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MODELING THE FINANCIAL IMPACT OF MANAGEMENT DECISIONS ON
LOBLOLLY PINE (PINUS TAEDA) PRODUCTION
Larry D. Godsey
Dr. John P. Dwyer, Dissertation Supervisor
ABSTRACT
Located primarily in the southeastern United States, Loblolly pine (Pinus taeda L.)
is a variety of Southern yellow pine that is often planted by non-industrial private
landowners seeking a beneficial long-term investment from their land. More recently,
loblolly pine has received considerable attention as a potential species for agroforestry,
carbon sequestration, and bio-energy plantations due to its ability to adapt to numerous
site locations and its fast growth. Although the Ozark region is outside its native range,
loblolly pine has shown potential as a fast growing, highly marketable option for
landowners in this region who wish to diversify returns from their land. For landowners,
understanding how loblolly pine management decisions impact their financial bottom line
is a key to adoption and incorporation into an agroforestry practice.
The Loblolly Pine Decision Support Tool (LPDST) is an Excel™ based model that
incorporates growth and yield predictions with financial analysis in a simple format
targeted to landowners with little forestry background. As a planning tool for landowners
who wish to adopt loblolly pine as part of an agroforestry practice, the LPDST provides
options for various spacing configurations, as well as options for pine straw harvest.

The

LPDST accurately predicts average diameter at breast height (dbh) and height within a
99% confidence interval, and quickly reflects the impact of establishment, management,
ix

harvesting and marketing decisions on net present value (NPV), annual equivalent value
(AEV), internal rate of return (IRR), modified internal rate of return (MIRR), and payback period (PBP). This study details the development of the LPDST and the processes
for which the model is tested for reliability, accuracy, and sensitivity to decisions
regarding establishment, management, harvesting and marketing of loblolly pine.

x

CHAPTER 1
1.1

INTRODUCTION
Located primarily in the southeastern United States, loblolly pine (Pinus taeda L.)

is a variety of Southern yellow pine that is often planted by non-industrial private
landowners seeking a beneficial long-term investment from their land (Baker and
Langdon 1990; Clatterbuck and Ganus 1999). According to some forestry professionals,
loblolly is the most commercially important forest species in the southern United States
and is dominant on over 29 million acres (Baker and Langdon 1990; Schultz 1997).
Loblolly pine is valued for its lumber, pulp, needles, and is the primary wood species for
the paper industry (Clatterbuck and Ganus 1999; Doran, et al. 2009; Werblow and Gunter
1985). More recently, loblolly pine has received considerable attention as a potential
species for agroforestry, carbon sequestration, and bio-energy plantations due to its
ability to adapt to numerous sight locations and its fast growth (Nepal, et al. 2009; Scott
and Tiarks 2008).
Because of its popularity, a great deal of public and private research emphasis has
focused on growth, yield, and management of loblolly in the southeastern United States.
For example, Virginia Polytechnic Institute and State University established the Loblolly
Pine Growth and Yield Research Cooperative in 1979 for the purpose of combining the
efforts of both private and public research assets to develop growth and yield estimates
for intensively managed plantations. Members of this cooperative include both academic
and private industry scientists. Similar research programs have been established at North
Carolina State University and Auburn University.
1

Based on these efforts, numerous models have been developed which are
designed to both predict and analyze the impact of various factors and management
practices on growth, yield, survivability and quality of loblolly (Baldwin, et al. 2001;
Johnsen, et al. 2001a). These models, often called process models, combine our
understanding of physiological and ecological mechanisms into predictive mathematical
algorithms (Johnsen, et al. 2001a). Process models have been used extensively in
research because they are able to simplify complex relationships. More recently, with the
technological improvements in computers, the development of these process models
incorporated more factors and levels of complexity (Landsberg, et al. 1991).
For industrial and nonindustrial private landowners who may be interested in
planting or managing loblolly pine, growth and yield models developed as part of these
research cooperatives may be expensive and lack the simplicity needed for making
decisions about management practices. On the other hand, both industrial and
nonindustrial private landowners considering investments in loblolly pine need models
that accurately reflect the impact a decision has on the investment over the long run. For
example, what impact does initial spacing have on profitability? Likewise, what impact
does thinning and site index have on the number of years it takes to pay off the initial
investment? For many forestry investors, the biophysical aspects of forestry are only
important as they directly impact the financial bottom line.

1.2

PURPOSE AND OBJECTIVES
The purpose of this study is to develop a financial decision model for loblolly

pine production that is targeted to private landowners with minimal forestry knowledge

2

and background, as well as to forestry professionals who are interested in a simple and
accurate means with which they can analyze their management decisions. The
availability of the personal computer allows for the development of more rigorous
interactive decision models, improving the ability of landowners and forestry
professionals to include a greater set of decision parameters into their decision making
process (Ellis, et al. 2004).
The main objective will be to incorporate existing growth and yield linear models
into a user friendly interface that can be used to assess the financial impact of
management decisions on loblolly pine production systems. This will require the
development of Excel™ based algorithms that are derived from the linear relationships
found in existing models. The growth and yield functions of the model will be tested for
validity and reliability using existing loblolly pine plantations in the Ozarks region of the
United States. The growth and yield estimates generated from the model will be
compared with actual growth and yield measurements to determine whether the
algorithms used accurately reflect the biophysical aspects of loblolly pine growth. The
testable hypothesis for this objective is that there is no significant difference in growth
and yield between the predictions of the model and the measurements from existing
stands.
A second objective is to overlay growth and yield predictions with financial
analysis, including the common financial indicators of net present value (NPV), annual
equivalent value (AEV), internal rate of return (IRR), and modified internal rate of return
(MIRR) (Doran, et al. 2009; Godsey, et al. 2009; Moyer, et al. 1995). In addition to these
financial performance measures, a measure of how quickly the initial investment is
3

recovered, or payback period (PBP), will be included. These management decisions
include the more common timber management decisions, such as spacing, thinning,
fertilization, and weed control. In addition to the common decisions, the model will also
include decisions about rotation length, pine straw harvest, and site index. A sensitivity
analysis of the outputs from the model will be used to determine the impacts of the
management decisions on financial indicators. The overall hypotheses for this objective
are that there are distinguishable financial impacts from management decisions.
The final objective of this study is to identify knowledge gaps in information
required to accurately predict the financial performance of long-term investments such as
timber. This objective considers the impact of error or bias in the model by identifying
the variables that are considered to have a higher level of uncertainty due to lack of
information or understanding. The greater the knowledge gap, the greater the level of
uncertainty. Future research objectives and needs will be identified that could reduce the
gaps in knowledge in order to improve the predictions of the model.

1.3

DESCRIPTION OF STUDY
This study will have two main parts: developing the model and testing the model

for reliability, validity, accuracy, and sensitivity. The first part is to develop the model in
Excel™. The growth and yield algorithms used in the model will be taken directly from
existing pine models, such as PTAEDA 4.0 (Burkhart, et al. 2008). The simple linear
equations used for loblolly pine growth and yield in these models are based on data sets
from 186 research plots located in Piedmont areas across the southeastern United States
(Diéguez-Aranda, et al. 2006). The financial portion of the model will focus on

4

indicators that are easily understandable to the landowner. These financial indicators are
NPV, PBP, AEV, and MIRR.

The development of the model will be discussed in detail

in Chapter 3.
The second part of the study is to test the validity and sensitivity of the model by
comparing the results from the model to actual stands. Although the linear equations
used are accurate at predicting loblolly pine growth and yield in the Piedmont and coastal
plain areas of the Southeastern United States, there are no studies showing whether they
are statistically significant for loblolly pine growth in the Ozarks region. In order to test
the model for accuracy in growth estimates, sample plots from existing stands of loblolly
pine in Northern Arkansas, Central and Southern Missouri will be measured for dbh and
height.
Data regarding loblolly pine growth will be collected on existing loblolly pine
plantations in Boonville, AR, Stover, MO and Sikeston, MO. These data will be used to
establish a normal distribution for diameter and height for different ages and site indexes.
The data calculated in the model for a given age and site index will be evaluated based on
the normal distributions determined from the plantation data. A χ2 test will be conducted
for diameter at breast height (dbh) at various ages, and height at various ages.
In addition to diameter and height, production and harvest cost data will be
collected and compared with the default cost data used in the model. In addition, market
information as it pertains to pine straw markets, pulpwood markets, and sawlog markets
will be collected for the Ozarks region using an internet search and interviews with
participants in those markets.
5

Actual cost data will be collected from landowners who are growing loblolly pine
for pine straw and various other products. This cost data will create a range of default
values used in the model. Economic information will be collected from the growers at
each study site based on standard financial budgeting techniques (Godsey, et al. 2009).
Chapter 4 and 5 will discuss in depth the methods used for testing the accuracy,
reliability, sensitivity, and validity of the model. Chapter 4 will focus on testing the
accuracy of the dbh and height predictions in the model and Chapter 5 will focus on the
sensitivity and reliability of the financial predictions from the model.
Finally, Chapter 6 will discuss the results of the model tests and the ability of the
model to provide reliable and valid financial decision making parameters. This chapter
will also discuss the gaps in knowledge and future research that is needed to improve the
predictions and recommendations of the model.

6

CHAPTER 2

LITERATURE REVIEW
2.1

LOBLOLLY PINE (Pinus taeda L.)
Loblolly pine gets its name from the genus Pinus, which is composed of about 100

species native to temperate and tropical regions of the world; and the word taeda, which
is the ancient name for the resinous pines (USFS 2004). Loblolly is further classified as a
southern yellow pine and has a long list of common names including: Arkansas pine,
black pine, Carolina pine, Virginia pine, slash pine, meadow pine, heart pine, cornstalk
pine, shortstraw pine, and taeda pine (Baker and Langdon 1990; USFS 2004). The range
of natural growth for the loblolly extends from southern New Jersey and Delaware to
central Florida (Figure 2-1) and west to the eastern part of Texas. Loblolly also extends

Figure 2-1. Traditional native range of loblolly pine (Pinus taeda
L.) (Baker and Langdon 1990).
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into the Mississippi Valley, from extreme southeastern Oklahoma, to central Arkansas,
and southern Tennessee (USFS 2004).

Because of its site adaptability and hardiness,

loblolly has been known to extend well beyond its native range including parts of
northern Arkansas and southern Missouri (Baker and Langdon 1990).
Loblolly pine grows best on soils that are moderately acidic with imperfect to
poor surface drainage, which are common in the Atlantic Plain, Piedmont Plateau, and
the Ridge and Valley Provinces (Baker and Langdon 1990). Loblolly pine shows a wide
range in site productivity across various soils and general physiographic provinces
throughout the United States (Table 2-1). More importantly, it should be noted that
loblolly performs very poorly on shallow or eroded soils and waterlogged sites. It has
been reported that loblolly can grow as tall as 150 feet, with diameters of 5 feet, and the
record is 163 feet with a diameter of 56 inches (USFS 2004).

Table 2-1.--Soil types and range of site indices for each soil type.
Site Index Range
Soil Type

Ultisols

General Location

(base age 50 years)

Coastal Plain

75 to 100 feet (23 to 30 meters)

Piedmont

65 to 95 feet (20 to 29 meters)

Upland Provinces

60 to 80 feet (18 to 24 meters)

Entisols

65 to 100 feet (20 to 30 meters)

Spodosols

60 to 85 feet (18 to 26 meters)

Alfisols

Coastal Plain (Mississippi River
Basin)

Source: Baker and Langdon 1990
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75 to 110 feet (23 to 34 meters)

Because of loblolly pine‟s relative fast growth, excellent wood characteristics and
hardiness, it has become known as the “King Pine” of the south (Idassi and Cassidy
2005). Branan and Porterfield (1971) reported that loblolly pine had the highest mean
height, diameter at breast height (dbh), and survivability when compared with five other
southern pine species including slash pine (Pinus elliottii Engelm.), shortleaf pine (Pinus
echinata Mill.), longleaf pine (Pinus palustris Mill.), Virginia pine (Pinus virginiana
Mill.), and eastern white pine (Pinus strobes L. ). In fact, after 13 years of growth on a
Piedmont site, loblolly pine had 54% greater height growth and nearly 48% greater
survivability when compared to eastern white pine. However, slash pine was not
statistically different from loblolly in terms of mean height, dbh, and survivability
(α=0.05), but it was more likely to become infected with fusiform rust (Cronartium
quercuum f. sp. fusiforme).
Improvements in genetics and a steady increase in the demand for southern pine
have made loblolly pine the most economically important pine species in the southern
United States where it is dominant on over 29 million acres (Baker and Langdon 1990;
Idassi and Cassidy 2005). One such effort in the area of genetic improvement has been to
cross the pitch pine (Pinus rigida) with loblolly pine in order to develop a fast growing,
winter-hardy, yellow pine (Herrick 1981). The University of Missouri Center for
Agroforestry is currently conducting progeny tests of the pitch x loblolly as far north as
New Franklin, MO (39°00‟56N, 92°45‟39W) (UMCA 2008). The success of these and
other plantings has led to a greater focus on the potential of loblolly and loblolly crosses
well outside its native range.

9

2.2

LOBLOLLY PINE MARKETS
According to Prestemon and Abt (2002), the United States has been the world‟s

largest industrial timber producer for the past 40 years. Most of this timber production
has come from the southern regions where pine, and more specifically, loblolly pine
dominates the market. Prestemon and Abt (2002) further state that in order to help meet
the world demand for US timber products, southern timber producers have invested
heavily in plantation establishment and intensive forest management practices that focus
on loblolly pine as the preferred species.
Most of the loblolly pine in the southern United States is intensively managed on
short rotations for pulp and fiber production or on longer rotations for solid wood
products (Amateis, et al. 2004; Eisenbies 2006). It is most commonly used for a variety
of products including furniture, pulpwood, plywood, composite boards, posts, poles,
pilings, crates, boxes, and pallets (Little 1979). More specifically, investors have
numerous options when it comes to marketing of products derived from loblolly pine
plantations. In most cases, loblolly pine is sold as sawlogs, chip-n-saw, or pulpwood
(Clatterbuck and Ganus 1999). Additional opportunities for loblolly pine products
include pine straw and carbon credits (Huang, et al. 2004; Nepal, et al. 2009; South
2006).

2.2.1 Loblolly sawlogs
Typically, a sawlog is a marketing category that identifies a log or tree that is
large enough to be sawn into lumber (NCDFR 2009). The term “sawlog” is used for both
pine and hardwood. The actual product specifications for a sawlog depend on the mills in
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the marketing area; however, according to Timber Mart-South (www.timbermartsouth.com) a general rule that is used is that the tree or log must at least have a 12-inch
dbh. In addition to size, a sawlog must meet certain grading standards. For example a
sawlog must be relatively free of knots, straight, and have sound wood (NCDFR 2009).
Because of the higher quality requirements for sawlogs, this product tends to reflect the
upper end of market value. With the exception of veneer quality “peeler logs”, the
sawlog has the highest value per board foot (bf) (Bond 1999).
Loblolly pine sawlogs show a range in value across the southern United States
(Table 2-2). It should be noted that some states trade sawtimber based on weight, some
states trade saw-timber based on thousand board feet (MBF), and some states trade sawtimber based on both (Table 2-2). In order to convert the price per ton to a price per
MBF, it is important to know which logscale rule is used in the market (Doyle, Scribner,
or International) and the conversion factors for each scale. For example, 1 MBF of pine
sawlogs is equal to approximately 7.5 tons using Scribner scale, 8 tons using Doyle scale,
and 6.225 tons using the International scale. If we consider the price per ton for South
Carolina (3rd Quarter 2009), it would indicate that the price would range from $173.18 to
$222.56 per MBF. The most common scale rule is not always reported with the
published price reports.
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Table 2-2.--Pine sawlog prices in selected areas of the southern United States for
2008 and 2009.
2008
State (Date of Market Report)

2009
$/ton
$/MBF

$/ton

$/MBF

Texas (Sept/Oct)

$30.53

$237.13

$26.87

$184.79

Mississippi2 (3rd Quarter)

$33.84

--

$26.68

--

--

$270.39

--

$220.57

$33.75

--

$27.82

--

1

Louisiana3 (3rd Quarter)
South Carolina4 (3rd Quarter – West South
Carolina)
1

Source: Texas Forest Service 2009
Source: F2M 2009a
3
Source: LDAF 2009
4
Source: F2M 2009b
2

2.2.2 Chip-n-saw
Chip-N-Saw (CNS) is a term used to describe a pine log or tree that is not quite
large enough to be considered sawtimber, but large enough that some smaller
dimensional lumber can be sawn from it (NCDFR 2009). It gets its name because the log
or tree is sold as both chips for pulpwood and minimally as sawtimber. Trees that are
large enough to be sawtimber but have defects that impact the amount of wood that can
be used as dimensional lumber will most likely sell in the CNS market. However,
general guidelines indicate that CNS trees, or logs, typically range in size from 8 inches
to 11 inches dbh. CNS is usually sold by the ton or by the cord (Table 2-3).
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Table 2-3.--Chip-N-Saw prices in selected areas of the southern United States for
2008 and 2009.
2008
State (Date of Market Report)

2009

$/ton

$/cord

$/ton

$/cord

Texas1 (Sept/Oct)

$16.16

$43.64

$13.91

$37.55

Mississippi2 (3rd Quarter)

$18.97

--

$15.09

--

--

$78.55

--

$73.77

$20.67

--

$17.90

--

Louisiana3 (3rd Quarter)
South Carolina4 (3rd Quarter – West South
Carolina)
1

Source: Texas Forest Service 2009
Source: F2M 2009a
3
Source: LDAF 2009
4
Source: F2M 2009b
2

2.2.3 Pulpwood
Pulpwood is a marketing category of pine or hardwood that is sold for use in the
pulp, paper, or oriented strand board (OSB) industry. Pulpwood can be any size but
typically it consists of the logs or trees that are too small or have too many defects to be
considered sawlogs or CNS (Jones 2009). More specifically, trees that are 5 to 9 inches
in dbh are most often sold as pulpwood. Another term that is often associated with
pulpwood is “chipwood” (Jones 2009). The value of pulpwood or chipwood can be
expressed in terms of cords; however, it is usually expressed in tons (Bond 1999). Table
2-4 shows pine pulpwood prices for various areas of the southern United States.
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Table 2-4. --Pine pulpwood prices in selected areas of the southern United States for
2008 and 2009.
2008
State (Date of Market Report)

2009

$/ton

$/cord

$/ton

$/cord

Texas1 (Sept/Oct)

$9.96

$26.83

$5.12

$13.79

Mississippi2 (3rd Quarter)

$10.06

--

$9.04

--

--

$25.35

--

$21.35

$8.44

--

$8.49

--

Louisiana3 (3rd Quarter)
South Carolina4 (3rd Quarter – West South
Carolina)
1

Source: Texas Forest Service 2009
Source: F2M 2009a
3
Source: LDAF 2009
4
Source: F2M 2009b
2

2.2.4 Pine straw
Another opportunity that has emerged recently is the market for the needles shed
by loblolly and other long-needled pine species and sold into the landscape mulch
market. Pine straw, as it is called, has been a focus of many university extension
programs in the southern United States for the past 15 years. Texas Agriculture and
Mechanical University, Louisiana State University, and the University of Florida have
been promoting the production and marketing aspects of pine straw through workshops,
publications, websites, and field demonstrations over that time period (Duryea 1998;
Mills and Robertson 2001; Taylor and Alverson 2002). One study showed that the pine
straw industry had generated as much as $50 million dollars in North Carolina in 1996
(Rowland 2003).

14

Little research has been conducted on measuring the amount of needle fall for
loblolly pines; however, slash pine (Pinus elliottii) can shed between 0.5 grams per
square meter to 2.5 grams per square meter of needles per day (Duryea 2009). By the
time a slash pine plantation has reached its eighth growing season it can be producing as
much as 2205 lbs (1000 kg) of needles per hectare per year (Gholz, et al. 1985). This
needle fall can be harvested and sold in 30 lb to 50 lb bales for as much as $0.20 per lb
($0.44 per kg) (Duryea 1998; Taylor and Foster 2004).

2.2.5 Carbon sequestration
The emphasis in recent years on reducing carbon dioxide in the atmosphere has
opened the door to new markets for ecosystem benefits provided through forest
management. More specifically, scientists have been looking towards natural processes,
such as photosynthesis, to help reduce greenhouse gases (GHG) in the atmosphere
(Birdsey and Heath 1997). With the acknowledgement of the potential for forest- based
carbon sequestration by members of the third session of the Conference of the Parties to
the United Nations Framework Convention on Climate Change (UNFCCC), which was
held December 1997 in Kyoto, Japan, carbon credits became a tradable commodity
(Oberthür and Ott 1999).
In 2003, the Chicago Climate Exchange (CCX) was established as a forum for
trading carbon offset credits in an effort to reduce GHG. The CCX provides a regulated,
legally binding forum for the trade of carbon financial instruments (CFI) which represent
atmospheric carbon sequestered by natural means (Current, et al. Undated). As such,
landowners that plant loblolly pine, or other tree species, after January 1, 1990, may

15

receive a payment for sequestered carbon. The amount of the payment is based on the
potential carbon that will be sequestered. The CCX established standard carbon
accumulation tables for loblolly pine (Table 2-5).
Table 2-5.--Chicago Climate Exchange (CCX) reforestation carbon accumulation
tables for loblolly pine (with planting density greater than 250 stems per acre).
Metric tons of CO2 acre-1 per Years
(Years since planting)
US Region

0-5

6-10

11-15

16-20

Southeast (AL, FL, GA, SC)

1.51

1.86

6.99

6.17

Delta (AR, LA, MS)

2.21

2.80

7.81

7.92

Southern Plains (OK, TX)

2.10

2.45

6.87

6.87

Appalachian (KY, NC, VA, TN, WV)

1.63

1.98

7.11

6.41

Source: Current, et al. Undated

It has been estimated that US forests have offset as much as 25 percent of US
carbon emissions (Birdsey and Heath 1997; Johnsen, et al. 2001b). However, as our
carbon emission levels increase that level of offset is declining. Huang and Kronrad
(2001) indicated that the cost of sequestering carbon on existing managed forestlands
ranged from $4.18 to $181.27 per metric ton of carbon. They also note that the cost of
sequestering a metric ton of carbon on land that is converted from non-forest land to
productive loblolly pine forests can be as low as $0.74 to $27.32. Numerous other
studies have been conducted to estimate the cost of sequestering a metric ton of carbon,
all with similar results (Huang, et al. 2004).
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In order for a landowner to participate in the carbon market, they must contract
with an aggregator who will bundle smaller carbon contracts and sell them through the
CCX. In Missouri, Dogwood Carbon Solutions (www.dogwoodcarbon.com),
headquartered in Columbia, MO, currently functions as an aggregator of forest-based
carbon credits traded on the open market. Dogwood Carbon‟s standing offer is a 50-year
contract that guarantees $5 per acre with profit sharing up to $20 per acre (Davis 2010).

2.2.5 Other benefits of loblolly pine
As mentioned earlier, loblolly pine is managed predominately for the marketable
products discussed in the previous sections. However, there are other beneficial uses of
loblolly pine that are directly related to its fast growth, hardiness, and ease of
management. For example, loblolly is often used for visual screening, windbreaks, noise
barriers, wildlife corridors, soil stabilization, and urban landscaping (Baker and Langdon
1990). Although these uses may or may not generate a direct financial benefit, the
ecosystem benefits have value to the landowner (Alavalapati, et al. 2004).
Evidence of the financial and ecosystem benefits of loblolly pine management are
common in the agroforestry literature. For example, agroforestry applications of loblolly
pine have been studied in the southern US as a means of diversifying risk and improving
productivity for private landowners (Clason 1995). Likewise, Clason (1999)
demonstrated that loblolly pine could be used in silvopastoral applications to both
enhance forage production and timber production. Grado, et al. (2001) and Husak and
Grado (2002) also showed that grazing cattle in loblolly pine stands could help improve
cash flow for Mississippi landowners who have invested in pine production.
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Given the potential economic and non-economic benefits of loblolly pine, it
seems natural that computer-based models would be developed to reduce uncertainties,
estimate risks, and assist in management at various landscape scales. The next section
will discuss the development and application of those models.

2.3

COMPUTER APPLICATIONS IN FORESTRY
Shao and Reynolds (2006) use the term “digital forestry” to describe the

integration of science and technology in support of sustainable forest management.
More specifically, digital forestry reflects the growing dependence on computer-based
models for forest management at all levels. Digital forestry encompasses many
technology-based tools including: remote sensing, geographic information systems (GIS),
modeling/simulation, visualization, and decision-making (Shao and Reynolds 2006).
These areas of digital forestry are not mutually exclusive and are often combined to
create a forest information system (Köhl 2006). The next section will describe each of
these technology-based tools and give examples of how they are used in forestry and in
the management of loblolly pine.

2.3.1 Remote sensing
Remote sensing uses aerial photography, radar, and satellite images to rapidly
gather basic data over large areas of land. It also provides permanent and objective
records of forest conditions, can produce map-like products, and can save time and
money. Often, remote sensing is used in areas that are inaccessible or too large to
consider ground surveys (Shao and Reynolds 2006). Remote sensing uses aerial
photography, light detection and ranging (LiDAR), radio detecting and ranging
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(RADAR), and other techniques to measure forest density, canopy height, vertical
distribution of intercepted surfaces, above ground biomass, and changes in forest health
and structure (Dubayah and Drake 2000).
With respect to remote sensing applications with loblolly pine, Roberts, et al.
(2005) used LiDAR to estimate leaf area index (LAI), crown width, and crown depth in
east-central Mississippi and eastern Texas. Sivanpillai, et al. (2006) used Landsat ETM+
to estimate stand age, stand density, and mature stand structure (dbh and height) in a
managed loblolly pine plantation in east Texas. Many other studies could be noted;
however, remote sensing techniques are generally used for estimating average stand
densities, canopy densities, stand ages, forest health, species range, mortality, and other
general descriptive data at the stand level or individual tree level (Brandtberg and Warner
2006).

2.3.2 Geographic information systems
Geographic information systems (GIS) is a computer-based technology that
manipulates spatial data to generate visual and statistical information, such as measuring
and depicting management impacts and predicting responses of the forest to different
management strategies (Mendoza, et al. 2006). GIS technology has become more
sophisticated over the past 20 years as computational capabilities have increased. More
importantly, GIS is becoming one of the most sought after tools in forestry (Bernard and
Prisley 2005). As global demand for forest resources increases, GIS decision models that
can manage large spatial data sets will continue to be used in all aspects of digital forestry
(Shao and Reynolds 2006).
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Hung, et al. (2005) used GIS in conjunction with global positioning (GPS) and
LiDAR to recommend thinning in loblolly pine stands located in Texas. The GIS
application allowed the researchers to incorporate data on tree density, spatial
distribution, and the amount of residual growing stock collected from GPS representing
thinning from below (low thinning) and LiDAR representing thinning from above (crown
thinning). Based on this ability to look at the impact of thinning on each tree from both
ground level and from above, the best selection criteria for thinning can be developed.

