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Abstract

Models are developed which can be used to gererate diasmeter distri-
butions by species 'typicel™ of even aged young growth stands in the
north coastal region o»f California. These models can be used to approx-—
imate the necessary input data required by the coastal stand simulation
model when the only information availatle are broad stand deseriptors
such as site index, age, stems per acre, and species ¢omposition.

This note is divided into two parts. The first part provides =&
general overview of the objectives of this study and describes how the
results can be utilized. Fart II is a technical section which descrilbes
the basic models and analytical procedures,
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PAKT I. OVERVIEW AND USE.

I. INTRODUCTIOM

The tree simulation model teing developed for coastal stands
requires either raw inventory data or a modified stand table as input.
In some management situations, it may be desirable to relax the specifi-
city of the input requirements te obtain information on the "typical”
course of development of a broad class of stands. In this category, we
inelude "hypotheticgl" stands, i.e., stands which may be described by a
few broad characteristics yet not having an on-the—ground counterpart.

Another primary objective of the redwood cooperative is to publish
a collection of vyield tables for stands "typicszl" of various stocking
levels and species compositions managed under different treatment zlter-
natives,

To use the tree simulation model in these situstions requires some
means >f generating an initial stand table from broad stand characteris-
tics. HResearch Note No, 8 described a means of predicting tree heights
given diameter. This note describes some models for generating mixed
species diameter distributions for ysung-growth even-aged, uncut stands
from veariables such as site index, age, stems per acre, and species com—
position.

The diameter distritution models described in this note, the height
prediction models (Research hotes 8 and 12), and the c¢rown estimastion
models (draft in progress) have 21l been coded into a stand generation
computer model, This computer model will be made available to potential
users and it will also be used &s a standard for supplying initial stand
descriptions to the coastal stand simulation model for general yield
table construction.

II. OEJECTIVES AND USE CF THE DIAMETER DISTRIEUTICK MODELS

The models presented in this report have their primary use in
translating & stand description based on broad characteristics into 3
stand table (numbers of trees by DEH and species class) which is a por-
tion of the necessary input deta required for the coastal tree growth
model, Stands genereted on this basis have their primary use in  situa-
tions such as

(a) Establishing regeneration stocking levels
Establishing guidelines for precommercizl
thinning intensities

(c) Setting general standards for residusl stocking
levels after partial harvests

In situations where stands are not necessarily even aged, have
experienced past harvesting, or where more refined stand specific esti-

mates are desired, actuzgl plot records will be reguired.
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Overview of the lodels

Two models have been developed to generate diameter distri-
butions. The basic difference is that 2ne uses a more refined
stand description.

a) Vodel I -~ This model requires the user to specify ©5C year
site index, average breast high age of site trees, and stems per
gcre for any combination of the following species prougps.

1) redwood

2) other conifers {(rostly Douglas fir)

3} tanoask (includes other hardwoods except
alder)

8} alder

A two stage process is then followed: (1) the specified
stand information 1is then used to estimate the quadratic mean
DBH of each species group individually unless the species group
is &bsent {(i.e., the number of stems per acre for the species
group is not given). (2) the stand information plus the
predicted mean DEH's are then used to estimete shape end loca-
ticn coefficients for a diemeter distribution mnmodel for each
species group.

b) Model II ~ This model requires everything Model I does, with
the @&additisn of a specified quadratie mean DEIH for each species
group 1f it is present. This refinement essentially reduces
some error that comes from 'centering' the distribution and
makes the model more stand specific.

It
feet in

emphasized that stems per acre includes all trees 4.5
tal height and taller.

is
to

Usape and Data Reguirements

In order to make this model easy to uvse, several simplifi-
cations nave been developed,

a) Stems Per Acre - Either stems per acre by species group or
percentages of total stems per acre are acceptzable. Using basal
grea or stems/acre greater than some minimum DEH can als> be
incorporated with the aid of tables described in Zection III.

b) &Site Index = Freguently, it will be desirzble to express s
site index wvalue for a single conifer species only. If site
indices »f some species are not supplied, they will be estimated
by procedures described in Appendix II.

¢) Lresst High Age - Age estimates based on the supplied age of
at least one conifer species are also accomplished by procedures
described in Appendix II.
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III. USE OF EASAL AREA AND STEMS/ACRE BY STAND FRACTION

Many potential users are accustomed to thinking in terms of basal
area rather than stems/acre (particulerly for larger stands) or in terms
of stand components grester than some arbitrary minimum DBH. Tables A.
and E, have been prepared so that approximate conversions can be made,

Twos of the input varilsbles, site index and age, are used to esti-
mate total height of dominant trees. Total height, then, is what is
actually utilized in the prediction equations. These tables were
prepared by supplying a top height and total number of stems per acre in
several possible combinations for redwood and Douglss fir separately.
The model previously described (dModel I) was then used to generate a
stand table consisting of stems per acre by one inch diameter classes.
Summaries were Lhen developed showing stems and basal area {or the por-
tion of the stand greater than 0, 5, and 11 inches DBH.

