
ABSTRACT 

 

STEIGER, JOSHUA JOHN. Impacts of Different Levels of Genetic Homogeneity on 
Juvenile Stem Characteristics and Potential Stand-level Value in Loblolly Pine (Pinus taeda 
L.). (Under the direction of Dr. Bronson P. Bullock.)  

The availability of improved genetics in Loblolly pine (Pinus taeda L.) coupled with 

advancement in silvicultural techniques provides land managers many options to optimally 

managing forest land in the Southeast. However, the interaction of varying levels of genetic 

diversity in loblolly pine across the landscape is not well understood. The recent, wide-

spread deployment of more genetically homogenous genotypes, such as clones and full-sib 

families, drives the demand for better understanding growth and uniformity in stands with 

varying levels of genetic diversity. We hypothesized that stands planted with more 

genetically homogenous genotypes would be more uniform for growth traits and sawtimber 

potential in juvenile lobololly pine. Our results indicate that less genetically diverse 

genotypes are not more uniform than the more genetically diverse genotypes, and in most 

cases genetic homogeneity actually led to more variation in growth traits. 

Furthermore, we assessed and compared the predicted values of 10 genotypes using 

three scenarios based on growth and yield projections using the LobDSS software package.  

Although volume is the primary driver of value in loblolly pine plantations today, the quality 

of stems in a stand also plays a significant role, but is difficult to include in yield projections. 

By incorporating predicted product class proportions and sawlog quality measures, we aimed 

to accurately predict and assess the overall stand value over a range of genotypes. Having 

access to reliable stand value data will play an important role for land managers that aim to 

increase the value of forested land. Our results show that by incorporating more accurate 



product class allocation and sawtimber quality measures, the value of stands can change 

dramatically.  These results suggest that if the landowner is paid for the quality of their 

timber, not just the quantity, then some genotypes are better options than others. 
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CHAPTER 1. GENERAL INTRODUCTION 

 

Loblolly Pine Genetic Deployment Options  

 Currently across the South, loblolly pine (Pinus taeda L.) seedlings are planted on 

approximately 1.2 million acres every year (McKeand et al. 2006). This vast acreage 

converts into nearly one billion seedlings being grown and distributed annually by nurseries. 

Of the approximate one billion seedlings being deployed, virtually all of the material has 

been genetically improved (McKeand et al. 2003) through work done by tree improvement 

programs in the Southern US. This genetic improvement began in the 1950’s when tree 

breeders and vertically integrated forest product companies collaborated in an effort to 

produce faster growing trees with better form and disease resistance. Today, the results of 

these collaborations are evident through the increased rust resistance and increased volume 

gains in loblolly pine.  Conservatively, improved trees planted today are between 10 and 30% 

more productive than unimproved trees (McKeand et al. 2003).  Furthermore, the amount of 

genetic gain possible dramatically increases depending on what genotypes are planted.  For 

example, volume gains could be near 60% if the best second generation full-sib seedlings are 

planted (Jansson and Li 2004) and the proper silviculture techniques are employed.  

Today, the range of seedling genotypes produced by nurseries varies considerably.  

Options include seed orchard mixes (SOM), open-pollinated (OP), full-sib (FS) and 

individual clones. Each of these genotypes has a different level of genetic homogeneity, with 

SOM having the least and clones having the greatest level of genetic homogeneity. This 
 

 
 
 

1 



allows landowners and land managers to balance the pros and cons of deploying less 

genetically diverse, yet potentially more productive genotypes (Bridgwater et al. 2005). 

 Traditionally, seed orchard mixes have accounted for the bulk of pine plantations in 

the South. However, this strategy shifted recently and single open-pollinated families have 

been deployed extensively, accounting for 59% of all loblolly pine plantations in 2002 

(McKeand et. al. 2006). More recently, full-sib and clonal deployment is increasing in 

planting regimes. With this shift in deployment strategies, production potential per acre has 

increased, but the genetic diversity of the landscape has decreased, thus implying more 

potential risk to the landowner. Such risks include both native and invasive forest pests that 

prefer large, even-aged stands. Furthermore, it is evident that landscapes consisting of stands 

of similar sized trees are more vulnerable to damage from a particular pest than if the 

landscape were composed of stands of a variety of size and age classes (Waring and O’Hara 

2005). However, risks due to the lack of genetic diversity have long been a concern in tree 

improvement programs (Zobel and Talbert 1984) and will likely continue to be an issue as 

long as large, single-family block plantings exist. However, to date there have been no 

indications of loblolly pine plantation failures because of limited genetic diversity on a given 

site (McKeand et al. 2003).   

 After nearly 3 generations of tree improvement, today’s landowners and foresters 

have more options than ever when they plant loblolly pine. The increased gains in 

productivity, stem form, and disease resistance allow for higher quality and more productive 

stands. These traditional tree improvements combined with the varying levels of genetic 
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homogeneity available provide landowners numerous reforestation options. Furthermore, it is 

important to note that due to the large genome (Remington et al. 1999) and the large amount 

of genetic variation in growth and adaptability still in the species, continued tree breeding 

will likely result in significant improvements in future seedling deployment (McKeand et al. 

2003). 

Southern Pine Economics 

Traditionally, the economic driving force for southern pine has been overall stand 

volume. Therefore, deployed seedlings have typically come from mixed families that are well 

adapted to the region and fast growing. Coincidentally, these fast growing, well adapted 

family mixtures are still readily available at most nurseries. However, given the wide range 

of genetic material now available to choose from, it is not necessarily the best financial 

decision to deploy the cheapest, most readily available seedlings. In fact, most nurseries sell 

mixtures of seedlings from many families, and also individual OP families or mixtures of 

only the best families (McKeand et al. 2006) for similar prices. Because these families could 

range from average genotypes to the very best genotypes, the financial return for the investor 

could be increased considerably if they are willing to make the effort to obtain the best 

available genetics (McKeand et al. 2006).  

The cost of loblolly pine seedlings varies dramatically depending upon the 

propagation method, nursery culture, and genetic pedigree of the material.  On average, bare 

root seedlings are the least expensive, and costs range from approximately $50 per thousand 
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seedlings for a seed orchard mix to as much as $200/thousand for full-sib crosses. Prices for 

containerized seedlings are significantly higher than bare root, ranging dramatically from 

$160/thousand for second cycle material, $300/thousand for full-sibs, and to as much as 

$400/thousand for clones. Although the range of costs for pine seedlings is dramatic, the 

more expensive seedlings may increase the value of the stand substantially and more than 

justify the initial seedling costs. 

Undoubtedly, the past 60 years of tree improvement efforts in loblolly pine have 

increased per acre timber yields. However, this does not address how forest value in the 

South has changed as a result of those improvements.  To better understand this, research 

was done recently to determine the financial benefits of planting the best loblolly pine 

genetic material. McKeand et al. (2006) determined that under intensive forest management 

regimes, deploying improved genetics could result in a net present value (NPV) increase of 

$184/ac over a site planted with unimproved genetics, at an 8% interest rate. Notably, these 

were conservative estimates and it is possible that if using the best genetics available it could 

result in even more financial gain. For example, some full-sib genotypes have the potential to 

increase the productivity of a site by 15 feet compared to site index at age 25, which would 

increase the NPV to $282/ac over an unimproved stand (McKeand et al. 2006).  

As previously mentioned, the value of a pine plantation is strongly based upon the 

volume of timber present. Even so, by only accounting for volume gains one can easily see 

how the value of a stand can change dramatically by planting improved genetics and 
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employing sound forest management techniques. What stand valuation does not routinely 

include is the overall quality of the stems in the stand (Biblis and Carino 2002).  If gains in 

stem form and disease resistance are included in stand valuation, it may increase 2-fold 

versus only accounting for volume (McKeand et al. 2006). This is largely because trees with 

straight stems and small, infrequent branches yield more merchantable wood than trees with 

crooked stems and large branches (Busby 1983). Furthermore, merchantable pine timber is 

broken up into several product classes, ranging from most valuable to least valuable: veneer, 

poles, sawtimber, chip-n-saw, and pulpwood. Thus, the value of a stand should be 

considerably higher when it consists of merchantable timber in the higher value product 

classes. In addition, research done in the mid 1990’s by Temple-Inland showed that sawmills 

are more efficient and more profitable when processing logs that came from a stand with a 

high overall sawtimber grade (Wagner et al. 1996). For example, trees that received a grade 1 

on the stump were 13% more valuable to the mill than trees that receive a grade 2 (Clark and 

McAlister 1998). Furthermore, the stumpage value for grade 2 trees was 19% higher 

compared to grade 3 trees (Clark and McAlister 1998). The increased value is a result of the 

increased lumber recovery from stemwood and the proportion of lumber recovered that was 

high quality (i.e. No.1 vs No.2 grades). So, whether you are a landowner, a timber buyer, or a 

mill operator, all parties involved could benefit significantly from a high quality stand of 

timber.  
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Silviculture in the Lower Coastal Plain 

Silviculture can be defined as the practice of controlling the establishment, growth, 

composition, health, and quality of forests to meet diverse needs and values (Nyland 2002).  

South wide, silviculture techniques from one pine plantation to another tend to be similar, but 

can vary considerably depending on how intense the landowner wants to manage their land.  

In general, silviculture techniques consist of site preparation, competition management, 

thinning regimes, and stand fertilization. Furthermore, silvicultural practices are not just vital 

for maintaining healthy stands of trees, but silviculture also plays a very important role in the 

quality of trees at harvest. Unfortunately for land managers in the Lower Coastal Plain, they 

are faced with a host of problems that managers in other physiographic regions do not 

encounter (Fox et al. 2007).  

Poorly drained soils are dominant across much of the landscape in the Lower Coastal 

Plain. In addition, water tables are high and are sometimes at or very near the surface. As a 

result, the survival and growth of seedlings can be very poor (Fox et al. 2007). To help lower 

the water table and increase drainage, many areas in the South were ditched. By the 1950’s, it 

was very evident that removing water from naturally wet soils dramatically increased the 

survival and growth of nearby pine stands (Schlaudt 1955, Miller and Maki 1957, Maki 

1960). Growth response of planted pines after drainage became well documented, with 

results ranging from 80% to a nearly 1,300% growth increase when compared to areas not 

ditched (Terry and Hughes 1975).  Consequently, drainage of forested wetlands in the South 
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became a common and widespread practice, especially in the coastal region of North 

Carolina (Fox et al. 2007).  

Although drainage ditches lower the water table considerably, reduced 

evapotranspiration rates in recently planted plantations allows for periods of time when the 

soils are saturated during the winter, leading to decreased seedling survival and growth 

(Burton 1971). To further combat saturated conditions, bedding of sites prior to seedling 

deployment has become a common practice and greatly increases seedling growth and 

survival due to the elevated micro-topography and soil aeration (McKee and Shoulders 

1970). 

Controlling competing vegetation in a pine plantation is vital to ensure high survival 

rates and vigorous trees. In the Lower Coastal Plain, both hardwood and herbaceous 

vegetation compete strongly with young seedlings. Thus, effective control of the competing 

species can result in dramatic gains in the crop species. In the early 1980s, Burkhart and 

Sprinz (1984) completed research showing that controlling competition can increase pine 

growth by more than 100%. In order to keep competing vegetation to a minimum, a variety 

of chemical and mechanical methods are employed by land managers. In eastern North 

Carolina, a common silvicultural technique is to apply herbicides several months before 

planting seedlings. Typically, a mixture of imazapyr and sulfometuron methyl is sprayed in 

late summer, killing existing vegetation and preventing seeds from germinating. 
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Although drained soils in the Lower Coastal Plain are productive, the addition of 

various fertilizers can be extremely beneficial. Poorly drained Ultisols are generally 

considered to be phosphorus deficient and many studies have observed large response after 

phosphorus or phosphorous and nitrogen fertilization on these soils (Pritchett et al. 1961, 

Gent et al. 1986, Jokela et al. 1991, Jokela and Stearns-Smith 1993). Fertilization with 

phosphorus and nitrogen on various poorly drained soil types has been shown to dramatically 

increase tree height and overall volume (Fox et al. 2004).  Consequently, it is standard 

practice in the Lower Coastal Plain to apply phosphorus and nitrogen before establishing 

plantations. A commonly applied fertilizer at establishment is diammonium phosphate (18-

46-0) at approximately 200 lbs/ac.  

