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A. Gravity-Height-Lignin Rela t ions  i n  t he  P lan t  Body 

1. S tud ie s  w i th  cucumber. 

The c u l t u r e  of cucumber seedl ings  from seed under experimental 

hypo-gravity and hypergravi ty  f o r  t h ree  weeks r e s u l t s  i n  a  d i . s t i nc t ive  

o v e r a l l  p a t t e r n  of l i g n i f i c a t i o n  i n  t he  juven i l e  stem -- t he  hypocotyl 

( f i g .  1). From t h e  c l i n o s t a t  t o  normal g, l i g n i n  content  i nc reases  

ca. 2-fold, a l though seedling he igh t  i nc reases  by ca. 10%. The former 

i s  s t a t i s t i c a l l y  s i g n i f i c a n t ;  t h e  l a t t e r  i s  not. When g i s  increased  

i n  t h e  cen t r i fuge ,  he ight  was reduced from a c o n t r o l  l e v e l  of ca. 15 cm 

t o  ca. 13.5 cm a t  25 g (ca.  8% reduct ion)  and ca. 12 cm a t  50 g (ca.  20% 

reduct ion) .  Seedl ings  a t  100 g were not  shortened, bu t  they  were 

seve re ly  tw i s t ed  and could not be accu ra t e ly  measured. Over t he  

c e n t r i f u g e  range, l i g n i n  inc reases  wi th  g. 

L i g n i f i c a t i o n  i s  obviously more s e n s i t i v e  t o  r e g u l a r  v a r i a t i o n  i n  

g than  i s  growth. I f  they a r e  compared normal-izing each parameter a t  

t he  "0" g c l i n o s t a t  l e v e l  we have 

g Axis he igh t  (cm) Re la t ive  Lignin Content 

'to" 100 100 

I 90 220 

2 5 82 37 1 

50 7 2  507 

The r e l a t i o n ,  a l though r e f l e c t i n g  oppos i te  t rends,  can hard ly  be 

considered a s  r e c i p r o c a l  i n  a formal sense. It i s  gene ra l ly  bel ieved 

t h a t  ex tens ive  l i g n i f i c a t i o n  i s  assoc ia ted  wi th  c e l l  senescence, although 

f u n c t i o n a l l y  i t  may a l s o  be considered pa r t  of t i s s u e  d i f f e r e n t i a t i o n  

i n  t he  vascu la r  p lan t .  The onset  of l i g n i f i c a t i o n  from t h i s  viewpoint 



i .  1. L i g n i n  c o n t e n t  o f  t h r e e  week o i d  cucuniber  I- iypocotyl  a s  

a f u n c t i o n  oL cxper imcnLaL g r n v i L y  . 



Fig .  2. One experimental  c l i t ios  t a t  constsnt humidicy chamber 

under examination. Uni t s  i n  f oregrcruiid are  r ocarvcs w i  Lh motors 

o u t s i d e  chamber t o  reduce HEAT Ic,ad, Othezs & r e  s~atic centrals, 



should te rmina te  a c t i v e  growth, or  be a t  l e a s t  c o r r e l a t e d  wi th  

terminat ion.  t?h i le  t h i s  gene ra l  concept may be c o r r e c t  i n  woody t i s s u e s ,  

i t  obviously does not o b t a i n  here, using a  herbaceous seedl ing,  and 

under t h e  experimental  condi t ions  applied. 

Thus, w i t h i n  l i m i t s ,  i t  i s  poss ib le  t o  show by s imulated 

g r a v i t a t i o n a l  condi t ions ,  an "uncoupling" of l i g n i n  from growth. 

E a r l i e r  f l o t a t i o n  s t u d i e s  a l s o  show no r e c i p r o c i t y  between l i g n i n  

and growth. Indeed, i n  some experiments, growth of t h e  seed l ing  and 

l i g n i f i c a t i o n  were both reduced, although not  i n  proport ion.  