For example, assume that you wish to generate a stand table for =z
pure Douglas fir stand with a dominant height of 75 feet and 10C square
feet of basal area in stems 11 inches DBH and greater. Turning to Table
E for Douglas fir, we look for the entry "100" under the 8th column
(basal area of stems 11 inches dbth and larger) for a dominant height of
75 feet. Referring to the Lth ecolumn (stems per acre 0 inches and over)
we see that this corresponds to 200 trees per acre. To generszte the
stand table with 100 sq. ft. of basal srea (11" dbh+) we enter 200 trees
per acre.



TAELE A:. FREDWOCD - PURE STAMDS

Estimated stems/acre, basal area, and average (quadratic mean) dbh
by dominant height and stand fraction

dom min stand 0" dbh+ stand 5" dbh+ stand 11" dbh+
ht dbh

basal stems ave basal stems basal stems

areg acre dbh area acre area acre
25 0.4 12 100 b7 8 2% 0 1
25 0.0 23 200 4.¢ 17 51 2 4
25 0.0 31 300 4.4 22 £6 4 &
25 0.0 37 4go 4.1 26 78 3 )
25 c.0 43 €00 3.6 27 87 3 &
25 0.C 43 800 3.2 24 84 0 4
50 2.2 53 100 2.9 52 &t 30 29
50 1.6 83 200 8.8 7¢ 148 39 39
50 1.2 104 300 .0 97 195 42 43
50 0.9 119 4§00 7.4 108 232 43 46
50 0.7 129 500 £.9 114 258 40 UK
50 .4 135 €00 6.4 11€ 276 36 iz
75 3.4 5 50 14,6 57 49 50 33
75 3.0 GE 100 13.4 a8 ela &1 55
75 2.4 161 200 1e.2 160 181 122 £9
75 251 208 200 11.3 205 258 148 113
75 1.8 2uy 400 10.6 238 326 161 128
5 1.6 270 500 10.0C 262 388 166 137
100 b.3 a5 50 18.7 95 50 92 42
100 4.0 168 100 17.6 168 G9 158 77
100 2.7 231 150 16.8 231 148 213 1G9
100 3.5 286 200 16.2 286 196 260 138
100 3.4 335 250 15.7 335 24y 301 165
100 2.2 379 200 15.2 374 290 336 191
125 5.0 129 50 21.8 129 50 127 45
125 u.6 231 100 20.6 231 i00 224 85
125 4.3 320 150 19.8 320 149 307 1ee
125 4.1 399 20G 19.1 399 19¢€ 381 158
125 3.8 70 250 18.6 470 2U8 hys 183
125 3.8 1

534 300 18. 534 296 502 225

1
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Table E.:

——

BOUGLAS

!

FIR - PURE STANDS

s s e

Estimated stems/acre, bassl area, and average (quadratic mean) dib
by dominant height and stand fraction

e s - -

stand 5" dbh+ stand 11" cbh+

dom min stand 0" dbh+
ht dbh
basal stems ave basal stems basal stems
area acre dbh area acre ares acre
25 0.7 8 100 4,0 ] 20 6] 0
25 0.2 11 2C0 3.2 2 18 0 1
25 0.0 i5 300 3.1 3 22 G ]
25 0.0 18 400 2.9 2 18 0 2
25 0.0 20 600 2.5 0 3 0 3
25 0.0 149 800 2.1 o] b G y
50 1.9 37 100 8.3 36 TH 15 16
50 1.4 59 200 7.4 54 121 16 20
50 1.2 T4 00 6.8 65 176 13 20
50 1.0 &4 400 6.2 71 210 g 16
50 0.9 90 500 5.8 72 232 4 12
50 0.7 g3 €00 By 3 70 Z43 0 G
o 2.4 4B 50 13.3 Ug 4E 39 26
75 3.0 gu 100 P &l g3 65 Le
75 2.5 141 200 11.4 140 178& 100 T8
5 2.3 185 200 10.€ 181 258 119 100
75 2.1 217 upo 10.0 211 3320 128 114
5 2.0 240 500 g.4 231 395 127 12¢
100 3.7 T2 50 16.3 T2 4o 66 34
100 343 129 100 15.4 126 a7 114 tu
100 3.0 177 150 4.7 177 144 154 Q2
100 2.8 219 200 4.2 219 1¢0 187 11E
100 2.7 256 250 13.7 255 23E 214 138
100 2.6 289 300 13.3 287 281 236 158
125 4,2 106 50 19.7 106 50 102 4o
125 3.8 191 100 18.7 191 49 182 T8
125 2.5 265 150 T8.0 2€5 148 24e 113
125 3.3 331 200 17.4 331 196 308 14€
125 3.2 8¢ 250 1€.9 388 244 359 17¢
125 3.1 43¢ 300 16.4 439 noz 207

293

4
1

el ”

T ———



IV. SOME ILLUSTRATIVE RESULTS

As an example 2f the kinds of results that are svailable with this
model, suppose we specified z stand with 600 stems/zcre with a redwond
site index of 100 feet and a breast high age of 15 years, Let wus
further surpose that one third of the trees are redwood, on third zre
Douglas fir, and one third are tanoak.