Tree spacing and thinning dramatically affect the size and quality of loblolly pine at 

harvest (Burkhart and Bredenkamp 1989). Baldwin et al. (2000) determined that individual 

bole volume was greater in stands that had been thinned. Additionally, data collected from 

these stands show that various thinning regimes actually reduced stem taper, thus increasing 

stemwood volume (Baldwin and Feduccia 1987, Smith 1986, Baldwin et al. 2000). 

Furthermore, plantations planted at the widest spacing regimes may actually have lower 

overall stem quality than those planted at tighter spacings (Baldwin et al. 2000). Baldwin and 

others confirmed that not only can overall tree volume be less in wider spaced stands, but 

there is also an increase in the number and size of branches, reducing the sawlog quality of 

trees (Baldwin et al. 2000). 

 
 
 
 

8 



Hypotheses and Objectives 

This study focuses on variation in productivity and pine product classes among a 

range of loblolly pine genotypes while incorporating two different spacing regimes. Based on 

previous research and the theoretical framework of loblolly pine genetic improvement, we 

proposed several hypotheses.  

At the stand-level and individual stem-level, we examined growth and uniformity of 

genotypes with varying amounts of inherent genetic diversity while quantifying differences 

in productivity among a variety of loblolly pine genotypes. Our hypothesis was that less 

genetically diverse genotypes (clones) would show a more uniform stand-level and tree-level 

growth response relative to more genetically diverse genotypes (full-sib and half-sib 

families) for growth traits and sawtimber potential. 

Furthermore, we assessed and compared the predicted value of the genotypes using 

three scenarios: Volume only, volume coupled with predicted product class distribution by 

age, volume coupled with predicted product class distribution by age with sawtimber 

potential scores incorporated. Although volume is the primary measure of value in loblolly 

pine plantations, the sawtimber quality of a stand also plays a significant role in the stand 

value. Having knowledge regarding the sawtimber quality of commonly deployed genotypes 

will aid in accurately predicting the value of a stand at harvest. The objective of this 

assessment was to accurately determine stand level values and productivity for each 
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genotype, categorize the sawtimber quality of standing timber, and determine how the 

distribution of product classes could impact overall stand value. 
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CHAPTER 2. EFFECTS OF HOMOGENEITY ON STAND STRUCTURE AMONG 
DIVERSE GENOTYPES IN LOBLOLLY PINE 

 

INTRODUCTION 

Decades of loblolly pine breeding and research has led to the availability of highly 

productive and disease resistance trees. As a result, nearly every acre of planted loblolly pine 

is from a seed source that has been genetically improved. Traditionally, the majority of the 

improved material being deployed consisted of a mix of seed collected from open pollinated 

seed orchards (SOM). However, this strategy has shifted over recent years and single open-

pollinated families have been deployed most extensively, accounting for 59% of all loblolly 

pine plantations (McKeand et. al. 2006). Even more recently, full-sib and clonal deployment 

is rapidly increasing, representing a significant portion of seedlings produced each year. With 

this shift in deployment strategies, production potential per acre has increased, but the 

genetic diversity has decreased. Conservatively, stands stocked with improved genetics are 

between 10 and 30% more productive than if they were planted with unimproved trees 

(McKeand et al. 2003). Though the range of genotypes produced today is wide, they can be 

broken down into four catergories, each containing varying amounts of inherent genetic 

variation. The genotypes available consist of seed orchard mixes (SOM), open-pollinated 

(OP), full-sib (FS) and individual clones. Each of these genotypes has a different level of 

genetic homogeneity, with SOM having the least and clones being the most homogeneous. 

Deployment of more genetically homogeneous loblolly pine seedlings, such as clones or full-
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sibs, may potentially lead to more uniform growth in plantations (DeBell and Harrington 

1997; Martin et al. 2001; Bettinger et al. 2009). This theory is derived from the concept that 

more genetically homogenous stands will have less variation among the trees, implying more 

even resource capture and stand development (Zobel and Talbert 1984; Martin et al. 2005; 

Bettinger et al. 2009). However, little work has been done to identify and investigate the 

impacts of genetic homogeneity on stand growth and uniformity (Boyden et al. 2008). 

Aspinwall et al. (2011) found that under operational conditions, genetically homogenous 

stands at age 3 actually showed more variation in productivity than stands planted with more 

diverse genetics. 

It is well documented that the value of a pine plantation is strongly based upon the per 

acre volume of timber. Thus, planting improved genetics increases the biomass potential that 

can be grown on any given site and theoretically increases the value of the stand at harvest. 

However, this stand valuation does not routinely include the overall stem form of the stand. 

McKeand and others published that if gains in stem form and disease resistance are included 

in stand valuation, it may increase 2-fold (McKeand et al. 2006). Furthermore, merchantable 

timber is broken up into several product classes, ranging from most valuable to least 

valuable: sawtimber, chip-n-saw, and pulpwood. Thus, the value of a stand could be 

considerably higher when it consists of merchantable timber in the upper end of the product 

spectrum. Moreover, the sawtimber product class can be broken down further based upon the 

quantity and quality of dimensional lumber that could be realized from the sawlog. 
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MATERIALS AND METHODS 

Study Site and Experimental Design 

The study site was located at the Hofmann Forest in Jones and Onslow County, North 

Carolina (34°49.4‘N, 77°18.2‘W) where elevation ranges from near sea level to 111 feet, 

although the study site was topographically uniform with an average elevation of 50 feet 

(Appendix I). Mean annual temperature ranges from 59 to 71°F and mean annual 

precipitation ranges from 40 to 55 inches. The soil consists of a Pantego mucky loam (Fine-

loamy, siliceous, semiactive, thermic Umbric Paleaquults) (USDA, NRCS available at: 

http://websoilsurvey.nrcs.usda.gov/ accessed 06/24/2011). This soil series consists of very 

poorly drained, thick loamy deposits with a water table very near the surface. Due to the wet 

soil conditions, the site was ditched and drained in the 1930’s to remove excess water. 

Additionally, the site was bedded to give study trees optimum growing conditions. The land 

use prior to the establishment of this study consisted of a natural pine stand. 

The Hofmann Forest Genetics x Spacing x Thinning (GST) study was established in 

January of 2006. The GST study aims to look at the impacts of different levels of genetic 

homogeneity, from the clonal level to a seed orchard mix, in loblolly pine (Pinus taeda L.) 

on both an individual stem- and stand-level basis while incorporating two different spacings 

and a thinning component in the design. The GST study is comprised of 3 replications with 

each consisting of two initial planning densities, 436 trees per acre (TPA) (5 × 20 ft) and 218 

TPA (10 × 20 ft), with a thinning component for each initial spacing (thin and no-thin), with 
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ten different genetic entries planted at each spacing (Table 1).  There are four levels of 

genetic control incorporated into the design (clonal, full-sib families (mass control 

pollinated), half-sib families (open-pollinated), and seed orchard mix).  The following 

genetic entries were planted:  three clones (C1, C2, C3); three full-sib families (FS1, FS2, 

FS3); three half-sib families (HS1, HS2, HS3); and one Seed Orchard Mix (SOM).  The 

clonal material used in this study originated from top performing full-sib families and was 

propagated by somatic embryogenesis. Full-sib family seedlings were created by selecting 

and breeding superior well tested parents. The half-sib families (open-pollinated) were 

created by collecting seed from a single, well-tested orchard tree that was pollinated by wind-

blown pollen. Finally, the seed orchard mix seedlings are second generation selections from 

the coastal plain of Georgia and South Carolina that are a mix of parent trees that were wind 

pollinated. 

The design was set up as a split-split-plot design with the two combinations of 

thinning being the whole-plots. Additionally, the two combinations of spacing were the sub-

plots and each genotype was the sub-sub-plot.  Each genetic entry was randomly assigned to 

each sub-plot within each whole-plot. Each measurement plot consisted of 68-108 

measurement trees planted at either 436 or 218 TPA (Appendix II). The measurement trees 

span 4-6 beds, spaced 20 ft apart and run for 9 to 20 trees in each bed.  Buffers were installed 

to reduce any adjacency effects. In sum, there are a total of 558 trees per rep per family. The 

plot-level size for the 436 TPA no thin, 436 TPA thin, 218 TPA no thin, and 218 TPA thin 

treatments was approximately 3.5 acres, 4.7 acres, 5.5 acres, and 7.5 acres, respectively 
 

 
 
 

14 



(Table 2 ). Furthermore, an attempt was made to keep the rectangularity of the plots to a 

minimum. Total test size is 63.85 acres. 

Fertilizer and herbicide applications were made to promote stand growth and reduce 

competing vegetation. Prior to planting, the site was fertilized with nitrogen, phosphorus, and 

boron at elemental rates of 35, 90, and 1 lb ac-1. In the spring of 2007 and 2008, a banded 

application of 4 oz imazypyr and 2 oz sulfometuron methyl was sprayed over the top of the 

experimental trees. To further reduce competing vegetation and allow for easier access to test 

trees, the area between tree beds was controlled by a pass with an 8ft wide drum chopper, in 

both year 3 and year 5. Overall, the site is very productive, and exhibits very good growth 

(Table 3). 

Measurements and Assessments 

Initial measurements (Age 0) were taken on the GST study in April of 2006. 

Measurements taken include total height, ground-line diameter, and initial tree survival. Total 

height and survival were assessed on all experimental trees. However, ground-line diameter 

was taken on every fifth measurement tree. In the subsequent years of 1, 2, 3, 4, 5, and 6, 

total tree height and diameter-at-breast height were taken; DBH was only taken on trees at 

least 4.5 feet tall. Survival assessments were completed every year. Notably, age 4 

measurements were only completed on 2 of the 3 replications. Individual tree volume was 

calculated according to Sherril et al. (2011) from measurements taken in winter-2010-2011 at 

age 5. To get stand-level volume for each genetic entry, average tree volume was calculated, 
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and then multiplied by trees per acre which was generated using overall family survival. 

Diameter-at-breast height (DBH) was taken with d-tapes to the nearest hundredth of an inch. 

Tree heights were taken using a Haglof Vertex Hypsometer and were assessed to the nearest 

tenth of a foot. 

In the summer of 2011, an assessment was done to evaluate sawtimber potential in 

the study trees.  Due to time constraints and the large size of the study, only replication 1 was 

assessed. Sawtimber potential was scored using a 1 to 4 scale developed by Cumbie et al. 

(2012), with one being the best and four being the worst. Many factors contributed to the 

sawtimber potential score, including height, DBH, branch angle, branch diameter, and 

straightness. The scale is as follows: 

(1) = High-quality Sawtimber: no quality defects in the first 1.5 logs (24 ft) of the tree. 

(2) = Sawtimber: minor defects in the first 1.5 logs but still likely to be a sawtimber tree.  

Minor defects could include minor sweep (<3 in), high forks (above first log or 16 ft), and 

small ramicorn branches. 

(3) = Pulpwood/Some Sawtimber: defects present such as low forks, major ramicorn 

branches, large branches in the crown >2.5 in, branch angles over 45 degrees, below average 

volume, sweep >3 in. 

(4) = non-merchantable: multiple major stem defects such as stem rust, forking, extremely 

poor growth, or poor branching characteristics. 
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Estimating Rotation Age Value and Site Productivity 

To estimate the value of various loblolly stands at harvest, we used the Loblolly Pine 

Silviculture Decision Support System (LobDSS Version 3.0.1.3) of the North Carolina State-

Virginia Tech Forest Productivity Cooperative. This software is a modified version of 

FASTLOB2.1 (Ametis et al. 2001) that uses soils, site index (SI, base age 25 years), amount 

of competing vegetation, stocking levels, and other stand characteristics to project pulpwood, 

chip-and-saw, and sawlog yields at a determined harvest age. In January 2012, year 6 heights 

and DBHs were collected to estimate the growth and yield for each genetic entry. 

Unfortunately, Hurricane Irene hit the Hofmann Forest in July of 2012, resulting in 

significant damage to much of the timber. To categorize the damage to this study, trees were 

assessed on a 0 to 6 lean scale, with 0 being no lean and 6 being a completely toppled tree. 

To generate dominant heights, only trees with leans scores of 0 were used. This data was 

used to produce dominant heights, current TPA, and basal area that were input into LobDSS.  

