ABSTRACT
Dodrill, John D. Hofmann Forest Site Quality Modeling and Estimation. (Under the

direction of Robert C. Abt and Raymond B. Palmquist).

An evaluation of site quality was conducted on the Hofmann Forest located in
Jones and Onslow Counties of North Carolina. Site quality is a key element in the plan
for management to reach its objectives. Accurately measuring site quality can determine
the optimal locations for intensively managed plantations and the areas that may be better
managed for other purposes. The identification of these areas will allow management to
maximize the returns from the forest regardless of the objectives.

There are a number of methods available for measuring site quality that includes
both direct and indirect methods. The standard method among foresters in the United
States is the direct method of the site index approach. The most common indirect method
is the soil-site study. The objectives of this research are to examine these two procedures
for their reliability and accuracy in determining the site quality on the Hofmann Forest.

The foundation that the site index approach is built upon is the theory that tree
height growth in relation to age is very sensitive to site quality but is independent of
various factors; i.e. stocking density, species compositions, etc (Avery and Burkhart,
1994). Therefore if height growth is not independent of these factors then the site index
approach will provide erroneous predictions. The current measure of site quality on the
Hofmann Forest was provided by a soil-site study performed by T. S. Coile in 1966. A
recent timber inventory of the forest provides a means of testing the accuracy of these

measures.



An intensive database was constructed from the timber inventory collected by F &
W Services, Inc., the soil mapping performed by T. S. Coile, and previous climatic and
environmental data for the forest. To achieve the objectives of this research the data was
used to develop a non-linear model containing three categories or groups of variables.
These categories include variables representing management decisions, soil
characteristics, and environmental factors. The model produced an R-squared value of
0.62 with a p-value of <0.0001. A correlation analysis of the height predictions and the
actual heights collected in the timber inventory produced a correlation coefficient of 0.79.
Nested structural tests found management decisions very significant in influencing height
growth. Soil characteristics and precipitation were not significant individually but were
when used in conjunction with each other.

A correlation analysis was performed on the model predictions and the previous
predictions found in Coile's soil-site study, which produced a correlation coefficient of
0.06. Also, the correlation of Coile's predictions and the actual tree heights was 0.22. A
forest wide average height at a base age of 25 years was predicted at 10.94 feet lower

than that found by Coile.
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1.0 INTRODUCTION

A new management plan is currently in the process of being developed for the
Hofmann Forest, located near Jacksonville, North Carolina (Figure 1.1). The Hofmann
Forest is a North Carolina State University owned property that is intensively managed
for multiple objectives. One key aspect of making management decisions is the ability to
predict the growth response by site. A site specific productivity estimate provides the
forest manager with the ability to maximize returns while achieving all the desired
objectives. There are a number of methods to produce a productivity estimate. However
the productivity estimates on the Hofmann Forest that were established in the late 1960s
have never been examined for accuracy. An extensive timber inventory recently
collected on the forest provides a means for evaluating the accuracy of these site quality

estimates.



HOFMANN FOREST LOCATION
Jones and Onslow Counties, North Carolina

Figure 1.1 The Hofmann Forest located in Jones and Onslow Counties, North Carolina.

1.1 SITE QUALITY

Site quality is defined as “the timber production potential of a site for a particular
species or forest type.” (Clutter, et al. 1983). The two general approaches to determine
site quality are direct estimation and indirect methods. There are three direct approaches,
which include historical records, the volume-age relationship, and the height-age
relationship. The historical record approach examines the behavior of a specific stand
over time to determine historical trends. This can provide excellent information

regarding site productivity. However, most forest managers do not have historical data



for their respective forest sites. The volume-age relationship uses the growth in volume
over time to determine the site quality. VVolume at any given age, however, is a function
of many factors beyond site quality including species composition, stocking density, and
thinning practices. Conventional silvicultural theory suggests height data of the dominant
and co-dominant trees in the stand are independent of these factors and favors a site
quality measure based on the stand height-age relationship (Frederick, 2000).

The height of the majority of species will increase, at a given age, as the quality
of the site increases. These species have a positive correlation between production
potential of the site and height growth (Clutter, et al. 1983). Measuring site quality
through the height-age relationship involves mapping the height growth pattern over time
in curves known as site index curves. The height growth pattern curve is then referenced
at a particular age. Comparing these curves from different sites will then provide a
means of comparing site quality. For example, height growth pattern curves are mapped
for loblolly pines on two different sites and then the height at age 25 for each site is
compared. In theory, at a constant age only the site quality is changing. Therefore the
site with the highest height is considered of higher quality (Figure 1.2). This referenced
height at age 25 is known as the site index. The site index is then entered into a decision
model to determine management’s strategy in maximizing the returns produced in the

stand.
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Figure 1.2. A family of site index curves developed by the U. S. Forest Service for the

southeastern lower coastal plain.



Indirect methods for estimating site quality include overstory interspecies
relationships, lesser vegetation characteristics, and climatic and environmental factors
(Clutter, et al. 1983). The overstory interspecies relationship method is used when the
species of interest is not on the site in question. This method uses regression analysis to
relate the site index of the species on site to the site index of the species of interest. The
lesser vegetation method evaluates the growth pattern of the understory vegetation and
relates it to the growth pattern of the species to be implemented. The climatic and
environmental factor approach analyzes the relationship between certain environmental
factors and tree growth. The soil-site study is a common method of this approach. A
soil-site study utilizes the soil type and various soil characteristics to predict tree heights.

Considering that at a given age trees will grow taller on sites of higher quality
(Clutter, et al. 1983) and that height is independent of silvicultural schemes (Frederick,
2000), varying site quality is related to soil characteristics (Avery and Burkhart, 1994).
This is the reasoning behind the soil-site study. However predictions from these models
are often unreliable (Avery and Burkhart, 1994). Most of the height variation in these
models is explained by age while the soil characteristics explain very little (Clutter, et al.
1983). This provides some support for the use of the height-age relationship to determine
the site quality.

Currently on the Hofmann Forest the only measure of site quality is the result of
the extensive research conducted by T. S. Coile and his students. This research resulted
in a soil-site study that produced site index measures throughout the forest. The intensive
collection of new timber data recently acquired provided a means for testing these site

index measures. The correlation between Coile’s height predictions and recorded tree



heights is 0.22. This indicates that significant variation in height is left unexplained by

Coile’s soil-site study.

1.2 CONTENTION
The site index approach maps the height-age relationship over time. If height is
not independent of various environmental or silvicultural impacts then the site index
curve may be site specific and not useful for generalization. This bias is then
compounded when the resulting site index is entered as an explanatory variable into a
growth and yield model to predict volume and may influence management decisions. If
height growth is influenced by these factors then errors will be compounded. Therefore it
IS important to statistically test the independence of the height-age relationship.
The use of the height-age relationship to measure site quality is grounded in four
basic concepts as described by Avery and Burkhart:
“....tree height in relation to tree age has been found
the most practical, consistent, and useful indicator [of site
quality]. Theoretically, height growth is sensitive to
differences in site quality, little affected by varying density
levels and species compositions, relatively stable under
varying thinning intensities, and strongly correlated with
volume. This measure of site is termed site index. Site

index is the most widely accepted quantitative measure of
site in the United States.” (Avery and Burkhart, 1994).