2.3.3 Modeling and simulation
Often the terms “simulation” and “modeling” are used in conjunction. The basic
premise of modeling and simulation is to develop an estimate of the dynamics of a forest
process over time using mathematical representations (Johnsen, et al. 2001a). Forest
yield tables were early forms of forest models (Peng 2000; Shao and Reynolds 2006).
These early simulation models focused mainly on single variables, such as rate-ofgrowth, yield, and basal area. However, with the advent of the personal computer and the
increased ability for complex mathematical functions, modeling and simulation has
become more advanced.
Table 2-6 shows a brief timeline of developments in forest modeling and
simulation. Prior to the development of the computer in the 1960s, forest models were
relatively simple. According to Moser (1980), early models developed in two phases,
beginning with normalized forest-yield models from the 1780s through the 1930s; and
then development of forest-yield models that included a variable dealing with tree density
from the 1930s to the 1960s. However, with advancements in computing during the
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1970s and the development of GIS technologies, forest simulation models began to
evolve and become more complex. Often these models would be used to evaluate forest
dynamics, including ecological factors, from multiple levels, such as stand-level,
landscape-level, regional, and broader scales (Shao and Reynolds 2006).

Table 2-6. --Development of forest models and simulation tools over time, including
the major technological influences.
Technological influence

Prior to 1960s

1960s

1970s to present

Examples of models and simulation tools

Single-variable models

• Normalized forest-yield models
(1787-1937)
• Density-dependent forest-yield
models (1937-1960)

Computers developed

• Forest Yield models
• Distance dependant individual-tree
models
• Diameter transition models

Personal Computers and
GIS

• Gap models
• Forestry and ecology process based
stand, landscape, region, and broader
spatial scale models
• Remote sensing models

Source: Shao and Reynolds 2006

Today, the most common form of modeling has been growth and yield models
that are used to describe and predict growth, mortality, reproduction, and associated
changes over time (Peng 2000). Modern growth and yield models can be categorized
several ways, including:


uneven-aged or even-aged stand models,



whole stand or individual tree models,
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Empirical growth and yield (management-oriented), mechanistic process
(research-oriented), or hybrid models (Peng 2000).

However, it is often difficult to distinguish into which category a model should be
placed due to the fact that current models are often combinations of these categories, or
“hybrid” models (Peng 2000).
The Woodsman‟s Ideal Growth Projection System (TWIGS) is an example of a
common whole stand forest simulation model that was developed by the USFS in the late
1980s to estimate growth, yield, and value of timber grown under various management
regimes in various regions of the United States (Miner, et al. 1988). This model can
operate on a personal computer as a stand-alone program.
For loblolly pine, there are several models that have been developed. Before
computers were invented, much work was done to create models in order to develop age,
site, and density dependent tables to predict growth and yield (Clutter 1963). As
computers become more prevalent, more advanced prediction models of growth and yield
were developed. These models were not dependent on simple linear equations (Murphy
1983). One of the earliest computer based simulation models focusing on loblolly was
TAUYIELD, a stand-level growth and yield model developed in 1984 based on trees
grown in various areas of the southern United States (Amateis, et al. 1999).
FASTLOB, which represents current models, is a stand-level growth and yield
model for fertilized and thinned loblolly pine (Amateis, et al. 2001b). Similar to the
TAUYIELD model, FASTLOB was developed to estimate the effects of different
management practices on loblolly pine plantations. FASTLOB also incorporated the
22

GYST (Growth and Yield Software Technology) interface which converts stand data into
spreadsheet formats for easier transfer from FASTLOB to other Windows (©Microsoft
Corporation) based programs.
Table 2-7 lists some of the more common loblolly pine simulation models with a
brief description of their application. The models listed in Table 2-7 represent the
various types and uses of simulation models as applied to loblolly pine. Many of the
models have been developed by the Loblolly Pine Growth and Yield Research
Cooperative at Virginia Tech University, (http://www.cnr.vt.edu/g&y_coop/models.htm).

2.3.4 Visualization
As with modeling and simulation, visualization in forestry has advanced
dramatically over the past 20 years with improvements in computer technology. GIS,
GPS, remote sensing, and other techniques have aided in the development of
visualization methods. The term “virtual” is often used to describe forest data that is now
presented in 2-dimension (2D), 3-dimension (3D), or even 4-dimension (4D) formats
(Shao and Reynolds 2006). Visualization includes both static and animated graphics;
and, can be as simple as a photograph or as complex as a graphic generated using a series
of mathematical simulation models (Larson 1992). Visualization is most often used in
conjunction with some form of modeling or remote sensing.
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Table 2-7. --Loblolly pine models including date of development and a brief
description.
Model

Date

Description

Growth and Yield Tables

1963

Age, site, and density dependent forest yield
tables (Clutter 1963)

Nonlinear timber yield
equation system

1983

Stand-level density-dependent growth and
yield prediction equations (Murphy 1983)

TAUYIELD

1984

Stand-level growth and yield model for thinned
and unthinned plantations (Amateis, et al.
1999)

NATLOB

1984

Diameter distribution growth and yield model
for natural stands (Burk and Burkhart 2001)

PTAEDA 2.0

1987

Individual tree growth and stand development
in plantations on cutover, site-prepared areas
(Burkhart, et al. 2001)

(Physiological Principles
Predicting Growth)

1997

Process-based stand-level model for growth
and yield (Landsberg, et al. 2001)

SouthPro

1998

Excel™ based growth and yield model for
uneven aged stands under various management
regimes (Schulte, et al. 1998)

TRULOB

2000

Individual tree growth and yield model for
managed plantations (Amateis, et al. 2000)

FASTLOB

2001

Stand-level growth and yield model for thinned
and fertilized plantations (Amateis, et al.
2001b)

3-PG

GIS, which is heavily dependent on graphical representations of spatial data, has
been instrumental in advancing the use of visualization in forest management. More
recently, the US Forest Service released the Stand Visualization System (SVS) in 2002.
Originally tested in 1997 as an IBM-compatible, MS-DOS based program, SVS uses
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geometrical shapes to represent individual trees, shrubs, and down-material in order to
depict stand structure or conditions (McGaughey 1997, 2002). Visualization was paired
with growth, yield, and mortality models when the USFS developed the Forest
Vegetation Simulator (FVS), which is an individual-tree distance-dependent model the
uses the graphical interface of SVS to predict growth and yield of most major forest tree
species, forest types and stand conditions (Dixon 2003; Peng 2000).
The use of visualization techniques in loblolly pine research and management has
developed along with the use of visualization in other applications. For the most part,
loblolly pine visualization is just one part of a larger visualization model. For example
FVS includes loblolly pine as one of the species that it models (Dixon 2003). However,
McCombs, et al. (2003), used LiDAR to create 3D images of loblolly pine stands in order
to estimate stem density and tree heights for individual trees. Likewise, Amateis, et al.
(1999) used SVS in conjunction with their TAUYIELD simulation model for loblolly
pine.

2.3.5 Decision support systems
For the purpose of this research, the concept of digital forestry will focus mostly
on computer-aided decision-making applications; however, it should be noted that
decision-making applications, like forest information systems, rely heavily on data
gathered and created using other tools, such as modeling/simulation and GIS (Turban
1993). Laudon and Laudon (2000) define a decision support system as a computer
application that combines data with analytical models and user-friendly software.
Additionally, Turban (1993) notes that decision support systems integrate a decision
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maker's own insights and values with a computer's information processing capabilities for
improving the quality of decision-making. The most important aspect of a decision
support system is that it not only provide accurate predictions of outcomes, but also
provides a method for ranking the outcomes based on the preferences of the decisionmaker (Cooney 1986; Turban 1993; Varma, et al. 2000).
Often, a decision support system will use economic indicators as the method of
ranking alternatives. For example, POPMOD is a decision support model that was
designed by Willis and Thomas (1997) to help forestry professionals estimate the
physical and financial performance of poplar trees (Populus spp.) combined with other
agricultural activities in an agroforestry system. POPMOD uses discounted cashflow
analysis to calculate net present value (NPV) as an indicator of financial performance.
Quick-Silver was designed to help forestry professionals analyze the financial
performance of forestry related projects (Vasievich 2000). SouthPro predicts growth and
yield of uneven-aged stands in the southern United States given certain management
regimes (Schulte, et al. 1998). Unlike the other models listed, SouthPro is a Microsoft
Excel (©Microsoft Corporation) based add-in program that can be run on any Windows
(©Microsoft Corporation) based personal computer and can create detailed graphs and
tables to reflect predicted yields and values for mixed hardwood and softwood stands in
the southern United States.
Table 2-8 lists some common forestry related decision support systems along with
their decision criteria and target audience. All the models listed in this table are designed
for use by professional foresters. More specifically, in order to fully understand how to
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use these models and to use them effectively requires more than a basic understanding of
forestry and loblolly management.
Table 2-8. --Common forestry related decision support systems with their decision
criteria and intended user.
Decision Support
Model

Decision Criteria

Target Audience

POPMOD

Discounted cashflow analysis
(NPV)

Professional foresters

Quick-Silver

Benefit/Cost analysis, discounted
cashflow analysis/ investment
length

Professional foresters

SouthPro

Yield and discounted cashflow
analysis

Professional foresters

WINYIELD© 1.11

Tax analysis, discounted cashflow
analysis, investment length

Professional foresters

FASTLOB2

Plantation survival and growth with
potential for discounted cashflow
analysis
Professional foresters

GaPPS

©

PTAEDA 4.0

Tax analysis, discounted cashflow
analysis, investment length

Professional foresters

Discounted cashflow analysis

Professional foresters

The last three models, WINYIELD© 1.11, FASTLOB2, and PTAEDA 4.0, are
focused primarily on loblolly pine management decisions and are improvements over
existing simulation models. WINYIELD© 1.11 is a decision support model that is
Windows®-based, and can be used to model mixed or monoculture forests, but is often
used in the southern US to model loblolly pine afforestation on old crop fields. Potential
income and income tax implications as well as the common indicators of net present
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value, expected return, and investment length are all part of the discounted cash flow
analysis of the model (Moorhead and Dangerfield 1998). FASTLOB2 incorporates an
expert system for site analysis and the potential for financial analysis to the original
FASTLOB simulation model (Amateis, et al. 2005).
GaPPS© (Georgia Pine Plantation Simulator) is very similar to the WINYIELD©
model described above; however, it is specifically designed to focus on pine plantations
(Moorhead and Dangerfield 1998). GaPPS© and WINYIELD© are both commercially
developed models that are sold to professional foresters. The PTAEDA 4.0 model was
developed to incorporate the growth and yield models developed in TAUYIELD and
FASTLOB with the visual graphics of the USFS Stand Visualization System (SVS)
(Burkhart, et al. 2008). PTAEDA 4.0 also includes an economic section that consists of a
summary of all costs associated with a management practice; a net present value analysis
based on real rates of return; and, a calculation of the equal annual equivalent (Burkhart,
et al. 2008).

2.4

SUMMARY
Digital forestry has its basis in forest simulation models and the ability of those

models to accurately simulate biophysical processes. GIS, remote sensing, and
visualization are all tools used to develop and test those models. Finally, decision
support systems take the forest simulation models and apply them in such a way that a
decision maker can select the best alternatives for their forest stand.
With personal computers in nearly every household, it is reasonable to assume
that private forest landowners rely on some form of computer based model to make
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management decisions about their forests. As Moorhead and Dangerfield (1998) noted,
private forest landowners are relying on consultants, universities, industry, state foresters,
and Cooperative Extension Service county agents to assist them in making forest
management decisions. However, for plantation forestry to become a more mainstream
activity, the tools for decision analysis must be placed in the hands of the people making
the decisions. For the private landowner who does not have a background in forestry, the
current models are difficult to understand and can be expensive. More importantly, for
the landowner who wants to start with the simple question of “What spacing should I use
when planting my trees?”, these current models may only complicate the answer.
As the computer systems have become more and more powerful, digital forestry
has become more effective at analyzing options for forest landowners. Decision support
systems can expand the boundaries of the decision- maker and incorporate an increasing
number of variables. This review is a broad sample of the possible approaches and tools
available. However, it also highlights some of the gaps and opportunities for digital
forestry tools, such as developing digital forestry decision support systems, designed for
the non-professional forester.
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CHAPTER 3

3.1

METHODOLOGY AND APPROACH
Development of the Loblolly Pine Decision Support Tool (LPDST) consisted of three

main steps. The first step was building a user-friendly decision support model for
loblolly pine management that focused on the impacts of management decisions on
financial returns. The second step was to test the model using sensitivity analysis and
producer feedback. Finally, the third step was to refine the model based on the testing
and feedback. This chapter will focus on the development of the model and a summary
of the methods used to test the model. Chapter 4 will go into greater detail about the
methods used to test the model and the results of those tests. Chapter 5 will present
conclusions with regard to the ability of the model to accurately predict financial
outcomes and future directions for loblolly pine management in the Ozarks region.

3.2

BASIC FRAMEWORK
In the model building process, the first step was to identify a basic framework that

describes the factors that affect financial performance of loblolly pine. Second, a user
friendly format had to be developed that would allow the decision maker to input
decision parameters and criteria directly into the model, allow for additional variables,
and generate instant results in a format that is easily understood. Finally, input and
output variables had to be selected that would be easily understood by the decision maker
and useable by the growth, yield, and financial algorithms in the model.
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The assumptions and theoretical model used as the framework for the decision
support model begin with a basic relationship between financial performance and:


variables related to growth and mortality of the tree;



variables related to production and marketing of the products derived
from the tree; and,



variables related to the income distribution and timing of those products.

More specifically, financial performance is a function of volume, which is effected by
initial spacing, thinning, site index, genetics, crown competition, growth rates, and
mortality; as well as market parameters, such as residue value, pulpwood value, sawlog
value, pine straw value, rotation length, discount rate, and costs. All of these factors are
considered to have a major impact on the financial performance of loblolly pine.
There are numerous loblolly pine models that have been developed over the years.
The basic framework for this study is based on a combination of two recent models,
PTAEDA 4.0 (Burkhart, et al. 2008) and SouthPro (Schulte, et al. 1998). Both of these
models are based on growth and yield functions that have been developed from existing
natural and plantation stands within the native range of loblolly pine. No such models
exist for loblolly growing outside the native range, such as the Ozarks Region of
Missouri and Arkansas. In some cases the linear relationships described in the existing
models are used directly; however, in other cases, the general shape or characteristic of
the relationship is modeled in order to simplify the design and application.
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3.2.1 Growth model
Based on studies conducted in the Southern United States, there are two
predominant methods to predict loblolly pine growth. A density-dependent matrix model
can be looked at as a series of “if/then” logical relationships, or a decision tree, where
each specific level of a variable has a unique linear function. Lin, et al. (1998), use a
matrix model to predict growth of loblolly pine in an uneven- aged stand with
competition from other species. Their growth matrix model has the form
yt+1 = Gt (yt –ht)+It

(3.1)

Where yt = a vector [yijt] representing the number of live trees per unit of area j (j=1, 2, . .
., n) and species i (i = 1,2,. . .,m) at time t before harvest,
ht = a column vector representing harvest at time t,
Gt = the “upgrowth” matrix that reflects probability of survival of the existing
stand,
It = the “ingrowth” matrix that reflects the impact of tree densities and site
characteristics.
This matrix model is used as the basis for the SouthPro decision model (Schulte, et al.
1998). Parameters for this model are based on surveys conducted on 991 existing
loblolly stands in seven States located in the southern US (Lin, et al. 1998).
Burkhart, et al. (2008) used a similar approach to modeling growth for even- aged
stands in their PTAEDA 4.0 decision model. Their approach begins with developing a
series of linear equations to predict average tree height and maximum diameter for open
grown loblolly pines. For average tree height, Burkhart, et al. (2008) used the following
equation:

(3.2)

147.2

H=
1-

147 .2
1SI

25 1.17407
A
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Where H = the average height of the dominant and co-dominant stand in feet,
SI = site index with a base age of 25 years (in feet),
A = stand age (in years).
For maximum potential diameter growth, Burkhart, et al. (2008) use the following
equation developed by Daniels and Burkhart (1975):

(3.3)

D0 = -2.422297 + 0.286583H + 0.209472A

Where D0 = maximum diameter at breast height for open grown loblolly pine (in inches);
H = total tree height (in feet),
A = age from seed (in years).
Potential annual height (PHIN) and potential annual diameter increments (PDIN) can be
calculated by taking the first derivative of equation 3.2 and 3.3 with respect to age.
These equations were based on data collected from numerous growth and management
studies conducted by both public and private institutions (Burkhart, et al. 2008).
For this study, equations 3.2 and 3.3, developed by Burkhart, et al. (2008) and
used in the PTAEDA 4.0 model, were chosen to be the basis for the growth algorithms.
Selection of these equations over the density-dependent matrix model, equation 3.1
developed by Lin, et al. (1998), was based on three criteria:
1. Ease of use – the linear form of the growth and height prediction equations
used by Burkhart, et al. can easily be formatted into any available
spreadsheet model, such as Microsoft Excel™, unlike the matrix models.
It is acknowledged that the matrix models developed by Lin, et al. were
originally designed for use in Microsoft Excel™; however, the algorithms
used to incorporate them into the model are proprietary.
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2. Applicability - equations 3.2 and 3.3 were designed for even-aged, opengrown loblolly plantations. According to Lin, et al. (1998), loblolly pine
is generally managed using even-aged management techniques. The
model being developed for this study will also focus primarily on evenaged, open-grown or new plantations of loblolly pine.
3.

Reliability of prediction – the “goodness of fit” for equation 3.2 used by
Burkhart, et al. was very high (R2 = 0.9197) with a small standard error
(Sy,x = 2.14023) (Burkhart, et al. 2008). Equation 3.3 has been used to
predict maximum potential diameter across a wide range of sites. It is
acknowledged that this “goodness of fit” may or may not pertain to
loblolly pine grown in the Ozark region of the US.

For the purpose of this study, the average height (H) from equation 3.2 is applied
as the height (H) in equation 3.3. The actual annual diameter growth prediction, or
annual diameter increment (DIN), is a function of the potential diameter growth (PDIN),
crown ratio (CR), basal area (BA), age (A), and a competition index (CI) that reflects the
influence of crown competition on growth. More specifically, the equation used in the
financial model to predict the annual diameter growth increment (DIN) is based on the
annual diameter increment equation developed by Burkhart, et al. (2008):

(3.4)

𝐷𝐼𝑁 = 𝑃𝐷𝐼𝑁 0.8𝐶𝑅

0.74295

𝑒𝑥𝑝 −0.69851𝐶𝐼

𝐵𝐴 𝑏
𝐵𝐴 𝑎

𝐴 𝑠 −𝐴 𝑡
𝐻2

𝑒𝑥𝑝

𝐴𝑠 −𝐴𝑡 2
𝐴𝑠
𝐴𝑡

30 .829

Where PDIN = the potential diameter increment based on the annual growth prediction of
open grown trees,
CR = calculated crown ratio,
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CI = calculated competition index,
BAb = calculated basal area before thinning,
BAa = calculated basal area after thinning,
As = stand age,
At = age at last thinning,
H = average height from equation 3.2.
Annual dbh predictions are based on a summation of the prior year‟s dbh plus the
expected annual DIN (equation 3.4) for the year being estimated. For example, if Year 4
had a dbh prediction of 1 inch and the predicted DIN for Year 5 was 0.75 inch, then the
dbh for Year 5 would be 1.75 inches. This dbh estimate is an “outside the bark” estimate
of diameter, which means that it includes the thickness of the bark.

3.2.2 Competition
The impact of crown competition on the growth and yield of loblolly pine was
originally assumed to be a key factor that must be considered in any predictive model.
Lin, et al. (1998) incorporate a competition factor by using residual stand basal area and
number of stems per acre as variables in the linear equations used to predict ingrowth for
their matrix model. More specifically, stand basal area has a negative coefficient in their
model, meaning that as basal area increases, ingrowth decreases. Their model also
shows that pine and other softwoods (parameter estimate of -0.15) are impacted at a
greater rate by basal area than hardwoods (parameter estimate of -0.05) (Lin, et al. 1998).
The PTAEDA 4.0 model uses a competition index based on work by Daniels and
Burkhart (1975):
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𝐷𝑗

(3.5)

𝐶𝐼𝑖 =

𝐷𝑖

𝑛
𝑗 =1 𝐷𝐼𝑆𝑇
𝑖𝑗

Where Di = dbh of the subject tree;
Dj = dbh of the competitor tree;
DISTij = distance between the subject (i) and the competitor tree (j);
n = number of trees „in‟ with a BAF 10 'sweep' centered at the subject tree.
The competition index (CIi) impacts both the annual height increment (HIN) and
the annual diameter increment (DIN) (Burkhart, et al. 2008). Since the LPDST is not
considering each tree separately, but estimating an average tree size, the factors Di and Dj
are equal. Therefore, equation 3.5 becomes:

(3.6)

𝐶𝐼𝑖 =

1
𝑛
𝑗 =1 𝐷𝐼𝑆𝑇 𝑖𝑗

Where n = 8 neighboring trees that have direct impact on the subject tree,
DISTij = square root of the quantity 43,560 ft2/number of stems per acre.
This may over simplify the impact of the competition index, but it allows for incremental
adjustments as trees are removed over time by thinning and by mortality.
The other impact felt by competition between trees is in crown ratio. Trees that
are in an environment where they face competition for light from neighboring trees will
have less crown in relation to stem. This crown ratio affects the ability of the tree to
carry on the photosynthetic processes needed for growth. Burkhart, et al. (2008) uses the
following equation for crown ratio (CR):
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(3.7)
𝐶𝑅 =
1.0 − 𝑒𝑥𝑝 −1.78246 –

34.1967

𝐷

𝐴𝑠

𝐻

+𝑇

𝐵𝐴 𝑏
𝐵𝐴 𝑎

0.03206𝐷0.43665 𝑒𝑥𝑝 −

𝐴𝑠 −𝐴𝑡
𝐴𝑠 0.5

Where As , At, BAa, and BAb, are the same as they were for equation 3.4,
T = indicator variable for thinning, where 0 = unthinned stands or stands more
than 1 year from thinning, and 1 = thinned stands one growing season after
thinning,
D = diameter as calculated by equation 3.3,
H = height as calculated by equation 3.2.
Equation 3.7 predicts that as the tree gets older, the percent of live crown
decreases. Likewise, as the number of stems per acre increases the rate of decrease in the
percent of live crown increases. In other words, competition for light causes a decline in
live crown ratio as would be expected.

3.2.3 Mortality
Mortality represents the natural death or decline of trees over time and is a result
of numerous variables, such as stress, vigor, and photosynthetic potential. Some
mortality is predictable based on site indices or planting densities. However, a large
portion of tree mortality can also be attributed to unpredictable causes, such as animal
browsing and extreme weather. Lin, et al. (1998) used a quadratic function of tree
diameter to estimate the probability of mortality. Their model indicated that mortality
was highest for young trees; decreased to the lowest level for intermediate age trees; and,
increased again for older trees.
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Burkhart, et al. (2008) approached mortality in a similar fashion by estimating the
probability that an individual tree will be alive each year. This probability is a function
of crown ratio (CR) calculated in equation 3.7 and the competition index (CIi) calculated
in equation 3.5. An exponential function is used to describe the relationship between
these factors and several other unspecified parameters. As with the equation used by Lin,
et al., the Burkhart, et al. prediction of mortality has a similar form, with young trees
having a high mortality, intermediate trees having the lowest mortality, and the older
trees experiencing increased mortality.
In order to model mortality in this study, the shape of the mortality curve was
more important than the actual equations used by the other two models. It was found to
be more important to estimate the potential mortality of the younger trees that have a
greater impact on discounted cash flow; and then manage the factors that cause mortality
in the older trees, which have a lesser impact on discounted cash flow, by using
prescribed thinning at a user defined basal area. More specifically, the decision maker
can input an estimate of mortality which becomes an upper limit for the annual mortality
of trees. A random number is then generated between 0 and this upper limit. The
random number generated is multiplied by the total number of existing trees to become
the number of trees lost to mortality during the first 10 years modeled. For example, if a
decision maker indicates that mortality can be as high as 10%, then the model will
randomly estimate annual mortality as being between 0% and 10% each year.
Any trees lost due to mortality in the first four years of the model can be replaced
at a cost in the model. It is assumed that after the fourth year, the difference in size of the
original trees and the replacement trees would create a shading problem for the
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replacement trees and make it financially unfeasible to try to replace them. For the older
trees, it is assumed that mortality is managed and minimized through proper thinning to
maintain a certain basal area.

3.2.4 Volume yield
The model in this study is designed to estimate total standing volume, total
volume removed, total merchantable volume, total merchantable volume removed, total
sawlog volume, total sawlog volume removed, total chip-n-saw volume removed, and
total pulpwood volume removed at each thinning or at final harvest.
In determining these volumes for loblolly plantations, it is important to
understand that each plantation has the potential to produce several different products,
each of which is measured in different units. For example, sawlog volume is measured in
board feet (bf) or thousand board feet (MBF). However, pulpwood volume is measured
in tons per acre. Finally, pine straw volume is measured in terms of pounds per acre.
For the financial decision model created in this study, volume calculations begin
with calculating total volume per standing tree using an estimate of the diameter outside
the bark and total tree height. It is assumed that this diameter is the dbh calculated using
equation 3.4 and height prediction calculated using equation 3.2. Burkhart, et al. (2008)
used cubic-foot volume equations that were based on studies conducted by Tassissa, et al.
(1997) on over 767 stems. These equations segregated volume based on “outside the
bark” and “inside the bark” dbh estimates; and, on thinned and unthinned plantations. In
order to simply the financial model, the volume equation using “outside the bark” dbh
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estimates on thinned stands was used as the basis for total stand cubic-foot volume, and is
reflected in the following equation:
𝑉𝑡𝑠 = 0.25663 + 0.00239 𝐷2 𝐻

(3.8)

Where Vts = total stem volume in ft3, and all other variables are as previously defined.
This total stem volume is then multiplied by the total number of standing trees to estimate
the total standing volume per acre in ft3.
Merchantable volume is predicted in a similar way as the total standing volume,
using equations developed by Tassissa, et al. (1997) and applied by Burkhart, et al.
(2008).

