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ABSTRACT 

A numeric wood density model is presented to investigate the potential and actual influence of 
intra-annual cell characteristics on wood density. The rnodel was designed for conifers with a distinctive 
early-latewood transition, and its performance was tested with data from Scots pine trees. The model 
is a helpful tool to understand how and to what extent cell characteristics influence wood density. 
Latewood percentage proved to be an excellent predictor for wood density, and the interaction of 
density with cell characteristics is shown. 

Keywords: Wood density, latewood percentage, anatomy, model, Pinus sylvestris, earlywood, vari- 
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INTRODUCTION 

Wood-density variation both in the radial 
direction across stems and within annual rings 
has an important influence on wood quality. 
Wood density has been used as an indirect 
measure of various wood properties such as 
strength, paintability, glueability, and work- 
ability (Gilmore et al. 1959; Panshin and de 
Zeeuw 1980). However, the relationships be- 
tween density and wood properties are not ex- 
act. Since density is primarily a measure of the 
total amount of cell-wall material per unit vol- 
ume, it is related to the relative proportions 
of the different cell types present and to the 
dimensions of these cells. Differences in cell 
structure may cause alterations of wood prop- 
erties with the same wood-density values 
(Zhang and Zhong 1992). Consequently, it is 
important to know to what extent single cell 

' Publication No. 4443, Environmental Sciences Divi- 
sion, Oak Ridge National Laboratory. 

Present address: University of Agriculture, Forestry, 
and Renewable Natural Resources, Gregor Mendel-Strasse 
33, A- 1 180 Vienna/Austria. 

characteristics might affect wood density, both 
theoretically and experimentally, within the 
range of natural variability. 

Statistical models are widely applied to es- 
timate wood density using anatomical char- 
acteristics (e.g., Tsoumis 1964; Leclerq 1980; 
de Kort 1993a, b; Zhang et al. 1993). Multiple 
regression and similar techniques, however, are 
limited by their number of predictors because 
of various assumptions (e.g., independence, 
homoscedasticity, normality) or existing in- 
tercorrelations between predictors and also be- 
ing inflexible and restricted to special species 
and test conditions for which they were de- 
veloped. A numerical model could be more 
flexible and generally applicable to different 
conditions. Reck (1963) developed a numer- 
ical density model for softwood to investigate 
how cell characteristics are related to density 
as a basis for genetic selections to improve 
wood properties. Smith (1 965) also calculated 
density using cell parameters from cross sec- 
tions. Quirk (1 984) used Smith's formula in a 
shrinkage study to estimate wood density of 
specimens in green and oven-dry conditions. 
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Development of the model 

The approach used to calculate wood den- 
sity is based on a theoretical model using ge- 
ometrical tissue relationships. Softwoods con- 
sist mainly of axially aligned tracheids (90% 
to 95%) with small proportions of parenchy- 
ma, ray tissue, and resin canals (Panshin and 
de Zeeuw 1980). The shape of the cross section 
of longitudinal tracheids is assumed to be rect- 
angular and uniform; partition walls at their 
tips are considered, but not the region of ray 
crossings where the tangential lumen becomes 
slightly constricted. Ray crossings represent 
only a very small percentage of the total length 
of a tracheid. This model is for a normal and 
very regular piece of wood with abrupt tran- 
sition from earlywood to latewood. Scots pine 
(Pinus sylvestris L.), a hard pine species, was 
chosen for the experimental portion of this 
study because of its abrupt early-latewood 
transition. 

Wood density (DE), as an overall result of 
the proportions of various tissues, can be gen- 
erally expressed as: 

The cell-wall proportion of earlywood (C,) is 
obtained by dividing cell-wall area (T,R, - (T, 
- 2D)(R, - 2D)) by the total cell area (T,R,). 
Substituting Y,, the cell-wall proportion be- 
comes: 

Likewise, for latewood tracheids (C,) with 
thickness of the tangential D, and radial D, cell 
wall, the expression for cell-wall proportion 
becomes: 

