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ABSTRACT
There has been an increased interest in mid-rotation application of fertilizer in loblolly
pine (Pinus taeda L.) plantation management. However concerns have arisen about the quality of
wood produced following the fertilizer application. Increment cores were collected at six height
levels of thirty-two trees from a thinned, fertilized stand located on lower Coastal Plain of North
Carolina. The fertilization treatments selected for this study were: 1) No Nitrogen +25Ib/acre of
Phosphorous 2)100Ib/acre of Nitrogen + 25Ib/acre Phosphorous 3) 200lb/acre of Nitrogen
+25lb/acre of Phosphorous 4)300Ib/acre of Nitrogen + 25Ib/acre of Phosphorous. Mechanical,
physical and anatomical properties were measured from pith to bark and for the three years
following fertilization to examine for any significant effects of fertilization on these wood
properties. A three dimensional prediction equation was developed for stiffness which explains
the radial and longitudinal pattern of stiffness variation within a tree. Attempts were made to

develop mathematical function for stiffness responses that occurred following fertilization.
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CHAPTER 1

INTRODUCTION AND REVIEW OF LITERATURE

INTRODUCTION

The southeastern region of the United States of America (USA), recognized as the wood
basket of the world, supplies around 58% of the total wood used in the USA and 16 % of wood
supplied to the world timber market (Wear and Greis 2002). Approximately, 31.3% of the total
land area of the southern USA is occupied by Loblolly pine (Pinus taeda L.) and contributes
6.6% of the total live volume of the US forests (FIA 2002). The fast growth rate, ability to
survive on a wide range of sites along with the suitability of wood for a variety of uses has made
loblolly pine a key species in the USA. Loblolly pine is a principal source of raw material for the
pulp and paper industry and well suited for sawn lumber and making composite wood products.

In the past, approaches to minimize per acre cost associated with plantation establishment
and management led to million of acres of planted pine growing at a rate of less than 5 green
tons per acre per year in the southeastern USA. Compared to other pine growing regions of the
world, the current growth rate of pine in the southeastern USA is well below the original
potential attainable from this region (Fox et al. 2006). However, various long term monitoring
studies and field trials have proven that the current growth rate can be substantially increased to
more than 10 green tons per acre per year by the application of appropriate silvicultural practices

(Jokela et al. 2000, Borders and Bailey 2001).



Management practices, especially thinning and fertilization, later in the rotation are found
to be biologically and financially attractive because of their ability to increase growth of mature
wood close to harvest. The increase in acreage under fertilization from 200,000 acres in 1997 to
more than 1.5 million acres in 2002 is an indication of potential of this practice (FNC Synthesis
2006). A long-term monitoring study established at four locations in Georgia to understand the
change in growth rate of loblolly pine under varying management intensities shows that a
combination of weed control and fertilizer application following intensive site preparation has
the potential to increase the growth rate of loblolly pine by 270% in the Coastal Plain and 150%
in the Piedmont compared to the control without weed control and fertilizer (Borders and Bailey
2001).

Even though application of fertilizer following thinning has proved to be very effective in
improving growth, forest landowners and industry are concerned about the quality of wood
produced following fertilization. The major objectives of this investigation are to: 1) identify the
influence of fertilization on wood properties such as modulus of elasticity, ring specific gravity,
microfibril angle, wall thickness, radial and tangential diameter, fiber coarseness, perimeter and
specific surface, and 2) develop a method to predict these changes for making future
management decisions. Before going to further details on fertilization and its impacts on growth
and wood quality, an understanding of the wood properties that will be examined in this study is

important.

WOOD QUALITY AND WOOD PROPERTIES
According to Gibson (1980) wood quality is “the totality of the attributes of a product

which contributes to the satisfaction of needs”. It is a cumulative expression of anatomical,



physical and mechanical properties of a piece of wood on a particular product. Thus the
definition of wood quality is complex and multifaceted, depending either on the properties of the
product or on the manufacturing process. It also encompasses the ability of a product to satisfy
the needs of the end user. The most important and widely used properties to express wood
quality are specific gravity, microfibril angle (MFA), stiffness (modulus of elasticity, MOE) and
strength (modulus of rupture, MOR).

Specific gravity describes the amount of woody material in a given volume of wood.
Theoretically, it is the ratio of the density of wood with the density of water at 4°C (Megraw
1985). Specific gravity is considered as an important wood property because of its strong
correlation with the strength of wood, as well as the yield and quality of pulp produced. Specific
gravity ultimately depends upon the properties of wood such as the ratio of earlywood to
latewood in the annual ring, fiber wall thickness, fiber length and fiber numerical density.

Microfibril angle (MFA) is defined as the angle made by microfibrils in the S; layer of
the cell wall with the longitudinal axis of the cell (Megraw 1985). MFA has a strong influence on
stiffness, strength and dimensional stability of wood and is an important determinant of the
quality of sawn timber (MacDonald and Hubert 2002). MFA decreases from pith to bark at all
heights and within a ring earlywood cells possess a higher MFA compared to latewood cells
(Megraw 1985). MFA varies with fiber length and cell wall thickness.

Unlike Specific gravity and MFA, MOE and MOR are the two widely accepted wood
property measures in the solid wood industry. MOE describes the stiffness of a material and it is
expressed as the ratio between stress and strain. MOR indicates the strength of a material defined

as its load carrying capacity. Identifying and defining all these properties are essential for



describing the quality of wood produced from a tree. Ultimately, these properties will decide the

end use of the wood.

EFFECT OF FERTILIZATION ON GROWTH

Intensive silvicultural practices have been found to have a strong significant influence on
improving site quality and the growth rate of loblolly pine. The normal growth rate of loblolly
pine in the southeast USA was estimated to be 50-110 ft’ per acre per year (Clark and Edwards
1999). However, with the proper application of intensive silvicultural practices, such as site
preparation, competition control, thinning, fertilization and the use of genetically improved stock,
growth rates of approximately 250-350 ft’ per acre per year can be achieved (Borders and Bailey
2001).

Application of fertilizer in a loblolly pine management regime has been found to be one
of the best ways of increasing growth rates (Schmidtling 1973, Allen 1987, Stearns-Smith et al.
1992). Fertilization improves the nutrient availability of soils, and provides a transient boost in
growth. However, sometimes the influence of fertilizer on growth rate is unpredictable, and
confounded with site characteristics, climatic conditions and the type of fertilizer used. The
reported responses to fertilization were found to range from zero to 80-100 ft* per acre per year

with respect to unfertilized stands (Allen 1987, Borders and Bailey 2001, Moorhead 1997).

EFFECT OF FERTILIZATION ON WOOD PROPERTIES
The effect of fertilization on wood properties can be explained on the basis of the
quantity and quality of wood produced. The change in the quality of wood in response to

fertilizer application can be expressed through various measurable characteristics, such as wood



specific gravity, toughness, strength, latewood percent, tracheid length, tracheid wall thickness
and MFA. It is very difficult to generalize the influence of fertilization on wood properties
because of the large number of extraneous factors involved in the response. However, a mixed
response in wood properties has been observed owing to fertilization as described in the

following studies, which show variation with species, site characteristics and climatic conditions.

FERTILIZATION OF SOFTWOODS

One of the first studies in the southern USA to examine the effects of fertilization on
slash pine (Pinus elliotti Engelm.) wood properties was conducted by Williams and Hamilton
(1961) in the lower Coastal Plain of Georgia. They examined the effect of applying nitrogen,
phosphorous, and nitrogen plus phosphorous at age 7 and reported a 26% increase in average
ring width, a 6.7% decrease in specific gravity, a 2.8% decrease in percent of latewood, and no
change in tracheid wall thickness from control measured on the two rings following fertilization.
Similarly, an early trial (Posey 1964) in North Carolina found that nitrogen fertilizer applied as a
single dose to loblolly pine at age 12 and 16 years produced a 16% reduction in specific gravity
and a 12% reduction in tracheid length in the annual ring immediately following the treatment.

The age of the tree, initial specific gravity and tracheid length at the time of fertilization
were reported to have an influence on the response produced. Posey (1964) found that wood
properties of trees which are younger were more responsive to fertilization than older trees. In
young loblolly pine, a decrease in specific gravity was observed following nitrogen fertilization
(Linnartz et al. 1970). In younger aged trees, application of fertilizer led to decreased latewood
percent and thus a reduced specific gravity, whereas at later ages the influence on latewood

percent was less pronounced (Larson ef al. 2001). In contrast, Megraw (1985) stated that the



changes following fertilization do not depend upon initial specific gravity and tracheid length of
trees.

Fertilizer application in combination with other silvicultural practices has been found to
have a strong influence on the properties of the wood produced. A study (Clark et al. 2004) on
the influence of annual nitrogen fertilization and vegetation control in loblolly pine revealed that
annual application of nitrogen fertilizer through age 12 along with vegetation control led to a
62% increase in juvenile wood core diameter, 6 - 10% decrease in weighted stem specific gravity,
and a 30 — 33% reduction in toughness compared to untreated trees. A significant drop in
juvenile wood strength (9-10%) and mature wood strength (4-7%) was observed in trees
receiving annual nitrogen fertilization in combination with vegetation control compared to
untreated trees.

Currently, mid-rotation fertilization is receiving more interest from tree growers because
of its ability to produce more mature wood without diminishing wood quality. Mid-rotation
fertilization trials in radiata pine (Pinus radiata D.Don) with nitrogen and phosphorous
(Nyakuengama et al. 2004) revealed that fertilization produced an increase in ring width
(nitrogen 3 — 16%, phosphorous 7 — 29% and nitrogen plus phosphorous 18 — 31%), and a
reduction in specific gravity (nitrogen 0%, phosphorous 3 — 7% and nitrogen plus phosphorous
7%) in rings produced following fertilizer application.

It was originally thought that changes in wood properties following fertilization was due
to an increase in growth rate. A weak correlation was found between ring width and density in
radiata pine after fertilization with nitrogen, phosphorous or both together (Nyakuengama et al.

