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ABSTRACT.

Variation in structure of the secondary 
xylem was studied in the hole, branches and roots 
of Quercus robur L., Eagus sylvatica L., Acer 
pseudoplatanus L., and Robinia pseudoacacia L. 
Attention was paid especially to variation in the 
length of the vertical elements, diameters of the 
vessels and to ray height and volume.

Vessel-elements and libriform fibres increased 
in length from the pith outwards at any one level in 
the bole, branch and root, at first rapidly and then 
rather slowly. In a specific growth ring these 
elements increased in length upwards in the bole up 
to a certain height and later decreased. It is 
suggested that the fusiform initials of the vascular 
cambium become larger during the first few years when 
growth of the tree is most vigorous, thus accounting 
for increase in length of the derived elements from 
pith outwards at any one height; further, that 
successively larger fusiform initials are laid down 
nearer the apex during the period of greatest vigour 
so that at this time the longitudinal elements in a 
ring are longest nearer the apex. After this period



of maximum vigour is past, new fusiform initials are 
smaller and hence the longitudinal elements of the 
xylem are smaller above a certain height.

Vessel-elements and libriform fibres within one 
growth ring are longer in the late-formed wood than in 
the early-formed wood irrespective of whether the 
vascular cambium is stratified or not. The variation 
in the length of the vessel-elements is correlated with 
the diameter of the vessel, those of the spring wood 
shortening as a result of the considerable swelling 
during differentiation. On the other hand, the libri­
form fibres elongate during differentiation.

Variation in vesseOjdiameters, ray height and 
ray volume show much the same trend as that of the 
vessel-elements.

Apart from certain minor details, wood of 
different ages and that from different parts of the 
tree, shows no great histological difference.



ACKNOWLEDGEMENTS.

This investigation was carried out during the 
tenure of a fellowship under the Colombo Plan Techni­
cal Co-operative Scheme, at the Royal Holloway College, 
University of London. 1 am grateful to the Andhra 
University, Waltair, India, and the Ministry of 
Education, Government of India, who sponsored me for 
the fellowship and to the British Council for their 
help during my stay in Britain.

I am greatly indebted to Prof. F.W. Jane, for
suggesting this problem and for his continued interest, 
valuable guidance and constructive criticism throughout 
the course of the investigation and also to Dr. M.A.P. 
Madge for her advice and encouragement.

My thanks are due to the authorities of Royal
Holloway College, University of London for providing 
me with the facilities to work in the Department of 
Botany and for keeping the trees on their grounds at 
my disposal, thus making this investigation possible; 
to Ivlr. R.L. Hart, chief techiitcian. Department of 
Botany, Royal Holloway College and Mr. R. Brinsden, 
University College, London, for the help rendered in 
the preparation of the photomicrographs.



CONTENTS.

INTRODUCTION AND REVIEW OF THE
PREVIOUS WORK. ... 1-15

MATERIAL AND IVIETHODS. ... 16- 23
EXPERIMENTAL RESULTS :

1. Variation in cell length;
(a) Variation from pith outwards ... 24- 52
(h) Variation upwards in the hole ... 55- 62
(c) Variation within one ring ... 63- 79
(d) Variation around the stem ... 80- 81

11. Variation in the diameters of the 
vessels :
Radial and Tangential ... 82- 87

111. Variation in the rays;
Height ... 87- 90
Volume ... 91- 94

DISCUSSION ... 93-118
SUMMARY ...119-121
APPENDIX :

Histological features ...122-148
LITERATURE CITED ...149-154



INTRODUCTION AND REVIEW OP PREVIOUS WORK.

In any particular tree species, as in other 
organisms, all the individuals are not identical. 
Variations may be found in the wood as well as in 
other parts of the plant and may occur between diffe­
rent individuals and also in one individual for varia­
tion in the wood may be due to age and to its position 
in the tree. Further, internal stresses or external 
factors such as light, soil, water and temperature with 
which may be included competition with other organisms 
which form part of the environment of the tree, may be 
responsible for the variation in structure of the secon­
dary xylem in a tree. Again changes in such physical 
properties as colour and grain may be brought about by 
some pathogens, especially fungi, which may also bring 
about changes in the chemical composition of the cells. 
Thus structure of wood varies not only in plants of 
different taxonomic affinities but also in the different 
individuals of the same species growing in different 
localities and even in different parts of the same tree.

Interest in the secondary xylem has generally 
been associated, if indirectly, with economic consi­
derations and in the past, the necessity for detailed



knowledge of the different types of variations met 
with in the structure of wood was seldom realised, 
because timber for commercial purposes was derived 
mainly from adequate supplies of mature and care­
fully selected trees. With the increased demand 
for timber in the recent times, and the more diffi­
cult supply position, there has been considerable 
use of timber derived from comparatively young and 
vigorously growing plantations. Recent researches, 
giving adequate information on the variation of growth 
and structure, would be of immense value to utilize 
the timber from plantations, thinnings and tops, to 
best advantage.

The fact that wood from different parts of 
individual trees is extremely variable has been fully 
appreciated by some of the recent investigators in 
their attempts to secure satisfactory criteria for 
identification and classification of woods, due consi­
deration being given to range of variation of each of 
the diagnostic characters ( Dadswell et , 1952 and 
1954; Chalk ^  ad., 1952, 1955, 1955 and 1959).

Much work, done during the last half-a- 
century on the problem of variation, relates particu-



larly to traclieid and fibre dimensions throughout the 
bole of a tree and while there have inevitably been 
conflicting results, there is, as a whole a very fair 
measure of agreement on this aspect of variation.
Apart from the aspect of utilisation of the wood for 
the paper and pulp industry, the earlier work on the 
study of tracheid length variations seems to be purely 
of academic interest.

A brief review of the previous work on varia­
tion in the tracheid and fibre length follows.

Modern interest in the length of the vertical 
elements of the secondary wood, as related to their 
position in the tree, dates back to the pioneer work 
of Sanio (1872) who determined the mean tracheid 
length in the secondary wood of Scots pine (Pinus 
sylvestris) in various parts of the trunk and branches, 
De Bary (1884) summarised Sanio's results as follows:

"(1) In the stem and branches the tracheids 
everywhere increase from within outwards, throughout 
a number of annual rings, until they have attained a 
definite size, which then remains constant for the 
following annual rings.

(2) The constant final size changes in the 
stem in such a manner that it constantly increases 
from below upwards, reaches its maximum at a definite 
height, and then again diminished towards the summit.
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(3) Tile final size of the tracheids in the 
branches is less than in the stem, but is dependent 
on the latter, inasmuch as those branches which arise 
from the stem at a level where the tracheids are 
larger, themselves have larger tracheids than those 
which arise at a ]e/el where the constant Alze is less.

(4) In the gnarled branches of the summit, the 
constant size in the outer annual ring also at first 
increases towards the apex, and then falls again; but 
here irregularities occur, which may be absent in 
regularly grown branches.

(5) In the root the width of the elements first 
increases, then falls again, and next rises to a 
constant amount. An increase in length also takes 
place, but could not be exactly determined."

Numerous investigators have since studied the 
problem of variation in length of the vertical elements 
of the secondary xylem from three different aspects;
(1) from pith outwards in successive growth rings at 
one level in the bole, (2) from base upwards in speci­
fic rings of the bole and (5) in the early and late 
wood of an individual growth ring. It appears to have 
been tacitly assumed that variation in fibre length in 
dicotyledons follows the same course as that of the 
conifer tracheid.

Although all of them confirmed that there was an 
initial increase in length of the vertical elements in 
the successive growth rings from pith outwards, there 
is no agreement among them regarding whether a constant



maximum length was attained by these elements in the 
later growth rings of a tree at any one level, as 
stated by Sanio. Shepard and Bailey (1914) reported 
that tracheid length in Pinus palustris reached its 
maximum at 160 years and in the older rings decreased 
comparatively rapidly. Lee and Smith (1916) noticed 
that tracheid length tended to decrease slightly 
towards the periphery in Douglas fir, particularly at 
the base of the bole. An actual decrease in length 
of the fibres towards the outside, after a m maximum 
was reached, was reported by Hartig (1885) for Fagus 
sylvatica and Boshard (1951) for Fraxinus excelsior.
On the other hand, many of them reported that tracheid 
length, or fibre length, as the case may be, continued 
to increase at any one level in the bole with increa­
sing age of the tree. Gerry (1916) found that in 
Douglas fir old age had no effect on the tracheid size 
and the tracheid length was slowly increasing after 
455 years. Chalk (1930) reported a regular increase 
in tracheid length from pith to bark in Picea sitchensis 
and Desch (1932) that fibre length was gradually 
increasing after 129 years in Fagus sylvatica, 102 
years in Populus serotina, 56 years in Acer pseudo­
platanus and Betula pubescens. Contrary to the above



observations Mell (1910) in Pseudotsuga taxifolia, 
Kribs (1928) for Pinus banksiana. Bethel (1941) for 
Pinus taeda, Hata (1949) for Pinus densiflora, 
Pritchard and Bailey for Garya ovata and Bisset and 
Dadswell (1949) for Eucalyptus regnans recorded the 
attainment of a constant length in the later part of 
the growth ring, thus confirming the results of Sanio.

On the aspect of variation in length of the 
tracheids of gymnosperms and fibres of angiosperms in 
specific growth rings at different heights in the bole, 
the conclusions drawn by the various investigators are 
conflicting. Sanio*s conclusions were confirmed for 
gymnosperms by Mell (1911), Gerry (1915) and Lee and 
Smith (19I6) for Douglas fir; Bailey and Shepard 
(1915) for Pinus strobus, Pinus palustris, Picea 
rubra, Tsuga canadensis and Abies concolor; Kribs 
(1928) for Pinus banksiana; Ohalk (1930) for Picea 
sitchensis; Hata (1949) for Pinus densiflora and 
Anderson (1951) for Abies concolor, Abies procera 
and Pseudotsuga taxifolia. On the other hand,
Hartig and V/eber (1885) found a progressive decrease 
in fibre length with the height in the tree. Hartig
(1894) reported a gradual decrease in fibre length
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from the base of the tree upwards in Quercus robur, 
as did Stauffer (1892) for Betula sp., but Eichhorn
(1895) recorded an initial increase and then a decre­
ase in fibre length upwards in certain American oaks. 
Desch (1932) confirmed that the variation in fibre 
length at different heights in Betula pubescens,
Alnus glutinosa, Fagus sylvatica, Poplus canescens, 
Acer pseudoplatanus and Baikiaea plurijnga, followed 
the type of variation in tracheid length in conifers 
described by Sanio and others. Bisset and Dadswell
(1949) confirmed this trend in Eucalyptus regnans 
where they found increasingly longer fibres up to 
50 feet level and successively shorter fibres from 
50 feet to 166 feet level. Contrary to these findings 
Pritchard and Bailey (19I6) observed 'that fibre length 
decreased from the base upwards in n Garya ovata, 
although the length of the vessel elements increased 
to a certain height and then decreased.

The results of the work of Siriban (1939) on 
Trema orientalis, Misra (1939) on Pinus longifolia, 
Bannan (1941, 1942 and 1944) on Thuja occidentalis, 
Juniperus and Libocedrus decurrens, Bethel (1941) 
on Pinus taeda, Gortes and Hambananda (1947) on



8

Columbia serratifolia. Mallotus ricinoides and Parkia 
javaniea, Liang (1948) on Larix and Bergman (1949) 
on a number of dicotyledons, all showed agreement with 
Sanio's first two postulates.

Variation between the first and last formed 
wood of a growth ring has been studied by several 
investigators with reference to the tracheids of

I

gymnosperms and the results obtained are contradictory. 
For example, Gerry (1916) reported in Pseudotsuga 
taxifolia that the tracheids from the late wood were 
shorter than those from the early wood. But Lee and 
Smith (1916) working on the same species noted that 
the tracheids in the late wood were longer than those 
of the early wood. Similarly Kribs (1928) for Pinus 
banksiana, and Chalk (1930) for Picea sitchensis, both 
reported that the tracheids of the.late wood were 
slightly longer than those of the early wood. The 
results obtained recently by Wardrop and Williams 
(See Wardrop, 1948) on a rapidly grown specimen of 
Pinus radiata, seem to agree with those of Gerry (1916) 
in that the early wood tracheids are longer than those 
of the late wood. However, the work of Bisset and 
Dadswell (1950) on a number of gymnosperms including



those mentioned above, indicated that in all instan­
ces, where compression wood is not present, the late 
wood tracheids are slightly longer ( about 11% ) than 
those of the early wood, thus confirming the findings 
of Lee and Smith, Kribs and Chalk.

Fibre length variation within one ring in 
angiosperme was, first, studied by Bisset and Dadswell
(1949) who found that there was a consistent difference 
in length between early wood and late wood fibres in 
every ring at all levels of the bole, 1 in Eucalyptus 
regnans. Subsequently Bisset, Dadswell and Amos
(1950) and Bisset and Dadswell (1950) extended these 
studies to a number of angiosperme. In all the woods, 
they investigated, which had distinct growth rings, 
they found a definite increase in the fibre length 
from the first-formed to the last-formed wood within 
an individual ring, whether the structure was ring 
porous or diffuse porous. In those species with no 
apparent check in growth, they reported little change 
in fibre length over radial distances which were 
assumed to cover the growth of several years. Chalk, 
Marstrand and Walsh (1955) studied the lengths of wood 
fibres and of parenchyma strands in woods with storeyed
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structure, Pterocarpus angolensis, Aschynomene 
elaphroxylon and Nesogordonia papavifera and reported 
that, at any one level within the growth ring, the 
fibre length rose to a maximum in the middle of the 
ring and dropped abruptly at the ring boundary, but 
that the length of the parenchyma strands remained 
constant.

Spurr and Hyvarinen (195^) reviewed the litera­
ture on wood fibre length as related to position in the 
tree and growth from a morphogenetic point of view, 
giving special attention to the data published, and 
assessed the possible interrelationships between cell 
size and developmental factors of growth and seces- 
cence.

There seems to be a lack of agreement regarding 
conclusions arrived at concerning the variation in 
height and volume of rays. Essner (1883) described a 
gradual increase in height and decrease in number of 
rays outward from the pith in Pinus strobus except in 
the outermost wood, where there sometimes was a slight 
increase in number. He also found that there was a 
gradual decrease in ray number per unit of surface at 
higher levels in the bole. Jaccard (1915) on the other
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hand, deduced from his observation on Picea excelsa 
and Abies pectinata that the maximum number of rays 
occurred in the bole some 10-15 centimeters above 
ground; higher in the stem a minimum was reached 
which was again followed by an increase at the base 
of the crown*. DeSmidt (1922) found a similar 
increase in the number of rays higher up at the base 
of the crown, after a minimum was reached, in Ulmus 
fulva. Sebestine (1955), on the contrary, reported 
a slight decrease in height of the rays in the outer 
wood from that of the inner wood in Pajanelia rheedii, 
Erythrina stricta, Macaranga peltata, Tabernaemontana 
dichotoma and Anacardium occidentale. Bannan (1937) 
correlated the variation observed in the number, height 
and distribution of rays in the bole and branch wood of 
a number of conifers (Araucaria, Thuja, Taxodium, Abies, 
Tsuga, Larix, Picea and Pinus) with such variations as 
width of growth rings, distance from the pith and, in 
the branches, the position, i.e. on the upper and lower 
side. The height and distribution of rays in the 
root was found to vary more widely and unlike the

* GROWN is interpreted to mean the distal part of the 
main trunk, from which most of the main branches 
will, generally, arise.
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condition in the stem, the trend of variation differed 
in the genera studied.

