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Distribution of Lignin in Normal and Tension Wood* 

By A. L. K. BE?qTU~, W. A. C6T]~ JR., A. C. DAY, and  T. E. TI~]~LL 

Summary  

The distribution of lignin in normal and tension wood of four hardwood species has been 
studied by examination in the electron microscope of the lignin skeletons remaining after 
removal of the polysaccharides with hydrofluoric acid. In  normal wood fibers, the $1 had a 
higher lignin concentration than the Ss layer, which was not as highly lignified as in conifer 
tracheids. Vessels h~d a high concentration of tignfi~ in both normM and tension wood, willie 
the extent of lignification of the parenchyma was variable. 

In tension wood fibers, the S I and Sa layers were highly ligifified. A thick, unlignified G- 
layer was often associated with an extremely thin S~ layer with a high concentration of lignin. 
In both normal and tension wood, the lignin had the same orientation as the cellulose micro- 
fibrils in the different cell wall layers. The results confirm the earlier conclusion that, in the 
species investigated, the same amount of lignin is present in gelatinous as in normal fibers. 
Evidently, the lignifieation mechanism operates normally in the non-gelatinous layers of the 
fibers, as well as in the vessels and in the parenchyma of tension wood. 

Zusammenfassung  

Die Ligninvel~eilung im Normalholz und im Druckholz yon vier Laubh61zem wurde unter- 
sucht. Die Ligningeriiste, die nach des ]~ntfernnng der Polys~ccharide dutch Fluorwasser- 
stoffs&ure iibrigblieben, wurden im Elektronenmikroskop beohachter In den Normalholz- 
fasern hatte die Sl-eine hShere Ligninkonzentration als die S 2- Schicht, die weniger lignifiziert 
war als in den Koniferentracheiden. Die Gefi~Be hatten eine hohe Ligninkonzentration in 
sowohl Normal- als in Zugholz, wahrend der Lignifizierungsgrad der Parenchymzellen variierte. 

In den Zugholzfasem waren die $1- und S~-Sehichten v611ig lignifiziert. Eine dicke, un- 
lignifizierte G-Schicht war oft mit einer auBerordentlich dfinnen Ss-Schicht, die eine hohe 
Ligninkonzentration zeigte, verbunden. Sowohl im Normal- wie auch ira Zugholz besaB das 
Lignin dieselbe Orientierung wie die Cellulosemilm'ofibrillen in den verschiedenen Zellwand- 
schichten. Die Ergebnisse besti~tigen den frttheren SchluB, dab in den hier untersuchten Laub- 
h61zern in den gelatinSsen und in den normalen Fasern dieselbe Ligninmenge vorliegt. Often- 
bar Ignft der Mechanismns der Lignifiziemmg in den S~- and S~-Schichten der gelatinSsen 
Fasern des Zugholzes normal ab. 

Introduction 

The d is t r ibut ion  of l ignin  in  wood, which is of both  theoretical  and  practical  
interest ,  has been studied for over for ty  years. Most invest igat ions have been 
concerned with conifers and  were recent ly  reviewed by  C 8 ~ ,  ZAB~L, and  T ~ E L ~  
[1966] and  by  MAI~K [1967], Dur ing  the last few years, GOgI~G and  his co-workers 
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have quantitatively determined the distribution of lignin in various woods by 
application of altraviolet microscopy to ultrathin section of wood. FERGUS, 
P~0CT]~I~, SCOT% and GOlfinG [1969] [ S r  PR0CTEI~, FEI~GUS, artd GOlfinG 
1969] found that  in the tracheids of Picea mariana only 28 % and 18 % of the total 
lignin was located in the compound middle lamella of earlywood and latewood, 
respectively, the remainder being deposited in the secondary wall. In earlywood, 
the concentration of lignin was 22 % (w/w) in the secondary wall, 84 % at the cell 
corner and 49 % in the remainder of the compound middle lamella. The lignin 
appeared to be uniformly distributed over the secondary wall, a conclusion also 
reached by C~)T]~, DaY and TINELI~ [1968], who used electron microscopy in 
examining the distribution of lignin in tracheids of Larix laricina. 

