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ABSTRACT
The objective of this study was to assess loblolly pine fiber properties within-tree
variation. We determined fiber properties using fiber analyzer in conjunction with near-infrared
spectroscopy (NIRS). Diffuse reflectance NIR spectra were collected from samples, age 19-31
acquired from across the Southeast in 10-mm radial sections from pith to bark. A subset of the
samples were selected based on their NIR spectra uniqueness, macerated, and the fiber properties
determined. Calibration models developed for fiber length were strong (R*=0.88, SECV=265-
um, RPD=2.9). However calibrations for fiber width were moderate (R>=0.48, SECV=1.99-um,
RPD=1.40). The calibrations were checked with a prediction set, and their performance was
again strong for fiber length (R?=0.84, SEP=0.261-mm, RPD=2.50) and moderate for fiber width
(R?=0.49, SEP=0.0018-mm, RPD=1.39). Within-tree variation of fiber length shows that it is
low at the base of the stem and increases with height in the butt log. Fiber length increases from
pith to bark, and the rate of change occurs at a faster pace at higher heights than near the stem

base. Fiber width follows a similar trend to fiber length.
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CHAPTER 1

INTRODUCTION

Purpose of the study

The goal of this study is to assess the within-tree tracheid morphological characteristic
variation of plantation-grown loblolly pine. Because of the influence of cambial age, tracheid
morphology varies from pith to bark and in height (stump to tip) within a tree. Tracheid
morphology plays a major role in determining pulp and paper properties and strongly influences
product properties such as tear and burst strength, and it also impacts product processing.
Recently intensive forest management practices have been used to increase tree growth rate
which can negatively affect wood quality. This study establishes baseline information on fiber

properties to better understand how fiber properties vary within plantation grown loblolly pine.

How the study is original

In the present study, loblolly pine (Pinus taeda) trees, age 19-31 from 109 plantations
across the southeastern United States were examined for fiber properties. Plantations selected for
sampling were planted with at least 1,235 trees per hectare and contained at least 617 trees per
hectare after thinning. These stands were conventionally managed, which means that except for
phosphorus deficient sites, they received no intensive management practices such as chemical
competition control or fertilization. A total of 109 plantations and 150 trees were examined, and
1,842 disks were collected from within the trees. A pith to bark radial strip was cut from each

disk (a total 1,842 radial strips). Each radial strip was then segmented into 10-mm sections from



pith to bark to examine the influence of cambial age on fiber properties. Each disk had
approximately 6 10-mm sections (total 11,482 10-mm sections). Macerating 11,482 10-mm
sections was not feasible given time and budget constraints, so we scanned the samples using a
near-infrared spectrometer, and then used the duplex sample selection method to pick 1,152 10-
mm sections samples that had the most unique near-infrared spectra. The unique samples were
macerated and their fiber properties measured. This study is one of the most comprehensive
studies done in the United States that examined the within-tree variation in fiber properties of

plantation loblolly pine.



CHAPTER 2

LITERATURE REVIEW

Loblolly pine

The Southeastern United States supplies over half of the total wood used in the U.S. and
16% of the wood used worldwide (Wear and Greis 2002, Zhao et al. 2011). Raw material
demand is increasing, resulting in increased pressure on industrial forests to maximize the
volume produced per hectare from forests (Zhao et al. 2011). Loblolly pine (Pinus taeda) is
planted on more than 13.4 million hectares of forest land (Schultz 1997). A fast growth rate and
the ability to survive on a broad range of sites, along with its suitability for a variety of uses has
made loblolly pine the most common and commercially important species in the Southeast (Zhao
et al. 2011). Loblolly pine stands can achieve high growth rates, for example, research trials have
demonstrated growth rates of 29.4 m*/ha per year (Borders and Bailey 2001). However, as wood
growth increases concerns regarding the suitability of the resulting wood to make products also
increase (White et al. 2009). Loblolly pine is used in the pulp and paper, residential construction,

utility poles, composites, and energy markets (Gaby 1985).

Southern pine is the species group which is composed of longleaf pine (Pinus palustris),
shortleaf pine (Pinus echinata), loblolly pine (Pinus taeda), and slash pine (Pinus elliotti) (Gaby
1985). These four major pines are the main source of softwood products in the United States
(Stanturf et al. 2012). The geographic range of these species overlap and include the upper areas

of the South Atlantic States across the southern states to Texas and Oklahoma. The southern



pines have similar looking wood which is difficult to differentiate between species (Panshin and
DeZeeuw 1980, Hoadley 1990, Schultz 1999). The wood for the southern pines is strong, dries

fast, treats easily with chemicals, and works moderately hard with tools (Gaby 1985).

Wood quality

Wood quality refers to a combination of anatomical, chemical, physical and mechanical
characteristics of wood. The term “wood quality” is dependent on the desired product quality and
thus an understanding of what defines quality can differ between different wood products
(Briggs and Smith 1986). Therefore, the emphasis is placed on the wood properties that have
positive correlations with specific end products (Antony et al. 2013). For solid wood products,
common wood properties that influence wood quality include specific gravity (SG), microfibril
angle (MFA), modulus of elasticity (MOE) or stiffness, and modulus of rupture (MOR) or
strength (Antony 2010). For pulp and paper products, pulp yield, fiber length, cell wall thickness,
fiber coarseness, and fiber width alongside SG and microfibril angle (MFA) are common wood

quality indicators (van Leeuwen et al. 2011).

Density or specific gravity (SG) is the amount of woody material in a given volume of
wood. Specific gravity has a strong correlation with the strength of wood, as has been linked to
the cellulose content of wood (Wang 2003, Murphy 2008, White et al. 2009). Specific gravity is
dependent upon the ratio of earlywood to latewood in an annual ring and the thickness of the
fiber walls. Wood with higher SG typically has longer tracheids, which produces Kraft sack
papers with higher tear resistance (Smook 2002). On the other hand, wood which has a lower SG
will have thinner walls and generally shorter tracheids, wider MFA and as a result, produces
paper with excellent print quality and sheet smoothness, but lower tensile, fold, tear, and opacity

(Smook 2002). While SG is positively correlated with many wood properties, there are many
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other important properties including MFA, stiffness, strength, fiber length, and cell wall
thickness that are critical for various industrial processes and products and are more important

than SG depending on the product (Inagaki et al. 2012).

