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ABSTRACT 

hlr,asurements made on transverst. and longitudinal sections of mature wood of red. pine 
and white cedar estahlished that tlic grcater thickness of tangential tracheid walls at the 
areas where tracheids are in contact with uniseriate rays is proportional to the reduction in 
tangential width of tracheids at these areas and to tlic tangential width of the uniseriatc 
rays. It  is concluded that "ray thickenings" do not conlprise an additional deposition of 
cell-wall material but arise from changes in the configuration of existing wall material at 
the ray contact areas. 

Additional kc!lwords: Pinzrs resincjsa, Thtcja occi&ntalis, wood structule, cell walls, early- 
woo~l, latewood, ray cclls, trachcids. 

INTRODUCTION 

Thickening of tangential tracheid walls at 
ray-contact areas appears to be a general 
characteristic of coniferous wood. In spite 
of its widespread occurrence, however, this 
fe'iture has apparently been discussed in 
only one teclinical paper (Ladell 1967) and 
it is not mentioned in the a~iatoniical de- 
~ r i p t i o n  of coniferous wood provided in 
mly of the {tandard textbook5 on \vood tech- 
nology. The name "ray thickenings" was 
proposecl by Ladell for these features and 
when one becomes conscious of their prey- 
cancc, it scems difficult to understand why 
more attention has not been given to them 
in the past. Thi? point is illustratecl in Fjgr. 
1-3, which show typical example5 of ray 
thickenings in radial longitudinal 5ections 
of mature red pine wood (Pinus resinosa). 

The publication of Ladell's paper on ray 
thickenings in 1967 wag of in~n~edi~r te  inter- 
(,st to me because at that time I had been 
ol)\ervinq these features in radial sections 
of  white sprlrce (Picea  glauca) and was at- 
tempting to determine what relationship 
they might hear to the initiation of micro- 
scopic compression failures at the my-con- 
tact area.;. Beyond Ladcll's description of 
the general nature and distribution of my 
thickenings, however, there ariyes some dif- 
ficrrlty in accepting his interpretation that 
they comprise ail addition of cell-wall ma- 

terial dcpositcd on the tangential walls of 
tracheids at the ray-contact areas. 

Observation of tangential longitudinal 
sections of coniferous wood (Fig. 4) has 
always conveyed to me the impression that 
the rays are intruding among the prosen- 
chyma tissue and that they are accommo- 
dated spatially by constricting each of the 
two iieighboring tracheids tangentially by 
approxinlately one-half of the width of the 
ray. Considering the central untapered por- 
tion of a tracheid, if tangential wall material 
is deposited so as to form walls of uniform 
thickness, a tangerltinl constrictio~l of the 
tracheid at ray-contact areas could logically 
result in a radial expansion (thickening) of 
the tangential ~valls accompanied by a re- 
duction in the radial width of the lumen. 
This seemed to constitute a reasonable ba- 
sis for the "ray thickening" phenomenon. 

This explanation differs from that offered 
11y Ladell in that it does not involve any de- 
position of additional cell-wall material. 
Furthermore, it is based on a reduction in 
tangential tracheid diameter at the ray con- 
tact areas which Ladell indicated did not 
occur. Results of a small study investigating 
these points are presented here. 

KTATERIALS AND ;\JETHODS 

In accordance with the proposal that "ray 
thickenings" are due to the intruding effect 
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I'rc:. I .  Tangential walls of red pine traclieids 
witll tlrickc,nings at two locations co~.rcs~>onding to 
ray contact arcas. Radial section x 150. 

ot the rays, the thickenings should be ap- 
prouimatcly proportional in n~ag~li tude to 
the width of the rays. With this relation- 
ship in mind, I elected to study wood of 
rcd pint (Pinus resinosa Ait.) and white 
cedar (Thuja occi~lentalis L.) since the uni- 

seriate rays in these species are among the 
widest (red pine) and the narrowest (white 
cedar of the eastern conifers. A fresh stem 
scction about 7 cm long of each species was 
obtained from the Petawawa Forest Experi- 
ment Station near Chalk River, Ontario. 
The material was carefully examined in the 
laboratory and fifteen sample blocks 
(approx. 2-cm cubes) for microton~ing 
were selected from the mature region of the 
sterns located between the 70th and 80th 
growth rings from the pith. 

The sample material was kcpt inoist 
throughout processing, and microtome sec- 
tions were mounted on glass slides in a 
water-miscible resin. Transverse sections 
(two per block) were cut 15-20 pm thick 
from ten blocks of each species. The re- 
maining five blocks of each species were 
sectioned tangentially-two sections in late- 
wood and two sections in earlywood from 
the outermost growth ring on each hlock. 