In this case, the computer models would automatically make the fnl-
lowing estimates.

Site Index Ireast High fAge
Douglas Fir 127 12
Tanoak 70 13

Next, by using the diameter distribution models described in PFart
II., the following stand table is generated.

Stems Per fcre

2 inch DEH class Redwood Douglas Fir Tannak
0 -2 45 40 32
£ - L 51 86 106
4 = 6 40 58 56
& - & 28 16 9
g - 10 18
10 - 12 11
12 - 14 £
14 - 16 2

Figure 1. shows the smoothed diameter distributions of each of the
three species groups separately.
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\ e TANOAK
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Figure 1: astimated diameter distribution for a redwood site
index of 100 feel and a2 Lreast nigh ase of dominant
redwoods of 15 years,. Two hundred stems Der acre

0 o

[¢7]

were specified for each of the snecies =rours; red

wood, Douzlas Fipr, and tanoak.
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PART II. MATHEMATICAL MODEL DEVELCPMENT

I. THE DIAMETER DISTRIBUTION MODEL

The literature in forest mensuration contains many models which are
proposed &s being useful in describing diameter distributions of forest
stands (Meyer 1630, Nelson 1964, Schnur 1934, Eliss and FReinker 1664,
Clutter and FEennet 1965, Eailey and Dell 1973, Hafley and Schreuder
1977). After some preliminary analysis, the Weibull probability density
function was chosen as the base mode! in this study because of its sim-
plicity, flexibility, and generally satisfactory -~esults. In its basic
form, this model can be written as

F(d) = 1. -~ exp(=((d=a)/6)") (1)

1]

where

F{d) = Percentage of trees in a2 forest stand less
than or equal to 'd' inches DEH

a,b,c = Parameters to be estinated

expl{x) = 2.17828 raised to the power of 'x!'

The parameter 'a' is the smallest diameter in- the stand. The
parameter 'b' 1s a measure of central location such that approximately
£3% of the trees are less than 'b' inches in diameter, The parameter

'¢' eontrols the shape of the diameter distribution. For a value »f 'e!
equal to 3.6, the diameter distribution approximates the normal proba-
bility distribution in shape. For values »f 'e' less than 1, the curve
is inverse Je~shaped. For values of 'c¢' between 1 and 3.6, the distribu=-
tion is wunimodal and skewed to the right. As 'c' becomes grezter than
3.6, the curve is unimodal and progressively skewed to the left,

If, for example, we wish to generate 'a stand tatle from thkis func-
tion for & stand with 'N' trees per acre, the number of stems 'Nd'
between any two diameters d; and d, (d,>d,) is

N

d H(F(dg) - F(d1)) (2}

N(exp(=((d, = a)/e)° - exp(~((d, * a)/b)°)

Ey incrementally altering d; and d2, we can essentizlly create 2z stand
table.

II. CVERVIEW OF MODEL DEVELOPMENT

The procedures utilized in developing a diameter distribution model
for coastal stands consisted of the the following three steps:

1) Selecting plot records thought to be typical of
young growth even~azged stands in the region from
available growth plot records.
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2) Estimating the parameters in the Weibull probsbility
density function for easch species group in each plot,

3) Using the collection of parameter estimates from
step 2 as observations for additionzl models relating
Weitull parzameters to common stand asttributes such as
site index, age, stems per acre, and species
composition,

ITTI. PLOT SELECTICNMN AND DATA SOURCES

Initial screening produced 583 plot records for subsequent
analysis, These records were single measurements from growth plots
maintained by cooperators in the Redwood Yield Fesearch Project.
Approximately half of the plots were located in Humboldt and Del Norte
counties and the other half were from Mendocino, Initial criteria were
that (1) average breast-high age and 50-year base age sSite index esti-
mates were available for zt least one conifer species group on candidate
plots; (2) no evidence that past harvesting had taken place since regen-
eration; 3) no old growth trees were standing on the plots.

Next, species groups within each plot were graphically screenec
with the aid of an interactive computer plotting routine. Eased on data
limitations, +the similarity of diameter distributinns of seversl
speclies, and the low occurence of severzl species on many of the plots,
the following four species groups were recognized:

1) redwood

2) Douglas fir {(includes other conifers)

3) tan ogk (includes »ther hardwoods excert alder)
4) alder

Screening was designed o identify the species groups on each plot
for which diameter distribution rparameters could be adequately
estimated. Species groups on each plot were not considered for modeling
if (1) there were an insuffiecient number of stems to define a distribu~
tion or (2) arbitrary selection of a lower diameter 1imit for field
measurements resulted in trunceting the diameter distribution to the
right of the mode. This screening process left the following number of
diameter distribution cbservation sets by species group:

redwood 213
Druglas fir 192
alder 25

tan oak 80
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Iv, PLOT SPECIES GROUP PARAMETER ESTIMATION

Parameter estimates 2f ezch species group on each plot selected for
modeling were estimated by an iterative nonlinear least squares pro-
cedure fitted to the empirical cumulative plot diameter distribution.
Specisal procedures were reguired in cases where field measurement
specifications resulted in truncating the dismeter distribution to =2
diameter limit greater than the "natural" minimum diameter. The result-
ing parameter estimates were then used in estimating quadratic mean
diameter, basal area and stems/scre. These procedures are desecribed in
Pppendix I.