2002). The reason proposed for the weak correlation between ring width and density was that



both characteristics are under the control of widely different fiber characteristics; for example,
fiber diameter influencing ring width, and fiber wall thickness controlling density.

A comprehensive description of the influence of fertilizer on wood properties is still
difficult to make because the responses are highly dependent upon the site characteristics,
particularly water availability and the nutrient status of the soil. Later age management studies
on radiata pine (Nyakuengama et al. 2004) showed that the correlation between ring width and
density depended on annual rainfall or seasonal rainfall, for example spring rainfall explained
around 76% of the variation in correlations between growth rate and density.

The changes occurring to wood produced following fertilizer application can be resolved
to a reasonable extent by explaining the variation occurring at the cellular level. Nyakuengama et
al. (2003) examined changes in tracheid properties of radiata pine following fertilization and
observed that application of nitrogen increased fiber numerical density, while reducing fiber
radial diameter and wall thickness. Phosphorous increased fiber radial diameter and decreased
fiber wall thickness, while nitrogen plus phosphorous caused a reduction in fiber wall thickness
and increased cell radial diameter.

A fertilization study in norway spruce (Picea abies (L.) Karst.) found a decrease in wood
density as a result of a decrease in wall thickness and an increase in radial fiber width (Lundqvist
2001). The changes in wood properties after fertilization were attributed to changes in crown
characteristics, such as crown size and vigor (Megraw 1985). These changes result in increased
auxin supply to the lower bole of the tree leading to increased cambial activity, and thus,
production of large sized cells over a prolonged period of time.

It was found that wood properties averaged across growth rings from pith to bark did not

show a significant difference owing to fertilization compared to the wood produced in rings



immediately following fertilization. No variation in core specific gravity, averaged from pith to
bark, was observed in loblolly pine wood due to nitrogen application (Choong et al. 1970,
Schimidtling 1973). In radiata pine, little change was found in wood properties of whole
increment cores after fertilizing with nitrogen and phosphorous (Nyakuengama et al. 2004).
Thus, changes in wood properties averaged on a whole-tree basis after fertilization are negligible

compared with the rings formed immediately after fertilizer application.

FERTILIZATION OF HARDWOODS

Similar to what was found for fertilization studies in conifers, the effect of fertilization on
wood properties of plantation-grown hardwoods was variable and difficult to generalize. Some
results showed no impact on wood density following nitrogen and phosphorous application to
plantation grown flooded gum (FEucalyptus grandis (Hill) Maid.) (Hans and Burley 1972,
Chauhan er al. 1983, Wilkins 1990), while a small increase was observed in other studies
(Cromer et al. 1998). In mountain ash (Eucalyptus regnans F. Muell.) no changes to density
were found due to fertilizer application (Higg and Rudman 1973).

In Tasmanian blue gum (Eucalyptus globulus Labill.) changes in wood properties were
observed after fertilizer treatment, but the observed variation was site specific and depended on
moisture availability. For example Raymond and Muneri (2000) reported an increase in basic
density in rainfall-deficient sites due to addition of nitrogen and with an opposite response on

wetter sites.



MODELING THE EFFECT OF FERTILIZATION

Mathematical models for predicting changes in wood properties following silvicultural
practices from stump to tip and from pith to bark, would improve forest management practices.
Such models would help foresters optimize their management practices and predict their wood
yield and value.

Several models are available to predict silvicultural effects on wood properties of loblolly
pine. One such model predicts specific gravity variation within trees from conventionally
managed pine plantations (Daniels ef al. 2002). Jordan (2001) examined MFA variation in sixty
loblolly pine trees from four physiographic regions of the southeastern USA. Jordan (2001)
developed prediction equations to estimate variation in MFA at any point within the tree. Clark
and Daniels (2002) developed a model which estimates the variation in specific gravity of
loblolly pine for different physiographic regions of southeastern USA. However, none of these
models explains the variation in wood properties of loblolly pine following fertilization.

Much of the information available about fertilization and its impact on loblolly pine
wood properties are conflicting. Moreover, information is lacking on the effect of fertilizer
application on MFA, modulus of elasticity (MOE), modulus of rupture (MOR) and various fiber
properties. The absence of a mathematical model for predicting the effect of fertilization on
wood properties is a hindrance in the implementation of these practices in the field. Further
studies are required to produce the information needed by practicing foresters in order to make

better management decisions for producing maximum yield without sacrificing wood quality.
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CHAPTER 2

MATERIALS AND METHODS

SITE DESCRIPTION

The study was conducted in an even aged loblolly pine plantation located at New Bern,
North Carolina, that was planted in 1970. This was one of the 19 installations of the NCSFNC
Region wide 13 studies established across the southeast on site-prepared loblolly pine stands
during 1984-1987 (NCSFNC Report No: 39 1997). The site was located on the lower Coastal
Plain of North Carolina carrying a poorly drained Leaf soil series having a site index of 69 feet

(21.03 m) and basal area of 67 ft*/acre (4.7m%/hectare) at the time of treatment.

EXPERIMENTAL DESIGN

The experimental design was a randomized complete block with four treatments
replicated four times. Blocking was done in order to reduce variation in dominant height, basal
area and stem number per acre keeping the soil type similar. The treatments used in this study
were: 1) Control — no Nitrogen (hereafter referred to as 000N) 2) 100lb/acre (112Kg/ha,
hereafter referred to as 100N) 3) 200lb/acre (224Kg/ha, hereafter referred to as 200N) 4)
3001b/acre (336Kg/ha, hereafter referred to as 300N) with 25Ib/acre (28Kg/ha) phosphorous
included with each treatment. The site was thinned in 1983 and treated with fertilizer in March,
1984. All plots including 000N were refertilized with 200Ib/acre of nitrogen in 1996. The trees

for the present study were harvested in 2003.
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SAMPLE PREPARATION

Two trees representing the average diameter at breast height of the trees in a treatment
plot were felled from each plot giving a total of 32 trees for the study. One inch (2.54 cm) thick
disks were cut at six height levels (4.5 feet-1.37 m, 10 feet-3.05 m, 15 feet-4.57 m, 25 feet-7.62
m, 35 feet-10.67 m and 45 feet-13.72 m) along the stem of these trees. Radial sections from pith
to bark of %2 inch X %2 inch (1.27 cm X 1.27 cm) were cut from these disks, oven dried to a
moisture content of 8% and glued into core holders. Thin radial strips of thickness approximately
0.0629 inch (1.6 mm) were cut from these sections using a twin-blade circular saw at the wood
property lab of United States Department of Agriculture-Forest Service (USDA-FS), Athens,

Georgia.

From each felled tree, three 2-feet (0.61 m) bolts were also cut at 8 feet (2.44 m), 24 feet
(7.32 m) and 40 feet (12.19 m) representing the mid point of 16-feet (4.88 m) saw logs. Static
bending samples of dimension 1 inch X I inch X 16 inch (2.54 cm X 2.54 cm X 40.64 cm) were
cut starting at the 1984 annual ring. Samples of size 1 inch X 1 inch X 1 inch (2.54 cm X 2.54
cm X 2.54 cm) were cut from one end of the static bending samples and sent to CSIRO Forestry
and Forest Products (Australia) for SilviScan analysis. From these blocks, radial strips of 2 mm
(0.08 inch) (tangentially) X 7 mm (0.28 inch) (longitudinally) X 25 mm (0.98 inch) (radially)
were cut and analyzed by SilviScan, which measured air-dry density at an interval of 25 um
using X-ray densitometry (Evans 1994) and MFA at an interval of 1 mm using X-ray
diffractometry (Evans 1997). SilviScan calculated an estimate of stiffness from the air dry
density and X-ray diffraction pattern at a resolution of 1 mm (Evans 2003). The image analysis
system of SilviScan (Evans 1994) was used to estimate the fiber dimensions, radial and

tangential diameter at an interval of 25 um. Other fiber properties such as tracheid wall thickness,

16



coarseness, specific surface and perimeter were determined at an interval of 25 um from the
relationships of these properties with air dry density and radial and tangential wall thickness

(Evans 1994).
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CHAPTER 3
EFFECT OF MID-ROTATION FERTILIZATION ON MECHANICAL, PHYSICAL

AND ANATOMICAL PROPERTIES OF LOBLOLLY PINE (PINUS TAEDA L.)

ABSTRACT

Mechanical, physical and anatomical properties of wood were measured for cores
collected at six height levels from a thinned, fertilized mid-rotation loblolly pine (Pinus taeda L.)
plantation located at New Bern, North Carolina. The study was a randomized complete block
design receiving four levels of nitrogen fertilizer (Control- no fertilizer, 100Ib/acre, 2001b/acre
and 3001b/acre along with 25Ib/acre of phosphorous with each treatment), each replicated in four
randomized complete blocks. Statistically significant differences among treatments were absent
for basal area weighted ring specific gravity, latewood specific gravity, percent latewood and
earlywood specific gravity averaged across annual rings from pith to bark. A significant response
was observed for a three-year weighted average taken following nitrogen fertilization on MOE,
ring specific gravity, latewood specific gravity, percent latewood, radial diameter, and perimeter
for the treatment 300lb/acre. Decreases in MOE (1.13 GPa), ring specific gravity (0.03),
latewood specific gravity (0.03), percent latewood (5%), wall thickness (0.16 um) and increases
in MFA (2.07°), radial diameter (1.53 um), and perimeter (4.39 um) were observed from control
treatments for trees received 300lb/acre of nitrogen. Properties such as earlywood specific
gravity, tangential diameter, coarseness and specific surface showed little change following
fertilizer application. Wood properties of trees that received lower levels of nitrogen fertilizer

(100Ib/acre and 200lb/acre) were not affected following treatment. There was no height
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related trend in wood property changes due to nitrogen application. A time and height dependent
change following treatment in ring specific gravity, latewood specific gravity, percent latewood
and earlywood specific gravity was evident from the repeated measure analysis for five-year ring
averages taken following treatment, but none of the treatments showed significant differences
following fertilization. Even though a significant difference was absent for different wood
properties following fertilization, the rings produced immediately after fertilization showed a
response particularly for trees receiving 300Ib/acre of nitrogen. In summary, fertilization did not
produce a significant change in wood properties of whole-cores taken at six height levels;
however there is a decline in wood quality immediately after fertilization, which depends upon
the amount of fertilizer applied irrespective of height.

