was found to be significantly higher at 4.5 feet and to decrease with increasing
height. ACMFA was found to decrease with increasing age and distance from pith (Figures 6.3-
6.8). The plots show that the rate of change of ACMFA decreases sharply in the juvenile core
then slows in the transition zone from age 1 to 10, and eventually stabilizes in the zone of mature
wood by age 11.

Regional differences in ACMFA were also found with higher values of ACMFA found in
the Atlantic Coastal and Piedmont regions than in the Gulf and Hilly Coastal regions. The
finding of higher ACMFA values in the Piedmont region than the Atlantic Coastal Plain is
consistent with cross-sectional specific gravity findings by Clark (2002). Clark (2002) found
that cross-sectional specific gravity values, which are highly inversely correlated with MFA,
were on average higher in the Lower Coastal Plain of Georgia and South Carolina than in the
Piedmont. With the Atlantic Coastal region receiving more summer rainfall and an extended
growing season, it would be expected that trees in this area would have a greater percentage of
latewood and conversely lower MFA values. Regional weather patterns are not the sole factor
influencing MFA. The number of trees per acre at the time of sampling or genetics could
influence MFA.

Cross-sectional MFA models were developed to represent the change of ACMFA from

stump to tip and pith to bark for 60 loblolly pine trees sampled in the Southeastern United States.
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Both linear and nonlinear model forms were developed to explain the trends of ACMFA in 3-
dimensional space. Identifying the patterns and change of ACMFA by age, distance from pith,
and height allowed candidate model forms to be developed.

The nonlinear model developed for predicting ACMFA at any age and height for is
preferred. The nonlinear model accounted for the same amount of variation in ACMFA as the
linear model,75”, but requires less information. The nonlinear ACMFA model weighted by rings
from pith is a constant decreasing exponential function, whose values are then shifted
accordingly up or down by the natural log of disk height term. Upon evaluating the linear
ACMFA model with changing independent variables, it was found that instead of decreasing
smoothly, the model made a rapid change in the predicted ACMFA value from age 1 to 2, a
value on the order of + 10°. Also, the linear ACMFA ring model predicted lower ACMFA
values than were observed in the true data. By age 17, the linear model is predicting ACMFA
values of less than 5°, which are unrealistic.

The nonlinear ACMFA weighted by distance from pith should be preferred over the
linear ACMFA. The nonlinear model is extremely flexible and is capable of reproducing the
sigmoid shaped curve of ACMFA at 4.5 feet, and then shifting to a decreasing exponentially
shaped curve. The nonlinear model accounted for more variation in ACMFA and had a lower
mean square error. The linear ACMFA weighted by distance from pith was found to be
exponentially shaped at all disk height values, but is capable of predicting ACMFA at disk levels
above 10 feet in height.

All models developed to predict ACMFA at any age and height were found to be over
predicting. Even though the linear models act in a nonlinear fashion, they are still not capable of

reproducing the true change of ACMFA at differing height levels. The nonlinear models
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developed to describe the change of ACMFA in 3-dimensional space by distance from pith were
found to be extremely flexible. These models allowed for changes in the curves representing
ACMFA at differing height levels. Given the variation of ACMFA by distance from pith,
(Figures 6.4, 6.6, 6.8) these models adequately describe the ACMFA at any distance from pith
and height.

The models developed here represent the first attempt to describe ACMFA in 3-
dimensional space and can be used in conjunction with height prediction equations to predict
ACMFA at any age and height for loblolly pine grown in the Southeastern United States. This is
one of the first attempts to model MFA as a function of height, distance, and rings from pith.
These models can be used to predict MFA for manufacturing and provide a baseline for
comparison of intensively managed stands to gain insight into how silvicultural treatments affect

not only MFA, but solid wood strength, stiffness, and paper properties.

124



REFERENCES

Bendtsen, B.A. and J. Senft. 1986. Mechanical and anatomical properties in individual growth
rings of plantation-grown eastern cottonwood and loblolly pine. Wood and Fiber Science
18(1): 23-38 pp.

Clark, A. and R.F. Daniels. 2002. Modeling the effect of physiographic region on wood
properties of planted loblolly pine in the Southeastern United States. In Print.

Daniels, R. F., R. He, A. Clark III, and R. Souter. 2003. Predicting wood properties of loblolly
pine from stump to tip and pith to bark. In: Nepveu, G. (Ed). Proceedings of the Fourth
Workshop: Connection Between Forest Resources and Wood Quality: Modelling
Approaches and Simulation Software. [UFRO Working Party S5.01-04. Harrison Hot
Springs, B.C. CA. Sept 8-14, 2002. INRA-Centre de Recherches de Nancy, France.

