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INTRODUCTION 

It has long been known that the length of the tracheids of coniferous 
woods is influenced by the growing conditions and the environment 
of the individual trees. As far as the writer has been able to ascertain, 
however, no information is available regarding these relationships in 
Pinus banksiana Lam. (jack pine). The object of the investigation 
was to determine the relationship between length of the tracheids 
and their position vertically and horizontally in the axis of the tree; 
also to determine tl:e variation in length of the tracheids in spring 
wood and summer wood. 

The wood of jack pine resembles that of N o'rway and white 
pine, altho the lumber usually · contains more knots, as the branches 
of jack pine are very persistent. The sapwood is white, the heart
wood is pale brown. Trees under 50 years of age are composed 
mostly of sapwood. In trees from co to mo years of age sapwood 
constitutes about 50 per cent of ·the volume. Growth rings vary 
from narrow to very wide, depending largely on growing conditions. 
The summer wood is dense and forms about 30 per cent of the volume 
of the annual ring. The transition from spring wood to summer wood 
is abrupt. Acwrding to Newlin and Wilson ( r 4), tl: e wood of jack 
pine shrinks I0-4 per cent in volume, 34 per cent .radially, 'and 6.5 per 
cent tangentially, when the moisture content is reduced from green to 
oven-dry condition. The specific gravity of oven-dry jack pine wood 
based on the volume when green is 0.39. The air-dry wood contains 
about 12 per cent moisture and weighs app1·oximatdy 30 pounds per 
cubic foot. 

Microscopically, the structure of the wood resembles that of the 
other ha1·d pines. According to Meyer (IO), the rays constitute 8. IO 
per cent of the total rnlume. The size of jack pine tracheids has been 
studied by Penhallow ( l l), who found that spring wood tracheids 
are 34 microns across in a tangential direction and 52 micron3 across 
in a radial direction, while those of the summer wood measure 21 

by 36 microns. The thickness of the cell wall in spring wood is 24 
microns and in summer wood 6 microns. 
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HISTORICAL REVIEW 

The length of tracheids in various species of wood has received little 
study. Sanio ( 12), in 1867, was probably the first investigator to pub
lish results dealing with the length of tracheids. He found that in the 
cross-section of a stem or branch the tracheids increase in size for a 
certain number of annual rings from the pith until a maximum is ·reached, 
after which the size remains constant. He also found that tracheids 
in a given annual ring increase in size from the ground upward until 
a certain maximum is reached and then decrease in size toward the 
top. Sanio also states that there is no relation between the width of 
annual ·ring and the length of tracheid. 

Shepard and Bailey ( 3), as a result of their study on white pine, 
Douglas fir, and spruce, agree with Sanio that no rehtionship exists 
between width of ring and length of tracheid, but disagree with him 
regarding the occurrence of a constant maximum tracheid length. The 
conclusions of Shepard and Bailey were confirmed by Miss Ge'rry (5, 6) 
and by Lee and Smith ( 7), al tho these investigators claim that a greater 
growth in diameter may be correlated with a shorter tracheid. 

Mell (9), working on the wood of black walnut, concludes that fast 
growing trees on deep black soil produce larger and longer wood fibers 
than trees that grow less rapidly on poorer soils. Likewise, ::\facMillan 
(8), in his work on red spruce, concludes that suppressed trees contain 
a higher percentage of short tracheids. Conversely, the wood of free 
grown trees contains a higher percentage of long tracheids. 

MATERIALS AND -METHODS 

Seven trees of jack pine growing on the Cloquet Forest Experi
ment Station, Site I, were selected for the investigation. The trees 
were cut one foot above the ground. F·rom each of the seven trees, cuts 
were made at intervals of IO feet from the stump to· the top. 