DeSmidt found in Ulmus fulva that the total 
ray volume was greatest in the root and at the stem 
base; ray volume remained fairly constant in the bole 
but increased again in the upper portion of the crown 
to a second maximum. He ascribed the greater ray 
volume in the root to the increase in number as well 
as size of the multiseriate rays. That of the stem, 
he thought, might be due to an increase in the size of 
the multiseriate rays, and that of the crown to an 
increase in the number of rays. Myer (1922) stated 
that the larger variations in ray volume were due to 
inheritance and that the smaller individual ones were 
the result of differences in site, climate, temperature, 
soil, age in the tree, efficiency of the leaves and 
the development of the deciduous habit. He found that 
deciduous trees showed a relatively higher percentage 
of ray volume than the evergreens. Harlow (1927) 
found greater ray volume near the base of the bole in 
Thuya occidentalis than farther up. However, he 
failed to support the observation of a heightened ray 
volume in the crown, as found by DeSmidt. Further, 
he stated that between extremes of site there was no
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greater difference in ray volume than might be found 
between two trees growing on the same site. Bannan 
(1937) reported that the total ray volume, in some 
species of conifers studied, was possibly greater in 
the root than in the outer parts of the tree owing to 
the larger size of the individual cells.

Prom the foregoing it is evident that much 
work was done on the variation in tracheid length in 
some of the gymnosperms. In view of the comparative
lack of definite information regarding fibre length 
variation in the angiosperms a detailed examination 
of such variation is undertaken in oak, beech, 
sycamore and robinia, which were selected to include 
ring and diffuse porous species and also one with 
stratified vascular cambium.

Attention so far has been given mainly to 
variation in the fibre length in the bole of the 
angiosperms, and the roots and branches have been 
ignored by recent investigators. So far as is known, 
variation in the vessel-elements and such other ver­
tical elements as fibre-tracheids and tracheids has 
not been studied, in any of the angiosperme, by any of



the previous investigators. In the present investi­
gation, attention has been paid especially to varia­
tion in length of the vessel-elements, libriform fibres, 
fibre-tracheids and tracheids in oak and vessel-elements 
and libriform fibres in beech, sycamore and robinia in 
the bole, branches and roots. In addition, an attempt 
has been made to investigate variation in vessel dia­
meter and ray height and volume in sycamore and robinia.

Features investigated in the present work:

(1) Variation in length of the vertical elements 
of wood (vessel-elements, libriform fibres, fibre- 
tracheids and tracheids) in successive growth rings 
from pith outwards at different levels in the bole, 
branch and root in oak, beech, sycamore and robinia.

(2) Variation in length of vessel-elements and 
libriform fibres in specific growth rings at different 
levels in the bole.

(3) Variation in length of vessel-elements and 
libriform fibres on different radii at different levels 
in the bole.

(4) Variation of vessel-elements and libriform
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fibres within one growth ring between the first and 
last formed wood, in the bole and root.

(5) Variation in the radial and tangential 
diameters of the vessels in individual growth rings.

(6) Variation in the height and volume of rays 
in different parts of the wood in robinia.

(7) Histological features of the four woods and 
their variation with age. (Treated as an appendix).

As the growth rings were often narrow and some­
times evidence of their formation was less apparent in 
the roots of these trees, it was not possible to inves­
tigate the root as precisely as the bole and branches.
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MATERIAL AND METHODS.

Material used in this investigation included 
a tree each of pedunculate oak (Quercus robur L.)
(42 years), sycamore (Acer pseudoplatanus L.)
(44 years), beech (Fagus sylvatica L.) (38 years) 
and robinia (Robinia pseudoacacia L.) (63 years).
The approximate age of these trees is given in 
brackets after the name.

Four transverse discs,three inches thick, 
were cut from each tree trunk as detailed below.

Tree Height from the ground level.

Quercus robur L. 6" 5' .6" 12’.9" 18' .0
Acer pseudoplatanus L. 1' .0" 7' .0" 13'.6" 20' .3
Fagus sylvatica L. 1' .4" 8'.3" 16'.3" 25'.3
Robinia pseudoacacia L. 1' .6" 10'.9" 20'.0" 29'.3

In each tree these discs are referred to as 
D^, Djj, and D^y respectively.

For root material a single lateral root from 
each tree was used and discs at three different places, 
one nearer to the stump, one at the distal end and the 
other in the middle, were cut out for study. They 
were designated as Rl, Rjj, respectively for each
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of the roots.

Roots. Distance from the stump.

%
Oak 1' .0" 2' .6"
Sycamore 1' .0" 2' .0" 4' .6"
Beech 1' .0" 2' .6" 5' .0"
Robinia 1' .0" 3 ’.5" 6' .0"

For measuring the different elements of the 
wood radial strips, one centimetre wide tangentially, 
were cut out from the south side of the discs. Hence 
directional effects, if any, were avoided. Macerations 
were made from each of the first six growth rings, 
then every alternate one up to the sixteenth ring and 
afterwards, every fourth ring.

For determining the variation within one ring 
small blocks approximately x in cross section 
and long were cut from wood so as to include the 
particular growth ring to be studied and small por­
tions of the previous and the next rings. Specimens 
from bole and root were taken in oak and sycamore and 
in beech and robinia only from the bole. From each 
block, which had been previously softened by boiling



in water, transverse sections of 20 \i were cut to 
determine exactly the-width of the growth ring.
Serial tangential sections of 80 thick were cut of 
the selected ring on the sliding microtome; such a 
series included the latest wood of the preceding ring 
and the earliest wood of the succeeding one. The 
sections were numbered serially and files of these 
sections were kept after drying. It was thus possible 
to select material from any desired position, by check­
ing with the transverse section originally taken for 
subsequent determination of vessel-element and fibre 
lengths in different parts of the growth ring.

Maceration of the wood was accomplished by 
Jeffrey y method. After removing the air, by repeated 
boiling and cooling, chips of wood were transferred into 
vials containing equal quantities of 10% chromic and 
nitric acids and kept in an oven maintained at 50^ 0. 
After all traces of acid removed, the different elements 
were separated by vigorously shaking the macerated 
material in 70% alcohol. The time taken for complete 
maceration depended on the material.

From the radial strips of wood used for 
maceration, small blocks of wood cubes) were cut
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from pith outwards and numbered them serially. After 
staining in aniline safranin, permanent canada balsam 
mounts of the transverse, radial-longitudinal and 
tangential-longitudinal sections from these b|%)cks 
were prepared.

Ray height was measured from tie tangential- 
longitudinal sections taken at the second growth ring 
from the pith and then at regular intervals of one 
inch from the pith towards the bark.

50 fibres, 50 vessel-elements, 25 fibre- 
tracheids, 25 tracheids, 25 vessel-diameters (radial 
and tangential and 100 ray heights were measured from 
each sample. The choice of these numbers was based 
on the recommendations of Rendle and Clarke (1934). 
The results were expressed as the MEAN and the 
STANDARD DEVIATION was calculated, according to the

formula ç Çx-if (H (x-xf -- Z
where Z is the sum of the squares of each of the 
values; £ x  is the square of the sum of the values 
and n is the number of observations. As the 
number of observations was sufficiently large (always 
more than 20), n was substituted for n - 1. The
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standard deviation by itself was not regarded as an 
expression of the amount by which the extreme sizes 
differed from the mean, but it was assumed for prac­
tical purposes that extremes would not differ from the 
mean by more than about three times the standard 
deviation.

Measurement of the different elements, l*om 
the temporary glycerine mounts of the macerated 
material, was carried out with the help of an eyepiece 
micrometer.

Vessel diameters, both radial and tangential, 
and ray heights were measured by means of a projection 
apparatus (Clarke, 1930). This was preferred to the 
previous method as it avoided the difficulty of align­
ing the images of the section and the micrometer scale 
and the considerable error introduced in the measure­
ment of the small vessel diameters. Radial and 
Tangential diameters of the vessels were recorded to 
the nearest 5

In determining the volume occupied by the rays 
relative to the other elements of the wood, drawings 
of the rays were prepared from the tangential longi­
tudinal sections on a uniformly thick good quality
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paper using a camera lucida. A known area was taken, 
the rays in it cut out and weighed. Their weight was 
then compared with the weight of the total area of the 
portion used. In this way it was possible to obtain 
the percentage of the ray area in a tangential section, 
and the proportion between the ray area and the area 
occupied by the other elements. Since the rays are 
continuous and vary but little in size as they extend 
radially, the volume of the block might be considered 
as a series of tangential sections in which the number 
of rays and consequently the area of the rays remains 
fairly constant. Therefore, it might be assumed that 
the ray area per unit area of tangential section varied 
directly as the ray volume, which may be indicated by 
the formula:

Ray area : total area = Ray volume : total volume.

Oare was taken to keep the cut pieces and the residual 
area of paper in a desiccator for a day before the 
weight was determined to avoid any differential absorp­
tion of atmospheric moisture. A mean of five different 
weighings from each place was taken. It is realised 
that errors may have arisen owing to uneven thickness 
of the paper, but it was felt that by using a good



quality paper this might be minimised and that such 
inaccuracies as did arise from this source would be 
relatively insignificant bearing in mind that the 
results would in any case only give an approximate 
indication of the proportions.

The following two alternative methods were also 
tried to calculate the volume of the rays. (1) By 
Photo-electric cell; As in the previous method drawings 
of the rays were prepared on a good quality tracing

Ipaper. The area occupied by the rays was painted
black. By passing a beam of light through this area
on the paper the amount of light impinging on the photo­
electric cell was noted; this was regarded as propor­
tional to the area of the other elements of the wood, 
in a given area. (2) In the section under examination 
the rays were considered as indefinite number of para­
llel strips of each of infinitely small width. It 
was considered that when sufficiently large number of 
strips, about one hundred, were measured in a unit area, 
a figure giving the proportion of the area of the rays 
present in the wood as a whole could be obtained 
(Clarke, 1930).

The first method was preferred to the other two



S3

as it proved to be more satisfactory in that the 
results were more quickly and easily obtained and, it 
was estimated, with an error of no more than 2-3%*
This degree of error was determined by estimating the 
relative proportions of ray tissue and other elements 
in the same field five times with five pieces of paper.
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EXPERIMENTAL RESULTS.

I. Variation in cell length.

(a) Variation from pith outwards; Variation in 
length of the vertical elements of the wood in succes­
sive growth rings from the pith^ outwards was studied 
in the bole, a lateral root and a branch in the oak, 
beech, sycamore and robinia. Vessel-elements, libri- 
form fibres, fibre-tracheids and tracheids in oak, and 
vessel-elements and libriform fibres in sycamore, beech 
and robinia were measured in the bole. Vessel-elements 
and libriform fibres were measured in root wood at 
different levels and in branch wood from all the four 
trees.

BOLE: The results obtained are given in the 
tables^ 1, la, lb, Ic, 3, 3a, 3, 3a, 7 and 7a. Each 
figure in the tables represents in millimetres the

NOTE: 1. The word PITH is used in the present investi­
gation for the sake of convenience. It is, 
however, realised that, in reference to roots, 
this term designates the organic centre.

2. Although the measurements given in the tables 
are expressed in thousandths of millimetres it 
is recognised that an accuracy of less than 
3 u is unlikely to have been attained to by the method used.



25-

mean value of fifty measurements taken at random from 
macerations of wood from definite growth rings, except 
in the tables lb and Ic where each value is a mean 
of twenty five observations. In each of these tables 
the corresponding standard deviation is given opposite 
to each figure.

With the exception of the vessel-elements of 
robinia, the different elements were found to increase 
in length in the successive growth rings from the pith 
outwards at the four different levels from which 
observations were made. There was a rapid initial 
increase in length of the libriform fibres at any one 
level in all the four trees, through approximately the 
first 20 growth rings. The vessel-elements showed a 
similar increase except in robinia, where at any one 
level little change in length occurred. In robinia a 
sharp increase in fibre length is noticeable through 
the first 20 growth rings, whereas in oak, this rapid 
increase, applicable to both fibres and vessel-elements 
was observed through approximately the 15 oldest growth 
rings. In beech and sycamore there was a more irregu­
lar initial increase in length of the libriform fibres 
but this increase in length of the libriform fibres was



greater through about the first 30 rings than later. 
After this initial increase, some fluctuations occurred 
although there was an overall, but much smaller increase 
through the succeeding rings. This feature has been 
represented in the figure 1, where the mean lengths of 
the vessel-elements and libriform fibres are plotted 
against the growth rings. The points in each of the 
graphs represent the mean length of vessel-elements 
and libriform fibres given for Bjj of the tables 1, la, 
3, 3a, 3, 5a, 7 and 7a.

The results obtained in the present investiga­
tion indicate that the relative increase in lagth 
varies in the different elements of the wood of an 
individual tree, and in the different species of trees. 
For example, in oak the increase in the vessel-elements 
is relatively smaller than that of the libriform fibres, 
while the tracheids and fibre-tracheids show a relative 
increase of length intermediate between that of the 
ves sel-elements and that of the libriform fibres 
through successive growth rings at a particular level, 
(Tables 1, la, lb and Ic). The same feature is 
observed for the vessel-elements and the libriform 
fibres in sycamore and beech (Tables 3, 3a, 5 and 5a).
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Fig. 1. Variation in vessel-element and fibre length 
in successive growth rings from pith outwards at one 
level in the bole of oak, beech, sycamore and robinia
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In robinia there is remarkably little difference in 
length of the vessel-elements in successive growth 
rings from the pith outwards at any one level (Table 7) 
It is tempting to relate the uniformity of length of 
the vessel-elements in this species to the stratified 
arrangement of the fusiform initials of the vascular 
cambium, and to suggest that these cells may not incre­
ase in length to any considerable extent and that their 
derivatives do not elongate, at least by an apprecia­
ble amount, during differentiation of the vessel- 
elements. These were matters which there was not 
time to investigate and it is clear that without 
investigation, such an explanation is somewhat facile, 
for the libriform fibres which are, equally, products 
of the fusiform initials, finally have a length in the 
order of about 6 times that of the vessel-elements.
This matter is considered more fully in the discussion.

There is a marked amount of variation in the 
length of the vessel-elements and the libriform fibres 
in oak, sycamore and beech, and in the libriform fibres 
of robinia from the first formed rings to the youngest 
ones at any one level. In oak there was an increase 
of about 70% in length of the vessel-elements and a
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105% îtl the libriform fibres, in beech a 52% and 160%, 
in sycamore a 4-5% and a 85% increase respectively. In 
robinia there was a 185% increase in the length of the 
libriform fibres.

It is further seen from the data obtained 
(Tables l-8a) that the rate of increase in length of 
the elements of wood in the successive growth rings 
from pith, is more gradual in the discs taken near the 
base of the bole than in those at higher levels.

In all the four trees studied neither the 
vessel-elements nor the libriform fibres attained a 
constant maximum length in the later growth rings 
(except,of ocnrse, in the vessel-elements of robinia). 
This may be due to the fact that the wood of all these 
trees lay within the period of increasing length, 
which was stated by Bailey, (1923), to be approximately 
60 years. In robinia, as has been already stated, the 
vessel-elements were observed to be of almost constant 
length in the latter growth rings at any one level.

