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Background 

Public and private agencies are cooperating in a study of eight thinning regimes in young 
Douglas-fir stands. Regimes differ in the amount of basal area allowed to accrue in 
growing stock at each successive thinning. All regimes start with a common level-of-
growing-stock established by a conditioning thinning. 

Thinning interval is controlled by height growth of crop trees, and a single type of 
thinning is prescribed. 

Nine study areas, each involving three completely random replications of each thinning 
regime and an unthinned control, have been established in western Oregon and 
Washington, U.S.A., and on Vancouver Island, British Columbia, Canada. Site quality of 
these areas varies from I through IV. 

This is a progress report on this cooperative study. 
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Abstract 

Summary 

Curtis, Robert O.; Marshall, David D. Levels-of-growing-stock cooperative study in 
Douglas-fir: Report No. 8—The LOGS study: twenty-year results. Res. Pap. 
PNW-356. Portland, OR: U.S. Department of Agriculture, Forest Service, Pacific 
Northwest Research Station; 1986. 113 p. 

This progress report reviews the history and status of the cooperative levels-of-growing-
stock study in coast Douglas-fir, begun in 1961, in Oregon, Washington, and British 
Columbia. It presents new analyses, including comparisons among some installations. 
Data now available are primarily from the site II installations, which are approaching 
completion of the study. Growth is strongly related to growing stock. Thinning treatments 
have produced marked differences in volume distribution by tree sizes. During the fourth 
treatment period, current annual increment was still about double the mean annual 
increment, and differences in volumes and size distributions among treatments have 
been increasing rapidly. There are considerable differences in productivity among 
installations, beyond those accounted for by site index differences. The LOGS study 
design is evaluated. 

Keywords: Thinnings, (-stand volume, growing stock, (-increment/yield, Douglas-fir, 
Pseudotsuga menziesii, series—Douglas-fir LOGS. 

This is a progress report on the cooperative levels-of-growing-stock (LOGS) study in 
coast Douglas-fir, begun in 1961, in Oregon, Washington, and British Columbia. The 
program objective is to determine the relationships of volume growth, basal area growth, 
and diameter growth to growing stock levels, for a standard set of eight thinning regimes, 
begun in stands 20-40 feet tall and continued through 60 feet of height growth. 

Nine installations were established. None had completed the planned course of the 
experiment as of 1983, although four installations were close to completion. This report 
describes the program and presents interim results based on the data now available, 
which are primarily from the site II installations. Principal findings are: 

1. Observed height growth agrees well with King's (1966) height growth curves. 

2. For the LOGS thinning regimes, growth in both volume and basal area has increased 
with the level of growing stock. Slope of the curves is much steeper for volume growth 
than for basal area growth; for basal area growth, curves are relatively flat over a range 
of moderate to high densities. This difference is attributed to the rapid and sustained 
height growth which is characteristic of young Douglas-fir on good sites. 

3. Curves of volume increment over relative density (RD) (Curtis 1982) appear to be 
approximately proportional, within and between installations. The same appears true of 
the corresponding curves for basal area and for diameter growth. 

4. Generalized curves are derived that express relationships of relative growth rates in 
volume, basal area, and diameter to RD. 

5. So far, controls exceed all thinning treatments in gross volume production. Thinned 
stands, however, have (except in one poorly responding installation) produced much 
more volume in merchantable sizes and much larger diameters. Diameter growth of crop 
trees and of the 40 largest trees per acre has also been substantially greater in thinned 
stands. Trends in net growth indicate that this advantage will be maintained and will 
probably increase over time. 



6. This report emphasizes comparisons among the fixed percentage treatments. Until 
the planned end of the experiment is reached, only limited conclusions can be drawn 
concerning the results of the variable percentage treatments. 

7. There are unexplained differences in volume production and response to thinning 
among installations. Of five site II installations, three are behaving similarly; one has 
markedly lower production and response to thinning; and one (which has a large hemlock 
component and was older at the start of thinning) is intermediate. 

8. As of the fourth treatment period (age range 32-42 in the site II installations), current 
annual volume increment was about twice mean annual increment. Stands were far short 
of culmination of mean annual increment. Rotations considerably longer than the ages in 
the LOGS studies will be required to realize the full gains attainable from thinning. 

9. The LOGS study is not a comparison of operational thinning regimes, but was 
designed to establish relationships between growth and growing stock. The most 
effective means of applying LOGS study results will probably be their use, in combination 
with other data, in construction and refinement of stand simulators. The LOGS study 
provides a unique set of high-quality data from young stands maintained at relatively low 
densities, a condition for which very little other data are presently available. 

 

10. Although the short thinning cycle used in the LOGS studies is not realistic for 
management application, similar results would probably be obtained with considerably 
longer cycles and analogous regimes that have similar trends of period mean growing 
stock over height. 

11. LOGS results appear generally consistent with past stand management recommen- 
dations that were based on other data. These recommendations provide for low density 
and rapid growth in diameter during early development when volume growth is of little 
concern. Once trees reach merchantable size and volume growth becomes important, 
higher density is needed to provide high volume growth per acre. The relationships 
between growth and growing stock established by the LOGS study provide guides for 
choosing density levels appropriate for young stands that had early control of stocking. 

12. Further thinnings, beyond those originally planned, are not feasible because of the 
limitations due to small plot size. The originally planned thinnings will have a strong and 
continuing effect on later stand development. After completion of the 60 feet of height 
growth specified in the study plan, these installations should be retained without further 
treatment and should be remeasured for a minimum of two additional growth periods 
(20 feet of additional height growth). 

13. Strengths and weaknesses of the LOGS study design are discussed and suggestions 
are made for design of future studies. 
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Introduction In 1962, representatives of State, Federal, and industrial forestry organizations began a 
cooperative effort to determine how the amount of growing stock retained in repeatedly 
thinned young stands of Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) affects 
cumulative wood production, tree size, and ratios of growth to growing stock. A study 
plan was adopted that was designed to examine cumulative wood production, tree size 
development, and growth-to-growing stock ratios under eight different thinning 
regimes.1/ The original study plan was developed at Weyerhaeuser Company, Cen-
tralia, Washington. Procedural details to ensure consistency among cooperators were 
developed by the Pacific Northwest Research Station, USDA Forest Service, 
Portland, Oregon. 

Nine field installations have since been established in Oregon, Washington, and British 
Columbia (fig.1; also see appendix 2). A coordinating committee including representa-
tives of all cooperators meets periodically to review progress, standardize procedures 
among cooperators, and arrange for analyses and for publication of results. 

Brief descriptions of the levels-of-growing-stock (LOGS) program and of individual 
installations are given by Williamson and Staebler (1965, 1971). Subsequent progress 
reports for individual installations are by Bell and Berg (1972), Diggle (1972), Williamson 
(1976), Berg and Bell (1979), Arnott and Beddows (1981), Tappeiner and others (1982), 
and Williamson and Curtis (1984). These progress reports are primarily summaries for 
individual installations with only limited interpretation, and (except for Williamson and 
Curtis 1984) no attempt was made to compare results among different installations. 

In 1982 the LOGS committee reviewed the status of the program and decided a report 
was needed that would summarize progress to date, examine consistency of results 
among installations, make some general interpretations, and draw conclusions from 
those studies that are well along in the planned course of the experiments. 

This report is a joint effort by the cooperators and provides (1) a general description of 
the LOGS program, (2) some comparisons of results across installations, and (3) some 
generalizations and discussion of implications. Comparisons are necessarily incom-
plete, both because these studies have not yet run their full course and because all 
analyses of interest cannot be included in a single report. Reports on individual 
installations will continue to appear and will provide much more detail than is possible 
here. 

1/ Unpublished study plan, 1962, "Plan fora Level-of-Growing Stock 
Study in Douglas-Fir," by George R. Staebler and Richard L. 
Williamson. Plan on file at Forestry Sciences Laboratory, 3625-93d 
Avenue, S.W., Olympia, WA 98502. 
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The LOGS Studies 
General Description 

Objective.—The objective of the LOGS studies as stated in the original study plan (see 
footnote 1) was "to determine how the amount of growing stock retained in repeatedly 
thinning stands of Douglas-fir affects cumulative wood production, tree size, and 
growth-growing stock ratios." 

It was expected that the thinnings would (1) redistribute increment by increasing volume 
growth of remaining trees, and (2) eliminate or greatly reduce mortality so that the 
volume normally dying in untended stands would be converted to usable production. It 
was thought that the planned treatments included a broad enough range in growing 
stock levels "so that the findings will tell how to produce any combination of factors 
deemed optimum from a management standpoint" (see footnote 1). 

Background.—The origin of the LOGS program and certain features of the study plan 
go back to concepts advanced by George Staebler in the late 1950's. Staebler (1959) 
emphasized the importance of growing stock level in determining growth percent and 
return on capital, the financial undesirability of maintaining unnecessarily large growing 
stock, and the need to establish acceptable levels of growing stock through definition of 
the relationship between growth and growing stock in Langsaeter's zone II. This is the 
transition zone between free growth and a zone in which growth is commonly thought 
to be independent of growing stock level (Braathe 1957, p. 49). 

Staebler (1960) developed a method for calculating thinning schedules and managed 
stand yields for Douglas-fir based on (1) estimated gross yield of natural stands 
(Staebler 1954, 1955), (2) assumed diameter growth rates, and (3) some assumptions 
about relationships between growth and growing stock. These assumptions are: 

1. Gross cubic volume yield of a normal (fully stocked), unmanaged stand represents 
the maximum production of which the site is capable. 

2. Periodic gross increment for any age period in the life of a normal stand represents 
full capacity of the site to produce wood in a stand of the chosen age. 

3. Approximately full increment may be produced with widely differing combinations of 
growing stock, tree size, and radial increment. 

Staebler presented his method as an interim procedure for constructing thinning 
schedules and yield tables. He recognized a need to examine the assumption that gross 
increment observed in unmanaged stands of normal density approximates increment of 
thinned stands having widely varying amounts of growing stock. In 1959 Staebler 
established a thinning trial (Oliver and Murray 1983) as a first attempt to test his 
concepts and assumptions. Experience with establishment of this study led to later 
development of the LOGS study plan. 

Staebler's original concepts and questions are reflected in a number of features of the 
LOGS studies. These studies were not designed as tests of specific operational thinning 
regimes, but were intended to define the quantitative relationships between growth and 
growing stock for a closely controlled initial stand condition and kind of thinning. 

3 
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General features of the LOGS study plan.— 

Criteria for initial stand selection.—The initial stand should: 

1. Have a high degree of uniformity in stocking and site quality over an area sufficient 
to accommodate the installation (about 9 acres). 
2. Be in the range of 20-40 feet in height.2/ 
3. Be vigorous and of a density such that individual tree development has not been 
strongly influenced by competition, as evidenced by live crown extending over most of 
the bole. 
4. Contain sufficient Douglas-fir to constitute 80 percent or more of the basal area after 
the initial thinning.3/ 

Experimental design.—Each installation consists of 27 one-fifth-acre plots (square 
except in the Francis study), with three replications of eight thinnings treatments plus 
three untreated control plots, in a completely randomized arrangement. No buffer strips 
were planned.4/ 

Each installation is a repeated-measures experiment that can be viewed as equivalent 
to a completely random split plot experiment in which each thinning interval (period) is 
treated as a subplot. The mean of a variable over all periods then becomes a main plot 
value for that variable, and the main plot itself covers the two dimensions of treatment 
and time. 

Crop trees.—At the time of study establishment, well-spaced, dominant, crop trees 
were selected at the rate of 16 per plot (80 per acre) and were permanently marked. 

Calibration thinning.—The 24 plots assigned to thinning treatments were given a 
so-called calibration thinning at the time of study establishment. The intent was to adjust 
all thinning treatment plots within an installation to a common condition prior to the 
planned treatment thinnings. 

Treatment thinnings.—Treatment thinnings were made according to the following 
specifications: 

1.The sequence of thinnings consisted of the initial calibration thinning, which left the 
same stand on all treated plots within a given installation, and five subsequent treatment 
thinnings. 
2. Thinnings were made whenever average height of crop trees on all treatments had 
increased 10 feet since the last thinning. This specification relates thinning interval to 
growth and crown expansion of the crop trees and results in more frequent thinning on 
good sites than on poor sites. 

2/Criterion not fully met at the Skykomish and Stampede Creek 
Studies. 
3/Criterion not fully met at the Skykomish study, which was 
established, before completion of the study plan. 
4/ Although not provided for in the; original study plan, buffer strips 
were added in the Sayward and Shawnigan Lake installations only. 



Description of the 
Installations 

 

3. Treatments were defined by the amount of growing stock retained, which is expressed 
as basal area. After the calibration thinning, all treatment plots within an installation had 
nearly the same basal areas. In the five subsequent treatment thinnings, the increases 
in basal areas retained after thinning were specified as percentages of the gross 
periodic basal area growth as measured on the control plots. Gross increment of the 
unthinned control plots provided an installation-specific reference point for definition of 
thinning treatments. 
4.Trees to be removed in thinning were determined in part by rules (discussed later) 
specifying a tree's relation to the crop trees and to the diameter distribution. Merchanta- 
bility was not a consideration. 

Nine LOGS studies have been established (table 1). There is a 9-year range in dates of 
study establishment. Those studies located on good sites progress through the 
sequence of thinnings much more rapidly than do those located on poor sites. Individual 
installations, therefore, differ widely in their position within the sequence of thinnings and 
in the amount of data now available. No studies have yet (as of 1983) reached comple-
tion, although four (Skykomish, Hoskins, demons, and Francis) will complete the final 
treatment period in the near future. There are relatively little data now available for 
Stampede Creek and Shawnigan Lake. The studies on the poorest sites—Rocky Brook 
and Shawnigan Lake—will not complete the planned treatment sequence until well after 
2000. 

Initial stand characteristics of the study areas are summarized in table 2. Climatic data, 
based on nearby weather stations and climatic zone maps, are shown in table 3. 
Because the study locations are generally at higher elevations and some distance from 
these weather stations, climatic values given do not fully reflect local conditions. On-site 
measurements of rainfall and temperature during the growing season have been made 
at five locations (Rocky Brook, Iron Creek, Stampede Creek, Sayward, and Shawnigan 
Lake), but this information has not as yet been summarized and will be given in later 
reports on individual installations. 

No systematic and consistent description of ground vegetation or classification by plant 
association is available for the study areas as of 1983. 

Skykomish.—The Skykomish study, located on Weyerhaeuser Company's Skykomish 
Tree Farm, was the first installed, and many of the details of the LOGS study plan were 
developed here. The stand is of natural origin and was about 24 years old when the 
study was established in 1961. (In this report, "age" is estimated years from seed; "age 
b.h." is years since attainment of breast height.) At that time, no specification had yet 
been adopted limiting percentage of species other than Douglas-fir, and this stand was 
about 50 percent western hemlock (Tsuga heterophylla (Raf.) Sarg.) after the calibration 
thinning. It was also slightly taller than the maximum of 40 feet specified in the final study 
plan. The study contains four control plots, rather than the three used in later 
installations. 

The study is on a north-facing slope along Youngs River, some 4 miles south of Sultan, 
Washington, at about 500 feet elevation. Average slope is about 35 percent. 
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Table 1—LOGS installations by year established, 
location, and number of treatment periods completed 

 

 
1/ An additional measurement, representing completion of one 
additional treatment period, was made at the end of the 1983 growing 
season. The data were not available in time for inclusion in the 
analyses discussed in this manuscript. 

Table 2—Stand characteristics of study areas at establishment (after calibration thinning) 

 
1/ Most recent estimate using King (1966). 
2/ Nat = natural  origin; PI  = planted. 
3/ Values for Douglas-fir component shown in parentheses. 
4/ Altered by removal of small  trees and therefore riot comparable to other installations. 
5/ Extensive snowbreakage resulted in replacement of several  plots in 1965.    1965 means of all  plots, after replacement, shown 1n parentheses. 
6/ Value in parentheses is age at b.h. + 7 years, comparable to other site II stands. 

6 



Table 3—Climatic data for LOGS study areas 

 
-- = data not available. 
1/ Pacific Northwest River Basins Commission (1969). 
2/ Dick (1955). 

3/ Elevation and topography at Rocky Brook is considerably different. Estimate from isohyetal map is 80 inches 
precipitation. 
4/ Although within Dick's (1955) 160-day zone, local topography produces a considerably shorter frost-free period. 

5/ From Diggle (1972). Rainfall given for frost-free period. 

7 

 



8 

Soils are derived from basaltic parent material. They are in the Oso series, which is 
described by Webster and Steinbrenner (1974) as follows: "Common features of these 
soils are a dark grayish-brown, gravelly loam, 15- to 20-inch thick surface A horizon 
which grades into a weakly structured, gravelly loam, dark yellowish-brown B horizon. 
Beneath this, C horizons containing 40 to 80 percent rock extend to fractured bedrock at 
40 to 60 inches." 

When this study was installed, small trees less than one-half the average diameter of 
crop trees were cut on the control plots as well as on the thinned plots, unlike the 
procedure followed for later LOGS studies. Approximately 360 trees per acre were cut 
from the control plots. These were less than 3.6 inches in diameter at breast height 
(d.b.h.) and most were hemlock understory with small numbers of western redcedar 
(Thuja plicata Donn ex D. Don) and miscellaneous hardwoods. This reduced the control 
plots to an average of 594 trees per acre with about half the remaining basal area in 
Douglas-fir and half in hemlock. Removal of these small trees probably has had little 
effect on subsequent growth but does affect stand statistics for number of trees and 
average diameter. 

No serious stand damage has occurred to date. 

Hoskins.—The Hoskins study was established by Oregon State University on land 
made available by T.J. and Bruce Starker (now owned by Starker Forests). The stand 
was of natural origin following wildfire and was exceptionally uniform in age and stocking. 
Estimated total age when the study was established in 1963 was 20 years (13 years b.h. 
as determined by borings). 

The study is located just west of the summit of the Coast Range, near Hoskins, Oregon, 
about 22 miles northwest of Corvallis. Aspect is southerly, with slopes of 15 to 
55 percent. Elevation is about 1,000 feet. 

The soils are deep well-drained silty clay loams of the Apt series, formed in colluvium 
from mixed sedimentary and igneous rocks. As described by Knezevich (1975), "Apt 
soils are more than 60 inches deep over bedrock....In a representative profile the 
surface layer is very dark brown and very dark grayish-brown silty clay loam about 
10 inches thick. The subsoil is dark-brown, dark yellowish-brown, and strong-brown silty 
clay and clay that extends to a depth of about 60 inches." 

