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A Tree growth projection system for Northern
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Abstract

The individual iree growth equations used in the CAlifornia Conifer
Timber Qutput Simulator (CACTOS) and estimates of the required coefficients are
presented. Estimates are based upon measurements from a stem analysis project
that 2iso resulled in new site index and free teper equations for northern
California.

The estimatas for both height and diameter growth are deveioped by
estimating two growth components: potential and competition, Potential height
growth is developed from site index curves produced from the seme data and
polentiai diameter growth is developed Meratively using a mathematical moce!
similar to the site index model. Competition measures arg based primarily upon
projected crown censity on the plot relative to the size of the individual tree.

Tests of model accuracy have been 1imited to test on the data used to fit the
functions.  Tests with independent data ssts are possibie now that the CACTOS
system 1s being released. Such test may suggest changes in the models reporfed.

Mortality and ingrowth estimates were not derived as part of this studv.
Rather, & mortality function for Dougtas-fir on California’s north coast is used
and ingrowth fs entered directly by the user.
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A Tree growth projection system for Northern
California coniferous forests

by
Lee €. Wensel and James R. Koehler

The objective of this paper is to present the tree growth equations and coefficients developed
for use in version 2.0 of CACTOS, the CAlifornis Conifer Timber Cutput Simulator (Wensel and
Daugherty, 1984). This computerized growth and yield simulator was developed to study the effect
of using alternative silvicultural systems on existing conifer forest stands in northern California An
individual tres distance- independent modelling approach is used to provide the flexibility reguiredto
enable the model to be used with forest inventory dala, without the added expense of measuring tree
coordinates. These equations can be used to predict the growth of trees in even-aged single or mixed
species stands, multiple-aged stands ( individual ages usually unknown), and also trees that are now
or have been previousty supressad.

The basic field data required by CACTOS for predictions are S0-year ( breast height age) site
index (Biging and Wensel 1984) for each species in the stand and the following items for each
tree:

3p species

DBH dismeter at breast height
H total hetght

HCB height to the crown base
TPA {ree weight per acre

Therefore expressions to be used in predicting growth rates were restricied to functions of the these
variables. Acomplete list of symbols used is given in Table 1.

Modelting spproach

Actual tree diameter and height growth are modelied as a product of the tres's potential
growth and & messure of competition which restricts that tree's sbility to reach its potential
(Baule,1917). Thatis,

growth = ( potentfal growth) x (competition).

Potential growth is theoretically besed upon the difference of two points on the "S-shaped” growth
curves. Since mathematical expressions of competition are difficult to derive theoretically, these
relationships are developed empirically.

Fellowing the methods developed by Krumland and Wense! ( 1981), and Krumland
( 1982) competition measures are modelled as functions of stand crown density and the individusl
tree's competitive postion within that crown density. These measures are derived from tree DBH,
totet height, and live crown ratio (Yan Deusen and Biging, 1984).
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Table 1. Alphabetical |ist of symbols used.

A, . breast-height {ree age
BA......... basal area

Co.ooorvih diameter growth competition
Cy..ooonn height growth competition

CACh) ...... canopy cross sectional area at height (h)
Cleg - - crown closure at 668 of tree height
Do .. diameter st breast hefght (DBH)
DBH........ diameter at breast height
H.o......... total height

Hp..oooo. total height - 4.5

HCB........ height to the crown base
LCR........ live crown ratia

n......... number of trees used in regression
PBA;....... percent of plot basal area in species i
PD e potentia) change n DBHZ
TR potential change in total height
S.o S0-year breast height age site index
S S+

TPA. . ..... tree weight per acre

aDBHZ . ... change in DBH2

sH. ... .. change in total height

sHOB ... ... change in height to crown base

- site index adjustment

Possible variations of these models using additionat plot data (elevation, aspect, depth of soil,
etc.) mey prove profitable and will be investigated in the future. However, the addition of more
variables at the modelling stage means that more information will have {0 be specified at the time the
models are used Since even our “parsimonious” epproech requires data frequently not found in forest
inventories (i.e., tree height and height-to-the-crown-base on all trees), the use of edditional
predictors in the models will have to be approached with caution,

