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ABSTRACT 

This report presents wood density
data for 15 commercially important 
western timber species, with emphasis 
on six species not previously evalu-
ated. Data are given for mean spe-
cific gravity and variability by 
states and survey units. Influence 
of environmental factors is discussed. 
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INTRODUCTION 

The Western Wood Density Survey is a long-term program to assess the wood quality,
via wood density, for the major western timber species. The program, which was 
initiated in 1960, resulted in Western Wood Density Survey Report No. 1 (FPL 27) in 
1965 (20).2 

The first report brought together data on nine "priority"3 species under an 
accelerated schedule. The report contained information on four phases of work: 

Phase I - mass increment core collection by forest survey;

Phase II - increment core processing and data processing;

Phase III - regression equation development for predicting average tree specific


gravity from mass sampled increment cores; 
Phase IV - double sampling evaluation of mechanical properties. 

Data for six additional species are presented in this report, bringing to 15 the 
total number of western species sampled and analyzed. The species included here, 
named according to Little (10), are: Ponderosa pine (Pinus ponderosa Laws.); sugar
pine (P. lambertiana Dougl.); western white pine (P. monticola Dougl.); lodgepole
pine (P. contorta Dougl.); Engelmann spruce (Picea engelmannii Parry); and western 
redcedar (Thuja plicata Donn) . 

Information for these species includes only data for Phases I, II, and III. Data 
on mechanical properties are not presented because the double sampling procedure has, 
since Report No. 1, been replaced by direct random sampling methods (2, 3). Detailed 
data are presented in this report only for the six species noted above. To tie in 
with previous results, summary data are presented for all 15 species. 

Since 1965, three related reports on intensive studies, derived from this work, 
have been published. These studies involved: (1) The relationships of environmental 
factors to wood density differences in Douglas-fir (8); (2) an evaluation of sapwood
thickness for six species (9); and (3) an evaluation of height-specific gravity
relationships for the 15 species thus far sampled (12). 

1 Maintained a t  Madison, Wis. , in cooperation with the University of Wisconsin. 
2 Underlined numbers in parentheses refer to Literature Cited at end of this report. 
3The species priorities were established by the Western Woods Technical Committee 

and the species included: Douglas-fir, white fir, grand fir, noble fir, Pacific 
silver fir, California red fir, western hemlock, western larch, and black 
cottonwood. 



Table 1.--Field data collected 

Table 2.--Number and location of sample plots and number of 

cores collected from the plots1 
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In the years since the wood density surveys were begun, improvements have been 
made in methods of sampling and data analysis. Some of these improvements, noted 
elsewhere in this report, have been responsible for greatly reduced costs without 
any sacrifice in the reliability of the data. 

Throughout this paper the terms density and specific gravity are used inter-
changeably. However, when figures are shown, density will be given in pounds per
cubic foot (p.c.f.). Volume determinations are made on the fully water swollen 
(green) basis. 

OBJECTIVES 

The objectives of the Western Wood Density Survey are to: 

1. Obtain, by systematic sampling, adequate data on average wood density and 
related wood quality characteristics for each of the sampled species, the magnitude
of the differences between species, and the range of variation within each species. 

2. Determine, if possible, the extent to which wood density varies with tree age, 
tree volume, tree growth rate, climate, longitude, latitude, altitude, aspect, and 
other growth factors. 

3. Allow for the selection of superior trees from the systematic sampling, based 
on superior wood quality as well as form, growth rate, and other desirable 
characteristics, to be used for genetics studies and tree breeding programs. 

PROCEDURES 

Phase I--Systematic Mass Sampling of 
4Increment Cores 

This phase consisted of collecting increment cores from sample trees and gathering
related data concerning the trees and their environment. A complete description of 
sampling procedures can be found in Report No. 1 (20). 

The data were obtained from sample plots distributed throughout the commercial 
forest area of 12 western states. Although some features of the sampling design and 
plot design varied between areas, the same information concerning trees, cores, and 
tree environment was collected in all cases (table 1). All collections were made 
between 1960 and 1963 except for additional sampling in Colorado by Forrer (5). 

The sampling resulted in a total of 30,614 cores collected at 4,235 sample 
locations distributed by states as shown in table 2. 

As originally conducted, Phase I sampling was concentrated on the priority species 
reported earlier. Because of this emphasis, some species were not sampled as 
intensively as they could have been in all areas. For example, 38 percent of the 
total volume of Engelmann spruce is found in Colorado, yet only 15 cores were 
collected in Phase I from that state. A total of 1,501 cores were collected for 
the species in all states. Because of this imbalance, data collected by Forrer 
(5) have been added to achieve a better representation of Engelmann spruce in Colorado. 
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Phase      II--Increment Core Processing and 
Data Processing 

Increment cores and their accompanying field data were received at the Forest 
Products Laboratory from the Experiment Stations responsible for their collection. 
The data obtained from the cores at the Laboratory included sapwood thickness, 
specific gravity, and an estimate of age. These data were included with the field 
data for computer processing. 