Rocky Brook.—The Rocky Brook study was established in 1963 by the USDA Forest 
Service (Pacific Northwest Research Station and Pacific Northwest Region). It is 
located in the Hoodsport District, Olympic National Forest, about 8 miles west of 
Brinnon, Washington. 

The area was planted about 1940. No record of seed source or early development is 
available. Natural fill-in was abundant, and the present stand is a mixture of trees of 
planted and natural origin. Average age at breast height (age b.h;) of dominant trees in 
1963, as estimated by borings, was 16 years. 

The stand occupies a glacially formed, gently sloping (average 10 percent, short pitches 
to 55 percent) terrace near the bottom of a deep glaciated valley at 2,400 feet elevation 
Aspect is southerly, but the location of the valley bottom and a high ridge to the south tend 
to reduce temperatures and shorten the growing season. 



The well-drained, gravelly, sandy, loam soils are phases of the Hoodsport series.5/ 
Parent material consists of glacial outwash and drift of stratified and unstratified sands, 
gravels, and coarser material overlying basaltic bedrock. 

Several small foci of Phellinus weirii were present at the time of study establishment. 
Although an effort was made to avoid these, several plots have since been seriously 
damaged by Phellinus. 

A heavy wet snowfall occurred immediately after the calibration thinning and caused 
extensive breakage. Several of the more severely damaged plots were replaced by 
spare plots in 1965. 

Clemons.—This study is located at Weyerhaeuser Company's demons Tree Farm, 
near Blue Mountain, about 11 miles west of Oakville, Washington. 

The stand was planted in spring 1947 with 2-0 Douglas-fir of unknown seed source. The 
study was established in autumn 1963 when the stand was 19 years old from seed. 

The study is located along a ridge top, has a northerly aspect and slopes of 0 to 
15 percent, and is at about 800 feet elevation. 

Soils are in the Astoria series, which is derived from deep marine sediments and is 
generally considered highly productive. The Astoria series is described by Steinbrenner 
and Duncan (1969) as follows: "Deep, friable, well-drained, moderately fine textured 
yellowish-brown lateritics developed from coarse Miocene sandstones are characteristic 
of this series. The A horizons are dark brown, friable loams about 18 inches thick and the 
subsoils are yellowish-brown silt loams with a weak, fine, sub-angular blocky structure 
grading into yellowish, highly weathered, massive sandstones. Total depths are 40 to 
60 inches with deeper soils more prevalent." 

The area was thought to be an exceptionally good site at the time the study was 
established, but subsequent growth has not met initial expectations. 

The plantation had severe animal damage (particularly from mountain beaver) in its early 
years and was damaged by a severe freeze in 1955. Many deformed and damaged trees 
were removed in the calibration thinning. 

Francis.—The Francis study was established in 1963 by the Washington State Depart-
ment of Natural Resources. The area was planted in autumn 1947 with 2-0 planting stock 
from a local seed source and was 18 years from seed when the study was installed. 

The study is located about 30 miles west of Chehalis, near Francis, Washington, on the 
westerly slope of the Willapa Hills at about 1,300 feet elevation. The plots are on north to 
west aspects and average about 20 percent slope. 

5/ Unpublished report, 1967, "Soil Investigations of the Rocky Brook 
Experimental Forest Area, Olympic National Forest," by Herman D. 
Loren. Report on file at Forestry Sciences Laboratory, 3625-93d 
Avenue, S.W., Olympia, WA 98502. 
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The soil is classified as Boistfort silt loam, which is described as deep, well-drained silt 
loam found on nearly level to moderately steep terraces of the uplands of the Coast 
Range of western Washington. The soil has formed on basalt and developed in a mild, 
wet, coastal climate. The surface layer is 0-12 inches, dark reddish-brown silt loam with 
weak medium granular structure; friable when moist, slightly sticky and slightly plastic 
when wet, and very strongly acid. The subsoil is 12-44 inches, dark brown silt loam, 
moderately fine subangular blocky structure, friable when moist, sticky and plastic when 
wet, and strongly acid. The substratum is 44-60 inches, dark brown loam, moderately 
fine subangular blocky structure, friable when moist, sticky and plastic when wet, and 
strongly acid. 

The stand required 10 years to reach breast height from seed, 3 years more than the 
average of 7 years for natural stands on site II (King 1966). The reason for this unusually 
slow early development is not known, although it is known that the area was grazed. For 
comparability with the other installations, total age shown in subsequent tables is age at 
b.h. plus 7 years. 

Several Armillaria root rot foci, which appeared after establishment of the plots, have 
been successfully controlled by removal of stumps. 

Iron Creek.—This Forest Service study is located in the Randle District, Gifford Pinchot 
National Forest, about 9 miles south of Randle, Washington. 

The stand was planted in 1949 using stock of unknown seed source. Although there has 
been some natural fill-in, the planted trees have maintained their lead and make up most 
of the stand. 

The stand is in a midslope position at about 2,500 feet elevation. Aspect is easterly, with 
slopes averaging about 25 percent. 

The deep, well-drained soil (series undetermined) is derived from volcanic ash and lapilli 
overlying a residual soil developed on fractured volcanic rock. Surface soils range from 
sandy loam to loam, with interbedded pumice. 

At the time the study was established, many trees in the area had been damaged by 
bear. Approximately 20 percent of the trees remaining after the calibration thinning had 
some injury. The area was then fenced, and further injury has been limited to one 
episode following damage to the fence about 1975. 

Approximately 1 inch of ash from the Mount St. Helens eruption on May 18, 1980, fell 
on the study area. Foliage was still ash covered the following September. The effect on 
stand growth has not been determined. 

Stampede Creek.—The Stampede Creek study was established by the Forest Service 
near Tiller, Oregon, in the Tiller District, Umpqua National Forest. The stand is of natural 
origin following wildfire in 1929. There was considerable delay in regeneration, and 
development of brush species may have contributed to relatively low initial density and 
otherwise influenced early development. 

 



Average age at breast height of dominants, as determined by boring crop trees, was 25 
years when the study was established in 1968. Estimated total age in 1968 was 33 years. 

The study area is situated on a broad slope near the head of Stampede Creek. Slopes 
are gentle, averaging about 25 percent, and aspect is generally northeast. Elevation is 
2,700 feet. 

The soil is Freezener clay loam over clay loam and clay and is derived from well-
weathered volcanic tuffs and breccias. The Freezener series is described as well-
drained soils formed in colluvium from volcanic rocks. The surface layer is dark 
reddish-brown, gravelly loam about 16 inches thick. The subsoil is reddish-brown clay 
about 40 inches thick. The substratum is reddish-brown cobbly clay loam and is 
16 inches or more thick. 

Height in 1968 (about 55 feet) exceeded study plan specifications, but competition was 
not severe because of the initial relatively wide spacing. Tree distribution was fairly 
uniform, and the stand was accepted for the LOGS program as no better alternative 
stand could be found in southwestern Oregon. 

No serious stand damage has occurred to date. 

Sayward.—This study was established in 1969 by the Canadian Forestry Service and 
is located on Vancouver Island, about 15 miles west of Campbell River, British Columbia. 
The stand is a plantation, established in spring 1950 using 2-0 stock. Seed source was 
Merville, British Columbia, at latitude 49°48'N., longitude 125°00'W. 

The study is situated on a gently rolling slope with a westerly aspect, at about 900 feet 
elevation. The soil, a gravelly, loamy sand, is a well-drained young podzol developed on 
sandy, gravelly, glacial till. It is classified as a mini humo-ferric podzol (Canada 
Department of Agriculture 1970). Soil profiles show little variation. The average depth to 
the underlying till is 30 inches. 

There has been some minor fill-in by western hemlock, western redcedar, western white 
pine (Pinus monticola Dougl. ex D. Don), and lodgepole pine (Pinus contorta Dougl. ex 
Loud.). 

The plantation was very uniform at the time of establishment. Some pockets of root rot 
were present but were avoided in laying out plots. To date there has been no major 
damage. 

The study plan procedure was modified to provide 33-foot buffers around each plot in 
this installation. 

Shawnigan Lake.—This study, located on Vancouver Island, British Columbia, about 
5 miles southwest of Shawnigan Lake, was established by the Canadian Forestry 
Service during winter 1970-71 in a 25-year-old Douglas-fir stand. The stand had been 
planted in spring 1948 with 2-0 seedlings. Seed source was Merville, British Columbia, 
as in the Sayward installation. 
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The Data 

The stand is located on a low ridge at about 1,100 feet elevation. Topography is flat to 
very gently rolling with an easterly aspect. The soil is a well-drained sandy loam 
developed from underlying glacial till and is classified as a mini humo-ferric podzol 
(Canada Department of Agriculture 1970). Soil profiles vary little throughout the stand, 
and depth to the till averages 24 inches. 

Natural fill-in has been light. To date, there has been no major stand damage. 

The study plan procedure was modified to provide 33-foot buffers around each plot. 

Installations included.—All treatment regimes start from a common condition within 
any one installation, and differences develop gradually over successive treatment 
periods. The first one or two treatment periods are not expected to yield much 
information. 

Analyses and comparisons made in this report are confined to those studies for which 
data are available for several treatment periods. Those studies are the five site it 
installations: Skykomish, Hoskins, demons, Francis, and Iron Creek (table 1). Data for 
two treatment periods are available from two installations on sites III and IV—Sayward 
and Rocky Brook: these may provide some indication of consistency of results across 
site classes. Data from one treatment period only are available for Stampede Creek and 
Shawnigan Lake: these study sites are omitted from all analyses and discussions in the 
remainder of this report. 

Tree and stand measurements.—All leave trees 1.6 inches d.b.h. and larger were 
numbered and tagged at the time of the calibration thinning. Diameters to the nearest 
0.1 inch were recorded following the calibration thinning and at each subsequent 
thinning date (at Hoskins, and at Sayward since 1975, diameters were measured 
annually). Ingrowth trees (present on control plots only) were tagged and measured as 
they attained 1.6 inches d.b.h. 

Total heights were measured on a sample of trees at each measurement date. The study 
plan specified height measurements for a minimum of eight crop trees per plot, with 
additional noncrop trees measured as needed to cover portions of the diameter range 
not represented by crop trees. About two-thirds of the trees measured were to be from 
the upper one-half of the diameter range. Measurements were to be taken on the same 
tree at successive measurements, except that another tree of similar diameter was to 
be substituted for any tree that died or was cut. The height sampling procedure actually 
used has varied considerably, however, among cooperators and among installations. In 
many cases, samples have been considerably larger than suggested by the study plan. 
In others (notably Clemons), even the basic standard of eight crop trees was not met 
consistently—a deficiency that probably contributed to some peculiarities encountered 
in the analyses. 

Length of live crown was rneasured ion height sample trees in some installations and 
periods. Although this information was not required by the study plan and has not been 
recorded for all installations and periods, considerable data exist: 
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Table 4—Dates of thinning and measurement for 7 LOGS studies1/ 

-- = not available. 
1/ Data from Stampede Creek and Shawnigan Lake excluded. 
2/ Data summaries not yet available. 
3/ Study established in 1963, but spare plots were substituted in 1965 following severe snow breakage, and a complete 
remeasurement was made at that time. 

The sampling procedure for stand age determination was not specified in detail in the 
study plan and has varied among installations. The age estimate was usually based on 
planting date for plantations and on borings or stump ring counts in natural stands and 
later converted to age at b.h. or to total age. Sampling and conversion procedures 
were not always consistent among installations, and the time required to reach b.h. 
has been affected by factors such as browsing and vegetative competition, in addi-
tion to site. Although there are some inconsistencies in the presently available 
estimates, we think it unlikely that absolute errors exceed 2 years in age. 
 
Thinning dates and the corresponding measurements now available are shown in 
table 4 for the seven installations included in this report. 

Data summarization.—Sample tree volumes were calculated using the Douglas-fir 
equation by Bruce and DeMars (1974) for total cubic volume of stem including stump 
and tip (V). Table 7 in Browne (1962) was used at Skykomish for western hemlock. Plot 
volumes were estimated using equations of the form: 

InV = a + bln(dbh) ; 

fit to the sample tree values. An equation was fit separately for each plot in all installa-
tions except Clemons and Skykomish. In these two instances, because of inadequate 
height samples in some periods, all sample trees for the three plots in each treatment 
were combined and a single volume equation for that treatment was used to estimate 
individual plot volumes. Separate volume equations were used for Douglas-fir and 
western hemlock at Skykomish because of the large hemlock component. The Douglas-
fir equation was used for all species at the other installations. 
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The Treatments 

Plot volumes were expressed as total stem volume in cubic feet per acre. Standard plot 
statistics of number of trees (N), basal area (G), quadratic mean diameter (Dg), and 
volume were calculated for the Douglas-fir component and for all species combined, and 
for crop trees and for noncrop trees. Stand height was expressed as average height of 
crop trees and as average height of the largest (by diameter) 40 trees per acre 
(abbreviated as H40). Periodic annual increments and stand statistics at the midpoint of 
each growth period were calculated from the period beginning and ending values. 

Calibration thinning.— 

Objectives.—All plots in an installation other than the three control plots were given an 
initial calibration thinning. Treatment thinnings were applied when the crop trees had 
grown an average of 10 feet since the calibration thinning. The purpose of the calibration 
thinning was to reduce all plots scheduled for treatment to a common density and to 
allow time for trees to adjust to the changed condition. All treatment thinnings within a 
given installation would then be applied to a common initial stand condition. 

Specifications.—Stand density following the calibration thinning was specified by the 
equation: 

s = 0.6167Dg + 8 ; 

where: 

s = average spacing in feet, and 

Dg = quadratic mean d.b.h. of the remaining trees. 

This equation corresponds to the following numbers of trees and basal areas per acre: 

 
The study plan recommended that the calibration thinning be controlled by the number 
of trees in those stands where the estimated average diameter of leave trees was under 
4.5 inches and by basal area in stands of larger diameter. 

Following initial selection of crop trees (80 per acre, 16.per plot), quadratic mean 
diameter (Dg) of crop; trees was calculated and a first estimate made of Dg for leave 
trees. Noncrop leave trees were then marked according to the rules that (1) no tree 
should be retained whose diameter was less than one-half the average diameter of the 
crop trees in the installation, and (2) spacing of: leave trees should be as uniform as 
feasible, Further restrictions were that (3) when control was by number of trees, the 
average diameter of leave trees should be within 15 percent of the installation mean, 
and (4) when control was by basal area, average diameter of leave trees should be 
within 10 percent of the installation mean. The initial marking was modified as needed 
to meet thes density specifications for leave trees; and the above restrictions. 
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Density control was by number of trees at Rocky Brook, Clemons, Francis, Sayward, 
and Shawnigan Lake and by basal area at the other four installations. 

Stand characteristics after calibration thinning.—Average stand values for control 
plots and for thinned plots, immediately after the calibration thinning, are shown in table 2. 

Although prethinning values for the thinned plots are not available, these stands were 
quite uniform and control plot averages should closely approximate average prethinning 
condition of the thinned plots. There were considerable differences among installations 
in prethinning density with numbers of trees per acre ranging from 594 at Skykomish to 
1,727 at Hoskins, and diameters from 3.3 inches at Francis to 4.7 inches at Skykomish. 
Values at Skykomish are not directly comparable to those at other installations, both 
because of the large hemlock component and because on this installation—unlike all 
others—trees less than one-half the average diameter of crop trees were cut on the 
control plots as well as on plots intended for later thinning treatments. 

The calibration thinning left plots that were more uniform within individual installations 
than was the original stand, although plots in different studies were not made identical 
because of differences among installations in initial height, diameter, and number of 
trees. Diameter distributions left after the calibration thinning are shown in table 5. 

Ratios of numbers, basal areas, and average diameters of trees cut in the calibration 
thinning to corresponding values before thinning (as represented by the control plots) 
are shown in table 6. Despite wide variations in proportion of trees removed, d/D ratios 
(diameter of trees cut divided by original stand diameter) are very similar for all 
installations except Iron Creek and Clemons. The low d/D ratio at Iron Creek reflects 
removal of considerable numbers of small stems of associated species (mainly western 
hemlock). The d/D ratio for Clemons was close to 1, and may be a result of removing 
damaged trees present in the initial stand. 

Summary values at the end of the calibration period—before the first treatment 
thinning—are shown in table 7. There are some differences among installations in 
relative density prior to the first treatment thinning. These differences are related to 
stand height and stand average diameter and are a consequence of the spacing rule 
used in the calibration thinning. 

Treatment thinnings.—Eight thinning regimes were applied after completion of the 
calibration period. These regimes differed only in amount of growing stock retained; 
other factors were held as nearly constant as feasible. 

Results of thinning are influenced by (1) the amount of growing stock retained, (2) the 
interval between thinnings, (3) the type of thinning, (4) site quality, and (5) initial stand 
conditions. Amount of growing stock is the variable of primary interest in the LOGS 
studies and the only one purposely varied within an installation. The interval between 
thinning is specified as the time required for 10 feet of crop tree height growth and varies 
with site and age. The type of thinning is controlled by specifications discussed later, 
which are comparable across regimes and installations. Site quality is nearly constant 
within an installation but varies among installations. Initial stand conditions were nearly 
constant within an installation and were restricted to as narrow a range as feasible 
among installations. 
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Table 5—Number of trees by 1-inch d.b.h. classes, for stand after calibration 

1/ C = mean of control plots; Th = mean of thinned plots. 

2/ After replacement of damaged plots in 1965. 

3/ Small discrepancies in column totals come from rounding to whole numbers. 

Table 6—Ratios of numbers, basal areas, and average 
diameters of trees cut in calibration thinning to 
prethinning stand values 
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1/ n/N = ratio of number cut to prethinning 
number of trees. 

2/ g/G = ratio of basal  area cut to 
prethinning. baial'area. 

3/ d/D = ratio of diameter of cut trees to 
"stand diameter before thinning. 

4/ Skykomish values are not comparable to those 
from other studies because of removal of small 
trees from control  plots at t ime of cal ibrat ion 
thinning ar id are therefore omitted. 



Table 7—Stand characteristics of study areas at the end of the calibration period (prior to first treatment 
thinning) 

1 /  Re la t i ve  dens i t y  measure  f rom Cur t i s  (1982) .  

2 /  Va lues  fo r  Doug las - f i r  component  g iven  in  pa ren theses .  

