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DIAMETER Yiﬁi@ TABLES VERSUS SITE~INDEX
YIELD TABLES FOR WESTERN HEMLOCK

I. INTRODUCTION

In order to pl&g the management of a forest
property for sustained yialé; thé forester must possess
some means of estimating the future yield obtainable from
present immature stands. Such estimates can not be made
of course without some error, but the greater their
yraaisisn; the more efficiently can the long-term manage«
ment be planned., To serve this purpose yield tables la
varicus forms have been compiled and are now available
for practically all of the important timber species of
North America., Knowing the present age of a stand and
pther pertinent vari&biaa; it is possible to prediet its
yield at any given future age.

The most conveational type of %a&la to be
employed has been the site-index yield tavle for noraal
or fully stocked stands. This type of table sels faxtn
the yields in volume and other stand akaragtariﬂtiaa,
expected at given agea; on land of a given site guality,
when the ground is fully utilized by growing trees., A

portion of the normal yield tables for western hemlock

(Isuga heterophylla (Raf.) Sarg.) are presented in the




appendix, The yleld af sahaprma& pr supernormel stands
may be estimated from the normal tables by ﬁaﬁaxaiaatin&
of a density of stocking factor or percentage, and by
adjusting the normal yields aceordingly., The usual basis
for determination of stocking is the relationsihip ax;ating
between the actual basal area as measured in a stand, and
the normal basal area as recorded in the yield tables for
the same age and site. 4n estimate of the present actual
voluse or yield of the stand is then made readily by ‘
discounting the normal yield by the percentege indicated.
In order to estimate a future yield some recognition must
be made of the well established fact that as time proceeds,
stands understocked at the present tend to improve, and
standes overstocked tend to regress in stocking, This
concept 1s treated in aore detail in part III of the
thesis, At tnis paint it is necessary merely to smphasize
that the present stocking must be inoreased or decreased
to obtain a reasonable stocking value for a fubure age.
Having an adjusted value ths future yield may be computed
readily as before by disccunting the norasl yleld as
indicated by the aﬂﬁu&ﬁaﬂ‘ﬁtﬂﬁkiﬂg value,

It has been found that the site-index tables dp
not aceurately define all s%aﬁds; especially those which

are abnormal., Understoecked stands, for instance, have

fewer but usually larger trees than is indicated by the




density of stoecking derived on the basis of basal area
epmparisons, The fewer but larger tree¢s in turn mean a
greater volume than that computed by the usual procedure
described above. It also may be noted that stands which
are fully stocked, and considered normal aecording to
pumber of trees, are not nesessarily normal on the basis
pf volume, This is usually due to the fact that the trees
are not of normal average diameter for that site and age.
Such conditions may axiét in stands which have been
overstocked or understocked and have just attained the
normal epndition in number of trees. For example, an
overstocked stand whose trees are crowded and small may
lose enough trees by competitional mortality to reduce 1t
to normal on this baaia; but on the basis ol average
dismeter and stand valuma_it would be very subnormal.
Efforts to construct yield tables free of the
faults mentioned above have resulted in another type of
yield table based on average stand diameter as the
independent variable, In 1931 Barnes (3,p.8) wrote that:
"S8inee volume is a funotion of stem distribubtion,
number of trees, and height, if the twop latter
faetors should show more earrelatinn with diameter
than with age and site, it would seem that better
results might be ahtained by first estimating
the future diameter and then basing both height
and number pf trees on this estimate.”

At that time his study indicated that the correlation of




helght and number sf trees with average diameter was much
greater than with site and age. Further studies of this
correlation were made by Bruce {(7) in 1948 with respect
to Douglas fir (Paauﬂatggga taxifelie (Lamh;} Brit.),
and & set of yleld tables for this species was compiled
on the average diameter basis, Barnes (2) has also
prepared a similar set of téblaa for western heamlock,
Extracts from these are presented in the appendix.
Diameter yield tahlas; as the name implies, are
based pn average stand diameter as the independsnt variable,
The dependent variables are number of trees per acre,
average naight; and velume per acre, If, for any stand,
the average diameter; average height, and number of trees
per acre are knawn; the present volume may be estimated -
from the dlameter yield tables., Listed in the table for
a given average stand diameter, the normal number of trees
per acre, normal average hﬂight; and normal volume per
acre may be found. Adjustments then may be made in the
normal volumes in accordance with the ratio of actual
number to normal number of trees and with the ratio of
actual average height to normal average height. Diameter
tables may also be used to estimate probable future yields.
This is done simply by estimating the future average
diameter, number of trees, and average height, and apply=

ing the yield tables in the same procedure as for present




yleld,

Barnes {2) has compiled bobh conventional
#ite index ylield tables, and average disceter yleld
tables for weetern hemlsek, The purpose of this theals
is to determine whieh $ype of table furaishes the best
yield eatimates and to evaluate the asgnitude ol the
errors of estimate in esach came, The statistical seasure
known as the stendard error of estimate is used %o indicate
the aoccursey of applieation of both types of tables.
Comparisscns of the errors are ssde in estisatiag beth
preseat and {uture stand ylelds.

In estimating probable future yields it is
neceassary to develop some msans of determining ohanges in
stoeklng as tiae proeeeds. This is necessary lor the
applieation of both types of tables ia predieting future
ylelds., In ordsr to faellitatse this, & suppleseniary
investigation of the trends in stand deneity had to be
undertaken, although the necessary basic data for this
was sougwhat lialted.

The neceasary data for the investigatlion were
already avallable: For construction of the original site




yield tables, tempuorary sample plots had been established
by the Pacific Northwest Forest and Range Experliment
Station in @van*agedkatanﬂa distributed over all age
classes from 10 to 300 years of age; and over all |
conmercially productive site classes of ;he species in
the coastal fog belt of Oregon and Washington. On esch
of the plots the following information was collected:
l. 4Area pf the plot.
2. Age of 10 to 20 sample trees on the plot,
3, Total height of 20 to 30 sample trees
for each of whioh the diamster braeast
high and crown class was recorded,

L. A tally of all the trees on the plot
by diameter breast high classes.

From the above records it was ppasible to compile for each
plot; and then axgraas on an acre basis where partinanﬁ,
the information listed below: ,

1. Average age of the stand.

2, Average height of dominant and codominant
trees of the stand, which defines site index.