Microfibril angle is defined as the angle between microfibrils in the S2 layer of the cell
wall and the longitudinal axis of the cell (Sewell et al. 2000). Between 75-85% of the total cell
wall thickness is made of the S2 layer and thus the MFA of the S2 layer tends to dominate
(Donaldson 2008). Microfibril angle has a strong influence on the MOE, MOR and dimensional
stability of wood and is an important indicator of the sawn timber’s quality (Macdonald and
Hubert 2002, Auty et al. 2013). Tensile strength and MOE of pulp are functions of MFA as well,
and fibers with lower MFA will produce stronger and stiffer pulp (Donaldson 2008). In loblolly
pine, MFA was found to be a major affecting factor of hand-sheet tensile strength, stretch,
modulus of elasticity, stiffness, and hygroexpansivity of unbleached Kraft pulp (Courchene et al.

2006).

Modulus of elasticity and MOR are the two most important wood properties when wood
is used in structural applications. Modulus of elasticity is a material’s tendency to deform
elastically under pressure and is referred to as the material stiffness. On the other hand, MOR is a
measure of a specimen's strength at rupture, which is known as strength. Since these properties
will determine the end use of the wood for structural products, recognizing them is necessary for

depicting wood quality for structural products (Antony et al. 2011).

Tracheid morphological properties include fiber length, fiber width, cell perimeter and
cell wall thickness and these anatomical properties strongly influence pulp and paper properties
and products (Zobel and Van Buijtenen 1989, McKenzie 1994, Smook 2002, Pulkkinen et al.

2006). The fiber length is the length of the wood cell and affects the tensile strength, breaking
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strain and fracture toughness of dry paper, and is especially important for wet web strength
(Niskanen 1998, van Leeuwen et al. 2011). The cell perimeter, which is correlated with wood
density and cellulose content, can be calculated by multiplying of sum of tangential and radial
cell diameter by two (Stokke and Groom 2008). Tangential and radial cell diameter can be
measured on cross-sections using image analysis tools (Lundgren 2004). Water transport and
mechanical support are two important properties which are affected by cell perimeter (van
Leeuwen et al. 2011). Fiber width and cell wall thickness have a strong influence on plasticity
and resistance to the processing of fibers and affect fiber propensity for collapsing in the
papermaking process (Paavilainen 1993). Fibers with thinner walls collapse more promptly and
have stronger bonding within the paper and thus the sheet will be denser, stronger and smoother
(Kibblewhite 1989). If a sheet with high bulk is needed, fibers must have thicker walls so they
will resist collapse, but such fibers will result in a sheet with low opacity (Seth et al. 1996).
Moreover, resistance to collapsing will happen if fibers have a small lumen perimeter (Hoyland
et al. 1976). Fiber with a larger perimeter and thinner walls produce denser, stronger, and
smoother paper (Wang and Aitken 2001, van Leeuwen et al. 2011). The ratio of cell wall mass to
cell unit length is defined as cell coarseness which is closely correlated with drought resilience
(Gartner 2008). Strength and stiffness of pulp are highly influenced by cell coarseness (Via et al.
2005). With a given fiber diameter, coarser fibers have thicker cell walls. Such fibers are stiffer
and more rigid and resist collapse during paper making. Thus, these coarser fibers produce sheets
that are bulkier, more porous and rougher than sheets produced from less coarse fibers (Muneri
and Raymond 2001). As wood density decreases, the cell coarseness and pulp yield decrease,

while the quality of paper increases (van Leeuwen et al. 2011).



Wood and fiber properties vary within-tree (Megraw 1985, Wang and Aitken 2001) and
thus an understanding of the variation in wood properties is necessary for the determination and
optimization of proper production procedures (Antony et al. 2011). Due to the within-tree
variation, within a batch of pulp, the morphological properties of fibers vary a great deal
(Niskanen 1998). The variation within the stem changes from pith to bark (cambial age) and
stump to tip (height), and thus fiber properties vary with corewood and outerwood and juvenile
and mature wood (Burdon et al. 2004). Cell wall thickness, fiber width and fiber length increase
from pith to bark (cambial age) (Wang and Aitken 2001). At a given cambial age, the fiber
length is higher in the upper portion of the stem than in the lower part (4,000-um length at the
height of 20-m in a 41 years old tree and 1,000-pm length at the base of 41 years old tree)
(Megraw 1985, Borch et al. 2001). Beside stump to tip and pith to bark variation, fiber
characteristics vary within an annual ring based on earlywood and latewood (Borch et al. 2001).
For example, cell perimeter gradually decreases from earlywood to latewood (van Leeuwen et al.
2011) and within a single fiber cell, wall thickness fluctuates significantly between 3.0 to 5.8-um

(Pulkkinen et al. 2006).

Within-tree variation of fiber length in P. taeda studied by researchers (Megraw 1985,
Groom et al. 2002) revealed that fiber length is shortest near the pith (2,000-um), and increase
radially outward with age (4,000-pum). This trend applies to any given cross section regardless of
height. The rate at which fiber length increases with age from the pith is slower at the base of the
tree than at higher heights. Table 1 shows how wood properties change within-tree (from pith to
bark and stump to tip) for multiple wood properties. The distribution of tracheid dimensions in
Sequoia sempervirens and S, giganteum has been summarized (Bailey 1958). At ages 1, 10, 25,

and 120, the distribution of tracheids is centered around 1,000-pm, 2,200-pum, 2,800-um, and



4,500-um, respectively. The change in wood properties from pith to bark, including tracheid
length, was thought to be because of the size of the cambial initials in the vascular cambium
(Lachenbruch et al. 2010). However, this assumption has been challenged recently and we now
suspect that wood anatomy changes from pith to bark because of hydraulic and mechanical

requirements (Lachenbruch et al. 2010).

Table 1. Within-tree variation of wood properties from pith to bark and stump to tip

Wood property Pith to bark  Stump to tip Source

Specific gravity Increase Decrease (Megraw 1985, Antony et al. 2010)

Cell wall thickness  Increase Decrease (Wang and Aitken 2001, van Leeuwen et
al. 2011)

Microfibril angle Decrease Decrease (Jordan et al. 2006, Jordan et al. 2007)

Fiber length Increase Increase (Megraw 1985, van Leeuwen et al. 2011)

Fiber width Increase Increase (Lundqvist 2002, Wathén 2006)

Forest management influence on wood quality

Many studies have shown intensive forest management increases the growth rates in
southern pine plantations (Borders and Bailey 2001, Haywood 2005). For example, thinning pine
stands has been shown to increase growth rates of individual trees (Baldwin et al. 2000, Nilsson
and Allen 2003). Fertilization and vegetation control have been shown to increase stand growth
and increase average tree size (Zhao et al. 2011). Site preparation that improves soil conditions
and control of competing vegetation can result in increased seedling survival and growth (L&f et

al. 2012). As the planting density increases the stand basal area and stem volume increase as



well, thus, the average diameter at breast height (DBH) decrease (Pienaar and Shiver 1993,

Harms et al. 2000).

