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PAHT 1 . IMTkODUQTIOM.

In recen t years there  has been a g re a t  rev iva l of 

in te r e s t  among p lan t physio log is ts  throughout the world in  

problems associated, with growth and development in  p la n ts .

Most of th is  recen t work has been ca rr ie d  out with annual specie* 

since i t  i s  genera lly  considered more convenient to work with 

such p lan ts . For th is  reason our knowledge of the physiology 

of growth in  woody species f a l l s  short of th a t  for herbaceous 

p lan ts . There can be no aoubt, of course, th a t  many of the 

r e s u l t s  obtained from the study of herbaceous p lan ts  hold 

also fo r woody species. For example, evidence w ill  be brought 

forward below to support the view th a t  the mechanism of 

photoperioaism is  the same for both woody and herbaceous species 

S im ilarly , i t  has been shovm (Uzaja, 1934) th a t  auxin i s  present 

in  the growing shoots of c e r ta in  woody species, ju s t  as in  

herbaceous p lan ts .

Nevertheless, there  are many fea tu res  of growth pecu liar 

to woody species and not found in  ty p ica l herbaceous p lan ts .

For example, growth of the shoot in herbs i s  normally 

term inated by flower formation, whereas in  most woody species 

the annual cycle of growth in  a high proportion of the growing 

points i s  u lt im a te ly  term inated not by a flower bud, but by a 

vegetative re s t in g  bud. In v es tig a tio n  of fea tu res  of growth
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t r e a t  B r i ta in  are (1) temperature; (2) l i g h t  in te n s i ty ;

(3) leng th  of day.

The probable importance of temperature and l ig h t  

in te n s i ty  in  a f fe c t in g  the annual cycle of growth in  woody 

species has long been recognized, and in  the past these, 

toge ther w ith r a in f a l l ,  have genera lly  been considered to be 

the  over-rid ing  fa c to rs .  The discovery, however, th a t  such 

processes as the duration of extension growth and time of le a f-  

f a l l  in  woody species may be a ffec ted  by leng th  of day under 

experimental conditions (tamer ana Allard, 1923) ra is e s  the 

question as to how fa r  th is  fac to r  i s  important in  a f fe c t in g  

the annual rhythm of growth in  nature . Very l i t t l e  d e f in i te  

information on th i s  sub ject i s  ava ilab le  a t  p resen t, and i t  

was th e re fo re  decided to carry  out an in tensive  study o f the 

annual cycle of several growth processes in  a sing le  species, 

with specia l reference to the ro le  o f photoperiodic e f fec ts  in  

the annual cycle of grov/th. For th is  purpose the species,

Pinus s v lv e s t r i s  n , appeared to have several advantages, v iz . ;

(1) Various o ther species of the genus Pinus were already

known to show msjrked photoperiodic e f fe c ts  (Bogdanov, 1931,

Kramer, 1936, J e s te r  à Kramer, 1939), and there  were 

grounds for expecting th a t  P. s v lv e s tr is  would also prove 

to be 'pho toperiod ic ' (Sylven, 1942).

(2) I t  i s  a species which i s  indigenous to t r e a t  B rita in  ( a t

le a s t  in  the North, and is  n a tu ra lise d  in  southern England).

- 3 -



Hence observations with respec t to the annual cycle of 

growth under na tu ra l c lim atic  conditions could be regarded 

as 'normal' for th is  species.

An in tensive  study of the annual cycle of growth, in  the 

l ig h t  of more recen t advances in  the physiology of development, 

does not appear to have been made previously for a wooay species, 

although i t  has been none for various herbaceous p lan ts , 

including the onion (e .g .  Heath, 194b) and. ce r ta in  cerea ls  

(e .g .  Purvis and Gregory, 1937).

Before the experimental work i s  described, a b r ie f  

account of the normal cycle of growth in  Pinus s v lv e s tr i s  w ill 

be given, since a knowledge of th i s  is  e s se n tia l  before an 

attempt i s  made to discover the fac to rs  which determine i t .



PAHT I I .  THE NOaiAn ÜYGlE ÜF GHÜVTH IN PINUS SYlYESTRIS.

Although pinus s v lv e s t r i s  i s  commonly used as a 'ty p e ' 

species fo r  the  teaching  of elementary botany, th e re  i s  very 

l i t t l e  accura te  ana a e ta i l e a  inform ation as to i t s  various phases 

o f growth, e i th e r  in  textbooks or elsewhere. The following 

account i s  based upon the  personal observations of the  w rite r  

over a period  of th ree  years on experimental p la n ts  grown in  

pots  and on t r e e s  of a l l  ages growlig under n a tu ra l is e d  

conditions a t  Oxshott Heath, Surrey, which was v is i t e d  on 

numerous occasions throughout th i s  period . Ifhere the 

observations of o ther a u th o r i t ie s  are drawn upon, th i s  i s  

duly ind ica ted .

1. Germination of the seed.

The r ip e  seed i s  normally shed from mature cones during 

dry, f ine  weather in  ea rly  spring , u su a lly  in  karcH (Groom, 19U7). 

In fo re s try  p ra c t ic e  the cones are  normally c o l ie c te a  in  w inter, 

and s to red  in  a warm, ary p lace, which brings about opening of 

the cone sca les  ana re le a se s  the seed., such seed i s  normally 

SOTO the same spring, without any p r io r  ' s t r a t i f i c a t i o n '  and 

normally about 90% of the  seed germ inates.

Emergence of the  seed ling  occurs in  l a te  A pril, or ea rly  

liay, and. i s  'e p i g e a l ' ,  the  t e s t a  being c a rr ie d  up on the t ip s  
of the cotyledons.

2. F irs t-vea.r  seed li ngs.

Ihe emergence of the  cotyledons, of which the re  are 
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4 - 9 ,  is  followed by the production of l in e a r  ' ju v e n ile ' 

leaves, of the type well Known in  con ife rs  ( (Jhemberlain, 193b). 

The i n i t i a l  period  of l e a f - formation i s  not a,t f i r s t  accompanied 

by any elongation of the in ternodes, so th a t  a " ro se t te "  stage 

i s  formed. This l a s t s  fo r about s ix  weeks, a f t e r  which 

extension of the in ternoaes commences between the leaves a t  

the  ba.se of the  ro s e t te .  From then onwards, th e re  i s  a 

continuous extension of successive in ternodes between the 

basai leaves of the  ro s e t te ,  and th i s  process keeps pace w ith 

the  continued production of new leaves a t  the  cen tre , so th a t  

a r o s e t te  of leaves continues to e x is t  in  the ap ica l region 

throughout growth. This p a t te rn  of behaviour, in  which a 

ro s e t te  stage precedes the extension of the shoot has also been 

observed by the w r i te r  in  seedlings o f  o ther con ife rs , e .g .

Picea s itch en s is, narix spp. , Oecirus affantica, etc.

Growth of the shoot, with continuous leaf-fo rm ation  and 

in ternode extension, continues u n t i l  l a t e  August or early  

September under favourable conditions, and then ceases with 

the  formation of a term inal res ting -bud  a t  the centre  of the 

ap ica l ro s e t te  of leaves. The ap ica l ro s e t te  remains presen t 

throughout the period of dormancy. The appearance of normal 

f i r s t - y e a r  seedlings i s  shown in Figure 1.

- 6 -



'V

E’ig . 1. Mature f i r s t - y e a r  seed lings. '

In the  development of tne root-system  of f i r s t - y e a r  , • 

seed lings, a long ra d ic le  i s  formed which soon g ives r i s e  to

secondary ro o ts .  These secondary ro o ts  bear f in e  t e r t i a r y  

ro o ts  which p o te n t ia l ly  are  capable of g iv ing  r i s e  to 

mycorrhizal ' s h o r t - ro o ts '  i f  in fe c t io n  occrs . Under favourable 

cond itions, mycorrhizal ro o ts  f i r s t  appear in  Ju ly  or ea rly  

August and continue to increase  in  number throughout the 

autumn.' Growth of primary and secondary ro o ts  a lso  continues 

u n t i l  October or November.

- 7 -



3. GrQgth_Qi..th e  .shoot .in the secona and l a t e r  vaarR.

After the formation of a term inal re s t in g  bua a t  the end 

of thé f i r s t  season 's growth the p lan ts  remain dormant u n t i l  

the following spring. Towards the end of March or early  April 

elongation of the re s t in g  buds may be detected in  young tree s  

(o r some weeks l a t e r  in  older t r e e s ) .  In second-year seedlings, 

however, the i n i t i a l  stages of extension of the new shoots 

cons is t of elongation of the internodes betweeen the juvenile  

leaves forming the  term inal ro se t te  of the f i r s t  y e a r 's  growth.
K •Thus we have the unusual occurrence of a lapse of s ix  months or 

: more between the formation of the leaves and the extension of 

 ̂ the associa ted  in ternodes. lU rther growth of the shoot in  

second year seedlings consis ts  of the extension of the internodes 

between the scale leaves of the resting-bud, the whole process 

occupying a period of 6 - B weeks. When th is  period of 

extension has been completed there  i s  no fu rther  growth by the 

continued a c t iv i ty  of the apical meristem, as in  other species 

e .g . Robinia pseudacacia (Büsgen, 1929). Extension growth of 

the annual shoot in Pinus s v lv e s tr is  therefo re  consis ts  so lely  

of expansion of i n i t i a l s  already l a id  down in  the bud, (Wight, 

1933) and is  completed by the end of May or early  June. Thus, 

a f te r  the f i r s t  year of growth the number of nodes formed by 

the annual shoot i s  predetermined by the number of scale-leaves 

formed in  the term inal re s t in g  bud in  the previous year.