3. Average height of all trees ir the stand.

L. Average dlameter breast high of all trees
in the stand.

5, Number of trees per acre of 1.5 inches and
over, or to any other minimum size limit
that might be desired.

6. Basal area, volumes in cubic¢ measurs and
board foot measure to any minimum tree
size limit - all on an acre basis.




Both the site-index yield tables and the diameter yleld
tables were compiled from the above plot summaries. The
former are based on c¢orrelations between age and site
index as the independent variables and any one of the
items mentioned in groups § aﬂd 6 as the dependent
variable. The latter are based on correlations between
average stand diameter as ths independent variable and
average height, number of trees per acre, and volumes in
cubic foot measure and board foot measure as dependent
variables. Data from the plots were also used in testing
the accurasy of estimating prasent‘atané vplumes by use
of site~index and diameter yield tables.

Primarily for the purpose of obtaining grawth
data for & cheek pn the site-index yield tables, the
Pacific Northwest Forest and Range Experiment Station
has established a number of permanent sample plots in the
spruce~hemloek type. There are 4 plots in Clatsop county
near Young's River Falls and 11 plots at Cascade Head.
Detailed measurements of all trees have been mads on
these plots and among the data the following, pertinent
to this study, were recorded.

1, Dsate and age at time of measurement.

2. Rumber of trees by species and in total
in the stand at minimum diameter limits
of 2.6 inches, 6.6 inches and 11.6 inches.




3. Gite index and average height of the
total stand of tross 2.0 inches and DVer.

4L, Total bssal ares for trees abova the
miniaua dismeter lialts menticned in item 2,

5, Volume in ecubic foot measure in trees 2,6
inches and over and in Seribner board foot
measure in trees ll.6 laches and over,

Where necessary the above data were alss exipressed va &
horizeontal scre basis, Heasursusais of plots at Cascade
Head were available for the Epring of 1935 and a&e ¥all of
1945 and theraby provided data for an ll-year growth
period, Flots L and 2 in Clatsop opunty were asasured
firast ia 1928 and all the Clatsop ovunby plots were
moasured in 1933, 1938, and 194k, These provided growth
periods »f 10,11, and 12 years.

The date frosm these plots were uved in testing
the sceuracy of estimabting probable future abasd conditions
by both dismcter and site-index yield tables. For
uniformity all the growth valuss for perivds of 11 and 12
years givean in the plot data were adjusted so as to ue
representative pf l0eyear periods. The J0=-yaar change
in stand density on these plota was also used in eatablishe
inz the trend toward noronality.

The remnining data made avallable were perasasnt
line plots opa ilk Bay and Thurlow Island in Uritish
Columbia estasblished by the British Columbia Foreat Service.

The plots wers oas fortieth of an asers ia size and




furnished the following stand data as of 1930 and 1942,
1. Age of stand.
2. The number of trees 1.5 inches and over by
1 ineh diameter classes for each speciss :
and in total,
From the above stand measurements it wes possible to
calculate the average diameter and average nuaber of
trees per acre for each of the dates of measurement.
This information was the major basis of establishing the

rate of change in stend density. These data were also

adjusted to represent a lO-year periocd of growth by

interpolation.
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II. ZESTIHMATES OF PRESENT YIELD

Yisld tables are primesrily for the purpose of
prediecting future yields of stands. To do this effective«
ly it is evident that they should alsoc portray the present
¢onditions of the plots from which they were compiled.

One test of the aoccuraey of the tables may be made then

by estimating the present volume of the plots, and
comparing the estimated with the actual plot volumes.
Statistical analysis of the differences between estimated
and actual values results in the standard error of estimats,
a conventional atatistiaal measure. GConsequently, estimates
were made of the present plot volumes by means of the
diameter tables and the conventional tables separately.

A, Volume estimates by dismeter tables

Of the temporary sample plots used in compilation
of the base tables, 226 plots averaged 5.5 inches or more
in stand diameter and 169 plots averaged 11.5 inches or
more. The plot measurements provided the average stand
diamater; aumber of trees per asre, average stand height
and the following standard volume measuremeants:

1. Volume in cubic feet of trsees l.5 ianches
and over.,

2, Volume in cubic feet of trees 6.5 inches
and over,
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3. Volume in bpard feet by international rule
in trees 6.5 inohes and over.

Le Volume in bpard feet by International rule
in trees 11.5 inches and over.

5 Volume in board feet by Scribner rule in
trees 11,5 inoches and over.

These measurements made it possible to estimate present
yields for each plot and to compare these estimates with
the actual volumes in all the standards mentioned above.

The procedure

employed in deriving an estimate of present voluame by
means of the dlameter tables is described below for plot
aumber 102, entered as the first line of table 1. For

an average stand diameter of 5.9 inches the normal volume
in cubiec feet 18 interpolated from table 12 of the
appendix as 6,160 cubic feet in trees 1.5 inches and over.
This value must be adjusted now for the difference in
average height of the astand from the normal heigﬁt; and
for density of stocking. The adjustment for height is
made by multiplying the normal vplume by the ratio of
actual average height to normal average height., The ratio
in,this instance is the actual height of 58 fest to the
normal height of 60 feet interpolated from the tables
opposite 5.9 inches in diameter. The volume adjusted for
height is then (58/60) x 6,160 or 5,960 cubic feet., The
ad justment for stoocking is made next by multiplying this




Columns 1, 2, 3, 5, and 9 are taken from plot measurementas. '
Coluans 5 and 6 are from the diameter yield table in the appendix.
GColumn 7 is column 5 divided by coluan 6.

Column 8 is column 3 divided by eolumn 4. ' '
Column 10 is the normal volume multiplied by columns 7 and 8. B
Column 11 is column 10 divided by column 9, and maltiplied by 100,
Coluamn 12 is c¢olumn 11 minus 10C percent.