Dickson, R.L. and Walker, J.C.F. 1997. Selecting wood quality characteristics for pines. In
Timber Management Toward Wood Quality and End-Product Value. S.Y. Zhang, R.
Gosselin and G. Chauret (eds). Proceedings of the CTIA/IUFRO International Wood
Quality Workshop, Quebec City. Part IV. 45-52 pp.

Kellogg, R.M., E. Thykeson and W.G. Warren. 1975. The influence of wood and fiber
properties on kraft converting-paper quality. Tappi 58(12): 113-116 pp.

Larson, P.R., D.E. Kretschmann, E. David, A. Clark, and J.G. Isebrands. 2001. Formation and
properties of juvenile wood in southern pines: a synopsis. Gen. Tech. Rep. FPL-GTR-
129. Madison, WI: USDA, Forest Service, Forest Products Lab. 42 pp.

Lichtenegger, H., A. Reiterer, S.E. Stanzl-Tschegg, and P. Fratzl. 1999. Variation of cellulose
microfibril angles in softwoods and hardwoods-a possible strategy of mechanical
optimization. Journal of Structural Biology 128: 257-269 pp.

MacDonald, E., and J. Hubert. 2002. A review of the effects of silviculture on timber quality of
sitka spruce. Forestry 75(2): 107-138 pp.

McCalister, R.H. and A. Clark. 1992. Shrinkage of juvenile and mature wood of loblolly pine
from three locations. Forest Products Journal 42(7/8): 25-28 pp.

Megraw, R.A. 1985. Wood quality factors in loblolly pine. The influence of tree age, position
in tree, and cultural practice on wood specific gravity, fiber length, and fibril angle.

Tappi Press. Atlanta, Georgia. 88 pp.

Pillow, M.Y., B.Z. Terrell, and C.H. Hiller. 1953. Patterns of variation in fibril angles in
loblolly pine. Mimeo. D1953. Washington, D.C.: USDA, Forest Service. 11 pp.

Watson, A.J. and H.E. Dadswell. 1964. Influence of fibre morphology on paper properties. 4.
Micellar spiral angle. Appita. 17: 151-156 pp.

125



Ying, L., D.E. Kretschmann, and B.A. Bendtsen. 1994. Longitudnal shrinkage in fast-grown
loblolly pine plantation wood. Forest Products Journal 44(1): 58-62 pp.

126



TABLES AND FIGURES FOR CHAPTER 6

127



Microfibril angle

e e Frimary wall
o and rmiddle lamella

Figure 6.1. Orientation of microfibrils in the S2 layer of the cell wall

(after Dickson and Walker 1997).
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Figure 6.2. Map of the 20 stand locations sampled between 1999 and 2001 for

microfibril analysis.
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Table 6.1. Range and average tree size characteristics (in parenthesis) for 60 loblolly

pine trees sampled for MFA analysis by physiographic region.

REGION TREES DBH TOTAL AGE (years) | MFA (degrees)
SAMPLED | (inches) HEIGHT
(NO.) (feet)

Atlantic 24 6.1 -12.7 51-83 21-24 10.2-47.0
Coastal (9.3) (69.2) (22) (21.3)

Piedmont 18 6.2-142 | 49.6-65.4 21-25 12.0 - 50.7
(10.1) (60.0) (23) (22.2)

Gulf 9 57-9.8 | 41.3-61.3 20-27 12.7-38.3
Coastal (7.5) (55) (24) (19.3)

Hilly 9 55-11.5 | 374-71.2 20 12.4 -34.7
Coastal (8.3) (58.0) (19.4)
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Figure 6.3. Plot of average cross-sectional microfibril angle versus rings from pith at

different height levels.

130



Plot of ACMFA versus Distance from Pith at 4.5 Feet Plot of ACMFA versus Distance from Pith at 10 Feet Plot of ACMFA versus Distance from Pith at 15 Feet

