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conditions comparable to those from where the original
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DEVELOPING AN EQUATION FOR MAKING ESTIMATES OF
DIAMETER INSIDE BARK AT VARIOUS HEIGHTS UP

THE STEM IN DOUGLAS-FIR

INTRODUCTION

Need for Predicting Upper Stem Diameter Inside Bark

As a new concept in the theory of probability sam-

pling in forest populations, Grosenbaugh (16) introduced

what is known as sampling with probability proportional

to prediction --3P (three-pee sample-tree-measurements).

At the time of marking for harvest (or whenever it is

desired to determine total gicowing stock), each tree in

the population is arbitrarily assigned a relative proba-

bility. Each probability is then paired with some random

number subsequently drawn from (and replaced in) an ap-

propriately constructed population of integers. Trees

having probability equal to or larger than the associated

random number are measured as samples. The basic theory

and derived formulae have been explaiied by Grosenbaugh

while writing computer program 'THRP' to provide the arti-

ficial population of numbers appropriate to a given 3P

sample design (18). With this technique now available,

accurate volume estimate can be made without the use of

volume tables.

The 3P sample-tree-measurements, as a means of get-

ting away from volume tables, involve the use of optical
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dendrometers for obtaining outside bark dimensions at

various heights along the bole. In dealing with this

aspect of the new technique of 3P sampling, Grosenbaugh

(16) emphasizes the need of a very high performance ir-

struments (dendrometers) for determining upper stem diam-

eters. Some of these optical dendrometers for out-of--

reach diameters along with the underlying theory have

been explained in Forest Science Monograph 4 (15).

For the purpose of volume computation in 3P sampling,

all the outside bark dendromete' measurements must be

converted into inside bark diameters. This has been made

possible with the help of 'STX.-fortran 4 program for es-

timates of tree populations from 3P sample-tree-measure-

ments' written by Grosenbaugh (17). The program has been

made flexible by providing the users with three options

based on three assumptions of relating outside bark den-

drometer measurements to inside bark diameters. The as-

sumptions are that:

1. The ratio of diameter inside bark to diameter

outside bark remains constant all along the boLe.

2 The ratio of diameter inside bark to diameter

outside bark increases up the bole. This assumption is

supposedly based on the fact that losses in bark thick-

ness at all levels within reach occur by fire, or through

animals rubbing against the bark, or through the mechan-

ical damage resulting from diameter tape or caliper in



measuring the tree several times.

3. The ratio of diameter inside bark to diameter

outside bark diminishes from the bottom to top of the

bole.

The parameters of the functions expressing mathe-

matically the last two assumptions might be changed de-

pending upon the tree species, experience of the cruiser,

and local factors.

As can be easily seen, the program is very flexible

for accommodating a wide variety of conditions. However,

a certain amount of bias is accepted by employing any of

the options and methods of obtaining the ratio of diam-

eter inside bark to diameter outside bark. Also, there

is no measure whereby statistical accuracy can be as-

sessed in utilizing any of these functions developed by

Grosenbaugh.

Purpose and Scope

The purpose of this thesis was to find out how best

the diameter inside bark at various heights along the

bole could be estimated in a Douglas-fir (Pseudotsuqa

menziesii (Mirb.) Franco) tree.. Such a finding could be

utilized for practical application in 3P sample-tree-

measurements or any other operation where it is desired

to convert upper stem dimensions into inside bark diam-

eters.

3
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Grosenbaugh does not specifically advocate the use of

expressing diameter inside bark as a ratio of diameter

outside bark at upper stem points.1 In fact, he used

ratios only because he had some experience seeing that

the assumption of a constant ratio up the bole was going

to be a satisfactory solution for some population of

trees. However, this might not always be the case. Also,

it might seem more logical to predict diameter inside

bark up the stem directly rather than to express it as

ratio of diameter outside bark. Accordingly, a provision

was made in this thesis to test the suitability of bark

ratio (diameter inside bark/diameter outside bark) or

diameter inside bark at various upper stem points as de-

pendent variable. In either case, a number of independ-

ent variables that could be measured easily on the tree

were examined,. The best dpendent and independent vari-

ables were picked using standard error of estimate and

coefficient of determination,

Data were placed at the disposal of the author by the

Forest Management Department of the Forest Research Labora-

tory at Oregon State University, and the Forest Land Man-

agement Division of the Department of Natural Resources,

State of Washington. The study was started with data

1Intervew with Dr. L.R. Grosenbaugh on the 18th of
November, 1965..
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from young evenaged stand of Douglas-fir from Black Rock

Forest Management Research Area in Polk County, Oregon

with a view to establishing preliminary regression equa-

tions. Later, analyses were carried out on data from

the State of Washington. The objectives were to examine

the behavior of the same variables on different data,

and to develop final equations for making estimates of

diameter inside bark at various heights up the stem.

Another objective was to see if tree age, which was avail-

able on data from the State of Washington, had any signi-

ficant effect on the dependent variables. The results

indicated that it was advisabLe to develop two equations -

one each for the geographic loc.tions from which the data

were obtained.

It can be hopefully foreseen that time will make it

possible to actually sample bark thickness at various

heights up the bole. However, till then, it is expected

that these equations will hold good for all comparable

stand conditions,

The program written by Grosenbaugh (17) will require

some modifications in case it is desired to use these

equations in connection with 3P sample-tree-measurements.



REVIEW OF LITERATURE

Bark Thickness at Breast Height

Meyer (39) presented plottings of double bark thick-

ness at breast height over d.b.h based on data from 3,327

ponderosa pine (Pinus ponderoa L.ws.) trees. The result

was an almost straight line relationship between these

two variables. Double bark thickness was also expressed

as percentage of d.b.h (both outside bark and inside

bark). Plottings of these percentages over d.b.h.o.b

showed upward trend starting with four inches d.b.h.o.b

and reaching the peak at six inches. The curves then be-

came parallel to the horizontal axis and remained so up

to the ten-inch d.b.h.o.b class. Th.ereaftêr:.

fall was registered in both the curves. This would mean

that double bark thickness at breast height expressed as

percenta9e of d.b.h is linearly related to the latter

but the slope is negative.

