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Summary

The relationship between specific gravity of the annual ring components
and percentage of summerwood4 which was observed in a previous study of
wide-ringed Douglas-fir (7),2 remains unchanged regardless of the zone
of origin within the tree. For complete annual rings and the summerwood
of dissected rings, the regression of mean specific gravity for the zones
on mean percentage of summerwood follows the same trend as the within-
zone regressions. In the case of springwood, there is a significant dif-
ference in the trend of the within- and between-zone regressions.

Introduction

Recent work at the Forest Products Laboratory (7) on wide-ringed Douglas-
fir showed a highly significant linear correlation (r = 0.943 with 94
degrees of freedom) between the specific gravity of individual annual
rings and the percentage of summerwood in the rings. The study also showed
highly significant linear correlations between the specific gravity of the
springwood and summerwood components of these annual rings and the percent-
age of summerwood in the rings (r = 0.575 for springwood, r = 0.601 for
summerwood with 94 degrees of freedom).
1–This report constituted part of a thesis submitted in partial fulfill-

ment of the requirements for the degree of Master of Science at the
State University of New York College of Forestry, Syracuse, N. Y.

Maintained at Madison, Wis., in cooperation with the University of
Wisconsin.

ZJnderlined numbers in parentheses refer to the literature cited at the
end of the text.
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The present analysis of the same data was designed to determine whether
the relationship existing between specific gravity of the annual ring
components and percentage of summerwood is influenced by successive
growth zones from the pith outwards, and to what extent, if any, vari-
ations in ring width may alter the relationship. Preliminary analyses,
based on sper'wons 2 by 2 inches in cross section, indicated that the
relationslc_, between specific gravity and percentage of summerwood re-
mained constant for the three growth zones studied; that is, the average
percentage of summerwood and specific gravity increased with each succes-
sive zone from the pith, and the zone averages followed the same trend as
the individual specimens within zones. These findings led to the follow-
ing analyses of the randomly selected annual rings to determine the trend
with growth zones, not 'nly Thr complete annual rings but also for the
dissected springwood and summerwood of the selected rings.

Material and Procedures 

The material used in this study was specially selected as wide-ringed
Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) from the Pacific North-
west by the Forest Products Laboratory in cooperation with the West Coast
Lumbermen's Association. The 16 butt log sections sampled in this study
were collected from 4 mill ponds in the States of Washington and Oregon
for research on the growth -- strength relations of wide-ringed Douglas-fir.

The first 35 to 40 annual rings in the 16 logs were segregated into an
inner, an intermediate, and an outer growth zone. One 2- by 2-inch speci-
men was randomly selected from each zone in each log and two annual rings
were taken at random from each specimen, to give a total of 32 samples
from each of the 3 zones in the 16 logs.

The manner in which the growth zones were segregated is of interest, be-
cause age, or number of rings from the pith, was one of the variables
considered. Specimens from the inner zone included either the 5th or
10th annual ring from the pith, while specimens from the intermediate
zone included either the 15th or 20th ring from the pith, and the speci-
mens from the outer zone included either the 25th or 30th annual ring
from the pith. The actual number of rings in the respective specimens
depended on their rate of growth. No attempt was made to record per-
manently the location of these designated rings in the specimens, so
that, when two annual rings were selected at random from each specimen,
the number of the selected rings with reference to the pith was not
known. In the following analysis, therefore, the introduction of growth
zone as one of the variables is only a crude attempt to segregate the
material according to age.
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From each selected annual ring, three consecutive samples were obtained
in the tangential direction. The first sample contained springwood only,
the second was comprised of the complete annual ring, and the third con-
tained summerwood only, for a total of 288 test specimens (2)

Summerwood percentage determinations were made microscopically on the 96
samples of complete annual rings by the standard Forest Products Labora-
tory method for growth-quality studies (6). Specific gravity determina-
tions were made on the 288 specimens by the maximum-moisture method of
Keylwerth (2). Keylwerth's method requires the assumption of a constant
for the specific gravity of cell wall substance. Since the specific
gravity of cell wall substance was not determined directly for the spring-
wood and summerwood of this sample of wide-ringed Douglas-fir, the average
value of 1.53 obtained by Stamm (10) for all woods tested by the water
displacement method was used throughout. All ring width and percentage of
summerwood measurements were made on material in the soaked condition, and
the specific gravity values reported are on the basis of ovendry weight
and volume when soaked.