The negative effect of rapid tree growth on wood properties is a concern to the forest
products industry. For instance, specific gravity has a high correlation with structural wood
properties strength and yield and quality of pulp (White et al. 2009) and following fertilization a
decrease in specific gravity has been reported (Zobel 1961, Love-Myers et al. 2010). Increasing
the growth rate of pine plantations in the the early years of a rotation causes increases in the
juvenile wood to mature wood ratio (Roth et al. 2007). Juvenile wood is less desirable because it
has lower strength and stiffness, and has a higher MFA than mature wood (Cramer et al. 2005).
Planting at wide spacing promotes rapid stem diameter growth resulting in more low specific
gravity wood, and with increasing planting density, specific gravity is reduced (Clark et al.

2008).

Near-infrared spectroscopy

Traditional methods used to measure wood properties are time-consuming, expensive,
and destructive. To feasibly analyze large numbers of samples, rapid and cost-effective methods
are needed that can provide the information required for effective decision-making in the wood
industry (Schimleck et al. 2003). Using near-infrared spectroscopy (NIRS) has several
advantages over other instruments as it provides a rapid estimation of a variety of wood
properties and is nondestructive (Mora 2009). The NIR region (700-2500 nm) is made up of
harmonic and joining bands of the core stretching vibrations of O-H, N-H and C-H functional
groups which contain chemical and physical information about a sample (Burns and Ciurczak

2007). The basis of reflectance NIR instrument is to measure the absorption of NIR light from



the surface of a wood sample and compare the absorption to a reference material such as ceramic
or Teflon. The absorption of light generates vibrations of chemical bonds in various components
such as cellulose, lignin, and extractives in wood, which in turn causes bands in the NIR spectra
(Figure 1). As these bands (700-2500 nm) are related to the different components of wood,
changes in them reflect changes in wood characteristics (Mora 2009). Various types of samples
can be analyzed successfully, for example when using this technique surface roughness does not

have a significant impact and thus solid wood samples can be evaluated (Schimleck et al. 2005).
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Figure 1. Typical NIR spectra for loblolly pine

The major disadvantage of NIRS is that it does not directly measure any wood properties.
Thus the use of NIRS requires a calibration model to compare the NIR spectra to a reference
method. The calibration models are developed using multivariate statistics which establish linear
combinations of the spectral data which overcome the problem of multiple overlapping peaks in

NIR spectra as well as summarizing the significant amount of information contained in the NIR
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spectra (Alves et al. 2007). The two main types of multivariate analysis used are principal
component analysis (PCA) and partial least square (PLS) regression (Ziegel 2004). These
methods reduce the data and cause the resulting components to be more directly related to the
variability in the dependent variable (Ziegel 2004). For example, Alves et al. (2007) used PLS
regression to create a model to predict pulp characteristics based on NIR spectra and found that
NIR spectroscopy can be used as an appropriate tool to predict pulp characteristics with

unknown Kappa numbers.

Recent findings have shown that near-infrared spectroscopy can estimate many wood
properties including SG, MFA and fiber length (Schimleck et al. 2001, Via 2004, Jones et al.
2005, Via et al. 2005). Several studies have shown that NIR spectroscopy can be successfully
used to estimate a broad range of wood properties including chemical, anatomical, physical and
mechanical properties of wood (Hauksson et al. 2001, Schimleck and French 2002, Via et al.
2003, Schimleck et al. 2005, Jones et al. 2006). Earlier studies focused on chemical components
such as cellulose and lignin (Raymond and Schimleck 2002, Hodge and Woodbridge 2004, Yeh
et al. 2004, Jones et al. 2006) or properties directly related to such components, for example,
pulp yield (Schimleck and French 2002, Schimleck et al. 2006). Recently research has broadened
to include physical and mechanical properties as well (Gindl et al. 2001, Kelley et al. 2004,

Tsuchikawa 2007, Fujimoto et al. 2008, Tsuchikawa and Schwanninger 2013).

Several studies have utilized NIRS to analyze wood property variation from pith to bark
(Pot et al. 2002, Jones et al. 2005, Jones 2006, Jones et al. 2008). The pith region has shown
significant variation in NIRS which leads to inaccuracies in the predicted values (Jones et al.
2006, Jones et al. 2008). Meder et al. (2011) used NIRS to develop a radial profile of chemistry

and MFA from pith to bark of radiata pine and found that in the pith zone there was a mismatch
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between NIR-predicted and SilviScan determined MFA. Ivkovi¢ et al. (2009) measured the
stiffness, strength, and shrinkage of juvenile wood, pith to bark radial strips of radiata pine and
compared the properties to MFA measured by SilviScan and found significant variation in the
pith zone of samples. The inaccuracy of the models near the pith may be due to the variability in
the pith cell types which is impacting the NIR prediction, or it could be due to the estimation

error of SilviScan MFA near the pith (Verrill et al. 2011).

Schimleck et al. (2004) analyzed 40 radial strips of P. taeda samples and found R? of
0.88 between measured and NIR-predicted fiber length with standard error perdition (SEP) of
250-um. Via et al. (2005) used NIR to analyze longleaf pine (P. palustris) for fiber length and
found that regardless of age, the model could predict fiber length well (R?>=0.72). Inagaki et al.
(2012) examined the feasibility of using NIR for non-destructive evaluation of fiber length in 50
samples of Eucalyptus camaldulensis. They obtained very high R? (R?>=0.98, SEP=15-pum) and
ratio of performance to deviation (RPD) of 3.5 for fiber length. The good model statistics

acquired in these studies suggests that NIR is a suitable tool for rapid prediction of fiber length.
Objective

The main aim of this research is to assess the within-tree variation of loblolly pine fiber
properties. The samples were collected from different regions and from different areas within the
trees which have variable wood properties (such as MFA and density) (Mora and Schimleck
2009). This study can improve understanding of within-tree fiber property variation in planted
loblolly pine. We aimed to develop a model using NIRS to predict tracheid length and width
from loblolly pine samples. Conclusions from this study may be helpful and meaningful for the
forest product industry along with forest managers and foresters across loblolly pine’s natural

habitat. Knowledge about fiber properties variation could potentially help the forest product
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sector have a better picture about adjustments needed for each product and the manufacturing
process. Previous researchers have shown that there is regional variation in some wood
properties such as SG (Jordan et al. 2008), MOE, and MOR (Antony et al. 2011). Additional

work on tracheid length may reveal similar variations in tracheid properties for loblolly pine.
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CHAPTER 3

