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YIELDS OF REPEATED HIGH AND LOW COMMERCIAL
THNINGS OF IMMATURE COASTAL

WESTERN HEMLOCK

I. INTRODUCTION

The Hemlock Experimental Forest was established in 1949 as a

cooperative research effort by the St. Regis Paper Company and the

U.S.D.A. Forest Service, Pacific Northwest Forest andRange

Experiment Station. It is located in Grays Harbor County, Washington,

10 miles north of Hoquiam, Washington (Figure 1). One of the major

projects undertaken on the Experimental Forest was a series of high

and low commercial thinnings in a 50-year-old stand of nearly pure,

well stocked, even-aged western hemlock (Tsuga heterophylta). The

responsibility of analyzing the data for this project was retained by

the Forest Service at the termination of the cooperative agreement in

1968. The research project was completed through a coordinated

effort by the Forest Service and the Oregon State University (0. S. U.)

School of Forestry.

The primary objective of this studywas to investigate the growth

and yield of the various thinning treatments implemented on the

Hemlock Experimental Forest. Treatments were evaluatedonly on the

basis of growth and yield to determine their effectiveness. A cost

analysis, which is essential for final evaluation of different thinning

regimes, was not considered in this study.
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A secondary objective of this study was to document what happened

on the Hemlock Experimental Forest. The large number of personnel

associated with the Experimental Forest during its long history re-

sulted in some confusion when determining the events and procedures

that transpired. Considerable time and research was necessary to

determine what happened. Should any further analyses bemade on

the thinning data from the Experimental Forest, this paper could be

used as a thorough and accurate documentation of the procedures used

on the Hemlock Experimental Forest.



II. LITERATURE REVIEW

Thinning Objectives

Smith (1962) states that "the fundamental objectives of thinning

are, (1) to redistribute the growth potential of the stand to optimum

advantage and (2) to utilize all the merchantable material produced by

the stand during the rotation. U In other words, surplus trees are

removed in order to transfer the growth potential of the stand to the

residual trees. Total yield is increased primarily by reducing mortal-

ity due to suppression and harvesting mortality that has occurred.

Smith also points out that total value and utility could be increased

if the residual trees grow more rapidly than they would have without

thinning. These objectives of thinning should be kept in mind when

reviewing the remainder of this paper.

Thinning Western Hemlock

A complete literature review pertaining to the thinning of

western hemlock (Tsuga heterophylla) was compiled by Wiley (1968).

Wiley found that published results were available from only five

hemlock thinning studies. Research revealed that only one additional

report has been published since then.

Separate studies made by Malmberg (1965) and Griffith (1959)

in hemlock stands less than 30 years old revealed favorable responses
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to thinning. Growth was effectively redistributed to the well-formed

trees that remained after thinning. Thinning also increased diameter

growth on the residual trees, reduced mortality, and yielded large

volumes of logs suitable for pulp.

Only four published reports concerning commercial thinnings in

older stands are available. A five-year growth study by Warrack(l 960)

in a 60-year-old stand in British Columbia revealed that growth was

nearly the same for thinned stands as it was for unthinned stands. He

concluded that the critical level of growing stock (level at which there

is a reduction in gross cubic volume growth) was below 150 sq. ft.

per acre.

A publication prepared by Staebler (1957a) investigated initial re-

sponses to thinning on the Hemlock Experimental Forest. This interim

report compared high and low thinnings at three year intervals, after

two repeated thinnings, with an unthinned area. The ratio of gross

growth to growing stock (growth percent) was larger in the thinned

areas, high thinning having the largest growth percent. Realized in-

crement, which is the volume harvested in thinning plus the volume

added to growing stock, showed a pronounced advantage for thinning.

This was due primarily to mortality being salvaged in the thinned areas.

Williamson (1966) recorded the diameter growth of 60-year-old

trees in a nearby shelterwood study on the Hemlock Experimental

Forest. He found that the diameter increment of trees in areas with
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less than approximately 80 trees per acre was almost twice that of

comparable trees in lightly cut stands.

A 17-year thinning study in southeast Alaska revealed that a

96-year-old stand of western hemlock and Sitka spruce responded

well to thinning (Farr and Harris, 1971). Thinning increased dia-

meter increment on the residual trees, and also removed many trees

that would have died during the 17-year period.



III. THE EXPERIMENT

Study Area

The Hemlock Experimental Forest lies on gentle to medium

slopes at elevations of 225 to 410 feet. Both climate and soil are

favorable for rapid tree growth. Average annual rainfall is 100 inches,

with 20 to 25 inches falling during the growing season (Dimock and

Herman, 1963). Snow accounts for only a small percentage of the

total precipitation. Long term average annual temperature is 500

and about 560 F during the growing season. There are very few

freezing temperatures during the winter months. Hoquiam clay loam,

a moderately deep, well-drained forest soil, covers almost the entire

experimental area. Site index is 157, a low site class II, based on

BarnesT (1962) revised site index curves for western hemlock.

Treatments

The first commercial thinnings were made in 1952, and the final

measurements were recorded in 1968; therefore, the overall experi-

ment spanned 17 years. However, the length of the treatment period

was different for the various treatments, as will be seen later. The

original proposal called for the investigation of the following com-

mercial thinning treatments:



Low thinning at three yearintervals.

Low thinning at six year intervals.

High thinning at three year intervals.

High thinning at six year intervals.

No thinning, control area.

The objective was to remove 85 percent of the gross cbic foot' in-

crement forthe three or six year period at each thinning. The goal

was to thin trees that averaged three inches below mean stand d. b. h. 2

for low thinnings, and trees that averaged three inches above mean

stand d. b. h. for high thinnings.