Dominant and co-dominant heights were determined for each family, by block and by 

spacing treatment. Because we had real growth data, we bypassed the expert systems in 

LobDSS, thus eliminating the need to include soil, competition and other stand 

characteristics.   

To generate site productivity, the dynamic site model developed by Dieguez-Aranda 

et al. (2006) was used by incorporating age 6 data, more specifically dominant heights.  Here, 

the site index is the defined as the average top height, which is the average height of 
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dominant and codominant trees (Dieguez-Aranda et al. 2006). This model was chosen 

because it was generated from plantations planted with improved genetics, had logical 

behavior, and showed parsimony and polymorphism (Dieguez-Aranda et al. 2006). Notably, 

the predicted site indices were different than those generated in LobDSS, which used a 

different internal model not developed from advanced generation study trees. 

To compare and contrast various scenarios, three separate simulations were run at 

both planting densities, with the 436 TPA stands undergoing a thinning at age 11 to 218 

stems per acre. The 10x20 spacing was left unthinned in the simulations. After each scenario, 

overall per acre net present value (NPV) and soil expectation values (SEV) were calculated. 

SEV, which is the NPV of an infinite series of forest plantations, was considered when 

determining the optimum harvest age (Gregory 1987). The first scenario was based solely on 

LobDSS yields, generated by including dominant height, TPA, and basal area for each family 

at age 6 (Table 4, Table 5). The second scenario combined LobDSS yields with empirical 

data collected from the same general location. This data was tallied from Hofmann Forest 

mill tickets over nearly a decade of plantation harvesting. Harvest data was used to generate 

percent yields by product class (pulpwood, chip-n-saw, sawtimber) by regressing the total 

green weight in tons at harvest for each class by age. Only harvest data from stands that were 

harvested between the ages of 20 and 30 were included, as to minimize the influence of the 

more mature stands on product class distribution.  Notably, plantations at the Hofmann were 

historically planted at 622 trees per acre and thinned multiple times. Thus, it is possible that 

product class distribution is slightly different in less dense stands that have undergone only 
 

 
 
 

18 



one thinning, such as those simulated in this study (Amateis and Burkhart 2005; Baldwin et 

al. 2000). Finally, we adjusted scenario 2 with sawtimber potential scores for each family 

atboth densities. These outputs were compared to those in the SOM, which was used as a 

baseline because it is comprised of many different families and also had the lowest seedling 

purchase price of the four genetic types. Families that received more sawtimber scores of 1 

compared to SOM, received a price increase of 25% for sawlogs, which was applied to the 

percent increase over the SOM. The price increase of 25% was based on the significant 

increase in premiums that No. 2 or better lumber sells for compared to lumber graded as No. 

3 and No. 4 (Clark et al. 1996). Additionally, the proportion of sawtimber potential scores of 

4 in the SOM was compared to the proportion in other families. Since sawtimber scores of 4 

were deemed to be non-merchantable trees, we removed or added the percentage change 

from SOM to the pulpwood tonnage class. This adjustment allows a more accurate 

assessment of growth and yield, as trees in this category were not able to be deducted from 

the LobDSS simulations. 

Current stumpage prices for southern yellow pine in southeast North Carolina were 

used to generate potential per acre values of each genetic entry at each planting density. The 

prices on a per ton basis, for each of the 3 product classes (pulpwood, chip and saw, and 

sawtimber) were $8.95, 15.85, and 24.08, respectively (see Forest2Market, Third Quarter 

Publication, 2012).   
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Stand establishment costs were estimated from real data compiled by the Hofmann 

Forest staff and include site preparation chemical spray, strip shearing, bedding, fertilizer and 

application, seedlings, planting, and herbaceous weed control. Additionally, the costs of ditch 

maintenance were included. All costs were fixed, present day per acre costs, except for 

seedlings and planting costs, which varied depending on total trees per acre planted. The 

fixed costs were $365 per acre, while the planting costs were determined by using $0.10 per 

seedling, derived from operational data. The cost of seedlings for each genetic type was 

determined using prices given by several seedling vendors. The price per thousand bare-root 

seedlings for a clone, full-sib, open-pollinated, and seed orchard mix was $400, 175, 75, and 

65, respectively.  

Statistical Analysis 

Prior to analysis, we combined the thin and non-thin treatment plots since thinning 

treatments had not been imposed. As a result, there are a total of six replicated blocks instead 

of three. Analysis of variance (ANOVA) was used to test for block, spacing, genotype and 

interactive effects on height, DBH, volume, and sawtimber potential. The linear model was: 

Yijkl =  µ + Ri + Sj + Gk +  Ri Sj + RiGk + SjGk + εijkl                                                               (1) 

where Yijkl is the observed height, DBH, volume, and sawtimber potential; Ri is the effect of 

the ith block (i = 1–6); Sj is the effect of the jth spacing (j = 5 or 10 ft within row spacing); 

Gk is the effect of the kth genotype (k = 1–10); RiSj is the block by spacing effect; RiGk is the 
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block by genotype effect; SjGk is the spacing by genotype effect; and εijkl is the random error 

associated with the model and is assumed to be distributed N (0, σ2). When genotype effects 

were significant in the ANOVA, Tukey’s adjustment was used for comparing genotype 

means. Also, when effects were not significant, they were removed from the model as long as 

interactions were non-significant, and the model was re-run using only significant effects. At 

ages 3, 4, and 5, the coefficient of variation (CV) for mean height, diameter growth, and 

volume was estimated for each genotype and each level of homogeneity, within each spacing 

treatment plot (n = 6). Additionally, ANOVA was used to test for differences in the CV 

among blocks, treatments, genotypes, homogeneity type, and interactive effects. The linear 

model in Eq. (1) was used to determine which effects had a significant impact on height, 

diameter, and volume. Tukey’s adjustment was used for comparing genotype means and all 

calculations and significance tests were conducted in PROC GLM (SAS/STAT software 

v9.2, SAS Institute, Inc.) using an alpha-level of 0.05 to determine significance. 

Additionally, PROC MIXED was used to ensure that variation among treatments was treated 

correctly. Upon further review, it was determined that PROC GLM and PROC MIXED 

generated identical results. 

To calculate dominant/co-dominant heights, all trees taller than the median plot 

height for each genetic entry were averaged, totaling 12 plots per family, and 6 plots per 

spacing treatment (Avery and Burkhart 2002; Sharma et al. 2002).  On average, trees in the 

436 TPA treatment (5 x 20-ft spacing) were taller than those in the wide-spacing treatment 

(10 x 20-ft spacing). Thus, the mean dominant/co-dominant heights from the tight-spacing 
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treatment were used in estimating the site productivity to remove any potential influence 

from the low density on tree height.  To calculate the overall dominant/co-dominant height 

for each genetic entry, the 6 plot means were averaged.  

To further measure site quality and to more accurately predict growth through 

harvest, the mean diameter at breast height for each genetic entry in each spacing treatment 

(218 TPA and 436 TPA) was calculated from age 6 data. After generating these mean DBH 

values, the average basal area (BA) in square feet for each of the 10 genetic entries in both 

spacing treatments was determined by applying the following equation: 

BA=0.005454154 × DBH²,                                                                                                                (2) 

where DBH is the mean diameter at breast height in inches for each entry. 

Furthermore, overall survival at age 6 was calculated for each spacing treatment and 

each genetic entry. Survival percentages were then applied to each treatment on a stand level 

basis. In this case, a stand was considered one planted acre, either 218 or 436 trees, 

depending on the treatment. Under this assumption, total stems per acre at age 6 were 

determined for each of the genetic entries. By combining trees per acre at age 6 with the 

average basal area (BA) per entry, BA per acre per entry was determined.  The equation used 

was: 

BA/AC = (0.005454154 × DBH²) ×TPA,                                                                                       (3) 

where TPA is the trees per acre at age 6. 
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After determining dominant height, basal area per acre, and trees per acre for each 

entry, this information was applied in the LobDSS growth and yield program and per acre 

yields for both planting densities were produced. Included in the output for each entry was a 

stand summary, which contains overall per acre tonnage, divided into pulp, chip-n-saw, and 

sawtimber product classes.   

For scenarios 2 and 3, we adjusted merchantable tonnage for each family by applying 

the predicted product class distribution by age of harvest. To develop prediction equations, 

data from Hofmann Forest mill tickets were compiled and the proportion by product class 

was predicted using simple linear regression. The linear model used to fit the data was: 

𝑦 = 𝛽ₒ + 𝛽1𝑋 +  Ɛ,                                                                                                                 (4) 

where y is the proportion of sawtimber or pulpwood, βₒ is the intercept, β1 is the slope 

coefficient, and X is harvest age. To determine chip-n-saw for a given age, the proportions of 

sawtimber and pulpwood were summed and subtracted from 1. 

To estimate stand values and genetic gain, we applied per acre yields from each 

family to each of the three scenarios. To evaluate the potential values of each family in each 

scenario, the net present value (NPV) and the soil expectation value (SEV) at both planting 

densities was calculated using a 5% and 7% rate of return. These interest rates were chosen 

to allow for comparisons to other investment opportunities and to aid in determining the 

internal rate of return. To calculate NPV and SEV, the following equations were used: 
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𝑁𝑃𝑉 =  �
𝑅𝑡

(1 + 𝑖)𝑡

𝑁

𝑡=0

 ,                                                                                                                           (5) 

where R is revenue, t is time of revenue, i is interest rate (5 or 7%), and N is age of harvest.  

  𝑆𝐸𝑉 =  
∑ 𝑅𝑡𝑎
𝑡=0 (1 + 𝑖)𝑎−𝑡 − ∑ 𝐶𝑡𝑎

𝑡=0 (1 + 𝑖)𝑎−𝑡 

(1 + 𝑖)𝑎 − 1
 ,                                                                 (6)    

where i is interest rate (5 or 7%), Rt is revenue from thinning or final harvest in year t, Ct is 

cost in year t, and a is rotation age. 

Finally, site index at base age 25 for each entry was calculated by applying the age 6 

dominant/co-dominant heights to a dynamic site model. The equation used was:  

𝑌 = 85.74+𝑋𝑜  
1+4474/𝑋𝑜𝑡−1.107,                                                                                                        (7) 

 

where Y is the predicted height at age t, and  Xₒ is given by: 

𝑋𝑜 = 1
2� (𝑌𝑜 − 85.75 + �(𝑌𝑜 − 85.75)2 + 4 × 4474 𝑌𝑜𝑡𝑜 −1.107) ,                               (8)         

where 𝑌𝑜 and 𝑡𝑜 represent the predictor height (feet) and age (years). 

This equation is a modified version of the dynamic site model developed by Cieszewski 

(2002), which was derived from the Hossfeld (1822) model (Dieguez-Aranda et al. 2006). 
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RESULTS 

Overall Survival Assessment 

Survival was very high across all blocks, treatments, and genotypes. The average age 

5 survival in the 218 TPA was 97.18% across all genotypes (Figure 1). This was slightly 

higher than the average survival of the more densely stocked treatment (436 TPA), which 

was 97.01%. Furthermore, survival was consistent within genotypes across the two spacing 

treatments (Figure 2). Only one genotype, clone C1, had an age 5 survival below 95% 

(91.42%, in 218 TPA) for either planting density.  Most likely, the lower survival in this 

family was due to the high rate of rust infection present in this particular clone. Overall 

survival in the 218 TPA treatment for families C2, C3, FS1, FS2, FS3, HS1, HS2, HS3, and 

the SOM were 96.07, 98.31, 98.31, 97.38, 98.88, 96.08, 99.06, 98.13, and 98.13%, 

respectively. Furthermore, the clones had an overall poorer survival across the entire test at 

ages 3, 4 and 5, although their survival at age 1 was the highest (Figure 3). The slight 

survival differences seen between age 1 and age 2 in some families are a result of replanting 

1.27% of study trees due to mortality, after year 1. 