Key words: wood properties, wood quality, forest fertilization, loblolly pine, stiftness

INTRODUCTION

Mid-rotation fertilization is a widely accepted silvicultural practice in loblolly pine
(Pinus taeda L.) plantations throughout the southeastern United States of America (USA). Since
1996, when 200,000 acres were fertilized, there has been a five fold increase in the annual area
fertilized with 1.5 million acres fertilized in 2002 (FNC Synthesis 2006). This was attributed to
the capacity of mid-rotation fertilization to maximize wood production in biologically (FNC
Synthesis 2006) and financially attractive ways (Borders and Bailey 2001).

Fertilization at mid-rotation in loblolly pine stands has been found to have a strong
positive influence on volume production. Data from various field trials established by the North
Carolina State Forest Nutrition Cooperative (NCSFNC) point out that over 85 percent of

fertilized stands responded to a combination of nitrogen (N) and phosphorous (P) fertilization
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(one-time application of 200 Ibs/acre N and 25 lbs/acre P) with an average growth gain of 30%
over a six-year period (FNC Synthesis 2006). A long term monitoring study across a wide range
of sites in Georgia (Borders and Bailey 2001) revealed that intensive practices such as vegetation
control combined with annual fertilization for plantation loblolly pine can produce a mean
annual increment of 325 to 490 ft’/acre/year by age of 10-12 years which is a 1.5 to 3.5 fold
increase in annual increment compared to untreated control plots. In addition, growth and yield
models prepared from fertilized mid-rotation loblolly pine plantations support these conclusions
(Amateis et al. 2000).

The quality of wood, in terms of its mechanical, physical and anatomical properties,
produced from fertilized loblolly pine plantations has raised concerns in the forestry community.
Large scale studies installed to determine the effect of fertilization on growth in the USA and
have been used to determine the effect of mid-rotation fertilization on wood properties. The
wood properties examined include ring specific gravity, latewood specific gravity and earlywood
specific gravity, percent latewood, microfibril angle, modulus of elasticity etc. Of these, specific
gravity is considered as a key wood property because of its strong correlation with strength and
stiffness of solid wood products and the yield and quality of pulp produced (Nyakuengama 1991,
Morling 2002). Compared to other wood properties specific gravity can be measured easily and
is expressed as the amount of woody material (cellulose + lignin + hemicellulose) in a given
volume of wood.

In conifers, the effect of early age nitrogen fertilization (I and 4™ year after
establishment at a rate of 14 lb/acre and 72 Ib/acre) on whole core specific gravity was reported
to be not significant (Choong et al. 1970). However, growth rings produced immediately

following fertilization show a decrease in specific gravity (Williams and Hamilton 1961, Zobel
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et al. 1961, Mallonee 1975, Morling 2002). The reduction in density was found to last for a
variable period of time (reported 2-5 years) after fertilizer application and then revert back to a
pattern similar to unfertilized trees (Morling 2002, Nyakuengama et al. 2002). A similar pattern
of decrease was also observed for specific gravity of latewood following annual fertilization
(Clark et al. 2004) in 12-year-old loblolly pine. However, there was no specific pattern of change
in earlywood specific gravity owing to fertilization.

Percent latewood is defined as the proportion of latewood in an annual ring and
considered as an important index in describing wood strength and quality. Percent latewood is
the major determinant of variation in wood specific gravity (Bamber and Burley 1983). A
reduction in percent of latewood for a few years (two to three) following fertilization was
observed, similar to ring specific gravity (Williams and Hamilton 1981, Clark et al. 2004).

Microfibril angle (MFA) is the angle made by the cellulose microfibrils in the S2 layer of
the cell wall relative to the axis of the cell (Barnett and Bonham 2004). In general, MFA
decreases from pith to bark at all height levels in loblolly pine (Megraw 1985). The general
trend of decreasing MFA, from pith to bark, may be interrupted by changes in growth rate caused
by various climatic and silvicultural practices. Earlier studies observed a slight increase (2-3 ©) in
Douglas fir (Erickson and Arima 1974) and radiata pine (Downes et al. 2002), following
thinning and fertilization, returning to normal a few years after the treatment. However, the
number of studies evaluating the effect of fertilization on MFA is limited in practice because of
the high cost associated with measuring MFA. It was observed that other fiber anatomical
properties such as fiber radial diameter, tangential diameter and wall thickness are subject to
change following fertilization. In radiata pine, Nyakuengama et al. (2003) observed a decrease of

0.33 um in 7-year average fiber radial diameter following 178-200 lb/acre of nitrogen application
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compared to the control where no fertilizer was applied (32.35 um), where as application of
phosphorous (70-90 Ib/acre) and nitrogen plus phosphorous increased radial diameter by 0.87 um
and 0.58 um compared to the control. All combinations of nitrogen and phosphorous fertilizer
application decreased wall thickness (nitrogen 3.21 um, phosphorous 3.18 um and nitrogen plus
phosphorous 3.09 um) compared to that of the control (3.28 um). However changes to tangential
diameter following fertilization were observed to be negligible (0-0.35 um) compared to the
control (29.30 um).

Modulus of elasticity (MOE), a measure of wood deformation under an applied load, is a
property of particular interest to the lumber industry. In loblolly pine, MOE follows an
increasing trend from pith to bark at all height levels similar to ring specific gravity (Megraw et
al. 1999), which was explained by the variation in specific gravity (Larson et al. 2001) and
microfibril angle (Cave and Walker 1994). A study conducted on radiata pine at two different
sites in Australia found a 12% decrease in MOE in boards cut from the fertilized region of logs at
one site, but no difference was found at the second site (Nyakuengama et al. 2004).

In the last 20 years, mid-rotation fertilization following thinning has been widely
accepted in loblolly pine plantation management. Based on the above research findings, under
the perspective of gain in yield and volume growth, these practices are promising. However, the
quality issues of wood produced from fast grown plantations is still a matter of debate. The
objective of the present study is to look at the changes in mechanical, physical and anatomical
properties of loblolly pine wood produced from pith to bark and at six height levels in response

to mid-rotation application of four different levels of nitrogen fertilizer.
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MATERIALS AND METHODS
DATA COLLECTION

Ring specific gravity (RSG), latewood specific gravity (LWSG), early wood specific
gravity (EWSG) and percent of latewood (LWP) were determined by scanning pith to bark radial
strips cut from 1-inch thick disks using an X-ray densitometer (Quintek Measurement System™')
with a resolution of 0.0024 inch (0.06 mm). A specific gravity value of 0.480 was used to
distinguish the transition from earlywood to latewood. Weighted whole core average and a three-
year average of ring specific gravity (WSG), latewood specific gravity (WLG), earlywood
specific gravity (WEG) and percent latewood (WLP) based on the ring basal area were

calculated as:

WSG = (zn ( rj- rl__f) p) / 11, 1)

Where 7 is the radius of i™ ring and p 1s the ring specific gravity of i"™ ring (Hoag and

Kramer 1991).

Near infrared (NIR) reflectance spectra were collected from the radial face of all
SilviScan strips at an interval of 0.1968 inch (5 mm) using a NIRSystems Inc. Model 5000
scanning spectrophotometer. NIR spectra were also collected at an interval of 5 mm for the three
rings following fertilization from the radial face of the X-ray densitometry strips cut from the 1 —
inch thick disks. All NIR spectra were collected in a light proof environment to avoid any
intervention of stray light on NIR measurements. A 5 mm X 5 mm mask was used to ensure a
constant area was tested. The SilviScan data and NIR spectra collected from the SilviScan strips

using the NIR Systems 5000 scanning spectrophotometer were used to develop Partial Least
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Square (PLS) regression calibrations for predicting air-dry density, MFA, stiffness and fiber
properties from the NIR spectra collected from the fertilized region (three rings following
fertilization) of the pith to bark radial strips at six height levels. The calibrations were developed
using Unscrambler Software (Version 9.2). Basal area weighted averages of these properties

were calculated using the equation (1).

DATA ANALYSIS

An analysis of variance (ANOVA) was conducted on WSG, WLG, WEG and WLP
values averaged from pith to bark and the three-year average following fertilization to examine
any significant changes to the wood properties owing to the different levels of fertilization. The

full linear mixed model used for the analysis is represented as:

Yiju=p+ o+ i+ yi+(af)y+ (op)u+ By + Tie+ & ()
= 1,...,M, j= 1,...,%, k= 1,...,]\41']', = 1,...,7’1;‘1‘](
Where,

v = property value of the I height level, of the £” tree, of the j block, receiving i” treatment,

u = the population mean,
a; = the i treatment effect,
5 iid
f = the /" block effect with ;~ N(0,52 ),
y = the /" height level effect,

iid
(af); =the interaction of the /" treatment and ;" block effects with (a8);; ~ N (O, Gjﬁ) ,

(ap)s =the interaction of the i” treatment and /™ height level effect,
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iid
(By)i = the interaction of the /* block and I” height level effect with () ~ N(0,52, ),

iid
Ty = the effect of the k" tree of the j” block receiving i” treatment with 7, ~ N (0, o; ),

iid
&k = residual error, with e, ~ N (O,JZI[/k)

The first step was to fit Eq.(2) with different combinations of random effects in the full
model. The random effects (block, block*treatment, block*height and individual tree effect)
which provided the best fit to Eq. (2) based on Akaike’s Information Criteria (AIC) and Bayesian
Information Criteria (BIC, lower AIC and BIC is better) remained in the model, others were
dropped from the full model. Since the measurements were taken at approximately equally
spaced height intervals within the tree, we can expect existence of a correlation among
measurements taken at different height levels. The next step was to revise Eq. (2) to include
selected random terms with proper spatial correlation structure. Spatial structures tried includes:
Gaussian, Log linear, Power, Exponential and Linear models. The best spatial structure was
selected based on the improvement it made on the model fitness criteria (AIC and BIC).
Selected random term effects and correlation for each wood property are provided in appendix A.
Multiple comparisons of least square means were conducted using Tukey-Kramer tests where the
fixed effects in the model were found to be significant. The above method was also used for the
analysis of the weighted three-ring average of MOE, MFA and fiber property values predicted
from the NIR spectra. Selected random effect and correlation structure for each wood property
are given in appendix B.