" 8 *"



By.the time th a t  extension o i the  shoot has been 

completed, tne green leaves (borne in  p a irs  on dwarf shoots in  

the a x i ls  of the sca le -leaves)  have a t ta in e d  a leng th  of 

approximately only 1 cm. These leaves grow by means of a basal 

meristem, which remains ac tiv e  long a f t e r  extension o f the  shoot 

has been completed. Toisky (1913) showed th a t  in S.Russia the 

leaves of P. s v lv e s t r i s  continue growth in  leng th  u n t i l  August, 

and the  w r i te r  has found th a t  in  Southern England growth 

continues u n t i l  about the  l a s t  week in  August (see  page 91 below).

4. Growth of buds.

Information on the growth of the re s t in g  buds i s  very 

s l ig h t  and the  following observations of the  w r i te r  are only of
t

a prelim inary na tu re . According to l i g h t  ( i933), by November 

th e re  i s  v i s ib le  w ith in  the  obvious re s t in g  bud of P. s v lv e s t r i s  

a minute rudimentary re s t in g  bud of the  next season. While 

c e r ta in  evidence described below tends to confirm th i s  

observation, i f  purely  vegeta tive  buds of young t r e e s  are 

d issec ted  in  w inter, a continuous s e r ie s  of sea le -leav es  may be 

found, r ig h t  to the  minute rudimentary sca les  of the apex i t s e l f .  

Because of th i s  co n tin u ity  in  the s e r ie s  i t  becomes impossible 

to draw any v is ib le  d is t in c t io n  between the  sca les  which w ill  

form the term inal nodes of the next season 's  shoot ana those 

which w ill  form the lowermost sca les  of next season 's  re s t in g  

buds. IXiring the elongation o f the  young shoot in  the spring, 

however, the l im its  of the new re s t in g  bud soon become

- 9 -



recognizab le , fo r  the  pa ired  leaves of the  dwarf-shoots grow

out of the  a x i ls  of tne  sca le - leav es  a t  an ea r ly  stage except

a t  the  extreme apex; i t  i s  l a t e r  seen th a t  the  in ternodes of

th i s  l a t t e r  region do not extend and th a t  the  ap ica l sca le s  are

the  lowermost of those of the  new buds.

Hegular in sp ec tio n  o f th i s  new term inal bud from June

onwards shows a slow in c re ase  in  s iz e  fo r  severa l months. The

gradual in c rease  in  the  s iz e  of the  buds i s  shown in  Figure 2,

which g ives the  mean len g th  o f the  te rm inal buds of second year 
seed lings grown in  the  open ground, the  da ta  being obta ined by

tak in g  samples from about 30 p la n ts  on th e  successive  d a tes .

Û 4

15/9 23/9

Fig. 2. Grrowth in  len g th  of te rm inal buds.

D issection  of the  buds a t  successive in te rv a ls  shows 

th a t  the  growth c o n s is ts  not only of an inc rease  in  s ize  of the 

dwarf-shoot rudiments in  the  a x i l s  of the sc a le s ,  but a lso  of 

the  continued formation and growth of new sca le s  and dwarf-shoot 

i n i t i a l s .  E longation of the  buds continues even a f t e r  le a f -  

growth has ceased, but by the  end of September appears



p r a c t i c a l ly  to have ceased. I f  the te rm inal buds of female-cone- 

bearing  branches are d issec ted , i t  i s  fo u n ^ h a t  the rudimentary 

female cones of the  following spring  ere j u s t  a is c e rn ib le  ea rly  

in  September, how i t  i s  well Known th a t  the female cones are  

borne a t  the  extreme apex of the  annual shoot, so th a t  in  buds 

of t h i s  type, th e re  can be no fu r th e r  foiwiation of new i n i t i a l s  

once the  female cone i n i t i a l s  have been formed a t  the  beginning 

of September.

5. Hoot-growth.
No systema.tic study of extension growth in  the  ro o ts  of

Pinus s v lv e s t r i s  i s  known to the au thor, but according to Wight 

(1933) "the ro o ts  of P. s v lv e s t r i s  show two periods of growth 

in  leng th . The f i r s t  i s  e a r ly  in  the season (hay-June) and the 

l a t t e r  a t  the  end of August and the beginning of September. In

the  former period  the  proauction  of f ib rous  ro o ts  seems to 

predominate, though th e re  i s  also  some growth in len g th  of the 

s to u t  ro o t le a d e rs .  These grow in  leng th  most v igorously  during 

the l a t e r  period  of growth." These conclusions were apparently  

based upon observations o f a " q u a l i ta t iv e "  na tu re  made upon the 

ro o ts  of t r e e s  growing under n a tu ra l  cond itions . Under such 

cond itions, however, the  genera l p ic tu re  i s  complicated by 

v a r ia t io n s  in  s o i l—water con ten t. Observations of a p re1imi nary 

na tu re  on root-grow th  were c a r r ie d  out by the  w r i te r  on p la n ts  

growing under both  c u l tu re  ana f i e l d  cond itions . As Brown (1915)

- 11 -



has po in ted  out, in  c o n ife rs ,  w ith in  a space o f 1 cm. of the 

ro o t t i p  a brown co lou ra tion  appears, "so th a t  new growth can 

be d e tec ted  w ithout any a i f f i c u l t y .  Furthermore, a f t e r  

cessa tion  of growth in  the  autumn, th i s  brown mantle approaches 

n ea re r  the  r o o t - t ip ,  so near, in  f a c t ,  th a t  one can be 

reasonably sure as to the presence of new growth".

Observations on root-grow th  were c a r r ie d  out in  1948 by 

t ra n s p la n t in g  th i rd -y e a r  seed lings  from pots to ' root-observation 

b o x es ',  provided w ith  s lop ing  g la s s - s id e s .  These boxes were 

12 inches in  len g th  and depth and 10 inches in  width a t  the  top. 

The g la s s  was normally Kept covered by means of metal sheets  

which could be f i t t e d  on the ou ts id e  end removed as necessary 

fo r  observation . The p la n ts  were t r a n s fe r r e d  to the  boxes in  

A pril, and a t  t h i s  date i t  could be seen th a t  a small amount of 

new growth had been made by a few ro o ts .  The "ba ll"  o f ro o ts ,  

as removed from the pot, was kept i n t a c t  and placed in the  s o i l  

in  the  box:es so th a t  i t  r e s te d  ag a in s t the  g la ss  on one s ide . 

Since the old  b a l l  of ro o ts  was s t i l l  c le a r ly  d is t in g u ish a b le ,  

any new growth in to  the  surrounding s o i l  could also be c le a r ly  

seen. (F igure 3). Four 'p o t s '  of p la n ts  were t r a n s fe r r e d  to 

each box, of which th e re  were s ix  in  a l l .  Observations were 

made a t  frequent in te r v a ls  throughout the  growing season u n t i l  

the  end o f October. Under these  conditions i t  was found th a t  

very l i t t l e  root-grow th occurred during April and the f i r s t  two 

weeks of la y ,  when shoot growth was tak ing  p lace . A few new

-  12 -



ro o ts  were formed by somie of the groups of p la n ts ,  bu t in  many 

cases new root-grow th  was e n t i r e ly  absen t. Ih r in g  the  second 

h a lf  of May, however, as shoot growth was te rm inating , roo t 

a c t iv i ty  became very genera l in  a l l  groups o f p la n ts .  This 

a c t iv i t y  involved the formation o f long secondary ro o ts  from 

which f in e r  branches bearing  m ycorrhizal shoo t-roo ts  arose , 

and was m aintained, w ithout any observable s lack en in g ^u n til  

well in to  October.

F ig .3. R oot-observation box.

An e n t i r e ly  comparable p ic tu re  was obta ined  by in sp ec tin g  

the  ro o t a c t iv i ty  o f pot-grown p la n ts  throughout the  same period. 

An attem pt was made in  194b to  ob ta in  qw .antitative data

~ 13 -



on the  normal growth of the  ro o ts  by digging up a t  2 -weekly 

in te rv a ls  second-year seed lings  growing in  the  open ground in  

the  n u rse r ie s  of the F ores try  Commission a t  Wareham, Dorset. 

U nfortunate ly  the  p e n e tra t io n  of the  ro o ts  in to  a hard 'pan ' from 

which they could not be removed in t a c t  made i t  im possible to 

carry  out the o r ig in a l  in te n t io n  o f ob ta in ing  q u a n t i ta t iv e  da ta  

on the  amount of root-grow th, but s u f f ic ie n t  ro o ts  were 

ex tra c te d  to confirm f u l ly  the ' q u a l i t a t iv e '  r e s u l t s  obtained 

from the  observation  boxes, v iz . th a t  th e re  i s  l im ite d  roo t 

a c t iv i ty  u n t i l  ex tension  of the  shoot has ceaned, a f t e r  which 

root-grow th occurs a c t iv e ly  u n t i l  the  autumn.

F in a l ly ,  observations were c a r r ie d  out a t  re g u la r  

in te rv a ls  on the  ro o ts  of mature t r e e s  growing a t  Uxshott,

Surrey, by excavating to a depth o f severa l inches, and t ra c in g  

the  ro o ts  to t h e i r  ap ices, which ?/ere then examined fo r evidence 

o f recen t new growth. In  s e le c t in g  s i t e s  for excavation of the 

ro o ts ,  as f a r  as p o ss ib le  p o s i t io n s  where the s o i l  was moist 

were chosen. On 25th April the  long ro o ts  showed 3-4 cms. of 

new growth and new sh o rt (m ycorrhizal) ro o ts  were p resen t.

From ea r ly  May u n t i l  mid-June, however, th e re  was very l i t t l e  

t r a c e  of roo t a c t iv i t y .  From 29th June u n t i l  the autumn roo t 

a c t iv i ty  remained continuous in  s i tu a t io n s  where the  s o i l  
was moist.