Effects of spacing and genetics on juvenile tree growth  

At ages 3, 4, and 5 significance tests showed that total height growth was 

significantly different among genotypes (Table 6). In fact, genotype had the largest effect on 

total height at all ages. At age 3, the ANOVA showed that spacing did not have a significant 
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effect on height among genotypes (Table 6). However, at ages 4 and 5, spacing was highly 

significant (P<0.0001). Furthermore, the interaction effects of block x spacing and genotype 

x spacing were highly significant at ages 3, 4, and 5. Additionally, the blocking effect was 

highly significant across all ages and genotypes (Table 6). At age 5 in the 436 TPA 

treatment, FS1 and FS2 had the greatest total height, while C1 was the shortest tree height by 

a large margin (Table 7). At the same age in the wider (218 TPA) spacing, FS1, FS2 and HS1 

ranked at the top, while clone C1 remained the least productive genotype (Table 7).  

Diameter-at-breast height (DBH) was significantly affected by all effects at ages 3, 4, 

and 5 (Table 6). Genotype effect, spacing effect, and the interaction between the two became 

increasingly significant over time. In contrast, the block effect and the interaction of 

genotype x blocking became less significant over time. At age 3, genotype ranks for DBH 

were similar to those seen in total height. FS2 and FS1 ranked at the top and clone C1 ranked 

at the very bottom, in both planting densities (Table 8). At age 5, FS2 had the greatest overall 

DBH at both planting densities (Table 8). Furthermore, clones C1, C2, and C3 produced the 

lowest DBH values among all genotypes, in both spacing treatments, at age 5 (Table 8).   

Tree volume was significantly different for all effects across all ages (Table 6). 

Genotype effect at age 3 had the largest impact on volume, while initial planting density was 

most significant (largest F-values) at ages 4 and 5. Mean genotype volume ranks within 

spacing treatments were consistent across blocks at ages 3, 4, and 5 (Table 9). However, 

genotype ranks across the two planting densities were variable. Coincidently, spacing x 
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genotype interaction was highly significant (Table 6). In the 436 TPA treatment, the mean 

volume of FS2 was significantly greater than the nine other genotypes, at ages 4 and 5 (Table 

9). However, at age 4 in the 218 TPA treatment, genotypes FS2 and HS1 were the top ranked 

families (Table 9). Furthermore, at age 5 at the same planting density, FS2 had the greatest 

mean volume, while FS1, FS3, HS1, HS2, and HS3 followed, but were not significantly 

different from one another (Table 9).  

Sawtimber potential scores, like the overall height and DBH, were significantly 

different among genotypes (Table 3). Additionally, block, spacing, block x genotype, spacing 

x genotype, and block x spacing x genotype were also significant effects (Table 6). In the 436 

TPA treatment, C2, C3, FS1, FS2, FS3, HS1, HS2, and HS3 did not significantly different 

sawtimber potential scores. However FS1 and FS2 did have significantly better sawtimber 

potential scores than the SOM, while C1 had the worst mean sawtimber score (Figure 4). In 

the 218 TPA treatment, the only significant difference existing among genotypes was seen in 

clone C1, as it was significantly worse than all other genotypes (Figure 5). Mean sawtimber 

score in the 436 TPA treatment was 2.335 and 2.435 in the 218 TPA. Furthermore, 25.29% 

of FS2 trees had a sawtimber score of 1 in the 436 TPA treatment, while only 9.77% had a 

score of 1 in the 218 TPA (Table 10). Interestingly, clone C3 had 19.88% of all sampled trees 

in the 218 TPA receive a score of 1, more than any other genotype (Table 10). On the 

contrary, 4.02% of trees from genotype FS2 in the 436 TPA treatment were considered cull 

trees (score of 4) and only 1.72% of FS2 trees were culls in the 218 TPA treatment. Clone C1 
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had the greatest percentage of cull trees across all genotypes, at both planting densities 

(Figure 4, Figure 5). 

Uniformity in height, diameter-at-breast height, volume, and sawtimber potential among 
genotypes 

Coefficient of variation (CV) in total height was significantly affected by genotype, at 

ages 3, 4 and 5. Additionally, the significance of the genotype effect increased yearly, with 

F-values getting larger from age 3 to age 5 (Table 11). There were differences in total height 

across planting densities at all ages, thus spacing was a significant effect at age 3 and 5, but 

not age 4. Blocking was significant at age 3 and 5, but not at age 4. The interaction between 

blocking and spacing (block x spacing) was significant at ages 3, 4, and 5 (Table 11). Overall 

uniformity for total mean height increased yearly (CV decreased). Also, the 218 TPA 

treatment showed more uniformity (lower CV’s) than 436 TPA treatment, at ages 3 and 5. At 

age 3 in the more densely stocked stands, C1, C2, C3, and FS3 had the highest CV among the 

10 genotypes (Table 11). Furthermore, at age 3 in the wide spacing, HS2 was significantly 

more uniform than all other genotypes.  At age 5 in the wide spacing, clone C1 and C3 were 

more variable than all other genotypes 

Coefficient of variation on diameter-at-breast height within genotypes was significant 

at ages 3, 4, and 5 (all P<0.0001). Additionally, the CV for DBH decreased from age 3 to age 

4, and from age 4 to age 5. Similar to what was seen in total height, block, spacing and the 

interaction effect of block x spacing were significant at ages 3 and 5, but not age 4. 

Interestingly, the interaction of block x spacing was significant at age 4. Furthermore, in the 
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wider spacing there was more uniformity then in tight spacing, at age ages 3 and 5. C1 had 

the greatest coefficient of variation in DBH at ages 3, 4, and 5, although it was not 

significantly different than clones C2 or C3. At age 5 in the wide spacing, SOM was not 

significantly different than any other genotype for uniformity, except for C1. Unlike total 

height and DBH, CV in tree volume increased yearly, ranging from a CV of 26.56% at age 3 

to a CV of 38.06% at the end of the fifth growing season (Table 12). At age 3, there were 

significant block, genotype, and block x spacing effects. At age 4, only genotype and block x 

spacing were significant for mean tree volume. Effects of block, genotype, spacing, and 

block x spacing were significant at age 5. At age 5 in the wide spacing, C1 was the most 

variable genotype, although it was not significantly different from C2 or C3. 

At age 5, CV for sawtimber potential was significantly different among blocks, 

genotypes, spacing, and block x spacing. Unlike the pattern of uniformity seen in total height 

and DBH variation, the most uniform genotype for sawtimber potential was a clone, not a 

full-sib or half-sib. This particular clone, C1, had a CV of 20.81%, while the mean CV for 

sawtimber potential across the study was 32.38%.  However, open-pollinated (OP) genotypes 

had a higher overall uniformity compared to three other levels of genetic homogeneity. 

Uniformity in height, diameter-at-breast height, and volume among varying levels of genetic 
homogeneity 

Among the four levels of genetic homogeneity being compared, there was a 

significant difference in variation in tree height at ages 3, 4, and 5 (Table 13). At age 3, block 

and spacing were significant effects, but at age 4, neither block nor spacing significantly 
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impacted variation in height. Furthermore, block x spacing had a significant effect on 

variation in height, at all ages (Table 13).  At age 5, spacing was not significant (P=.0536), 

although the interaction of block x spacing was significant. At ages 3 and 4, across the four 

levels of genetic homogeneity, clones were more variable than the other 3 genetic types in 

the tight spacing (Table 14). However, in the wide spacing, clones and SOM were not 

significantly different from one another. Furthermore, at age 5, clones were consistently less 

uniform for total mean height than the OP, FS, and SOM genotypes, across both planting 

densities (Table 14). 

Variation in DBH across the four levels of genetic homogeneity was significant at age 

3, 4, and 5 (Table 13). At ages 3 and 5, block, spacing, genetic type, and block x spacing 

were significant. However, at age 4, only genetic type significantly effected variation in 

DBH. At ages 3 and 4, clonal level homogeneity had the least uniformity, although it was not 

significantly different than the variation observed in SOM. Overall, half-sib, full-sib, and 

SOM genotypes were the most uniform, while the clonal level was the least (Table 14).  

Variation in tree volume was not significantly impacted by genetic type at age 3. In 

fact, at age 3 block and spacing were not significant either, but the interaction of block and 

spacing was significant. At age 4, genetic type and the interaction effect of block x spacing 

was significant, but main effects of block and spacing were not significant. At age 5, block, 

spacing, genetic type, and block x spacing were significant. At age 4, the clonal and SOM 

level of homogeneity were least uniform, although SOM was not significantly different than 
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OP or FS levels. Furthermore, the clonal level was most variable for mean volume at age 5 

(Table 14). 

Estimating stand value  

Scenario 1 

Soil expectation values for each of the 10 genotypes varied considerably, as well as 

the age of maximum SEV. On average, SEV’s in scenario 1 were higher than those in 

scenarios 2 and 3. The higher values seen in scenario 1 are due to the high proportion of 

predicted sawtimber compared to the other scenarios. Additionally, LobDSS used survival 

data from age 6, but did not have the ability to account for additional stems per acre that were 

not merchantable.  Family FS2 had the highest value in both planting densities, generating a 

max SEV of over $1300 per acre at 436 TPA and $1228 per acre when planted at 218 TPA 

using a 5% discount rate (Table 15). Interestingly, SEVs per acre were greater in the 218 

TPA compared to 436 TPA, for many of the genotypes (Table 16). In fact, of the 10 

genotypes in the study, only families FS2, HS2 and HS3 produced higher SEVs in the more 

densely stocked stands. In both planting densities, the clonal families had the lowest SEV, 

with C1 having the lowest stand value in both. 

Scenario 2 

The inclusion of the predicted product class proportions by age impacted stand values 

in many ways (Table 17). Across all 10 families at both planting densities, the SEV 
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decreased compared to values in scenario 1. However, because the product class proportions 

were applied evenly across all families, the relative rankings did not change compared to 

scenario 1 (Table 15, Table 16). More importantly, the SEVs generated are most likely a 

more accurate prediction of stand value. Contrary to scenario 1, values produced using 436 

TPA were, for the most part, higher than the SEVs for land planted at 218 TPA. The few 

exceptions to this are C1, C2, and C3, which produced soil expectation values of 148.82, 

348.73 and 388.50 when planted at 218 TPA, compared to the more densely planted stands, 

which had values of 49.51, 242.83 and 282.31 using a 5% discount rate. Families FS2 and 

HS2 had the greatest maximum SEV in both planting regimes.  In the 436 TPA scenarios, the 

SEVs for FS2 and HS2 were 894. 33 and 807.67 (Table 15), and in the 218 TPA values were 

714.11 and 656.38 (Table 16). 

Scenario 3 

Generating stand values using measurement data in LobDSS growth and yield,  

harvest data and sawtimber potential for each family, resulted in a range of adjustments 

across all families, except SOM, which was used as a baseline for comparisons. Adjustments 

were two-fold, one being a price increase for sawlog tonnage and the other being an increase 

or decrease in non-merchantable wood. Compared to SOM, several families had an increase 

in sawtimber potential (Table 21)and received a premium increase of 25% of the current 

sawlog price to account for the higher quality sawlogs (#1’s in the sawtimber assessment). 

Families C2, C3, FS1, FS2, and FS3 all received sawlog price increases in the 436 TPA 
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scenarios.  In order, their increase in percent high-quality sawtimber (score of 1) over SOM 

was 9.22, 7.67, 8.26, 13.08, and 1.43% which resulted in a price increase of $2.78, 2.31, 

2.49, 3.94, and 0.43 per ton of sawlogs (Table 18). For the families planted at 218 TPA, 

differences in sawtimber quality were not as pronounced (Figure 6, Table 18). In fact, the 

overall proportion of trees that were scored as 1 for sawtimber potential decreased compared 

to 436 TPA. Only three families were given a price increase for premium sawlogs, C2, C3 

and FS1. While C2 and FS1 had a slightly better sawtimber potential than SOM (2.22%, 

1.33), C3 had a large increase, producing nearly 7% more premium sawtimber (Table 18). 

Moreover, only one family, FS2, went from an increase in the percent of premium sawtimber 

at 436 TPA to a decrease in premium sawtimber at 218 TPA (Table 20). The result of this 

difference was a net loss of over 15% premium sawtimber, resulting in a decrease in sawlog 

value of $5 per ton (Table 16). 