A repeated measure ANCOVA was used to analyze the time and height dependent
change in RSG, LWSG, EWSG and LWP values of five rings following fertilization. The full

linear mixed model used for the analysis was represented as:
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Yijum = p + Yss+ o3t f + i+ Aw + (aff)j + (ap)is + (aA)im
+ (Aim + (0pAim + Ty + €ijtim 3)

i= 1,...,M, j: 1,...,%, k= 1,...,M’j, = 1,...,]\4!'/']{,7)1 = 1,.....,I’lijk]

Where,

Yijum = property value at m™ year of the " height level, of the K" tree, of the jth block, receiving
i treatment,

4 = the population mean,

Ys3 = property value at year 1983 as a covariate,

o; = the i™ treatment effect,
" iid
B = the j" block effect with f3; ~ N(0,52 ),

y = the /" height level effect,

A, = the m™ year level effect,

iid
(af); = the interaction of the i treatment and j* block effects with (af3); ~ N (O, o ),

(ap)s = the interaction of the i treatment and /" height level effect,
(aA);n = the interaction of the ™ treatment and m" year level effect,
(yA)m = the interaction of the /” height and m™ year level effect,

(ayA)im = the interaction of the i treatment, " height and m™ year level effect,

iid
T}jx = the effect of the k™ tree of the jth block receiving i" treatment, with Ty~N (O, aﬁ)

iid
&jum = residual error, with e, ~N (0,021 ijk)
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The first step was to fix the random effects in Eq.(3) based on the AIC and BIC values.
The model which gave the best fit criteria was selected for further analysis. Each measurement
was taken at equally spaced time intervals from year 1984 to year 1988 at approximately equally
spaced height intervals within the same tree. We can expect a horizontal correlation among
individual observations taken across time and a vertical correlation among observations taken
within a year across heights. The horizontal correlation from time to time was accounted by
incorporating an ‘Autoregressive type (1)’ correlation structure in to Eq. (3) for all properties.
The vertical correlation among height intervals was accounted for by incorporating a ‘Power’
spatial correlation structure in to the model for all properties. Both these correlation structures
were selected based on the improvement made by the different combination of time and spatial
correlation structures in AIC and BIC criteria. Multiple comparisons of least square means were
conducted using Tukey-Kramer test where the terms in the model were found to be significant.

The analysis of variance was conducted using the MIXED procedure available in SAS

version 9.1 (SAS 2004).

RESULTS
ANALYSIS OF WHOLE-CORE WEIGHTED AVERAGES

The main effect of fertilizer treatment was not significant for WSG averaged from pith to
bark. The effect of height was found to be significant at the 0.05 level (P<0.0001) and the
interaction between height and treatment was significant at the 0.1 level (P=0.0998) (Table 3.1).
Even though no significant treatment difference exists, an increase was observed for 100N
(0.4714) and 200N (0.4708) compared to control (0.4569) and a decrease for 300N (0.4490) in

average WSG (Table 3.2). The significant interaction between treatments with height can be
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attributed to a large variation in specific gravity from stump to tip of the tree (a decrease from
0.5163 at breast height to 0.4226 at 45 feet) (Table 3.3).

The factor height was significant for WLG at the 0.05 level (P=0.0003) (Table 3.1). The
treatments effects were found not to be significant. However, a significant difference exists in the
average WLG of treatments 100N (0.7184) and 300N (0.6955). The WLG of treatment 100N
(0.7184) showed an increase from the control (0.7025), but that of 200N (0.7061) remained the
same and a decrease was observed for 300N (0.6955) from the control (Table 3.2). Across height
levels the variation was small and showed a change from 0.7111 at 4.5 feet, 0.7218 at 10 feet,
0.7118 at 15 feet, 0.7074 at 25 feet, 0.6999 at 35 feet and 0.6818 at 45 feet (Table 3.3).

The main effect height (P<0.0001) was found to be significant at the 0.05 level (Table
3.1). The WLP of treatments 100N (40.69%), 200N (40.04%) was increased compared to control
(38.42%) while that of 300N (37.96%) decreased (Table 3.2). The variation of average WLP
across height was found to be high with 50.39% at 4.5 feet, decreasing to 31.55% at 45 feet
(Table 3.3).

The main effect of height (P=0.0009) was highly significant for average WEG (Table
3.1). The difference among treatments was small (Control = 0.3034, 100N = 0.3020, 200N =
0.3130 and 300N = 0.2972) (Table 3.2). The WEG decreased from 4.5 feet (0.3188) up to 15 feet

(0.2969) and then started increasing from 25 feet (0.2984) to 45 feet (0.3040) (Table 3.3).

ANALYSIS OF THREE-YEAR POST FERTILIZATION AVERAGES
Average basal area weighted MOE for the three years following fertilization varied
significantly among the fertilizer treatments (P=0.0324) and height (P<0.0001) (Table 3.4).

Comparison of treatments revealed that the MOE of treatment 300N (10.27 GPa) was
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significantly lower than the treatment 100N (11.99 GPa) (Table 3.5). Even though other
treatment comparisons did not show any difference, the MOE of 100N (11.99 GPa) increased
slightly compared to the control (11.40 GPa) and that of 200N (10.74 GPa) was less than the
control. The height to height variation was highly significant with a decrease in average MOE
from the bottom to top of the tree (13.65 GPa at 4.5 feet, 13.32 GPa at 10 feet, 13.18 GPa at 15
feet, 10.92 GPa at 25 feet, 8.91 GPa at 35 feet and 6.61 GPa at 45 feet) (Table 3.6).

The main effects of treatment (P=0.0209) and height (P<0.0001) were found to be
significant for the three-year basal area weighted average of RSG following fertilization (Table
3.4). The treatments 000N (0.4422), 100N (0.4525) and 200N (0.4464) differed from 300N
(0.4116) at the 0.05 level (Table 3.5). The specific gravity of 100N and 200N increased and
those of 300N decreased compared to the control (0.4422). The highly significant height term
was mainly caused by large variation in specific gravity across different height levels (decrease
from 0.5287 at 4.5 feet to 0.3730 at 45 feet) (Table 3.6).

Treatment (P<0.0001) and height (P<0.0001) were significant at the 0.05 level for three-
year average WLG (Table 3.4). The average WLG of 300N (0.6379) significantly decreased
from 000N (0.6738) (Table 3.5). The WLG of 100N (0.6912) and 200N (0.6580) showed a
significant difference from 300N (0.6379). The variation across height level was large enough to
show significant differences among height levels (0.7018 at 4.5 feet, 0.7018 at 10 feet, 0.6988 at
15 feet, 0.6743 at 25 feet, 0.6487 at 35 feet and 0.5658 at 45 feet) (Table 3.6).

The effect of fertilization treatment was significant (P=0.0365) with the WLP of 100N
(36.44%) and 200N (37.72%) showing a significant difference from 300N (29.18%). Both 100N
and 200N showed a considerable increase in latewood proportion compared to 000N (34.55%)

(Table 3.5). The significant height term (P<0.0001) (Table 3.4) indicates large variation in
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average WLP across height level in a tree (54.93% at 4.5 feet, 44.88% at 10 feet, 39.91% at 15
feet, 29.53% at 25 feet, 20.53% at 35 feet and 15.56% at 45 feet) (Table 3.6). It was found that
the WLP of lower heights were significantly different from that of upper heights. The presence
of a significant interaction between treatment and height (P=0.0335) was observed for WLP.
However, this treatment by height interaction mainly attributed to the large variation in WLP
from height to height.

WEG varied statistically from height to height (P<0.0001) (Table 3.4). However,
variation in WEG across heights was less (0.3172 at 4.5 feet, 0.3013 at 10 feet, 0.2933 at 15 feet,
0.2989 at 25 feet, 0.3099 at 35 feet, and 0.3416 at 45 feet) than WSG, WLP and WLG (Table
3.5). The effect of fertilization treatment was not significant, but the 200N treatment (0.3199)
showed an increase in WEG from the control (0.3093) and that of 100N (0.3062) and 300N
(0.3061) showed a slight decrease from the control (Table 3.6).

For three-year average MFA, the height to height variation (P<0.0001) was the only
significant term in the model (Table 3.4). This was attributed to the variation in MFA at different
height levels. It was found that MFA was higher at 4.5 feet (21.40°) and decreased to 16.68° at
10 feet and 14.71° at 15 feet. MFA then increased to 16.46° at 25 feet, 20.56° at 35 feet and
reached a maximum of 27.68° at 45 feet (Table 3.6). The effect of fertilization treatment was not
found to be significant, but MFA of treatments 200N (20.60°) and 300N (20.73°) were greater
than the control (18.66°) while that of treatment 100N (18.34°) showed little change from the
control (Table 3.5).

The large variation in average cell wall thickness across height levels led to a highly
significant height term (P<0.0001) (Table 3.4). It was found that wall thickness decreased from

the base to the top of the tree (4.16 um at 4.5 feet, 3.84 um at 10 feet, 3.65 um at 15 feet, 3.25
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um at 25 feet, 2.91 um at 35 feet and 2.71 um at 45 feet) (Table 3.6). The effect of fertilization
treatment was not significant and it was observed that the variation in cell wall thickness owing
to fertilizer application was small (Control = 3.43 um, 100N = 3.50 um, 200N = 3.48 um, 300N
= 3.27 um) with a small decrease for treatment 300N (Table 3.5).

The effects of fertilizer treatment (P=0.0253) and height (P<0.0001) were found
significant for three year average of cell radial diameter (Table 3.4). The radial diameter of
treatment 300N (38.46 um) was significantly greater than that of the control (36.93 um) and the
200N (36.86 um) at the 0.05 level and the 100N (37.03 um) at the 0.1 level (Table 3.5). The
significant height to height variation can be attributed to the increase in radial diameter from
bottom to top of the tree (34.14 um at 4.5 feet, 36.41 um at 10 feet, 36.78 um at 15 feet, 37.98
um at 25 feet, 37.95 um at 35 feet and 40.67 um at 45 feet) (Table 3.6).