Ihus although Wight' s observations th a t  root-grow th

- -



becomes markedly a c t iv e  in  l a t e  May and June i s  confirmed, 

under conditions of a r t i f i c i a l  c u l tu re  no evidence could be 

ob ta ined  of any reduc tion  in  a c t iv i ty  u n t i l  the  ena of the  

autumn. I t  seems very probable th a t  the  apparent rhythmic 

a c t iv i ty  observed by Wight was due to v a r ia t io n  in  soi l - water 

content.

No evidence was found in  second year seed lings of the 

d i f f e r e n t i a t io n  observed by Wight between the  r e l a t iv e  a c t iv i ty  

of " f ib rous  roo ts"  (by which i s  presumably meant l a t e r a l  roo ts  

of h igher orders) and "roo t le ad e rs" ,  a t  d i f f e r e n t  times of the 

growing season.

Occasional signs of ro o t a c t iv i t y  may sometimes be 

de tec ted  in  pot p la n ts  o f p. s v iv e s t r i s  during the v/inter, but 

such a c t iv i ty  i s  g e n e ra l ly  only s l ig h t .  Moreover, in  p la n ts  

kept under favourable temperature conditions in  a greenhouse 

throughout the  w inter the  ro o ts  as well as the  shoots remain 

completely dormant. Under n a tu ra l  tem perature cond itions , 

frequent signs of renewed roo t a c t iv i ty  are  g en e ra l ly  evident in 

March, before  any ex te rn a l signs of shoot growth are  apparent.

As already described , however, roo t-grow th  does not become fu l ly  

a c t iv e  u n t i l  the  end of M̂ay or ea r ly  June, when th e  new shoots 

have appeared.

6. Cambial a c t iv i ty .

The annual cycle of cambial a c t iv i t y  in  Pinus s v lv e s t r i s
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was followed in  d e ta i l  by Wight fo r  both  shoot and ro o t .  

Commencement of cambial a c t iv i ty  in  the  spring , both in  th e  

trunk and in  the  buds, preceaes the  breaking of the buds. The 

most vigorous growth in  th e  trunk occurs from May to ea rly  

Ju ly . A fter t h i s ,  slow but continuous cambial a c t iv i t y  

continues u n t i l  the  beginning of October.

Cambial a c t iv i t y  in  the  ro o ts  s t a r t s  some weeks l a t e r  

than in  the  shoot, and then commences uniform ly along the  len g th  

of the  ro o t.  Cambial a c t iv i ty  in  the  th in n e r  d i s t a l  p a r ts  of 

the  ro o ts  i s  over comparatively ea r ly  and growth ceases f i r s t  

a t  the  ro o t ap ices . In th e  proximal p a r ts  of the ro o ts  

cambial a c t iv i t y  continues almost as long as th a t  in  the  shoot.

The observations of the w r i te r  (page 124) confirm the 

observations of Wight with re sp ec t to th e  dura tion  o f cambial 

a c t iv i t y  in  the  shoot.

7. Summary o f the  annual growth cycle in  P. s v lv e s t r i s .

The annual cycle of growth and development ( a f t e r  the 
f i r s t  y e a r )o u tl in e d  above, i s  summarised in  Table I .

I t  i s  seen th a t  growth of th e  shoot commences with the

onset of more favourable conditions in  the  sp ring . Extension

growth of the shoot ceases in  6-8 weeks, but l e a f  growth

continues fo r much longer by the  a c t iv i ty  of a meristem a t  the

base of each le a f .  Cambial a n t iv i ty  i s  m aintained from spring

u n t i l  well in to  October. (Irowth of the buds continues from

early  June u n t i l  September. Extension growth of the  ro o ts  may
- 16 -



commence ea r ly  in  the spring , but the  period  of g r e a te s t  

a c t iv i t y  commences a t  the end of May or ea r ly  June, and 

continues well in to  the  autumn. Cambial a c t iv i t y  in  the  d i s t a l  

p o rtio n s  of th e  ro o t continues fo r  a l im ited  period  only in  

June and Ju ly .

Table 1 . Annual G-rowth Cycle in  P. s v l v e s t r i s .

Phase of growth. Date of 
commencement.

Date of 
cessa tio n .

Remarks.

Shoot.
Cl) Extension 

growth.
A p r i l /e a r ly

May.
end May/ 

ea r ly  June

Amount of growth 
predetermined by 
number of i n i t i a l s  
in  the bud.

(2) neaf growth. A p r i l /e a r ly
May.

end August

(3) Cambial 
a c t iv i ty .

A p r i l /e a r ly
May.

October.

(4) Bud growth. June. September.
Root.

(1) Extension 
growth.

March. Oct/Nov. G rea tes t a c t iv i ty  
commences in  
May/June.

(2) Cambial 
a c t iv i t y .

June. Ju ly . Applicable to distal 
ro o ts .  Proximal 
p a r ts  o f  ro o ts  as 
fo r shoot.

These observations agree c lo se ly  with those made by 

Brown (1915) and Kienholz (1934) on Pinus strobus and 

P. re s in o sa . in  N. America, except th a t  in  these  l a t t e r  species  

extension growth of the  shoot continues somewhat longer ( u n t i l

e a r ly  August) than in  P. s v lv e s t r i s .
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I I I .  PHüTOPjMÛDISM in pinus SYnVESTRlS.

A. INTPÜ1UGTIÜN.

1. General aspects  of photoperiodism in  Woodv Species.

The ex istence  of a capacity  fo r photoperiodic  response 

in  woody species was f i r s t  shown by Garner and A lla rd  fo r  

jdriodendron t u l i p i f e r a  and Acer negundo in  1923. Since th a t  

date a number of o ther in s tances  of photoperiodism in  woody 

species have been reported . This work has re c e n t ly  been reviewed 

by the w r i te r  (Wareing, 1949) and only the  main r e s u l t s  need 

be summarised here. A ltogether some 5U species in  30 d i f f e re n t  

genera have so f a r  been in v e s t ig a te d  (Appendix 1) and these  

have a l l ,  w ithout exception, been found to  e x h ib it  some form 

of photoperiodic response, although not a l l  the  various types 

of response are  shown by every spec ies . In genera l, however, 

i t  may be sa id  th a t  sho rt photoperiods (o f  th e  order of 10 hours 

duration) hasten  the onset of dormancy in  seed lings of a l l  

species so fa r  in v e s t ig a te d , w ith one exception ( Ouercus a lba  

(Kramer, 1935)). The "onset of dormancy" is  here taken to 

include the  cessa tio n  of extension growth, w ith  or w ithout the 

formation of a term inal r e s t in g  bud (accoraing  to the normal 

behaviour of the species in  question) and followed by le a f  f a l l  

in  deciduous species.

With longer photoperiods the  onset o f  dormancy i s  

delayed and in  some species e .g . Robi n i a ps eudacacia .
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i.iriodendron t u l i p i f e r a . pinus taeda  (Kramer, 1936), th e re  i s  

a c e r ta in  c r i t i c a l  leng th  of photoperiod above which growth 

may be m aintained continuously  fo r a t  l e a s t  18 months. In 

o ther spec ies , however, e .g . Praxinus am ericana, Ouercus 

b o re a l is  (Kramer, 1936) and Acer pseudoplatanus (w r i te r ,  

unpublished), th e re  appears to be no ' c r i t i c a l  photoperiod ' 

above which growth may be m aintained in d e f in i te ly ,  and in  such 

species  dormancy i s  not appreciab ly  aelayeü even under 

continuous l i g h t ,  as compared w ith ' long d ay s ',  a lthougn sh o rt

days b rin g  hastened  dormancy.

In a t h i r d  type of response i t  i s  found th a t  when 

seed lings  are  grovm under a s e r ie s  of d i f f e r e n t  photoperiods, 

w ith  in c re as in g  day-leng th  th e re  i s  a c e r ta in  optimum photo

period  fo r ex tension  of the shoot, and a t  day-lengths both  

below and above th i s  optimum., growth is  reduced e .g .  Pvrus 

u s s u r i e n s i s . S a lix  babvionica (Mioshkov, 1932).

One of the  c h a r a c te r i s t i c  fe a tu re s  of photoperiodism in  

herbaceous p la n ts  i s  th a t  the e f f e c ts  are  u su a lly  f u l ly  evoked 

by q u ite  low l i g h t  i n t e n s i t i e s ,  so m a t  ' long-day ' e f f e c ts  

r e s u l t  from supplementing a period  of n a tu ra l  d ay ligh t of, say, 

10 hours by a fu r th e r  period  of il lu m in a tio n  a t  10 foo t-  

candles. Indeed, th e re  i s  good evidence th a t  the  ' s a tu r a t io n '  

in te n s i ty  in  some p la n ts  i s  only 1 fo o t-can d le  or le s s  

(Withrow and Benedict, 1936).
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There i s  equally  good evidence th a t  l i g h t  o f very low 

in te n s i ty  ex e r ts  profound photoperiodic  e f f e c t s  in  woody 

species  a lso . Thus Kramer (1937) found th a t  l i g h t  of only 

1 foo t-cand le  in te n s i ty  from s t r e e t - l i g h t s  caused shoots of 

Aheli a  t ra n d if lo r a  to continue growing in  the  autumn a f t e r  

s im ila r  shoots under n a tu ra l  day-lengths had become dormant.

The question  a r i s e s  as to whether seasonal changes in  

len g th  of day have any in fluence  on the du ra tion  of growth of 

woody species  under n a tu ra l  cond itions . The w r i te r  has po in ted

out (Wareing, 1949) th a t  th ree  major ca teg o rie s  may be 

recognized among woody spec ies , according to  the dura tion  of 

th e  growing period  in  r e la t io n  to n a tu ra l  day-length  

cond itions , v iz . :

(1) bpecies in  which growth continues throughout the  summer 

u n t i l  September or October. I t  has been sho'wn th a t  the 

du ra tion  of growth in  c e r ta in  species of th i s  type i s  

u l t im a te ly  c o n tro l le d  by the onset of sh o r te r  days in  the 

autumn e .g . Robinia pseudacac ia . u iriodendron t u l i p i f e ra 

e tc .  and th i s  i s  no doubt t ru e  fo r  many o ther species which 
continue growing l a t e  in  the  season.