Two trees were selected for the measurement of tracheids from 
spring and summer wood. From each section a block of wood about 
one-quarter of an inch square and one inch long was taken from the 
annual ring nex_t to the pith and from every tenth ring from there out 
to the bark. In these two trees, the spring and the summer wood were 
carefully separated in each block. Small blocks were cut from the other 
five trees in a similar manner, but no attention was paid to the separa
tion of the spring and the summer wood ~ 

Method of Macerating the Tracheids 
Each small block was cut into pieces about one millimeter in cross

section and IO millimete·rs in length. These pieces were put into test 
tubes containing IO cc. of a 50 per cent solution of nitric acid to which 
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was added 0.3 gram of potassium chlorate. The test tubes and con
tents were then submerged in boiling water for from 8 to IO minutes. 
If cooked longer that this, some of the tracheids were broken down. 
At the expiration of IO minutes the test tubes were removed from the 
boiling water and the tracheids were washed with a smaJI quantity of 
tap water: 

Method of Measuring the Tracheids 

The tracheids were measured as soon as possib.le after maceration. 
A projection method was used, employing a lantern with a 400-watt 
lamp, triple condensors, and water cell. The light was projected through 
a microscope fitted with a 48 millimeter objective and a rnx ocular. 

About JOO tracheids were transferred from the bottle to a clean 
glass slide by means of a dropper. The excess water was absorbed 

Fig. I. Apparatus u~ed in Determining the Length of Tracheids 

and a few drops of glycerine were added, after which a cover glass 
was put on. The image was projected from a prism thro'..lgh a light
tight box on a sheet of paper. The perfect tracheids were then drawn 
on the paper, the ends being carefully marked. 

The slide was so moved about on the stage of the microscope that 
measurements were not duplicated. After the tracheids were projected 
and drawn, a millimeter scale was projected, using the same magnifica
tion. This scale was transferred to flexible aluminum tape and checked 
for accuracy. A total of 12,500 tracheids were drawn on pape1· and 
measured directly in millimeters. 
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EXPERIMENTAL RESULTS 

The data from the seven trees were averaged together by sections. 
The data for each section were plotted as separate curves, using the 
length of tHe tracheids in millimeters as the ordinate and the age of 
the tree in years as the abscissa. The tracheid length for each age class 
in the individual curves was replotted, replacing age of tree in years by 
height above ground in feet as the abscissa. This procedure resulted 
in the curves shown in Figure 2, which indicate th.e relation between 
the length of the tracheids and their position in the vertical axis of 
the tree. 

. The curves in Figure 3 were constructed by replotting the values 
from the smoothed curves in Figure 2. The values given in Table I 
were taken directly from the curves in Figure 3, the tracheid lengths 
being taken at five-year intervals. Table I shows that in the annual 
ring next to the pith the tracheids increase in length rapidly from the 
base to the section at 21 feet above the ground, after which the length 
remains practically constant to the top of the tree. From the first 
annual ring to the 4oth, the tracheids increase in length to the section 
at 41 feet above the ground, then decrease in length to the top. From 
the 45th to the Soth annual ring, the tracheids increase in length to 
the section at 31 feet above the ground, then remain practically constant 
or increase slightly in length to the top. 

TABLE l 

R ELATI ON OF A GE AND P OSITION I N VERT I CAL A X I S TO L ENGTH OF TRAC H E IDS 

Length of Tracheids in Mill imeters 

( D a ta from Curves in Figure J ) 

Height above g round, feet 
A ge, --··------ ----
yea r s I II 2 I JI 4I SI 

/ 

I .. .. . .. .. . .. . .. . . . ... I. IO I.20 I.J S 1.40 1. 42 1.40 
5 . ......... ... ... . .. . . I. 7S 2.00 2.20 2.40 2.45 2. 2 3 

