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Comparison and Validation of Basal Area Growth Functions
using Crown Variables in Northern Hardwoods'
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ABSTRACT

Individual-tree basal area growth for Acer saccharum, Fraxinus americana, and Tilia
americana was studied in mature and old-growth northem hardwoods in North America. Data
were collected from 382 sample trees ranging in age from 17-311 years. Individual-tree basal
area growth equations were also developed and evaluated for the three species. Independent
variables included diameter-based variables and crown-based variables. The use of crown
variables resulted in minimal improvement in model accuracy except for white ash. A variety
of different variables for measuring crowding or competition were all about equally useful, and
no one competition variable was clearly superior. Several validation measures for predicted
basal area increment were evaluated in the best diameter-based and crown-based models
using independent data sets. The test for model bias (simultaneous F-test for slope = 1 and
intercept = ( for fit of observed vs. predicted values) showed no significant bias, and model
efficiency (EF) revealed good fits for all models and species.

Key words : Diameter variable, Crown variables, Basal avea growth, Validation, Northern
hardwoods
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INTRODUCTION

Over the last 30 years, a number of forest
growth simulation models have been con-
structed for even-aged or uneven-aged stands
of single or mixed species. Because of diffi-
culties in measuring and simulating ecophysi -
ological processes for individual trees, many
demographic models are largely empirical,
relying on calibration with data from a limited
range of stand age, species, and treatment
history (Wykoff, 1990; Vanclay, 1995). Few
models are calibrated with data from a wide
range of stand ages and forest conditions that
includes both second-growth and old-growth
stands.

Since the unit of biological growth in the
forest system is the tree, a model based on
individual trees has obvious advantages
because growth in the individual tree model
can be more directly related to the biological
processes of growth and developiment than is
possible in stand-level models (Daniels and
Burkhart, 1975). It is also easier to mimic
forest dynamics of mixed-species stands using
individual-tree models (DeAngelis and Gross,
1992). Also, many silvicultural prescriptions
such as crop-tree release are implemented on
an individual-tree basis.

Individual growth models have widely used
empirical variables but are not as yet included
biological meaningful variables such as more
physiological process orientations, incorporating
measures of branch or tree leaf area, light
intensity and photosynthetic activity among
and within plant crowns. An individual-tree
growth model that includes crown-related
variables, which more adequately reflect a
tree's degree of exposure to sunlight than do
stem-diameter-based variables, may be useful
for investigating certain stand dynamics issues
of uneven-aged management, such as the
formation and closure of canopy gaps and the
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growth of young age-class trees within gaps.
Incorporating measures of crown size in a
simulation model may provide and additional
benefit of naturally constraining the growth
of individual-trees in long-term simulations.

Previous forest growth simulation studies
have included some direct measure of crown
size or exposure. Mitchell(1969,1975) has
used predicted branch growth to compute the
total crown projection area of trees in even-
aged white spruce and Douglas-fir stands,
from which tree diameter, volume and total
height were calculated. Total and exposed
crown surface area were tested as a predictor
of potential growth in red pine (Hatch et al.,
1975), but were not found to provide much
improvement over simpler diameter-based
prediction. The STEMS individual-tree
growth model includes crown ratio, or the
ratio of live crown length to total tree height,
as a predictor variable in a potential growth
function (Becher et al., 1982).

Hix and Lorimer (1990) indicated that
measures of crown size and exposure to direct
light improved predictions of tree height and
basal area growth in even-aged sapling and
small pole stands in southwestern Wisconsin.
The height growth prediction models developed
by Hix and Lorimer (1990) were for young,
fully stocked, natural stands where there were
limited ranges of tree sizes and stocking levels
around individual trees. Direct measures of
crown size and overlap have proved very
useful in predicting both height growth and
basal area growth (Cole and Lorimer, 1994).
Their works, however, have not yet been
used in wide-range data including old-growth
data.

In the present study, data were combined
with a wide variation in age, ranging 17-311
years from generally uneven-aged forest,
transitional old-growth forest and true old-
growth forest. The objective of this study is to



compare and validate the predictive accuracy
of basal area growth models with and without
crown-based variables.

METHODS

Study areas

Data on basal area increment were utilized
from 3 pre-existing data sets, all of them
obtained on similar habitat types and using the
same sampling methods (Cole and Lorimer,
1994; Singer, 1995; Cole and Lorimer, unpub -
lished). The data were collected from 1987-
1991 on 63 plots in fifteen northern hardwood
stands in northern Wisconsin and adjacent
western Upper Michigan (Table 1). Overstory
tree species included sugar maple (Acer
saccharum), basswood (Tilia americana),
white ash (Fraxinus americana), and other
northern hardwood associates.

Table 1. Summary of study area characteristics

F A S A 3(2). 2000 3

The study sites lie within sub-subsections
1X.3.1, 1X.3.2, and IX.3.3 of the ecological
landscape classification of Albert (1995). Mean
monthly temperatures range from -12.3C in
January to about 19.5C in July. Annual pre-
cipitation averages 820 mm and is fairly well
distributed throughout the year. Elevations
range from 500-550 m. Soils are classified as
well or moderately well drained loamy
Spodosols, originating from eolian deposits
on glacial till or glacial outwash.

Stands were selected on similar sites but
with a range of stocking levels and cutting
histories so that most of the variation in
individual tree growth would be related to
differences in initial tree size and competition,
and relatively little of the variation would be
due to inherent site differences. Stands were
selected on habitats classified as mesic and
nutrient rich in the system of Kotar et al.

. Principal Type of Year of Year Since
Stand Plot number Habitat type age cohorts harvest  harvest harvest
Wildcat Creekl 1,2°,5,8,21" Acer-Viola-Osmorhiza  43-242 Selective 1978 9
Phelps 1,2,3,4°,9°  Acer-Viola-Osmorhiza  17-68  Selective 1942 15
Argonnel Acer-Viola-Osmorhiza  48-248 Uncut - -
Argonne2 Acer-Viola-Osmorhiza  91-242  Shelterwood 1969 19
Mexico Creekl Acer-Viola-Osmorhiza  56-191 Selective 1982 6
Pelican Lake Acer-Viola-Osmorhiza .
Acer-Tsuga-Dryopteris 62-104 Selective 1982 6
Black Creek Acer-Viola-Osmorhiza .
Acer-Tsuga-Dryopteris 34-136  Selective 1979 9
‘Wabeno Acer-Viola-Osmorhiza  30-64 Uncut - -
Mary Lake 1,2,3,4,5 Acer-Viola-Osmorhiza  55-149  Selective 1981 10
\ﬁgﬁicférf‘;;il;z ?51(1]6%71%81?91%0 Acer-Viola-Osmorhiza  64-242 Selective 1978 12
NS aees? 45,618 Acer-Viola-Osmovhiza 109-162 Selective 1982 8
P p— 12,3 Acer-Fagus-Adiantum 154274~ Selective 1982 8
(trueS S;{X_agnrfmh) 1,2,3,4,5,6,7,8 Acer-Tsuga-Dryopteris 141-311 Uncut - -

* Control plot (uncut).

Wildcat Creekl (plot 21), Phelps (plot 9), and Mary Lake (plots, 1, 2, 3, 4, 5) are from the data of Singer

(1995).
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(1988). These included the Acer-Viola-
Osmorhiza, Acer-Fagus-Adiantum, and the
upper site quality range of the Acer-Tsuga-
Dryopteris habitat type. The mean site index
from all acceptable sugar maple trees was
19.0 m (range 16.5-20.0 m). Site index was
estimated from curves of Carmean (1978)
using only dominant and codominant sugar
maple, white ash and American basswood
trees that showed no evidence of early growth
suppression in stem disks cut at breast height.

The data set for this study included a wide
variation in age among sample trees, ranging
from 17-311lyears. Thirty percent of the 382
trees were » 100 years old, 18% were >150
years, and 10% were >200 years old. Intensity
of treatments in the managed stands ranged
A

is

from <20 to 65% basal area removal.
summary of study area characteristics
given in Table 1.

Field methods

Circular plots were established in each stand
by stratified random sampling, with plot radius
equal to 3.5 times the mean crown radius of
the 10 canopy trees (dominant, codominant,
as defined by Smith, 1986)
nearest to plot center. Subject trees, on which

intermediate,

growth measurements were made, were all
trees greater than or equal to 5 cm dbh within
a radius 2.1 times the mean crown radius of
the 10 canopy trees. This plot design is
efficient for data collection to give approxi-
mately equal number of sample trees in stands
of different ages.

Distance and azimuth from plot center were
recorded for all live trees and recently cut
stumps within the outer plot perimeter.
Species, dbh, and crown class were recorded
The
crown classes recognized were dominant,

for all subject and competitor trees.

codominant, intermediate, and suppressed, as
defined by Smith (1986). For subject trees,

crown radii in four cardinal directions as well
as radii of the exposed portion of the crown
(the part not overtopped by adjacent trees)
were measured by extending a tape measure
horizontally from the bole center at ground
level to the crown projection edge. A
clinometer was used to sight the crown
projection edge for all measurements.

Subject trees were felled and total height
measured. A disk was cut at breast height for
laboratory measurement of radial increment.
Felling of subject trees was not possible in
the Menominee, Sylvania old-growth stands,
and sites sampled by Singer (1995). Instead
of disks, two cores on opposite sides of the
tree were taken (.5 m above ground level
from a point randomly located around the
stem. Since crown and height growth could
not be measured in these stands, crown and
total height dimensions at time of midpoint
were estimated using species-specific regres -
sion equations developed from other stands
(Choi, 1998). A detailed description of this
field methods is given by Cole (1991), Singer
(1995) and Choi (1998).

Data analysis

Calculation of dependent variables

The dependent variable of the growth model
is annual basal area growth (ABA). Annual
basal area growth for data from Cole (1991)
and Cole's old-growth data was calculated as
average annual growth for the five- or seven-
year period preceding the year of measurement,
respectively. Annual basal area growth in
the Singer (1995) data set was calculated as
the average basal area growth from the year
of treatment to the year of measurement, to
a maximum of ten years. Average annual
basal area growth over a 5-10 year period was
used for each tree to minimize the potential
effects of climatic or pathogenic factors in
any single year.



Calculation of independent varviables

The independent variables of interest in this
study were grouped into two categories :
traditional mensurational variables and crown
-based variables. The mensurational variables
were diameter at breast height (DBH), relative
diameter (D/D), percent stocking of the subplot
or plot (%STOCKING), and competition index
(CI). Because these are all derived wholly or
in part from measurements of dbh, they are
hereafter "diameter-based
Crown-based variables were total
height (H), total crown projection area (TCA),
relative height (H/H), exposed crown area
(ECA),
(%ECA).