ROOT ; Vessel-elements and libriform fibres 
were measured at two levels in the root of oak and at 
three levels in roots of beech, sycamore and robinia.
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The mean length in millimeters, of fifty measurements 
taken at random in the individual rings and the corres­
ponding standard deviations are given in the tables 2, 
4-, 4a, 6, 6a, 8 and 8a. It is clear from the tables 
that the pattern of increase in the length of the 
elements of wood in the roots is similar to that obser­
ved in the bole of these trees.

The length of the vessel-elements and of the 
libriform fibres is distinctly greater in the initial 
growth rings of the roots than in the growth rings of 
the same age in the bole. For example, the greatest 
mean length,in millimeters, of the vessel-elements and 
libriform fibres in certain growth rings of the bole 
and root of robinia are shown below:

Growth
ring. BOLE ROOT

V.E. Fib. V.E. Fib.

1 .254 .493 .289 1.276
10 .192 .987 .261 1.670
20 .204 1.053 .254 1.635
40 .197 1.085 .252 1.636
60 .198 1.105 .251 1.719
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Through the successive growth rings, the length of 
these elements increased in the same manner as those 
of the bde, there being an initial rapid increase in 
length in the first few growth rings after which the 
increase was rather slow and showed some fluctuation. 
The mean length of both these elements is greater in 
the outermost growth rings of the roots than those of 
the comparable rings in the bole. For example, in 
robinia, the mean lengths of the vessel-elements and 
libriform fibres were 0.27 mm. and 1.72 mm., respect­
ively (Tables 8 and 8a), which means that the vessel- 
elements are 30% and the libriform fibres are about 
40% longer than those of the bole. In oak there was 
no perceptible difference in the length of these ele­
ments in the root and the bole. The vessel-elements

each
and libriform fibres were/25% longer in sycamore and 
16% and 14% repectively in beech in the roots than in 
the bole. It is a noteworthy feature that the vessel- 
elements and the libriform fibres are longer in the 
roots of robinia and sycamore, which, because of their 
histological features, are regarded as more specialized 
(Frost, 1930). In oak and beech, however, there is 
little difference in the maximum mean length of the



vessel-elements and the libriform fibres in tie outer­
most growth rings of the bole and the root. The 
longest libriform fibres found in the present investi­
gation were those in the root of robinia (Table,8a).
In rootjjj (Table, 8) of robinia the mean length of 
the vessel-elements is 0.412 mm., in the 8th growth 
ring, which is about 100% greater than that observed in 
the comparable ring of the bole (Table, ?)• It was 
observed that the vascular cambium in this root, as 
evident from the $ configuration of the derivatives, 
was stratified. This unusual length of the vessel- 
elements may be attributed to the increase in length
of the fusiform initials themselves, perhaps due to

of the
the vigorous growth/root.

A rapid initial increase in length of the 
libriform fibres was observed through the first 25 
years in robinia, and through the first 15 in beech and 
sycamore in the older roots studied in this investi­
gation. In oak,however, the increase in length of 
the fibres was continuous throughout the rings.

Branches ; In all the four trees, specimens of 
the branches with about 25 growth rings were selected 
for study of variation in length of vessel-elements
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and libriform fibres. Instead of studying the 
successive growth rings, as was done in the bole, 
the length of these elements in rings 1, 2 and 3, 
and of. the outermost growth ring was measured at one 
level. The mean lengths of these elements in 
millimeters are shown in table 9*

One interesting feature observed during the 
course of the present investigation was that in the 
bole of all the four trees and in the branches of all 
except in sycamore, the vessel-elements in the secon­
dary xylem of the first ring were longer than those of 
the later formed rings. The length of these elements 
dropped, however, in the second grov/th ring and from 
this ring onwards there was a gradual increase. Bailey 
and Tupper (1919) reported that the elements in the 
primary wood might be considerably longer than those 
of the secondary wood, but, so far as is known, this 
great length of the secondary elements of the first 
growth ring has not been recorded previously. In 
contrast to the abnormal length of the vessel-elements 
the libriform fibres,in the early formed secondary 
xylem, were not correspondingly elongated in the 
branch.
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Including the first ring,the length of these 
elements, as can be seen from the table 9, increased 
in the succeeding rings, except in robinia. The 
overall length attained by these elements in the last 
growth ring is much less than that in the comparable 
rings of the bole at any level in any of the trees. 
However, the pattern of variation in the length of the 
vessel-elements and the libriform fibres is the same, 
apart from the exception just noted, as that observed 
in the bole and root, in that there is a gradual incre­
ase in length from pith outwards in the successive 
growth rings.



TABLE 1. OAK BOLE. Mean vessel-element length
in mm. and standard deviation at different
levels.

Ring
No.

%
6" from the 

ground
®ii 

6' from the 
ground

^III 
12' from the 

ground
IV

18'from the 
ground

1. .350 + .048 .409 + .082 .430 + .071 .273 + .056
2. .362 + .050 .401 ± .059 .442 + .054 .313 ± .057
3. .428 ± .065 .438 + .065 .447 + .069 .403 ± .059
4. .422 + .078 .403 ± .027 .449 + . 069 .439 + .081
5. .392 ± .053 .433 + .081 .457 + .060
5. .405 ± .073 .396 ± .073 .435 ± .073 .456 + .049
8. .430 ± .072 .448 + .072 .412 ± .073 .470 + .027

10. .470 ± .105 .473 + .070 .424 + .070 .518 + .106
12. .431 + .089 .479 + .084 .443 + .056 .500 ± .085
14. .453 + .060 .472 + .070 .463 ± .075 .509 + .058
16. .440 + .090 .460 + .084 .456 ± .079 .536 + .098
20. .428 + .096 .541 + .084 .492 + .085 .574 + .065
24. .475 + .074 .558 + .090 .536 + .084
28. .515 + .121 .597 + .084 .528 + .096
32. .512 ± .078 .577 ± .093
36.
40.

. 522 + . 104
+ .113

.606 + .111
.333
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TABLE la. OAK-BOLE. Mean fibre length in mm.,
and standard deviation, at different
levels.

Ring
No. 6" from the 

ground
6' from the 

ground

1 .684 + .057 .763 + .088
2 .759 + .074
3 .918 + .113 .873 + .082
4 .949 + .079 .904 + .087
5 .944 + .095 .961 + .110
6 .961 + .061 1.014 + .097
8 .940 + .084 1.002 + .093
10 1.082 + .143 1.032 + .082
12 1.094 + .166 1.145 + .107
14 1.045 + .120 1.117 + .117
16 1.110 + .126 1.122 + .106
20 1.064 + .097 1.276 + .155
24 1.223 + .116 1.320 + .149
28 1.254 + .093 1.391 + .195
32 1.215 ± .136 1.381 + .131
36 1.251 + .129 1.408 + .192
40 1.375 ± .185

12' from the 
groimd

18* from the 
groumd

.828 + .084 .572 .049

.951 + .095 .628 .068

.987 + .091 .915 + .098

.993 + .084 1 . 1 6 0 + .143

.996 + .078 — -----—

1 . 0 0 9 + .097 1 . 1 2 2 + .114

1 . 0 8 5 + .077 1 . 0 9 4 + .074
1 . 1 0 0 + .120 1 . 1 8 4 .105
1.153 + .108 1 . 2 1 0 + .125
1.223 + .121 1 . 2 4 2 + .111
1 . 2 8 2 + .147 1 . 2 4 7 + .146

1 . 2 9 7 + .088 1.333 .155
1 . 4 0 2 + .167 -

-

1 . 4 0 1 + .162
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TABLE Ib. OAK-BOLE• Mean fibre-tracheid length
in mm., and standard deviation at
different levels.

Ring
No.

%
6" from the 

ground
6 * from the 

ground
12'from the 

ground
IV

18'from the 
ground

1
2
3
4
5
6 
8

10
12
14
15 
20 
24 
28 
32 
36 
40

.600 + .058

.672 + 

.676 + 

.646 + 

.681 + 

.716 + 

.739 ± 

.773 ± 

.796 + 

.761 + 

.768 + 

.810 + 

.836 + 

.854 + 

.796 + 

.839 +

.091

.072

.066

.065

.065

.078

.083

.072

.078

.056

.112

.079

.093

.086

.070

.632 i 

.605 ± 

. 614 ^ 

.659 + 

.726 + 

.705 ± 

.746 + 

.752 + 

.813 ± 

.737 ± 

.812 + 

.913 ± 

.890 + 

.992 + 

.920 + 

.949 +

.057

.057

.053

.041

.085

.08o

.107

.070

.094

.095

.085

.086

.090

.120

.085

.107

.618 + 

.650 + 

.714 + 

.709 ± 

.776 ± 

.760 i 

.719 ± 

.760 + 

.787 + 

.868 + 

.858 + 

.861 + 

.886 + 

.914 +

.065

.049

.054

.057

.051

.085

.065

.072

.066

.090

.075

.078

.083

.093

.412 + .035 

.484 + .037 

.687 + .058 

.833 ± .090

.804 +

.819 ± 

.820 + 

.860 + 

.875 ± 

.901 i 

.945 +

.090

.084

.093

.068

.056

.062

.100
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TABLE I.e. OAK-BOLE. Mean tracheid length in mm.,
and standard deviation at different
levels.

Ring
No.

^1
6" from the 

ground
°II 

6' from the 
ground

% I I  
12'from the 

ground
°IV 

18'from the 
ground

1 .391 + .060 .466 + .051 .478 ± .050 .329 ± .028
2 — --------- .441 + .036 .501 + .048 .342 + .043
3 .449 ± .070 .460 + .045 .487 ± .050 .476 + .046
4 .429 + .056 .463 + .038 .495 + .044 .482 + .044
5 .444 ± .057 .449 + .045 .497 + .046 —  —  —  —  —

6 .430 + .043 .474 ± .054 .485 + .043 .495 ± .064
8 .436 ± .058 .465 + .076 .489 + .046 .502 + .044

10 .497 + .051 .464 i .038 .467 ± .059 .490 + .062
12 .528 ± .077 .512 + .069 .493 + .044 .539 ± .051
14 .526 ± .049 .507 + .060 .531 + .070 .541 + .052
16 .463 ± .075 .497 + .061 .543 ± .059 .560 + .061
20 .487 + .048 .576 ± .075 .514 + .051 .619 + .064
24 .526 ± .059 .555 + .068 .557 ± .055
28 .595 + .065 .573 + .078 .555 ± .050
32 .564 + .058 .621 + .064
36 .556 + , .067 .622 ± .077
40 .560 + .067
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TABLE 2. OAK-ROOT. Mean vessel-element and 
fibre length in mm., and standard 
deviation

Ring
Root j (28 Growth Rings) Rootjj (16 Growth rings)

No. Vessel-
elements. Fibres. Vessel-

elements. fibres.

1 .400 + .048 .675 ± .052
2 .431 + .042 .698 + .055
3 .464 + .024 1.060 + .086 .409 ± .044 .671 + .050
4 .427 ± .031 .698 + .043
5 .407 + .030 .730 + .024
6 .479 ± .055 1.147 + .089 .442 + .039 .733 ± .040
8 .475 ± .064 1.193 + .080 .436 + .028 .702 + .030

10 .474 + .062 1.109 + .060 .442 + .044 .737 ± .052
12 .491 ± .060 1.151 ± .070 .445 + .030 .780 + .052
14 .478 + .075 1.159 + .068 .446 + .032 .774 + .056
16 .519 ±..065 1.232 + .112 .452 + .057 .806 + .037
20 .520 ± .076 1.270 + .104
24 640 4. 086 1 B18 + 100
28

# ŷr\J T # \J uu
.539 ± .094

J* • ̂ JLU T
1.415 + .095
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TABLE 5. SYGAMORE-BOLE. Mean vessel-element
length in mm., and standard deviation 
at different levels.

Ring
No. 1' from the 

ground
^11 

7' from the 
ground

°III 
13’-6" from 

ground
IV

20.*.-5" from 
ground

1 .224 + .041 .323 + .052 .285 + .022 .519 + .083
2 .302 + .062 .357 + .063 .318 + .056 .358 + .051
3 .331 + .052 .363 + .044 .356 ± .054 .359 .048
4 .336 + .052 .361 + .049 .366 + .038 .382 + .040
5 .329 + .048 .350 + .027 .375 + .051 .385 + .042
6 .328 ± .053 .374 + .061 .377 + .042 .369 + .060
8 .329 + .068 .384 ± .055 .372 ± .056 .372 .037
10 .338 + .047 .358 ± .053 .369 + .030 .398 ± .032
12 .363 ^ . 045 .370 + .043 .360 + .038 .581 + .050
14 .329 + .041 .372 + .044 .361 + .041 .367 + .050
16 .304 + .054 .370 + .044 .377 + .054 .581 + .046
20 .321 + .054 .380 + .045 .363 + .044 .581 + .044
24 .335 + .052 .387 + .056 .396 + .047 .417 + .054
28 .309 + .054 .385 + .054 .385 ± .057 .406 + .050
32 .303 ± .067 .409 ± .055 .397 + .042 .409 + .049
36 .327 + .082 .402 + .063 .397 + .043 .396 .042
40 .371 + .046 .437 ± .053 .425 + .047
44 .344 + .062 •
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TABLE 3 a. SYCAivIOHE-BOLE. Mean fibre length 
in mm., and the standard deviation 
at different levels.

Ring
No. 1' from the 

ground
®II 

7' from the 
ground

^III 
13’-6" from 

ground
°IV 

20'-3" from 
ground

1 .453 + .064 .570 + .086 .475 + .048 .477 + .069
2 .553 ± .071 .598 + .103 .572 + .063 .520 i .071
3 .578 + .112 .661 + .070 .625 + .062 .596 + .060
4 .637 + .078 .658 + .084 .652 + .073 .705 ± .095
5 .722 + .096 .660 ± .079 .647 + .090 .702 + .069
6 .747 ± .107 .671 + .100 .698 + .066 .756 ± .077
8 .665 + .123 .673 + .054 .723 + .078 .770 ± .059

10 .751 ± .093 .699 + .104 .723 + .093 .814 + .044
12 .825 + .116 .758 ± .099 .735 + .057 .821 ± .055
14 .801 ± .090 .792 ± .065 .753 + .088 .837 i .074
16 .709 ± .133 .796 + .092 .766 + .088 .867 + .094
20 .857 + .129 .799 + .082 .782 + .081 .843 ± .075
24 .818 + .100 .819 ± .085 .814 + .088 .875 ± .103
28 .698 i .124 .897 + .108 .845 + .093 .908 + .111
32 .796 + .117 .895 ± .143 .861 + .096 .876 + .069
36 .818 + .120 .904 + .106 .895 + .100 .942 ± # 080
40 .874 + .115 .916 + .088 .868 + .064 —
44 .857 + .110
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TABLE 4. SYCAMORE ROOT. Mean vessel-element 
length in mm., and the standard 
deviation.

Ring
No.

Root j
1 * from the 

stump

Rootji
2 * from the 

stump

Ro o 12"
4*-6” from the 

stump.