MATERIAL AND METHODS

Samples

We used samples collected from planted loblolly pine across the southeastern United
States from the Wood Quality Consortium (WQC) baseline study (Jordan et al. 2008). These
samples were collected with collaboration of the University of Georgia, the United States
Department of Agriculture (USDA) Forest Service Southern Research Station and the forest
industry. In this study, trees were 19 to 31 years old, tree heights ranged from 11.39 to 30.05-m
and their diameter at breast height (DBH) ranged from 13.97 to 36.57-cm (Antony et al. 2010).
These trees were sampled from 109 stands located in six geographical regions; 1) Southern
Atlantic Coastal Plain, 2) Northern Atlantic Coastal Plain, 3) Upper Coastal Plain, 4) Piedmont,
5) Gulf Coastal Plain and 6) Hilly Coastal region. The stands did not have intensive fertilization
(except in deficient phosphorus sites) or complete competition control. The plantations selected
for sampling were planted with at least 1,235 trees per hectare and contained at least 617 trees
per hectare following thinning. From each tree, 2.5-cm thick wood disks were extracted at 1.5-m
intervals from the base of each tree up to a height of 2.5-cm top diameter. Radial 12.5x12.5-mm
sections were obtained from the pith to bark. A total of 1,842 radial strips were collected from

1,842 disks, 150 trees, and 109 stands.
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The samples were prepared to have square and rectangular sides using a belt sander. Each
sample was marked into 10 mm sections from pith to bark on the tangential face, and the number
of growth rings in each 10-mm section was recorded to allow for reconstruction of the tree by
cambial age. Each sample was evaluated for cases where a knot, blue stain or another defect that
would negatively impact the NIR spectra was present; all 10-mm sections presented here were

defect-free.

Near-infrared spectroscopy

We used a FOSS NIRSystems Model 5000 scanning spectrophotometer (FOSS
NIRSystems, Inc., Laurel, MD) with a diffuse reflectance static module to scan the wood
samples on the radial face. Samples were conditioned and scanned in a 20° C and 40% relative
humidity controlled environment room. The NIR window on the static module was 30-mm in
diameter. A Teflon mask with a window measuring 5-mm x 10-mm was used to concentrate the
NIR light on a constant area of each sample in 10-mm increments from bark to pith. This
instrument collected the spectra at 2-nm intervals over the wavelength range from 1100-nm to
2500-nm. The instrument reference was a ceramic standard. Fifty scans were done for each 10-
mm section, and these scans were averaged by the device software to give a single spectrum per
section. The samples were scanned from pith to bark, and thus longer samples had more
individual scans than shorter samples. Since automation of scanning samples will increase the
number of samples scanned daily, an autosampler consisting of a servo motor and controller, and
a linear screw drive was used to move samples automatically from pith to bark at 10-mm

intervals.
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Near-infrared scpectroscopy statistical analysis

The end-goal of NIRS is to develop a calibration model to predict the properties of new
specimens. It is desirable to develop the calibration model using a large number of samples
grown under various conditions (Jones et al. 2005). In this study, we scanned 1,842 samples
from bark to pith using NIRS with each sample having approximately six scans. The 1,842
samples produced 11,444 NIR spectra. Then we split our data into three sets, a calibration set
which was used to develop the calibration model, a prediction set which was used to assess the
model performance and validate if the model worked, and a second prediction set where can be
used for predicting the properties of new samples where refrence data was not collected, such as
measuring fiber length. The identification of appropriate samples for the calibration model is
sometimes done randomly, however, it is desirable to split the samples based on their spectral
characteristics (Mora and Schimleck 2008). The sample selection was conducted using principle
component analysis (PCA) and the duplex method (modified Kennard-Stone method) (Snee
1977). By selecting the unique samples between all possible pairs of samples, based on the
Mahalanobis distance, the duplex algorithm splits the sample population into calibration and
validation sets. First, all of the samples were allocated to a list of samples, then the sample with
the longest distance inside the list was selected and moved to the calibration set. Next, the
sample in the list with the furthest distance was chosen and transferred to the validation set. The
process of selecting pairs of samples with the furthest distance, and assigning them to either
calibration or validation sets continues until there is no sample left in the list (Mora and
Schimleck 2008, Dahlen et al. 2016). Within the calibration and validation set, we then used the
Kennard-Stone algorithm (Kennard and Stone 1969) to pick unique samples within each

calibration and validation set for maceration using a similar procedure as the duplex method
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except there is not split between groups. The samples that were not selected for the calibration
set or the validation set were placed in the prediction set. The breakdown of samples by region,
by height within-tree, and those that were macerated, are shown in Table 2. The sample selection
method was critical in reducing the number of the samples before maceration since macerating
11,444 specimens (11,444 10-mm sections) was not feasible. Also, by having the samples
selected based on the spectra and not randomly by the calibration model, we likely improved the
model performance since the variation in the spectra was considered when selecting samples. By
using the duplex sample selection method, samples were split into calibration (576 samples) and

validation (574 samples) sets (Stevens and Ramirez—Lopez 2014).

Following the sample selection procedure, the selected sections within each sample were
marked and then cut into 10-mm sections using a razor blade. Each of these 10-mm sections was
cataloged so they could be backtracked to a specific sample and height in a tree. These sections

were used to measure specific gravity and fiber properties.
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Table 2. Number of scanned and macerated samples from each region and height

NIR scanned Macerated
Region Samples 10-mm Heights 10-mm
sections sections

<1-m 1-3.1-m >3.1-m

North Atlantic 347 2,130 248 508 1,374 243
Piedmont 325 1,083 160 261 608 126
Upper Coastal Plain 196 1,397 189 304 904 125
South Atlantic 153 1,238 180 258 810 127
Hilly Coastal 273 1,943 273 442 1,228 181
Gulf Coastal Plain 548 3,637 462 859 2,646 350
Total 1,842 11,428 1,512 2,632 7,300 1,152
Specific gravity

Samples were weighed with the balance to measure the mass. The volume of the samples
was measured using the water displacement method (Figure 2) (ASTM-D2395 2014). The
samples were saturated with water for three days. After three days, the volume was measured
using a 200-mL beaker containing water. The beaker was placed on the balance and tared. The
sample was held below the water surface with a needle. It was completely submerged in the
water without touching the sides of the beaker and care was taken so that the sample was fully
submerged but not placed far below the water surface. After reaching the equilibrium, the
samples volume was read accurately on balance as the mass of the displaced water (Figure 2).