* ¥or all trees 1.5 inches and over

TABLE 1., Sample of computation of percent deviations of estimated
from the actual cubic volumes per acre for dizmeter tables

Plot Average Average no. Average Height Stpck=  Volume in_ Per=

no. DBH trees per a.”* height*  ratio ing _eubiec ft.* cent
— __Botual pormal actual normal ‘ percent actual est'd )

I (2] 3y (&Y ‘ 7 18] (91 (107 (i1} (12}

102 549 1107 1237 58 60 «97 90 5387 5365 100 8]
5 6.0 1205 1200 52. 61 +85 101 5594 5420 97 -3
298 6.1 g76 1170 61 62 .98 83 5498 5260 96 -l
276 6.4 1245 1083 67 64 1,05 115 8i90 8180 100 0
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yolume by the stocking percent based on number of trees.
The measure of stocking used is a ratio of the actual %é
the normal number of trees and in‘this case is 1107/1237
or .90, The present velume of this stand is therefore
.90 x 5;96& or 5;369 gubie feet, This procedure was
used in tabulating the voplumes for all of the plots as
i1llustrated partially in table 1. A similar procedure
was followed in estimating the respective volumes in
board feet.

The standard

errors of estimate were computed in the followlng manner.
The estimated volumes were expressed as a perceat of the
actual volumes for each plot, These percentages ars also
shown in part in table l. The deviation of each percentage
from 100 percent was squared. The squared deviations were
subtotaled by diameter ¢lasses and then totaled for all
plots 5.5 inches and over and for all plots 11.5 inches
and over. This was Jone in order to facilitate the
ecomputation of ths standard error of estimate for any
dianeter class or rangs of diameter clasges. The standard
error of estimate in percent of volume 1s then the square
root of the quotient of the sum of all the squared plot

deviations divided by one less than the number of plots

involved or, expressed algebraleally (AR
’ e S*E,«£\~%?%w%~
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The results of the computations for each diameter class,
for the two ranges of diameter classes, and for the
several standards of volume measurémenb are given in
table 2.

Recognizing the algebraic sign, the deviations
were totaled for each diameter class and for all plots
above the specified minimum limits. These totals wers
divided then by the pertinent number of plots to obtain
an average of the deviations for each of the mentioned
groups of plots, It should be nptad that these average
deviations differ from the average deviation as comapnly
known among statisticlans since the latﬁar disregards the
algebraic sign. The average deviation as used here merely
serves as a test of the correct placement of tha'erigiaal
curves from which the normal tables were derived. Table 3
is a list of these "deviation averages™, as they shall be
named herein to aveid eonfusion., It may be noted that the
deviation averages are very close to zero both for
individual dliameter elasses; and over the data as a whole
for all standards of measurement, This would imply that
the total of the estimated volumes of the plats; compares
closely with the total of the actual volumes by diameter
classes and pver all the data, and indieates that the

priginal curves were well placed with respeect to the basic

data.,
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TABLE 2. Standard errors of estimate by diameter
classes for diameber yield tables

DBH  No., of___
class plots __ Cubl

8
16
Lh ‘ , |
6 2.6 2.7 8.9 1243 14.6
10 10 3.9 he0 8.2 1046 11.5
11 3 7.0 8.0  15.5 16.8 1ha7
12 Lo 3.2 bal 547 Lo 8.7
13 1, 6.2 7.6 3.1 3.5 he3
U b ks he9 be9 beaks 740
15 19 kel k5 kel be3 5els
6 29 2.0 2.8 3.8 3. 3+5
17 2 2.8 2.9 3.9 3.7 a7
18 18 3.0 3:3  heb ka5 kO
19 13 2.3 2.3 1.9 2.5 2.9
20 11 1.7 .7 24 27 2.0
21 7 Akl bald 5.3 547 5.6
22 6 1.8 1.8 body ke o5
23 2 5,1 5.1 8,0 840 7.1
=40 8  hed kel ka7 k8 5.5
g;ata,gzé._ 3.2 hs3 5ok 2440 2.2

over 169 S T 2e8 kb
ume{all values are plus or minus)
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TABLE 3. Average percentage deviations by diameter
classes for dlameter yield tables

DBE  No.of _
class plots
6 8
7 16
8 14
9 6
10 10
11 3
iz k
i3 14
ik 14
15 19
16 29
17 24
18 18
) 19 13
20 1l
21 7
22 6
23 2
A%g*hQ; 8  +1.0 +1.0 =30 =30 _  =2.0
§%%§§ 226 0.0 0.0 1.0 3.0 ot T3

over 169 0.0 0.0 0.0 ~1.0 0.0
* Peréﬁhﬁ of voiuma ‘ ‘
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The entries in table 2 indicate the probable
result of any attempt to estimate board foot volume in
stands of small average dlameter. The standard errors
of estimate in Seribner board foot msasure are excessively
high in the small average diameter ¢lasses, The summary
of all the plots at the bottom of table 2 indicates a
standard error of estimate of +24.2 pereent while, for
those plots in the 12-inch class and larger; the standard
error is only +4.5 percent.

Heference is made to table 37 in the yield
bulletin by HMeyer {18; p«54} for an explanation of the
above mentioned discrepancy. For a normsl stand‘whaae
average diameter is 6 inches there are only L percent bf
the total nuamber afftraes in size classes above the 1l-12
ineh elass. An actual stand whose average diameter 1s
6 inches admittedly may héve; for example, an additional
i, percent or 8 pereent of its trees in classes above the
1l#12 inch class. An estimate of the volume of trees
over 1l.5 inches in such a stand obviously would resalt
in 100 perecent error. Stands in which approximately 50
~percent or more of the tetal nuamber of trees are over
12 inches in diameter are much less liable to the
pcourrence of such ak exaggerated error. As a further
axamplé, a normel stand is indicated to have 50 percent
of 1ts trees in this upper range of sizes. An actual




stand of corresponding average diameter may have 4 more
percent of its trees in this range than the normal tables
indicate. This means that the actual stand has 54 percent
pof its trees in this larger class of diameters, bub the
error in assuming that there are 50 percent is only 8
percent. Volume is a direct multiple of number of trees
therefore the 8 percent error is reflected in the same

degree to the volume sstimate.

