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This study was a test of eight basal area factors and five point

sampling cluster patterns in a computer oriented sampling study of

coastal Alaska old-growth spruce-hemlock stands. It was an attempt

to learn which basal area factor and which type of point sample clus-

ter pattern should be used in such stands. A. test of the effect of stand

density on point sampling was also made.

All trees 3. 0 inches d. b. h. and larger on ten 3. 5 acre areas

were measured and mapped in the field. Five of the areas had crown

densities of from 40 to 69%, and the other five had crown densities of

70% or more, as determined from aerial photographs.

The computer measured basal areas per acre for all forty of

the basal area factor/sample cluster combinations on each of the

stem mapped areas. These average basal areas were summarized

for the five sampled areas in each density and analyzed in two ways.



Analysis of variance was used to test for significant difference of

precision and accuracy among the eight basal area factors, among

the five sample cluster patterns, and between the two density classes.

A chi-square analysis was used to determine the relative accuracy of

the designs under test.

Results of the analysis of variance indicated that there were

highly significant differences among the variances of the basal area

factors tested and a significant difference among the variances of the

sample cluster patterns tested. There was no significant difference

between the variances of the two stand density classes tested. No

significant interaction was observed among the sample variances for

the sets of variables tested.

There were highly significant differences among the accuracies

obtained with each of the basal area factors and with each of the sam-

pie cluster patterns tested. There was no significant difference be-

tween accuracies of the density classes tested. A significant inter-

action was observed between the accuracies of the basal area factors

tested and the accuracies of the cluster patterns tested.

The data of this study indicated that samples from full density

stands measured with large basal area factors tended to overestimate

the true basal area of the stand. This overestimate increased as

size of basal area factor increased. For that reason, and until fur-

ther study denies that this bias exists, maximum basal area factors



of 30 and 40 are recommended for sampling in medium and full den-

sity stands respectively. The data also indicate that, of the five

cluster patterns tested, a 15 point cluster pattern provided the most

accurate and most precise measure of basal area per acre.
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AN ANALYSIS OF DESIGN AND TECHNIQUE
OF CLUSTER POINT SAMPLING IN COASTAL

ALA.SKA OLD-GROWTH FORESTS

INTRODUCTION

This is a study in basic forest inventory design. It was prompt-

ed by a 1963 directive from the Washington Office of the U. S. Forest

Service asking the U.S. Forest Service Experiment Stations and Re-

gional Offices to adapt their forest survey procedures to the use of

point sampling (U.S. Forest Service, 1963). For the Forest Survey

units of most of the stations, compliance with this directive meant

converting from a field sampling system of fixed area plots to samp-

ling with areas proportional to tree basal area.

Thus, a major change in field and office techniques of forest

inventory was implied. But, more important, this proposed change

raised some questions about how well this sampling scheme would es-

timate forest parameters. At that time, it was believed that if an

average of two trees were counted at each point in a ten point sample

cluster, adequate estimates of basal area, volumes, sawlog quality,

mortality, growth, and condition of approximately one acre around

the initial plot point could be made. On this basis, a basal area fac-

torof 80 to 150 or larger should be used for coastal Alaska spruce-

hemlock forests. The use of such large basal area factors and the

proposed 10 point cluster pattern were untested in coastal Alaska
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forests. The distance between points in the proposed cluster pattern

was 66 feet.

Variable plot cruising had been used since 1958 (Hays, 1962) in

Alaska. Local recommendations called for use of a basal area factor

of 30 for the average stand, or up to 55 to 70 for very large timber.

One unpublished preliminary field test on 30 plots indicated that a 110

basal area factor would, on the average, count about two trees per

point. A. study in the Pacific northwest forests (Spada, 1960) indicat-

ed that a 10 point sample cluster, measured with a basal area factor

such that two trees would be counted per point, gave the desired ef-

ficiency and a reasonable estimate of area condition. Although point

sampling had not shown significant bias in many previous studies, a

question remained as to how well large basal area factors would mea-

sure the forest parameters of coastal Alaska.

The summer of 1964 was a time of inactivity for the Forest

Survey unit in southeast Alaska. The reinventory of the Sitka work-

ing circle was to begin in 1965. It was decided that a study would be

conducted to attempt to answer the above question during the summer

of 1964 so that the preliminary results of this study might be incor-

porated in the reinventory program.



OBJECTIVES

The objectives of this study were as follows:

To test for differences of accuracy estimates resulting

from sampling with a wide range of basal area factors and

point cluster patterns.

To determine which basal area factor and point cluster

pattern combinations would provide acceptably accurate

measurements of basal area per acre.

To determine if stand density had a significant influence on

the choice of basal area and/or sample cluster pattern.

To be Tacceptably accurate, TT a sampling design had to provide

estimates within the allowable error 68% of the time. The allowable

error was set at 10% of the basal area per acre.

To accomplish these objectives, a plan was devised to field

map ten 3. 5 acre plots, sample these plots in a computer sampling

program, and test forty sampling designs in each of two stand density

strata.
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SCOPE

Certain restrictions were placed on this study which limited its

scope. Since old-growth spruce-hemlock forests predominate in

coastal Alaska, the study was restricted to this forest type. No at-

tempt was made to include stands of other species or younger ages,

although isolated trees from these classes were tallied in the stands

studied,

The sample cluster pattern, as proposed by the Washington of-

fice of the Forest Service, was the primary restrictive factor in this

study. The attempt was made to restrict all sample cluster patterns

to the same approximate area that was measured by the proposed 10

point sample cluster pattern. This meant using different interpoint

distances, depending on the number of points per pattern. It was

recognized that there would be less independence of tree count where

20 points sampled the same area as 10 points. However, the prevail-

ing concept of attempting to describe approximately one acre around

the center of the cluster in terms of area condition and silvicultural

aspects outweighed the advantages of maximum independence of point

tree counts

It was also recognized that in stands of larger diameter trees,

the point sample cluster pattern would measure more than one acre.

This consideration was the underlying reason for choosing an area of

4
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3. 5 acres.to use in this study's sampling frame. Given the 10 point

sample cluster pattern proposed by the Washington office, a plot S by

7 chains in size would provide an area such that the basal area factors

under test would not be influenced by tree plots extending into any

given point from outside of the area.

Thechoice of 3. 5 acres as the stem map plot size placed an

additional restriction on the study. Complete field enumeration and

mapping of plots of this size required three to four days each. There-

fore, the number of plots to use as the basis for this study was re-

stricted to five in stands of full density and five in stands of medium

density. Further, to assure that time would not be wasted in travel

to and from the plots each day, sample areas were selected from a

belt within.one mile of boat or auto access and within the immediate

area ofJuneau, Alaska. This restriction meant that not all stands of

coastal Alaska were given a chance to be sampled in the study. Since

the old-growth forests near Juneau are of lower volume than those in

the southern part of Alaska's panhandle, two plots were randomly

located in nonrandomly chosen types of higher volume strata near

Petersburg, Alaska. Both of these plots were located in full density

stands. Only one of these randomly located plots had an average

basal area per acre sufficiently larger than the rest of the plots to be

considered different, although both gave higher volumes per acre.

One degree of freedom was sacrificed in the chi-square analysis of
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the full density stands because of this restriction.

Another limitation of this study is that it attempted to measure

only part of the parameters that the Washington office of the U. S.

Forest Service intended that the sampling design measure. No at-

tempt was made in this study to relate results to silvicultural aspects

of the stand,

One last consideration must be given to the results obtained

from this study, The estimates of basal area, which are made from

a computer-oriented sample, are not subject to sources of error

which field personnel encounter, Brush, insects, adverse terrain,

and masked trees are but a few of the factors contributing to field

error, When applying the results of this study, those factors must

be brought into consideration,



LITERATURE REVIEW

Point sampling has had a profound effect on the field of forest

mensuration since the idea of angle cruising was introduced (Bitter-

lich, 1947). In this review, the author considered over three hun-

dred published articles and theses relative to angle cruising or point

sampling. In addition, much written material exists on this subject

in the form of field manuals, teaching materials, and other training

aids used by federal, state, private, and educational sources.

E.A. Keen (1950) reported, in tests conducted in England with

angle gauge cruising, that estimates of basal area per acre were un-

biased and less time consuming than conventional cruising techniques.

Since point sampling was introduced to American foresters (Grosen-

baugh, 1952), the method has been tested under a variety of conditions

in the United States and Canada, confirming Keents findings that

point sampling was an unbiased method of estimating stand basal area

per acre (Afansiev, 1958; Barton, 1957; Grosenbaugh and Stover,

1957; John, 1964; Kendall and Sayn-Wittgenstein, 1959; Larson and

Hasel, 1958; Shanks, 1954). Many of these studies also indicated

that point sampling was far less time consuming than fixed area

cruises. Kendall and Sayn-Wittgenstein tested basal area factors of

5, 10, 20, and 40. The literature available did not say which factor

Barton used in his tests, but, for the other five studies cited above,

7
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a basal area factor of 10 or less was used,

An occasional test with basal area factors of 10 or less indicat-

ed that point sampling basal area estimates were lower than fixed

plot basal area estimates (Husch, 1955; Kirby, 1965). These differ-

ences were attributed to field technique, and not to the method.

Grosenbaugh (1957), Deitschman (1956), and Keen (1950), all ob-

served similar differences in certain areas of their studies, but these

differences were not of significant consequence.

A.n occasional test of basal area factors of 10 or less indicated

positive bias (Borgeson, Coiclough, and Young, 1958; Starr, 1954)

when compared to fixed plot estimates. Backels (1953) observed a

marginally significant difference between 1/5th acre plot estimates

and point sample estimates measured with a 10 basal area factor.

The 1/5th acre estimates were slightly lower than point sampling es-

timates, Nonsignificant positively biased basal area estimates were

observed in the study by Larson and Hasel (1958) when point sample

estimates were compared to fixed area estimates, Most of the "bias"

was explained by noting that tree growth had occurred between the

time the fixed area plots were measured and the time the point sam-

ples were taken.

Richardson (1958), in a test using the 25 basal area factor in

Douglas-fir, observed nonsignificant positive bias when comparing

point sample estimates to those of fixed area plots. This bias was
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attributed to differences in ways of estimating tree heights on the two

cruises. In an unpublished study in interior Alaska, results of point

sampling with a 75 BAF indicated that for 41 plots the average basal

area per acre was 157. The average basal area per acre for 41 one-

half acre plots tallied over the same area was 137.

The general conclusions for most of the above cited studies is

that the bias of point sampling is negligible. Stage (1964), in an in-

service report to the U.S. Forest Service's Forest Survey, noted that

statisticians who have been concerned with
discrepancy between theory (of the variable
plot method) and application have observed
that exceedingly small plots are easily subject
to bias. Over-estimates exceeding 15 percent
have been reported for yield estimates of small
grains, and for density of herbaceous vegata-
tion and coniferous regeneration in ecological
studies using small plots. Tests of variable
plot procedures in forest stands have reported
over-estimates of 20 to 26 percent with a basal
area factor of 33 in stands for which a BAF of
10 gave unviased estimates.