The SG was then calculated by dividing the mass of wood by the mass of the displaced water.
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The specific gravity of wood is defined as the density of wood relative to the density of water,

which is 1 g.cm™ at 4.4°C and is unitless.

: 2 _Needle
/
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-----------------------
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#

Figure 2. Sketch of apparatus used to measure volume of specimens (ASTM-D2395 2014)

Fiber properties

The samples were macerated to separate the fibers from the wood matrix. The 10-mm
sections were cut into wood slivers using a razor blade, and the wood was boiled for 4 hours to
soften the wood fibers before maceration. The samples were then macerated with 20-mL of 50%
hydrogen peroxide, 30-mL of water, and 50-mL glacial acetic acid at 60°C for 48 hours
(Franklin 1945) (Figure 3). After 48 hours the fibers were rinsed with approximately 1.9-L of
water. The acidic spent pulping chemicals were neutralized with sodium carbonate. Image
analysis of fibers is a reliable and efficient method for analyzing fiber length because human
measurement via microscope is time-consuming (Pulkkinen et al. 2006). The macerated samples
were analyzed using a TechPap MorFi Compact Fiber & Shive Analyzer (Techpap SAS, France)

to assess the fiber properties. This equipment measured the number of fibers, frequency of fibers,
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fiber length, fiber width and other fiber properties using image analysis. For each sample,
approximately 2,500 fibers were analyzed. The length-weighted fiber length and the width
weighted fiber width were used for all calculations instead of the mean value because it better
represents the actual fiber length by minimizing the effect of fines (Carvalho et al. 1997).
Length-weighted fiber length is calculated by the following equation using the instrument’s

software:

Z”iliz

MLy =~

n;l;

Where Li is length-weighted fiber length, ni is number of fibers in the ith class, and li is the mean

length of the ith class (Carvalho et al. 1997). Width weighted fiber width was calculated, using

the same equation but changing the length to width.

[
N % —

Figure 3. Maceration process; (1) samples being macerated (2) and fibers measured by MorFi
fiber analyzer
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Data analysis

The collected data was analyzed using the R statistical software (R Development Core
Team 2016) RStudio interface (RStudio Team 2016), and the prospectr (Stevens and Ramirez—
Lopez 2014), chemometrics (Filzmoser and Varmuza 2016), pls (Mevik et al. 2015), signal
(Signal Developers 2013) and rpart (Therneau et al. 2015) packages in R. The NIR spectra were
smoothed with a math pretreatment (second derivative), which has been used to improve the
accuracy of the prediction performance in modeling wood properties by reducing spectra noise
(Jones et al. 2005, Yang et al. 2016). The second derivatives were acquired from the untreated
spectra using the Savitzky-Golay approach (Savitzky and Golay 1964), with left and right gaps
of four nm to reduce noise within spectral data (Naes et al. 2002). The samples were selected
using the duplex method in the prospectr package (Stevens and Ramirez—Lopez 2014) which has
numerous pretreatment and the sample selection algorithms. Then PLS regression was used for
the smoothed data to develop linear models to predict fiber properties of the samples (Mora and
Schimleck 2008). Partial least square regression analysis can analyze strongly collinear and
noisy data with numerous predictor variables while simultaneously modeling several responses
variables. In other words, factors are mutually independent linear combinations of original
descriptors. Latent variables are chosen in such a way as to provide maximum correlation with
the dependent variable; thus, PLS models contains the smallest necessary number of factors
(Hoskuldsson 1988, Naes et al. 2002, Mora et al. 2008). In the application of the PLS algorithm,
it is generally known that the spectral range and the number of PLS factors are critical
parameters. The spectral range determines the location and quality of spectral information, and
the number of PLS factors should be optimally selected to avoid overfitting (Chung et al. 2004).

Calibrations were developed with four cross-validation segments taking into consideration a
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maximum of ten factors. The standard error of cross-validation (SECV) (determined from the
residuals of each cross-validation phase), the root mean square error of cross-validation
(RMSECYV), the coefficient of determination of cross-validation (R?), and the ratio of
performance to deviation for the cross-validation (RPDcv) were used to calculate the final
number of factors and to assess calibration performance (Williams and Sobering 1993). The
RPDyv is determined as the ratio of the standard deviation of the reference data to the SECV.
Determination of RPDcv allows comparison of calibrations developed for different wood
properties that have various data ranges and units; the higher the RPDcv, more precisely the
calibration describes the data (Granato and Ares 2013).

The performance of the calibrations is important to predict wood properties of an
independent test sample (prediction set). The standard error of prediction (SEP) (determined
from residuals of the predictions) was calculated and gives a measure of how well the calibration
models predicts the parameters of interest for a set of samples not included in the calibration set.
The predictive ability of the calibrations was assessed by the coefficient of determination (RIZ))
and calculating the RPDjp, which is similar to the RPDev, but uses the standard deviation of the
prediction set reference data and the SEP (Mora and Schimleck 2008).

Within-tree variation in fiber properties was grouped based on the samples’ height within
the tree using visual inspection of the fitted curves. The fitted curves were constructed using
fiber properties of disks and represent the longitudinal variation of fiber properties in a whole
tree. These curves developed using smoothing spline which is a method of fitting a smooth curve
to set of discrete and noisy observations using a spline function (Craven and Wahba 1978). The
samples were divided into three different height categories; samples in the stump or butt area

(below 1-m), samples between 1 to 3.1-m from the stump, and samples above 3.1-m.
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CHAPTER 4

RESULTS AND DISCUSSION

The fiber properties of 2.9 million fibers were measured for this study. Fiber properties of
the calibration and prediction data sets are presented in Table 3. The fiber length and fiber width
data are highly variable which indicates the variability of these properties. Both data sets have
similar summary statistics for each property. This similarity reflects that the duplex sample
selection algorithm successfully selected calibration and prediction samples across the range of
values using the NIR spectra information. The number of samples was approximately equally
split into the calibration and prediction sets. The mean value for fiber length was 2,147-pm with
a standard deviation of 648-um in the calibration set, with a mean value of 2,221-um and
standard deviation of 649-um in the prediction set. The average value for fiber width was 39.30-
um with a standard deviation of 2.80-um in the calibration, with a mean value of 41.0-um and

standard deviation of 2.60-um in the prediction set.