The height term was highly significant (P<0.0001) for cell tangential diameter (Table 3.4)
and it was found that tangential diameter increased from the bottom to the top of the tree (32.40
um at 4.5 feet, 33.10 um at 10 feet, 32.99 um at 15 feet, 33.25 um at 25 feet, 33.20 um at 35 feet
and 35.80 um at 45 feet) (Table 3.6). A change in tangential diameter was not observed for
different treatments: 33.18 um for control, 33.61 um for 100N, 33.16 um for 200N and 33.87 um

for 300N (Table 3.5).

Fiber coarseness varied significantly from height to height (P<0.0001) (Table 3.4). Fiber
coarseness decreased from the bottom to the top of the tree (626.61 ug/m at 4.5 feet, 630.74
ug/m at 10 feet, 598.91 ug/m at 15 feet, 549.19 ug/m at 25 feet, 486.43 ug/m at 35 feet and
471.14 ug/m at 45 feet) (Table 3.6). The difference across fertilizer treatments was not

significant. Coarseness was greatest for treatments 100N (569.69 ug/m) and 200N (565.96 ug/m)
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compared to the control (557.31 ug/m) and was least for treatment 300N (549.05 ug/m) (Table

3.5).

The fertilizer treatment effect was found to be significant (P=0.0315) for three year
average perimeter following fertilization (Table 3.4). It was found that the perimeter of treatment
300N (144.80 um) was significantly greater than the control (140.41 um) and 200N (140.22 um)
at the 0.05 level. The perimeter of treatment 100N (141.53 um) and 200N showed little change
compared to the control (Table 3.5). The significant height effect (P<0.0001) was mainly due to
the large variation from bottom to the top of the tree (133.26 um at 4.5 feet, 139.46 um at 10 feet,
139.80 um at 15 feet, 142.71 um at 25 feet, 142.60 um at 35 feet and 152.60 um at 45 feet)
(Table 3.6).

Three year average specific surface varied significantly by height (P<0.0001) (Table 3.4),
due to the large increase in perimeter from the lower height levels to the upper height levels
(223.26 m%/kg at 4.5 feet, 243.59 m*/kg at 10 feet, 257.25 m*/kg at 15 feet, 283.69 m*/kg at 25
feet, 315.78 m?/kg at 35 feet and 379.30 m?/kg at 45 feet) (Table 3.6). The specific surface of
treatment 300N (295.80 mz/kg) was greater than that of the control (283.20 mz/kg), where as

those of 100N (275.59 mz/kg) and 200N (280.65 mz/kg) were less than the control (Table 3.5).

REPEATED MEASURE ANALYSIS

Repeated measure analysis of ring specific gravity averaged over six heights and five
years following fertilizer application indicates lack of treatment effect on RSG. Trends of ring
specific gravity over time (P<0.0001) and height (P<0.0001) were found to be highly significant
(Table 3.7). The significant interaction of treatment with height (P=0.0148) and with year

(P=0.0179) along with significant three factor interaction among treatment, height and year
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(P<0.0001) indicates the presence of time and height dependent changes in treatment effect on
RSG taken at five years following fertilization (Table 3.8, Figure 3.1).

LWSG averaged over six heights and five years following fertilization showed a
significant fertilizer treatment effect (P=0.0147) (Table 3.7). The overall average LWSG of
100N (0.6896) was found to be significantly higher than 300N (0.6498), where as those of 200N
(0.6703) and 000N (0.6771) were similar. The significant two way interaction of treatment with
year (P=0.0356) indicates a horizontal trend in LWSG change for five years following
fertilization. This was mainly attributed to the year to year variation in LWSG from 1984 to 1988
(Table 3.9, Figure 3.2) rather than the influence of any treatment effect. A height and time
related change for treatment effect (three way interaction among treatment, height and year) on
LWSG was absent.

The three way interaction among fertilizer treatments, height and year was significant for
LWP (P<0.0001) (Table 3.7). There were also significant interactions of fertilizer treatment with
height (P<0.0001) and with year (P<0.0001) and the significant main effects of height (P<0.0001)
and year (P<0.0001). The significant interaction of treatment with height is attributed to the
highly significant variation in LWP from stump to tip of the tree and from year 1984 to 1988
(Table 3.10, Figure 3.3).

The main effect of fertilizer treatment on five year average EWSG across six heights was
found to be significant (P=0.0007) (Table 3.7). It was found that the overall average EWSG of
treatment 200N (0.3155) was greater than all other treatments (000N = 0.3075, 100N = 0.3030,
300N = 0.2932). Earlywood specific gravity showed a highly significant interaction among
factors treatment, height and year (P<0.0001). There were significant interactions between

fertilizer treatment and height (P<0.0001) and between treatment and year (P<0.0001) along with
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the main effect terms height (P<0.0001), and year (P<0.0001) indicate that the major
contributors of three-way interaction are variation due to height and growth year (Table 3.11,

Figure 3.4).

DISCUSSION

Results from the present investigation showed that application of different levels of
nitrogen fertilizer (no nitrogen, 100Ib/acre, 200lb/acre and 300lb/acre) along with 251b/acre
phosphorous did not produce a significant difference in WSG averaged from pith to bark for
cores taken at six height levels. This supports the earlier findings of fertilizer application on
cores taken at breast height (Mora 2003, Megraw 1985, Choong et al.. 1970). WLG, WLP and
WEG are major contributors to ring specific gravity, and the weighted average from pith to bark
was not significantly different at six height levels of the tree after fertilization at mid-rotation.
Even though the effect of treatment was not statistically significant on whole core weighted
average of these four wood properties, lower values of WSG, WLG and WLP were observed for
treatment 300N from 000N, while WEG remained relatively constant for all treatments (Table
3.2). The WSG, WLG and WLP of treatment 100N and 200N were similar to 000N. However, it
is not possible to attribute these changes in whole core average values conclusively to fertilizer
applied at 1984 since numerous silvicultural, edaphic and climatic factors are involved in the
growth of tree.

The effect of fertilizer application on wood properties was considered to be transient in
nature and may last for a few years following fertilization (Posey 1964, Ross ef al. 1979). The
changes to wood properties due to mid-rotation nitrogen application could possibly be explained

on the basis of averages taken over a short time period following fertilization rather than on
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averaged values taken across annual rings from pith to bark. The lower value in three-year
average stiffness and WSG for treatment 300N from control treatments denotes the formation of
a weak band of wood following fertilization (Table 3.5). This change in MOE and WSG might
be attributed to the cumulative effect of changes in other properties such as a lower LWSG, LWP,
wall thickness and greater MFA, radial diameter and perimeter in the period immediately
following fertilizer application (Table 3.5). A significant difference in three-year weighted
average fiber properties such as wall thickness, radial diameter and perimeter confirms this
hypothesis.

The effect on wood properties following fertilization depends upon the amount of
fertilizer applied. Lower values in three-year MOE, WSG, WLG, WLP, wall thickness and
greater MFA, fiber radial diameter and perimeter were observed for treatment 300N. However,
the three-year weighted average wood properties of treatments 100N and 200N showed little
variation from the control (Table 3.5). The time required for wood properties to revert back to
normal varies with the amount of fertilizer applied which was clear from the plots of ring by ring
values of RSG, LWSG and WLP (Figure 3.1, 3.2 and 3.3). RSG of the 300N treatment falls to
values well below the other treatments and took about three years to return to normal (Figure
3.1). Differences in LWSG were also pronounced in trees receiving 300N, which showed a lower
value for one or two years at all heights following treatment and then recovered with LWSG
similar to the control (Figure 3.2). This short decrease in LWSG might be due to reduced
secondary wall thickening of latewood tracheids following fertilization (Clark et al. 2004). This
temporary change in specific gravity was attributed to large responses in the crown (especially
needle formation) and hence a temporary change in wood formation with higher earlywood to

latewood ratio (Larson et al. 2001).
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Limited studies have examined the effect of fertilization on wood properties at different
heights. Mallonee (1975) found that treatments have less influence at upper height levels. Most
of the wood properties follow some type of trend with height level such as a decrease for MOE
and RSG and an increase in MFA as tree height is increased. In the present investigation the
treatment by height interactions were not significant for weighted whole core and three-year
average of most of the wood properties. This confirms a lack of height dependent differences in
the effect of fertilizer treatment on wood properties averaged across the three years following
fertilization. However, the significant interaction of treatment with height in repeated measure
analysis of five year non-weighted RSG, LWP and EWSG was attributed to the large variation in
these wood properties from height to height.

To conclude, differences were absent in weighted averages of WSG, WLG, WEG, WLP
taken across annual rings from pith to bark owing to application of different levels of nitrogen
fertilizer at six height levels in a mid-rotation loblolly pine plantation. A significant change was
observed for three year weighted average MOE, WSG, WLG, WLP, fiber radial diameter and
perimeter following fertilization. Application of lower levels of fertilizer (100lb/acre and
2001b/acre) showed a positive effect on wood properties because of increased growth in mature
wood with little negative effect on wood properties. However, 300N resulted in a decline in
three-year averages of MOE, WSG, MFA and other fiber properties such as wall thickness,
radial diameter and fiber perimeter. So a proper selection of mid-rotation fertilization practice
must be made by taking account of two factors: the gain in yield and the reduction in the quality
of wood produced. In view of the results reported here mid-rotation nitrogen fertilization, at a
rate of 1001b/acre and 2001Ib/acre, has little influence on the quality of wood produced at the post

fertilization.
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Table 3.1: Test statistics for the analysis of whole core weighted average wood properties by

height level and fertilization treatment.