Eleven thinning treatments were laid out in compartments3

A, B, and C. Since the actual thinnings were not made precisely at

the intended three or six year intervals, t is more appropriate to

designate the three-year intervals as light frequent cuts, and the six-

year interv3ls as heavy infrequent cuts. Treatments are then desig-

nated as follows:

Compartment A

A-i. Low thinning, light frequent cuts.

Trees, larger than 5. 5 inches d. b. h. from stump to four-inch
top.

2Quadratic mean d. b. h. is the diameter brest height of a tree
of mean basal area. Hereafter, mean d. b. h. refers to this quadratic
mean.

ompartment is simply a convenient term for referring to
these larger units, and will be used hereafter.



No thinning, control area.

Low thinning, heavy infrequent cuts.

Compartment B

B-i. High thinning, light frequent cuts.

B-2. No thinning, control area.

B-3 High thinning, heavy infrequent cuts

Compartment C

C-i. High thinning, light frequent cuts.

No thinning, control area.

Low thinning, heavy infrequent cuts.

High thinning, heavy infrequent cuts.

Low thinning, light frequent cuts.

The field layout of the treatments is illustrated in Figure 2. Treat-

ments in compartments A and B were 15 to 25 acres in size, and

treatments in compartment C were five to six acres. Thinnings began

in i952 for compartments A and B, and compartment C was first

thinned in 1957.

Originally, a randomized block design was planned, hopefully

with three or four replications (Staebler, i957b). However, the large

size (15-25 acres) of the treatments, which was necessary for reliable

cost and return information for the various thinning treatments, per-

mitted only one additional replication (block) to be laid out. One can

readily see that compartment C is a replication of compartments A
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and B. However, since the thinnings were started five years later

in compartment C, and lasted only 11 years, the two replications are

not on a comparable basis. This situation is unfortunate, but not

completely damaging. Staebler (195 7b) made the following comment

when discussing the experimental design:

At the same time it is evident that many more replications
than are possible on the Hemlock Experimental Forest
would be needed to make the experiment highly sensitive.
In one sense, we are looking only for gross differences.
If two kinds of thinning for example, differ by only 10
percent in one measure or another, the difference is
unimportant, and both kinds may be said to be successful.
If one kind fails by a large margin to equal the other, it
should be evident in the experiment as designed (Staebler,
1957b, p. 813).

Also, as will be seen later, the length of the treatment period was

different for compartments A and B, hence they are not on a completely

comparable basis either. Therefore, the effectiveness of the various

thinning treatments in compartments A, B, and C will be determined

by comparison with their respective control areas. Essentially, there

are three distinct experiments for research writing.

Measurements

Measurements were recorded on ten permanent sample plots in

each treatment. Concentric 1/40-acre and 1/10-acre circular plots

were mechanically located. All trees larger than 5.5 inches d. b. h.

were tallied on the 1/10-acre plot, and trees larger than 1.5 inches

d. b. h. were tallied on the 1/40-acre plot. Measured trees were
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tagged and their diameters were recorded to the nearest 1/10 inch at

each measurement. Heights were measured on selected trees in

1952, 1959, and 1968. Additional silvicultural data such as crown

class and tree damage were also recorded for each tree.

The years in which the various treatments were measured for

diameters are presented in Table 1. Table 1 indicates that the total

time interval of observation was different for compartments A, B,

and C, hence they are not on a comparable basis. Also, treatments in

compartments A and B were not measured at the same time. This

fact greatly reduces the ability to follow trends in periodic growth for

these treatments.

Data

The long length of the experiment and the large number of treat-

ments resulted in approximately 10,000 individual tree measurements.

In 1971 this considerable amount of data was placed on 80-column

Automatic Data Processing (ADP) cards for computing purposes by

the Pacific Northwest (PNW) Forest and Range Experiment Station

(Herman, 1971). Each ADP card includes all measurements re-

corded on a single tree during the entire experiment. Coding in-

structions for the ADP cards and a computer printout listing of the

data are on file at the PNW Experiment Station, Olympia, Washington,

and at the 0. S. U. School of Forestry.



Table 1. Years in which diameters were measured.

Treatment 1952 1955 1960 1965 1968
53 54 56 57 58 59 61 62 63 64 66 67

Al x x x x x x

A2 x x x x x x

A3 x x x

x
B2 x

B3

Cl x x x x x

C2 x x x x x

C3 x x x x

C4 x x x x

C5 x x x x x



IV. CALCULATIONS

Scope

All yields and growth rates in this study are expressed ona

per acre basis in the following terms:

Basal area (BA) - trees over 1.5 inches d.b.h.

Cubic volume (CV4) - trees over 5.5 inches d. b. h., from

stump to four-inch top.

Board foot volume, International 1/4 inch (1V6) - trees

over 7. 5 inches d. b. h., from stump to six inch top.

There is no breakdown of the data by species since less than

ten percent of the original CV4 was not hemlock. Such a breakdown

by species would cause difficulty in handling the data due to the long

length of the experiment.

There is no deduction for defect for individual tree volumes,

hence total tree volumes are used, as opposed to sound tree volumes.

Employing this term&nology, we have gross and net growth per acre

in terms of total volumes per acre (Husch, etal., 1972).

Estimation of Volumes

Volumes were assigned to individual trees according to the

Comprehensive Tree-Volume Tarif Tables (Turnbull, et al. , 1972).

Actual calculations were performed with the computerized tarif

14
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equations (Brackett, 1973). Tarif tables provide a series of har-

monized volume /d. b. h. curves, each indexed by a tarif number.

The tarif number is the CV4 for a tree of one square foot of basal

area. Tarif tables are essentially a series of local volume tables.

And, just as diameter and height measurements are needed on several

trees to construct a local volume table, they are also required when

determining the proper tarif number.