Stage adds that much of this bias is due to field technique, primarily

the handling of marginal trees.

Several studies have been conducted to test more than one basal

area factor. In the review of the literature, an interesting trend was

noted. Results from studies by Husch (1955), Clutter (1957), Kendall

and Sayn-Wittgenstein (1965), Malain (1961), Stage (1962), Bajzak

(1962), and Paine (1965) all indicated that as the size of the basal

area factor increased, the estimate of basal area per acre increased.
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Two other studies of multiple basal area factors (Ker, Smith, and

Walters, 1957; Spada, 1960) also produced results where more than

half of the data followed this trend. This bias, where recognized,

was often attributed to field techniques and not to the sampling methoci.

Bajzak (1962) suggested that there was bias associated with use of

basal area factors larger than five, Clutter (1957), on the other hand,

offered mathematical proof that this was not possible, but that the es-

timate of basal area is unbiased regardless of which basal area fac-

tor is used, In two studies of multiple basal area factors reviewed in

the literature (Cox, 1961; Sayn-Wittgenstein, 1963), the trend of in-

creasing basal area estimates as basal area factor increased was not

indicated by the data.

In three of the tests of multiple basal area factors (Clutter,

1957; Malain, 1961; Bajzak., 1962), when estimates from BAFs of

more than 40 were compared to fixed plot estimates, the point sample

estimates appeared to give an overestimate. A. five diopter prism

used in the study by Cox (1961) gave an overestimate of volume when

compared to 1/5th acre plots. The 40 basal area factor tested by

Kendall and Sayn-Wittgenstein (1959) gave an average error of +4. 5%.

In Spadats (1960) study, basal area factors of 100 or larger gave

higher basal area estimates than those observed on 1/5th acre plots.

Paine (1965), in a test using angle cruising on aerial photos, observed

differences of +1.5% with a 300 crown area factor (equivalent to 300
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BAF) and +21% where a 4000 crown area factor was used.

There seems to be an area of doubt as to the validity of esti-

mates made with basal area factors of 40 or larger. It is very likely

that the apparent differences are dependent upon the diameter of the

trees being cruised.

Basal area factor was only one area for which a literature re-

view was needed. Of nearly as much concern was the question "What

has been. done in the application of cluster sampling to point sampl-

ing?" One reason that the Forest Service was using cluster sampling

in conjunction with point sampling was to provide estimates of the sil-

vicultural condition of the acre of forest land about the center of the

sample cluster. Grosenbaugh (1955a) presented the idea of using

point sampling to make a silvicultural diagnosis of stand condition and

to prescribe treatment. Grosenbaugh (1957) suggested that point sam-

ples taken in clusters of three would give slightly better results than

clusters of two. Further studies by personnel of the U. S. Forest

Service carried the idea to the point where it was ready for applica-

tion in the forest inventory program. The idea grew from one of

sampling individual points for area condition classification (Larson

and Hasel, 1958), to use of clusters of 16 points (U. S. Forest Service,

1961), or of 10 points (Spada, 1960) spaced over one acre of forest

land. By 1963, the Forest Servie settled on a cluster pattern of 10

points spaced equidistantly. The recommended spacing between
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points was 66 feet. Stage (1964) suggested that the spacing between

points should be 70 feet to allow more independence between point

tree counts (See Figure 5). In the author1s personal correspondence

with Stage, he notes that this is not so important from the standpoint

of bias as it is from the standpoint of efficiency.

Only two other references to cluster point sampling were found

in the literature. Kendall and Sayn-Wittgenstein (1959) tested point

cluster patterns of from one to five points and concluded that the sin-

gle point sample gave the best precision. They noted, however, that

consideration should be given to taking more points in a cluster if

time is a limiting factor. Dilworth and Bell (1965) recommended us-

ing a plot containing two to five sample points.

Another area of concern was that of the effect of variation in

stand density upon point sampling estimates. Prodan (1953) showed

that the lack of homogeneity in a stand can cause errors of from 1

to 8% but noted that repeated sampling can reduce the error from 2.to

5%. Sayn-Wittgenstein (1963) cites Bitterlich (1952) as recognizing

stand homogeneity as a factor in point sampling and suggesting the

use of the smallest possible angle gauge when cruising scattere.d tim-

ber. Haga and Maezawa (1959) recognized heterogeneity of the stand

as a limiting factor in applying their proposed method of eliminating

edge effect bias. Osumi (1961, 1963, 1964) has studied the problem

of the effect of heterogeneity upon Bitterlich's method of cruising.
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He discusses what he calls heterogeneity error (1964), and presents

the following conclusions:

The larger the occupation rate, the smaller the hetero-

geneity error.

The variance of the heterogeneity error is in inverse pro-

portion to the basal area factor.

The percent standard error of the heterogeneity error is

proportional to the square root of the basal area factor.

In view of these observations, the decision was made to stratify

the study plots into three density groups, based upon percent crown

closure as measured on aerial photos.



METHOD

The method used in this study will be discussed in four phases:

Planning and Preliminary Office Procedures

Field Procedures

Computer Sampling Procedures

Analysis Procedures

Planning and Preliminary Office Procedures

A study plan was prepared and approved in the spring of 1964.

A field manual was written to accompany the study plan and prelimi-

nary test runs of field techniques were made.

The study plan called for measuring and stem mapping ten 3. 5

acre areas in the field, committing these data to computer memory,

and programming the computer to sample the stem maps. The idea

of point sampling from stem maps is not new and is gaining wider use

(Barton,. 1957; Kulow, 1963; Lindsey, Barton, and Miles, 1958;

O'Regan and Palley, 1965; Spada, 1960; Stage, 1964; and Starr, 1954).

More recently, point sampling through computer simulation has be-

come an accepted technique (O'Regan and Palley, 1965; Palley and

O'Regan, 1961; and Stage, 1964).

The size of the field plot was set at 3. 5 acres (5 x 7 chains) to

avoid the possibility of bias due to the computer sampling missing

14
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qualifying trees which fell outside the field plot. Preliminary study

indicated that when sampling from the Forest Service basic 10 point

clusterpattern with a 20 basal area factor, an area of at least 3. 5

acres was needed to provide a buffer zone for computer sampling.

This buffer zone would assure that no trees which should be counted

at a given point were beyond the boundaries of the field plot.

In using point sampling over asmali area such as the 3. 5 acre

plot, the problem of edge effect bias (Barrett, 1964; Dilworth and

Bell, 1965; Grosenbaugh, 1955b, 1957, 1958; Haga and Maezawa,

1959; Kulow, 1963) was considered. It was concluded that since the

boundaries of the tracts being sampled were not forest type edges,

unsampled probabilities were projected into the plot area from all

sides, and edge effect bias was not a problem. It seems that this is

in agreement with Grosenbaugh (1958) when he says:

if the tree population outside of the tract is
exactly the same as that inside the tract, no
slopover problem exists.

The 3.5 acre plots were selected from photo centers of 1963

aerial photography (1:15, 840 scale) of an area surrounding Juneau,

Alaska. .Two plots were selected near Petersburg to get a measure

of heavier volume timber which was not indigenous to the Juneau area.

Ninety-two aerial photo centers from coverage of the study area

were examined. Certain restrictions had to be met before a photo

center point qualified for the sample draw. The forest type associated
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with the photo center had to be as follows:

accessible--less than one mile from beaches or roads.

commercial--forest land capable of producing 8000 board

feet per acre (net).

old-growth--more than 150 years old.

spruce and/or hemlock forest.

five acres or larger--each area had to be large enough to

accomodate a 5 x 7 chain rectangular plot.

All photo centers meeting these requirements were classified

into either the medium density class (40% to 69% crown closure) or

the full density class (70% to 100% crown closure). Moessner's

crown density scales (1949) were used as guides for this classifica-

tion. Originally, the plan called for sampling poor density stands.

However, none of the photo centers falling on poor density types

qualified as commercial forest land.

Twenty-six of the photo centers examined qualified for sam-

pling, only five of which were medium density stands. All five of the

medium density points were selected for field measurement. Five of

the twenty-one full density photo center points were randomly select-

ed for field plots.



Field Procedures

The photos selected for sampling were used with standard For.-

est Survey procedures (U.S. Forest Service, 1964) to locate the field

plots. The photo center point was located in the field, and this served

as the initial point of the 3. 5 acre field plot. The field plot was on-

ented at 00, if this orientation placed the entire plot within the forest

type as interpreted on the photos. If not, second, third, and fourth

choices of plot orientation were 1800, 900, and Z70°, respectively.

Provisions were made for going beyond this, if necessary, but they

will not be presented here.

After orientation, the boundary control was laid out. From the

initial point, a line was run. for three chains on a bearing opposite to

that of plot orientation. From this primary control point, boundary

lines were run around the plot using a staff compass, topographic

chain, and relascope. These lines were marked with string. The

four corners of the plots were staked and witnessed. Secondary con-

trol points were established along the narrower sides of the plot.

These were located at one chain intervals from the plot corners.

These secondary control points would be used later to subdivide the

plot into five corridors one chain wide and seven chains long. A.s the

boundary lines were laid out, records were kept of tree diameter and

location for all trees 37 inches d. b. h. and larger which fell less than

17
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one chain- outside of the plot boundary. These were trees which would

demand consideration when making the final decision of what mm-

imum basal area factor would be used in the computer simulation

program.

The maximum error allowed in closing the traverse on the pri-

mary control point was 1 in 300. These are staff compass specifica-

tions suggested by DeMoisy (1965). If this closure was not attained,

the source of error was determined, and the boundary lines were cor-

rected.

Theplot was then subdivided into five corridors one chain wide

and seven chains long. These corridors were separated by string

lines which were tied in at each end with the secondary control points

which were established when the exterior boundary was traversed.

The plot was now ready for stem mapping. The stem mapping

was done in subplot units of one-tenth acre, following this pattern:

35 22 21 8 7

34 23 20 9 6

33 24 19 10 5

32 25 18 11 4

31 26
.1.

17
P.
12 3

30 27 16 13 2

29 28 15 14 1
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A. steel tape, corrected for slope, was laid down the middle of

subplot one and staked semipermanently. The head chainman staked

the zero end at the upper end of the plot, and the rear chainman staked

the corrected tape reading at the subplot initial point. All trees 3. 0

inches d. b. h. and larger were stem mapped, progressing up the left

side of the subplot and back down the right side. One crew member

moved up the center line, sighting from a hand compass set +900 to

the subplot centerline, A.s his compass sight intersected trees, he

plumbed the point on the center tape. This distance, uncorrected for

slope, was recorded as latitude distance for the tree. A second taped

distance from the center line to the center of the sighted tree was re-

corded as longitude distance. A. zero was recorded as the first digit

of the longitude distance code for all trees to the left of the center

line.

If the tape could not be leveled from the center line to the tree

center, a slope reading in degrees was recorded as longitude degrees,

and the uncorrected slope distance recorded. A 00 code was recorded

for longitude degrees where level distances were measured. Each

tree on the subplot also received a latitude degree code to indicate the

slope of the centerline. These slope distances were later corrected

to level distances by the computer program.