Denominator

Property Source Nun&?{ ator df F-Value P-Value o2 T c 2
H 5 139 125.80  <0.0001

WSG F 3 12 1.71 02179  2.7X10* 2.9X10™*
H*F 15 139 1.54 0.0998
H 5 15.9 9.33 0.0003

WLG F 3 27.6 2.16 0.1160 2.8X10* 3.2x10*
H*F 15 124 0.99 0.4713
H 5 139 193.99  <0.0001

WLP F 3 12 0.88 0.4786 5.8 7.8
H*F 15 139 1.09 0.3725
H 5 14.7 7.83 0.0009

WEG F 3 11.6 1.37 0.2994  1.4X10* 1.5X10*
H*F 15 124 1.30 0.2144

WSG = Weighted ring specific gravity; WLG = Weighted latewood specific gravity; WLP =

Weighted latewood percent; WEG = Weighted earlywood specific gravity; H = Height; F =
Fertilizer treatment; H*F = Interaction between height and fertilizer treatment
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Table 3.2: Least square means of basal area weighted whole-core average of wood properties by treatments.

Treatments
Property Control 1001b/acre 2001b/acre 3001b/acre
Ring Specific gravity 0.4569 0.4714 0.4708 0.4490
Latewood Specific gravity 0.7025 0.7184a 0.7061 0.6955a
Latewood Percent 38.42 40.69 40.04 37.96
Earlywood Specific gravity 0.3034 0.3020 0.3130 0.2972

***yalues with same letter in the row are significantly different at p<0.1

Table 3.3: Least square means of basal area weighted whole-core average of wood properties by height level.

Heights
Property 4.5 feet 10 feet 15 feet 25 feet 35 feet 45 feet
Ring Specific gravity 0.5163ab 0.4834ab  0.4659abc 0.4465abcd 0.4374abc  0.4226abcd
Latewood Specific gravity 0.7111a 0.7218b 0.7118c 0.7074d 0.6999be  0.6818abcde
Latewood Percent 50.39a 42.92ab 40.74abc  36.22abcd 34.05abcde 31.55abcde
Earlywood Specific gravity 0.3188a 0.3044a 0.2969a 0.2984a 0.3014a 0.3040a

*#*yalues with same letter in the row are significantly different at p<0.1
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Table 3.4: Test statistics on the analysis of three year post fertilization weighted average of key

wood properties.

Numerator

Denominator

Property Source df odf F-Value P-Value 02 T o 2
H 5 134 73.90  <0.0001
MOE F 3 28.2 3.37 0.0324 0.8 3.0
H*F 15 134 0.72 0.7565
H 5 129 9324  <0.0001
WSG F 3 9.1 5.40 0.0209 9.7X10™
H*F 15 132 0.94 0.5271
H 5 13.5 58.85  <0.0001
WLG F 3 28.2 11.07  <0.0001 1.9X10* 9.8X10*
H*F 15 119 0.65 0.8292
H 5 13.1 95.46  <0.0001
WLP F 3 9.1 437 0.0365 8.3 27.9
H*F 15 116 1.87 0.0335
H 5 15.1 12.17  <0.0001
WEG F 3 11.3 1.82 0.2008 1.4X10° 3.8X10™
H*F 15 96.2 1.33 0.2011
H 5 124 5450  <0.0001
MFA F 3 12.1 1.68 0.2231 10.48
H*F 15 130 0.95 0.5154
Wall H 5 134 193.63  <0.0001 } }
Thickness F 3 12.1 1.94 0.1771  2.3X10%  4.7X10
H*F 15 134 0.63 0.8490
Radial H 5 121 34.43  <0.0001
Diameter F 3 11 4.61 0.0253 3.6
H*F 15 129 1.32 0.1974
Tangential H 5 97.3 29.52  <0.0001
Dineeter F 3 11.3 2.09 0.1587 1.2
H*F 15 112 1.02 0.4446
H 5 134 4834  <0.0001
Coarseness F 3 28.5 0.65 0.5925 533.4 2939.9
H*F 15 134 0.85 0.6220
H 5 118 30.18  <0.0001
Perimeter F 3 10.7 431 0.0315 34.5
H*F 15 126 1.23 0.2615
. H 5 135 183.5  <0.0001
Specific F 3 12.3 195  0.1739 469.4
Surface
H*F 15 135 0.68 0.8020

MOE = Modulus of elasticity; WSG = Weighted ring specific gravity; WLG = Weighted latewood
specific gravity; WLP = Weighted latewood percent; WEG = Weighted earlywood specific gravity;

MFA = Microfibril angle.
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Table 3.5: Least square means of basal area weighted three year average of wood properties by fertilization treatment.

Treatments
Property Control 1001b/acre 2001b/acre 3001b/acre
Modulus of Elasticity (GPa) 11.40 11.99a 10.74 10.27a
Ring Specific gravity 0.4422a 0.4525b 0.4464c 0.4116abc
Latewood Specific gravity 0.6738a 0.6912b 0.6580b 0.6379ab
Latewood Percent 34.55 36.44a 37.72b 29.18ab
Earlywood Specific gravity 0.3093 0.3062 0.3199 0.3061
Microfibril Angle (in degrees) 18.66 18.34 20.60 20.73
Wall Thickness (um) 3.43 3.50 3.48 3.27
Radial Diameter (um) 36.93a 37.03b 36.86¢ 38.46abc
Tangential Diameter (um) 33.18 33.61 33.16 33.87
Coarseness (ug/m) 557.31 569.69 565.96 549.05
Perimeter (um) 140.41a 141.53 140.22b 144.80ab
Specific Surface (m*/kg) 283.20 275.59 280.65 295.80

*#*yalues with same letter in the row are significantly different at p<0.1
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Table 3.6: Least square means of basal area weighted three-year average of wood properties by height level.

Heights

Property 4.5 feet 10 feet 15 feet 25 feet 35 feet 45 feet
Modulus of Elasticity (GPa) 13.65a 13.32b 13.18c¢ 10.92abcd  8.91abcde 6.61abcde
Ring Specific gravity 0.5287a 0.4813abc  0.4551abc  0.4109abcd 0.3801abed  0.3730abced
Latewood Specific gravity 0.7018a 0.7018b 0.6988c  0.6743abd  0.6487abce 0.5658abcde
Latewood Percent 54.93a 44.88ab 39.91ac 29.53abcd  20.53abcd 15.56abed
Earlywood Specific gravity 0.3172a 0.3013b 0.2933ac 0.2989d 0.3099¢ 0.3416abcde
Microfibril Angle (in degrees) 21.40a 16.68ab 14.71abc 16.46ad 20.56bcde  27.68abcde
Wall Thickness (um) 4.16a 3.84ab 3.65abc 3.25abcd 2.91abcde 2.71abcde
Radial Diameter (um) 34.14a 36.41ab 36.78ac 37.98abcd 37.95abe 40.67abcde
Tangential Diameter (um) 32.40a 33.10ab 32.99¢ 33.25ad 33.20ae 35.80abcde
Coarseness (©g/m) 626.61a 630.74b 598.91c  549.19abcd 486.43abcd  471.14abcd
Perimeter (um) 133.26a 139.46ab 139.80ac 142.71ad 142.60ae  152.60abcde
Specific Surface (m*/kg) 223.26a 243.59ab  257.25abc  283.69abcd 315.78abcde  379.30abcde

***yalues with same letter in the row are significantly different at p<0.1
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Table 3.7: Test statistics from repeated measure analysis of the five year post fertilization value

Numerator

Denominator

Property Source d.f df F-Value P-Value c 2
F 3 11.8 2.47 0.1131
H 66.8 132.30  <0.0001
A 4 65.3 12.35 <0.0001 4
RSG 5.3X10
H*F 15 66.3 2.20 0.0148
A*F 12 65.1 2.27 0.0179
H*A*F 60 288 241 <0.0001
F 3 33.2 4.05 0.0147
H 89.5 38.54  <0.0001
4 242 19.61 <0.0001 4
LWSG 2.3X10
H*F 15 89.4 0.65 0.8246
A*F 12 241 1.89 0.0356
H*A*F 60 313 0.94 0.6019
F 3 12.2 1.19 0.3544
H 111 269.93  <0.0001
LWP A 4 91.8 15.53 <0.0001 557
H*F 15 110 5.42 <0.0001
A*F 12 87.9 4.41 <0.0001
H*A*F 60 315 3.96 <0.0001
F 3 43 6.89 0.0007
H 06.4 9.65 <0.0001
4 115 10.27  <0.0001 4
EWSG 1.3X10
H*F 15 66.2 6.21 <0.0001
A*F 12 112 11.28 <0.0001
H*A*F 60 302 3.82 <0.0001

RSG = Ring specific gravity; LWSG = Latewood specific gravity; LWP = Latewood percent;
EWSG = Earlywood specific gravity; F = Fertilizer treatment; H = Height; A = Year; H*F =
Interaction between height and fertilizer treatment; A*H = Interaction between height and year;
and H¥*A*F = Interaction among terms fertilizer treatment, year and height.
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Table 3.8: Least square means of ring specific gravity for each treatment by height level
for the five years following fertilization.

Height Treatment Year
1984 1985 1986 1987 1988
4.5 000N 0.5360 0.5369 0.5193 0.4891 0.4565
100N 0.5428 0.5534 0.5420 0.5359 0.5089
200N 0.5246 0.5454 0.5528 0.5485 0.5276
300N 0.4881 0.5045 0.5074 0.5330 0.5124
10 000N 0.4983 0.4928 0.4876 0.4748 0.4457
100N 0.4943 0.5060 0.5092 0.4985 0.4833
200N 0.4763 0.4794 0.4950 0.4949 0.4598
300N 0.4458 0.4441 0.4611 0.4645 0.4509
15 000N 0.4559 0.4671 0.4562 0.4577 0.4320
100N 0.4848 0.4790 0.4769 0.4644 0.4358
200N 0.4472 0.4516 0.4677 0.4818 0.4582
300N 0.3986 0.4414 0.4413 04718 0.4342
25 000N 0.4007 0.4270 0.4328 0.4162 0.4002
100N 0.4062 0.4428 0.4428 0.4581 0.4109
200N 0.3960 0.4040 0.4329 0.4348 0.4096
300N 0.3620 0.3944 0.3957 0.4345 0.3998
35 000N 0.3586 0.4074 0.3876 0.4072 0.3745
100N 0.3720 0.3936 0.3977 0.3887 0.3875
200N 0.3644 0.4003 0.3942 0.3980 0.3864
300N 0.3260 0.3629 0.3717 0.3879 0.3785
45 000N 0.3960 0.3955 0.3777 0.3616 0.3402
100N 0.3416 0.3571 0.3599 0.3528 0.3485
200N 0.4790 0.4329 0.3927 0.3737 0.3519
300N 0.5416 0.3335 0.3489 0.3443 0.3356
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Table 3.9: Least square means of latewood specific gravity for each treatment for the

five years following fertilization.