Tree heights were measured on selected trees in 1952, 1959,

and 1968. The measured trees represented the d. b. h. range of the

compartments quite well, but were very limited for the individual

treatments. Since tarif numbers should be assigned to the smallest

experimental unit as is possible, compartments A, B, and C were

considered the baseunits when assigning tarif numbers.

A complication in the data became apparent when determining

tarif numbers for the individual trees. In 1959 and 1968 tree heights

were measured, but diameters were not. This oversight resulted in

some of the nearest diameter measurements being two years away

from the height measurements. Relatively elementary techniques

were used to coordinate the diameter and height measurements.

For 1959, successive diameter measurements bracketing the

height measurement were interpolated to correspond with the height

measurement. This procedure was used in all three compartments.
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Since the timedifference between the successive measurements was

usually three to four years, the assumption of linear change in dia-

meter growth, necessary for interpolation, was not considered

unrealistic.

For 1968, compartment C diameters were interpolated in the

same manner. However, for compartments A and B, the height

measurements were the final measurements of the entire experiment.

Therefore, d. b. h. was plotted over time for each individual tree,

and a free-hand curve (usually linear) was extrapolated to the 1968

date. Again, since the projected time period was at most four years,

this method was the most realistic approach to the problem.

Once the diameter and height measurements had been coordin-

ated, tarif numbers were assigned to the individual trees, from

which an average tarif number was computed for each compartment

at each base period: 1952, 1959, and 1968. Tarif numbers for each

time of measurement were then determined by interpolation between

these base periods, i. e., a linear change in tarif number between

base periods was assumed. Heights were not measured in 1952 in

compartment B, hence there was only one linear rate of change in

tarif for this compartment for the entire experiment.

There are several advantages in using the tarif system. It

eliminates the need for regression analysis to construct local volume
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tables. The tari tables are themselves conditioned, weighted re-

gressions of CV4 on , A (Turnbull and Hoyer, 1965) There is a

logical relationship between the 11 different cubic and board-foot

volumes listed in the tables. And, since the CV4/B. A.. curves are

harmonized, there is a logical progression in volumes over the

years. This aspect eliminates apparent differences due to curve

fitting when estimating growth.

Expansion of Plot Volumes

Once the individual treevolumes were assigned, the volumes

of the trees on the 1/40-acre plots were expanded by a factor of four

in order to put them on a 1/10-acre basis. These 1/10-acre plots

were then expanded to a per acre basis for each of the thinning treat-

ments at each measurement as follows:

n 10

y. Ey.
j=l i=1

(1) = n - 10

where, y mean volume/(l/l0-acre plot)

yi = plot volumes

n = number of plots 10

10
E y (10) 10

I- i=1 y.(2) Volume/acre = y (10) - 10 = =1



(3) Standard error of volume/acre
10

2
10 (-V)

10(9)

10 2 10 210y.1' 1

i= 1

I 10 10
= 1/3 Iio y2 - (

\I ii 1

This expansion was executed separately for each of the subpopulatioas

that are components of yield: live uncut volume, live cut volume,

mortality uncut, mortality cut, and ingrowth.

Theoretically, it may have been more correct to have treated

the trees less than 5.6 inches d.b.h., measured onthe 1/40-acre

plots, as a separate population. Volume per acre would then have

beendetermined by expanding the 1/40 and 1/10-acre plots separ-

ately and summing the two values. The standard error of this

estimate would have been a combined standard error. However,

this approach is much more complicated, and was not recommended

upon consultation with several qualified statisticians.

Growth

Growth Equations

The primary intention of this section is to define the terms

used in this study to analyze the growth and yield of the treatments.

18
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Often times the terms used in growth studies are defined differently

in various textbooks. This section should clarify any ambiguity of

the terms used in this study.

The growth terms used in this paper are defined by the following

equations (Husch, etal. , 1972):

(1) G = V +M+C-Vg+i 2 1

(2)G .=V+C+M -vr+i 2 c

gross growth including ingrowth

realized growth including ingrowth

stand (live uncut) volume at beginning of growth
period

= stand (live uncut) volume at end of growth period

= mortality volume

mortality cut volume4

C = live cut volume

The M, M, and C trees represent the volume of the M, M, and C

trees at the beginning of the growth period - - that is, the initial

volume of the M, M, and C trees. Growthterms do not include

growth on trees that later died or were cut.

4The Mc term is required for this study because all mortality
cut trees were recorded as mortality trees at the previous measure-
me nt.

where:

Gg+i =

G+. =

V1 =
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The above terms are appropriate when examining growth be-

tween measurements. However, when analyzing growth over the

entire experiment, the M, M, and C trees were measured relatively

close to the time they died or were cut. Therefore, the growth

terms include growth on trees that later died or were cut. This fact

should be recognized when reviewing the results of the experiment.

Realized growth is the volume harvested in thinning plus the

volume added to the growing stock. It measures the contribution to

total yield during the growth period.

Volume vs. Basal Area

As stated previously, all growth rates in this study are ex-

pressed in basal area, cubic volume (CV4), and board foot volume

(1V6). Assman (1970) points out that even though basal area can be

determined with considerably greater accuracy, its use as a measure

of comparison in thinning experiments has led to "seriously faulty

conclusions." This is due to the following reasons: (1) changes in

form class due to different thinning levels result in the volume in-

crement no longer being proportional to the basal area increment,

and (2) "the total volume of the extracted material from heavy

thinnings becomes considerably less per square foot of felled basal
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area thanwith light thinnings, owing to the treduced length of har-

vested stems. 1 The tarif volumes do not account for any change in

form class, but they do allow for changes in tree heights over time.

Hence, the use of volume instead of basal area will eliminate the

second source of error stated above. However, since there was only

a three year time difference between light and heavy thinriings for

this experiment, this error is minimal, and basal area is probably

more accurate when used as a measure of comparison.