For species groups on selected plots whose distribution parameters
were not estimated, basal aree and stems per acre below the minimum
recorded diameter were estimated by graphical enalysis. These estimates
plus actual recorded measurements were then used to obtain an estimate
of total per acre basal area and stems per acre.

Dominant height (height predicted by site index equations), average
breast«high age of dominants, and fifty-year breast high age base site
index were alsn summarized for each plot species group. These descrip-
tors were estimated from actual plot measurements or by the ¢onversions
described in Appendix II.

V. GENERAL STAND DIAMETER DISTRIBUTION MODEL

The final phase of this study consisted of developing a system of
models to relate parameters of the Weibull plet distributions to broad
stand characteristics. Potentially, the system of models would require
12 prediction equations (3 parameters x 4 species groups). Several
items were given explicit consideration during construection.

1) It wes initially assumed that the diameter distribution of any
species group, whether in 3 monoculture or & mixture, could adeguately
be approximated by a Weibull density function, Eased on visual examina-
tions of plots, this assumption appeared to be reasonable.

2) The general models would use stand descriptors that most forest
managers are familiar with. This limitation was necessary from a prac-

ticable standpoint.

3) Lastly, it was recognized that there would be interactiosns among

species in mixed stands. The relative size end abundance of other
species were presumed to influence the shape and locstion of a single
species diameter distribution. Freliminary anazlysis supported this

tenet and also indicated that the parameters of species diameter distri-
tutions on individuzl plots were themselves correlagted. Incorporating
these correlations in a multivariate framework would be desirsble from
the standpoint of efficiency in model development. However, as all
species were not present on zll plots and some species present on  some
plots did not have distribution parameter estimates, some "less than
optimal” estimation procedures were resorted to.

Attempts to estimate distribution parameters directly met with
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little success. However, it was found that quadratic mean LDBH of indie
vidual species could be estimated fairly well as a function of the dom-
inant species height, stems per acre and average dominant height of all
species combined. Next, it was found that while distribution parameters
themselves could not be estimated with an acceptable level of precisiosn,
predicted diemeters at fixed percentage points could be estimated with a
fair degree of success, Using the estimated values of a, b, and ¢ for a
plot species group and manipulating equation (1) gives the following
relationship:

¢, - a+b(rln(7rpi))1/c (3)

where

d.
i

n

predicted diameter at a percentage point pi
In(1 - Fi) = natural logarithm o»f (1 - pi)

llence, rather than estimate the three species parameters directly, pred-
iction equations for three percentiles could be used to solve for param-
eter estimates of a, b, and ¢. Lohrey and Bailey (1977) used 2 similar
approach with good results. ESolutions are greatly simplified by a judie
cious choice of the three percentage points. The points used 1in  this
study are:

Eﬁ Percentage Point (pi)
d1 .8900¢C
d2 LE03C2
d3 . 32070

The reason for this choice is detailed in Appendix III, Given the tri-
plet of predietions for a given species (91, 82, d3), closed fyrm
expressions 2f the parameter estimates are as follows:

8 = .870932/1n ((2,-0,)/(2,-3,)) ()
B = (8,-3,)/(2.20127" "€ - 2.207277 V%) (5)
3 = 81—6(2.2672?1/6) (6)

L system of equations for expressing the dismeter distribution
model was subsequently developed. The broad stand descriptors compris-
ing the basic independent varisbles for the model are site index, breast
high ege, and stems/acre by srpecies.

ot surprisingly, it was found the: diameters at fixed percentage
points were correlated most with guadratic mean diztcter. Consequently,
the following tworstage procedure was utilized in developing the equa-
tion system for the model.
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1. Estimate quadratic mean DEF (D) for each species
group solely as a function 2f independent
variables

2. Lstimate diameters at fixed percentage for ezch

species as a function of predicted guadratic
mean diameters plus other independent variables

A, Quadratic Mean DBH Model .

After some experimentatisn, the following functional form based on
z general sigmoidal relationship was found to give reliable and logical
estimates.

a a
z2 6
= & T = 4 a.N H Ho+
D5 GT(HSJ { ekp(ch + 3 s/fi 85)} (7)
where
D5 = guadratic mean diameter of species 's!
N = total stems/acre
HS = dominant height of species 's' predicted from site curves
All = average dominant height of a1l species weighted
by stems per acre
Y
= H N ;
2 HN /N (&)
s=1
Ng = stems/zcre of species 's!
ay = species cependent coefficients

Parameter estimates and & statistical summary for each of the fowr
species groups are shown in Table 1. More complicated models involving
stems/acre and dominant height of each species group separately resulted
in insignificant reductions in the mean square error.
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Table 1

Parameter estimates and a statistical summary by species
for the quadratic mean diameter model

