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ABSTRACT

Accuracy of upper stem {above breast-height) form-
factor can be significantly increased by using a new
variable — the ratio of height at two-thirds breast-hsight
diameter to total tree height (R g7pa) — both measured
above breast-height. This form-factor provides an ac-
curate estimate of upper-stem cubic volume and, in
addition, defines a fully compatible upper-stem taper.
The form-factor based volume and taper models
should have broader application and practically bias
free predictions even when the model is used beyond
its geographic range.

When evaluated on 350 inland Douglas-fir tree data
from five Region IV Forests (Forest Service), the mean
squared deviation (MSD) was reduced by approxi-
mately 58% over the best D and H only based models.
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INTRODUCTION

Accurate estimates of timber volumes are needed for timber
cruising, stand examination, inventories, and planning. Usu-
ally tree volumes are estimated from equations or tables based
on just two measurements: outside bark measurement at
breast-height (D) and total height (H), (Schumacher and Hall
1933; Honer 1964; Bruce and DeMars 1974). Implicit in these
models is the assurnption that all trees of a given D and H have
the same form and, therefore, have the same velume. This is
not always true. Individual trees and often whole stands have
forms that vary greatly from the average form predicted by
equations or tables using only D and H.

Recent developments in volume prediction equations in-
clude the use of a third parameter such as height to live crown
ratio or crown length (Farrar 1985; Burkhart and Walton 1985 :
Hann et al. 1987). Their results showed only marginal im-
provementinthe prediction accuracy of cubic volume. Rustagi
and Loveless (1990) introduced a new variable H 67D (height
where diameter outside bark (DOB) equals two-thirds of D},
for estimating cubic volume in the stem above breast-height,
and the upper-stem taper with a simple and yet fully compat-
ible taper model. With H g7p in conjunction with D and H,
they were able to obtain reduction in the mean squared devia-
tion (MSD) for volume prediction by 79% over the best D and
H only model for coastal Douglas-fir. This was quite signifi-
cant, since prior effects using crown ratios, height to live
crown, tree age, site index, and H:D ratios were not able to
reduce the MSD by more than 15 or 20%.

In this study, we applied H 67D to 350 inland Douglas-fir
trees with a less spectacular but an impressive reduction of
MSD for volume prediction by 58.2% over the best D and H
only model.

VARIABLE DEFINITIONS

Measurements used in this paper are in English units:
diameters in inches, heights in feet, and volumes in cubic feet.
All regressions are linear. Logarithmic formulas are base 10,
Following are the variables used in the models for volumes,
form-factors, and taper equations:

D = Qutside bark diameter at breast-height (4.5 f1)

dbh = Diameter inside bark at breast height

dbh = dbh predicted from DOB

d = Diameter inside bark at any height above ground

H = Total height of tree from ground to tip

H, = Total height above breast-height (H - 4.5)

h = Partial height at any diameter inside bark (mea-
sured from ground level)

Hg7D = Height above ground where DOB equals two-
thirds of D

He7pa= He/D-45

Va = Volume ft3 of entire tree above breast-height

Vb = Volume fi3 of tree between breast-height and
stump height

Fi = Cylindrical form-factor above breast—height

= Va/(.005454*dbh2+H,)

R67Da = H.e7Da/Ha

B = The shape parameter for the taper model

= (1 -Fa/(2*Fy)

FI = Fit Index, used as an altermative to R2 when
comparing regression models with dependent
variables in different forms

= 1-[E(Va- VO2/(E(Va - Va)2)] where:
Va = estimated V,,
Va = average V,
MSD = Meansquared deviation of the estimated volume
= F(Vg- ’\;3)2/(11 -m) where:
(n - m) = the degrees of freedom; the number of
trees less the parameters estimated by V5 or F,
SE = Standard error of the estimated volume

= Y(MSD)
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CONCEPTS

Most volume and taper models consider the entire stem as a
single unit (Demaerschalk 1972; Newberry and Burkhart
1986; Burkhart and Walton 1986; Kozak 1988; Newnham
1988). This makes it difficult to fit a taper model which
behaves satisfactorily in the butt portion and the middle third
of the stemn — where most of the volume and value is.
Prediction of taper in the stem below breast-height does not
serve any practical purpose as the lowest foot or so is lost int the
sturnp, and neither lumber not veneer output is affected by the
taper below breast-height. To reduce this problem we follow
the procedure of Walters and Hann (1986) and Rustagi and
Loveless (1990), and treat the stem as consisting of two parts:
above breast-height (upper-stem) and below breast-height
(lower-stem), with volume estimated separately in the two
sections and fitting the taper model only in the upper stem.