So far, tracheid length has not been taken 
into account. A longitudinal tracheid is seen 
as a long tube with a pointed tip on each end. 
Tracheid length (L) and tip length (S) are con- 
sidered. The slanted partition wall at the tra- 
cheid tip produces a triangular cross section 
(Fig. 2). The average tracheid length is defined 
as (L-S); and the longitudinal and partition 
walls are assumed to be equal in thickness. The 
partition end wall proportion for a latewood 
tracheid is given by the expression: 

where DE is the overall wood density; V,, V,, (Rl - 2Dt)2D,B 
Y,R12(L - S) ( 5 )  

and V, are volume proportions of tracheids, 
rays, and resin and c l ?  c2, and '3 are where B is unknown and has to be derived by 
density coefficients for each tissue. A set of cell geometrical proportions (Fig. 2): 
characteristics was defined. In earlywood, the 
tangential and radial diameters of the axial B = Sf - 2x (6)  
tracheids were defined as Te and Re, and the 
average wall thicknesses for both were defined 
as D because radial and tangential thicknesses 
were not significantly different. In latewood, 
the tangential and radial tracheid diameters 
were defined as T I  and R,; and thicknesses of 
radial and tangential cell wall were defined as 
D, and D, (Fig. 1). The proportion of tangential 
over radial tracheid diameter Y was defined 
as a shape factor for earlywood and latewood 
cells: 

where x is calculated from: 

Using the Pythagorean theorem, it can be writ- 
ten that: 

Sr2  = S2 + T2 - St = d m  (8) 

S' is much larger than T, and S' is almost iden- 
tical with S: 

Therefore, B can be expressed as: 
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FIG. 1. Cell characteristics used in the wood density 
model. Earlywood tracheid: T, tangential diameter, R, 
radial diameter, D thickness of radial/tangential cell wall. 
Latewood tracheid: TI tangential diameter, R I  radial di- 
ameter, D, thickness of tangential cell wall, D, thickness 
of radial cell wall; L tracheid length; S tracheid tip length. 

Using the above expression for B (Eq. 10) in 
the cell-wall proportion Eqs. 3 and 4 for com- 
plete early- and latewood tracheids, the cell- 
wall proportion of complete tracheids be- 
comes: 

I'IG. 2. Partition end wall proportion for a tracheid. S 
tracheid tip length, T tangential diameter, D (radial) wall 
thickness, B partition wall length, S' diagonal tip length. 

and 
2(R,D, + Y,RID, - 2D,D,) 

C,  = + 
Y1R12 

Earlywood and latewood have to be weight- 
ed by latewood proportion, P, resulting in: 

c = (1 - P)C, + PC, (1 3) 

Actual wood density can be obtained by mul- 
tiplication of Eq. (1 3) with known values of 
cell-wall density (c,). Uniseriate (R,) and fu- 
siform (RJ wood rays with density factor c,, 
as well as resin canal proportion (A,), are con- 
sidered. Epithelial cells are very thin-walled 
parenchyma cells that surround longitudinal 
resin canals. Therefore, the cavity of resin ca- 
nals is seen as an intercellular space, and their 
proportion A, is subtracted from the equation. 
Total wood ray area was measured, and a fac- 
tor p was used to calculate actual cell-wall area 
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TABLE 1. Basic wood anatomy data from 8 Scots pine trees. 

Coefficient Percentile values 
of variation 

Anatomical feature Code Mean pm Oh 5% bm) 95% bm) 

Earlywood tracheids 
Tangential diameter 
Radial diameter 
Thickness of radialhangential cell walls 

Latewood tracheids 
Tangential diameter 
Radial diameter 
Thickness of tangential cell wall 
Thickness of radial cell wall 

Tracheid length 

for a ray. The value for P was determined with 
0.65 for uniseriate and also for fusiform rays. 