Treatments Year
1984 1985 1986 1987 1988
000N 0.6671 0.6724 0.6786 0.6756 0.6918
100N 0.6422 0.6870 0.6941 0.7137 0.7111
200N 0.6303 0.6435 0.6869 0.6875 0.7035
300N 0.6079 0.6348 0.6555 0.6768 0.6742
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Table 3.10: Least square means of percent latewood for each treatment by height

level for the five years following fertilization.

Height Treatment Year

1984 1985 1986 1987 1988

4.5 000N 56.21 55.93 54.92 49.91 41.28
100N 60.31 55.45 57.05 52.96 50.30

200N 55.34 56.20 55.22 54.81 51.72

300N 51.50 52.39 50.28 55.64 51.08

10 000N 45.77 46.79 46.84 42.71 34.89
100N 48.15 46.41 47.32 42.61 40.90

200N 46.61 43.28 44.73 45.76 35.06

300N 44.34 39.85 41.72 42.51 38.81

15 000N 37.02 40.59 40.47 39.14 34.85
100N 46.11 41.28 41.77 39.59 32.62

200N 41.22 43.20 41.48 42.40 36.63

300N 30.64 38.95 37.00 43.25 32.75

25 000N 24.42 32.99 33.84 30.55 26.31
100N 29.32 35.54 37.74 39.59 28.45

200N 28.96 27.05 34.41 36.09 26.71

300N 20.07 24.61 27.90 36.56 27.16

35 000N 18.00 25.85 22.87 28.59 20.19
100N 17.61 20.86 26.28 24.50 23.26

200N 15.37 23.36 25.01 27.16 21.16

300N 10.96 14.92 19.60 24.60 20.44

45 000N 7.24 12.99 13.76 10.60 11.75
100N 6.06 10.41 17.06 15.63 14.94

200N 59.94 32.81 20.21 14.34 11.20

300N 98.39 10.17 7.35 9.71 10.81
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Table 3.11: Least square means of earlywood specific gravity for each treatment by

height level for the five years following fertilization.

Height Treatment Year
1984 1985 1986 1987 1988
4.5 000N 0.3193 0.3113 0.3068 0.2973 0.2909
100N 0.3158 0.3115 0.3097 0.3084 0.2998
200N 0.3460  0.3155 0.3266 0.3279 0.3261
300N 0.3232  0.3106 0.3151 0.3183 0.3112
10 000N 0.3135 0.3045 0.2976 0.2943 0.2988
100N 0.3038 0.2987 0.3010 0.3063 0.3103
200N 0.3098 0.2971 0.2979 0.2973 0.3062
300N 0.2994  0.2972 0.2969 0.2923 0.2925
15 000N 0.3004  0.2945 0.2879 0.2870 0.2880
100N 0.3023 0.2996 0.2969 0.2863 0.2975
200N 0.2992  0.2848 0.2913 0.3007 0.2979
300N 0.2906  0.2930 0.2864 0.2855 0.2972
25 000N 0.3028 0.3045 0.2944 0.2896 0.2912
100N 0.2883 0.2988 0.2892 0.2862 0.2897
200N 0.3010  0.3032 0.2956 0.2907 0.2954
300N 0.3012  0.3154 0.2882 0.2872 0.2898
35 000N 0.2970  0.3142 0.3018 0.3013 0.2935
100N 0.3228 0.3171 0.2980 0.2939 0.2906
200N 0.3166  0.3208 0.3039 0.2970 0.3010
300N 0.2974  0.3197 0.3121 0.3091 0.3085
45 000N 0.3932  0.3827 0.3430 0.3245 0.2978
100N 0.3316  0.3302 0.3137 0.2980 0.2945
200N 0.4242  0.3909 0.3556 0.3338 0.3137
300N -0.0098  0.3141 0.3349 0.3176 0.2999
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Figure 3.1: Average ring specific gravity by year (1983 to 1990) for four (100N, 200N,

300N and Control) levels of fertilizer application.
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CHAPTER 4
MODELING THE EFFECTS OF FERTILIZATION ON STIFFNESS OF LOBLOLLY

PINE (PINUS TAEDA L.)

ABSTRACT

Modulus of elasticity (MOE) or stiffness was measured from radial strips collected at six
height levels from a thinned and fertilized mid-rotation loblolly pine (Pinus taeda L.) plantation
located in the Coastal Plain of North Carolina. The study was a randomized complete block
design receiving four levels of nitrogen fertilizer (Control- no fertilizer, 100Ib/acre, 2001b/acre
and 300lb/acre along with 25Ib/acre of phosphorous with each treatment), each replicated in four
blocks. A nonlinear logistic model was fitted to explain the variation in stiffness in a three
dimensional way, from stump to tip and pith to bark of a tree which did not receive any mid-
rotation fertilizer application. Attempts were made to explain the differences in stiffness of wood
formed following fertilizer application. However, the lack of consistent response in stiffness
from stump to tip and pith to bark owing to fertilization made the explanation of stiffness
response in a functional form difficult.

Keywords: loblolly pine, stiffness, nonlinear modeling, fertilization
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INTRODUCTION

Loblolly pine (Pinus taeda L.) is one of the major commercial tree crops in the southern
United States of America (USA). This region alone supplies around 58% of total wood used in
the USA and 16% of the wood supplied to the world market (Wear and Greis 2002). Considering
the importance of this species, various research efforts and field trials were established to
improve the gain in yield from a unit area of production. Application of intensive silvicultural
management practices along with the use of genetically improved seedlings proved to be
successful in shifting the growth curve of this species upwards (Li ef al. 1999, Amateis et al.
2000, Jokela et al. 2000, Borders and Bailey, 2001). However, the supply of timber to the market
produced from intensively managed plantations has increased in the last couple of decades; there
is a vital need to examine the quality of wood produced following these silvicultural practices.

Modulus of elasticity (MOE) / Stiffness is an important wood quality parameter. Simply
MOE is explained as the ability of wood to withstand a load. The MOE within a tree depends
upon the radial position and height within a tree. MOE increases from pith to bark within a tree
and decreases from stump to tip (Megraw et al. 1999). Ring specific gravity and microfibril
angle are considered to be major contributors to the stiffness of wood. A direct positive
relationship exists between MOE and specific gravity, while an inverse relationship exists
between MOE and microfibril angle (Megraw ef al. 1999).

Mid-rotation application of nitrogen fertilizer is gaining considerable interest in loblolly
pine management because of its ability to improve yield in a biologically and financially
attractive way (FNC Synthesis 2006). However concerns exist about the quality of wood
produced by these practices. The ability to predict MOE anywhere within the tree would

significantly improve the utilization performance of wood produced following silvicultural
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practices especially mid-rotation fertilization. More over, such models would help industry to
optimize the purchase and utilization of wood for appropriate products and let growers to project
the quality of future products from various silvicultural practices.

The objective of this study was to develop a basic model to predict the MOE of loblolly
pine at any point within the tree, from pith to bark and from stump to tip. The specific objective
was to identify the trend of MOE change at different height levels within the tree following
fertilization and to try to incorporate this response function in the basic model which will aid
foresters in predicting the MOE of wood formed following mid-rotation fertilization of loblolly

pine plantations.

MATERIALS AND METHODS
DATA COLLECTION

In addition to the 1 inch X 1 inch X 1 inch blocks, an additional 36 strips (selected to
represent the 6 height level within each treatment) of length 40 mm were randomly separated
from the mature and juvenile wood regions of the pith to bark radial strips. This set was also sent

for the estimation of stiffness by SilviScan.

Near infrared (NIR) reflectance spectra were collected from the radial face of all
SilviScan strips at an interval of 10 mm using a NIRSystems Inc. Model 5000 scanning
spectrophotometer. All spectra were collected in a light proof environment to avoid any
intervention of stray light on NIR measurements. A 10 mm X 5 mm mask was used to ensure a
constant area was tested. The SilviScan data and spectra collected from SilviScan strips using the
NIR Systems 5000 scanning spectrophotometer were used to develop a Partial Least Square

(PLS) regression calibration for the prediction of stiffness. The calibration was developed using
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Unscarmbler Software (Version 9.2). This calibration was used for the prediction of stiffness
from pith to bark at 10 mm intervals from NIR spectra collected from the radial strips cut at the

USDA-Forest Service wood property lab.

Non-linear models for predicted stiffness were fitted using data from every 10mm
interval, pith- to- bark, at six height levels using PROC NLIN and PROC MODEL procedures

available in the SAS version 9.1 (SAS 2004).

MODEL DEVELOPMENT

The first step was to develop a basic model which can explain the variation in MOE from
pith to bark at different height levels for a tree growing under normal conditions where no
fertilizer treatment was received. MOE data at each point were plotted from pith to bark at six
height levels (Figure 4.1) irrespective of treatment applied. MOE follows a non-linear pattern of
increase with distance from the pith at all heights (Figure 4.1 and 4.2). A logistic function was
selected from several candidate models to explain the variation in MOE from pith to bark. The

functional form of the model is:

4
1+ (¢ *exp(¢s * X))

f(x) =

For prediction of MOE, at any given height level the model becomes:

MOEj; = # - + &j
1+ (¢ *exp(¢s *dist,)
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where,

MOE;j; = modulus of elasticity at i distance from pith and j” height,

dist = distance from pith to bark,

&, ¢, ¢ = parameters to be estimated from the data,
& = random error associated with distance i, at height ;.

