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PREFACE

In order to better understand the wbrk presented in
this study, it is necessary to understand several topics
from mensuration and forest sampling. First, the problem
of concern is improvement of the variance associated with
the estimation of forest growth from remeasurement of
permanently established locations in a forested area. When
sample trees at these locations are chosen by an angle
gauge the locations are often called permanent points. To
simulate this on a computer data are required which give
the position of each tree (using a Cartegian coordinate
system) relative to every other tree and the entire border
of the forest stand. Data of this type are known as mapped
stand data. The data cohsist of the Diameter at Breast
Height (DBH), (the diameter of the tree at a standardized
height of 4.5 feet above the ground) and the total height
of the tree at each specified age.

Second, two different sampling systems are compared in
order to determine which one estimates growth with the
least variance. The first method is known as Horizontal
Point Sampling and shall also be written as HPS. It is a

system of forest sampling that selects trees by using an



angle whose vertex is centered at a point in the forest.
The second method is called Critical Height Sampling and
shall also be called CHS. Two characteristics of each
system will be examined. The first, the volume estimator,
refers to the estimate of forest volume obtained with the
use of each sampling system. The second, the growth
estimator, refers to the estimate of forest growth obtained
with the use of each sampling system.

Third, two common topics in mensuration will be
mentioned. In this study K is a constant which, when
multiplied by the square of the Diameter at Breast Height
(DBH) of a tree, gives the cross sectional area of the tree
at Breast Height (4.5 feet above the ground) in square
feet. This is called the Basal Area (BA) of the tree.
Basal Area (BA) can also be expressed in terms of an entire
stand (on a square feet per acre basis). Similarly, there
is a constant K associated with metric units which when
multiplied by the square of the DBH in centimeters (cm)
yvields Basal Areé in square meters. In the metric system,
the Breast Height is 1.3 meters (m) above the ground and
Bagal Area (BA) is in square meters (for a single tree) or
square meters per hectare (for an entire stand). The Basal
Area Factor (BAF) is the number of square feet of Basal
Area per acre that is represented by each and every sample
tree selected by an angle gauge in horizontal point

gsampling or critical height sampling. In HPS and CHS, the



BAF is the same for each tree tallied.

Finally, each sample tree will be classified into one
of five different categories. The categories represent the
different types of individual tree growth encountered in
growth estimation through horizontal point sampling. The
categories and their definitions are from Martin (1982).

1) Ingrowth trees are belﬁw the minimum dbh and "in"
at the first measurement but grow enough to exceed
the minimum dbh at the second measurement.

2) Survivor trees are above the minimum dbh and "in"
at both measurements.

3) Mortality trees are above the minimum dbh and "in"
at the first measurement but die prior to the
second measurement.

4) Ongrowth trees are below the minimum dbh and '"out"”
at the first measurement but are above the minimum
dbh and "in" at the second measurement.

5) Nongrowth Trees are above the minimum dbh and
*out” at the first measurement but are "in™ at the
second measurement.

I wish to express my gratitude to Dr. Thomas B. Lynch
for his guidance and help during this project. I also wish
to thank Dr. David W. Robinson and Dr. P. Larry Claypool
for serving on my graduate committee. Many thanks are also
extended to Mr. Joe Douglas of the University Computer
Center for his help with several seemingly unsolvable

computer problems.
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CHAPTER I
INTRODUCTION

A "new" method of sampling for volume without the use
of a volume table has existed for over twenty years. The
method, known as critical height sampling, provides an
unbiased estimate of stand volume by extending the use of
horizontal point sampling to the third dimension in order
to sample volume directly (Iles 1974, McTague and Bailey
1985).