In analyzing these data, analysis of variance was used to determine whether
specific gravity, percentage of summerwood, and ring width differed signifi-
cantly for the three growth zones, and covariance and linear correlations
were used to determine the relationship between specific gravity and summer-
wood percent and between summerwood percent and ring width. Multiple cor-
relation coefficients were also computed in order to determine the percent-
age of variation in specific gravity of the complete annual rings that could
be accounted for by the 4 variables: percentage of summerwood, ring width,
and specific gravity of springwood and summerwood. The statistical computa-
tions followed the methods described by Snedecor (8).

Results 

The average specific gravity of 32 complete annual rings, selected at
random from each of 3 successive growth zones from the pith outwards, and
the matching percentage of summerwood and ring width values are given in
table 1, together with their standard deviations. Included in the table
is the average specific gravity of the springwood and summerwood of these
annual rings. These data show that for complete annual rings there is a
trend of increasing specific gravity and percentage of summerwood and of
decreasing ring width with the successive zones from the pith. The aver-
age specific gravity of the summerwood portion of the annual rings also
shows an increase with the successive zones from the pith and, in contrast,
the specific gravity of the springwood remains relatively constant.

Complete Annual Rings 

A direct comparison showed highly significant differences between the
mean specific gravity values for the three zones (table 2). When the
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mean values were adjusted to a common percentage of summerwood, however,
they no longer differed significantly (table 3). Therefore, the differ-
ences in percentage of summerwood from one zone to another largely ex-
plain the divergencies between the mean specific gravity values for the
zones.

The linear regressions of specific gravity on percentage of summerwood
were calculated for the three zones (table 4). Correlation coefficients
obtained for these regressions were significant at the 1 percent level,
and ranged in value from 0.933 to 0.951. Tests showed that the zone re-
gressions did not differ significantly and that the specific gravity of in-
dividual annual rings within the zones followed a trend that was the same
as that of the zone means (table 4). Specific gravity is, therefore,
closely related to the proportion of summerwood present, regardless of the
zone of origin.

The variability in percentage of summerwood and ring width was then studied
to determine whether these two variables were related. It was found that
mean ring width and mean percentage of summerwood for the three growth
zones differed significantly (table 2). The linear regressions of summer-
wood percent on ring width were calculated for each growth zone. The cor-
relation coefficients of these regressions were -0.146, -0.392, and -0.480
respectively for the inner, intermediate, and outer zones (table 5). The
correlation coefficient for the inner zone was not significant, whereas
coefficients for the intermediate and outer zones were significant at the
5 and 1 percent levels, respectively. The correlation of percentage of
summerwood with decreasing ring width, therefore, was progressively more
pronounced for each zone outward from the pith.

It was found that the slopes of the individual zone regressions did not
differ significantly, and that the mean percentages of summerwood for the
zones, when adjusted to a common ring width, did not differ significantly
(table 3). Moreover, the regression of zone means followed the same trend
as the within-zone regressions (table 5). Here again, the differences in
ring width between the zones explain most of the differences between the
mean percentages of summerwood.

Springwood

The average (or mean) specific gravity of springwood showed no pronounced
trend for the zones (table 1). Furthermore, it was found that when the
zone means were compared directly they did not differ significantly (table
2). Although regression analysis indicated a high correlation between the
specific gravity of springwood and the percentage of summerwood in the
annual ring (table 4), when the mean specific gravity values for the zones
were adjusted to a common percentage of summerwood, they were found to dif-
fer significantly at the 5 percent level. It seems that, in the case of
specific gravity of springwood, percentage of summerwood does not explain
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the differences between zone means. The reduction in sums of squares of
error variance due to regression was found to be significant at the 0.1
percent level, therefore a valuable increase in precision was obtained by
introducing percentage of summerwood into the analysis.

The correlation coefficients for the individual zone regressions were
significant at the 1 percent level and ranged from 0.653 to 0.679 (table
4). Tests showed that there was no significant difference between these
zone regressions. It is apparent from table 4 and from figure l,that,
although the individual springwood specific gravity values within the
zones followed a definite trend with percentage of summerwood, there was
no definite trend in the mean specific gravity values of the zones.

Summerwood

In contrast to the specific gravity of springwood, the average specific
gravity of summerwood was found to increase with successive zones from
the pith. A direct comparison revealed that there was a significant dif-
ference (5 percent level)in the specific gravity of summerwood between
the zones (table 2). When the zone means were adjusted to a common per-
centage of summerwood, however, they no longer differed significantly
(table 3). The linear regressions of specific gravity of summerwood on
percentage of summerwood in the annual rings were calculated independently
for the 3 growth zones (table 4). The correlation coefficients for the
3 zones were significant at the 1 percent level and ranged from 0.478 to
0.607. It was found that the slopes of the individual zone regressions
did not differ significantly, and furthermore that the regression of zone
means followed the same trend as the within-zone regression of summerwood
specific gravity on percentage of summerwood in the annual rings.