Other information coded for each tree included tree number,

species, d,bh. to the tenth inch, and log height in 16 foot logs to a



20

merchantable top. Seven species were recognized. They were as

follows

Sitka spruce Picea sitchensis (Bong. ) Carr.

Western hemlock Tsuga heterophylla (Rafn.) Sarg.

Alaska-cedar Chamaecyparis nootkatensis (D. Don)

Spa ch,

Lodgepole pine Pinus contorta Dougi.

Black cottonwood Populus trichocarpa Torr. and Gray.

Red alder Alnus rubra Bong.

After the left side of the subplot was mapped, the crews pro-

gressed back down the right side. The same information was record-

ed, except that a minus preceded all coded longitude distances for

trees mapped on the right side of the subplot.

Upon completion of subplot one, the centerline tape was moved

to the second subplot. There, it was again staked down semiperma-

nently, using the endpoint of the first subplot as the starting point of

the second. This was repeated for all 35 subplots. To avoid wasted

motion, subplots 8 through 14 and 22 through 28 were mapped in a re-

verse direction to that of the other 21 subplots. The same codings

were used to designate trees to the left or right of the line. This, at

first, appeared to present a problem when applying grid coordinates

to these trees for use in the computer sampling program. This prob-

lem was resolved with less trouble than anticipated.
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Occasionally, because of brush or rough terrain, the mapping

could be done for only 33 feet of the subplot at a time. Application of

slope corrections for the last 33 feet required handling the centerline

distances slightly differently to keep these readings consistent with

the normal centerline readings.

Computer Sampling Procedures

The original study plan proposed testing basal area factors of

10, 20, 30, 40, 50, 60, 75, 110, and 200 in the computer sampling

program. A. study was made of the large trees recorded immediately

beyond the stem mapped area. This study showed that many of these

trees would qualify as "count" trees if a basal area factor of 10 was

used in the program. For this reason, the 10 BAF was not used.

The 20 BAF was not affected this way.

The 75 BAF was included in the test because of the ease with

which this factor can be used in the field. The diameter of a given

tree (in inches) nearly equals that tree's plot radius (in feet) when

sampled with a 75 BAF. This is very advantageous in field checking

borderline trees. The 110 BAF was tested because preliminary un-

published studies showed that this BAF would count an average of two

trees per point in an average coastal Alaska commercial forest. The

200 BAF was tested to see what results a very large BAF would pro-

duce.
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Five sample cluster patterns were to be tested. They have the

following characteristics:

5 points, simulated at 118.8 feet apart

7 points, simulated at 85. 8 feet apart

10 points, simulated at 70. 0 feet apart

15 points, simulated at 52. 8 feet apart

20 points, simulated at 33. 0 feet apart

These patterns are illustrated in Figures 3 through 7. The points of

these patterns were spaced equidistantly and each pattern was de-

signed to measure approximately the same overall area as would the

10 point cluster pattern.

The computer sampling program was written for a 7040-7094,

and designed to function as follows:

1, Read in the punched field data.

Convert all slope distances to level distances.

Punch an intermediate output (Output 1) for each subplot,

for later use in a 1620 x-y plotting program.

Convert a given tree's subplot coordinates to a master grid

coordinate system oriented to the whole 3. 5 acre plot.

Compute the volume and basal area for a given tree.

Compute the hypotenuse distance from this tree's grid co-

ordinate to a given sample point's grid coordinate.

Test this distance against the limiting distance for all basal
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area factors under test. These limiting distances are com-

puted for each tree by multiplying the tree's diameter by

the plot radius factor for a given prism. This expresses

the radius projected by each tree, within which the tree will

qualify as a count tree.

Steps 6 and 7 are repeated for each sample point in each

cluster pattern under test.

The HInT? counts for this tree are stored in the computer

core by sample point, cluster pattern, and BAF.

Steps 4 through 9 are repeated for each tree on the 3. 5

acre plot.

Punch an intermediate output (Output 2) showing tree count

by point, cluster, and BAF.

Convert the point tree counts to sample plot basal areas

per acre and sample plot volumes per acre for each of the

40 sampling designs.

Punch an intermediate output (output 3) for later use in chi-

square analysis.

The computer program was written to provide three decks of

output. Output 1 would be used in a 16z0 x-y plotting program to pro-

vide a computer plotted stem map, This map was plotted by tenth

acre subplots, which were taped together, photographed, and reprint-

ed on a chronopaque base approximately 34 by 46 inches in size.
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Each plotted tree then had to be identified and dimensioned.

Output 2 was a record of all trees counted by the computer at

each of the points in each of the 40 designs tested. For each tree

counted, this punched output showed stem map number, tree number,

BAF, cluster pattern, and point which the tree stocked. The output

was used for tree count summaries and as intermediate data for an

analysis of variance program.

Output 3 was intermediate punched data to be used in a chi-

square analysis. This included the following information:

Plot number

Basal area factor tested

Cluster pattern tested

Basal area per acre for trees three inches and larger which

were sampled with point sampling

Basal area per acre for trees five inches and larger which

were sampled with point sampling

Scribner bd. ft. volume of trees 11 inches and larger which

were sampled with point sampling

Basal area per acre for trees three inches and larger which

were on the 3. 5 acre plot

Basal area per acre for trees five inches and larger which were

on the 3. 5 acre plot

Scribner bd. ft. volume of trees 11 inches and larger which
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were on the 3. 5 acre plot

All three types of output were kept separate by density class.

One negligible source of positive bias was overlooked in plan-

ning this sampling program. All limiting distances were computed

from the sample point to the center of the tree's bole. In keeping with

the theory behind point sampling, these distances should have been

measured to the 'target't of the tree (Dilworth and Bell, 1965), which

is slightly closer to the sample point than is the center of the tree.

A subsequent unpublished study by the author was made using

1400 trees which were originally counted with a 40 BAF. The diam-

eters had been measured to the tenth inch, and distances to the tree

centers measured to the tenth foot. These 1400 trees were resam-

pled on a computer using basal area factors of 40, 80, 120, 160, and

200. Sampling with a limiting distance from sample point to tree cen-

ter, 400 of the trees were counted with a 200 BAF. Sampling with a

limiting distance from sample point to tree target with a 200 BAF,

397 trees were counted, a difference of about +. 75%. This would in-

dicate th3t this is not a serious source of bias for any of the basal

area factors tested.

No attempt is made here to derive the principles of angle gauge

cruising applied in this computer sampling approach. For those in-

terested, the derivations of the BAF's and limiting distances used

herein are given on pages 80 to 84 of the appendix.



Analysis Procedures

The analysis of these data was performed using two statistical

approaches: analysis of variance and chi-square.

A preliminary analysis of variance of basal area estimates was

conducte.d within each density class for each basal area factor and

cluster - pattern combination.

The 0 mean squares among plots were computed by density

class (i=l, 2) basal area factor (j=l, 2,... , 8), and cluster pattern

(k= 1, 2 5) using the following formula:

5 ijkflm

MSAP.. ::;
m=1

ijk m
n=1_

whe re:

(n=llm=1
nm

MSAP..k the mean square among plots for the five plots
measured using the kt1 cluster pattern and the
jth basal area factor in the 1th density class.

= the basal area estimate for trees 5. 0 inches and1 nm larger measured at the mth point on the th plot,
using the kth cluster pattern and the th basal area
factor in the jth density class.

= 5, 7, 10, 15, or 20, depending upon cluster pattern
(k).

m = the number of sample points in the kth cluster pattern.

n = the number of plots per density class = 5.
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MS(d.ff)
n=l

2

ijkn -

5
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A numerical example of this procedure is given in the appendix,

page 69.

In the final analysis, the 80 mean squares among plots were

re-analyzed to determine if there was a difference among the vari-

ances of the estimates of basal area per acre measured in the density

classes by the eight basal area factors and the five cluster patterns.

This analysis tested for differences among the variances of the basal

area estimates by density class, basal area factor, and cluster pat-

tern. A numerical model of this is shown on pages 75 and 76 of the

appendix.

Mean squares of differences between sample estimates and true

plot parameters were also computed in a similar analysis to deter-

mine if there were differences among the accuracies of the basal area

estimates measured in the two density classes with the eight basal

area factors and on the five cluster patterns.

The mean square differences for each of the 80 basal area

factor/cluster pattern designs were computed for both density classes

through the following formula:



where:

MS,d.ff = the mean square of the differences between sample
' 'ijk basal area estimates and plot means for the five

plots sampled with the kth cluster pattern, using
the th basal area factor in the 1th density class.
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x..ijkn = the average sample basal area estimate for all
trees 5. 0 inches diameter at breast high,
sampling on the plot, from the kth cluster
pattern with the th basal area factor in the th
density class.

= the basal area per acre for all trees > 5. 0 inches
d.b.h. on the n plot in the th density class.

A. numerical example of this procedure is given on page 71 of the

Appendix.

Two analyses of variance, each for a Z.x 8 x 5 factorial experi-

ment, were used to test for differences of sample variances and ac-

curacies. The variables used in the first factorial analysis were the

80 among plot mean squares. Before making this final analysis of

the among plot mean squares, these mean squares had to be scaled

to allow for comparison on a plot-by-plot basis. This was done by

dividing each of the among plot mean square values by the number of

points in the particular cluster pattern under test.

The variables used in the second factorial analysis were the 80

mean square differences. The analysis of variance format for the

expectation of the mean squares for these two analyses is as follows:



Degrees of Expectation
Source Freedom of Mean Squares

2 2
Density (v) 1 a. + 4Ocr,

BAF(a) 7 a.+lOa.

Cluster (y) 4
a.2

+ 16a.2

Density X BAF interaction 7
2

+

Density X Cluster interaction 4
2

+ 8a.
V."

BAF X Cluster interaction 28
2

+ 2
2

uY
2Error 0-

Total 79

The numerical computations for these two analyses are given on

pages 75 to 79 of the Appendix.

The mathematical model associated with these analyses of var-

iance is as follows:

y L+ct.+\j.+V +
ijk = k

(ctY) + (a,V)ik + (y,v). +e..jk ijk

where:

= the observation from the sample design using the kth
1J cluster pattern and the th basal area factor in the 1th

density class. This would be mean square among
plots in the variance analysis and mean square of dif-
ferences in the accuracy analysis.

= the general mean (of the mean square among plots in the
variance analysis and of the mean square of differences
in the accuracy analysis).

= the added effect of th density class, i = 1, 2.
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(a,

y. the added effect of th basal area factor, j = 1, 2,... , 8.

Vk = the added effect of ktb cluster pattern, k l,2,.. , 5.

the additional effect (over a. and y) from the combination
of the th basal area factor and the 1th density class.

(a, v). = the additional effect (over a and v) from the combination
of the kth cluster pattern and the th density class.

(y, v)jk =, the additional effect (over '' and v) from the coml4nation
of the kth cluster pattern and the th basal area factor.

E = the random error associated with this observation. Thisijk . .is assumed to be normally and independently distributed
with mean of 0 and variance a 2

This mathematical model assumes that the basal area factors,

the cluster patterns, and the densities tested in this study are fixed

variables, not random. This is so, because these are the only vari-

ables that were of interest in this study.