Appendix B of the Forest Service publication enti-

tled "Calculating the Growth of Ponderosa Pine Forests"

by. Philip A. Briegleb (4) contains two formulae by Keen

and Grant based on 1,437 barc measurements. Both formu-

lae predict double bark thickness at breast height for

ponderosa pine. These are: (1) Bark thickness = 0.0787

6



2Vigor classes are expressed by the numerical values
1, 2, 3, and 4 for Keen's (35) ponderosa pine vigor
classes A, B, C, and D respectively.

7

(d.b.h.o.b) - 0.1615(age class) - 0.1235(vigor class)2

+ 1.981, and (2) Bark thickness = 0.08542(d.b.h.i.b) -

0.l615(age class) - O.1235(vigor class) + 2.0869.

Based on more than 2,000 loblolly pine (Pinus taeda

L.) stem measurements, Minor (41) developed a linear re-

gression for the variables single bark thickness at

beast height on d.b.h.o.b, and stand age. Addition of

stand age increased the correlation coefficient from 0.73

to 0.74, and reduced standard error of estimate from ±

0.17 to ± 0.16. Such slight impiovements led him to the

conclusion that for practical purposes bark thickness

may be estimated from tree d.b.h only.

Analysing data from 542 trees, ten inches in diam-

eter and larger, Johnson (31) showed a linear relation-

ship between d.b.h.o.b and double bark thickness at

breast height in Douglas-fir. He also analysed data from

75 trees (ten inches in diameter and smaller), and estab-

lished a regression equation linearly relating double

bark thickness to diameter at breast height outsde bark.

The standard errors of the regression coefficients were

± 0.005 for trees having diameter at breast height ten

inches and larger, and ± 0.003 for smaller trees. A sim-

ilar relationship between these two variables was
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demonstrated by him (32) in poriderosa pine. The data

analysed came from 123 trees with diameter less than 9.5

inches, and 1,951 trees 8.5 inches in diameter and larger.

Later, Spada (50), through an analysis of a large number

of trees, verified these results and published simple

linear regression equations relating d.b.h.o.b and twice

bark thickness at breast height in several species of the

ponderosa pine sub-region of Oregon and Washington. Sim-

ilarly, Burton (7), and Myers (44) established linear re-

lationship between d..beh.O.b and double bark thickness

at breast height. The former worked with loblolly pine

while the latter analysed data from lodgepoJ,e pine (Pin.us

contorta Dougi.) trees. The regression equations ac-

counted for more than 95 percent of the total variation in

bark thickness in both species.

Panic (46) found that single bark thickness at

breast height in birch (Betua verrucosa Ehrh.) was lin-

early related to d.b.h.o.b but it exhibited a curvilinear

relationship with total height.

Smelko (47) examined tIe relationship of double bark

thickness with d.b.h.o.b, age, and site class in half a

dozen coniferous and hardwood species. The data consist-

ed of 14,630 measurements in 161 stands. He concluded

that bark thickness depended mainly on species and d.b.

h.o.b, and less on age and site class,



Bark Thickness at Other than Breast Hei

Krastanov, Beljakov, and Andonov (36) carried out

stem analysis of 120 spruce (Picea spp:) trees and found

that bark thickness along the stem was a function of di-

ameter outside bark at breast heiglit.

Maezawa (37) analysed data from 40 young trees of

Douglas-fir and established linear relationship between

diameter outside bark and double bark thickness at sever-

al heights along the bole. All of the regression lines

were significant at the one percent level. The correla-

tion coefficients, the standard errors of estimate, and

the standard errors of slope are reproduced as follows:

9

Apart from the fact that the data used in this study

were very meager, the four regression equations developed

were for heights only at 4.5, 9.5, 17.5 and 34.0 feet

along the bole. The study has, therefore, very limited

practical use. However, it does exhibit two potentially

important relationships between various tree dimensions

Height in Tree
CorrelatiQn
Coefficient

Standard Error of
Estimate Slope

(feet) (inches)

4.5 0.86 0.36 0.011

9.5 0.83 0.32 0.012

17.5 0.89 0.19 0.007

34.0 0.92 0 12 0.00
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and, therefore, opens door for examining these in a great-

er detail. These relationships are that:

Twice bark thickness is very highly correlated

with diameter outside bark at any point on the stem of a

tree.

Height up the stem has a definite influence on

the relationship between double bark thickness and diam-

eter outside bark at such upper stem points.

Diameter Inside Bark at Various Stem Points

While describing a method of using increment cores

for establishing a relationship between diameter incre-

ment, outside bark, and diameter at breast height, out-

side bark, Meyer (38) considered the relationship between

d,b.h.i.b and d.b.h.o.b to be linear and the equation to

be of the form, d.b.h.o.b = b(d.b.h.i.b).

Minor (41) analysed data from 2,000 loblolly pine

stem measurements and developed a linear çegression for

d.b.h.i.b based on d.b.h.o.b, and stand age. Addition of

stand age caused little gain in accounting for additional

unexplained variance or in reducing the extent of standard

error of estimate.

McCormack (40) plotted average values for diameter

outside bark over those for diameter inside bark in two-

inch diameter classes. The plottin9s disclosed a linear

relationship between these two variables, The data came
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from a large number of trees comprising 55 different co-

niferous and hardwood species in the southwestern United

States.

Myers (42), analysing data from 676 black-jack and

595 old-growth ponderosa pine trees, established linear

relationship between breast high diameter inside bark and

diameter outside bark, and vice versa. The correlation

coefficient of all four equations was 0.9998, and the

standard errors of estimate were ± 0.0165, ± 0.0186, ±

0.0143, and ± 0.0158 inches respectively.

Myers (44), after an analysis of data from 810

lodgepole pine trees in Colorado and Wyoming, demonstra-

ted that diameter inside bark and diameter outside bark

at breast height are related linearly to each other.

The correlation coefficient was 0.999. The standard er-

ror of estimate was ± 0.077 inches for the equation pre-

dicting diameter inside bark for a given diameter outside

bark at breast height. Similarly, for the other equation

which would estimate diameter outside bark for a given

breast high diameter inside bark, the standard error of

estimate was ± 0.159 inches.