Crop trees were selected and marked at study establishment. They retain their identity 
as crop trees throughout the experiment, except for occasional replacement of trees that 
are dying, damaged, or showing marked decline in vigor. 

The kind of thinning is controlled by specifications that (1) no crop tree shall be cut until 
all noncrop trees have been cut, (2) quadratic mean diameter of trees cut shall 
approximate quadratic mean diameter of all trees available for cutting, and (3) trees cut 
during thinning shall be distributed as evenly as practicable across the range of 
diameters of trees available for cutting, without regard to merchantability. These 
specifications imply d/D ratios of less than 1.0 until all noncrop trees have been cut. 

Growing stock levels are defined by the basal area allowed to accumulate in the growing 
stock. Basal area retained after any thinning is that retained after the previous thinning, 
plus a predetermined percentage (see table, inside front cover) of the gross basal area 
growth occurring on the unthinned plots since that previous thinning. This can be 
expressed as: 

basal area retained = Gcalib + ∑ PidGi ; 

where: 

Gcalib = mean basal area of all thinned plots in the installation 
after the calibration thinning; 

Pi = fraction of control plot growth to be retained for the 
respective period and treatment (table, inside front cover); and 

dGi = mean gross increment in basal area of control plots in 
growth period "i." 
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If, at the end of a growth period, attained basal area of a plot was less than the leave 
basal area calculated as above, no thinning was made on that plot at that thinning date. 
This situation has occurred occasionally, usually in the highest density treatment. 

Definition of growing stock levels in terms of observed growth of the control makes 
growing stock levels specific to the individual installation. There are four fixed-
percentage regimes (1,3,5, and 7) that retain 10,30,50, and 70 percent of control plot 
gross basal area growth; two regimes (2 and 4) that retain successively increasing 
percentages of control plot growth over successive periods; and two regimes (6 and 8) 
that retain decreasing percentages of control plot growth. These are referred to in later 
discussion as "fixed" treatments, 1,3,5 and 7; and "variable" treatments consisting of 
"increasing" treatments, 2 and 4, and "decreasing" treatments, 6 and 8. 

The pattern of growing stock levels expected as the stand develops is schematically 
illustrated in figure 2. Treatment regimes will show the same pattern and relative position 
in each of the studies, although numerical stocking levels for a given treatment vary 
somewhat among installations because of differences in initial conditions and in control 
plot growth. Stand condition after the calibration cut is illustrated by figure 3 and that 
near the end of the planned experiment by figure 4. 



Figure 3.—Hoskins study after 
calibration cut, 1963, age 20. 
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Analyses The LOGS study plan specified analyses of variance (ANOVA) for gross volume growth, 
basal area growth, and net diameter growth. There are, however, other and perhaps 
more informative ways of analyzing the data, and other relationships of interest. The 
planned analyses of variance are included in this report, but we do not confine ourselves 
to them. 

Most analyses of volume and basal area growth are for gross growth of trees 1.6 inches 
and larger d.b.h. Gross rather than net growth and values for trees 1.6 inches and larger 
rather than some higher measurement limit are used because: 

1. These provide more biologically meaningful expressions of stand productivity. 
2. Gross growth is less influenced by mortality than is net growth. 
3. Inclusion of all trees 1.6 inches and larger eliminates the need to account for ingrowth 
on the thinned plots. 

 

Height, Height Growth, 
and Site Index 

Definition of stand height.—Past reports in the LOGS series used average height of 
crop trees as the summary measure of stand height. This has several limitations. First, 
it does not correspond with the basis of the applicable regional site curves, nor with any 
procedure in general use. Second, in the present LOGS summary program this value is 
calculated as an arithmetic mean of measured heights of those crop trees included in 
the sample; it is therefore influenced by the selection of trees for height measurement. 
Third, in later treatment periods this value may be altered by removal of crop trees in 
thinning, aside from actual growth. To avoid these difficulties, we used average height 
of the 40 largest trees per acre by d.b.h. (previously defined as H40) as the basic stand 
height statistic (Curtis and others 1981). This value (also frequently referred to as "top 
height") is little affected by thinning and has a long history of use, particularly in Europe. 

Computation of H40.—Because the present LOGS summary program does not 
provide height-diameter equations, we adopted the following computation procedure: 

1. Calculate quadratic mean diameter of the largest eight trees per 0.2-acre plot. 
2. Calculate corresponding tree volume using the plot local volume equation. 
3. Calculate H40 by substituting mean volume and diameter of the largest eight trees 
per plot in the Bruce and DeMars (1974) volume equation and solving for height.6/ 

Trial computations with plot data indicated that this procedure gave estimates of H40 
that were very close to those obtained with plot height-diameter equations. 

6/ The equation can be rearranged as: 

H = - B + (B2 - 4AC)1 / 2
;  

2A 

where:   A = 0.480961 - 0.00409083D 
B= - (V/(0.005454T5D2) + 0.107809), 
C= 42.46542 – 10.996430, 

and 

V = volume in cubic feet, 
D= d.b.h. n inches, and 
H = total height in feet. 
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Height in relation to treatments.— 

Graphs of H40 over time.—H40 was calculated for each plot at each measurement 
date. For each installation, treatment means of H40 were plotted over the year of 
measurement. Inspection indicated that: 

1. Trends over time are nearly linear. 
2. There is no consistency in relative position of thinning treatments among installations. 
3. The Rocky Brook study has a considerably greater dispersion of H40 values than do 
other studies. This may be related to known early snowbreakage and to a greater range 
in site index in this study than others. 
4. In the demons study, H40 for controls is markedly and consistently higher than for 
thinned plots. Trends for control and thinned plots appear parallel. 
5. In the Hoskins study, H40 for controls is also above and parallel to values for thinned 
plots, although the difference is much less than at Clemons. 
6. In the Skykomish study, mean H40 for controls was initially lower than for any thinning 
treatment. Slope of the trend for controls was, however, considerably steeper than for 
thinned plots, and by 1979 the controls had the highest mean H40. A similar though less 
pronounced trend was present at Iron Creek. 

Effect of calibration thinning on H40.—The hypothesis of no difference between 
means of H40 for thinned plots and for controls after the calibration thinning, for each 
installation, was tested (t-test). A significant difference (p less than 0.01) was found only 
for Clemons, where the mean of controls was 6.2 feet greater than for thinned plots, and 
for Hoskins, where the difference was 3.1 feet. 

A probable explanation is suggested by the diameter distributions shown in table 5. A 
considerable number of large trees were evidently removed in the calibration thinning at 
Clemons, probably a result of known prior damage. Similar but lesser differences can 
be seen for Hoskins and for Rocky Brook. (At Rocky Brook, H40 of controls was 2.7 feet 
greater than for thinned plots, although the difference was not statistically significant.) 

At the most recent measurement, the difference between H40 of controls and of thinned 
plots was no longer significant at Hoskins. It was still significant at Clemons where, in 
1980, H40 of controls was 7.6 feet greater than the mean H40 of thinned plots. 

Mean increases in H40 over the entire period of observation were also compared 
between controls and thinned plots, t-tests indicated significant differences (p less than 
0.05) only for Iron Creek and Skykomish, where the controls grew 3.0 and 5.7 feet more, 
respectively, than did the average of thinned plots. 

These results indicated that in a few installations the calibration thinning probably did 
introduce real differences in H40 between controls and thinned plots. These differences 
were generally minor and of little importance over the course of the experiment, with the 
possible exception of the Clemons study. 
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Comparisons 
Among Controls 

Effect of removal of trees on H40.—Removal of occasional large trees in thinning 
should tend to reduce H40 for thinned plots, compared to H40 for control plots, aside 
from real differences in growth. H40 values were calculated before and after treatment 
thinnings.7/esults suggest a small reduction associated with thinning. Changes in 
means were small, however—a few tenths of a foot at each thinning—and will be 
ignored in subsequent analyses. We will use values of H40 calculated after thinning. 

Height growth patterns and site index estimates.—Past site index estimates for the 
LOGS studies have most frequently used average height of crop trees, but sometimes 
selected remeasured site trees have been used. Average height of crop trees is not 
consistent with the regional site curves (King 1966), which specify the largest 10 trees 
from a group of 50 as the basis for site index estimates. The latter selection rule was not 
intended for use in thinned stands and would probably bias comparisons between 
thinned and control plots. 

We needed a procedure that could be applied consistently to all installations and that 
used only currently available data. We chose to calculate site index by entering King's 
curves with mean H40 and mean estimated age at b.h. for the installation. Numerical 
site index values given here may therefore differ slightly from previously published 
values. Trends of site index estimates over age at b.h. are shown in figure 5. 

Although Iron Creek and Francis showed sharp declines in site index estimates over 
time at the younger ages, at such young ages small errors in estimates of ages b.h. and 
short-term variations in growth can easily introduce large errors in site index estimates. 
Little importance can be attached to trends below at least age 15 b.h. 

Conformity with the regional site index curves appears reasonably good overall. The 
best available site index estimates are those from the most recent measurements 
(table 8). 

Purpose.—Comparisons of the behavior of controls among installations provide 
indications of differences in growth associated with location; location may also influence 
thinned plots. To the extent that differences in initial conditions influence growth of 
controls, the differences may also affect the definition of thinning treatments because 
the LOGS study plan uses observed basal area growth on the controls as the basis for 
defining thinning regimes. We therefore examined characteristics and development of 
controls for consistency among installations and for differences that may be attributable 
to differences in initial conditions, real differences in site productivity, or other factors. 

Graphs of stand attributes over H40 provide a convenient way to compare on common 
scales the development of stands which differ in age and site index. This general 
procedure has a long history of use in yield studies in Europe, where yield tables have 
frequently been prepared using the assumption that total production is primarily a 
function of attained height (the so-Called "Eichhorn's law"). The relationship to height 
may differ somewhat among site classes, especially at advanced ages; and production 
of, individual stands in relation to height may differ from regional averages in response 
to differences in climate, soil, or other factors! (see p. 161 ff., Assmann 1970). 

7/ Unpublished report; 1982, "Preliminary Work oh the Cooperative 
Levels-of-Growing-Stock Study in Douglas-Fir," by David D.; 
Marshall and John F. Bell. Report on file at Forestry Sciences 
Laboratory, 3625-93d Avenue; S.W., Olympia, WA 98502. 
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Table 8—Site index estimates from King's (1966) site 
curves, based on installation means of H40 and ages 
b.h. at most recent measurement 

 
1/ Mean H40 of controls differed significantly 
from H40 of thinned stands at demons. SI50 
estimated from mean H40 of controls is 132. 
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Kind of Thinning and the 
d/D Ratio 

For stands treated alike, stand attributes other than volume also tend to be functions of 
height. Conversely, differences in development in relation to height are indicative of 
differences in stand treatment, initial conditions, or other factors. 

Comparisons of trends.—Table 2 gives means of initial stand values for the control 
plots, by installation. Trends of number of trees over H40 are shown in figure 6 for all 
trees, and in figure 7 for Douglas-fir only. Rocky Brook, Francis, and Iron Creek have 
large numbers of trees of other species (mostly western hemlock), many of which are in 
the understory and contribute little to volume and basal area totals. When only the 
Douglas-fir component is considered, initial differences are much less, except at 
Hoskins and Skykomish. Hoskins had by far the greatest number of stems, Skykomish 
the least. Skykomish, unlike other studies, was about 50 percent hemlock by basal area. 
Values of initial number and average diameter at Skykomish were not directly compara-
ble to those for other installations, because at Skykomish (and only at Skykomish) small 
stems were cut on the control plots. 

Trends in average diameter over H40 are shown in figure 8 for all trees, and in figure 9  
for Douglas-fir only. The many small trees of other species present at Rocky Brook, 
Francis, and Iron Creek markedly affect the number of trees and average diameter, but 
contribute little to basal area and volume. There are, therefore, considerable shifts in 
relative position of installations in figure 9 as compared to figure 8. 

Comparisons of trends in basal area, cumulative gross basal area production, and 
cumulative gross volume production (all trees) over H40 show generally similar 
relationships among installations (figures 10, 11, 12). Hoskins and Francis have the 
highest values for a given H40, and those for Skykomish and demons are considerably 
lower than those for the other studies. 

The trend of the relative density measure RD (defined as G/Dg1/2 (Curtis 1982)) over 
H40 likewise shows highest values for Hoskins, which has apparently reached an upper 
limit at an RD of just under 100 (fig. 13). Rocky Brook, Francis, and Iron Creek appear 
to be headed toward similar limits at, possibly, somewhat lower levels. (Because of the 
effect of understory hemlock in reducing stand average diameter, the RD values shown 
are inflated by 5-10 percent in these three installations.) Sayward is slightly lower. 
Clemons and Skykomish are behaving quite differently and seem unlikely to reach 
relative densities near those of the other studies. 

The study plan specification that "trees removed in thinning shall be distributed as 
evenly as practicable across the diameters of trees available for cutting without regard 
to merchantability" has sometimes been interpreted as a statement that the d/D ratio in 
the LOGS studies is 1.0: this is incorrect. The study plan specifications produce a d/D 
of 1.0 only after all noncrop trees have been cut, a condition that generally occurs only 
at the lowest stocking level (treatment 1) and only in the last one or two thinnings. (In 
these data, mean d/D ratio of treatment 1 at the fifth treatment thinning was in fact 0.98.) 

d/D ratios were plotted against age and height- by. installation and by treatment. Values 
were highly variable—particularly as the number of trees available for cutting de-
creased—and no conclusions could be drawn beyond the expected result that values in 
later thinnings were higher at the lower stocking levels. 
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Figure 6.—Number of trees per 
acre in relation to H40 for control 
plots, by installation, all species. 

 

 

 
Figure 7.—Number ot trees per 
acre in relation to H40 for control 
plots, by installation, Douglas-fir 
only. 

25 



 

 
Figure 8.—Quadratic mean 
diameter in relation to H40 for 
control plots, by installation, all 
species. 

 
Figure 9.—Quadratic mean 
diameter in relation to H40 for 
control plots, by installation,. 
Douglas-fir only. 

26 



 



 

Figure 12.—Cumulative gross 
volume production in relation to 
H40 for control plots, by 
installation, all species. 

  

Figure 13.—Trends of RD in 
relation to H40, by installation, for 
control plot means, all species.
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Figure 14.—Ratio of average 
diameter of trees cut to average 
diameter of stand before cut (d/D) 
for successive thinnings, by 
installation; all thinning treatments 
combined. Value at calibration 
thinning is omitted for Skykomish 
because prethinning diameter is 
not available. 

 

Analysis of Variance 

Mean d/D ratios were calculated over all thinning treatments, for each installation (fig. 
14). Wide differences for the calibration thinning resulted from differences in initial 
conditions. The divergent trend shown for Skykomish may be associated with the large 
hemlock component. Otherwise, trends are not greatly different among studies. 

These cuts are probably best classified as crown thinnings. 

The original LOGS study plan specified analysis of variance as the primary method of 
analysis. Response variables were: 

1. Gross periodic basal area growth. 
2. Gross periodic volume growth. 
3. Periodic change in quadratic mean diameter. 
4, 5, and 6. Growth percents in basal area, volume, and diameter. 

This analysis has been done for the Skykomish, Hoskins, Clemons, and Francis studies, 
the only ones for which data are available through the fourth treatment period. 

An individual LOGS installation consists of eight thinning treatments replicated three 
times, with thinning treatments randomly assigned to plots. This is a repeated-measures 
experiment that is computationally similar to a split-plot design (Snedecor and Cochran 
1981). The thinning treatments were randomly assigned to the main plots. Periodic 
remeasurements of these plots, at intervals defined by 10 feet of height growth, 
correspond to subplots. 
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For the ANOVA, gross basal area growth, gross volume growth, and growth in quadratic 
mean diameter were expressed as periodic annual increments (PAI). Corresponding 
growth percents were calculated using mean basal area, volume, or diameter for the 
period as the divisor; that is: 
 

 

 

where Y, and Y2 are values of basal area, volume, or diameter at beginning and end of 
the growth period. ANOVA computations were done with the SPSS MANOVA program 
(Hull and Nie 1981). 

The seven degrees of freedom in the main (treatments) plot portion of the ANOVA 
(table 9) were broken down into seven orthogonal contrasts, which test differences 
among overall means through the fourth treatment period. The first contrast (A) tests the 
mean of the four fixed treatments versus the mean of the four variable treatments. This is 
a meaningful comparison because the average growing stock retained (percent of 
control plot growth) is the same, 40 percent, for all periods (table, inside front cover). 
Next, because there are four equally spaced treatments (10, 30, 50, 70 percent) in the 
fixed treatments, up to a third degree polynomial can be used to describe the relationship 
between response and treatment. The second contrast (B), therefore, tests for significant 
linear, quadratic, and cubic effects in the fixed treatments. The third contrast (C) tests 
for differences among means of the increasing and decreasing treatments. At the end 
of the fifth treatment period average basal area retained for both of these treatments will 
be 40 percent. Before the fifth treatment period, however, average basal area retained 
will be greater for the two decreasing treatments. Thus, after four treatment periods 
average basal area retained is 35 and 45 percent for the increasing and decreasing 
treatments respectively, making interpretations difficult until both treatments have 
developed to reach the same average levels of growing stock. 

The first test in the subplot (periods) portion of the ANOVA is for differences among 
periods and is expected to be significant. The other contrasts are the seven period     
x treatment interactions. These test for differences among individual period responses 
within the overall average response tested in the main-plot portion of the analysis. A 
significant interaction indicates a change in response with time. 

Results.— 

Basal area growth.—The ANOVA for gross basal area PAI is summarized in table 10; 
means are shown in tables 22-25 (appendix). For all installations, gross basal area 
growth increased linearly with increased growing stock within the fixed percentage 
treatments. The means also show that gross basal area PAI decreased with treatment 
period (age), and the significant (p≤ 0.05) period x linear effects interaction for Hoskins 
and Skykomish suggests that rate of change differs by period. Decreasing treatments 
had significantly greater average increment than did increasing treatments for all four 
installations. The period x increasing versus decreasing treatments interactions are 
significant in three of four installations, which indicates that the pattern of response 
changes with time. 