Measurements on tangential sections 

On each microsco~e slide, the better of 
L 

the two mounted sections was selected for 
ineasurement purposes. The section was 
scanned in a systematic pattern, and mea- 
surements were made at 20 suitable ray lo- 
cations distributed throughout the section. 
In total, for each species, measmements 
were made at 100 ray locations (20 loca- 
tioils on each of five blocks) for earlywood 
and 100 ray locatiolls for latewood. 

A typical ray location is illustrated in Fig. 

TAI<LL 1. I I L C ~ ~ I Z L '  red~le t io j~   it^ t(ing~t1tiu1 tuidtl~ a11d i t ~ c ~ e i ~ s e s   it^ wall thickness of tracheitls at rarJ con- 
tact  arcas 

- -~ . . ~ .. -- . - ~ - ~ ~ ~ -  .. -~~ ~ ~ - 

T r d c h e i d  W i d t h  OX,, Double  T a n g e n t i a l  Wal l  T h i c k n e s s  
-- ~ .- . . . .. . . .. ~ 
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~ ~~ . ~ 

R e d u c t i o n  W i d t h  
Ray 

I n c r e a s e  
Ray C o n t r o l  Contac t  pp --- ( I J ~ )  c o n t a c t  ~ - - . . . - - - - 
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l i l r ~ ~ l i ~ e r  o f  
400 200 - - 100 200 200 - - 

O b s c r v a t i o n i  

I led ? ice-  

L a r l y w o n d  31 .!I 24.0 7.9 24.8 16.5  5 .3  6 . 6  1 . 3  24.5 
Latewood 30.8 24.2 6.6 21.4 17.1 7 . 8  9.9 2.1 26.9 

Earlywood 25.7 3 2.6 10.1 7.2 3.4 3 .7  0.3 9.8 
Latewood 26.2 73.6  7.6 1 0 . 1  7.8 7 . 2  7 . 7  0 . 5  7.1 
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FIG. 2. Raclial section of red pine showing the association between the tangential wall thickenings 
(right) ancl a ray (left) .  hfag. X200. 

5, which also shows the sevcn individual Meusurernent on trunsverse sections 
~nensurements taken at each location. These A, above, the better of the two sectiolls 
included the tangential width of each of the llloullted each slide was selected for tile 
two bordering tracheids just abovc and just measurelnellts. ~h~~~ were made at 10 ray 
1)elow the ray-contact area, the tangential locations for latewood alld 10 for earlywood, 
width of  each tracheid near the middle of distributed through each section. As illus- 
the ray-contact area, and finally the tan- trated in Fig. 6, four measureinents were 
gential width of the rny near the midpoint. made at each ray locntion. Thesc consisted 

, . 1 A H L F  2. Stati.\tical aircll!/sic of differctrccs in tungcnticll c,cll width N I L ~ E  to(lll tl~ickness bettoeen control 
und rag contact areas 

------.--p.---.------.------.-pp - .  .~ ----- ~~ 

C e l l  W i d t h  (~111) ( R e d u c t i o n s )  Doub le  Wal l  T h i c k n e s s  ( p ~ ~ i )  ( I n c r e a s e s )  
-. -. . . -. -- -- - .- - - -- -- . - . . - . - -- - -- - - - - - - - . . -- -- . 

Red P i n e  W h i t e  Cedar Red P i n e  W h i t e  Cedar 
-- . ..- ..-- . -- - - -- . -- . - .- - 

Ear lywood Latewood Ear lywood Latewood Ear lywood Latewood Car lywood Latewood 

Nul l~ber o f  I l i f f e r e n c e s  
Observed 200 200 200 86 95 100 100 

Mean o f  D i f f e r e n c e s  7.9:: 6.66 2.66 2 .78 1.22 2.16 0 .38 0 .58 

Stdr ldard  i l e v i a t i o n  i 2.59 2.79 1.35 1 .54 1.17 1.49 0.82 0 . 8 3  

S t  dndard  E r r o r  ' 0 .18 0.20 0.10 0.11 0 .13 0 . 1 5  0 .08 0 .08 

t 43.61** 33.78** 27.99** 25.51** 9.71** 14.12** 4.60** 6.99** 
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Lirc:. 5. Close-up of a ray-contact area showing the thickened tangential walls. Hadial section 
X 350 .  

of double tangential wall thickness (mea- 
sured in the radial direction) in pairs of 
cells adjacent to a ray (ray files) and in 
pairs of cells not adjacent to a ray (control 
files) in the plane of section. The control 
filrs were llormally taken to be the files next 
but one to the ray files. In some instances, 
however, it was necessary to take a control 
mcasure from the file of tracheids in~rnedi- 
ately next to the rav file in ordcr to avoicl 
unusnal circumstances such as close prox- 
i ~ i ~ i t y  to the cell tips (Fig. 6 ) .  