The height growth model given above differs from that used in the PROGNGSIS model ( Stage
1973), agrowth model in wide use by the U. S. Forest Service. PROGNOSIS uses a height growth
model { Stage 1975) that pradicts aH ss 8 { Jogarithmic-linsar) function of D, H, and aD. However,
In the present case, D end aD are more senstttve to varying levels of stand density then s aH, which
makes dismeter a poor predictor of height. Also, for cutover stends, thess variables alone do not
reflect the competitive position of a tree within the stand after thinning. Thug, on both theoretical
and practical grounds, this approach to individual tree growth modelling cannot be used here to
estimate height growth.

The growth modelling approach used in STEM ( Belcher, Holdaway and Brand, 1982) is
also driven by DBH and changes in DBH and, like PROGNQSIS, is not useful in the current context.
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Datg

The growth coefficienis presented are based upon the stem analysis data base coliected in
cooperation with 12 forest indusiry contributors for the Northern Caslifornia Forest Yield
Cooperative, This data set, described by Biging ( 1984), consists of detailed stem analysis of
selected trees of 6 conifer species in young-growth stends (Table 2). The trees were selectedon 31
clusters of 3 one-fifth acre (0.08 ha) and 8 clusters of 2 one-tenth acre (G.04 ha) plots. The
distribution of these plots in northern Cslifornia is shown on Figure 1 and the region, timber type
and Dasal area for each cluster are tisted in Table 3.

For the felled trees, diameter growth was obtained by computer analysis of digitized tree
cross sections ( Biging and Wensel 1983) and height growth was estimated by interpolation on S,
10, and 15-year tip cuts. Further, dismeter growth was estimsted on the non-felled trees using
increment cores. Thus, more {rees were analyzed for dismeter growth than for height growth.

The individual trees were "de~grown”™ by subtracting the S-year diameter and height orowth from
current measurements. The de-growing process allowed us to mode] growth rates as a function of the
tree size at the beginning of the previous growth cycle. However, the live crown ratio was assumed to
remain the same for the growth cycle since we had no measure of the change in live crown ratio.
Further explanation of the de—growing process can be found in Appendix A.

Table 2. Definition of species codes used

code gefinition
pp pondeross pine

Pinus ponckross (Laws.)
SP sugar ping

Pinus lambertisns ( Dougl.)

DF Douglas-fir
Peubtsugs menzigsit (Mird.) Franco

WF white fir
Abres corcaiar (Gord. and Glend. ) Lingl.

RF red fir
Abres magnifizg (A Murr.)

IC incense cedar
 rthocedrus aecurrens (Torr.)
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Symbols

(A Ponderosa Pine
N Mixed Conifer
(O True Fir

B Douglas Fir

Eureka

) \
PRI bl B

[==5]

Fort Bragg

Region 4

Mount Diablo Maridian

San Francisco

Figure 1. Distribution of stem analysis plots in Northern California.
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Tabie 3. Stand statistics by ciusters for stem anatysis data base.

cLusterY TIMBER BASAL
CLUSTER  CODE REGION TYPE AREA (>6)

1 A 1 TF 210
2 B | MC 203
3 c 1 MC 197
4 D 1 MC 186
21 E 2 TF 76

22 F ? TF 112
23 6 2 MC 138
24 H 3 DF 70

25 | 3 DF 197
28 J 2 PP 200
29 K 2 MC 176
41 L 2 MC 278
42 M 2 MC 245
43 N 2 TF 250
44 0 2 PP 233
51 p 2 TF 252
52 Q 2 TF 249
71 R 1 MC 195
72 S 1 MC 226
73 T 1 3 208
81 u | MC 282
82 v 1 MC 179
84 W 1 TF 258
85 X 1 MC 305
91 Y | MC 176
92 ;i t MC 227
93 0 1 PP 222
101 1 2 TF 191
102 2 1 TF 264
103 3 3 DF 142
104 4 3 MC 101
11 5 4 MC 145
112 6 4 MC 147
13 7 4 MC 184
114 8 4 MC 178
115 9 4 DF 139
16 2 4 MC 171
117 $ 4 MC 280
118  $ 4 MC 208

1/ gluster codes are used in residual plots found in Appendix C.
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Height growth

The height growth model form used is
aH = (potential change in height) x ( height competition)
aH=( PH 3( CH )

where aH is the change in height for S years, Py is the potential height growth, and Cyy Is the
competition that keeps the tree from reaching fts potentiai height growth rate.