Although the proportion of premium sawlogs in a stand greatly impacts overall stand 

value, the proportion of trees that are merchantable is arguably equally as important. Across 

the 10 genotypes, there were significant differences in the percent of trees that were graded 

as a 4 (cull) for sawtimber potential. Family C1 had the highest percentage of non-

merchantable trees compared to the SOM, at both the 436 and 218 TPA treatments. These 

differences were dramatic, with a 25.92% increase in non-merchantable stems when planted 

at 436 TPA. Incredibly, at 218 TPA, the proportion of non-merchantable tress increased to 

53.14% compared to the SOM at the same planting density. 
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Overall, including a premium price for high-quality sawtimber and incorporating 

merchantability compared to the SOM produced significant value differences and rank 

changes compared to scenarios 1 and 2, within and across planting densities. When planted at 

436 TPA, ranks were consistent for the top four families in all scenarios, although value and 

age of maximum SEV changed. The full-sib family FS2 was the top ranked in all 3 scenarios, 

generating $1053.86 per acre at a rotation age of 22 using a 5% discount rate (Table 19). 

Moreover, SOM was the fourth least (ranked 7 out of 10) valuable family in all three 

scenarios and C3, C2 and C1 were the least valuable (Table 19).  

Interestingly, there was much more variation in rank and values when simulations 

were run at planting densities of 218 TPA. Families FS2 and HS2 were ranked one and two 

in scenario 3, and in scenarios 1 and 2. Similarly, C3, C2 and C1 were ranked 8, 9 and 10, 

respectively (Table 20). However, at a rotation age of 21, family FS1 had a maximum SEV 

of $612.99 per acre, making it the third most productive family. However, in scenarios 1 and 

2, this same family ranked sixth in maximum soil expectation value. In contrast, HS1 was the 

fourth least productive genotype in scenario 3, but produced the fourth and fifth highest 

SEVs in scenarios 2 and 1, respectively. 

Estimating site productivity 

Site productivity, estimated here by site index at age 25, was significantly affected by 

genotype at age 6. In addition, total tree height was affected significantly by spacing, in most 

families. On average, trees were taller in the 436 TPA treatment than they were in the 218 

 
 
 
 

34 



TPA treatment (Table 22). As a result, the median height of each genotype was affected, 

which further caused differences in site index for each respected family (Table 22, Figure 7). 

To avoid confusion and gain a more accurate assessment of site productivity, data from the 

more densely planted (436 TPA) treatment was used to generate site indices. Family FS2 had 

the highest mean site index (98.21 ft), but was closely followed by FS1 (98.08 ft). Among the 

three clones, C3 was the most productive, followed by C2, then C3 (95.47, 88.80, 73.92). 

Overall, the genotypes were very productive, as site index at age 25 was greater than 90 ft for 

all but one family (Table 22, Figure 9). 

DISCUSSION 

Seedling Survival 

The overall high seedling survival is a result of high-quality nursery stock and 

employment of good silvicultural techniques, including site preparation, weed management 

and fertilization. As previously mentioned, only family C1 had an age 5 survival less than 

95% in either planting density, thus mortality issues were not of concern. Interestingly, it 

appears that competition from neighboring trees began after the third growing season, based 

on a noticeable decrease in survival in the 436 TPA treatment. 

Effects of spacing and genetics on juvenile tree growth  

The significant genotype x spacing interaction (P-val<.0001) for all growth traits and 

resulting rank changes within each spacing treatment suggests that some loblolly pine 
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families perform better under dense stocking levels, while others grow better at reduced 

levels. Similarly, results for genotype x spacing interactions have been found in other studies 

for multiple tree species, including loblolly pine (Aspinwall et al. 2010; Standhammer et al. 

2009; Deball and Harrington 1997). However, at age 3, spacing was not significant on total 

tree height suggesting trees may have been under-utilizing site resources, compared to ages 4 

and 5, when spacing was significant (Baldwin et al. 2000). The effect of spacing on DBH and 

volume was highly significant at ages 3, 4, and 5. In fact, F-values became increasingly 

larger over time (age 3 to age 5) for the spacing effect in both DBH and volume, suggesting 

that allocation of resources is highly dependent on inter-tree competition, even at a very early 

age in well managed stands. This is evident by comparing the differences in DBH and height, 

in both the high and low planting densities; DBH is dramatically different, while height 

differences are only slightly different. The significant genetic difference in sawtimber scores 

is not surprising, as it is well understood that genetics have a very strong influence on traits 

such as overall growth, branch diameter and stem form. Although differences exist among 

sawtimber score means, the differences are only significant for a couple of genotypes. 

However, what is interesting, and surprising, is the relationship that exists between 

genotypes, spacing, and sawtimber potential. For example, over 25% of the trees assessed in 

family FS2 in the tight spacing treatment had a sawtimber score of 1. Interestingly, less than 

10% of trees from the same family had scores of 1 in the less densely stocked treatment. 

These differences suggest that the wide spacing not only increases tree diameters, but also 

impacts the crown structure and stem straightness in  some families in such a way that  
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sawlog quality is decreased (Baldwin et al. 2000). On the contrary, the proportion (19.88%) 

of trees in clone C3 receiving sawtimber scores of 1 was exactly the same in both spacing 

treatments. Thus, it could be implied that clones are more likely to hold their overall form, 

regardless of stocking density and other environmental factors.  

Although site conditions appeared quite uniform and all attempts were made to 

remove site variation at establishment, blocking significantly impacted tree height, DBH, 

volume, and sawtimber score, at all ages. Thus, differences in growth are likely a result of 

water inundation in and around the root zone of study trees (Aspinwall et al. 2011). Several 

microsite factors may contribute to this, such as slight differences in bed height and depth to 

water table, which is highly influenced by ditching.  

Uniformity for height, diameter-at-breast height, and sawtimber potential among genotypes 

Overall variation in total height decreased yearly across genotypes, suggesting that 

genetic effects may take several years after planting to be expressed. Furthermore, it may be 

directly related to the yearly increase in evapotranspiration and the subsequent reduction in 

depth to water table, allowing for increased root growth. Across genotypes, the most variable 

family at age three was a clone, not the seed orchard mix. In fact, clone C1 was consistently 

one of the most variable genotypes at all ages. Notably, this particular family had severe rust 

incidence, potentially contributing to the variation. Furthermore, clonal genetics were almost 

always the most variable type for total height, possibly due to environmental effects 

overwhelming genetic uniformity. Also, it could be that there is a nursery effect in the 

 
 
 
 

37 



production of clones causing physiological problems either during tissue culture production 

or nursery growth.  

Spacing significantly impacted CV levels for height, DBH, volume, and sawtimber, at 

ages 3 and 5. The more tightly spaced treatments tended to be more variable than those in the 

wide spacing, perhaps due to the competition among trees (DeBell and Harrington 2002; 

Boyden et al.,2008; Kilpeläinen et al. 2010; Aspinwall et al. 2011). Moreover, the lack of 

spacing significance on CV’s at age 4 is interesting. Such differences may be a result of 

herbaceous and woody competition between beds masking spacing and blocking effect, and 

then subsiding as a result of increased canopy closure. Unlike height and DBH, variation in 

tree volume increased over time. 

Effect of spacing and genetics on potential stand quality and value 

Overall, the wide spacing treatment degraded sawtimber quality, thus reducing stand 

value in scenario 3 when sawtimber potential scores were included. Interestingly, the fact 

that the 218 TPA treatment in scenario 1 have such high SEVs, leads you to believe that 

percent of merchantable tonnage that LobDSS allocated to the sawlog product class may be 

inflated. Furthermore, product class adjustments based on harvest data in scenario 2 bring 

SEVs down significantly compared to scenario 1 at both planting densities, which may be a 

more accurate reflection of the true stand value to the landowner. A caveat for the scenarios 2 

and 3 at the 218 TPA is that empirical harvest data did not exist on stands planted at a density 

as low as 218 trees per acre. Although we applied the predicted product class percentages to 
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those stands, the potential exists that the proportion of sawtimber in low density stands is 

greater than stands planted at the more typical 400 to 500 TPA. Thus, it should be stated that 

the SEVs may increase if we had reliable harvest data for the product class distribution of 

low density plantations.  

The inclusion of product class proportions by age and sawtimber potential scores in 

scenario 3 presents an interesting and possibly a very reliable way of predicting stand value 

based on genetics and spacing.  Based on the data collected in this study, it appears that there 

is a significant difference across genotypes for overall quality, as well as how genotypes 

respond to spacing and subsequent competition effects and stand structure dynamics. 

Notably, clones may offer an enticing option for landowners and land managers, as the 

overall quality of the stand at low densities appears to hold up well compared to the other 

genetic types in this study. Due to the current very high cost of clonal seedlings (~$400 per 

thousand), planting at a low density, such at 218 TPA, may be the only feasible option for 

generating profitable returns. On the other hand, most open-pollinated and full-sib genotypes 

generated higher stand values when planted at a higher per acre density, assuming product 

class proportions predicted from harvest data were accurate. If value towards higher quality 

sawlogs is realized, these families offer the best option. However, the challenge of 

landowners being paid for the overall quality, not just quantity, of timber on their land is an 

evolving, complicated process. Regardless of which scenario one may use, it is clear from 

this study that the best genotype to plant is FS2, which is superior for volume and sawtimber 

potential. Although more expensive to plant than the SOM and open-pollinated families, the 
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value at plantation harvest more than justify the initial costs. Furthermore, a landowner 

would be more likely to plant a family that not only is disease resistant and great for volume 

growth, but has the potential for high-quality sawtimber. This allows land managers the 

flexibility to manage the forest in a way that optimally fits current market conditions. 

Notably, this study included only 10 genotypes, which were among some of the best 

available when the site was established in 2006. Yet, there are many other deployment 

options in loblolly pine genetics, some of which may be more productive and of higher stem 

quality than those planted. Additionally, in the past several years, the NC State Tree 

Improvement Cooperative has developed elite genetic material that was not available at the 

commencement of this study, some of which will surely best even the top families in this 

study. Moreover, sawtimber potential was assessed during the summer of age 5, thus 

assessments were not necessarily a true representation of sawtimber quality (Cumbie et al. 

2012). However, it is important to mention that tree improvement programs accurately and 

confidently assess other traits, such as volume, as early as age 4. Therefore, we assume that 

assessing sawtimber quality in juvenile stands is a reliable indicator of rotation age 

characteristics. An exception may be early age assessment in stands planted at 218 TPA or 

similar. Over time, as these more open stands mature, they are likely to develop larger 

branches and maintain lower crowns, decreasing overall sawtimber quality and quantity 

(Baldwin et al. 2000). 
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One important set of traits not directly considered in the potential stand value in this 

study were wood quality traits, such as specific gravity and modulus of elasticity (MOE). 

Some of the fastest growing families, such as FS2 and HS2, show maximum SEVs at rotation 

ages of 17 years in scenario 1. Although diameter and product class distribution may show 

that harvesting stands at age 17 maximizes land value, log buyers and mill operators may say 

otherwise. The large percentage of juvenile wood in the tree core in these relatively young 

stands reduces the strength and stiffness of the sawtimber, reducing the grade of the resulting 

dimensional lumber. Thus, the SEVs in scenarios 2  and 3 are most likely more realistic and 

more likely to demand top dollar, as the maximum SEV is realized at stand ages between 20 

and 25 , where sawlogs will yield more mature wood.  

Site Productivity 

As previously mentioned, site productivity was generated using data collected from 

the 436 TPA treatment. Interestingly, the dominant heights of nearly every genotypes was  

greater in the more densely stocked stands (Figure 3). The genotypes that had a greater 

dominant height in the 218 TPA treatment were C2 and C3, with C3 being a little over one-

half foot taller than in the more densely stocked treatment. Furthermore, C2 had almost 

identical dominant heights for the 218 and 436 TPA treatments (28.97, 28.79). This further 

confirms the likelihood that clones behave differently than seedlings and may be more 

predictable across various planting densities. 
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CONCLUSIONS 
 

At the stand-level and individual stem-level, we examined growth and uniformity of 

genotypes with varying amounts of inherent genetic diversity while quantifying differences 

in productivity among a variety of loblolly pine genotypes. We tested the hypothesis that less 

genetically diverse genotypes would show a more uniform stand-level and tree-level growth 

response relative to more genetically diverse genotypes (full-sib and half-sib families) for 

common growth traits and sawtimber potential, across two different planting densities in 

juvenile loblolly pine. Consistently, clones were the most variable for all growth traits. 