DE = c,(C - (R, + R,)) + c,p(R, + R,) - A, 
(14) 

Wood ray cells are reported to be 35% higher 
in lignin content than earlywood tracheid sec- 
ondary walls (Saka and Thomas 1982). Al- 
though lignin is supposed to be lower in density 
(1.40 g/cm3, Roelofsen 1959), it is assumed 
that c, is not different from c,; thus a uniform 
wall density of 1.52 g/cm3 was used (Kellogg 
and Wangaard 1969). A final adjustment is 
necessary because anatomical features were 
measured on fully swollen thin sections. Ac- 
cording to Kollmann and C8tk (1968), DE has 
to be rcduccd by using fiber saturation mois- 
ture (m = 0.28) and a volumetric swelling co- 
efficient a,, which is 13% for Pinus: 

DEo(kg/m3) = 

- - 1520(C - 0.35(RU + RJ - A,)(1 + a,) 

l + m  
(15) 

EXPERIMENTAL DATA COLLECTION 

Approximately 260 cubes (2 cm by 2 cm by 
2 cm) were cut from sapwood at the lower part 
of the trunk from eight, 80- to 100-year-old 
Scots pine trees (Pinus sylvestris L.) grown in 
Upper Austria. The trees were from similar 
site conditions. To obtain a homogeneous da- 

taset, all samples were free of knots, grain- 
defects, high resin content, and heartwood. 
Thin transverse and longitudinal sections were 
cut with a sliding microtome, stained with saf- 
ranin, and mounted with glycol on micro- 
slides. From these sections all anatomical 
characteristics were measured using a digitizer 
tablet connected to a Video Image System. An 
average of 45 measurements were taken from 
each section for each anatomical characteris- 
tic. Latewood percentage was determined on 
cross sections using Mork's criterion (Denne 
1 989). Tracheid length was measured after 
Ladell (1 959), and oven-dry wood density was 
measured volumetrically/gravimetrically ac- 
cording to DIN Standard 52 182. Table 1 shows 
the basic statistics of cell characteristics that 
will be used in the wood-density model. Mean 
axial resin canal percentage (A,) was 0.42%, 
uniseriate rays (R,) 1.8%, and fusiform rays 
(R,) 1.4%. The percentage of latewood (P) was 
33%, and tracheid tip length (S) was 470 pm. 

RESULTS AND DISCUSSION 

Evaluation of the wood density model 

Oven-dry wood density was estimated using 
the anatomical measurements (Table 1) in Eq. 
(1 5). Entering mean values from the measure- 
ments, a mean wood density of 48 1 kg/m3 was 
calculated; this value is near the actual mea- 
sured oven-dry wood density (482 kg/m3). Sell 
(1 989) reported a mean density of 490 kg/m3 
for Scots pine grown in Europe. Calculated 
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TABLE 2. Comparison of measured and modeled wood 
density for rndividual Scots pine trees. 

Tree 
DEo D41 

n measured modeled r P 

I 28 429 406 0.68 ** 
2 71 479 477 0.83 *** 
3 20 504 518 0.94 *** 
4 21 544 538 0.83 *** 
5 26 461 471 0.84 *** 
6 32 491 477 0.77 *** 
7 40 482 482 0.86 *** 
8 19 528 520 0.64 ** 

Total 257 482 481 0.85 *** 
Now: n: number of speclrnens. DE In kg/m3: P: *** P < 0.001, ** P < 

0.0 1 

wood-density values for all samples were cor- 
related with their measured wood densities. 
Figure 3 shows the plot with Pearson's cor- 
relation coefficient of r = 0.85 ( P  < 0.001). 
Wood-density values were calculated using the 
density model for each of the eight trees sep- 
arately. Table 2 shows a comparison between 
measured and modeled average wood density 
and Pearson's correlation coefficients for sam- 
ples from each tree. The wood-density model 
also allows one to calculate earlywood and 
latewood density by using either C, (Eq. 1 1) 
and C, (Eq. 12) instead of C in Eq. (15), re- 
sulting in 284 kg/m3 and 855 kg/m3, respec- 
tively. The latewood/earlywood density ratio 
is consequently 3.0, which is within the range 
reported by Trendelenburg and Mayer-We- 
gelin (1955). 

Partial dzfirentiation of the 
wood density model 

The wood density model was mathemati- 
cally differentiated for all anatomical charac- 
teristics. This allows an evaluation of how in- 
dividual anatomical parameters mathemati- 
cally change wood density. The following are 
examples of partial differential equations for 
thickness of earlywood walls and tangential 
latewood walls: 

dDE, -- 
dD 

- 1.52(1 - P). 