The potential height growth is derived from the unconstrained site index curves developed by
Biging and Wense! ( 1984):

H=4.5+bg$b1[I-EXD{-bzﬁ)]b3 [1]

where H fs the total tree height at breast-neight age (A)for site index (S) and by = 2.93243, by =
0.89,b5 =0.024, and b = 1.81845. As proposed by Biging and Wensel, the same site index curve
is used for all species, but each species on a site is Hkely to have a different site index.

The expression for height growth is based on the proposition that the potential change in
height follows the site index curve from the tree's current height st age A (unknown) to what it would
beotage (A + 5). Thus, using an inverted form of equation { 11, an "artificial” tree age is computed
for a tree of height H on site index S. Adding S years to this age and substituting into equation [ 13,
and subtracting current height, yields the expression for the height growth for the S yesr cycle (see
Appendix B). This process is illustrated in Figure 2.

total height

bresst height age
Figure 2. |1lustration of height growth potential determination.
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Explicitly,
1/ez

)

Py= 45+ [ 4+ HS 1 T - H (2]

where

1/0z)
tﬂ=[1—exp{-5h¢,ﬂbg( 3

Cl=b|/D3
cp =exp (-5 byp)
03=|/b3
Hy=H- 4.5

Using the values of b provided above produces o = 0.204, ¢4 = 0.469,¢c5 = 0.887,andcz = 0.550.

Note thst site index reflects the average height of dominant snd codominent trees and,
therefore, the potential height growth could be somewhat higher than thst obtained by using equation
[2). As aresult, while fitting the competition coefficients { below), a site index adjustment (3) was
computed for each species such that the potential height growth is computed using site index S°; or

$=5+2

in place of S in equation [ 2]). The adjustments are given in Tabie 4.

The form of the height growth competition (CH) factor is as follows:
Cu=idy /11 +expl{a-dz LCRY ]} x expl-dg CCy, 94 pEAds) (3]

whers LCR is the live crown ratio, Clgg is the crown srea at 662 of the subject tree's height, PBA is
the proportion of the basal area of that species in the stend and the coefficients di(i=l e e3),

estimated for sach species using noniinear regression, are given in Table 4 along with overail
fitting statistics.

Since CCq is not easily measureable on field plots, it is computed using the crown models

developed on the felled trees of this study (Yan Deusen and Biging,19684). LCR is used here to
reflect the ebility of a tres to respond to changes in stend density while Clgg is used to reflect the

density of the plot as it affects the photasynthetic portion of the crown (Krumiand and Wensel
1981). The computation of CCg g is discussed further below.

Note that the basal area of the species (PBA) is only used for pondeross pine (other species
have 8 zero power). This provides a basis for expressing the effect of root competition in ponderosa
pine stands. Also, some of the coefficients (marked with an asterisk in Table 4) were held constant
for the regressions. This is because the sample data were inadequate to fit ali coefficients for those
species. For exampls, since the red fir and incense ceder ssmples were small, all of the coefficients
except the scale coefficient, d, were set equel to those obtsined for white fir. This produced more
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stable results than fitting all coefficients to the data. Also, site index for incense cedar was set fo 70
because no site index measurements were teken’ .

The fit statistics for the final models for each species appear in Table 4, where the standard
errors range from .20 to 1.93 feet.

Table 4. Coefficients (and standard errors) for height growth competition, Cyy, eguation { 3],

and site index adfustements 2.