When we cons ider  t h e  s i z e - l i g n i n  r e l a t i o n  i n  na tu re  (below), wi th  

i t s  s t rong  p o s i t i v e  c o r r e l a t i o n  between l i g n i n  content  and he ight  of 

axis ,  an i n t e r e s t i n g  paradox r e s u l t s :  

I f  t h e  concept of l i g n i f i c a t i o n  (concomitant of senescence) a s  an  

"antigrowth" process  i s  correct: then  what of  t h e  premise t h a t  a b i l i t y  

t o  l i g n i f y  suppor ts  a e r i a l  ex tens ion  i n  evolu t ion?  Is, then, t h e  

growth-l ignin r e l a t i o n  "ontogenetic" (developmental) terms opposed 

t o  t h e  phylogenetic (evolu t ionary)  pa t te rn .  This  problem w i l l  be 

given f u r t h e r  cons ide ra t ion  below, 

I n  a d d i t i o n  t o  r e l a t i o n a l  grav i -s imula t ion  and f l o t a t i o n  procedures 

descr ibed  i n  e a r l i e r  r epo r t s ,  s e v e r a l  experiments have been addressed 

toward o the r  suppor t ive  media ( f i g .  3) and combinations of viscous 

media and r o t a t i o n  ( f i g .  4). 



Fig .  3. Extreme example of buoyant medium t e s t e d  f o r  i t s  e f f e c t s  

on o r i e n t a t i o n .  Seen h e r e  a r e  r y e  s eed l ings ,  bu t  cucumber and r a d i s h  

can a l s o  b e  grown. Such media must remain t e n t a t i v e  u n t i l  t o x i c i t y  

has  been eva lua ted .  



F i g .  4 .  R o t a t o r  modi f i ed  by a t t a c h e d  v e r t i c a l  v o l u m e t r i c  f l a s k s ,  

each f i l l e d  w i t h  agar  o r  o t h e r  suspending media t o  t e s t  medium-rotation 

i n t e r a c t i o n s .  



Even exot ic ,  high "buoyancy" media such a s  mercury were t r i e d  a s  

supports ,  and cucumber a s  w e l l  a s  o the r  spec ies  showed l i t t l e  evidence 

of Hg t o x i c i t y  from such in t ima te  contac t .  

Low concent ra t ions  of pect in ,  agar, and polyvinyl  a lcohol  have a l l  

been examined a s  semi- f lu id  supports .  These experiments a r e  s t i l l  i n  

progress,  but  they  have shown s e v e r a l  promising - and puzzl ing - r e s u l t s .  

F i r s t  was t h e  unexpected adverse e f f e c t  of pec t in .  A t  a l l  concent ra t ions  

t e s t e d  down t o  0.5% (ca. ~ o - ~ M ) ,  cucumber seeds f a i l e d  completely t o  

germinate. Other observa t ions  suggest  unexpected phys io logica l  e f f e c t s  

of o t h e r  polymers i n  water  a t  concent ra t ions  h igh  enough t o  a f f e c t  

apparent  buoyancy of the  seeds. Some of these  e f f e c t s  a r e  indeed 

sugges t ive  of a  l o s s  of geo t rop ic  s e n s i t i v i t y .  L i g n i f i c a t i o n  has not  y e t  

been examined i n  any of t h e s e  media pending f u r t h e r  examination t o  

e l i m i n a t e  poss ib l e  complicat ing t o x i c  response. I n  p r inc ip l e ,  however, 

a  suppor t ive  medium supe r io r  t o  water  should be a  decided a s s e t  and 

t h i s  avenue w i l l  be kept open. When agar  (0.25%) or  polyvinyl  a lcohol  

(3%) were used a s  suspending media h a l f - f i l l i n g  volumetr ic  f l a s k s  

a f f i x e d  v e r t i c a l l y  t o  t h e  r o t a t o r ,  a f t e r  7 days, seedl ings  i n  agar 

exh ib i t ed  "confusion" i n  r o o t  d i r e c t i o n  and genera l  development, bu t  

those  supported i n  PVA were most profoundly abnormal i n  o r i e n t a t i o n  

and r e l a t i v e  development (not  s i ze ,  however f i g .  5). 