𝑉𝑚𝑠 = 𝑉𝑡𝑠 𝑒𝑥𝑝 −1.04007

(3.9)

𝑑 5.25569
𝐷 4.99639

Where Vms = merchantable cubic-foot volume per stem at a specified top end diameter
limit measured “outside the bark”,
d = user specific top end diameter limit measured “outside the bark” for chip-nsaw.
All other parameters are as previously defined.
Merchantable volume per stem (Vms) is multiplied by the total number of stems
per acre to estimate total merchantable cubic-foot volume per acre. The top end diameter
limit (d) is left as a user specified variable because the upper limit is often determined by
available markets. A default value is set in the model of 5 inches outside the bark on the
top end.
Estimation of the volume removed is based on Vts and Vms multiplied by the
number of stems removed at each thinning or at final harvest. Thinning is based on a
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predetermined basal area limit and level of thinning set by the user of the financial model.
For example, a user may set a basal area limit of 110ft2/acre, and determine that 25% of
the stems will be removed at each thinning. Therefore, when the basal area in the model
exceeds 110ft2/acre the model will reduce the number of standing live stems by 25% and
calculate the volumes of the removed material. Total merchantable volume removed is
subtracted from total volume removed to obtain total pulpwood volume removed. Total
pulpwood volume removed is converted from ft3/acre to tons/acre by the following
equation:

(3.10)

𝑃𝑊𝑉 =

𝑉𝑡𝑠 ∗𝑆 – 𝑉𝑚𝑠 ∗𝑆
128

∗ 2.675

Where PWV = total pulpwood volume,
S = number of stems removed at time of thinning or final harvest.
All other variables are as previously defined. Equation 3.10 converts pulpwood volume
in ft3/acre to cords per acre and then multiplies the number of cords by the weight of a
cord of loblolly pine in tons, ~ 2.675 tons (Bond 1999).
Chip-n-saw volumes are calculated by subtracting total sawlog volumes removed
from total merchantable volumes removed. The assumption is that merchantable volume
includes both chip-n-saw and sawlog volume. Equation 3.9 is used to calculate sawlog
volume in terms of ft3/acre and then converted to thousand board feet (MBF)/acre Doyle
scale. The variable for top end diameter measured outside the bark (d) will be based on
market specifications for sawlogs.
Pine straw production is based on a derived logarithmic equation based on
published pine straw yield estimates (Burner, et al. 2010; Duryea 1998). The data from
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these studies was plotted in Microsoft Excel™ and a trend line was plotted against that
data. The equation for that trend line is used to predict the pine straw production in this
financial model. That equation is based on basal area per stem:

(3.11)

𝑃𝑆𝑠 = 1.692 ∗ 𝑙𝑛 𝐵𝐴𝑠 + 7

Where PSs = pine straw yield per stem per year in pounds,
BAs = basal area per stem in ft2 (BA =

𝜋𝑟 2
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).

Total pine straw yield is a cumulative total, calculated by summing the estimated
pine straw yield from previous years with the estimated yield in the current year. The
financial model allows the user to determine when to harvest the pine straw by setting a
standard pine straw bale weight and identifying the minimum estimated number of pine
straw bales that need to be ready to harvest before a harvest will occur. For example, if
the user sets the bale weight at 35 lbs. and the minimum number of bales at 100 per acre,
the model will not show a pine straw harvest until the cumulative pine straw yield per
acre exceeds 3500 pounds. After the harvest is conducted, the cumulative total is reset to
zero and annual pine straw production is allowed to accumulate.

3.3

FINANCIAL ANALYSIS
The financial basis for the model focuses on discounted cashflow analysis, which

starts with the development of an annual cashflow for each year of analysis. This
cashflow analysis builds on the growth and yield prediction described in earlier sections
and applies cost and income data to those predictions. Timing and duration of costs and
revenues are based on management decisions reflected by user inputs into the model.
More specifically, thinning costs and revenues are directly related to the user‟s specified
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basal area limits and percentage of trees removed at each thinning. Financial
performance is measured by the common indicators of net present value (NPV), internal
rate of return (IRR), modified internal rate of return (MIRR), annual equivalent value
(AEV), and payback period (PBP).

3.3.1 Net present value (NPV)
Net present value (NPV) represents the discounted value of all revenues minus
expenses incurred during the life of an investment. More importantly to an investor, it
represents the maximum initial investment a person should make in order to earn a
specified rate of return. The most common form of the equation for NPV is as follows:

(3.12)

 1 
 1 
 1 
  cashflow2 
  ...  cashflown 

NPV  cashflow0  cashflow1 
1
2 
n 
 (1  i) 
 (1  i) 
 (1  i) 
Where NPV = Net Present Value,
cashflown= net income or net loss for the year “n”, for example, cashflow1 is the net
income (or net loss) from the first full year of production,
i = discount rate, or the opportunity cost of investing,
n = number of years included in the budget.
One of the criticisms of using NPV is that it is a static measure of an investment
that may experience numerous fluctuations in revenue and costs over time. This is
especially true with forestry investments where an investor may have large initial
investments to establish a plantation, periodic revenue streams from thinnings or leases,
and periodic costs from management or casualty losses. More specifically, NPV only
represents a snapshot of the current value of the potential revenues and losses that may
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occur over time. The timing and duration of those revenues and losses may have a
dramatic impact on the financial viability for the investor.
However, one of the benefits of using NPV as an indicator of financial
performance is that it is easy to compare across other potential investments. As long as
the potential investor understands the duration of the investment and the potential risks
and uncertainties with each investment, NPV can be a valuable indicator of financial
performance.

3.3.2 Internal rate of return (IRR)
Internal rate of return (IRR) is an indicator of the rate at which future revenues
will compensate the investor for all investments in an enterprise. Calculation of the IRR
uses the same basic formula as equation 3.12. However, instead of solving for the NPV,
an arbitrary NPV of $0 is assumed. The discount rate (i) becomes the unknown variable
in the equation and represents the rate of return (IRR). The “i” now represents the rate at
which all discounted cashflow will equal zero (Godsey, et al. 2009). More specifically,
IRR is calculated as follows:

(3.13)
 1 
 1 
 1 
  cashflow2 
    cashflown 

0  cashflow0  cashflow1 
1 
2 
n 
 1  i  
 1  i  
 1  i  

Since cashflow0 is not discounted, it is moved to the other side of the equation.
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(3.14)

 1 
 1 
 1
  cashflow 2 
    cashflow n 
 cashflow 0  cashflow1 
1 
2
 1  i  
 1  i n
 1  i  









Solving the equation for the variable “i” is an iterative and often difficult process. The
best way to describe how to solve equation 3.14 for “i” is “trial and error”. For an
income stream that begins with an initial investment followed by a series of positive
returns, IRR is fairly straight forward. However, for an income stream that fluctuates
between periods of positive returns and negative losses, IRR is not easily calculated and
often indeterminate. Forestry investments can be some of the more difficult investments
to calculate a rate of return, due to the fact that there are periods of positive returns and
periods of losses, or reinvestment.
Analyzing financial performance using IRR can provide the investor with an
indicator of the opportunity cost of investing. Similar to NPV, the IRR can be used to
compare numerous investments as long as timing and duration of cashflows and risks
associated with the investments are understood. A higher IRR represents a better
investment opportunity.

3.3.3 Modified internal rate of return (MIRR)
Due to the difficulties in calculating the IRR for many investment opportunities, a
method for determining rates of return has been developed that can allow for the positive
and negative fluctuations in cashflow. The modified internal rate of return (MIRR) is a
method that can be used to “level out” cashflow fluctuations and provide an indication of
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the overall return to an investment. Often the MIRR is preferred over the IRR because it
considers the reinvestment of annual positive cashflows and the cost of borrowing during
times when there are annual losses. The MIRR is calculated using the following
equation:

(3.15)

𝑀𝐼𝑅𝑅 =

𝑛

−

𝐹𝑉 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑎𝑠  𝑓𝑙𝑜𝑤𝑠 ,𝑟𝑒𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑟𝑎𝑡𝑒
𝑃𝑉 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑎𝑠  𝑓𝑙𝑜𝑤𝑠 ,𝑓𝑖𝑛𝑎𝑛 𝑐𝑒 𝑟𝑎𝑡𝑒

−1

Where FV = future value of all positive cashflows compounded at a specified
reinvestment rate,
PV = present value of all negative cashflows discounted at a specified finance
rate,
n = number of periods in the investment.
Unlike the calculation for the IRR, the MIRR equation can be easily solved without going
through a series of trial and error iterations. Also, there is only one solution to the MIRR
equation, whereas there may be several solutions to the IRR equation. For this study, the
reinvestment rate and the finance rate were set at equal rates; therefore, the MIRR
represents just the growth attributable to the management and yield of the tree products.

3.3.4 Annual equivalent value (AEV)
Comparing forestry or other long-term projects to annual or short-term projects is
often difficult because there are only a limited number of financial indicators that can be
used. Often times, due to the time value of money, the short-term investments reflect
undue bias from indicators that rely on discounting methods. The annual equivalent
value (AEV) is an indicator for financial performance designed to compare all projects on
an annual basis. In other words, the AEV calculates the level annual payment, or
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payment potential, that an enterprise would earn regardless of the duration of the
investment project.
The calculation of AEV is based on equation 3.12 above, but instead of solving
for NPV or the IRR (i), the equation is solved for the “cashflow” variable. The basic
assumption is that there is a level cashflow, or annual value, that will return the same, or
equivalent, NPV and IRR as the project with fluctuating costs and returns. If equation
3.12 is modified to reflect the fact that all cashflows are equal, then that equation will be
as follows:

𝑁𝑃𝑉 = 𝑐𝑎𝑠𝑓𝑙𝑜𝑤

(3.16)

1
𝑛
𝑡=1 1+𝑖 𝑡

Where t = time periods from 1. . . n, and all other variables are as previously defined.
In order to solve for the “cashflow” variable, equation 3.16 is further modified as
follows:

𝑐𝑎𝑠𝑓𝑙𝑜𝑤 =

(3.17)

𝑁𝑃𝑉
1
𝑛
𝑡=1 1+𝑖 𝑡

Where cashflow = the annual equivalent value, or annual annuity payment, and all other
variables are as previously defined. Caution should be used when comparing multiple
investments using AEV, because the AEV calculation does not reflect an actual annual
cash payment, but it does reflect the potential equivalent payment based on the NPV and
expected rate of return.

3.3.5 Payback period (PBP)
Often, long-term investments are overlooked because of the lack of liquidity that
the investor faces. More specifically, investors may not want to place capital in a project
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that could take many years to yield a return. The payback period (PBP) is an indicator of
the length of time it takes for an investment to generate enough income to cover the costs
of establishment. Mathematically, it is the investment period in which the rate of return
is equal to zero. A negative rate of return, or a rate of return less than zero, would
indicate that a loss in the investment has occurred and a rate of return greater than zero
would indicate that a gain on the investment has occurred.
The rate of return used for this indicator in this study is the MIRR. As mentioned
earlier, the MIRR can be easily calculated regardless of whether the returns are positive
or negative. Likewise, the MIRR considers the cost of borrowing to cover negative
cashflows or reinvesting positive cashflows, which impact the decision maker‟s liquidity
position. The equation for this calculation is based on equation 3.15; however, it requires
setting MIRR equal to zero and solving for n.
There is an easier way of calculating payback period, and all these financial
indicators, using commercially available software. The next section will discuss the
software that provided the user-friendly format allowing for the development of a model
that could take simple decision variables and generate instant outputs.

3.4

SOFTWARE SELECTION REQUIREMENTS
There are numerous commercially available software programs on the market that

can handle the calculation requirements of the basic growth, yield, and financial
equations that form the basis of this study. However, the purpose for developing this
decision model was to provide a decision tool designed for a landowner or manager with
a limited knowledge of forestry and with minimal computing skills. Many of the
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decision models developed for forestry management are developed using American
Standard Code for Information Interchange (ASCII) in Microsoft based stand-alone
software programming languages such as C, C++, and the IBM Mathematical Formula
Translating System (FORTRAN), which require the user to download numerous dynamic
linked libraries (DLL‟s) or digital visual FORTRAN libraries (DVF‟s). Table 3.1 shows
a list of some of the more prominent loblolly pine models and the programming format
that they use.
Table 3-1. --Loblolly pine models and programming formats used by the model.
Loblolly Pine Model

Programming Format

FASTLOB (Amateis, et al. 2001b)

Stand-alone (ASCII for C
or FORTRAN)

GYST (Amateis, et al. 2001a)

Stand-alone (ASCII for C
or FORTRAN)

Forest Nutrition Cooperative‟s (FNC) Silviculture Decision
Support System (DSS) (Amateis, et al. 2005)

Stand-alone (ASCII for C
or FORTRAN)

SouthPro (Schulte, et al. 1998)

Microsoft Excel add-in

PTAEDA 4.0 (Burkhart, et al. 2008)

Stand-alone (ASCII for C
or FORTRAN)

Stand-alone formats are programs that are not dependent on the existence of other
commercial software programs in order to run. These programs only require the
existence of a base operating software such as Microsoft Disk Operating System (MSDOS) (©Microsoft Corporation) in order to function.

One of the benefits of stand-alone

formats is that all programming and code can be imbedded internally for the protection of
proprietary knowledge rights. For example, growth and yield equations developed
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through privately funded research can be made available for public use without revealing
the specific growth and yield relationships that are being modeled. The drawback to
using stand-alone modeling formats is that it often requires professional programming
support in the development phase, and cannot be modified by the end-user.
“Add-in”, or program dependent formats, require the end-user to have access to
an existing program, such as Microsoft Excel (©Microsoft Corporation) or some other
type of spreadsheet program. These formats are limited by the ability of the spreadsheet
program‟s internally coded mathematical functions. For example, Microsoft Excel has
limits on how many imbedded functions can be used in a single row-column cell.
Likewise, some functions in Excel, such as some of the data lookup functions, require
that the data be listed in a specific order. However, one benefit of using program
dependent formats is that most of the higher level mathematical programming language
has been simplified into user-friendly mathematical functions. In addition to simplifying
the programming process, decision model formats that rely on Microsoft Excel
spreadsheets can be accessed by any person who has access to a computer, including
those that use the Macintosh (©Apple Inc.) with the Microsoft Office for Mac 2008.
Many agencies, such as the United States Department of Agriculture Natural Resource
Conservation Service (NRCS) are developing decision tools using the Microsoft Excel
format.
In summary, the Microsoft Excel based format provides greater accessibility for
decision makers and greater flexibility in programming. Based on these benefits, the
decision support model developed in this study is a Microsoft Excel dependent format.
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The next section will describe in greater detail the structure and layout of the decision
model.

3.5

MODEL DESIGN AND INPUT/OUTPUT VARIABLES
Using the Microsoft Excel based format allows for the development of numerous

sub-sections within the overall decision model. The primary goal of the model was to
have a simple interface in which the decision maker would have the ability to input
establishment and management decision parameters and see the results of those decisions
on financial variables.
The basic outline of the Loblolly Pine Decision Support Tool is broken down into
four main worksheets, or tabs. Those four main worksheets are: User Input, Input
Tables, Cost Budget, and Financial Analysis. Each tab is further divided into sections for
organizational and logistical purposes (Table 3-2).

3.5.1 User input
The User Input tab is the main interface page that the decision maker will use to
make management decisions and observe financial results. For most users of the model,
this is the only tab they will have to use. Three of the sections on the User Input tab are
designed to allow for decision maker input. Establishment decisions, management
decisions, and harvesting and marketing decisions can be manipulated on this tab with
results shown instantly (see Appendix A for detailed descriptions of the input variables).
Establishment decisions include site preparation method, spacing, site index, planting
stock, fertilization, and tree staking. Management decisions include thinning percentage,
maximum basal area, fertilization, weed control, pest control, deer control, irrigation, and
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pine straw harvest method. Harvesting and marketing decisions encompass rotation
length, market prices for the various potential marketable products, pine straw marketing
options, and expected rate of return.
Table 3-2. --Outline of the Loblolly Pine Decision Support Tool showing tabs and
sections.
Tab (Worksheet)

User Input

Input Tables

Cost Budget

Financial Analysis

Section
Establishment Decisions
Management Decisions
Harvesting and Marketing Decisions
Financial Results
Site Prep
Planting Stock
Fertilization (initial)
Thinning
Tree Staking
Fertilization (Maintenance)
Weed Control
Deer Control
Pest Control
Harvest Method
Irrigation Systems
Maximum Basal Areas
Top End Diameters
Pine Straw Yield
Replace mortality (4years)
Establishment Costs
Management Costs
Harvesting Costs
Tree Growth Estimations
Timber Revenue
Pine Straw Revenue
Establishment Costs
Management Costs
Harvesting Costs
Financial Analysis

The Financial Results section is the output section, and shows the analysis of
those decisions on the financial indicators. Many of the input sections of the User Input
52

tab are designed with drop-down menus to allow the decision maker to choose a predefined option (Figure 3-1).

Figure 3-1. Screen capture of the User Input page for the Loblolly Pine Decision
Support Tool.
3.5.2 Input tables
The Input Tables tab shows all the establishment and management options that
are incorporated into the drop down menus on the User Input tab. For example, if the
decision maker is selecting the type of site preparation method that they will use, the list
of potential site preparation options is listed on the Input Tables tab. Microsoft Excel™
uses a data validation script that allows for the selection of only the list of options chosen
by the program designer. More specifically, in the Input Tables tab there is a list of
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default options under the Site Prep section heading (see Appendix B). Each Site Prep
option has a default estimated cost per acre and cost per tree (Figure 3-2) (Moorhead, et
al. 2002).

Figure 3-2. Screen capture of the Input Tables tab for the Loblolly Pine Decision
Support Tool.
When the decision maker is selecting a site prep method on the User Input tab,
that they will use, only those methods listed under the Input Tables, Site Prep section
will appear in the drop down menu. Once a Site Prep method is selected by the decision
maker, the associated costs will be applied in the model.
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The Input Tables tab allows a more experienced user of the model the
opportunity to modify default values or add options that are more applicable to their
specific situation. For example, in some areas of the US a more intensive site preparation
method may be appropriate on sites that have already been logged. This higher level of
site preparation can be incorporated into the model by entering an intensive site prep
option with proportional costs to the Site Prep section of the Input Tables tab. One
warning with Microsoft Excel™: all options must be listed in alphabetical order and the
number of options in the list cannot be modified. Thus, to add an intensive site prep
option, a user could remove the “user defined” option and insert the “intensive site prep”
option with corresponding costs. The “intensive site prep” option will then be listed in
the drop down menu on the User Input tab for site preparation.
Many of the management options, such as weed control, pest control, and deer
control occur at varying intervals throughout the life of the plantation. In order to model
this activity, the decision maker can go to the Input Tables tab, scroll down to the
particular management option and fill in the blanks under the “Occurrence” heading for
that option. For example, under “Weed Control” the dialogue under the “Occurrence”
heading says: “Weed control conducted every ________ years, until year ________;
First year of application ______________.” The decision maker can fill in the blanks
based on their individual situation.
Likewise, the “Harvest Method” section has a place where a user can input
financial information regarding capital investments in harvesting equipment. Basic
financial data, such as present value (PV), term in years (N), and the interest rate (I) can
be inserted to compute the annual payment. This annual payment can then be divided
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over the number of acres that will be harvested with this equipment in order to get a cost
per acre. Another feature of the Input Tables tab is the calculation of the beginning year
for harvest and the final year of payment for capital equipment. This is based on the first
year of pine straw harvest calculated in the Financial Analysis tab and the financial term
(N) as indicated above. The assumption is that a decision maker will not invest in the
harvesting equipment until the first year that the equipment is needed.
In the development of the Loblolly Pine Decision Support Tool, a color code was
used throughout. The user can modify any blank located in an area with a yellow
background; any other areas cannot be modified. This is especially relevant in the Input
Tables tab, where all areas that are colored yellow can be modified based on the decision
maker‟s individual preferences.

3.5.3 Cost budget
The Cost Budget tab provides a simple enterprise cost budget based on the
selections made by the decision maker on the User Input tab and the values assigned to
those decisions on the Input Tables tab. The purpose of including this portion of the
model was to provide the decision maker with a quick summary of expected costs for
establishment, management, and harvest and marketing (see Appendix C). This tab is
printable and can be used as a basis for a business plan or for acquiring a loan (Figure
3.3).
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Figure 3-3. Printable budget summary from the Cost Budget tab of the Loblolly
Pine Decision Support Tool.

3.5.4 Financial analysis
The main calculations of the model are developed within the Financial Analysis
tab (see Appendix D). This portion of the model provides the year-by-year growth, yield,
cost, revenue, thinning, harvest, and rate of return calculations for up to 60 years. One
assumption of the model is that the length of the rotation will be less than 60 years.

The

Financial Analysis tab provides a logical, step-by-step process for analyzing the growth,
yield, and financial performance of a loblolly pine plantation. This process starts with
tree growth estimations, which lead to timber and pine straw revenue estimates.
Establishment, management, and harvesting costs are subtracted from those revenue
estimates. Finally, the present value of costs and revenues can be calculated along with
rates of return and payback period.
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Each column of the Financial Analysis worksheet represents a single growing
season and each row represents an indicator of analysis. For example, dbh per stem
(Actual) reflects the calculated estimate of the average dbh using the method described
by equation 3.4 for each year of growth (Figure 3-4).

Figure 3-4. Screen capture of the Financial Analysis tab of the Loblolly Pine
Decision Support Tool.
3.6

METHODOLOGY AND APPROACH SUMMARY
The main objective of this research was the development of the Loblolly Pine

Decision Support Tool. However, many key pieces had to be in place in order for this
model to be useful. First, growth, yield, and volume functions that accurately predict the
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reality of what is seen growing in the Ozarks region of Missouri and Arkansas had to be
developed. Growth, yield, and volume equations have been developed all along the
southeastern US and are readily available through a literature search. However, the
challenge is finding a series of equations that can easily be encoded into a decision
support system and accurately reflect the potential for loblolly pine growing outside its
native range. Equations developed for the PTAEDA 4.0 model seemed to meet these
criteria and, therefore, provided the basis for the Loblolly Pine Decision Support Tool.
Second, a design format had to be used that would be easily accessible to a broad
range of current and potential loblolly pine growers. The design format had to be flexible
and simple enough that it could be modified to fit the circumstances of the individual user
without requiring expertise in a programming language. Microsoft Excel™ provided this
format. Appendices A through D provide greater detail regarding the sections and
subsections for each of the four tabs in the model, including definitions of specific
variables and mathematical coding.
Finally, the model has to be reliable and valid. The next chapter will discuss the
methods used to test the reliability and validity of this model.

59

CHAPTER 4

TESTING THE MODEL FOR PREDICTION ACCURACY

4.1

METHODS FOR MODEL TESTING
The goal of developing the Loblolly Pine Decision Support Tool (LPDST) was to

have a tool that is relatively accurate in its predictions. For this to occur, the model must
be reliable and accurate in its predictions of growth and yield and in financial returns.
Although existing and well documented growth and yield functions were used in the
model, it is still necessary to test those predictions to ensure that the equations are both
interpreted and encoded correctly. It is also understood that those equations were based
on loblolly pine plantations located in the southern US. Although they may accurately
predict growth and yield for that region of the US, it is not guaranteed that they will
accurately reflect growth and yield in the Ozarks region, which is well outside the native
range of loblolly pine. This chapter will discuss the methods used to test the accuracy of
the dbh and height predictions in the model.

4.2

METHODS FOR TESTING THE GROWTH AND YIELD PREDICTIONS
There are several methods for testing the accuracy of models; however, one of the

most common and accepted ways to test forestry models is by using a Chi-square (χ2 )
test of “goodness of fit” (Snedecor and Cochran 1980). According to Freese (1960) the
χ2 test is more accurate in determining bias as opposed to the standard t-test, used to test
for inaccuracy due to a lack of precision. The basic equation for the χ2 test of goodness
of fit is as follows:
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χ2 =

(4.1)

𝑓 𝑖 –F𝑖
n
i=1
Fi

2

Where fi = value of the ith estimate using the prediction from the model,
Fi= expected (or mean) value of the ith observation measured in the field,
n = number of classes (treatment/replication combinations),
This particular test of accuracy, or goodness of fit, is a one-tailed test and the resulting χ2
value is compared to a table of probabilities with n-1 degrees of freedom. The null
hypothesis for this particular test is: “can the predictions from the model be randomly
drawn from the observed distribution? (Snedecor and Cochran 1980). ” This χ2
goodness of fit test takes into consideration the natural variance that is found in loblolly
pine plantations and determines if the predicted value falls within the actual range of
values.
Another test that uses the χ2 analysis is the test of hypothesized variance (Freese
1960; Reynolds 1984). This test uses the basic equation for a χ2 distribution:

(4.2)

χ2 =

n
i=1

xi −𝜇 i 2
𝜎2

Where xi = the value of the ith estimate using the prediction from the model,
μi= actual value of the ith observation measured in the field,
n = number of observations with a given spacing, age, and site index,
σ2= required accuracy for the model.
The level of required accuracy for the model is based on a hypothesized variance (σ2)
which is calculated using the following equation:

(4.3)

𝜎2 =

E2
2.57 2
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Where E = acceptable level of error. For example, in predicting dbh, it may be acceptable
for the prediction to be within 1 inch of the actual measured dbh.
2.57 = standard normal deviation corresponding to a two-tailed probability with
an α-level = 0.01.
More specifically, this σ2 determines that the prediction should be within E units of the
true value unless a 1-in-100 chance has occurred (Freese 1960). If the prediction meets
this criterion, it is determined that the model is accurate. For the purpose of testing the
LPDST, the level of error (E) is the value that is being calculated. By inserting the value
for σ2 in equation 4.3 into equation 4.2, and solving for the level of error (E) the
following model can be used to calculate the maximum level of error.