Myers (44) also showed a linear relationsl-iip between

diameter inside bark at the top of stump 1.0 foot high

and diameter outside bark at breast height. Two regres-

sion equations predicting diameter outside bark at breast

height were developed, one for trees having stump
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diameter inside bark 3.0 to 13.9 inches, and the other

for those with stump diameter inside bark 14.0 to 30.9

inches. The former explained 99.8 percent of the total

variation in breast high diameter outside bark while the

latter accounted for 98.8 percent of the variation in the

dependent variable. The standard errors of estimate were

-i- 0.135, and ± 0.408 inches respectively. Similar linear

relationship between diameter stump height (inside bark

or outside bark) and d.b.h.o.b was also shown previously

by a number of workers in a variety of species (1, 2, 9,

10, 19, 20, 21, 22, 23, 24, 25, 26, 43).

Bones (3) utilized data from 583 trees and estab-

lished linear relationship between outside- and inside-

bark diameter at the top of first 16-foot log for four

southeastern Alaska coniferous timber species.

Bark Ratio at Various Stem Points

Form class does not utilize the ratio of diameter

inside bark to dLameter outside bark at the same point

on a stem. However, it will not be out of place to men-

tion that measurements at upper stem points have been

related to those at lower stem points by various authors

in connection with their studies on Girard form class.

It has been shown that Girard form class can be estimated

by the lower stem measurement method both in coniferous

and hardwood species (5, 6, 12, 13, 27, 29, 48, 49).
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All these studies involved measurements taken inside bark

between six and seven feet (except Burns and Adams (6)

who used d.o.b at 7.5 feet) and those taken outside bark

at two to three feet above ground. Judson (34) selected

the expression as providing close initial approxi-

Regression equations were developed between the expres-

sion l005-B and Girard form class for pines and hardwoods

from the State of Louisiana. Epth equations were signi-

ficant at the one percent level of confidence.

Johnson (33) analysed data from 54Q young-growth

Douglas-fir trees to study the effect of a number of in-

dependent variables on bark factor3 along the bole. The

trees ranged from 13 to 143 years in age and from 2 to

40 inches in outside bark diameter at breast height. The

basic independent variables used were:

L = distance up the stem from ground

A = tree age

3Eark factor has been defined by Chapman and Meyer
(8) as the percentage by which d.i.b is increased to
equal d.b.h. Ibberson (30) defines bark factor as the
ratio of diameter outside bark to diameter inside bark.
Hoffman (28) expresses bark factor ratio as d.b.h o.b/
u.b. Johnson calls cl.i.b/d..o.b (which has been named as
bark ratio elsewhere in this thesis) to be the bark fac-
tor.

mation of the form class ratio:

d = diameter outside bark at 17.3 feet

D = diameter outside bark at 4.5 feet

B = double bark thickness at 4. feet



D = diameter at breast height outside bark

H total tree height from ground to tip

d= diameter outside bark at a point on the

upper stem where the upper stem bark factor

was taken

BLS bark factor at stump

Bark factor at stump was used as independent variable

because of non-availability of bark factor at 4.5 feet

from ground. This was done under the assumption that

bark factor at stump height should approximately be the

same as bark factor at 4.5 feet from ground.

The regression analysis led to the following equa-

tions:

Tree age and total height available

Bus = [6931 - 2.5A + 1O.6D - 3ll(I/H)2 +

1343(L/H)(d/D) + 2326BLs]104

Total height not available

Bus [6194 - 2.6A + 3.2L + 2378(d/D)

1545(d/D)2 + 2533BL5]104

Both total height and tree age not available

Bus = [5590 + 0.6L + 2030(d/D) - 1542(d/D)2 +

3413BL5] l0

in which Bus is the upper stem bark factor,r and L, A,;D,

H, d0, and BLS have been already defined.

14
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Percentages of the total variation in bark factor

accounted for were 40 by equation 1, 37 by equation 2,

and 27 by equation 3. Standard error of estimate has not

been given for any of these equations.

One inference that can be drawn from this regression

analysis according to Johnson is that upper stem bark

factor is not the same as lower stem bark factor on

young-growth Douglas-fir trees. This nullifies one of

the assumptions by Grosenbaugh (17) that ratio of diam-

eter inside bark to diameter outside bark remains con-

stant up the stem, at least in young Douglas-fir.



SOURCES OF THE DATA

Black Rock Forest Management Research Area

This area is located on the George T. Gerlinger Ex-

perirnental forest in Polk County about 25 miles north-

west of Corvallis, Oregon. About 500 acres in size, the

area supports a natural stand of 50-year-old Douglas-fir.

Sites range from II to IV with most of the area in Site

III. Topography varies from gentle to very steep, and

elevation from 700 to 2,000 feet. Soils of the area have

been developed from sand-stones, shales and silt stories,

and igneous rocks. Therefore, the soils vary greatLy

over the area in physical and chemical properties. On

the whole, the soils are deep, well drairied, light tex-

tured, and rich in nutrients to support Douglas-fir. The

average monthly rainfall cycle starts from below three

inches in August; rises abruptly to about 13 inches in

November, and remains almost constant through February;

thereafter falls gradually till it is at minimum of about

two inches in July. The stand consists of almost pure

Douglas-fir with scattered white fir (Abies qrandis Lind.)

western hemlock (Tsuqa heterophyla Raf. Sarg.), alder

(Alnus rubera Bong.), and big leaf maple (Acer macro-

phyllum Pursh.).

The area was established in 1953 by the Forest Man-

agement Department of the Forest Research Laboratory at

16
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Oregon State University. Cutting began in the same year,

partly for the purpose of construction of local volume

tables, but mainly to study growth and development of

individual trees and silvicultural and economic implica-

tions of intermediate cuttings in young-growth Douglas-

fir stands in the Coast Range (45). Data for the present

study came from such cuttings carried out from 1953

through 1957 over about 250 acres situated in the middle

of the area.

There were 237 trees ranging from 4.1 to 20.7 inches

in diameter at breast height. In all, there were 1,894

observations. The following information on each tree was

utilized in the present study:

Diameter at breast height both inside bark and

outside bark measured to the tenth of an inch.

Total height of the tree from ground to tip meas-

ured to the tenth of a foot.

Section lengths measured to the tenth of a foot.

Diameter inside bark and outside bark at the top of

sections measured to the tenth of an inch.

State of Washington

Data were made available by the Forest Land Manage-

ment Division of the Department of Natural Resources,

State of Washington. These were collected on young-

growth Douglas-fir trees on 23 plots located in western
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Washington for the construction of Tarif Tables (51).