(2) Species in  which growth ceases in  June, Ju ly  or ea r ly  

August, before  th e re  has been any app rec iab le  f a l l  in  the 

n a tu ra l  len g th  of day e .g . Acer pseudoplatanus. T i l i a  

europaea. In  such species extension growth occurs under 

e f f e c t iv e ly  constan t day-leng th  co n a itio n s , and ceases when
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a c e r ta in  stage of development hs,s been a t ta in e d ,  of which 

the  number of leaves formed on the  annual shoot may be used as 

an index. I t  i s  ev ident th a t  in  such species  c e ssa t io n  o f  

growth cannot be c o n tro l le d  by any change in  n a tu ra l  day-length  

cond itions.

(3) Species in  which growth o f the  annual shoot i s  r e s t r i c t e d  

to expansion o f i n i t i a l s  a lready  l a id  down in  the  r e s t in g  bud.
I t  i s  c le a r  tha,t in  these  spec ies , a f t e r  the f i r s t  year of 

growth, the  day len g th  cond itions  cannot d i r e c t ly  a f f e c t  the 

d u ra tion  of the  extension  growth, or the  number of leaves 

developed. Many species  of Pinus belong to th i s  category, 

inc lud ing  Pinus s v lv e s t r i s  ( p .8 ) ,  a f t e r  th e  f i r s t  year of 

growth. N evertheless, uhe du ra tion  o f cambial a c t iv i t y  in  

P. s v lv e s t r i s  has been shown to be a f fe c te d  by n a tu ra l  day- 

len g th  changes in  the  autumn (Wareing 1949 b ) .

The time o f l e a f - f a l l ' i n  c e r ta in  species i s  a lso  a f fe c te d  

by day leng th  conditions in  the  autumn and may be in h ib i te d  i f  

the n a tu ra l  day len g th  i s  a r t i f i c i a l l y  lengthened (Garner and 

A lla rd , 1923; Matzke, 1936).

Thus the  ex ten t to which day-leng th  changes may con tro l 

the  grow th-cycle in  woody species  depends upon the  grow th- 

p a t te rn  of the species  in  question , but short-day  e f f e c ts  of 

some t y p e ^ c u r  in  the  autumn in  species  belonging to any of 

the  th ree  ca teg o rie s  described  above.
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2. Photop e r ioaism in the genus P inus.

I’urning to a considera tion  of what i s  knovm regard ing  

photoperiodism in  the genus p inus , we must oraw a d is t in c t io n  

between any e f fe c ts  observed in  f i r s t - y e a r  seedlings when 

extension growth i s  not pre-determined, ana poss ib le  e f fe c ts  

a f te r  the f i r s t  year when growth i s  pre-determined in  many 

of the  species.

Bogdanov (1931) included seedlings of c e r ta in  species^  

of Pinus in  h is  experiments, in  which i t  was found th a t  short 

days hastened dormancy in  a l l  the species s tud ied . Bogdanov 

also found th a t  races of pinus spp. from southern Russia when 

grown in  Leningrad, tended to show two periods of extension 

growth in  a s ing le  season, inst-eaa of the normal sing le  period.

Kramer (1936) found tbau short days hastened dormancy in  

seedlings of P. ta ed a . wnereas under long days ( id  hour photo

periods) or continuous l ig h t  i t  could be maintained in  growth 

throughout the  w inter. (He does not s ta te  whether or not growth 

was continuous throughout th i s  period ,_ but h is  i l l u s t r a t io n s  

s u r e s t  th a t  growth occurred as a succession of " f lu sh es" ) .
J e s te r  and Kramer (1939) in v e s t ig a te d  the e f fe c ts  of (a)

sho rt days (8 t  hours), (b) normal days, (c) long days (15 hours),

S The w r i te r  has been unable to r e f e r  to the  o r ig in a l  paper of 

Bogdanov, whose work i s  known to him only through the  review 

of Gevorkiantz and Roe (1935), and who do not give the species 

a c tu a lly  studied .
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and (d) continuous l ig h t ,  on a number of woody species, 

inc luaing  P. res in o sa . P. banksiana, P. ech ina ta  and P. ca r ib aea . 

I t  was found th a t  ’ short-days ' brought about reduced growth in  

he igh t, whereas 'long-days ' caused increased  height, as compared 

with 'normal days '.  Under continuous l i g h t ,  P. re s in o sa  and 

P. banksiana. remained growing throughout the w inter. No 

in d ic a tio n  was given as to whether d iffe rences  in  height were 

due to d iffe rences  in  number of nodes or length  of in ternode, 

and i t  was not s ta te d  whether the prolonged growth of P. re s in o sa  

and P. banksiana was continuous or occurred as a s e r ie s  of 

" f lu sh e s" .

Thus, although several experiments have previously  been 

c a r r ie d  out w ith various species of P irns , d e ta i le d  accounts of 

the p rec ise  mode of growth under d i f f e re n t  day-lengths exe not 

reported , and no attempt nas been made to determine the e f fe c ts  

of n a tu ra l changes in  day-length in  the nom al cycle of growth.

A fu r th e r  photoperiodic e f fe c t  in  P. taeda was reported  

by P h i l l ip s  (1941) who found th a t  dormant seedlings brought 
in to  the greenhouse in  the  autumn could be induced to break 

dormancy immediately i f  given supplementary lo w -in ten s ity  

il lum ina tion  (w ith  red  l ig h t )  to extend the  n a tu ra l day leng th  

to 18 hours, whereas s im ila r  seedlings kept in  the  greenhouse 

under normal days remained dormant u n t i l  I'ebruary.

Gustafson (1938) found th a t  p la n ts  of P. re s in o sa  which 

had been allowed to remsdn out-of-uoors during the  w inter broke
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dormancy in  the normsJ. way under n a tu ra l  day-length  conditions 

in  the spring, but p lan ts  which had been p ro tec ted  from low 

temperatures during the w inter showed no new shoot growth under 

n a tu ra l spring day leng ths, but did so i f  the  photo-period  was 

increased to 16 hours. From, these observations i t  i s  evident 

th a t  although a period  of low-temperature exposure i s  necessary 

fo r the normal breaking of dormancy in  species of P inus, in the 

absence of such exposure breaking of dormancy may be brought 

about when the photoperiod exceeds ce r ta in  values.

Although photoperiouism iias not prev iously  been 

demonstrated in  P. s v iv e s t r i s . dyiven (1942) iias drawn a t te n t io n  

to the e a r l i e r  work of dchotte  (1900) ana nngier ( l9 i3 ) ,  who 

found th a t  seedlings of s t r a in s  of th i s  species from North 

Sweden showed reduced grovrth and ' s tu n tin g ' when grown a t  more 

southerly  la t i tu d e s .  On the b a s is  of s im ila r  r e s u l t s  obtained 

w ith d if f e re n t  geographical races of Populus trem ula , Sylven 

concluded th a t  the  e f fe c ts  described for P. s v iv e s t r i s  were 

probably photoperiodic e f fe c ts  r e s u l t in g  from d iffe rences  in 

n a tu ra l  length  of day when seedlings were tran sp lan ted  from 

northern to southern la t i tu d e s .

hanglet (1942-3) has shown th a t  day-length i s  probably a 

fac to r  in  determining the age a t  which female reproductive 

organs are f i r s t  i n i t i a t e d  in  P. s v iv e s t r i s . ana th a t  s t r a in s  

from the no rth  of Sweden show acce le ra ted  reproductive
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development when grown in  more eouonerly la t i tu d e s .

The suggestion th a t  p. sv ivest r i s  ex h ib its  photoperiodism 

had thus already been put forward before the p resen t work was 

undertaken, but a c lea r  demonstration and a d e ta i le d  an a ly s is  

were s t i l l  lacking. In these circumstances a thorough study 

of photoperiodic phenomena in  P. sv ives t r i s promised to be of 

considerable in t e r e s t .

3. Scope of the p resent work.

The in v e s t ig a tio n s  were c a r r ie d  out during the years 

1947 to 1949 in c lu s iv e , and included observations on more than 

2,500 ind iv idual experimental p la n ts ,  experimental work with 

th i s  type of p la n t  i s  n e cessa r i ly  somewhat siov;, since the 

growing of a s ing le  batch of f i r s t - y e a r  seedlings occupies a 

whole growing season, while experiments with o lder p la n ts  • 

involves growing them over a period  of 12 months or more 

before such experiments can be commenced, and here again only 

a. s ing le  growth-cycle can be obtained in  any one season.
The work was ca rr ie d  out mainly a t  Bedford College, London, 

but c e r ta in  experiments, which involved the con tro l of day- 

leng th  conditions by hand-opera.tion of l ig h t-p ro o f  covers in 

the early  morning and la te  evening over a period  of several 

months, were more conveniently c a r r ie d  out in  the p r iv a te  

garden of the w rite r ,  in  1947 and 1948 a t  Teddington, Middlesex, 

and in 1949 a t Paynes Park, London.
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Although the  work was a i r e c te a  p r im arily  towaras m e 

e lu c id a t io n  of the  ro le  of photoperiodism in  the  normal cycle 

o f  growth, s ince  so l i t t l e  i s  known regard ing  the  general 

fea tu re s  of photoperiodism in  woody spec ies , the  in v e s t ig a t io n s  

included also  experiments on f i r s t - y e a r  seed lings  designed 

p r im arily  as a c o n tr ib u tio n  towards an understanaing  of the  

mechanism of photoperiodism in  th i s  type of p la n t .