Coef. PP Sp DF WF RF IC
3 31.6 20.2 22.3 5.8 5.8% S 8%
(6.8) (5.7 (7.0) (2.6)
dy 1.00* 1.00% 1.00% 1.00%* 0.6488 0.7324
(0.047)  (0.037)
dy 3).2% 22.4 30.3 31.4 31.4% 31.4%
(4.4) (6.9) (6.7}
ts 1.6281 1.4086 0.9050 1.6951 1.695% 1.695%
(0.170)  (0.198) (0.110) (0.2594)
dy 0.4630 0.7573 0.2932 1.4125 1.4125%  1.4125%
(0.088) (0.163) (0.104) (0.235)
0.3083 0.0% 0.0% 0.0% 0.0* 0.0%
(0.089)
n 152 47 145 279 37 71
MSE 258 1.45 2.3 372 1.62 2.42

*Coefficient held constant for regression.

The residual plots (Appendix C) for ponderosa pine, Douglas-fir, and white fir show that
most of the errors are within 3 fest, with standerd errors (sguare root of the mean square error,
MSE) renging from from 1.2 to 1.93 feet. For white fir, especially, there is a distinct skewness to
the residuais. However, the residusis show no bias with respect to either predicted height orowih o~

height

Thus, as judged against the stem analysis data used for estimation, the equations appear to f
quite well. For height growth this may be the best data set to use for verification -- at least as far as
the quatity of the measurements is concerned. Yagerfes in other sources of height growth data

1/ This arbitrary assignment of site index for incense cedar was intended to be a temporary
convenience. However, tests of the resulting growth equations by ihe cooperstors showed excellent
agreement between predicted and measured growih rates for this species.

Research Note No. 12
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sugaest that it may be some time before & meaningfu) independent verification of the height growth
data is possible.

Diameter growth

The model for diameter growth is of the same general form as that used for height growth.
That is, the change in DBH squared, aDBH is given by

aDBHZ = ( potential change in DBHZ ) (dfameter competition )
or

20BHZ = (Pp ) (Cp)

Dismeter growth curves analogous to site index curves do not exist since diameter growth is more
sensitive than height growth to competition, Therefore the following procedure was developed for
estimating the diameter growth potential component.

To get "starting values” for the estimation process, ten dominant pondeross pine trees with
little evidence of past suppression, each of which had at Jeast 8 growth measurements, were fitted
separately to the equation:

DEHZ = by SU1 [ 1 - exp{ -bpa) |03 (4]

where S is the species-specific site index, A is the breast height age of the tree and by, Dy, by, and
b< are coefficents. Each coefficient was then averaged over the 10 trees to eblain Initial estimates of
the coefficients for all species.

In a manner anatogous te the height growth derivstion given in Appendix B, equation [ 4] can be
convertedto:

1ic
- 2 3
Pp=logi™ v e, 0°%3) T - p? [5)
where
{I."b3}
cg=l1-exp(-3bz )1y
C|=b‘/b3
C/z'&Xp(‘sz)
83=§/b3

Using the estimates of the by's (1=0,...,3) found from equation { 4], inftial starting values of thecy’s

(i=0,...3) in equation [ S] where caiculated for use in nontinear regression. An exploratory form of
the competition component was held fixed during the non-lineer regression of the potential
component. Unstable estimates of the coefficients for sugar pine, incense ceder and red fir, and the
frigh degree of correlstion between coefficients, led to the adoption of the white fir coeffictents to
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express the potential DBHZ growth for the above mentioned species due to the stability of estimation
and reasonability of results for white fir. Failures, if any, of this convention to represent the actus!
potential dismeter growth should be compensated for in the coefficients of the competition model,

In developing the expression of competition for diameter growth, it appeared that dismeter
growth was 8lso & function of the amount of crown available in absolute terms. Thus in addition to
crown closure (CCgg), the tree's total crown volume (CY) was used for diameter competition, Cp, as

follows:

Cp = exp (dy e 2 0v93) (6]

where dy, do, and dz  are coefficients to be estimated end CV end CCq¢ are described in the next
section.