Table 3. Statistical summary of the calibration and prediction set for fiber length (um) and fiber
width (um)

Calibration (n=576) Prediction (n=574)

Property Min Max  Mean Std Min Max Mean Std

Fiber length (um) 1085 3997 2147 648 1101 3821 2221 649

Fiber width (um) 33.0 46.0  39.30 280 32.0 47.0 41.0 2.60
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Near-infrared models for fiber length and fiber width

A total of 576 NIR spectra were used for calibration development and a total of 574
spectra were used for the prediction set. The results of the calibration and their predictions for
fiber length measured in the study by using the second derivative spectra are shown in Table 4.
Seven factors were chosen for the calibration model. The tracheid length calibration gave
R?=0.88 with SECV=265.5-um. The calibration model, when applied to the prediction set, had
R similar to the R* found in the calibration set (R5=0.83, SEP=261.5-um). The fiber length
RPDs for cross-validation and prediction were 2.93 and 2.50, respectively. As these RPDs are in-
between screening (RPD > 2.5) and quality control (RPD > 5), the models are at least appropriate
for screening in breeding programs (AACC 1999). The relationship between measured values

and NIR fitted values for fiber length for calibration and prediction sets are shown in Figure 4.

Table 4. Fit statistics for the multiple heights NIR calibrations developed for fiber length (um)
and fiber width (um)

Calibration Prediction
Property #factors R> SEC RMSECV RPDe R3  SEP RPDp
Fiber length (um) 7 0.88 220.8 265.5 293 084 2615 250
Fiber width (um) 7 048 199 2.33 140 049 185 139
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Calibration Set R*: 0.88 Prediction Set R%: 0.84
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Figure 4. The relationship between measured values and NIR fitted values for fiber length (um),
for (left) calibration set and (right) prediction set.

For fiber width, seven factors were chosen for the calibration models. The relationship
between measured values and NIR fitted values for fiber width for calibration and prediction set
are presented in Figure 5. The fiber width calibration gave R*=0.48 with SECV=2.33-um. The

prediction of fiber width had R}, similar to R* (R§=0.49, SEP=1.85-um). The fiber width RPDs
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for cross-validation and prediction were 1.40 and 1.3, respectively. As these RPDs are below
screening (RPD>2.5), the models are not practical for screening purposes in breeding programs

(AACC 1999).

Calibration Set R 0.48 Prediction Set R%: 0.49

Measured Width (i m)
Measured Width (. m)
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Figure 5. The relationship between measured values and NIR Fitted values for fiber width (um),
for (left) calibration set and (right) prediction set.
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Calibrations developed for fiber length using diffuse reflectance NIR spectra collected in
10-mm sections showed strong calibration statistics (R%=O.83, SEP=261.5-um). These statistics
indicated that NIR spectroscopy might be a useful tool for rapid estimation of fiber length in
samples and the RPD,, for fiber length was sufficiently high to show that NIR prediction could be

used for screening purposes.

The fiber length SEP in the current study of 265-um was similar to that reported by
Schimleck et al. (2004) (R%=0.86, SEP=250-um). The current study evaluated a considerably
larger number of samples (1,152 samples vs. 40 samples) and thus included variation in site,
climate, genetics, and soil type. The calibration statistics reported here (R%=0.83, SEP=261.5-
um) are stronger than those reported by Hauksson et al. (2001) for milled wood (R%=0.52).
Using longleaf pine and a smaller calibration set (n=300) Via et al. (2005) showed weaker
calibration statistics (R%ZO.72) for solid wood. An important factor in the success of this work
was that NIR spectra were collected from the same section of wood that was later used for fiber
length analysis. In comparison, Via et al. (2005) used wood for fiber analysis that was obtained
from a larger area than their NIR spectra were collected from, leading to the unnecessary
variation that probably had a negative effect on the fiber length calibrations they reported
Schimleck and Evans (2004) used 32 cores of P. radiata to demonstrate the ability of NIR
spectroscopy to estimate tracheid morphological characteristics and reported RIZ) 0f 0.91 and 0.89
for coarseness and wall thickness, respectively. Jones et al. (2005) used a sample set (n=119) of
P. taeda grown on 14 sites to study tracheid morphological and found that, although tracheid
morphological characteristics showed a slight reduction in calibration R? (0.80 for coarseness

and 0.84 for wall thickness) and increase in calibration error (41.47-pg/m for coarseness and
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0.26-um for wall thickness), tracheid morphological properties continued to provide good

relationships.

Fiber width model performance was not strong as for fiber length (R%=0.49, SEP=1.85-
um). The RPDy value for fiber length was 2.5 whereas the RPD, value for fiber width was 1.39.
The SEP for fiber width (1.85-um) was similar to the results reported by Schimleck and Evans
(2004) (SEP=1.7-um), Schimleck et al. (2004) (SEP=1.7-um) and Jones et al. (2005) (SEP=1.17-
pm). Fiber width shows less radial variation from pith to bark than fiber length (Evans 1994),
consequently weaker statistics would be expected. It is possible that a stronger calibration and
prediction statistics were acquired for fiber length because of the orientation of the NIR beam to
the sample. Owing to our sampling methodology, NIR energy may have had a greater interaction
with length, and consequently information relating to fiber length may be reflected in the spectra
to a greater extent than that for fiber width (Evans 1994, Schimleck and Evans 2004, Jones et al.

2005).

Gindl et al. (2001) suggested that an indirect influence of cellulose microfibrils may be
present in NIR models, because of the chemical composition of the surface of a cell wall. Cellulose
microfibrils are small in diameter, but very long, so more cellulose is exposed to NIR when fiber
length is measured. The crystallinity of cellulose may be an additional factor which has been

proposed to exert an influence on modeled fiber properties.
Relationships between wood properties

The correlations between specific gravity, fiber length, and fiber width are shown in
Table 5. Linear models were developed between these three properties. Specific gravity

explained 27% of the variation in fiber length (Bo=380.7-um, B1=3927.1-um) (Figure 6).
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Specific gravity explained 32% of the variation in fiber width (Bo=34.09-um, Bi=12.11-um)
(Figure 7). Fiber width explained 52% of the variation in fiber length (Bo=-4662.5-um,
B1=170.99-um) (Figure 8). The relationship between SG and fiber length was poor which we
attribute to differences in specific gravity with tree heights; fiber length tends to increase with
height at similar cambial ages. Splitting the data into different heights, with disks taken below 1-
m, between 1 to 3.1-m, and above 3.1-m, showed large improvements in the models. With
samples collected from disks below 1-m, the specific gravity explained 51% of the variation in
fiber length (Bo=-578.5-um, B1=5065.2-um) (Figure 9). With samples collected from disks from
1 to 3.1-m, the specific gravity explained 45% of the variation in fiber length (Bo=-344.7-um,
B1=5440.8-um) (Figure 10). With samples collected from disks above 3.1-m, the specific gravity

explained 32% of the variation in fiber length (Bo=308.5-pm, B1=4601.6-um) (Figure 11).