B. kXPHlHIkENTAL.

1. Photoperiodism in  f i r s t - y e a r  seed lings  of Pinus s v i v e s t r i s .

Experiments on f i r s t  year seedxings of Pinus SYivestds 

were c a r r ie d  out in  the  years 1947-1949. As has a lready  been 

po in ted  out, f i r s t - y e a r  seed lings  of P. s v iv e s t r i s  d i f f e r  in  

two im portant re sp e c ts  from o ld e r  p la n ts  o f t h i s  spec ies .

(1) The green leaves are  ' ju v e n i le ' leaves borne on the  main

stem and are determ inate in  growth, as co n tra s ted  v/ith the  
p a ired  needles, .of indeterm inate  growth and borne on ' dwarf 

sh o o ts ' ,  of o lde r p la n ts .

(2) The du ra tio n  of growth of the  shoot in  the  f i r s t  yeax is  

not predeterm ined by the  number of i n i t i a l s  l a id  dovm in  a 

r e s t in g  bud, as in  the o ld e r  s tag es .

In these  two re sp e c ts ,  th e re fo re ,  the  growth of f i r s t -  

year seed lings i s  unique in  the l i f e - ni s to ry  of an in d iv id u a l 

of P. s v iv e s t r i s  and hence any photoperiod ic  e f f e c ts  observed 

in  the seedlings w il l  not n e c e s sa r i ly  be equally  ap p licab le  

to the  l a t e r  s tages . N evertheless, because the  dura tion  of
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growth i s  no t predeterm ined in  f i r s t - y e a r  seed lin g s , they 

provide a convenient m a te r ia l  fo r  the  study of the  e f f e c t  o f 

day-length  on th e  du ra tion  of growth in a woody sp ec ie s , s ince  

r e l a t iv e ly  la rg e  numbers can be grown in  po ts  in  a small area , 

and, as w il l  be shown, they prove to be h ighly  s e n s i t iv e  

m ateri a l .

1 .1 . Kxoeriment 1 .

The f i r s t  experiment, conducted during the  summer of 1947 

a t  Teddington, Middlesex, was designed to  explore as fu l ly  as 

p o ss ib le  the  e f f e c t s  of tv/o d i f f e r e n t  leng ths  of photoperiod 

on various aspects  of growth of th e  ro o t  and shoot in  f i r s t - y e a r  

seed lings of P. s v iv e s t r i s .

Methods. The experim ental p la n ts  were grown in  po ts

contain ing  s o i l  ob ta ined  from Wareham F o res t,  Dorset, to which

had been added 25/o by volume of a compost (known as "G 5/10")

used in  n u rse r ie s  of the F o res try  Commission and con ta in ing  
bracken re fu se , spent hops and d r ied  blood.

The seed was supp lied  by H.M.Forestry Commission and was 

s ta te d  to  be derived  from paren t t r e e s  grown in  F as t Anglia. 

Seven or e ig h t seeds were sown in  each pot on 26th  May 1947. 

Germination followed ra p id ly  ana on 15th June, by which date 

50')b of the  seed lings  had c a s t  the  t e s t a ,  the  ' pho to p e rio a ic ' 

trea tm ent was commenced. F i f ty  po ts  of seed lings  were p laced  

in  each of two l ig h t -p ro o f  boxes cons truc ted  of a wooden 

framev/ork and coverea w ith a p a ten t  ro o f in g -m a te r ia l .  Fach
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box was proviüecl w ith a detachable l i d  which was removed fo r  

a sp e c if ie d  period  each day. One s e r ie s  of p la n ts  was exposed 

from 6 a.m. to 4 p.m. (G .k .T .)*  thus g iv in g  a 10-hour photo

period  ("S.Û." s e r ie s )  and tlie o the r was exposed from 0 a.m. 

to  8 p.m. (G.fc.T.), g iv in g  a 10-hour photoperiod ("n . 1). " s e r i e s ) .  

From 6 th  August the  n a tu ra l  day-leng th  f e l l  below lO hours and 

supplementary i l lu m in a tio n  was provided from a 100-watt e l e c t r i c  

lamp suspended 2 fe e t  above the  p la n ts ,  g iv in g  an in te n s i ty  of 

il lu m in a tio n  a t  the  le v e l  of the p la n ts  o f about 20 fo o t-can d les . 

The v a l id i ty  of t h i s  procedure i s  d iscussed  in  d e ta i l  below.

Samples c o n s is t in g  of the  p la n ts  from f iv e  po ts  were 

taken from each s e r ie s  fo r dry-weight de term ination  a t  in te rv a ls  

of 2 weeks throughout the  growing period . The p la n ts  were 

removed from the p o ts , washed f re e  of s o i l  and k i l l e d  by 

immersing in  b o il in g  90‘/o alcohol** fo r  b-lU minutes. The p la n ts  

were then d ried  in  an oven a t  lüü°C fo r 24 hours. The leng th  

of the  stem between the  cotyledons and the  apex, and the  number 

of leaves 1 cm. or more in  len g th  were determined fo r  each 

p la n t .  (The a r b i t r a r y  s tandard  o f 1 cm fo r  le a f - le n g th  was

X All the  times of day quoted h e re a f te r  r e f e r  to  G.M.T. 

xs The use of b o il in g  alcohol fo r  k i l l i n g  purposes probably 

led  to  some lo ss  of weight due to the  so lu tio n  of r e s in  in  

the a lcoho l, but as a l l  p la n ts  were s im i la r ly  t r e a te d ,  fo r  

comparative purposes th i s  i s  not im portant.
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chosen because i t  included, a l l  mature leaves and excluded only

very young developing le a v e s ) .

h e s u l ts .

Development of snoots. Trie emergence of tne  seed lings  

was followed in  botii s e r ie s  by a period  of growth in  which 

th e re  was a steady production o f leaves , not accompanied a t  

f i r s t  by any d e tec tab le  e longation  of the stem, so th a t  the 

leaves formed a c lose  " ro s e t te " .  This piia.se continued fo r 

approximately 6 weeks from the time of emergence of the 

seed lin g s . There was no s ig n i f ic a n t  d if fe re n c e  in  l e a f  number 

between the  tv/o s e r ie s  during th i s  period , bu t th e re  was a 

n o ticeab le  d if fe ren c e  in  the  leng th  of the  leaves , those of 

the  Ù.D. p la n ts  being markedly sh o r te r  tiian those o f - th e  n.D. 

s e r ie s  (see  below).

By 27th Ju ly  ex tension  of tne  lowest in te rnodes  was

d isc e rn ib le  in  a number o f p la n ts  o f  the  n.D. s e r ie s ,  and from

th i s  date th e re  was a period  of continued stem extension and

le a f  formation. In the  B.D. s e r ie s  extension of the in te rnodes

was not observable u n t i l  about one week l a t e r  than in  the  L .D ., 
and the  len g th  of th e  extended in ternodes wa,s much le s s  in  the

S.D. p la n ts  (see  below).

The growth of the  shoot u l t im a te ly  ceased w ith  the  

formation of a te rm inal 'w in te r  r e s t in g  bud' in  bo th  s e r ie s  of 

p la n ts .  In the ù.D. s e r ie s ,  however, dormancy commenced much
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e a r l i e r  than in  the  u.Û. s e r ie s ,  büyo of the  B.D. p la n ts  showing 

term inal buds on 7 th  September, the  corresponaing date  fo r  the  

n.D. p la n ts  being b th  üctober, so th a t  aormancy was uelayea by 

4 weeks under iü  hour pnotoperioas.

The in te rnodes o f  the te rm inal reg ion  remained unextended 

in  both s e r ie s ,  so th a t  a term inal r o s e t t e  of leaves was formed, 

in  the  cen tre  of which wan the  r e s t i n g  bud.

1

Figure 4. F i r s t  year seed lings grown under 10-hour ( l e f t )  and 
lb-hour ( r ig h t )  photoperiods re sp e c t iv e ly .

The observations on stem ex tension  and le a f-fo rm a tio n  

throughout the  growing period  are  summarised in  Figures b and 6, 

and the da ta  fo r  the  mature p la n ts  i s  g iven in  Table 2. I t  w il l  

be seen th a t  the  f in a l  d if fe ren c e  w ith  re sp e c t  to  t o t a l  le a f -  

nuffiber between the  two s e r ie s  was aue mainly to the  d if fe ren c e
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in  rinrstion of growth, th e re  being l i t t l e  d i i ie re n c e  between 

the r a te s  of le a f  p roauction  in  the  two s e r ie s .

40

TIME(WEEKS)

F ig .5. s tem -leng ths.

lOO
80

50

3 0

20

F ig .6 . ueaf numbers.

Increases in  Stem -length ana ^ e a f -number in  p la n ts  grown unaer 

iO-hour (open c i r c le s ;  ana lü-nour (c lo se s  c i r c le s )  photoperioas 

re sp e c tiv e ly .

Table 2. ua ta  fo r mature seed lings .

No.
Series  of

p la n ts

Huration 
of growth 

(days)

fcean number 
of leaves .

Fean le n g th  
of stem.
( cms.)

Length of 
f i r s t  25 
in te rnodes . 

(mm. )

S.D. 25 84 5 6 .2 t  2 .6* 1 .4 1 t  0.08 0 .3 2 + 0 .0 2

L.D. 30 112 8 6 .4± 2.5 4.20 f 0.20 0.60 t  0.02

X In th i s  and a l l  l a t e r  ta b le s  the Mean -  Standard F rro r  

are quoted.
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The a i ffe ren ee  in  mean len g th  of stem, however, was aue 

p a r t ly  to the  a i f fe re n c e  in  the numoer of in te rn o aes  (= number 

of le a v e s ) ,  ana p a r t ly  to tne  f a c t  tn a t  the  in te rnodes  were much

sh o r te r  in  the  3.1). p la n ts .  Tins i s  shown by the  aa ta  fo r  the  

mean leng ths  of the  f i r s t  25 in ternodes fo r  each s e r ie s .