Attempis at a simitaneous solution of all coefficents confounded the potential and competition
effects. Therefore this approach was abandoned. Instead en iterative process was used o obtain
coefficents of equations [S] and [6] for white fir, ponderosa pine and Douglas fir. First the potential
coefficents (¢;'s, i=0,...,3) were hetd constant whtle the competition (d;'s, 1=0,...,3) were obtained;
then new potential coefficents were obtafned while the new d;'s were held constant. This iterative

technique allows for more stable coefficent estimates with lower intra-component coefficent
correlations. The iteration process was stopped when estimates of the coefficients changed less than
1% of their standard errors

The final coefficent estimates and standard errors can be found in Table 5. The standard
errors (square roots of the mean sguare errors) vary from 9 to 12 (inches?). Expressing these
standard errors in terms of DBH growth, they vary from 0.37 to 0.49 inches for 12 inch trees, and
0.19 to 0.25 inches for 24 inch trees. The residusl of the predicted DBH2 arowth are given in
Appendix D. The positive skewness noted in the height growth residusls is even mors obvious in
predicting DBHZ growth. Ailsg, the residual varisnces increase with the size of the predictions as —
well as with the size (DBH) of the tress. However, though not shown in Appendix D, the relative
Brrors decrease.

Yerification of the diameter growth predictions is expected from an independent fit to the
permanent plot data collected by the cooperators, as well as through separate tests made by the
cooperators. This is likely to result in revisions of some, or all, of the coefficients in the DBH

growth equations.
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Table 5. Coefficients (and standard errors) for diameter growth equations [4] and [S].

Coef. PP Sp DF WF RF Ic
———————————————————————————— POTENTIAL #—m e m oo oo mmm e
&g 0.4262 0.1763%  0.1301 0.1763 D.1763*%  0.1763%
(0.142) (0.044) (0.020)

Cy 0.1939 0.1490*  (0.4653 0.1490 0.1490%  (0.1490%
(0.063) (0.085) (0.023)

co 0.95% 0.9* 0.95% 0.9% 0.9% 0.9%

c3 0.3461 0.1562%  0.3481 0.1562 0.1562%  0.1562%
{0.035) (0.038) {0.020)

---------------------------- COMPETITION # - - - - e

d -12.002 -8.044 -4.849 -2.544  -10.500 -6.743
(2.164) (3.495)  (1.078) (0.107) {1.702)  (0.955)

d 0.4127 0.8290 0.4352 0.8458 0.1941 0.4876
(0.052) (0.143)  (0.48) (0.034) (0.131)  €0.068)

dz -0.2241 -0.1835 -0.125% 0.000% -0.28% -0.1642
(0.024) (0.057) (0.026) (0.023)

n 532 100 386 914 126 420

MSE 129.7 139.0 935 114.9 92.3 81.7

* Coefficemt held constant for regression.
# Coefficents and standard errors shown represent the results of the

last potential/competition iteration.

Rasearch Note No. 12

poge 11



Estimation of crown velume and closure,

The crown measurements used in the competition equations [ 3] and [ 6] were developed by
Yan Deusen and Biging ( 1984) using the ssme felled tree dota used in this study (ses sbove).
The tree crown volume used in equation [ 6] is estimated by

c¥ =a dP HE Lcrd [7)

where, as pefore, D fs {ree DBH, H is tree tolal helght, LCR is tree live crown ratio, and a, b, c, and
d are coefficients given, by species, in Table 6. Further, the crown area at height h, CA(h), is

given by

CA(R) =k CY (H - HCB) ™ 0<hg HCB [8)

and
CAChY =k ¥ (H-h)K~} (H-HCB) ™% HCB <h¢H [3)

where HCB is the helght to the crown base, CV is estimated using equation [ 7] and the values of k are
given by species in Table 6. These models, illustrated in Figure 3, define the projection from the
base of the crown to ground level (equation [8]) as well as the crown taper from the base of the

crown to the tip.
N .;“; -----------------------

Figure 3. Model for crown cross sectional area (CA) at height h.

Using equations { 8] and [ 3] we can compute CCg g for each tree in the stand as follows, for
treei,i=1,2,3,-,n

(1) Leth; = 0.66 Hy.