Fig, 5, Response of craeiiiabclr- Lo c l  i frostat-medium i n t e r a c t i o n ,  

Upper I i n  0,25% agsr  groivzitlr ris rto, inal, but orientation i s  d i s t u r b e d .  

Lower i n  5% p o l y v i n y l  a l ccho l ,  u~ i t l a f i l ched  roars grow w e l l ,  b u t  

hypocoty l e l o n g a t i o n  i s  arrrs :eli 



2. Lignin content  - S i z e  r e l a t i o n s  under n a t u r a l  condi t ions  

The survey o f  s i ze -a s soc i a t ed  t rends  i n  l i g n i n  contents  has now 

been expanded t o  inc lude  over 10 spec ies  and forms examples from smal l  

mosses ( 1  c:a a x i s )  t o  g i a n t  p l a n t a i n  (120 cm f l o r a l  a x i s )  r ep re sen t ing  

over a  one hundred-fold range of l i g n i n  content  ( t a b l e  1) .  

New add i t i ons  inc lude  dwarf p lan ta in ,  Bryum and o the r  small  

mosses, and Equisetum, normal and dwarf ( f i g s ,  6 and 7).  

Upon examination of d a t a  gathered s o  f a r ,  a  r e l a t i o n s h i p  i s  

evident  when l i g n i n  content  i s  p l o t t e d  on a  logar i thmic  s c a l e  aga ins t  

a x i a l  he igh t  ( f i g ,  8). The p a t t e r n  sugges ts  t h a t  each group -- mosses, 

Plantago, Equisetum -- has i t s  own trend,  however t h e  vascu la r  forms 

f a l l  f a i r l y  c l o s e l y  toge ther .  A more accu ra t e  -- and meaningful 

c o r r e l a t i v e  f a c t o r  than  a x i a l  he ight  would be t h e  r a t i o ;  

a x i a l  he igh t / a r ea  a t  midpoint 

This  parameter can be r e l a t e d  t o  pressure  of t h e  p l an t  body upon 

i t s e l f ,  and when p l o t t e d  ( f i g ,  9), regroups t h e  samples i n  a  h ighly  

meaningful manner. 
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Fig .  6.  Equisetum of "normalt' and dwarf s t a t u r e .  Right: 

widespread Equisetum a rvens i s .  Lef t :  Equisetum s p .  c o l l e c t e d  i n  

August 1969 near  Morraine Lake, B r i t i s h  Columbia. Sca le  shown i s  

10 cm. 



F i g .  7. A d j u s t e d  v iews  of normal  and dwarf Equisetum. Upper: 

Dwarf-sca le  d i v i s i o n  e a c h  1 cm; normal - sca le  d i v i s i o n s  each  10 cm. 
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B. Biomechanical Considerat ions 

The p r i n c i p l e  of s i m i l i t u d e  had been admirably appl ied i n  a  few 

c l e a r  i n s t ances  by Lesage, a  ce l eb ra t ed  eighteenth-century physician, 

i n  an  unf in ished  and unpublished work. Lesage argued, f o r  example, t h a t  

t h e  l a r g e r  r a t i o  of s u r f a c e  t o  mass i n  a  smal l  animal would lead  t o  

exces s ive  t r a n s p i r a t i o n ,  were the  s k i n  a s  "porous" a s  our own; and t h a t  

we may thus  account f o r  t h e  hardened o r  thickened sk ins  of i n s e c t s  and 

many o t h e r  sma l l  t e r r e s t r i a l  animals. Again, s i n c e  t h e  weight of a f r u i t  

i nc reases  a s  t h e  cube of i t s  l i n e a r  dimensions, whi le  t he  s t r e n g t h  of 

t h e  s t a l k  i nc reases  a s  t he  square,  it fol lows t h a t  t h e  s t a l k  must needs 

grow out of apparent  due propor t ion  t o  t h e  f r u i t :  or, a l t e r n a t i v e l y ,  

t h a t  t a l l  t r e e s  should not  bear l a r g e  f r u i t  on s l ende r  branches, and 

t h a t  melons and pumpkins must l i e  upon t h e  ground. And y e t  again, t h a t  

i n  quadrupeds a  l a r g e  head must be supported on a  neck which i s  e i t h e r  

exces s ive ly  t h i c k  and s t rong  l i k e  a  b u l l ' s ,  o r  very  s h o r t  l i k e  an 

elephant  ' s.  