B, ¥plume estimates by site-iodex tables

Volume estimates for the same standards as used
previously were made for the temporary sample plots by use
pf the site~index tables. iny those plots whose average
diameter fell into even oune inch diameter classes, that is,
in the 6, 8, 10 ineh classes etc,, were used. This
provided a total of 131 plots in the classes over & inches
which was considered to be an adeguate saaple, The age of
the atana; site index; and basal area in trees 1.5 lnches
and over, all of whieh are necessary in volume estimation
by siteuindéx tables; ware avallable in the temporary

sample plot data.

Computatio: volumes, As an illustration of
the procedure followed in estimating volumes by means of
the site-index tables, the successive computations are

putlined again for plot number 102. The age of the plot




TABLE 4. Sample of computation of percent deviations of estimated
from actual cubic volumes per acre for site-~index tables

Tiot Average Site  basal area” otbDcking Volume in Fercent rercent

Av. age index _per a, 8q.ft. percent _cubic ft.* of deviation
‘ e actual normal __est'd actual mctual 4 _
1 (2 (31 &) (5) &y (71 (8) (9] {167
102 30 165 211.0 215.5 98 5680 5387 105 5
5 34 133 236.6 224.0 106 5769 5594 103 3
298 36 148 200.6 238.0 87 6060 5498 110 10
276 40 137 27%.4 245.0 110 8460 8190 103 3

Columns 1, 2, 3, h, and 8 are taken from plot measurements,

Column 5 is takan from the site-index yield tables.

Column 6 is column 4 divided by column 5.

Column 7 is the normal site-index table velume multiplied by coluan 6.
Column 9 is column 7 divided by column 8 and multiplied by 100,
Column 10 is coplumn 9 minus 100 perecent.

* For all trees 1.5 inches and pver.
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has been determined to be 30 years and the site index is
165, By interpolation in the normal tabia of eubie wvolumes
by site index and age the normal volume of 5;309 cubic feet
was determined, It was neesssary to adjust this value for
degree of stocking or percent of normality. The ratio of
actual to normal basal area per acre is the usual indicatoer
of the departure of a atand from the normal condition.

The ratio in this case is 211.,0/215,5 or .98, The product
of .98 and 5,800 results in an estimate of 5,680 cublc
feet., Table 4 is an example of the tabulation form used

in computing the estimated volumes and the deviations which
are discussed in the following paragraphs.

The standard

srrors of éstim&te were computed Dby the same procedure

as followed for the estimates by the diameter yleld tables
and are shown in table 5. Similarly the éeviatioh averages
are recorded in table 6, In board foot expressions the
standard error of estimate was again higher for plots
having average diameters of 5.6 inches and over than for
plots of 11,5 inches and over, This is for the sanme
reason as previously deseribed in the casa‘af diameter
tables. The deviation averages were once more used to
indicate the accuracy attained in fitting the original

curves to the plot data,
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TABLE 5, S8tandard errors of estimate by dlameter
classes for site-index yield tables

DBE  No.of _______ Stand
class plots Cubic feet
. _I.5"plus b,5"p]
6 8 7.2
1 6.3 1.2 16.3 67.h 10445
10 10 5.8 7.7 12.7 16.7 21.8
14 1k 5«3 Le7 540 Tk 10,0
16 29 349 b 44O 7.8 8,8
18 18 3.7 ka3 L9 546 6.0
20 & 34 Lné Le2 3;‘9‘ 5.0 6.2
over — R ,
All ;
127 &
over 99 bod  be2  heS 7.9 8.7

* Percent of volume(gll values are plus or minus)
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TABLE 6. Average percentage deviations by diameter
classes for site~index yield tables

DBHE  No.of_

class plots_

6 8
8 1 +4.0 +2,0 #2,0 +55,0 +86.0
10 10 +5.0 0.0 -5.0 +8.0 +15.0
12 b +3,0 ~1.0 ~5,0 ~11.0 ~10,0
1k 14 +3.0 +2.0 +3.0 +3.0 +4.0
16 29 -1,0 -2.0 «1.0 =3.0 ~1,0
18 18 «1.0 -1.0 «1.0 =3.0 ~1.0
20 & 34 +1,0 +1,0 ~1,9 “lyo O =50
pver ; ; ,
411
plots 131 42,0 +1.0 41,0 ~  #1.0 +3.0
12" &
oyer 99 __ +1.0 0.0 0.0 =30 ~2.0

* Percent of volume
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Table 7 is a summary of the standard errors of
estimate for diameter yield tables and site-index yield
tables. A comparison can be made of the errors of
estimates for stands having average dlameters of 6 inches
and over and of 12 ineches and over. It is significant
that in a;mast all cases the diameter yield tables provide
a better estimate. This indicates that the stand volume
may be defined meore accurately by use sf the diameler
yield tables than by the conventional site-index yield
tables. It may be noted also that the standard error of
estimate for plots averaging 1l1.5 inches and more is
nearly the same for all standards of measurement by the
diameter tahlea; the range being from +3.0 percent to 4.5
percsnt. On the other hané; the standard error of estimate,
on the same basis by site-~index yield tables, varies
from +h.2 percent to 8.7 percent, and is therefore

approxinately twice the srror as by the diamater‘tahlest




TABLE 7.

Summary of standard errors and deviation averages of present

volume astimateé by two types of yield tables

Wethod of
volume
estimatipn
{(For plots in the 6-inch class and over)
Diameter ‘ o o ‘ -
tables 3.2 0.0 4.3 0.0 S =1.0 24,0 3,0 2he2 +L.0
Site-index ' ' . V .
tables %;»,.8 *155 7 t6 *lql 9*8 *1@0 l?c? ‘4“1@5 22«1 *3»&‘0
(For plots in the 12«inch class and over)
Diameter ' ‘
tabl@s ng 0.0 3.8 0,0 313 0.0 3.3 «1.0 ‘%05 G0
Site~index ’ ' '
tables 8.7 +2.0

&QB +1 .0 }44»2 0.0 ks 5 0.0 709 *3»3

* Standard error of estimate in percent {all values are

plus or minus}.