1 .437 ± .019
2 .446 + .047
3 .486 + .064
4 .459 ± .055
5 .464 + .055
6 .460 + .056
8 .500 + .056

10 .476 + .056
12 .500 + .062
14 .507 + .056
16 .479 ± .055
20 .483 ± .057
24 .501 + .055
28 .504 + .053
32 .498 + .064
36 .501 + .052

.421 + .071

.449 + .072

.442 + .056

.432 + .067

.460 + .071

.442 + .071

.469 ± .057

.485 ± .063

.465 ± .052

.469 ± .059

.481 + .057

.457 ± .046

.458 + .041

.483 ± 

.515 ± 

.502 ± 

.559 ± 

.,537 ± 

.546 + 

.556 i 

.520 ± 

.517 ±

.547 ± 

.528 +

.066

.033

.052

.034

.036

.047

.048

.052

.026

.027

.036



TABLE 4 a. SYCAMORE ROOT. Mean fibre length
in mm., and the standard deviation.

43

Ring
No.

Root j
1' from the 

stump.

ROOtTT I IX
2' from the

stump.

Rootiii
4'-5"from the 

stump.

1 .761 + .063
2 .798 + .052
3 .844 + .063
4 .810 + .056
5 .849 + .050
6 .835 + .047
8 .874 + .045

10 .865 ± .058
12 .981 + .068
14 .975 ± .065
16 .977 ± .057
20 .923 ± .057
24 .931 + .052
28 .947 + .058
32 .994 + .064
36 1.006 + .052

.624 + 

.681 + 

.746 + 

.722 + 

.775 + 

.783 i 

.823 + 

.858 + 

.875 ± 

.834 + 

.826 + 

.832 + 

.865 +

.097

.061

.069

.030

.027

.076

.069

.071

.074

.061

.051

.055

.051

.800 + 

.817 + 

.857 ± 

.946 + 

.928 ± 

.940 + 

.955 ± 

.952 + 

.951 + 

.990 i 
1.001 +

.082

.083

.074

.099

.098

.101

.049

.107

.081

.100

.090
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TABLE 5- BEECH BOLE. Mean vessel-element length 
in mm., and the standard deviation at 
different levels.

Ring 
No.

%
1 *-4"from the 

ground

DII
8 *-3 "from the 

ground

DIII
16 *-3" fromthe 

ground

^IV
25'-3"from
ground

1
2
3
4
5
6 
8

10
12
14
16
20
24
28
32
36

.393 i 

.382 + 

.434 + 

.435 ± 

.429 + 

.454 + 

.478 + 

.492 + 

.482 + 

.476 i 

.473 ± 

.521 ± 

.534 + 

.537 i 

.555 ± 

.546 +

.068

.057

.057

.024

.069

.067

.092

.080

.084

.067

.099

.104

.091

.081

.086

.105

.389 ± 

.446 + 

.460 + 

.484 + 

.453 ± 

.472 + 

.456 + 

.469 ± 

.494 + 

.528 +

.555 ±

.542 +

.575 ± 

.593 ±

.075

.064

.058

.089

.071

.093

.078

.089

.088

.076

.083

.100

.088

.102

.361 + 

.383 + 

.418 + 

.419 ±

.431 +

.406 + 

.468 + 

.483 +

.472 +

.533 ± 

.519 ± 

.519 ±

.548 +

.056

.054

.058

.048

.071

.058

.074

.087

.060

.081

.080

.063

.078

.344 +

.387 ± 

.439 ±

.439 ± 

.435 ± 

.435 ±

.444 +

.452 +

.466 + 

.485 ± 

.488 +

.055

.055

.079

.061

.079

.056

.081

.083

.072

.062

. 0 5 3



TABLE 5 a. BEECH Bole. Mean fibre length in mm.,
and the standard deviation at different 
levels.

Ring
No. l*-4** from 

ground
8*-3” from 

ground
16*-3" from 

ground
®IV 

25*-3" from 
ground

1
2
5
4
5
6 
8
10
12
14
16
20
24
28
52
56

.496 + 

.601 + 

.703 ± 

.714 + 

.759 ± 

.855 ± 

.987 ± 
1.102 + 
1.129 + 
1.118 + 
1.058 + 
1.229 ± 
1.269 + 
1.287 ± 
1.318 + 
1.337 +

.058

.085

.081

.081

.084

.109

.117

.142

.114

.141

.115

.157

.118

.138

.130

.107

.555 ±

.824 + 

.896 + 

.977 ± 

.995 ±
1.024 + 
1.008 + 
1.105 + 
1.175 ± 
1.218 +
1.285 +
1.286 + 
1.291 + 
1.557 +

.057

.086

.092

.117

.114

.102

.097

.111

.149

.160

.095

.180

.122

.155

. 568 + 

.561 + 

.639 ± 

.671 + 

.751 + 

.759 ± 

.956 + 
1.083 + 
1.129 i 
1.207 ± 
1.236 + 
1.227 + 
1.267 +

.059

.047

.074

.059

.085

.074

.128

.150

.107

.107

.121

.130

.104

.656 i 

.702 + 

.950 + 

.960 + 

.955 ± 
1.051 ± 
1.067 + 
1.108 + 
1.057 ± 
1.239 ± 
1.248 +

.058

.092

.118

.119

.088

.098

.107

.069

.104

.132

.119
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TABLE 6. BEECH ROOT. Mean vessel-element 
length in mm., and the standard 
deviation.

Ring
No.

Root j 
1 * from 
the stump.

Rootii
2 *-6*' from the 

stump.

Rootjjj
5*-6** from the 

stump.

1
2
3
4
5
6 
8
10
12
14
16
20
24
28

.430 + .073

.466 + 

.487 ± 

.506 ± 

.535 ± 

.578 + 

.579 ± 
• 587 ± 
.555 ± 
.620 + 
.637 ± 
.657 +

.084

.076

.064

.089

.093

.096

.088

.098

.091

.086

.081

.566 + .062

.586 + .086 

.686 + .074 

.689 + .078 

.673 ± .099

.711 + .116

.592 + .097

.640 + .069

.681 + .109

.683 + .098



TABLE 6 a. BEECH ROOT. Mean fibre length in 
mm., and the standard deviation.
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Ring
No.

Rootj
1 ' from the 

stump.

Rootjj
2'-6" from the 

stump.

Rootjjj
5'-6" from the 

stump.

1
2
3
4
5 
5 
8
10
12
14
16
20
24
28

.709 + .067

.870 + 

.961 + 
1.069 ± 
1.165 ±
1.227 ± 
1.326 + 
1.428 +
1.433 ±
1.481 +
1 . 4 7 5 ±
1.332 +

.081

.092

.104

.123

.118

.116

.126

.094

.113

.145

.126

.962 + .125

1.108 + .093
1.324 + .110 
1.335 ± .140
1.432 + .147 
1.443 + .157

1.214 + .105 
1.382 + .192
1.438 + .147 
1.468 + .149
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TABLE 7* ROBINIA BOLE. Mean vessel-element length
in mm., and the standard deviation at
different levels.

Ring
No. l*-6” from ground 10'-9" from ground

®iii 208-0" from ground
IV

29*-3" from 
ground

1
2
3
4
5
6
8
10
12
14
16
20
24
28
32
36
40
44
48
52
56
60

.254 + 

.216 + 

.195 ± 

.199 ± 

.196 1 

.203 ± 

.198 + 

.192 + 

.200 + 

.203 + 

.203 ±
,204 + 
.204 +
.203 + 
.201 + 
.194 i 
.197 ± 
.201 + 
.199 ± 
.199 ± 
.201 + 
.198 +

.051

.032

.025

.024

.024

.011

.019

.017

.018

.022

.022

.014

.017

.022

.016

.015

.013

.018

.019

.015

.019

.017

.179 ± 

.186 + 

.182 + 

.185 ± 

.183 ± 

.180 + 

.186 + 

.191 + 

.188 + 

.190 + 

.198 + 

.197 ± 

.191 ± 

.194 + 

.198 + 

.203 + 

.199 ± 

.203 ± 

.198 + 

.199 ± 

.202 +

.050

.019

.022

.041

.061

.029

.014

.017

.016

.016

.018

.014

.017

.012

.015

.015

.017

.013

.015

.018

.014

.195 ± 

.195 ± 

.212 + 

.211 + 

.216 + 

.211 + 

.218 + 

.213 ± 

.216 + 

.209 ± 

.211 + 

.214 + 

.213 ± 

.211 + 

.211 + 

.220 + 

.213 + 

.212 + 

.218 + 

.218 +

.019

.025

.021

.021

.020

.015

.016

.018
1018
.012
.012
.013
.013
.013
.013
.016
.015
.014
.017
.015

.218 + 

.225 ± 

.215 ± 

.207 ± 

.216 + 

.215 ± 

.218 + 

.215 ± 

.215 ± 

.203 + 

.195 + 

.202 + 

.209 ± 

.207 ± 

.201 + 

.208 + 

.208 + 

.210 +

.024

.024

.021

.021

.019

.018

.020

.019

.021

.017

.018

.017

.015

.012

.018

.015

.012

.014
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'PABT.'F! 7 a. ROBINIA BOLE. Mean fibre length in mm.,
and the standard deviation, at different
levels.

^ i n g

N o . l ' - 5 ”  f r o m  

g r o u n d

® I I  

1 0 ' - 9 "  f r o m  
g r o u n d

^ I I I  

2 0 * - 0 "  f r o m  

g r o u n d

1 .493 + . 0 8 8 . 6 1 4 + . 0 6 4 . 4 1 8 +  . 0 4 6

2 . 6 5 5 + . 1 1 2 . 6 5 6 + .154 . 6 2 6 +  . 0 8 6

3 .700 + . 1 0 8 .747 + • 0 8 5 . 6 2 8 ± .037
4 . 7 8 8 + . 1 4 1 . 8 0 7 + .052 . 7 6 8 ± .090
5 . 8 2 0 + .115 . 8 4 6 + • 0 9 0 . 7 9 8 ±  . 0 7 8

6 . 9 4 6 + .131 . 8 8 0 + • 0 8 8 . 8 6 9 +  . 0 8 1

8 . 9 8 1 + .130 . 9 3 8 + .079 . 8 9 7 +  . 1 0 4

1 0 . 9 8 7 + .029 .955 + • 0 8 8 .957 +  . 0 9 8

1 2 . 9 8 8 + .099 1 . 0 2 4 + .073 1 . 0 0 6 ±  .071
1 4 1 . 0 3 1 + .135 1 . 0 1 9 .079 1 . 0 5 8 +  .125
1 6 1 . 0 3 4 + .115 1 . 0 8 7 .079 1 . 0 8 1 +  . 1 1 2

2 0 1 . 0 5 3 + . 1 4 3 1 . 0 8 5 + • 0 7 6 1 . 1 0 8 ±  .109
2 4 1 . 0 8 4 + .157 1 . 0 8 3 + . 0 6 9 1 . 1 1 3 +  . 1 1 1

2 8 1 . 0 8 1 + . 1 2 6 1 . 0 9 7 • 1 3 3 1 . 1 1 0 +  .125
32 1 . 0 8 3 + .105 1 . 1 0 4 + . 1 0 1 1 . 1 2 3 + .119
3 6 1 . 0 8 2 + . 1 0 0 1 . 1 2 8 + . 1 1 8 1 . 1 3 5 ± .072
4 0 1 . 0 8 5 + .031 1 . 1 3 6 + • 1 0 5 1 . 1 7 2 ± .135
4 4 1 . 0 8 2 + .103 1 . 1 2 9 + . 1 2 8 1 . 1 9 5 +  . 0 8 0

4 8 1 . 0 8 4 + .079 1 . 1 6 2 + . 1 1 0 1 . 1 9 2 +  . 1 1 1

52 1 . 0 8 5 + . 1 2 8 1 . 1 6 0 . 1 0 0 1 . 1 9 4 +  . 0 8 3

5 6 1 . 0 9 7 + . 1 1 8 1 . 1 6 6 + . 1 0 6

6 0 1 . 1 0 5 + .107

°IV 
29*-3” from 

ground

.546 + .044

.591 + .060

.613 + .054

.800 ♦ .063

.798 + .083

.827 + .103

.898 + .086

.917 + .101

.949 + .079

.937 + .085

.976 + .095
1.002 + .079
1.079 + .061
1.110 + .097
1.136 + .099
1.135 + .115
1.131 + .112
1.153 + .097
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TABLE 8. ROBINIA ROOT. Mean vessel-element
length, in mm., and standard deviation.

Ring
No.

Root j
I'-O" from 

stump

Rootjj
3'-3" from stump

Ro 01 -j- -j-
6'-0" from 

stump

1 .289 + .129 .201 + .027 .355 ± .055
2 .554 + .146 .236 + .019 .356 + .082
5 .262 + .035 .227 + .029 .387 ± .053
4 .261 + .036 .239 ± .024 .389 + .036
5 .254 + .024 .239 + .025 .398 + .071
6 .259 ± .030 .234 + .023 .412 + .044
8 .274 + .036 .223 + .023 .410 + .051

10 .261 + .020 .233 ± .023
12 .276 + .050 .233 ± .021
14 .265 ± .030 .234 + .024
16 .255 ± .040 .244 + .017
20 .254 + .029 .251 + .018
24 .277 ± .053 .245 + .021
28 .250 + .024 .244 + .018
32 .254 + .033 .241 + .016
36 .256 + .026 .245 + .018
40 .262 + 021
44 .257 ± .019
48 .265 ± .020
52 .258 + .021
55 .263 + .027
60 .251 ± .016



TABLE 8 a. ROBINIA ROOT. Mean fibre length in mm., and standard deviation.

S /

RingNo.
Rootj

l'-O" from 
stump.

Rootjj
3'-3" from 

stump.

Rootjjj
5'-0" from 
stump.

1 1.276 + .158
2 1.332 + .161
3 1.367 + .151
4 1.312 + .146
5 1.491 + .164
6 1.515 + .172
8 1.686 + .191

10 1.670 + .133
12 1.665 + .152
14 1.676 + .160
16 1.656 + .172
20 1.635 + .171
24 1.605 + .170
28 1.627 + .145
32 1.573 + .079
36 1.639 + .159
40 1.636 + .147
441. 1.663 + .193
48 1.607 + .143
52 1.645 + .172
56 1.600 + .126
60 1.719 + .117

1.107 + .062
1.292 + .142
1.415 + .185
1.388 + .153
1.388 + .177
1.395 + .166
1.483 + .087
1.476 + .067
1.467 + .190
1.499 + .177
1.500 + .162
I.5O6 + .106
I.6O7 + .126
1.627 + .103
1.675 + .158
1.687 + .155

.483 i 

.502 ± 

.586 i 

.582 + 

.640 + 

.665 + 

.670 +

.030

.055

.052

.035

.066

.049

.056



TABLE 9* Variation on length of the vessel- 
element s and fibres in the branches of oak, 
beech, sycamore, and robinia.

NAME
Ring: 1 Ring 2 Ring 3 Outermost

ring

V.E Eib. V.E. Fib. V.E. Fib. V.E. Fib.

Oak .490 .757 .362 .834 .436 .926 .487 1.105

Beech .419 .492 .576 .524 .488 .664 .482 .928

Sycamore .258 .445 .285 .465 .304 .557 .353 .710

Robinia .257 .420 .195 .482 .197 .582 .185 .936
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(b) Variation upwards in the bole ; Variation 
in length of the vessel-elements and of the libriform 
fibres was studied in specific growth rings from the 
base to the top of the bole in all the four trees• 
Growth rings were numbered from bark inwards in each 
of the four cross-sectional discs,cut at different 
levels, in all the trees, so that the rings of parti­
cular years could be traced in all the discs. Care 
was taken to see that all these rings were traced on 
one side of the bole, that facing due south, in the 
standing tree.