The volume in the upper-stem {V3) is predicted from esti-
mated inside bark diameter {(dbh), total height above breast-
height (Hy), and the height to two-thirds D above breast-height
(H_67Da). For example, a V, prediction model may be:

[1]  Va—a+ b*bh2*H, + c*dbh2*H ¢7Da

where a, b and ¢ are regression coefficients.

The volume in the lower stem (Vp) may be computed by
either treating it as a cylinder having diameter dbh, or predicted
from D using regression.

The taper model is fitted only in the upper-stem. The stem
profile is derived from the predicted inside bark breast-height
diameter (dbh), H, and the shape parameter (B) using the
simple relationship:

[2] = dh*[(H - hY/HaP

where d is the predicted diameter at any height h,
and B is computed from the upper-stem
form-factor (Fp).

The underlying theory between the form-factor and ratio of
height to fractional basal diameter in simple geometric solids
of revolution may be found in Rustagi and Loveless (1990).
Approximating the upper-stem of a tree with this simple
geometric solid of revolution, their procedure, which we have
followed in this study, may be described as follows:

1. The upper-stem taper model is based on the predicted
inside bark breast-height diameter (dbh), obtained from ID
using linear or non-linear regression. One advantage of
this approach is that stand specific bark-thickness predic-
tion models may be used to reduce model bias, which is
generally the problem with D and H based models.

2. Predict the upper-stem volume (Va) (see [1] above) or its
cylindrical form-factor (Fp), which has a strong linear
relationship with the height-ratio (R g7Da=H ¢7Da/Ha)-
Onmne simple linear relationship to predict F could be:

(3] i‘;a =a+b*R 67Da

3. If only Vj is known then the following conversion from
Va to F; is needed:

[4] Py = V,/(.005454%dbh2+H,)

4. The shape parameter {B) is predicted using the relation-
ship:

(51 B=(1-Fay2Fs

5. Any upper-stem diameter (inside bark) may be predicted
using [2] above. I height (h) for a specified upper-stem
inside-bark diameter (d) is needed, the same may be
obtained by inverting [2]:

[6] h=H - Hy*[d/@h](1/B)

The upper-stem form-factor, used in [4] to determine the
value of the shape parameter, may be obtained indirectly from
any volume prediction model, or estimated directly from
R 67Da- However, inclusion of H 673 in any volume predic-
tion model (with or without Hy), results in substantial reduc-
tion in the standard error of volume (SEy/). Regardless of the
volume prediction mode] used, the upper-stem taper model
theoretically provides total cubic volume for the upper stem
identical to that obtained directly from the volume prediction
model. '

In this study we report the results of applying this method to
inland Douglas-fir, and compare the volume and taper predic-
tions with D and H based models.

DATA

The data are from 435 unforked Douglas-fir trees, obtained
by destructive sampling during timber inventories from five
U.S. Forest Service Region IV Forests, i.e., Ashiey, Challis,
Salmon, Targhee, and Wasatch. A sub-sample of 350 trees was
used to develop the volume and taper prediction models. The
data are summarized in Table 1. The remaining 85 trees were
used to test and validate the results.

Table 1. — Summary description of the 350 inland Douglas-
fir trees used for volume and taper models.

Tree Standard
Attribute  Mean Deviation Minimum Maximum
D (in) 11.3 51 5.0 36.3
H (ft) 525 16.6 227 111.3
dbh (in) 10.0 4.6 4.2 33.7
H gD () 26.7 8.7 10.8 61.0
Va (cft) 16.9 249 08 193.0
F, 044 0.05 0.32 0.63
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THE VOLUME AND UPPER-STEM PROFILE
PREDICTION MODELS

The first step in our analysis was the prediction of dbh from
D, as the former cannot easily be measured on standing trees.
As the scatter between the observed D and dbh was strongly
linear, the following simple linear regression model was found
to provide a satisfactory fit:

81 &-bht: = 0.04 + 0.888+D); SE = 0.346; R2=0,994

InTable 2, we list the most promising regressionmodels that
were fitted to predict V, or Fy. The first three volume
prediction models are based on D and M, only. The last three
meodels also utilize H g7Da. or R §7Da.

Once dbh and B (through F,) have been obtained, we can
predict d for any given h, or h for any given d, using [2] or [6].
The taper model will always satisfy the conditions that d = 0,
when h = H, and d = dbh when h = 4.5, Besides, the volume of
the upper-stem obtained from the taper model will be fully
compatible with the volume obtained directly from the corre-
sponding volume function.