** Deviation averages in perceni of volume.

k(4
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III. DETERMINATION OF FUTURE VOLULE IN TEN YEAR FPERIODS

The estimation of future ylelds by use of the
diameter yield tables is based upon sstimation of the
future diameter, future height ratio, and future stand
density. The basic data needed is average diameter,
average number of trees per aera; average age, and
average height of those trees in the stand having diameters
of 1.5 inches or more. Such data are available for 15
permanent sample plots established and remeasured at
periodic intervals by the Pacific Northwest Forest and
Range Experiment Station. These plots wére used in
checking the accuracy of predicted yields,

Any error of estimate in predicting future
volume yield must be composed of the separate errors due
to estimating the future diaaetsr;‘skanﬁ density, and
height ratio in addition to the standard error of estimate
ccmputed previously for the present yields. An attempt
has been made here to determine the error contributed
by each component. These should indicate which of the
stand charaetsristies is most difficult to estimate

either inherently or due to method.

A. Predictinz future average stand diameter

The probable average diameter of a stand at any

year in the future may be estimated with the aid of a
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graph or a table showing the correlation of average stand
diameter with age. Sueh a graph was avallable from Barnes:
work previously mentioned. Table 8 was compiled then from
the wvalues of stand diameter for every 10 years pof stand

age read from the graph.

Table 8., Average stand dlsmeter for any stand age

Preseat age Average dlameter
of stand of trees 1.5
inches br more

20 3.2
30 5.1
40 8.2
50 11.5

60 14.0

70 15.9
80 17.6

90 ' 19.2

100 20.5

110 21.8

120 23.1 .

The use pf this table now may be shown by example. A
sample plot is now 94 years old and has an'&verage stand
diameter of 17.7 inches. Interpolating in table 8, for

94 years a value of 19.7 inches is obtained. The ratio

of the actual diameter of 17.7 inches to the tabular
diameter of 19.7 inches is .90. Ten years later at age 104
years the average stand diameter should be nine tenths of
the tabular diameter of 21.0 inches or 18.9 inches. The
average stand diameter was estimated in this way for each

of the 15 permanent aasplé plots at hand.
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The standard error of estimate is needed in
terms of percent of volume for comparisons to be made
in this study. In order to duv this, the volumes
eorresponding to the estimated probable future diameter
and the measured permanent plot dismeter were read from
the normal table 12 in the appendix, The volume based oa
estimated average stand diameter was divided by the volume
based on actual avérage stand diameter and the ratip stated
as a percentage. The deviations were then the differences
of these percentages from 100 percent. The standard error
of estimate in volume in this case is the square root of
the sum of the deviations squared and divided by one less
than the number of samples. The result is shown for both
cubic foot volume, 1.5 inches and avar;’aa& Seribner board
foot volume, ll.5 inches aad over; in table 11. Although
the same diameter was’éstimated for both types of volume,
the conversion of this diameter into tha two types of

volume results in differences in error.

B. Predicting fubure height ratio

In regard to future height ratios in Douglas
fir stands, Bruee (7, p.7) wrote the following:

"5 careful search of all available permaneat
sample plot information failed to discover any
definite tendency for the ratios of actual Lo
standard heights either to increase or decrease.
The present height ratios may, therefore, be used
for future stands without change." :
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From limited tests the same rule seems to apply to
western hemlock stands, Therefore the present height
ratios of the plots were considered applicable to fubure
stands. Since the estimated volume yield is a multiple
of the height rabia; any percent of error in the estimate
of height ratio is direoctly reflected as a percent of
srror in volume, The present and future height ratio of
each plot was determined and for one permanent plot the
results were .90 and .94 respectively. If the future
height ratio eould have been known in predicting future
yield, .94 would have been used. Since the estimated

«90 was used, the paraant difference of actual from
estimated value is 100 = (f%%—x 100) or L4 percent. These
differences so obtained fnr‘eaah plot were squared and the
' standard error of estimate computed by the same procedure
as previously described. As shown in table 11 this error
is the same for both eubic foot and Seribner board foot
yolumes, This is due to the fact that all the estimated
volume yields are multiples of the height ratio when

| diameter yleld tables are used.

C.

Predicting Future sStan

General observations. It has been the practice

in using the conventional site~index yield tables to
eonsider that the future ylelds will be the same percent
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of normal es the present volume is to the normal. This
practice disregerds any acceleration or deceleration of
growth rate that may ceccur in the stand and can lead to
rather high error in growth and yield predictions. Under
this practice 1t was understood that the result obtained
would necessarily be a conservative one, particularly in
the case of understocked stands.

Observations by foresters have indiecated that
many forest stands tend to approach the normal stocking
either by méans of an increasing or a decreasing growth
rate. Stands of the spruce~hemloek type in guestion
should coanform with this general rule.

Previpus findings. From inteasive study as well
as from general observation Carter (9) and Heig (15) have
shown that stands tend to approach normal stocking as they
grow older. Gerhardt (12} investigated this trend and
developed formulss for use in es%imatiag the approach of
understocked stands toward normal stoecking. This investi-
gétinn was made in Burope and remaineé unknown in this
country until Geverkiantz {(13) (14) presented a discussion
of it in 1934 and in 1937 considered the application of
the formulas to uneven-aged stands of northern hardwoods.
Duerr {11) also considered the application of Gehrhardi's
formulas to various species in the Lake States. Both




Gevorkiantz and Duserr were able to apply Gehrhardt's
formulas successfully. As early as 1928 McArdle and Meyer
(16, pe.33) recognized the tendeney of understocked stands
of Douglas fir bto approach normal staeking; At that time
they stated that limited data gave evidence that the rate
of increase was about 4 percent per decade for this species.
In 1933 with additional data Meysr (17) was able to compute
regression equations of the five~year change in nermality
percentages based on number of trees; basal area, cubic
foot measure, International board foot measure, and
Soribner board foot measure, The results indicated that
understocked stands of Douglas fir teand to iﬁprcve at a
rate dependent on the degree of understocking. Gverstaqked
stands on the other hand tend %o regress toward a normal
condition. The rate of change in both cases diminished
as the stands approached the normsl. DBased on remsasure~
ments of the same permanent plats; Briegleb (5)'was able |
to test the correlation of change in stocking with respect
to age, site, and original stocking. His findings
indicated a definite correlation with both age and stocking
but not with site.