Relative diameter (D/D) and relative height
(H/H) were calculated by dividing bole
diameter or total tree height at the growth

referred to as
variables”.

and percent exposed crown area

interval midpoint by the arithmetic mean
diameter or height respectively, for all
codominant and dominant trees on the plot.

Percent plot stocking level (%STOCKING)
was based on the Lake States northemn hard -
wood stocking chart from Tubbs (1977).
Because maximum (A-level) stocking in
unmanaged stands is not indicated on the
maple-basswood stocking chart, and stocking
levels are not shown in percent, stocking
levels could not be expressed in the usual
manner as a percentage of A-line basal area.
For the present study, numerical stocking
values were calculated by dividing the sample
plot basal area by the basal area of stands
shown on the chart to be at the level of
"average stocking” of managed stands with <
20% basswood basal area, 20-49% basswood
basal area or 50-100% basswood basal area,
and having the same mean of dbh of codomi-
nant trees as the sample plot. The ratio was
then multiplied by 100. A stocking level of
100%
stocking for managed stands (the only fixed

is therefore interpreted as average
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reference point on the chart), rather than A-
line stocking.

A plot-level, distance-independent com-
petition index (CI) was used. In studies by
Ganzlin and Lorimer (1983) and Lorimer (1983),
neither the direct computation of inter-tree
distances nor the degree of symmetry in
selecting of competitors had any significant
effect on the correlation between observed
tree growth and competition index in even-
aged and uneven-aged northern hardwoods.
Each tree on a plot was considered a subject
tree, and competition trees were defined as all
trees of equal or higher crown class within
the same plot. Lorimer:(1983) found that this
definition of potential competitors showed the
highest correlation with actual growth. The
following competition index (CI) was used
for this study.

(ZD)/D;

where D; is the diameter of competitor tree
and D; is the subject tree diameter.

Total crown projection area (TCA) was
calculated as the sum of the areas of four
quarter ellipses (NE, SE, SW, NW) defined
by these total crown radii. Exposed crown
projection area (ECA) was calculated in a
similar way, but using projection area of the
exposed portion which was not overlapped by
Percent
exposed crown area (%ECA) was computed
as the ratio of exposed to total crown projec -

the branches of adjacent trees.

tion area. For overtopped trees, a minimum
%ECA of 2.0 was assigned to take into
account sun flecks and small breaks in the
canopy. ECA for overtopped trees was there -
fore calculated as 2% of the measured TCA.

The independent variables indicating tree
dimensions in the sample year (DBH, height,
total crown area) were backdated to the
midpoint of the growth interval in order to
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minimize the cumulative time differences
between dependent and independent variables.
Midpoint size variables for each subject tree
were calculated by subtracting observed
annual growth increments from current size.
However, we assumed that percent exposed
crown area (%ECA) and height of widest
part of crown for most mature trees would
not have changed substantially over the 2-4
year period from the growth interval midpoint
to the year of measurement. Therefore,
exposed crown area (ECA) at midpoint was
calculated by multiplying the midpoint TCA
by the %ECA in the year of measurement.
For competitor trees, and on sites where
subject trees could not be felled, tree dimen -
sions at the growth interval midpoint were
estimated from sample-year dimensions using
species-specific and stand-specific equations
from Cole (1991) and Singer (1995), which
had been calibrated from the felled-tree data.
Similar equations were newly developed for the
old-growth stands (Choi, 1998). Coefficients
of determination for the allometric equations
averaged 0.98-0.99 for predictions of DBH,
total height, and total crown area in growth
interval midpoint.

Basal area growth model

Diameter-based model

Species-specific multiple regression equa-
tions for diameter-based variables were devel -
oped based on an a prior: hypothesis that a
model of the form would generally give the
most accurate predictions when simple external
tree measurements were used as predictor
variables (Cole and Lorimer, 1994). Direct
measures of diameter-based variables (diame -
ter, relative diameter, and competition index
or %stocking) were tested in Eq. [1].

[1] Annual growth = f(initial size, relative
size, local stocking or competition)

o 2% BE5AGel QoA S WEE o188 Fuuwd geel vamst

Crown-based models

Predictive species-specific equations for the
crown-based models were also developed based
on an a priori hypothesis from Eq. [1], using
multiple linear regression. Total crown area
(TCA), exposed crown area (ECA), relative
height (H/H), and percent exposed crown
area (%ECA) were tested as crown-based
variables.

Eq. [1] was used as a starting point in the
variable selection process, but was not used
In all
the coefficient of determination

to constrain final model structures.
equations,
(R% and mean square error (MSE) were used
to measure goodness of fit. Also, analysis of
residuals was used to check for violations of
assumption of regression analysis.

Validation procedure

The basal area increment equations, in view
of their importance in evaluating model predic -
tions, were selected for a series of intensive
validation tests. Five data sets making up 2/3
of total data for each species were randomly
selected for calibration. The calibration data
set was then used to fit the best diameter and
crown-based models for each species. The
observed values of the independent variables
for each tree in the validation data sets (1/3
of total data) were then entered into equations
fit with the calibration data set, and observed
and predicted growth for each tree compared.
The statistical measures of validation recom-
mended by Mayer and Butler (1993) were
used for this study : root mean square error
(RMSE) : V 2X(y-¥)% »n, mean absolute error
(MAE) : (2| v~v;1)/n, modeling efficiency
(EF) : 1-2X(y;-3)%/ 2Xy-¥)?, and linear re-
gression analysis of observed versus predicted
values (including simultaneous F-test for
bias). For the bias test, predicted values of
the variate (x axis) were plotted against
observed values (y axis). The line of perfect



agreement between predicted and observed is
then a straight line with slope=1 and intercept
=(. A linear regression of actual observed
vs. predicted values can then be evaluated to
test the hypothesis of slope = 1 and intercept
= (, with a non-significant result indicating
lack of model bias. The model efficiency is
an overall test of goodness of model fit,
analagous to the coefficient of determination.
However, with the model efficiency term,
values can potentially be negative, indicating
a poorer fit than the alternative model y =y .
The average statistical measures of validation
for the 5 independent data sets were computed
for each model.

RESULTS

Basal area growth versus single predictor
variables

Adding the new data from old-growth and
second-growth stands increased the correlation
between basal area increment and single

ATAE S 85 A) 3(2). 2000 7

predictor variables compared to the original
data set of Cole and Lorimer (1994), especially
in sugar maple. Initial size variables generally
had higher R? values than other variables in
both the original and full data sets. The most
dramatic increase in R? occurred among the
relative size terms (Table 2).

In general, basal area increment was most
strongly correlated with dbh and exposed
crown area (R® of 0.61-0.77). The lowest
correlation among single predictor variables
was for percent stocking; this was true for
both the original and the full data sets (Table
2).

Linear models of basal area increment
Variables that were significant when
combined in multivariate equations generally
included all three categories of variables in
Eq.[1] (initial size, relative size, competition).
For sugar maple, this was the case for
diameter-based and crown-based models,
which had R? values ranging from (.72 to

Table 2. Coefficients of determination (R for annual basal area increment (ABA) and single

predictor terms based on the model

In (ABA) = by + by In(X). Values shown outside parentheses are for the full data set,
after removal of missing values. All equations have significant F-values (€0.0001) and
significant individual parameter estimates (#<0.05) except where noted. The number in
parentheses are R? values for the original data set of Cole and Lorimer (1994)

Initial size Relative size Competition
Species

D ¥ TCA RD RH %STOCKING CI ECA %ECA

Sugar maple 0.65 0.52 0.48 0.61 0.61 0.14 (0.18) 0.69 0.70 0.49
(n=195) 0.57)  (0.4D (0.45 0.44) 0.45) ) ' 0.57 0.66)  (0.35
Basswood 0.68 0.58 0.52 0.47 0.26 0.01" 0.40 0.61 0.30
(n=62) 0.75)  (0.60)  (0.58) 0.28) 0.26) 0.027) 0.34) 0.60) (0.2D)
White ash  0.69 0.55 0.80 0.50 0.41 0.13 (0.16) 0.18 0.77 0.31
(n=33) 0.66) (0.5 (.77 (0.40) (0.43) ’ ’ 0.12) 0.7 (0.3D

D = diameter breast height (cm)
TCA = total crown area (m)

RH = relative height (4/ H)

Cl = competition index (2£D;/D;)

H = height (m)

RD = relative diameter (D/ D)
%STOCKING = percent stocking
ECA = exposed crown area (m’)

%ECA = percent exposde crown area (ECA/TCA) x 100
* The P-value for the %STOCKING parameter is 0.4.
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0.78 (Table 3 and 4). For basswood, relative
size terms were not significant in either
diameter-based or crown-based models.

All equations in Table 3 and 4 typically
include the same significant predictors as the
equations in Cole and Lorimer (1994). Addition
of the new data increased the R® value of

i

2

3 2]

A gaae) vl

o

o] &3 Fudd 7}

oF
all equations for sugar maple and white ash
(1-7 percentage points). However, the R
decreased slightly for basswood (2-10 percent -
age points).

Among all species, DBH, percent exposed

crown area and exposed crown area were
typically the most significant predictor

Table 3. Linear diameter-based equations for predicting annual basal area increment (ABA, cri/yr).
All equations have significant F-values (/X0.0001) and significant individual parameter

estimates (/X0.05) except where noted

Equation n R’ MSE
Sugar maple
[2] Best model InABA=6.4740.77 InDBH+0.53 InRD - 1.37 n%STOCKING 204 0.76 0.33
[3] InABA=1.56+0.84 InDBH - 0.60 InRD - (.81 InCl 214 0.74 0.36
[41" InABA=1.40+0.68 InDBH - 0.53 InCl 214 0.72 0.38
[5] InABA=-1.81+1.24 InDBH 214 0.64 0.48
Basswood
[6] Best model  InABA=-0.10+1.34 InDBH - 0.43 In%STOCKING 66 0.70 0.21
[7] InAaBA=-0.77+1.11 InDBH - 0.25 InCl 66 0.69 0.21
(P=0.07)
[8]* InABA=-1.84+1.25 InDBH 66 0.67 0.22
White ash
[9] InABA=-2.70+2.24 InDBH - 1.51 InRD - (.74 InCl 33 0.7 0.41
(P=0.08)
(101" InABA=-2.52+1.46 InDBH+4.83 (1/Cl) 33 0.73 0.41
(P=0.06)
[11] Best model” InABA=-2.45+1.55 InDBH 33 0.69 0.45

*The best models in Cole and Lorimer (1994)

" The best model for white ash doesn't have highest R*> and lowest MSE because Eq.(9) and (10) have

abnormal residual patterns.