The chi-square analysis was used to indicate relative accuracy

of the sampling designs tested. This analysis is closely related to

the analysis, of variance conducted using the mean squares of differ-

ence. The analysis of variance tests for differences of accuracy due

to changing factors, whereas the chi-square analysis is used to indi-

cate relative accuracy differences from one sanpling design to the

next. An approach presented by Freese (1960) was applied to this

study. This compared the basal area per acre estimates of the 40

sampling designs tested within each density class to the basal area

per acre measured on the 3. S-acre plots.
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The chi- square analysis utilized the following formula:

5

2

2
in

Xjjk 2

where:

= the chi- square value observed when sampling from the
kth cluster pattern using the th basal area factor in
the th density class.

= the average basal area per acre estimate for all trees 5
inches d.b.h. and larger on the plot measured on
the kth cluster pattern with the th basal area factor in
the density class.

= the basal area per acre for all trees 5 inches d. b. h. and
larger on the th plot in the 1th density class.

= the required accuracy for the th density class.

wh e r e:
()Z

E. = the prescribed relative margin of error, set here at . 1,

implying a prescribed relative accuracy of ± 10% for
the it density class.

= the standard normal deviate comparable to the prescribed
confidence level, set here at 1. 96, thus implying the
95% level of confidence.

Osumi (1964) used the chi- square analysis to test population

variance against point sampling variance. He explains (1963) why

chi- square analysis may be used to test for uniformity of spatial

31
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ijk
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distribution of trees sampled using Bitterlich1s method of cruising.

The coefficients of variation and sampling errors expressed as

a percent of the estimated basal area per acre were computed. The

same coefficient of variation applies to number of trees counted in

obtaining the estimate. The coefficient of variation was computed for

each of the 40 designs within each density class under test by the fol-

lowing relationship:

Jm(MSAP,.k) (100)
ijk )mijk

where:

C.V. = the coefficient of variation for the estimate obtained
13 when sampling with the kth cluster pattern and the

th basal area factor in the th density class.

m = the number of sample points in the kth cluster pattern.

MSAP..k = the mean square among plots for the estimate ob-
tamed when sampling with the kth cluster pattern
and the th basal area factor in the 1th density
class.

= the average for the five basal area mean estimates
obtained when sampling with the kth cluster pat-
tern and the th basal area factor in the 1th den-
sity class.

The percent sampling error was computed for each of the 40
designs within each density class under test by the following relation-
ship:

C. V...
13

° ijk



where:

= the sampling error, expressed as a percent of the
mean estimate obtained when sampling with the
kth cluster pattern and the th basal area factor in
the th density class.

C.V... = the coefficient of variation as defined above.ijk

= the number of plots sampled in the th density class
(=5).
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RESULTS

Table I presents the results of the analysis of variance for the

anong plot mean squares associated with the basal area estimates

observed using the eight basal area factors in combination with the

five sample cluster designs. This is presented for the combined den-

sity strata. Table I indicates where significant differences among

variances occurred in the variables studied.

Table I. Analysis of variance (among plot mean squares).

Effect of basal area factor, sample cluster pattern,
and stand density on basal area per acre variance.

** Indicates significance at the 1% level.

* Indicates significance at the 5% level.
1/n. s. = not significant.

Table I shows that choice of basal area factor was the most im-

portant variable from the standpoint of precision. The difference

34

Source D.F. Mean Square F

Basal area factor 7 32, 365, 277 8. 36**

Sample cluster pattern 4 14, 409, 958 3. 72*

Stand density 1 9,571,599 2.47

BAF X SCP 28 2, 936, 649 . 76 n. s.

BAF X SD 7 9, 064, 946 2. 34 n. s.

SCP X SD 4 10, 363, 876 2. 68 n. s.

Error 28 3, 870, 998

Total 79
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between variances of the basal area factors tested was highly signifi-

cant. This result may have been influenced by the wide range of bas-

al area factors tested. As larger and larger basal area factors were

tested, sampling precision decreased. The average mean squares

among plots for the basal area factors tested were as follows:

These results indicate that as larger and larger basal area

factors are used, more and more plots must be taken. This is fur-

ther verified in Tables LII, IV, VI, and VII where percent sampling

error and coefficients of variation increase as larger and larger

BAF's are tested.

Table I also indicated that the choice of sample cluster pattern

was important. The difference among the variances associated with

the various cluster patterns was significant. Table 3 of the Appendix

shows that the 15 cluster pattern gave the most precise estimates

BAF
Average

MS Among Plots

20 17,669

30 17,571

40 20,456

50 zz,603

60 23,683

75 22, 548

110 30,051

200 71, 734
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across both strata with the estimates for medium density strata being

most precise.

There was no firm evidence that stand density affected the var-

iances of the estimates. The coefficients of variation were computed

for the five full density plots and for the five medium density plots at

14. 58 and 21. 71 respectively. This inherent difference of variance

was apparently not enough to indicate significance in the analysis of

variance.

The lack of any significant interaction between factors indicates

that there was no strong evidence that the use of one set of variables

in combination with either of the other sets of variables affected the

variance of the estimate, Table 3 of the Appendix shows that the best

precision was observed when sampling in full density stands using a

40 basal area factor from the 7-point cluster pattern. For combined

densities the 30 basal area factor and the 7-point cluster pattern gave

the best precision, as indicated in Table 7 of the Appendix. When

considering only density and basal area factor, the most precise es-

timates were obtained using the 30 basal area factor in full density

stands (See Appendix, Table 5.,) However, when density and cluster

patterns were the factors considered, the most precise estimates

were obtained in medium density stands sampling from the 15 cluster

pattern. This is indicated in Table 6 of the Appendix.

Table II presents the results of the analysis of variance for the
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mean squares associated with the differences between the point sam-

pie basal area estimates and the true plot basal area means. This

analysis was done for the eight basal area factors in combination with

the five sample cluster patterns and for combined density classes.

Table II indicates where significant differences in accuracy of esti-

mates occurred for the variables tested.

Table II. Analysis of variance (mean squares of differencesL

Effect of basal area factor, sample cluster pattern,
and stand density on basal area per acre accuracy.

**Indicates significance at the 1% level.
*Indicates significance at the 5% level.

It is not possible to make positive statements about the effects

of basal area factors and cluster patterns upon accuracy of sample

estimates because of the significant interaction indicated between

these two sets of variables. The only definite statement that can be

Source D.F. Mean Square F

Basal area factor 7 34, 507, 934 16. 56**

Sample cluster pattern 4 12,865, 218 6. 17**

Stand density 1 5, 396, 272 2. 59 n. 5.

BAFXSCP 28 4,625,402 2.22*

BAFXSD 7 2,728,327 1.31 n.s.
SCPXSD 4 3,437,917 1.65n.s.
Error
Total

28 2,083,743,

79
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made relative to the sets of factors under test is that there is no

strong evidence to indicate that accuracy of sample estimates is af-

fected by stand density.

However, because of the magnitude of the F value (3. 35 would

have been highly significant), it seems likely that the choice of basal

area factor is a significant factor when considering sampling accur-

acy. Results of this study indicated that, when sampling in full den-

sity stands, as larger and larger basal area factors were used, a

positive bias increased in magnitude. This may be seen by studying

the mean basal area per acre estimates and deviations of the esti-

mates from true, as shown in Table III. This bias is much more ap-

parent when studied in Table Z of the Appendix. Also, when ranked,

34 of the 40 basal area mean estimates exceed the true average basal

area mean of the five full density plots. This apparent bias is con-

trary to the accepted idea that plotless cruising is mathematically

unbiased, regardless of the size of the basal area factor used

(Clutter, 1957). Table IV does not show this trend in the samples in

medium density stands. Appendix Table Z shows this trend on only

one plot in the medium density stands.

This indicated bias was an unexpected result, and the computer

analysis program had not be designed to provide certain summaries

which might have proved useful in isolating the source of the bias.

One such summary is a tally of tree count by diameter class. Hand
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computation of these summaries for all 80 of the designs shown in

Tables III and IV was impractical. Since the 10 point cluster pattern

is the basic pattern used by the U.S. Forest Service, hand compi1a-

tions of tree frequency distribution were made for all basal area fac-

tors tested in combination with this pattern. The results of those

compilation are shown in Table V. This table indicates that in the

diameter class range between 10 and 40 inches, the sample frequency

distribution from full density stands became increasingly positively

biased with the use of basal area factors from 75 through ZOO. This

positive bias was offset somewhat by a negative bias in the sample

frequency distribtuion of trees between 3 and 10 inches.

The reverse trend occurred in the frequency distribution of the

samples from the medium density stands. There, in the diameter

class between 10 and 40 inches, the sample frequency distribution

became increasingly negatively biased with the use of basal area fac-

tors from 50 through ZOO. In this case, this negative bias was offset

by a positive bias in the sample frequency distribution of trees be-

tween 3 and 10 inches.



* Average stem map basal area per acre 287.29 sq. ft.
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Table III. Estimates of basal area per acre from five full density stem maps* (five sample clusters!
entry).

Basal
Area
Factor

Cluster
Pattern

Estimated
Basal Area
Per Acre

(5. 0"+)

Deviation Mean Squares
Sampling
Error of
Estimated
Percent

Chi-
Square

Estimate
from True

Deviation
from p

Among Plots
fficaled)

20: 5 292.00 + 4.71 299. 9 872. 0 4.5 6.97
20 7 286. 86 - . 43 258. 7 2,541 2 7. 9 6.00
20 10 286.80 - .49 238.4 1,989.2 7.0 5.55

20 15 295.73 + 8.43 172.8 1,428.8 5.7 4.01
20 20 298.60 +11. 31 411.8 1,426.8 5.7 9.57

30 5 294. 00 + 6. 71 289. 4 1, 224.0 5. 3 6. 73

30 7 291.42 + 4. 13 631.4 652.0 3.9 14.68
30 10 297.60 +10.31 367.4 2,184.3 7.0 8.54
30 15 295.20 + 7.91 123.8 1,571.2 6.0 2.87
30 20 304.80 +17.51 702.8 2,507.0 7.3 16.34
40 5 305.60 +18.31 1,022.5 1,196.8 5.1 23.79
40 7 284.57 - 2. 72 1,000.5 218.8 2. 3 23.33
40 10 296.00 + 8.71 562.8 2,536.0 7.6 13.09
40 15 300.27 +12.98 276.4 1, 772.8 6.3 6.40
40 20 312.80 +25.51 1,014.5 2,605.2 7.3 23.60
50 5 308.00 +20. 71 663.5 1,420.0 5.5 15.44
50 7 280.00 - 7.29 1,523.6 801.0 4.5 35.49
50 10 293.00 + 5.71 994. 3 2, 270.0 7. 3 23.14
50 iS 301.33 +14.04 320.7 2,647.8 7.6 7.43
50 20 317.50 +30.21 1,611.9 3,259.4 8.0, 37.50
60 5 333.60 +46.31 2,255.8 1,972.8 6.0 52.48
60 7 298.28 10.99 441.2 1,520.8 5.8 10.26

60 10 308.40 +21.11 1,862.2 4,330.8 9.5 43.33

60 15 295.20 + 7.91 228.6 2,211.2 7.1 5.30

60 20 318.60 +31.31 1,345.7 2,422.8 6.9 31.31

75 5 339.00 +51.71 3,372.1 1,755.0 5.5 7845

75 7 310.71 +23. 42 877.6 1,664.5 5.9 20.37
75 10 307.50 +20.21 2,991.6 4,387.5 9.6 53.51

75 15 305.00 +17.71 505.9 1,287.5 5.3 11.76

75 20 310.50 +23.21 1,033.0 3,279.4 8.2 24.06

110 5 325.60 38. 31 2, 182.4 2, 274.8 6.6 50.77

110 7 301.71 +14.42 861.2 3, 630.0 8.9 20.00
110 10 341.00 +53. 71 4,117.5 4,961.0 9.2 95.82

110 15 293.33 + 6.04 322.9 2,635.1 7.8 7.51

110 20 295.90 + 8.61 1,662.4 4,876.3 10.6 38.71

200 5 360.00 +102.71 7,191.1 5, 600.0 9.3 167.32

200 7 320.00 +32.71 7,551.0 16,489.7 17.9 175.80

200 10 380.00 +92.71 17,666.3 16,200.0 15.0 411.13

200 15 285.33 - 1.96 320.0 2,275.6 7.5 7.48

200 20 326.00 +38.71 4,968.7 8,130.0 19.3 115.66



Table IV. Estimates of basal area per acre from five medium density stem maps* (five sample
clusters/entry).