Quadratic Mean D. B. H.

As stated previously (p. 8 ), the quadratic mean d. b. h. is the

diameter breast height of a tree of mean basal area A simple

calculating formula to determine the quadratic mean d. b. h., Q, is

as foL].ows (Husch, et al , 1972)

dbh

It is obvious from this formula that the larger trees are weighted

more than the smaller trees when determining the quadraticmean.

Growth Percentage

There are numerous formulas available to calculate growth per-

cent. One of themore familiar ones is Pressler's growth percent

formula, in which growth percent is expressed asa ratio of periodic



annual increment to the average volume present for the period

(Husch, etal., 1972). When determining growth percent over a long

thinning experiment, it is more realistic to use such an average or

mean volume present for the period, rather than using initial volume.

Inorder to obtain the correct mean volume for a long observation

period, it is necessary to weight the mean volumes present between

measurements by the length of the interval. Assman (1970) de-

veloped the following formula for determining the mean volume over

a period, i. e.., the periodic mean volume (p. m. v.):

n. /Iv. + V.21L im.
2

w he re:

p. m. v. = periodic mean volume

= volume of growing stock at the beginning of an
increment period

= volume of growing stock at the end of an
increment period

m = number of years in an increment period

n = number of increment periods

Once the p. m. v. has been determined, growth percent over the en-

tire experiment is defined as follows:

V.
I

p. m. v
n

m.
i= 1

22



Growth percent p.a.i 100p.m. v.

G g+i 100n (p.m.v.)

where:

p. a. i = periodic annual increment

p. m. v. = periodic mean volume

Gg+j = gross growth including ingrowth for experiment

n number of years of experiment

This method of calculating growth percent is much more real-

istic than using initial volume, particularly when thinning is severe,

and the stand never regains its initial volume during the entire

experiment.

Program GROWTH

Primary analysis of the data was accomplished by using a

computer program. A Fortran program entitled GROWTH was

written exclusively for this project by David G. Niess, a professional

programmer at the OSU Computer Center. Program GROWTH

calculates tree volumes, plot totals, stand and stock tables, and

treatment summaries for each time a treatment was measured.

Considerably more information was generated by the program than was

used in this paper. Program GROWTH, generated output, and a

23
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supplement explaining all terms used, are available at the Pacific

Northwest Forest and Range Experiment Station, Olympia, Washington,

and at the Oregon State University School of Forestry.



V. ORIGINAL STAND

The original stand was nearly pure western hemlock (Tsuga

heterophylla) with small amounts (less than ten percent by cubic

volume) of Sitka spruce and Douglas-fir. The stand developed after

logging in 1903 and was 46 years old in 1949 Though predominantly

even-aged, scattered trees remained from the original stand that was

logged in 1903. Many of these older trees were of poor quality and

infected with mistletoe (Staebler, l957a)

Initial stand characteristics varied considerably for the various

treatments (Table 2). Treatment Al contained much smaller trees

and less cubic volume (57 percent) than its control, A2 Treatment

C3 had many more smaller trees than its control, C2, which resulted

in an average d.b.h. of 9.07 inches, compared to 13.04 inches for the

control. Treatment characteristics for compartment B were rela-

tively similar. However, there was a slight difference in age for the

initial measurements.

Normal stocking figures are also included in Table 2 for site

index 157 at age 50 for comparison (Barnes, 1962). All treatments in

compartments A, B, and C were relatively close to normal volumes,

except for Al, which was understocked. Also all treatments except

C3 had fewer than normal trees per acre.

25



'Normal stocking for site index 157 at age 50 (Barnes, 1962).
244 years in 1952

Table 2. Descriptive characteristics of treatments before thinning.

Treatment Age Trees
per acre

Average
d. b. h.

BA
per acre

CV4
per acre

1V6
per acre

Al Low, light 492 275 10.35 160.73 6182. 1 35082

A2 Control 49 287 13. 01 264. 77 10760. 5 63830

A3 Low, heavy 49 284 13 04 263 57 10670 4 64193

Bi High, light 50 323 11.41 229.50 8155.1 46252

B2 Control 51 233 12 81 208 49 7691 9 45954

B3 High, heavy 51 296 12. 45 250. 25 9224. 1 53447

Cl High, light 55 350 11.54 254.06 9837.7 56704

C2 Control 55 310 13.04 287.37 11540.9 69793

C3 Low, heavy 55 538 9.07 241.63 8697.9 46905

C4 High, heavy 55 325 12.64 283.01 11331.4 67991

CS Low, light 55 309 12 00 242 64 9611 4 56947

Normal1 50 386 11.60 287.00 11930.0 59500
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The fact that only one site index (157) was determined for all

treatments is misleading, as it probably was different in the various

compartments. Differences in site index between treatments would

most likely have accounted for some of, the variation between initial

stand characteristics.



VI. CLIMATIC HISTORY

Weather conditions during the experiment accounted for some of

the variation in growth and yield for the various treatments. The most

important climatic influences were those caused by natural disturbances

and unusual precipitation during the growing season.

The most destructive climatic disturbance that occurred during

the experiment was the 1962 Columbus Day windstorm. It resulted in

considerable blowdown of larger trees in soriie of the treatments. All

treatments were not affected the same, as damage wa$ greater in

treatments Al, B2, and B3. Compartment C was not severely affected

by the storm. The fact that the damage inflicted by the storm was

sporadic makes it more difficult to determine the effect of the different

thinning treatments on reducing mortality.

A heavy, wet snow that fell during the latter half of January,

1954, caused some breakage of tall, slender trees (Staebler, 1957a).

The damage incurred from this storm was in smaller trees than the

Columbus Day storm, and also much less severe.