But i t  was G a l i l e o  who, wel lnigh t h r e e  hundred years  ago, had f i r s t  

l a i d  down t h i s  gene ra l  p r i n c i p l e  of s i m i l i t u d e ;  and he d id  s o  wi th  t h e  

utmost poss ib l e  c learness ,  and wi th  a  g r e a t  weal th  of i l l u s t r a t i o n  drawn 

from s t r u c t u r e s  l i v i n g  and dead. He s a i d  t h a t  i f  we t r i e d  bui ld ing  

sh ips ,  palaces o r  temples of enormous s i ze ,  yards,  beams and b o l t s  

would cease  t o  hold toge ther ;  nor can Nature grow a  t r e e  nor cons t ruc t  

an  animal beyond a  c e r t a i n  s i ze ,  whi le  r e t a i n i n g  t h e  proport ions and 

employing t h e  m a t e r i a l s  which s u f f i c e  i n  t h e  case  of a  smal le r  s t r u c t u r e .  



The t h i n g  w i l l  f a l l  t o  p ieces  of i t s  own weight un le s s  we e i t h e r  change 

i t s  r e l a t i v e  proport ions,  which w i l l  a t  l ength  cause i t  t o  become 

clumsy, monstrous and i n e f f i c i e n t ,  o r  e l s e  we must f i n d  new mater ia l ,  

harder  and s t ronge r  t han  was used before.  Both processes a r e  f a m i l i a r  

t o  us i n  Nature and i n  A r t ,  and p r a c t i c a l  app l i ca t ions ,  undreamed of 

by Gal i leo ,  meet us  a t  every t u r n  i n  t h i s  modern age of cement and s t e e l .  

Again, a s  Gn l i l eo  was a l s o  c a r e f u l  t o  explain,  besides t h e  ques t ions  

of pure s t r e s s  and s t r a i n ,  o r  t he  s t r e n g t h  of muscles t o  l i f t  an 

inc reas ing  weight o r  of bones t o  r e s i s t  i t s  c rush ing  s t r e s s ,  we have 

the  important ques t ion  of bending moments. This  en t e r s ,  more o r  l e s s ,  

i n t o  our whole range of problems; i t  a f f e c t s  t he  whole form of t h e  

ske le ton ,  and s e t s  a  l i m i t  t o  t h e  he ight  of a  t a l l  t r e e .  

We l e a r n  i n  elementary mechanics t h e  simple case  of two s i m i l a r  

beams, supported a t  both ends and ca r ry ing  no o the r  weight than  t h e i r  

own. Within t h e  l i m i t s  of t h e i r  e l a s t i c i t y  they tend t o  be de f l ec t ed ,  

o r  t o  sag  downwards, i n  propor t ion  t o  t h e  squares  of t h e i r  l i n e a r  

dimensions; i f  a  match-st ick be two inches  long and a  s i m i l a r  beam s i x  

f e e t  ( o r  36 times a s  long),  t h e  l a t t e r  w i l l  sag  under i t s  own weight 

t h i r t e e n  hundred t imes a s  much a s  t he  o the r .  To counterac t  t h i s  

tendency, a s  the  s i z e  of an animal increases ,  t h e  limbs tend t o  become 

t h i c k e r  and s h o r t e r  and t h e  whole s k e l e t o n  b u l k i e r  and heavier ;  bones 

make up some 8  per cent  of t h e  body of mouse o r  wren, 13 o r  14 per  cent  

of goose o r  dog, and 17 o r  18 per cent  of t h e  body of a  man. Elephant 

and hippopotamus have grown clumsy as w e l l  a s  big, and the  e l k  is  of 



n e c e s s i t y  l e s s  g race fu l  than  t h e  gaze l l e .  It i s  of h igh  i n t e r e s t ,  on 

the  o t h e r  hand, t o  observe how l i t t l e  t h e  s k e l e t a l  proport ions d i f f e r  

i n  a  l i t t l e  porpoise and a  g r e a t  whale, even i n  t h e  limbs and limb-bones; 

f o r  t h e  whole in f luence  of g r a v i t y  has become negl ig ib le ,  o r  nea r ly  so, 

i n  both of these. 