I t  i s  seen th a t  th e  mean in te rnode  len g th  in  th e  L.D. 

p la n ts  i s  n ea r ly  double th a t  in  the  3.D. p la n ts .  This 

d iffe ren c e  i s  c le a r ly  seen in  Figure 4. The d if fe ren c e  in  

l e a f - le n g th  r e f e r r e a  to above was m aintained tnroughout the  

period  of growth. The le n g th  of successive  leaves on any one 

p la n t  in c rease s  u n t i l  a maximum i s  reachea a t  about the  25th 

le a f ,  and th e r e a f te r  remains constan t except in  the  ap ica l 

reg ion . Data fo r the  mean maximum le a f - l e n g th  fo r  each s e r ie s  

are  given in  Table 3. I t  i s  seen th a t  tne  leaves of n.D. 

p la n ts  are  s ig n i f i c a n t ly  longer than those o f 3 . I t  (w ith  ' t '  

t e s t ,  P 0 .001).

Table 3 . Maximum le a f - l e n g th .

S er ies . Number of 
p la n ts .

Number of leaves 
examined.

Fean le a f - le n g th .

S.D. 24 65 2 .4  i  0 .04 cms.

ii.D. 23 70 3.0 i  0 .04  cms.

In  a fevf 3 .0 . p la n ts  i t  was observea th a t  premature 

growth of ' dwanf-shoots' bearing  p a i r s  of leaves  occurrea  in

the a x i l s  of the  ju v e n ile  leaves. This d ia  not occur in  any 

of the  jj.D. p la n ts .
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Thus under ' sno rt-uays ' as ag a in s t ' long a a y s ',  tne 

following a if fe re n c e s  in  une growth of the  shoot were observecn-

(1) Cessation o f growth occurred sooner;

(2) fewer t o t a l  leaves were formed;

(3) the  in ternode len g th  was reduced;

(4) the  le a f - l e n g th  was reduced.

The question  as to whether these  are t ru e  'p h o to p e rio d ic ' 
e f f e c t s ,  as opposed to e f f e c ts  a r i s in g  from d iffe ren ces  in

amount of a s s im ila t io n ,  i s  considered below.

Viftvelopment of Koots. observations on the üevelopment 

of the  ro o ts  were maae tnrougnout the  period  of the experiment.

On 15th June, a t  the  commencement of the  experiment, the roo ts  

c o n s is te d  of simple unbranched ra d ic le s .  By 13th Ju ly  

secondary ro o ts  were g en e ra l ly  p resen t, w ith a mean number of

15.3 per p la n t  on the  S.D. p la n ts  and 15.5 per p lan t on the 

li.D. 'S h o rt ro o ts '  were observable in  both  se r ie s  on 27th 
Ju ly , and by lO th August a few branched mycorrhizal sh o rt roo ts  

were p re sen t.  The development of mycorrhizal ro o ts  on the 

samples taken on 7 th  September i s  shown by the  data  of Table 4. 

Table 4. Development of F vcorrn iza l ro o ts .

S e r ie s .
No. of p la n ts  

examined.
No. o f p la n ts  

showing 
mycorrhizas.

Fean No. of 
m ycorrhizal ro o ts  
per p la n t .

S.D. 29 21 16

L.D. 30 17 22
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Thus, up to the  time when the S.D. p la n ts  became dormant 

th e re  were no c le a r  morphological d if fe ren ces  in  th e  roo t 

development of the  two s e r ie s .

U n til  th e  onset of dormancy of the  shoot th e re  was a c t iv e  

growth of both  primary and secondary ro o ts  in  both  s e r ie s ,  but 

a f t e r  the  S.D. p la n ts  had become dormant a very s trong  growth 

of th e  primary ro o ts  became apparent. This e f f e c t  was not 

observable in  the  u.D. p la n ts ,  but the  l a t t e r  d ia  not become 

dormant u n t i l  ü th  October, a f t e r  vifhich aa te  temperature and

l i g h t  cond itions  were not so favourable fo r growth as they haa 

been following the  onset of dormancy in  the S.D. p la n ts .

U nfortunately  no q u a n t i ta t iv e  observations were made on 

the  r e l a t iv e  development of primary and secondary roo ts  during 

th e  a c t iv e  growth period , but the  data  of Table 5 give such 

data  fo r  the mature p la n ts .  These data  in d ica te  the g re a te r  

development o f the  primary ro o ts  in  the a.D. p la n ts ,  whereas 

th e  mean le n g th  of the  secondary roo ts  was g re a te r  in  the n.D. 

p la n ts .  These a if fe re n c e s  are  s ig n i f ic a n t  (w ith  ' t '  t e s t ,

P < Ü.Ü5).

Table 0. noot leng ths  in  mature p la n ts .

No. nength of Fean leng th
S eries  of primary ro o t.  of secondary ro o ts
 ________p l a n t s . ___ ( cms) ( cms)._________

S.D. 14 46 .4  t  2.65 9 .03 1 0.72

L.D. 15 40.2 i  1.69 12.01 t  1.11
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The ro o t systems of ty p ic a l  n.D. and S.D. p la n ts  are  

shown in  Figure 4.

R e la tive  growth of ro o t and shoo t. In order to 

in v e s t ig a te  whether d if fe ren c es  in  leng th  of day have any 

e f f e c t  on the r e l a t i v e  development of ro o t ana shoot in  

seed lings  o f p. s v i v e s t r i s , the  inc reases  in  dry weight of 

th ese  organs were followed tiiroughout the  period  of the 

experiment. The da ta  are  summarised in  Table 6 and Figures 7-9 . 

The percentage d if fe ren c e  in  totaJ. dry weight between tne two 

s e r ie s  i s  not p ropo rtiona l to  tne d iffe ren ce  in  photoperiod, 

and on 24th August, before dormancy of the S.D. p la n ts  began 

to  accen tuate  the  d if fe ren ces  between the  two s e r ie s ,  the  dry 

weights of the  o.D. p la n ts  (expressed as a percentage of those 

of the  ii.D. p la n ts )  were as fo llow s;-

Totai p la n t .  Shoots. Hoots.

7 7 . 6 / 0  7 6 . 1 / 0  8 0 . 3 / 0

The d if fe ren c es  in  leng th  of stem betvmen the two se r ie s

on th i s  date were, however, g re a te r  than the d iffe ren ces  in  ary

weights of shoot, the stem len g th  fo r the  S.D. p la n ts  being

le ss  than 50/o th a t  of the  n. D. p la n ts .

Consideration  of the dry weight curves fo r the ro o ts

shows a steady inc rease  in  both s e r ie s  throughout the period

of growth, the  ' e%p)onential' phase la s t in g  somewhat longer than

fo r the  shoots. I t  w il l  be seen th a t  the general r a te  of dry

weight inc rease  in  the  S.D. p la n ts  wa.s not no ticeab ly  a f fe c te d
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by the  onset of aomancy o f tne  shoot au ring  the  l2 th  weeK o f 

the  experiment.

80

2  160

120

80

60

4 0

, 2 0

TIME (WEEKS)

Weight ol' ütioots

2  280

200

160

o 120
8 0

4 0

jfïg .ü . Total dry weight.

 ̂120

8 0

60

4 0

2 0

TIME(WEEKS)

j^lg.y. jury V/eignt oT Koots.

Dry Weight Data fo r  seea l in g s  grown unaer iu -hou r 

(open c i r c le s )  and 15-hour (c lo se d  c i r c le s )  photoperiods 

re sp e c t iv e ly .
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Table 6. urv-weight aa ta .

Time f ro m ____________ n o d a y . . ___________ _̂____ ghort_d2%.
commence
ment of 
experiment

Total
p la n t
(mgms)

Shoots
(mgms)

hoots
(mgms)

Total
p lan t
(mgms)

Shoots
(mgms)

Roots
(mgms)

0 4.65 3.79 0.87 4.65 3.79 0.87

2 weeks 10.15 7.58 2.57 9.94 7.53 2.41
4 weeks 26.1 21.5+1.0 6 .6 23.8 17.510.8 6 .3

6 weeks 46.8 31.9+1.6 14.9+0.6 37.0 25.3+1.1 11.740.6
8 weeks 86.5 6 0 .6+2.1 25.9+1.2 08.4 39.0+1.9 19.440.9
10 weeks 142.9 95.6+Z.9 47.312.1 110.8 72.8+3.0 38.012.0
12 weeks 203.7 138.0+5.7 65.7+3.4 140.7 84.2±4.4 56.542.7
14 weeks 270.6 171.6±7.2 99.016.3 - - -

16 weeks - - - 205.7 103.946.4 10L814-.3
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The r e l a t iv e  growth oT shooo ana ro o t i s  frequen tly  

measured by the  r a t i o :  weight of shoot /  weight o f ro o t, th i s  

being the so-cadled  "sh o o t/ro o t r a t io " .  This r a t io  was 

c a lc u la te d  fo r the  two s e r ie s  of p la n ts  from the dry-weight 

data  on successive sampling dates , and i s  seen to vary 

throughout the  p e rio a  of growth (Table 7 .)

Table 7. bhoot/poot P a tio .

Date. hjJJr. b.D.

15/6/47 4 .4 4 .4

29/6 3.U 3.1

13/7 3 .3 2.8

27/7 2.2 2.2

lu /8 2.3 2.Ü

24/8 2.Ü 1.8

7/9 2.1 1.5
21/9 1.7 -

5/lD 1.7 1.1

The value of the  sh o o t/ro o t r a t io  f a l l s  p rogress ive ly  

in  both s e r ie s  ana in  the ea r ly  stages th e re  i s  no markea 

d iffe ren c e  between them. Tne g re a te r  f a l l  in  the value of the 

r a t io  for the  S.D. s e r ie s  a f t e r  24th August i s  to be expiainea 

by the onset of aormancy in  tne  snoot while une ro o ts  continued 

to grow a c t iv e ly .