For hardwoods, the prevalent concept until very recently has been that,  at 
least in species of the temperate zone, most of the lignin is located in the middle 
lamella. In his first investigation on the subject, RITTEt~ [1925] came to the 
conclusion that  73 ~o of the lignin in Alnus rubra fibers is situated in this region. 
LANCE [1954], who was the first to apply ultraviolet microscopy for this purpose, 
found that  in several Swedish hardwoods, the concentration of lignin in the 
secondary wall of the fibers was extremely low. SACHS, CLAI~K, and PEW [1963] 
and SACHS [1965] removed all polysaccharides with hydrofluoric acid and ex- 
amined the residual lignin skeleton in the electron microscope. Compared to soft- 
wood tracheids, hardwood fibers from Aeer saccharum and Fagus sylvatica had a 
less highly lignified cell wall with the exception of the Sa layer, where the concen- 
tration of lignin was as high as in the middle lamella. Using a similar technique, 
FENGEI, [1965] found ray ceils of Fagus sylvatica to contain relatively little lignin 
in their secondary wall. 

Recently, FERGVS and G01~I~G [1968a] reported that  in Betula papyri]era, 
the vessels contain a lignin based largely on guaiacyl units, whereas syringyl units 
predominate in the lignin present in the secondary wall of the fibers and ray paren- 
chyma. The lignin in the middle lamella around the fibers and rays is a mixture of 
the two types. The same investigators [FEI~GUS and GORII~G 1968b] have also 
determined the distribution of lignin in the xylem of Betula papyri]era. Only 19% 
of the total lignin was present in the compound middle lamella, while 60 % occurred 
in the secondary wall of the fibers. As much as 77 % of the lignin associated with 
the fibers was located in the cell wall. The concentration of lignin in the latter 
was 16to 19 %, while the secondary wall of the vessels and rays contained 22to27 % 
lignin. At the fiber cell corners, the lignin concentration in the middle lamella was 
72 to 85 %, but  it was only 34 to 40 % in the radial and tangential regions. The data 
reported indicate a uniform distribution of lignin within the cell walls. 

Prior to this important investigation, it was generally belived, largely on the 
basis of the microspectrographie evidence presented by LANGE [1954], that  the 
cell wall of hardwood fibers contained very tittle lignin. This wall does exhibit 
a quite low absorbance in ultraviolet light, but it is now clear that  this is a result 
of the fact that  the syringyl lignin present here has a lower absorbtivity than guaia- 
cyl lignin [FE]~GIJs and GORING 1968a]. 

LANG]~ [1954] came to the conclusion that  the entire cell wall of tension wood 
fibers was unlignified, a view which has not been accepted by other investigators. 
Tension wood has indeed a lower lignin content than does corresponding normal 
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wood. This, however, is the result of the presence of the massive, and usually 
unlignified, gelatinous layer in tension wood fibers. WAlCD~OP and DADSWELL 
[1948], JAYI~E [1951], JAYI~E and I-IAtgDEIgs-STEINt{J~USEtr [1950, 1953], and 
T~ELI ,  [1969] have all drawn attention to the fact that  the absolute amount of 
lignin present in each fiber often is approximately the same in normal and tension 
wood. 

In many cases, the pat tern of lignification of tension wood fibers has been 
found to vary considerably. Using staining reactions, WA~DROP and ])ADSWELL 
[1955] [DA])SWELL and WA~DROP 1955] noted that  either Sx or $2 could be un- 
lignified, depending on the mode of at tachment of the G-layer. SCUI~FIELD [1964] 
noted that  lignffieation was often pronounced in the outer layers of tension wood 
fibers. In an electron mierographie study he also observed that  lignification was 
initiated in the intercellular region, spreading from there into the cell wall [Scum 
FIELD 1967]. l~eeently, ROBA~DS [1967] concluded that,  with the exception of 
the G-layer, the secondary wall of tension wood fibers appeared to be normally 
lignified. 