IO ., . . ,, .. .. . .. . .. .. . .. 2.IS 2 .50 2. 75 2. 9s 2. 90 2. 7s 
I S .. ... ..... ... . .... ... 2.40 2.9s J.2 0 J .2s J .25 J o s 
20 .. .. . .. .. .. ..... . . .. . 2.s8 J .20 J.45 J. so J.s o J .JO 
25·· ........... ..... .. ... 2.7 5 J .40 J. 60 J .70 J.7 0 J SS 
JO . .. .... . . ....... .. . .. 2. 86 J .50 J .80 J .85 J .8s J .72 
J 5 ... . ..... ..... .. . . . ... 2.9 6 J. 65 J. 90 J.9 8 J. 98 J 90 
40 ... . .... .. .. . . ..... . . J. 08 J .7 s 4 .00 4.08 4 . I O 4.os 
45 .... . . . . . .. . ........ . J . I S J. 80 4. 08 4.I 6 4.20 4 2 s 
s o . . .. . . ....... .. . . .. . . J .2 2 J. 8 s 4. IS 4. 2s 4.2s 4 .35 
5S . . .. . ... .. .. . ... ... ... 3.2 5 J .88 4. 20 4. 30 4 .32 4 45 
60 . . .... . ... . ... . . .. . .. J. 2S 3.90 4. 24 4. J 2 4 ·JS 4.50 
6 5 ... .... .. .. . .. ... . .. . J .J O J. 9 2 4. 2 s 4· J 5 4 .40 
70 .. ... .. . ........ .. ... J .JO J.92 4 .25 4·J 5 4. 40 
7S . .... ' .. · ........ ... . . J.JO J .95 4. JO 4 .40 4 ·4 S 
80 ... . .. .. ···· ·· ·· ·· · · ·· J .30 J.95 4 .30 4 .4 5 
8s ... ... . .... .. . . . ..... J .JO 

61 

I.4S 
2 . 10 
2.60 

2.92 
J .20 

J. 40 
J .62 
3. f o 
4.00 
4.25 

4.4s 
4 .5 0 
4. 50 
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An analysis of the data given in Figure 3 and Table I indicates that 
the tracheids in the cross-sections at l foot, II feet, 21 feet, 31 feet, 
and 41 feet above the ground increase rapidly in length with the age 
of the tree up to about 40 years, after which the length increases slightly 
or remains constant to the bark. The tracheids in the sections 5 l and 
61 feet above the ground increase in length rapidly with the age of · 
the tree from the pith to the bark. The curves at 41, 51, and 61 
feet above the ground are more linear than those representing the 
other cross-sections. A biometrical study of the data in question 
confirms this conclusion. It is also evident that the longest tracheids 
are found in the rings from the 5oth to the bark in the higher parts 
of the trunk, or from the section 31 feet above the ground to the 
top of the tree, and that the maximum lengths are found near the bark 
in the cross-section at 5 r and 6r feet above the ground. 

Table II shows the a:verage maximum and minimum tracheid 
lengths fo'J: all trees. The table was prepared by averaging the maxima 
and minima in each section of the seven trees. 

I / YER{( 

~ 

~ t .. .c. . .9 - -~ l~ -- - -- --- "' · :O: ~-- 0/ YcA/? 

0 10 "ltl ~o ~o $0 to 
HEIONr "80V£ 6ROllND IN FEET 

70 

Fig. 2. Re' ation of Length of Tra cheids and Their P osi tion in Vertical Axis of Tree 

Table II shows the same relations given in Table I. It is evident 
from Table II that the average maximum tracheid length is 5.05 milli
meters ; the average 3.20, and the minimum, 0.75. 

In Table III are given the results obtained by averaging the length 
of the spring and the summer wood tracheids for each section in two 
trees. Altho there are a few apparent exceptions, the summer wood 
ti:_acheids are somewhat longer than those of the spring wood. 
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TABLE II • 
MAXIMUM AND ' MINIMUM TRAC II EID LENGTH SHOWING EF·FECT OF AGE AND POSITION IN VERTICAL Axis ON LENGTH OF TRACHEIDS . 

Length of Tracheids i~ Millimeters 

Section I Section 2 Section 3 Section 4 Section 5 Sectio~ 6 
Years - ----- - ---- - ------- ------

Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. 