The nearest official weather station is located at the Hoquiam

airport, 12 miles south of the Experimental Forest (Figure 1).

Rainfall was above normal during the growing seasons in 1955, 1956,

1963, arid 1964. Most treatments showed a definite growth response

in 1963, possibly due to that year's exceptional rainfall The fact that

28
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compartments A and B had the advantage of two additional wet growing

seasons than compartment C is another reason not to compare the two

replications, even if growth percentage is used.



VII. RESULTS AND CONCLUSIONS

Severity of Thinnings

Standing cubic volumes (CV4) at the end of the experiment were

larger than initial volumes for all treatments, except for Cl (Figure 3

and 4). An average of 79 percent of the gross cubic foot increment was

thinned in compartment C, while averages of 45 and 54 percent were

removed in compartments A and B, respectively. Thinnings removed

107 percent of the gross increment in treatment Cl. These figures

indicate that thinnings in compartments A and B were much lighter

than the original proposal to remove 85 percent of the gross cubic

foot increment.

Residual growing stock was increased by averages of 21, 11, and

5 percent for thinned treatments in compartments A, B, and C, re-

spectively, compared to 39, 30, and 27 percent for their controls.

Mortality contributed more towards the reduction of growing stock in

compartments A and B than it did in compartment C, due to the 1962

Columbus Day windstorm.

Stand Development

Number of Trees

The number of live trees thinned was consistent with the initial

stocking levels and types of thinning applied, particularly in com-

partment C (Table 3). Fewer trees were removed in high thinnings
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Table 3. Number of trees per acre before and after thinnings, removed in thinnings, and mortality.

T reatment

All Trees > 1.5" d. b. h. Trees>9. 5"d.b.h. Stand Age

Before Live Cut Mortality After Before After Before After

Al Low, light 275 81 82 112 107 78 49 64

AZ Control 287 -- 53 234 185 187 49 64

A3 Low, heavy 284 77 50 157 179 143 49 61

Bl High, light 323 49 79 195 153 137 50 62

B2 Control 233 61 172 118 116 51 62

B3 High, heavy 296 39 63 194 170 138 51 62

Cl High, light 350 56 78 220 152 137 55 66

C2 Control 310 -- 71 239 166 168 55 66

C3 Low, heavy 538 95 129 314 160 155 55 66

C4 High, heavy 325 44 67 214 178 147 55 66

CS Low, light 309 78 63 168 146 116 55 66
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than in low thinnings. The large number of trees lost to mortality in

treatment Al was primarily a result of natural disasters, whereas

treatment C3 lost many trees to mortality due to initial over-stocking.

Since cubic volume was used to control thinnings, treatment Al was

reduced to 112 trees and 147 sq. ft. of basal area per acre, con-

siderably below the normal stocking level of 269 trees and 311 sq. ft.

of basal area for a stand age of 64 years (Barnes, 1962).

The number of trees greater than 9. 5 inches d. b. h. per acre

before and after thinning are also shown in Table 3. In all cases

thinning reduced the number of trees greater than 9. 5 inches d. b. h.

per acre, due primarily to the fact that the average live stand diameter

was always greater than 9 5 inches in all treatments (Table 4), whereas

the unthinried treatments all remained about the same. However,

thinning did increase the relative tree size distribution (ratio of trees

greater than 9. 5 inches d. b. h. to all trees) more than the unthinned

treatments did.

Average Diameter

Low thinnings rehioved trees that were less than the average

stand d. b. h. on all compartments, and high thinnings removed trees

largei than the average stand d. b. h. (Table 4). However, control of

thinnings with respect to average diameter was loose, and the original



Table 4. Average diameters of all trees and 40 largest trees per acre, before arid after thinning,
removed in thinning, and mortality.

40 largest 1 Stand Agetrees acre

1D. b. h. of fourlargest surviving trees per plot (40 per acre).
Periodic annual increment.

Treatment Trees > 1.5 incbes d.b.h.
Before Cut Mortality After Before After p. a. 2 Before After

Al Low, light 10.35 10. 19 7.53 15.53 17. 16 21. 11 0.26 49 64

A2 Control 13 01 -- 8 84 15 54 20 09 22 78 0 18 49 64

A3 Low, heavy 13 04 11 07 6 76 17 33 20 82 23 22 0 20 49 61

Bi High, light 11.41 14.74 6.25 14.16 17.95 20.81 0.24 50 62

B2 Control 12 81 9 69 15 11 21 46 23 20 0 16 51 62

B3 High, heavy 12.45 15.42 9.95 14.13 19.03 21.36 0.21 51 62

Cl High, light 11.54 16.60 5.82 13.26 18.22 20.70 0.23 55 66

C2 Control 13.04 6.06 15.70 22.46 24.44 0.18 55 66

C3 Low, heavy 9.07 11.22 4.68 11.46 17.09 19.26 0.20 55 66

C4 High, heavy 12.64 16.09 6.27 14.98 19.85 22.26 0.22 55 66

C5 Low, light 12 00 10 58 4 97 15 76 22 35 24 38 0 18 55 66
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plan of removing trees that averaged three inches below mean stand

d. b. h. for low thinning, and three inches above mean stand d. b. h.

for high thinning, was not followed.

Thinnirigs removed a different component of the stand than did

mortality. Mortality consisted primarily of the smaller, suppressed

trees for all treatments. The slight increase in average d. b. h. for

mortality in treatments Al, AZ, B2, and B3 was due to the blowdowri

of larger trees during the 1962 Columbus Day windstorm.