Table 4. Linear crown-based equations for predicting annual basal area increment (ABA, cr/yr). All
equations have significant F-values (/X0.0001) and significant individual parameter estimates

(#0.05) except where noted

Equation n R? MSE
Sugar maple
[12] *Best model InaBA=-0.25+0.46 InTCA+1.03 InRH+0.28 In%ECA 205 0.78  0.30
[13] InABA=-2.91+1.36 InH+0.42 InRH+0.30 In%ECA 205 0.72  0.39

(P=0.06)

[14] InABA=(.16+0.46 InH+0.75 InRH+0.31 InECA 205 0.77 0.31
Basswood
[15] InABA=-0.99+0.54 InTCA+0.42 n%ECA 66 0.60 0.28
[16]* InABA=-6.43+2.47 InH+0.29 In%ECA 63 0.65 0.25
[17] Best model InaBA=-3.58+1.66 InH+0.31 InECA 63 0.70 0.21
White ash
[18] *Best model InaBA=-2.33+1.01 InTCA+0.33 In%ECA 33 0.89 0.16
[19] InABA=-6.76+2.36 InH+0.46 In%ECA 33 0.75 0.38
[20] InABA=-2.99+1.32 InH+0.47 InECA 33 0.87

* The best models in Cole and Lorimer (1994)



variables (Table 3 and 4). Although percent
stocking was not significant in the univariate
case (Table 2), it was significant in combina -
tion with DBH and relative diameter for both
sugar maple and basswood. Percent stocking
performed slightly better (2 percentage points
higher) than competition index in combination
with the other variables (Table 3). Also,
competition index in Eq.[9] and Eq.[10] for
white ash had a heteroskedasitic residual
pattemn. Eq. [9] in particular did not perform
well for white ash. Based on the residual plot
and model verification, the best available
model for white ash was decided as Eq.[11].
No evidence could be found in data set that
white ash responds in a predictable fashion to
reduced competition, and so white ash incre -
ment in the final model is only a function of
its initial size.

Comparison of diameter-based and crown
-based variables for predicting basal area
increment

The degree to which crown variables im -
proved the fit of the basal area increment
models varied from no increase in basswood
to a slight positive increase in sugar maple (2
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percentage point increase in R?) to a moderate
increase in white ash (20 percentage point
increase in RZ). On the whole, the use of
crown variables did not result in as much
improvement over the use of diameter-based
variables as they had in the original data set
of Cole and Lorimer (1994).

Validation

Statistical validation test for the best
diameter-based equations and the best crown
-based equations of basal area growth is
summarized in Table 5, using the suite of
tests recommended by Mayer and Butler
(1993). Deviance measures were all fairly
low, with mean absolute error in predicted
basal area increment ranging from 3.6 cm’ yr
! for sugar maple to 6.1 cm? yr'! for white
ash. Root mean square error ranged from 6.1
-8.0 in the best crown-based equations.

The simultaneous F-test for bias indicated
that the slope of the relationship between
observed and predicted values of basal area
increment was not significantly different from
1.0 and the intercept was not significantly
different from 0, indicating a lack of signifi-
cant bias in model predictions.

Table 5. Average validation measures for independent data sets based on 5 replications with the best

diameter-based and crown-based equations

Model RMSE MAE Intercept Slope Bias* EF
Sugar maple (n=68)

Diameter-based model 7.4 4.31 2.66 0.85 2.41™ 0.49
Crown-based model 6.10 3.62 0.31 1.12 2.99" 0.66

Basswood (n=21)
Diameter-based model 8.25 5.98 4.17 0.91 1.24™ 0.39
Crown-based model 8.02 5.76 1.67 1.02 0.86™ 0.43

White ash (n=11)
Diameter-based model 8.12 6.12 -2.47 1.34 1.41™ 0.64
Crown-based model 6.79 4.76 0.15 1.00 1.834™ 0.74

RMSE, root mean square error, {{ = (»5)?] / n}*®  MAE, mean absolute error, (2 |y51) / n

* Simultaneous F-statistic for slope = 1 and intercept = 0

EF, modeling efficiency, 1-2(y-3)*/2(~y)*

ns, nonsignificant (p>0.05)
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The modelling efficiency term, recommended
by Mayer and Butler (1993) as an important
overall measure of goodness of fit, was
moderately high for sugar maple and white
ash (0.66 and (.74, respectively), and moder -
ate for basswood (0.43) in the best crown-
based equations. The best crown-based equa -
tion was generally better fit for all species.
However, differences between diameter-
based and crown-based model were rather

small. (Table 5)
DISCUSSION

Performance of alternative basal area
increment models

A variety of different variables for measuring
crowding or competition are all about equally
useful in northern hardwoods. Therefore, no
one variable is clearly superior. Exposed
crown area and percent exposed crown area
are determined solely from the effects of im-
mediately adjacent competitors without any
knowledge of competitors further away from
the subject tree. Therefore, crown competition
variables (ECA and %ECA) can be collected
more rapidly in the field than diameter-based
competition (CI) because multiple measure-
ments of competitors are not needed for every
subject tree. Percent stocking, a plot-level
measure of competition, is also easily measured
using average diameter of codominant trees
and stand basal area.

There is little difference in the overall
statistical fit between the diameter-based
model
increment model for sugar maple. This has

and the crown-based basal area
important implications because crown variables
may not be worth measuring simply to
increase the precision of the model. Given
that measuring crown dimension variables on
fixed area plots is more difficult and time-
consuming than dbh and other diameter-based

aj
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measurements, diameter variables might be
more convenient and cost-efficient for many
users. However, crown variables are useful
and possibly necessary in examining gap
closure processes. It is doubtful if diameter-
based models can provide accurate simulation

of gap dynamics and gap-capture by saplings,
although this point needs further investigation.
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Percentile-based Weibull Diameter Distribution and
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ABSTRACT

Growth and yield models describing diameter distribution have been widely used in forest
management for making appropriate management decisions on forestry operations. Prediction
equations for percentiles of diameter distribution and a parameter recovery procedure for the
Weibull distribution function based on four percentile equations were applied to develop
diameter distribution of even-aged unthinned slash (Pinus elliottii Engelm.) pine stands and
yield prediction model. Four percentiles of the cumulative diameter distribution were predicted
as a function of the principal stand characteristics such as plantation age, site index, and
stand density. Individual tree height prediction equations were developed for the calculation
of yields by diameter class. This percentile-based Weibull diameter distribution and yield
prediction system will be useful in updating forest inventories for the long-term forest
management planning and in evaluating forest investment opportunities. It is available as a
user-friendly computer program that can calculate expected yields by diameter class.

Key words : Pinus elliottii, three-parameter Weibull distribution, percentiles, parameter
recovery, yield and growth model
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INTRODUCTION

Stand level growth and yield models have
been tested using diameter distribution proce -
dures. In these cases, it is assumed that the
underlying diameter distribution of the stand
can be characterized by a certain probability
density function. A number of methods have
been proposed to model diameter distributions
in forest stands. Many statistical distribution
functions such as log-normal, Beta, Weibull,
the Johnson's SB, and Bivariate distribution
have been used to describe diameter distribu -
tions in forest stands (Bliss and Reinker 1964,
Clutter and Bennett 1965, Lenhart 1968,
Bailey and Dell 1973, Hafley and Schreuder
1977, Clutter et al. 1983, Knoebel and
Burkhart 1991). However, most of the work
has been used the Weibull distribution to
model diameter distributions since the early
applications by Bailey and Dell (1973).
Burkhart and Strub (1974) compared the Weib
ull function with the Beta density function in
stands of loblolly pine and found better fits
with the Weibull function. This Weibull
function had showed closed form and special
appeal of its ability to take on a variety of
shapes and degrees of skewness.

Weibull parameters were predicted by
empirical functions of whole stand character -
istics such as plantation age, site index, and
density (Smally and Bailey 1974). Subse-
quently, parameter recovery techniques
replaced the parameter prediction approach
(Bailey et al. 1981, Hyink and Moser 1983,
Cao and Burkhart 1984, Borders et al. 1987,
Lenhart 1988, Bailey et al. 1989).

Several different methods for estimating
the two- and three-parameters of the Weibull
distributions such as the parameter prediction
methods, the percentile prediction methods,
the maximum likelihood and the moment

methods were investigated by numerous
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authors (Dubey 1967, Zanakis 1979, Zarnoch
et al. 1985, Border et al. 1987, Clutter et al.
1983).

The parameter recovery technique employed
in this work was first presented by Bailey et
al. (1989). This parameter recovery procedure
utilizes the expected value of the minimum
observation from a sample size » from the
Weibull distribution, four percentiles, and
the second moment of the Weibull distribution
to estimate the @, b, and c¢ parameters.

The objective of this study was to develop
percentile-based Weibull diameter distribution
and yield prediction system using the long-
term repeated measurement of unthinned slash
pine data sets in the south-western United
States and an illustration is given for the
practical computations for size-class yield
prediction model.

MATERIALS AND METHODS

1. Data

The study area consists of 22 counties in
East Texas, USA. Generally, the counties are
located within the rectangle from 30°-35°
north latitude and 93° -96° west longitude.

The East Texas Pine Plantation Research
Project (ETPPRP) was initiated in 1982.
Measurements are on a 3 year cycle because
it takes 3 year to measure all plots. Each plot
is located in a different plantation and consists
of two adjacent subplots separated by a 60ft
buffer zone. One subplot is designated for
model development and the other for model
evaluation. A subplot is 100ft by 100ft in size,
and all planted slash pines within a subplot
are tagged and measured. Measurements
taken on each tree include dbh, total height,
and height to base of live crown. Other
characteristics recorded include crown class,
tree vigor, disease, and hardwood component.
Typical site preparation methods for establish -
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ing the plantations in which ETPPRP plots
are involved various combinations of shearing,
pushing down, piling and or chopping, plus
burning. Evaluation subplots were utilized
for evaluation purposes and all subplots were
combined for model fitting. The character
and nature of the observed slash pine stand
data sets are depicted in Table 1.

Table 1. Summary statistics for unthinned slash
pine stand data sets

Mean Std Dev. Min. Max.