Although the lack of uniformity could not be deemed significant in every situation, there 

were virtually no instances where any of the clones were more uniform than any of the three 

other genetic levels in this study. For sawtimber potential, clone C1 was the most uniform 

genotype, but the other two clones were among the most variable of the genotypes. Thus, our 

results show little to support the hypothesis that clones are more uniform than full-sibs, half-

sibs and the seed orchard mix. 

Our assessment and comparison of the value of genotypes using three scenarios 

revealed that there are differences in the quality of standing timber, which significantly 

impacts the potential monetary value of loblolly pine families. Furthermore, by applying 

empirical harvest data to LobDSS growth yields and comparing SEVs, it seems likely that 

the allocation of product class proportions may be slightly high if only LobDSS is used. To 
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be fair, site indices at the Hofmann Forest were much greater than they were at the sites used 

to design the growth models. 
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Table 1. Initial number of measurement trees for each replication and spacing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rep 5×20 No 
Thin 5×20 Thin 10×20 No 

Thin 
10×20 
Thin 

1  68 108 70 108 
2  70  110  70  108 
3  70  110  70  108 
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Table 2. Plot size in acres based on the treatment combination of planting density 
(TPA) and thinning. 

  

Rep 436 TPA 
No Thin 

436 TPA 
Thin 

218 TPA 
No Thin 

218 TPA 
Thin 

1 3.45 4.54 5.01 7.20 
2 3.56 4.70 5.41 7.60 
3 3.56 4.63 6.58 7.60 
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Table 3. Descriptive statistics for age 5 data used in this research. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Treatment Trait n Mean Standard Deviation Max 

436 TPA 
Height (ft) 5183 22.42 3.71 33.40 
DBH (in) 5171 4.20 0.95 6.76 
Volume (cu.ft) 5170 1.27 0.50 3.61 

      

218 TPA 
Height (ft) 5241 21.97 3.38 32.0 
DBH (in) 5176 4.78 0.94 9.72 
Volume (cu.ft) 5176 1.53 0.56 5.11 
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Table 4. Summary stats for each genotype at age 6 in the 218 TPA treatment. 

  

Family n Survival % TPA DBH BA/Tree BA/Ac Median 
Height 

Dominant 
 Height 

C1 534 91.79 200 4.327 0.102 20.431 19.0 21.94 

C2 534 95.32 208 5.205 0.148 30.706 26.6 28.97 

C3 534 97.75 213 5.240 0.150 31.913 28.7 32.31 

FS1 534 93.82 205 6.169 0.208 42.448 29.2 31.36 

FS2 534 97.19 212 6.619 0.239 50.631 28.6 30.87 

FS3 534 97.94 214 6.251 0.213 45.501 28.5 30.61 

HS1 534 94.96 207 6.105 0.203 42.087 29.1 31.17 

HS2 534 98.50 215 6.301 0.217 46.504 28.4 30.44 

HS3 534 97.94 214 6.233 0.212 45.235 27.4 29.25 

SOM 534 96.46 210 5.855 0.187 39.320 28.7 30.61 
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Table 5. Summary statistics for each genotype at age 6 in the 436 TPA treatment. 

 

 

 

 

 

 

 

 

 

 

 

Family n Survival % TPA DBH BA/Tree BA/Ac Median 
Height 

Dominant 
Height 

C1 536 92.59 404 3.673 0.074 29.702 19.7 22.79 

C2 536 95.20 415 4.441 0.108 44.638 26.5 28.79 

C3 536 96.49 421 4.329 0.102 42.987 28.3 31.60 

FS1 536 95.33 416 5.278 0.152 63.138 31.2 32.72 

FS2 536 98.67 430 5.622 0.172 74.160 31.15 32.78 

FS3 536 97.76 426 5.089 0.141 60.189 29.1 30.80 

HS1 536 97.13 423 5.192 0.147 62.259 30.3 31.88 

HS2 536 98.22 428 5.216 0.148 63.541 29.6 31.27 

HS3 536 98.04 427 5.244 0.150 64.098 28.2 29.88 

SOM 536 96.97 423 4.949 0.134 56.466 29.6 31.15 

 
 
 
 

53 



Table 6. P-values for ANOVA of tree height, DBH, volume and sawtimber score at ages 
3, 4 and 5. 

 

  Age 3   Age 4   Age 5 

            
 df F P>F  df F P>F  df F P>F 

Height (ft)            
            Block 5 96.47 <.0001  3 40.16 < 0.0001  5 32.51 <.0001 

Spacing 1 0.25 0.619  1 47.86 < 0.0001  1 37.66 <.0001 

Genotype 9 216.05 <.0001  9 206.84 < 0.0001  9 434.44 <.0001 

Block*Spacing 5 28.28 <.0001  3 31.8 < 0.0001  5 9.35 <.0001 

Block*Genotype 45 7.5 <.0001  27 8.62 < 0.0001  45 8.1 <.0001 

Spacing*Genotype 9 6.28 <.0001  9 7.56 < 0.0001  9 6.21 <.0001 

Block*Spacing*Genotype 45 7.64 <.0001  27 10.9 < 0.0001  45 6.91 <.0001 

            
DBH (in)            

            Block 5 50.18 <.0001  3 25.12 <.0001  5 19.35 <.0001 

Spacing 1 142.57 <.0001  1 339.84 <.0001  1 938.66 <.0001 

Genotype 9 152.2 <.0001  9 192.45 <.0001  9 288.07 <.0001 

Block*Spacing 5 17.12 <.0001  3 45.14 <.0001  5 8.19 <.0001 

Block*Genotype 45 6.63 <.0001  27 6.38 <.0001  45 4.79 <.0001 

Spacing*Genotype 9 3.23 0.0006  9 3.85 <.0001  9 4.29 <.0001 

Block*Spacing*Genotype 45 6.15 <.0001  27 8.28 < .0001  45 4.01 <.0001 

            
Volume (cu. feet)            

            Block 5 76.51 <.0001  3 47.06 <.0001  5 24.23 <.0001 
Spacing 1 77.93 <.0001  1 201.84 <.0001  1 577.78 <.0001 

Genotype 9 144 <.0001  9 175.93 <.0001  9 295.22 <.0001 

Block*Spacing 5 13.58 <.0001  3 31.1 <.0001  5 7.58 <.0001 

Block*Genotype 45 7 <.0001  27 6.77 <.0001  45 6.14 <.0001 

Spacing*Genotype 9 4.74 <.0001  9 5.74 <.0001  9 6.19 <.0001 

Block*Spacing*Genotype 45 5.89 <.0001  27 8.49 < .0001  45 5.09 <.0001 

            Sawtimber Score            
            Block         1 47.16 <.0001 

Spacing         1 13.52 0.0002 

Genotype         9 54.65 <.0001 

Block*Spacing         2 0.07 0.7926 

Block*Genotype         13 3.03 0.0013 

Spacing*Genotype         9 2.36 0.0119 

Block*Spacing*Genotype         9 3.37 0.0004 
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Table 7. Genotype mean total height (feet) and standard error by spacing. 

 

 

 

 

 

 

  
 Age 3   Age 4   Age 5 

 Family n Ht. Std. 
Err. 

 n Ht.  Std. 
Err. 

 n Ht. Std. 
Err. 

 C1 513 9.22 0.1163  315 12.49 0.1794  494 15.82 0.1657 

 C2 520 11.84 0.1163  340 16.50 0.1743  510 21.27 0.1641 

 C3 525 12.67 0.1158  324 17.52 0.1761  513 22.93 0.1631 

436 
TPA 

FS1 530 13.49 0.1152  349 18.84 0.1707  522 24.00 0.1624 
FS2 531 13.82 0.1147  351 19.40 0.1709  530 24.52 0.1601 
FS3 525 12.36 0.1153  351 17.59 0.1702  522 22.63 0.1615 

 HS1 529 13.23 0.1152  343 18.71 0.1721  521 23.99 0.1616 

 HS2 531 12.94 0.1146  334 17.78 0.1742  523 23.41 0.1611 

 HS3 532 12.50 0.1148  351 17.88 0.1709  526 22.22 0.1609 

 SOM 527 12.37 0.1149  345 17.60 0.1716  522 22.55 0.1610 

             
 C1 509 9.64 0.1096  325 12.75 0.1657  488 15.90 0.1544 

 C2 515 12.05 0.1088  343 16.10 0.1625  512 20.84 0.1511 

 C3 523 13.35 0.1075  345 17.75 0.1616  519 23.13 0.1493 

218 
TPA 

FS1 527 13.16 0.1078  338 17.36 0.1649  524 23.09 0.1494 
FS2 522 13.52 0.1083  339 17.83 0.1634  520 23.12 0.1501 
FS3 531 12.83 0.1072  336 17.63 0.1662  528 22.97 0.1488 

 HS1 520 12.86 0.1081  344 18.63 0.1611  515 23.06 0.1502 

 HS2 530 12.93 0.1071  351 17.12 0.1600  528 22.94 0.1484 

 HS3 527 12.34 0.1074  350 17.16 0.1604  522 21.97 0.1495 

 SOM 529 11.99 0.1075  351 16.80 0.1600  525 22.02 0.1494 
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Table 8. Genotype mean DBH (inches) and standard error by spacing. 

 

 

 

 

 

 

  
 Age 3   Age 4   Age 5 

 
Family n DBH Std. 

Err 
 n DBH  Std. 

Err. 
 n DBH Std. 

Err. 

 
C1 485 1.43 0.0297  301 2.41 0.0472  494 3.07 0.0434 

 
C2 513 1.93 0.0290  334 3.09 0.0454  506 3.87 0.0433 

 
C3 513 2.07 0.0291  316 3.23 0.0458  512 3.83 0.0428 

436 
TPA 

FS1 529 2.30 0.0286  346 3.78 0.0440  522 4.49 0.0425 
FS2 529 2.39 0.0285  350 3.99 0.0438  530 4.77 0.0419 
FS3 518 2.11 0.0287  347 3.49 0.0438  520 4.27 0.0423 

 
HS1 525 2.15 0.0287  338 3.72 0.0445  519 4.41 0.0424 

 
HS2 527 2.19 0.0285  333 3.73 0.0447  521 4.46 0.0423 

 
HS3 527 2.22 0.0286  351 3.66 0.0438  526 4.46 0.0421 

 
SOM 522 2.09 0.0287  342 3.49 0.0443  521 4.20 0.0422 

  
           

 
C1 497 1.61 0.0287  315 2.70 0.0482  488 3.52 0.0429 

 
C2 506 2.07 0.0287  339 3.38 0.0471  512 4.22 0.0420 

 
C3 519 2.38 0.0280  336 3.86 0.0472  518 4.49 0.0415 

218 
TPA 

FS1 523 2.40 0.0281  332 4.07 0.0480  523 5.01 0.0416 
FS2 520 2.46 0.0282  333 4.31 0.0474  520 5.35 0.0417 
FS3 531 2.31 0.0278  330 4.04 0.0483  528 5.07 0.0414 

 
HS1 516 2.30 0.0282  342 4.03 0.0464  514 4.97 0.0418 

 
HS2 528 2.39 0.0279  346 4.14 0.0465  526 5.14 0.0414 

 
HS3 523 2.30 0.0280  347 4.12 0.0463  522 5.07 0.0416 

 
SOM 525 2.19 0.0280  350 3.73 0.0461  525 4.76 0.0415 
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Table 9. Genotype mean volume and standard error in cubic feet by spacing treatment. 

 

  

  Age 3  Age 4  Age 5 

 Family n Volume Std. 
Err.  n Volume Std. 

Err.  n Volume Std. 
Err. 