The results of thinnings cannot be evaltated properly unless

consideration is given to the sizes of trees produced rather than

merely to the volume they represent (Smith, 1962). The most common

method of testing different treatments is to compare their average

diameters. This method is adequate if the comparisons are made

between equal numbers of crop trees per acre. For this reason, the

average diameter growth for the largest surviving 40 trees per acre

(4 per 1/10-acre plot) was used (Table 4). Selecting the largest 40

trees per acre is commensurate with the European standard of 100

trees per hectare. These trees were all dominants or codominants

throughout the entire experiment. However, complete release of some

of these trees probably did not occur until later in the experiment.

Periodic annual increment for average diameter was larger for all

thinned treatments compared to their respective controls. This is an

excellent indication that thinning effectively redistributed the growth

to the larger trees.



Mortality

Mortality was very light during the experiment. For example,

cubic volume (CV4) lost to mortality in compartment C, which was not

affected by natural disasters, averaged only nine percent of the 11-

year gross growth.

Thinning did not substantially reduce mortality in terms of basal

area or volume (Tables 5, 6, and 7). In fact, mortality relative to

initial volume was slightly higher for treatments Al and C4 compared

to their respective controls. Since mortality was so light during the

experiment, thinning should not be expected to have much effect on it.

Distribution of mortality over time was erratic, and bore no relation-.

ship to stand age or type of thinning.

Suppression was the major cause of mortality. This was the

reason that the average diameter of mortality trees was so small,

as noted previously. Considerably larger trees were blown down

during the 1962 Columbus Day windstorm on treatments Al, AZ, BZ,

and B3. Since AZ and B2 were unthinned controls, we can conclude

that thinned stands were no more susceptible to windthrow than un-

thinned stands.
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Growth and Yield

Totals for Experiment

Summaries of the growth and yield of the various treatments for

the entire experiment are presented in Tables 5, 6, and 7. All data

necessary to calculate gross growth, periodic annual increment, and

growth percent are included in the tables. Note that the length of

treatment time was 15, 12, and 11 years for compartments A, B, and

C, respectively.

Thinning apparently did not reduce gross growth (CV4) relative

to the unthinned stands. When gross increment is expressed as a

percent of initial volume, the growth on the thinned treatments was

nearly the same or greater than their respective controls. Total

cubic volume (CV4) growth for the experiment averaged 54, 47, and 35

percent of the initial volumes for the thinned treatments in compart-

ments A, B, and C, respectively, compared to 47, 46, and 30 percent

for their controls.

Unpaired t-tests between thinned treatments and the control on

compartment C showed no significant differences in growth. Total

growth on each of the ten plots for each treatment, expressed as a

percent of initial volume, were used as the test observations. No

additional statistical tests were made due to the experimental design,

as explained previously.
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'Includes mortality cut.

2Gross growth, including irigrowth (Gg+i).

3Percent of average volume present during experiment.

4Adjusted to 15 year base.

5Adjusted to 12 year base.
U)
0

Table 5. Cubic Volume (CV4) growth and yield for entire experiment.

Treatment Initial
Volume

Ending
Volume

Live
Cut

Total'
Mortality

Mortality
Cut

Gross2
Increment

Gross
p. a. i.

Growth
Percent3

Al Low, light 6182.1 7189.3 1812. 1 896.6 694.5 3715.9 247. 7 3.90

AZ Control 10760 5 14978 9 0 0 836 2 0 0 5054 6 337 0 2 64

A3 Low, heavy4 10670 4 13343 6 2045 1 312 1 243 3 5030 4 335 4 3 03

Bi High, light 8155 1 9551 1 2325 2 465 9 235 2 4187 1 348 9 4 12

B2 Control5 7433 0 9674 3 0 0 1161 9 0 0 3403 2 283 6 3 22

B3 High, heavy5 8966.0 9475.8 2014.8 1318.0 224.8 3842.6 320.2 3.58

Cl High, light 9837.7 9316.4 3611.4 279.1 66.7 3369.2 306.3 3.49

C2 Control 11540 9 14638 2 0 0 364 8 0 0 3462 1 314 7 2 39

C3 Low, heavy 8697.9 9657.8 2459.8 276.1 0.0 3695.8 336.0 3.81

C4 High, heavy 11331.4 11843.3 2631.2 434.2 0.0 3577.3 325.2 3.02

CS Low, light 9611.4 10377.3 1915.9 187.9 48. 1 2869.7 260.9 2.69



'Includes mortality cut.

2Gross growth, including ingrowth (Gg+i).
Percent of average basal. area present during experiment.3

4Adjusted to 15 year base.
5Adjusted to 12 year base.

Table 6. Basaj. area (BA) growth and yield for entire experiment.

Treatment Initial
BA

Ending
BA

Live
Cut

Total1
Mortality

Mortality
Cut

Gross2
Increment

Gross
p. a. i.

Growth
Percent3

Al Low, light 160. 73 147.27 45.84 25.38 16.68 57.76 3.85 2.63

A2 Control. 264.77 308.31 0.00 22.58 0.00 66.12 4.41 1.54

A3 Low, heavy4 263 57 271 55 51 46 12 72 7 07 72 16 4 81 1 95

Bl High, light 229.50 213.29 58.03 16.82 6.98 58.64 4.89 2.32

B2 Control5 206.37 214.15 0.00 32.53 0.00 40.31 3.36 1.56

B3 High, heavy5 248.18 211.21 50.56 35.87 7.04 49.46 4.12 1.86

Cl High, light 254.06 210.87 84. 19 14.41 1.89 55.41 5.04 2.37

C2 Control 287 37 321 12 0 00 14 20 0 00 47 95 4 36 1 43

C3 Low, heavy 241 63 225 04 61 77 1491 0 00 60 09 5 46 2 45

C4 High, heavy 283 01 261 78 62 11 14 38 0 00 55 26 5 02 1 98

CS Low, light 242.64 227.68 48.56 8.48 1.50 42.08 3.83 1.70



'Includes mortality cut.
2Gross growth, including ingrowth (Gg+i).