The critical diameter of a tree is the point on the
stem at which both sides of the sampling angle touch the
stem when the vertex of the angle is at a randomly or
systematically located sample point on the ground. The
critical height is the distance from the groundline
diameter to the critical diameter. An unbiased estimate of
stand volume can be obtained by multiplying the sum of
critical heights at a single sample point by the basal area

factor.

n
Volume per acre = BAF ¥ (Z chj) 1)
1=1



An advantage of critical height sampling is that it
provides a direct estimate of stand volume without the use
of a volume table. Thus, any bias due to volume tables is
eliminated (Iles 1979b). Since the method is sensitive to
tree form and requires no taper assumptions, it works for
any species, tree taper or utilization standard (lles
1979b, Lynch 1986, Van Deusen and Meerschaert 1986).
Another significant advantage is in the treatment of
ongrowth and nongrowth trees in growth estimation (Iles
1979a and 1979b). The growth estimator in critical height
sampling maf allow the contribution to volume by ongrowth
and nongrowth trees to be gradual, thus avoiding the big
Jump in the total volume estimate caused by ongrowth and
nongrowth trees in permanent points. If the variance of
the volume growth estimator of critical height sampling can
be shown to be comparable to (numerically) or smaller than
the variance of the volume growth estimator of horizontal
point sampling, this would provide strong evidence in
evaluating critical height sampling for practical use in
growth estimation. Therefore, the main objective of this
study is to compare the variances of the two growth
estimators and the two volume estimators (numerically) to
evaluate the practical use of critical height sampling in
growth and volume estimation.

There are some disadvantages to CHS which should be

congsidered in this analysis. It is not obvious whether



mortality affects the CHS volume estimator more than the
HPS volume estimator, since the critical height of a
mortality tree can be larger or smaller than the tree VBAR
(Iles 1979b). There are also several disadvantages
invloving the field application of Critical Height
sampling. Iles (1979b) lists the following problems.

1) The critical point may not be visible from the
sample point, generally because of foilage.

2) The angle of measurement may be so steep that it
makes measurement difficult.

3) The instrument (usually a relascope) simply may
not be sufficiently accurate in locating the
critical point even when it is clearly visible at
a reasonable angle.

A detailed explanation of these disadvantages will be given
in a treatment of the field application of critical height
sampling.

Critical height sampling was discovered in 1962 in
Japan by Masami Kitamura. In 1968 he published a paper
concerning indirect methods of critical height
measurement. Iles (1979b) documents that in 1971
Bitterlich reported on Kitamura's method and that a brief
summary was included by Finalyson in 1969 in the manual for
the wide scale relascope.

In 1974 Kim Iles independently rediscovered the

method. He called it Penetration Sampling and represented



his system as a series of random lines penetrating the
volume of space in the forest. He then discovered a
translated article by Kitamura (1968) in a literature
review containing a diagram and formula which helped
establish the similarity between his own work and that of
Kitamura.

In 1976 the first English journal article on CH
sampling appeared in Commonwealth Forestry Review. It was
Wwritten by Bitterlich and had been translated from a German
periodical. Bitterlich's textbook (Bitterlich 1984)
provides a summary of the relationship between critical
height sampling and the relascope as well as an explanation
of gsimilar methods presented in the Japanese literature.

Unbiasedness of critical height sampling for two
specific published tree taper models is reported by McTague
and Bailey (1985). Van Deusen and Meerschaert (1986) show
critical height sampling to provide unbiased estimates of
volume for any taper model. Unbiasedness is shown when
tree selection is made by diameter at stump height.
Selection by DBH assumes that the volume between DBH and
stump height is a clyinder. Lynch (1986) also showed
unbiasedness for any tree taper with tree selection made by
diameter at stump height and describes a method for
correcting the bias resulting from tree selection by DBH.
This correction uses an appropriate taper equation to

estimate the volume of the tree between DBH and stump



height that is outside the cylinder defined by DBH.
McTague and Bailey (1985) present a factor that corrects
for bias due to selection at DBH that is correct when the
taper function of Clutter (1980) is applicable. Kitamura
(1962) shows unbiasedness for his system by using a
different mathematical approach.

Kitamura's 1968 paper seems to have been an attempt to
eliminate the direct measurement of critical height by
using an indirect method such as a taper equation or a form
factor to estimate the critical height. Ueno (1979)
proposed a system which has been termed space point
sampling. Tree selection is made using an angle gauge but
»at each sample tree a random height between 0 and an
estimated maximum tree height is chosen and compared to
either the ocularly estimated or directly measured critical
height. 1If the random height falls between 0 and the
critical height the tree is measured as "1" otherwise it is
measured as "0”. Volume per unit area is obtained by
multiplying the BAF, the maximum tree height and the sum of
tree measures at a single point. The advantage of this
method is that very few critical heights need to be
measured so the method will be faster in the field while
still giving unbiased estimates of volume. Therefore,
Uneo's method greatly simplifies the application of
Kitamura's basic concept (Bitterlich 1984).