             
 C1 485 0.2721 0.0047  301 0.4275 0.0164  494 0.6461 0.0229 

 C2 513 0.3391 0.0046  334 0.6461 0.0158  506 1.0713 0.0228 

 C3 513 0.3722 0.0046  316 0.7278 0.0159  512 1.1376 0.0226 

436 
TPA 

FS1 529 0.4001 0.0045  346 0.8810 0.0153  522 1.4341 0.0225 
FS2 529 0.4191 0.0045  350 0.9817 0.0153  530 1.6187 0.0221 
FS3 518 0.3673 0.0046  347 0.7870 0.0153  520 1.3111 0.0224 

 HS1 525 0.3798 0.0046  338 0.8784 0.0155  519 1.4096 0.0224 

 HS2 527 0.3796 0.0045  333 0.8338 0.0156  521 1.3886 0.0223 

 HS3 527 0.3716 0.0045  351 0.8212 0.0153  526 1.3382 0.0223 

 SOM 522 0.3603 0.0046  342 0.7794 0.0154  521 1.2540 0.0223 

             
 C1 497 0.2834 0.0048  315 0.4754 0.0179  488 0.7593 0.0251 

 C2 506 0.3579 0.0048  339 0.7288 0.0174  512 1.2122 0.0246 

 C3 519 0.4261 0.0047  336 0.9416 0.0174  518 1.4771 0.0243 

218 
TPA 

FS1 523 0.4061 0.0047  332 0.9343 0.0177  523 1.6574 0.0244 
FS2 520 0.4278 0.0047  333 1.0531 0.0175  520 1.8596 0.0245 
FS3 531 0.3919 0.0047  330 0.9574 0.0179  528 1.6894 0.0242 

 HS1 516 0.4006 0.0047  342 1.0045 0.0172  514 1.6598 0.0245 

 HS2 528 0.4036 0.0047  346 0.9535 0.0172  526 1.7120 0.0243 

 HS3 523 0.3802 0.0047  347 0.9448 0.0171  522 1.6195 0.0244 

 SOM 525 0.3676 0.0047  350 0.8218 0.0170  525 1.4886 0.0243 
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Table 10. Percent sawtimber potential score by genotype and planting density at age 5. 

 

 

 

 

 

 

 

 

 

 

  

 Score 1  Score 2  Score 3  Score 4 

Family 436 
TPA 

218 
TPA  

436 
TPA 

218 
TPA  

436 
TPA 

218 
TPA  

436 
TPA 

218 
TPA 

C1 1.2 0.6  22.2 6.8  40.7 34.8  35.8 57.8 
C2 21.4 15.5  44.0 44.3  19.6 27.6  14.9 12.6 
C3 19.9 19.9  43.4 43.9  23.5 21.1  13.3 15.2 
FS1 20.5 14.6  54.4 48.5  19.9 29.8  5.3 7.0 
FS2 25.3 9.8  46.0 48.9  24.7 39.7  4.0 1.7 
FS3 13.6 12.5  54.0 52.3  23.9 30.1  8.5 5.1 
HS1 10.3 9.0  58.2 44.0  24.8 38.0  6.7 9.0 
HS2 11.2 7.4  50.0 52.3  33.5 37.5  5.3 2.8 
HS3 7.6 9.6  62.2 58.8  24.4 29.4  5.8 2.3 
SOM 12.2 13.3  48.8 50.9  29.1 31.2  9.9 4.6 
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Table 11. ANOVA is for the coefficient of variation for tree height, DBH, volume, and 
sawtimber score at ages 3, 4 and 5. 

 

  

  Age 3   Age 4   Age 5 
            
 df F P>F  df F P>F  df F P>F 

CV Height            
Block 5 3.18 0.0104  3 1.38 0.2558  5 2.78 0.0217 

Spacing 1 4.78 0.0311  1 0.38 0.5399  1 4.49 0.0366 
Genotype 9 8.65 <.0001  9 9.65 <.0001  9 22.53 <.0001 

Block*Spacing 5 6.33 <.0001  3 4.74 0.0048  5 4.6 0.0008 

            
CV DBH            

Block 5 3.71 0.0040  3 0.68 0.5658  5 3.12 0.0116 
Spacing 1 9.71 0.0024  1 0.68 0.4111  1 22.64 <.0001 

Genotype 9 10.6 <.0001  9 8.91 <.0001  9 17.68 <.0001 
Block*Spacing 5 6.93 <.0001  3 4.19 0.0091  5 5.5 0.0002 

            
CV Volume            

Block 5 3.67 0.0044  3 1.86 0.1461  5 5.72 0.0001 
Spacing 1 0.70 0.4056  1 0.04 0.8470  1 14.14 0.0003 

Genotype 9 8.55 <.0001  9 7.90 <.0001  9 18.51 <.0001 
Block*Spacing 5 5.42 0.0002  3 4.33 0.0077  5 5.11 0.0003 

            
CV Sawtimber            

Block         1 8.35 0.0179 
Spacing         1 11.51 0.008 

Genotype         9 6.84 0.0043 
Block*Spacing         1 25.28 0.0007 
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Table 12. Coefficient of variation for height, DBH and volume at ages 3, 4, and 5. 

 

   

Age 3    Age 4   Age 5 

 
Family Height DBH Volume 

 
Height DBH Volume 

 
Height DBH Volume Saw. 

 
C1 27.62 43.77 23.51 

 
24.58 34.84 39.59 

 
23.69 31.90 50.03 23.425 

 
C2 23.33 35.66 28.40 

 
20.95 28.48 40.39 

 
17.91 25.68 44.40 40.869 

 
C3 26.02 34.22 31.63 

 
24.25 28.68 43.95 

 
20.16 26.83 46.98 41.134 

436 
TPA 

FS1 17.33 26.43 25.96 
 

14.46 16.70 29.12 
 

13.83 18.70 33.91 38.27 

FS2 17.09 25.74 26.33 
 

13.96 17.98 30.79 
 

13.56 19.21 35.05 40.01 

FS3 22.50 32.52 28.99 
 

18.68 24.28 38.79 
 

16.50 23.86 41.62 35.131 

 
HS1 19.71 30.77 28.26 

 
15.73 21.91 35.05 

 
14.53 21.13 37.96 31.304 

 
HS2 17.88 28.23 25.65 

 
13.65 18.69 30.31 

 
12.67 18.50 34.06 32.687 

 
HS3 17.57 24.78 23.14 

 
15.33 19.85 31.69 

 
13.11 19.40 33.85 30.04 

 
SOM 19.85 30.36 26.06 

 
17.14 23.34 34.21 

 
15.29 22.82 39.28 33.211 

              

 
C1 23.66 36.61 22.51 

 
23.46 30.30 37.93 

 
22.11 27.64 47.76 19.198 

 
C2 22.78 32.37 27.55 

 
20.66 29.65 42.38 

 
18.38 24.71 42.32 35.553 

 
C3 22.96 31.80 32.33 

 
21.58 27.48 41.77 

 
20.75 25.31 44.72 39.681 

218 
TPA 

FS1 17.20 22.89 23.58 
 

16.31 18.18 31.45 
 

13.31 16.15 31.53 33.411 

FS2 18.16 26.04 27.79 
 

13.93 19.68 33.31 
 

12.00 17.46 32.40 28.189 

FS3 17.05 26.98 26.91 
 

16.26 21.70 36.72 
 

12.38 16.33 32.80 30.692 

 
HS1 19.67 28.76 26.44 

 
15.01 20.27 32.93 

 
13.73 18.31 34.01 30.923 

 
HS2 16.19 24.10 26.09 

 
15.20 17.10 31.05 

 
11.98 15.07 31.04 26.835 

 
HS3 16.81 24.24 23.89 

 
15.14 19.83 31.86 

 
11.91 16.42 31.02 27.325 

 
SOM 19.45 28.85 26.22 

 
16.61 22.62 36.45 

 
14.40 19.59 36.56 30.448 
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Table 13. ANOVA is for the coefficient of variation by genetic type for tree height, 
DBH, volume, and sawtimber score at age 3, 4 and 5. 

 

  Age 3   Age 4   Age 5 
            
 df F P>F  df F P>F  df F P>F 

CV Height            
Block 5 3.07 0.0125  3 1.33 0.2718  5 2.36 0.0453 

Spacing 1 4.62 0.034  1 0.36 0.5478  1 3.81 0.0536 
Genetic Type 3 21.9 <.0001  3 24.96 <.0001  3 50.33 <.0001 

Block*Spacing 5 6.11 <.0001  3 4.55 0.0057  5 3.9 0.0028 

            
CV DBH            

Block 5 3.13 0.0013  3    5 2.79 0.0021 
Spacing 1 8.04 0.0051  1    1 20.21 <.0001 

Genetic Type 3 20.47 <.0001  3 19.69 <.0001  3 41.79 <.0001 
Block*Spacing 5 5.9 <.0001  3    5 4.91 0.0004 

            
CV Volume            

Block 5 3.14 0.0543  3 1.59 0.1998  5 5.13 0.0003 
Spacing 1 0.81 0.5142  1 0.03 0.8581  1 12.69 0.0006 

Genetic Type 3    3 15.35 <.0001  3 44.46 <.0001 
Block*Spacing 5 4.17 0.0078  3 3.72 0.0153  5 4.58 0.0008 

            
CV Sawtimber            

Block         1 3.63 0.0689 
Spacing         1 5.61 0.0343 

Block*Spacing         1 9.49 0.0024 
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Table 14. Coefficient of variation by level of genetic homogeneity at ages 3, 4 and 5 at 
both planting densities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 Type  Age 3  Age 4  Age 5 

  
Height DBH Vol.  Height DBH Vol.  Height DBH Vol. Saw. 

436 
TPA 

Clone 
 

25.66 37.88 27.85 
 

23.26 30.67 41.31 
 

20.59 28.14 47.14 35.14 

FS 
 

18.97 28.23 27.09 
 

15.70 19.65 32.90 
 

14.63 20.59 36.86 37.80 

HS 
 

18.39 27.92 25.68 
 

14.90 20.15 32.35 
 

13.44 19.67 35.29 31.34 

SOM 
 

19.85 30.36 26.06 
 

17.14 23.34 34.21 
 

15.29 22.82 39.28 33.21 

              
 

218 
TPA 

Clone 
 

23.13 33.59 27.45 
 

21.90 29.14 40.69 
 

20.42 25.89 44.93 31.48 

FS 
 

17.47 25.30 26.09 
 

15.50 19.85 33.83 
 

12.56 16.65 32.25 30.76 

HS 
 

17.56 25.70 25.47 
 

15.12 18.64 31.95 
 

12.54 16.60 32.02 28.36 

SOM 
 

19.45 28.85 26.22 
 

16.61 22.62 36.45 
 

14.40 19.59 36.56 30.45 
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Table 15. Max NPV and SEV for all genotypes at 436 TPA, at 5 and 7% interest rates. 

 

   
5% Interest Rate 

  
7% Interest Rate 

 
            
  Family Age NPV SEV Age  Age NPV SEV Age 

  
C1 28 62.02 83.26 28 

 
24 -180.18 -221.09 26 

  
C2 27 217.24 305.02 25 

 
21 -61.01 -78.79 21 

  
C3 25 264.11 376.34 23 

 
23 -27.77 -35.19 23 

Scenario 
1 

 
FS1 23 577.87 898.18 20 

 
20 246.13 331.91 20 

 
FS2 22 813.16 1300.26 19 

 
19 418.53 588.69 17 

 
FS3 23 636.73 975.55 21 

 
21 277.81 380.63 18 

  
HS1 25 599.99 901.56 21 

 
21 260.60 366.94 18 

  
HS2 23 710.17 1102.97 20 

 
20 347.27 474.11 18 

  
HS3 23 700.72 1085.60 20 

 
20 339.52 461.57 18 

  
SOM 24 532.99 806.55 21 

 
21 219.44 290.14 19 

            
  

C1 30 38.05 49.51 30 
 

26 -204.58 -246.41 28 

  
C2 29 183.84 242.83 29 

 
22 -98.47 -127.17 22 

  
C3 28 207.70 282.31 25 

 
23 -75.06 -95.13 23 

Scenario 
2 

 
FS1 23 453.29 637.07 27 

 
20 132.17 178.23 20 

 
FS2 26 600.55 894.33 20 

 
20 246.93 332.98 20 

 
FS3 26 494.18 715.91 23 

 
21 165.85 218.66 21 

  
HS1 27 481.81 677.97 23 

 
23 160.62 208.19 21 

  
HS2 26 555.44 807.67 21 

 
20 221.25 298.35 20 

  
HS3 27 545.49 786.93 23 

 
20 211.19 284.79 20 

  
SOM 28 439.12 606.38 24 

 
28 131.11 172.86 24 

            
  

C1 30 -48.21 -62.72 30 
 

26 -259.34 -309.35 28 

  
C2 30 236.04 311.72 29 

 
22 -77.66 -95.83 25 

  
C3 30 252.90 335.48 38 

 
23 -55.50 -70.30 23 

Scenario 
3 

 
FS1 25 522.21 728.45 29 

 
20 170.13 229.41 20 

 
FS2 26 720.41 1053.86 22 

 
22 315.07 423.99 20 

 
FS3 26 507.87 735.17 23 

 
21 174.31 229.82 21 

  
HS1 27 476.21 675.21 23 

 
23 159.99 209.09 21 

  
HS2 26 559.87 823.26 20 

 
20 228.99 308.78 20 

  
HS3 25 522.30 767.65 20 

 
20 204.80 276.16 20 

  
SOM 28 439.12 606.38 24 

 
24 125.94 172.86 21 
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Table 16. Max NPV and SEV for each scenario at 218 TPA for all genotypes at 5% and 
7% interest rates. 