2.0 OBJECTIVES

This research will examine the height growth pattern of Loblolly pine trees (Pinus
taeda) on the Hofmann Forest. The analysis will focus on factors that potentially affect
the height growth pattern over time in an attempt to test the independence of height. The

factors potentially affecting the height growth pattern that will be considered are



silvicultural practices, i.e. stocking density; soil characteristics; precipitation; elevation;
and drainage. A model will be developed using these variables to predict height. Such a
model will allow for the testing of the independence of height growth and the validity of
using the site index curve approach for determining potential site productivity.
The goal of this study is:
» To evaluate the validity of the height-age relationship for determining the
potential productivity of a site.
This goal will be achieved by:
» Testing if silvicultural schemes are significant in explaining the variation in
tree height.
» Testing if soil characteristics are sufficient to explain the variation in tree
height.
» Testing if environmental factors are significant in explaining the variation in

tree height.

3.0 PREVIOUS WORK

3.1 SILVICULTURE

There is some silvicultural evidence that stand height is influenced by the
decisions of management. The USDA Forest Service conducted research to evaluate the
impact of spacing on tree growth, both diameter and height. If the number of stems
increase, thereby decreasing the spacing between stems, the height of the tree will be
reduced. To evaluate this four stands of loblolly, each with a different spacing (6 x 6, 8 x

8, 10 x 10, and 12 x 12), were studied for 15 years in Union, South Carolina. A trend in



the difference in height among the four groups became apparent at age 11 and was
expected to increase with time. Total heights of the dominants were increased, as well as
the average height of the stand. The 10 x 10 spacing produced the most trees in the
highest height class (55 to 60 feet), while the 12 x 12 produced the largest percentage of
trees in this class (USDA SE-211, 1975).

The study performed by the Forest Service also concluded that the wider spacings
increased tree diameter and decreased basal area. However, at age 15 the difference in
merchantable volume between the highest volume group (8 X 8) and the widest spacing
was approximately 650 cubic feet per acre. The wider spacings did produce less volume
but only statistically so. Furthermore, the 8 x 8 spacing produced almost entirely
pulpwood while the wider spacing produced a stand approaching sawtimber size (USDA
SE-211, 1975).

In a study conducted in the Piedmont and Coastal Plain areas of Virginia and the
Carolinas, the Forest Service evaluated the impact on height growth from various
thinning practices. These practices ranged in intensity from seed tree cuts (3 to 12 square
feet of basal area per acre) to light thinnings that emulated mortality (over 50 sg. ft.). In
each case the stand was thinned from below leaving the only best trees in the stand. Nine
years after the thinnings were conducted an evaluation of the tree growth was completed.
The analysis confirmed a positive trend in height growth and stocking density up to the
point of maximum growth. The study was conducted on two stands, one with a site index
of 70 and one of 80 with the timber ranging from 25 to 35 years of age. The results

found maximum growth to occur at a basal area of 60 square feet on the stand with a site



index of 70 and at 70 square feet on the stand with a site index of 80 (USDAFS SFES
#78, 1955).

The research conducted by the U. S. Forest Service suggests that managing the
number of stems and basal area per acre does influence height growth. The number of
stems and basal area per acre are the most commonly controlled aspect of a forest and are
governed by management in nearly all forest settings. Such management activities are
prevalent in the Hofmann Forest and thereby support the examination of their influence

on height growth.

3.2 SOIL CHARACTERISTICS

Gaiser (1948) conducted a site quality investigation by examining the relationship
between the physical properties of the soil and the heights of loblolly pines. Three
different equations were developed for predicting site quality based on the drainage class
and percent subsoil clay. In each of the models, depth to finest subsoil texture and
percent subsoil clay were positively significant.

Hofmann (1949) conducted a soil site study for the effects of mineral and organic
soils on the growth of Pond Pine. Data were collected in the Atlantic Coastal Plain
including North Carolina, South Carolina, Georgia, and Florida. Hofmann found that
areas saturated with water over large portions of a year resulted in high concentrations of
organic matter. This level of organic matter was combined with the depth of the Al
horizon to produce a proxy for the level of submergence and was negatively significant in
predicting heights. In predicting Pond Pine heights, any significant site quality variables

reflected some level of the water regime. Zahner (1951) continued Hofmann’s research



by adding soil reaction (pH) as an explanatory variable. Zahner found, as did Hofmann,
that predicting heights for pond pine was dependent on the amount of organic matter
present.

Metz (1950) performed a soil site study for loblolly pine in 217 areas of South
Carolina, Georgia, and Alabama. The author found that in even-aged stands over 20
years old height growth was dependent on depth of surface soil, subsoil texture, and
degree of surface drainage. Loblolly pine heights were positively correlated with depth
of surface soil and subsoil texture. Percent subsoil clay restricted height growth; this is
due to the effect on drainage.

Coile (1952) provided a summary of the soil properties that were important for
forest site quality across the nation. The Southeastern Coastal Plain consisted largely of
the findings of the authors previously mentioned who studied under Coile at Duke
University. Coile developed a theory that soil productivity was directly correlated with
rooting conditions, primarily the quality and depth of growing space. According to the
theory, rooting conditions could be determined by the properties of the soil. Total soil
depth, depth to finest subsoil texture, subsoil texture, physical properties of the surface
soil, organic matter, and the chemical characteristics of the soil are all directly related to
site quality.

Campbell (1978) produced a soil site quality measure for loblolly pine by
estimating site index in a multiple regression analysis. The explanatory variables used in
this analysis were depth of surface soil, drainage class, percentage clay in the B2 horizon,

and percentage clay in the C horizon. The model produced an r-squared value of 0.71.
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Overby (1995) performed a soil site study for planted loblolly pine on the
Hofmann Forest. Overby first tried to predict site index from various soil descriptors to
no avail and resorted to predicting tree heights. The model developed produced an r-
squared of 0.63 and utilized age of the stand, percent clay in the subsoil, and depth of
organic matter as explanatory variables.

All the previous soil studies, except Campbell were guided by the work of T. S.
Coile. T.S. Coile is perhaps the foremost authority on soil-site studies (Clutter, et al.
1983). From 1966 to 1968 Coile collected extensive soil data across the Hofmann Forest
for the purpose of developing a method to evaluate site quality. This soil characteristic
database was used to develop site index measures throughout the forest and is the same

soil database used in this research.

3.3 ENVIRONMENTAL FACTORS

Pruitt (1947) examined the effects of ditching on the water table and the physical
and chemical properties of the soils in the Hofmann Forest. The effects were then
evaluated for impacts on the growth of Slash Pine and Loblolly Pine. This was a first for
examining the relationship of ditching practices and tree growth. The study area was
located in block 10 and consisted of clay loam or muck organic soil types.