 

 

Table 9—Analysis of variance for a single installation 

  

Table 10—Analysis of variance for periodic annual 
increment in gross basal area, all trees, through 
fourth treatment period 
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Table 11—Analysis of variance for gross basal area 
growth percent, all trees, through 4th treatment 
period 
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Gross basal area growth percent is also linear (table 11 and tables 26-29 (appendix)) 
and decreases with treatment period and with an increase in growing stock. The period   
x linear interaction is significant in three of four installations, which indicates that slopes 
of the linear trends differ with periods. The increasing treatments have significantly 
larger growth percents than the decreasing treatments because the former have fewer 
trees. The period x increasing treatments interaction is significant in three of four cases, 
indicating that differences change with time, as would be expected. 

Volume growth.—The ANOVAs for gross volume PAI and for volume growth percent 
are summarized in tables 12 and 13; means are shown in tables 30-37 (appendix). 
Results are similar to those for basal area, with linear trends that increase with growing 
stock for volume growth and decrease with growing stock for growth percent. Increasing 
versus decreasing treatments differ significantly, as was the case in the basal area 
analysis. The period x linear interaction for volume growth PAI is significant in three of 
four installations, indicating that slopes differ by period. Interactions for volume growth 
percent are significant mainly at Skykomish, suggesting for the other areas that although 
volume growth percent decreases with age, the trends with growing stock are similar for 
all treatment periods. 

Diameter growth:—The ANOVAs for quadratic mean diameter PAI and growth percent 
are shown in tables 14 and 15; means are in tables 38-45 (appendix). Again, within fixed 
treatments, PAI and growth percent decreased linearly with increasing growing stock as 
the increment was redistributed to fewer and ultimately larger trees in the heavier 
thinnings. An exception was Skykomish, which has a significant quadratic term for PAI. 
The means in table 38 show that this arises in this instance from greater growth in 
treatment 7 than in treatment 5. The reason for this anomaly is unknown. 

Clay Ramsdell
CONTINUE



 

 

Table 12—Analysis of variance for periodic annual 
increment in gross volume, all trees, through 4th 
treatment period 

  

 

Table 13—Analysis of variance for gross volume 
growth percent, all trees, through 4th treatment 
period 

33 



 

 

Table 14—Analysis of variance for periodic annual 
increment in quadratic mean diameter, all trees, 
through 4th treatment period 

  

 

Table 15—Analysis of variance for quadratic mean 
diameter growth percent, all trees, through 4th 
treatment period 
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The period x linear interaction is consistently significant, with diameter growth 
decreasing with age except in treatment 1, which has the least growing stock. The 
increasing percentage treatments (2 and 4) have greater diameter growth than the 
decreasing treatments (6 and 8) because of the lesser growing stock in the early periods. 

Crop trees.—Parallel analyses of variance were run for the 80 well-spaced crop trees 
on each plot. Results were similar to those for all trees, although F-values were generally 
less for crop trees. This suggests that averages of the crop trees, which are in general 
the larger trees, have been somewhat less influenced by the treatments than have the 
averages of all trees. 

Combined analysis.—A combined analysis in which individual installations would be 
treated as blocks was considered. We concluded that such an analysis is not appropriate 
because of the probable inconsistencies among treatments in different installations that 
arise from differences in initial conditions and because of the nonhomogeneity of 
variance among installations. 

Treatment means.—Figures 15 through 18 show treatment means (tables 22-45, 
appendix) of basal area growth, basal area growth percent, volume growth, and volume 
growth percent. These are plotted over mean values of basal area for each period. The 
lines connecting successive means of individual treatments represent trends over time 
within each treatment. The lines connecting means of different treatments for the same 
treatment period represent response to basal area level within each treatment period 
(these lines are omitted for treatment periods 1 and 2 in figure 17 to improve clarity). 

The nature of these trends is best seen in the graphs for the Francis study, which has 
the most regular trends. Skykomish has lower growth percents because of its greater 
initial volume (table 7). Skykomish, Hoskins (volume only), and demons each have 
anomalies in individual treatment periods (discussed later) that make the patterns less 
obvious than the patterns for Francis. The trends, none the less, show a general 
similarity across all installations. 
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Figure 15.—Periodic annual 
increment in gross basal area in 
relation to mean basal area for the 
growth period: (A) Skykomish, 
(B) Hoskins, (C) Clemons, and 
(D) Francis. Solid lines connect 
values for the same treatment (T) 
in successive growth periods; 
dashed lines connect values for 
different treatments in the, same 
growth period (TP). Values shown 
for fixed percentage treatments 
(1, 3, 5,.and 7) only. 
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Figure 16.—Basal area growth 
percent in relation to mean basal 
area for the growth period:       
(A) Skykomish, (B) Hoskins,    
(C) Clemons, and (D) Francis. 
Solid lines connect values for the 
same treatment (T) in successive 
growth periods; dashed lines 
connect values for different 
treatments in the same growth 
period (TP). Values shown for 
fixed percentage treatments             
(1, 3, 5, and 7) only. 

37 



 

Figure 17.—Periodic annual 
gross volume increment in 
relation to mean basal area for the 
growth period: (A) Skykomish, 
(B) Hoskins, (C) demons, and 
(D) Francis. Solid lines connect 
values for the same treatment (T) 
in successive growth periods; 
dashed lines connect values for 
different treatments in the same 
period (TP), for treatment periods 
3 and 4 only. Values shown for 
fixed percentage treatments     
(1, 3, 5, and 7) only. 
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Figure 18.—Volume growth 
percent in relation to mean basal 
area for the growth period: (A) 
Skykomish, (B) Hoskins, (C) 
demons, and (D) Francis.    
Solid lines connect values for the 
same treatment (T) in successive 
growth periods; dashed lines 
connect values for different 
treatments in the same growth 
period (TP). Values shown for 
fixed percentage treatments     
(1, 3, 5, and 7) only. 
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Equation Forms Although analysis of variance was the method of data analysis specified in the original 
study plan, other ways of looking at the data are informative. In subsequent sections we 
examine relationships between growth and growing stock using graphic and regression 
methods. We will not use treatment as a variable, but will use measures of growing stock 
(which are related to treatment, as each treatment represents a particular sequence of 
growing stock values over time). In most analyses we use individual plot values rather 
than treatment means. 

The ANOVA of the preceding section led to the conclusion that the relationship of growth 
of thinned plots (in basal area, volume, diameter, and corresponding growth percents) 
to basal area growing stock was linear in the sense that addition of squared or cubic 
terms to the basic relationship, y = a + bx, did not give a statistically significant 
reduction in residual variance. 

Logical considerations indicate, however, that all six of these relationships cannot 
possibly be linear, and other equation forms are therefore used in subsequent analyses. 
Our reasons are: 

1. Curves of growth in relation to growing stock for basal area and volume must pass 
through the origin. Means of thinned plots in the later treatment periods are not, 
however, satisfactorily represented by straight lines through the origin, which correspond 
to the equation, y = bx. 

2. Functions for growth and for growth percent should be consistent. A linear growth 
function implies a curvilinear growth percent function. Conversely, a linear growth 
percent function implies a curvilinear growth function. 

3. Growth rates cannot increase indefinitely with increase in growing stock. 

Because these stands originally were either plantations or exceptionally uniform natural 
stands, the controls can be regarded as one extreme of a continuum of possible stocking 
levels. 

A satisfactory function should (1) pass through the origin, (2) give a satisfactory 
statistical fit to thinned plots, and (3) also approximate the mean of control plots. No 
straight line can do this. 

Williamson and Curtis (1984) use the function, y = bx - cx2, to express the relationship of 
PAI in volume to volume of growing stock. This fits satisfactorily and implies a linear 
function for growth percent that is in agreement with data plots. It does, however, 
frequently give a rather abrupt maximum near the upper margin of the range of stocking, 
which may or may not be real. 
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Basal Area Growth 

In this report we use the equation: 

y = eaxbecx; 

fitted in the form: 

Iny = a + blnx + cx; 

to express the relationships between growth and growing stock for basal area and for 
volume. Compared to the equation used by Williamson and Curtis (1984), this is 
somewhat more flexible and can represent a relationship with a maximum while also 
giving a reasonable approximation to asymptotic relationships; it extrapolates more 
plausibly; and it seems to more nearly approximate uniform variance when control plots 
are included. In most instances curves corresponding to the two equations differ little, 
however, within the range of data for thinned plots. 

Shape of growth-growing stock curves is poorly defined in the early treatment periods 
because of the very limited range in growing stock present on the thinned plots and 
because of the wide gap in growing stock that exists between thinned plots and control 
plots. This gap narrows over successive treatment periods, and definition improves as 
the thinned plots in some treatments build up growing stock and increase the range of 
growing stock represented. Relationships are fairly well defined by the fourth treatment 
period and should be solidly established by the end of the experiment. 

We started the analysis of relationships between growth and growing stock with gross 
basal area growth, principally because we expected more consistent relationships for it 
than for volume growth (because of effects of errors in height measurements and of 
sampling errors on estimates of the latter). 

Basal area increment as a function of basal area.— 

Data plots.—Within each installation, values of periodic annual gross basal area 
increment (dG) were plotted over mean basal area for the period (G) for all plots 
including controls, by treatment period. Here, and later, we use mean growing stock for 
the period rather than growing stock at start of the growth period because this mean 
represents the average of the growing stocks that produced the observed periodic 
annual increment. Corresponding midperiod ages are given in table 16. Periodic annual 
increment can be regarded as an estimate of the slope of the yield curve at the midpoint 
of the growth period, at which point growing stock is approximated by mean growing 
stock for the period. Mathematically, if the yield function is y = f(x), periodic annual 
increment is an estimate of the derivative dy/dx at the midperiod value of x. This 
facilitates comparisons among experiments that have growth periods of different lengths. 

Regressions of basal area increment on basal area.—The equation form, 

IndG = a + blnG + cG, 

can and in some instances does produce curves with a maximum for basal areas 
intermediate between those present in the thinned plots and in the controls. (Such a 
maximum is also suggested by scatter diagrams for the Hoskins and Clemons studies.) 
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Regressions were fitted to combined data for thinned and control plots for each 
treatment period within each installation. Corresponding curves are shown in figure 19. 
Inspection of these curves, their standard errors of estimate, and the corresponding 
scatter diagrams (not shown) indicated that: 

1. There are considerable differences in residual variances among installations and 
among periods within installations. In particular, the data from Clemons and Rocky 
Brook appear more variable than those from other installations. 
2. Curves for treatment periods 2 and 3 at Skykomish appear out of line with the position 
of the curves for periods 1 and 4. The explanation is unknown. 
3. With the exception noted in (2), the fitted curves form regular sequences over time 
within any one installation. 

Basal area increment as a function of RD.— 

Data plots.—Values of dG were plotted over values of the relative density measure RD 
for each period. Compared with the previous plots of dG against G, use of RD as the 
independent variable compresses the horizontal axis proportional to Dg-1/2 in a manner 
such that a given value of RD represents an approximately constant fraction of 
maximum attainable density. Some users find a scale that can be referenced to such a 
biological limit to be simpler and more readily interpretable than absolute measures such 
as basal area. Similar results could be obtained with any of the other common diameter-
based measures of relative density. 

Period regressions.—Regressions of the form, 

IndG = a + blnRD + cRD , 

were fitted for each treatment period, by installations (fig. 20). Residuals are compared 
in table 17. On average, standard errors of estimate were slightly larger with this 
equation than with similar equations using basal area as We predictor, but differences 
were not consistent among installations; 



 

Figure 19.—Relation of periodic 
annual gross basal area incre-
ment to growing stock expressed 
as mean basal area for the period, 
by treatment period, for all plots: 
(A) Skykomish, (B) Hoskins, (C) 
Rocky Brook, (D) Clemons, (E) 
Francis, (F) Iron Creek, and (G) 
Sayward. Solid lines represent 
the range of thinned plot values; 
dashed lines extend to the upper 
margin of the range of control plot 
values. SEE and R2 are for the 
transformed variable In(dG). 
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Figure 20.—Relation of periodic 
annual gross basal area incre-
ment to relative density expressed 
as mean RD for the period, by 
treatment period, for all plots: (A) 
Skykomish, (B) Hoskins, (C) 
Rocky Brook, (D) demons, (E) 
Francis, (F) Iron Creek, and (G) 
Sayward. Solid lines represent the 
range of thinned plot values; 
dashed lines extend to the upper 
margin of the control plot values. 
SEE and R* are for the trans-
formed variable In(dG). 
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Table 17—Comparison of residual mean squares for 
period regressions of the form, lnG= blnRD+ cRD 

The curves corresponding to these period regressions show a regular progression over 
time, with the one exception of treatment periods 2 and 3 at Skykomish. The sequence   
of curves for any one installation could be readily expressed as a function either of RD 
and H40 or of RD and age. 

These curves show a general similarity, which strongly suggests that the family of 
curves representing any one installation could be represented by a system of propor-
tional curves; that is, on logarithmic axes, by parallel curves differing only in elevation. 
This suggests that the family of curves can be represented by a general equation of the 
form: 

IndG = a1 + a2P2 + .............+ a1P1 + blnRD + cRD ; 

where the P1 are dummy variables representing successive periods, and values of b and  
c are the same for all periods within an installation. 

Installation regressions with common slopes.—Regressions of the above form were 
fitted to the pooled data for each installation. The hypothesis of common values of b and  
c for all periods was tested as shown in table 18. The F-test was nonsignificant in all 
cases. There is no evidence against the hypothesis that periods within each installation 
can be satisfactorily represented by proportional curves. On logarithmic scales, any 
additional terms expressing the effects of height or age would be additive. 
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Table 18—Test of hypothesis of common slopes b and c, by installation, in 
regressions, IndG = a + b InRD + cRD 

Comparisons among installation regressions.—Given these installation regressions 
of the form: 

IndG = a + blnRD + cRD ; 

in which a is a function of period, shapes of the installation curves can be graphically 
compared by adjusting the value of a so that all curves pass through a common point. 
This is done in figure 21 using an RD value of 50 (RD50 in the notation used hereafter) 
as the reference point. Each curve corresponds to an equation: 

InY = a   + blnRD + cRD ; 

in which b and c are the estimates of common coefficients previously obtained and: 

a   = ln(1.0) - bln(50) - c(50). 

Y is then the ratio of estimated basal area growth rate to the rate expected when RD is 
50. RD50 was chosen as the reference point because this is about the upper margin of 
the range in midperiod RD now present in the thinned plots. Beyond this, curves are 
determined by the control plots, which are more variable and differ considerably in 
characteristics among installations. 

Figure 21 shows that these curves-are very similar in shape within the range of RD of 
practical concern in thinning; that is, RD20 to RD60.The major exceptions are the 
Clemons study and, to a lesser extent, Rocky Brook. There are only two treatment 
periods available for Rocky Brook arid as yet the thinned plots represent only a narrow 
range of densities; therefore, the shape of the curve is not well determined. Clemons 
appears distinctly different; one more of several indications that the demons study 
differs from others in some Undetermined way. 
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Figure 21.—Comparison of 
shapes of installation curves 
(IndG = a; + blnRD + cRD) 
fitted with common slopes for all 
periods within a single installation. 
Estimates expressed as ratios of 
estimated dG to expected dG for 
RD50. 

A single regression for combined data.—A single regression with common b and c 
coefficients and with periods represented by dummy variables was fitted to all data 
exclusive of the demons and Rocky Brook studies. Standard error of estimate was 
0.0592. The dashed line in figure 22 is derived from this regression, and has the 
equation: 

Y = EXP[-3.11426 + 0.96139(lnRD) - 0.013860(RD)] ; 

where: 

Y = dG/(dGest for RD70) . 

Because variances are not homogeneous, significance of differences among individual 
installation curves cannot be tested. It seems clear, however, that this is a good average 
of the individual installation curves. 

The solid line in figure 22 represents a similar curve derived from a regression fitted to 
all data, including demons and Rocky Brook. Although the demons and Rocky Brook 
curves diverge from the others and the differences for demons are probably real, 
inclusion of the additional data alters shape and position of the average curve only 
slightly, while it increases the standard error of estimate to 0.0791. 

The solid curve in figure 22 has the equation: 

Y = EXP[-2.71189 + 0.81768(lnRD) - 0.010886(RD)] . 
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Figure 22.—Ratio of estimated 
dG to expected dG for RD70, 
based on the regression  
(IndG = ai + blnRD + cRD) 
fitted to combined data under the 
assumption of common b and c 
coefficients for all installations 
and periods. 

 

Volume Growth 

RD70 is used as the reference point in figure 22 rather than the RD50 from the preceding 
section, because RD70 corresponds to "normal" in the DFSIM yield tables (Curtis and 
others 1981). Those accustomed to thinking in terms of normality can convert the RD 
scale to a normality ratio by dividing by 70. 

Because little mortality occurs below RD values of about 60, there is little difference 
between gross and net increment rates within the density range of concern in thinning. 

These average curves are of interest from two standpoints: First, the curves are 
relatively flat topped and indicate a considerable range of densities within which there is 
relatively little difference in basal area growth. (This differs considerably from the 
behavior of volume increment, as will be shown later.) Second, for plots comparable in 
other respects, the average curves provide an estimate of the relative rates of basal area 
growth associated with different levels of stocking, as expressed by RD. 

Volume Increment as a function of volume.—The equation: 

Iny = a + blnx + cx ; 

previously used to express gross basal area increment as a function of basal area, also 
provided a satisfactory expression of the relationship between gross volume increment 
and volume of growing stock. 

Curves corresponding to period regressions are shown in figure 23; standard errors of 
estimate are given in table 19 for comparison with alternate regressions. These standard 
errors of estimate are generally lower than are those obtained using alternate measures 
of growing stock or stand density. Trends over time, within an installation, resemble 
those for basal area growth. Slopes relative to growing stock are steeper, with growth 
increasing with growing stock to—in most cases—the upper limits of the data. The 
sequence of curves over time is somewhat less regular than for basal area. In particular, 
the curve for treatment period 3 at Hoskins is obviously inconsistent with the other 
curves for this installation; this suggests possible errors in the height estimates for this 
2-year period.
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Figure 23.—Relation of periodic 
annual gross volume increment to 
period mean volume, by treatment 
period, for all plots: (A) 
Skykomish, (B) Hoskins, 
(C) Rocky Brook, (D) Clemons, 
(E) Francis, (F) Iron Creek, and 
(G) Sayward. Solid lines represent 
the range of thinned plot values; 
dashed lines extend to the upper 
margin of the range of control 
plots. SEE and R2 are for the 
transformed variable In(dV). 
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Table 19—Standard errors of estimate of some
regressions, IndV = f(Xi), by periods

 

50 

Volume increment as a function of basal area.—Periodic annual increments in gross 
volume (dV) were plotted against mean period basal areas, by periods. Corresponding 
regressions of the form: 

IndV = a + blnG + cG ; 

were fitted. There was generally a well-defined relationship within periods, although 
standard errors of estimate were larger for these regressions than for regressions using 
volume as the independent variable (table 19). The period curves (not shown) appeared 
more or less parallel within each installation. In a general way, curve elevations tended 
to decrease over time, although this trend was much more irregular than for the curves 
of basal area growth over basal area and of volume growth over volume. 