Out of a total of 343 trees, only 302 could be utilized

in the present study. These ranged from 2.6 to 30.0

inches in diameter at breast height, and 13 to 99 years

in age. In all, there were 1,923 observations. Infor-

mation utilized was:

Age of tree at stump height, i.e., 1.5 feet from

ground.

Diameter at breast height, i.e., 4.5 feet from

ground both inside bark and outside bark measured to the

tenth of an inch.

Total height of tree from ground to tip measured

to the tenth of a foot.

Section lengths measured to the hundredth of a

foot.

Diameter inside b.rk and outside bark at the top

of sections measured to the tenth, of an inch.

Except for diameter outside bark at the top of the

sections, all other information was punched on IBM data

cards. The diameter outside bark was subsequently

punched on a second set of IBM data cards.



METHODS

Procedure

The principal steps were:

a) Data from Black Rock Forest Management Research Area

Randomization of the data: Four points up the

bole (constituting four different sets of data) were

selected at random on each of the 237 trees. Baric ratio

and/or diameter inside bark at these points were used as

dependent variables ir the preliminary analyses (steps

2, 3, and 4 below). For the final analysis in step 4,

the entire data were utilized.

Selection of independent variables using bark

ratio as dependent variable on one set of randomly se-

lected data referred, to above.

Examination of the best independent variables

from step 2 above on the same set of data using diameter

inside bark as dependent variable.

Comparison between bark ratIo and diameter in-

side bark as dependent variables; analyses of the remain-

ing three sets of data and final analysis; and selection

of the equation.

b) Data from the State of Washington

Testing of the equation from step a (4).

Examination of the best independent variables

from step a (2) plus tree age using bark ratio as

19



The statistical design employed throughout these
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dependent variable.

Examination of the best independent variables

from step a (2) plus tree age. using diameteri.nside,

bark as dependent variable.

Comparison between bark ratio and diameter inside

bark as dependent variables, and selection of the equa-

tion.

The five basic independent variables were:

Diameter at breast height (4.5 feet from ground)

outside bark

Bark ratio at breast height

Total tree height

Length up the stem from ground

5, Diameter outside bark at the point of measure-

ment of bark ratio or diameter inside bark

All squares and cross-products were also tested to

se if there were interactions between various independ-

ent variables and/or curvilinearity between dependent

and independent variables.

Since information on tree age was available for data

from the State of Washington, this variable was added to

the best independent variables from step a (2) and the

effect was examined on both the dependent variables.

Statistical Desiqn
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analyses was a stepwise multLple regression program de-

scribed by Efroymson (11). An IBM 1410 high speed elec-

troriic data processing computer at Oregon State Universi-

ty was utilized or these analyses. Some simple linear

regression problems were solved using IBM 1620, and in

one case, plottings were carried out employing its plot-

ter attachment on the campus.

IBM 1410 has the capacity of listing actual versus

predicted values of dependent variable based on final

regression equation, This function of the computer is

exceedingly useful. At least in the present study, a lot

of discrepancies which would otherwise be more difficult

to detect were constructively reconciled.

The basic regression model as given by Graybill (14)

is:

= 0
+ Pll .. + PkXk+E

where:

y = value o random dependent variable

= particular values of random ir-idepend-

ent variables

P0 .. p = unknown parameters linearly relating

independent variables to dependent

variable

e unobservable random error, NID(0,
2)

The sample equation can be written as:

y = b0 + b1x1 + b2x2 + ... + bx + e
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where: y = value of dependent variables, i.e.,

diameter inside bark or bark ratio

at various heights up the bole

X1, X2 ... = values of independent variables

b0, b1 ... = sample estjmato's of t30, I3i

i.e., coefficients of regression

e = random error, NID(0,e2)

The "F" level given both to enter and remove vari-

ables was at ten percent significance (90 percent conf i-

dence). The results of computer output were tested for

acceptance using coefficient of determination. Standard

errors of estimate were also examined to determine the

reliability of regression equations.

In comparing bark ratio with diameter inside bark

for the best dependent variable, deviations of the pre-

dicted diameters inside bark from the actual diameters

inside bark were computed. In case of bark ratios, the

predicted diameter inside bark wa calculated by the re-

lationship:

D.j,b = D.o.b (D.i.b /D.o.b
r r r r

where:

D.i.b/D.o.b = diameter inside bark/diameter out-

side bark or bark ratio at upper

stem points

Comparison between the two preicted values of



diameter inside bark was then made using the standard

deviation of their devi.ations from the actial values of

diameter inside bark along the bole.
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RESULTS

Data From Black Rock Forest Manaqernent Research Area

Bark Ratio as Dependent Variable

The analysis was made on the first set of randomly

selected data comprising 237 observations Erom Black Rock

Forest Management Research Area. Bark ratio up the bole was

used as dependent variable. The basic independent vari-

ables were:

X1 = diameter at breast height

X2 = bark ratio at breast height

X3 = total tree height

X4 = length up the stern from ground

X5 = diameter outside bark at the point of in-

terest on the stem

All squares and cross-products of the basic independent

variabLes were also included i the same order. Because

of a high correlation between some independent varial4es,

square of bark ratio at breast height, i.e., X22wasnotac-

cepted by the computer, and was, therefore, left out.

Hence, a total of 19 independent variables were examined.

The analysis showed that two of the basic variables,

i.e., X3 and X5 did not enter the regression. The former

appeared in combination with X1 in step 3 but was later

24
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dropped out in step 8. Variable showed highest corre-

lation with thedependentvariable. The individual correla-

tions4 are tabulated as follows:

Percent Correlation
Independent Variable with Dependert Variable

X1 d.b.h.o.b 1.80

X2 = breast high bark ratio :33.62

X3 total tree height 6.14

length up the stem 18,13

X5 upper stem d.o.b - 2.85

7.07

X1X2 3.74

X2X4 18,96

X4X5 30.11

Johnson (33) had used dID, and L/I-1 in his analysis

of bark factor (bark ratio), where:

d = diameter outside bark at a point on the

upper stem where the upper stem bark factor

was taken

diameter at breast height outside bark

distance up the stem from ground

total tree height from ground to tip

4The correlations are shown for the basic variables,
and those of the rest which appeared in the final re-
gression equation.

D =

L =

H =
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In order to determine whether or not these variables

had any significant effect in the present case, they were

added to those appearing in the final step of the previ-

ous analysis (of course all the basjc variables were re-

tained), and the same set of data was re-run in a step-

wise regression program. The results showed that neither

of these two variables entered the analysis. The same

variables appeared in the final regression equation here

also, but with a slight modification of their coeffi-

cients. The standard error of esimate and r-squared

values were also identical inì both the cases.