In  a few cases, the gelatinous layer has been reported to be slightly Iign~fied, 
for example in Tristania con]erta [Scut~FIELD and WA1~Dl%OP 1962, 1963]. In 
Quereus robur, CASPE]~SO~ [1967] noted that,  while the gelatinous layer remained 
unlignified in the earlywood, it was lignified in the latewood. SCURFIELD and 
WAlCDlCOP [1963] observed that  tension wood fibers formed late in the growing 
season were more likely to contain a lignified G-layer than were fibers produced at 
an earlier stage. 

In a previous investigation [TIlVIEI, L 1969] it was shown that  in four,North- 
American hardwoods, the lignin contents of normal and tension woods were the 
same when the comparison was made on the basis of the same content of cellulose. 
This means that  the non-gelatinous layers, in this case the S 1 and the $2 layers, 
must contain approximately the same amount of lignin in tension as in normal 
wood fibers. I t  was the objective of the present investigation to offer direct evi- 
dence for the distribution of lignin in tension wood. The approach was the same 
as that  used previously for compression wood [C6Ts TI1VIELL, and ZAt{EL 1966; 
CbT]g, DAY, and TI~ET,L 1968] and involved removal of all polysaeeharides with 
hydrofluoric acid, followed by examination of the remaining lignin meshwork in 
the electron microscope. For comparison, normal wood was also included. 

Materials and Methods 

Normal and pronounced tension woods were collected from red maple (Aeer 
rubrum L.), American beech (Fagus grandi/olia Ehrl.), quaking aspen (Populus 
tremuloides Michx.), and American elm (Ulmus americana L.). The chemical 
composition [TI~ELL 1969], anatomy and ultrastructure [Co T~, DAY, and TIlgELL 
1969] of the specimens have been reported previously. 

Lignin skeletons were prepared by the method of SAc~s, CLA~K, and PEW 
[1963] as modified by C6T1~, DAY, and TI~ELL [1968]. Specimen preparation and 
electron microscopy were carried out according to C~)T]~, TIMELL, and ZA:BEL 
[1966]. 
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Results 

Normal wood of aspen, beech, elm, and maple contained 20.9, 23.5, 21.7, and 
25.4 % Klason lignin, respectively. Corresponding figures for the tension wood 
were 16.8, 17.0, 20.2, and 17.5%. If the normal wood had contained the same 
quantity of cellulose as did the tension wood, its lignin content would have been 
16.8, 17.7, 19.5, and 17.7 %, respectively, values very close to those valid for the 
tension wood. No at tempt was made to determine the small amounts of acid- 
soluble lignin probably also present. 

Transverse sections of normal wood from aspen, beech, and maple that  had 
been treated with hydrofluoric acid for removal of cellulose, hemieelluloses, and 
pectin, are shown in Figs. 1--3. Because of their more open and looser texture, 
the cell wall lignins in these hardwoods were more easily disorganized than were 
the lignin skeletons in conifer tracheids. In all three species, the location of the 
former cell wall layers can be distinguished, although it must be recognized that  
the $1 layer often has become detached from the compound middle lamella, and 
notably so at the cell corners (Fig. 1). The lignin in S 1 follows, as can be clearly 
seen in Fig. 3, the transverse orientation of the cellulose microfibrils in this layer, 
forming a fairly dense, lamellar texture, as has also been observed with softwood 
tracheids [F~EY 1959; JAY~E and I~ENGEL 1961 b]. The concentration of Iignin 
in the S 1 layer is high and, based on visual examination, probably as high as in 
conifer traeheids. In the S 2 layer, the lignin concentration is definitely lower than 
in the latter, and especially so for the maple: 

In Fig. 4, obtained with maple, the cell wall is terminated towards the lumen 
by a thin, electron-dense lamella. I t  is difficult to assess the exact nature of this 
phenomenon, which sometimes is much more pronounced, as shown in Fig. 5 for 
the same wood. I t  could represent the Sa layer, which in that  ease would be highly 
lignified, as claimed by SACHS, CLAR~;, and PEW [1963] and by SACHS [1965]. 
The thin lamella in Fig. 4 could, however, also be the warty layer, which is known 
to be resistant to strong acids [F]~gaEL 1965]. The thicker layer in Fig. 5, which 
apparently is terminated by a warty layer, could be an. artifact, brought about by 
a centripetal agglomeration of lignin fragments originally located further out in 
the S 2 layer. Similar phenomena have been observed with conger tracheids 
[JAY~E and FEnnEL 1961a, 1961b; SACHS, CLARX, and PEW 1963; C6~s 
TI~ELL, and ZAI~EL 1966]. According to CdTs DAY, and TI~ELL [1968], all 
three layers in the secondary wall of the tracheids in Larix laricina are lignified 
to the same extent. 