Discussion 

It is apparent that the mean specific gravity values for complete annual
rings differ significantly between zones. The covariance analyses showed
that the significant differences between mean specific gravity values for
complete annual rings from the 3 zones were accounted for entirely by dif-
ferences in the mean percentage of summerwood, which, in turn, was ac-
counted for by differences in mean ring width. When the data for the 3
zones were combined, however, ring width alone accounted for only 21.88
percent of the variation in specific gravity, while percentage of summer-
wood accounted for 88.94 percent of the variation (table 6). When percent-
age of summerwood and ring width were considered together, they accounted
for 89.06 percent of the variation in specific gravity. Ring width as a
second variable accounted here for an increase of only 0.12 percent of the
variation in specific gravity.
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The correlation coefficients calculated from simple and multiple linear
regression equations and the squares of the coefficients are given in
table 6. The squares of the coefficients indicate the amount of vari-
ation in specific gravity of complete annual rings that can be accounted
for by the following variables, either singly or in combination: (1)
percentage of summerwood, (2) ring width, (3) specific gravity of summer-
wood, (4) specific gravity of springwood. For instance, when the data
for the 3 zones are combined, the specific gravity of summerwood alone
accounts for 56.40 percent of the variation, the specific gravity of
springwood alone accounts for 48.01 percent, while the specific gravities
of springwood and summerwood together account for 72.40 percent of the
variation. The specific gravity values of springwood and summerwood,
however, are not entirely independent of percentage of summerwood (table
4 and fig. 1). If percentage of summerwood is included as one of the
variables, then 96.90 percent of the variation is accounted for. The
further addition of ring width only accounts for an additional 0.04 per-
cent of the variation. When all 4 variables are taken into consideration,
only 3.06 percent of the variation in specific gravity of complete annual
rings remains unexplained.

In the previous analysis, it is apparent that the factors of growth zone,
ring width, and percentage of summerwood are closely associated. Spurr
and Hsiung (2) have indicated that, although an increase in specific
gravity with distance from the pith has been clearly established, it is
not possible to say whether this trend is related to position in the tree
or to age, since these two factors are completely inseparable. They have
summarized the work to date on specific gravity variation in the follow-
ing statement: "It is impossible to tell, however, whether the gradient
in specific gravity is due to (1) ring width, (2) age, or (3) horizontal
position in the tree, because all three factors normally vary together."

In order to evaluate this analysis, it is necessary to consider the gross
structure of coniferous wood. The significant correlation between summer-
wood percent and specific gravity of complete annual rings is not surpris-
ing. It merely indicates that, in Douglas-fir, it is possible to separate
the annual ring into two distinct parts, both anatomically and with respect
to specific gravity. If the specific gravity of the 2 parts is very dif-
ferent, as is shown in table 1 where the ratio of average specific gravity
of summerwood to springwood is 2.8, the ratio of these 2 parts in the
annual ring would be expected to have a pronounced influence on the spe-
cific gravity of the wood. However, although the specific gravity of the
overall wood is dictated to a large degree by the ratio of these two parts,
the specific gravity of the individual parts is by no means a constant.

Schroeder (4) and Johansson (1) when working with southern pine, have
observed that, for a given tree cross section, the springwood specific
gravity either decreased slightly or was constant from pith to cambium,
while that of the summerwood increased. Johansson went even further and
examined the cell structure of shortleaf pine. He took his samples from
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22-year-old stems and reported the average of 3-year intervals from pith
to bark. For the springwood and summerwood of these rings, Johansson
determined the numerical cell density (that is, the number of cells per
square millimeter of cross section) and the cell width in tangential and
radial directions, and then calculated the thickness of the cell wall.
In order to do this, he assumed that the cells had uniform wall thickness
and were rectangular in cross section. The formula he used was as follows:

[ab - (a - 2x)(b - 2x)] 1.56 = abv

where a is the radial cell width, b is the tangential cell width, v is the
specific gravity of the ovendry wood, and x is the cell wall thickness.
The above formula, when rearranged and simplified, gives the following
solution for the average cell wall thickness:

x = 0.25(a + b) + 0.254- [(a + b) 2 -

Johansson found that, in the sample of shortleaf pine, summerwood percent
increased from the pith outwards while annual ring width decreased. Fur-
thermore, he observed that the variation of the wood structure from pith
to bark was such that the specific gravity of the summerwood was higher
near the bark, while the specific gravity of the springwood was rather uni-
form. He pointed out that this phenomenon depended on the fact that, in
the summerwood, the increase in cell wall thickness more than offsets the
simultaneous decrease in numerical cell density. In the springwood, the
increase of the cell wall thickness was equal to the decrease of the nu-
merical cell density. He noted that the three inner annual rings differed
from the others in that the cell walls were thin but the numerical cell
density was high.