Diameter Inside Bark as Dependenit Variable

All the basic variables pJ,us those appearing in the

final step of the previous analysis were examined through

stepwise regression analysis on the first set of data

from Black Rock Forest Management Research Area using

diameter inside bark at various places along the bole as

dependent variable. The independent varLables used in

this analysis have been employed in all subsequent anal-

yses, and nave been commonly referred to as "nine best

independent variables." These are:

= diameter at breast height

X2 = bark ratio at breast height

= total tree height



X4 = length up the stem from ground

X5 = diameter outside bark at the point of in-

terest on the stem

2

6
-

x7 = x1x2

x8 = x2x4

x9 = x4x5

The results indicated that three of the basic van-

ables, i.e., X1, X3, and X4 did not enter the regression.

Variable X4 appeared as its square, X42; and in cornbina-

tion with X5, i.e., X4X5. Among the rest, X1X2 and X2X4

did not enter the analysis.

The individual correlations of the independent van-

ables with diameter inside bark at upper stem points as

dependent variable are tabulated as follows:

Percent Correlation
Independent Variable with Dependent Variable

X1 = d.b.h.o.b 70.00

X2 breast high bark ratio

= total tree height

X4 = length up the stem

X5 = upper stem d.o.b

x6 = x42

- 9.52

58.68

-36.66

99.89

-36.59
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Variables X1, X3, and X1X2 which have high correla-

ton with the dependent variable did not enter the regres-

ion analysis. Perhaps this could be a masking effect

of X5 which is also highly correlated with these varia-

bles. Probably for a similar reason, X2 appeared in the

regression analysis inspite of its negative correlation

with the dependent vari.ble.

Comparison and Final Analysis

Diameter inside bark at various points along the

bole was computed with both the final equations de-

scribed in the earlier paragraphs. In case of bark ra-

tio, the diameter inside bark was obtained using the re-

lationship:

D.i.b = D.o.b (D,i.b /D.O.b
r r r r

where:

D.i.b/D.O = diameter inside bark/diameter

outside bark or bark .iatio at

upper stem points

Then, the deviations of both the predicted values from

the actual values of diameter inside bark were obtained.

Independent Variable
Percent Correlation

with Dependent Variable

x7 = x1x2 70.45

x8 = x2x4 -37.10

x9 = x4x5 40.47



Finally, the standard deviation of these deviations was

computed0 The results are summerized as follows:

Standard Deviation
Dependent Variable of the Differences

Bark ratio 0.084

Diameter inside bark 0.102

The standard deviation in case of bark ratio is

seemingly small0 However, it can be easily noticed that

in converting into bark ratio and in recalculating di-

ameter inside bark from the relationship Dibr = DObr

(D.i.b/D.o.b), a certain amount of error due to tri.in-

cating is introduced. If means were available to estim-

ate the degree of this error, it could probably be shown

that diameter inside bark is as good a dependent varia-

ble as bark ratio. Also, the comparatively higher per-

centage of total variation accounted for in diameter in-

side bark than in bark ratio by the respective final equa-

tions justifies the fact that better results will be

achieved if the former is used as dependent variable.

Having decided on diameter inside bark at various

points up the stem to be a better dependent variable, the

remaining three sets of data as well as the entire data

from Black Rock Forest Management Research Area were run

through the regression analysis program using the nine

best independent variables. The correlations of individ-

ual independent variables with diameter inside bark are



given in Table l

Table 1

Correlations of Independent Variables with Upper Stem
Diameter Inside Bark

Percent Correlations
using VariousIndependent

Variables*

with Dependent Variable
Sets of Data

= d.b0h.o.b; X2 = breast high bark ratio; X3 = total

tree height; X4 = length up the stem; and X5 = upper

stem d.o.b.

An examination of Table 1 reveals a considerable

consistency in the relationship between dependent and

various independent variables in all the analyses,

The best equation was selected from the analysis of

Second Third Fourth All Data

XL 62. 72 59.85 71 068 61.10

x2 - 4.21 - 3.32 -18.02 -10.08

x3 57.92 54.87 63.1L. 53.62

x4 -51.08 -45.68 -43.65 -50.01

99084 99.93 99.91 99.90

x6 = -4686 -43.45 -41.85 -48.50

x7 = x1x2 63.39 60 . 56 71. 30 61.10

x8 = x2x4 -51.29 -46.22 -44.29 -50.34

x9 = x4x5 30004 35.56 37.63 33.96
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entire data from Black Rock Forest Management Research

Area using standard error of estimate, and coefficient of

determination. The equation is:

l0 2D.i.b = 2.01839X2 + 0.909116X5 - 0.383417 X4 +

-3
0.84926910 x4x5 - 1.76845

where:

Di.b = diameter inside bark at the point of

interest on the stem

X2 = bark ratio at. breast height

= length up the stem from ground

= diameter outside bark at the point of

interest

This equation is highly significant; it accounts

for 99.87 percent of the total variation in diameter in-

side bark, and has a standard error of ± 0.00264 inches

(standard eriçor of estimate = ± 0.115 inches or 1.703

percent)

Data From the State of Washinqton

Testing of the Equation

The best equation from the analysis of entire data

from Black Rock Forest Management Research Area (as re-

ferred to in the foregoing paragraph) was tried on data

from the State of Washington. Using "t" test, it was
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found that the difference between actual and predicted val-

ues of the upper stem diameter inside bark was significant.

Accordingly, it was decided to develop a separate equa-

tion based on data from the State of Washington.

Bark Ratio as Dependent Variable

Data from the State of Washington were analysed in

a stepwise regression procedure and the nine best inde-

pendent variables were tried using bark ratio as the de-

pendent variable. Since information on tree age was also

available in these data, this was included as the tenth

independent variable, i.e., as X10. A total of ten in-

dependent variables were, thertore, examined for their

effect on the depenent variable (bark ratio at various

upper stem points).

The individual correlations of independert variables

with the dependent variable are tabulated as follows:

Percent Corrla,tion
Independent Variable with Dependent Variable

= d..b.h.o.b 10.05

X2 breast high bark ratio

X3 = total tree height

X4 = length up the stem

X5 = upper stem d.o.b

x6 = x42

42.05

18.49

- 4.20

22,44

- 8.38
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These correlations compare in some respects but dif-

fer widely in others from those obtained on the first set

of data from Black Rock Forest Management Research Area.