Volume increment as a function of RD.— 

Data plots and period regressions.—When volume growth was plotted over RD, the 
scatter diagrams (not shown) resembled those for dV over G, except for lateral shifts in 
position produced by the transformation of the horizontal axis. Regressions of the form: 

IndV = a + blnRD + cRD ; 

were fitted. In most cases standard errors of estimate (table 19) were slightly larger than 
those for the corresponding regressions that used basal area as the independent 
variable; this was markedly so for Sayward, Clemons, and Rocky Brook. 



Differences in height among plots, which are associated with differences in site among 
plots, could have some effect on both the dV = f(G) and the dV = f(RD) relationships, 
and could contribute to unexplained variation. The dV = f(RD) relationship may also be 
influenced through the probable association of height differences with differences in the 
diameter used as the divisor in RD. 

An additional independent variable, ln(Hi/Hm), was included in the regressions to 
remove possible effects of plot differences in H40. Hi was individual plot estimated H40, 
and Hm was the installation mean of such estimates. For the average condition in an 
installation, the term, ln(Hi/Hm), becomes zero. 

The resulting curves (fig. 24) were nearly identical with those previously obtained, but 
there was a marked reduction in standard errors of estimate, especially for Sayward and 
Rocky Brook (table 19). Estimates were not improved for Clemons; this may reflect the 
small height samples in this study, which required that height samples be pooled for all 
plots in a given treatment, and probably results in poor estimates of individual plot H40. 

Very similar standard errors of estimate were obtained in parallel sets of regressions 
(not shown), which used basal area in combination with ln(Hi/Hm). 

Comparison of variances.—Residual mean squares from the regressions, IndV = a 
+ blnRD + cRD + dln(Hi/Hm), were tested for homogeneity, within installations. 
Differences among period mean squares were significant for Sayward, Hoskins, and 
Skykomish, and nonsignificant for all other studies. Significance of differences for 
Hoskins is a result of treatment period 3; for Skykomish, treatment period 4. 

Period residual sums of squares were then pooled to calculate installation mean 
squares. Differences among installations were highly significant. Rocky Brook and 
Clemons in particular had much higher variances than did other installations. 

Installation regressions with common slopes.—Comparison of the curves, dV  
= f(G), with corresponding curves, dV = f(RD), for successive periods within installa-
tions suggested that the change to the variable RD tended to (1) shift curves into a more 
nearly coincident position, and (2) produce curves that appeared more nearly propor-
tional to each other. This suggested that, as with basal area growth, the curves 
corresponding to the regressions: 

IndV = a + b InRD + cRD + dln(Hi/Hm) ; 

can be regarded as a series of proportional curves, at least for the limited range of ages 
represented by these data. On logarithmic scales the elevation coefficient a varies 
among periods and among installations, while the other coefficients can be regarded as 
constants. 

Regressions of the form: 

IndV = a1 + a2P2 + ... + a1Pi + blnRD + cRD + dln(Hi/Hm) ; 

were fitted to pooled data for installations. The Pi are dummy variables representing 
successive periods. 
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Figure 24.—Relation of periodic 
annual gross volume increment to 
relative density expressed by RD, 
by treatment period, for all plots: 
(A) Skykomish, (B) Hoskins,  
(C) Rocky Brook, (D) Clemons, 
(E) Francis, (F) Iron Creek, and 
(G) Sayward. Solid lines represent 
the range of thinned plot values; 
dashed lines extend to the upper 
margin of the range of control 
plots. SEE and R2 are for the 
transformed variable In(dV). 
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Table 20—Test of hypothesis of common slopes, b, c, and d, by installation, in 
regressions, IndV = a + blnRD + cRD + dln(Hi/Hm) 

The hypothesis of common slopes was tested as shown in table 20. Differences in 
slopes among periods within an installation were nonsignificant for all installations 
except Skykomish. The period curves show clearly that the significant result for 
Skykomish arose from treatment period 3, for which the curve is odd in both shape and 
elevation. 

Comparisons among installation regressions.—The resulting installation regressions 
were transformed and graphed as shown in figure 25, in which the y-variable is ratio of 
predicted dV for a given RD, to the dV predicted for RD50. This transformation, which 
causes all curves to pass through a common point, y = 1.0 at RD50r allows a visual 
comparison of curve shapes. As before, the reference value RD = 50 approximates the 
upper margin of the range in midperiod RD now present in the thinned plot data. 

Because variances were not homogeneous, differences among installation curves could 
not be tested statistically. It seemed clear, however, that curves for all installations 
except Rocky Brook and Clemons could reasonably be represented by a single curve, 
as done previously for basal area growth; and that even inclusion of Rocky Brook and 
Clemons in the calculation of such a curve would not materially alter the results. 
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Figure 25.—Comparison of 
shapes of installation curves 
(IndV = a, + blnRD + cRD  
+ dln(Hi/Hm)) fitted with common 
slopes for periods within a single 
installation. Estimates expressed 
as ratios of estimated dV to 
expected dV for RD50. 

 

Diameter Growth, 
Basal Area, and RD

A single regression for combined data.—A regression: 

IndV = a1 + a2P2 ... + aiPi + blnRD + cRD + dln(Hi/Hm) ; 

in which the Pi represent periods, was fitted to the combined data for all installations. 
The resulting equation (standard error of estimate 0.0888) can be transformed and 
plotted as shown in figure 26, in which form the curve passes through the point y = 1.0 
at RD70 (value of 70 was selected because this represents "normal," traditionally a 
widely used reference point). The equation corresponding to the curve in figure 26 is: 

y = EXP(- 3.029434 + 0.837763 InRD - 0.00756852 RD) . 

When expressed in this form, the curve provides an estimate of periodic annual 
increment in gross volume for a given RD, expressed as a fraction of that expected for 
RD70. 

The corresponding, previously derived curve for basal area is shown as the dashed 
curve in figure 26 (for use in later comparisons). 

Net periodic annual increment in quadratic mean diameter of ail trees (dD), is the net 
change from the start of the period (after thinning) to the end of the period (before 
thinning). Change due to removal of trees is excluded, but change due to mortality is 
hot. The latter is negligible on most thinned plots. 
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Figure 26.—Ratio of estimated 
periodic annual increment in 
gross volume (dV) to dV expected 
for RD70, based on the regression 
(IndV = a, + blnRD + cRD + 
dln(Hi/Hm)) fitted to combined 
data, assuming common slopes 
for all installations and periods. 
Dashed line represents similar 
curve for gross basal area 
increment. 

Diameter increment in relation to basal area.— 

Data plots.—Values of dD were plotted over period mean basal area by periods. In 
many but not all cases, the relationship appeared approximately linear. The curvilinearity 
apparent in some instances arose mainly from the control plots. The scatter diagrams 
(not shown) suggested that, if only thinned plots were considered, the relationship might 
be satisfactorily approximated by straight lines; this would be expected from the 
previous ANOVA results. 

Period regressions.—Regressions of the form: 

dD = a + bG + cG2 ; 

were fitted to all plots by periods. The squared term was significant (p ≤ 0.05) in 7 out of 
23 periods, which indicated that it should not be omitted. 

The corresponding curves (not shown) gave an impression that if only thinned plots 
were included, relationships could be represented by a series of parallel lines. There 
seemed to be no consistent order of elevations by periods, however; and the portions 
of the curves that included the control plots were irregular in shape and position. 

Diameter increment as a function of RD.— 

Data plots.—Scatter diagrams of dD over RD (not shown) indicated a strongly cur-
vilinear relationship, which was linearized by transformation of dD to IndD. 

Period regressions.—An appropriate equation form appeared to be: 

IndD = a + bRD + cln(Hi/Hm). 

The square of RD was significant in only 3 of 23 periods and in no more than 1 period 
in any one installation; it was therefore omitted. ln(Hi/Hm) was significant in 7 of  
23 periods, including all periods at Sayward and Rocky Brook, and has therefore been 
included. 

55 



56 

Regressions of this form were fitted for each period, and corresponding curves are 
shown in figure 27. As with previous curves for basal area growth and for volume growth, 
these curves suggest that—at least within the limited range of ages and heights 
represented—curves for successive periods can be regarded as proportional. 

Installation regressions with common slopes.—A test of the hypothesis of common 
slopes (table 21) showed no significant difference among periods for six of the seven 
installations. The one exception was Rocky Brook, for which only two periods are 
available. It therefore appears that the relationships within each installation can be 
represented by logarithmic curves differing only in elevation (proportional curves on 
untransformed scales). 

A single regression was fitted to all periods, within each installation, of the form: 

IndD = a1 + a2P2 + ____ + aiPi + bRD + cln(Hi/Hm); 

in which the Pi are dummy variables representing individual periods within the 
installation. 

Comparisons among installation regressions.—Shapes of the curves corresponding 
to these installation regressions are compared in figure 28, where the ordinate is the 
ratio of estimated dD for a given RD to the corresponding dD estimate for RD50. Shapes 
of installation curves appear very similar. It seems reasonable to generalize the 
relationship by combining these installation curves into one average curve. 

A single regression for combined data.—A single regression of the same general 
form was fitted to all data combined, with periods and installations represented by 
dummy variables. The curve corresponding to this regression (standard error of 
estimate of regression = 0.1022), after transformation, is shown in figure 29. This is 
scaled relative to RD70, which—as the "normal" of Curtis and others (1981)—provides 
a convenient reference point. The equation of this transformed curve is: 

y = EXP(1.46650 - 0.020950 RD) ; 
where: 

y = dD/(dDest for RD70) . 

This curve provides an estimate of the expected diameter growth rate of such thinned 
stands relative to unthinned "normal" stands that are comparable in origin, age, and 
height. Thus, a thinned stand at an average density of RD50 is expected to grow about 
50 percent faster in diameter than the normal stand; one at RD35 will grow about twice 
as fast as the normal stand. There must be a maximum diameter growth rate attained 
at very low stand densities, where trees are growing essentially without competition, and 
this curve (fig. 29) should not be extrapolated to densities below about RD20. 



 

Figure 27.—Relation of periodic 
annual diameter increment to RD, 
as expressed by period regres-
sions (IndD = a + bRD  
+ cln(Hi/Hm)), for all plots:  
(A) Skykomish, (B) Hoskins,  
(C) Rocky Brook, (D) Clemons, 
(E) Francis, (F) Iron Creek, and 
(G) Sayward. Solid line represents 
range of thinned plot values; 
dashed lines extend to upper 
margin of the range of control 
plots. SEE and R2 are for the 
transformed variable In(dD). 
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Table 21—Test of hypothesis of common slopes, b and c, by installation, in 
regressions, IndD = a + bRD + cln(Hi/Hm) 

Figure 28.—Comparison of 
shapes of installation curves 
(IndD = a, + bRD + cln(Hi/Hm)) 
fitted with common slopes for all 
periods within a single installation. 
Estimates expressed as ratios of 
estimated dD to expected dD for 
RD50. 

Figure 29.—Ratio of estimated 
periodic annual increment in 
diameter: (dD) to expected dD for 
RD70, based on the regression 
(IndD = a, + bRD + cln(Hi/Hm)) 
fitted to combined, data assuming 
common slopes for all installations 
and periods. 
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Growth, Height, and 
Height Increment 

It has been shown that growth for individual periods can be expressed as functions of 
growing stock: 

IndV = a + blnV + cV, and 
IndG = a + blnG + cG. 

Within any given installation, these curves form a progression over time (and height) that 
could be represented by similar functions in which the coefficients are functions of 
height. It seemed plausible that a common relationship, allowing generalization across 
installations and sites, might be obtained by expressing growth as increment per unit of 
height growth, rather than per unit of time; that is:  

ln(dV/dH) = a + blnV + cV, and 
ln(dG/dH) = a + blnG + cG; 

where one or more of the coefficients, a, b, or c, are functions of height. 

Estimates of individual plot dH were clearly too erratic to be useful. In the following 
comparisons we used smoothed estimates, obtained by differentiating equations H = a 
+ b(Age) + c(Age)2, which had been fitted to means of H40 and age for successive 
periods, separately for each installation. 

Regressions having In(dWdH) and ln(dG/dH) as dependent variables and with coeffi-
cients expressed as functions of H40, were fitted to the combined measurements for 
(1) the five site II installations; (2) Skykomish, Hoskins, Francis, and Iron Creek only; 
and (3) all seven installations. Resulting estimates were graphed in the same manner 
as the previous regressions for individual periods. 

Comparisons with the individual period curves (figs. 19 and 23) for volume growth and 
for basal area growth showed that: 

1. Regressions fitted to combined data for the five site II installations provided a good 
representation for Skykomish, Hoskins, Francis, and Iron Creek. Growth rates were 
seriously overestimated for Clemons. 
2. Regressions fitted to the four site II installations other than demons provided an 
excellent approximation to the individual period curves for these installations, aside from 
occasional anomalies in individual period curves (which could not be well represented 
by any overall equation). 
3. When regressions were fitted to combined data for all seven installations, the Rocky 
Brook and Sayward data, as well as those for demons, differed considerably from 
estimates. There were, however, only two treatment periods available at Rocky Brook 
and Sayward, a very weak basis for conclusions. 

This approach seems attractive as a possible means of generalizing results and is well 
suited to future applications of growth functions. Results of these trials are inconclusive. 
The procedure worked well for four of five site II installations. Although it did not work 
well for Clemons, other analyses also indicate that Clemons is in some way different. 
There are too little data now available from the poorer sites to draw any conclusion about 
the applicability of the procedure across a range of sites. This approach should be 
further examined when more data are available from the installations on the poorer sites. 
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Comparisons of 
Diameter Growth by 
Stand Components 

Comparisons of Yields 

It has been shown previously that increment in quadratic mean diameter of all trees is 
strongly related to growing stock (treatment). Because those treatments with higher 
stocking levels also retain more of the initially smaller trees, one may ask whether effects 
of treatment and stocking level on growth of a fixed number of largest trees, or on growth 
of crop trees, are similar to the effects on growth of all trees. 

Comparisons in this section are limited to the four installations for which data are 
available through the fourth treatment period—Skykomish, Hoskins, Clemons, and 
Francis. 

Periodic diameter increments of the largest 40 trees per acre, of crop trees, and of all 
trees, were summed over all periods (calibration plus four treatment periods) to give the 
results shown in figure 30. This computation excludes changes in average diameter 
caused by removal of small trees in thinning and is not the same as the difference 
between average diameters of the specified grouping of trees at the beginning of the 
calibration period and the end of the fourth treatment period. The diameter increments 
shown represent real growth, except for changes caused by mortality (negligible except 
for the "all trees" component in the controls). 

Figure 30 shows generally consistent trends across treatments. In the fixed percentage 
treatments, the general ranking is 1 is greater than 3 is greater than 5 is greater than 7; 
in the increasing percentage treatments, 2 is greater than 4; in the decreasing percen-
tage treatments, 6 is greater than 8. Trends for all three stand components appear 
similar. Results for Skykomish are inconsistent with the other three installations in that 
the positions of treatment 7 vs. 5 and of 4 vs. 2 are reversed. Differences among 
treatments are also less than in the other three installations. The explanation is 
unknown, although difference in species composition is a possible factor. 

Because treatments 1 through 8 are identical through the calibration period and 
differences in growing stock develop gradually thereafter, differences in diameter growth 
are small at first and increase in later periods. Figure 31 shows diameter growth during 
the fourth treatment period for the largest 40 trees per acre, for crop trees, and for all 
surviving trees. Differences are much more striking than in the cumulative totals of the 
previous figures, and the ranking of treatments at Skykomish is consistent with the other 
installations even though differences are less. It is apparent that differences among 
treatments are increasing rapidly as the stands develop, and that even the largest trees 
are being strongly influenced by thinning treatments. 

We made graphic comparisons of treatment means among installations and treatments. 
Rocky Brook and Sayward were omitted because these studies are not yet far enough 
into the thinning sequence to provide results that can be readily compared with those 
from the more advanced studies. Although Iron Creek was included, this study extends 
only through the third treatment period; data through the fourth treatment period were 
available for the other four studies. 
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Figure 30.—Cumulative diameter 
increment, from study establish-
ment to end of fourth treatment 
period, of largest 40 trees per 
acre, crop trees, and all trees, by 
treatment: (A) Skykomish,  
(B) Hoskins, (C) Clemons, and 
(D) Francis. 
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Figure 31.—Periodic diameter 
increment of the largest 40 trees 
per acre, crop trees, and all 
surviving trees, for fourth treat-
ment period: (A) Skykomish,  
(B) Hoskins, (C) demons, and 
(D) Francis. 
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Gross volume yields.— Gross cubic volume yields (including mortality) for all trees 
1.6 inches d.b.h. and larger are given in table 46 (appendix). Material removed in the 
calibration cut has been omitted. Relation of these gross yields to attained H40 is shown 
in figure 32 for the fixed treatments (1,3,5, and 7). Trends are generally similar among 
installations, with gross yields by treatments diverging sharply in the later treatment 
periods. Clemons differs from the other installations in that gross yields for a given H40 
are lower, and differences in gross yield among thinning treatments are smaller, both 
absolutely and relatively, and not entirely consistent. 

Quadratic mean diameters.—Quadratic mean diameters (values after thinning) are 
shown in table 47(appendix), by installation age, H40, and thinning regime. The relation 
of these values to H40 is shown for the fixed treatments (1, 3, 5, and 7) in figure 33. 
Again there are clearly defined differences among treatments; these differences 
increase sharply in the third and fourth treatment periods. Attained diameters for a given 
H40 and treatment are considerably less at Clemons than in the other installations. The 
crossing of trends for treatments 5 and 7 at Skykomish is probably associated with 
variations in species composition. Skykomish has a high percentage of hemlock, which 
is smaller in average diameter than the Douglas-fir component (table 47, appendix). 