(4.4)

χ2 =

n
i=1

xi −𝜇 i 2

2.57 2

2

E

Where the χ2 value is taken from the table of value for α = 0.01 with, n-1, or 38 degrees
of freedom and all other variables are as previously defined. The error represents the
maximum expected error in the model with a 99% level of confidence. This is easily
performed in Excel™ by adjusting the E value until the calculated χ2 value falls below
the critical value for the desired level of accuracy.
For the LPDST, it is determined that dbh and height are the variables that should
be tested for accuracy because these are the variables that are most affected by spacing,
site index (quality), and management decisions. In order to test the dbh and height
predictions from the model, one primary site was chosen. The Dale Bumpers Small Farm
Research Center in northern Arkansas was selected because it has good records of tree
spacing, site index, initial tree densities, and management. The next sections will
describe the test sites and results of the dbh and height tests conducted.
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4.3

TESTING THE ACCURACY OF THE LPDST
The primary study site selected for testing the LPDST was at the Dale Bumpers

Small Farms Research Center, located near Booneville, AR (35°N, 94°W). The site is
150 m above sea level and the soils consist mostly of Leadvale silt loam (Burner, et al.
2010). Site index for this soil is listed by the Natural Resource Conservation Service as
80 feet at 50 years (http://websoilsurvey.nrcs.usda.gov/app/WebSoilSurvey.aspx). This
site index is based on a 1953 study and appears to be inaccurate based on actual
measurements. The 1953 study would not have taken into consideration the genetically
improved seed stock that is available today. Most loblolly pine site indices now use a 25year base age due to the increased growth potential. The measured site index for each
treatment and replication varied from 60 to 70 feet with a base year of 25. Those
measurements were calculated from data published by Burner, et al. (2010) using
equation 3.2 and solving for site index.
Loblolly pine trees were established on this site in 1994 when 1-year old
“improved” seedlings were planted using one of 13 different spacing designs repeated
three times. Each spacing treatment encompassed 0.4 ha (1 acre) and consisted of 9
single row and 4 multiple row configurations (see Table 4.1).
According to Burner, et al. (2010), no fertilizer or lime was applied to the site
prior to planting and mowing was the primary method of weed control during seedling
establishment. The site had been used over the years as a test plot for pruning and tillage
studies. For the tillage studies, some fertilizer was applied between the rows of trees.
Those plots that had been fertilized included Treatment 12 in all three replications. The
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pruning studies were conducted on Treatments 2, 11, and 13 in all three replications.
Thinning was conducted in late 2008 in all three replications.
Table 4-1.-- Row configurations, spacing, alley width, and initial number of trees
per acre on the thirteen loblolly pine plantation treatments at Dale Bumpers Small
Farms Research Center.
Single Row Configurations
Spacing (initial number of
Trt2
trees/ac)1

Trt

Multiple Row Configurations
Spacing (rows) + Alley width (initial number
of trees/ac)

2

1.2 m x 2.4 m (1241)

11

1.2 m x 2.4 m (2-row)+7.3 m (590)

3

3.6 m x 2.4 m (425)

12

1.2 m x 2.4 m (3-row)+9.7 m (574)

4

2.4 m x2.4 m (616)

13

1.2 m x 2.4 m (4-row)+12.2 m (578)

5

1.2 m x 3.6 m (847)

14

1.2 m x 2.4 m (5-row)+14.6 m (725)

6

3.6 m x 3.6 m (289)

7

2.4 m x 3.6 m(425)

8

1.2 m x 4.9 m (617)

9

3.6 m x 4.9 m (221)

10

2.4 m x 4.9 m (320)

1

The initial number of trees per acre is based on the actual number of trees planted, not
the calculated number of trees that could have been planted based on the given spacing.
The spacing given is approximate, within 0.3048 m.
2
Treatment 1 was the control, no trees were planted in Treatment 1.

In January 2010, dbh and height measurements were taken from the site using a
standard diameter tape and a laser hypsometer. Eight sample trees were measured from
each treatment on each replication. Edge trees were excluded and the measured trees
were selected at random based on a random diagonal transect across each treatment (see
Appendix E). A total of 312 trees were measured.
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It was concluded that the trees had 14 growing seasons since establishment
(Burner, et al. 2010). Mean dbh and height for each treatment and replication were
calculated from the sample trees measured (see Table 4-2). The estimated spacing based
on initial number of trees established per acre and the calculated site index for each
treatment were entered into the LPDST and the predicted dbh and height for each
treatment were recorded (see Table 4-2) . The site index calculated for each treatment
using equation 3.2 was rounded to the nearest 5-foot increment. For example, a
calculated site index of 68 would be rounded to 70 when entered into the LPDST.
Differences between the calculated dbh and predicted dbh, as well as the calculated mean
height and the predicted height are listed in table 4.2 in the error columns. Scatter plots
of the dbh and height predictions and actual values for each tree and each treatment are
shown in Appendix F.

4.3.1 Chi-square (χ2) testing
Given the calculated mean dbh and mean height for each treatment and
replication, the model was tested for goodness of fit using equation 4.1. The calculated χ2
was compared to values in a χ2 table with confidence level of .99 (α = 0.01) and 38
degrees of freedom (39 treatments/replications - 1). If the calculated value of χ2 is greater
2
than the value shown in the table for a χ2 with α = 0.01 (𝜒38
𝑑𝑓 = 61.162), this would

indicate that there is greater than a 1-in-100 probability that the model is not accurate. It
should be noted that the lower the χ2 value, the more accurate the model (Freese 1960).
Table 4-3 shows the calculated and critical χ2 values for dbh and height.
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Table 4-2. --Site indices, mean dbh, predicted dbh, mean height, predicted height, and
errors for each treatment and replication at Dale Bumpers Small Farms Research Center.

Treatment
(Rep)
2 (1)
2 (2)
2 (3)
3 (1)
3 (2)
3 (3)
4 (1)
4 (2)
4 (3)
5 (1)
5 (2)
5 (3)
6 (1)
6 (2)
6 (3)
7 (1)
7 (2)
7 (3)
8 (1)
8 (2)
8 (3)
9 (1)
9 (2)
9 (3)
10 (1)
10 (2)
10 (3)
11 (1)
11 (2)
11 (3)
12 (1)
12 (2)
12 (3)
13 (1)
13 (2)
13 (3)
14 (1)
14 (2)
14 (3)

Mean
dbh
(in.)
65
7.75
65
7.46
60
7.30
65
9.50
65
9.66
60
8.98
65
8.73
65
9.14
70
9.31
65
8.90
60
8.68
70
8.55
70
11.54
70
11.11
70
11.36
60
9.11
65
9.99
65
9.60
65
8.71
60
8.13
60
8.13
70
11.48
70
11.78
65
11.19
65
11.03
65
10.51
65
10.74
65
8.18
65
8.75
60
8.48
65
8.35
65
8.81
60
8.41
60
7.88
65
8.36
60
8.45
60
8.39
60
8.05
60
8.39
Average Error
Site
Index

Predicted
dbh (in.)
8.79
8.79
7.65
10.06
10.06
9.50
9.425
9.425
10.383
8.780
8.320
9.669
11.694
11.694
11.694
9.5003
10.055
10.055
9.424
8.923
8.923
11.787
11.787
11.136
11.565
11.565
11.565
9.440
9.440
8.935
9.450
9.450
8.943
8.939
9.445
8.939
8.412
8.412
8.412

Error
1.0389
1.3264
0.3510
0.5550
0.3925
0.5253
0.7001
0.2876
1.0706
-0.1204
-0.3548
1.1192
0.1566
0.5816
0.3316
0.9425
0.5625
0.4550
0.7110
0.7982
0.7982
0.3121
0.0121
-0.0517
0.5350
1.0550
0.8250
1.2647
0.6897
0.4602
1.0996
0.6371
0.5301
1.0642
1.0827
0.4892
0.0248
0.3623
0.0248
0.567
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Mean
Height
(Feet)
42.6625
41.6125
41.6625
43.5500
42.8250
40.1375
42.7500
42.6125
43.4000
42.1000
37.9125
43.6625
45.7875
42.9000
43.6000
42.5875
42.8500
45.4250
43.2000
38.5125
40.5375
43.5125
43.2125
42.0375
43.5750
44.2500
42.6125
42.7250
42.3625
41.2000
42.4125
42.4125
38.6125
38.9875
42.2625
39.5875
40.9500
39.5875
41.8500

Predicted
Height (ft)
42.080
42.080
38.028
42.080
42.080
38.028
42.080
42.080
46.311
42.080
38.028
46.311
46.311
46.311
46.311
38.028
42.080
42.080
42.080
38.028
38.028
46.311
46.311
42.080
42.080
42.080
42.080
42.080
42.080
38.028
42.080
42.080
38.028
38.028
42.080
38.028
38.028
38.028
38.028

Error
-0.5821
0.4679
-3.6347
-1.4696
-0.7446
-2.1097
-0.6696
-0.5321
2.9107
-0.0196
0.1153
2.6482
0.5232
3.4107
2.7107
-4.5597
-0.7696
-3.1056
-1.1196
-0.4847
-2.5097
2.7982
3.0982
0.0429
-1.4950
-2.1700
-0.5321
-0.6446
-0.2821
-3.1722
-0.3321
-0.3321
-0.5847
-0.9597
-0.1821
-1.5597
-2.9222
-1.5597
-3.8222
-0.625

Table 4-3. --Chi-Square analysis of predicted dbh and height as compared with
calculated mean dbh and mean height from Dale Bumpers Small Farms Research
Center.

dbh
Height

Calculated Critical value for
2
𝜒38
χ2
𝑑𝑓
2.1814
61.162
3.8027
61.162

Based on this analysis it is determined that the predicted values from the model
accurately represent a value that could be randomly drawn from the actual data with a
high level of probability. However, there may be some “bias” or lack of precision that
needs to be identified. Bias is defined as a constant or mathematically describable
difference between the predicted value and the actual value (Freese 1960). On the other
hand, a model lacks precision if the difference between the predicted value and actual
value is not biased but has error values that are both positive and negative (Freese 1960).
The second χ2 test described by equation 4.4 can be conducted to determine the
approximate level of bias or lack of precision in the model. In this test, the hypothesized
variance is calculated using equation 4.3. The acceptable error level (E) was adjusted
2
until the value of 𝜒38
𝑑𝑓 met the required level for a confidence level of .99 (α = 0.01).

Based on this analysis, the model is accurate to within 1.09 inches of the actual
dbh and within 3.19 feet of the actual height at the .99 confidence level (Table 4-4).
However, this test only shows the amount of error expected in the model. It does not
indicate if this error is due to bias (which can be removed from the model) or lack of
precision (which cannot be removed from the model).
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Table 4-4. --Chi-Square analysis of predicted dbh and height with fixed acceptable
error levels (E).

dbh
Height

Variance
(standard deviation)
0.1648 (0.4060)
3.8500 (1.9620)

E<
1.09 inches
3.19 ft

2

χ
60.7362
60.9751

Critical value for
2
𝜒38
𝑑𝑓
61.162
61.162

To determine if the model is biased, the error in the model should always be in the
same direction (Freese 1960; Reynolds 1984). More specifically, a model is considered
to be accurate but biased if the predicted value is always greater than the actual value or
always less than the actual value. In testing the LPDST, all the dbh predictions were
greater than the actual calculated means with the exception of Treatment 5 where two of
the dbh predictions were smaller than the actual means. This could be caused by an
inaccurate calculation of site index or sampling bias created by the thinning conducted in
2008.
For the height predictions, analysis of the errors indicates that the lack of
precision was the main cause of the prediction error. This is most likely due to the
rounding of the site index, or the fact that the actual growth equation used was based on
loblolly plantations located in the southeastern US, within the native range of loblolly
pine, whereas the study site was located well north of that native range.
An interesting note to consider regarding the accuracy of the LPDST is that when
the model prediction was made for Treatment 12, the application of fertilizer was not
considered. However, it is known from management records that fertilizer was applied to
Treatment 12 for all three replications. Regardless of this difference in management, the
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model still accurately predicted height on all three replications and dbh on two of the
three replications (see Appendix G for individual treatment statistics).

4.3.2 Summary of the χ2 tests for the growth variables of dbh and height
There are many factors that influence dbh and height growth. The LPDST
predicts these variables based simply on site index and spacing. In testing this model,
site indices were rounded to the nearest 5-foot increment which may have had an impact
on the model predictions. Likewise, spacing increments were based on actual number of
trees planted and the original spacing plan. The actual impact that variations in spacing
or site index have on the model predictions appear to be minimal; however, in some
cases, they may be the difference between the prediction being considered accurate or
not.
Along with the ability of the LPDST to predict dbh and height with only spacing,
site index, and age, the model was able to show clear differences between the various
spacing and site index treatments. These clear differences were reflected in the actual
measured data. For example, the spacing of Treatments 6 and 9 allowed for greater dbh
growth than all the other treatments as shown by their calculated mean dbh. The LPDST
was also able to correctly predict the larger dbh for both Treatments 6 and 9 as compared
to all the other treatments.
Another interesting observation from the data in table 4-2 is the magnitude of the
errors for the majority of the treatment/replications. For example, considering the
predictions for dbh in comparison to the mean calculated dbh for each treatment, there
are only 9 of the 39 treatments/replications with an error of greater than or less than 1inch. The average error shows that most of the differences between the predicted value
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and calculated values were within 0.567-inches. Likewise, for the predicted and
calculated mean heights, the average error indicated that the LPDST predicted heights
were less than 0.625-feet lower than the actual value calculated on average. However,
this low average for the height prediction is most likely due to the fact that the errors
were mostly negative (29 of the 39 predictions were below the calculated mean), and six
of the ten positive errors were greater than 2-feet.
For the purpose of the LPDST, the level of accuracy required depends on the
impact the prediction error has on the financial analysis. The impact that the lack of
precision has on yield will be explored and discussed in the next sections of this chapter.

4.3.3 Impact of dbh and height bias on yield
Given the calculated acceptable error in the LPDST, the next logical question is
how this prediction error impacts the predicted yields in the model? More specifically, if
the LPDST‟s dbh prediction can be larger or smaller than the actual expected dbh of a
given stand by as much as 1.09 inches at age 14 will that bias or lack of precision have a
significant impact on basal area, pine straw production, total volume, and merchantable
volume? In order to analyze this question a sensitivity analysis was conducted.
Because there are so many interrelated factors that are being calculated for each
age (see Appendix D) in the LPDST, it is difficult to modify the input parameters of the
LPDST from the USER INPUT tab in a way that will only reflect a 1.09-inch discrepancy
in dbh or a 3.19-foot discrepancy in height at age 14. The easiest way to determine the
impact through a sensitivity analysis is to apply the variations in dbh and height to the
individual basal area and yield equations from the LPDST without using the model
directly.
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The first step in conducting the sensitivity analysis was to apply the maximum
error calculated by the χ2 test to the calculated mean dbh for each treatment/replication.
For example, Treatment 2 /Replication 1 had a calculated mean dbh of 7.75 inches. The
maximum error for a .99 confidence level on dbh was 1.09 inches, therefore the 1.09-inch
error was added to and subtracted from the calculated mean of 7.75 inches to reflect a
possible maximum and minimum error in dbh. This dbh range is then calculated into the
equations for basal area per tree, total volume per tree, total merchantable volume per
tree, and pine straw yield per tree using equations 3.8, 3.9 and 3.11. The analysis is done
on a per tree basis with the assumption that the results could be extrapolated to whatever
tree density per acre is being considered.
Each of the 39 treatment/replication means were analyzed; however, it is only
necessary to focus on the treatments/replications that represented the largest and smallest
calculated mean dbh. The treatment/replication with the largest mean dbh was Treatment
9 / Replication 2, with a mean of 11.775 inches. The smallest was Treatment 2 /
Replication 3, with a mean of 7.3 inches (see Table 4-5).
Based on the sensitivity analysis, a 1.09-inch error in dbh could have as much as a
30.61% impact on total volume per tree for the smaller trees and a 19% impact on total
volume per tree for the larger trees. This is also reflected in total merchantable volume
per stem where the smaller trees could have up to a 47% error in predicted compared to
actual, and the larger trees could have a 19% error. Applying a fixed error, such as the
1.09-inch maximum error determined by the χ2 test, will only have a larger impact on
smaller trees than on larger trees. However, the 1.09-inch error calculated using the χ2
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test represents the maximum amount of error. As noted earlier, only 9 of the 39
predictions differed from the calculated mean by more than one inch.
Table 4-5.--Sensitivity analysis of basal area, total volume per tree, merchantable
volume per tree, and pine straw yield per tree as impacted by 1.09-inch potential
error in dbh prediction and the actual mean dbh.
Basal Area
Total
Merchantable Pine Straw
dbh
per Tree
Volume per
Volume per
Yield per
(inches)
(Ft2)2
Tree (Ft3)
Tree (Ft3)
Tree (lbs.)
Smallest (Treatment 2 / Replication 3)
8.39
0.3837
7.266
6.4513
5.3794
>Mean
1
(+14.93%)
(+32.09%)
(+30.61%)
(+47.18%)
(+9.59%)
Mean
7.3
0.2905
5.5629
4.3833
4.9085
6.21
0.2102
4.0966
2.400
4.3612
<Mean
(-14.93%)
(-27.63%)
(-26.36%)
(-45.24%)
(-11.15%)
Largest (Treatment 9 / Replication 2)
12.865
0.9022
17.3500
17.1080
6.8260
>Mean
(+9.26%)
(+19.37%)
(+19.03%)
(+19.96%)
(+4.59%)
Mean
11.775
0.7558
14.5762
14.2610
6.5264
10.685
0.6224
12.0478
11.6274
6.1976
<Mean
(-9.26%)
(-17.66%)
(-17.35%)
(-18.47%)
(-5.04%)
1
Percentages in parenthesis represent the percent difference from the calculated mean.
2
Height is held constant at the mean height calculated for the treatment/replication for all
yield calculations.
A more appropriate level of error to use in the sensitivity analysis would be the
average level of error (see Table 4-2). As indicated by Table 4-6, when the average error
of 0.57 inches is analyzed, the maximum impact is around 15% on total volume per tree,
and around 24% for total merchantable volume per tree on the smaller trees. This is
expected since trees at this age and size are marginal for merchantability. In other words,
a slight difference in dbh would make the difference between a tree being of
merchantable size or not. However, for the larger trees, the maximum impact was
approximately 9% for total volume per tree and 10% for total merchantable volume per
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tree. This again follows the logic that the larger trees can have slight dbh variations and
still be considered merchantable size trees.
Table 4-6.--Sensitivity analysis of basal area, total volume per tree, merchantable
volume per tree, and pine straw yield per tree as impacted by 0.57-inch potential
error in dbh prediction and the actual mean dbh.
Basal Area
Total
Merchantable Pine Straw
per Tree
Volume per
Volume per
Yield per
2 2
3
3
(Ft )
Tree (Ft )
Tree (Ft )
Tree (lbs.)
Smallest (Treatment 2 / Replication 3)
7.87
0.3376
6.4239
5.4540
5.1629
>Mean
(+7.81%)1
(+16.23%)
(+15.48%)
(+24.42%)
(+5.18%)
Mean
7.3
0.2905
5.5629
4.3833
4.9085
6.73
0.2469
4.7666
3.3331
4.6333
<Mean
(-7.81%)
(-15.01%)
(-14.31%)
(-23.96%)
(-5.60%)
Largest (Treatment 9 / Replication 2)
12.345
0.8308
15.9961
15.7223
6.6863
>Mean
(+4.84%)
(+9.92%)
(+9.74%)
(+10.25%)
(+2.45%)
Mean
11.775
0.7558
14.5762
14.2610
6.5264
11.205
0.6844
13.2234
12.8581
6.3585
<Mean
(-4.84%)
(-9.45%)
(-9.28%)
(-9.84%)
(-2.57%)
1
Percentages in parenthesis represent the percent difference from the calculated mean.
2
Height is held constant at the mean height calculated for the treatment/replication for all
yield calculations.
dbh
(inches)

Up to this point, all of the yield calculations have been made while holding the
height used in the calculation constant at the calculated mean height for each of the
treatments/replications. For example, Treatment 2 /Replication 3 had a mean calculated
height of 41.66 feet. This height was used in equation 3.8 to calculate total volume per
tree. However, the χ2 test indicated that the maximum error for a .99 confidence level on
height was 3.19 feet. The next step in the sensitivity analysis was to adjust both dbh and
height to compute the impact these two variables combined have on yield. For this
analysis, the maximum error in dbh was not considered; only the average dbh error of
0.57 inches was used for the dbh adjustment (see Table 4-7).
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The left-hand side of Table 4-7 and Table 4-8 shows the impact of error when
total volume per tree and total merchantable volume per tree are calculated using the
maximum height error of 3.19 feet. For smaller trees, if dbh predicted is greater than the
actual dbh (>mean) and height predicted is greater than the actual height (>mean) the
total volume per tree could be overestimated by as much as 23%. However, if the dbh
predicted is less than the actual dbh (<mean) and the height predicted is less than the
actual height (<mean), then the LPDST would underestimate total volume per tree by
nearly 20%. Total merchantable volume per tree for the smaller trees would be
overestimated by nearly 33% or underestimated by nearly 29%.
The potential error would have less of an impact on the larger trees. For
predicting total volume per tree on larger trees, the overestimate could be about 17% and
the possible underestimate could be around 15%. Likewise the prediction of total
merchantable volume per tree could be overestimated by as much as 18% and
underestimated by 16%.
When the average height error of 0.625 feet is used in the analysis, the potential
overestimate or underestimate is reduced. For the smaller trees, the potential prediction
error for total volume per tree ranges from an overestimate of 17% to an underestimate of
16%. Likewise, the total merchantable volume per tree on the smaller trees could have
an overestimate of 26% or an underestimate of 25%. The larger trees show an
overestimate error of 11% for total volume per tree and 12% for total merchantable
volume per tree; and an underestimate of 11% for both total volume and total
merchantable volume (see Table 4-7 and Table 4-8).
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Table 4-7.--Analysis of the potential percent error in total volume per tree from potential height and dbh error.

Smallest

Height
(±3.19
Ft)

>Mean
Mean
<Mean
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Largest

Height
(±3.19
Ft)

>Mean
Mean
<Mean

Total Volume Per Tree (ft3)
dbh (±0.57 in.)
>Mean
Mean
<Mean
6.90
5.97
5.11
>Mean
(24%)
(7%)
(-8%)
Height
(±0.625
6.42
4.77
5.56
Mean
Ft)
(15%)
(-14%)
5.95
5.16
4.42
<Mean
(7%)
(-7%)
(-21%)
dbh (±0.57 in.)
>Mean
Mean
<Mean
17.16
15.63
14.18
(18%)
(7%)
(-3%)
16.00
13.22
14.58
(10%)
(-9%)
14.83
13.52
12.27
(2%)
(-7%)
(-16%)

Height
(±0.625
Ft)

>Mean
Mean
<Mean

>Mean
6.52
(17%)
6.42
(15%)
6.33
(14%)

>Mean
16.22
(11%)
16.00
(10%)
15.77
(8%)

dbh (±0.57 in.)
Mean
5.64
(1%)
5.56
5.48
(-1%)
dbh (±0.57 in.)
Mean
14.78
(1%)
14.58
14.37
(-1%)

<Mean
4.83
(-13%)
4.77
(-14%)
4.70
(-16%)

<Mean
13.41
(-8%)
13.22
(-9%)
13.04
(-11%)

Table 4-8.-- Analysis of the potential percent error in total merchantable volume per tree from potential height and dbh
error.

Smallest
>Mean
Height
(±3.19 Ft)

Mean
<Mean

Total Merchantable Volume Per Tree (ft3)
dbh (±0.57 in.)
>Mean
Mean
<Mean
5.85
4.70
3.57
>Mean
(34%)
(7%)
(-18%)
Height
(±0.625
5.45
3.33
4.38
Mean
Ft)
(24%)
(-24%)
5.05
4.06
3.09
<Mean
(15%)
(-7%)
(-29%)

76

Largest
>Mean
Height
(±3.19 Ft)

Mean
<Mean

>Mean
16.86
(18%)
15.72
(10%)
14.58
(2%)

dbh (±0.57 in.)
Mean
<Mean
15.30
13.79
(7%)
(-3%)
12.86
14.26
(-10%)
13.23
11.93
(-7%)
(-16%)

Height
(±0.625
Ft)

>Mean
Mean
<Mean

>Mean
5.53
(26%)
5.45
(24%)
5.38
(23%)

dbh (±0.57 in.)
Mean
<Mean
4.45
3.38
(1%)
(-23%)
3.33
4.38
(-24%)
4.32
3.29
(-1%)
(-25%)

>Mean
15.95
(12%)
15.72
(10%)
15.50
(9%)

dbh (±0.57 in.)
Mean
<Mean
14.46
13.04
(1%)
(-9%)
12.8581
14.26
(-10%)
14.06
12.68
(-1%)
(-11%)

The impact that height has on volumes can be estimated from Table 4-7. The
center column of each of the analyses shows the actual impact due to error in height
predictions. For example, when the height error is at the maximum of ±3.19 feet, the
potential error in total volume per tree and total merchantable volume per tree caused by
error in height is 7% for both the smaller and larger trees. However, when the average
height error of 0.625 feet is used in the analysis, the prediction error for large and small
trees is 1%.

4.3.4 Summary of the impact of error on yield
Based on the analysis of error, the LPDST has the potential to predict volume
yields that differ from actual volumes by as much as 34%; however, on average, the
yields predicted by the LPDST will be within 26% of the actual volume. This is
assuming that the correct site index and initial planting density are entered into the
model. As the trees get larger, the percentage error in yield prediction decreases. The
impact of this yield error on the financial predictions of the model will be discussed in the
next chapter, but it should be noted that the length of the rotation, the maximum basal
area prescribed, and the percentage of trees removed at each thinning will play a role in
the accuracy of the yield predictions. For example, if a short rotation, such as 30 years, is
selected by the user, there is a greater potential for yield error than for a longer rotation,
such as 50 years. This is simply due to the fact that at final harvest the 50-year-old trees
will be larger in size than they would be at a 30-year final harvest. Similarly, if the
maximum basal area is set a 90 ft2 per acre, then the LPDST will prescribe thinning
sooner and on smaller trees as compared to those being thinned at a maximum basal area
that is set at 110 ft2 per acre.
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Finally, if the percentage of trees removed at each thinning is set at 33%, then a
larger number of trees will be removed at the smaller size, as compared to a thinning
percentage that is set at 10%. However, the removal of trees in the model impacts the
competition index and crown ratio which are factors in the annual diameter increment
(DIN) and annual height increment (HIN) (see Appendix D). It is likely that yield error
is only a factor on the early thinning removals and becomes minimal as larger trees are
removed over time.