Data were collected on water table levels, tree heights, and soil samples in
transects that extended perpendicularly to the ditches. By collecting the data
perpendicular to the ditches, the impact of distance to drainage on water table levels and
tree heights can be identified. The drainage affected the water table depth out to a

distance of 1000 feet from the ditch. The significant effects of distance to drainage found

11



on tree heights extended to between 500 and 600 feet. The distance to drainage had a
negative relationship on both tree heights and depth to the water table.

Gallup (1954) showed that evapotranspiration in fairly permeable soils is more
effective at reducing the water table level during the growing season than ditching. It
was found that ditching has little influence in lowering the water table level during
periods of high evapotranspiration. Therefore examination of the impact of ditching on
the water table level must be done during periods of high water table levels.

Teate (1967) examined the effects of drainage, and other amelioration practices,
on planted pine seedlings in a North Carolina Pocosin. Teate found that a root zone
above the water table of 18 to 24 inches to be ideal. A ditch network spaced at 416 feet
would produce the ideal root zone of 18 inches at the point of minimum effectiveness or
160 to 200 feet from the ditch. However, this spacing would be too severe at the closest
one third of the area to the ditch. These conditions were only apparent in prolonged dry
periods.

Previous research on the Hofmann Forest indicates the most significant
environmental factor is the water regime. The wetland conditions favor the loblolly pine
when in competition with other marketable species but inundation of the root system is
detrimental to tree growth, especially in the first serial stage (Frederick, 2000). The high
water table level present in a wetland increases the impact of precipitation. Therefore
increasing amounts of precipitation during the first serial stage could potentially have a

marked impact on tree growth.
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4.0 DATA

4.1 TIMBER DATA

The timber inventory data were collected by F&W Forestry Services of Albany,
GA and reported in January 2000. The objective of the inventory was three fold: (1)
estimate merchantable timber volumes, (2) Provide coordinates for volume plots, and (3)
to be within 15% of the mean cords per acre at the 95% confidence level for operating
area volumes. The sampling was designed to achieve a +/- 15% accuracy on volumes
present. This was done by placing a rectangular grid of 3,382 sample points over the
forest that consisted of a ten chain by five chain spacing (1chain = 66 feet). A ten chain
by five chain spacing produces one sample point per five acres, which is sufficient for
achieving the accuracy level desired. A plot, stand, and FMU (forest management unit)
number then identified each sample point (plot). All timber measured and recorded was
limited to 12 years of age or older. At each plot the diameter at breast height (dbh),
species, and product was collected. The dbh was recorded to the nearest 1 in. diameter
class beginning at the 5 inch class. The product measurement, sawtimber or pulp, was
used for volume calculations and not of use for this research. Merchantable height of
sawtimber, total height, and radial growth was collected at every fifth plot. GPS
coordinates were also taken at these height plots for geographic referencing. Utilizing the
plot, stand, and fmu number along with the GPS coordinates, digitized transects of the
plots were established into a mappable reference to allow for the viewing of the location

of each plot with respect to the forest (Figure 4.1).
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+« Timber Inventory Plots
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Figure 4.1. Loblolly plantation timber inventory plots.
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4.2 SOIL DATA

The soil data is presented in the form of soil profile descriptions. A consulting
firm owned by T. S. Coile (T. S. C. Inc.) collected these profile descriptions during the
years of 1966 to 1968. The original study involved mapping both the soil and vegetation
for the purpose of developing a soil-site index for pond pine (Pinus serotina L.) and

loblolly (Pinus taeda).
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Figure 4.2. An example of the soil data as collected by T. S. Coile.
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The soil data were collected on a 16 by 10 chain grid, which places one sample
point per 16 acres. A core sample of 6 feet was taken and then analyzed for the soil types
and their depths. The depth of the core samples was sufficient to reach the parent
material or the zone considered limiting to tree growth. The soil horizons were classified
by their characteristics, such as, depth, color, texture, etc. The process for collecting and
analyzing the soil data is described in detail in Coile and Schumacher, 1964. The
resulting database contained soil profile descriptions that included surface and sub-
surface textures, depth to finest texture, percent surface organic matter, and drainage.
The drainage was divided into five classes ranging from excessively drained to very
poorly drained as defined in Coile and Schumacher, 1964. The drainage classes present
on the forest ranged from moderately well drained to very poorly drained, with the vast
majority of the forest being very poorly drained.

Surface and sub-surface textures were listed as a soil type only. In order to
analyze the impact of these soil types on tree height the author converted these textures or
types to their percent values of sand, silt, and clay, as prescribed by Overby, 1995. Depth
to finest texture is simply the distance from the surface down to very high clay content.
This depth was measured using four 6 inch classes for the first two feet and four 1 foot
classes thereafter. The mean depth was recorded and grouped into six classes. The total
depth of each observation was not recorded, therefore the mean for each class served as
the representative value.

The organic matter was divided into three types: loam, muck, and peat. This
division is based largely on the percentage of organic matter by weight; these types

contain 15%, 35%, and 45% respectively. The vast majority of the forest contained
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either muck or loam. The depth of organic matter was determined in the same process as

that used for depth to the finest texture.

4.3 ENVIRONMENTAL DATA

The elevation data are from a United States Geological Survey (USGS) and is a
7.5-minute digital elevation model (DEM). These data are in digital raster form and the
7.5-minute DEM covers a 30 by 30-meter data spacing that is cast on an NAD 27
projection. This provides coverage of 7.5 by 7.5-minute blocks.

The precipitation data for the Hofmann Forest were obtained from the National
Climatic Data Center (NCDC). The data were collected at the Maysville weather station
from 1948 until 1981, after which it was collected in the forest itself. The data were in

the form of average inches per month.

5.0 METHODS

The goal of this study is to determine if height growth is influenced by various
factors other than age. To accomplish this a model was developed to allow for the
empirical testing of the maintained hypothesis that the height-age relationship is
independent of these factors and therefore a valid means of evaluating site quality. The
first step in developing the model was to randomly select and withdraw twenty percent of
the data from the database for validation purposes. Validation of the model was
conducted using the cross validation (CV) and generalized cross validation (GCV)
methods (Orr, 1996). The generalized cross validation method is a process in which the

model is fitted to the data to obtain a mean squared error (MSE). Then one observation is

18



removed from the database and the model then predicts that observation. This will
produce an error for this prediction. The process is then repeated for the entire database
and a MSE is calculated from the prediction errors. The two MSEs are then compared to
evaluate the accuracy of the model. The cross validation method is a process in which
the model is used to predict the entire “test” database to produce a MSE which is
compared to the MSE of the “model” database. The target of any model is to produce the
smallest MSE possible and for validation, the model should produce a MSE for test data
very close to the MSE of the original data.