(2) Use equations [ 8] and 9} to compute the crown area of all trees in the stand at height
hy, denoting thises CAy(hy) forf = 1,2,... ,n.
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(3) For tree {, express the crown ares of the stand at height h; as

0C66 = Ej CA;(hy) x TPA| / 43 560

where TPAj , the number of trees per acre for tree j, is used as 8 weight in the sum of the crown
aress of all trees at height hy. Dividing by 43,560, the number of square feet in an acre, converts

~ [10]

the ebsolute area to relative area as is commonly used for expressing crown closure,

This process is itlustrated in Figure 4 where the values of CCgg are ilustrated for the
trees shaded. In(a), the center tree is shorter than the others, giving it @ higher value of CCg ¢ than
for the left tree in (b) or the right tree in (c). Note that, as measured by CCgg, the center tree

contributes nothing to the crown competition for the tallest tree shown in (c).

100

66

100

&6

100

)]

(8)

(b)

(c)

Figure 4. Crown cross sectional areaat 66% of tree's height.
(CCgg shown by bold Tine for shaded tree.)

Table 6. Coefficients for crown models equations {7} and {).*

Coef. PP SP DF WF RF Ic
5 10.284 0250  0.233 6.045 0175  1.08!
b 1.928 1290 0919 1.414 2026 1083
¢ 0.424 1.622 1.897 0.787 1.203 1465
d 2.035 1.627 1.890 1.480 2166  1.168
K 1.868 1976  2.063 2.152 2042 1.938

* Fit statistics and complete information can be found in Research Note #9 (Van Deusen and

Biging, 1984).
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While the above process expresses the conceptual formation of OCgg, it 1s not efficient
computationslly. The procedure actually used by CAGTOS o compute Chgg is an approximation of

that given above. First, a vector of crown closure velues is computed at 10-foot vertical intervals,
Then, for each tree in turn, the crown closure was obtained at 66& of the tree's height by linear
interpolation. This approximation reduces the number of computational steps from from n2to kn,
where n is the number of tree records and k is the maximum tree height on the stand divided by 10.

Predicti in beicht to the crown base.

Height to the crown base wes used above in developing measures of crown competition. On
the first growth cycle the height to the crown base measured in the field is used. For subsequent
cycles the crown base may be subject to change, depending upon the changes in density of the plot.

The change in the height fo the crown base is estimated using the crown base modet used in
STAG (Yan Deusen and Biging, 1984). STAG estimates the height to the crown base as follows:

MB=H(1-eP) (11
where
p=[cy +cplog(BA6) +cz (D/H) 12 [12]

BAG is the basal srea of tress with DBH greater than or equal to 5.5 inches and the cosfficents ¢
Co, 8nd cz  are given by species in Table 7. Change in the height {o the crown base is then
estimated by taking the difference of predictions from this model at 2 different times. That is,

aHCB = HCB(2) - HOB( 1), if HCB(2) -HCB(1)>0
[13]
aHCB= 0, elsewhere

Therefore a HCB is non-decreasing.

However, all height-to-crown-bese estimates have high standard errors and this process
may need refinement when additional crown data are available from remeasured plots. Further, the
restriction that aHCB 2 O is theoretically sound for mest conifers but may have 1o be revised for
hardwood species.

Table 7. Coefficients for height to crown base models equations [ 12).

Coef. PP Sp DF WF RF IC
C1 0.895 0.619 0.534 0.403 0.892 0.532
Co 0.046 0.035 0.086 0.069 0.0 0.500
€3 -1.543 0.0 -1.147 0.0 -0.458 0.0
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Mortality

Estimates of tree mortality rates are necessary in order to meke realistic projections.
Failure to incorporste reductions in stocking levels due to mortality cafi produce misleading
estimates of net change, especially when projections are for more that one S-vyear growth cycie.

(n the absence of mortality estimates from the current study,the mode] used in CACTOS to
estimate mortality rates is the same as that used in CRYPTCS. The basic model, given by
Krumisnd, Dye, and Wensel (1977) following esrlfer work by Hamilten ( 1974) and
Hamiiton and Edwards ( 1976), expresses the annual probability of 8 tree dying (p) as

p=1/{) +exp[~(By+ By RBA+ B, DBH + Bz TPA + B4 LCR}]}
[14]

with the coefficients given in Table 8, and the variables defined as follows:
RBA  relatfve basal area {ave. tree basal area / tree basa) ares)
DBH  dismeter at breast height

TPA  number of 1rees per acre
LCR live crown ratio

Table 8. Coefficients for mortality models equations { 14].