The three dimensional explanation of MOE was possible only by incorporating the height
term in the model. According to Daniels et al. (2002), a simplest solution to this problem is to
predict the parameters in the above equation as quadratic functions of height. Thus the

parameters in the above equation can be written as:

b =by + b1 H; + by Hf
b = by + bioH; + byHY
¢?3 =bos + bi3H; + b23HjZ

where,

H; = tree height above ground at disk j,
boi,.....bas = parameters to be estimated.
FITTING THE RESPONSE MODEL

After fitting the basic model for predicting MOE at any point within the tree, attempts
were made to fit the pattern of response observed for MOE at any position following fertilizer

application. Average MOE by treatment and difference in average MOE of the treatments (100N,
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200N and 300N) from 000N were calculated at each position (10mm interval) from the point of

fertilization to bark and plotted at six height levels (Figure 4.3 and 4.4).
RESULTS

Table 4.1 contains the parameter estimates and fit index of the nonlinear MOE model.
Two of the parameters in the proposed model (b,;, by) were found to be not significant and

dropped from the final model. The final three dimensional MOE prediction model is given as:

162065 0.00134,
1+ [(6.9039 —0.1107h; )exp((— 0.0382 - 0.0018h; + o.ooooshjz) x dist; )]

MOEij =

All other parameters in the model were significant at the 0.05 level. Plots of residuals
against independent variables height and distance from pith (Figure 4.5) did not show any trend
that would indicates bias. The plot of residuals against fitted values did not show any specific
pattern either (Figure 4.5). The plot of actual MOE values versus fitted MOE values shows a
reasonable relationship (Figure 4.5). It was also observed that the mean of fitted values and

actual values did not vary greatly at six height levels (Figure 4.6).

DISCUSSION

A nonlinear logistic model was developed to explain the variation in MOE at any point
within the tree based on the data collected from 32 trees at six height levels. The fit index (R?) of
this model was 0.7293 with a residual standard error of 2.1589 GPa. From the examination of the
fit index, residual plots and plots of fitted values with actual values, the proposed model was

found to perform reasonably well in explaining changes in MOE from pith to bark and stump to
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tip of a tree. From a utilization point of view, the basic model will aid the forester to predict
MOE at any point within a tree. Moreover the model needs minimal inputs, radial distance from
pith and height of the sample in the tree, which are easy to measure compared to MOE prediction
models which use microfibril angle and ring specific gravity as predictive variables.

Various studies examined the changes in physical, mechanical and anatomical properties
of wood produced in different species following mid-rotation fertilization (Williams and
Hamilton 1961 - Pinus elliotti Engelm., Posey 1964 — Pinus taeda L., Pinus radiata D.Don -
Nyakuengama et al. 2002, Nyakuengama et al. 2003, Nyakuengama et al. 2004), but none
attempted to model the response in a predictive format. This is the first endeavor to fit a common
function for response owing to treatments across height levels. However, the attempt to model
the treatment response on MOE failed due to the absence of a consistent response following mid-
rotation fertilization from stump to tip and from pith to bark (Fig 4.3 & 4.4). Even though the
attempt to model the treatment response for MOE failed, it was clear from the plots of response
(Figure 4.4) that at height levels 4.5 and 10 feet, the application of nitrogen (particularly 100N)
resulted in the production of wood which was stiffer than untreated trees, except for a small
decline in stiffness immediately after fertilization for higher rates of nitrogen (200N and 300N)
applications. At height levels 15 and 25 feet, 100N produced stiffer wood, while stiffness for the
200N and 300N treatments decreased after treatment before becoming normal. At heights 35 and
45 feet, all levels of nitrogen application resulted in the production of less stiff wood. This might
be explained by the differences in the type of wood being produced at each height. At the lower
heights (4.5 and 10 feet) the trees have started to produce mature wood with higher latewood
content. Application of nitrogen at mid-rotation produced little change in wood quality at these

heights except for a temporary decrease for higher treatment rates. As height increased (15 and
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25 feet) the trees are in the transition stage between maturity and juvenility. The higher rate of
nitrogen application resulted in a decline in wood quality or an extension of the transition period
at these heights. At heights 35 and 45 feet, which are close to crown, application of nitrogen

resulted in production of more juvenile wood of lower quality.
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Table 4.1: Parameter estimates and fit statistics for the nonlinear model to predict modulus of
elasticity by height and distance from pith.

Parameter Estimate Std. Error t value p value
bo1 16.2065 0.2639 61.42 <.0001
b1 -0.0013 0.000485 -2.59 0.0097
bo2 6.9039 0.6864 10.06 <.0001
b1z -0.1107 0.0554 -2 0.0457
bos -0.0382 0.00306 -12.48 <.0001
b3 -0.0018 0.000367 -4.94 <.0001
b3 0.00003 8.86E-06 3.1 0.002

Fit index: 0.7293
Residual standard error: 2.1589

Residuals:
Min Med Max
-8.4021847 0.0770927 8.3742750
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CHAPTER 5
CONCLUSIONS

Mid-rotation fertilizer application is a widely accepted practice in loblolly pine (Pinus
taeda L.) plantation management regimes. This is attributed to the significant influence of
fertilization in increasing the growth rate of a tree in both biologically and financially attractive
ways. However, forest managers and manufactures are concerned about the quality of wood
produced from a fertilized loblolly pine plantation. Thirty two trees were collected from a
thinned, fertilized mid-rotation loblolly pine plantation located at New Bern, in the lower Coastal
Plain of North Carolina. Modulus of elasticity, ring specific gravity and fiber anatomical
properties such as microfibril angle, wall thickness, radial and tangential diameter, perimeter,
coarseness and specific surface of wood were measured from the radial face of strips made from
cores collected at six height levels of these trees. The study was a randomized complete block
design receiving four levels of nitrogen fertilizer (Control- no fertilizer, 100lb/acre, 2001b/acre
and 3001b/acre along with 25Ib/acre of phosphorous with each treatment), each replicated in four
blocks. Analysis of variance was conducted on ring basal area weighted whole core average of
ring specific gravity, latewood specific gravity, percent latewood and earlywood specific gravity
averaged across annual rings from pith to bark. Analysis of variance was conducted on three-
year basal area weighted modulus of elasticity, ring specific gravity and fiber anatomical
properties such as microfibril angle, wall thickness, radial and tangential diameter, perimeter,

coarseness and specific surface. A repeated measure analysis was conducted
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to examine the variation in treatment effects five years following fertilization and from stump to
tip of the tree.

Significant differences were absent among treatments for basal area weighted ring
specific gravity, latewood specific gravity, percent latewood and earlywood specific gravity
averaged across annual rings from pith to bark. A significant response was observed for a three-
year weighted post fertilization average of MOE, ring specific gravity, latewood specific gravity,
percent latewood, radial diameter, and perimeter for treatment 300Ib/acre. Compared to control,
lower values of MOE (1.13GPa), ring specific gravity (0.03), latewood specific gravity (0.03),
percent latewood (5%), wall thickness (0.16um) and higher values of MFA (2.07°), radial
diameter (1.53um), and perimeter (4.39um) were observed for trees that received 3001lb/acre of
nitrogen. Little change was observed in wood properties for trees that received lower levels of
nitrogen fertilizer (100lb/acre and 200lb/acre). Properties such as earlywood specific gravity,
tangential diameter, coarseness and specific surface remained the same following fertilizer
application irrespective of the rate of fertilizer applied. A height related trend in wood property
changes owing to nitrogen application was absent. A time and height dependent change
following treatment in ring specific gravity, latewood specific gravity, percent latewood and
earlywood specific gravity was evident from the repeated measure analysis for five-year ring
values taken following treatment, but none of the treatments showed a significant difference
following fertilization. To conclude, significant changes were absent following mid-rotation
fertilization in wood properties of whole cores taken at six height levels; however depending
upon the rate of fertilizer applied, a decline in wood quality was observed in growth rings

produced immediately after fertilization irrespective of height.
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Modulus of elasticity / stiffness of wood is an important wood property explains the
quality of wood in terms of its ability to with stand structural deformations. A nonlinear logistic
model was fitted to explain the variation in stiffness in a three dimensional way, from stump to
tip and pith to bark for trees that did not receive any mid-rotation fertilizer application. The basic
model was found to explain the variation in MOE at any specific point within a tree reasonably
well. Attempts were made to explain the change in stiffness of wood formed following fertilizer
application. However, the lack of consistent response in stiffness from stump to tip and pith to
bark owing to fertilization made the explanation of stiffness response in a functional form

difficult.
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APPENDIX A

MODEL SELECTION FOR WHOLE-CORE WEIGHTED AVERAGES

Correlation structure

Property Random effects for height AIC BIC
Ring Specific gravity (ap)ij, Ty - -769.3 -767.0
Latewood Specific gravity B Tijx - -750.7 -747.2
Latewood Percent (ap)ij, Ty - 929.1 9314
(@i, (BY)ir. Tiji - -877.9 -874.8

Earlywood Specific gravity
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MODEL SELECTION FOR THREE-YEAR WEIGHTED AVERAGES

APPENDIX B

Correlation structure

Property Random effects for height AIC BIC

Modulus of Elasticity (GPa) Tk - 715.3 718.2
Ring Specific gravity B (ap); SP(LINL) -629.2 -631.7
Latewood Specific gravity By Ty - -577.2 -573.7
Latewood Percent B (B (ap)i, Tijk - 1103.2 1100.1
Earlywood Specific gravity By)jt (ap);; SP(EXP) -742.5 -736.6
Microfibril Angle (in degrees) (ap)ij SP(POW) 891.2 893.6
Wall Thickness ([m) (ap)ij, Ty - 62.6 64.9

Radial Diameter (um) (ap)ij SP(EXP) 716.5 718.8
Tangential Diameter (Um) (ap);j SP(LINL) 533.9 536.2
Coarseness (1g/m) Ty - 1815.5 1818.4
Perimeter (Um) (ap);j SP(EXP) 1076.4 1078.7
Specific Surface (m*/kg) (af)ij SP(LINL) 1449.9 1452.2

81