The relation of the selected rings to the pith 
was as follows. Number of the ring from pith

Name Growth
ring ^1 ^11 ^111 °IV

1925 10 6 mam

Oak 1939 24 20 14 6
1956 40 36 30 22
1928 10 1

Beech 194-2 24 15 13 4
1954 36 27 25 16
1922 10 9 7 3Sycamore 1936 24 23 21 171952 40 39 37 33

Robinia 1913 20 15 12 4
1933 40 35 32 24
1953 60 55 52 44
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Results of the measurements of fifty vessel- 
elements and libriform fibres taken at random from 
maceration of individual rings at different heights 
in the four trees are given in the table 10, where 
each of the measurements represents the mean value 
in millimeters.

The figures in table 10, indicate that, in 
all the trees, there is, generally, an increase in 
length of the vessel-elements and the libriform 
fibres from the base of the bole upward, to a certain 
height, after which there is a decrease toward the top 
of the trunk. In a few instances, however, as indi­
cated in the table 10, by a frame in broken lines, this 
relation does not appear to hold. This may, however, 
be due to the spacing of the discs used, and might not 
have shown had measurements been made from a series of 
more closely placed discs; unfortunately time did not 
permit this. Judged on the data available the vessel- 
elements and the libriform fibres attained their 
maximum length at a height of between 6 and 12 feet in 
the bole of oak, beech and sycamore but in robinia at a 
height of about 20 feet(cf. Fig. 2). In the figure 2, 
the mean length of these elements from selected rings,
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2. Variation in vessel-element and fibre length, 
in specific growth rings at different levels in the 
bole of oak, beech, sycamore and robinia.
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is plotted against the height in feet at which the 
rings were examined in the bole. It cannot, of 
course, without an examination of a series of discs cut 
at much closer intervals, be stated at exactly what 
height in the bole the maximum lengths were attained 
in specific rings. Moreover, it must not assumed, 
without further study, that the maximum length is 
attained at exactly the same height all round the 
ring, nor that this height may not differ in different 
individuals of the same species.

The height at which the maximum length of the 
vessel-elements and the libriform fibres is attained 
varied in the different growth rings of the same tree. 
For example, in the oak the maximum length of these 
elements in 1925 ring (which was the 10th growth ring 
from the pith at a height of 6" in the bole) occurred 
at a height of between 6" and 6* from the ground, 
whereas in the 1955 ring (which was the 40th ring 
from the pith at the same height, 6") the maximum 
length was observed at a height between 6* and 12*. 
Similar variation is observed in the beech, sycamore 
and robinia (See table, 10). Hence the height in the 
bole at which the maximum length of the elements of
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wood is attained varies, being higher in tiose growth 
rings nearer the bark than in those nearer the pith.
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TABLE lû« Variation upwards in known growth rings 
in OAK, SIOAMOSB, BEECH and ROBINIA.

O A K

Height Ring 1925-25 Ring 1939-4-0 Ring 1955-56
V. e. F. F T. VE. F FT. T  V.E. F. F T  T

O '-6" 470 108Z 139 4)7 475 1-273 910 -jT26 555 I-375 -«39 SbO
e '-o "  • 3 9 5 1 0 1 4  7os 4 7 4 -54-* I 276 <913 -576  •6 0 6  1-408 -949  6 2 2

12'-0" —  —  —  —  463 1-223 -868 -531 S6l I 39S -34* f"590';
1 8 ' - 0 " -  — -  -  -456 1- 122 - 8 0 4 ‘4 9 S -547 1-35)-93o|-s93;

SYCAMORE
Ring 1922-23 Ring 1936-37 Ring 1952-53
Ves. Pr. Ves. Pr. Ves. Pr.

I'-O" .358 .651 .335 .818 .371 .874
7 1-0" .368 .695 .388 .834- .4-33 .902

13'-6" .54-7 .689 .363 i".782’; ' .’411 ; . .911
20'-5" .339 .596 .351 : .867 : : .410 : .885

BEECH
l'-4-" .4-92 1.102 .521 1.229 .546 1.337
8'-3" .389 .535 .54-5 1.281 .576 1.337

16'-3" — — — ----— .507 1.193 .544 1.269
25'-3" —  —  — ------ .4-39 0.960 . .488 1.248

ROBINIA
l'-6" .204- 1.033 .197 1.085 .198 1.105

10’-9" .196 1.065 .201 1.123 .204 1.159
20'-0" .216 1.006 .211 1.123 .218 1.194
29’-3" .207 0.800 .209 1.079 .210 1.153
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A comparative study of the length of the vessel- 
elements and of the libriform fibres in different parts 
of the same tree was made in all the four species. For 
this purpose wood from the outermost growth ring (1956) 
and from that of the second growth ring from the pith
was used from the following parts;

2 year old twig 
25 " ” branch
From four different heights in the bole
From' three ” levels " root.

The results are given in the tables 11 and 12 where 
each figure represents the mean value in millimeters 
of 50 measurements, taken at random from macerations.

Table 11 gives the lengths of the vessel- 
elements and the libriform fibres of the same growth 
ring in different parts of the tree. It will be 
observed from this table, that these elements are 
shortest in the twigs, and the longest in the roots, 
while those of the bole are longer than those of the 
branch.

Similarly, the vessel-elements and the libri­
form fibres of the second growth ring in he different
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TABLE 11. Variation in length of the vessel- 
elements and libriform fibres in the outermost 
growth ring in different parts of oak, beech, 
sycamore and robinia.

Oak Beech Sycamore Robinia

V.E. Fib. V.E. Fib. V.E. Fib. V.E, Fib.

Twig 
(2 Eings)

.222 .310 .307 .611 .240 .446 .172 .416

Branch 
(25 Rings)

.487 1.105 .482 .928 .330 .710 .185 .936

Bole
.555 1.375 .546 1.337 .344 .857 .198 1.105

^11 .505 1.408 .593 1.337 .437 .916 .202 1.166
.528 1.401 .548 1.267 .425 .868 .218 1.194

°IV .574 1.333 .488 1.248 .396 .942 .210 1.153

Root
«I .539 1.415 .657 1.532 .501 1.006 .251 1.719

«II .452 .806 .711 1.443 .458 .865 .245 1.687

«III —— — .683 1.468 .528 1.001 .410 .670
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TABLE 12. Variation in length of vessel- 
elements and libriform fibres in the 2nd 
growth ring from pith of different parts 
of oak, beech, sycamore and robinia.

Oak Beech Sycamore Robinia

V.E. Fib. V.E. Fib. V.E. Fib. V.E. Fib.

Twig
(2 Rings)

.222 .310 .370 .501 .240 .446 .172 .416

Branch 
(25 Rings)

.362 .834 .376 .524 .285 .465 .195 .482

Bole
«I .350 .684 .393 .496 .224 .453 .254 .493

«II .409 .753 .389 .535 .323 .570 .179 .614

«III .430 .828 .361 .568 .285 .475 .195 .418

«IV .273 .572 .344 .656 .319 .477 .218 .546

Root
«I .464 1.060 .430 .709 .437 .761 .289 1.276

«II .400 .675 .566 .962 .421 .624 .201 1.107

«III —  — —  — .592 1.214 .483 .800 .355 .485
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parts of these trees showed the same type of variation 
as that exhibited by those of the growth ring 1956.
In studying the second growth ring from the pith, the 
actual growth rings examined were :

Oak Beech Sycamore Robinia

1956 1956 1956 1956
1953 1933 1933 1933
1917 1920 1914 1895
1921 1929 1915 1899
1927 1931 1917 1903
1955 1940 1921 1911
1930 1930 1922 1898
1949 1950 1934 1922

— 1954 1942 1950

Twig 
Branch 
Bole Bj.

«II
«III
«IV 

Root Rj
«II
«III

It is evident from these two methods of study 
of the growth rings that the initial as well as the 
maximum length of the vessel-elements and the libri­
form fibres is different in the different parts of the 
bole. Further, if it is accepted that the length of 
the vessel-elements gives the indication of the length 
of the fusiform initials of the vascular cambium, then 
these latter vary in length, increasing through the 
successive growth rings at any one height and attaining 
to different maxima in twig, branch, bole and root.
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(c) Variation within one growth ring : The
variation in length of the vessel-elements and libri­
form fibres in different parts of one growth ring, at 
one level, was investigated in the bole of all the 
four trees and in the roots of oak and sycamore. For 
the investigation care was hken to examine these 
elements, as nearly as possible, along one radius and 
not indiscriminately. Specimens from three positions 
(six in sycamore bole) were selected from each growth 
ring under examination: (1) from the first-formed wood, 
(2) from the middle of the ring and (3) from the last- 
formed wood. Measurements of the lengths of 30 
vessel-elements and 50 libriform fibres made at random 
from macerations are shown in table 13, where each 
figure represents the mean value in millimeters.

It will be observed from the table 13, that the 
vessel-elements and the libriform fibres are shorter 
in the early wood of a growth ring than in the late 
wood in the bole of all the trees and in the roots of 
the oak and sycamore. The relative difference in 
length of these elements bcetween the early-formed 
wood and late-formed wood of a ring varied in the 
bole of the different trees and also in the bole and



TABLE IZ, Variation in the vessel-element 
and fibre lengths within one growth ring 
between the early-formed spring wood and 
lateformed summer wood in OAK, SYGAI\ÆORE, 
BEECH and ROBINIA.
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Name 
of the 
Tree

BOLE ROOT
Growth
ring

Yes.
Ele. Fibres Growth

ring
Yes. 
ele. Fibres

0
A
K

1944-45
1945-46

.568

.388

.474

.591

1.414
1.128
1.249
1.599

1954-55
1955-56

.502

.389

.455

.491

1.240
1.063
1.145
1.078

1946-47 .410 1.113 1956-57 .412 1.078

S
Y
C
A
M
0
E

1950-31 .389 .825 1955-56 .470 .928

1931-32

.358

.350

.363.364

.356

.373

.731

.725.734

.780

.795.746

1956-57

1957-58

.441

.466

.476

.454

.819

.889

.939

.806

E 1932-33 .365 .746

B 1947-48 .612 1.323
E
E
0

1948-49
.504
.527
.607

1.080
1.130
1.308

H 1949-50 .493 1.071

R 1942-43 .204 1.075
0
B 1943-44 .157.181

.191
0.931
1.013
1.087I

NI
A

1944-45 .154 0.919



root of the same individual (Table, 14). This differen­
ce was greater in the bole of the ring porous oak than

TABLE 14. Difference in length between the 
early and late wood elements expressed as 
percentage of length of early wood elements

BOLE ROOT
V.E. Fib. • V.E. Fib

Oak
(1945)

52% 24% Oak ' 
(1955)

25% 18%

Beech
(1948)

20% 21% — — — —  — —

Sycamore
(1931)

4% 11% Sycamore
(1956)

8% 15%

Robinia
(1943)

22% 17% ----------- —

in the diffuse porous beech and sycamore. It is 
particularly remarkable in sycamore for woods of the 
genus Acer show very even growth throughout the ring. 
However, the type of variation observed in all the 
four trees in the present investigation is essentially 
the same, irrespective of whether the vascular cambium 
is stratified or not.

The difference in length of the vessel-elements 
in a growth ring in the bole of oak, about 52%, is
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much greater than that of the other trees, as might be 
expected from the large size of the vessels in the pore 
ring. In robinia, although the vessels of a pore 
ring are as large as those of oak, the difference in 
length of the vessel-elements between the early and 
late wood of a ring in the bole is smaller than those 
of the latter (see below).

The libriform fibres show (Table, 14) a similar 
type of variation to that of the vessel-elements, in 
all the four trees, irrespective of whether the vas­
cular cambium is stratified or not. These elements 
are much longer than the vessel-elements at ao.y position 
in a growth ring.

The vessel-elements in a growth ring of the 
dicotyledons, especially those in which the secondary 
xylem is more specialised structurally, are supposed 
to have approximately the same length as the cambial 
initials from which they are derived (Bailey, 1920).
The distinct difference in length of the vessel- 
elements within a ring between the early and the late 
wood, as observed in the present investigation,may be 
due to the shortening of the early-formed vessel- 
elements as a result of varying degrees of distension.
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This shortening of the vessel-elements in the early 
wood is more marked in the ring porous woods than in 
the diffuse porous and is more in the hole than in the 
root. The mean values given in the table 15, of the 
radial and tangential diameters of the vessels of the 
corresponding growth rings in which the variation was 
studied, indicate that in the ring porous oak and robi­
nia the radial diameters of the vessels in the early 
wood are nearly 350% to 400% greater than those of the 
late wood vessels.

TABLE 15• Difference in radial and tangential 
diameters of the early and late wood vessels 
expressed as percentage of diameters of the 
late wood vessels.

BOLE

ROOT

Radial
Diameter.

Tangential 
Diameter.

Oak 382% 385%
Beech 33% 19%
Sycamore 18% 12%
Robinia 394% 350%

Oak 50% 42%
Sycamore 43% 29%

On the other hand, in the diffuse porous 
beech and sycamore there is comparatively little 
difference between the diameters of the early and
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late wood vessels. In beech the radial diameter of 
the early wood vessels is about 35% and in sycamore 
about 18% more than those of the late wood vessels.

The difference in the diameters of the vessels 
in the early and late wood of a growth ring in the roots
of oak and sycamore is smaller (Table, 13).

It would seem that the considerable lateral 
swelling of the vessel-elements produces a correspon­
ding shortening of these cells (Priestley 1930, and 
Chalk and Chattaway 1933), as might well happen in 
extensible elastic walls. Such shortening might 
account for the difference in length of the vessel- 
elements of the early and late wood of a growth ring
observed in the present investigation in all the four

be
trees; indeed this is believed by the writer to/the 
explanation of the phenomenon.

It is remarkable that in robinia thejdifference in 
length of the early and late wood vessel-elements in a 
growth ring is considerably less than that in oak 
(Table, 14), although the difference in the diameters
of the early and late wood vessels is greater in robinia
than in oak (Table, 15)• Hence the suggestion that



69

the difference in length is to be accounted for by a 
shortening of the early wood element as it becomes 
distended transversely, needs further consideration.

Two possible explanations may be advanced either 
or both of which may account for this apparent anomaly.

1. That, apart from the fluctuations within a 
ring (cf. p.27) the fusiform initials in oak are gra­
dually increasing in length from the pith outwards at 
any one height for a considerable number of years, so 
that in any one ring the initial from which a vessel- 
element of the earliest formed wood is derived, is 
shorter than that giving rise to an element at the end 
of the ring. In robinia, on the other hand, the 
length of the fusiform initial, as judged from the 
average length of the vessel elements pf a ring remains 
remarkably constant from ring to ring (cf. Fig.l) and 
hence it may be assumed that the first and last formed 
vessel-elements of a ring arise from fusiform initials 
of the same length.

2. That there is a difference in the pitting of 
the vessel-element may make a difference in the amount 
of stretching which can occur before there is a com-
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pensating decrease in length.

In oak the pits are irregularly distributed,and 
not always very close to one another, so that there 
are areas of wall devoid of pits. In robinia the pits 
are very closely packed and no areas of wall devoid of 
pits have been observed. It̂. seems not unreasonable to 
suggest that robinia has in consequence a greater area, 
occupied by pits or primary pit fields, which is more 
extensible than the rest of the wall and consequently 
that in the vessels of this tree length of the elements 
is less affected by their dilation than in oak.