Sample
Species a 82 33 ay a5 86 R2 Sy.x fize
Redwond JUEER .83 .60 ~.83 =-1.,1C 4,23 E2 3.6 214
Douglas Fir 470 1,00 A3 .12 -1.34 L, 35 LT 3.9 192
Tanoak .68¢9 87 .28 JUC ~1.48 2.860 A0 2.8 80
Alder ARG .G8 .25 17 ~1.40 3.36 .63 2.3 25

B)Y Diameter Fercentile Estimators (Model I)

4s noted earlier, percentile diamelers were most highly correlated
with quadratic mean diameter of individual species, Based on some
extensive screening processes, the following equation forms were used
for each of the four species groups:

dis = b1Ds + bzln(N) + b3ln(ﬂs) (5)

where

dis = diameter at percentage point "i" for species "s"

Ds = predicted gquadratic mean DEH of species "s"

N = total stems per acre

AS = breast high age of species "s"
In(x) = natural logarithm of "x"
. bi = spec¢ies dependent parameters to be estimated

The parameter b, for the hardwood grours was found to be generglly
insignificant after” the inclusisn of Ds and N, sn it was dropped from
the prediction equations for these groups.

C) Estimation Procedures

Ls noted earlier, it was not feasible to estimate the system of
twelve equations simultenesusly. However, it was possible to simultznes
ously estimate the parameters for the three equations comprising a sin-
gle species group. The basic reasons for doing this are:

(a) Variances of parameter estimates are smaller than 1in the case
where the parameters were estimated independently.
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(b) Conventionzl least squares applied to this three equetion system
would minimize the sums 2f squared residuasls of each equation
separately. Simultanesus estimation minimizes +the sums of
squared residuals of all three equations at the same time (with
weights being assigned ©» the observations inversely propor-
tional to their variance - c¢ovariance terms).

(e} The resulting differences between parameter estimates in each of
the three equations are more consistent than in the case where
the parameters in the three equations are estimated separately.

The procedure used in estimation iz sometimes called generalized
least sguares applied to systems of equations. The detalils are somewhat
tedious and are not described here, Readers desiring more information
are referred to Maddala (1977, pp. 465-467). Parameter estinates and a
statistical summary are shown in Table 2.

%) Constraints on Predictions

The systems of models previously described have been coded intoa  an
interactive computer stand generator that allows the user to rapidly
examine simulated diameter distributions under different combinatians of
stand descriptors. In some situations (stands 15 years or less at high
stems/acre levels) the estimated value of the parameter 'a' is sometimes
negative. When this happens, some alternate estimation procedures are
used, These procedures are described in Appendix IV,
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Table 2

Parameter estimates and statistical summary by species
for the DEH percentile models using predicted quadratic

mean DBE as an independent variable (Vodel I)

3

¥.X
Redwood by by b3 R¢ (inches) Sample Size
d, 773 ~1,430 4,588 .65 4.8 21y
d UTO =1.711  H,E4S .73 3.0 o1y
d3 .304 ~1.701 2,336 .70 2.7 214
Gverall L.EE 3.6 E42
Douglas
Fir
dy .826 ~1.409 4,345 .77 4.5 192
d2 .G89 ~-,923 2.69¢8 .79 3.2 192
d3 LSUE -. 721 2.00% ) 2.7 192
Overall .77 3.6 576
Tanoak
g, 1.413 076 1/ .25 5.2 20
d 1.100 oz 1/ .26 3.3 g0
2 1/
d3 .86¢ .CC9 — .27 2.7 &c
Overall .26 3.5 2kQ
Alder
4, 1.051 262 1/ 69 1.9 25
d .934 073 Y 71 1.6 25
¢ .52 -.02 1 .69 1.5 25
Cversll .70 1.7 75

1/

eter,

Tanonek and alder equations were estimated without the b3 pararn-
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VI. USE OF EASAL AREA FOR REFINEMENTS (Model II)

It was originally anticipated that two genersl models would be
developed; one using stems per acre as a density term and the other
using basal area. In the use »f siems per scre as a density term, it
seems fairly logical that the more stems that are present, the smaller
is the average diameter (everything else bLeing constant). fnzalysis
indicated, however, that the relationship between basal arez and average
diameter is not necessarily single valuved. In other words, for a given
level of basal area, stands may exist with a smzll number of large trees
or a large number of small trees, the former case having a larger aver=
age diameter than the latter. This basic indeterminancy precluded the
development »f a diameter distribution model based on basal area.

If basal area and stems per acre are known (or given), some effi-
ciency c¢an be gained because guadratic mean DBH can be derived directly
and the first stage model which is used to estimate mesn DEH can be
bypassed. Another system of diameter percentiles wes estimated using
actual rather than predicted quadratic mean DBRH (Model II). These
models have the same form and were estimated by the same procedures as
the previous ones. The coefficients are shown in Table 3.