Coverages for soil types, vegetation, timber plots, drainage, elevation, and
precipitation were input into the GIS (Geographical Information System). This allowed
the data of each respective coverage to be merged into one tabular database. This
database of raw data was then manipulated using the functions of the GIS to calculate
additional data, such as the distance from each plot to the nearest drainage, both natural
and man made. Since the vegetation layer contains the planting date of the timber and
the inventory data contains the tree heights, the GIS enabled the timber age to be
determined. Once the database was constructed it was read into SAS for statistical

analysis.
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Figure 5.1. Map illustrating a subset of the data representing soil type by subtexture,
drainage, and timber plots (4 inches is approx. 0.6 miles).

The growth in height of a tree over time follows a sigmoid shaped curve and
therefore indicates a non-linear model. Also, considering the available data are for trees
12 years of age or older, which begins approximately at the inflection point in the growth
curve, a log transformation of the height was used. Since the data lies above the
inflection point on the curve the log transformation is well suited for a linear
transformation. There is no theory to direct the functional form of the model and very
little guidance in the previous literature. Therefore a model was developed using all
available data, which was divided into three main categories: management, soil, and
environmental variables. This type of model construction can not be used for inferences
regarding individual variable effects due to inflated variances in the presence of

multicollinearity. However it does provide for structural tests to be performed regarding
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the significance of the categories or groups of variables. The restricted least squares
model will provide a means of determining the variables relevant in predicting height
(Guijarati, 1995).

The model contained 20 variables including 5 variables controlled by
management, 6 soil characteristic variables, 6 precipitation variables, an elevation
variable, and an age variable. The 20" variable is the nested representation of Coile's
soil-site study model. Structural tests were then performed to determine if the influence

of management, soils, and/or precipitation were significant.

Table 5.1. Variable categories used in full model.

MANAGEMENT SOIL PRECIPITATION
Stems/ac Depth of Muck Precip during Planting season
Basal Area/ac Depth of Loam 1 yr avg. after planting
Radial Growth Depth to Finest Soil |2 yr avg. after planting
Dbh Drainage Class 3 yr avg. after planting
Distance from Drainage |Percentage of Clay 4 yr avg. after planting

Percentage of Silt 5 yr avg. after planting

The management category contained both the number of stems per acre and basal
area per acre, which are two things most commonly considered when managing a forest
stand. At stand establishment the number of stems is set by management and the basal
area is a common method for determining the level of thinning to be implemented. The
diameter at breast height (dbh) was collected, as was the radial growth of the tree. The
radial growth was an examination of the growth rings to determine the rate of growth
during the last five years prior to data collection. Distance to drainage was included in

the management category due to the placement of the ditch network. Natural drainage
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such as creeks and streams was also included in this variable due to their relatively small
number of occurrences.

The soil category consisted of the data collected by T. S. Coile during his soil-site
study on the Hofmann Forest in 1966. The depth of organic soils, including peat, muck,
and loam, was measured in inches and grouped into classes. The mean depth of each
class was measured, as prescribed in Coile and Schumacher, and the classes were then
recorded as an integer value (0 - 5) to establish an ordinal ranking (Coile and
Schumacher, 1964). Peat is not used in this analysis due to the lack of its presence in the
timber producing regions of the forest. The depth to the finest soil texture was also
recorded in the same manner. Drainage classes were determined as described in Coile
and Schumacher and ranged from well drained to very poorly drained (Coile and
Schumacher, 1964). They were also given an integer value for the purpose of ranking.
Subsurface textures were classified and recorded in a descriptive listing. This was of
little use for this analysis so the sub-textures were converted to the percentage of clay and
percentage of silt contained within them as prescribed by Overby (Overby, 1995). This
conversion provided a means of ranking the sub-textures. The soil-site study performed
by Coile used soil characteristics to predict tree height on the Hofmann Forest.
Tragically the models developed by Coile were lost. However the predictions from these
models are known and this allows Coile's model to be examined by using a nested model
approach.

The soil characteristic variables in the data set are class variables. In developing
the continuous variable model, these class variables were converted to continuous

variables by using the mean depth in inches of each class. This changes the class variable
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to an ordinal measure that can be used for inference. For example, depth of muck is
tabulated as integers from O through 5. Each class represents inches of muck present and
the original data collected listed only the mean inches of each class. Therefore a true
continuous variable could not be developed but the ordinal ranking was sufficient for this
study.

The final category is precipitation. The precipitation data was recorded in mean
inches per month from 1948 until the present time. During the four month planting
season of December through March, the monthly averages were averaged for the dates
corresponding to the planting dates of each respective stand. A similar process was used
to average the amount of precipitation for inclusive one year to five year periods after
planting. In addition to the three main categories of variables, an elevation variable was

used to detect any topographical influence.
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Table 5.2. The Full Model.

LTOT_HTP = a + By(LINAGE) + B2(LNTPA_P) + Bs(LBAPAP) + B4(LGROWTH) +
Bs(LDBH) + Bs(LDIST) + B7(LMUCK) + Bs(LLOAM) + Bo(LFINES) + B1o(LDRAIN) +
B12(LCLAY) + B12(LSILT) + B1s(LPRECIP1) + B1(LPRECIP2) + B1s(LPRECIP3) +
B16s(LPRECIP4) + B17(LPRECIPS5) + B1s(LPRECIP6) + B1o(LELEV) + Bo(LSI) + €

Where: LTOT_HTP = log of total tree height
LINAGE = log of the inverse of age
LNTPA_P = log of the number of stems per acre
LBAPAP = log of basal area per acre
LGROWTH = log of the radial growth
LDBH = log of diameter breast height
LDIST = log of distance to drainage
LMUCK = log of the depth of muck
LLOAM = log of the depth of loam
LFINES = log of depth to finest soil texture
LDRAIN = log of drainage class
LCLAY = log of percentage of clay in subsoil
LSILT = log of percentage of silt in subsoil
LPRECIP1 = log of average precipitation during four month planting season
LPRECIP2 = log of average precipitation one year after planting
LPRECIP3 = log of average precipitation two years after planting
LPRECIP4 = log of average precipitation three years after planting
LPRECIP5 = log of average precipitation four years after planting
LPRECIPG6 = log of average precipitation five years after planting
LELEV = log of the elevation
LSI = the representation of Coile's model (nested)
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5.1. STRUCTURAL TESTS

The full model, as expected, exhibited high collinearity among various variables.
The multicollinearity presented many variables as being insignificant due to the biased t-
statistic. A series of restricted models were used to test the significance of the main
categories of variables and to determine what information is needed for prediction
purposes. The restricted models used included a model to predict height using only the
soil data, a model using only precipitation data, a model using only management data,
and all combinations of these. Most importantly the restricted models provides a method

for achieving the objectives of this research.

5.2. PREDICTION MODEL

The full model is well suited for predictions but the complexity of the model
eliminates its usefulness in the field. Therefore a more streamline prediction model was
developed for the forest manager in the field. This model was developed by including
only the categories of variables found significant in the structural tests. Once these
categories were determined a backward stepwise selection process was employed to
reduce the full model such that little prediction power was lost but less information is
required. It is important to note that the use of the selection process can underestimate
the regression coefficients (Goldberger and Jochems, 1961). Therefore inferences
regarding the magnitude of these impacts can not be made and the model is for prediction

purposes only.
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Table 5.3. Prediction model.