* Average stem map basal area per acre = 193. 16 sq. ft.
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Basal
Area
Factor

Cluster
attern

Estimated
Basal Area
Per Acre

5.0,1+

Deviation Mean Squares
Sampling
Error of
Estimated
Percent

Chi
S.uare

Estimated
from True

Deviation
from

Among Plots
Scaled

20 5 195.20 + 2.04 233.2 1,379.2 8.5 11.98
20 7 198.28 + 5.21 416.4 1,647.3 9.2 21.47
20 10 191.20 - 1.96 340.1 2,169.2 10.9 17.53
20 15 189.60 - 3.56 177.2 1,621.7 9.5 9.12
20 20 187.60 - 5.56 580.9 2,593.9 12.1 30.43
30 5 196.80 + 3.64 333.2 1,465.2 8.7 17.12
30 7 179.14 -14.02 371.9 582.2 6.0 19.16
30 10 202.80 + 9.64 833.4 2,702.7 11.5 42.93
30 15 196.80 + 3.64 275.8 1,593.2 9.1 14.23
30 20 188.40 - 4.76 793.6 3,088.8 13.2 40.88
40 5 206.40 13. 24 1,521.6 2,700.8 11.3 78.27
40 7 181.71 -11.45 428.9 1,084.1 8.1 22.11
40 10 199.20 + 6.04 1,035.8 3,147.2 12.6 53.35
40 15 195.73 2.75 424.5 1,723.0 9.5 21.84
40 20 18440 - 8.76 936.8 3,470.8 14.3 48.25
50 5 200.00 + 6.84 1,550.0 3,050.0 12.3 79.73
50 7 171.42 -21.74 932.3 1,989.8 11.6 47.91
50 10 196.00 + 2.84 675.6 2,117.5 10.5 34.79
50 15 194.67 + 1.51 62.3 1,014.4 7.3 3.25
50 20 186.00 - 7.16 1,219.1 4,033.1 15.3 62.79
60 5 208.80 +15.64 1,388.8 1,555.2 8.4 71.45
60 7 178.28 -14.88 705.0 1,961.6 11.1 36.13
60 10 190.80 - 2.36 574.2 1,069.2 7.7 29.57
60 15 193.60 + .44 77.7 1,460.8 8.8 4.01
60 20 184.20 - 8.96 1,678.8 5,177.7 17.5 86.45
75 5 204.00 +10.84 1,372.4 967.5 6.8 70.60
75 7 177.86 -15.30 921.0 2,043.4 11.4 47.46
75 10 181.50 -11.66 515.5 686.2 6.5 26.54
75 15 187.00 - 6.16 331.4 1,782.5 10.1 17.04
75 20 189.00 - 4. 16 1, 301.8 4, 694.1 16. 2 67.01

110 5 189.20 - 3.96 2,133.6 629.2 5.9 109.79
110 7 179.14 -14.02 1,967.0 2,173.0 11.6 101.35
110 10 156.20 -36.96 1,900.0 1,052.7 9.3 97.80
110 15 186.27 -6.89 573.3 2,086.6 11.0 29.54
110 20 187.00 - 6.16 2,101.3 5,732.4 18.1 108.23
200 5 216.00 +22.84 10,409.2 8,480.0 19.1 535.72
200 7 200.00 + 6.84 1,699.8 1,632.6 90 87.51
200 10 128.00 -65.16 6,463.6 3,520.0 20.7 332.72
200 15 176.00 -17.16 340.4 835.6 7.3 17.48
200 20 188.00 - 5.16 3,886.8 8,570.0 22.0 200.15



* Number of trees per acre.

Table V. Summary of frequency distribution* in the 10 cluster pattern samples.

Diameter
Class

: Basal Area Factor Stem
: Maps: 20 30 40 50 60 75 110 200

Full density
3. - 9. 9" 32.8 27, 8 43. 3 30, 2 53.4 60. 1 76. 0 65. 9 107. 0

10. 0" - 19. 9" 69. 1 62. 5 72. 7 74. 7 65. 5 62. 6 79. 6 82. 9 62. 1

20. 0" - 29. 9' 27. 1 30. 0 27. 5 27. 5 28. 0 31. 1 32.3 34. 5 28. 1

30. 0" - 39. 9" 7. 6 6. 6 6. 6 8. 8 8. 5 6. 9 8. 3 8. 4 6. 4

40. 0" - 49. 9" 2.4 2.6 3. 0 2. 1 2.6 2.4 2. 1 1.4 2. 0

50. 0" - 59. 9' 1.3 1. 1 . 9 1.6 1. 0 1.3 1. 1 1.2 1. 0

60.0"+ .3 .4 .3 .3 .5 .4 .5 .4 .2

Medium density

3.0" - 9.9" 1.18.7 127.3 132.0 109. 1 136. 1 118.3 142.2 158.4 105.8

10. 0" - 19. 9" 36. 8 39. 0 33.4 39. 5 30.8 24. 7 18, 8 17. 3 47. 1

20. 0" - 29. 9" 19. 1 18. 8 18.4 20.2 19.6 17.8 16.2 13, 9 20.9
30. 0" - 39. 9' 7. 0 7. 4 7. 2 7. 7 7. 1 7. 6 5. 1 2. 8 8. 7

40.0" -49.9" 1.8 1.8 2.0 1.9 1.4 1.5 1.7 1.8 1.7

50.0"-59.9" 0 0 0 0 0 0 0 0 .1

60.0"+ .1 .1 .2 .1 .2 .2 .2 .1 .1
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The reliability of the estimates was quite good in view of the

small number of plots used in each density class. This may be noted

in the summaries of sampling error of the estimate in Tables III and

IV. The sampling errors were very acceptable when sampling in the

full density class, being generally less than 10 percent. However,

the sampling errors in the medium density stands were higher and

more variable. This reflected the effect of stand heterogeneity upon

point sampling.

The chi-square analysis results are presented in Tables III and

IV. All values larger than 7.81 for the full density stands or 9.48

for medium density stands are significant. Chi-square was used to

determine the relative accuracy of the different designs. Significance

of a given design indicated that that design did not provide sufficiently

accurate estimates of the basal areas per acre that were present on

the 3. 5-acre plots. Of the designs tested, only the smaller basal

area factors (20 and 30) in the full density stands produced sufficient-

ly accurate measurements of stand basal areas. Only three designs

tested in the medium density stands produced satisfactory results,

according to the chi-square test.

The 15 point cluster pattern provided the best measure of basal

area over both densities of the stem maps tested. It is assumed that

the points in the 15 point cluster pattern were spaced at distances that

eliminated the effect of density heterogeneity and still provided an
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accurate measure of the entire 3. 5-acre plot.

Tables VI and VII summarize the numbers of trees sampled in

each sample design and the average number of trees sampled at each

of the points within each design with their respective coefficients of

variation. A. summary of the recounted trees (sampled at more than

one point in a given design) is also shown. This recount value, ex-

pressed as a percent, may be thought of as a Icoefficient of redund-

ancy, and is an important factor to consider in selecting a cluster

pattern to use in point sampling.

The coefficients of variation of the point counts shown in Tables

VI and VII are also the coefficients of variation for estimated basal

area per acre. The true coefficients of variation for the five full

density stem mapped plots and the five medium density stem mapped

plots are 14. 58 and Zi. 71 respectively. These coefficients are lower

than usually found in forest inventory sampling, primarily because of

the size of the basic study plot (3. 5 acres), but also because of the

stand density stratification which was used. Both of these factors

tended to reduce the between plot variance. The coefficient of vari-

ation for all 10 of the basic plots combined was Z5. 11. As expected,

the sample coefficients of variation generally clustered about these

true coefficients.



Table VI. Summary of tree counts from five full density stem maps.

Basal Tree Counts Recounts as Point Count
Area Cluster Per Design* a Percent of Coefficient
Factor Pattern (+3.0") Recounts Design Count Average of Variation

* Five sample cluster patterns per entry.
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20 5 365 24 6.58 14.6 10.1
20 7 502 95 18.92 14.3 17.6
20 10 717 226 31.52 14.3 15.6
20 15 1109 499 45.00 14.8 12.8
20 20 1493 980 65.64 14.9 12.7
30 5 245 9 3.67 9.8 11.9
30 7 340 45 13.24 9.7 8.8
30 10 496 101 20.36 9.9 15.7
30 15 738 258 34.96 9.8 13.4
30 20 1016 602 59.25 10.1 16.4
40 5 191 4 2.09 7.6 11.3
40 7 249 15 6.02 7.1 5.2
40 10 370 57 15.40 7.4 17.0
40 15 563 145 25.75 7.5 14.0
40 20 782 414 52.94 7.8 16.3
50 5 154 1 .65 6.2 12.2
50 7 196 9 4.59 5.6 10.1
50 10 293 32 10.92 5.9 16.3
50 15 452 110 24.34 6.0 17.1
50 20 635 307 48.35 6.4 18.0
60 5 139 0 0.00 5.6 13.3
60 7 174 8 4.60 5.0 13.1
60 10 257 25 9.73 5.1 21.3
60 15 369 72 19.51 4.9 15.9
60 20 531 226 42.56 5.3 15.4
75 5 113 0 0,00 4.5 12.4
75 7 145 3 2.07 4.1 13.1
75 10 205 15 7.32 4.1 21.5
75 15 305 50 16.39 4.1 11.8
75 20 414 158 38.16 4.1 18.4

110 5 74 0 0.00 3.0 14.6
110 7. 96 0 0.00 2.7 20.0
110 10 155 5 3.22 3.1 20.7
110 15 200 19 9.50 2.7 17.5
110 20 269 77 28.62 2.7 23.6
200 5 45 0 0.00 1.8 20.8
200 7 56 0 0.00 1 6 40. 1
200 10 95 0 0.00 1.9 33.5
200 15 107 1 .93 1.4 16.7
200 20 163 31 19.01 1.6 43.2



Table VII. Summary of tree counts from five medium density stem maps.