In the present analysis of Douglas-fir, no attempt was made to determine
independently either the number of cells per unit area or cell wall thick-
ness. The sum of their effects is illustrated, however, in the overall
specific gravity of the dissected springwood and summerwood of the indi-
vidual annual rings. The introduction of growth zone as a variable in
this analysis was an attempt to evaluate the effect of location of rings
with respect to the pith and as such, was not designed into the original
experiment. Nevertheless, this analysis of wide-ringed Douglas-fir is a
confirmation of Johansson's work in that the specific gravity of summer-
wood increased with successive growth zones from the pith outwards, while
the average specific gravity of springwood remained essentially constant.

The lack of a definite trend in the specific gravity of springwood for
successive zones outward from the pith may be explained in part by the
structure of the wood. Not only is there a numerically high fiber density
near the pith, but also the wide annual rings near the pith often have a
wide transition zone from springwood to summerwood. Mork's definition of
summerwood (2), based on the relationship between the cell wall thickness
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and diameter of the lumen of tracheids, tends to throw the greater part of
the transition zone into the springwood, and thereby increases the average
specific gravity of the springwood for those annual rings near the pith.
This may be an important influence on the average specific gravity of
springwood, as defined for this study.

The most significant observation in this analysis is that, within the three
growth zones studied, the relationship between the specific gravity of both
springwood and summerwood and percentage of summerwood remained constant.
It was found that the specific gravity of springwood and summerwood in-
creased linearly with increasing percentage of summerwood, regardless of
the zone of origin of the annual rings sampled, and that the slopes of
these within-zone regressions did not differ significantly from one another.

Conclusions 

(1) The results of this investigation showed a definite relationship be-
tween specific gravity and percentage of summerwood in the annual rings
that did not change significantly with successive growth zones from the
pith. This is true for complete annual rings and for the dissected
springwood and summerwood portions of the rings.

(2) The increase in average specific gravity of complete annual rings
and of summerwood with successive growth zones from the pith was associ-
ated with increasing average percentage of summerwood. In the case of
springwood, the mean specific gravity values of the growth zones showed
no such trend with increasing average percentage of summerwood. This lack
of a definite trend in the specific gravity of springwood for successive
zones outward from the pith may be explained in part by the structure of
the wood.

(3) The mean specific gravity values for complete annual rings from the
three zones did not differ significantly when they were adjusted to a
common percentage of summerwood. The same was true of summerwood spe-
cific gravity. The differences in percentage of summerwood, therefore,
explained the differences in mean specific gravity values for complete
annual rings and their summerwood portions from the three growth zones.

(4) The significant differences observed in mean percentage of summer-
wood between the zones were largely accounted for by differences in mean
ring width.

(5) Multiple regression analyses of the combined data from the 3 growth
zones indicated that the 3 variables, percentage of summerwood, spe-
cific gravity of springwood, and specific gravity of summerwood, together
accounted for 96.90 percent of the variation in specific gravity of the
complete annual rings. The inclusion of ring width as a fourth variable
only accounted for an additional 0.04 percent of the variability.
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Table 1.--Specific gravity, percentage of summerwood, and

ring width data?: for complete annual rings and

their dissected s•rin• ood and summerwood •or-

tions from three growth zones 

Growth zone
Property

Inner :Intermediate: Outer

Specific gravity
Complete annual rings

Mean
Standard deviation

Springwood
Mean
Standard deviation

Summerwood
Mean
Standard deviation

: 0.3869 :
:	 .06164 :

:	 .2665 :
:	 .02652

.7119 :

.05572 :

	

0.4036	 :
.05492 :

	

.2643	 :

.03013 :

	

.7368	 :

.05990 :

0.4417
.07260

.2664

.02636

.7575

.06779

Percentage of summerwood
Mean	 : 29.366	 : 32.583

	
: 37.305

Standard deviation	 : 8.8528 : 6.2913 : 9.9460

Ring width (inch)
Mean	 .3210 :	 .2511	 .2105
Standard deviation	 .06223 :	 .05973 :	 .06802

-Each mean value represents 32 specimens.
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Table 2.--Analyses of variance of specific gravity, percentage 
of summerwood, and ring width to determine the sig-
nificance of growth zone on these properties 