AGE 11 5.1 1 26
SI 74 14.4 15 141
TPA 401 171.8 78 1,032
HT 35.4 17.7 2 111
Dy 1.7 1.4 0 6.6
Dos 3.9 2l 0 8.9
Dso 4.7 2.4 0 11.0
Dgs 6.4 3.1 0 13.8

Where : AGE=plantation age (yrs), SI=site index
(base age 25 yrs; (ft)), TPA=total trees per
acre, HT=average height of ten tallest
trees (ft), Dy=0th diameter percentile (in.),
Dy;=25th diameter percentile (in.), Ds=
50th diameter percentile (in.), Dy=95th
diameter percentile (in.).

A total of 764 plot observations from slash
pine plantations were utilized for model
fitting. Plantation age of slash pine ranged
from 1 to 26 years old, trees per acre ranged
from 78 to 1,032, and site index (base age 25
years) ranged from 15 to 141.

2. Model development

1) Prediction of diameter distribution

percentile equations

The Weibull parameter recovery method
was applied in this study that required use of
the Oth, 25th, 50th, and 95th diameter percen -
tiles. The 0th(Dg), 25th(Dss), 50th(Dsp), and
95th(Dgs) percentiles were obtained for each
subplot. Separate regression equations for the
percentiles were developed for the planted slash

pines. The principal stand characteristics such
as plantation age, site index, and stand density
were readily available in the slash pine
plantations. The basic model for percentile
equations was :

(Di) = f(AGE, SI. DENSITY), 6]

where :
D;=(th, 25th, 50th, and 95th percentiles
of diameter distribution.

2) Weibull parameter recovery methods

The Weibull distribution parameter recovery
procedure developed by Da Silva (1986) and
subsequently utilized by Bailey et al. (1989)
and Brooks et al. (1992), first determines the
predicted location parameter ‘@’ using the
predicted values for Dy and Dsj, and an initial
assumption that the shape parameter ‘¢’ is 3.0.

Assuming that ¢=3, the location parameter,
‘a’, was obtained by using the minimum (D,)
and median (Dsp) diameters and sample size
(n) :

az (n 13 Do' Dso)/( n 1/3_1)’

if a<0.0 then =0 )

The shape parameter was estimated by
using the estimate for the location parameter
and Dgs and Dys :

1, 3

INSDIENSY

¢=2.343088 /In[ 254
Dy~

and the scale parameter, ‘4’, was obtained by
solving the second moment of the Weibull
distribution for the positive root with the

. o 2.
estimates for ‘a’, ‘c’, and D ;:

al A D
T +\/ (%) (r3-1y) + T, @

2
q

S

where :
I’ =the gamma function,
ri=ra+i/o,
r2=ra+2/o,
D, = quadratic mean diameter.



There are several advantages to this
percentile-based parameter recovery procedure
over other recovery procedures such as the
location and shape parameters were obtained
by using simultaneous solutions for two points
in the distribution, the location parameter was
obtained by using an analytical relationship
between two percentiles rather than an arbi-
trary proportion of the minimum diameter.

3) Individual tree height prediction
equations
The most widely used height prediction
models are the ‘height-diameter’ equations,
which predict tree height as function of tree
diameter at breast height. The individual tree
height model used in this study was originally
developed by Lenhart (1968). The basic model
was :
1n(hz',l/H[):f(ln(di,l/DMAXf)))y ®)
where :
h; : = predicted height of the #th tree at
age f{,
H;=average height of dominant and co
-dominant at age ¢,
d;,: = dbh of the #h tree at age ¢,
DMAX; =midpoint value of the largest
diameter class at least one tree.

A property of the equation (8) is that as d
approaches DMAX, # approaches H. Other
variants of this type of tree height prediction
model for even-aged stands have been devel -
oped, which relate tree height to dbh and
variety of stand attributes (Clutter et al. 1983,
Amateis et al. 1984, Zhang et al. 1997).

4) Individual tree volume and taper
function model
The individual tree contents equations from
Lenhart (1986) was :

C=by+ D" H*by(d" |D")(H-4.5)  (6)
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where :
C =content of the stem,
D =diameter at breast height (dbh),
H =total height of the tree,
d =limiting top diameter.

This equation provides not only estimates
of total stem content but stem content to
various upper stem diameters. This equation
can be converted into taper function equations
to estimate upper stem dob (d) and height
position (h) on upper stem where d occurs.
We can estimate the content of the total
stem, the content of the stem to a designated
upper stem diameter and the diameter at a
designated position on the stem.

5) Weibull cumulative function for the
stand table calculations

The Weibull function has been widely used

to model diameter distributions since the early

applications by Bailey and Dell (1973), Sch-

reuder and Swank (1974), and Little (1983) :

0 = 1-exp[-(%52) ] @

(a< X< ), 0 otherwise.

The location parameter ‘a’ which gives the
minimum value of the distribution (minimum
diameter values is=0), and the scale parameter
‘b’ which is related to the range of the diameter
distribution, and the shape parameter ‘c’ which
determines the skewness of the distribution.
To compute relative proportions of trees by
dbh class, substitute the upper and lower
limits of the class into the cumulative distri-
bution function. Subtracting the cumulative
distribution up to the lower limit of the class
from the upper limits gives the proportion of
trees in that class (Avery and Burkhart 1994).

pett {52 ool {2252
@®
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where :
P;=proportion of trees in diameter
class 7,
U; =upper limit of diameter class :.

This equation was used for calculating
diameter class frequencies with all Weibull
diameter distribution models.

RESULTS AND DISCUSSION

1. Diameter percentile prediction equations

The components of a diameter distribution
yield prediction system are equations to
estimate certain diameter percentiles and
quadratic mean diameter. A total of 722
observations from slash pine plantations were
utilized for model fitting. Separate regression
equations for the minimum dbh (Dy) on the
plot and 25th, 50th, and 95th percentiles
were developed by using of the principal
stand characteristics such as plantation age,
site index, and stand density. The prediction
equations for the Oth, 25th, 50th, and 95th
percentiles are presented in equations (9) to
(12). The R? explained by these regression
equations ranged from 63.0% for equation (9)
to 93.5% for equation (12). The root mean
square error (RMSE) is the representative of
total variability within each equations.

In Dy = 2.06887- 12. 43177*( AGE)
+0.01913* S-0.31233% In (TPA)
(R*=0.630 RMSE=0.410) (9)

In Dys = 1.85979- 8. 34459*( AGE)
+0.01828* SF-0.17217*In ( TPA)
(R*=0863 RMSE=0.181) (10)
lnD50=2.26670—7.79727*( AIGE)
+0.01566 * SI-0.18425%In (TPA)
(R?=0.910 RMSE=0.137) (11)
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InDys =2.79087-7.52168%( 45 )

+0.01366+ SI-0.19492* In (TPA)
(R*=0.935 RMSE=0.108) (12)

If site index (SI) is unknown, but plantation
age and stand height are known, then estimate
site index in the following ways, as discussed
by Lee (1998, 1999) :

0.72408
1-exp (-0.05150 *AGE)

SI=H [ ] 1.31033

and vice versa, we can calculate stand
height from site index equation.

Quadratic mean diameter (DQMEAN) is
the input variable in recovering Weibull scale

parameter. DQMEAN is estimated as :

DQMEAN= exp (3 .21454-28. 28500( s )
+0.188682 In (AGE)-0.14931 In (AGE*T))
(R*=0.920 RMSE=0.094) (14)

By the second moment estimate for Weibull
probability density function, we can also
calculate DQMEAN information. The next
step in developing a diameter distribution
yield prediction model for planted slash trees
was needed to develop individual tree height
prediction model.

2. Individual tree height prediction
equations

Variation of the Lenhart (1968) model was
applied for individual tree height prediction
modeling. A total of 29,647 individual slash
pine tree data sets from five repeated mea -
surement cycles were used for model fitting.
The following individual tree height prediction
equation was selected based on the model
selection criteria.

In(h;) =In(H,)+0.02333 + (In (d;) —
In (DMAX))(0.52105-0.54137+ (5 )

-2, 56889*( )+0 01183 In(TPA))
(R?=0.656 RMSE=0.121) as)



3. Individual tree content and taper

function models for slash pine trees

In 1987, tree content and taper functions
for individual live standing planted loblolly
and slash pine trees in East Texas were
published (Lenhart et a/. 1987). The new
versions of the tree content and taper functions
are updated based on 86 slash pine trees data
recorded from additional trees felled adjacent
to ETPPRP plots in 1990 (Lapongan et al.
1993). Total and partial stem content prediction
equations are :

WB = 0.0025858 D' 7819 pyl13ed_
0.0024334 g*%%% p14662t (4 5)
16)
WO =0.0009719 D' 1200
0.0018942 @45 pT14254 (114 5)
an
GWVIBZO.H325 Dl.79531 HI.ISOST_
0.13908 @ p1329 (g4 5)
18)
GWWO = (0.085406 D557 pyl.19809_
0.12342 g*812 p 1382 (4 5)
19)
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where :
d = upper stem diameters outside bark,
WB = cubic feet wood and bark,
WO = cubic feet wood only,

GWWB = green weight pounds wood and
bark,
GWWO = green weight pounds wood only.

These equations accounted for at least 98%
of the variation. In above equations, we can
calculate the total stem content estimation by
setting d=0. Also, we can calculate the
partial stem content estimation by setting d
to appropriate upper stem dob.

4. Applications

To illustrate the use of this system, we can
consider a 20-year-old slash pine plantation
with 500 trees per acre and site index of 70
ft. The solution of above equations gives the
following Weibull diameter distribution
prediction computations.