Lht = a + by (LINAGE) + by(LNTPA) + bs(LBAPA) + by(LPRECIP1) +

bs(LPRECIP3) + bg(L%CLAY) + b7(LMUCK) + e

Where: Lht = log of the tree height
LINAGE = log of the inverse of age
LNTPA = log of the number of stems per acre
LBAPA = log of the basal area per acre
LPRECIP1 = log of the average precipitation during the four month planting
season
LPRECIP3 = log of the average precipitation of the two years after planting
L%CLAY = log of the percent clay in the subsoil

LMUCK = log of the depth of muck

6.0 RESULTS
6.1. THE FULL MODEL RESULTS

The full model produced an R? value of 0.629 and an overall F-statistic of 47.54
with a p-value of <0.0001. Many of the individual variables are listed as insignificant but

this is believed to be the result of high correlation between many of the variables.
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Table 6.1. Regression Analysis Results of the Full Model.

Analysis of Variance
FValue Pr>F R-Square AdjR-Sq

4754 <.0001  0.6293 0.6161

Parameter Estimates

Parameter Standard
Variable Estimate Error Pr > [t
Intercept -0.83467 1.13279 0.4615
Intpa_p 0.39123 0.17209 0.0234
Ibapap -0.31981 0.17076 0.0616
linage -0.18936 0.03261 <.0001
Igrowth 0.02810 0.02641 0.2876
Idbh_pine 1.31402 0.32983 <.0001
Idist -0.00455 0.00479 0.3429
lelev -0.01103 0.06392 0.8630
Ifines_inch 0.02896 0.02745 0.2917
Iprecipl 0.01735 0.02951 0.5568
Iprecip3 -0.02084 0.18064 0.9082
Iprecip4 0.07645 0.20340 0.7072
Iprecip5 -0.61287 0.29581 0.0387
Iprecip6 0.73035 0.26081 0.0053
Isilt 0.00339 0.01359 0.8031
Iprecip2 -0.01100 0.08788 0.9004
Imuck -0.00772 0.00489 0.1154
lloam -0.01435 0.00687 0.0373
Iclay -0.00673 0.00839 0.4230
Idrain 0.16358 0.08599 0.0577
Isi -0.03952 0.10370 0.7033
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The full model contains all relevant data available. Since there is no theory to
indicate which variable best represents each category a nested test of variable categories
or groups was performed. These tests determine which categories or groups of variables
affect tree height and thereby resolve the multicollinearity problems in choosing

individual variables.

6.2 STRUCTURAL TEST RESULTS

The variables used in the full model are divided into three main categories:
management, soil characteristics, and precipitation. Restricted Least Squares was used to
test the significance, at the 0.05 significance level, of each category and combinations of
them. The restricted models used to test the significance of management included all
variables controlled by management decisions. These variables included the number of
stems per acre, basal area per acre, the radial growth, the dbh, and the distance from
drainage. Testing if all the management variables are jointly equal to zero produced an
F-statistic of 71.85 with a p-value of <0.0001. Therefore management decisions are
significant in affecting the height growth pattern of a tree.

The soil characteristics restricted model included depth of muck, depth of loam,
depth to the finest sub-soil texture, the drainage class, and the percentage of clay and silt
in the sub-soil. This test produced an F-statistic of 2.06 with a p-value of 0.0689. These
results indicate soil characteristics alone are insignificant in affecting the height growth
pattern of a tree. Precipitation was also found to be insignificant in affecting height
growth producing an F-statistic of 1.93 with a p-value of 0.0623. The precipitation

reduced model included the average precipitation during the four month planting season
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and the average precipitation of 1, 2, 3, 4, and 5 years after planting. However testing if
the soil characteristics and precipitation variables were jointly equal to zero was
significant producing an F-statistic of 1.90 with a p-value of 0.0370.
Recall that the objectives of this research were:
» Testing if silvicultural schemes are significant in explaining the variation in
tree height.
» Testing if soil characteristics are sufficient to explain the variation in tree
height.
» Testing if environmental factors are significant in explaining the variation in
tree height.
The hypothesis of tree height being independent of influence by management and the
hypothesis of soil characteristics being sufficient to predict tree height were rejected. The
hypothesis of height's independence of precipitation failed to be rejected. However the
joint test of soil characteristics and precipitation being significant may imply that the soil
descriptors are indirectly reflecting the water regime, thereby indicating an influence of
precipitation. This will be explored in more detailed in the discussion section. Rejecting
all three hypotheses (although precipitation is implied) provides evidence that height is
dependent on silvicultural and environmental factors, thereby rejecting the hypothesis
that the height-age relationship is sufficient to measure site quality. This would suggest

that height growth is likely subject to many of the influences affecting diameter growth.

6.3. THE PREDICTION MODEL RESULTS
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The prediction model presented here produced an R? value of 0.60 with all
variables significant at the 0.05 significance level. The overall F-value for the model was
191.96 with a p-value < 0.0001. The p-values for the inverse of age, number of stems per
acre, and basal area per acre were < 0.0001and contained t-statistics of -9.16, -22.53, and
20.75 respectively. The p-values for the depth of muck, average precipitation during the
four month planting season, average annual precipitation during the two years after
planting, and the percent subsoil clay were 0.0437, 0.0008, 0.0431, and 0.0361

respectively. Their respective t-statistics were —2.02, 3.38, -2.03, and -2.10.
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Table 6.1. Regression analysis results of the Prediction Model.

F Value
191.96
Parameter

Variable Estimate
Intercept 3.42832
linage -0.22035
Intpa_p -0.28148
Ibapap 0.37835
Imuck -0.00748
Iprecip | 0.07877
Iprecip3 -0.10472
Isubclay -0.01187

Analysis of Variance

<.0001

Pr>F R-Square

0.6029

Parameter Estimates

Standard

Error

0.19511
0.02405
0.01250
0.01824
0.00371
0.02329
0.05170
0.00566

Adj R-Sq

0.5998

Pr>|t|

<.0001
<.0001
<.0001
<.0001
0.0437
0.0008
0.0438
0.0361

In the resulting model the inverse of age, number of stems per acre, depth of muck,

average annual precipitation during the two years after planting, and the percent subsoil

clay all had a negative effect on height. Therefore an increase in any of these variables

would result in a decrease in height. The basal area per acre and average precipitation

during the four-month planting season had a positive effect on height, which would

increase height with an increase in the value of these variables.
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Validation of the model was conducted using both the cross validation and the
generalized cross validation methods. The model produced a mean squared error (MSE)
of 0.01456. The GCV method was applied to the model database and produced a MSE of
0.01472. The CV method when applied to the test database produced a MSE of 0.01916.
There is no convenient method for determining if there is a significant difference between
the MSEs found. However it may be possible through repeated sampling to create a
variance of the MSE by a bootstrapping procedure, which would allow for a more
significant testing of the difference. The desired effect of any model is the smallest
possible MSE. Given the close proximity of these MSE measures and the small
magnitude of the values, this model was considered satisfactory.