4.4

THE EFFECT OF TREE AGE ON PREDICTION ERROR
Up to this point in the analysis, the predictions for dbh and height from the model

and the error calculations were all focused on trees of the same age. What has not been
determined is whether or not that error is consistent across all ages of trees or if the
model prediction errors increase or decrease as the trees age. As determined earlier, for
smaller trees the calculated error may have a greater impact on accuracy than on larger
trees. Therefore, as the trees get older and larger it is possible that the prediction error
gets smaller. To test this would require collecting dbh and height data on loblolly pine
plantations of different ages with clearly defined spacing, initial planting densities, and
management.
Two other loblolly pine plantation sites in Missouri were sampled during this
study. These sites were established by private landowners and lacked the detailed record
keeping and management that was found at the Dale Bumpers Small Farms Research
Center. However, each site provided information that was helpful in understanding
potential for error in the model.
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4.4.1 Heckemeyer Farms, Sikeston, MO
The first site was the Heckemeyer Farm near Sikeston, MO. Height and dbh
measurements were taken on 20 trees in each of 5 different treatments. The treatments
were based on age and years since the last thinning. Two treatments had 25% of the trees
removed in 2005, and one treatment had 25% of the trees removed in 2009 (see Table 49). The trees were initially planted in 1990 and 1991 at an estimated spacing of 2.4m
x2.4m (8ft x 8ft). However, it was clearly evident while taking the measurements that the
spacing was sporadic and ranged between 1.8m and 3m (6ft and 10ft). It was estimated
that about 640 trees per acre were planted initially with limited mortality. On one area of
the plantation that was sampled, pine straw had been harvested several times.
Table 4-9.--DBH and Height measurements and predictions from the Heckemeyer
Farm, Sikeston, MO.
Treatment
(Age/year of
thinning)

Site Index
Estimate

Average
dbh

Predicted
dbh

Average
Height

Predicted
Height

(inches)

(inches)

(feet)

(feet)

19/2005

44

10.43

10.733

59.675

34.7405

19/none

44

10.425

10.733

64

34.7405

18/2005

44

9.67

10.423

55.445

33.084

18/none

50

10.965

11.405

59.335

38.146

18/2009

50

11.45

11.405

58.77

38.146

Site index was difficult to determine due to the fact that a wind storm had taken
the tops out of nearly all the trees in the plantation in a previous year. The predominant
soil types were Scotco sand and Diehlstadt sandy loam. Based on the published soil data
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for these soils, there was no established site index for loblolly pine
(http://websoilsurvey.nrcs.usda.gov/app/WebSoilSurvey.aspx). However, the published
site index for sand pine (Pinus clausa) and red pine (Pinus resinosa) was 20 feet at base
20 years. Similarly, the published site index for eastern white pine (Pinus strobus) was
37 feet at 20 years, which is equivalent to a site index of 70 feet at a base of 50 years.
The average dbh for the 5 treatments ranged between 9.67 inches for the 18-yearold stand that was thinned in 2005; to 11.45 inches for the 19-year-old stand that was
thinned in 2009. The LPDST was used to predict the dbh and height based on the
spacing estimate and the site index (see Table 4-9). These predictions of dbh were within
0.5 inches of the calculated mean dbh. However, the calculated mean height and the
predicted mean height differed by over 20 feet (see Table 4-9).
Several possible explanations can account for the difference in height growth.
First, the plantation had been established on a site that had been used for many years as
row-crop acreage. The level of fertilizer applied before planting was unknown and
poultry litter was applied to the site often during the growth of the trees. The impact that
this continuous application of poultry litter had on height growth was unknown. Based
on other sites, occasional applications of nitrogen fertilizer had minimal effects on tree
growth. However, it is unknown if the regular application of poultry litter would increase
height growth substantially.
Second, the irregular spacing and the high density of trees may have forced more
upward growth and less diameter growth. The model predicted thinning would occur
much sooner and more often than what actually took place at the plantation. This
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increased number of predicted thinnings may cause a combination of errors in the model,
including over-predicted dbh and under-predicted height. This is due to the competition
index factor and crown ratio factor in the model which is used in both the calculation for
annual height diameter increment (HIN) and annual diameter increment (DIN). If an
actual site index was calculated on the site, based on standing trees not damaged by the
wind storm, and applied to the model, the model would have shown more error in overpredicted dbh and would have predicted height closer to the actual calculated height.

4.4.2 Haake/Brauniger Farms, Stover, MO
The second site that was sampled was the David and Joe Haake Farm and the
Buford Brauniger Farm near Stover, MO. These two farms were contiguous and had
been managed with the help of a professional forester for nearly 50 years. Although
detailed information regarding the sites had been maintained, management of the sites
had been minimal and some of the trees were experiencing competition from hardwoods
that had taken over parts of the site. The trees ranged in age from 16 years to 49 years
since planting and had all experienced wind damage over the years. Eight plots were
identified based on age, seed source, and management (see Table 4-10). Spacing was
unknown, but estimated at approximately 2.4m x 2.4m (8ft x 8ft). dbh measurements
were taken on 10 trees per plot and height estimates were based on a height comparison
method.
The predominant soil types in this area were Union silt loam, Gravois silt loam,
and the Niangua-Bardley complex. None of these soil types has been rated for loblolly
pine (http://websoilsurvey.nrcs.usda.gov/app/WebSoilSurvey.aspx). Site indices for
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shortleaf pine (Pinus echinata) were 20 feet at 20 years, and for eastern white pine (Pinus
strobus) the site index was 37 feet at 20 years. Site index for the predictions was based
on these site indices. The calculated height was not included in Table 4-10 since the
validity of the measurement from the field could not be tested. A Nikon™ Forestry 550
laser hypsometer was initially used to collect height data; however, it was determined that
the laser was not accurate and was unable to accurately measure height in areas of high
foliage. From that point on, height was estimated based on the previously mentioned
“height comparison method”.
Table 4-10.--DBH and Height measurements and predictions from the
Haake/Brauniger Farms, Stover, MO.
Plot Description
(Age/seed source/thin
date)

1

Site Index
Estimate

Average
dbh

Predicted
dbh

Predicted
Height

(inches)

(inches)

(feet)

40/MO/none

35

17.78

17.547

51.72

22/AR/2000

45

12.60

11.770

40.45

22/TX/2000

45

10.79

11.770

40.45

22/OK/2000

45

11.16

11.770

40.45

16/OK/none1

45

8.41

9.274

30.44

31/TX/1987

30

10.82

12.392

36.48

18/TX/none

35

7.57

7.7192

25.76

49/unk/1990

30

17.31

20.193

53.09

Planted under oak

Similar to the error found when predicting the Heckemeyer Farm plantation,
errors found in the model predictions are more a result of inaccurate input information
and less on the ability of the model to accurately predict. Inaccurate spacing and initial
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density has a large impact on the model predictions, as well as the inaccurate site index
estimations. However, based on the best estimate of site index and spacing, the model
was still able to predict dbh within one-inch for most of the plots. The two plots with the
estimated site index of 30 had the largest difference in dbh prediction. This is most likely
due to inaccurate site index information.

4.4.3 Summary of the dbh and height predictions at various ages
In analyzing the dbh and height predictions from the Heckemeyer Farm and the
Haake/Brauniger Farm, it was clear that the accuracy of the LPDST is directly related to
the accuracy of the information entered by the user. dbh predictions for both farms were
within the .99 confidence level of error calculated using the data from the Dale Bumpers
Small Farm Research Center, with the exception of the 31-year-old and 49-year-old stand
at the Haake/Brauniger Farm. Both of these plots were estimated to have a site index of
30; however, it is possible that the site index estimate was incorrect or the estimated
spacing was incorrect.
The next chapter will focus on testing the sensitivity of the financial analysis. For
the purpose of that analysis, it will be assumed that the potential for error in dbh
prediction will not exceed the level of error calculated on the 39 treatments/replications
from the Dale Bumpers Small Farms Research Center. That is, regardless of the age of
the tree, the average prediction error for dbh will be around 0.57 inches and will not
exceed 1.09 inches. Likewise, the average height prediction error will be between 0.625
feet and 3.19 feet, regardless of the age of the tree.
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CHAPTER 5

TESTING THE FINANCIAL ACCURACY AND SENSITIVITY OF THE LPDST
MODEL
5.1

METHODS FOR TESTING ACCURACY AND SENSITIVITY
The ability of the LPDST to accurately predict dbh and height is an important part

of estimating yield. However, for the financial calculations of the LPDST there are many
other variables that impact the predicted costs and returns. Just as yield is impacted by
maximum basal area prescriptions, thinning removal percentage, and rotation length, the
final financial analysis is also impacted by these management decisions. In addition to
these variables, the expected rate of return and estimated market prices will impact the
financial predictions of the LPDST. All of these variables are based on user input and
can be manipulated from the USER INPUT tab in the model. This chapter will test the
accuracy and sensitivity of the financial indicators in the model.
In order to test the accuracy and sensitivity of the financial parameters of the
model, two analyses are conducted on the model. The first analysis focuses on the
impact that yield error, as discussed in Chapter 4, has on the financial indicators of net
present value (NPV), annual equivalent value (AEV), rate of return (either IRR or
MIRR), and years to break even (PBP). This analysis will determine the accuracy of the
financial predictions given the potential error in predicting dbh and height.
The second analysis focuses on the ability of the LPDST to accurately reflect the
impact of establishment, management, harvesting, and marketing decisions. This
analysis will identify the sensitivity of the LPDST to changes in user specified variables
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such as fertilization, thinning percentage, maximum basal area, rotation length, and
minimum pine straw harvest in order to determine if the LPDST accurately accounts for
changes in the timing and magnitude of decisions that impact financial returns.

5.2

ANALYSIS OF THE IMPACT OF DBH AND HEIGHT ERROR ON

FINANCIAL INDICATORS
Given the natural variation in dbh and height inherent in any loblolly pine
plantation, it is accepted that a model designed to predict the average dbh or the average
height will have some acceptable level of error in the prediction. Based on the statistical
analysis of the accuracy of the LPDST, discussed in Chapter 4, the average error, or in
this case bias, in dbh is 0.57 inches and the average error, or bias, in height is -0.625 feet.
These potential errors in dbh and height are shown to impact the estimated volume
predicted by the LPDST. However, variances in predicted volume may or may not
impact the financial analysis. The next step in testing the LPDST is to determine the
impact these average errors have on the financial predictions in the model.
Determination of the impact dbh and height error have on financial predictions is based
on a comparison of NPV, AEV, MIRR, IRR and years to break even when dbh and
height are adjusted by the average level of error and the maximum level of error
calculated in Chapter 4.
The two treatment prescriptions from the Dale Bumpers Small Farm Research
Center that represented the largest and the smallest trees are the sample plots that are
tested. More specifically, Treatment 9 (which had the largest trees based on dbh and
height) and Treatment 2 (which had the smallest trees based on the same variables) are
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the focus of the financial accuracy analysis. Treatment 9 represents potential growth and
yield when loblolly pine is planted at low densities, or densities of less than 300 trees per
acre. Treatment 2 represents loblolly pine plantations that are established at high
densities, or densities of greater than 1200 trees per acre. For both treatments, all
variables are held constant in the model with the exception of spacing and site index (see
Appendix H). More specifically, the only difference between Treatment 2 and Treatment
9 as they are entered into the LPDST is spacing. Site index is adjusted to reflect the fact
that there are differences in site index across the three replications of each treatment. The
maximum basal area is set at 120 ft2 per acre and thinning percentage is set to remove
33% of the standing live stems each time predicted basal area reaches 120 ft2 per acre.
Rotation length is set at 60 years initially.

5.2.1 Financial analysis of dbh and height error on low density plantations
The original parameters for Treatment 9 were entered into the LPDST (see
Appendix H). More specifically, Treatment 9 was planted at a spacing of 12 ft x 16 ft
(approximately 227 trees per acre). The site index is set at 70 ft at 25 years. Based on
this input information, the LPDST indicates that the plantation will be thinned in years
11, 13, 15, 19, 24, 32, 43, and 59. Final harvest will be conducted at the end of year 60
(see Table 5-1). Based on the predicted volumes removed at each harvest, the LPDST
appears to be biased towards sawlog production. In other words, the model identifies a
large portion of the wood produced as sawlog quality (see Table 5-1). In reality, the
actual percentage of sawlog timber produced from a stand of loblolly may be less than
predicted by the model due to stem quality. Similarly, the percentage of chip-n-saw and
pulpwood may actually be larger than predicted by the model.
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Table 5-1.--Summary of financial predictions and removals at final harvest and each
prescribed thinning on low density plantings represented by Treatment 9.

No. of Trees
removed
Total Volume
Removed1
(Ft3/acre)
Total Sawlog
Volume
Removed
(MBF –
Doyle)
Total CNS
Volume
removed
(T/acre)
Total
Pulpwood
Volume
removed
(T/acre)

1

11

13

15

Tree Age (years)
19
24
32

75

50

34

23

15

10

7

5

9

580

615

604

775

933

1195

1424

1627

3832

2

3

3

5

6

7

9

10

21

5.42

3.23

1.81

0.80

0.35

0.14

0.06

0.03

0.05

0.7

0.35

0.18

0.08

0.03

0.01

0.01

0.0

0.0

43

59

60

NPV / acre $3767.95

AEV / acre $166.55

MIRR 8%

PBP 10

rounded to the nearest Ft3

Final pulpwood volume, final CNS volume, final sawlog volume, NPV per acre,
AEV per acre, internal rate of return, modified rate of return, and years to break even
were recorded. Sensitivity was tested by modifying the dbh and height based on the
maximum error and the average error and looking at the impact that those changes have
on the financial indicators mentioned earlier.
In order to test the impact of dbh and height error on the financial predictions, a
duplicate copy of the LPDST was created and another set of variables were added to the

87

FINANCIAL ANALYSIS tab of the model called DBH bias and Height bias. Any level
of bias or error can be applied to the model with these variables; however, it should be
noted that when error or bias is introduced into the model it is introduced in such a way
that it has impact during all time periods on numerous variables. In other words, a bias of
0.57 inches in dbh will not just appear in a single year but is most likely a result of
several years of slower than predicted growth. Likewise, a bias of -0.625 feet may be a
reflection of several years of slower than predicted growth. In addition to incorporating
the bias into multiple years, the bias also impacts the competition index, crown ratio,
basal area and other variables that are used to calculate growth and yield parameters.
The easiest way to include this bias into the model was to use equation 3.2 for
calculating height. Height bias is introduced by taking the average height error at year 14
and converting it to a difference in site index at base age 25. This is done as follows:
(5.1)

SI𝑎 = height bias/(measurement age/base age)

More specifically, the average height bias, or error, was calculated in Chapter 4 as -0.625
feet. The age of the trees used to calculate that error was 14 years, and the base age used
in the model was 25 years (14/25 = 0.56) . Therefore, the site index adjustment factor
used in equation 3.2 was as follows:

(5.2)

𝑆𝐼𝑎 =

−0.625
0.56

⟹ −1.116

Entering this SIa value into equation 3.2 calculates additional height that is due to bias in
predicted height. The net effect is the same as saying that the site index used in the
model was incorrect by 1.116 feet at base age 25 years. This difference in height and dbh
is then incorporated into all other calculations in the model.
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Introducing the bias into

the model in this way allows for annual variances in predicted height and dbh to be
factored into the financial analysis. Table 5.2 shows the summary of financial
predictions on low density plantings, represented by Treatment 9, when bias is introduced
into the model.
Table 5-2.--Summary of financial predictions and removals at final harvest and each
prescribed thinning on low density plantings represented by Treatment 9, including
prediction bias.

No. of Trees
removed
Total Volume
Removed1
(Ft3/acre)
Total Sawlog
Volume
Removed
(MBF –
Doyle)
Total CNS
Volume
removed
(T/acre)
Total
Pulpwood
Volume
removed
(T/acre)

1

Tree Age (years)
19
25

11

13

16

32

44

60

75

50

34

23

15

10

7

14

561

595

712

747

990

1139

1400

4703

2

3

4

4

6

7

9

29

5.45

3.27

1.62

0.81

0.33

0.15

0.06

0.08

0.72

0.36

0.16

0.08

0.03

0.01

0.01

0.01

NPV / acre $3709.93

AEV / acre $163.99

MIRR 8%

PBP 10

rounded to the nearest Ft3

Comparing the results with and without bias (Table 5-1 and Table 5-2), it is clear
that average height and dbh error have very little impact on the financial predictions of
the model. In fact the average errors only had a $58 impact on NPV ($3767.95 89

$3709.93) and a $2.56 impact on AEV ($166.55 - $163.99). When the maximum error
calculated in Chapter 4 for a 99-percent confidence level was entered into the model, that
is 1.09-inches dbh and 3.19-feet height, the difference in NPV was $533.79 ($3767.95 $3234.16) and the difference in AEV was $23.59 ($166.55 - $142.96). More
specifically, for the worst case scenario on low density plantations the LPDST is accurate
within $550 per acre when predicting NPV and $24 per acre when predicting AEV. On
average the model is able to predict NPV within $60 per acre and AEV within $3 per acre
over a 60 year period.

5.2.2 Financial analysis of dbh and height error on high density plantations
The next step would be to try the same process on high density plantations such
as Treatment 2 from the Dale Bumpers Small Farms Research Center. A high density
plantation is one in which large numbers of trees are planted at close spacing, such as 4-ft
x 8-ft in order to force the trees to grow straighter and taller as they compete for light.
Anecdotal evidence from plantations in southern Missouri indicates that the close spacing
is also beneficial for protection against strong winds.

However, a close spacing requires

more frequent thinning and often those trees are thinned before they reach a valuable
market size.
Table 5-3 shows predicted thinning dates along with key harvest variables and
NPV, AEV, MIRR and years to break even for the high density spacing of Treatment 2.
The model prescribes a thinning every time the predicted basal area exceeds the user
specified maximum basal area. For this analysis, the maximum basal area was set at 120
Ft2 per acre. The model also is set for a fixed percentage of trees removed at each
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thinning. For this analysis, the LPDST is removing 33-percent of the trees at each
thinning. Because of these two fixed parameters, the LPDST shows several years in a
row where thinning occurs. In reality, a landowner will most likely only conduct one
thinning and remove enough trees to preclude having to thin annually.
Table 5-3.--Summary of financial predictions and removals at final harvest and each
prescribed thinning on high density plantings represented by Treatment 2.

No. of
Trees
removed
Total
Volume
Removed1
(Ft3 /acre)
Total
Sawlog
Volume
Removed
(MBF –
Doyle)
Total CNS
Volume
removed
(T/ acre)
Total
Pulpwood
Volume
removed
(T/ acre)

Tree Age (years)
15
18
21

7

8

9

10

12

409

274

184

123

82

55

37

293

249

213

184

232

350

0

0

0

0

0

0

.04

.23

.6

6

5

4

3

NPV / acre $1602.51

27

34

45

60

25

17

11

7

15

433

471

670

825

1061

3845

.6

2

2

4

5

7

24

3

5

3

1

.55

.23

.09

.11

2

1

.3

.1

.05

.02

.01

.01

AEV / acre $70.83

MIRR 5%
1

PBP 14

Values are rounded
Using the same method as described by equation 5.1 and equation 5.2, average

error and maximum error were introduced into the model. When the average dbh and
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height error, 0.57 inches and 0.625 feet respectively, are incorporated into the analysis
the change in the yield and financial indicators is minimal (see Table 5-4).
Table 5-4.--Summary of financial predictions and removals at final harvest and each
prescribed thinning on high density plantings represented by Treatment 2,
including prediction bias.

No. of
Trees
removed
Total
Volume
Removed1
(Ft3/acre)
Total
Sawlog
Volume
Removed
(MBF –
Doyle)
Total CNS
Volume
removed
(T/ acre)
Total
Pulpwood
Volume
removed
(T/ acre)

7

8

9

11

Tree Age (years)
12
15
18
22

409

274

184

123

82

55

37

25

17

11

7

15

285

241

206

267

223

335

414

524

636

837

1039

3542

0

0

0

0

0

.5

2

3

4

5

6

22

0

.03

.17

2.5

2.7

4.5

2.8

1.3

.6

.2

.09

.11

6

5

4

3

2

1

.3

.1

.05

.02

.01

.01

NPV / acre $1569.69

35

46

60

AEV / acre $69.38

MIRR 5%
a

27

PBP 13

Values are rounded
Based on the comparison of the high density treatment with and without bias, it

appears that average dbh and height error have minimal impact on the financial analysis.
More specifically, when the average dbh and height error are incorporated into the model,
the difference in NPV per acre is only $32.82 ($1602.51 - $1569.69) and the difference in
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AEV per acre is only $1.45 ($70.83 - $69.38). It is interesting to note that when error is
included into the model, the number of years to break even is reduced by one year, from
14 years without bias to 13 years with bias. This is due to the fact that the model is
predicting a higher volume of chip-n-saw wood during the early thinning when the dbh
and height bias is included. When the maximum dbh and height error are included in the
model, the difference in NPV per acre is $32.41 ($1602.51 - $1570.10) and the difference
in AEV per acre is $1.43 ($70.83 - $69.40).
Based on this analysis of bias, or error in the LPDST, it is clear that any error in
predicting average dbh or average height will have little to no impact on the financial
indicators of NPV, AEV, MIRR, and years to break even. This is to be expected and can
easily be explained by understanding that the average error calculated in Chapter 4
represents a difference in predicted dbh and predicted height that is smaller than the
expected growth during a single growing season. In other words, an average prediction
error of 0.57 inches dbh may just be the difference of measuring the trees in the early
spring or measuring the trees in the late fall of the same year.
For the financial indicators, the LPDST uses a continuous cashflow analysis;
therefore, if the dbh or height prediction has some level of error, that error impacts the
model in two ways. First, if there is dbh and height prediction error, this will impact the
discount periods. For example, a thinning may be prescribed in year 12, when in reality
it should have been prescribed in year 13. This will affect the number of discounted
periods for the income generated, or costs incurred, for that thinning. Instead of
discounting 13 years, the LPDST will discount those revenues and costs 12 years.
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Second, dbh and height error will impact the volume harvested in the final
harvest, in this case the harvest at year 60. As growth prediction errors are carried from
year to year, they will eventually be reflected when all trees are removed in the model.
However, depending on the rotation length, the difference in the final predicted size of
the trees and the actual size of the trees will have very little impact on the financial
indicators due to the number of periods used to discount those revenues and costs. More
specifically, if there is a 1-inch difference in actual dbh and predicted dbh, the difference
in value of those trees discounted 60 years will be minimal in terms of NPV and AEV.
Trees planted at higher a density will reflect less of an impact on financial
indicators than trees planted at a lower density. This is due to the fact that when trees are
removed from the lower density planting, they are typically of a larger size class, and
therefore a higher value, than when trees are removed from a high density planting.
Wider spacing allows greater tree growth before a thinning is prescribed by the model.

5.3

ANALYSIS OF DECISION PARAMETERS ON THE FINANCIAL

INDICATORS
The LPDST is designed to incorporate decisions made by the user of the model
with accurate growth, yield and financial functions. Up to this point, the growth and
yield functions have been tested and analyzed to determine the level of accuracy that can
be expected throughout the model. This section will focus more on the sensitivity of the
LPDST‟s financial functions to differences in establishment, management, harvesting,
and marketing decisions. More specifically, how well does the model distinguish
between different management strategies?
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The real test of sensitivity for the LPDST would be to compare the results of the
model to an existing loblolly pine plantation from first planting to final harvest. Due to
time limitations, this is not possible. However, it is possible to compare the
recommendations, predictions and prescriptions from the model with published data to
verify the results are in line with recommendations from existing plantations and models.
In order to test the sensitivity of the LPDST, a series of establishment,
management, and marketing decisions were applied to 21 different initial spacing levels.
Each modification was added to the previous modifications in a “stepped” process. For
example, in testing one of the management decisions, maximum basal area was increased
from 120 ft2 per acre to 200 ft2 per acre. The next management decision test that was
conducted left maximum basal area at 200 ft2 per acre and increased the thinning
percentage from 33% to 50%. Therefore all modifications to the model were made in
stepped scenarios in order to see the impact that each modification had on the financial
predictions.
Financial indicators of NPV, AEV, MIRR, and PBP were recorded for each
spacing level at rotation lengths of 60 years and 30 years. These indicators were plotted
on a graph with “trees per acre” (TPA) as the x-axis and the financial indicator as the yaxis. The graph shows the planting density, or spacing level, where each indicator
reaches the maximum level (see Appendix I).
The baseline assumptions for the sensitivity analysis were the same assumptions
used in the dbh and height analysis of Chapter 4 (see Appendix H and Appendix I). Site
index was set at 70-feet at base year 25. The parameters that were modified for the
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sensitivity analysis included Thinning, Maximum Basal Area, Pulpwood Value, CNS
Value, Pine Straw Value, and Expected Rate of Return (see Table 5-5).
Table 5-5.--Decision parameters used in the sensitivity analysis.
Decision Parameter

Original Level

Modified Level (Scenario
Order)1

Thinning

33%

50% (6)

Maximum Basal Area

120

200 (5)

Pulpwood Value

$8.49/ton

$12.00/ton (1)

CNS Value

$17.18/ton

$30.00/ton (2)

Pine Straw Value

$2.00/bale

$5.00/bale (3)

Expected Rate of Return

4%

8% (4)

1

Scenario Order reflects the order in which the changes were entered into the model, e.g.
Pulpwood Value was modified first, then CNS Value, and so forth.
The 21 spacing levels used in the analysis are listed below with the number of
trees per acre (TPA) for each spacing level:
4‟ x 8‟ (1361 TPA)

8‟ x 16‟ (340 TPA)

12‟ x 12‟ (303 TPA)

20‟ x 20‟ (109 TPA)

4‟ x 10‟ (1089 TPA) 10‟ x 10‟ (436 TPA)

12‟ x 16‟ (227 TPA)

20‟ x 24‟ (91 TPA)

4‟ X 12‟ (907 TPA)

10‟ x 12‟ (363 TPA)

12‟ x 24‟ (151 TPA) 24‟ x 24‟ (76 TPA)

8‟ X 8‟ (681 TPA)

10‟ x 16‟ (272 TPA)

16‟ x 16‟ (170 TPA)

8‟ x 10‟ (544 TPA)

10‟ x 20‟ (218 TPA)

16‟ x 20‟ (136 TPA)

8‟ x 12‟ (454 TPA)

10‟ x 24‟ (182 TPA)

16‟ x 24‟ (113 TPA)

5.3.1 Baseline assumptions analysis
The results of this analysis indicated that when the baseline assumptions are
entered into the LPDST, the optimum spacing level would be approximately 200 TPA in
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order to maximize NPV, AEV, and MIRR (see Figure 5.1). However, to minimize the
number of years it takes to pay back the initial investment and still return a high MIRR,
the optimum spacing level would be closer to 350 TPA. This corresponds to
recommendations made by South (2006). The longer rotation of 60-years returns a
higher NPV than the shorter rotation of 30-years. This is due to several factors, including
the fact that the longer rotations allow for increased value per tree as the tree is able to
grow to a larger size class and low expected rates of return have a lower cost for holding
that asset in the field in order to reach that higher size class.

$4,000.00

NPV @ 4%

$3,500.00

$3,000.00
60 year rotation

$2,500.00

30 Year Rotation
$2,000.00

$1,500.00
0

500

1000

1500

TPA

Figure 5-1. Analysis of NPV at a 4% expected rate or return for the baseline
assumptions on twenty-one selected spacing levels and two rotation lengths.

A high NPV may be the goal of the decision maker; however, that decision may
be influenced by the length of time it takes to recover the initial investment (payback
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period) or the AEV as it compares to some other investment that compounds annually.
The LPDST provides values for several financial indicators in order to allow the decision
maker to select the best possible combination of decision parameters to meet their goals.
It should be noted that in all scenarios, the PBP was the same for both the 60-year
rotation and the 30-year rotation (see Figure 5-2). This is due to the fact that the ability
of the plantation to pay back the initial investment is met early on in the rotation. In
other words, the revenue from the early thinning is enough to cover the costs of initial
establishment and maintenance based on the baseline assumptions. As the six other
scenarios are tested, this result holds true.