Depending on the requirements, Vi, could be estimated for
the entire 4.5 ft ength, or only for the section between stump-
height and breast-height. We developed a volume prediction
model for the 3.5 foot section (above one-foot stump) as
follows

[S] Vp=0.152 + 0.016938+D2; SE=0.443; R2=0.976

RESULTS AND DISCUSSION

The SEy and Fit Index (FT) values of different regression
models (Table 2) clearly establish the important role H g7D3
plays in improving the prediction accuracy of the upper-stem
volume. Although the reduction in FI is only marginal, the SEy,
of the best two variable models is decreased 35% by inclusion
of H 675 as the third independent variable.
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Errespective of whether V, log(Vy) or F, is used as the
dependent variable, inclusion of H 71, causes sizable reduc-
tion in the SEy. This increased accuracy in predicied volume
is carried over to the taper model because of direct relationship
between Fy and B. This fact does not hold for taper models in
general. The summary results of these regression models on
the validation sample are presented in Table 3 which confirms
the results of Table 2.

As the taper mode] is based on a single form parameter, it
tends to over-predict the diameters in the uppermost section of
the stem. Because very little volume is involved, the taper rate
in this part of the stem would have only insignificant impact on
the total cubic volume in the upper-stem. Therefore, we
consider the stem above a 4 inch dib as a cone regardless of the
estimated B coefficient value,

The taper model lacks an inflection point. As such, it canmot
model the change in geometric shape from a neileid to a
paraboloid associated with butt swell. This should not cause
any problem if the butt-swell does not extend beyond breast-
height, or is not very pronounced. If butt-swell extends above
breast-height, the diameters in the lower-most part of the stem
may also be overpredicted. This overprediction is generally
only by a fraction of an inch and is well within the prediction
accuracy of D and H based taper models. Rustagi and Loveless
(1990) compared the form-factor based taper model with the
variable form taper model by Kozak (1988) and crown ration
based taper model by Walters and Hann (1986), and found that
it outperformed both when tested on coastal Douglas-fir trees.

FIELD MEASUREMENT OF Hg7p

If H g7D is an important tree attribute for estimation of the
cubic volume and for the prediction of upper-stem diameters,
then unless it can be measured on standing trees, it will have
little practical use. The H 7D averages one-half of the total
tree height and therefore, is in the lower part of the crown and
should cordinarily be visible. The parallel bands on the
Relaskop provide one way to identify this point and obtain its

Table 2. — Comparative evaluation of equations for predicting V,, Fa, and log (V). Data from 350 felled Douglas-fir trees from

five national forests-Region IV, U.S.F.S. ‘

No. Model FI MSD SEv
' (ft3)2 (fr3)
Va = 0.447 + .001783*D2*H, 0.988 7.350 2.711
2 lm) = -2.91947 + 1.75537*log(D)
+ 1.26420%log(H,) 0.986 8.561 2.926
3 Fa, = 0.340667 + 0.02205*H,/D 0.989 6.799 2.607
Va = 0.087 + 0.00071*D2*H,,
+ 0.00245*D2*H 7D, 0.995 2.840 1.685
5 log(V,) =-2.520863 + 1.933493*log(D)
+ 0.435807*log(Hy)
+0.603348*log(H 67Da) 0.955 3.023 1.739
6 F, = 0.154251 + 0.621042*R 67D 0.994 3.609 1.900
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Table 3.— Testing of equations from Table 2, on validation sample of 85 felled Douglas-fir trees from five national forests Region

IV, US.ES.
No. Model FI MSD SE,
(fi3)2 (f63)
Va = 0447 +.001783+D2+H, 0.989 9.249 3.041
2 log(V,) = - 291947 + 1.75537#log(D)
+1.26420+log(H,) 0.993 6.233 2.497
3 Fa = 0340667 + 0.02205+H,/D 0.992 6.860 2.619
Va = 0087 +0.00071+D2+H,
+0.00245+D2xH g7Da 0.998 1.343 1.159
5 log(Vy) =  -2.520863 + 1.933493+log(D)
+0.435807+log(H,)
+0.603348+log(H. 67D) 0.998 2.077 1.441
6 Fa =  0.154251 + 0.621042+R g7Da 0.999 0935 0.967

height at the same tirne. Another alternative, although cumber-
some, would be to use a Wheeler Pentaprism Caliper. Elec-
tronic optical devices, currently being developed, which read
distances, heights, and diameters may provide a better solution
to this problem.

In field irjals, the hand-held Relaskop could not be held
steady enough to get accurate results. Also, different observa-
tions were recorded depending on whether the Relaskop was
moved up from below, or down from above. Though not
rigorously tested, it appears that a Jake-staff mounted
Relaskop should provide satisfactory measurement of H 7D
and increased accuracy is likely to result if an arithmatic
average of tiwo observations of H 7D is taken: one by moving
the Relaskop up from below, and another by moving it down
from above. We do not anticipate that any measurement error
in H g7D will be serious enough to cancel out the benefits
resulting from it inclusion in the upper-stem volume or form-
factor prediction models,
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