A further measure of model accuracy was a correlation analysis of the predicted
and actual tree height values. This analysis produced a correlation coefficient of 0.79.
Additionally, a variance inflation factor (VIF) was calculated for each of the explanatory
variables. When there is multicollinearity among the explanatory variables, the variance
and covariance of the parameters will be inflated. The VIF measures the amount of
inflation in the variance and covariance. As the collinearity approaches 1, or perfect
collinearity, the VIF approaches infinity (Gujarati, 1995). A problem does not exist until
the VIF reaches a value above 30 (Monahan, 1998). In the current model the maximum
VIF value for the parameters is 3.29 with five of the seven VIF values being 1, or no

collinearity.
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Figure 6.1. A graph illustrating the correlation between the predicted heights and the

actual heights.

To illustrate the level of potential bias produced in a height-age relationship
curve, the height predictions produced with this model are used to generate site index
curves that account for the additional influences of silviculture, soils, and environmental
factors. These additional influences are then isolated to illustrate the potential individual
impact that each influence may have on the site index curve. As the family of site index
curves example in the beginning of this paper illustrates, the guide curve approach
represents different levels of site quality. A family of site index curves was produced
using the mean of each variable in the model while varying age and one variable at a

time. Figures 6.2, 6.3, 6.4, 6.5, 6.6, and 6.7 graphically represent these impacts. It is
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important to note that the graphical illustrations are to indicate the empirical

influence on predicted height, which is not the same as statistical significance.

6.3.1 SILVICULTURE
The number of stems per acre ranges from 10 to 2,221. However the vast
majority of the data lies in a range from 100 stems to 400 stems with a mean of 160.

Table 6.3. The distribution of the number of stems per acre.

Stems Frequency
50 82
100 359
150 533
200 464
250 316
300 233
350 154
400 75
More 90

At the mean of 160 stems per acre the height, at 25 years of age or the site index, is 61.4
feet. However, as the number of stems increase to 400 stems the predicted height
decreases to 47.1 feet. A similar but reversed impact is found in the change of basal area
per acre. Basal area per acre ranges from 10 to 210 square feet with the mean at 88.23

square feet per acre.
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Table 6.4. The distribution of basal area per acre.

BA Frequency

25 35

50 212

75 440

100 960

125 403

150 205

175 43

200 6

More 2

The mean basal area per acre at the base age of 25 produces a predicted height of 61.4
feet. The eighth percentile is 60 square feet of basal area and produces a predicted height
of 53.5 feet. The ninety fifth percentile is 150 square feet of basal area and produces a
predicted height of 75.7 feet. These values are represented graphically in figures 6.2 and

6.3.
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Figure 6.2. The negative impact on site index from a change in the number of stems per

acre.
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Impact on Site Index from a Change in
Square Feet of Basal Area Per Acre
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Figure 6.3. The positive impact on the site index from a change in the basal area per

acre.

6.3.2 SOIL CHARACTERISTICS

The soil descriptors, depth of muck and percent subsoil clay, both have a
negative effect on height, just as theory would suggest. The range of depth of muck is
from 0 to 31 inches with a mean of 7 inches. At 3 inches the predicted height is 63.5 feet
and at 22 inches the predicted height is 55.3 feet. The percent subsoil clay ranges from 5

to 45 percent with a mean percentage of 18.6 percent. The predicted height at 5 percent
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clay is 62.9 feet and at 45 percent is 61.3 feet. These values are represented graphically

in figures 6.4 and 6.5.

Impact on Site Index From a Change
in the Depth of Muck
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Figure 6.4. The negative impact on site index from a change in the depth of muck in

inches.
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Figure 6.5. The negative impact on the site index from a change in the percent subsoil

clay.

6.3.3 ENVIRONMENTAL FACTORS

Average precipitation during the December through March planting season
ranged from 2.7 to 6.7 inches monthly and the average total precipitation during this
period ranged from 10.9 to 26.7 inches. As the average precipitation for the four-month
planting season increased from 12 to 20 inches, the predicted height increased from 60.5
to 63.1 feet. Conversely, average annual precipitation over the first two years after
planting had a negative impact on predicted height. As the two year average precipitation

increased from 47 to 67 inches, predicted height decreased from 62.8 to 60.5 feet. The
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monthly average precipitation during the first two years for the saplings ranged from 3.9

to 5.5. These values are represented graphically in figures 6.6 and 6.7.

Impact on Site Index From a Change
in Precipitation During the Planting
Season
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Figure 6.6. The positive impact on the site index from a change in the average

precipitation during the four month planting season.
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Impact on Site Index From a Change
in the Avg. Precipitation During the
Two years After Planting
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Figure 6.7. The negative impact on the site index from a change in the average annual

precipitation during the first two years after planting.

7.0 DISCUSSION AND CONCLUSIONS

7.1 SILVICULTURE
The prediction model presented here contains two significant management
variables, number of stems per acre and basal area per acre. Tree height is considered to

be independent of these variables in conventional silvicultural theory, except in either
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density extreme (Frederick, 2000). This is the maintained hypothesis of using site index
as a site quality measurement. However, the current research indicates that both of these
variables have a very significant impact on height growth in the Hofmann Forest. The
number of stems per acre has a negative impact on height, indicating as management
increases the number of stems planted in a stand, production of the site in terms of height
growth will be decreased. However the basal area per acre has a positive relationship.
Therefore within the range of the data, a higher basal area at a given number of stems will
result in higher tree heights. This is also controlled by management through the thinning
practices employed.

The traditional site index approach, height-age relationship, is chosen over the
volume-age relationship due to the number of factors affecting the diameter growth in a
stand. These factors are much more complex to isolate and model to produce an accurate
estimate of site quality. Therefore the volume-age relationship is deemed “unfriendly” to
use. However the results of this research strongly suggest these same factors influence
the height growth pattern of a stand over time as well. Therefore the height-age
relationship may be suspect to many of the same dilemmas facing the volume-age
relationship. Production of a site is evaluated solely on volume of wood fiber the site can
produce. Since height growth is influenced by these factors in the same manner as
diameter growth and volume estimation is usually the desired goal, estimation of volume
directly may be advantageous. Initial use of this model to estimate volume directly was
promising given an r-squared of 0.81. Estimation of height growth with the height-age

relationship may simply introduce more error.
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7.2 SOIL CHARACTERISTICS

There have been several attempts at developing a site quality estimate from soil
descriptors in the past. Many of these studies found similar results. Four of the six
previous studies found the amount of clay present in the subsoil to have a significant
impact on tree heights, as was found in this research. This is due to the drainage
capabilities, or lack of, pertinent to this soil type. A very fine textured soil, such as clay,
does not facilitate drainage and when it occurs in the subsoil it functions as a shelf. The
water can drain down to it but then it is held due to the change in permeability of the soil.
The depth to this “shelf” is critical to the rooting conditions because if the depth is too
shallow there will not be sufficient drainage to assure proper rooting conditions. This can
inundate the roots of the tree and thereby restrict growth. There is the possibility of
lateral drainage if the “shelf” is tilted but in the lower Coastal Plain this form of drainage
is small relative to vertical drainage. This supports T. S. Coile’s theory regarding the
impact of the soil properties on the quality and depth of growing space for roots.