P e a rsa l l  (1927) has shown th a t  fo r many p la n ts  th e re  i s
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a l in e a r  r e la t io n  between one iogaritJrjHis of the  siioot ana 

ro o t weight, v iz .

or log  3 z k log H + G ...................  (1)

where 3 = shoot weight 

H - ro o t weight 

and k, C are constan ts .

Figure 10 shows the  r e s u l t s  of p lo t t in g  log shoot-vfeight 

ag a in s t log root-w eight fo r the  two s e r ie s  of p la n ts  of the 

p resen t experiment.

O fO
0 5

0 5  iO 15 2 0
LOG. DRY WT.'* ROOTS

Fig. 10. h e la t iv e  G-ro'Wth of 3hoot and Boot, in  

10-hour - (open c i rc le s )  ana 10-hour - (c losed  c i rc le s )  

day seed lings re sp e c tiv e ly .

I t  i s  seen th a t  the ru le  holas very c lo se ly  fo r  both 

U.D. and 3 .0 . p la n ts  auring the p e r io a  oi a c t iv e  growth of the 

shoot, but th e re  i s  dev ia tion  fromi tne  l in e a r  r e la t io n  in  the 

l a t e r  s tages of the 3 .0 . s e r ie s ,  aue of course, to the 

cessa tio n  of growth of the  shoot. The reg ress ion  c o e f f ic ie n ts  

for log shoot weight on log roo t weight are found to be 0.8193
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and ü. 7494 fo r the  'iorjg üay' ana ' sho rt aay' s e r ie s

re sp e c t iv e ly .  Applying a ' t '  t e s t  for the a i f fe ren ce  in  the

values of these  reg ress io n  c o e f f ic ie n ts ,  i t  i s  founa th a t  they

do not a i f f e r  s ig n i f ic a n t ly  ( t  = ü.88 corresponaing to a

p ro b a b i l i ty  lev e l of approximately Ü.4 fo r 10 aegrees of

freedom). This in d ic a te s  th a t  auring the period  of ac tiv e  
growth the  r e la t iv e  balance of shoot and roo t aevelopment is

u n a ffec ted  by a if fe re n c e s  in  len g th  of aay, th a t  i s  to  say, the

value of k (given by the  slope of the curve) i s  u n a ffec tea  by

the len g th  of the photoperioa.

huxley (1932) ha,s po in tea  out t l ia t on d i f f e r e n t ia t io n

of the  equation ( r )  we ob ta in

aS k an ,....
dtb d t .n .

Now hS ^  ^  ajre the  r e l a t iv e  r a te s  o f growth of shoot and 
dtS dtH

ro o t  re sp e c tiv e ly ,  and hence equation (2) in d ica te s  th a t  the re  
i s  a constan t r a t io  between the r e la t iv e  ra te s  of growth of

shoot and ro o t .  The r e s u l t s  in d ic a te  th a t  th i s  r a t io  i s

u n a ffec ted  by leng th  of aay under the  conditions of the

experiment.

1 .2 . Experimient 2 .

bince the conaitions of Experiment 1 were such th a t

the  d if fe ren ces  between the  long day ana sh o rt day p la n ts  might

possib ly  have been aue to a if fe re n c e s  in  photo syn thesis , a
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simple experiment was ca rr ie d  out in  1948 to t e s t  the e f fe c t  

of reducing the in te n s i ty  of na tu ra l aay iigh t by bu/o but 

keeping the leng th  of tne n a tu ra l photoperioa unchangea. I'he 

p lan ts  grown under such conaitions were comparea with (a) 

p lan ts  grown in  f u l l  aay iigh t and na tu ra l aay leng th  and (b) 

p lan ts  grown in  f u l l  daylight but with a reauced photoperiod 

of 10 hours.

At the same time a fu r th e r  se r ie s  of p lan ts  was grown 

under n a tu ra l d ay -ligh t suppiementea by low in te n s i ty  

i l lu m in a tio n  during the hours of darkness, so thg.t p lan ts  were’ 

exposed to continuous l ig h t ,  aince the supplementary 

illum ina tion  was of such a low value (2b f . c . )  as to have a 

n eg lig ib le  e f fe c t  on a ss im ila tio n , any e f fe c ts  observed coula 

be regajrded as ' photoperioaic ' ana not aue to any appreciable 

changes in  ass im ila tio n .

kethoas. The cu ltu re  methods were the same as those 

described in  Experiment l .  The observations on dry-weight were 

discontinued, however, since i t  had been found in Experiment 1 

th a t  a d iffe rence  in  day-lengths haa no de tec tab le  e f fe c t  on 

the r e la t iv e  development of shoot ana roo t, ana th a t  ary-weight 

data r e la t in g  to shoot growth addea l i t t l e  to the information 

obtained from observations on leaf-number ana stem length.

The seea was sown on 2üth April 1948, ana on emergence 

of the seealings they were a iv iaea  in to  four s e r ie s  of 12 pots 

each and exposed to a i f f e re n t  treatm ents as fo llow s:-
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Series A. i 'u ii na tura l aayiigh t ana normal aayiengins.

Series B. i u i l  na tura l aayiignt but reaucea photoperiod of

10 hours, obtainea by covering the p lan ts  from 

4 p.m. to 6 a.m. (O .k .f .)

Series Ü. Natural aayiight of reaucea in te n s i ty ,  obtainea by 

p lacing over the p lan ts  a wooden framework covered 

with several layers of cheese-cloth to give a l ig h t  

in te n s i ty  equal to bO% of th a t  of fu l l  daylight.

The day-length conditions were ’normal*.
Series D. Natural daylight of normal day length supplemented

during the hours of darkness by a r t i f i c i a l  

illum ination  of approximately 25 foot-candles a t  

the level of the p lan ts .

Observations were made to determine the aates on which

50fo of the p lan ts  of each se r ie s  showed terminal res tin g  buds.

When a l l  p lan ts  had become dormant Lhe mean length  of stem and

the mean number of leaves were determined and from these data

the mean internode lengths for the extended portion of the stem 
( i . e .  the portion  below the terminal ro se tte )  were calculated.

The data are summarised in  Table 8. The mean duration of growth

was obtained by determining the date on which 50% of the p lants

in  any given se r ie s  showed terminal re s tin g  buds.

Representative p lan ts  from each se ries  are shown in 

Figure 11.
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Table 8. Data for mature plan t s of experiment 2.

No.of kean length uength of kean number kean 
T̂ ion+.c! of * 1 of leaves duratfonSeries plants of stem

(cm)

q w / f i p . -------

internoae 
(rm.)

47 3 .47^0 .13  Ü.86

49 Ü.69±0.Ü4

41 3.28 ±0.17 0.94

49 5.90± 0.23 1.37

64.7± 2.0

57 .3+2.2

53.4±1.6

of growth 
_ i a g y s j ____

116

89

116

103

Fig. 11. Representative samples of the four series  of 
plants of Experiment 2. (For description of treatments see p .42)

Results. The natural daylength during the period of 

the experiment ( early kay to mia-September) ranged from 15 hours 

to 16i hours a t  mid-summer ana then aiminisiied to approximately 

13 hours by 12th September. ( Tne se times are from sunrise to 

sunset and ao not include a pnotoperioaicaliy active twilight
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period of variable duration). The aay-length conaitions for 

se r ies  A ana (J may thus be aescrioea as ’ long-aay’ . From tne 

data i t  i s  seen tha t  tne plants  of se r ies  A ana ser ies  b  

resembled the ’ long-day’ ana ' short- aay’ p lants  of Experiment 1. 

. The appearance of dwarf shoots bearing pairs  of leaves in the 

S.D. plants  was more prevalent than in the previous experiment.

The p lants  of ser ies  C? which were grown under normal

day-length but with reaucea l ig h t - in te n s i ty ,  closely resembled

those of Series A with respect to duration of growth, lea f

number and internode length, ana were sharply contrasted with

the plants  of se r ies  D, although the l a t t e r  must have received

a g r e a te r  quan t i t y  of incident l ig h t .  Although the p la n ts  o l

Series C had s ig n if ican t ly  fewer leaves than those grown unaer

- fu l l  day-light ( fo r  ’ o’ te s t ,  p between u.u2 ana u.ui)., the

length of the internoaes was g rea ter  in the shaaea plants,

which thus showed s l i g h t ‘e t io l a t io n ’ . This l a t t e r  e ffec t  is

in marked contrast  with the reduced internodes of short-day 
p lan ts ,  thus indicating tha t  the aifferences observed between

the ’long-day’ and ’short-aay’ plants of Experiment 1 were not

due to differences in assimilation, but were probably true

photoperiodic e f fec ts .

The p lants  of se r ies  D, grown unaer continuous illumina

tion, showed the following aifferences from the ’normal-aay’ 

plants  of ser ies  A:-

-  4 4  -



(1) the mean duration of growth was i3 aays snorter unaer 

continuous iiiiamination;

(2) the number of leaves was s ign if ican tly  fewer; (with *t* 

t e s t ,  P < 0 .0 0 i) ;

(3) the to t a l  length of stem, however, was g reater  due to the 
very much longer internodes under continuous illumination;

(n) there was no terminal ’rosette* of leaves, nearly a l l  the 

internodes, p rac t ica l ly  to the apex of the stem, being 

fu l ly  extended;

( b )  the l a t e r a l  ’ awarf-shoots’ grew out in the axils  of the

uppermost juvenile leaves, ana bore pairs  ol neeaies, ju s t  

as had been notea in the d.u. plants;

(6) the terminal buds were very much smaller in size than those 

of the other three ser ies .