Some tasic relationships between stems/acre and Lasal area are
tabled in Part I. The procedure used in computing distribution parame-
ters is slightly different under 12del 1I. The parameters 'b' and ‘'c¢!
are calculzted as under Model I, The parameter 'a', however, is com=
puted as a function »f the given quadratic mean diameter and estimates
of 'b' and '¢' (see Appendix IV). This procedure ensures compatitility
with parameter estimates and specified guadratic mean [EH,

VII. VALIDATICH

An attempt to validate this model presents some difficulties for
several reasons:

a) The models presented here will be used to generate an initisl
stand description from which forecasts »f future yvields will be made.
As what is "ultimately" in question 1is the effect of the initial
description on properties of future yield estimates, it is unclesr at
this time how such a hypothesis wmight be tested.

b} While not formally stated, underlying tenets of this study are 1)
tree diameters 1in coastal stands can be generated by a Weibull process
and 2) the models developed here provide an adequate description of this
process. As the data used in this study do not necessarily represent a
"true" random sample of stands currently existing or stands that may
exist in the future, tests of goodness of fit cannot be thought of as
providing "complete" proof of model adeguacy, Nonetheless, severegl
tests were made Lo evaluate model performance,

A. Graphical Analysis

Histograms »f actual plot diameter freguency distributions were
ceompared with those predicted ty the models, There was in general a
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Table 3
Parameter estimates and statistical summary by species
for the DEH percentile models using actual guadratic
mean DPBE as an independent variable (¥odel II)

£ b, by RZ S,.x Sample Size
Redwond-
d4 1.426 451 +~.933 .97 1.4 274
ds .881 ~.499 1,093 .95 1.3 214
d3 618 —~,807 1.700 .85 1.9 214
Cverall .94 1.6 oy2
Dauglas
Fir
dq 1.3%1 075 =.104 .98 1.2 192
dy 1.C11 ~.002 -.060 .99 .7 192
d3 L7169 =, 077 .082 .93 1.5 192
Cverall .97 1.2 576
Tanozk
d, 1.295 045 7 98 .6 80
ds HLEREN 7 99 .3 80
a5 €39 ~.065 o7 80
Cverall .08 .5 240
Alder
¢ 1,153 L1k 3oy L 25
dp 1.018  .024 T, 9 -2 25
d3 .935 -.13¢ — .0g .3 ar
Cverzll .99 3 75

1/ .
- Tanoak and slder equations were estimated without the bg
rarameter. :
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surprising degree of conformance.

B, Comparisons With Cther Studies

Model I has tws principal components: 1) the quadratic mean DFH
model which can be thought »f as "centering"® the distribution and 2) the
percentile models which provide the shape. Lindquist and Palley (19€7)
rublished yield tables which included average Quadratic mean DPH by age
and site. While the authors of this reposrt do not necessarily agree
with the implications of yield tables concerning growth, they do feel
that yield tables provide a reasonable description of stand attributes
based »n the underlying sample data.

A comparison was made for redwsod ©o see how well the averzge DEH's
predictes in this study compared with those in yield tables. Table U
shows the results of this comparison. In general, there is quite c¢lose
agreement although this studies' prediction are slightly lower.
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Teble 4.

Comparisons »f quadratic mean DBH »f a1l stems 4.%" DBH and greater
predicted by this study (Model I) for pure redws2d stands with Lindguist
and Palley 5}967) empirical yield tsble estimates by site and breast
height age.—

Lindquist and Falley Site Index

B.H.,
Age 140 160 180 200
(Yield Table/Prediction)
20 G.3/8.7 10.1/6.4 10.8/9 8 11.5/10.2
30 12.48/11.7 12.7/12.6 18, 8/132.% 15.8/14.2
e 14.6/13.8 16.2/15.0 17.6/15.6 18.£/16.8
50 16.4/15.7 18.2/17.0 19.7/18.C 21.0/19.C
60 18.06/717.4 10.6/18.7 21.6/19.9 23.0/1¢8.,2
T0 10.4/18.8 21.4/20.2 23.1/721.4 2U,5/22.6
1/

Ls the coefficients and predictions for Model I were based on
all stems, the procedure used for quadratic mean DFE of stems 4.6%
CEH and greater was as follows:

1) Convert Lindquist and Falley site indices to 50 year base
age indices DLy conversions described in Research Note Lo, 5
(Krumland and Wensel 1Q77}.

2) Use the eguation system to estimate stems/acre greater
than or equal to 4.5" DEE given a total number -f stems/acre.

3) Vary the total stems per acre until the estimated numkber
of stems/zcre greater than 4.5" were equal to yield table es-
timates.

4) Compute quadratic mean DEN by numericzl means based only
on the numbers »f trees U,5" and greater,
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C. ‘Tests of "Goodness of Fit"

Further tests were made to see how the distributions predicted Ly
these models compared with actuzl empirical plot distributions (the
empirical distributions refer to the empirical frequency distributions
of each species on each plot, not the individual plot Weibull funetions
fitted to this data). For kModel I, there are thrree potential <{(not
necessarily independent) sources of error: 1) the estimated distribu-~
tions are nat centered properly, 2) the estimated distributions have the
wrong  shape, 3) the empiricsl distributions could not conceivably have
been generated by & Weibull process. Model II, which uses quadratic
mean DEH as supplied a&s an independent variable, lergely has items 2 and
3 listed above as the principal sources »f error.