All me:isuren~ents on both tangential and 
tra~lsverse sections were made with a Kci- 
c.l~c,rt Visopnn at a magnification of 800X on 
tlx, vic~wing screen. At the time of making 
thr double tangential wall thickness mea- 
\nrcments on the transverse sections, an at- 
tempt was inade to get comparative figures 
tor the area occupied by cell-~vall material 
ancl by lu11lcn space in the ray and control 
cell files. This was done by putting a piece 
ot draughtsman's parchment paper on the 
viewing screen of the Visopan and making 

tracings of each of the four pairs of cells 
selected for double tangential wall thick- 
ness measurements. Later, cell-wall and 
cell-lumen portions were cut out from these 
tracings. These were sorted and eventually 
weighed in a room controlled at constant 
tcmperaturc and relative humidity. 

RESULTS AND DISCUSSION 

Tangential zcitlth of longitutlinal 
tracheids and of rays 

Average widths of tracheids at ray con- 
tact and control areas are shown in Table 
1. Also shown in the table are the average 
width of rays and the differences in average 
tracheid width at ray contact as compared 
with control areas. Table 2 deals with the 
width differences in individual tracheids 
and shows that the mean differences in 
width between ray contact and control arcas 
are highly significant. Furthermore, the 
data in Table 1 indicate that the reductions 
in tracheid width at the ray contact areas 
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FIG. 4. Structure of red pinc wood i r ~  the tan- 
gc~nit~~l plane showing thc accoimnodation of uni- 
sc.~-ii~tcl wootl rays ;unong t11e prosenchylna cells. 
\ I ; I ~ .  x:12,5. 

FIG. 5.  Typical locations for ~neasureincnts of 
tangential tracheid width and ray width in red 
pine. Tangential section x 350. 

(a1,out 10% for cedar and a little over 20% 
for the, pine) are proportional to t l ~ e  width 
of thc rays in these two species. 

The average reductions in tracheid width 
at the ray-contact areas (2.6 pm for cedar 
and 7.2 ptn for pine) are a little less than 
half the average ray-widths (7.5 pm for ce- 
dar and 16.8 pm for pine) observed. This 
indicates that the influence that rays exert 
on tracheid configuration is almost, but not 
entirely, limited to the two tracheid files 
l~ordering the ray. This point is demon- 
strated to an exaggerated extcnt by fusi- 
form rays which, because of their width, 
tend to iiifluencc the shape of thc tracheids 
ill several adjacent cell files (Fig. 7) .  

Differences between earlywood and Iate- 
wood with respect to the factors being ob- 
served in the present study did not appear 
to bc great. In both species, the average 
ray width was slightly greater in latewood 
than in earl~wood. The average reduction 

in tracheid width at the ray-contact area 
was found to be the same (10.1% for both 
earlvwood and latewood of white cedar. 
For red pine, however, the earlywood re- 
duction (24.8%) was greater than that in 
the latewood (21.4% '0). 

Ladell's interpretation of ray thickenings 
as deposits of additional cell-wall material 
at the rav-contact areas assumes that there 
is no reduction in tangential cell diameter 
at  these points. He appears to have reached 
this conclusion on the basis of some mea- 
suremei~ts made on transverse sections. One 
of thc problems associated with making 
nicasurenients of this kind on transversc sec- 
tions arises from the fact that the tracheids 
are not uniform in width but taper over ex- 
tensive portions of their length toward 
poirlted tips. Since there tends to be a ran- 
dom longitudinal distribution of cell tips 
among the cell files, any given transversc 
section provides a variety of tracheid sizes 
determined by the location of the plane of 
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FIG. 6. Transverse section of red pine showing the greater thickness of double tangential walls at 
ray contact as compared with control areas. In this instance, control measurements were ol~tainetl from 
thc tracheid files immediately adjacent to the ray files because the next tracheid file on the ridit side of 
the ray is close to the cell-tip region. Mag. ~ 7 5 0 .  

section along the longitudinal axes of the 
fibers (Fig. 6) .  The presence of this sub- 
stantial source of variation in cell width 
greatly increases the difficulty of detecting 
a possil~lc difference associated with ray 
co~ltact. 