Table 5. Correlation between wood properties

Property Fiber width Specific gravity
Fiber length 0.7413 0.5227
Fiber width 0.3859
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Figure 6. The relationship between fiber length (um) and specific gravity for all samples
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Figure 7. The relationship between fiber width (um) and specific gravity for all samples

31



All Heights R”: 0.52

Fiber Length (1 m)
2500 3000 3800 4000
| | |

2000
|

1500

1000

45

Fiber Width (u m)

Figure 8. The relationship between fiber length (um) and fiber width (um) for all samples
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Figure 9. The relationship between fiber length (um) and specific gravity for samples below 1-m
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Figure 10. The relationship between fiber length (um) and specific gravity for samples between
1-3.1-m
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Figure 11. The relationship between fiber length (um) and specific gravity for samples above
3.1-m

The relationship between fiber length and fiber width for all samples is presented in
Figure 8. While fiber length increases, fiber width increases accordingly, and there is a moderate
coefficient of determination between the two (R?>=0.52). When samples were segregated by

height, the relationship between fiber length and fiber width did not increase significantly.

Regardless of height, specific gravity is low near the pith and increase outwards,

providing an inner core of low-density material (Megraw 1985). This variation within the tree is
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physiological in origin. Final cell size and the rate of cell division are both influenced by growth
regulators. Cell wall thickness is related to both the speed of wall deposition and the time
duration over which it takes place. The length of the accrual period is thought to be more
important of the two, and to also be auxin-controlled. Seasonal onset of latewood formation
(smaller cells, thicker walls) seems to coincide with cessation of height growth by the terminal
shoot. These phenomena influence cell formation (Megraw 1985, Hemsley and Poole 2004,
Stokke and Groom 2008). The specific gravity of an individual cell is largely related to its
distance down the trunk from the active crown and to the time of its formation within the season

(Megraw 1985, Williams and Megraw 1994).
Within-tree variation in fiber length and fiber width

Fiber length increases from pith to bark (Figure 12). We found differences in fiber length
from pith to bark as a function of ring number and height (Figure 13). The cross-sectional pattern
for loblolly pine fiber length with age from the pith, segregated by heights, is shown in Figure
13. Regardless of heights, fiber length is shortest near the pith. Fiber length in samples below 1-
m range from 1300-pum near the pith and increases with cambial age to about 3000-pum in ring
25. The overall trend for samples between 1 to 3.1-m is the same as samples below 1-m, but fiber
length in samples between 1 to 3.1-m increases at a faster rate especially in the first 10 rings
from the pith (from 1500-pm at ring 2 to 2700-pm at ring 10) and after the 10™ ring slows down
considerably between ages 10 and 20 (reaches to 3300-um at ring 20 from the pith). Fiber length
in the samples above 3.1-m increases at a very fast pace within first three rings from the pith
(from 1700-um to 2200-pm) and after first three rings increase with a stable rate and reach 3500-
um at ring 20 from the pith. These results show that fiber length increases from pith to bark, and
longitudinally as well. This rate increases slowest at the base, rapidly increases in rate up to 1 to
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3.1-m in height, and then becomes approximately stable for heights above that point. The rate
which fiber length increases in the vertical axis is different and varies with tree height and
cambial age. While the trend explained above applies to all heights, the increase in fiber length
with age outward from the pith takes place at a slower rate near the base of the tree than it does
at upper heights (lower height=2000-pm, mid-height=2700-pum, top height=3000-um). For a
given number of rings from the pith, average fiber length will be shorter at the base of the stem
and breast height region than at heights of several meters and above. We did not see the fiber
length reach an asymptote in any of the heights. In this study, we used samples with ages
between 19-31 years. Thus it would be useful to include samples from older trees (more than 31
years old) to better understand if the fiber length keeps on increasing with age in any of the

heights.

1 I 2. ! S

Figure 12. Fiber length varies radially outward from pith with age. (1) fibers at the pith, (2) fibers
near the bark
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Figure 13. The relationship between fiber length (um) and ring number, by height within-tree.
Blue line shows samples below 1-m, red line shows samples between 1-3.1-m and green show
sample above 3.1-m

Fiber length increases with distance from the pith (Figure 14). Fiber length in samples
below 1-m increases with a fast rate within the first 8-cm from the pith (from 1300-pum to 2100-
um), and after 10-cm, increases at a slower rate to 2600-um at 15-cm from the pith. Fiber length
of samples between 1 to 3.1-m increases at a fast rate from 1500-pm to 2800-um in first 7-cm
from the pith, and then continues to increases at a slower rate to 13-cm from the pith (3200-um).

The rate of which fiber length increases in samples above 3.1-m is fast in the first 5-cm from the
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pith (from 1700-pm and to 2700-um) and increases at a slower rate, later on, and reaches 3500-

pum at 13-cm from the pith.
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Figure 14. The relationship between fiber length (um) and distance from the pith (cm), by height
within-tree. Blue line shows samples below 1-m, red line shows samples between 1-3.1-m and
green show sample above 3.1-m

Fiber width followed a similar trend as fiber length increasing with increasing sampling
height and distance from the pith (Figure 15, Figure 16). Fiber width is shortest next to the pith
(lower height=36-um, mid-height=37.5-um, top height=37.3-um). The increase outward with

age is very fast from rings 1 to 5 (lower hieght=39.2-pm, mid-height=40.8-um, top height=42-
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um), considerably slower between ages 10 and 20, and very gradually after age 20. Similar to
fiber length, fiber width did not reach an asymptote. Older trees should be sampled in the future

to gain a better understanding of fiber width patterns.
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Figure 15. The relationship between fiber width (um) and ring number, by height within-tree.
Blue line shows samples below 1-m, red line shows samples between 1-3.1-m and green show
samples above 3.1-m
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Figure 16. The relationship between fiber width (um) and distance from the pith (cm), by height
within-tree. Blue line shows samples below 1-m, red line shows samples between 1-3.1-m and
green show samples above 3.1-m

Antony et al. (2010) observed that in loblolly pine SG decreased in a nonlinear fashion
with tree height and concluded that the stem could be divided into three zones based on the
longitudinal variation of specific gravity. The height trend they found was that SG decreases
rapidly from the base of the tree to heights of 1-m, specific gravity then decreases at a decreasing
rate between the height of 1-m to 3.1-m. For heights more than 3.1-m, specific gravity decreases

at a constant rate. For fiber length, we found opposite trend where fiber length increases within



those three height zones, then stabilizes. The three segmented classification of loblolly pine
height level as proposed by Burdon et al. (2004) and Antony et al. (2010) work well for

explaining fiber length variation.