Coef. conifers har dwoods
B -3.71 -4621

B 0.0109 0.00167
Bo ~0.110 ~0.1159
Bx -0.000445 -0.00206
By 0.0 0.010

The probability of mortatity given in{ 1 4] is then used to adjust the number of trees per acre
(TPA") represented by the tree as follows:

TPA = TPA* (1-p) V! [15]

where y is the number of years in the growth cycle and f is used as 8 "lag” variable to account for
periods of growth lost after cutting,

f=1~ (no. of years lost) / { length of period) [16]
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Inthe current applications, y = 5 years. The lag time is set by the CACTGS user and was not
investigated here. Projecticns Tor more than S years are made in S-year increments.

In the absence of data sufficient to produce interim maortality estimates from the
current study, the mortality coefficients used by CRYPTOS for Douglas fir, a moderately tolerant
conifer, were used for all conifers. This will likely under sstimate mortality for pines and over
estimate mortality for the white and red firs. The mortality estimates for all hardwoods were set
equal {o those estimated from hardwood data on the north coast.

These interim mortality estimates will be replaced as soon &s remeasurement dats are
available to allow better estimates io be computed.

Lngrowth
Currently ingrowth must be added by the user directly. Once ingrowth has been added

into CACTGS, those new tree records are treated in the same fashion as the initial tree records. That
is, no distiction is made between established tree records and new ingrowth tree records. New

ingrowth models are currently being investigated.
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Discussion

The models and coefficients presented above represent the principal growth estimstors
instatled in the CACTOS program (Wensel and Daugherty, 1984 ). for esch of the height,
diameter, and crown growth medels, the same basic mode] forms were used for all species but
separate coefficients were estimated for each. This enabled us to use the larger data sets (usually

white fir) to determine the model form and then estimate the required coefficients with grester
confidence for each species.

Messures of the veriability sssocisted with the estimates of the model coefficients are
givenin Table 4 and 5. However, the standard errors of real interest are those determined by
combining atl of the models to produce estimates of the change in volumes, instead of only looking
at the precision of the estimates of the individual coefficents.

An examination of the residuals in Appendices C and D suggest that the height growth and
dismeter-squared growth models fit quite well. However, these models have not vet been tested
against an incependent data set. When this is done more meaningful estimates of their reliabifity
will be developed. However, before additional testing will be done, the diameter growth rates wili
be recomputed using the more extensive 710 permanent plot dete base.

As noted above, the mortality estimates used are taken directly from the redwood model,
CRYPTOS (Krumland and Wensel, 1981 ). Since they have not been derived from the stand
types common to the areas studied here, they should not be considered to be accurate. Reliable
estimates of martality, snd estimates of ingrowth rates and patterns, are imporiant topics for
future research.

One of the functions of this Research Note is to solicit review comments on both the
estimates produced by CACTOS and the procedures outlined. Estimates provided here include both
those computed as part of this study and those included merely for completeness. Future research
will provide estimates of mortality and ingrowth rates as well as revised estimates of height and
diameter growth.
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APPENDIX A
The "de-growing™ process

[nitial stocking estimates are needed {0 prepsre the growth data for snalysis. This can be
accomplished by subtracting the measured past growth from the current size. Consequently, growih
estimates are needed for all trees on the plots to be analyzed. While most of the felled trees have
diameter and height growth measurements, only approximatety half of the non-felled trees have
diameter growth (from borings) and none of the non-felled trees have height growth information.

To compute the initial size of each tree on the piot, the current size minus the Jast S-years
growth is used. For tress which have no growth information, the following procedure was derived
based upon an assumption of compound growth. That is,

Y1=(1 +p) Yi-i

where
Y; is the size of tree at time i (i=0,1,2) and

p is the compound rate.

We know the current size Y, from our inventory, and we can predict Y5 using an injtial growth
model. Hence, we can predict p as follows:

a=(?2-V1)/Y1
and therefore we cen predict the initial size Y by:

Fo=vg 0T+ BY =y 740+ (T, - YY)
=‘(’121’{ (l;z

The effect of using the compound rather than the simple growth rates is minor for jarge
trees and for 8l trees with small growth rates. {See Table A1)

DBH DER increment {in.)