Unfortunately, time did not permit of full 
investigation of these two points so that they are 
advanced very tentatively as possible explanations of 
the differences.

The variation in length of the libriform fibres, 
on the other hand, appears to have been brought about 
by an altogether different factor. These fibres show 
different degrees of elongation in the early and late 
wood of a ring in the four trees studied. For example 
in robinia, assuming that the length of the vessel- 
elements indicate an approximate length of the fusiform
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initials, the libriform fibres (which are also the 
derivatives of these initials) were about 4 to 5 times 
as long as the vessel-elements.

The proportionate increase in length of the 
libriform fibres as between the early and late wood of 
a ring may be due to a strong intrusive growth taking 
place on either end of the derivatives of the vascular 
cambium during differentiation (Figs. 14-16). These 
fibres, as shown in the figures 14 and 15, possess the 
same body length as that of the strand parenchyma, and 
possibly due to the strong intrusive growth from either 
end, are transformed into long libriform fibres.

The variation observed in the vessel-elements 
and the libriform fibres between the early and late 
wood of a ring is graphically represented in figures 
5-8. In each of these figures, the mean length of 
these elements is plotted against the width of the 
ring in millimeters. The limits of the particular 
ring under examination are indicated by broken lines. 
The points in each of the graphs represent the exact 
position in the growth ring from which these elements 
are measured. Figures 3 and 4 represent the variation



72

in a growth ring in the hole and root of oak, figure 5 
that of the bole of beech, figures 6 and 7 those of the 
bole and root of sycamore and figure 8 that of the bole 
in robinia.

From these figures it will be observed that the 
increase in length of the vessel-elements and the 
libriform fibres is gradual from the early wood to the 
late wood in a growth ring. From the number of sam­
ples taken in each of these rings, it is not possible 
to indicate exactly where the different elements of 
wood attained maximum length in that particular ring. 
However, the graphs in the figures 3-8 indicate that 
these elements were longest beyond the middle of the 
growth ring.

There is a distinct decrease in the length of 
these elements in the transition from the late wood 
of one growth ring to the early wood of the succeeding 
growth ring. As the elements of the late wood of one 
growth ring and the early wood of the succeeding ring 
sometimes occurred in the same 80 u tangential longi­
tudinal sections, it was not possible to observe 
whether the decrease in length of the vessel-elements 
and the libriform fibres was gradual or sudden from
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the last-formed late wood of one ring to the first- 
formed early wood of the succeeding ring. However, 
from the figures 3-8, it will be observed that the 
decrease in length of these elements is generally 
rather abrupt from the last-formed late wood of one 
ring to the first-formed early wood of the succeeding 
ring both in the bole and root.
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(d) Variation around the stem: Variation in 
the length of the vessel-elements and the libriform 
fibres has so far been considered in the successive 
growth rings from pith outwards on one radius— due 
south— at different levels, in the boles of all the 
trees. However, a comparison on the variation in 
the length of these elements in certain growth rings 
on the opposite side (north radius) of the bole at 
the different levels was made in oak and sycamore.
The results are given in table 16. Each figure in 
the table represents the mean value in millimeters of 
fifty measurements taken at random.

It is evident,from the data given in the table
16, that there is little variation in the length of
the vessel-elements and libriform fibres in tie growth
rings studied on the two radii at any one level in
the bole. This may indicate that results obtained
for one radius will apply generally for the other

more
radii as well, but it is realised that much work/is 
necessary on this aspect of the investigation before 
any generalisation would be justified. Unfortunately 
time did not allow of a fuller investigation.
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TABLE 1.6̂  Varisation in vessel-element and 
fibre lengths in particular growth rings 
on the /north and south sides of the bole 
in OAK and SYCAMORE.

SI

Height Ring 6 from 
, pith

Ring 16 from 
pith

Ring 24 from 
pith

Outermost
ring

North South North South North South North South

VESSEL-ELEMENTSO'-6" ' .383 .405 .429 .440 .446 .475 .522 .5556'-0" \ .410 .396 .483 .460 .525 .558 .599 .606
o 12'-0" '.441 .435 .473 .456 .525 .536yj 18'-0" .447 .456 .523 .536 ---- — --- ---- — — — —
A FIBRES
K O'-6" .905 .961 1.070 1.110 1.177 1.223 1.221 1.321

5'-0" .994 1.014 1.180 1.122 1.371 1.320 1.504 1.40812'-0" 1.056 1.009 1.181 1.282 1.458 1.402
18'-0" 1.081 1.122 1.214 1.247

VESSEL ELEIÆENTS
I'-O" .307 .328 .328 .304 .369 .335 .369 .344
7'-0" .352 .374 .379 .370 .413 .387 .425 .437S 12'-6" .376 .377 .367 .377 .394 .396 .403 .425Y 20'-3" .340 .369 .382 .381 .408 .417 .401 .396

C
A FIBRES
M I'-O" .637 .747 .765 .709 .858 .818 .881 .8570 7'-0" .686 .671 .761 .796 .828 .819 .876 .916
R 12'-6" .682 .798 .783 .766 .860 .814 .902 .858
E 20'-3" .667 .756 .873 .867 .835 .875 .870 .942

(Each figure represents the mean value of 
fifty measurements, in millimeters)



II. Variation in the radial and tangential 
diameters of the vessels

Variation in the radial and tangential dia­
meters of the vessels was studied in the bole of sycamore 
and robinia. The diameters of the vessels were measured 
from canadabalsam mounts, in growth rings 1-5, 10 and 
in every 10th ring afterwards, on one radius, due south, 
at four different levels. The results obtained are 
given in the table 17, where each figure represents the 
mean value in millimeters of twenty five measurements.
In both woods these diameters were taken from the early 
spring wood vessels, i.e. in sycamore the vessels in 
the first third of the growth ring and in robinia from 
the pore ring.

There is a marked increase in the diameters of 
the vessels in both these trees, in the successive 
growth rings from pith outwards. This increase is 
rapid through the first five to ten growth rings after 
which there is a more gradual increase. Both the 
radial and tangential diameters of the vessels show 
this increase. Owing to the age of the specimens it 
was not, unfortunately, possible to ascertain if this 
increase is continuous throughout the life of the tree.
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TABLE 17. Variation in the radial and 
tangential diameters of the vessels in successive 
growth rings at different levels in the bole.

Ring
No. D111 DIV

t t

ED TD

1
S Y C A 

ED

1 1
M O R E

TD

t

RD TD

t

RD TD

1 .052 .043 .068 .053 .068 .048 .061 .052
2 .078 .058 .091 .070 .080 .060 .(D'7'7 .
3 .078 .067 .093 .068 .093 .068 .085 .066
4 .076 .065 .090 .068 .092 .072
5 .080 .070 .090 .073 .089 .072 .112 .081

10 - .088 .074 .109 .086 .098 .080 .105 .080
20 .102 .082 .108 .080 .109 .082 .106 .084
30 .095 .079 .110 .084 .106 .090 .101 .080
40 .095 .081 .105 .085 .112 .091 —  —

R O B I N I A.
1 .100 .082 .079 .064 .087 .063 .082 .064
2 .155 .120 .129 .107 .138 .115 .134 .105
3 .174 .156 .194 .177 .192 .162 .156 .137
4 .208 .185 .212 .179 .230 .179 .169 .135
5 .238 .215 .203 .168 .221 .168 .217 .180

10 .224 .203 .254 .233 .284 .217 .266 .217
20 .256 .208 .260 .210 .290 .246 .282 .230
30 .275 .227 .300 .244 .287 .250 .292 .239
40 .274 .232 .300 .268 .309 .271 .293 .262
50 .287 .220 .320 .250 .326 .272 -- —' —

60 .273 .246 —  — —  — —  — -- — — —
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The curves for both trees,in figure 9, suggest that 
constant dimensions may be attained. The radial 
diameters of the vessels were always greater than the 
tangential ones. But this observation may be more 
apparent than real, since tangential shrinkage of wood 
as it dries is always greater than radial shrinkage, 
and apart from normal drying out,of the disc from which 
the sections were taken, in the laboratory, dehydration 
of the sections in the preparation of balsam mounts 
may have exaggerated this differential shrinkage. The 
overall increase of the diameters of the vessels in 
the growth rings nearer the bark compared with those 
of the first formed growth rings was 307% on the radial 
diameter and 325% on the tangential in robinia and 115% 
and 112% respectively in sycamore.

In figure 9, the mean diameters of the vessels 
are plotted against the growth rings. The measure­
ments were made in disc 111, i.e. at 13* 6" from the 
ground in sycamore and 20* in robinia.

Variation in the radial and tangential diameters 
of the vessels also was investigated in robinia in one 
growth ring (ring 1956) from the base of the bole 
upwards at different levels. From the data of the
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Fig. 9. Variation in the radial and tangential dia­
meters of the vessels in successive growth rings from 
pith outwards in the boles of sycamore and robinia.
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mean diameters given in the table 18, it is clear that 
there is a marked increase in the radial as well as the 
tangential diameters of the vessels of the same growth 
ring up to a particular height in the bole, after which 
there is slight decrease. This decrease is appreciable

TABLE 18. ROBINIA. Variation in the radial 
and tangential diameters of vessels in a 
specific growth ring (1936) at different 
levels in the bole.

Height Mean R.D. Mean T.D.
in mm. in mm.

Dj .268 .252
(1' 6") 

(10'9") 

(20' —  ) 

(29'5")

Djj .300 .260

Djjj. .351 .288

.317 . 284-

in Djy in the radial diameter but very small on the 
tangential diameter and it is doubtful if the difference 
recorded for tangential diameters between discs III andI
IV can be regarded as of any significance. It would 
have been better if a further disc taken from a higher
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level of the bole could have been investigated, but 
disc IV was taken at the top of the bole just before 
it forked.

III. Variation in the rays.

Variation in ray height and volume was studied 
in bole, branch an.d root of robinia. Robinia was 
preferred to the other three trees as the rays in the 
mature wood are mostly multiseriate, with only a few 
uniseriate ones, and are uniformly distributed, whereas, 
in the other three trees, they are of two distinct 
types (multiseriate and uniseriate) and their arrange­
ment as seen in tangential section is more irregular.

HEIGHT : Ray height was measured from the tangen­
tial longitudinal sections of the second growth ring 
from the pith and then at regular intervals of one 
inch outwards towards the bark, at four different 
heights in the bole, and at one level each in the 
branch and the root. One hundred measurements were 
taken at each place and the mean values in millimeters 
age given in the table 19.

The average height of the rays was greater near
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the bark than near the pith in all these organs.

TABLE 19. ROBINIA Variation in height of 
the rays from the centre towards the bark 
in the bole, branch and root wood.

Ring
2 1" 1.5"

Distance from the 
2" 3" 4" 5"

centre. 
6" 7" 8”

mm ' mm mm mm mm mm mm mm mm mm

BOLE 

(!' 6")
.421 .548 — .312 .384 .410 .401 .449 .491 .486

^11
(10'9")

.331 .309 -- .365 .340 .432 .467 .511 —— ——

(20' —  )
.422 -.312 -- .385 .403 .437 .441 .483 — — ——

(29'3")
.314 .272 -- .341 .390 .436 .440 .462 — — — —

ROOT
.492 .568 .574 .518

BRANCH .252 .259

In the”juvenile” wood ( 1st and 2nd growth rings) the
rays were exclusively uniseriate but in the later growth 

mostly multiseriate 
rings/with a few uniseriate ones. During this trans-
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formation from uniseriate to multiseriate rays, there is 
a considerable decrease in the average height of the 
rays, but afterwards there is a steady but slow increase 
in height towards the bark at any one level in the bole. 
In the branch and root, however, this initial decrease 
in height of the rays is not noticed (Fig. 10).

The overall increase in ray height near the 
bark was about 55% in the bole and 26% in the root.
In the branch the increase in ray height is very slight. 
The rays are higher in the root and lower in the branch 
than in the bole. The individual cells of the rays 
are larger in the root and smaller in the branch than 
in the bole (Fig. 11).

Fig. 11.
ROBINIA. Size of the cells of the rays. 

( Left to Right— Branch, Bole, Root)
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VOLUME ; The percentage of a unit area of wood 
occupied by the ray tissue was determined by the 
weighing method (see page ZO ). Determinations were 
made in robinia at four levels in the bole and at one 
level in branch and root wood, from pith outwards, the 
results being given in table 20.

TABLE 20. ROBINIA. Variation in volume of
the rays in the bole, branch and root.

Height Percentage of the Ray Area
above 

ground. Inner 
(Ring 2)

Outer

BOLE
11.84 21.35

( 1' 5")

Dll 8.57 18.08
(10' 9")

(20' — )
9.05 9.58

^IV 9.18 9.27
(29' 5")

fiOOT
14.19 12.43

BRANCH
(22 Rings) 6.78 5.28
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It is realised that volume determinations would 
have been preferable, but unfortunately no satisfactory 
method could be devised for measuring ray volume and it 
was assumed that the area occupied by ray tissue in a 
unit area could be regarded as proportional to the 
volume of ray tissue in a unit volume (see page si ).

These results indicate that the volume of the 
rays relative to the other elements of the wood, is 
at maximum in the base of the bole both near the pith 
and the bark. The sections from the lower part of 
the bole were 1* 6” above the base. At this level 
the volume of the rays increased from pith outwards 
by about 90%. A gradual decrease was observed in 
the ray volume upwards and outwards in the bole and 
ultimately at the top of the bole the volume of the 
rays was the same both near the'pith and the bark 
(]?]LEr. ] . 2 ! ) .

In the root the volume of the rays is higher 
near the pith than in the bole. On the contrary, 
the ray volume decreased from the centre outwards by 
about 14-%. The greater volume of the rays is due to 
the larger size of the individual cells of the rays 
rather than the number of rays per unit area. The
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volume in the bole at different levels.



volume of the rays is lowest in the branch in spite 
of the presence of the largest number of rays per unit 
area. This is thought to be due to the smaller size 
of the individual cells of the ray rather than the 
number of rays per unit area. There is about 16% 
decrease in the volume of the rays near the bark over 
that near the pith in the branch.
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DISCUSSION.

It is clear that the several types of variation 
studied in the present investigation are not all due to 
the same cause. Variation in length of the vessel- 
elements and libriform fibres from the pith outwards 
along one radius is associated with the activity of 
the same fusiform initials throughout, i.e. with ini­
tials which originated at one time in the life of the 
tree. Variation in a single ring throughout the bole 
is, on the other hand, to be associated with the diff­
erent fusiform initials, which have been formed over a 
long period in the life of the tree. Variation within 
a single ring at one level may be due to seasonal 
environmental effects on the differentiating wood 
tissue but it must also be related to the overall 
variation from pith.to the bark, andjkhis may be assu­
med also to apply to variation in the diameter of the 
vessels. Variation along different radii at one level, 
if it occurs, might be expected to be associated with 
differences in environment on different sides of the 
tree, but if gravitational effects differ, i.e., if 
the bole is not vertical, complexities probably invol­
ving the distribution of auxins and leading to the
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localised formation of reaction wood, may also play a 
part. Variation in different parts of the tree— bole, 
branches and roots— would seem at first sight to be 
connected with the environment although there may be 
inherent differences in the primary meristems of roots 
and stems which through the vascular cambium produce, 
or help to produce, the differences. The causes 
underlying variation in the rays might be expected to 
be those affecting variation in the longitudinal 
elements. Unfortunately, there was not time to study 
the rays in as much detail as the longitudinal elements 
but their variation in the bole from the pith outwards 
at any one level, from the pith outwards at several 
levels and also their variation in the root, bole and 
branch wood were all investigated.