A 1982 computer simulation study by Sterba compared



Bitterlich's, Kitamura's, Ueno's and Minowa's (1979)
methods of volume estimation. The study showed that
horizontal point sampling estimates volume moré precisely
than critical height sampling. Ueno's method ranked below
CHS and Minowa's method had the highest variance of the
methods tested by Sterba (1982). Minowa's'method (1979) is
based on measurements of upper-stem diameters at a fixed
vertical angle from a centerline on the ground of fixed
length (see Bitterlich 1984). The most significant result
of Sterba's étudy is the evaluation of the field procedure
of each method. Ueno's method only requires the user to
measure approximately one or two trees per sample point (in
Sterba's simulation) while about 11 or 12 trees were
measured per point or line with Bitterlich's, Kitamura's
and Minowa's methods. Thus, Ueno's method allows one to
put in about three times as many sample points in the same
amount of time which helps to make up for the lack of
precision in the method. Therefore, Uneo's method is the
most cost efficent of the methods tested by Sterba (1982).

Iles (1979a) suggests that the variance of critical
height sampling is "approximately”™ the same as the variance
of horizontal point sampling in volume estimation. McTague
and Bailey (1985) give a proof indicating that the variance
of horizontal point sampling is less than the variance of
the critical height sampling volume estimator when

parabolic taper is assumed. Van Deusen and Meerschaert



(1986) discuss conditions under which the variance of
volume estimation using VBAR sampling is less than would be
obtained by using CHS.

Iles (1979a) first proposed the use of critical height
sampling for growth estimation. His objective was to
reduce the problems éreated by ongrowth and nongrowth
trees. He also realized that mortality may cause problems
because a tree that dies can cause the sum of critical
heights to decrease more than the sum of VBAR's on a
permanent point. McTague and Bailey (1985) showed that the
variance of nongrowth is less with critical height sampling
than with horizontal point sampling under the assumption of
a random spatial distribution. They also showed that the
critical height sampling growth estimate is equal to the
difference in volume estimates at the measurement times
defining the growth interval. McTague and Bailey (1985)
also suggested that the variance of the growth estimate of
critical height sampling might be less than that of

horizontal point sampling, but did not give a proof.



CHAPTER I1
METHODS AND MATERIALS
Remeasured Plot Data

Remeasured permanent plot data is often used to measure
volume growth. Data consisting of remeasured diameters and
heights at intervals for mapped stands were not available
for this study. Therefore, it was necessary to simulate
such data so that they could be used to compare the
performance of the forest stand growth estimators. A
forest growth simulator written in FORTRAN by Daniels and
Burkhart (1975) was used to simulate remeasured mapped
stand data for 1ob1011y pine (Pinus taeda). The simulator
was used to generate‘loblolly Pine plantations with 600
surviving trees per acre at age seven. The stands were
grown to age 60 and the DBH and total height were recorded
at five year intervals from age 15 to age 60. A site index
of 60 (base age = 25) was used and no cultural treatments
were applied during the simulations. The program allowed
simulation of thinning and fertilization but these factors
were not included because test stands containing cultural
treatments were not initially deéired. Forty-nine blocks

of 0.9878 acres each were created and stored on computer
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disk. Each block contained 676 cordinates or possible tree
locations. The program adjusted for mortality so not all
the trees were alive at age 15. Trees which died between

age 15 and age 60 were assigned zero height and dbh at
every age after the five year interval in which the tree
died. The 49 blocks can be merged into one data set in
order to create a mapped stand which is larger than one
acre. Since the blocks are approximately one acre in size
and are all square only square stands of approximately 1,

4, 9, 16, 25, 36 and 49 acres could be used.
Mirage Method for Correcting
Boundary Overlap

Since the simulations in this study occur on a one acre
stand, a correction for boundary overlap must be applied.
When a sample point is located too close to the edge of the
tract the sample estimate will be biased because the area
to be sampled by that point does not lie completely within
the tract (Beers 1976).