Specific gravity increases from the pith to bark at all heights, with the highest values near
the bark at the base of the tree (Megraw 1985). In 20 to 25 years old trees, at the base of the stem
SG is high (0.55) and decreases very rapidly to relative height of 0.1 (0.46), decreases at a
descending rate from a relative height of 0.1 to 0.3 (from 0.46 to 0.43), and then decreases at a
constant rate above a relative height 0.3 to the top of the tree (0.35) (Antony et al. 2010). The
results of this study depicted that fiber length does not follow longitudinal specific gravity
variation but has the same radial variation from pith to bark. Fiber length is low at the base of the

stem and increases with height, and it has the highest values in rings close to the bark.

Microfibril angle varies from pith to bark, with the highest angles occurring in the first
five growth rings from the pith at the base of the tree (Xu et al. 2004). At the base of the stem
MFA is high (35°) and decreases to 27° with height 3.1-m, and decreases to 12° with height 10-
m (Jordan et al. 2007). In conifers, the MFA becomes stable at approximately ring 20 at breast
height and ring ten at 8-m height (Donaldson 2008). The result of our study demonstrated that
fiber length follows MFA in terms of within-tree variation but in reverse order (Jordan et al.
2006). Unlike MFA, fiber length has the highest values in rings close to the bark. Fiber length is
low at the base of the stem and increases with height. Fiber length is short near the pith and
increases outward with age. An average fiber length from the first ten or so rings from the pith
can be expected to be considerably lower (1300-um) than that of material taken farther away
from the pith (3000-um). This variation is true regardless of height, but the rate of change is
different based on sample height.
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The knowledge of the specific gravity and fiber length distribution within a tree is
necessary to decide at which height samples should be taken to represent the whole tree. Past
investigations were performed to find a representative sampling height for specific gravity
(Trincado et al. 2007, Antony et al. 2012, Deng et al. 2014). As an optimal sampling height for
fiber length in P. taeda is still unknown, but the initial results suggest that large changes occur in
first log (< 5-m in height) and thus future studies should emphasize sampling this region more

intensively than this study which sampled every 1.5-m in height.
Logistic regression model for fiber length and fiber width

The relationship between fiber length and ring number using 3-parameter logistic
regression for fiber length is presented in Figure 17. The 3-parameter logistic regression equation
is:

Asym

(xmid—ring)
1+e scale

2 DV =

Where the DV is dependent variable (fiber length or fiber with), ASymis a numeric
parameter representing the asymptote, Xmid is value at the inflection point of the logistic curve,
scal is a scaling parameter for the x-axis, and ring is the cambial age effect. The model
predictions follow the observed fiber length trend; fiber length increases from pith to bark and
this increase happens regardless of height. The rate of increase in upper part of tree is faster than
increase rate in lower part of the stem. The relationship between fiber width and ring number
usisng 3-parameter logistic regression for fiber width is showed in Figure 18. Regardless of

height, fiber width increases from pith to bark, but the rate of increase in lower part of the stem is
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lower than the rate at upper section of the tree. The model coefficients and root mean square

error (RMSE) for fiber length and fiber width are summarized in Table 6.

Fiber Length (1 m)
1000 1500 2000 2500 3000 3500 4000 4500

height < 1 m = Blue
height 1-3.1 m = Red
height = 3.1 m = Green

5 10

Ring Number

15

20 25

Figure 17. The relationship between predicted fiber length (um) and ring number, by height
within-tree. Lines represent mean trend using 3-parameter logistic regression model
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Figure 18. The relationship between predicted fiber width (um) and ring number, by height
within-tree. Lines represent mean trend using 3-parameter logistic regression model
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Table 6. The model coefficients and root mean square error for fiber length (um) and fiber width

(num)
Property Height Asym xmid scal RMSE
stump to top 3156.35 0.28 4.88 448.36
EDA <lm 3138.25 2.51 7.13 369.55
i; g 1-3.1-m  3338.46 1.43 4.54 406.01
2 >3.1-m 3263.37 0.25 3.44 338.28
2 stump to top 41.91 -2.97 1.80 2.12
Ej’ <1m 4144 709 3.86 1.91
? 1-3.1-m 42.58 -5.12 291 1.93
é >3.1-m 42.43 -1.47 1.16 2.01
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CHAPTER 5

CONCLUSION

The purpose of this study was to examine the within-tree variation of loblolly pine fiber
properties. We scanned 1,842 samples from pith to bark using NIR spectroscopy to develop

calibrations for fiber properties. Based on the RPD, and R% values obtained from PLS regression
models; there was a strong correlation between fiber length measurements and the NIR estimates
(R%ZO.84, SEP=261.5-um ,RPDp=2.5). These results demonstrate that NIR spectroscopy has the
potential to predict fiber length of P. taeda with relatively high accuracy, and fulfill the
requirements of AACC Method 39-00 for screening in breeding programs (RPD > 2.5). Unlike
fiber length, the RPD, (1.39) and R%,(O.49) values obtained for fiber width had moderate
relationships. In the future, we can predict tracheid length on the 1,842 samples using the model

we developed here.

Within-tree variation of fiber length and width showed opposite pattern reported for MFA.
Unlike MFA, fiber length has the highest value in rings close to the bark. Fiber length is low at the
base of the stem and increases with height in the lower stem, but decreases near the top of the stem.
Fiber length is short near the pith and increases outward with age, an average fiber length of
material from the first ten rings from the pith can be expected to be considerably lower than that
of material taken farther away from the pith. This is true regardless of height. The increase in

length with age from the pith occurs at a faster rate at greater heights than near the base of the
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stem. The variation in wood characteristics within a tree is widely associated with a radial and

vertical position within the stem (Megraw 1985, Donaldson 2008).

Although this is likely the largest fiber length study done on loblolly pine, we feel that it
would be useful to sample trees older than 31 years to better understand if the fiber length
continues increasing with age in the segmented heights because we did not see fiber length
reaching an asymptote with this data. Further investigations including a greater number of older

trees will reveal where the asymptotes occur.
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