Similar investigations of the tendency of abnormal-
ly stocked stands of other species to approach normality
have been made. Chaiken (10) used temperary plot averages

in determining an expression of the change in the density
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of stocking in loblolly pine (Pinus taeda L.) and Virginia
pine (Pinus virginiasna Mill.) stands with increase in age.
He compiled a series of regressions based on age and stock~-
ing. Wellwood (20) used the same plot data for loblolly
pine and cpmputed a regression of the percent of normal
after a five~year period with respect to site, age, and
present normality class.

In 1943 Briegleb and Girard (6) compiled saw~
timber growth correction factors for Douglas fir based on
age and two broad c¢lasses of stocking, ﬁedium~and good.
The factors reflected the average accelerated and de-
celerated growth rates of staands of differenﬁ age and
density. These correction féstars have h@en;applied
satisfactorily in constructing empirical yield tables for
that timber type by Weyerhaeuser Timber Coapany (21)
which allow in themselves for changes, Bruce (7, p.7)
was able to use the growth correction factors in complling
a table of estimated increase in normality by number of
trees in a lO0~year period for use with his diameter yleld
tables for Upuglas fir. Bruce based his normality figures
on the ratio of actual to normal number of trees as defined

- by average stand diameter.,
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D. Investigation of the approach of western hemlock
stands toward normality '

There is nothing available at preseant for
estimating the change in density in hemlock stands but
general observations indicate that they react like other
species. Barnes suggested that Bruse's table for Douglas
fir be used for hemlpck until sufficient data for tie |
latter could be collected and analyzed. The only sources
of such data are permanent sample plots. Sia#e hemlock
is a tolerant species, it was suspected that the rate of
change would be greater than for the less tolerant Douglas
fir, At present the opnly permanent plots available are the
15 plots established by the Pacific Northwest Forest and
Range Experiment Station and 80 permanent line plots in
British Columbia. These were considered sufficient to
warrant a preliminary investigation. Aan interval of
10-years for all the plots msntionad was attained by
interpolation. Of these plots 83 were approximately 40
years old and 12 plots were approximately 80 years old at

the time of the first measureament.

Gehrhardt's formula., An attempt was made first
to fit Gehrhardt's type formula to the data. There was
definitely no relationship which the Gehrhardt foraula

defined even though several constants were tried. The
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galns indicated for understocked stands were considerably

in excess of the actual gains recorded,

Linear regression. The next step was to analyze

the available dats to determine whether a regression of the
change in density with respect to time could be defined. The
stand density of each plot was determined by ocomputing ths
ratio of actual number of treez on the plot to the normal
number as defined by the average stend dlameter. Tuis
ratio was computed for each plot at the time of original
establishment and at 10-year intervals thereafter. By
multiplying by 100 the ratios were converted to percent of
atand density. The lU-year chages that ocourred in the
plot densities were then computed. These were recorded as
being plus or minus according to whether they wsré
inoreases or decreases from the original stand density.

The plots were grouped in classes of 40 percent, 50 percent,
etc. of original stand density and the average lO0-year
change computed for seach elﬁss* The average changs was
then plotted over the elass midpoint as shown on the graph
in figure 1. A linear ragreasian‘af the change was
determined by the abbreviated method of least squares as
desoribed by Bruce and Schumacher (8, p.1l88) This
calculation is shown in table 9, The regression is

C = 27 - 278, where C is the l0-year change in stand
density and N 1s the percent of stand density at the
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TABLE 9. Determination of linear regression
by method of least squares

Original 10-year No. of

density change plots .

N ¢ £ __fc fN  fN° g
40 16 2 32 80 3,200 512 1,280
50 20 L 8 200 10,000 1,600 4,000
60 8 6 48 360 21,600 38, 2,880
70 12 6 72 k20 29,400 864, 5,040
80 3 17 51 1,360 108,800 153 4,080
90 0 10 0 900 81,000 0 0

100 -1 14 ~1a»1,aee 140,000 1 ~1,400
110 -7 13 -91 1,430 157,300 637 =10,010
120 -l 12 =48 1,440 172,800 192 =5,760
130 -l 5 -20 650 84,500 8o ~2,600
140 -1 3 -3 420 58,800 3 ~420
150 -22 3 =66 L50 6? 500 1,452 ~9,900

Totals 95 L1 9,110 93 934,996 5,851 »12,310

General form of linear eguation:
C S a + bN
Normal ecuations:
algr) » bvg(eN) = g(rC)
aS(fN) + bE(£N?) = E(£NC)
By substituting and solving simultaneously:
a =z 27
bz =27
Substituting in the general form:
C 2 27 = 278




35

beginnipg of ths li-year peripd.

Yhe regresaion line is plotted on the graph in
figure 1. A4lso on this graph is the regression of the
change ia density for Douglas fir deterained by Bruce
{7, p.16). The heamloek regression has a greater slope
than the Douglas fir. This indicates that abﬁﬁr§31ly
stocked stands of healoek tend Lo apgrsaah‘ﬂsxmality
faster than abnoraslly stocked stznds of Usuglas fir,
and conforms with accepted theory. Ths comparison may
not be entirely reliable since the data used in deteraining
the heamlock regressionwere limited to two age c¢lasses, In
addition ﬁa the lsck of age distribution it should be
pointed ocut slso that the 13 plots of the 8U-year age class
wers origimally seleected because they appeared to be nearly
aormal in stand deasity. Plots of the LO-year age class
are rather eveanly &istributed over a range of 38 to 148
parcent of anormal. 7he ragraaﬁiﬂélthaﬁ may be consldered
satisfactory for stands near 40 years of age. Nothing
definite can be said aﬁauz the regreasion of the ochange
in deasity in regard to oldsr staands. It is genersily
believed that oplder stands ars laas eagabla of spproaching
noraality as they advanece in age. For this reasocn it
seens reascnable to assume that older stands would

determine a regression with less slope. ‘‘hether or anot a

nemlock regression with all ages and densities represented
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would approximate the regression determined herein is not
known. It might be well to point out that the regression,
C =27 = 278 ; does bear a relationship to the Douglas |
fir regression in accord with the characteristics of the
two species. Western hemlock and its asaociate Sitka
spruce are both more tolerant than Douglas fir aceording
to Baker {1, p.234). It is generally recognized that
tolerant species respond more quickly to the favorable
condition of low density, thereby filling openings and
improving in staeking at a greater rate. This is sqpportad
by the relative positions of the regression lines in
figure 1.