When the area to be sampled by a fixed radius ﬁlot
extends beyond the tract boundary it is subject to boundary
overlap. In horizontal point sampling no boundary overlap
can occur when plot centers are required to be at least as
far from a boundary as the radius of the variable plot

asgsociated with the largest tree.
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On a large tract with minimal boundary (square or
rectangular tract shape), the sample points can be located
far enough away from the border so that no correction is
necessary, and bias will be negligible if the nature of the
forest in the boundary area is not greatly different from
the forest as a whole. In critical height sampling the
selection of trees is the same as in horizontal point
sampling therefore, any correction method for point
sampling will also be applicable in critical height
sampling.

The mirage method developed by Schmid-Hass (1969) for
correction of bpundary overlap has been described by Beers
(1976). To apply the correction one simply establishes
another sample point on the opposite side of the boundary.
The distance from the "Mirage point"™ to the boundary is the
same as the distance from the original point to the
boundary (Figure 1). Then the sample angle is projected
back onto the tract and those trees selected by the angle
gauge which are also located inside the original tract are
tabulated again and included in the estimate of the
sampling characteristic at that point. If the sample point
is located in a corner three "Mirage points”™ are
established (one in relation to each side and a third which
is diagonally opposite of the original point in
relationship to the two boundaries). Then the angle gauge

is used to tabulate trees which fall into the sample angle
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and are still located on the original tract. These trees
are also added to the point estimate. Thus it is possible
for a tree to be tabulated 1, 2, 3; or 4 times if the
sample point is located in a corner. In variable plot
sampling only the plots of trees located partially out of
the tract in question need to be corrected. The Mirage
method actually corrects boundary overlap on a per tree
basis. For these reasons the Mirage method was used to
correct for boundary overlap in all simulations of
horizontal point sampling and critical height sampling in

this study.
Taper Equations and Shape Assumptions

Since the data set used for computer simulation of
critical hgight sampling consists only of tree coordiantes,
DBH's and heights, a taper function must be used to obtain
critical heights of sample trees. The consideration of
different tree shape assumptions is important because
different sets of assumptions may influence the variance of
both volume and growth estimation. Three different shape
assumptions were used.

The first method was to calculate the volumes and
critical heights assuming that each tree had the shape of a
cone with the given DBH and total height. The total cubic
foot volume of the tree was calculated using the formula

for the volume of a cone. To calculate the volume in ft3
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from a diameter in inches and a height in feet the
following equation was used:

V= (x/3)(DBH/24)>2(H) 2>
To calculate the critical height of an individual tree the
following taper equation was used which gives heights to
specific upper stem diameters for solids generated by
rotating a power curve about an axis (Van Deusen and Lynch
1987 ):

h(d>= H - H (d/DBH)(r/2> (3)
If r=2, then equation (3) generates a cone. The second
type of shape assumption used was that of a paraboloid.
The formula for the volume of a paraboloid was used to
calculate individual tree volumes. Since DBH was given in
inches and total height in feet, the equation was converted
to

V=(x /2)>(DBH/24)2(H) (4)
To obtain the critical height using the assumption of
paraboloic shape, taper equation (3) was used with r=4.
For simplicity the difference between DBH and stump
diameter was ignored in equation (2), (3), and (4).

The third shape assumption consisted of a segmented
taﬁer equation presented by Cao, Burkhart and Max (1980).
Their study compared two different methods used to estimate
volumes to specific upper4stem diameter limits. One of the
methods involved using taper equations which can be

integrated to give volume to any top diameter limit. There
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were twelve different functions evaluated in the study
using loblolly pine (Pinus taeda) data from plantations and
natural stands. Equation (5) ranked first in predicting
volumes to top diameters, third in estimating diameters and
fourth in predicting volumes to various heights. Equation
(5) was also judged to be a reasonably good multipurpose
taper equation. It was for these reasons that equation (5)
was used as the main shape assumption in this study. Since
parameters in the equation were given in metric units, tree
dimensions were converted to metric units when the equation
was used to calculate critical heights. The critical
height was then converted to English units. Cao, Burkhart,
and Max (1980) used the following equation to calculate
upper—-stem diameters corresponding to given heights:

(d2KH/V - 22) = bq(3z2-22)