5.3.2 Analysis of NPV and AEV for the six modifications from the baseline assumptions
The baseline assumptions were modified to reflect higher prices for pulpwood,
chip-n-saw, and pine straw, as well as a higher expected rate of return, maximum basal
area, and thinning percentage. These adjustments to the baseline were chosen based on a
review of the literature that indicated higher values for various intermediate products,
such as those products that are modified, in relation to sawlog prices would provide the
incentive to plant at higher densities in order to capture additional revenues prior to the
harvest of sawlog- sized timber (Cassidy 2005; South 2006). Recommended initial
spacing from the literature ranged from 200 TPA to over 1000 TPA based on site and
primary products that were the goal of the plantation (Amateis, et al. 2004; Burner, et al.
2010; Duryea 2009; Taylor, et al. 2006).
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14%

18
16

12%

14

MIRR@ 4%

10%

12

8%

10

6%

8

30 Year Rotation

6

30 year rotation PBP

4

60 year rotation PBP

4%
2%

60 year rotation

2

0%

0
0

500

1000

1500

TPA

Figure 5-2. Analysis of the MIRR and payback period (PBP) for the baseline
assumptions on twenty-one spacing levels and two rotation lengths.
Increasing the market prices for pulpwood, chip-n-saw, and pine straw in the
model increases the NPV and AEV in scenarios 1 through 3. However, the increase does
not affect the optimum number of trees per acre (see Table 5-6). This is due to the fact
that when the maximum basal area is set at 120 Ft2 the LPDST seems to be biased toward
sawlog production. More specifically, at higher density spacing, more of the trees are
removed at smaller volumes in order to maintain the maximum basal area requirement.
Therefore, the model recommends lower density spacing in order to minimize the amount
of thinning required.
For Scenario 4 of the analysis, the expected rate of return is increased from 4% to
8%. As a result, the NPV and AEV decrease; however, the recommended number of
trees per acre increases to 340.

This is a due to the increased cost of capital, more
99

specifically, the cost of carrying the initial investment until it is paid back. Increasing the
number of trees initially planted will ensure that more trees are removed at each thinning
and the pulpwood revenues earned on those thinnings will repay the initial investment
sooner. The decrease in NPV and AEV is directly related to the higher discount rate, or
expected rate of return.
Table 5-6.--Optimum number of trees per acre needed to maximize NPV and AEV
at each baseline modification for each rotation length.
Financial Indicators

Baseline
Assumptions
Scenario 1:
Pulpwood Value
= $12/ton
Scenario 2: CNS
Value = $30/ton
Scenario 3: Pine
straw Value =
$5/bale
Scenario 4:
Expected Rate
of Return = 8%
Scenario 5:
Maximum Basal
Area = 200
Ft2/acre
Scenario 6:
Thinning = 50%

NPV

AEV

218 TPA

218 TPA

($3815.11 60-year/$3638.80 30-year)

($168.63 60-year/$210.43 30-year)

218 TPA

218 TPA

($3817.79 60-year/$3641.52 30-year)

($168.75 60-year/$210.59 30-year)

218 TPA

218 TPA

($3901.79 60-year/$3726.64 30-year)

($172.47 60-year/$215.51 30-year)

218 TPA

218 TPA

($4714.34 60-year/$4516.03 30-year)

($208.38 60-year/$261.16 30-year)

340 TPA

340 TPA

($1941.69 60-year/$2075.40 30-year)

($156.88 60-year/$184.35 30-year)

454 TPA

454 TPA

($3317.91 60-year/$3511.38 30-year)

($268.08 60-year/$311.91 30-year)

436 TPA

436 TPA

($3184.26 60-year/$3391.83 30-year)

($257.28 60-year/$301.29 30-year)
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Scenario 5 of the analysis increased the maximum basal area from 120 Ft2 per
acre to 200 Ft2 per acre. Based on some recommendations from the literature that
indicate the best pulpwood production or pine straw production occurs at basal areas of
75 – 125 Ft2 per acre (Bateman and Wilson 1961; Taylor and Foster 2004), this scenario
was designed to determine if the model would also reflect a decrease in the productivity
of the trees. The LPDST showed an increase in the number of trees per acre required,
from 340 TPA to 454 TPA. This would indicate that it takes more trees to maximize
pulpwood and pine straw production. More specifically, this shows that the trees are less
productive and are negatively impacted by competition for light and other resources.
Finally, Scenario 6 of the analysis increased the number of trees removed at each
thinning from 33% to 50% in order to estimate the affect that heavier thinning would
have on the plantation. Basal area was left at 200 Ft2 per acre, which meant that the trees
would be impacted by competition for a longer period of time before the thinning took
place. However, a larger number of trees are removed when thinning occurs. As a result,
NPV and AEV decreased from the level predicted in Scenario 5, and the initial number of
trees recommended to optimize the financial returns of the plantation also decreased from
454 TPA to 436 TPA.

This is a small decrease and would indicate that the impact of

thinning percentage on the overall financial predictions of the LPDST is minimal.

5.3.3 Analysis of MIRR and PBP for the six modifications from the baseline assumptions
The financial indicators of MIRR and payback period (PBP) seem to support the
reasoning used to justify the changes in NPV and AEV above. More specifically, the
highest MIRR for the 60-year rotation was always lower than that for the 30-year
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rotation. In the baseline assumptions as well as Scenarios 1-3, where market prices were
increased for pulpwood, chip-n-saw, and pine straw, the highest MIRR for the 60-year
rotation was predicted at 9%. The highest MIRR for the 30-year rotation was predicted at
13% until Scenario 3 where the pine straw value increased, causing the MIRR to increase
to 14%. This is a result of the shorter rotation; more specifically, discounting the value of
all the trees over a shorter period. As the expected rate of return, or discount rate,
increased from 4-percent to 8% in Scenario 4 of the analysis, the maximum MIRR for
both the 60-year and 30-year rotation also increased. The 60-year rotation increased to a
maximum level of 12% and the 30-year rotation increased to 16% and later 17% in
Scenarios 5 and 6.
The optimum number of trees recommended to reach the maximum levels of
MIRR reflected more of a range of acceptable planting densities. For example, with the
assumptions of Scenario 1 the maximum MIRR could be reached on the 60-year rotation
at densities ranging from 91 TPA to 113 TPA. Similarly, the recommendation for
Scenario 1 on a 30-year rotation would be 76 TPA to 218 TPA. For Scenario 2 of the
analysis, there was no change in the recommended density needed to maximize the MIRR
for a 60-year rotation, and the 30-year rotation changed slightly to include densities from
76 TPA to 227 TPA. At Scenario 3, the 60-year rotation maximized MIRR at a density
range of 91 TPA to 151 TPA, and the 30-year rotation increased from 76 TPA to 272
TPA for the recommended density. Appendix I has the graphs for each of the scenarios
in the analysis showing the spacing levels needed to maximize MIRR.
The financial indicator of PBP is an important variable for assessing the financial
performance of the plantation. For example, in Scenario 1 of the analysis the 60-year
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rotation indicated that the maximum MIRR was at 9% for density levels of 91 TPA to
113 TPA. However, the PBP indicates that it takes between 14 and 17 years to pay back
the initial investment. Alternately, if a density level of 340 TPA to 363 TPA is chosen,
the MIRR is predicted at 8% and the PBP is determined to be 8 years. From a decisionmaking standpoint, it would seem that a shorter payback period with a slightly lower rate
of return (MIRR) would be more desirable than a higher rate of return that requires a
longer time to pay back the initial investment. Likewise, the difference between the NPV
and AEV for 218 TPA and 340 TPA is minimal.
The use of PBP may impact the decision process for the user of the LPDST.
More specifically, the PBP variable may require the decision maker to weigh the need for
liquidity with the goal of high NPV, AEV, or MIRR. In nearly all six of the scenarios
used in the analysis, the shortest PBP did not fall on the same density as recommended
for the NPV, AEV, or MIRR indicators. It is also interesting to note that the PBP
indicator was impacted only by the increase in pine straw value. This is due to the fact
that the intermediate income from harvesting and selling pine straw can quickly offset the
initial costs of establishing the plantation prior to the plantation producing marketable
pulpwood or chip-n-saw timber.
For both MIRR and PBP, the LPDST was able to reflect minor changes in
pulpwood, chip-n-saw, and pine straw prices. The predictions of the LPDST were also
similar to recommendations made in the literature (Amateis, et al. 2004; Burner, et al.
2010; Duryea 2009; Taylor, et al. 2006). Changes in the expected rate of return,
maximum basal area, and thinning percentage did not change the maximum predicted
MIRR or the minimum PBP, but changed the range of planting densities required to reach
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those levels. The LPDST was sensitive enough to distinguish the differences in each
scenario of the analysis.

5.3.4 Summary of the sensitivity analysis on the financial indicators
The sensitivity analysis on the financial indicators showed that the LPDST was
able to predict distinguishable results based on differences in initial spacing, rotation
length, market prices, discount rates, basal area specifications, and thinning
recommendations. As an example of the impact of each scenario in the analysis, Table 57 shows how the financial indicators varied for the 12-ft. x 12-ft. spacing on a 30-year
rotation. More importantly, the predictions of the LPDST were consistent with published
recommendations.
The unique ability of the LPDST to provide more than one financial result adds to
the strength of the models predictions. For example, if the decision maker had to select a
planting density based only on NPV, they may not plant enough trees to pay back their
initial investment in a reasonable time period. Likewise, if the decision maker only
considers the MIRR, they may plant at a density that does not maximize their NPV or
minimize their PBP. As an example, Scenario 1 of the analysis shows that for a 30-year
rotation the best spacing to maximize NPV, AEV, and MIRR is 218 TPA ($3641.52,
$210.59, and 13%, respectively). However, at that initial planting density it takes 10
years to pay back the initial investment. If the decision maker would increase the initial
planting density to 340 TPA the PBP would decrease to 8 years and the NPV, AEV, and
MIRR would only decrease slightly ($3314.23, $191.66, and 11%, respectively).
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These

four indicators taken together provide a better financial picture for the decision maker,
thus allowing for a more informed decision than just focusing on NPV or MIRR.
Table 5-7.-- Example of the impact of the 6 decision variables on the financial
indicators for a 12’ x 12’ spacing and 30-year rotation.
NPV

AEV

MIRR

PBP

Baseline Assumptions

$3299.02

$190.78

12%

9 years

Scenario 1: Pulpwood ($12/ton)

$3304.78

$191.12

12%

9 years

Scenario 2: Chip-n-saw ($30/ton)

$3451.67

$199.61

12%

9 years

Scenario 3: Pine straw ($5/bale)

$4357.28

$251.98

13%

6 years

Scenario 4: Expected Rate of
Return (8%)

$2029.82

$180.30

15%

6 years

Scenario 5: Maximum Basal Area
(200 Ft2/acre)

$3332.90

$296.05

16%

6 years

Scenario 6: Thinning (50%)

$3181.93

$282.64

13%

6 years

5.4

CONCLUSIONS ON ACCURACY AND SENSITIVITY
Based on results of the test for financial accuracy and the tests for financial

sensitivity, the LPDST provides accurate predictions regarding the financial performance
of loblolly pine plantations. In fact, the predictions of the LPDST correspond to other
published recommendations and model predictions.
The test of accuracy indicated that errors in dbh and height predictions only have
a minimal impact on the financial results of the model. This is due to the fact that errors
in dbh and height are reflected in volume and basal area. Therefore, those errors are
minimized as harvest values are discounted over time. The results of the tests for
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sensitivity indicate that modifying pulpwood and chip-n-saw values impact NPV and
AEV; however, pine straw value had the most impact on PBP. By raising the expected
value for pine straw from $2 per bale to $5 per bale, the PBP was reduced by two years.
The most significant factor that impacts the financial results is the expected rate
of return. A higher expected rate of return will significantly lower the NPV and AEV.
More importantly, a higher expected rate of return will increase MIRR. From the
sensitivity test conducted, raising the expected rate of return from 4% to 8% increased the
MIRR 3% in the 60-year rotation and 2% in the 30-year rotation.
Management decisions of increased maximum basal area and increased thinning
percentage had a slight negative impact on NPV and AEV; however, increasing the
maximum basal area from 110 Ft2 per acre to 200 Ft2 per acre increased the MIRR for the
30-year rotation by 1%.
From these tests of accuracy and sensitivity it is clear that the LPDST is sensitive
to minor changes in establishment, management, harvesting, and marketing variables. It
is clear that any changes to the input variables will be reflected in the output on the
financial indicators. The financial indicators of NPV, AEV, MIRR, and PBP taken
together allow the decision maker to identify the trade-offs that occur when management
decisions are made.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS
6.1

RESEARCH SUMMARY
The purpose of this study was to develop a financial decision model for loblolly

pine production that is targeted to private landowners with minimal forestry knowledge
and background, as well as to forestry professionals who are interested in a simple and
accurate means with which they can analyze their management decisions. The main
objective was to incorporate existing growth and yield models into a user friendly
interface in order to assess the financial impact of management decisions on loblolly pine
production systems. The Loblolly Pine Decision Support Tool (LPDST) was developed
using Excel™ based algorithms derived from linear growth and yield relationships found
in existing models.
The growth and yield functions of the LPDST were tested for validity and
reliability using existing loblolly pine plantations in Booneville, AR, Sikeston, MO and
Stover, MO. The growth and yield estimates generated from the model were compared
with actual growth and yield measurements to determine whether the algorithms used
accurately reflect the biophysical aspects of loblolly pine growth. A χ2 test for goodness
of fit using the data collected on the plantation at the Dale Bumpers Small Farm Research
Center in Booneville, AR indicated that the LPDST was able to predict both the dbh and
height of that 14-year old stand with a 99-percent level of confidence. The average error
for dbh was 0.57inches and the average height error was 0.625 feet.
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The second objective was to overlay growth and yield predictions with financial
analysis, including the common financial indicators of net present value (NPV), annual
equivalent value (AEV), and internal rate of return (IRR/MIRR) (Doran, et al. 2009). In
addition to these financial performance measures, a measure of how quickly the initial
investment is recovered, or payback period (PBP) was included. One test was conducted
to analyze the accuracy of the model given the average prediction error and the maximum
prediction error in dbh and height. This test adjusted site index to reflect the average and
potential errors to provide measures of the impact those errors had on the financial
indicators of NPV, AEV, MIRR, and PBP. The analysis was conducted only on the
highest density spacing and the lowest density spacing so that the results would reflect
the impacts at the margin. The test showed that the errors only had a minimal impact on
those financial indicators.
The second test was designed to analyze the sensitivity of the LPDST to changes
in establishment, management, harvesting and marketing decisions. The sensitivity of
the LPDST to identify financial differences in initial spacing density, market prices,
rotation length, expected rate of return, maximum basal area, and thinning levels is vital
to the success of the model. These variables represent key decisions that landowners face
when planning for a loblolly pine plantation.
In order to test the sensitivity of the LPDST, 21 spacing densities and two rotation
lengths were analyzed using a six-scenario process which modified market prices,
expected rate of return, maximum basal area, and thinning levels. The sensitivity test
showed that the LPDST was able to distinguish differences for each spacing level and
rotation length given the modifications in the decision variables. More importantly, the
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results of the LPDST indicated that the conclusions from the model with regards to initial
planting density and rotation length are reliable, valid, and similar to recommendations
found in the literature and supported by those who are currently growing loblolly pine.
The six-scenario process was able to highlight those factors that had the largest impact on
the financial indicators and also shed light on the direction of the impact. For example,
increasing the expected rate of return had a negative impact on NPV and AEV, and a
positive impact on MIRR.
Finally, the last objective of this study was to identify knowledge gaps in
information required to accurately predict the financial performance of long-term
investments such as timber. This objective is more of a subjective analysis based on the
lessons learned from building and testing the LPDST. The next sections of this chapter
will discuss in greater detail the knowledge gaps and limitations of the LPDST model.

6.2

KNOWLEDGE GAPS IN LOBLOLLY PINE MODELS FOR THE OZARKS
Throughout the development of the LPDST, several key areas emerged for which

knowledge is limited. The most prominent gap in knowledge was in the lack of growth
data for loblolly pine in the Ozarks. Much work has been done in Arkansas on loblolly
pine production, however, most of the growth and yield modeling literature focused on
the southeastern portion of the United States where loblolly pine is native. Very little
data could be found on loblolly growth rates in Arkansas and even less is available for
Missouri. In order to better fit the model to the Ozark region more in-depth study of the
growth and yield potential for loblolly pine in this area should be made.
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Along with the growth and yield study, it was evident from obtaining site indices
for the model from published soil map data that current and accurate site index data are
not available. Great improvements in genetics of loblolly pine have occurred over the
last 20 years. With those genetic improvements, growth rates of loblolly pine have nearly
doubled. As a result, site indices, if published, are inaccurate and greatly underestimate
the growth potential. As mentioned in the test for dbh and height accuracy, the published
site index for the study site in Booneville, AR indicated a site index of 44 feet at 25 years.
However, it was apparent from the data collected on that site that the trees were growing
at nearly twice that rate. For the study sites in Missouri, no site indices were published
for loblolly pine on the soil types encountered.
In addition to site indices, more specific growth curves for the Ozark region
would enhance the accuracy of the model predictions. Although the growth curves were
based on loblolly pine plantations throughout the southeastern US, the soil types and
climatic conditions of the Ozark regions would have an impact on the growth potential
for that species. The LPDST used the most representative growth function found in the
native range; however, a growth function specific to the Ozark region would enhance the
predictive ability of the model.
Another aspect of the model that needs further investigation is the continuous
application of nitrogen fertilizer. Although fertilization is an input variable in the
LPDST, the timing of fertilization and the importance to loblolly pine growth is still
debated in the literature. Many of the recommendations suggest that phosphorus and
nitrogen fertilizer is a key input for improved vigor, survivability, and stem quality
during the early stages of tree growth (Coyle, et al. 2008; Cunningham, et al. 2008).
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Others recommend that nitrogen fertilization should be applied after the first thinning in
order to speed the growth of the crop trees and only after a soil fertility test has been
conducted (Cassidy 2005). For this research, two of the study sites had some level of
fertilization. The study site located at Booneville, AR had several applications of
nitrogen fertilizer applied between the rows of the some of the spacing treatments. Based
on the data collected, the fertilization had no impact on the growth rate of the trees.
However, the study site at Sikeston, MO had a continuous amount of poultry litter
applied to the site. As a result, the growth equations used in the model incorrectly
predicted the dbh and height for that site. Because the Sikeston, MO site was using
poultry litter, the actual amount of nitrogen and phosphorus being applied is unknown
and the actual amount of litter applied was unrecorded. Future research should be
conducted to identify the potential for poultry litter fertilization on loblolly pine in the
Ozark region where poultry production is common.
Finally, the potential for pine straw markets in Missouri and northern Arkansas
are mostly speculative. The LPDST incorporates income from the sale of pine straw as a
major source of revenue during the early stages of tree growth. However, pine straw is
not common in this area and the markets are mostly niche in nature. An in-depth study of
the markets for pine straw would add support to the marketing portion of the LPDST.
Two of the three study sites - Booneville, AR and Sikeston, MO - had generated income
from the sale of pine straw at some point in time; however, none of the sites were
currently in the pine straw market.
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6.3

LIMITATIONS OF THE LPDST
In addition to the gaps in knowledge, there are several areas in the LPDST that

limit the ability of the model to make more accurate predictions and recommendations.
The most crucial limitation is the ability of the LPDST to incorporate fertilization
impacts into the growth and yield functions of the model. Because of the gap in
knowledge regarding the impact of fertilizer on growth and yield in the Ozarks regions,
as noted earlier, the model does not adequately reflect changes in growth when fertilizer
is applied. Currently, fertilization is only reflected as a cost and is reflected in the
expected mortality rate. The assumption is that fertilization during establishment will
increase survivability; and, fertilization during the management phase of the plantation
will impact stand vigor and form. Future versions of the LPDST should incorporate a
modifying function to the growth equation in order to capture potential growth rate
increases due to fertilizer applications. This modification should be based on Ozark
specific studies focusing on the impact of fertilization given the soil characteristics of that
region.
Another limitation of the LPDST is the ability of the model to predict stem
quality. More specifically, the model is designed to be biased towards the production of
sawlogs. This bias in the LPDST is based on the automatic thinning calculations of the
model and the rigid adherence to the maximum basal area recommendations of the model
user. This is also a function of the calculation in the LPDST that separates the sawlog,
chip-n-saw, and pulpwood volumes. The LPDST uses a top-end diameter limit to
identify the different products. For example, a tree is sectioned off in such a way that
from the base to an 8-inch top is sawlog volume, less than 8-inches but greater than 5112

inches is chip-n-saw volume, and anything less than 5-inches is pulpwood. There are
minimum dbh requirements that must be met for the sawlog and chip-n-saw categories as
well. This separation of marketable products does not take into account the quality or
form of each stem. It is assumed that all poor quality trees are removed at early
thinnings. Future studies should be conducted on loblolly pine in the Ozark region to
identify what percentage of volume from a plantation actually is sold as sawlog, chip-nsaw, and pulpwood. It would also improve the LPDST if additional market categories
were included, such as poles.
Predicting pine straw production is another area of the LPDST that has
limitations. Unlike the well developed growth equations used for the dbh and height
predictions, there were no published yield models for pine straw production. The
equation used to predict pine straw yield in the LPDST was based on published data and
yield data collected at the University of Missouri Horticulture and Agroforestry Research
Center in New Franklin, MO. Future studies on the yield potential for pine straw in
loblolly pine plantations located in the Ozarks Region would greatly improve the
reliability of the pine straw yield predictions in the LPDST.
The pine pole market is another potential income area that was not included in
this version of the model due to lack of information and limitations of the current model
design. There are many classes and sizes of pine poles that are marketed. The impact
and size of this market in the Ozark region, as well as the percentage of a plantation that
would be sold into the pole market would need to be analyzed for this to be included in
future versions of the LPDST.
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Finally, one minor limitation of the LPDST is the maximum rotation length that is
fixed in the model. More specifically, the cashflow analysis of the LPDST only
considers 60 years. For most loblolly pine planning horizons 60 years is much longer
than needed, since a 30- to 40-year rotation is most commonly recommended. However,
it may be beneficial to consider the potential for longer rotations in the Ozark region due
to differences in growing conditions when compared to the native range of loblolly pine.
None of these limitations seem to impact the ability of the LPDST to provide
accurate and valid recommendations for decision makers who are considering loblolly
pine as a land use alternative. Future versions of the LPDST would benefit from design
upgrades that address these limitations.
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APPENDIX A: “USER INPUT” TAB: SECTIONS AND VARIABLES

Section

Variable (input, output, or calculation)
Site Prep – Drop down menu of options from a list created on the
INPUT TABLES tab (See INPUT TABLES/Site Prep).
Spacing – User input of within row and between row spacing in
feet.
Row Configuration – User input that allows for single or multiple
row planting designs.
Alley Width - User input distance in feet between multiple row
configurations. Not used if a single row design is planted.

Establishment
Decisions (Input
Variables)

Site Index – User input based on site specific characteristics. Site
index is the estimated average height in feet of the tree in year 25
(base 25).
Planting Stock – Drop down menu of options from a list created on
the INPUT TABLES tab (See INPUT TABLES/Planting Stock).
Fertilization – Drop down menu of options from a list created on
the INPUT TABLES tab (See INPUT TABLES/Fertilization
(initial)).
Tree Staking – Drop down menu of options from a list created on
the INPUT TABLES tab (See INPUT TABLES/Tree Staking).
Thinning - User input that reflects the average percentage of trees
removed at each thinning.
Maximum Basal Area – Drop down menu of maximum allowable
densities. List is from a table created on the INPUT TABLES tab
(See INPUT TABLES/Maximum Basal Areas).

Management
Decisions (Input
Variables)

Fertilization – Drop down menu of options from a list created on
the INPUT TABLES tab (See INPUT TABLES/Fertilization
(maintenance)).
Weed Control - Drop down menu of options from a list created on
the INPUT TABLES tab (See INPUT TABLES/Weed Control).
Pest Control - Drop down menu of options from a list created on
the INPUT TABLES tab (See INPUT TABLES/Pest Control).
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Deer Control - Drop down menu of options from a list created on
the INPUT TABLES tab (See INPUT TABLES/Deer Control).
Irrigation - Drop down menu of options from a list created on the
INPUT TABLES tab (See INPUT TABLES/Irrigation Systems).
Pine Straw Harvest Method - Drop down menu of options from a
list created on the INPUT TABLES tab (See INPUT
TABLES/Harvest Method).
Rotation Length - User input that reflects the length of the
investment in a single rotation of trees from planting to harvest.
Pulpwood Market Price– User input of the current market value for
pine pulpwood stumpage in the local area.
CNS Market Price – User input of the current market value for pine
Chip-N-Saw stumpage in the local area
Sawlog Market Price – User input of the current market sawlog
stumpage value in the local area.
Harvesting and
Marketing
Decisions (Input
Variables)

Pine Straw Price – User input of the potential wholesale or retail
price for pine straw in the area.
Minimum Pine Straw Harvest – User input reflecting the minimum
number of pine straw bales that must be harvested for the producer
to perceive the harvest to be worthwhile. For example, a producer
may not be willing to incur the expense of running the harvesting
equipment if only 10 or 20 bales of needles are ready to be
harvested.
Average Bale Weight – User input reflecting the average weight of
a bale of pine straw. For example, some markets may sell 35 lb.
bales and some may sell 50 lb. bales.
Expected Rate of Return – User input of the discount rate of the
investment. Typically this rate should be the highest interest rate
that the user would earn if they invested in the next best alternative.

Financial Results
(Output Variables)

Initial Number of Trees/ac – The initial number of trees planted in
year 1 of the plantation. This number is based on the user input
from the spacing, row configuration, and alley width specified in
the Establishment Decisions section.
Final Pulpwood Volume – The cumulative volume in tons of
pulpwood that is harvested per acre, including thinning.
126

Final CNS Volume – Output of the total cumulative volume in tons
of Chip-N-Saw timber that was harvested per acre from the
plantation, including thinning.
Final Sawlog Volume - Output of the total cumulative volume in
MBF of sawlog timber that was harvested per acre from the
plantation, including thinning.
NPV /ac @ ___% - Output of the net present value ($ / acre)
calculated at the expected rate of return and over the rotation length
specified by the user in the Harvesting and Marketing Decisions
section described above and calculated in the FINANCIAL
ANALYSIS tab (See FINANCIAL ANALYSIS/Financial
Analysis/NPV@____%).
AEV/ac @ ____% - Output of the annual equivalent value ($ / acre)
calculated at the expected rate of return and over the rotation length
specified by the user in the Harvesting and Marketing Decisions
section described above and calculated in the FINANCIAL
ANALYSIS tab (See FINANCIAL ANALYSIS/Financial
Analysis/AEV@____%).
Internal Rate of Return (IRR) – Output of the internal rate of return
(%) calculated in the FINANCIAL ANALYSIS tab (See
FINANCIAL ANALYSIS/Financial Analysis/IRR).
Modified Rate of Return (MIRR) – Output of the modified internal
rate of return (%) calculated in the FINANCIAL ANALYSIS tab
(See FINANCIAL ANALYSIS/Financial Analysis/MIRR by year).
Years to Break Even – Output reflecting the number of years it
takes to recover the cost of establishment and maintenance on the
plantation as calculated in the FINANCIAL ANALYSIS tab (See
FINANCIAL ANALYSIS/Financial Analysis/Years to Break
Even).
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APPENDIX B: “INPUT TABLES” TAB: SECTIONS AND VARIABLES

Section

Variable

Assumptions

Disking only

The variables and costs associated with
Site Prep are based on publications by
Cunningham, et al. (2008) and Cassidy
(2005). The costs are entered as “per
acre” costs and the costs per tree are
automatically adjusted based on planting
densities defined by the use.