Age estimates were based on annual ring counts made on the cores. It should be 
pointed out that the ring count: estimates of age became less accurate with larger
diameter, older trees. Cores were limited to a maximum length of 10   inches. 
Therefore, in trees exceeding 20 inches in diameter inside bark (d.i.b.), the number 
of rings, from the inner core end to pith center, had to be estimated. The average
ring count for the 2 inches of core nearest the pith was used to extrapolate the 
ring count to pith. 

The use of diameter-calibrated increment borers and green core length permitted 
the calculation of green core volume. Cores were ovendried and weighed to 
0.001 gram. Cores were not extracted. 

Data processing included: Conversion of increment core specific gravity to 
average tree specific gravity; calculation of standard errors of estimated average 
tree specific gravity; and development of specific gravity-environmental regressions. 

Phase 111--Sampling to Estimate-
Tree Specific Gravity 

To convert the increment core specific gravity data gathered in Phase II to 
average tree specific gravity, it was necessary to develop prediction equations.
Basically the procedure consisted of selecting trees, extracting cores, felling 
trees and cutting cross sections, processing disks and cores for specific gravity
data, and calculating the regression equations. 

The techniques used are detailed in Report No. 1 (20) except for field procedure 
variations noted in the following discussion. 

In the earlier work, a presampling system of double stratification by diameter 
at breast height (d.b.h.) and core specific gravity was used in selecting trees for 
analysis. Selection of trees for the six species included in this portion of the 
survey was based on a single d.b.h. stratification. This change reduced the number 
of man-hours required for field sampling. The precision of the regressions presented
in this paper was as good as for those reported in Report No. 1 (20), as determined 
by coefficients of determination and standard deviations from regression. 

Field Procedures 

Plot selection.--Trees were selected on plots throughout the western United States 
to insure a representative sample of the natural distribution proportional to volume 
for each of the sampled species (fig. 1). All plots were in areas of active logging 
to facilitate sample collection. 

Sample collection.--At each location a total of 40 to 70 trees was stratified by
5-inch diameter classes within the range of diameters available and cores were taken. 
Within each diameter class a random selection was made5- until the desired number of 
cores was achieved. Final sample size by area ranged from 12 to 41 cores. 

-5Cores containing branch knots, pitch pockets, compression wood, or other defects 
were eliminated prior to random selection. 
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After cores were selected, the trees from which the cores were taken were felled 
6and logs cut progressively, starting a t  a point 4.5 feet from the ground, to a 

merchantable top diameter.7 Disks 1 to 2 inches thick were cut from the butt end of 
each log and from the top of the last log and debarked. Disk d.i.b. was measured 
and recorded to the nearest 0.1 inch. For large trees the disks were then reduced 
to wedges for ease of handling. Log lengths, live crown length, and unused length
of top were recorded to the nearest 0.1 foot for each tree. Disks or wedges were 
then shipped to the Forest Products Laboratory for further processing. 

Laboratory Procedure 

At the Laboratory disks or wedges were water-saturated to insure green volume. 
After saturating, the volume was determined by the rapid water immersion method (6).
The disks were then ovendried to a constant weight; specific gravity was computed on 
the green volume-ovendry weight basis. 

The merchantable volume of each tree was calculated as the summation of log
volumes, including disks. The average specific gravity for each log was estimated 
from the mean specific gravity of its terminal disks. (Computational details are 
shown in appendix A.) In estimating the average specific gravity of the tree, the 
specific gravity for each log was weighted in proportion to log volume. Specific
gravity of increment cores was determined as detailed for Phase 11. 

RESULTS AND DISCUSSION 

Multiple Regression Analysis (Phase 111) 

The relationships of average tree specific gravity (Y) to average core specific
gravity and other tree characteristics were examined by multiple regression analysis,
using the following 10 independent variables: 

X = Diameter at breast height 

X = Total height of tree 

X = Age of tree 

X = Merchantable volume 
2X =(X

1
) 

X = Core specific gravity 

X = X4 divided by X3 
X = Reciprocal of age 

X = X1 divided by X3 
X = Reciprocal of core specific gravity 

6Log lengths of 16 ft. were used when possible. 
7Merchantable top diameters varied from 3-10 in. with locale, species, and tree 

diameter. 
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Table 3.--Best and next best variables for predicting tree 
specific gravity from core specific gravity in 
simple regressions 

Table 4.--Regression equations for predicting tree specific gravity from 
core specific gravity 
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Of the simple regressions developed for the six species, core specific gravity 
was the best variable, based on r 2 , for five of the species and reciprocal of core 
specific gravity was best for the other one (table 3). The simple regressions
with core specific gravity as the independent variable are shown in figure 2. 