Hofmann found that areas that were saturated with water for the majority of the
year contained higher levels of organic matter, which maintain a high level of water
saturation (Hofmann, 1949). Depth of muck (muck is 35% organic by weight) was found
to be significant in predicting tree height. The inverse relationship between depth of
muck and tree height is further evidence that high water concentration in the space
utilized for rooting has a negative impact on tree height.

Drainage is of utmost importance in the Hofmann Forest. As many of the

previous studies have alluded to, water may well be the single most important factor
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affecting tree growth in the forest. Five of the six previous studies found some form of
drainage to be significant in predicting tree height, but more importantly, all of the other
variables found significant reflect the water regime in some manner (not including the

management variables introduced in this research).
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Figure 7.1. Histogram of the distances from plot to ditch.

During the initial stage of this analysis an indicator model was developed to
determine any thresholds that might be present in the data (See Appendix). In the
analysis of the distance variable two thresholds were discovered, one at 40 feet and the
second at 320 feet. As illustrated in figure 7.1, these thresholds occur at the mode of the
distribution and at the point where the influence becomes white noise. Also, the indicator
model produced a positive influence on height at 40 feet and a negative influence at 320

feet. This is also supported by Pruitt and Teate’s findings.
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The insignificance of distance to drainage when included in the full model could
be due to two factors. First, when analyzing distance across the entire forest, age is not
held constant. Therefore the variation in height may be dominated by differing ages.
Further attempts to isolate the affect of distance included an interactive variable of
distance multiplied by age; this was also insignificant. Second, as the distance from the
ditch increases other variables, i.e. soil variables are also changing. Again, interactive
variables failed to pick up the effect of distance. Analyzing the effect of distance alone
on tree heights found distance to be negatively significant. Distance to drainage is
understood to have a significant affect on tree height but further research is needed to

isolate and determine the extent of that influence.

7.3 ENVIRONMENTAL FACTORS

Past research indicates that some element of the water regime is the most
influential variable on production within the Hofmann Forest. This is due to high water
table levels and poor draining conditions. Given these conditions, additional
precipitation can lead to inundation of trees during the first seral stage (10 years). The
results found in this research indicate a positive correlation for precipitation during the
planting season and a negative correlation over the two years following planting. This
could possibly be explained through the use of bedding practices. A bed is a mound of
dirt elevated above the ground surface. The sapling is then planted in the top of this
mound. The positive correlation with respect to precipitation during the planting season

may be the result of elevating the sapling roots to ensure the prevention of exposure to

45



the water table. This is the general theory behind bedding practices (Frederick, 2000).
Therefore the sapling needs the precipitation, as it is the primary source of water.

The negative correlation found with respect to the two years after planting may be
explained through increased root growth. As the tree grows and the root bowl expands,
the taproot of the tree will grow rapidly in search of water. As the roots grow beyond the
bed and encounter the water table, additional precipitation can lead to inundation of the
roots. This is particularly true for young trees that cannot utilize high amounts of water.
It is important to note these explanations regarding precipitation are “possible”
explanations of what is seen in the data. It is beyond the scope of this research to

scientifically support these suggestions.
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Figure 7.2. An illustration of the distribution of precipitation for both the planting

season and the first two years of growth.

7.4 SITE QUALITY

Currently on the Hofmann Forest, the site quality measurement that is used is the
direct result of the research and modeling done by T. S. Coile. The model presented here
was used to predict heights at the index age of 25 years old to render a site index measure
for comparison to the existing quality measure. A correlation analysis of Coile’s
predictions and the predictions offered here produced a correlation coefficient of 0.0647.
The mean site index across the forest predicted by Coile is 72.54 feet at a base age of 25

years. This is 10.94 feet higher than predicted by the model presented here. Furthermore
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the correlation between the predicted heights from the model presented here and the
recorded heights from the timber inventory are 0.79 as opposed to the correlation
between Coile’s estimates and the inventory data of 0.22. The models utilized by Coile
were somewhat guided by the previous research mentioned in this paper and contained
various soil descriptors. Management and precipitation were not represented. Coile’s
research strongly influenced the soil descriptors used in this research indicating that
management and precipitation variables are largely responsible for the difference found
in the two predictions.

The F-tests conducted in this research indicate that height is not independent of
silvicultural schemes. Therefore silvicultural schemes cannot be prescribed based on the
site index curve of the height-age predictions. These site index curves are used to
illustrate the growth pattern of the tree or stand. Once the silvicultural schemes are
chosen, the trees are then on a different growth pattern curve than planned for.
Additionally, a structural test of Coile's model was found highly insignificant in
predicting tree heights. The test produced an F-statistic of 0.15 with a p-value of 0.7033.
The low correlation found in Coile’s predictions indicates that the soil-site study
previously used on the Hofmann Forest is not sufficient to measure site quality. Soil
characteristics do explain some of the variation in height, and age explains a large portion
of the variation. However neither is sufficient to estimate site quality alone.

The site quality measure is used as an input variable in a decision model for
managing the land. The goal of the optimization model is to maximize the returns
produced. If the site index measure is erroneous then the optimization model will

compound this error through the resulting management prescriptions. As shown by
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Frederick, an increase in silvicultural investments on a poor quality site will have smaller
returns than applying them to high quality sites (Frederick, 2000). This could potentially
direct silvicultural investments to less than optimal sites. Furthermore if the variation in
height growth is subject to a multitude of influences as is volume the advantage of using
height as a proxy is lost. These implications have been specifically tested on the
Hofmann Forest, but the importance may be that the traditional methodology for site
quality estimation is fundamentally flawed.

The use of the traditional site index measure in a decision model creates an
inherent endogeneity problem. Since the goal is to eventually predict the volume
consequences of management decisions, perhaps it would be best to estimate a function
dependent on site quality and the actions of management rather than assume these are

mutually exclusive.