This diameter distribution yield model could
provide estimates of the number of trees per
acre by dbh classes. By estimating the content

Table 2. Diameter distribution and yield computations for a 20-year-old slash pine plantations with

site index of 70 ft and 500 trees/ac

DBH No. of Avg. Basal WB WO GWWB GWWO
Class Trees/ Height Area Volume Volume Weight Weight
(in.) acre (tt) (i) (tt) ) (bs) (Ibs)
2 0 = - = = = =
3 13 23.69 0.6 10.9 7.1 5731 480.0
4 34 29.38 3.0 56.2 38.2 3,008.5 2,557.6
5 67 34.23 9.1 188.3 132.3 10,178.4 8,753.0
6 102 38.54 20.0 441.9 319.1 24,098.5 20,919.9
7 117 42.45 31.3 730.9 540.2 40,154.1 35,136.4
8 96 46.07 33.5 823.5 620.9 45,528.0 40,114.6
9 51 49.46 22.5 5718.7 444.1 32,171.7 28,519.4
10 16 52.65 B.7 233.1 181.8 13,027.3 11,611.4
11 3 55.67 2.0 54.8 43.4 3,076.9 2,756.0
12 0 = = = = =
Total 499 130.8 3,118.3 2,327.0 171,816.5 150,848.4

Where : WB=wood and bark volume, WO=wood only volume, GWWB=green weight wood and bark,

GWWO=green weight wood only.
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of a tree with dbh equal to the dbh class
midpoint, multiplying the number of trees
per unit area in that class, and then summing
these values over expected dbh classes, an
estimate of total stand yield per acre can be
obtained. If restrictions are imposed on the
tree merchantability standards and on dbh
values, multi-product yield estimates can be
readily obtained. The results of this study
indicated that the use of percentile-based
Weibull
prediction system is useful for a tree level
description of forest stands needed for long-
term management planning and yields studies.

diameter distribution and yield
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Prediction of Successional Trend in Mixed Forest of Pinus
densiflora-Quercus mongolica by Markov chain’
Dong Geun Kim?, Kwan Ho Bae® and Jeong Weon Seo’

2 o
£ A7E Markov o/ € o] 83tel 2UR-A20T FEYAAY 2PN ol E A5E
$71 9lal FAAT. o8 Ask} 47, BAALAA 2P ABURsL THAD e 15
el EEH(0.05ha)ol thate] 1988 d ¥ 1998 ol AN AU H x| e AHE EdE

ESsl
27} $ASE AURQR, AUT-AZUT TAYE, ABUTI} SR ABurgres
EQE

Uo] Markov chain® 7§l WEE =, t-19x9 £FE FANE&Y ¥MESES

1% 95 tdxe] £33 FAgu Lo FES dSste FRYS o &3,

A 108 B¢ 2UF9 #FAaFAE AZUTARAN A Be 28.0% F2ES WeH,
Sog AYF-AZUTEZILE 12.8%, AUFYE 5.6% T£o2 depd ut, Alzhvre]

F7tEAE 2UTA R A 2L 118.3%9 F7MeS vgdon, ggog AYR-Az4y

FEIYE 9.7%, 2UFIE 2.5% €22 Yelgt

EE, 10d7ke] HBEEA S Edg dor 50373 HoldSdMe AUFAEY e &Y

T A% gacste v, AZURE AL T7ete Aoz Uggen, Auyr-AZuryd

EYEY ASE 2UFE AS FasAw AZ2URe JlgeFd dedste 2RUE, Ay

T, EFYUR 52 AE Ivete A2 dEya glon, AZuRdie] Ase AUuFe

A% Zasd, AZduFes 234 Zrkeidr) 30d 58 Fa gaste ez vesoen,

7Nt TdEHE FRUE, AEUFE, oAUy, SR, EFYUE, d9F T He

v golx| gt A& F7lsta 3lo] ¢o g oE FFoR AUt B Aeg FHEG

ABSTRACT

This study was performed to predict successional trend in mixed stands of Pinus
densiflora-Quercus mongolica by Markov model. To achieve this purpose, data of tree
species composition ratio were collected in 15 Sample plots(0.05ha) at 10-year intervals
during 1988~1998 year which in Sangju and Kimcheon areas and classified 3 stand types;
Pinus densiflora, Pinus densiflora-Quercus mongolica and Quercus mongolica stand.

In this study, mathematical theory of Markov chain Matrices of transition probabilities from
one species to other was calculated by stand types and predicted the ratio of species composi -

! #:4 2000% 108 118 Received on October 11, 2000
- AFgEw g8 Department of Forest Resources, Sangju National University.
% 9)edd 79 Korea Forest Research Institute
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tion throughout 2048 years.
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During the years of 1989~1998, the decrease percentage of Pinus densiflora in Quercus
mongolica stand, Pinus densiflova-Quercus mongolica stand, and Pinus densiflora stand

were 28.0%, 12.8%,

and 5.6%, respectively.

In contrast, the increase percentage of

Quercus mongolica in Pinus densiflova stand, Pinus densiflova-Quercus mongolica stand,
and Quercus mongolica stand were 118.3%, 9.7%, and 2.5%, respectively.

The future species composition ratio throughout matrices of transition probabilities in case
of Pinus densiflora stand showed that Pinus densiflora were continually decreased, but
Quercus mongolica showed increasing trends. In case of Pinus densiflora-Quercus mongolica

stand, Pinus densiflora were decreased, but Quercus mongolica,

Q. wvariabilis, Prunus

leverlleana and Fraxinus rhynchophylla were increased, and composition ratio of Quercus
mongolica will catch up with Pinus densiflora 30 years later. In case of Quercus mongolica
stand, Pinus densiflora was decreased, Quercus mongolica showed decreasing trend 30 years
later, but Quercus variabilis, Prunus leveilleana, Fraxinus rhynchophylla, F. mandshurica,
Carpinus laxiflora and Acer pseudo-sieboldianum will be continually increased in near furture.
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Table 1. Stand attributes in study areas

oad 4% de) 24F-AZUTYe HolFe] A3

tjo

ot 2& FYRYL o &stHH.

Ai=li=17 Py Ajr1

A7IA Ap tAE AN Y [FFe FAH e
iG=1,..., D&%
Pj:irSo2 5H iTFoE

o FA¥EHSEE
Zdnt g ng
CYETE B4
1988‘414 1998 =l ZHZ AAE 22 =
AL @J)r;‘ EQE g8 FHE Aud=s 3
=g 73 A= Table 29 Zo] &2uF
R 7§—r AuRel FdEE, digderst

1988\ 87.84, 94.03°141 1998'd 82.49, 88.71
2 zastm glx, Azdure] Aee ddd
=7k 9.22904 14.30, BA =7} 4,214 9.
192 F7tstn )l € (199N #1423 F
Ao o3td AFLEHY 2vbFE o= 3
E A&l 2 oz #@6}3‘;%1“& AR,
IHe =
%lv} 2 A7l
%‘E oo =t A
FAgBR=NC)] AUE s A
B9 Ade AT

AULE, U9est BF Zastn ge
", dguR, 23U, vy, ¥y
FE AUEE Adoest Sostn o 2
331‘%—‘%% AAEEst 108 Ateld] Zadtm

g
R

| ol Beo @ AAF nAE o

Stand Type Altitude(m) Slope(* ) Diameter Class Age Class
Pinus densiflora Stand 400~470 32~36 2 N~V
Mixed Stand 200~250 10~18 2 N~V
Quercus mongolica Stand 350~370 25~34 2 Vv~V
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Table 2. Species composition for tree species by stand types

Scientific name

RD RC
1988 [ 1998 1988 [ 1998

Pinus densiflora stand

Pinus densiflora 87.84 82.49 94.03 88.71
Quercus mongolica 9.22 14.30 4.21 9.19
Quercus variabilis 2.94 321 1.76 2.10

sum 100.00 100.00 100.00 100.00
Pinus densiflora - Quercus mongolica stand

Pinus densiflova 24.05 23.08 52.84 46.08
Quercus mongolica 32.78 33.08 30.21 33.15
Quercus variabilis 13.92 14.82 7.71 8.47
Prunus leveilleana 14.56 15.22 6.35 7.45

Alnus hirsuta 11.42 10.32 2.47 4.11

Fraxinus vhynchophylla

3.27 3.48 0.42 0.74

sum

100.00 100.00 100.00 100.00

Quercus mongolica stand

Pinus densiflora

9.92 8.73 8.35 6.01

Quercus mongolica

79.28 78.57 84.24 86.36

Quercus variabilis

3.60 4.34 4.66 3.87

Prunus leveilleana

3.60 3.97 1.45 1.78

Carpinus laxiflova

1.80 2.38 0.90 0.98

Fraxinus mandshurica

0.00 0.79 0.00 0.44

Farxinus rhynchophylia

0.90 0.79 0.20 0.23

Acer pseudo-sieboldianum

0.90 0.79 0.20 0.33

sum

100.00 | 100.00 | 100.05 | 100.00

RD : relative density, RC : relative coverage
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Fig. 1. Change of species composition ratio by
stand types during 1989~1998.

Table 3. Change of species composition ratio by stand types during 1989~1998 year

Pinus densiflora Quercus mongolica Other species
Stand types composition ratio | percentage |composition ratio| percentage |composition ratio| percentage

(%) (%) (%) (%) (%) (%)
t-lyear 94.03 4.21 1.76

Pinus densiflora stand £5.6 118.3 19.3
t year 8.71 9.19 2.10
; ; - t-lyear 52.84 30.21 16.9%

Pinus denszﬂ{)m A28 9.7 ns5
Quercus mongolica stand| ¢ year 46.08 33.15 20.77
) t-lyear 8.3 84.24 7.41

Quercus mongolica stand A28.0 2.5 22.0
t year 6.01 86.36 7.63
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Pinus densiflora Stand

Pinus densiflora

Quercus mongolica

- 80 b : . ——Other species
B e 10
B2 o
O O &
Q g 4
5%
2
1
7988 1998 2008 2018 2028 2038 2048
Year
pecies|  Pinus | Quercus | Other
Ve g ) ’ Total
iy densiflova| mongolica| species

1988 94.03 4.21 1.76 100
1998 88.71 9.19 2.10 100

2008 83.95 13.64 2.42 100
2018 79.70 17.61 2.71 100
2028 75.90 21.16 2.98 100
2038 72.50 24.33 3.22 100
2048 69.45 27.16 3.44 100

Table 4. Equations of transition probability by stand type

Stand type Species

Equations of transition probability

Pinus densiflora

P.'= 0.9408*Pr; +0.0475* Q-1+0.0284* Or;

Pinus densiflora -
Quercus mongolica

Q = 0.0548" Pi-1+0.9500* Q-1 +0.0227* Or1

Stand
Other Species

O. = 0.0045" P~1+0.0024" @-1+0.9500" Or-1

Pinus densiflora

P = 0.8427" Pr-1+0.0318" @-:+0.0348 O:-:

Pinus densiflora- "
Quercus mongolica

Q = 0.0793" Pr-1+0.9500" Q-1+0.0153" Or-1

Quercus mongolica Stand -
Other Species

O. = 0.0779* Pr-1+0.0182" Q-1+0.9500" Or-1

Pinus densiflora

P = 0.2443" Pi-1+0.0449" Qi-1+0.0256" Or1

Quercus mongolica

Stand Quercus mongolica

Q. = 0.7365" Pr-1+0.9500" Q-110.0243" O

Other Species

O. = 0.0275" Pr-1+0.0043" Q-1+0.9500" Or-1

*P.= composition ratio of Pinus densiflora in t year

Q
O,

[}

composition ratio of Quercus mongolica in t year
composition ratio of Other Species in t year

**Pr-; = composition ratio of Pinus densiflora in t-1 year
Q-1 = composition ratio of Quercus mongolica in t-1 year
Or; = composition ratio of Other Species in t-1 year
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221
ETDO|
S w0}
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1088 1998 2008 2018 2008 2038 2048
Year
pecies| Pinus | Quercus | Other Total
Year densiflora| mongolica| species
1988 52.84 30.21 16.95 100
1998 46.08 33.15 20.71 100
2008 40.61 35.46 23.92 100
2018 36.18 31.27 26.53 100
2028 32.60 38.68 28.70 100
2038 29.70 39.77 30.51 100
2048 27.35 40.60 32:02 100
Quercus mongolica Stand
100 [
& of
L . —— RAinus densiflora
8
o o . ~o— Other species
£ "
S
ok
1988 1998 2008 2018 2028 2038 2048
Year
ecies| Pinus | Quercus | Other Total
Year densiflora| mongolica| species
1988 8.35 84.24 7.41 100
1998 8.35 84.24 7.41 100
12008 6.01 86.36 7.63 100
2018 5.4 86.65 7.78 100
2028 5.44 86.59 7.91 100
2038 5.42 86.45 8.04 100
2048 5.41 86.31 8.15 100

Fig. 2. Predict of species composition ratio during
1988~1998.
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A Study on Crown Measure Density and Calculation of
Crown Projection for Red Pine(Pinus densiflora) Stand'
Sang Won Bae’ and Pan Gi Kim®

fo
i =}

AN A FAsL. o2
& 44 AREYE A eHAT.

FR2FUEY B9 2957} Rolo) et £REIVAAY ol FAolgon ALY
ool ghe 4UF FHARH Aolst Uenb] Agstdth, FEFIUES Avnde 2§ 49
o] 7i7bE B & AolE HolA FUAT FBIFEIL BTL F wolle Aolst At
55 47y AdRdAE BT dot BFE BYow YR} ol et 34
Aol 7} e,

FREJVAAS Ve AN AddNe YrY B¢ FBUAFS 8T FFHE ol
Ageht FRYUI FLD AL MFFIHE bssie B2 Aot Ha FRUF 8
270 A9 Aoz e

ABSTRACT

This study is performed to present for calculation-models of optimal values of vector
density measure crown-radius and crown-projection-area for red pine stand in provine
Kangwon. For that, apply 4 Measure-density for values of vector density measure crown-
radius and 4 Calculations-model for calculating of crown-projection-area

In the case of crown-measure-density, measure-frequency is smaller according to Crown-
projection-area Value and is found difference of calculation-model value from 4 direction-
measurement. In the case of measure-model of crown-projection-area there is not any
distinct difference when crown has a circle-shape but there is some differences in irregular
shape. Especially In calculation-model of triangle it has the tendency of overstatement and
brings about rapidly difference according to that measure-density becomes low.

For exactly result of crown-projections-area 8 direction-measure method is more suitable.
However it is possible 4 direction-measure in the regularity of crown-shape. In case of
single-tree it is recommended to using at least 8 direction-measure.

Key words : red pine, crown, crowmmeasurve, calculation of crown projection avea
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Density DBH Height H/D Basal Area Volume Age
(n/ha) (cm) (m) (m/ha) (m/h=) (vears)
31.5 19.1
356 60.6 24.3 172.4 67
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Fig. 6. Mean radius calculation model Fig. 7. Triangle calculation model
ARG AWPHAAE FRRIVRACN((l  AGLAY] BE FVFFUAAY Aol
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=
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6% EHANE 7122 sl A3E FBE 2. LY SFUI
JeRAS pIPEos A4S @ A% £ FREIVAAL 169F, sUF, 443, 2
BFJUAY YAL 4AY, B 9F, ¥ 49 FIIPL 234AL W} FUEY
Etdd, o 93 Ao o2 A Y 9 A AEA uet BAsEc. di
el th(Table 2). AAMEYE X9 ol FHEIUHEA FAE Ao o g
H2HY ANTYH e ARG Aok A AFS HATKFig. 7). 44Y AL o
o 110m'e] ] zpolzk Ue ole) Tt Wzt 3 £Xe SAWE 27 Fadtd ot F
o Aole 4m7 Ve REELYT 2RrdY s pad ww ge Adddes 4xe
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geade] GAE 44Y ALPIE A H 22 4Y ALPAe @ FAE 233
nE 2 Aolsk uA gk 7} gl mek A3 ZasAw 37
Table 2. Crown projection area each calculations model
16 direction
Calculations model
Part ellipse Part circle Mean circle Triangle

Crown projection area(m’) 448.12 455.60 415.86 526.91
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Table 3. Crown projection area after crown shape

Calculations model

Part ellipse Part circle Mean circle Triangle

regular crownshape(m’) 32.48 32.75 32.20 33.64
irregular crownshapem) 42.61 43.88 30.72 44.79
g AR g FAE 271 F pade A ANAT 4% sAFGURAL 2
A% 23T, dA4ez vy 2R BUY, AolE ol Ao veud
HE 43 Adrdoe] IR
BEGGAH ] AdHF A& Yellz 1 Table 4. Result of Friedman-Rang variance
o oAE WASH LA E PNY A analysis
2 E 4 Ay, Friedman test significance
16 Measure to 2X8 Measure .
16 Measure to 4 X4 Measure s
_ 16 Measure to 8 X2 Measure e
H * :under 0.01
g ** :under 0.05
g o i o *** 2 over 0.1
§ 200 . ¢lipse
8 - - - p-circle
b 2 Vg SN 23050 Be FRrgvnde
. b m . - 72 16932 WAo] 171%], 8wk 2714, 44
No. of Measureradius ‘i‘l’

Fig. 8. Change of crown projection area after

No. of measure direction and calculations HaAE wn &
model Al Aol ek HAX 71 40%0]17%8 el 7b v
Y W 2 oY Aolst gon 8uF

ox
2,
bu
fu)
N

Table 5. Crown projection area after No. of measuredirection

No. of measure direction

e 16 direction 8 direction 4 direction 2 direction
Standard C P A 43.36 = = &
Max. C P A (m) - 43.19 50.57 52.78
Min. C P A (m) = 41.77 35.23 21.49
max/min. C P A (%) = 103.4 143.5 245.6

C P A : Crown projection area
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Table 6. Result of error analysis for calculation of ellipse model for stand

CPA
Parameter 16 direction : 448.12m’
8 direction 4 direction 2 direction
mean 435.77 412.02 385.57
standard error 14.455 14.1939 15.3395
standard deviation 20.44 28.38 43.38
variance 417.89 805.86 1882.40
coeffcient of variation 4.699 6.889 11253
sampling error 3.317 3.445 3.979
max. C P A (m) 450.23 439.00 429.57
min, C P A (m) 421.32 373.37 306.55
max/min C P A (%) 106.8 117.5 140.2

Ao A &s] gotslr] ¢t s 8t ol
Z7% stofof ghrh.

o EXMo|x sampling error7b 5%°lW
d o) SHAE o] 4T 9n|s} slch, Table 5
9] sampling errores &5 5%PIRFe 2 YERSE
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Equations for Merchantability on Merchantable Top

Diameter for Pinus densiflora in Kangwon Province'
Kyeong Hak Lee’, Yeong Mo Son” and Soon Duk Kwon®

2 ¥

22737(d) wet YBAHNA 2 + e AAR
€ Adstr) A8l PSR, B ATME o122 9
SAXAREW)S ZARAA A o|$AAL

= B AT A ARE J1E0 ALY £AFAAT 5
A%244, 23 P A22PAR6 d QoiRth. FnAAD)l o TARALE

20 e _ % by
FEAE W l+zz7/D IF5,/D

2 Uehgeh o8& 2449 A% LAWY HL2TAH 254 428, FuAAT S1
(H) 2 422757 3954 428 5 5 80 290 da] A%, 242 BEod, 3448
¥ 2% 5 FeAn. ol¥ $o de AAFIRIE 4% M=U+a (D) b+

5.0+ D+ b,D%), M= (1+ ay( % ) %)= (by+ byD + byH+ b DPH)OI 27, 2R el AYrs
77} 98.1% 2 99.6%°lUT. HEHRoz AL A W= Wx K24 g dojadl 233
2 B2 vad Ay AFSE 28549 AL 98.7%, IS AL 99.8% 2 vebttt,
olge AL FAAAE olfdd] YRARS S ZARE2 v BARE g 2572

9, DR, ol & T2 AEst] 2 AFu e AT F AR
ABSTRACT

This study aimed to develop equations for estimating the ratio of merchantable volume to
total stem volume (W) on merchantable top diameter(d) of a tree for Pinus densiflora in
Kangwon province. Two existing equations for taper and bark thickness, and 3 different
merchantable top diameters were used to generate a set of data for developing the
equations. The equation of W; was expressed by multiplication of the equation for ratio of
total wood volume to total stem volume (W) and the equation for the ratio of merchantable

2000 10¥ 302 Received on October, 2000
A 79 Korea Forest Research Institute
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volume to total wood volume (M). The model W= 1+ a,/D

ZAAG T AT TR

g 334

ru

a
! was used to

by
1+b6/D

develop the equation for W, and its fit index was 0.9996. To develop the best equations for
M, 4 models using d and D as variables and 4 models using d, D, and H (total height) as
variables were tested with fit index (FI), standard error of estimates as percent of the mean

(SEE%), and residual distribution on predicted values. Two models,

M=1+a (L)%

—(by+ b,D+ 5,07+ b.D%) and M= (1 + ay( %) )~ (by+ yD* + byH+ b:DPH), were selected
for the equations of M and their FIs were 98.1% and 99.6%, respectively. The equations for

W based on the model

W,= W XK showed the FIs of 98.7% and 99.8%, respectively.

With the above equations, a system was developed to estimate the portions of volume of 4
different components of a stem-bark volume, stump volume inside bark, top volume inside

bark, and merchantable volume.