+ botz-aq )21y

+ bz(z-a)2Is (5)
where
bqs bos b3y aq1s ao = regression coefficients

I; =1, 2 > a; 5 i=1, 2

0, z < aj
I4 and I5 are indicator variables that determine which
part of the equation is used, dependent upon the segment of
the tree in which the critical diameter is located.
The critical heiéht was determined in the following

manner (Cao 1978). Since aq and ap represent the two
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points joining portions of the equation on the bole of the
tree, the equation Was solved for ay and as and their
corresponding diameters d4 and do. Then the critical
diameter was compared with d4 and do in order to decide
which section of the tree contained the critical height.
The equation was then solved as a quadratic for =. The

critical height was then calculated by rearranging

Z (H - h)/H ' (6)
to

h

H(1 - =) (7)
This resulted in a critical height in meters which was then
converted to feet.

In order to obtain single tree volumes a compatible
volume equation was used. A volume equation is said to be
compatible with a taper equation if it gives volumes equal
to those obtained by intergrating the taper equation over

the length of the tree. The equation had the following

form:
V= by + byD2H (8D
where
bgs by = regression coefficients

As reported by Cao, Burkhart and Max (1980) equation (5) is
not completely compatible with volume equation (8),
therefore, the volume given by equation (8) must be
multiplied by a correction factor of 0.9896 to obtain

compatible total tree volumes. The regression coefficients
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used were reported by Burkhart (1977). Equation (8) was
used to calculate single tree cubic foot volumes used in
point sampling. Volumes required in the computation of the
critical height were calculated in cubic feet and then

converted to cubic meters in taper equation (5).
The Measurement of Forest Growth

Forest growth can be measured by simply subtracting two
separate estimates of volume at the same location taken at
different times. A common interval might be 5 or 10
years. Growth can also be measured by classifying each
sample tree into different categories of growth and then
determining net change in volume from time 1 to time 2
arithmetically. In addition, the contribution to variance
by each component of growth can be examined in order to
analyze differences in the performance of the HPS and CHS
growth estimators. Classifications of sample trees on
permanent points used in this section were taken from
Martin (1982) and Van Deusen, Dell and Thomas (1986), and
are defined in the preface.

Combinations of the six classes can be used to estimate
volume and change in volume in permanent point sampling
(Van Deusen, Dell and Thomas 1986). If no cutting occurs
in the interval, the volume at time 1 and time 2 of a
sample point can be estimated by

V1=s1+m (9
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and
Vo =1 + 0o+ go + n €10

The volume change can then be estimated at a single point

by
Vo = V4 =1+ 0+ 85 -89 +*+n-nm (11
The estimation process begins by assigning each sample
tree to its proper component. The appropriate estimator is

then incremented by either the VBAR (for horizontal point
sampling) or the critical height (for critical height
sampling). When the simulation is complete estimates of
each component of growth at each point can be used to
compute an estimate of the volume and the net change in
volume. Additionally, the estimate of the variance of each
growth component estimator can be examined to determine how
each sampling system treats each component of growth.

It has been suggested that critical height sampling
decreases contribution to the variance by ongrowth and
nongrowth trees in growth estimation, (McTague énd Bailey
1985, Iles 1979a). At the first measurement, time 1, an
ongrowth tree is submerchantable and "out", while a
nongrowth tree is merchantable and "out"™. Both trees are
merchantable and "in” at the second measurement at time 2.
When using permanent points to measure growth, the measured
growth between time 1 and time 2 on ongrowth and nongrowth
trees also includes the growth that occurred between age

zero and time 1. Growth estimation using critical height



18
sampling allows ongrowth and nongrowth trees to creep into
a permanent point estimate gradually. Since a tree is only
in up to a certain point on the stem (the critical
diameter) only a portion of the volume of that tree is
included in the volume per acre estimate. Thus, the
critical height measurement of the growth may more closely
reflect the true increment between time 1 and time 2.
However, the effects of mortality trees may cause the
variance of critical height sampling to increase because a
tree which dies may decrease the sum of critical heights
proportionally more than it would decrease the sum of
VBAR's in a ordinary permanent growth point (Iles 1979a).