] ........................ 1.65 0.75 I.57 0.94 2 06 LOS 1.72 0.94 i.99 I.12 r.80 J.01 
11 ........................ 2.li3 J.74 3.3 L 2.08 3.~9 2.20 3.83 2. 16 3.47 2.38 3.55 2.25 
2 I., , , .. , , . , . , ... , , , , , , .. 3.19 2. I 5 4.10 2.74 4.13 2.94 4·)9 2.80 4.38 3.06 4.06 2.81 

3 l ...................... '. 3.57 2.49 4.35 3.00 4.5 I 3.19 4.75 3.I2 4.72 4.00 4.50 2.92 

41 ......... · .. · ............ 3.73 2.5G 4.40 3.16 4.59 3.23 4.95 3.52 4.80 3.41 4.70 3.30 
5 l,,, , , '., , , . , , , .. , , , , , , ' . , 3.77 2.60 4.54 3.19 4.80 3.22 4.91 3.50 4.80 3.22 
6 I .. , . ........ , .. ,.,., .... 3.79 2.58 4.50 3.19 5.05 3.25 
7I ......................... 3.75 2.44 5.00 
8r ........... .. ........ ... 3.97 2 .70 

TABLE II1 
MEAN TRACJJEID LENGTH, SPRING WocD AND SuMMER .WooD, FOR Two TREES, SnowING EFFECT OF AGE AND Pos1TIGN IN 

VERTICAL Axis ON LENGTH OF TRACHEIDS 
Length of Tracheids in Millimeters 

Section r Section 2 Secti6n 3 Sec!ion 4 Section 5 Section 6 
------ - ----- ------

Years Early Late Early Late Early Late Early Late Early Late Early Late 
wood wood wood wood wood wood wood wood wood wood wood wood 

II .................. 2.23 2.15 2.48 2.45 2.45 2.65 2.90 2.98 2.7 I 2.83 2.63 2.81 
21 ........... .. .... ········ 2.60 2.78 3.12 3.31 3.34 3.28 3.54 3.62 3.58 3.82 3.24 3.52 
3 I',••,••••••,•',•'',,,,,• 2.81 2.83 3.80 3.87 3.62 3.7 r 3.89 3.92 4.09 4.24 4.09 3.91 
41 ......................... 2.97 3.28 3.74 4.05 3.79 3.85 3.99 4-3~ 4. I 5 4.20 3.61 3.79 
5 I. , ',,,.,. , •,',,.'. , ' .. , , 3.12 3.r 6 4.12 4.07 4.10 4.16 4.24 4.39 
6r ........................ 3. 19 3.24 4-47 4·5 I 4.14 4.r7 
7r ............... _. ........ 3.72 3.75 4.26 4.30 

Section 

Max. Min. 

I.83 1.05 
3.30 2.1 3 
3.82 2.68 
4.20 3.00 

Section 7 
------
Early Late 
wood wood 

2.39 2.65 
3.29 3· IO 
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It seemed desirable to test the reliability of certain of the relation
ships that have been brought out above by the calculation of biometric 
constants for two of the trees. 1 

The standard deviations for both age of tree and length of tracheids 
for each section in the two trees are necessary for the determination 
of the correlation coefficient, r, measuring the relationship between the 
age of the tracheids and their length. These are shown in Column T, 

Tables IV and V, respectively. 

The correlation coefficient measuring the relationship between age 
and tracheid length for each section in the two trees appears in Column 
2, Tables IV and V. 

These are substantial values and unquestionably significant. As 
the plotting of the mean tracheid lengths for each cross-section, as shown 
in Figure 3, indicated that a straight line relationship between length 
of tracheid and ag~ does not exist, the correlation ratio, 17, between age 
and tracheid length was determined for each cross-section in the two 
trees and is given in Column 3, Tables IV and V. 

TABLE IV 
STANDARD DEVIATION, CORRELATION COEFFICIENT, CORRELATION RATIO, AND BLAKEMAN'S 

CRITERION FOR EACH SECTION IN TREE F 

I II III IV 
Standard deviation ---

Section Correlation Correlation Blakeman·s Length of Age of coefficient ratio criterion tracheid tree, years 

I. ... . .. .. ... 0.8003 23 . 1054 0.5 I 52 0.9390 16.90 
.£. •••••••••••• 0.9880 20.88f.5 .6931 .9463 10.3~ 
~ - ... ... ..... 0.8368 19.7877 .5492 .8 826 12.79 
4 . . .......... I.2013 I 7 .8302 .8139 .9456 6.53 
5 .. .. . . ... . .. 1.0575 16.3682 .71 66 .9283 8.57 
6 ..... .. ..... 0.9768 I3.3207 .8352 .9207 4.70 
7 ..... . .. .. .. 0.9500 9.3I40 0.9066 0.9413 2.68 