Property
Source of :Degrees: Sum of : Mean

of	 of :
variation :freedom: squares	

square
F1

Specific gravity
Complete annual

rings	 :Between zones
:Within zones
: (error)
:Total

Springwood	 :Between zones
:Within zones
: (error)
:Total

Summerwood	 :Between zones
:Within zones
: (error)
:Total

Summerwood percent :Between zones
:Within zones
: (error)
:Total

Ring width (inch)
	

:Between zones
:Within zones
: (error)
:Total

•

2 : 0.050493 : 0.025246 : 6.266

93 : .374688 : .004029 :
95 • .425181 :

2 : .000096 : .000048 :	 .062

93 : .071495: .000769 :
95 : .071591 :

2 : .033314: .016657: 4.427

93 : .349931: .003763 :
95 : .383245 :

2 : 1020.568 : 510.284 : 7.o59

93 : 6723.111 : 72.292 :
95 : 7743.679 :

2 : .199972 : .099986 : 24.860

93 : .374068 : .004022 :
95 : •574040 :

•

1F= 3.095 for 2 and 93 degrees of freedom..05
F.01	 4.842 for 2 and 93 degrees of freedom.
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Table 4.--Linear regressions and correlation coefficients expressing 
the relationship between specific gravity and percentage 
of summerwood for complete annual rings and for their 
springwood and summerwood protions for three growth zones 

Zone

Inner zone

•

: Y =

COMPLETE

:Degrees:Correlation
Regression equation	 :	 of	 :coefficient

:freedom:

RINGS

0.1925 + 0.006619 X :	 30	 :	 0.951
Intermediate zone : Y = .1383 +	 .008144 X : 3o : .933
Outer zone : Y = .1873 +	 .006818 X 30 .934
Average within zones : Y = .1795 +	 .006988 X : 90 : .936
Zone means : Y = .1795 +	 .006990 X : 1 : .994
Total : Y = .1795 +	 .006988 x : 94 • .943

SPRINGWOOD

Inner zone : Y = .2091 +	 .001956 X : 30 : .653
Intermediate zone : Y = .1621 +	 .003137 X : 30 : .655
Outer zone : Y = '.1993 +	 .001799 X : 3o : .679
Average within zones : Y = .1963 +	 .002100 X : 90 : .644
Zone means : Y = .2649 +	 .000026 X : 1 : .083
Total : Y = .2053 +	 .001826 X : 94 : .601

SUNMERWOOD

Inner zone : Y = .6236 +	 .003008 X : 30 : .478
Intermediate zone : Y = .5486 +	 .005778 X : 30 : .607
Outer zone : Y = .6216 +	 .003643 X : 30 : .534
Average within zones : Y = .6096 +	 .003803 X : 90 : .527
Zone means : Y = .5489 +	 .005637 X : 1 : .987
Total : Y = .6016 +	 .004045 X : 94 : .575
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Correlation : Percentage of variation
coefficient :	 accounted for

r or R	 •	 100r
2 or 100R2

0.9431 88.94

- .4678 21.88
.7510 56.40
.6929 48.01

.9437 89.06

.977o 95.45

.9563 91.45

.8509 72.40

.9844 96.90

.9846 96.94

:
Regressions
	 :

:

Y on Xi	 :

Y on X2	 :

Y on X3
Y on x4

Y on X1 , X2

Y on X1, X3
Y on X1,

Y on X3 ,
 

x4

Y on xl, x3,

Y on X1, X2, X3, X4 :

Table 5.--Linear regressions and correlation coefficients 
expressing the relationship between percentage of

summerwood and ring width for three growth zones 

Zone :	 Regression equation
:Degrees:Correlation
: of :coefficient
:freedom:          

Inner zone : Y = 36.0483 - 20.8188 x : 30 : -0.149
Intermediate zone
Outer zone
Average within zones
Zone means
Total

:
:
:
:
:

Y =
Y =
Y =
Y =
Y =

42.9429
52.0741
45.0276
51.0938
47.1408

- 41.2493 X :

- 70.1703 X :
- 45.7810 X :

- 69.0344 X :
- 53.8815 X :

30
30
90

1
94

:
:
:
:
:

- .392
- .480
- .342
- .966
- .464

Table 6.--Percentage of variation in specific gravity
accounted for by the five variables)

2-- Y is the specific gravity of complete annual ring, Xi is the

percentage of summerwood, X2 is the ring width (inch), 1..(2
is the specific gravity of summerwood, and X4 is the spe-

cific gravity of springwood.
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