I n  t h e  problem of t he  t a l l  t r e e  we have t o  determine t h e  po in t  a t  

which t h e  t r e e  w i l l  beg in  t o  bend under i t s  own weight i f  i t  be eve r  s o  

l i t t l e  d i sp laced  from the  perpendicular .  I n  such an i n v e s t i g a t i o n  we 

have t o  make c e r t a i n  assumptions--for i n s t ance  t h a t  t h e  t runk  t a p e r s  

uniformly, and t h e  s e c t i o n a l  a r e a  of t h e  branches v a r i e s  according 

t o  some d e f i n i t e  law, o r  (as  Ruskin assumed) tends t o  be cons tan t  i n  any 

h o r i z o n t a l  plane; and t h e  mathematical t rea tment  i s  ap t  t o  be somewhat 

d i f f i c u l t .  But Greenh i l l  showed, on such assumptions a s  t h e  above, 

t h a t  a  c e r t a i n  B r i t i s h  Columbian pine-tree,  of which the  Kew f l a g - s t a f f ,  

which i s  221 f t .  h igh  and 21  inches i n  diameter a t  t he  base, was made, 

could not  possibly,  by theory, have grown t o  more than  about 300 f t .  It 

is  very  cur ious  t h a t  G a l i l e o  had suggested p rec i se ly  t h e  same he igh t  

(ducento b racc i e  a l t a )  a s  t h e  utmost l i m i t  of t he  a l t i t u d e  of a  t r e e .  

I n  genera l ,  a s  Greenh i l l  showed, the  diameter  of a  t a l l  homogeneous 

body must i nc rease  a s  t h e  power 312 of i t s  he ight ,  which accounts f o r  

t h e  s l ende r  proport ions of young t r e e s  compared wi th  t h e  squat  o r  

s tun ted  appearance of o ld  and l a r g e  ones. I n  sho r t ,  a s  Goethe says  

i n  Dichtung t&Wahrheit, "Es i s t  dafffr gesorg t  dass  d i e  B8ume n i c h t  

i n  den Himmel wachsen. " 



But t h e  t a p e r i n g  p ine - t r ee  i s  but a  s p e c i a l  case of a  wider problem. 

The oak does not grow so  t a l l  a s  the  p ine- t ree ,  but  i t  c a r r i e s  a  

heav ie r  load, and i t s  bo l l ,  broad-based upon i t s  spreading roots ,  shows 

a d i f f e r e n t  contour .  Smeaton took i t  f o r  t h e  p a t t e r n  of h i s  l ighthouse,  

and E i f f e l  b u i l t  h i s  g r e a t  t r e e  of s t e e l ,  a  thousand f e e t  high, t o  a  

s i m i l a r  bu t  a  s t r i c t e r  plan. Here the  p r o f i l e  of tower o r  t r e e  follows, 

o r  tends t o  follow, a  logar i thmic  curve, g iv ing  equal  s t r e n g t h  throughout, 

according t o  a  p r i n c i p l e  which we s h a l l  have occasion t o  d i scuss  l a t e r  

on, when we come t o  t r e a t  of form and mechanical e f f i c i e n c y  i n  t h e  

ske le tons  of animals. I n  t h e  t r ee ,  moreover, anchoring r o o t s  form 

powerful wind-s t ru ts ,  and a r e  most developed oppos i te  t o  t he  d i r e c t i o n  

of t h e  p reva i l i ng  winds; f o r  t h e  l i f e t i m e  of a  t r e e  i s  a f f ec t ed  by t h e  

frequency of storms, and i t s  s t r e n g t h  i s  r e l a t e d  t o  t h e  wind-pressure 

which i t  must needs withstand.  