 

Figure 32.—Cumulative gross 
cubic volume yield in trees  
1.6 inches d.b.h. and larger 
(material removed in calibration 
cut excluded) in relation to H40, 
through end of fourth treatment 
period at (A) Skykomish,  
(B) Hoskins, (C) Clemons, and 
(D) Francis; and through end of 
third treatment period at (E) Iron 
Creek. Values shown for fixed 
treatments (1, 3, 5, and 7) and 
control only. 
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Figure 33,—Quadratic mean 
diameters (after thinning, all 
species) in relation to,H40, 
through end of fourth treatment 
period at (A) Skykomish, (B) 
Hoskins, (C) Clemons, and (D) 
Francis; and end of third 
treatment period at (E) Iron  
Creek. Values shown for fixed 
treatments (T, 3, 5, and 7) and 
control only. 
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Figure 34.—Comparison of 
trends of mean annual gross 
increment (MAI) in volume and of 
periodic annual gross increment 
(PAI) in volume, in relation to H40 
for the Francis study: (A) fixed 
treatments (1, 3, 5, and 7); (B) 
increasing treatments (1 and 4); 
and (C) decreasing treatments  
(6 and 8). 

Mean annual increments.—PAI and MAI in gross volume, for all trees 1.6 inches d.b.h. 
and larger, are shown in tables 48 and 49 (appendix). Trends of MAI and PAI in relation 
to H40 are illustrated, for the Francis study, in figure 34. Trends for other installations 
are similar. 

These trends show that: 

1. After increasing in early periods, PAI appears to have more or less stabilized in the 
third and fourth treatment periods. 
2. MAI has been and still is increasing sharply over successive periods. 
3. By the fourth treatment period, MAI is still only about one-half the value of PAI for the 
period. 

The fact that PAI is still roughly twice MAI clearly shows that these stands are still far 
short of any biologically reasonable rotation age. Differences between treatments are 
increasing rapidly, and even the end of the fifth treatment period will not provide a full 
evaluation of the potential differences in final results of these thinning regimes. 
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Comparisons 
Among Installations 

Volume production by tree size classes.—Cumulative volume production in trees 
larger than 1.6,7.6,9.6,11.6, and 13.6 inches d.b.h., at the end of the fourth treatment 
period, is shown in tables 50 and 51 (appendix) for Skykomish, Hoskins, Clemons, and 
Francis. Values shown are the volume of live stand at the end of the fourth treatment 
period plus volume of material removed in previous thinnings, exclusive of the calibration 
thinning. (Material removed in the calibration thinning ranged from 216 ft3/acre at 
Francis to 1,238 ft3/acre at Hoskins, virtually all of it in the 1.6-7.5-inch d.b.h. class.) 

The above values are compared in figure 35. Patterns are generally similar for 
Skykomish, Hoskins, and Francis, although absolute volumes produced differ consider-
ably. Iron Creek was not included in these graphs, but trends at Iron Creek up to the end 
of the third treatment period are similar to Skykomish, Hoskins, and Francis. 

The lowest levels of growing stock (regimes 1,2, and 3) have generally resulted in major 
reductions in both total volume production and production of smaller merchantable 
material (7.6-11.5 inches d.b.h.) without corresponding gains in volume of larger 
material. The higher levels of growing stock in regimes 5, 7, 4, and 8 have produced 
volumes in trees 7.6 inches and larger more or less equal to those of the controls; 
volumes in trees 11.6 inches and larger and in trees 13.6 inches and larger are far 
greater than the controls, and equal to or greater than the volumes produced in the 
low-density regimes. 

Clemons is again different. Not only is total production less at Clemons than at the other 
three installations shown, but there has been little apparent volume growth response to 
differences among thinning treatments. The control has a volume in trees 13.6 inches 
and larger equal to or greater than all but one of the thinning treatments, and a volume 
in trees 9.6 inches and larger about the same as in the thinning treatments. This 
represents, in part, a lack of response to thinning—as is evident when one compares 
results of treatments 1,3,5, and 7. It is probably also another indication (consistent with 
differences in diameter distributions and H40 for control vs. thinned, as noted previously) 
that the calibration thinning at Clemons removed more of the larger trees than was the 
case in other studies. 

Differences among installations for a given thinning regime can be illustrated by graphs 
showing, on the same axes, results of a specified treatment at several installations. 
Such graphs are shown for the five site II installations, extending through the fourth 
treatment period at Skykomish, Hoskins, Clemons, and Francis, and through the third 
treatment period at Iron Creek (figs. 36, 37, and 38). 

Gross volume yield by installation within thinning regime.—Figure 36 shows the 
relation of gross volume yield to H40, by installation, separately for treatments 1, 3, 5, 
and 7. This corresponds to the relation for the controls given in figure 12. Relative 
ranking of installations is generally similar to that for the controls, with Clemons and 
Skykomish having considerably lower volume production than Hoskins, Francis, and 
Iron Creek. 

Attained diameter by installation within thinning regime.—Figure 37 shows the 
relationship of quadratic mean diameter to H40, by installation, separately for treatments 
1, 3, 5, and 7. This corresponds to the relation for the, controls in figure 9. Diameters, 
shown are values before thinning, except the first measurement which is the value after  
the calibration thinning. Again, the ranking of installations is generally similar to that for  
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Figure 35.—Volume production to 
end of fourth treatment period, by 
tree size classes: (A) Skykomish, 
age 42; (B) Hoskins, age 36; 
(C) demons, age 36; and 
(D) Francis, age 33. Values are 
sums of live stand at end of fourth 
treatment period plus previous 
thinnings (calibration cut 
excluded). 
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Figure 36.—Gross volume yield in 
relation to H40, by treatment, 
through fourth treatment period at 
Skykomish, Hoskins, Clemons, 
and Francis, and through third 
treatment period at Iron Creek: 
(A) treatment 1, (B) treatment 3, 
(C) treatment 5, and  
(D) treatment 7. 
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Figure 37.—Quadratic mean 
diameter (all trees) in relation to 
H40, by treatment, through fourth 
treatment period at Skykomish, 
Hoskins, Clemons and Francis, 
and through third treatment 
period at Iron Creek: (A) treatment 
1, (B) treatment 3, (C) treatment 
5, and (D) treatment 7. Diameters 
are before cut, except for the first 
measurement which is after the 
calibration cut. 
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Figure 38.—Relation of period 
means of basal area to period 
means of H40, by treatment, 
through fourth treatment period at 
Skykomish, Hoskins, Clemons 
and Francis, and through third 
treatment period at Iron Creek: 
(A) treatment 1, (B) treatment 3, 
(C) treatment 5, and 
(D) treatment 7. 

 

Distribution of Volume 

Mean period basal area by installation within thinning regime.—Figure 38 shows 
the relationship of mean period basal area to H40, by installation, separately for 
treatments 1, 3, 5, and 7. Line segments connect points that represent means of basal 
area at start of period (after thinning) and end of the period (before the next thinning); 
these points represent the periodic average growing stock which produced the observed 
periodic growth. The figure is analogous to figure 10 for the controls. 

Figures 36, 37, and 38 show that there are consistent differences among installations 
for any given treatment. 

Percentage distributions of volumes by tree size classes at the end of the fourth 
treatment period are shown for Skykomish, Hoskins, Clemons, and Francis in figure 39. 
The patterns are generally similar, although differences among treatments are smaller 
and less consistent at Clemons than in the other three studies. In particular, the curve 
for the control at Clemons is inconsistent with those for the thinning treatments, probably 
reflecting the atypical calibration thinning on this study (noted earlier). 
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Figure 39.—Percentage of volume 
in live trees larger than indicated 
diameters, at end of fourth treat-
ment period: (A) Skykomish, age 
42; (B) Hoskins, age 36; 
(C) Clemons, age 36; and 
(D) Francis, age 33. Values 
shown for fixed treatments (1, 3, 
6, and 7) and control only. 
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Mortality 

Secondary Vegetation 

Distribution of cumulative volume production by tree size classes, through the end of the 
fourth treatment period, is shown in figure 40. Volume distribution curves at the end of 
the fourth treatment period show a similar pattern for the live stand. 

Total volume produced on the controls is greater than that produced on the thinned plots 
at all installations. The thinned plots at Hoskins and Francis have, however, produced 
much more volume in merchantable-size material, 7.6 inches and larger (for treatments 
5 and 7, approximately twice as much as on the controls). Iron Creek (not shown) 
appears to be developing similarly. Current trends in net growth suggest that this 
advantage for the thinned plots will be maintained or even increased in the next growth 
period. Differences at Skykomish are similar but are smaller in magnitude, possibly in 
part because of the later start of thinning. 

Clemons is different; it shows little or no gain of thinning treatments over control in 
merchantable as well as total volume production. This is associated with the unexplained 
poor response to thinning in this installation, plus the continuing effect of the initial 
removal of large trees in the calibration cut. The initial advantage of the control in large 
trees (table 5) has not been overcome by the modest increase in diameter increment on 
the thinned plots. 

Overall, mortality on thinned plots in the five site II installations has been minor. Since 
study establishment, volume of mortality on thinned plots has been, on average, less 
than 1 percent of gross growth at Hoskins and Francis, 2 percent at Skykomish, 3 
percent at Clemons, and 5 percent at Iron Creek. The higher mortality at Iron Creek 
was the result of a combination of root rot and early damage by bear. Some individual 
plots had substantial mortality, that is not evident in these averages. Mortality had no 
relation to thinning treatment or to time (except the early damage by bear at Iron Creek). 

Total mortality on the controls, expressed as percentages of total gross growth since 
establishment, ranges from 3 percent at Francis to 15 percent at Hoskins. This mortality 
was mainly due to suppression, and has been increasing rapidly over successive growth 
periods as the controls approach maximum density. In the third and fourth treatment 
periods, mortality has become a substantial fraction of periodic gross growth at Iron 
Creek, Hoskins, Skykomish, and Clemons. The density trends (fig. 13) suggest that this 
will soon also be true at Francis. 

The two poorer site installations, Sayward and Rocky Brook, appear to be following 
similar trends. Through the end of the second treatment period, the thinned plots at 
Sayward had almost no mortality. Rocky Brook has lost about 3 percent of total gross 
growth overall since establishment; much more on some individual plots. The Rocky 
Brook mortality has been mainly from root rot, plus some snowbreakage. At both 
installations, the controls are now developing substantial suppression mortality. 

It is evident from casual inspection that differences exist in species composition and 
vigor of the secondary vegetation, both among areas and among treatments within 
individual areas. To date, there have been no quantitative measurements of composition 
arid development of the secondary vegetation. 

The study areas should be examined and classified by plant association; quantitative 
descriptions of species composition and development of the secondary vegetation 
should be made for a selected set of contrasting treatments.
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D.b.h. (inches) D.b.h. (inches) 
Figure 40.—Cumulative volume 
production (including thinnings) in 
trees larger than indicated diame-
ters, to end of fourth treatment 
period: (A) Skykomish, to age 42; 
(B) Hoskins, to age 36; (C) dem-
ons, to age 36; and (D) Francis, to 
age 33. Material removed in 
calibration cut omitted. Values 
shown for fixed treatments (1,3, 
5, and 7) and control only. 
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Discussion 
Differences in 
Productivity 

Volume and basal area production and diameters of trees at individual installations are 
expected to differ with differences in age and site index. These differences should be 
largely removed when height (H40) rather than age is used as the basis for comparison. 
The most advanced studies in the LOGS series—Skykomish, Hoskins, clemons, 
Francis, and Iron Creek—are similar in site index; the most recent SI50 estimates are 
128, 132, 122, 125, and 125, respectively. These installations could, therefore, be 
expected to behave similarly in relation to H40 development. 

Considerable differences do exist. The Skykomish and Clemons installations are clearly 
producing less volume, less basal area, and less diameter growth than expected for their 
site indexes and attained H40 values. 

Evidence for differences.— 

Controls.—The graphs of basal area, cumulative basal area production, cumulative 
volume production, and relative density in relation to H40 (figs. 10 through 13) all show 
much lower production for the Skykomish and Clemons controls than for controls in the 
other five installations compared. RD values do not appear to be approaching the same 
upper limit. 

Clemons has produced much less basal area and volume for a given H40 than have the 
other installations (except Skykomish), even though the site index and initial height at 
Clemons were comparable to Hoskins, Francis, and Iron Creek. By the time the stands 
reached 90 feet in height, diameter of the Hoskins control exceeded that at Clemons 
despite the fact that Hoskins had nearly twice as many trees per acre (figs. 7,8,9, and 
10). The Skykomish control has also produced much less basal area and volume for its 
H40 than did Hoskins, Francis, and Iron Creek, which have similar site indexes. 

Thinning treatments.—Graphs of periodic annual increment in basal area and volume 
in relation to basal area, treatment, and period (figs. 15 and 16) show relationships that 
are qualitatively similar but quantitatively different. Clemons in particular has much less 
growth than the other site II installations. Cumulative production curves (fig. 32) show 
similar patterns, but with much less total production at Clemons. The same is true for 
attained diameters (fig. 33). The various curves relating periodic annual increment in 
basal area, volume, and diameter to measures of growing stock are likewise lower for 
Clemons. 

Graphs comparing gross volume yields and attained diameters among installations by 
individual treatments (figs. 36 and 37) show differences similar to those for the controls; 
curves for Clemons and Skykomish are markedly lower than those for other installations. 

Stands differed somewhat in height, average diameter, number of trees, and basal area 
at the start of the individual experiments, and it is not surprising that subsequent 
development has not been identical. To the extent that these initial differences have 
influenced subsequent basal area growth of controls, they must have influenced the 
definition of thinning treatments Basal area levels for a given treatment do differ 
considerably among installations (fig. 38), Differences in initial condition do hot .seem a 
sufficient explanation of the observed differences however. 
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Possible causes of differences.— 

Skykomish.—This installation differs from others in that it was somewhat taller and had 
the most volume at the start of the experiment, the stand was and is about 50 percent 
hemlock by basal area, and trees on the control that were less than one-half the average 
diameter of crop trees were cut in the calibration thinning, unlike the procedure on other 
studies. The slightly later start of treatments could be a factor in the lower basal area 
growth and must affect comparisons of development in relation to H40. Removal of 
small trees from the control plots may have had some slight effect on subsequent 
development of the control plots and hence on treatment basal area levels. The major 
apparent difference from the other studies is species composition. The hemlock 
component has a substantially lower diameter growth rate and less height and average 
diameter (table 47) than did the Douglas-fir component which is used as the basis for 
site index and H40 estimates. Each of these factors probably contributes to observed 
differences, although they do not necessarily provide a complete explanation. 

Clemons.—Initial stand values at demons were well within the range of those for 
Hoskins, Francis, and Iron Creek (table 2). Clemons had the smallest initial number of 
trees, was closely comparable to Hoskins and Iron Creek in initial H40, and was in 
between Hoskins and Iron Creek in average diameter (Francis had considerably smaller 
initial H40 and average diameter). The principal difference when compared to Hoskins 
and Iron Creek was lower initial basal area at Clemons (Francis had a still lower initial 
basal area, associated with smaller average diameter and lesser initial H40). This 
difference continued throughout subsequent development of control plots (fig. 10) and 
corresponding differences are evident for thinning treatments (figs. 36 through 38). The 
poor subsequent diameter and basal area growth, when compared to more heavily 
stocked and otherwise comparable installations, indicate that the difference in basal 
area is not a cause but a result of some inherent difference in stand productivity. 

The original stand had considerable animal and freeze damage and many damaged 
trees were removed in the calibration thinning. The diameter distribution after calibration 
(table 5) suggests that more of the larger trees were removed than in the other studies; 
the 6-foot difference between mean H40 of controls and that for thinned plots suggest 
the same. Also, d/D at the second treatment thinning was unusually high (fig. 14), for 
reasons unknown (also true at Skykomish), and may have accentuated differences. 
These differences were still present at the end of the fourth treatment period, as shown 
by the volume distribution curves of figure 39 and the 10-foot difference in estimated site 
index of control plots vs. treated plots (table 8). 

Several observers have commented that trees at Clemons appear less vigorous than 
those in other installations; the trees have a slight yellowish cast to the foliage and 
relatively thin crowns. Possible causes that have been suggested for this appearance 
and for differences in performance from the other site II installations include an unknown 
and possibly off-site seed source, some unrecognized nutritional problem, effects of a 
severe burn in the early 1940's, and heavy initial brush competition. 
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Definition of Thinning 
Regimes 

There is considerable evidence, much of it from Europe (Assmann 1970, Bradley and 
others 1966) that differences in stand productivity and stockability exist which are not 
fully accounted for by height growth or site index and which are often related to 
differences in soils or regional climate. Although such differences could be involved 
here, we have no reason to expect them for the soils and locations concerned. 
Differences in early damage and initial treatment, a possibly unadapted seed source 
(Clemons), and species composition (Skykomish) seem more likely explanations. 

Staebler’s use of control plot growth to define residual stocking for the thinning regimes 
in the LOGS studies was based on the beliefs that local productivity differences exist 
and that definition of thinning regimes in relation to productivity of the individual stand, 
rather than in relation to regional averages, would be biologically meaningful. The 
differences discussed above appear to confirm the hypothesis of local productivity 
differences. It is arguable whether the attempt to define thinning regimes in relation to 
productivity of the individual stand has really simplified analysis and interpretation of the 
experiments. 

The method used to define regimes has probably not achieved complete comparability 
of thinning regimes among installations. Basal area increment culminates early in dense 
stands, and time of culmination is influenced by initial density (Pienaar and Turnbull 
1973). Installations differed considerably in initial number of stems, basal area, and 
height at the time the study was established, and such differences may well have 
introduced inconsistencies in defining thinning treatments. 

The numerous small stems of associated species that are present in some installations 
distort summary values and growth trends for the number of trees and average diameter 
and introduce some confusion in comparisons among installations. In retrospect, it 
would have been preferable to have removed the small trees at the time of study 
establishment, as was done at Skykomish but not in the other installations. Alternatively, 
more nearly equal initial conditions might have been provided by thinning all controls to 
a fixed number of trees—a number large enough to allow early crown closure—at the 
time of study establishment. 

 

Analyses of Variance Differences among treatments.—The analyses of variance (tables 11-14) show no 
significant differences between averages of the fixed and variable treatments, which 
always have the same average amount of retained growing stock. Gross basal area 
growth and gross volume growth increased with growing stock; growth percents 
decreased with growing stock. Basal area growth, and basal area and volume growth 
percent have decreased over successive treatment periods. Diameter growth (both PAI 
and growth percent) has decreased with increasing growing stock and has shown 
decreases over successive periods except for PAI at the lowest level of growing stock. 