Despite the shortcomings indicated, the regressiom
as given is used for predicting future densities of stands
in all age classes. The regreassion, C =z 27 - .27NH,
expresses the imﬁrs?emant fgr periods of 10 years.
Estimates of improvement for periods exceeding 10 years
may be made by repeated application of the equation to
the estimated stocking obteined at the end of successive
‘ﬁeeaﬁea. In order to eliminate this step-by-step procedure,
table 10 has been compiled, by means of whiech the final
abtocking may be determined directly at the end of specified
periods of growth.

Application of the trend. The stand density of

each of the 15 permanent sample plots at the begianing and




TABLE 10. Estimated normslity in 1l0-year
perieds for western hemloek

38

FPresent ' ﬁstimatad fature normelityr
normality 10 yrs‘§§ yrs 30 yrs LO yrs 50 yrs 50 yT8
Dpercent later later later later later later

20 2 58 69 77 83 87
25 45 60 71 79 8k 38
30 49 63 73 80 85 89
35 53 66 75 82 g6 90
40 56 68 77 83 87 90
L5 60 71 79 g 88 91
50 63 73 80 85 89 92
55 67 76 82 87 90 93
60 71 79 8l g8 91 93
65 7% 81 86 92 94
70 78 8 88 9 93 95
75 82 87 90 93 9% 95
80 85 89 92 9l 95 96
g5 89 92 9l 95 96 97
90 93 95 96 97 98 99
95 9 97 98 99 99 100
100 100 160 100 100 100 100
105 104 103 102 101 101 100
110 107 105 104 103 102 101
115 111 108 106 10k 103 102
120 115 111 108 106 104 103
125 118 113 110 107 105 104
130 122 116 112 109 106 104
135 126 119 114 110 107 105
150 129 121 116 112 109 106
145 133 12, 112 113 110 107
150 137 127 120 114 110 107
155 14,0 129 121 115 11l 108

160 1k 132 123 117 112 109

* Percentages based on normal number of trees per
acre 1.5 inches and over in breast high diameter.
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at the end of each 1C-year growth period was computed.
Knowing the beginning stand density it was possible to
predict the probable stand density 10 years hence by
making use of table 10. The standard error of estimate
pf stand density was computed in the following manner.
The differences of the estimated from the actual stand
density were squared and then bstaled, The total was
divided by one less than the number of plots and the sguare
root taken of this §uat&enﬁ¢ The result is the standard
error of estimate of stand density and is given in table
1l. Since stand density applies dir&ctly to all normal
volumes, the same standard error is showa for both cubiec
foot measure and Scribner board fodt measure.

Although the result of +10.4 percent is rather
high, it is within reason. The permanent sample plois used
in the test were mostly of the 80-year age class which was
not well represented in the data used to coapute the
regreasion of trend. Also the plobs were pverstocked.

The actual change in dansity for most of the overatocked-
plots was positive while the regreasion indicated a
decrease, As was pointed out previsusly; §ha regreasisﬁ
applies more specifically to 4O year old stands. Even then
the standard error of estimate is large because of the

innumerable variables which effect density and yet can not

be removed from the regression of the trend.
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E. Standard errors of estimating volumes 10 years hence,

Diemeter tables, The standard error of estimating
a volume 10 years hence is a combination of the standard
errors of estimating average stand dlameter, height ratio
and stand density 10 years hence and the standard error of
estimate of the normal diameter yield table. If there is
no intercorrelation between these errors then theoretically
the standard error of such an estimate would be the square
root of the sum of the squares of these errors. As shown

in tablell this ecaleculation for cubiec volume would be

\11.72 + 10.42 + 3.4% & 3.2° T +11.5 percent.

The cubic volume 10 years hence for each of the
15 permanent plots was also estimated direetly. This
consisted of using the estimated future diameter, actual
height ratio; and a future density from table 10 in the
method described for preseant vaidma‘sale&latisns in
table 1. The standard error of estimaste by this direct
caleculation was 7.9 percent. There is a discrepancy of
3.6 perecent between the two values., The difference amay
well be due to an intercorrslation of tna errors. For
instance, the first three standard errors of estimate are
based on the normal table values and the last staadard

error is by definition the standard error of the normal




TABLE 11. Standard errors of estimating stand
yariables 10 years hence by the dlameter
tables and the site~index tables *

Cubic foot volume 1.5 inches and over

“Error of estimating: Pereent error r
- Diameter _ OSite index

Future average stand diameter 1.7 ;
Future stand density 1044 10.4
Future height ratio 3k
Present yield 3+2 L3
Total error of estimate

by theoretical calculation 1l.5

by dairect caleculation 7.9 16.7

Seribner board foot volume 1l.5 inches and over

Error of estimating: Percent error
: _Diameter Site index
Future average stand diameter he2
Future stand density 10.4 10.4
ruture height ratio | Jeh
Present yield Le5 8.7
Total error of estimate |
by theoretical calculation 12.6

by direct caleulation 9.9 22.4

* Based on 15 permanent sample plot estimates.

*% 311 walues are plus or minus.
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table itself. This may have resulted in scme intercorrela-
tion among the separate errors which can not be removed
from the theoretical calculation.