300 
300 350 400 450 500 550 500 650 

Measured  wood d e n s ~ t y  (kg/rnA3) 

FIG. 3. Comparison of measured and modeled wood 
density values. 

Mean values from Table 1 were used in these 
partial differentiation equations to calculate the 
differential change rate of density for each cell 
parameter (Fig. 4). Earlywood wall thickness 
(D), either from radial or tangential cell walls, 
alters wood density most with 28 kg/m3 per 
changing wall thickness unit, followed by ra- 
dially measured wall thickness of the latewood 
tracheids with 19 kg/m3. Radial diameters of 
earlywood and latewood tracheids (Re, R l )  rank 
immediately below wall thicknesses. A change 
in tangential diameter (T,, T,)  has almost zero 
eff'ect, and tracheid length has by far the weak- 
est differential density rate. 

Calculations from partial differentials of the 
wood-density equation showed that earlywood 
wall thickness theoretically has high potential 
to influence wood density. Goggans (1964) 
published detailed analysis on genetic rela- 
tionships of anatomy with wood properties. 
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FIG. 4. Partial differential rates of cell characteristics 
compared with density change rates within their 5-95 per- 
centile variability. Signs tell the relationship with wood 
density. Earlywood tracheid: Te tangential diameter, Re 
radial diameter, D thickness of radialhangential cell wall. 
Latewood tracheid: TI  tangential diameter, R I  radial di- 
ameter, D, thickness of tangential cell wall, D, thickness 
of radial cell wall; L tracheid length; S tracheid tip length. 

Among all earlywood and latewood cell char- 
acteristics, double wall thickness of earlywood 
was phenotypically most correlated with wood 
density. During the major part of the season, 
the variation of radial diameter of tracheids 
does not coincide with changes in thickness of 
their secondary wall (Wodzicki 1971). Larson 
(1973) reported that radial tracheid diameter 
is regulated by growth hormones produced by 
the elongating needles. Wall thickness is re- 
lated to the available photosynthate after the 
needles have matured. With proper manipu- 
lation of experimental conditions, it is even 
possible to produce tracheids with almost any 
combination of wall thickness and cell radial 
diameter (Wilson and Howard 1968). Thus, 
among all cellular characteristics, manipula- 
tion of earlywood wall thickness would have 
the most effect upon wood density. Heritabil- 
ity is very low for earlywood wall thickness 
(Goggans 1964). This indicates that there is no 
potential for genetic selection of earlywood wall 
thickness to improve wood properties. The 
variability, therefore, is governed mainly by 
environmental conditions. 

Cell characteristic variation 

The previous calculations do not consider 
the ranges of natural variability for each cell 

characteristic. Table 1 shows the coefficient of 
variation and values for 5 and 95 percentiles. 
Coefficients of variation range from 7% to 10% 
for most cell characteristics, but are larger for 
wall thicknesses in latewood and tracheid 
length. The radial diameter of latewood tra- 
cheids (Rl is negatively related to density in 
the model (see signs in Fig. 4), whereas mea- 
sured values of R,  and wood density are cor- 
related positively (r = 0.39, P < 0.001). R ,  
must be somehow intercorrelated with other 
anatomical factors that influence wood den- 
sity. Thickness of tangential latewood tracheid 
walls (D,) is correlated with measured wood 
density positively (r = 0.5 1, P < 0.00 I), but 
D, is also correlated positively with R l  (r = 

0.56, P < 0.00 1). Therefore, the partial cor- 
relation between R,  and modeled wood den- 
sity was calculated by taking D, as well as D,, 
P, Re, T,, T,, L and ring width as partial vari- 
ables. The partial correlation coefficient was 
hereafter clearly negative (r, = -0.70, P < 
0.001). Such a negative correlation between 
radial tracheid diameter and wood density has 
been mentioned by several authors (Goggans 
1964; van Buijtenen 1964). 