It will be evident that such a complex of factors 
cannot all be considered simultaneously, but in the 
following discussion an attempt has been made to inte­
grate and group the types of variation as far as this 
appears possible.

Variation from pith outwards : Results obtained 
in the present investigation indicate that there is a
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period of rapid initial increase in length of the 
vertical elements of the secondary xylem in the first 
few growth rings. This period of rapid increase in 
length of the vessel-elements and the libriform fibres 
was about 10-15 years in the oak, beech and sycamore 
and 20 years in the robinia, as compared with 20-25 
years in Carya ovata (Pritchard and Bailey, 1916),
5-10 years in Pagus sylvatica, Populus serotina, Acer 
pseudoplatanus, Betula pubescens and Baikiaea pluri- 
juga (Desch, 1932) and 8-10 years in Eucalyptus 
regnans (Bisset and Dad swell, 194-9). The duration of 
this period of rapid increase of the vertical elements 
of the secondary xylem, however, appears to be much 
longer in conifers. Por example Lee and Smith (1916) 
report it as 50 years for Pseudotsuga taxifolia although 
Gerry (1916) states that it is 20 years in this tree 
and Pinus palustris, while Harlow (1927) finds the 
period of initial repid increase to be up to 100 years 
in Thuya occidentalis. Bailey (1923) stated that the 
length of the longitudinal elements of the 'secondary 
xylem is largely dependent on that of the fusiform 
initials from which they are derived and, further, that 
these initials increase in length over the first 100 
years in conifers and for about the first 50-60 years
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in dicotyledons, after which their length remains 
constant.

Unfortunately, in the present investigation
beech

three of the four trees used (Oak,And sycamore) were 
less than 50 years old. However, it was observed 
that the vessel-elements and the libriform fibres 
increased in length through successive growth rings 
from pith, or centre outwards, at any one level in 
the bole, branches and roots of all the trees, with 
the exception of vessel-elements of robinia. No 
constant maximum length was attained by these elements, 
at any one level, in any of the trees studied except 
in robinia where the vessel-elements attained to a 
constant length in the younger growth rings. This 
remarkably constant length of the vessel-elements in 
robinia, at any one level in the bole, branches and 
roots, is probably due to the stratified cambium, 
where, according to Bailey (1923), the size of the 
fusiform initials remains almost constant at any one 
level in the life of the tree. On the other hand, 
the fibre lengths in all the four trees showed a 
similar type of variation in that there is an initial 
rapid increase in length and subsequent fluctuations in
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the later growth rings at any one level in the hole, 
branches and roots. Chalk, Marstrand and Walsh 
(1955) observed that in three species of dicotyledons 
with storeyed structure, when due attention was paid 
to the position in the ring, "Neither the fibres nor 
the parenchyma strands showed any general tendency to 
increase in length from the pith outwards." This 
statement finds no support from the results obtained 
in the present investigation, in reference to variation 
of fibre length in robinia (Table, ?a) where the vascu­
lar cambium is also stratified.

In the present work variation of the vessel- 
elements and the libriform fibres, through successive 
growth rings from the pith outwards, has been attribu­
ted to the progressive increase in length of the fusi­
form initials of the vascular cambium from which these 
elements are derived (Bailey, 1925). He, further, 
stated that because the frequency of the anticlinal 
divisions and the elongation of the fusiform initials 
is not constant, the size of these initials fluctuates 
in different parts of a tree with non-stratified vas­
cular cambium, while, on the other hand, no change in
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length and configuration of these initials takes place 
in plants with a storeyed vascular cambium. Indeed, 
it is difficult to imagine how such a change could 
take place in a storeyed vascular cambium without 
disarranging the regularity of the vertical tiers of 
initials or involving buckling of their longitudinal 
walls.

Several explanations have been put forward 
regarding the principles involved in the elongation 
of the fusiform initials of the vascular cambium. For 
example, Priestley (1930) has suggested that normally 
occurring radial pressures in the expanding stems may 
cause an increased length of the fusiform initials 
from pith outwards. Further, from some of Bailey's 
data (1923) on Pinus strobus, he showed that elonga­
tion of the fusiform initials proceeds slowly, allowing 
ample time for gradual mutual adjustment of a "symplas- 
tic" nature. He concluded that not more than four 
successive anticlinal divisions would be necessary to 
produce the requisite number of initials in 60 years. 
However, the objections of Wardrop (194-8) and Whalley 
(1950) appear to be important in this respect. Wardrop 
concluded that the radial pressures normally occurring
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upon the growing cambium are not responsible for the 
progressive increase in length of the fusiform initials, 
but that this is to be attributed to the seasonal flow 
of growth hormones accompanying the opening of the buds 
and the resumption of apical growth. Whalley (1950) 
stated that the increase in girth of the cambium was 
not accomplished by an orderly and well regulated anti­
clinal division of the fusiform initials, as stated 
by Priestley, but by such rapid multiplication of the 
initials so as to produce a superfluity,if all survived.

Increase in length of the vessel-elements and 
the libriform fibres from pith outwards was observed 
to be more gradual nearer the base of the bole than 
at higher levels in the trees studied in the present 
work. This feature, which was also reported by Lee 
and Smith (1916), Chalk (1950) and Bisset and Dadswell 
(194-9), is discussed subsequently (p. 108).

In studying variation along a radius at one 
level it was observed in sycamore and robinia that the 
increase in the radial and tangential diameters of the 
vessels was rapid in the first ten growth rings and 
subsequently more gradual. It seems reasonable to
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relate this rapid increase to youthful vigour of the 
tree, for it is well known that growth is faster in 
the juvenile tree than when it becomes older. Simi­
larly Lee and Smith (1916), MacMillan (1925) and Desch 
(1952) all associate the initial rapid increase in 
length of the vessel-elements and libriform fibres 
with the period of juvenile vigour and this is, in the 
opinion of the present author, a satisfactory explana­
tion of the rapid initial increase in length of these 
elements. It should be observed, however, that in 
sycamore the overall increase in the vessel diameter is 
less than that of robinia. While there appears to be 
no simple explanation of this difference, it is possi­
ble that it represents an inherent difference between 
diffuse porous and ring porous woods.

It has been already stated that there was little 
difference in length of the vessel-elements and the 
libriform fibres of a ring on different radii at one 
level in the bole of the oak and sycamore. This is 
probably due to the uniform environmental conditions 
prevailing in the locality in which the trees grew.
On the other hand, it does not follow that differences 
in the environmental conditions in different parts of
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of the hole will necessarily produce visible differen­
ces in histological details of the secondary xylem. 
Bailey and Shepard (1915) and Chalk, Marstrand and 
Walsh (1955) have both proved that, where reaction 
wood is not present, there is no significant differen­
ce in fibre length on different radii in eccentric 
growth rings. Nevertheless, as found by Mell (1910) 
MacMillan (1925) and Harlow (1927), individuals inha­
biting widely different environments may show consi­
derable differences in the length of the longitudinal 
elements of their secondary xylem.

Variation of the rays in robinia, which showed 
a gradual increase in height and volume and decrease in 
number from pith outwards at any one level in the bole, 
is in agreement with the type of variation found by 
Essner (1883) and Barman (1937) in some of conifers.
On the other hand, Jaccard (1915) in Picea excelsa and 
Abies pectinata and De Smidt (1922) in Ulmus fulva

* While the ray size, as given by De Smidt, may perhaps 
be used relatively indicate differences in different 
parts of the bole, it seems certain that the sizes given 
in his paper are erroneous. Thus Ulmus fulva is repor­
ted as having rays of a mean maximum height of 30.23 mm. , 
and a minimum height of 14.59 mm., sizes out of all pro­
portion to the size of elm rays. The present author 
examined a number of specimens of elm wood and found in 
authentic material of Ulmus fulva that the maximum 
height of the multiseriate rays was 0.4-49 mm.
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reported another increase in number of rays higher up 
the bole in the crown, after a minimum was reached.

Comparison of the variation along one radius 
at one level in bole, branches and roots of oak, beech, 
sycamore and robinia showed that the vessel-elements 
and libriform fibres were shortest in the branches and 
longest in the roots, that branch wood vessels had the 
smallest diameters and the shortest and least bulky 
rays while the longest vessel diameters and tallest 
rays with the biggest volume were found in the root.

The present writer concludes that the different 
variations so far dealt with are related ultimately to 
the size of the cambial initials from which the wood 
has arisen. At a particular level the xylem cells, 
whatever their position on a radius, are all formed 
from the same initials, i.e. those which were formed 
when the vascular cambium became differentiated at 
the particular level in the tree. The initial rapid 
increase in length of the libriform fibres and vessel- 
elements is thought to be due to juvenile vigour, the 
fusiform initials enlarging rapidly and thus giving 
rise to larger derivatives. Although the rate of this
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enlargement slows down it evidently continues for many 
years and in the material examined it is assumed that 
the increase had not ceased because the libriform 
fibres and vessel-elements became increasingly longer 
toward the periphery. The vessel-elements of robinia 
formed an exception for here a maximum size was reached 
in the second growth ring and after this thejsize remained 
constant. This has been related to the constant length 
of the fusiform initials which, in a stratified cambium, 
could not increase in length without disarrangement of 
the regular tiers of initials and a consequent loss of 
stratification. The libriform fibres of robinia, 
however, evidently increase considerably in length 
during differentiation, their ends pushing between the 
other elements and thus, for the libriform fibres the 
stratified arrangement is lost.

It might be argued that attention should be 
also given to the possibility that differentiation of 
the derivatives of the fusiform initials may not itself 
be constant and that a libriform fibre produced, in 
say the twentieth ring, may become longer than one 
produced in the second ring, even were the initial 
which produced both of them, to remain the same size.
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Bailey's work (1920), however, shows that the size of 
the differentiated derivative does appear to be rela­
ted to the size of the initial.

Considering variation along different radii at 
a particular level, the elements on different radii 
owe their origin to different fusiform initials, but, 
nevertheless, to initials which are all produced simul­
taneously in the life of the tree. It would not seem 
surprising, therefore, if they had a uniform length and 
this may explain the uniform length of the vessel- 
elements and libriform fibres in a ring but on different 
radii at one level.

The differences in length of the libriform 
fibres and of length and diameter of the vessel- 
elements in the bole, branch and root wood may be due 
to inherent differences in the cambial initials laid 
down by the apical meristems. The more uniform envi­
ronment of the root and the variable environment of 
the branches may play its part, if indeed this may 'hot 
be the main cause of the difference. It may not be 
without significance that the roots are nearest the 
water supply of the tree and the branches most remote 
from it.
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At any one height and along one radius the rays 
also are produced by the same ray initials and it might 
be expected that variation v/ould be concerned with 
increase in cell size when, in fact it appears to be 
due to increase in cell number and presumably, therefore, 
in the number of ray initials. So far as the author 
knows, no attention has been given to the ray initials 
and to their behaviour as the cambium increases in age. 
Variation among the rays of root, bole and branch may 
probably be accounted for in the same manner as that 
just suggested for the longitudinal elements.

Variation within one growth ring was studied in 
all four trees, (1) vertically, at four different 
heights in the bole and (2) horizontally, when compa­
risons were made between the first and last formed 
wood of one ring and at the transition zone between 
the late wood of one ring and the adjacent early wood 
of the succeeding one.

Variation vertically: The present study, like 
many previous ones, has shown that in any one growth 
ring the vessel-elements libriform fibres increase in 
length from the base of the bole upwards to a maximum
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and then decreases towards the top of the hole. It
has already been stated that the position, where the
maximum length of the vessel-elements and the libriform
fibres occurs, is the highest in those rings furtherst
from the pith. Kribs (1928) in Pinus banlcsiana and
Bisset and Dadswell (194-9) in Eucalyptus regnans, have
both demonstrated that there is a high correlation
between age from the pith and the length of the tracheids,
or fibres as the case may be, in thexx higher levels of
the tree. Thus the two factors, age of the growth
ring and height in the tree, appear to be responsible
for the type of variation in specific growth rings at
different levels. If, however, the rate of increase
in length of these elements outwards from the pith
were the same at all levels in the tree, one would
expect that any definite age (i.e. number of growth
rings) from the pith, the different elements of wood 

be
would/of constant length, irrespective of the height of 
the tree.

In attempting to explain the differences in 
length of the longitudinal elements of the secondary 
xylem in different parts of the bole and in the bole 
in relation to other parts of the tree, it is assumed
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that the actual length of an element like a tracheid 
reflects the length of the fusiform initial from which 
it arises. During the early life of the tree, when 
growth is most vigorous, it has already been suggested 
that any fusiform initial gradually becomes larger, 
until, with slower growth of the tree it ceases to 
increase further in size. Further, during the period 
of greatest vigour of the tree, it might be supposed 
that successively larger fusiform initials would be 
laid down as new vascular cambium is formed, so that 
during this period, the fusiform initials nearest the 
apex of the part would be the longest and those nearest 
the base shortest, unless these latter with age had 
themselves increased in size. Consequently, longer 
elements vmuld be produced nearer the top of the young 
tree in the first formed growth rings. Thus in any 
one growth ring the longitudinal elements would be 
longer the nearer one approached the apex. After this 
period of maximum vigour was past, the fusiform initials 
subsequently formed would be shorter, hence the smaller 
length of the derivatives at the top of the bole in 
the older trees and the corresponding decrease in 
length of these elements in a growth ring at higher
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levels in the bole.

The steady decrease in length upwards in the 
tree, as reported by Hartig (1885) in Fagus sylvatica 
and Quercus robur and Pritchard and Bailey (19I6) in 
Carya ovata, might possibly be due to sampling from 
the early wood at different heights in the tree rather 
than to any inherent differences in the species exa­
mined.

Variation within one ring horizontally; Results 
obtained in respect of variation in length of vessel- 
elements and libriform fibres in the early and late 
wood of a growth ring are in agreement with the type 
of variation noted by Bisset and Dadswell (194-9), 
Bisset, Dadswell and Amos (1950) and Amos, Bisset and 
Dadswell (1950). These elements are distinctly longer 
in the last formed wood of a ring than in that laid 
down first.

i

The amount of elongation of fibres during differ­
entiation, as observed in the present work, may vary in 
the different types of woods: that in the diffuse
porous beech and sycamore is less and that in the ring 
porous robinia with stratified vascular cambium more
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than that in the ring porous oak with non-stratified 
vascular cambium. For oak, beech and sycamore an 
increase in length of about 120% to 260% was observed 
in the last formed fibres of a ring as compared with 
that of the early formed fibres; Bisset and Dadswell 
(1950) reported an increase of 200%. In robinia this 
increase is about 600% to 800% as against an increase 
of 100% to 300% reported by Chalk, Marstrand and Walsh 
(1955) for woods with storeyed structure. As has 
been already stated the proportionate increase in 
length of the libriform fibres as between early and 
late wood of a ring may be due to strong intrusive 
growth from either end of the derivatives of the vascu­
lar cambium during differentiation.