* Five sample cluster patterns per entry.
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Basal
Area
Factor

Cluster
Pattern

Tree Counts Recounts as
a Percent of
Design Count

Point Count
Per Design*

(+3. 0") Recounts
Coefficient

Average of Variation

20 5 244 9 3.87 9.8 19.0
20 7 347 56 16.14 9.9 20.5
20 10 478 132 27.62 9.6 24.4
20 15 711 291 40.93 9.5 21.2
20 20 938 567 60.45 9.4 27. 1
30 5 164 3 1.83 6.6 19.5
30 7 209 19 9.09 6.0 13.5
30 10 338 69 20.41 6. 8 25.6
30 15 492 166 33.74 6.6 20.3
30 20 628 343 54.62 6.3 25.9
40 5 129 3 2.32 5.2 25.2
40 7 159 11 6.92 4.5 18.1
40 10 249 32 12.85 5.0 28.2
40 15 367 96 26.16 4.9 21.2
40 20 461 238 51.63 4.6 31.9
50 5 100 2 2.00 4.0 27.6
50 7 120 .7 5.83 3.4 26.0
50 10 196 16 8.16 3.9 23.5
50 15 292 64 21.92 3.9 16.4
50 20 372 166 44.62 3.7 34.1
60 5 87 0 0.00 3.5 18.9
60 7 104 1 .96 3.0 24.8
60 10 159 12 7.55 3.2 17.1
60 15 242 44 18.18 3.2 19.7
60 20 307 127 41.37 3.1 39.1
75 5 68 0 0.00 2.7 15.2
75 7 83 1 1.20 2.4 25.4
75 10 121 5 4.13 2.4 14.4
75 15 187 29 15.51 2.5 22.6
75 20 252 101 40.08 2.5 36.3

110 5 43 0 0.00 1.7 13.3
110 7, 57 1 1.75 1.6 26.0
110 10 71 2 2.82 1.4 20.8
110 15 127 11 8.66 1.7 24.5
110 20 170 50 29.41 1.7 40.5
200 5 27 0 0.00 1.1 42.6
200 7 35 0 0.00 1.0 20.2
200 10 32 0 0.00 .6 46.2
200 15 66 0 0.00 .9 16.4
200 20 94 1 1.06 .9 49.2



CONCLUSIONS

From the results of the analyses of variance in this study, it is

concluded that there is no evidence to indicate that changes in forest

stand density will significantly affect the accuracy or precision of the

sample estimates obtained using the basal area factors and the clus-

ter patterns tested here. This assumes that the density stratification

made in this study was without error.

The average coefficient of variation was reduced by 15.6% for

the medium density stands (21.71 vs. 25.11) and by 72. 2% for the

full density stands (14.58 vs. 25. 11) because stratification was used.

From the standpoint of cost reduction, in that fewer plots need be

taken, stratification does have a place in point sampling. This is not

in itself a new concept. However, when considering the differences

in average tree count per point and the differences in chi-square

values for given designs between density classes, it seems advisable

from the standpoint of efficiency and accuracy to use a smaller basal

area factor (BAF) in medium density stands than in full density stands.

Stand density should not be an important factor in choosing cluster

pattern if due consideration is given to choosing the proper BAF.

The results of this study indicate that it is highly probable that

the choice of basal area factor has a significant effect on the accuracy

of sample mean estimates. The greatest area of concern centers
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about an apparent positive bias associated with the use of large BAF's

in full density stands with trees of large diameter. Ninety-three per-

cent of coastal Alaska's commercial forest stands are full density

stocking, and 89 percent of these stands are full density old-growth

stands with numerous large diameter trees, much like the stands in

which this apparent bias occurred. Therefore, the possibility of bias

occurring when sampling with large BAF's in these stands is of great

concern. Results of this study seem to indicate that when using basal

area factors larger than 30 or 40 in full density old-growth coastal

Alaska stands, consideration should be given to the possibility of a

positive bias occurring in the estimates. This conclusion, of course,

would apply to other forests of similar stand structure.

A.s mentioned in the literature review, this trend of increasing

mean basal area estimates associated with increasing basal area

factors is evident in other studies. These other studies are, for the

most part, field studies. It is often suggested that this trend is pre-

sent because there is an increasing probability of field crews missing

trees as smaller and smaller basal area factors are used, causing

estimates made with small BAF's to be lower than estimates made

with large BAF's. It is true that with the use of smaller basal area

factors (smaller angles), the tree tally expectancy will increase at a

given point and result in trees stocking the point from greater dis-

tances. There is also more danger of missing trees masked by other
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trees as the tree count at a given point increases. None of these

factors will account for the bias observed in this computer sampling

program.

Since this study was not originally planned to test for or isolate

possible bias in the point sampling procedure, conclusions made

from the evidence relative to the presence of this apparent bias are

not as well founded as if the study had been designed to test specifi-

cally for this bias. Further investigation is needed to verify or re-

fute this evidence. Until such study can be completed, it is recom-

mended that a BAF of no larger than 40 be used in sampling old-

growth full density stands of large diameter trees.

The choice of basal area factor also had a highly significant

effect on the variance observed. The use of larger basal area fac-

tors will increase variance and necessitate taking more plots.

No definite conclusions are possible relative to the effect of the

choice of cluster pattern upon the accuracy of the estimates, because

the analysis of variance indicated a significant interaction between

the cluster pattern variables and the BAF variables tested. Intui-

tively, it is unlikely that the choice of cluster pattern would affect

the accuracy of these estimates. However, when comparing mean

squares of the differences and the chi-square values of all 40 designs

tested in both density classes, the 15 cluster pattern generally pro-

videci the most accurate estimates.
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The evidence of the study indicates that the choice of cluster

pattern will significantly affect the variance associated with the es-

timate. A. comparison of the mean squares between plots averaged

over both density classes for the five cluster patterns showed that

the 15 cluster pattern provided the most precise estimates. The

evidence, therefore, is that of the patterns tested, the 15 cluster

pattern is the most accurate and most precise. The following are

two disadvantages in using this pattern:

The 15 cluster pattern has a high 'coefficient of redund-

ancy, " in that many trees will be counted at more than one

of the sample points within the cluster. Up to 26 percent

of the trees tallied would be recounts if a 40 BAF was used.

b. The 15 cluster pattern is very time consuming. For a

given BAF, it is three times as time consuming as the 5

point cluster, more than twice as time consuming as the 7

point cluster, and half again as time consuming as the 10

point cluster.

An average of 113 trees per plot would be counted with a

40 BAF sampling from a 15 point cluster in full density

stands.

If further study should refute the evidence of apparent accuracy

bias with use of larger BAF's, then, the logical approach would be to

use a larger BAF to assure a smaller tree count for a given pattern
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and take more plots (cluster patterns) to allow for increased variance.

But until evidence refutes the possibility of accuracy bias, and, as-

suming that it is possible to measure at least one plot per day, it is

recommended that a 15 point cluster be used and sampled with a BAF

of no larger than 30 for medium density stands and no larger than 40

for full density stands.

Applications of the results of this study should be adapted and

tempered to local conditions. Such factors as distance to largest

trees, presence of brush, and nature of the terrain and topography,

to name a few, must be considered in the practical application of

these resu1ts



SUMMARY

This study was a test of eight basal area factors and five point

sampling cluster patterns in a computer-oriented sampling study of

coastal Alaska old-growth spruce-hemlock stands. It was an attempt

to learn which basal area factor and which type of point sample clus-

ter pattern should be used in such stands. A test of the effect of

stand density on point sampling was also made.

All trees 3. 0 inches d. b. h. and larger on ten 3. 5-acre areas

were measured and mapped in the field. Five of the areas had crown

densities of from 40% to 69%, and the other five had crown densities

of 70% or more, as determined from aerial photographs.

The computer measured basal areas per acre for all forty of

the basal area factor/sample cluster combinations on each of the

stem mapped areas. These average basal areas were summarized

for the five sampled areas in each density and analyzed in two ways.

Analysis of variance was used to test for significant difference of

precision and accuracy among the eight basal area factors, ampng

the five sample cluster patterns, and between the two density classes.

A. chi-square analysis was used to determine the relative accuracy of

the designs under test.

Results of the analysis of variance indicated that there were

highly significant differences among the variances of the basal area
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factors tested and a significant difference among the variances of the

sample cluster patterns tested. There was no significant difference

between the variances of the two stand density classes tested. No

significant interaction was observed among the sample variances for

the sets of variables tested.

There were highly significant differences among the accuracies

obtained with each of the basal area factors and with each of the sam-

ple cluster patterns tested. There was no significant difference be-

tween accuracies of the density classes tested. A. significant inter-

action was observed between the accuracies of the basal area factors

tested and the accuracies of the cluster patterns tested.

The data of this study indicated that samples from full density

stands measured with large basal area factors tended to overestimate

the true basal area of the stand. This overestimate increased as

size of basal area factor increased. For that reason, and until fur-

ther study denies that this bias exists, maximum basal area factors

of 30 and 40 are recommended for sampling in medium and full den-

sity stands respectively. These data also indicate that, of the five

cluster patterns tested, a 15 point cluster pattern provided the most

accurate and most precise measure of basal area per acre.
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Figure 1. Tree frequency distribution. Medium density -
five 3.5 acre stem maps.
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Figure 5. 10 point sample cluster pattern.
Interpoint distance = 70.0 feet.
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Figure 6. 15 point sample cluster pattern.
Interpoint distance = 52. 8 feet. 1" 66'
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Figure 7. 20 point sample cluster pattern.

Interpoint distance = 33.0 feet.
1" = 66'
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Table 1. Summary of basal area per acre estimates by plot, density, basal area factor and cluster
pattern.