Key words : merchantability,
densiflora, Kangwon province
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Table 1. Taper equation and bark thickness equation for generating a simulated data set of
merchantability on the top diameters of 3, 6, and 9cm

Equation Model form Coefficients FI

P ST b b a = 1.1886

= agDa’anbZ + 5, I0(Z+0.000) + bV Z + bye?+ b() o — 08869

Taper a: = 1.0010

equation b = —0.6203
Wherz b = 0.0736 0.972

(outside _hi _1-VZ _ HI by = —1.5224

bark) Z=g: X=1=p» =g b= 1.1230

HI=inflection point bs = —0.0087

p = 0.22

a = 0.1326

Bark L a; = 0.4155
thickness  B;= g, d;“+ b, Dbﬂ(l - ﬁ) 5 b = 0.4105 0.777

equation b = 0.6478

by = 11.1036

Source : Lee et al. (1999)
Table 2. Summary of growth characteristics of the sample trees
No. of trees Character Mean SD Range
DBH 29.8 12.8 6.1 ~82.4
2,439 i ~
Height 17.4 4.8 5.2~ 3.8
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Table 3. A list of notations and their definitions used in the text

Notations Definitions
D Diameter at breast height of 1.2m, outside bark (cm)
d Merchantable top diameter, inside bark (cm)
H Total tree height (m)
14 Total stem volume, outside bark
w Wood volume ratio, ratio of total wood volume to total stem volume
B Bark volume ratio, ratio of bark volume to total stem volume
M Merchantability, ratio of merchantable volume to total wood volume
M, Korean merchantability, ratio of merchantable volume to total stem volume
5 Ratio of stump wood volume to total wood volume
2 7lgetd oz gHste FHE Ho U a2 gwtgo s A& T e AF
(Alemdag, 1988). z28iu}t $-gjuete] A% 4 o W FHE 2x] FEsn FuAE ©E
HzAbe] o] dntxozm Folxls FAFE 2 FuAAIY Fad DI FH 8 F3
© 4EIAE, & F99 FTAGE JE g Aol dwrHelt, wEly B =EdME
BR o] o|§AACE HNPY W o] && B O FI Zo] FuAR U 93 ZFHEE F
= A4 ol &8t oyt @A ArldMe AHste Z¥EE RIE gvldtes 3349 P
w4 SARAR (W) vdelles 285 + 2 AAs.
¢ F o)A o] && RYPE xFstd 79
ST ol e FAY o) &AA S Y S=by+ byD+ bD* + b3D
Bl =AMy FHRES 23 U
& AHESgT. 2 A7A o188 §u47  mad s1z9 =BAAE S A=) Yol
o W EARALE FARFLS sy 2 HAUFAAZK 9 8 &(K)Y 236 &(S)S
o 594 Rgog AFPT F AAA 2" A o
& 2F3te o] && S FHII oY, ArIME
e — @ b oln] 2 Feo APAHQ ol&E RIS
1+a7/D 1+ 6y/D AR e R4S A YA ZATH(Table 4). =2
o7 FAAE o|&& FHEYL Table 49 1}
Jel3 R ATN AR o8& 29y BN vist Ro] FnAAT HawTH 29
< Table 3°ﬂ ERd ule} 2}, _‘?.%39—1 9 Fol 3 o] &g FHRY kA, a2z F

de 2A F 77 sle W AAEe 28 (1), 237, HALTTAZE © AASFn F WS
@), @, G), 6), (DI 2] =74 ZHZ“‘] og o] &g FARY 7HA T F 8N B
U] HALFAAZA ] v &(K)AAM 2 oo, o]l5L ez BAF 7§7§° 53l
£(9E Alste FHol™ (Alemdag, 1988), HA FHRYE A3,
SAE 28 (1) 2 ®)3 2o] olg PEeN & 1IL AFHoz 2AYARET o|8g
2 A4 Pk deolti(Honer ef ol 1983). &kl 2AE(MYE Fshe ol %78*4011
Aol slo] 2FulgREe Ywdoz g Ut EA4 A4S ANE.
3 2e AR Fe F2ARY Fud 9@ ®
Fo] ALg5o] gt My=Wx M

S=byt+ bVt bV EAToA 2t 28 e 2PN LY B

S=by+ b D*+ bH+ b D’H A /“é < A8l AeE AHEAZL Table 5
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Table 4. Models tested for ratios of merchantable volume to stem volume inside bark

Model no. Model form

Models using d and D as variables
) M=(1+a,(5)“) = (b + b.D+ 5,0+ 5, D)
@ M=(1+a,(In(& + 1) *) = (b, + b,D+ b0 + b, D)
® M=exp(ai( L) “) = (b + b,D+ b, + B, 1)
@ M= bo+bl(§)+b2 %22)2

Models using d, D, and H as variables

6) M=+ al(5)“) = (b + 0.0 + by + b0 H)
® M=(1+ a,(n(5+ 1) ) = (by+ 0,0+ b,H+ b, D)
(7) M=exp(ar( L) “) —(by+ b, + b, H + b DPED
® M=by+ bl(%i . %Hbz(% . %)2

* The value of 0.2 in the model is an usual stump height in Korea

Table 5. Test statistics and their equations used in the study

Statistics

Equations

Fitn Index (FI)

Standard error of estimate
as percent of the mean (SEE%)

Mean absolute deviation (MAD)

FI=1-2(Yi— ) (Yi-Y)?
SEE% =V (ei— D)*/(N—1)/Yx100

o 2. & 2de] 3 A &= (precision) ¥
7t 9% AJY=AF(FD), 2o FuiAEd
#% A =(accuracy)® #H7Met7]l A H el
W@ 2HA BEess WEe(SEEY), 19
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Fig. 1. Observed data vs. the curve from fitted
equation for the ratio of total wood volume
to total stem volume (wood volume ratio)
over diameter at breast height. Test
statistics show little difference between
observed values and predicted values.
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Table 6. Fit index (FI), standard error of estimate (SEEY%), and mean absolute deviation (MSD)

of the 8 merchantability models

SEE%

Model no. FI MAD
Models using @ and D as variables v
(6)) 0.981 0.574 0.00408
(@) 0.980 0.585 0.00415
3 0.980 0.587 0.00416
) 0.972 0.693 0.00509
Models using d, D, and H as variables
5 0.996 0.268 0.00158
(6) 0.995 0.291 0.00178
(7) 0.995 0.295 0.00178
®) 0.973 0.684 0.00504
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Fig. 2. Residuals in merchantability prediction using the models in Table 4.

3. XX

UA T EARARE FHAT
Fato] d& )& (Korean merchant -
9] Ad&A e Wi EEXEE

B4 &
ability) 33 x|

]OE’:I"

3414— ol &

o}-—zr_ X 2‘

s RE

o &

i
4 o



PREELEESERE LT EPZSSER

br
4
a
i
R}
rju

= 27§ 234

Table 7. Estimates of coefficients and statistics of Models (1) and (5)

Model

Parameter esitimates

DO @ a bo b

FI SEE% MAD
b2 bs

Models using d and D as variables

) —0.7124 3.251 5.378E—2 —9.465E—4 1.069E—5 —5.22E-8 (.981 0.574  0.00408
Models using d, D, and H as variables

5) —0.7067 3.257 6.822E—2 —5.478E—6 —1.919E—-3 2.781E—7  0.996 0.268 0.00158
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Fig. 3. Fitness in prediction of the ratio of merchantable volume to total stem volume outside
bark (Korean merchantability). The predicted values were calculated from the equation for
the ratio of total wood volume to total stem volume and the two merchantability equations

in Table 7
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Table 8. An example of the estimated ratios of volume of different components to total stem volume
by merchantable top diameter and DBH using equation (9) and equations in Table 7

Top DBH Wood volume Bark
diameter Merchantable Top Stump Total volume
20 0.8476 0.0127 0.0346 0.8950 0.1050

30 0.8762 0.0035 0.0306 0.9102 0.0898

6 40 0.8910 0.0014 0.0273 0.9197 0.0803
50 0.9010 0.0007 0.0247 0.9264 0.0736

60 0.9084 0.0004 0.0226 0.9313 0.0687

70 0.9144 0.0002 0.0206 0.9352 0.0648

20 0.8128 0.0475 0.0346 0.8950 0.1050

30 0.8667 0.0129 0.0306 0.9102 0.0898

9 40 0.8873 0.0051 0.0273 0.9197 0.0803
50 0.8992 0.0025 0.0247 0.9264 0.0736

60 0.9074 0.0014 0.0226 0.9313 0.0687

70 0.9137 0.0008 0.0206 0.9352 0.0648

20 0.7392 0.1211 0.0346 0.8950 0.1050

30 0.8466 0.0330 0.0306 0.9102 0.0898

12 40 0.8793 0.0131 0.0273 0.9197 0.0803
50 0.8953 0.0064 0.0247 0.9264 0.0736

60 0.9052 0.0035 0.0226 0.9313 0.0687

70 0.9124 0.0022 0.0206 0.9352 0 0648
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Studies on the Biomass Production in
Chamaecyparis pisifera Stands'
Kwang Soo Lee’ and Young Gwan Chung’

L )

B SUBNE A 034 EEK, BESK, SBKOE ol WEAERS T
sl AEHYG. 1 44 F2E Avnwe EPAkNE 27 62.1%, 74 19.7%, 2
14.1%, 3 4.6%, #EFEZARAM= 71.3, 13.0, 10.9, 4.6%, %#AK 68.0, 15.5, 12.7,
4.6%2 ZH7F Gehgdon], MEAERS ha 136.22 ES BAstn 9on, 1 2 27171 67.2%,
A 7F 24.6%, Lol 14.6% R0, kel Bkl EEikel 271 0.42, 7H4 0.47, 9 0.39, HefE
gokel 271 0.45, 7440.38, 2 0.39, %#Ke] 271 0.47, 714 0.34, L 0.412 Fehdeh, BEBH
Ele W=e(a+bin(d)+cin(h) 2lo] = &shA Leksie,

ABSTRACT

This purpose of study was carried out to find structure and amounts of biomass production
by dominant tree, co-dominant tree and recessive tree in 30 years of tree in Chamaecyparis
pisifera, Jinhae city, Gyeongnam province. As the results from analysis of structure of
biomass production, the composition rate of amounts of biomass production showed stem of
62.1%, branch of 19.7%, leaf of 4.1% and bark of 4.6% in dominant tree, stem of 71.3%,
branch of 13.0%, leaf of 10.9% and bark of 4.6% in sub-dominant, Science, College of
Agriculture, Gyeonsang National University, Jinju 660-701, Korea. and stem of 68.0%,
branch of 15.5%, leaf of 12.7%, bark of 4.6% in recessive tree, respectively. And amounts
of biomass production was 133.22 Ton/ha with the rate of stem of 67.2%, branch of 24.6%
and leaf of 14.6%,

The rate of dry weight of tree showed stem of (0.42%, branch of (0.47% and leaf of 0.39%
in dominant tree, and stem of 0.45%, branch of 0.38% and leaf of 0.39% in co-dominant
tree, and stem of (0.47%, branch of 0.34%, leaf of (0.41% in recessive tree, respectively.