The inclusion of a second variable, in addition to core specific gravity, did not 
significantly improve the regressions for ponderosa pine, sugar pine, lodgepole pine,
Engelmann spruce, or western redcedar. A significant improvement was made, though,
in the regression for western white pine, where the addition of d.b.h. reduced the 
residual sum of squares and subsequently the standard deviation from regression
significantly (P = 0.01), table 4. 

The inclusion of three or more variables in multiple regression resulted in a 
significant improvement only for lodgepole pine and only with three variables. The 
addition of total height to d.b.h. and core specific gravity yielded an R2 of 0.8083 
and a standard deviation from regression of 0.022 (Y = 0.05826 + 0.68012X6 

-
0.00209X1 + 0.00096X

2
). 

The multiple regressions used to convert Phase II core data (table 4) arbitrarily 
use core specific gravity and d.b.h. as independent variables, to conform with 
equations found in Report No. 1. 

Although there is not much improvement with the multiple regressions over the 
simple, the use of the equations with core specific gravity and d.b.h. are 
recommended because d.b.h. is so easily obtained and some precision is gained. 

Regression equations for the original nine species of the Survey may be found in 
appendix A. 

Analysis of Increment Core Sample
Data (Phase 11) 

The Western Wood Density Survey (Phase 11) was designed to establish the mean 
and range of estimated tree specific gravity by species. It was also designed to 
permit the investigation of other factors (tree and environmental) that might affect 
wood specific gravity. 

Estimated specific gravity means and ranges by species.--Histograms of estimated 
tree specific gravity, along with sampling area maps, are shown in figures 3 to 5. 
Where sampling locations were within 15 minutes of longitude or latitude of each 
other they are shown as solid areas on the maps. 
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Figure 2.--The relationships of increment core specific gravity and average tree 
specific gravity for ponderosa pine, sugar pine, western white pine, lodgepole 
pine, Engelmann spruce, and western redcedar. 

M 140 343 
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PONDEROSA PINE 


SUGAR PINE 

M 140 338 

M 140 351 299 S A M P L E S  


M 140 339 

M 140 353 


Figure 3.--Sample areas and estimated tree specific gravity for ponderosa 
and sugar pine. 
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WESTERN WHITE PINE 


292 SAMPLES 

LODGEPOLE PINE 

M 140 341 

M 140 342 3,516 SAMPLES 


M 140 354 
Figure 4.--Sample areas and estimated tree specific gravity for western 

white, and lodgepole pines. 
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ENGELMANN SPRUCE 


1789 SAMPLES 

WESTERN REDCEDAR 

M 140 337 504 SAMPLES
M 140 352 

M 140 336 

M 140 355 


Figure 5.--Sample areas and estimated tree specific gravities for 

Engelmann spruce and western redcedar. 
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Table 5 presents the average estimated tree specific gravity 
error, range of estimated tree specific gravity, average core 
average diameter, and the standing volume weighting factor 8 by
units outlined in figure 6. In table 5, the standard errors 
with which the sample means estimate the population means for 
gravity. Roughly, unless a 1-in-20 chance has occurred in the 

will be within standard of the population 

and its standard 
specific gravity, 

the Forest Survey
indicate the precision

estimated tree specific
thesampling, sample 

mean two errors mean. Computational
details for obtaining average tree specific gravity and standard error are given in 
appendix A. 

A summary of mean estimated tree specific gravity and related data is shown for 
all 15 species in table 6. The values for mean estimated tree specific gravity 
are weighted by the volume weighting factors found in table 5. Mean core specific
gravities are simple, unweighted values. 

8The standing volume weighting factor is the percent volume present in the Forest 
Survey unit, e.g., the Arizona unit contains 12.17 pct. of the volume of ponderosa 
pine in the U.S. 

F igu re  6.--Forest Survey u n i t s .  

M 140 350 
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Table 5.--Specific gravity and related data by species and Forest Survey units 
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Sources of specific gravity variation.--The items involved in wood specific 
gravity variation are seemingly innumerable. Environmental factors such as moisture 
availability, temperature, wind, and sunlight play important roles in affecting wood 
specific gravity. These factors are in turn affected by longitude, latitude, eleva-
tion, aspect, slope, slope position, soil type, stocking density, stand composition, 
etc. All of these elements affect cell diameter, cell length, cell wall thickness, 
packing density, and amount of extractives (4, 13, 14, 16, 17). 

Specific gravity patterns with height, diameter, and age have also been reported 
by many authors (1, 11, 15, 17, 18, 19, 21, 22, 23). 

At best, in areas of little climatic and topographic variation, relationships 
between wood specific gravity and environmental factors have only been fair. 
Lassen (8) studying Douglas-fir of a fixed age class in an area of limited climatic 
variation and on sites of specified elevation and rainfall could account for only 
53 percent of the specific gravity variation with precipitation and a function of 
elevation. Knigge (7) in the same region and again with Douglas-fir accounted for 
only 34 percent of the specific gravity variation with seven variables. 