3Perc ent of average volume present during experiment.
4Adjusted to 15 year base.
5Adjusted to 12 year base.

Table 7. International board-foot volume (1V6) growth and yield for entire experiment.

Treatment Initial
Volume

Ending
Volume

Live
Cut

Total'
Mortality

Mortality
Cut

Gross2
Increment

Cross
p. a. i.

Growth
Percent3

Al Low, light 35082 47003 9185 4470 3927 25576 1705 4.36
AZ Control 63830 95682 0 3641 0 35493 2366 2.99
A3 Low, heavy4 64193 88087 10861 1007 852 35762 2384 3.37

Bi High, light 46252 59035 14113 1789 943 28685 2390 4.73
BZ Control5 44013 61782 0 6755 0 24524 2044 3.75

5B3 High, heavy 51471 59116 12306 6896 1041 26847 2237 4.17

Cl High, light 56704 56131 22863 1032 244 23322 2120 4.14
C2 Control 69793 92928 0 1176 0 24311 2210 2.70
C3 Low, heavy 46905 53347 13366 1017 0 20825 1893 3.75
C4 High, heavy 67991 74722 16588 1766 0 25085 2281 3.45
C5 Low, light 56947 66607 9972 641 120 20273 1843 3.04
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Results were consistent, although not conclusive, with those of

Warrack (1960), who found that the critical level of growing stock (level

at which there is a reduction in gross cubic volume growth) was below

150 sq. ft. per acre. Treatment Al had an average basal area of

146. 25 sq. ft. for the experiment, but total growth was 60 percent

of initial (CV4) volume, compared to 47 percent for its control. How-

ever, actual increment was considerably less (Table 5, column 7).

Growth percent, the ratio of gross growth to growing stock,

provides a measure of efficiency of residual growing stock (Reukema,

1972). It is one of the most effective measures for comparing treat-

ment effects when initial volumes are considerably different. Growth

percent was higher on all thinned treatments relative to their controls

(Tables 5, 6, and 7). This is an excellent indication that growth was

adequately transferred to the residual stands after thinning. However,

some of the increase in growth percent is due to the less efficient

trees being removed (Reukema, 1972).

There were no consistent advantages revealed for low thinning ver-

sus high thinning, or for light thinning versus heavy thinning. Results

were different for the two independent replications of the experiment.

Trends in Periodic Growth

Since the treatments in any given compartment were not all

measured at the same time (Table 1), the periodic growth rates for
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the different treatments determined at each measurement had to be

calculated over different time intervals. Therefore, the trends in

periodic growth for the different treatments were not on a comparable

basis, arid were difficult to analyze effectively. Also, either a longer

experiment or more frequent measurements are necessary to accur-

ately trace the trends in periodic growth.

The trends in periodic growth were extremely variable over

time (Figure 5), and did not appear to be related to either the type of

thinning applied or level of growing stock present. Actual periodic

annual increment was larger at times in some of the thinned stands

compared to their controls, even though there was less growing stock

present in the thinned stands. Generally, the gross periodic annual

increment either remained approximately the same or decreased

slightly for thinned treatments over time. Unthinned treatments

followed this same trend except for treatment C2, which had an ex-

tremely large increase in growth rate due to the exceptional rainfall

in 1963. Thinned stands in compartment C did not respond as readily

to the heavy precipitation. No explanation for this phenomenon could

be discovered.

Growth percent, as determined between each measurement, was

always greater for the thinned treatments compared to their respective

controls (Figure 6), again indicating that thinning had effectively
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increased the efficiency of the residual growing stock. However,

there was no consistent trend in growth percent for the thinned treat-

ments relative to their controls over time.

Realized Volume

As stated previously, one of the major objectives of thinning is

to utilize all the merchantable material produced by the stand during

the rotation (Smith, 1962). Realized increment, which is the volume

harvested in thinning plus the volume added to growing stock, showed

a distinct advantage for thinning (Tables 8, 9, and 10). This is due to

the fact that repeated thinnings at frequent intervals salvage mer-

chantable mortality that would have otherwise been lost.

The effect of salvaging merchantable mortality is readily appar-

ent for treatments Al, A3, and Bi (Tables 5, 6, and 7, 'Mortality Cut'

column). An average of 69 percent of the cubic volume (CV4) lost to

mortality was salvaged on these three treatments. Not much of the

mortality was salvaged on treatment B3 because the thinning experi-

merit ended just after the Columbus Day windstorm of 1962, which

caused most of the mortality. Treatments in compartment C did not

show any pronounced advantage for thinning, primarily because mor-

tality in general was very light.

The size of the mortality trees that were salvaged was not re-

lated to the type of thinning. High thinning salvaged smaller trees,



Table 8. Cubic Volume (CV4) realized increment and total realized volume.

Percent of initial volume.
Adjusted to 15 year base.

Adjusted to 12 year base.

Al Low, light 3715.9 3513.8 95 9695.9 157

AZ Control 5054.6 4218.4 83 14978.9 139

A3 Low, heavy2 5053.4 4961.6 99 15632.0 146

Bi High, light 4187.1 3956.4 94 12111.5 149

B2 Control3 3403.2 2241.3 66 9674.3 130

B3 High, heavy3 3842.6 2749.4 72 11715.4 131

Cl High, light 3369.2 3156.8 94 12994.5 132

C2 Control 3462.1 3097.3 89 14638.2 127

C3 Low, heavy 3695.8 3419.7 93 12117.6 139

C4 High, heavy 3577.3 3143.1 88 14474.5 128

CS Low, light 2869.7 2729.9 95 12341.3 128

Treatment Gross Realized Realized Total Realized
Increment Increment Percent Realized Volume

of Gross Volume Percent



1 Percent of initial basal area.
2Adjusted to 15 year base.
3Adjusted to 12 year base.

Table 9. Basal area (BA) realized increment and total realized basal area.