Herbicide only
Site Prep
Herbicide with Disking
User Defined1
Planting Stock

Fertilization
(initial)

Seed
Seedlings (unimproved)
Seedlings (improved)
User Defined
Good early growth (> 8")
Slow early growth (< 8")
User Defined

Thinning

Tree Staking

Re-Bar
Steel conduit pipe
T-posts
User Defined
Wooden stakes
33% N

Fertilization
(Maintenance)2

46% N

Planting stock default values are based on
Cunningham, et al. (2008), Cassidy
(2005), and Taylor and Foster (2004).
Fertilization applications are based on
Cassidy (2005), Jose, et al. (2006), Taylor,
et al. (2006), and Funderburg and Mills
(1998).
The thinning rate is a user input from the
USER INPUT tab. Cost is based on
actual costs from sites identified in this
study.
Tree staking is not a common practice for
loblolly plantations throughout the south.
However, it may be used in some areas.
Options and costs are based on
commercial forest suppliers.
Fertilization recommendations are based
on Funderburg and Mills (1998), Taylor,
et al. (2006), and Duryea (2009). Most
recommendations suggest a soil sample is
conducted prior to any fertilizer
applications. Costs are per acre costs.

The “User Defined” option is left blank and can be modified for any other option
or method.
2 Many of the tree maintenance options allow the user to estimate the occurrence
of the maintenance costs including the timing and duration.
1
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Weed Control

Deer Control

Pest Control

Harvest Method

Irrigation
Systems

Disking
Herbicide (Roundup TM)
Mats (weed)
Mowing
User Defined
Deer Control
None
Plantskydd® Repellent
Plotsaver Ribbon
Tree Guard® Deer
Repellent
Tube Tree Shelters
User Defined
Chemical 1
Chemical 2
Method 1
None
User Defined
Bale/Rake by hand
Custom Harvest
High Mechanized
(unspecified)
Low Mechanized
(unspecified)

Weed control includes control of
hardwood species as well as other
unwanted vegetation. Recommendations
are based on Cassidy (2005), Duryea
(2009), and Taylor, et al. (2006).

Drip Irrigation

Based on the literature, very few articles
recommended irrigation as a management
practice for loblolly pines. However, this
was left as an option because there are
areas in the Ozark region that may require
some form of water management in the
early stages of growth.
Maximum recommended basal areas
varied depending on the site and the
primary markets (South 2006, Moorehead,
et al. 2002, Smalley and Bailey 1974)

Hand water
None
Sprinkler
User Defined

Maximum Basal
Areas

Top End
Diameters

DIB (top end) for
Sawlogs
Min dbh for Sawlogs
DIB (top end) for Chipn-saw
Min dbh for Chip-n-saw
DIB (top end) for
pulpwood
Min dbh for pulpwood

Deer control measures are not directly
mentioned in the literature. However,
based on experiences from growers, deer
control measures may be a necessity in the
Ozarks region. The options listed are
based on various commercial alternatives.
Pest control is often mentioned in the
literature for loblolly pine management;
however, specific chemicals used are not
always discussed. Many budgets reflect a
pest control cost (Duryea 2009, Cassidy
2005).
Harvest methods and costs are based on
Duryea (2009), Taylor, et al. (2006),
Taylor and Foster (2004), and Moore, et
al. (1992).

These diameters reflect the local or
regional market requirements for Sawlogs,
Chip-n-saw, and pulpwood timber. Each
area has different requirements and the
user of the model may adjust these as
necessary. (Mills and Stiff 2008)
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Pine Straw
Yield
Replace
mortality
(4years)

Maximum per tree
Minimum per tree

Based on the maximum and minimum
annual needle drop per tree (Gholz, et al.
1985)
This variable allows the user to decide if
they will replace trees that die within the
first four years of planting. The options
are “yes” or “no”.
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APPENDIX C: “COST BUDGET” TAB

The COST BUDGET tab provides a summary of the expected establishment,
management, and harvesting costs for the plantation. The Establishment Costs section
reflects the costs incurred in the first year of establishment. The Management Costs
section reflects the potential costs that may occur during any single year of the plantation.
The Harvesting Costs Section reflects the estimated cost to harvest the pine straw. An
example print out is shown below.

All costs are calculated using the LOOKUP function

in Excel™ and are based on the user inputs from the USER INPUT tab.

Establishment Costs:
Site Prep
Initial # of Stems
Planting Stock
Fertilization
Tree Staking
Irrigation System

Cost /acre Cost/tree
$ 23.00
$ 0.03

Herbicide with Disking
680.6
Seedlings (bare root)
User Defined
User
Defined
Drip Irrigation
Subtotal:

Management Costs:
Thinning
Fertilization
Pest Control
Weed Control
Deer Control

25%
User Defined
User
Defined
Herbicide (Roundup TM)
None
Subtotal:

Harvesting Costs:
Pine Straw Harvesting
Method

$ 6.81
$-

$ 0.01
$-

$$ 445.50
$ 475.31

$$ 0.65

$-

$-

$$ 8.00
$$ 8.00

$$ 0.01
$Cost/lb

Mechanized (unspecified)
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$ 22.86

$ 0.03

APPENDIX D: “FINANCIAL ANALYSIS” TAB: SECTIONS, VARIABLES, AND
EXCEL™ CODING

Tree Growth Estimations
Variable

Brief Definition

dbh per Stem
(Actual)

dbh as calculated
by equation 3.4

dbh per Stem
(Potential)

dbh as calculated
by equation 3.3

Height as
Tree Height in
calculated by
Feet (Potential)
equation 3.2

Stems per Acre

Number of trees
per acre based on
the user‟s
selected rotation
length

Excel™ Coding
IF(ISERR(dbh(actual))=TRUE,0,dbh(actual))
Where dbh(actual) is calculated under the
Financial Analysis section of this tab.
IF((((2.422297+(0.286583*Ht)+(0.209472*Age)))<0),0
,-2.422297+(0.286583*Ht)+(0.209472*Age))
Where Ht is Tree Height in Feet (Potential) and
Age is taken from the first row of the table.
(147.2/(1-(1-(147.2/Site
Index))*((25/Age)^1.17407)))
Where Site Index is entered by the user on the
USER INPUT tab.
IF(Rotation Length>0,Stems per Acre (Final
Harvest), Stems per Acre (No Final Harvest))
Where Rotation Length is entered by the user on
the USER INPUT tab; Stems per Acre (Final
Harvest) and Stems per Acre (No Final Harvest)
are calculated below.
IF(Replant="Yes", Last year‟s Stems per acre mortality-Thinning + replacements, Last year‟s
Stems per acre - mortality- Thinning)

Stems per Acre
(No Final
Harvest)

Number of trees
per acre if trees
are never
completely
removed.

Where Replant is a user input from the USER
INPUT tab; Last year’s Stems per acre are the
number of stems per acre calculated in the prior
year; mortality is calculated by the Mortality Loss
(Random) variable below; and, Thinning is
calculated by the Thinnings (# of stems removed)
variable below. Replacements add back in the
number of stems that were removed as calculated
by the Mortality Loss (Random) variable.
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Stems per Acre
(Final Harvest)

Number of trees
per acre if a
rotation length is
specified

Mortality Loss
(Random)

Randomly
generated
estimate of trees
lost due to
unforeseen
causes during the
first 10 years of
growth

Basal Area per
Stem

The average
cross section area
of each tree.
(Ft2)

Basal Area per
Acre

The total cross
sectional area of
all trees. (Ft2)

Standing Live
Stems

Number of trees
per acre
accounting for
any thinning.

Thinnings (#of
stems
removed)

Number of trees
removed at each
thinning, based
on user specified
thinning
percentage.

Harvest (# of
stems
removed)
Total
Removals

Number of trees
harvested, other
than thinning or
mortality.
Cumulative
annual total of all
trees removed by

IF(Rotation Length>Age-1, Stems per Acre (No
Final Harvest),0)
Where Rotation Length is entered by the user on
the USER INPUT tab; Age is taken from the first
row of the table; and Stems per Acre (No Final
Harvest) is the variable described above.
IF(Age<10,RANDBETWEEN(0,(Mortality
Percentage*Last Year‟s Stems per Acre)),0)
Where Age is from the first row of this table;
Mortality Percentage is specified by the user on
this tab; and Last Year’s Stems per Acre is the
variable Stems per Acre (No Final Harvest) for
the prior year.
IF(dbh per Stem(Potential) =
0,0.00001,(3.14*((dbh per Stem (Potential)/
2)^2))/144)
Where dbh per Stem (Potential) is the variable
calculated above.
Basal Area per Stem*Stems per Acre
All variables are as previously defined.
IF(Basal Area per Acre>Maximum Basal Area,
Stems per Acre*(1 - Removal %), Stems per
Acre)
Where Maximum Basal Area and Removal % are
entered by the user on the USER INPUT tab;
Basal Area per Acre, Stems per Acre are as
previously defined.
IF(Basal Area per Acre<Maximum Basal
Area,0,(Stems per Acre (No Final
Harvest)*(Removal %)))
Where all variables are as previously defined.
Standing Live Stems (current year)- Standing Live
Stems (next year)-Mortality Loss(Random)Thinnings(# of stems removed)
Where all variables are as previously defined.
Thinnings (#of stems removed) + Harvest (# of
stems removed)
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thinning or
harvest

Where all variables are as previously defined.

Timber Revenue
Basal Area
removed

Total cross
sectional
removed by
thinning or
harvest. (Ft2)

Total Volume
Calculated using
(outside Bark)
equation 3.8
(Ft3/stem)
Total Volume (outside Bark)
(Ft3/acre)

Total
Merchantable
Volume
(Ft3/stem)(OB)

Calculated using
equation 3.9

Total Sawlog
Calculated using
Volume
equation 3.9
(Ft3/Stem)(OB)

Total Removals*Basal Area per Stem

IF(Diameter per Stem(actual) =
0,0,0.25663+0.00239*((Diameter per Stem
(actual)^2)*(Height(actual))))
Total Volume (outside Bark)(Ft3/stem)*Stems per
Acre
IF(Diameter per Stem(actual)=0,0,Total Volume
(outside Bark)(Ft3/stem)*EXP(1.04007*(((DIB(top end) for pulpwood
^5.25569)/Diameter per Stem(actual)^4.99639)))
Where DIB(top end) for pulpwood is the diameter
inside the bark at the smallest end of the log as
specified by the user at the INPUT TABLES
tab/Top End Diameters. All other variables are
as previously defined.
IF(Diameter per Stem(actual)=0,0,Total Volume
(outside Bark)(Ft3/stem)*EXP(1.04007*(((DIB(top end) for sawlogs
^5.25569)/Diameter per Stem(actual)^4.99639)))
Where DIB(top end) for sawlogs is the diameter
inside the bark at the smallest end of the log as
specified by the user at the INPUT TABLES
tab/Top End Diameters. All other variables are
as previously defined.

Total Merchantable Volume
(Ft3/acre) (OB)

Total Merchantable Volume
(Ft3/stem)(OB)*Stems per Acre

Total Sawlog Volume
(Ft3/Acre)(OB)

Total Sawlog Volume (Ft3/Stem)(OB)*Stems per
Acre

Total Volume Removed (Ft3/Acre)
(OB)

Total Volume (outside Bark)(Ft3/stem)*Total
Removals
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Total Merchantable Volume
Removed (Ft3/Acre)

Total Merchantable Volume (Ft3/stem)(OB)*Total
Removals

Total Sawlog Volume Removed
(Ft3/Acre)

Total Sawlog Volume (Ft3/Stem)(OB)*Total
Removals

Total Sawlog Volume Removed
(MBF/Acre) (Doyle)

Total Sawlog Volume Removed
(Ft3/Acre)*0.00617

Total CNS Volume Removed
(Ft3/Acre)

Total Merchantable Volume Removed (Ft3/Acre)Total Sawlog Volume Removed (Ft3/Acre)

Total CNS Volume Removed
(Total CNS Volume Removed
(T/Acre)
(Ft3/Acre)/128)*2.675
Total
Pulpwood
Total Volume Removed (Ft3/Acre) (OB) -Total Merchantable Volume
Volume
Removed (Ft3/Acre)
Removed
(Ft3/Acre)
Total
Pulpwood
Volume
(Total Pulpwood Volume Removed (Ft3/Acre)/128)*2.675
Removed
(T/Acre)
Pulpwood
Market Price

CNS Market
Price

Sawlog Market
Price

Total Pulpwood Volume Removed (T/Acre) * Pulpwood market price
Where Pulpwood market price is specified by the user on the USER
INPUT tab
Total CNS Volume Removed (T/Acre) * CNS market price
Where CNS market price is specified by the user on the USER
INPUT tab
Total Sawlog Volume Removed (MBF/Acre)(Doyle) * Sawlog market
price
Where Sawlog market price is specified by the user on the USER
INPUT tab
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Pine Straw Revenue
IF((1.692*LN(Basal Area per Stem)+7)<0,0,1.692*LN(Basal Area per
Stem)+7)
Pine Straw per
Stem (lbs)

Pine Straw per
Acre (lbs.)
Cumulative
Pine Straw per
Acre

Pine Straw
Harvest per
Acre

Pine Straw
Revenue per
Acre

This equation is derived from unpublished dry weight data on pine
straw collected from the University of Missouri Horticulture and
Agroforestry Research Center and Duryea (2009) and Gholz, et al.
(1985).
Pine Straw per Stem (lbs.)*Stems per Acre
SUM(Pine Straw per Acre (lbs.) for this year and all prior years)SUM(Pine Straw Harvest per Acre for this year and all prior years)
IF(OR(Cumulative Pine Straw per Acre> Min. Harvest (lbs.),
Standing Live Stems=0),Cumulative Pine Straw per Acre,0)
Where Min. Harvest (lbs.) is calculated from the user‟s specified
Minimum Pine Straw Harvest (bales/acre) and Average Bale Weight
from the USER INPUT tab.
(Pine Straw Harvest per Acre/Average Bale Weight (lbs.))*Pine Straw
Value ($/bale)
Where Average Bale Weight (lbs.) and Pine Straw Value ($/bale) are
specified by the user on the USER INPUT tab.

Establishment Costs
COST BUDGET/Establishment Cost/Site Prep
(Cost/Acre)

Site Prep
Planting Stock
{Users may
select whether
they will
replant trees
lost to
mortality}
Fertilization
(establishment)
Irrigation
Tree Staking
Total
Establishment
Cost

All of these
variables are
based on
selections made
by the user on the
USER INPUT
tab, and costs
specified on the
INPUT TABLES
tab

COST BUDGET/Establishment Cost/Planting
Stock (Cost/Acre)

COST BUDGET/Establishment
Cost/Fertilization (Cost/Acre)
COST BUDGET/Establishment
Cost/IrrigationSystem (Cost/Acre)
COST BUDGET/Establishment Cost/Tree
Staking (Cost/Acre)

Site Prep + Planting Stock + Fertilization(establishment) + Irrigation +
Tree Staking
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Management Costs
Thinning Cost per dbh*Thinnings (# of Stems
Removed)*dbh per Stem (potential)
Thinning
Where Thinning Cost per dbh is specified by the
user in the INPUT TABLES/Thinnings tab.
IF(OR(Age=First Year Treatment, Age=Second
Year Treatment, . . . , Age=Eleventh Year
Treatment),(Fertilization (Maintenance) Cost,0)
Fertilization
(maintenance)

Pest Control

Weed Control

Where the year of the treatment is determined
based on the user specified frequency and
occurrence in the INPUT TABLES/Fertilization
(maintenance) tab; Fertilization (maintenance)
Cost is based on user specified fertilization
method from USER INPUT tab and reflected on
All of these
the COST BUDGET/Maintenance tab.
variables are
based on
IF(OR(Age=First Year Treatment, Age=Second
selections made
Year Treatment, . . . , Age=Eleventh Year
by the user on the Treatment),(Pest Control Cost,0)
USER INPUT
tab, and costs
Where the year of the treatment is determined
specified on the
based on the user specified frequency and
INPUT TABLES occurrence in the INPUT TABLES/Pest Control
tab
tab; Pest Control Cost is based on user specified
pest control method from USER INPUT tab and
reflected on the COST BUDGET/Maintenance
tab.
IF(OR(Age=First Year Treatment, Age=Second
Year Treatment, . . . , Age=Eleventh Year
Treatment),(Weed Control Cost,0)
Where the year of the treatment is determined
based on the user specified frequency and
occurrence in the INPUT TABLES/Weed
Control tab; Weed Control Cost is based on user
specified weed control method from USER
INPUT tab and reflected on the COST
BUDGET/Maintenance tab.
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IF(OR(Age=First Year Treatment, Age=Second
Year Treatment, . . . , Age=Eleventh Year
Treatment),(Deer Control Cost,0)
Where the year of the treatment is determined
based on the user specified frequency and
occurrence in the INPUT TABLES/Deer
Control tab; Deer Control Cost is based on user
specified deer control method from USER
INPUT tab and reflected on the COST
BUDGET/Maintenance tab.

Deer Control

Revenue less
Est./Man.
Costs

Total Revenues – Total Establishment Costs – Thinning –
Fertilization(maintenance) – Pest Control – Weed Control – Deer
Control

Harvesting Costs

Harvesting
Cost (Actual)

Harvesting Cost
is a reflection of
the cost to
harvest pine
straw. It is based
on a calculation
from the INPUT
TABLES/Harves
t Method tab.
The cost does not
begin until the
first pine straw
harvest.

IF(OR(Age=First Year Treatment, Age=Second
Year Treatment, . . . , Age=Eleventh Year
Treatment),(Harvest Method Cost,0)
Where the year of the treatment is determined
based on the first year of pine straw harvest,
which is a function of minimum number of bales
and average bale weight specified in the USER
INPUT tab and the Cumulative Pine Straw per
Acre variable described above; Harvest Method
Cost is based on user specified harvesting method
from USER INPUT tab and costs listed in the
INPUT TABLES/Harvest Method tab

Financial Analysis
Pulpwood Value + CNS Value + Sawlog Value + Pine Straw Revenue
Total Revenues
per Acre
Total Establishment Costs– Thinning – Fertilization(maintenance) –
Total Costs
Pest Control – Weed Control – Deer Control- Harvesting Cost
(Actual)
Net Revenues
Total Revenues – Total Costs
NPV(Expected Rate of Return, FirstYear : CurrentYear)
NPV by year

MIRR by year

Where Expected Rate of Return is specified by the user on the USER
INPUT tab.
MIRR(FirstYear : CurrentYear, Expected Rate of Return, Expected
Rate of Return)
Where Expected Rate of Return is specified by the user on the USER
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AEV by year
IRR by year
PV of
Revenues @
____%
PV of Costs @
____%
NPV @ ____%

Rate of Return
(MIRR)

Years to Break
Even

AEV @
____%

IRR

INPUT tab. The reinvestment rate and the cost of capital rate are both
set at the user‟s Expected Rate of Return.
PMT(Expected Rate of Return, CurrentYear,-NPV by Year)
IRR(NPV by Year,0.1)
Where the 0.1 represents an initial guess of the IRR. The IRR
calculation in EXCEL™ is an iterative process.
NPV(Expected Rate of Return, Total Revenues FirstYear : Total
Revenues LastYear)
NPV(Expected Rate of Return, Total Costs FirstYear : Total Costs
LastYear)
PV of Revenues @ ____% - PV of Costs @ ____%
This variable should return the same answer as NPV by Year for the
rotation length specified by the user on the USER INPUT tab.
LOOKUP(Rotation Length, AGE 1: Age 60,MIRR by year 1: MIRR
by year 60)
Where Rotation Length is specified by the user on the USER INPUT
tab.
MATCH(0,Rate of Return (MIRR) year 1: Rate of
Represents the
Return (MIRR) year 60,1)
time it takes for
returns to equal
Result of this equation will return the first year
investments
that MIRR reaches 0%.
PMT(Expected Rate of Return, Rotation Length,-NPV at ____%)
Where Expected Rate of Return and Rotation Length are specified by
the user on the USER INPUT tab.
LOOKUP(Rotation Length, AGE1: AGE 60 , IRR by year 1: IRR by
year 60)
This equation is designed to remove the error messages which occur
when IRR cannot be calculated. Rotation Length is based on the user
specified Rotation Length from the USER INPUT tab.

Additional Variables
These variables were added in order to recreate parameters of the growth and yield
equations used in the model. They are listed as part of the Financial Analysis section
variables, but represent key elements for the Tree Growth Estimations section.
IF(Basal Area per Acre (last year)>Basal Area per Acre (current year),
Age (current)-1, Previous Thinning Date)
Thinning Date
This equation identifies the age of the stand at each thinning. The
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Thinning
Count

BAb/BAa

Crown Ratio

CI

PHIN

HIN

Height
(Actual)

initial thinning date is set at 1.
Calculates the
variable T for
IF(Thinnings (# of Stems Removed) >1,1,0)
equation 3.7
Calculates the
ratio of basal area
before thinning
IF(Basal Area per Acre (previous year)>Basal
(BAb) to basal
Area per Acre (current year), Basal Area per Acre
area after
(previous year/Basal Area per Acre (current year),
thinning (BAa)for 1)
equations 3.4 and
3.7
1-EXP((-1.78246-34.1967/Age)*(IF(dbh per Stem
(potential)=0,1,dbh per Stem (Potential))/Tree
Calculates the
Height in Feet (potential))+(IF(Thinning
CR variable in
Count>0,1,0))*(Basal Area per Acre (Current
equation 3.7
Year)/Basal Area per Acre (Next
which is used in
Year)*(0.03206*dbh per
equation 3.4
Stem(Potential)^0.43665)*EXP(-(Age-Thinning
Date)/Age^0.5))
Calculates the CI
variable in
equation 3.5
which is used in
equation 3.4
Calculates the
Potential Annual
Height Increment
Calculates the
Actual Annual
Height
Increment.
Adjusts PHIN for
competition and
crown ratio.
Calculates the
Height variable
that is used in the
Total Volume
(outside
Bark)(Ft3/stem)
calculation which
is based on
equation 3.8

((1/(43560/Stems per Acre (No Final
Harvest))^0.5)*4)+((1/(((43560/Stems per Acre
(No Final Harvest))^0.5)*1.414))*4)
Tree Height in Feet (Potential)(Current Year)Tree Height in Feet (Potential)(Previous Year)

PHIN*(0.26325+(2.11119*Crown
Ratio^0.56188)*EXP((-0.26375*CI)(1.03076*Crown Ratio)))

Height (Actual)(Previous Year)+HIN(Current
Year)
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Calculates the
potential annual
diameter
increment based
on the first
derivative of
equation 3.3 with
respect to age

dbh per Stem(Potential)(Current Year) – dbh per
Stem(Potential)(Previous Year)

DIN

Calculates the
annual diameter
increment based
on equation 3.4

IF(ISERR(PDIN*(0.8*Crown
Ratio^0.74295*EXP(-0.69851*CI))*((
BAb/BAa^((Age-Thinning Date)/(Tree Height in
Feet(Potential)^2)))*EXP(((Age-Thinning
Date)^2)/(Age/Thinning
Date)^30.829)))=TRUE,0, PDIN*(0.8*Crown
Ratio^0.74295*EXP(-0.69851*CI))*((
BAb/BAa^((Age-Thinning Date)/(Tree Height in
Feet(Potential)^2)))*EXP(((Age-Thinning
Date)^2)/(Age/Thinning Date)^30.829)))

dbh (Actual)

Calculates the
actual predicted
dbh based on
equation 3.3
before canopy
closure and
equation 3.4 after
canopy closure.

IF(BAb/BAa=1,dbh (Actual)(Previous
Year)+PDIN, dbh(Actual)(Previous Year)+DIN)

PDIN
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APPENDIX E: DATA COLLECTION METHOD

Site Layout and sampling method at the Dale Bumpers Small Farms Research Center.
Eight trees were randomly selected along the transects shown for each treatment and
replication.
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Replication 1 – Arrows indicate the
direction of the random transect used to
collect sample data. The heavy line indicates
the main access road.
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Replication 2 – Arrows indicate the direction of the
random transect used to collect sample data. The heavy
line indicates the main access road. Treatment 7 was
erroneously planted at the wrong spacing. A new
Treatment 7 was added.
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Replication 3 – Arrows indicate the direction of the
random transect used to collect sample data. The
heavy line indicates the main access road.
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APPENDIX F: DBH AND HEIGHT PREDICTIONS

The following pages contain scatter plots of dbh and height predictions and actual
measurements. The first two graphs show the predicted values compared to the
calculated means from all thirteen treatments of the loblolly pine plantation located at
Dale Bumpers Small Farms Research Center. The first graph is a scatter plot of
calculated mean dbh and predicted dbh by treatment. The second graph is the scatter plot
of calculated mean height and predicted height by treatment.
The remaining sets of graphs focus on the individual trees from each treatment and
replication. The plots on the graph that are marked as the treatment number are the actual
measurements taken for each individual tree. The plots on the graph that are marked as
the predicted value are derived from the LPDST. All three replications are shown for
each treatment on each graph. The first eight plots, or observation (tree), on each graph
are from Replication 1; the second set of eight plots on each graph are from Replication
2; and, the third set of eight plots on each graph are from Replication 3.
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SUMMARY OF ALL TREATMENTS

Figure F-1. Mean dbh and predicted dbh for each treatment.

Figure F-2. Mean height and predicted height for each treatment.
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TREATMENT 2

Figure F-3. Predicted dbh and measured dbh for each observation - Treatment 2.

Figure F-4. Predicted height and measured height for each observation - Treatment
2.
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TREATMENT 3

Figure F-5. Predicted dbh and measured dbh for each observation - Treatment 3.

Figure F-6. Predicted height and measured height for each observation - Treatment
3.
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TREATMENT 4

Figure F-7. Predicted dbh and measured dbh for each observation - Treatment 4.

Figure F-8. Predicted height and measured height for each observation - Treatment
4.
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TREATMENT 5

Figure F-9. Predicted dbh and measured dbh for each observation - Treatment 5.

Figure F-10. Predicted height and measured height for each observation Treatment 5.
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TREATMENT 6

Figure F-11. Predicted dbh and measured dbh for each observation - Treatment 6.

Figure F-12. Predicted height and measured height for each observation Treatment 6.
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TREATMENT 7

Figure F-13. Predicted dbh and measured dbh for each observation - Treatment 7.

Figure F-14. Predicted height and measured height for each observation Treatment 7.
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TREATMENT 8

Figure F-15. Predicted dbh and measured dbh for each observation - Treatment 8.

Figure F-16. Predicted height and measured height for each observation Treatment 8.
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TREATMENT 9

Figure F-17. Predicted dbh and measured dbh for each observation - Treatment 9.

Figure F-18. Predicted height and measured height for each observation Treatment 9.
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TREATMENT 10

Figure F-19. Predicted dbh and measured dbh for each observation - Treatment 10

Figure F-20. Predicted height and measured height for each observation Treatment 10.
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TREATMENT 11

Figure F-21. Predicted dbh and measured dbh for each observation - Treatment 11.