{in) T 10
16 | 998 990
20 949 998

Table A 1. Ratioof simple to compound growth rates in predicting prior DBH.

The effect of any errors in the assumptions usad here will be negligible since the estimates
are only used o "de-grow” {ree in order o obtsin competition measures.
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APPENDIX B
Derivation of potential height growth expression

The potential height growth equation is derfved from unconstrained the site index expression
used by Biging and Wensel ( 1984),

bz
H= a5+ 8500 [ 1 - exp (~byh) ) 2 (1]

index (S), where the by's (i=0,...,3) are constants given abave. Since the modelling is being done

for uneven-aged forest stands, the tree ages will not usuatly be known. Solving equation [ 1] for tree
ae yields the expression

A=-{1h5) dog{ 1 - (H—4.5}s’(b03b1 )] ot

} [B.1)

The height of the tree at the end of a growth cycle of yesrs can now be expressed as
H, =45+ bgsP1 {1 - exp (-by(A+5)) )3 (2]

where we substifute equation [B.1] for A snd "simplify” as follows:

Hy = 45+ bgS™1 { 1 -exp(~by( -1/, log{ 1 - |
(H-4.5)7(bgs%1 ) 11723 }us5))1bz [B.3)

Hy = 45+ bgS" {1 - exp (-Ghp) [ 1 -
[ (H-a.5)7(bgsP ) 11703 )bz (8.4]

Hy = 45+ bpSC! {1 - exp {-5bp) +
bey1' /3
exp (~by5) [ (H-4.8)/(bgsP1) ] 3 ) (5]

Hy = 4.5 + { (1-exp(-5by) ) (bps®1) 103 4
exp(-5b,) (H-4.5)1703 303 {B.6]
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Finally, subtracting the current height, we have
Pu=Ho-H

or

Py=a45+{egdt +o, (H-45)73}F 7 - H (2]

where

(K3
cg=(1-exp(-5bzd} by 3

¢y =b; /b3

¢ = exp (-Sbp)

cz=1/bg
From Biging end Wensel ( 1984), bg = 2.9324,b, =0.8900, b = 0.024, and
Dz = 1.81845 ylelding

cg = 0.2043

ey = 0.4894

¢ = 0.8869

c3 = 0.5499.

Research Note No. 12 page 22



Figura
Figure
Figure
Figure

Figure

C.1

€2

C.3

£.4

C5

APPENDIX C
Height growth residual plots

TABLE OF CONTENTS
Residuals plotted on predicted height growth- - ponderosa pine.
Residuais plotied on total height- - ponderosa ]:n'ne.*
Restduals plotted on predicted beight growth-—Douglas-fir.
Residuals plotted on total height--Douglas-fir.”

Residuats plotied on predicted height growth--white fir.

Figure C.6 Residuals plotted on total height--white fir.”

* Note thet the plots of residuals verses total height were plotied using ctuster codes.

Research Note Na. 12 page 23



Figure G.J Resxwais glotted on prediclad Height growth--pandsresa Dine.
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Figure C.3 Resiosels plotted on predicted height growth--Oouxlas-rir.
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Figure C.5 Residuaia plotted on predicted deight growiir-witita fir,
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APPENDIX D
Diameter-squared growth residual plots

TABLE OF CONTENTS
Residuals plotted on predicied dismeter-squared growth- - ponderosa pine.
Residusts piotted on diameter - - porkierssa pine.
Residuals plotted on predicted diameter-squared growth- -Douglas-fir.
Residuals plotied on diameter--Douglas-fir.
Residuais plotted on predicted diameter - squared growth- -white fir.

Residuals plotted on diameter- -white fir.
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Figure D.1 Residuals plolted on predicted diameter-squaned growti--ponderosa pine.
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Figure 0.3 Resiousis pictiad on predicied diamster - squared growth—-Douglas-Tir.
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Figure 0.5 Restduals plmitad on prediclad diameter - squarad growih--white fir-
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