So far, basal area and volume PAI have been greater for the decreasing treatments than 
for the increasing treatments. At the end of the fourth treatment period, the average 
percentage of control plot growth retained is 35 percent for the increasing treatments 
and 45 percent for the decreasing treatments. Average growing stock level of the latter 
is higher and would be expected to produce more growth. The experiment will not be 
completely developed until the end of the fifth treatment period, when the same average 
growing stock levels are expected for both increasing and decreasing treatments. Even 
through increasing and decreasing treatments differ at present, we cannot now conclude 
that they will be different at the end of the fifth treatment period. 
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Results for the contrasts between increasing treatments (D) and between decreas-
ing treatments (E) (table 9) vary among installations. Where significant differences 
occur, they are consistent with results of the fixed percentage comparisons. Treat-
ments 4 and 8 tend to have greater basal area and volume PAI in the increasing 
and decreasing groups, respectively. These retain more growing stock than the 
alternative treatments, 2 and 6. The opposite is true of growth percent, with treat-
ments 2 and 6 having greater growth percents when there is a significant dif-
ference because growth is on fewer and larger trees. For quadratic mean diameter, 
treatments 2 and 6 have larger PAI and growth percents because of the greater 
radial growth response associated with less growing stock in these treatments. 

The error mean squares (tables 10 through 15) show that demons has much higher 
variability than the other three installations discussed. Nonsignificance of most interact-
tions at Clemons probably reflects less sensitivity associated with this greater variability. 

Differences among installations.—The graphs of means for the fixed percentage 
treatments (figs. 15 through 18) show that trends are qualitatively similar among the four 
installations compared, but that there are considerable differences in productivity, as 
noted previously. 

Relationships 
Between Growth and 
Growing Stock 

Past observations and the Langsaeter curve.—Thinking at the time the LOGS studies 
were established was strongly influenced by the so-called Langsaeter curve (fig. 41), 
which portrayed a generalized relationship of growth to growing stock (Braathe 1957, 
Langsaeter 1941). The possible range of growing stock was subdivided into a free-growth 
zone (I) not influenced by competition, a transition zone (II), a zone (III) within which 
growth is nearly constant over a wide range of growing stock, and a zone (IV) in which 
growth is reduced by excessive competition. One purpose of the LOGS studies was to 
provide a quantitative definition of the rising portion of this curve, particularly zone II. 

Subsequent to the widely quoted publications by Braathe (1957) and ManMoller (1954), 
the generalization has been frequently made that essentially the same total cubic volume 
production can be obtained over a wide range of stand densities. A considerable number 
of thinning studies in several species have seemed to support this, and Staebler (1960) 
based his theoretical thinning regime on the assumption that the same gross increment 
may be produced with widely differing combinations of growing stock and tree size. 

There is considerable information for Douglas-fir that does not agree with the concept of 
constant gross growth over a wide range of densities. Curtis (1967) found that in 
untreated natural stands, gross increment in both basal area and volume increases with 
increasing stand density; there was no indication of a maximum within the range of his 
data. Reukema (1972) and Reukema and Bruce (1977) found, as did Curtis and others 
(1982), that thinning reduced gross volume increment. This is stem volume only, and 
mortality in unthinned stands may partially or completely offset this reduction in terms of 
recoverable volume. Also, the studies cited involve uncertainties arising from use of 
heterogeneous samples in regression and thinning practices that were influenced by 
merchantability considerations. 
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Figure 41.—Relation between 
volume increment and growing 
stock, as hypothesized by 
Langsaeter (adapted from 
Braathe 1957). Roman numerals 
denote Langsaeter’s “density 
types." 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
78

 
 
The LOGS study results.—The LOGS studies constitute the most closely controlled 
and extensive series of thinning experiments in existence for young stands of Douglas-fir. 
In time, they should define the relationship of gross growth to growing stock in young 
stands that have been reduced to low stocking at an early age which was followed by 
consistent thinning to maintain a series of growing stock levels. Few data are yet 
available from the installations on poor sites, so we can say little about these; but 
relationships now seem fairly well established for the better sites. 

We do not imply that the quantitative results would necessarily hold for thinnings begun 
at a later stage in stand development or for regimes that produce radically different stand 
structures. The close relationships of growth to growing stock found in the LOGS studies, 
in contrast to the results of the somewhat similar study reported by Oliver and Murray 
(1983), probably reflect the close control of initial conditions and kind of thinning that are 
a major feature of the LOGS studies. These specifications in turn imply development of 
a particular stand structure over time. 

Gross growth.—Within the range of the thinned stands, gross growth in both basal area 
and volume increases with an increase in growing stock (figs. 19 and 23). For basal area 
growth, some of the curves suggest a possible maximum between the upper margin of 
the range of the thinned plots and the controls, with a zone of nearly constant growth in 
later periods. The volume growth curves appear much steeper and show little indication 
of any maximum or of any zone of constant growth. 

Similar curves (figs. 20 and 24) with RD on the horizontal axis suggest that on these 
axes the curves are approximately proportional (and, therefore, parallel when trans-
formed to logarithmic scales). Statistical and graphic comparisons indicated that curves 
for successive periods within an installation could be regarded as proportional and that 
this is also at least approximately true across installations (with the possible exceptions 
of Clemons and Rocky Brook). 

 

 

 

 



These statements do not imply any theoretical basis for proportionality, nor do the 
statements necessarily hold over a wider range of ages and heights. For the limited 
range under consideration, proportional curves appear to be a sufficiently close 
approximation to reality to allow their use in summarizing relationships in an easily 
interpretable form. 

Assuming such proportionality, relationships between growth and growing stock can be 
generalized as shown in figure 26 where the variable on the vertical axis is the ratio of 
growth rate to the growth rate expected at the “normal" density of RD70. The variable 
on the horizontal axis is the relative density expression, RD. For RD30, for example, 
about 66 percent of "normal" volume growth and about 77 percent of "normal" basal area 
growth would be expected. 

The curves for individual periods (figs. 23 and 24) and the generalized curve in  
figure 26 do not support the idea that gross volume growth is the same over a wide range 
of stocking. The thinned stands in the LOGS study are clearly on the ascending portion 
of the Langsaeter curve (fig. 41) in Langsaeter's zones I and II. There is little indication 
of any plateau of gross growth. 

Net growth.—Mortality on thinned plots was generally minor and, within the range of 
the thinning treatments, relationships between net growth and growing stock differ tittle 
from those for gross growth. Net growth increases with an increase in growing stock. 

Suppression mortality is now substantial on the controls, and net growth of controls is 
considerably less than gross growth. The observed values, though erratic, indicate that 
by the third and fourth treatment periods net growth is about the same for the control 
and for treatment 7 (table 48, appendix). The accelerating suppression mortality on the 
control plots suggests that in the very near future net growth of the more heavily stocked 
thinning treatments is likely to exceed that of the controls. 

Differences between basal area and volume increment curves.—The gross volume 
increment curves appear steeper than the basal area increment curves and, unlike the 
latter, show no indication of a maximum within the range of the data (fig. 26). The curve 
for gross basal area growth is much closer to the Langsaeter-Mdller concept of  
near-constant growth over a wide range of densities than is the curve for volume growth. 

Douglas-fir characteristically has rapid height growth that is sustained over long periods 
of time. In this respect it differs markedly from many eastern and southern species. This 
rapid and sustained height growth is the probable explanation for the difference in shape 
of the basal area and volume growth curves and is a characteristic that has important 
implications for management of the species. 
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Height growth as a factor in volume increment and density control.—A generally 
applicable equation for stand volume is: 

V = FGH; 

in which: 

V = cubic volume per unit area, 

F = form factor, 

G = basal area per unit area, and 

H = stand height. 

We used H40 as stand height and calculated the corresponding form factor as: 

F = V/(G H). 

Differentiating the volume equation with respect to time (t), we have (Hegyi 1969): 

dV/dt = FG(dH/dt) + FH(dG/dt) + GH(dF/dt) ; 

in which dV/dt, dH/dt, dG/dt, and dF/dt are the net rates of change in volume, height, 
basal area, and form factor; all can be approximated by the corresponding periodic 
annual net increments. Values of F, G, and H corresponding to these rates are 
approximated by the period means of these quantities. This relationship can also be 
expressed as a difference equation (Evert 1964). 

As a numerical illustration, we take values from the Hoskins study, treatment 5, fourth 
treatment period. These values are: 

Period means Growth rates 

dV/dt = 416ft3/acre/yr 
F = 0.3770 dF/dt = -0.0013 per year 

 G = 147.4ft2/acre dG/dt = 8.475 ft2/acre/yr 
H = 83ft dH/dt = 3.0 ft/yr 

Substituting these values into the above equation for the derivative dV/dt: 

dV/dt = 167 + 265 – 16 = 416 ; 

which agrees with the observed periodic annual increment. 

The third term in the equation, GH(dF/dt), makes only a minor contribution to total 
volume growth.; The contribution of the second term, FH(dG/dt), is directly proportional 
to basal area growth rate. The. first term, FG(dH/dt), involves the product of basal area 
and height growth rate/The greater the rate of height growth, the greater the importance 
of this term. Differences in basal area levels will have.a greater effect on the magnitude 
of the FG(dH/dt) term-and on volume growth rate—in stands that are growing rapidly  
in height than in stands which are growing slowly in height: 



Staebler's Assumptions 

Time Trends and 
Their Implications 

Volume growth will be more closely related to basal area stocking in a species such as 
Douglas-fir, which characteristically maintains rapid height growth over long periods of 
time, than in species that do not have this height growth pattern. In the latter, the 
principal contribution to volume growth is from the second term, FH(dG/dt), which 
includes basal area only indirectly through its effect on basal area growth rate, dG/dt. 

It is thus not surprising that the growth over growing stock curves for basal area and for 
volume differ in shape, and that the volume growth curves show growth increasing with 
growing stock up to fairly high levels of stocking. The importance of height growth also 
suggests the possibility of different patterns on poor sites and in older stands as 
compared to the young stands on good sites discussed here. 

Staebler (1960) based his method for calculating thinning schedules on three 
assumptions: 

1. Gross yield in cubic feet of a normal (fully stocked), unmanaged stand represents the 
maximum production of which the site is capable. 
2. Periodic gross increment for any age period in the life of a normal stand represents 
full capacity of the site to produce wood in a stand of the chosen age. 
3. Approximately full increment may be produced with widely differing combinations of 
growing stock, tree size, and radial increment. 

These concepts played an important role in planning the LOGS studies. In view of the 
results obtained to date, what can now be said? First, although the LOGS studies do not 
provide a clear test of assumptions (1) and (2), results to date do not conflict with them. 
Second, assumption (3) is contradicted by the LOGS study results. For the stand 
conditions and treatments represented, gross volume increment is different for the 
different observed combinations of growing stock, tree size, and radial increment. 

Because all treatments start from a common base at the end of the calibration period, 
differences among growing stock levels and resulting differences in response develop 
gradually. 

Yield curves (fig. 32) differ little in early growth periods, but diverge sharply in later 
periods. The same is true of diameters and diameter growth rates (fig. 33). The 
differences among treatments discussed here extend only to the end of the fourth 
treatment period for the four most advanced installations. We can expect these 
differences to become more striking by the planned completion of the experiment at the 
end of the fifth treatment period. 

Comparison of periodic annual volume increments and mean annual volume increments 
(tables 48 and 49 (appendix); fig. 34) show that periodic annual volume increment has 
more or less stabilized in the third and fourth treatment periods. Mean annual volume 
increment is increasing rapidly, although by the fourth treatment period it is still only 
about one-half the value of the periodic annual increment. This pattern is mainly a 
consequence of the rapid and sustained height growth characteristic of the species and 
is accentuated by the low stocking level and resulting reduced volume growth in the 
early periods. 
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Comparison of Thinning 
Treatments 

Comparison of periodic annual increment and mean annual increment shows that these 
stands are still far short of culmination of mean annual increment. This, plus the rapidly 
developing divergence of the yield curves and the increased values associated with 
large tree sizes, indicates that even the end of the fifth treatment period will not provide 
a full evaluation of the potential effects of the thinning treatments. Realization of the full 
gains attainable from thinning will clearly require rotations considerably longer than the 
ages represented by the LOGS studies. 

Volume production by tree size classes.—Total cumulative production by tree size 
classes, as of the end of the fourth treatment period, has been summarized in tables 50 
and 51 (appendix) and figures 35 and 40 for the Skykomish, Hoskins, Clemons, and 
Francis studies. Generally, the lowest levels of growing stock (regimes 1,2, and 3) have 
resulted in major reductions in both total volume production and production of the 
smaller merchantable material (7.6-11.5 inches d.b.h.), without corresponding gains in 
volume of large trees. The higher levels of growing stock in treatments 4, 5, 7, and 8 
have produced volumes in trees 7.6 inches and larger that are more or less equal to 
those of the controls; volumes in trees 11.6 inches and larger are far greater than the 
controls and equal to or greater than those produced in the low-density treatments. 
Present trends leave little doubt that this superiority in net usable production will 
continue and will probably increase over time. 

Again, Clemons is different. Not only is total production less than at the other three 
installations shown, but there has been less apparent response in volume growth to 
differences among thinning treatments (fig. 35). Figure 31 shows that there has, 
however, been a response in diameter growth. This seeming contradiction may be 
explained by the lower basal areas and the narrower range in basal areas in this 
installation, which are consequences of less basal area growth on the control. The fact 
that the Clemons control contains more large trees than do some of the thinning 
treatments probably reflects excessive removal of large trees in the calibration thinning. 

Trends of basal area and RD in relation to H40.—Trends of basal area and of RD in 
relation to H40 and to age are shown in figures 42 and 43, for fixed treatments only, for 
Skykomish, Hoskins, Clemons, and Francis. Application of the study plan thinning 
specifications has resulted in much lower levels of basal area and RD, as well as volume 
growth, at Clemons. Differences among the other installations are smaller and probably 
attributable in part to associated differences in initial H40. 

Quality.—To date, no comparisons of timber quality characteristics have been made in 
the LOGS studies. In none of the treatments have trees developed excessively large 
branches, even at the lowest density levels. Even treatment 1 contains fine looking 
trees. However, even if this impression of acceptable branch size were borne out by 
quantitative measurements, results would not necessarily extend to other stands 
established with initial numbers of trees comparable to those left in the calibration 
thinning; and certainly not to stands established with less trees. Although competition 
was not severe at the time the LOGS studies were established, crowns were in contact 
and lower branches were beginning to die. This has undoubtedly influenced later branch 
development. 
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Figure 42.—Trends of basal area 
over H40, for fixed treatments (1, 
3, 5, and 7) and control at: 
(A) Skykomish, (B) Hoskins, 
(C) Clemons, and (D) Francis. 
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Figure 43.—Trends of RD over 
H40, for fixed treatments (1, 3, 5, 
and 7) and control at: 
(A) Skykomish, (B) Hoskins, 
(C) Clemons, and (D) Francis. 
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Value.—Although the thinning treatments have reduced total volume production, they 
have also sharply increased diameters. A ranking of treatments on the basis of value 
produced would differ considerably from a ranking by volume production. 

Any value comparisons should ideally be made for some reasonable rotation age or 
range of rotation ages. These stands are still far short of such an age. Because the 
LOGS studies cannot be continued to rotation age, the appropriate point for a value 
comparison would seem to be the end of the fifth treatment period—the planned 
completion of the experiment. We have therefore made no attempt to include financial 
comparisons in this report. 

Practical implications of LOGS results.—None of the LOGS studies is complete as 
of 1983, and little data are as yet available from the poorer sites. The LOGS studies 
were not designed as comparisons of operationally feasible regimes. Direct applications 
of current LOGS results to operational stand management are therefore limited. 

The short thinning cycle used in the LOGS studies is not operationally realistic and 
should not be taken as an operational recommendation. There is, however, considerable 
evidence that for regimes with comparable average periodic growing stock or compara-
ble initial conditions and thinning intensity (annual removal rate), moderate differences 
in thinning cycle have little effect on growth (Braathe 1957, Bradley 1963, Reukema 
1972). Results generally similar to those of the LOGS regimes could probably be 
obtained with considerably longer cycles, provided trends of periodic mean growing 
stock and stand density over H40 correspond to those of the LOGS treatments (figs. 42 
and 43). 

It has been shown that volume increment is strongly related to growing stock for the 
conditions represented in the LOGS studies. Relatively high stand density is required for 
high cubic volume production. Conversely, diameter increment declines with increasing 
stand density. 

Choice of any thinning regime is a compromise among conflicting desires for high 
volume production, large diameters, and relatively few thinning entries. Relative 
importance of volume growth and diameter growth varies with stage of stand develop-
ment. Volume growth is a minor consideration when trees are small; the objective then 
is to get trees to merchantable size as rapidly as possible, consistent with acceptable 
stem quality. Once merchantable size is reached, volume growth becomes important. 
Timing of the change in emphasis depends on the diameters selected for beginning of 
commercial thinning or for harvest. The silviculturist must strike a balance between 
diameter growth and volume growth that is appropriate to the stage of stand develop-
ment, to the site, and to management objectives. 

The curves in figures 24 and 27 indicate that, for stand conditions comparable to LOGS, 
densities in the range RD20 to RD40 will produce high rates of diameter growth 
combined with substantially reduced volume production. Densities in the range RD40 to 
RD60 will produce high volume growth rates, with substantially reduced diameter growth 
and negligible suppression mortality. The point when emphasis should shift from 
diameter growth to volume growth will depend on the stand diameter at which thinning 
is judged financially and operationally feasible and on the choice of harvest age. 
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The LOGS regimes all maintain stands in an understocked condition during early 
treatment periods. In the first treatment period, stands were still close to the free-growth 
condition, in which volume growth is proportional to growing stock. Approximately the 
same diameters would probably have been produced if the first treatment thinning had 
been omitted and correspondingly fewer trees left at calibration. 

Judged by results through the fourth treatment period, the LOGS low-density regimes 
(1 and 3) show somewhat higher diameter growth but considerably less total and 
merchantable volume production than the higher density regimes (5 and 7). The latter 
combine moderately fast diameter growth with relatively high volume production. At 
present, regimes analogous to the latter seem more attractive. 

The low density regimes (1 and 3) have produced large, vigorous trees that are in 
excellent condition for future growth. If these stands are allowed time to build up to 
higher densities following the fifth treatment thinning, they might well develop greater 
volume, diameter, and value at final harvest. 