As is evident from the comparison that X2 and X4X5 have

exhibited a high correjation with the dependent variable

in both cases. Variable X4 shows positive correlation

with bark ratio in the analysis of data from Black Rock

Forest Management Research Area but has exhibited a neg-

ative correlation in that of data from the State of Wash-

ington. On the other hand X3, exhibiting poor correla-

tion with bark ratio in the analysLs of data from Black

Rock Forest Management Research Area, has registered

higher correlation in the analysis of data from the State

of Washington. Similarly X5, which has a negative cor-

relation with bark ratio £n the analysis of data from

Black Rock Forest Management Research Area, has developed

a positive correlation - third in order of numerical su-

periority in the analysis of data from the State of Wash-

ington.

Independent Variable
Percent Correlation

with Dependent Variable

x7 = x1x2 12.81

x8 x2x4 - 2.69

xg = x4x5 28.83

X10= tree age -36.00
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Tree age, i.e, X10 has exhibited a negative correl-

ation with the dependent variable. This variable entered

the analysis in the third step, and reduced coisiderably

the unexplained variance and standard error of estimate.

Diameter Inside Bark as Dependent Variable

The nine best independent variables in combination

with tree age as X10 were examined in a stepwise regres-

sion procedure using data from the State of Washington.

The dependent variable used was diameter inside bark at

upper stern points.

The correlations between individual independent var-

iables and the dependent variable are tabulated as fol-

lows:

Percent Correlation
Independent Variable with Dependent Variable

X1 =

=

X3 =

=

X5 =

x6

x7

x8

=

=

d.b.h..o.b 68.29

breast high bark ratio 8.19

total tree height 59.18

length up the stem -36.39

upper stem d.Q.b 99.90

x42 -34.34

x1x2 68.45

x2x4 -35.89



Independent Variable

x9 - x4x5

X10= tree age

35

Percent Correlation
with Dependent Variable

37.67

18.03

As can be seen, these correlations compare fairly

well with those of all the previous analyses using diam-

eter inside bark at various upper stem points as depend-

ent variable.

Although the entry of tree age as X10 in the fourth

step of analysis was found to be highly significant, yet

this variable did not materially reduce either unexplain-

ed variance or standard error of estimate.

Comparison and Se],ection of the Equation

The predicted values of upper stem diameter inside

bark were computed for data from the State of Washington

with both the final equations developed as per preceding

paragraphs. Here again, bar]ç ratio was converted to di-

ameter inside bark with the use of the relationship:

D.i.b = D.o.b (D.i.b /D.o.b
r r r r

where:

D.i.b/D.o.b = diameter inside bark/diameter

outside bark or bark ratio at

upper stem points

The deviations of both these predicted values from

actualvaluesof the diameters inside bark were then
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computed. And finally, the standard deviations of these

differences between the actual and the predicted values

of diameter inside bark were calculated. The results

are:

Standard Deviation
Dependent Variable of the Differences

Bark ratjo 0.148175

Diameter inside bark 0.155742

The standard deviation is slightly in favor of bark

ratio. If, however, these results are compared with

those obtained on data from Black Rock Forest Manage-

merit Research Area, it can be seen that the difference

between the two standard deviations is smaller here.

This suggests that with still bigger sample, perhaps d-

ameter inside bark could prove to be a better dependent

variable even if the error due to truncating associated

with bark ratio is ignored. Again, all the analyses

have shown that a very high percentage of total variation

is accounted for by the equation in using diameter inside

bark rather than bark ratio as dependent variable. Ac-

cordingly, it is concluded that use of diameter inside

bark as dependent variable will yield better results.

The best equation was selected using standard error

of estimate, and coefficient of determination. It is

given as follows:

D.i.b = 4.34159X2 + 0.928333X5 +
r

0.2456710 X4X - 3.97289



where:

D.i.b = diameter inside bark at the point of

interest on the stem

X2 = bark ratio at breast height

X4 = length up the stem from ground

= diameter outside bark at the point of

interest

The equation is highly significant at the one per-

cent level of confidence. It explains 99.87 percent of

the total variation in diameter Lnside bark at upper stem

points, and has a standard error of -i- 0.00389 inches

(standard error of estimate = 0.171 inches or ± l.e76

percent).
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DISCUSSION

An important feature of the present regression anal-

yses is the indication that better results will be

achieved if diameter inside bark up the bole is predicted

directly rather than to express it as ratio of the diam-

eter outside bark. A detailed cLLscussion of the findings

is presented in the following paragraphs.

Bark Ratio as De endent Variable

There are marked differences in the effect of most

of the independent variables on bark ratio. The correla-

tion between bark ratio:and the various independent var-

iables, as given earijer, has not been consistent in the

analyses f data from the two sources. Analysis of data

from Black Rock Forest Management Research Area has indi-

cated that bark ratio increases up the tree. However,

that of data from the State of Washington has absolutely

nullified such possibility. Similarly, all other varia-

bles, with the exception of X2, and X4X5 have exhibited

contrasting relationship with bark ratio under the two

analyses.

A comparison of the present study with that of John-

son's (33) shows that the only apparent similarity is

high correlation between the lower stem bark ratio and

the upper stem bark ratio. The fact that he had used
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bark ratio at stump height, as against that at breast

height used in the present study, should not jeopardize

this relationship. His contention that bark ratio de-

creases with age has also been confirmed by the analysis

of data from the State of Washington.

Therefore, if Johnson's findings (33) are also taken

into consideration, it can be seen that (except for the

effect of X2, X4X5, and X10) bark ratio has responded

differently to various independent variables under dif-

ferent analyses.

Diameter Inside Bark as Dependent Variable

As brought out earlier, an examination of correla-

tion matrices revealed a considerable consistency in the

behavior of upper stem diameter inside bark tQ various

independent variables. The most important effect has

been exhibited by X2, X5, X42, and X4X5 on the dependert

variable.

At first, the exorbitantly high correlation of diam-

eter outside bark at upper stem points, i.e., X5 with di-

ameter inside bark at the same point on the stem was

viewed with suspicion. However, a closer consideration

of the problem has proved to support the high correlation

between these two variables.