Another problem with the usc of trans- 
verse sections is that they do not allow one 
to measure the same cell or cells both at 
ray-contact areas and at non-ray-contact 
areas. The comparability of ray-contact 
data from onc group of cells to control data 
from another group of cc.11~ 1)ecoines a sta- 
tistical problem requiring adequatc sam- 
pli~lg. Hy using tangential sections, it was 
possill,~ to avoid the tapering regions of 
tracheids and to make direct measurements 
to cletc~ct any change in ccll width at the 
areas l~ordcring rays. 

?'hickne.s,s of tangential tracheirl tc;alLs 

Besults of the measurements of doublc 
tangential wall thickness made on trans- 

verse sections arc summarized in Tables 1 
and 2. I t  is apparcnt that cells in contact 
with rays displayed significantly thicker 
tangential wall5 than cells not in contact 
with rays. 

The percentage difference in wall thick- 
ness between ray-contact areas and control 
areas in red pine was somewhat more than 
double that in cedar ( a  little over 20% as 
compared to a little under 10%). In cedar, 
the difference was slightly greater in early- 
wood whereas in pine, it was slightly grcatcr 
in latewood. The very substantial increases 
in wall tliickness associated with thc ray- 
cvntnct arcas in rcd pine are consistent with 
the ol~servations rcported by Ladell. His 
values for red pine went as high as 31% 
and were, on thc average, higher than for 
any of the other species which he studied. 

I t  is of interest to examine the data on 
changes in wall thickness in cedar versus 
pine and to compare these with the data on 
tracheid and ray width described previ- 
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FIG. 7. Because of their greater width, fusiform 
ra>,s 111;iy clisrupt cell dimcmsions in sevc.r;ll adja- 
cent cell files. Tangential section x 270. 

ously. As :llrcady mentioned, thcse two spc- 
cies werc selected for study because they 
reprc>scnt extremes among native conifers 
with respect to width ot uniseriatc rays. 
\Vith a tangential breadth of about 7.5 pm, 
the rays in cedar average somewhat less 
than half thc width of those in red pine. In 
my opinion, it is an unlikely coincidence 
that both the average increase in tangential 
\v:~ll thickness and the average decrease in 
tangential tracheid width at the ray-contact 
arcas are somcwhat helow half thr  inagni- 
t~rttc in ccdar that they are in pinc. 

Cross-sectional urea of cell zcalls 
nncl lumens 

On the basis of observations of wood 
structure in the longitudinal plancs, it is 
clear that the cell lumens are significantly 
constricted at the ray coiltact re~ions  in 
1)oth thc radial (Figs. 13 )  and the tan- 
gential (Figs. 4 and 5 )  directions. In the 
tmnsvcrse plal~c, therefore, trachcids sec- 

tioned at ray-contact areas should have 
smaller 1ume11s than those sectioned at non- 
ray-contact (control) areas. On the basis 
of the observed reductions in tangential 
width of cells and the increase in tangential 
w,~ll thickness, reductions in lumen area 
were expected to be about 30% in cedar and 
:ibout 50% in pine. Unfortunately, no reli- 
able infor~nation on this point was obtained 
from the present study. The data obtained 
on cross-sectional areas of cell walls and 
ccll lumens were variable and inconsistent, 
reflecting excessive error arising from the 
inlprecision of cxperimcntal measurc~nent 
as well as the variation inherent in sampling 
on the transverse surface discussed previ- 
ously. New approaches to this problem are 
c~~r re~ l t l y  I~cing examined. 

CONCLUSIONS 

1. In coniferous wood, rays appear to bc 
accommodated among the prosenchyma 
tissue by constricting the tangential 
breadth of tracheids with which they 
come in contact. 

2. The influence of uniseriate rays scarcely 
extends tangentially beyond the tra- 
cheids i~nmediately bordering them. 
This establishes the magnitude of the 
ray-contact constrictions in tracheid 
width at approximately one-half the ray 
width. 

3. The greater thickness of thc tangential 
tracheid walls at ray-contact areas, quite 
prominently visible in radial longitudi- 
nal sections, can be substantiated by 
ineasurcments on transverse sections. 

4. The increase in thickness of the tangen- 
tial ~vall is proportioilal to the reduction 
in tangential width of the cell and to the 
tangential width of the ray. 

5. These reslllts indicate that "ray thicken- 
ings" arc attributable to changes in 
tradleid configuration at the ray-contact 
arcas rather than to additional deposits 
of cell-wall material on tracheids other- 
wise unaltered at these points. 
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