The relationship between tracheid length and 
wood density has been reported to be positive 
in some studies while others report no rela- 
tionship (Zobel and van Buijtenen 1989), but 
most authors have found a negative relation- 
ship (Jackson and Strickland 1962; Matziris 
and Zobel 1973; Zobel and van Buijtenen 
1989). A negative correlation coefficient (r = 

-0.31, P < 0.001) was found in our data as 
well. The wood-density model shows that the 
tracheid length wood-density relationship is 
basically negative (Fig. 4), but again statistical 
correlations might differ because of various in- 
terrelationships with other wood parameters. 

Wood density change within 5-95 percentile 
variation for all cell characteristics was cal- 
culated. The results do not coincide with dif- 
ferential density changes (Fig. 4). Radial di- 
ameter of latewood tracheids (R,) ranks before 
wall thickness of tangential latewood tracheids 
(D,) and radial diameter of earlywood (Re). 
Taking natural variability of cell characteris- 
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tics into account, radial diameter and thick- 
nesses of latewood tracheid walls have the most 
influence on wood density. Authors report that 
latewood wall thickness correlates highest with 
wood density (Quirk 1984; Zobel and van Bu- 
ijtenen 1989). There is again no observed re- 
lationship of tangential diameter with wood 
density (Zobel and van Buijtenen 1989). 

Variation of latewood percentage 

In the wood-density model, latewood pro- 
portion is an important parameter for pre- 
dicting wood density. Latewood percentage has 
a CV of 30% and ranges from 19% to 50% 
within 5 and 95 percentile variation. As late- 
wood percentage varies, cell characteristics 
change in their potential to influence wood 
density. Figure 5 depicts how a changing late- 
wood percentage alters the relationships. A 
vertical profile through average latewood per- 
centage of 33% would give the order of density 
change rates (5-95 percentiles) in Fig. 4. De- 
creasing latewood percentages obviously pro- 
vide more power for earlywood parameters. 
Heritabilities of latewood percentage vary 
greatly (Goggans 1964) and might be influ- 
enced by environmental factors and by a strong 
genetic control (Zobel and van Buijtenen 1989). 
Latewood percentage has generally a high cor- 
relation to wood density ofconifers (Yao 1970; 
Wimmer 199 1; de Kort 1993b). Using data 
from our trees, the overall correlation coeffi- 
cient between latewood percentage and mea- 
sured wood density was r = 0.82 (P < 0.00 l), 
which actually comes close to the correlation 
between the model and measured wood den- 
sity. De Kort (1993b), as well as Abdel-Gadir 
et al. (1993), obtained a wood density-late- 
wood percentage correlation of r = 0.93 for 
Douglas-fir. No known single tree ring param- 
eter correlates higher with wood density. With 
the knowledge of latewood percentage, one can 
estimate wood density efficiently, which should 
be valid at least for softwood species with 
abrupt early-latewood transition (Zobel and 
van Buijtenen 1989). Therefore, the purpose 
of this wood density model is not just to ac- 
curately predict wood density, but to analyze 

Percentage of latewood 

FIG. 5. Influence of latewood percentage on rate of 
wood density change caused by cell characteristics. Ear- 
lywood tracheid: Re radial diameter, D thickness of radial/ 
tangential cell wall. Latewood tracheid: TI tangential di- 
ameter, R I  radial diameter, D, thickness of radial cell wall, 
D, thickness of tangential cell wall. 

the influence of individual cell characteristics 
on total wood density. 

CONCLUSIONS 

The wood-density model presented in this 
study is a useful tool for investigating rela- 
tionships between single cell characteristics and 
wood density. The wood-density model is not 
recommended for compression wood or ex- 
tractive-rich wood, because it is based on nor- 
mal anatomical structure. This model dem- 
onstrates how changes of single cell character- 
istics like tracheid length or radial diameter of 
tracheids might have an effect on wood density 
independent of other anatomical parameters. 
This ability to relate individual characteristics 
to wood density helps to better define the com- 
plex and often counteracting relationships of 
anatomical characteristics. In a normal range 
of latewood percentage, earlywood wall thick- 
ness, either radial or tangential, has high po- 
tential to alter wood density. However, taking 
natural variability into account, radial diam- 
eter and wall thickness of latewood tracheids 
have the most influence on wood density. This 
model is a didactic tool to get a better under- 
standing of wood properties in relation to their 
physiological, ecological, and genetic proper- 
ties. 
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