A mortality tree is one that is merchantable and "in" at
time 1 but dies prior to time 2. An ingrowth tree is one
which was "in" at time 1 but was too small to be measured.
Ingrowth trees may create an additional problem because
they may have a relatively high critical height due to the

fact that they are close to the sample point.

Criteria For Comparing Estimators

An objective of this study is to evaluate the accuracy
of CHS estimators relative to HPS estimators. There are
two components of accuracy, bias and precision. If the
estimators are mathematically unbiased, the variance can be
used to evaluate the accuracy of the estimators. If the

true variance can be calculated, the estimator with the



19
lowest variance would be declared superior. If the true
variance cannot be calculated, simulation can sometimes be
used to closely approximate the true variances for variance
comparisons.

Horizontal point sampling has been shown to be
mathematically unbiased (Palley and Horwitz 1961).
Critical height sampling has also been proven to be
mathematically unbiased (Kitamura 1962, McTague and Bailey
1985, Lynch 1986, and Van Deusen and Meerschaert 1986). It
is difficult to calculate the true variance of HPS and CHS
due to the problems of computing the area of overlap
between plots of two or more trees. Therefore, simulation
was used to closely approximate the variances of the volume
and growth estimators of HPS and CHS in order determine
which system provides the most accurate volume and growth

estimators.



CHAPTER II1
RESULTS AND DISCUSSION

The results of this study indicate that the variance of
CHS in both volume and growth estimation is higher than
that of HPS in most of the situations investigated in which
the Cao, Burkhart, and Max (19803 taper equation is used,
and sample trees are selected by groundline diameter.
However, a detailed analysis of a complete simulation is
necessary in order to understand all of the factors
relevant to the comparison between the growth estimators of
critical height sampling and horizontal point sampling.
Therefore, a detailed description of a comparison will be
given between CHS and HPS for both volume estimation and
growth estimation, in which the segmented taper model
presented by Cao, Burkhart, and Max (1980) was used to
obtain volumes and critical heights. This simulation was
chosen for a more detailed examination because the taper
function of Cao, Burkhart, and Max (1980) more closely
resembles the shape of a real tree than does a cone or a
paraboloid. The mensurational characteristics of the test
stand used in this study are given in Tables IX and X in

appendix E. The summary in these tables includes the

20
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number of trees per acre, the basal area per acre, and the
volume per acre (according to equation 8) for each age.
Table X includes the actual volume of all ingrowth trees,
all mortality trees, and all the survivor trees; as well as
the net change in volume for each growth interval. In this
simulation a one acre stand was used with 1000 sample
points and a BAF of 10. Sample trees were selected by
groundline diameter rather than by DBH in order to obtain
exact unbiasedness. Selection of trees by DBH is the same
as assuming that the tree is a cylinder below breast height

(Van Deusen and Meerschaert 1986).
Volume Estimation

The graph of the volume estimator of CHS and HPS,
(Figure 2), demonstrates the unbiasedness of CHS but gives
no indication of the precisioﬁ of the CHS volume
estimator. The quality of the volume estimators can be
evaluated by comparing their variances. Figure 3 shows the
variance of the volume estimators of CHS and HPS at nine
ages. The variance of the CHS volume estimator is larger
than that of HPS in volume estimation for the conditions of
this simulation. These results support the theoretical
work of McTague and Bailey (1985) who give a proof
indicating that the variance of the CHS volume estimator is
greater than that of HPS when parabolic téper is assumed.

The largest difference occurs at older ages where there are
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Figure 2. Mean Estimate of Volume for Critical Height

Sampling and Horizontal Point Sampling.
The Taper Equation used was from Cao, Burkhart,
and Max (1980>.
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fewer but larger trees. The variance of HPS is much higher
when tree sgelection is by DBH, and at several ages is even
higher than that of CHS (Figure 4). The cases in which the
variance of HPS is higher than CHS may be due to the fac?
that CHS underestimates volume by about 3 to 4 percent in
this stand when tree selection is by DBH (Figure 5).
However, the variance of the CHS volume estimator remains
virtually unchanged in these two situations.