The test used is based on the numbers of trees wused t2 make the
empirical frequency distribution and the maximum absolute difference
between empirical and predicted cumulative frequency. This difference
is called the Kolmogorov + Smirnoff statistic and tables have been
prepared (see Hogg and Tanis, 1977) showing the probability that the
empirical distribution is different from predicted ones at various sig»
nificance levels based on this statistie., Table 5 shows the results of
this test for Redwond and Douglas fir and each »f the two moadels. Con=-
sidering that several plots had fevwer than 10 trees and a very loose
selection criterion was employed for including plots in this study,
these results are considered to be quite acceptable,

Table 5
Percentage of estimated distributions not significantly
gifferent from empirical ones by model, species, and
significance level.
Model I Model IT

Significance Level

.C5 .01 .C5 L0

Redwood 68% 86% 174 o0g
Douglas

Fir 832 952 TT% 919

TOTALS 73% 897 17% 0%
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Appendix T

Procedures for Fitting Weibull Parameters
to Plot Species Groups

In the Weibull density functinn far each plot species group, we
have:

F(d) = & ~ exp(~((c-a)/b))° (1)
where
a,b,c = ¥odel parazmeters to be fitted with 'a' being
the minimum DEH
d = DEHE
F{d} = Percentage of trees in the species group
between 'd' and 'a' inches DBH
= Nd/N
Nd = Number of trees less than or egual to 'd’

inches in the species group
N = total number of stems in the species group
In fitting this model to data, we often do nat know the minimum

diameter present. Hence, what can actually be derived from plot records
is

. *
Numbers of trees/acre between diameter a and d

a = Minimum DBH recorded, often arbitrarily set
in measurement specifications

and

M = Totsl numbgr 5f trees/acre greater than or
equal to a8 in DEH

The values for F and all the Nd can essentially be ditermined from plot
measurement . The number of trees between 'a' and a inches (d) is unk-
nown. The truncated and actual distribution sbservation points are
related by

Mo+ d

d - - i ol (du c
T aid " Nd/N = T=exp{=({d=a)/b) " )

Solving this expression for d gives:
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& = (M1 « exp(~({¢=a)/0) ) = Md)/exp(v((dra}/b}c) (11)

However, we also know that d is equal to

4 ¢
(F + ) (leexp(={(a = a)’) (II1)

28
n

¥ c ¥ c
M1, = expl=((a = &)/b) ))/exp(~({az =~ 8)Y/bE)")

Setting II equal to III and solving yields

- *
£ (0) = B /M = 1. - exp(b Ca = ) w~ (¢-a))1] (IV)

Equation IV then is a modified Weibull fumection that can be fitted to
actual trunceted rplot records to provide estimates of a, b, and ¢. Ve
note that

¥
F (o0) - F (&) =1
m i
So it satisfies a basic property of distribution functions.

Equation IV was used azs the functional form for estimating the 2
keilbull parameters for each plot species group. The value for d was
computed from equation III using parameter estimates. An  estimzsfe of
stems per acre was computed as

estimated k& = M + d

The quadratic mean diameter (D) is the sguare rost of the expected
value of tree diameter squared.

T - E(d2)1/2

Ek et al (1975) gives an exrression of D as a function of Weibull param-
eters. This velue wass compited numerically using actual parameter esti-~
mates as

1
(bzf(1 + 2/¢) + 22l (1 + 1/¢) + ag) /2

=l
1

where

(x) = gamma function »f x

37
“ewttx*16t

2
Totsl stand per zore bassal area (£) was then estimated as

E - .CO5E54(N + )D°
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Appendix I1I

Site, Height and Preast High Age Conversions

This appendix describes the fprocedures used to5 estimate missing
measurements for the four principle species groups used in this study.

A. Dominant Height

Dominant height (M) is expressed as a function of fifty year breast
high age site index (S) and breast high age (A). The basic model used
is:

Ho= B1{1. = (1. = (S/EDTexp((a = 50.y82)1 /3 (11-1)
where
8 ..
Bt = 215 <
a
E2 = 255 .
3
E3 = 358 6
a; = species degendent coefficients

This model was fitted to redwsod data as described in Research Note
No. 4 (Krumland and Wensel 197€), King's Douglas Fir site index equa-
tion (King 1666) was used to estimate heights for ages 10, 20 ... 100 at
10 foot site inerements for site indices 80 through 140, These gen-
erated points were then fitted to obtain the coefficients for equation
II-1. For alder, the same procedure was used using the equations sup-
rlied from Curtis et. al. (1G674). For tan o2ak, the site index eguatinns
2f Porter and Wiant (1065) were used after inverting and adjusting total
age to breast high age. Coefficients for zll four species are shown in
Table II-1.
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Tatle II-1

Coefficients by species for equation II~)

Species Coefficients

ay 25 83 ay ag g
Redwood G.hy .68 ~,. 00118 LUb .CU .15
Douglas Fir 2.22 .94 =, 00167 LT 14,02 ~.53
Alder 2.17 .88 ~. 00158 .58  7.48 ~. 304
Tan Qak €.0C .84 ~. 00180 .32 1.63 -, 1C

Site Index

When the site index of a particular species was unknown, the fol-
lowing conversions were used.