Table 6.--Specific gravity data for 15 western species 
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In a survey such as the one reported here, correlations are even poorer because 
of the broad range of sites included. Table 7 shows coefficients of determination 
for the four variables: Latitude, longitude, elevation, and aspect. The best 
relationship involving these variables and estimated tree specific gravity, in 
simple regression, occurred between specific gravity and longitude for lodgepole 
pine in the West Coast survey units (r2 = 0.1334). This relationship accounts for 
only 13 percent of the variation in specific gravity. In multiple regression all 
four variables account for only 29 percent of the variation in specific gravity 

2(R = 0.2896). 

For the other species, results range downward from those noted above. 

Figures showing the variation and relative distribution of core specific gravity 
and diameter at breast height are shown in appendix B. The sample of increment core 
specific gravities for this study approach normal distributions while the distribu-
tion of diameter is weighted toward the small diameters, as would be expected of 
natural forest stands. 

It is important to realize that because wood specific gravity varies widely 
within trees, between trees, and between areas, results such as presented here apply 
only to the populations specified. 

Table 7.--Coefficient of determination (r 2 ), by Forest Survey 
Units for the regression of physical factors on 
estimated tree specific gravity 
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SUMMARY AND CONCLUSIONS 

This  r e p o r t  p r e s e n t s  d a t a  on s i x  a d d i t i o n a l  t imber s p e c i e s  eva lua ted  i n  t h e  
Western Wood Densi ty  Survey. S t a t i s t i c s  shown f o r  wood d e n s i t y  are means, r anges ,  
and s t a n d a r d  e r r o r s  by s p e c i e s  w i t h i n  survey u n i t s ,  and means and range f o r  s p e c i e s  
as a whole. 

Mean tree s p e c i f i c  g r a v i t y  v a l u e s  are: Ponderosa p i n e ,  0.37; sugar  p ine ,  0 .34;  
wes te rn  w h i t e  p i n e ,  0.36; lodgepole  p i n e ,  0.38; Engelmann spruce ,  0.35; and wes te rn  
redcedar ,  0.32. These d a t a ,  except  f o r  Engelmann spruce ,  are w i t h i n  0.01 of t h e  
e s t a b l i s h e d  Wood Handbook v a l u e s .  The Engelmann s p r u c e  v a l u e  exceeds t h e  o l d e r  
v a l u e  by 0.03. While g e n e r a l  agreement e x i s t s  between t h e  two sources ,  t h e  re l i-
a b i l i t y  of t h e s e  new d a t a  are f a r  g r e a t e r  than  those  of t h e  Wood Handbook, which 
were based on a ve ry  l i m i t e d  sample s i z e .  

Because of t h e  broad geographic  range and t h e  g r e a t  v a r i e t y  of s i tes  encountered 
i n  t h i s  s t u d y ,  c o r r e l a t i o n s  between s p e c i f i c  g r a v i t y  and l a t i t u d e ,  l o n g i t u d e ,  
e l e v a t i o n ,  and a s p e c t  y i e l d e d  no t r e n d s .  S t u d i e s  on l i m i t e d  areas where v a r i a t i o n s  
i n  environmental  f a c t o r s  could be  monitored might y i e l d  in format ion  on t h e  causes  of 
d e n s i t y  v a r i a t i o n .  
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APPENDIX A 
Computational Details and Prediction Equations

for Nine Priority Species from FPL 27 

1. 	 Log volume was computed by the following formula: 

V = (d.i.b.) 2 x 0.0054542 x length in feet 

2. Specific gravity of each disk was computed by the following formula: 

ovendry weight of diskDisk specific gravity = displaced volume of disk 

3. Increment core specific gravity was computed with the following formula: 

Increment core specific gravity = ovendry weight (grams) 

÷ 12.8754 (core diameter)2 (core length) 1 

4. Specific gravity means and standard errors for Forest Survey Units were computed 
as 	 follows: 

(a) Specific gravity means. 

(b) 

1Both core diameter and core length are measured in inches. 
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Multiple Regressions Predicting Tree Specific Gravity-
Using Core Specific Gravity and D.b.h. 
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APPENDIX B 
V a r i a t i o n  and R e l a t i v e  D i s t r i b u t i o n  of 

Core S p e c i f i c  Grav i ty  and D i a m e t e r  

PONDEROSA PINE 

SUGAR PINE 

M 140 345 

M 140 344 
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WESTERN WHITE PINE 


LODGEPOLE PINE 


M 140 347 

M 140 348 
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ENGELMANN SPRUCE 


WESTERN REDCEDAR 


M 140 346 

M 140 349 
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