TABLE V 

STANDARD DEVIATION, CORRELATION COEFFICIENT, CORRELATION RATIO, AND BLAKEMAN's 

CRITERION FOR EACH SECTION IN TREE G 

II III IV 
Standard deviation 

- ----- ---
Section Correlation Correlation Blakeman's Length of Age of coefficient ratio criterion tracheid tree, years 

I. ........... 0 7976 25.8I99 0.8212 o.95_s8 8.10 
2 . ....... . ... I.0658 22.9129 .8557 .9569 6.57 
3 ............ I,0606 2I. II68 .8464 .9636 6.64 
4· ........... LOI 49 19.3750 .8471 .9734 6.92 
5 ... . ...... .. 0.9655 I7 .0782 .8779 .9724 5.52 
b .... • ....... 0.9926 I4.142I .9027 .9704 4.24 
7 .......... . . 0.7385 II.I803 0.9507 0.9580 I.24 

1 Thanks are due to Dr. J. Arthur Harris, of the Department of Botany, for help in this 
phase of the work. 
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As 17 is the ratio of the standard deviation of the weighted means 
of arrays of tracheid length to the standard deviation of tracheid length 
in the whole series, it is always positive. The value of 17 is independent 
of the form of the distribution of the means of y, where y represents 
the length of the tracheids. It is therefore valid whether the mean 
exhibits a straight or a curved line relationship to age. 

The correlation ratio is high for each section. In both trees it is 
of the order 17 == 0.95. This shows that the deviation of tracheid length 
from the regression cu·rve will be relatively small. Estimates read from 
such curves will therefore represent a relatively high degree of accuracy. 

At a distance of one foot above the ground the difference between 
the correlation ratio, 17, and the correlation coefficient, ·r, is very large. 
In successi~ely higher sections the correlation ratio and the correlation 
coefficient approach each other until they become nearly identical in 
that section when near the top of the tree. 

As the correlation coefficient, ·r, and the correlation ratio, 17 , ap
proach each other in successively higher cross-sections, the regression 
line for these sections appears to be changing form. In order to test 
this assumption, Blakeman' s ( 4) criterion of linearity of regression 
was employed. This is a formula involving both the correlation co
efficient, r, and the correlation ratio, 17. If the criterion 

r· yN I - I 

E .. -
.67449 

- vr yI + (I-172)2 _ (I-r2)2 2 
~ 

where r == 172 - r2 

is less than 2.5, the regression is linear; if greater than 2.5, it is probably 
significantly non-linear. 

The application of Blakeman's test to both trees showed a large 
value for the criterion at the base of the tree, which gradually became 
smaller at higher levels, as shown in Tables IV and V, Column 4. 

As the correlation coefficient, r, rapidly approaches the corr:elation 
ratio, 17, in passing from the base to the top of the tree, and as the 
values of Blakeman's criterion diminish 'rapidly from the base to the 
top, it is clear that for each successively higher cross-section from the 
base to the top of the tree there is a closer approach to a linear rela
tionship between tracheid length and age of tree, or that the increase 
in the length of the tracheid is more directly proportional to age. 

DISCUSSION AND CONCLUSIONS 

The results of this investigation are in harmony with those obtained 
by other investigators, in that it was found that tracheids increase in 
length from the base of the tree upward u~til a certain maximum 

--length is reached and then decrease in length to the top of the tree. 
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On the other hand, it is found that in jack pine the length of the 
tracheids in the annual ring next to the pith remains constant after 
this maximum is reached and that the length of tracheids in the rings 
from the 45th to the bark either remains practically constant or slightly 
increases to the top of the tree. 

These results agree with those obtained by Shepard and Bailey (3) 
in connection with their study of the variations in length of coniferous 
tracheids, in that, in the rings near the bark, the maximum tracheid 
length occurs in the higher parts of the tree. 