When tension wood was treated with hydrofluoric acid, it was noticed that  the 
G-layer was relatively resistant to hydrolysis, despite the fact that  it was not en- 
crusted, and thus not protected, by lignin. 0bvionsly, the highly crystalline 
nature of the G-layer cellulose renders it less amenable to depolymerization by the 
acid. Two examples of this are shown in Figs. 6 and 7. In most of the fibers, a 
small portion of the gelatinous layer remains in the middle of the lumen, together 
with a terminal lamella and/or a warty layer. In one case (Fig. 6), the G-layer has 
swollen and fills the entire lumen. The granular nature of the G-layer cellulose 
distinguishes it from the remainder of the cell wall. In Fig. 7 there is also shown 
part of a vessel with its warty layer. Evidently, vessel walls are as highly lignified 
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Fig. 1. Transverse section of three fibers (F) and one vessel (V) of normal aspen wood, showing the 
compound middle lamella (M), the $1 and the Ss layers. Note the higher lignitl concentration in the 

vessel w a l l  

Fig. 2. Transverse section of three fibers of normal beech wood. The ]ignin meshwork in S~ is par t ly  
disrupted. 
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Fig. 3. Transverse  section of fibers in no rma l  map le  wood. Note t h a t  the  S~ has a higher  concent ra t ion  
of lignin t h a n  does the  S~ layer .  

Fig. 4. Transverse  section of fibers of no rma l  map le  wood, showing a lmost  in tac t  l ignin skeletons. Note 
the occurrence of a thin,  electron-dense t e rmina l  lumella.  
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Fig. 5. Transverse section of fibers in normal maple wood, showing anapparent,  high concentration 
of lignin adjacent to the lumen. 

Fig. 6. Transverse section of beech tension wood fibers during removal of the polysaccharides. Note tlle 
presence of a terminal  la~e] la  a t  the center of the remaiIfing, dispersed G-layers. 
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Fig. 7. Transverse section of beech tension wood fibers containing only small fragments of tmhydrolyzed 
G-layers. The vessel wall is highly lignified and has a warty layer (W). 

Fig. 8. Transverse section of aspen tension wood fibers. 
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Fig. 9. Transverse sectio~ of m~ple tr  wood fibers. 

Fig. 10. Transverse section of m~ple tension wood fibers. Note that S~ is thinner than S~. 
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in tension as in normal wood (Fig. 1), confirming the earlier observation of SGUR- 
I~I~LD and WARD]COP [1963]. 

The distribution of lignin in tension wood fibers of beech, aspen, and maple 
are shown in Figs. 7--10. The $1 layer has a high concentration of lignin, the 
texture of which reflects the largely transverse orientation of the microfibrils 
(Figs. 8 and 9). The extent of lignification of the $2 layer varies, as can be seen 
from Figs. 7 and 8. In  beech, narrow S 2 layers have a higher concentration of 
lignin than do wider ones. When the $1 and $2 layers are of equal width, as in the 
maple fiber shown in Fig. 9, the two layers seem to be lignified to the same entcnt. 
Fig. 10 shows some maple fibers with unusually thin Se layers. In  this case, the 
S 2 appears to have a denser lignin meshwork than does the somewhat thicker $1 
layer. 

Fig. II. Oblique, tangential section of beech tension wood fibers. Note the different orientation of the 
lignin in the $I and S 2 layers. 

Tangential sections of beech and elm tension wood treated with hydrofluoric 
acid arc shown in Figs. 11 and 12. In  both cases, the lignin clearly mirrors the 
different orientation of the cellulose mierofibrils in S 1 and S~. Both layers appear 
to be as highly lignified as in conifer tracheids. 