Double bark thickness at breast height has been

shown by a number of authors to be linearly related both
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to d.b.h.o,b (4, 7, 31, 32, 39, 44, 50) and d.b.h.i.b

(4, 39Y As a part of the present study also, double

bark thickness at breast height was found to be linearly

related to diameter outside bark and to diameter inside bark

at breast height. The first set of data from Black

Rock Forest Management Research Area was analysed using

an IBM 1620 computer. The equations obtained were:

St = 0.10957(D.b.h.o.b) - o.12258

(r-squared 0.7440; Sy + 0.245 inches

or ± 24.53 percent)

and

Bt = 0.11723(D.b,h.j.b) - 0.08345

Cr-squared 0.6787; Sy = 0.274 inches

or -- 27.48 percent)

where:

= double bark thickness at breast height

Since double bark thickness (d.b.h.o.b minus d.b.

h.i.b) is linearly related both to diameter outside bark

and diameter inside bark at breast height with an almost

equal r-squared value, it follows that the latter two

variables are highly correlated between themselves. In

fact, all previous workers have demonstrated this same

relationship between diameter inside bark and diameter

outside bark at breast height (38, 40, 41, 42, 44).

As a part of the present study, an attempt was also made

to relate breast high diameter inside bark to that
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outside bark and vice versa. The first set of data from

Black Rock Forest Management Research Area was analysed

using an IBM 1620 computer. The results confirmed the

previous findings and showed a high correlation (r-squared

= 0.99481) between diameter inside bark and diameter out-

side bark at breast height. The two regression equations

developed were:

D.b0ho.,b 1ll723(D.b.h.i.b) - 0.08345

(Sy ± 0.274 inches or ± 2.67

percent)

and

D.b.h,j..b = 0.S9042(D.b.h.o.b) + 0.12258

(Sy ± 0.245 inches or ± 2.64

percen±)

Once it is agreed that diameter inside bark is high-

ly correlated with that outside bark at breast height,

there seems to be every justification to establish the

contention that these two variables will behave in a sim-

ilar way at any height up the bole. At least, Bones (3)

has shown this to be true for measurements at the top of

first 16-foot log. Also, if viewed closely, the findings

of Maezawa (37) indirectly support this contention. In

order to present it graphically, it was decided to plot

the inside bark diameter readings at various upper stem

points on their respective outside bark measurements.

Preliminary casual plottings of the data from Black Rock
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Forest Management Research Area had indicated a straight

line relationship between these two variables. Final

plottings were carried out with the help of IBM 1620 com-

puter utilizing data from the State of Washington. The

results are shown in Figure 1. The equation for regres-

sion line of Figure 1 is given as follows:

O.93424(D.o.b) - 0.01916

(r-squared = 0.9979;
Sy =

± 0215

inches or + 2.3S8 percent)

Where Dibr and DObr are upper stem diameter inside

bark and diameter outside barlc respectively.

The intercept is a1rnot negligible and, therefore,

diameter inside bark at any point on the stem can be tak-

en as a functioa of diameter outside bark at that point

and vice versa.

Bark Ratio Versus Diameter Inside Bark
as Dependent Variable

Bark ratio has exhibited poor correlation with the

most important variable that could be measured with op-

tical dendrometer, i.e., d.Lameter outside bark at the

point of interest on the stem. This was confirmed by

ca5ual plottings of upper stem bark ratios over their re-

spective outside bark diameters from data of both the

sources. The expected line was almost parallel to the

horizontal axis exhibiting absolutely no correlation
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between the two variables.

The final equation of the analysis of first set of

data from Black Rock Forest Management Research Area ac-

counts for 42.38 percent, and that of the State of Wash-

ington for 43.69 percent of the total variation in bark

ratiQ. Johnson's (33) "best" equation explained 40 per-

cent of the total variation in bark ratio, which is in

conformity with the present findings. However, using di-

ameter inside bark as dependent variable, an exceed-

ingly high percentage of the total variation (99.9 per-

cent) has been accounted fçr by the final equation of all

the analyses.

Otherwise, use of bark ratio as dependent variable

did not give any better results. This was verified by

subjecting the deviations of predicted values from actual

values of the upper stem diameter inside bark to a simple

test of standard deviation.

Above all, the identical resi4ts obtained from a

number of analyses in the present study speak of the use-

fulness of diameter inside bark as dependent variable.

The Equations

All analyses in the present study have indicated

that variable (diameter outside bark) accounts for al-

most all (over 99 percent) variation in diameter inside

bark up the bole. It foJlows that equation of the very
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first step of analysis, in which X5 has invariably enter-

ed the regression, could be utilized for all practical

purposes. However, reliability of the prediction equa-

tion is increased considerably if other stem measure-

ments are also taken into consideration in addition to

diameter outside bark up the bole as independent varia-

ble.

Using standard error of estimate, and coefficient

of determination as criteria of selection, the following

equation is reproduced from the analysis of data from

Black Rock Forest Management Research Area, and is recom-

mended for use in places taving similar stand character-

istics.

]J.i.b = 2.01839X + 0.909116X -r 2 5

-
lO0.38341710 X42 ± 0.849269 X4X5

1.76845

where:

D.i.b = diameter inside bark at the point of

interest on the stem

X2 = bark ratio at breast height

X4 = length up the stem from ground

= diameter outside bark at the point of

interest

The equation i highly significant; it accounts for

99.87 percent of the total variation in diameter inside
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bark, and has a standard error of + 0.00264 inches (stand-

ard error of estimate ± 0.115 inches or ± 1.703 per-

cent).

Similarly, an equation to predict diameter inside

bark up the stem is reproduced from the analysis of data

from the State of Washington as follows:

D.i.b = 4.34l59X2 + 0.928333X5 +

-3
0.2456710 X4X5 - 3.97289

in which Dibr X2, X4, and X5 have been already defined.

The equation is highly significant at the one per-

cent level of confidence. It explains 99.87 percent of

the total variation in upper stern diameter inside bark,

and has a standard error of + 0,00389 inches (standard

error of estimate = ± 0.171 inches or ± 1.876 percent).

As already brought out, data for the development of this

equation came from plots situated in various localities

representing fairly well the existing stand conditions

in western Washington. The equation can, therefore, be

employed effectively throughout this region and other

stands having comparable description.