The highest equation of determination coefficient and fitness index in estimating total dry
weight showed W=e(a+bln(d)+clnch)).

! % 20004 118 1H Received on November 1, 2000

2 Mk BB Nambu Forest Experiment Station, Korea Forest Research Institute, Jinju 660-
701, Korea.

S M EME ERIE LIRSS ILARRIES IR Dept. of Forest Resources, Faculty of Forest
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Table 1. Topographical factors and chemical properties of soil in the study areas

Site  Parent  Slope Altitude . . Soil
factors rock (9 Aspect bil Soil texture Soil moisture hard
15 East 65 1.3
Igneous e P L. S, SL Damp, Wet oot
10~ Soth  40~90 ' L1~15
Soil - 0. M T.N P05 C.E.C Exchangeable(me/100g)
fatos  © %) %) eom (/1009 K catt Mg
Mean 5.0 55 0.2 15 11.22 0.11 0.45 0.4
Range 4.5~5.5 2.5~7.5 0.16~0.28 10~20 10.0~12.44 0.09~0.13 0.37~0.53 0.09~0.39
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Table 2. Tree height, d.b.h and volume in Chamaecyparis pisifera stands

Sovaple free Height DBH Volu(me
(m) (cm) (m)
Dominant 16.1 23.4 0.3147
Co-dominant 14.4 18.8 0.2025
Recessive 9.9 14.8 0.1008
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Table 3. Total biomass of dominant, co-dominant and recessive trees by component

Crown class Stem % Branch % Leaf % Bark % Total
Dominant 76.1 62.1 24.2 19.7 17.3 14.1 5.7 4.6 122.6
Co-dominant  63.5 7.3 1.6 13.0 9.7 109 41 46 8.0
Recessive 39.2 68.0 8.9 15.5 7.3 12.7 2.3 4.0 57.6
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Table 4. Biomass of Chamaecyparis pisifera stands by component
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Table 5. Ratio of dry weight in dominant, co-dominant and recessive by tree height

Dominant tree

Co-dominant tree

Recessive tree

. DW/GW(%)
Keizht Height Height Height L
%) S B L %) S B L ) S B L,
0.2 1.00 0.40 1.40 0.42 2.00 0.44
0:2-1.:2 7.40 0.42 8.30 0.40 12.10 0.49
1.2=3.2 19.90 0.39 22.20 0.30 32.30 0.48
3.2-5.2 32.30 0.41 0.39 0.43 36.10 0.40 0.38 0.39 52.50 0.48 0.49 0.40
6.2-7.2 44.70  0.45 0.47 0.38 51.40 0.48 0.39 0.36 72.70 0.43 0.42 0.44
7.2-9.2 57.10 0.46 0.44 0.39 63.90 0.39 0.38 0.40 93.00 0.50 0.39 0.45
9.2-11.2  69.60 0.40 0.50 0.40 77.80 0.49 0.39 0.39 0.46
11.2-13.2  82.00 0.42 0.40 0.40 91.70 0.40 0.36 0.38
13.2-15.2  94.40 0.44 0.45 0.34
15.2-16.2
Mean 0.42 0.44 0.39 0.41 0.38 0.38 0.47 0.43 0.43

Note) S ; stem, B ; branch, L ; leaf
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Table 6. Regression coefficients for linear

@309

273332 3(2). 2000 51

and non-linear equation to predict the biomass by tree

components
Model parameter R?
a b €
I W=a+bD’ 5.1130 0.1390 0.6970
O  W=at+bD+cD? -23.7580 3.3900 0.0440 0.7550
I  W=aD+bD? 0.6360 0.1210 0.9580
Stem NV  W=a+bDH 13.4200 0.0090 0.8180
VvV  W=aD’H 0.0120 0.9620
VI W=exp® b +en() -2.0750 1.0630 1.1630 0.9790
VI W=exp®th® -1.1730 1.7630 0.9580
I W=a+bD? -0.2100 0.0370 0.5780
O  W=a+bD+cD? 23.3760 -2.7700 0.1150 0.6040
M  W=aD+bD’ -0.0590 0.0390 0.9150
Branch N W=a+bD’H 3.7650 0.0020 0.4500
v W=aD’H 0.7460 0.8730
VI W=exp®'onD+enE) -3.3120 2.7000 -0.8200 0.9260
VI W=exp®on® -3.7580 2.1460 0.9150
I W=a+bD? 1.4470 0.0230 0.6540
o0  W=a+bD+cD? 1.6490 -0.0240 0.0240 0.6540
M  W=aD+bD’ 0.1570 0.0180 0.9550
Leaf NV  W=a+bDH 3.2130 0.0010 0.6700
V  W=aDH 0.6360 0.9340
VI W=exp®itiDieni) -2.9100 1.3230 0.5090 0.9590
VI W=exp®™™® -2.6100 1.6620 0.9540
I W=a+bD’ 15.0250 0.4880 0.8380
O  W=a+bD+cD? -142.8120 18.5330 -0.0350 0.8480
Total M  W=aD+bD? 1.9750 0.4280 0.9800
green V  W=a+bD’H 50.5960 0.0290 0.8870
weight V  W=aD’H 0.0400 : 0.9710
VI Weexp®Hohtcnd) -0.4720 1.3260 0.7170 0.9880
VI W=exp®n® 0.0160 1.7810 0.9810
I W=a+bD? 6.3490 0.1980 0.7780
0  W=a+bD+cD? 1.2670 0.5960 0.1820 0.7740
Total M  W=aD+bD? 0.7430 0.1770 0.9700
dry NV  W=a+bDH 20.3900 0.0120 0.8350
weight V  W=aD’H 0.0160 0.9630
VI W=exp®toibitenid) -1.4860 1.3560 0.7290 0.9790
VI W=exp®th® -0.9620 1.8090 0.9710
AR WSt Aol wA Jehgoen, WS £213 44 B AdwEo] A JEk
BN FANE WEERS #E F 352 o. #EX FAMde £ VY 24 gle 4
BAMHE £ F2o duge] wEEKE o HEd MEERS FIT O W‘”"ciﬂ’r
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Table 7. Estimation of fitness for linear and non-linear equation to predict the biomass by tree

components
Model Bas Rmk MAD Rak SDD Rak SSRR Rank Total
I  W=a+bD? 0.0001 1 9.1440 7 11.5080 7 1854.2000 6 5
I W=a+bD+cD -0.0007 2 9.0600 4 11.4470 4 1834.6000 4 4
I W=aD+bD? -0.3670 6 9.1380 6 11.4880 6 1847.7000 5 6
Stem N W=a+bDH -0.0067 3 7.1510 2 8.9320 2 1117.0000 2 2
V  W=aD’H 0.0120 4 8.3930 3 10.5090 3  1652.5000 3 3
VI W=exp®tn®@*en®) 90340 5  7.1180 1  8.1940 1  939.8830 1 1
VI W=exp® P -0.5230 7 9.1300 5 11.4700 5 1842.0020 7 7
I W=a+bD’ 0.0010 1 2.7320 3  3.9250 5  215.6000 5 3
I W=a+bD+cD? 0.0013 3 2.6740 2  3.8040 2  202.6000 2 1
M W=aD+bD? 0.0360 5 2.7570 4  3.9210 4  215.2000 4 4
Branch V W=a+bDH 0.0010 1 2.8780 6  4.4810 6  281.1000 6 6
V  W=aD’H 0.0030 4 3.1370 7  4.7430 7  323.2000 7 7
VI W=exp?®PhDren g 8740 7 26400 1 3.6520 1  186.7990 1 2
VI W=exp®Hhh® 0.6940 6 2.7760 5  3.9150 3 214.6880 3 4
I W=a+bD’ 0.1990 7 1.5510 1  2.0910 3 61.2600 3 4
I W=a+bD+cD? 0.0000 1  1.5740 4  2.0950 4 61.4500 4 3
M W=aD+bD’ 0.0250 4 1.5660 3 2.0960 5 61.5100 5 5
Leaf I W=a-+bD’H -0.0067 2 ~1.6960 6  2.0450 2 58.5800 2 1
vV W=aD’H 0.0220 3  2.0960 7  2.4370 7 89.2800 7 7
VI W=exp®tPh®@ en@ g 0480 5  1.6310 5  1.98%0 1 55.3330 1 1
VI W=exp®n® 0.0520 6 1.5610 2 2.0970 6 61.5740 6 6
I  W=a+bD’ -0.0067 3 17.9300 6 26.8950 6 10126.7000 7 6
I W=a+bD+cD? -0.0001 2 16.4600 2  26.1060 3  9541.7000 4 3
Total MM W=aD+bD? -0.2070 4 17.6800 5 26.7440 5 10014.6000 6 5
green NV W=a+bDH 0.0000 1 16.8140 3  22.4830 2  7076.9000 3 1
weight V W=aDH 10.2800 7 26.7360 7 30.6820 7 1488.0900 1 6
VI W=exp®th@+en®) g 8790 6 14.1920 1 20.1920 1 5710.1450 2 2
VI W=exp®th® -0.2960 5 17.4670 4  26.6120 4 9916.6910 5 4
I W=a+bD? 0.0001 1 10.2500 3 13.4790 6 2543.7250 6 6
I W=a+bD+cD? 0.0001 1 10.2900 4 13.4778 4 2543.1150 4 3
Total M W=aD+bD? 0.0195 4 10.3000 5 13.4779 5 2543.1530 5 5
dry NV W=a+bDH -0.0067 3  9.5100 2 11.5670 2 1873.2550 2 2
weigt V W=aD’H 4.4310 7 11.9800 7 14.3050 7  3110.3170 7 7
VI W=exp®tP@ren® g 9410 5 9.2850 1 11.3571 1 1805.7700 1 1
VI W=exp®'h® -0.6840 6 10.3380 6 13.4726 3  2541.2010 3 4
Aol EA Jelgtt. BEE Sl £ B ey R VI
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