Redwood Site = 46.5 + .465(Douglas Fir Site)
Douglas Fir Site = 80.1% + .47{Redwood Site)

Data sources and a statistical summary are described in EResearch
Eote Wo. 5 (Krumland and Wensel 197¢). Eased »n limited data and
regression equations described by Wiant (1966), the following relation.
ships were assumed for hardwoods.

43 4+ ,27(Redwood Site)
44 + ,20{Douglas Fir Site)

Tan Oak Site

Alder Site = 63 + .28(Redwood Site)
63 + .25(Douglas Fir Site)

It should be emphasized that these relationships were developed ULy
graphical comparisons rather than regressinsn methads with actual data.

Preast High Age

Pased on the same data set used to develop redwood and douglas fir
site index «c¢onversions, the following breast high age eguatisns were
estimated.

hedwood fge = 8.2+.85 Douglas Fir Age + .06 Douglas Fir Site
Douglas Fir Age = =11.6+.88 Redwood Age + .101 Redwnod Site

For hardwoods, Porter and Wiant (1965) estimated that it tosk 3.2
and 1.2 years for tan oak and alder, respectively, to reach treast high
age. Assuming that redwosd takes one year and that douglas fir tzkes
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seven the following approximations were derived.

Alder Ereast High Age

1]

Redwood Preast High Age
= BDouglas Fir EBreast High Age + €

Tan Cak LEreast high Age Redwood Breast High Age - 2

bouglas Fir Freast High fge + U
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Appendix III

Choice of FPercentage Points

In the inverse Weibull density functiosn
1/¢c
= a b"" *
di + bi-1n(1 pi)}

three separate diameter percentile points (dq, d, and d,) are needed to
solve for the pasrameters a, L and ¢. Dennte the terms {~In(1-p,)} &8s g,
for convenience. One relationship which is solely & function® of the
unknown parameter '¢' and can be derived from the three known
(predicted) percentile points is

/¢ 1/¢ 1/¢ /¢

(0, = d?__)/(dg - d,) = (aq, = q 1/ (q =

3 2 2 a3 )

The solution for 'e' is indeterminate in this form without further
specifying the relationship ULetween the q;. 48 the simplest case, we
sel

cx+1

94
where x may take on any value we might assign.

From these restrictions on the a; we find

1/¢ x/c ((%+1)/c) x/c

CL o+ 02)/(d2 - day = G (h—q1 )/q1 9,

3)

=X/ C

Herios |

C = =X ln(q])/ln[(d1 - dg)/(d2 - d3)l

=x In(=In{1 =~ pi)}/ln[(d1 - 62)/(d2 - d3)]

11

In generating the values di for estimating the coefficients in  the
seeond stage of the model construction, there is & choice in selecting

the initial percentage point (p,)} and the value »f 'x'. Values »f p
close Lo .63 would result in comparable values for p, and r regardless
sf the value for 'x', Conversely, if p, is selected clonse t3 1.00, Ps

is still approximately around .63 but p., approaches O as 'x' tecomes
large. A& theoretical solution to the optimdl choice of py and 'x' was
considered but it was abandoned because it was too difficult to deal
with. Instead, severzl possible sels of choices for 'x' and p, were
chosen, the second stage models for d1, d2 and d3 estimated and
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predicted values »f a, b and ¢ were comruted. Foot mean square differ-~
ences (RMSD) Dbetween predicted values and actual plot parameters were
then compared. Values of pq = .80 and x = ~1.1 appeared to give the
smallest RMED of the possible sets tested although differences tetween
sets were, in general, smzall.
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Aprendix IV

Constraints on Predictions

The system of models described previously have been extensively
tested under a wide range of species mixes, density snd top height
(site+~age combinations) levels. In some situations which 2ccur largely
outside of the ranges of the original datz, some of the predictions are
illogical. These situations usuzlly o2ccur 1in  young stands at high
stocking levels, The principle problem is that the computed values of
te!' or 'a' become negative.

The following correction was found to give fairly satisfactory
results.

(1) If the computed value »f 'e¢' was less than .32, 1t was set at .3,

(2) The value of 'bk' and 'a' were computed &s usual

(2) If the value of 'a' was less than 0.0, it was set zt 0.0 and the
value of '"b' was recomputed as:

= (D1 + 27811772

where

D = predicted quadratic mezn DEH under PModel 1
ar the actual value under Model II,

7 (x) = gamma function of 'x' (see Appendix I)

With Model II, the parameter 'a' is initizally estimated as

5= T+ 17¢) + (5201 + 1/8)° « (1 + 278)) + D) 7%

To insure compatibility with the specified quadratic mean
diameter, Step (2) above is then followed as a check.

S h—