60 60
¢
55 ”' 55
50 {¢* o 50
45 s ‘4 45
w 358 < 35 w
S % AR T S ‘ — 2
<< i | i ! 0 <
s T | it
2 ‘ : 2417 *:i'm "
15 “i! » 1 il ' i Mgy, 00
."u! !ﬁ'”«"" toe
10 10
5 e 5+
0 1 2 3 4 5 6 0 1 2 3 4 5 0 1 2 3 4 5 6
Distance from Pith (Inches) Distance from Pith (Inches) Distance from Pith (Inches)
Plot of ACMFA versus Distance from Pith at 20 Feet Plot of ACMFA ersus Distance from Pith at 25 Feet Plot of ACMFA versus Distance from Pith at 30 Feet
60 - 60 4 60
55 55—. 55
50 4 50 50
45 1 454 ¢ 45
wni 40 40 404,
Sl i £
S ndjeh ) . S '
<% “l ; < <% ’“ .
o W e |2 i,
] 13 i .
1; ﬂlii;a;””i ﬂno lg ll ”' n ‘iit‘“"m 12 ”"i”fn!ih;:;x::gu
5+ 5+ 5+
0 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
Distance from Pith (Inches) Distance from Pith (Inches) Distance from Pith (Inches)
Plot of ACMFA ersus Distance from Pith at 35 Feet Plot of ACMFA versus Distance from Pith at 40 Feet Plot of ACMFA ersus Distance from Pith at 45 Feet
60 - 60 60
55 4 55 551
50 50 50 4
45 1 45 451°
40 {e 40 40 4+
& 3 E % I3
330! i S ' S [T
=% W =% im % ' oy,
| 0l ¢ ]
20 ’“3 o 2 ’P T 0 2 ‘ l’“.
"] L AT 3 st
104 10 ' 10
5+ 5+ 5””‘””‘””“”“
0 1 2 3 4 5 0 1 2 3 4 0 1 2 3 4
Distance from Pith (Inches) Distance from Pith (Inches) Distance from Pith (Inches)
Plot of ACMFA ersus Distance from Pith at 50 Feet
60
551
50 4
45
44"
354 i
.0
O 304 1200
*
= 2 ' z g % z $ '
0 ¥4l ’ R
15 “‘n.,:!!“::"
10
5 T
0 05 1 15 2 25

Distance from Pith (Inches)

Figure 6.4. Plot of average cross-sectional microfibril angle versus distance from pith in

inches (rounded to the nearest one-tenth inch) at different height levels.
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Figure 6.5. Average cross-sectional microfibril angle by rings from pith at different

height levels for the Atlantic Coastal Plain, Piedmont region, Gulf

Coastal Plain, and Hilly Coastal Plain.
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(rounded to the nearest one-tenth inch) at different height levels for the

Atlantic Coastal Plain, Piedmont region, Gulf Coastal Plain,

and Hilly Coastal Plain .
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Figure 6.7. Average cross-sectional microfibril angle by rings from pith by

physiographic region at 4.5 feet, 15 feet, 25 feet, 35 feet, and

45 feet.
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Figure 6.8. Average cross-sectional microfibril angle by distance from pith in inches

(rounded to the nearest one-tenth inch) by physiographic region at

4.5 feet, 15 feet, 25 feet, 35 feet, and 45 feet.
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Table 6.2. Parameter estimates and fit statistics for the linear ACMFA weighted by rings

from pith, model (1).

Parameter | Estimate Std. Error P-Value
B, 17.87136 0.2212 <0.0001
Bol 1.06289 0.3617 0.0033
Lol 1.39745 0.3737 0.0002
Bolp -3.28527 0.3571 <0.0001
B, -4.64862 0.0662 <0.0001
B, 0.551637 0.1316 <0.0001
B, 0.76493 0.3686 0.0380
b1, -1.31435 0.2116 <0.0001
Bl 4.87512 0.7882 <0.0001
5.1, 5.21745 0.6826 <0.0001
B, 11.27284 0.6740 <0.0001
. -12.0964 1.5067 <0.0001
- -6.59098 1.2051 <0.0001

Fit index: 0.7604

Mean Square Error: 8.2691
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Figure 6.9. Residual plots versus the independent variables and actual MFA values

versus predicted MFA values for the linear ACMFA weighted by rings from

pith, model (1).
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Figure 6.10. Plot of mean actual values versus mean predicted values for the linear

ACMFA model (1) by disk height.
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Table 6.3. Parameter estimates and fit statistics for the nonlinear ACMFA weighted by

rings from pith, model (2)

Parameter | Estimate Std. Error P-Value
B, 24.92894 0.2707 <0.0001
Lol 0.747387 0.3450 0.0303
Bol» -1.27621 0.3126 <0.0001
B, -0.23406 0.00619 <0.0001
B, -0.01624 0.00629 0.0098
Bl -0.02669 0.00869 0.0021
B, 0.018616 0.00807 0.0211
B, 34.06431 1.9107 <0.0001
p,1, -8.73043 -7.46 <0.0001
Bl -9.43081 1.2134 <0.0001
L1, 7.709588 0.9555 <0.0001
B, -2.6239 0.1818 <0.0001

Fit index: 0.7533

Mean Square Error: 8.5093
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Figure 6.11. Residual plots versus the independent variables and actual MFA values
versus predicted MFA values for the nonlinear ACMFA weighted by rings

from pith, model (2).
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ACMFA model (2) by disk height.
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Figure 6.12. Plot of mean actual values versus mean predicted values for the nonlinear




Table 6.4. Parameter estimates and fit statistics for the linear ACMFA weighted by

distance from pith, model (3).

Parameter | Estimate Std. Error P-Value
B, 17.73548 0.2156 <0.0001
Bol -0.81077 0.3419 0.0177
Lol -2.78112 0.4447 <0.0001
Bolp -5.04442 0.3222 <0.0001
B, -2.32973 0.0824 <0.0001