Both the equations involve measurements to be taken

of (a) breast high diameter inside bark and diameter out-

side bark; (b) height up the stem from ground; and (c)

diameter outside bark at a point on the upper stem where

diameter inside bark is to be calculated. Double bark

thickness at breast height can be measured with a
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suitable bark guage, and by substracting it from diameter

outside bark, breast high diameter inside bark will be

obtained. Alternatively, diameter inside bark at breast

height can be measured directly with caliper after strip-

ping off bark at four points on the stem so that two

measurements are taken at right angle to one another.

Diameter inside bark at breast height divided by diameter

outside bark at breast height will give bark ratio at

breast height, i.e., X2. Other variables necessary for

these equations, i.e., length up the tree from ground or

X4, and diameter outside bark at the point of interest

on stem or X5 can be read directly from optical dendro-

meter.

The program written by Grosenbaugh (17) will require

some modifications in case it is desired to use these

equations in connection with 3P sample-tree-measurements.

As is evident, both the equations given above in-

volve rather tedious calculations which would be facil-

itated only with the use of electronic computers. A com-

paratively crude but easily made estimate of upper stem

diameter inside bark can, however, be obtained using the

following equations reproduced from the first step of re-

gression analyses.

Black Rock Forest Management Research Area:

1.i.b = O.9287l2(D.o.b) + 0.0416447

where Dibr and DObr are upper stem diameter inside



bark and diameter outside bark respectively.

This equation is highly significant; it accounts for

99.80 percent of the total variation in upper stem diam-

ëter inside bark, and has a stapdard of + 0.00330 inches

(standard error of estimate = 0,144 inches or ± 3.265

percent).

State of Washington:

D.i.b = O.934242(D.o.b) - 0.01916

in which Dibr and Dlbr have been already defined.

It can be noticed that this is the same equation

which expresses mathematically the regression line of

Figure 1. It is highly significant at the one percent

level of confidence explaining 99.80 percent of the total

variation in upper stem diameter inside bark. The stand-

ard error is i- 0.00492 inches (standard error of estimate

= ± 0.215 inches or ± 2.358 percent).

The intercept in both these equaLions is almost

negligible, and could be ignored for all practical pur-

poses.



CONCLUS ION

From the results of this study on Douglas-fir it is

concluded that:

Direct estimation of diameter inside bark at var-

ious upper stem points yield better results than express-

ing it as a. ratio of diameteroutside bark.

Diameter inside bark at various heights up the

stem has a high positive correlation with its respective

diameter outside bark, and a negative correlation with

height itself.

Bark ratio at breast height has been found to

have a positive correlation with such ratio at upper stem

points; both are negatively related to tree age.



SUMMARY

The 3P sampling technique as developed by Grosen-

baugh (16) requires th app:Lication of some sort of proce-

dure whereby outside bark dendrometer measurements can

be converted into inside bark volumes. Some of the pro-

cedures that have been used require the use of bark ratio

(diameter inside bark/diameter outside bark) at various

heights up the tree.

The purpose of this study was to develop a suitable

regression equation for makir-g estimates of diameter in-

side bark at various heights up the stem in a Douglas-fir

tree. Data on 237 and 302 trees from Black Rock For-

est Management Research Area, PoLk County, Oregon, and

scattered plots in the State of Washington respectively

were analysed in a stepwise regression procedure. Five

basic independent variabJes, their squares, and cross-

products were used to test the suitability of two depend-

ent variables - bark ratio, and diameter inside bark at

upper stem points. The basic variables were:

= diameter at breast height (4.5 feet from

ground) outside bark

X2 = bark ratio at breast height

X3 = total tree height

X4 = length up the stem from ground



X5 = diameter outside bark at the point of in-

terest on the stem

Regression analyses indicated that bark ratio up the

stem increases with increase in bre.st height bark ratio,

and decreases with increase in tree age. Also, a high

positive coriçelation was observed between the inside bark

diameter and outside bark diameter all along the bole

An important indication of the present study is that bet-

ter results will be achieved jf diameter inside bark rath-

er than bark ratio at upper stem points is used as depend-

ent variable.

The best equation from the analysis of data from

Black Rock Forest Management Research Area was tried on

data from the State of Washington. The difference be-

tween actual and predicted values of the upper stem inside

bark diameter was found to be significant. Accordingly,

it was decided to develop a separate equation based on

data from the State of Washington. The following are

two equations selected from the regression analyses on

the basis of standard error of estimate, and coefficient

of determination. Equation (1) is recommended for prac-

tical use i Black Rock Forest Management Research Area

and comparable young-growth evenaged Douglas-fir stands.

Equation (2) may be employed in young-growth all-aged

Douglas-fir stands throughout western Washington. The

two equations are:



D.i,b = 2.01839X2 + 0,909116X5 -

-4
0.38341710 X42 + 0.849269

1.76845 ( 1 )

and,

D.i.b = 4.34159X2 + 0.928333X5 +

0.24567 X4X5 - 3.97289 - - - - C 2 )

in which Dibr is upper stem diameter isidebark,

and X2, X4, and. X5 have been aireadydefined.

Equation (1) accounts for 99.87 percent of the total

variation in upper stem diameter inside bark, and has a

standard error of 0.00264 inches (standard error of

estimate = ± 0.115 inches or + 1.703 percent). Equation

(2) explains 99.87 percent of the total variation in up-

per stem diameter inside bark, and has a standard error

of -i- 0.00389 inches (standard error of estimate = ± 0.171

inches or -i- 1.876 percent). Both equations are highly

significant at the one percent level of confidence.

Measurements necessary to be taken for these equa-

tions are: (a) diameter at breast height - both inside

bark and outside bark; (b) height up the stem from ground;

and Cc) diameter outside bark at the point of :interest on

the stem. Diameter inside bark at breast height can

either be measured directly after bark is stripped off

at the points of putting caliper, or it can be calculated

by substracting double bark thickness (measured with a
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suitable bark guage) from diameter outside bark at breast

height. Diameter inside bark at breast height divided

by diameter outside bark at breast height will give bark

ratio at breast height, i.e., variable X2. Other varia-

bles necessary for these equations, i.e., length up the

stem from ground or X4, and upper stem diameter outside

bark or X5 can be read directly from optical dendrometer.

The program written by Grosenbaugh (17) will require

some modifications in case these equations are used in

connection with 3P sample-tree-measurements.
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