Figure F-22. Predicted height and measured height for each observation Treatment 11
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TREATMENT 12

Figure F-23. Predicted dbh and measured dbh for each observation - Treatment 12.

Figure F-24. Predicted height and measured height for each observation Treatment 12.
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TREATMENT 13

Figure F-25. Predicted dbh and measured dbh for each observation - Treatment 13.

Figure F-26. Predicted height and measured height for each observation Treatment 13
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TREATMENT 14

Figure F-27. Predicted dbh and measured dbh for each observation - Treatment 14.

Figure F-28. Predicted height and measured height for each observation Treatment 14.
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APPENDIX G: STATISTICAL ANALYSIS TABLES

The next pages of this appendix show the complete statistical analysis of the mean
dbh, mean height, and acceptable error level (E) tests conducted on each of the thirteen
treatments and three replications located at the Dale Bumpers Small Farm Research
Center located near Booneville, AR.
Table G-1 shows the estimated site indices for each treatment/replication plot
along with the calculated variance (s2) and standard deviations (s) for both dbh and
height. This table shows potential differences in growth response (dbh and height) based
solely on spacing treatments.
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Table G-1.--Site indices, mean dbh, mean height, variance (s2), and standard
deviation (s).
Mean
Mean
Treatment
Site
2
dbh
s (s)
Height
s2 (s)
(Rep)
Index
(inches)
(Feet)
2 (1)
65
7.75
0.2686 (0.5182)
42.6625
1.2513 (1.1186)
2 (2)
65
7.46
0.6770 (0.8228)
41.6125
8.9955 (2.9993)
2 (3)
60
7.30
0.3686 (0.6071)
41.6625
4.4370 (2.1064)
3 (1)
65
9.50
1.1486 (1.0717)
43.5500
16.3086 (4.0384)
3 (2)
65
9.66
0.1684 (0.4104)
42.8250
7.3364 (2.7086)
3 (3)
60
8.98
0.8164 (0.9036)
40.1375
6.9798 (2.6419)
4 (1)
65
8.73
0.7650 (0.8746)
42.7500
10.4714 (3.2360)
4 (2)
65
9.14
0.4284 (0.6545)
42.6125
2.6670 (1.6331)
4 (3)
70
9.31
0.6870 (0.8288)
43.4000
7.97141 (2.8234)
5 (1)
65
8.90
0.4429 (0.6655)
42.1000
3.1114 (1.7639)
5 (2)
60
8.68
0.7136 (0.8447)
37.9125
2.8213 (1.6797)
5 (3)
70
8.55
0.6600 (0.8124)
43.6625
11.5998 (3.4059)
6 (1)
70
11.54
0.3370 (0.5805)
45.7875
8.3441 (2.8886)
6 (2)
70
11.11
0.6041 (0.7772)
42.9000
4.2543 (2.0626)
6 (3)
70
11.36
0.8370 (0.9149)
43.6000
5.2514 (2.2916)
7 (1)
65
9.11
0.4613 (0.6792)
42.5875
9.2613 (3.0432)
7 (2)
70
9.99
0.5498 (0.7415)
42.8500
12.8400 (3.5833)
7 (3)
65
9.60
1.2200 (1.1045)
45.4250
5.9879 (2.4470)
8 (1)
65
8.71
0.9755 (0.9877)
43.2000
5.2657 (2.2947)
8 (2)
60
8.13
0.2421 (0.4921)
38.5125
5.9098 (2.4310)
8 (3)
60
8.13
0.7964 (0.8924)
40.5375
6.4398 (2.5377)
9 (1)
70
11.48
0.8393 (0.9161)
43.5125
1.0041 (1.0021)
9 (2)
70
11.78
0.6850 (0.8276)
43.2125
6.1098 (2.4718)
9 (3)
65
11.19
1.1127 (1.0548)
42.0375
2.7741 (1.6656)
10 (1)
70
11.03
0.8650 (0.9301)
43.5750
2.6193 (1.6184)
10 (2)
65
10.51
0.4527 (0.6728)
44.2500
6.2486 (2.4997)
10 (3)
65
10.74
0.8855 (0.9410)
42.6125
10.3241 (3.2131)
11 (1)
65
8.18
0.6736 (0.8207)
42.7250
13.2050 (3.634)
11 (2)
65
8.75
0.1886 (0.4342)
42.3625
4.9313 (2.2206)
11 (3)
60
8.48
0.0793 (0.2816)
41.2000
5.5829 (2.3628)
12 (1)
65
8.35
0.4943(0.7031)
42.4125
12.0841 (3.4762)
12 (2)
65
8.81
1.4641 (1.210)
42.4125
4.7298 (2.1748)
12 (3)
60
8.41
0.2441 (0.4941)
38.6125
14.5241 (3.8111)
13 (1)
60
7.88
0.8164 (0.9036)
38.9875
2.3013 (1.5170)
13 (2)
65
8.36
0.8370 (0.9149)
42.2625
1.2427 (1.1148)
13 (3)
60
8.45
0.8571 (0.9258)
39.5875
3.6384 (1.9075)
14 (1)
60
8.39
1.0755(1.0371)
40.9500
4.1457 (2.0361)
14 (2)
60
8.05
0.8429 (0.9181)
39.5875
6.2784 (2.5057)
14 (3)
60
8.39
0.1041 (0.3227)
41.8500
5.4400 (2.3324)
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Table G-2. -–Summary of the individual plot mean dbh, predicted dbh, mean
height, predicted height, and acceptable error levels (E).
𝜒82 𝑑𝑓
Mean
Mean Predicted
𝜒82 𝑑𝑓
Treatment
Predicted
E<
E<
dbh
Height
Height
α
=
(Rep)
dbh (in.)
(in.)
α = 0.01 (ft)
(in.)
(ft)
(ft)
0.01a
2 (1)
7.75
8.79
2
42.663 42.080
9.166
2
39.150
2 (2)
7.46
8.79
3
41.613 42.080
7.195
6
27.791
2 (3)
7.30
7.65
9.674
1
41.663 38.028
8
30.820
3 (1)
9.50
10.06
9.145
2
43.550 42.080
8.059
6
3 (2)
9.66
10.06
14.319
1
42.825 42.080
7.605
4
3 (3)
8.98
9.50
9.704
2
40.138 38.028
12.101
6
4 (1)
8.73
9.425
12.126
2
42.750 42.080
7.343
6
4 (2)
9.14
9.425
8.545
1
42.613 42.080
7.849
4
4 (3)
9.31
10.383
2
43.400 46.311
15.503
6
20.348
5 (1)
8.90
8.780
7.262
1
42.100 42.080
7.001
4
5 (2)
8.68
8.320
8.411
2
37.913 38.028
7.038
4
5 (3)
8.55
9.669
2
43.663 46.311
11.837
8
22.183
6 (1)
11.54 11.694
11.694
1
45.788 46.311
7.262
6
6 (2)
11.11 11.694
11.479
2
42.900 46.311
16.309
6
6 (3)
11.36 11.694
8.051
2
43.600 46.311
18.194
6
7 (1)
9.11
9.5003
1
42.588 42.080
7.222
6
22.407
7 (2)
9.99
10.055
11.604
2
42.850 42.080
7.369
4
7 (3)
9.60
10.055
8.358
2
45.425 42.319
19.886
6
8 (1)
8.71
9.424
11.146
2
43.200 42.080
8.904
4
8 (2)
8.13
8.923
2
38.513 38.028
7.318
4
28.049
8 (3)
8.13
8.923
13.400
2
40.538 38.028
14.825
6
9 (1)
11.48 11.787
7.928
2
43.513 46.311
6
69.383
9 (2)
11.78 11.787
7.002
2
43.213 46.311
19.568
6
9 (3)
11.19 11.136
7.019
2
42.038 42.080
7.005
4
10 (1)
11.03 9.701
3
43.575 46.311
6
23.205
29.858
10 (2)
10.51 9.701
18.629
2
44.250 46.311
12.437
6
10 (3)
10.74 8.871
4
42.613 42.080
7.219
6
41.560
11 (1)
8.18
9.440
3
42.725 42.080
7.252
6
25.997
11 (2)
8.75
9.440
2
42.363 42.080
7.129
4
27.181
11 (3)
8.48
8.935
1
41.200 38.028
6
28.369
21.420
12 (1)
8.35
9.450
2
42.413 42.080
7.073
6
26.570
12 (2)
8.81
9.450
9.218
2
42.413 42.080
7.187
4
12 (3)
8.41
8.943
16.209
2
38.613 38.028
7.188
6
13 (1)
7.88
8.939
18.097
3
38.988 38.028
10.202
4
13 (2)
8.36
9.445
18.205
3
42.263 42.080
7.213
2
13 (3)
8.45
8.939
9.234
2
39.588 38.028
12.349
4
14 (1)
8.39
8.412
7.005
2
40.950 38.028
6
23.478
14 (2)
8.05
8.412
8.246
2
39.588 38.028
10.100
6
14 (3)
8.39
8.412
7.047
1
41.850 38.028
8
28.484
a

Numbers in bold print do not meet the .99 confidence level (α = 0.01).
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Table G-3. --Mean dbh, predicted dbh, standard deviation, and confidence limits for
the test of means.
Treatment
(Rep)
2 (1)
2 (2)
2 (3)
3 (1)
3 (2)
3 (3)
4 (1)
4 (2)
4 (3)
5 (1)
5 (2)
5 (3)
6 (1)
6 (2)
6 (3)
7 (1)
7 (2)
7 (3)
8 (1)
8 (2)
8 (3)
9 (1)
9 (2)
9 (3)
10 (1)
10 (2)
10 (3)
11 (1)
11 (2)
11 (3)
12 (1)
12 (2)
12 (3)
13 (1)
13 (2)
13 (3)
14 (1)
14 (2)
14 (3)

Mean dbh
7.7500
7.4625
7.3000
9.5000
9.6625
8.9750
8.7250
9.1375
9.3125
8.9000
8.6750
8.5500
11.5375
11.1125
11.3625
9.1125
9.9875
9.6000
8.7125
8.1250
8.1250
11.4750
11.7750
11.1875
11.0250
10.5125
10.7375
8.1750
8.7500
8.4750
8.3500
8.8125
8.4125
7.8750
8.3625
8.4500
8.3875
8.0500
8.3875

Predicted
dbh
8.7889
8.7889
7.6510
10.0550
10.0550
9.5003
9.4251
9.4251
10.3831
8.7796
8.3202
9.6692
11.6941
11.6941
11.6941
10.0550
10.0550
10.0550
9.4235
8.9232
8.9232
11.7871
11.7871
11.1358
9.7013
9.7013
8.7816
9.4397
9.4397
8.9352
9.4496
9.4496
8.9426
8.9392
9.4452
8.9392
8.4123
8.4123
8.4123

Diff
1.0389
1.3264
0.3510
0.5550
0.3925
0.5253
0.7001
0.2876
1.0706
-0.1204
-0.3548
1.1192
0.1566
0.5816
0.3316
0.9425
1.0656
0.4550
0.7110
0.7982
0.7982
0.3121
0.0121
-0.0517
-1.3237
-0.8112
-1.9559
1.2647
0.6897
0.4602
1.0996
0.6371
0.5301
1.0642
1.0827
0.4892
0.0248
0.3623
0.0248
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Standard
Deviation
(s)
0.51824
0.82278
0.60710
1.07171
0.41036
0.90356
0.87464
0.65452
0.82883
0.66548
0.84473
0.81240
0.58049
0.77724
0.91486
0.67915
0.74150
1.10454
0.98769
0.49208
0.89243
0.91613
0.82765
1.05484
0.93005
0.67281
0.94103
0.82071
0.43425
0.28158
0.70306
1.21000
0.49407
0.90356
0.91486
0.92582
1.03708
0.91807
0.32266

Confidence Limits
7.1089
8.3911
6.4447
8.4803
6.5490
8.0510
8.1742
10.8258
9.1549
10.1701
7.8572
10.0928
7.6430
9.8070
8.3278
9.9472
8.2872
10.3378
8.0768
9.7232
7.6300
9.7200
7.5450
9.5550
10.8194
12.2556
10.1510
12.0740
10.2307
12.4943
8.2723
9.9527
9.0702
10.9048
8.2336
10.9664
7.4906
9.9344
7.5163
8.7337
7.0210
9.2290
10.3417
12.6083
10.7511
12.7989
9.8826
12.4924
9.8744
12.1756
9.6802
11.3448
9.5734
11.9016
7.1597
9.1903
8.2128
9.2872
8.1267
8.8233
7.4803
9.2197
7.3156
10.3094
7.8013
9.0237
6.7572
8.9928
7.2307
9.4943
7.3047
9.5953
7.1045
9.6705
6.9143
9.1857
7.9883
8.7867

Table G-4. --Mean height, predicted height, standard deviation, and confidence
limits for the test of means.
Treatment
(Rep)
2 (1)
2 (2)
2 (3)
3 (1)
3 (2)
3 (3)
4 (1)
4 (2)
4 (3)
5 (1)
5 (2)
5 (3)
6 (1)
6 (2)
6 (3)
7 (1)
7 (2)
7 (3)
8 (1)
8 (2)
8 (3)
9 (1)
9 (2)
9 (3)
10 (1)
10 (2)
10 (3)
11 (1)
11 (2)
11 (3)
12 (1)
12 (2)
12 (3)
13 (1)
13 (2)
13 (3)
14 (1)
14 (2)
14 (3)

Mean
Height
(feet)
42.6625
41.6125
41.6625
43.5500
42.8250
40.1375
42.7500
42.6125
43.4000
42.1000
37.9125
43.6625
45.7875
42.9000
43.6000
42.5875
42.8500
45.4250
43.2000
38.5125
40.5375
43.5125
43.2125
42.0375
43.5750
44.2500
42.6125
42.7250
42.3625
41.2000
42.4125
42.4125
38.6125
38.9875
42.2625
39.5875
40.9500
39.5875
41.8500

Predicted
Height
42.080
42.080
38.028
42.080
42.080
38.028
42.080
42.080
46.311
42.080
38.028
46.311
46.311
46.311
46.311
42.080
42.080
42.319
42.080
38.028
38.028
46.311
46.311
42.080
46.311
46.311
42.080
42.080
42.080
38.028
42.080
42.080
38.028
38.028
42.080
38.028
38.028
38.028
38.028

Diff
-0.5821
0.4679
-3.6347
-1.4696
-0.7446
-2.1097
-0.6696
-0.5321
2.9107
-0.0196
0.1153
2.6482
0.5232
3.4107
2.7107
-0.5071
3.4607
-3.1056
-1.1196
-0.4847
-2.5097
2.7982
3.0982
0.0429
2.7357
2.0607
-0.5321
-0.6446
-0.2821
-3.1722
-0.3321
-0.3321
-0.5847
-0.9597
-0.1821
-1.5597
-2.9222
-1.5597
-3.8222
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Standard
Deviation
(s)
1.1186
2.9993
2.1064
4.0384
2.7086
2.6419
3.2360
1.6331
2.8234
1.7639
1.6797
3.4059
2.8886
2.0626
2.2916
3.0432
3.5833
2.4470
2.2947
2.4310
2.5377
1.0021
2.4718
1.6656
1.6184
2.4997
3.2131
3.634
2.2206
2.3628
3.4762
2.1748
3.8111
1.5170
1.1148
1.9075
2.0361
2.5057
2.3324

Confidence Limits
42.0214 43.3036
40.5947 42.6303
40.9115 42.4135
42.2242 44.8758
42.3174 43.3326
39.0197 41.2553
41.6680 43.8320
41.8028 43.4222
42.3747 44.4253
41.2768 42.9232
36.8675 38.9575
42.6575 44.6675
45.0694 46.5056
41.9385 43.8615
42.4682 44.7318
41.7473 43.4277
41.9327 43.7673
44.0586 46.7914
41.9781 44.4219
37.9038 39.1212
39.4335 41.6415
42.3792 44.6458
42.1886 44.2364
40.7326 43.3424
42.4244 44.7256
43.4177 45.0823
41.4484 43.7766
41.7097 43.7403
41.8253 42.8997
40.8517 41.5483
41.5428 43.2822
40.9156 43.9094
38.0013 39.2237
37.8697 40.1053
41.1307 43.3943
38.4422 40.7328
39.6670 42.2330
38.4518 40.7232
41.4508 42.2492

APPENDIX H: ACCURACY AND SENSITIVITY ANALYSIS

The following pages show the USER INPUT page with the LPDST inputs used
for the yield accuracy analysis and the financial sensitivity analysis. This data was
entered into the LPDST to calculate predicted dbh, height, basal area and volumes. Only
one site index variation is shown for each treatment. However, several treatments
included more than one site index over the three replications. Those differences were
adjusted using the site index variable shown on the USER INPUT tab.
The spacing varies slightly on nearly all treatments due to the fact that the
reported spacing, i.e. 4 ft. x 8 ft. may have been the target spacing, but the actual number
of trees planted reflects that in reality, the trees may have been planted at a slightly
different spacing, i.e. 4.5 ft. x 8 ft. On the multiple row treatments (11-14), the reported
spacing was applied; then, the alley width was adjusted in order to reflect the same
number of trees per acre (TPA) as specified in Burner, et al. (2010). For the purposes of
this analysis, it was more important to get the initial number of trees per acre correct.
This initial number of trees impacts the competition index and other variables in the
model.
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Figure H-1. Treatment 2 – 1.2m x 2.4m (4 ft x 8 ft) (1241 TPA).
(Site Index 60)
Additional site index used: Site index 65
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Figure H-2. Treatment 3 – 3.6 m x 2.4 m (12 ft x 8 ft) (425 TPA).
(Site Index 65)
Additional site index used: Site index 60, 70
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Figure H-3. Treatment 4 – 2.4 m x2.4 m (8 ft x 8 ft) (616 TPA).
(Site Index 65)
Additional site index used: Site index 70
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Figure H-4. Treatment 5 – 1.2 m x 3.6 m (4 ft x 12 ft) (847 TPA).
(Site index 60)
Additional site index used: Site Index 65, 70
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Figure H-5. Treatment 6 – 3.6 m x 3.6 m (12 ft x 12 ft) (289 TPA).
(Site index 70)
Additional site index used: None
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Figure H-6. Treatment 7* –2.4 m x 3.6 m (8 ft x 12 ft) (425 TPA).
(Site index 65)
Additional site index used: Site Index 60, 70

* Treatment 3 and Treatment 7 were nearly identical in spacing. The results of both
this study and Burner, et al. (2010) show no difference in yield or financial returns.
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Figure H-7. Treatment 8 –1.2 m x 4.9 m (4 ft x 16 ft) (617 TPA).
(Site index 60)
Additional site index used: Site Index 65, 70
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Figure H-8. Treatment 9 –3.6 m x 4.9 m (12 ft x 16 ft) (221 TPA).
(Site index 70)
Additional site index used: Site Index 65
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Figure H-9. Treatment 10 –2.4 m x 4.9 m (8 ft x 16 ft) (320 TPA).
(Site index 65)
Additional site index used: None
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Figure H-10. Treatment 11 –1.2 m x 2.4 m (2-row) + 7.3 m (4 ft x 8 ft + 24 ft alley)
(590 TPA).
(Site index 60)
Additional site index used: Site Index 65, 70
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Figure H-11. Treatment 12 –1.2 m x 2.4 m (3-row) + 9.7 m (4 ft x 8 ft + 32 ft alley)
(574 TPA).
(Site index 60)
Additional site index used: Site Index 65
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Figure H-12. Treatment 13 –1.2 m x 2.4 m (4-row) + 12.2 m (4 ft x 8 ft + 40 ft alley)
(578 TPA).
(Site index 60)
Additional site index used: Site Index 65
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Figure H-13. Treatment 14 –1.2 m x 2.4 m (5-row) + 14.6 m (4 ft x 8 ft + 48 ft alley)
(725 TPA).
(Site index 60)
Additional site index used: None
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APPENDIX I: FINANCIAL SENSITIVITY ANALYSIS

The following pages show the results of the sensitivity analysis conducted on the
LPDST. The spacing levels used are as follows:

4‟ x 8‟ (1361 TPA)

8‟ x 16‟ (340 TPA)

12‟ x 12‟ (303 TPA)

20‟ x 20‟ (109 TPA)

4‟ x 10‟ (1089
TPA)

10‟ x 10‟ (436 TPA)

12‟ x 16‟ (227 TPA)

20‟ x 24‟ (91 TPA)

4‟ X 12‟ (907
TPA)

10‟ x 12‟ (363 TPA)

12‟ x 24‟ (151 TPA) 24‟ x 24‟ (76 TPA)

8‟ X 8‟ (681 TPA)

10‟ x 16‟ (272 TPA)

16‟ x 16‟ (170 TPA)

8‟ x 10‟ (544 TPA)

10‟ x 20‟ (218 TPA)

16‟ x 20‟ (136 TPA)

8‟ x 12‟ (454 TPA)

10‟ x 24‟ (182 TPA)

16‟ x 24‟ (113 TPA)

The baseline assumptions are the same as those used in Appendix H for the test of
dbh and height accuracy. More specifically, the assumptions held constant during the
sensitivity test are as follows:
Site Prep: Herbicide with
Disking
Row Configuration: 1
Alley Width: 0
Planting Stock: Seedlings
(Unimproved)
Fertilization: Good early
growth (>8”)
Tree Staking: (User
Defined)

Fertilization: 46% N
Weed Control: Herbicide
(Roundup TM)
Pest Control: (User
Defined)
Deer Control: None
Irrigation: None
Pine Straw Harvest
Method: User Defined
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Sawlog Value:
$231.30/MBF
Minimum Pine Straw
Harvest: 100 Bales/ac
Average Bale Weight: 35
lbs.

Beginning Assumptions

$4,000.00

NPV @ 4%
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$3,000.00
60 year rotation

$2,500.00

30 Year Rotation
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$1,500.00
0

500

1000

1500
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Figure I-1. NPV analysis for the baseline scenario.
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Figure I-2. AEV analysis for the baseline scenario.
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Figure I-3. MIRR and PBP analysis of the baseline scenario.

PBP = Payback period
The secondary y-axis is in years, reflecting the number of years it takes to pay back the
initial investment in the plantation.
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Figure I-4. NPV analysis of Scenario 1 (Pulpwood Value = $12.00 per ton).
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Figure I-5. AEV analysis of Scenario 1 (Pulpwood Value = $12.00 per ton).
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Figure I-6. MIRR and PBP analysis of Scenario 1 (Pulpwood Value = $12.00 per
ton).
PBP = Payback period
The secondary y-axis is in years, reflecting the number of years it takes to pay back the
initial investment in the plantation.
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Figure I-7. NPV analysis of Scenario 2 (Pulpwood Value = $12 per ton; CNS Value
= $30 per ton).
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Figure I-8. AEV analysis of Scenario 2 (Pulpwood Value = $12 per ton; CNS Value
= $30 per ton).

183

14%

18
16

12%

14

MIRR@ 4%

10%

12

8%

10

6%

8

30 Year Rotation

6

30 year rotation PBP

4

60 year rotation PBP

4%
2%

60 year rotation

2

0%

0
0

500

1000

1500

TPA
Figure I-9. MIRR and PBP analysis of Scenario 2 (Pulpwood Value = $12 per ton;
CNS Value = $30 per ton).

PBP = Payback period
The secondary y-axis is in years, reflecting the number of years it takes to pay back the
initial investment in the plantation.
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Figure I-10. NPV analysis for Scenario 3 (Pulpwood Value = $12 per ton; CNS
Value = $30 per ton; Pine Straw Value = $5 per bale).

$300.00
$250.00

AEV@ 4%

$200.00
$150.00
60 year rotation
$100.00

30 Year Rotation

$50.00
$0

500

1000

1500

TPA
Figure I-11. AEV analysis for Scenario 3 (Pulpwood Value = $12 per ton; CNS
Value = $30 per ton; Pine Straw Value = $5 per bale).
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Figure I-12. MIRR and PBP analysis for Scenario 3 (Pulpwood Value = $12 per ton;
CNS Value = $30 per ton; Pine Straw Value = $5 per bale).
PBP = Payback period
The secondary y-axis is in years, reflecting the number of years it takes to pay back the
initial investment in the plantation.
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Figure I-13. NPV analysis for Scenario 4 (Pulpwood Value = $12 per ton; CNS
Value = $30 per ton; Pine Straw Value = $5 per bale; Expected Rate of Return =
8%).
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Figure I-14. AEV analysis for Scenario 4 (Pulpwood Value = $12 per ton; CNS
Value = $30 per ton; Pine Straw Value = $5 per bale; Expected Rate of Return =
8%).
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Figure I-15. MIRR and PBP analysis for Scenario 4 (Pulpwood Value = $12 per
ton; CNS Value = $30 per ton; Pine Straw Value = $5 per bale; Expected Rate of
Return = 8%).

PBP = Payback period
The secondary y-axis is in years, reflecting the number of years it takes to pay back the
initial investment in the plantation.
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Figure I-16. NPV analysis of Scenario 5 (Pulpwood Value = $12 per ton; CNS Value
= $30 per ton; Pine Straw Value = $5 per bale; Expected Rate of Return = 8%;
Maximum Basal Area = 200 Ft2 per acre).
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Figure I-17. AEV analysis of Scenario 5 (Pulpwood Value = $12 per ton; CNS Value
= $30 per ton; Pine Straw Value = $5 per bale; Expected Rate of Return = 8%;
Maximum Basal Area = 200 Ft2 per acre).
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Figure I-18. MIRR and PBP analysis of Scenario 5 (Pulpwood Value = $12 per ton;
CNS Value = $30 per ton; Pine Straw Value = $5 per bale; Expected Rate of Return
= 8%; Maximum Basal Area = 200 Ft2 per acre).

PBP = Payback period
The secondary y-axis is in years, reflecting the number of years it takes to pay back the
initial investment in the plantation.
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Figure I-19. NPV analysis of Scenario 6 (Pulpwood Value = $12 per ton; CNS Value
= $30 per ton; Pine Straw Value = $5 per bale; Expected Rate of Return = 8%;
Maximum Basal Area = 200 Ft2 per acre; Thinning = 50%).
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Figure I-20. AEV analysis of Scenario 6 (Pulpwood Value = $12 per ton; CNS Value
= $30 per ton; Pine Straw Value = $5 per bale; Expected Rate of Return = 8%;
Maximum Basal Area = 200 Ft2 per acre; Thinning = 50%).
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Figure I-21. MIRR and PBP analysis of Scenario 6 (Pulpwood Value = $12 per ton;
CNS Value = $30 per ton; Pine Straw Value = $5 per bale; Expected Rate of Return
= 8%; Maximum Basal Area = 200 Ft2 per acre; Thinning = 50%).
PBP = Payback period
The secondary y-axis is in years, reflecting the number of years it takes to pay back the
initial investment in the plantation.
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