8.0 APPLICATION ON THE HOFMANN

A new site quality measure needs to be initiated to allow for adjustments to be
made to the static site index measure. The conventional site index measure is derived
from a function of the height-age relationship. This function is produced for a specific
site or a more general function is produced for an entire region. The function, whichever
is used, will produce a family of site index curves as described in the introduction.
However if the underlying function that produced these curves is incorrect then a false
production level is projected. As seen in the results presented here the height-age
relationship is insufficient to describe the growth behavior. Therefore the underlying

function should be adjusted to allow for the effects of various other influences.
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The increased use of GIS on the forest will provide a more efficient means of
tracking and monitoring the stands of the forest. This could be done in much the same
way as utilizing the traditional static site index curves. However by including the new
adjusted function in the GIS, the tracking and monitoring becomes more dynamic and
instantaneous. Instead of having a family of curves to determine the growth path of the
stand there would only be one curve that is updated with every action of management.
For example, a stand is established and a growth curve is projected. As the stand ages
and mortality is experienced, environmental conditions change, silvicultural schemes
employed, etc. the growth curve will be adjusted to the new path. The GIS would contain
all site quality data available, the new function, and the GPS (Global Positioning
Satellite) coordinates of the exact location in question. The data collected from a
standard cruise could then be entered and the growth path would be adjusted. This allows
for a site specific growth path to be determined for every site. Furthermore hypothetical
data could be used to determine and measure the effects of various silvicultural schemes
prior to their implementation.

The ability to accurately track the growth path of a stand will provide
management with a more reliable forecast of returns. Accurately tracking the growth
path will also assist in optimizing returns by preventing the misdirection from the
application of silvicultural techniques. This will lead to a more efficient utilization of the
forest's resources in meeting the diverse objectives of management. Therefore by
allowing adjustments to be made for the factors influencing the growth path and the

utilization of GIS, an accurate site-specific production estimate can be achieved.
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10.0 APPENDIX
10.1 INDICATOR VARIABLE APPROACH

The development of a new management plan for the Hofmann Forest called for a
better understanding of the forces at work within the forest. Therefore a search for the
factors influencing tree growth was undertaken. The search was conducted through the
development of a model. Considering there is no known functional form for the model
all variables were converted to indicator variables. An indicator model, although linear,
can be used to test for thresholds. The resulting indicator model will guide the
development of a continuous model. A threshold is a point of significant change. For
example, using an indicator variable for each age would detect changes in the growth
pattern by year. Changes could be due to any year specific variable like weather or
management. Thresholds in a soil descriptor or distance to drainage, for example, could
have significant management implications.

Distance to drainage was converted to an indicator variable for each 20 feet of
distance a plot occurred from a ditch or stream up to 300 feet and then for each 100 feet
beyond that. This breakdown was used based on the research of Pruitt and Teate. Pruitt
found a negative relationship between distance to drainage and tree height up to a
threshold of 500 feet on the Hofmann Forest. However, Teate found that the optimal root
space of 18 to 24 inches (in relation to the water table) was found out to a distance of 160
to 200 feet from the ditch. The analysis of these indicators will provide an understanding
of the effect of ditching at all distances in the data, thereby providing an indication of

optimal ditch spacing.
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The indicator model was regressed as a two step process. First, the Lht was
regressed on the collection of indicators of each variable, i.e. age, to find the significant
thresholds in each variable. For example, the regression of Lht on the age indicators
revealed that timber planted in 1986 had a mean well below that expected. After a
review of the timber stands in the GIS, it was found that one of the three stands planted in
1986 exhibited extremely poor growth or the data was corrupt, which led to its
elimination from the data set. The second step was to regress Lht on only the significant
thresholds of all variables. Many of the soil characteristics were directly correlated,
which produced problems of multicollinearity. This would have no affect on the
prediction power of the continuous model but it would diminish the ability to make
inferences regarding the parameters of the explanatory variables. The insignificance of
several of the explanatory variables led to a manual backward step-wise operation using
soil theory to indicate which soil variables were most closely related. The resulting

model was then used as a guide to help produce the continuous variable model.

Table 10.1. Indicator variable model.
Lht = a + by(agel9) + by(age24) + bs(age33) + by(depfine6) + bs(depfine8) + bg(dem3) +
b7(del3) + bg(drain5) + bg(subsoilC) + big(subsoilE) + byi(elev2) + bix(precip2) + e
Where: Lht = log of the tree height in feet
Agel9 = tree age of 19 years
Age24 = tree age of 24 years
Age33 = tree age of 33 years

Depfine6 = depth to finest subsoil texture (class 6 with mean of 42 inches)
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Depfine8 = depth to finest subsoil texture (class 8 with mean of 66 inches)
Dem3 = depth of muck (class 3 with mean of 16 inches)

Del3 = depth of loam (class 3 with mean of 16 inches)

Drain5 = drainage class 5, very poorly drained

SubsoilC = sandy loam subsoil type with a 10% clay content

SubsoilE = sandy clay subsoil type with a 40% clay content

Elev2 = elevation of 45 to 50 feet above sea level

Precip2 = class 2: length of average precipitation (two year average precipitation)

Each of these variables represents a significant threshold within their respective group.
This model was an intermediate step to provide an understanding of the relevant variables
that can be used for prediction in a continuous model. It is important to note that the
thresholds may be influenced by the presence of other variables and therefore prevent

inferences to made.

10.2 CONTINUOUS VARIABLE APPROACH

The soil characteristic variables in the data set are class variables. In developing
the continuous variable model, these class variables were converted to continuous
variables by using the mean of each class. This changes the class variable to an ordinal
measure that can be used for inference. For example, depth of muck is tabulated as
integers from O through 5. Each class represents inches of muck present and the original
data collected listed only the mean inches of each class. Therefore a true continuous

variable could not be developed but the ordinal ranking was sufficient for this study.
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After the variables were converted into continuous form they were regressed on the Lht.
Again there were problems of multicollinearity and a manual stepwise operation was
conducted. This eliminated all site characteristics, i.e. elevation, drainage, etc., except
precipitation and soil descriptors. The resulting continuous variable model was

developed using the insight found in the indicator variable model.

Table 10.2. Continuous variable model.
Lht = a + by (LINAGE) + b,(LNTPA) + b3(LBAPA) + b,(LPRECIP) +

bs(LPRECIP2) + bg(L%CLAY) + b7(LMUCK) + e

Where: Lht = log of the tree height
LINAGE = log of the inverse of age
LNTPA = log of the number of stems per acre
LBAPA = log of the basal area per acre
LPRECIP = log of the average precipitation during the four month planting
season
LPRECIP2 = log of the average precipitation of the two years after planting
L%CLAY = log of the percent clay in the subsoil

LMUCK = depth of muck

The influence of various site characteristics, soil descriptors, and variables
representing management decisions was tested. The soil descriptors are both expected to
have a negative impact on height growth. High percentages of clay in the subsoil will

create an impermeable layer that will deter drainage (Metz, 1950). The prevention of
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drainage in the wetland areas of the Hofmann forest will inundate the roots, which is
especially damaging in the first few years of the tree’s life. Also, increasing the depth of
the organic layer (muck) will have a similar impact of inundating the roots as prescribed
by Hofmann (1949). The impact of precipitation is unknown. Any tree does need
precipitation to grow but an abundance of rain in wetland conditions can increase the
problem of inundation. However, Pruitt, Teate, and others have shown how a ditch
network can overcome much of this problem. The water table level can be lowered
through ditching, thereby producing a rooting space that lies above the water table.

The results of this model were extremely similar to the results of the prediction
model in the main text. Refer to the results section for the prediction model of this

research.
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