A similar calculation of the standard error of
estimate was made for Soribner board foot measure as

follows:

'\]4.22 + 1042 + 3.42 + 4.52 = +12.6 percent

The result is shown in table 1l. Here again the standard
error of estimate by direct calculation is less than the
theoretical. The same intercorrelations may be responsible

for the discrepancy.

Errors of the site index tables. 4As a test of the

site~index yield tables, estimates of volumes 10 years hence
weré made for the same 15 permanent sample plots by means

of this set of tables. The stand density attained at the
end of the period was estimated by'tABle 10 in the same
manner as putlined previously. The standard error of
estimete now was +16.7 percent for cubic foot volume and
+22.l pereent for Scribner board foot volume. These values
are shown for comparison with others inftable 11. The
individual errors for each variable used were not computed
and therefore a theoretical calculation was not made. The

standard error of estimate of +10.4 peroent for stand

density is the only portion of the total error which can
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be defined separately.




IV. CONCLUSIOMS AND RECOMUTHNDATIONS
A. Coneclusions

1. 1In the determination of the preseant voluame
in stands whose average diameter is 5.5 inches or amore,
the use of the normal table based on average stand diameter
results in a better estimate than does the use of the
normal tables based on site index and age when the
following standards of measurement are epasi&erad;

a. Volume in cubie feet of trees 1.5 inches
and pver.

b. Volume in cubie feet of trees 6.5 inches
and over.

¢. Volume in board feet by Internatiocnal Hule
of trees 6.5 inches and over.

The standard errors of present yield estimates by both
types of tables are high when the following standards of
measurement are cansiderad:

a., Volume in board feet by International Rule
of trees ll.5 inehes and over.

b. Volume in board feet by Scribuer Rule of
trees 1l.5 inches and over.

On the other hand in stands whose average
diamsters are 11.5 inches or more, the tables based on
average stand dlameter are superior to those based on

site index and age when any of the above standards of

measurement are considered.
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2, Abnormally stocked stands gf westeran hemloeck
show a definite tread in stand density toward the noramal
eondition with an increase in age. This trend 1n stands
of the 4O-year age nlaés has been defined by a linear
equation of the regression.

3. The standard error of estimeste in predicting
stand density for lﬁwyear periods, using the regression
mentioned above, is +10.4 percent. This is rather high
and tentative reasons are given. ?irst; any prediction
of stand density may result in a high error because of
the erratic occurrence of mortality and accidental dampage.
Secendly; the plots used in determining the above staadard
error of estimate were of a different age class %han‘that
for which the trend regression was developed.

4. The accuraey of estimating probable future
yields is decidedly better by use of the diameter tables
than by use of the site-index tables on the basis of the
limited amount of permapent sample plot data available.

5. The writer considers that the one normal
table based on average stand diameter is more easily used

than the several normal tables based on site and age.

B. Recommendations

The establishment of more permanent sample plots

in understocked stands and collection of additional data
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for use in determining the trends of stand density toward
normal for a wide variety of age classes is recommended.
Such data would facilitate predictions based on any type

of yield table in existence now.
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APPENDIX
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‘TABLE 12, Normal yields of western hemlock with respect
to average stand dlameter pf trees l.5 inches and over.

of trees 1.
stand per a. : ool
2ed = 1,57 = 25"
3 3,130 | 1 B
4 2, 1060 L5 3.6 1.0 6
5 l 550 5k Le9 2.7 9 1 1
6 1,200 61 6.3 Ll 22 5 kL
7 905 69 7«5 5.8 30 11
8 723 76 8.5 7.2 38 18 13
9 595 82 9.5 8.5 47 27 20
10 498 89 10.6 9.8 56 37 28
11 425 95 11.6 11.0 66 &9 38
12 368 101 12,6 12.1 77 63 48
13 325 o7 13.5 13.2 88 76 59
14 28L 112 b 1442 99 88 68
15 255 117 15:3 15.0 109 98 76
16 228 122 16.1 15.9 117 108 85
17 207 127 16.8 16.7 123 116 91
18 187 132 A7 17.4 129 123 97
19 172 136 18.1 18,1 134 130 103
20 157 140 18.8 18.8 139 138 109
21 143 1h4 19.4 194 143 141 114
22 133 148 20.0 20,0 147 146 119
23 123 151 20.5 20.5 152 151 123
2L 1L 154 21,0 21,0 156 156 128
25 107 158 2l.5 21.5 161 161 132
26 100 161 = 22,1 22.1 165 165 137
27 94  16) 22,6 R2.6 169 169 141
28 89 167 23,1 23.1 174 174 145
29 83 170 23.6 23.6 178 178 149
30 79 173 4.1 24.1 182 l82 153
32 73 180 25,1 25.1 191 191 161
34 6L, 186 26.0 26,0 199 199 169
36 59 192 27.0 27.0 208 208 177
38 5L 199 28,0 28.0 216 216 184

40 59 206 28,8 28.8 225 225 192




TABLE 13. Normal yields of western hemlock with respect
to age for site index 150.

Age  Aver. Av. Bt. HNo. Of
{years) height of dom. trees*
1.5%- & oodom, 1.5"-

30 53 57 1520

K 73 78 710

50 91 96 400 . 11, . 53 :
60 107 112 290 13 g 304 14.2 13.8 96 85 - 65
70 117 123 240 15.7 316 15.8 15.5 113 103 a1
80 127 . 133 - 200 17.4 327 17.0  16.7 124 116 93
90 136 142 172 18.9 336 17.8 17.8 132 126 102
100 1kh 150 150 20.2 343 18.8 18.8 139 135 109 .
110 149 157 138 21.5 348 19.6 19.6 Lhh 142 116
120 154 ¢ 161 125 22.8 355  20.2  20.2 150 149 121
140 161 168 108 24.8 364 21.2 21.2 159 159 131
160 166 173 95 26,7 372 22.2 22.2 167 167 139
80 170 177 87 28,3 379 23.0 23.0 173 173 1hk5
200 173 180 81 29.5 384 23.6 23.6 178 178 150
250 175 182 70 32,1 393 25,0 25.0 189 189 160

300 177 184 66 33.2 402 254 25.& 194 194 165

* Values are for pone horizontal acre.