Treatment Gross
Increment

Realized
Increment

Realized
Percent
of Gross

Total
Realized

BA

Realized
BA,
Percent

Al Low, light 57.76 49.06 85 209.79 131

AZ Control 66.12 43.54 66 308.31 116

A3 Low, heavy2 72.16 66.51 92 330.08 125

Bi High, light 58.64 48.80 83 278.30 121

B2 Control3 40.31 7.78 19 214.15 104

B3 High, heavy3 49.46 20.63 42 268.81 108

Cl High, light 55.41 42.89 77 296.95 117

CZ Control 47.95 33.75 70 321.12 112

C3 Low, heavy 60.09 45.18 75 286.81 119

C4 High, heavy 55.26 40.88 74 323.89 114

CS Low, light 42.08 35.10 83 277.74 114



Table 10. International board-foot volume (1V6) realized increment and total realized volume.

'Percent of initial volume.

2Adjusted to 15 year base.

3Adjusted to 12 year base.

Treatment Gross
Increment

Realized
Increment

Realized,
Percent
of Gross

Total
Realized
Volume

Realized
Volume,
Percent1

Al Low, light 25576 25033 98 60115 171

AZ Control 35493 31852 90 95682 150

A3 Low, heavy2 35762 35607 100 99800 155

Bi High, light 28685 27839 97 74091 160

B2 Control3 24524 17769 72 61782 140

B3 High, heavy3 26847 20992 78 72463 141

Cl High, light 23322 22534 97 79238 140

C2 Control 24311 23135 95 92928 133

C3 Low, heavy 20825 19808 95 66713 142

C4 High, heavy 25085 23319 93 91310 134

C5 Low, light 20273 19752 97 76699 135
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just as low thinning did. Also, low thinning salvaged the larger trees

lost to blowdown.

Total realized volumes and basal area produced by each treat-

ment for the entire experiment are also listed in Tables 8, 9, and 10.

As noted previously, the length of treatment time was 15, 12., and 11

years for compartments A, B, and C, respectively. Total realized

volume is the ending volume, plus live cLit and mortality cut. This

figure represents the total production for each treatment if it were

logged at the ending date. Total realized volume, expressed as a

percent of initial volume, indicates an advantage for thinning in all

compartments.
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VIII. SUMMARY AND REMARKS

Experimental Design and Methods

The experimental design used on the Hemlock Experimental

Forest was effective only for discovering gross differences, as noted

previously by Staebler (1957b). The original plan for a randomized

block design with several replications would have provided for more

sensitive results than were actually accomplished. Replication was

not facilitated on the Experimental Forest due to the large size (15 to

25 acres) of the treatment areas in compartments A and B. I would

recommend using smaller treatment areas such as the five to six

acre areas used in compartment C, or perhaps even smaller areas.

Also, the replications should be started at or near the same time in

order to eliminate differences caused by climatic factors. If the

replications can not be started at the same time, they should at least

have the same length of treatment, as was not the case for compart-

ments A, B, and C.

When laying out the experiment, it is preferable td have the

treatment areas as nearly alike as is possible, particularly starting

volumes. It is nearly impossible to adjust the data to completely

eliminate gross differences due to original stand characteristics.

Treatment area Al was radically different from all of the other treat-

ment areas in the experiment. One method of making the treatment
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areas more uniform is to have a calibration period where the treat-

ments are cut back to uniform levels prior to the actual thinning ex-

periment. Age and site index should also be determined for each

treatment, as these two factors usually account for much of the initial

stand differences.

There were some serious shortcomings concerning the measure-

ment methods used on the Hemlock Experiment Forest, which later

caused difficulties when analyzing the data. In order to improve the

measurement techniques for future experiments, the following recom-

mendations are offered: (1) Tree heights should be measured frequently

enough (approximately every 5 years) to adequately trace the changes

in volume, and should coincide with a diameter measurement when

they are measured. Diameters should be measured more frequently.

(2) Treatments should be measured prior to initial thinnings (3-5

years) so that an estimate of growth preceeding thinnings can be

determined. (3) In order to trace the trends in periodic growth, all

treatments must be measured at or very near the same time. I would

recommend measuring all treatments (diameters) at the sametime as

the most frequently thinned treatment is measured. Also, measure-

ments of all treatments are required at the beginning and end of the

experiment in order to have equal treatment time for all treatments.

Otherwise, they are not on a comparable basis.
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Longterm experiments such as the one discussed in this paper

are usually administered by more than one person. Consequently,

different management and measurement techniques are applied to the

same experiment. In order to minimize the errors that accumulate

over time, a well-written management plan, followed as closely as

possible by each administrator, is essential.

Growth and Yield

Thinning on the Hemlock Experimental Forest apparently satis-

fied the two fundamental objectives of thinning (Smith, 1962): (1) The

growth potential of the stand was adequately redistributed to the

residual stand after thinning, and (2) nearly all of the merchantable

material produced by the stand was utilized Thinning increased the

average diameter growth rate compared to the control areas. Gross

growth (CV4) apparently was not reduced by thinning. When the growth

was expressed as a percent of the averagevolume present, thinned

treatments showed a distinct advantage over the control areas. The

efficiency of the residual growing stock was obviously increased by

thinning. Generally, mortality was light, so thinning did not have

much effect on it. However, the repeated thinnings did salvage most

of the merchantable mortality (especially blowdown) that would have

otherwise been lost. This fact is reflected in higher realized
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increments and total productions (expressed as a percent) for the

thinned treatments.

Although thinning in general revealed distinct advantages over

unthinned control areas, there was no conclusive evidence that any

one thinning treatment in particular was any better than another.
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