In angiosperme Bisset and Dadswell (1950) 
attributed the variation in length of the libriform 
fibres within a growing season to a time factor. They 
suggest that there is not sufficient time for consider­
able elongation of the developing fibres in he early 
part of the season when the cambial initials divide 
more actively. They presume, on the other hand, that 
more time is available for extension growth as the 
season progresses and the cambium is less active.
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It seems possible that the conditions during the period 
of active growth and metabolism at the beginning of the 
growing season may be most suited for the early ligni­
fication of the differentiating fibres andthat the 
process of elongation of the fibres may be carried 
farther before lignification sets in as the season 
progresses^ giving time for the formation of long 
narrow fibres in the late wood.

It has already been stated that the variation in 
length of the vessel-elements in the first and the last 
formed wood within a growth ring is essentially the 
same in storeyed and non-storeyed woods. The differen­
ces in length between the early and late wood vessel- 
elements (Table,14) correlated with the increase in 
the radial and tangentia^l diameters (Table, 15) suggest 
that these differences are mainly due to the shorten­
ing of the vessel-elements brought about by their con­
siderable swelling or distension in the early wood, 
rather than elongation of those in the late wood. 
However, it is realised that in oak, beech and sycamore 
where the vascular cambium is not stratified, the fusi­
form initials increase in length between the beginning 
and end of a season's growth, thus bringing about
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increased difference in length of these elements of 
the early and late wood. It seems reasonable to 
suggest that there may be no elongation of the vessel- 
elements in the late wood, for a vessel, at its incep­
tion, is a vertical chain of parenchyma cells, and if 
strand parenchyma shows no elongation within a ring 
(Chalk, Mar strand and Walsh, 1955), it would not be 
surprising if the vessel-elements behaved in the same 
way. Further, as shown in figure 52, the vessel- 
elements and the parenchyma strands are almost of the 
same length in the late wood of robinia, indicating 
that there was no elongation in the vessel-elements 
after they were derived from the fusiform initials.

It has often been recorded that there is a very 
sudden drop in fibre length from the last-formed late 
wood of one ring to the first-formed early wood of the 
succeeding ring (Bisset and Dadswell 1950, Amos, Bisset 
and Dadswell 1950 and Chalk, Marstrand and Walsh 1955). 
Such an abrupt decrease in length is also observed in 
all the four trees of the present investigation in 
respect of libriform fibres as well as vessel-elements 
(Figs. 3-8).
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In the opinion of the author the sudden decreaæ 
in length of these elements at the beginning of a 
growth ring appears to be independent of the length of 
the fusiform initials. This may be proved by an 
examination of the structure of the wood of robinia, 
where the small late wood vessel-elements and the strand 
parenchyma of the first-formed early wood are strati­
fied. It is evident that these stratified narrow 
vessel-elements in the last-formed late wood of one 
ring and strand parenchyma of the first-formed early 
wood of the succeeding ring show remarkably uniform 
length (Pig. 13). It seems reasonable to suggest that 
the length of the fusiform initials, as indicated by 
the length of these elements, remains the same at the 
region of transition from the late wood of one ring 
to th^early wood of the succeeding ring. Further 
Chalk, Marstrand and Walsh (1955) proved that the 
strand parenchyma is almost of uniform length of tue 
throughout a growth ring. As the variation in length 
of the vessel-elements and the libriform fibres from 
one ring to the other is essentially the same in the 
storeyed and nonstoreyed woods, it seems reasonable to 
suppose that the cause may also be the same. This 
sudden decrease in length of the Wrrtform fibres may,
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Late wood 
vessel- 
elements

Early wood 
strand 

parenchyma,/ \

Fig. 13. Robinia pseudoacacia. Photomicrograph 
of radial longitudinal section of wood from the 
bole showing the stratified vessel-elements and 
stratified strand parenchyma, x 125.
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Pig. 14.

r

Fig. 15.
Fig. 14. Robinia pseudoacacia. Derivatives of the 
vascular cambium differentiating into libriform 
fibres and strand parenchyma.
Fig. 15. Photomicrograph of fig. 14. x 510.
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Fig. 16. Robinia pseudoacacia. Photomicrograph 
showing different stages of elongation of the 
fibres, x 160
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therefore, be due, as suggested on page 71, to earlier 
lignification and consequent cessation of elongation 
while that of the vessel-elements may be explained by 
the shortening of those of the early wood in relation 
to lateral distension, notwithstanding the length of 
the fusiform initials.

In conclusion, it may be stated that the varia­
tion in length of the vessel-elements and the librif orm 
fibres within a ring vertically in the bole, although 
studied from the same growth ring at different levels, 
is, in fact, of that of the derivatives of different 
fusiform initials formed at different periods in the 
life of the tree. On the other hand, variation within 
a ring horizontally may be due to seasonal How of hor­
mones accompanying the opening of the buds and the 
resumption of the apical growth as well as to the 
environmental effects on the differentiating wood 
tissue.
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SUMMARY

1. The vessel-elements and libriform fibres 
increased in length at first rapidly and afterwards 
rather slowly at any one level in the bole, branches 
and roots from the centre outwards in successive growth 
rings of the oak, beech and sycamore where the vascu­
lar cambium is not stratified.

2. In robinia, where the vascular cambium is 
stratified, the vessel-elements showed remarkably 
uniform length in the successive growth rings from 
pith outwards at any one level in different parts of 
the tree. The libriform fibres showed the same type 
of variation as those of the other trees.

3. The increase in length of these elements is 
more gradual through successive growth rings from the 
pith at the base of the bole than at higher levels.

4. The mean maximum length of these elements is 
less in the branches and greater in the roots than in 
the bole.

5. In any growth ring the length of these 
elements increased from the base of the bole upwards
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to a maximum and then decreased towards the top.

The position in the bole where the maximum 
length of these elements attained is highest in 
those rings furthest from the pith.

6. The vessel-elements and the libriform fibres 
are distinctly longer in the last-formed wood of a ring 
than in that which was laid down first in all the 
investigated trees.

7 . The variation in length of the vessel- 
elements in a ring is attributed to the shortening of 
those of the early wood as a result of lateral disten­
sion and of the libriform fibres to the elongation 
during differentiation.

8. Vessel-elements and libriform fibres of a 
ring varied little in length around the stem at one 
level.

9. The radial and tangential diameters of 
vessels of sycamore and robinia increased through 
successive growth rings at first rapidly and after­
wards slowly throughout the life of the trees.
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10. Rays showed gradual increase in height and 
decrease in number from centre outwards at any one 
level in the different parts of robinia.

11. Ray volume is at a maximum at the base of 
the bole and root both near the pith and bark and it 
gradually decreased upwards and outwards in the bole.

12. Apart from certain minor details, wood of 
different ages and that from different parts of the 
tree showed no great histological differences.
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APPENDIX



HISTOLOGICAL FEATURES.

The wood in oak and robinia was differentiated 
into heartwood and sapwood, whereas there was no such 
distinct difference in beech and sycamore.

The oak and robinia were ring porous and the 
sycamore and beech, diffuse porous (Figs. 17, 18, 19 
and 20). Vessel-elements were medium lized to large 
in the spring wood of oak and in roninia and rather 
small in beech and sycamore. In robinia the large 
early wood vessels were solitary but the smaller 
vessels were clustered in both the early and the late 
wood of a ring. In the sycamore they were ©mmonly 
solitary but occasionally in radial pairs or threes, 
while in beech they were solitary or in small irregu­
lar clusters. In both these woods there was a gradual 
diminution in size of the vessels throughout the growth 
ring. Tyloses were often present in the heartwood 
in oak, robinia and beech. Mean vessel-element 
length in oak and beech varied between 0.4mm. to 0.6 
mm. , in sycamore 0.3 mm to 0.4-3 mm. , and in robinia 
there was almost a constant length varying round 
about 0.2 mm.



Fig. 17. Q.uercus robur. Photomicrograph of trans­
verse section of wood from the bole, x 120.
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Fig. 18. Robinia pseudoacacia. Photomicrograph of
transverse section of wood from the bole, x 140.
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Pig. 19. Pagus sylvatica. Photomicrograph of trans­
verse section of wood from the hole, x 220.



/^7

20# Acer pseudoplatanus. Photomicrograph, of 
transverse section of wood from the bole, x 120.
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Spiral thickening was present in the vessels 
of sycamore and in robinia it was often limited to 
smaller vessels; it was not seen in oak and beech.

Intervascular pitting varied between opposite 
and alternate in oak and beech even in the same vessel 
(Figs. 21 and 22). In beech, scalariform lateral 
pitting was occasionally observed in the mature wood 
(Fig. 22). In sycamore and robinia intervascular 
pitting was typically alternate and the pits were 
hexagonal in shape (Figs. 23 and 24). Pits in 
robinia were vestured (Fig. 25). In robinia and 
sycamore, pitting between the vessels and vertical 
parenchyma and or ray parenchyma was similar to the 
intervascular pitting. In oak and beech these pits 
were large and elongated, with the long axis mostly 
vertical in the former and horizontal in the latter 
(Pigs. 21 and 22).

In all four woods perforation plates were 
predominantly simple. However, occasional vessel- 
elements with scalariform perforations were found in 
oak in all parts of the secondary xylem (Fig. 26). In 
beech scalariform perforations were commonly found in
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EXPLANATION OP FIGURES.

Fig. 21. Quercus robur. Intervascular pitting 
and pits to ray cells.

Fig. 22. Fagus sylvatica. Intervascular pitting 
and pits to ray cells.

Fig. 23. Acer pseudoplatanus. Photomicrograph 
showing intervascular pitting, x 500.

Fig. 24. Robinia pseudoacacia. Photomicrograph 
showing intervascular pitting, x 595*

Fig. 25. Same as fig. 24. Vestured pits, x 860.
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Fig. 21. Fig. 22.

Fig. 23. Pig. 24. Fig. 25.
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EXPLANATION OF FIGURES.

Fig. 26. Quercus robur. Scalariform perfora­
tion plates on the end walls of the 
vessel-elements.

Fig. 27. Acer pseudoplatanus. * 8 *— Shaped 
perforation plates on the end walls 
of the vessel-elements.

Fig. 28. Robinia pseudoacacia. Photomicrograph 
of a vessel-element with scalariform 
perforation on one end wall and a 
simple one on the other, x 680.
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Pig. 26.

Fig.27.

Pig.28.
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the narrower vessel-elements. Very rarely, in
sycamore perforation plates were observed with '8'-

or
shaped perforations/with two small ones (Fig. 27), but 
nearly all the perforations seen in this wood were 
simple. This latter type would appear to be compara­
ble with the foraminate perforations mentioned by 
Metcalfe and Chalk (1950) in some of the smallest 
vessel-elements in sycamore. In robinia one vessel- 
element of the late wood of one of the later groth 
rings in the bole, was observed to have a scalarif orm 
perforation plate in which some of the bars were forked 
(Fig. 28), but in all other instances only simple per­
forations were found in this wood.

The parenchyma was apotracheal in oak and 
beech occurring as scattered cells or in uniseriate 
bands. In sycamore, parenchyma was sparse or absent 
except at the boundary of the growth ring. In robinia 
the abundant parenchyma was vasicentric and, in the 
outer part of the growth ring, f confluent. The 
strand parenchyma in the latter genus was most commonly 
one or two celled; more rarely a strand contained four 
cells. In oak and beech strand parenchyma was many 
celled.



In robinia the parenchyma and vesseI-elements 
are storeyed whereas in oak and the others there was 
no storeyed structure.

Rays were of two distinct sizes in oak, the 
smaller being uniseriate and the larger multiseriate 
(Fig.29)* In beech, however, there was a complete 
gradation from the smallest to the largest rays (Fig.30). 
Multiseriate rays were about 20-25 cells wide in oak 
and were very high, measuring up to 35 to 40 mm; in 
beech they were about 20 cells wide and not exceeding 
5-8 mm. in height. They were homogeneous in both oak 
and beech. In sycamore rays were about 5-10 cells 
wide and were homogeneous (Fig. 31). In robinia the 
rays were exclusively uniseriate in the early growth 
rings but mainly multiseriate (Fig.32), with a few 
uniseriate ones, in the later growth rings. They 
were short, measuring about 0.5 mm., in height and 
homogeneous.

The fibres in oak and beech were thick walled 
with pits more abundant on the radial walls than on 
the tangential walls. Mean fibre length in beech 
and oak varied from 0.6 mm. to 1.4 mm. In sycamore.
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Pig. 29. Quercus robur. Pbotomicrograph of 
tangential longitudinal section of wood from 
the bole, x 120.
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Fig. 30. Fagus sylvatica. Photomicrograph of
tangential longitudinal section of wood from
the bole, x 220.
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Pig. 32. Robinia pseudoacacia. Photomicrograph of
tangential longitudinal section of wood from the
bole. X 140.
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the fibres have noticeably thicker walls in tie neigh­
bourhood of vessels (Pig.20). Mean fibre length in 
sycamore varied from 0.4-5 mm. to i.O mm. In robinia 
the fibres were very narrow and thick walled with 
small pits which were more numerous on the radial 
than on the tangential walls. The mean fibre length 
in robinia varied from 0.4- mm. to 1.7 mm.

Pibre-tracheids were abundant in oak and sparse 
in beech; they were not present in sycamore and robinia. 
The mean fibre-tracheid length in oak was less than 
that of the libriform fibres and varied from 0.4- mm. 
to 0.95 mm.

Vasicentric tracheids were found in abundance 
in oak but not in the other three woods. They were 
irregular in shape with thin walls uniformly thickened 
except for the abundant pits on all the walls. In 
beech and sycamore a few vascular tracheids were found 
but these were of very rare occurrence.

Growth ring^ were distinct in all the woods 
studied with abrupt transformation from the summer 
wood to the spring wood (Pigs.17-20). The wood of 
the branches and roots showed marked differences. In
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that of the branches the growth rings were narrow and 
the vessel-lements and libriform fibres smaller and 
shorter than those of the bole. The extent of l£be 
wood was more in the rings of the branches ( Pigs. 33, 
34, 35 and 36). In the roots the fibres and vessel- 
elements were the longest. The growth rings were 
narrow with a less well defined transition between 
late wood of one year and the spring wood of ths next; 
indeed there was no definite ring sometimes (Pigs. 37, 
38, 39 and 40). The walls of the vessel-elements, 
fibres and parenchyma were not as thick as in the bole 
and hence the wood of the roots was of open nature and 
less dense.
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Fig. 33. Quercus robur. Photomicrograph of trans
verse section of wood from the branch, x 120.



Fig. 54. Fagus sylvatica. Photomicrograph 
of transverse section of wood from the 
branch, x 220.



Fig. 35. Acer pseudoplatanus. Photomicro­
graph of transverse section of wood from the 
branch, x 140.
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Fig. 56. Robinia pseudoacacia. Photomicro­
graph of transverse section of wood from 
the branch, x 140.
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Fig. 57* Quercus robur. Photomicrograph of 
transverse section of wood from the root.X 120.
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Fig. 38. Fagus sylvatica. Photomicrograph of
transverse section of wood from the root, x 220.
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Fig. 39. Acer pseudoplatanus. Photomicrograph of
transverse section of wood from the root, x 14-0.



/4-8

wW:

Fig. 40. Rbbinia pseudoacacia. Photomicrograph of
transverse section of wood from the root, x 140.
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