 

    5% Interest Rate   7% Interest Rate  
            

  Family Age NPV SEV Age  Age NPV SEV Age 

  C1 27 178.30 250.19 24  23 -58.36 -73.96 23 

  C2 25 364.06 557.01 21  19 85.53 118.22 19 

  C3 23 399.90 612.21 12  19 113.49 156.87 19 

Scenario 1 
 FS1 21 623.20 1020.62 18  18 302.32 437.93 16 

 FS2 20 724.91 1228.15 17  17 385.68 571.73 15 

 FS3 21 631.13 1032.21 18  18 307.14 444.55 16 

  HS1 21 625.98 1021.33 18  18 308.89 444.50 16 

  HS2 21 659.82 1084.23 18  18 335.07 486.08 16 

  HS3 21 633.36 1030.07 18  18 312.53 449.52 16 

  SOM 22 575.06 918.97 19  19 267.14 380.29 17 

            

  C1 28 112.62 148.82 28  23 -117.65 -146.74 24 

  C2 28 251.04 348.73 25  21 -11.76 -15.50 21 

  C3 26 274.46 388.50 23  20 8.19 11.04 20 

Scenario 2 
 FS1 21 410.74 609.57 21  21 123.84 166.11 20 

 FS2 24 470.95 714.11 20  20 171.46 231.21 20 

 FS3 25 420.36 620.91 21  21 128.73 172.46 20 

  HS1 25 422.92 624.39 21  21 137.36 184.39 20 

  HS2 25 446.21 656.38 22  21 153.16 205.56 20 

  HS3 25 427.99 628.75 21  21 139.24 185.98 20 

  SOM 26 398.29 579.22 22  20 118.12 159.28 20 

            

  C1 30 7.80 10.15 30  27 -190.96 -227.58 27 

  C2 28 257.24 351.70 25  21 -14.50 -19.08 22 

  C3 29 307.05 422.53 25  22 17.51 22.61 22 

Scenario 3 
 FS1 25 415.92 612.99 21  21 125.31 167.36 20 

 FS2 24 476.23 725.48 20  20 176.31 237.76 20 

 FS3 25 414.19 612.42 21  21 125.07 167.68 20 

  HS1 25 387.98 574.35 21  21 115.78 155.80 20 

  HS2 25 408.77 615.93 21  20 134.44 181.29 20 

  HS3 25 407.07 605.42 21  21 129.18 173.80 20 

  SOM 26 398.29 579.22 22  20 118.12 159.28 20 
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Table 17. Predicted percentage of merchantable pulpwood, chip-n-saw and sawtimber 
based on age. 

  

Age Pulpwood Chip-n-Saw Sawtimber 
20 47.62 20.49 31.89 
21 45.23 20.13 34.64 
22 42.84 19.77 37.39 
23 40.45 19.41 40.14 
24 38.06 19.05 42.89 
25 35.67 18.69 45.64 
26 33.28 18.33 48.39 
27 30.89 17.97 51.14 
28 28.50 17.61 53.89 
29 26.11 17.25 56.64 
30 23.72 16.89 59.39 
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Table 18. Change in family sawlog value, by spacing, compared to SOM.  Values 
assume 25% increase in sawlog price for sawtimber scores of 1. Mortality adjustments 

were applied to percent pulpwood and reflect scores of 4. 

 

 

 

 

 

 

 

 

 

 

 

 

  
Family 

Sawlog Value 
Change 

Total Sawlog 
Value/Ton % Mortality Increase 

436 TPA 218 TPA 436 TPA 218 TPA 436 TPA 218 TPA 
C1 -3.30 -3.81 20.78 20.27 25.92 53.14 
C2 2.78 0.67 26.86 24.75 5.00 8.02 
C3 2.31 1.98 26.39 26.06 3.37 10.58 
FS1 2.49 0.40 26.57 24.48 -4.62 2.39 
FS2 3.94 -1.06 28.02 23.02 -5.86 -2.90 
FS3 0.43 -0.24 24.51 23.84 -1.36 0.49 
HS1 -0.57 -1.28 23.51 22.80 -3.22 4.41 
HS2 -0.31 -1.78 23.77 22.30 -4.59 -1.78 
HS3 -1.40 -1.11 22.68 22.97 -4.07 -2.36 
SOM 0.00 0.00 24.08 24.08 0.00 0.00 
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Table 19. Scenario 3 for stand planted at 436 TPA with age and value of max SEV (5% 
interest rate) for all entries compared to value and rank for same families in Scenarios 

1 and 2. 

 

 

 

 

 

  

Family Age SEV Scenario 2 (Rank) Scenario 1 (Rank) 
FS2 22 1053.86 894.33 (1) 1300.26 (1) 
HS2 20 823.26 807.67 (2) 1102.97 (2) 
HS3 20 767.65 786.93 (3) 1085.60 (3) 
FS3 23 735.19 715.91 (4) 975.55 (4) 
FS1 29 728.45 637.07 (6) 898.18 (6) 
HS1 23 675.21 677.97 (5) 901.56 (5) 
SOM 24 606.38 606.38 (7) 806.55 (7) 

C3 28 335.48 282.31 (8) 376.34 (8) 
C2 29 311.72 242.83 (9) 305.02 (9) 
C1 30 -62.72 49.51 (10) 83.26 (10) 
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Table 20.  Scenario 3 for stand planted at 218 TPA with age and value of max SEV 
using a 5% interest rate for all entries compared to value and rank for same families in 

Scenarios 1 and 2. 

 

  

Family Age SEV Scenario 2 (Rank) Scenario 1 (Rank) 
FS2 20 725.48 714.11 (1) 1228.15 (1) 
HS2 21 615.93 656.38 (2) 1084.23 (2) 
FS1 21 612.99 609.57 (6) 1020.62 (6) 
FS3 21 612.42 620.91 (5) 1032.21 (3) 
HS3 21 605.42 628.75 (3) 1030.07 (4) 
SOM 22 579.22 579.22 (7) 918.67 (7) 
HS1 21 574.35 624.39 (4) 1021.33 (5) 
C3 25 422.53 388.50 (8) 612.21 (8) 
C2 25 351.70 348.73 (9) 557.01 (9) 
C1 30 10.15 148.82 (10) 250.19 (10) 
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Table 21. Difference in percent sawtimber potential scores of 1 compared to the seed 
orchard mix (SOM) at both planting densities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Family 436 TPA 218 TPA 

C1 -10.97 -12.67 
C2 9.22 2.22 
C3 7.67 6.59 
FS1 8.26 1.33 
FS2 13.08 -3.52 
FS3 1.43 -0.79 
HS1 -1.91 -4.26 
HS2 -1.03 -5.91 
HS3 -4.65 -3.69 
SOM 0.00 0.00 
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Table 22. Dominant/Co-dominant heights with 95% confidence interval at age 6 and 
predicted site index at age 25. 

 

 Family Height6 LB6 UB6  Height25 LB25 UB25 

 C3 32.31 31.59 33.03  97.12 95.44 98.79 

 FS1 31.36 30.64 32.08  94.90 93.20 96.58 

 HS1 31.17 30.45 31.89  94.47 92.77 96.16 

 FS2 30.87 30.15 31.59  93.76 92.06 95.45 
218 TPA FS3 30.61 29.89 31.33  93.14 91.44 94.84 

 SOM 30.61 29.89 31.33  93.14 91.43 94.84 

 HS2 30.44 29.72 31.15  92.73 91.02 94.43 

 HS3 29.25 28.53 29.97  89.91 88.18 91.62 

 C2 28.97 28.25 29.69  89.23 87.49 90.95 

 C1 21.94 21.22 22.66  71.71 69.84 73.57 

         
 FS2 32.78 31.76 33.80  98.21 95.84 100.57 

 FS1 32.72 31.70 33.74  98.08 95.70 100.44 

 HS1 31.88 30.85 32.90  96.11 93.72 98.49 

 C3 31.60 30.58 32.62  95.47 93.07 97.85 
436 TPA HS2 31.27 30.24 32.29  94.69 92.27 97.07 

 SOM 31.15 30.13 32.17  94.42 92.00 96.81 

 FS3 30.80 29.78 31.82  93.58 91.16 95.98 

 HS3 29.88 28.85 30.90  91.40 88.96 93.82 

 C2 28.79 27.77 29.81  88.80 86.33 91.24 

 C1 22.79 21.93 23.65  73.92 71.69 76.12 
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Figure 1.  Overall survival by age and by planting density. 
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Figure 2. Overall percent survival for each genotype in each planting density at age 5. 

 

 

 

 

90

91

92

93

94

95

96

97

98

99

100

C1 C2 C3 FS1 FS2 FS3 HS1 HS2 HS3 SOM

Pe
rc

en
t S

ur
vi

va
l 

Genotype 

436 TPA
218 TPA

 
 
 
 

72 



 

 

Figure 3. Overall survival by genetic type, from age 1 through age 5. 
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Figure 4. Sawtimber scores for all genotypes in the 436 TPA treatment, expressed as a 
percentage. 
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Figure 5. Sawtimber score proportions for all genotypes in the 218 TPA treatment. 
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Figure 6. Age 5 mean sawtimber potential scores with 95% confidence intervals for 
genotypes across both planting densities. 
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Figure 7. Difference in age 6 dominant heights between the 436 TPA and 218 TPA 
treatments. Calculated as (436 dominant height – 218 dominant height). 
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Figure 8. Growth curve produced using age 6 dominant heights from 436 TPA 
treatment. 
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Figure 9. Predicted site index at age 25. Heights were predicted using age 6 
dominant/codominant heights. 
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APPENDICES 
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Appendix 1. Location of the Hofmann Forest in eastern North Carolina. 
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Appendix 2. Example of replication layout with random treatment allocation and 
genetic family codes. 

 

 

 

 

 

 

Replication 1 ∗  = Buffer Tree B  = Border bed
•  = Measurement Tree M  = Measurement bed

ROW# B B M M M M M M B B B B M M M M M M M M M M B B B B M M M M B B B B M M M M M M M M M M M M B B
1 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
2 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
3 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
4 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
5 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
6 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
7 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
8 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
9 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
10 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
11 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
12 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
13 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
14 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
15 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
16 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
17 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
18 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
19 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
20 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
21 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
22 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
23 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
24 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
25 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
26 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
27 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
28 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ • • • • ∗ ∗
29 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
30 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
31 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
32 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
33 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
34 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
35 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
36 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
37 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
38 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
39 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
40 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
41 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
42 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
43 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
44 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
45 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
46 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ • • • • ∗ ∗
47 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
48 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
49 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
50 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
51 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
52 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
53 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
54 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
55 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
56 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
57 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
58 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
59 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
60 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
61 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
62 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
63 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
64 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ • • • • ∗ ∗
65 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
66 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
67 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
68 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
69 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
70 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
71 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
72 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
73 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
74 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
75 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
76 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
77 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
78 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
79 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
80 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
81 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
82 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ • • • • ∗ ∗
83 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
84 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
85 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
86 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
87 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
88 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
89 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
90 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
91 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
92 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
93 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
94 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
95 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
96 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
97 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
98 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
99 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
100 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ • • • • ∗ ∗
101 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
102 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
103 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
104 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
105 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
106 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
107 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
108 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
109 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
110 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
111 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
112 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
113 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗ ∗ ∗ • • • • • • • • • • • • ∗ ∗
114 ∗ ∗ • • • • • • ∗ ∗ ∗ ∗ • • • • ∗ ∗
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