Transverse sections of radial parenchyma in aspen and beech tension wood are 
shown in Figs. 13 and 14. The cell wall of the aspen parenchyma has a much 
lower and the wall of the beech parenehyma a much higher concentration of lignin 
than do the fiber walls. In  Fagus sylvatica, ray cells have been reported to be only 
slightly lignified [FEI~GEL 1965], whereas in Betula papyri]era they contain more 
lignin than the fibers [FERGIJS and GoRInG 1968b]. Evidently, hardwood paren- 
chyma have a variable lignin content, depending on factors which remain to be 
determined. 
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Fig. 12. Tangential section of elm tension wood fibers, containing remnants of the G-layer. 

l~ig. 13. Tangential section of aspen tension wood. The secondary wail of the two parenchyma (P) cells 
contain very little lignin and possessess 8, terminal lamella (TL) and a warty layer. 
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Fig. 14. Tangent ia l  section of beech tension wood. The wal l  of the p a r e n c h y m a  cells is h ighly  lignified 
R e m n a n t s  of a t e rmina l  lamel la  and  cytoplasmic  debris are present  in the lamina .  

Discussion 

The method used here for studying the distribution of lignin in wood, while 
affording high resolution, also has certain drawbacks. Especially with hardwoods, 
swelling often occurs in the course of acid hydrolysis, resulting in distorted lignin 
skeletons, which can fill the entire lumen. Lignin is not a fully polymerized pro- 
duct, and t rea tment  with any acid causes further condensation, whose effect on 
the texture of the lignin remains uncertain. GuMacyI liguin should theoretically 
be able to condense more than syringyl lignin. Does this mean tha t  the present 
method overestimates the amount of guaiaeyl lignin ? G o a I ~  and his co-workers 
(unpublished) are at present investigating the distribution of lignin in both com- 
pression and tension wood. The results of these studies will be of great interest. 

The present evidence confirms that  in both normal and tension woods, vessel 
wMls are highly lignified, and probably to the same extent as are traeheid walls 
in conifers. Parenchyma walls seem to have a variable lignin content. In  normal 
wood, the S 1 layer has a relatively high lignin concentration. The S 2 layer is less high- 
lyl ignifiedthan $1. Our results confirm those of SAC~s, CLARK, and PEW [1963], 
who found that  in comparison with conifer tracheids, hardwood fibers have a 
looser, more open lignin meshwork in their secondary wall. F E ~ a u s  and Golfing 
[1968 b] found tha t  the secondary wall in birch fibers had a lignin concentration 
which was 80 % of that  in spruce tracheids. The present results would seem to 
indicate a somewhat lower concentration for the species studied here, and certainly 
in maple wood. Whether or not the S 3 is more highly lignified than the S 1 or S 2 
layers, cannot be decided on the basis of the evidence presented here. 
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Vessels and  r ays  appea r  to  be n o r m a l l y  l ignif ied in tens ion  wood.  I t  is clear 
t h a t  the  non-ge la t inous  layers  in the  cell wal l  of t he  four  species inves t iga ted  are 
h igh ly  hgnif ied,  as h a d  been concluded  earl ier  on the  basis  of chemical  evidence 
[TI~{EL~ 1969]. The  Sx l aye r  p r o b a b l y  has  a l ignin  concent ra t ion  which  is sligh~ly 
h igher  t h a n  in n o r m a l  wood.  The  S~ layer  is somet imes  less l ignif ied t h a n  Sx bu t  
of ten i t  a p p a r e n t l y  has t he  same or  an  even h igher  l ignin  concen t ra t ion  t h a n  the  
la t te r .  Compared  to  n o r m a l  wood,  the  $2 layer  in  t ens ion  wood fibers a lmost  
i nva r i ab ly  is more  h igh ly  l ignified.  I t  is no tab le  t h a t  the  more  na r row the  S~ 
layer ,  t he  h igher  seems to  be i ts  concen t ra t ion  of l ignin.  This  means  t h a t  in f ibers 
wi th  an  u rmsua l ly  wide G-layer ,  the  na r row $2 layer  t ends  to  have  a h igher  t h a n  
n o r m a l  l ignin  concent ra t ion .  W i t h  o ther  species, DADSWELL and  WA~D~OP 
[1955] observed  t h a t  the  g rea te r  the  deve lopmen t  of t he  G-layer ,  t he  less was the  
degree of l igni f iea t ion of the  r ema inde r  of the  cell wall. Obviously,  if no rma l  and  
gela t inous  f ibers conta in  the  same a m o u n t  of l ignin,  the  more  na r row $2 layer  in 
the  l a t t e r  f ibers mus t  be more  h igh ly  l ignif ied t h a n  the  former .  