Basal
Area Cluster

Full Denity Plots Medium Density Plots

Factor Pattern t32 #76 #111 #143 #163 #104 #130 #132 #141 #220

(Estimated Basal Area per Acre of Design Tested)

20 5 284 272 276 284 344 208 188 252 156 172
7 251 240 291 282 369 171 223 257 160 180

10 252 246 290 288 358 162 196 268 148 184
15 282 264 288 284 361 164 189 256 152 187
20 268 272 292 299 362 146 200 267 141 184

30 5 300 240 288 306 336 216 162 252 162 192

7 266 270 287 309 326 159 184 219 163 171

10 264 258 291 300 375 162 207 291 174 180
15 296 248 286 294 358 160 204 258 162 200
20 264 268 298 304 388 144 207 273 135 183_

4Q 5 336 348 304 312 328 256 144 264 176 192

7 263 280 286 291 303 166 171 240 171 160
10 252 256 288 308 376 156 212 292 168 168
15 293 259 285 299 371 155 216 248 152 208
20 272 270 312 314 396 144 202 274 122 180

50 5 310 250 330 300 350 260 140 250 150 200
7 243 300 264 279 314 143 164 250 150 150

10 240 290 290 275 370 170 195 275 180 160
15 297 247 290 290 387 173 197 243 160 200
20 263 280 322 312 410 142 208 285 125 170

60 5 348 276 336 312 396 252 156 228 180 228

7 266 266 291 309 360 154 154 257 163 163
10 246 294 300 282 420 162 204 240 186 162
15 296 256 280 272 376 176 192 252 148 200
20 276 276 327 318 396 141 183 306 123 168

75 5 375 300 300 330 390 240 180 225 210 165
7 311 257 289 332 364 150 161 257 171 150

10 232 308 308 278 412 158 180 225 180 165
15 310 275 300 280 365 190 185 255 145 160
20 274 244 341 304 390 169 184 304 120 169

110 5 374 264 308 308 375 220 198 154 198 176
7 267 267 283 283 409 110 220 220 187 157

10 308 308 341 286 462 143 154 209 154 121
15 286 257 286 257 381 191 154 264 161 161

20 231 214 341 319 374 154 182 319 138 143
200 5 360 320 280 360 480 360 160 120 240 200

7 371 143 343 257 486 171 143 229 299 299
10 380 400 260 280 580 120 160 200 120 40

15 267 227 320 267 347 173 173 213 133 187

20 230 230 390 360 420 120 140 350 160 170
True Plot
Basal Area/ac. 282.8 236. 7 286.9 276.9 353. 1 186.6 186.8 239.8 157.0 195.6



"Each entry is the average of 57 systematically located sample points.
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Table 2. Summary of basal area per acre estimates averaged by basal area factor and plot;
compared to plot true mean (ii).

Plot True Basal
4umber Area/ac, (P 20 30

Basal Area Factor
40 50 60 75 110 200

(Units of Average Basal Area per Acre)
Full Density Plots

267 278 283 271 286 293 293 32232 283

Djf. from p -16 -5 0 -12 +3 +10 +10 +39

76 237 259 257 283 273 274 267 262 264
Diff. from p +22 +20 +46 +36 +37 +30 +25 +27

111 287 287 290 295 299 307 308 312 31.9

Diff. from p 0 +3 +8 +12 +20 +21. +25 +32

143 277 287 303 305 291 299 305 291 305
Diff. from p +10 +26 +28 +14 +22 +28 +14 +28

163 353 359 357 355 366 390 364 400 463
Diff. from p +6 +4 +2 13 +37 +11 +47 +110

Medium Density Plots

104 187 170 168 175 178 177 181 164 189

Diff. from p -17 -19 -12 -9 -10 -6 -23 +2

130 187 199 193 189 181 178 178 182 155

Diff. from p +12 +6 +2 -6 -9 -9 5 -32

132 239 260 259 264 261 257 253 233 222

Diff. from p +21 +20 +25 +22 +18 +14 -6 -17

141 157 151 159 158 153 160 165 168 190

Diff. from p -6 +2 +1 -4 +3 +8 +11 +33

220 196 181 185 182 176 184 162 152 179

Diff. from p -1.5 -11 -14 -20 -12 -34 44 -17
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Analysis of Variance Computations - Phase 1

Computation of Mean Squares Among Plots

- for sample estimates (y.. ) from the full density class (i=1)ijknm

using a basal area factor of 40 (j=3) and the 10-point cluster

pattern (k.=3).

Basic Data

PLOT NUMBER (n=5)Point
Number 32 76 111 143 161 Total
(m=j0) - Basal Area per Acre Estimates -

1

2
3

4
5

6

7
8

9
10

Totaly133

m1

Average

280
200
320
280
200
240
240
120
320
320

200
400
400
3Z0
160
200
240
160
280
200

240
240
320
320
160
160
120
320
560
440

360
320
240
400
360
280
440
200
280
200

480
400
320
400
520
320
240
240
440
400

14,800 =G2, 520

252. 0

2, 560

256. 0

2,880

288. 0

3, 080

308, 0

3,760

376. 0



Sum of Squares
Among Plots (SSAP) =

n=

/10

(
\m=i J G2- - where m = 10, nm = 50m nm

2, 5202 2, 5602 2,8802 3,
10

+
10

+
10

+

44,822,400 219,040,000
10 - 50

= 4,482, 240 - 4,380,800

(SSAP) = 101,440

SSAP 101,440Mean Squares Among Plots (MSAP) = - - 25, 360. 0n-1 5-1

Mean Squares Among Plots MSA.P 25, 360(Scaled for Plot by Plot Comparisons) = - - 2, 536.0m 10

Computation of Mean Squares of Differences

- for differences between true and estimated basal areas (D.. )ijkn

measured in the full density class (i=1) using a basal area factor

of 40 (j=3) and the 10-point cluster pattern (k=3).

Basic Data
PLOT NUMBER (n=5)

32 76 111 143 161 Average

Average Estimate - Units of Basal Area per Acre -
(10-point sample) 252.0 256.0 288.0 308.0 376.0 296.00

True Measure
(100% cruise) 282. 8 236. 7 286. 9 276. 9 353. 1 287. 29

Difference (D ) -30.8 +19.3 +1.1 +31.1 +22.9 +8.71l33n
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0802 3, 7602 14,8002
10

+ 10 - 50



5

\rn
Mean Square of the
Differences - _MS(djff) -

_30.82 + 19.32 + 1.12 +
3JJ2

+
92

5

2,831.96
5

= 562. 79

71

n= 1

n



Table 3. Mean Squares among plots. Summary Tables of Mean Squares

DENSITY CLUSTER PATTERN 20 30 40
BASAL AREA FACTORS

50 60 75 110 200 TOTAL

Full 5 872.0 1, 224.0 1, 196.8 1,420.0 1, 972.8 1, 755.0 2, 274.8 5,600.0 16, 315.4
7 2,541.2 652.0 218.8 801.0 1,520.8 1,664.5 3,630.0 16,489.7 27,518.0

10 1,989.2 2,184.3 2,536.0 2,270.0 4,330.8 4,387.5 4,961.0 16,200.0 38,858.8
15 1,428.8 1,571.2 1,772.8 2,647.8 2,211.2 1,287.5 2,635.1 2,275.6 15,830.0
20 1,426.8 2,507.0 2,605.2 3,259.4 2,422.8 3, 279.4 4,876.3 8, 130.0 28, 506.9

TOTAL 8,258.0 8, 138.5 8, 329.6 10, 398.2 12, 458.4 12, 373.9 18,377.2 48,695. 3 127, 029. 1
Medium 5 1, 379. 2 1, 465. 2 2, 700. 8 3, 050. 0 1,555. 2 967.5 629. 2 8, 480. 0 20, 227.. 1

7 1, 647. 3 582. 2 1, 084. 1 1, 989. 8 1, 961.6 2, 043. 4 2, 173.0 .1,632. 6 13, 114.0
10 2,169.2 2,702.7 3,147.2 a,117.5 1,069.2 686.2 1,052.7 .3,520.0 16,464.7
15 1,621.7 1,593.2 1,723.0 1,014.4 1,460.8 1,782.5 2,086.6 835.6 12,117.8
20 2,593.3 3, 088.8 3,470.8 4, 033. 1 5, 177.7 4.694. 1 5, 732.4 8 570. 0w,, 37. 360. 2

TOTAL 9 410.7 9 432.1 12 125.9 12 204.8 11 224.5 10 173.7 11 673.9 23 038 .99 283.8

BAF GRAND TOTAL 17 668.7 17.570,6 20,455.5 22,603.0 23,682.9 22,547.6 30.051.1 71,733.5 226,312.9

Table 4. Mean Squares of differences.

Full 5 299.9 289.4 1,022.5 663.5 2,255.8 3,372.1 2,182.4 7,191.1 17,276.7
7 258.7 631.4 1,000,5 1,523.6 441.2 877.6 861.2 .7,551.0 13,145.2

10 238.4 367.4 562.8 994.3 1,862.2 2,991.6 4,117.5 17,666.3 28,800.5
15 172.8 123.8 276.4 320.7 228.6 505.9 322.9 320.0 2,271.1
20 411.8 702.8 1,014.5 1,611.9 1,345.7 1,033.0 1,662.4 4,968.7 12,750.8

TOTAL 1. 381.6 2, 114. 8 3. 876. 7 5, 114.0 6, 133.5 8. 780. 2 9. 146. 4 37. 697. 1 74, 244. 3
Medium 5 233.2 333.2 1,521.6 1,550.0 1,388.8 1,372.4 2,133.6 10,409.2 18,942.0

7 416.4 371.9 428.9 932.3 705.0 921.0 1,967.0 1,699.8 7,442.3
10 340.1 833.4 1,035.8 675.6 574.2 515.5 1,900.0 6,463.6 12,338.2
15 177.2 275.8 424.5 62.3 77.7 331.4 573.3 340.4 2,262.6
20 580.9 793.6 936.8 1,219.1 1,678.8 1,301.8 2,101.3 3,886.8 12,499.1

TOTAL 1,747. 8 2, 607. 9 4, 347k 6 4, 439. 3 4. 424.5 4. 442. 1 8, 675. 2 22,799. 8 53, 484. 2

BAF GRAND TOTAL 3,129.4 4,722.7 8,224.3 9,553.3 10,558.0 13,222.3 17,821.6 60,496.9 127,728.5



Summary Tables of Mean Squares

Table 6. Mean Squares - combined basal area factors.

CLUSTER PATTERNS
DENSITY 5 7 10 15 20 TOTAL

M.S. Amon& Plots

Table 5. Mean Squares - combined cluster patterns.

BASAL AREA FACTORS
DENSITY 20 30 40 50 60 75 110 200 TOTAL

M. S. Among Plots
Full 8,258.0 8,138.5 8,329.6 10,398.2 12,458.4 12,373.9 18,377.2 48,695.3 127,029.1
Medium 9,410.7 9,432.1 12,125.9 12,204.8 11,224.5 10,173.7 11,673.9 23,038.2 99,283.8

TOTAL 17,668.7 17,570.6 20,455.5 22,603.0 23,682.9 22,547.6 30,051.1 71,733.5 226,312.9
M. S. of Differences

Full 1,381.6 2,114.8 3,876.7 5,1.14.0 6,133.5 8,780.2 9,146.4 37,697.1 74,244.3
Medium 1j47. 8 2,607.9 4, 347.6 4,439. 3 4,424.5 4,442.1 8,675.2 22. 799.8 53,748.2

TOTAL 3,129.4 4,722.7 8,224.3 9,553.3 10,558.0 13,222.3 17,821.6 60,496,9 127,728.5

Full 16,315.4 27,518.0 38,858.8 15,830.0 28,506.9 127,029.1
Medium 20,227.1 13,114.0 16,464.7 12,117.8 37,360.2 99,283.8

TOTAL 36,542.5 40,632.0 55,323.5 27,947.8 65,867.1 226,312.9

M. S. of Differences

Full 17,276.7 13,145.2 28,800.5 2,271.1 12,750.8 74,244.3
Medium 18.942,0 7,442.3 12,338.2 2,262.6 12,499.1 53,484.2

TOTAL 36,218.7 20,587.5 41,138.7 4,S33.7 25,249.9 127,728.5



Summary Tables of Mean Squares

Table 7. Mean Squares - combined densities.