The coefficient of variation is a unitless measure
which expresses variance on a relative basis (Freese,
1962), therefore, an additional comparison and evaluation
of the variation of both volume estimators is possible
using the coefficient of variation. The coefficient of
variation of CHS is higher than that of HPS because CHS has
a larger variance at every age (Figure 6). A study by Iles
(1979b) using 200 sample points and vérying BAF 's showed no
more than a five percent margin between the CHS and HPS
coefficients of variation. The coefficent of variation of
CHS was not always greater than that of HPS. The study
assumed a conical shape for all trees. The comparisons
made by Iles (1979b) were with respect to the average
number of sample trees selected at the sample points and
not by age of stand. Coefficents of variation in Figure 6
are much lower than those obtained by Iles (1979b), which
ranged from about 65 to 140 percent. This can probably be

attributed to the homogeniety of the loblolly pine stand
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used in this study as compared to the Douglas fir stand
used in the simulations of Iles (1979b). The fact that
coefficients of variation for CHS and HPS were closer in
the study of Iles (1979b) than in the current study may be
due to differences in stand structures and taper functions

used in the two studies.
Growth Estimation

The graph of the HPS and CHS growth estimators in
Figure 7 shows that the estimates of growth from both
sampling systems are essentially equal. This demonstrates
the unbiasedness of CHS but does give any indication of the
precision of the CHS growth estimator. Therefore, it is
necessary to examine the variance of the growth estimators
of CHS and HPS. In Figure 8 the variances of the growth
estimators of HPS and CHS are compared. These results show
that the variance of the HPS growth estimator is less than
that of CHS at all ages execpt the first two. The lower
CHS variance at the first growth interval probably results
from a combination of a large HPS ongrowth variance, a low
CHS mortality variance, and a high HPS nongrowth variance
at the first growth interval (Figures 9, 10, and 11).

The gradual increase in the variance of CHS over HPS is
probably due to an increase in the CHS mortality variance
during the period from age 27.5 years to 42.5 years (Figure

10>, and a decrease in HPS nongrowth variance at all
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growth intervals, (Figure 11). The high increase in the
variance of CHS at ages 47.5 and 52.5 is due to a large
increase in the variance of the CHS mortality estimate at
those ages. This indicates that the CHS growth estimator
does not wWork well if mortality is high.

The results of the simulations which assume parabolic
and conical tree shape differ from the comparisons which
use the Cao, Burkhart, and Max (1980) taper equation. The
mean estimate of growth for HPS and CHS using a parabolic
shape assumption in Figure 12 shows that both the CHS and
the HPS estimators produce unbiased estimates of growth.
The variance of both growth estimates shown in Figure 13
show the variance of CHS to be lower than the variance of
HPS at the first six measurement intervals. The
distribution of mortality in the data set probably causes
the variance of CHS to increase above fhe variance of HPS
at the last two measurement intervals. The mean estimate
of growth using a conical shape assumption shown in Figure
14 also verifies unbiasedness of CHS and HPS estimators.
The variance of the growth estimators using a conical shape
assumption presented in Figure 15 shows that the varaince
of CHS is lower than the variance of HPS at only the first
three measurement intervals. The variance of CHS is higher
than that of HPS at the next three intervals but the
difference is small. The CHS variance is much greéter at

the last two intervals but again that is probably due to a
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high level of mortality.

The coefficients of variation of both CHS and HPS in
growth estimation with Cao, Burkhart, and Max (1980) taper
and selection by groundline diameter are shown in Figure
16. Since the net change in volume is negative at some age
intervals, somé of the coefficients of variation will be
negative. Thus, if the points located at ages 32.5 and
37.5 were connected they would incorrectly represent the
change in the coefficent of variation between the fourth
and fifth growth intervals, therefore, the graph is
cong8tructed of four distinct lines to more accurately
represent transition betweén the positive coefficients of
variation and the negative coefficients of variation for
both sampling systems.

As mentioned previously there is a bias in total cubic
volume when trees are selected by groundline diameter
rather than by DBH. The difference in total cubic volume
encountered in this study was between 3 and 4 percent.
Sighting trees to groundline diameter causes the tree
factor in HPS to decrease which causes the HPS variance to
decrease. The CHS variance is not reduced
correspondingly. Therefore,; the variance of volume and
growth estimation in CHS looks better relative to HPS when
compared to the other results presented in this chapter.
The mean estimate of growth for HPS and CHS when tree

selection is by dbh is graphed in Figure 17. The estimates
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