Thus, D'Arcy Thompson assumed t h a t  a  geometric argument was 

s u f f i c i e n t  t o  e x p l a i n  t h e  upr ight  c h a r a c t e r  of t h e  t a l l  t r e e .  That is, 

t h e  t runk  t a p e r s  a s  one proceeds base t o  apex s o  t h a t  t he  inc rease  i n  

c ros s  s e c t i o n  o f f s e t s  the  load generated by an inc reas ing  weight above. 

S t a t e d  otherwise (remembering t h a t  weight = force ,  and t h a t  fo rce / a rea  = 

pressure) ,  t h e  p re s su re  exer ted  upon t h e  plant a x i s  by i t s  own mass remains 

cons tan t  because diameter  i nc reases  from apex t o  base. Assuming t h e  

ma te r i a l  c o n s t i t u t i o n  of t h e  p lan t  ax i s  remains constant ,  hence i t s  

bulk modulus o r  c rush- res i s tance ,  such a n  argument r ep re sen t s  t h e  only 

reasonable so lu t ion .  Conceivably the  s p e c i f i c  g r a v i t y  of a p l a n t  might 

decrease ac rope ta l ly ,  but  t h i s  i s  not i n  f a c t  t he  case. 



When a semi-woody stem of moderate he igh t  is  examined i n  t he  l i g h t  

of t he  above cons idera t ions ,  a  p l o t  of he igh t  vs. pressure  from t i p  t o  

base r e v e a l s  a  r e g u l a r  r e l a t i o n s h i p  of pronounced sigmoid c h a r a c t e r  

( f i g .  10). While examination sugges ts  an exponent ia l  or  logar i thmic  

r e l a t i onsh ip ,  t h e  form of t h e  logar i thmic  s p i r a l  r = eao o r  logr = ao 

suggested by Thompson does not i n  f a c t  f i t .  When t h i s  f i g u r e  i s  

r o t a t e d  90°, i t s  na tu re  i s  more obviously t h a t  of a  growth o r  p r o b a b i l i t y  

curve, poss ib ly  of t h e  form y = Ke -x2 
7- 

where y = pressure  and X = stem length. 

When seen  g r a p h i c a l l y  i n  a semi-logari thmic p lo t ,  t he  s p i r a l  r e t a i n s  

i t s  c u r v i l i n e a r i t y  t o  a  high degree, whereas t h e  p l o t  of log y vs x2 i s  

l a r g e l y  r e c t i l i n e a r  ( f i g  l l ) ,  and the  bes t  f i t  y e t  obtained. 

Disregarding stem length, a  comparison of c a l c u l a t e d  pressures  wi th  

analyzed l i g n i n  contents ,  revealed a  d e f i n i t e ,  l i n e a r  regress ion .  Thus 

log y a - ~ 2  app l i e s  t o  l i g n i n  content  a s  w e l l  a s  pressure  c o r r e l a t i o n .  

Lignin content  is  thus  an  a l t e r n a t e  v a ~ i a b l e  t o  c ros s - sec t iona l  a r ea  

a s  a  means f o r  dea l ing  wi th  t h e  upr ight  p l an t  ax i s ,  and one t h a t  D'Arcy 

Thompson f a i l e d  t o  recognize,  

The r o l e  of l i g n i n  i n  compressive s t r e n g t h  of t h e  ax i s  (bulk  modulus 

B = F / ~ .  l / l o )  i s  shown by comparing wood a t  ca. 10 Kg/mrn2 wi th  c o t t o n  

f i b r e s  a t  only 5 Kg/mrn2. 

The packing p r o p e r t i e s  of l i g n i n s  w i t h i n  the  c e l l u l o s i c  frame 

obviously c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  bulking c h a r a c t e r i s t i c s  but 

t he  d e t a i l s  of such i n t e r s t i t i a l  re inforcement  of wal l s  warrants  novel 

experimentation. 



LIGNIN CQNTENT- PERCENT OF DRY MHTER 

PRESSURE - DYNES / C M ~  

Fig. 10. Pres su re  lignification diagram for 
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