BASAL AREA FACTORS
CLUSTER PATTERN 20 30 40 50 60 75 110 200 TOTAL

M. S. Among Plots

5 2, 251. 2 2, 689. 2 3, 897. 6 4, 470.0 3, 528.0 2, 722.5 2, 904. 0 14, 080.0 36,542.5
7 4,188.5 1,234.2 1,302.9 2,790.8 3,482.4 3,707.9 5,803.0 18,122.3 40,632.0

10 4,158.4 4,887.0 5,683.2 4,387.5 5,400.0 5,073.7 6,013.7 19,720.0 55,323.5
15 3,050.5 3,164.4 3,495.8 3,662.2 3,672.0 3,070.0 4,721.7 3,111.2 27,947.8
20 4,020.1 5,595.8 6,076.0 7,292.5 7,600.5 7,973.5 10,608.7 16,700.0 65,867.1

TOTAL 17,668.7 17,570.6 20,455.5 22,603.0 23682.9 22,547.6 30,051.1 71,733.5 226,312.9

M. S. of Differences

5 533.1 622.6 2,544.1 2,213.5 3,644.6 4,744.5 4,316,0 17,600.3 36,218.7
7 675. 1 1, 003. 3 1, 429. 4 2, 455. 9 1, 146. 2 1, 798. 6 2, 828. 2 9, 250.8 20,587.5

10 578.5 1, 200.8 1,598.6 1,669.9 2,436.4 3,507. 1 6,017.5 24, 129.9 41, 138. 7
15 350. 0 399. 6 700. 9 383.0 306. 3 837. 3 896. 2 660.4 4,533. 7
20 992.7 1,496.4 1,951.3 2,831.0 3.024,5 2,334.8 3,763.7 8,855.5 24,249,9

TOTAL 3,129.4 4,722.7 8,224.3 9,553.3 10,558.0 13,222.3 17,821.6 60,496.9 127,728.5



Analysis of Variance Computations - Phase 2.

Analysis of Mean Scuares Among Plots--(testinjfor differences in
precision).

Computing the Correction Term(C)

G2
p

DBC

where G2 = (the sum of all among plot mean squares)2

= (226,312.9)2= 51,221,602,419.61

D number of density classes = 2

B = number of basal area factors = 8

C = number of c]uster patterns 5

DBC = 2 x 8 x 5 = 80

51, 221, 602, 419. 61 - 640, 270, 030. 245125
80

Computing the Total Sumof Squares (SST)

SST = (872. o + 1, . . 8 570. 02) - 640, 270, 030. 245
p

= 1, 238, 562, 642. 39 - 640, 270, 030. 245

= 598, 292, 612. 145

75



Computing the Density Sum of Squares (SSD)

127,029.12 +99,283.82SSD- -C
p BC=8x5 p

25, 993, 665, 189. 25 -C40 p

= 649,841,629.7 - 640, 270, 030. 245

= 9,571,599.455

Computing the BAF Sum of Squares (SSB)

SSB
17,668.72+17, 570.62+...+30,051.12+71, 73352

- C
p DC=2x5 p

8, 668, 269, 684. 93 - 640, 270, 030. 245
10

= 226, 556, 938. 248

Computing the Cluster Sum of Squares (SSC)

sc 36,542.52 +40,632.02 +...+65,867.12
- C

p DB=2x8 p

11, 166, 557, 769.75
16

- 640, 270, 030. 245

= 57, 639, 830. 364

Computing the Sum of Squares for the BAF/Cluster Interaction

(SSB) (872.0+1,379.2) +(8,10.0+8,570.0)2
-C -SSB -SSC

p D=2 p p p

2,013,385,917.43 - 640, 270, 030. 245 - SSB - SSC
2 p p

= 1,006,69958.765 640,270,030.245 - 226,556,938.248

- 57,639,830.364

= 82, 226, 159. 908
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Computing the Sum of Squares for the Density/Cluster Interaction

(SSDxC)
16,315.42+27,518.02+.. .+37,360.22

c -SSD -SSC
p B=8 p p p

5,99 1,495,723.59 -640,270,030.245 - 9,57 1,599.455

- 57, 639, 830. 364
= 41, 455, 505. 385

Computing the Sum of Squares for Density/BAF Interaction

(SSDxB)
8,258.02+8,138.52+...+23,038.22

-C -SSD -SSB
p C=5 p p p

4,699,265,950.49 - 640,270,030.245 -9,571,599.455

-266,556, 938.248
= 63, 454, 622. 150

Analysis of Mean Squares of Differences- -(testing for differences
in accuracy).

Computing for Correction Term (Ca)
G2

a
DBC

2 2Where Ga = (the sum of all mean squares of differences)

= (127,728.5)2 = 16, 314, 569,712.25

D = the number of density classes 2

B = number of basal area factors = 8

C = number of cluster patterns 5

DBC 80

16, 314, 569,712.25 203,923, 121.4
80 -
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Computing the Total Sums of Squares (SSTa)

SSTa (299.92+289.42+...+2,101.32+3,886.82) - Ca

= 723,041,824.29- 203,923,121.4

= 519,118,702.89

Computing the Density Sum of Squares (SSDa)

SSD
74, 244.32 + 53,4842

-a BC=8x5 a

8,372, 775, 732.13 -C
40 a

= 209,319,393.3-203,923,121.4

= 5,396, 271.9

Computing the BA.F Sum of Squares (SSBa)

SSB , 129. 42, 722. 72+... +17, 821. 62+60,496. 72
-

a DC=2x5 a

4,454, 786, 608.49
10 - 203,923,121.4

= 241,555, 539,449

Computing the Cluster Sum of Squares (SSCa)

21 72 7fl 1 724-S 72
7

78

S SC
'''' ' ' ,. - , - - . ' - - - C

a DB=2x8 a

4, 085, 143, 909. 33
16 - 203,923,121.4

= 51,460,872.9



Computing the Sum of Squares for the BAF/Cluster Interaction

(SSBXC)a
(2999+233.z)2+...+(4,968.7+3,886.8)2

Ca - SSBaSSCa

1, 252, 901, 589. 49 -C -SSP -SSC
2 a a a

= 626,450,794.7- 203,923,121.4- 241,555,539.449

- 51,460,872.9

= 129,511,261.0

Computing the Sum of Squares for the Density/Cluster Interaction

217,276.72+13,145.22+... + 12,499.1 - C - SSD - SSC(SSDxC)a B=8 a a a

2,196,255,474.13 - 203, 923, 121.4 - 5,396,271.9
8

- 51,460,872.9

= 13,751,668.1

Computing the Sum of Squares for the Dens ity/BAF Interaction

(SSS x B)a
1,381.62+2,114,82+...+2z,799.82

- C - SSD - SSB
= C=5 a a a

2,349,866,097.39 - 203, 923, 121.4 - 5,396, 271.9- 5

- 241, 555, 539.449

= 19, 098, 286. 7
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Application of the Principles of Angle Cruising in This Study
(Use and Derivation of Basal Area Factors and Limiting Distances)

To see how this study utilized the principles of angle cruising,

we must think in terms of using a sampling tool or gauge which pro-

jects a fixed angle () from the sample observation point (F) to a

tree bordering on the edge of the ample plot.

Where:

P = Sample observation point

R = Radius of plot (in feet)

r = Radius of tree

D = Diameter of the tree (in inches)

= Critical angle projected by the angle gauge

a- = l/Z
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Determining the Basal Area Per Acre Factor

Basal area factor is a factor used to determine square feet of

area occupied by tree stems on a per-acre basis. By multiplying this

basal area factor times the number of trees sampled at a given point,

a measure of the square feet of tree stem area per acre is obtained.

The basal area factor is trigonometrically related to the critical

angle (0) of the angle gauge being used.The following are the criti-

cal angles of the gauged angles projected by the computer:

Using an angle gauge projecting a fixed angle (0), the ratio of

tree diameter (D) to radius of the plot in inches (1 ZR) becomes a

constant (k).

k = - 2 sin a

Since we are talking in terms of basal area per acre, the ratio

of the basal area of a given tree and the area of the plot must be ex-

tablished. This ratio is as follows:

Basal area of tree Basal area per acre
A.rea of the plot - Area of one acre

81

Gauge
Critical Angle

(Minutes) Gauge
Critical Angle

(Minutes) Gauge
Critical Angle

(Minutes)

1

2

3

147. 34

180.46

208.31

4

5

6

232. 98

255. 23

285.37

7

8

345. 65

466. 24



Formulated, this appears as follows:

a
TrD

(4)(144) Basal area per acre
2 - 43,560

irR

(4)144Basal area per acre = (43, 560)
irR2

The basal area per acre factor (BAF) represented by each tally

tree is determined as folows:

BAF (D 43, 560 43, 560
890)( a

R R
(4)(144)

.BAF = 10,890k2 = 10,890(2 sinct )2

Example:

Given:

Gauge 1, with a critical angle (0) of 147. 34 minutes

BAF = 10,890 x(Zxsin 147.34 minutes)2

10, 890 x 4 x (sin 1. 22780)2

= 43, 560 x (sin 10 13. 7r)2

= 43, 560 x (.02143)2

BAF = 20 (Thus, each tree tallied = 20 sq. ft. of basal

area)

Gauge 6, with a critical angle (0) of 285. 37 minutes
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285. 37 2
BAF 10, 890 x (2 x sin

2

10, 890 x 4 x (sin 2. 3780)2

= 43, 560 x (.14147)2 75

BAF = 75 (Thus, each tree tallied = 75 sq. ft. of basal

area)

Determination of Limiting Distances (Radius of Plot)

The radius of a plot sampled using the angle gauge procedures

is a function of tree stern diameter and a constant called the plot rad-.

ius factor (PRF).

/10, 890
PRF-J BAF

This formula is directly derivable from the BAF formula given

above. The derivation is as follows:

D
2

BAF = l0,890(l2)

JBAF =il0,890()

/10, 890
R=J BAF D
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PRF is basically the relationship of

plot radius in feet to tree diameter

in inches, thinking in terms of

borderline trees.

Limiting distance = (PRF) (D)

For a 40. 0-inch tree sampling with a 20 BAF,

= (1. 9445 x 40. 0) = 77. 78 feet

Thus, in this study, when sampling with angle gauge 1

(BAF = 20), the computer would sample all 40. 0-inch trees that fell

no farther than 77. 78 feet from the sample observation point (P).

Likewise, the computer would sample all trees 15. 5 inches in diam-

eter that fell no farther than 30. 1 feet away from P

(15.5 x 1.9445 = 30. 14 feet).

/ 10, 890

Limiting distance = (PRF) (40.0) =J (40. 0)