The results of this study partly agree with those of other inves
tigators, in so far as it was found that the tracheids inc'rease in length 
rapidly up to a certain maximum with age, after which, as Shepard 
and Bailey (3) point out, there is a marked decrease for ten · years, 
then an increase. According to Lee and Smith ( 7), there are com
paratively small inegular increases or decreases in tracheid length with 
a slight average increase toward the periphery. The results of this 
investigation show that after this maximum length is reached, the 
tracheid length remains constant or increases slightly to the bark for 
the cross-sections in the lower part of the tree and increase rapidly in 
length from the pith to the bark in the higher parts of the tree. The 
results also agree with those of Lee and Smith ( 7) in that they show 
the summe1· wood tracheids to be slightly longer than those of the 
spring wood. 

A result brought out in this investigation that has not been men
tioned by previous workers, is that from the base to the top of the 
tree each successively hjgher cross-section shows a greater degree of 
linear correlation between age and tracheid length. This fact is clearly 
shown in Tables IV and V. A possible explanation of this fact is that 
the tree in the sapling stage has a small crown, small trunk, few branches, 
and a comparatively small root system. Each year added to the life 
of the tree increases the development of the crown, trunk, branches, 
etc. It- is conceivable that the younger tracheids near the top or in 
the crown of the tree have a greater reserve food supply to draw on 
than the corresponding tracheids had when the tree was in the sapling 
stage. 

It is claimed by Bailey ( l) that the size of the cells in the secondary 
xylem is determined by the size of the cambium initials and also by 
changes that take place in their derivative cells during differentiation 
into tracheary elements. He also points out that the cambial initials 
of conife'rs increase rapidly in length up to about mo years of age 
<:. nd then remain constant, and that by allowing for a 5 to IO per cent 
error it is possible to use the tracheids of gymnosperms as indices of 
the approximate length of the cambial initials. 
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According to Bailey ( 2) the anticlinal divisions in non-stratified 
meristerns are pseudo-transverse, the fusiform initials elongate, sliding 
by one another, until they attain a certain size. They then divide by 
means of a mo·re or less oblique partition into two short halves which 
in turn elongate and divide. Owing to the fact that the cells do not 
divide and elongate in unison, there is a considerable variability in the 
length of adjacent initials. 

It seems to the writer that the whole problem of tracheid growth 
depends upon three important factors-the frequency of cell division, 
the amount of elongation before division, and the amount of elongation 
of the daughter cells. Therefore, if such growth factors as quality of 
soil, moisture conditions, and light requirements could be correlated 
with the above factors, the cause of the difference in tracheid lengths 
might be determined. 

SUMMARY 

I. The results of measuring 12,500 tracheids in seven trees show 
that the maximum tracheid length in jack pine is 5.05 mm., the average 
3.20 mm., and the minimum 0.75 mm. 

2. , From the base to the top of the tree each successively higher 
cross-section shows a greater degree of linear correlation between age 
and tracheid length. 

3. For the annual ring next to the pith, the tracheids increase in 
length rapidly from the base to the section at 21 feet above the ground, 
af ter which the length remains p~·actically constant. 

4. From the first annual ring to the 4oth, the tracheids increase in 
length to the section at 41 feet above the ground, then decrease in 
length to the top. 

5. From the 45th to the Soth annual ring, the tracheids increase in 
length to the section at 31 feet above the ground, then remain prac
tically constant 01· increase slightly to the top. 

6. The tracheids in the cross-sections at l foot, ' l l feet, 21 feet, 
31 feet, and 41 feet above the ground rapidly increase in length with 
age of tree to about 41 years, after which they increase slightly or 
remain constant to the bark. 

7. The tracheids in the sections 51 and 6I feet above the ground 
increase in length rapidly from the pith to the bark. 

8. The longest t'racheids are found in the rings from the 5oth to 
the bark in the higher parts of the tree, or from the cross-section at 
31 feet above the ground to the top. 

9. Maximum tracheid lengths are found near the bark at the cross
section 5 l feet above the ground to the top of the tree. 
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IO. The maxima and minima tracheid lengths behave similarly to 
the average in the ·relation of age and position in the vertical axis to 
length of tracheids. 

I I. The tracheids of summe·r wood are slightly longer than those 
of spring wood. 
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