Results of the LOGS studies to date appear generally consistent with previous stand 
management recommendations (Curtis and others 1981, Reukema and Bruce 1977). 
Consideration of possible analogous regimes and the information currently available 
from both LOGS and previous studies lead to some generalizations. These represent 
our best judgment rather than specific results of the LOGS studies. 

It seems reasonable to reduce a stand at initial precommercial thinning to the number 
of stems required to produce an RD of about 50 at the time the stand reaches the 
average diameter selected for the initial commercial thinning. The only limitations on 
residual number appear to be the possibility of unacceptable wood quality when this 
target diameter is large and the number of trees correspondingly low; risks of sunscald, 
snowbreakage, and thinning shock if the initial thinning is delayed in high density stands; 
and possible brush problems. 

Once the target diameter for the first commercial thinning is reached, successive 
thinnings that keep the period mean of RD in the range of 45-50 appear reasonable. d/D 
will usually be in the range, 0.85-0.95. Maximum RD should not be more than 55-60 
(except immediately before final harvest), and the minimum should not be less than 
30-35 at first commercial thinning and somewhat higher in later thinnings.8/ Within these 
approximate limits, the upper portion of the density range will emphasize volume 
production while the lower portion will give somewhat greater diameter increment. 

8/ Change in RD can be estimated as: 

RD = 0.005454N(D2
3/2-D1

3/2); 

where N is number of trees per acre (assuming negligible mortality); 
D, is stand diameter at start of growth period; and D2 is estimated 
future stand diameter. 

 

 



Critique of LOGS Study 
Design 

Hindsight is proverbially clearer than foresight, so it may be useful to point out some 
difficulties and questions encountered in the LOGS studies, which may influence design 
of future studies. 

Blocked vs. completely randomized treatments.—Treatments were randomized 
among the 27 plots per installation. According to the original study plan, complete 
randomization was chosen over a randomized block design because analysis of a 
completely random design can better accommodate the expected loss of some plots. 

To date, only one of the nine installations (Rocky Brook) has lost plots. Major losses 
occurred at Rocky Brook immediately after calibration; those plots were replaced with 
spare plots. One plot has since been lost to root rot (1982). It appears that blocking, 
perhaps on the basis of characteristics such as slope position or tree dimensions 
at end of the calibration period, would have been a feasible alternative to complete 
randomization. 

Plot size.—The 0.2-acre plots used are too small to allow continuation of thinning 
beyond the 60 feet of height increment originally planned. Thinning must cease at a 
stage when differences among treatments are increasing rapidly and when stands are 
still well short of any biologically reasonable rotation age. The result is a major gap in 
information. This is not a criticism of the LOGS study design; the study was not intended 
to extend to later stand development. Rather, it indicates that there was and is a need 
for concurrent studies addressing the later development of stands having early and 
continued stocking control. 

Buffers.—Associated with the limitations of small plots is the question of possible effect 
of the lack of buffers. Some edge effects must exist. Although we think such effects are 
minor, they could have had some influence on the results. The possibility exists for future 
analysis of this question on those installations that have been stem-mapped or had trees 
on the inner 0.1 acre identified. Comparisons could also be made using the two 
Canadian Forestry Service installations, which do have buffers. 

Crop Trees.—Well-spaced crop trees, selected after the calibration cut at the rate of 80 
per acre, are retained through subsequent thinnings. The utility of this procedure and its 
possible effect on stand development have sometimes been questioned. 

In general, crop trees have been fairly stable over time, although occasional substitutions 
have been made because of damage or poor growth of initially selected individual crop 
trees. Limited comparisons of diameters of crop trees with average diameters of the 
largest 80 trees per acre (see footnote 7), after the calibration thinning, showed that 
initial average diameter of crop trees was substantially smaller than that of the 80 largest 
trees per acre. Subsequent diameter growth at Hoskins, Skykomish, and Clemons was 
slightly greater for the 80 largest trees per acre than for the crop trees. This difference 
was larger on controls than on thinned plots, because in the later periods on thinned 
plots these were nearly the same trees. 
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Slightly larger trees and slightly more volume might have been produced by a more 
flexible choice of leave trees at each thinning. On the other hand, permanently marked 
crop trees simplify control of spacing in thinnings and make it easier to maintain 
comparability of treatments. Marked crop trees are most useful in early thinnings. Their 
usefulness declines with time, as substitutions are made necessary by individual tree 
damage and decline in vigor. Rigid adherence to the initial choice of crop trees is neither 
reasonable nor feasible. 

Kind of thinning.—The LOGS study plan specifications produce d/D ratios of about 0.9 
in the earlier treatment thinnings and higher growing stock levels, and d/D's near 1.0 
after removal of all noncrop trees. Until all noncrop trees have been removed, these d/D 
ratios represent crown thinnings and appear entirely reasonable. Although strict, low 
thinning would have produced somewhat different stand structures and might have 
resulted in slightly more growth in the early years, removal of some of the larger trees 
is necessary if spacing is to be controlled and crop trees favored. 

Justification for a d/D of 1.0 after removal of all noncrop trees is less clear. Low thinning 
is not possible at this stage because of the absence of lower crown classes, but 
differences are still evident in individual tree size and vigor that suggest that a d/D of 
somewhat less than 1.0 would be silviculturally preferable. The reasons for specifying a 
d/D of 1.0 at this stage are not now clear. They may have been in part simplicity; in part 
suggested by the requirements of Staebler’s (1960) procedure for calculating numerical 
thinning schedules; and in part an expectation of a narrower range of crop tree 
diameters than has actually developed. 

A d/D of 1.0 is usually attained only in the final thinning at the lowest growing stock 
levels, and this specification has probably not had much effect on the outcome of the 
experiment. It does not seem a desirable restriction, however, and we do not recommend 
it for future studies. 

Thinning cycle.—The LOGS thinning cycle was defined as the time required for 10 feet 
of height growth. Definition in terms of height growth is biologically reasonable and 
facilitates work scheduling because height growth can be predicted fairly well from 
standard site curves. The short cycle, though not operationally realistic, is justified in the 
LOGS study as a means of maintaining close control over growing stock. The resulting 
light thinnings also avoid any possible exposure effects not directly related to growing 
stock level. 

Height measurements.—Despite the detailed study plan and generally close quality 
control, some problems exist with height measurements. Inadequate sampling in some 
periods at Skykomish and Clemons has forced combining height measurements by 
treatment, thereby preventing adjustment of plot values for height differences or 
satisfactory assessment of among-plot site differences. The peculiar trend of volumes 
at Hoskins in treatment period 3 strongly suggests some systematic error in height 
measurements, despite apparently adequate sampling. These difficulties emphasize the 
critical importance of adequate sampling and careful measurement of heights. 

Initial differences among controls.—Initial differences among controls in different 
installations, could have influenced control; plot growth and therefore, definition of 
thinning treatments: In retrospect; all controls should probably have been reduced to 
some standard number of stems at calibration.



The Future 
of the LOGS Studies 

Number of installations.—There is some difficulty in generalizing results because of 
the small number of locations represented. There are five LOGS installations on site II, 
two on site III, and one each on sites IV and V. Results to date show clearly that, among 
the site II studies, relationships between growth and growing stock are qualitatively 
similar but quantitatively considerably different. Five locations are insufficient to 
establish good regional averages or to identify causes of differences. This will be even 
more true of the poorer sites. 

The combination of stringent uniformity requirements and the relatively large area 
required to accommodate three replications of nine treatments forced use of small plots 
and made it difficult to locate suitable areas, thereby limiting the number of installations. 
If future studies are to sample a wider range of site conditions and geographical areas, 
they must be less complex and less demanding in area and uniformity requirements to 
allow more installations. This will probably mean fewer treatments and use of blocking 
or covariates to reduce the effect of initial variation in site and stand conditions. 

Analysis.—The study plan discussed analyses solely in terms of analyses of variance, 
and contemplated (but did not spell out) a combined ANOVA including all installations. A 
combined ANOVA does not appear feasible because of uncertain equivalence of 
thinning treatments in different installations and because of heterogeneous variances. 
The more meaningful analyses have been by graphic and regression methods. We think 
this will remain true for future analyses of these studies. 

The most productive future use of the LOGS data and the most effective means of 
applying results to practical management will probably be their use, in combination with 
other data, in construction and refinement of stand simulators. The LOGS studies 
provide a unique set of high-quality data from young stands maintained at relatively low 
densities. This is a condition of crucial importance in evaluating stand management 
regimes for our future forests, and for which very little other data are now available. The 
LOGS studies provide basic information on the nature of relationships between growth 
and growing stock in such stands. The future use of this information in combination with 
other data should provide greatly improved predictive functions for stand simulation. 

The LOGS program is now over 20 years old and is an outstanding example of continuity 
and coordination achieved with a minimum of formal organization. Study installation and 
maintenance have been carried out by the individual cooperators. A number of the 
studies have now reached a stage where meaningful analyses can be made, and this 
report is a first effort in such analyses. As additional data become available within the 
next few years, the LOGS data will be widely recognized as a resource unique in its 
nature and quality and a "gold mine" for those engaged in growth modeling and stand 
management research. It is therefore important that there be no loss of interest and 
continuity and that the studies on the poorer sites—which are developing slowly and 
unspectacularly—be carried through to completion. 
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An immediate concern is disposition of the site II studies following completion of the fifth 
treatment period, which marks the end of the experiment as originally planned and which 
is now imminent for four LOGS studies. These stands are still well short of any reasonable 
final harvest age, and the thinning treatments will clearly influence stand development 
long after the originally planned completion of the experiment. The stands are unique in 
that they have developed under closely controlled and thoroughly documented condi-
tions, including relatively low densities. Further thinning treatments are not feasible, 
because of the small size (0.2 acre) of the plots. There are simply too few trees left per 
plot to allow reasonable thinning. 

The stands in the lower density treatments are still relatively open and will undoubtedly 
make excellent growth for a considerable period without further thinning. Indeed, an 
extended period of growth without further thinning seems a reasonable management 
alternative for stands in their present condition. 

We recommend that, following completion of the fifth treatment period, these stands be 
allowed to grow without further treatment for at least two additional growth periods  
(20 feet of height growth) with remeasurements made after 10 and after 20 feet of height 
growth. 

The present LOGS Committee should continue with all present cooperators, including 
those that have installations with all five treatments completed. A new version of this 
report should be prepared as soon as the committee feels sufficient additional data are 
available. Such a revision, or supplemental reports, should include additional analyses 
covering topics not treated here. Examples include values produced by thinning regimes; 
crown development; stem quality; effect of absence of buffer strips; and diameter 
distributions in relation to other stand characteristics and thinning regimes. 

Metric Equivalents 1 inch = 2.54 centimeters 
1 foot = 0.3048 meter 
1 square foot = 0.09290 square meter 
1 acre = 0.4047 hectare 
1 square foot per acre = 0.2296 square meter per hectare 
1 cubic foot per acre = 0.06997 cubic meter per hectare 
1 mile = 1.609 kilometers. 
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Appendix 1 
Tables 22-51 

Table 22—Skykomish study: means of periodic 
annual increment in gross basal area (all trees), (by 
treatment and period 
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Table 23—Hoskins study: means of periodic annual 
increment in gross basal area (all trees), by treatment 
and period 

 

 



Table 24—demons study: means of periodic annual 
increment in gross basal area (all trees), by treatment 
and period 

 

Table 25—Francis study: means of periodic annual 
increment in gross basal area (all trees), by treatment 
and period 
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Table 26—Skykomish study: means of gross basal 
area growth percent (all trees), by treatment and 
period 

Table 27—Hoskins study: means of gross basal 
area growth percent (all trees), by treatment and 
period 



Table 28—demons study: means of gross basal area 
growth percent (all trees), by treatment and period 

 

Table 29—Francis study: means of gross basal area 
growth percent (all trees), by treatment and period 
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Table 30—Skykomish study: means of periodic 
annual increment in gross volume (all trees), by 
treatment and period 

Table 31—Hoskins study: means of periodic annual 
increment in gross volume (all trees), by treatment 
and period 



Table 32—demons study: means of periodic annual 
increment in gross volume (all trees), by treatment 
and period 

 

Table 33—Francis study: means of periodic annual 
increment in gross volume (all trees), by treatment 
and period 
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Table 34—Skykomish study: means of gross volume 
growth percent (all trees), by treatment and period 

 

Table 35—Hoskins study: means of gross volume 
growth percent (all trees), by treatment and period 



Table 36—demons study: means of gross volume 
growth percent (all trees), by treatment and period 

 

Table 37—Francis study: means of gross volume 
growth percent (all trees), by treatment and period 
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Table 38—Skykomish study: means of periodic 
annual increment in quadratic mean diameter (all 
trees), by treatment and period 

Table 39—Hoskins study: means of periodic annual 
increment in quadratic mean diameter (all trees), by 
treatment and period 



Table 40—demons study: means of periodic annual 
increment in quadratic mean diameter (all trees), by 
treatment and period 

 

Table 41—Francis study: means of periodic annual 
increment in quadratic mean diameter (all trees), by 
treatment and period 
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Table 42—Skykomish study: means of quadratic 
mean diameter growth percent (all trees), by diameter 
and period 

Table 43—Hoskins study: means of quadratic 
mean diameter growth percent (all trees), by 
treatment and period 

 



Table 44—demons study: means of quadratic mean 
diameter growth percent (all trees), by treatment and 
period 

 

Table 45—Francis study: means of quadratic mean 
diameter growth percent (all trees), by treatment and 
period 
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Table 46—Gross cubic volume yield in trees 1.6 inches d.b.h. and larger 
(material removed in calibration cut excluded), by treatment and age, for the 
Skykomish, Hoskins, demons, Francis, and Iron Creek studies 



Table 47—Quadratic mean diameters (after thinning), by treatment and age, for the Skykomish, Hoskins, 
demons, Francis, and Iron Creek studies 
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Table 48—Periodic annual gross volume increment (PAI) by treatment and period, 
for all trees 1.6 inches d.b.h. and larger, for the Skykomish, Hoskins, Clemons, 
Francis, and Iron Creek studies 



Table 49—Mean annual increment (MAI) in gross volume,1 by treatment and 
period, for all trees 1.6 inches d.b.h. and larger, for the Skykomish, Hoskins, 
demons, Francis, and Iron Creek studies 
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Table 50—Volumes produced in trees larger than 11.6, 7.6, 9.6,11.6, and 
13.6 inches d.b.h., at end of 4th treatment period, for the Skykomish 
and Hoskins studies 



Table 51—Volumes produced in trees larger than 1.6, 7.6, 9.6,11.6, and 13.6 
inches d.b.h., at end of 4th treatment period, for the Clemons and Francis 
studies 
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Appendix 2 
The Nine Cooperative 
Study Areas 

Study Area 
 
Skykomish 

Hoskins Rocky 

Brook 

Clemons 

Francis Iron 

Creek 

Stampede Creek 

Sayward Forest 

Shawnigan Lake 

Cooperate? 

Western Forestry Research Dept. 
Weyerhaeuser Company 
Tacoma, Washington 

College of Forestry 
Oregon State University 
Corvallis, Oregon 

USDA Forest Service 
Pacific Northwest Research Station 

and Pacific Northwest Region 
Portland, Oregon 

Western Forestry Research Dept. 
Weyerhaeuser Company Tacoma, 
Washington 

Washington State Department of Natural Resources 
Olympia, Washington 

USDA Forest Service 
Pacific Northwest Research Station 

and Pacific Northwest Region 
Portland, Oregon 

USDA Forest Service 
Pacific Northwest Research Station 

and Pacific Northwest Region 
Portland, Oregon 

Canadian Forestry Service 
Department of the Environment 
Victoria, British Columbia 

Canadian Forestry Service 
Department of the Environment 
Victoria, British Columbia 
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Glossary Age—Total age (years from seed). 
Age b.h.—Age at breast height (years since attaining breast height). 
ANOVA—Analysis of variance. 
B.h.—Breast height (4.5 feet above ground). 
C—Symbol representing control treatment. 
CT—Commercial thinning. 
CVTS—Cubic volume of bole including stump and tip. 
Dg—Quadratic mean diameter at breast height. 
D.b.h.—Diameter at breast height. 
d/D—Ratio of quadratic mean diameter of cut trees to quadratic mean diameter of all 
trees before cutting. 
dD—Periodic annual increment in d.b.h. 
dG—Periodic annual increment in basal area 
dH—Periodic annual increment in height. 
dV—Periodic annual increment in volume (CVTS). 
G—Basal area. 
g/G—Ratio of basal area of cut trees to basal area of stand before cutting. 
H—Height. 
H40—Mean height of the 40 largest (by diameter) trees per acre. 
Hi/Hm—Ratio of plot value of H40 to installation mean value of H40. 
In—Natural logarithm (logarithm to base e). 
LOGS—Acronym for Levels-Of-Growing-Stock. 
MAI—Mean annual increment. 
n/N—Ratio of number of trees cut to number of trees before cutting. 
PAI—Periodic annual increment. 
PCT—Precommercial thinning. 
RD—A measure of relative density, defined as G/Dg1/2. 
RDn—A relative density value of n. 
R2—Coefficient of determination; equals the proportion of total sum of squares 
accounted for by regression. 
SEEy—Standard error of estimate of the variable y. 
SI50—Site index value based on reference age 50 years b.h. 
Tn—Treatment n. 
TPn—Treatment period n. 
V—Volume (equals CVTS as used in this report). 
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Curtis, Robert O.; Marshall, David D. Levels-of-growing-stock cooperative study 
in Douglas-fir: Report No. 8—The LOGS study: twenty-year results. Res. Pap. 
PNW-356. Portland, OR: U.S. Department of Agriculture. Forest Service. Pacific 
Northwest Research Station; 1986. 113 p. 

This progress report reviews the history and status of the cooperative levels-of-
growing-stock study in coast Douglas-fir, begun in 1961, in Oregon, Washington, 
and British Columbia. It presents new analyses, including comparisons among 
some installations. Data now available are primarily from the site II installations. 
which are approaching completion of the study Growth is strongly related to 
growing stock. Thinning treatments have produced marked differences in volume 
distribution by tree sires. During the fourth treatment period, current annual 
increment was still about double the mean annual increment, and differences in 
volumes and size distributions among treatments have been increasing rapidly 
There are considerable differences in productivity among installations, beyond 
those accounted for by site index differences. The LOGS study design is evaluated. 

Keywords: Thinnings, (-stand volume, growing stock, (-increment/yield, Douglas-
fir, Pseudotsuga menziesii, series—Douglas-fir LOGS. 
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