Tens ion  wood l ignin is ve ry  s imi lar  to  t h a t  p resen t  in  cor responding normal  
wood [BLAND 1958, 1961; BLAND a n d  SCU~FIELD 1964], and  l ignif icat ion 
a p p a r e n t l y  proceeds  in  the  same w a y  [ScvxFIELD 1967]. These facts,  in  con- 
junc t ion  wi th  the  h igh ly  l ignif ied na tu re  of the  non-ge la t inous  cell wall  layers ,  
indica te  t h a t  the  l igni f ica t ion  mechan i sm opera tes  n o r m a l l y  in these  layers ,  as 
well  as in  t he  vessels a n d  pa renchyma .  The fac tors  t h a t  p reven t  fo rma t ion  of 
l ignin in the  ge la t inous  layer  are not  known  a t  present .  Very  l ikely ,  however ,  t h e y  
are of ho rmona l  na tu re .  

References 

B I, AND, D. E. : The chemistry of reaction wood. Part  I. The lignins of Eucalyptus goniocalyx 
and Pinus radiata. Holzforseh. 12 (1958) 36--43. 

--  : The chemistry of reaction wood. Part III .  The milled wood lignins of Eucalyptus gonio- 
calyx and Pinus radiata. Holzforsch. 15 (1961) 102--106. 

-- ,  and G. SCURFI]~LD: The chemistry of reaction wood. Part IV. The distribution and 
uature of the lignin in seedlings of hardwoods. Holzforseh. 18 (1964) 161--166. 

CASFERSO~, G. : Uber die Bildung yon Zellwi~nden bei LauhhOlzern. 4. Mitt. Untersuchungen 
an Eiche (Quercus robur L.). Holzforsch. 21 (1967) 1--6. 

C6~r~, W. A. JR., A. C. DAY, and T. E. TI~ELL: Studies on compression wood VII. Distri- 
bution of lignin in normal and compression wood of tamarack [Larix laricina (Du l~oi) 
K. Koch]. Wood Sci. Technol. 2 (i968) 13--37. 

- - ,  T. E. TIMELL, and I~. A. ZA~EL: Studies on compression wood I. Distribution of lignin 
in compression wood of red spruce (Picea rubens Sarg.). Holz Roh-Werkstoff 24 (1966) 
432 --438. 

DADSWELL, H. E., and A. B. WAI~DROP: The structure and properties of tension wood. 
Holzforseh. 9 (1955) 97--104. 

F~NGEL, D.: Elektronenmikroskopische Beitr/~ge zum Feinbau des Buchenholzes (Fagus 
sylvatica L.). Erste Mitteilung: Untersuehungen an Markstrahlparenchymzellen. Holz 
Roh-Werkstoff 28 (1965) 257--263. 

FERGUS, ]3. J., and D. A. I. GORING: The location of guaiaey] and syringyl lignins in birch 
xylem tissue. Post-Grad. 1%cs. Rep. Iqo. 12, Pulp and Paper Res. Inst. Can. 1968a. 

-- ,  and D. A. I. GORING: The distribution of lignin in birch wood, as determined by ultra- 
violet microscopy. Post-Grad. l~es. l~ep. No. 13, Pulp and Paper Res. Inst. Can. 1968b. 

-- ,  A. R. PROCTER, J. A. N. SCOTT, and D. A. I. GOlClNG: The distribution of lignin in 
sprucewood as determined by ultraviolet microscopy. Wood Sci. Technol. 8 (1969) 
117--138. 



Distribution of Lignin in Normal and Tension Wood 231 

J~ZME, G. : D-ber die Bedeutmlg des Zugholzanteils in PappelhSlzern. Holz Roh- Werkstoff 9 
(1951) 173--175. 

-- ,  and D. F]~NG~I~: 13eitrag zur Kenntnis  des Feinbaus der Frtihholztracheiden. 13eobach- 
tungen an Ul t radt innschni t ten  yon Fichtenholz. Holz Roh-Werkstoff 19 (1961a) 50--55. 

-- ,  and  - - :  13eobaehtungen an  Ul t radi innschni t tcn yon delignifizierten Holz und  Lignin- 
gertisten. Holzforsch. 15 (1961b) 97--102. 

-- ,  and  M. HARDERS-STEINH:&USER: ~-ber die chemisehe Zusammensetzung des Zugholzes 
in einem Pappelho]z. Papier  4 (1950) 104--113. 

-- ,  and - - :  Zugholz und seine Auswirkungen in Pappel- und  Weidenholz. Holzforsch. 7 
(1953) 39--43. 

LANG]~, P. W. : The distr ibution of lignin in the cell wall of normal  and reaction wood from 
spruce and  a few hardwoods. Svensk Papperst idn.  ~7 (1954) 525--532. 

MARK, R. E. : Cell Wall Mechanics of Tracheids. New Haven  and London 1967 : Yale Univ. 
Press. 

RIOTER, G. J . :  The distr ibution of lignin in wood. Ind. Eng. Chem. 17 (1925) 1194--1197. 
SACHS, I. B. : Evidence of lignin in the  ter t iary  wall of certain woods. In :  W. A. C6Ts JR. 

(Ed.): Cellular Ul t ras t ructure  of Woody Plants.  Syracuse 1965: Syracuse Univ.  Press 
335--339. 

-- ,  I. T. CLARK, and J.  C. PEw:  Invest igat ion of lignin distr ibution in the  cell wall of certain 
woods. J.  Polymer Sci. C 2 (1963) 203--212. 

SCOTT, J.  A. N., A. R. PROCT~I~, 13. J.  FmaGus, and  D. A. I. GORING." The application of 
ul traviolet  microscopy to the  distribution of lignin in wood: Description and val idi ty of 
the  technique. Wood Sci. Technol. II (1969) 73 92. 

SCURFI:ELD, G.: The nature  of reaction wood. IX.  Anomalous cases of reaction anatomy.  
Austral ian J.  Botany,  12 (1964) 173--184. 

--  : The ul t ras t rueture  of reaction wood differentiation. Ho]zforsch. 21 (1967) 6--13. 
- - ,  and  A. 13. WARDROP : The nature  of reaction wood. VI. The reaction ana tomy of seedlings 

of woody perennials. Austral ian J.  Botany,  2 (1962) 93--105. 
- - ,  and --  : The nature  of reaction wood VII.  Lignification of reaction wood. Austral ian J.  

Botany l l  (1963) 107--116. 
TIMELL, T. E." The chemical composition of tension wood. Svensk Papperst idn.  72 (1969) 

173--181. 
WARDROP, A. 13., and H. E. DADSW]ELL: The nature  of reaction wood. Austral ian J .  Sci. 

Res. 13 1 (1948) 3--16.  
, , The nature  of reaction wood IV. Variations in cell wall organization of tension wood 

fibres. Austral ian J.  13otany, 2 (1955) 177--189. 

(Received March 6, 1969) 

A. L. t~. 13ENTUM, Forest  Products Research Inst i tu te ,  
Universi ty  of Science and  Technology, Universi ty P.O. Box 63, Kumasi,  Ghana. 

W. A. C(3Ts JR. and A. C. DAY, State Universi ty College of Forestry,  
Syracuse, New York 13210, U.S.A. 

T. E. TIMELL, Laborator ium fiir Elektronenmikroskopie, 
Ins t i tu t  fiir allgemeine 13otanik, Eidgen6ssische Technische Hochschule, 

8006 Zfirich, Universit~tsstral3e 2, Schweiz. 