I t  should be noted tha t  a l l  these effec ts  were produced 

by a r t i f i c i a l  i l lumination of only 2b foot-candies, and hence 

must be true ’photoperioaic* effec ts .  The significance of these 
e f fec ts  w il l  be further  discussed below.

1.3 Experiment 3.

Evidence w ill  be aaauced below in support of the view 

tha t  photoperiodism in wooay species has essen tia l ly  the same 

physiological basis as in herbaceous plants .  , one of the 

c h a ra c te r is t ic  features of photoperiodism in herbaceous species 

i s  th a t  i t  i s  the duration of unbroken darkness which determines
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whether or not flowering will occur unaer any given aay-length 

conditions, ana tha t  a short ’ l i g h t ’ break auring the aark 

period completely moai f ies  the nature of the response (see, for 

example, Gregory, 194d), When she aark perioa i s  in terrupted 

by a ’ l ig h t-b reak ’ so as to give two aark perioas of unequal 

length, then the response appears to be aeterminea by the 

longer of these two dark periods (harder and Bode, 1943). On 

the other hand, in terrup tion  of the photoperiod by a period 

of darkness aoes not appreciably a f le c t  tne time of flowering 

in herbaceous species. As these effec ts  have not previously 

been reported for wooay species, the following experiment was 

ca r r ied  out to determine whether they are also observable with 

th is  type of plant.

kethods. Tne culture conaitions were the same as 

those described for the preceding experiments. Tne seea was 

sown on 20th April 1948 ana on emergence the seealings were 

divided into four series  of eleven pots each, which were 

t r e a te d  as follows
Se r i es A - Exposed to a lb-hour daily photoperiod from 6 a.m.

to 9 p.m. using natural daylight supplemented as 

necessary by a r t i f i c i a l  illumlna.tion from a lOu-watt 

filament lamp, giving an in tens i ty  of approximately 

20 f .c .  a t  the plants .

Ser ie s  B - Exposed to an 11-hour photoperioa from 6 a.m. to

0 p.m. using natural aayiight.
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Series C - Exposed to two perioas of l ig h t  in each 24 hour-

period - (a) from 6 a.m. to i  p.m. (b) from b p.m. 

to 9 p.m. There were thus two aaiiy  perioas of 

darkness, of 4 nours ana 9 nours duration respective- 

iy , separated by l ig n t  perioas of 7 nours ana 4 

hours duration, j'or the second l ig h t  period from

6 p.m. - 9 p.m.) na tura l  daylight was supplemented 

by a r t i f i c i a l  il lumination as for ser ies  A. The 

p lan ts  of se r ies  0 were thus exposed to the same 

conditions as those of se r ies  A, except for the 

dark perioa from 1 p.m. to b p.m.

Series h - Exposed to a photoperioa of l o t  hours from 6 a.-m.

to 4.30 p.m. The dark period was in terrupted  by 

30 minutes of il lumination a t  20 foot-canal es from 

8.30 - 9.0 p.m., thus giving two aark perioas of 

4 ana 9 hours’ duration respectively .  The conaitions 

were thus the same a.s for se r ies  B, except for the 

’ l ig h t-b reak ’ during the dark period.

The mean dates of dormancy were observed in each series  

and on maturity the mean stem length, to t a l  leaf-number, and 

internode length were determined. The data are summarised in 

Table 9, and represen ta tive  plants  from each ser ies  are 

i l l u s t r a t e d  in Figure 12.

R esu lts . The data of Table 9 show th a t  the plants  of

se r ie s  A ana B under lb ana 11 hour photoperioas respectively ,
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Table V. Data for mature p lants of Experiment

Series
No. of 
plants

kean length 
of stem 

I cm)

nengtn of 
’ internoae* 

(njfi)
kean numiber 
of leaves

kean 
auration 
of growth 
( da.vs )

A 52 4 . 6 2 ^ 0 . 2 1 1.07 6 6 . 1 + 2 . 1 119
B 47 i . o i i  o.ob 0 .6 2 3 8 . 2 + 0 . 9 86

G 54 5.69 t 0 .2 0 1.00 7 9 . 1 + 1 . 8 135

D 50 3 .5 4  t o . 11 0.99 4 9 . 3 t l D 7 95

showea the type of response which can now be regarded as 

typical for ’ long-day* ana ’ short-day’ seeaiings of Dinas 

sy lvestr i s .  The in terruption ol tne photoperioa by 4 nours’ 

dark in tne case of series  U a ia not reauce the to ta l  leaf 

number as comparée with series  a>. but actually résu ltée  in a 

longer auration of grov/th ana a g rea ter to ta l  leaf-number.

This re su l t  was unexpectea ana was tne subject of further 

investigation which is  aescribea below.

The plants of series  D, which received a ’ light-break’ 

of only 30 minutes’ duration at low in tensity ,  showed a marked 
response to th is  treatment, the to ta l  leaf-number being 

s ign if ican tly  greater  than tha t  of series B. (for ’t ’ te s t ,

P < 0.01) while the internode length was prac t ica l ly  equal to 

tha t  of series  A.

Thus, the in terruption  of the dark period oy a snort 

’ l ig h t  break’ produced a response approaching tha t of plants
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grown under ’ long-day’ conditions, as in short day herbaceous

species. Similarly the resu lts  obtained when the photoperiod

was interrupted with a period of darkness agree with the

observation tha t in herbaceous species such interruption does

not reduce the effec t  ol long pnotoperioas, tut/ihïèvennanc^
" • ‘ rr'i... stji C

’ long-day’ effec t  (as snown Dy tne increased leaf-number; 

in P. sy lves tr is  appears to be a new phenomenon.

F ig .12. representative samples Irom the four series of 

plants of Experiment 3. ( For description of 

treatments see pages 46-47).

I t  is  of in te re s t  to compare the growth of series G 

and D which received the same to ta l  period of l igh t  (11 hours) 

and the same dark periods of 4 hours and 9 hours respectively, 

for whereas the number of leaves formed in series G was 

greater  than in series A the leaf-number of series D aid not
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a t t a in  tha t  of series  A,( afthougti greater  than tha t of series B.j

The difference between the responses of series  C and 

ser ies  D would appear to be due to the difference in amount of 

l ig h t  received during the second period of illumination - 

4 hours of which part  was daylight in tne case of series C, and 

only 50 minutes a t  a low in tens i ty  in the case of series D.

This matter i s  further discussed below.

1.4 Experiment 4.

Among the re su l t s  of Experiment 2 and 3 in 1948 were 

the observations tha t  ( l )  the g rea tes t  leaf-number is  attained 

under a photoperiod of duration less than 24 hours ( i . e .  

continuous l ig h t ) ;  (2) seedlings vhiich received a photoperiod 

in terrup ted  by 4 hours darkness in addition to a 9*hour dark 

period each day a t ta ined  a greater  leaf-number.than plants 

which received only one period of darkness of 9 hours'duration 

per day. These two observations suggested tha t  a high leaf- 

number may actually  be favoured by a short period of darkness 

and tha.t i f  two such periods are given in a single 24-hour cycle, 

then th e i r  e ffec ts  may be cumulative. In order to t e s t  th is  

hypothesis two further experiments were carried out in 1949.

In the f i r s t  experiment seedlings were grown under various 

photoperiods, ranging from 12 hours to continuous l igh t ,  in 

order to determine under what duration of dark period the 

maximum leaf-number is  a t tained.
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Methods. The seedlings were grown under the same 

conditions as in the previous experiments, uwing to the very 

poor germination ol seed sown in April, a complete re-sowing ' 

had to be made on ihth  May l^4y. emergence ol the seedlings 

had been completed by 12th June, on which date the plants were 

divided into nine series  of lO pots each, of which seven , series 

were used in the present experiment, and were exposed to the 

following photoperiods:-

Series 1. - 12-hour photoperiod; plants covered from 7 p.m. to 

7 a.m.

Series  2. - 14-hour photoperiod; plants covered from 9 p.m. to 

7 a.m.

Series 5. - 16- hour photoperiod; plants  covered from ID^ hours 

a f te r  sunrise u n t i l  aaXK. jjrom middle of august i t  was 

necessary to supply a r t i f i c i a l  il lumination of 20 f. c. 

in tens i ty  to supplement the natural daylight. The period 

of Ib i  hours wa.s chosen, since there is  a tw ilight of 

approximately 30 minutes'duration before sunrise, during 
which the l ig h t  in tens i ty  is  su f f ic ien t  to evoke a 

photoperiodic response.

Ser ie s  4 . - 18 - hour photoperiod; plants not covered, but exposed 

to natural daylength plus additional illumination at 

approximately 20 i . e .  in the evening to give a to ta l  

photoperiod of 18 hours from naif-an-hour before sunrise.
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Series ô. - 20-hour photoperioa; plants exposed to natural 
day-length, supplemented oy a r t i f i c i a l  illumination from 

3 a.m. u n t i l  sunrise, and from sunset u n t i l  i i  p.m.

Series 6. - 22-hour photoperiod; plants exposed to natural 

day-length supplemented by a r t i f i c i a l  illumination from 

sunset to sunrise, but covered from 5 p.m. to 7 p.m.

Series  7 . - 24-hour photoperiod; plants exposed to natural 

day-length, supplemented by a r t i f i c i a l  illumination from 

sunset to sunrise.

The duration of a r t i f i c i a l  illumination for series 4 and 

5 was controlled by time-switches, otherwise the photoperiods 

were controlled by hand, i t  w in  be observed that in the case 

of ser ies  1 - 3  the iu i i  photoperiod consisted of natural 

daylight, except for a snort period of additional illumination 

from mid-August, to give a 16 hour photoperiod in the case of 

se r ies  3. The plants oi series  ^ - 7, on the other hand, 

received the fu l l  natural day, (except tha t  the plants of 

se r ies  6 were covered from 4 p.m. to 6 p.m.), supplemented by 

a r t i f i c i a l  il lumination for varying periods.

A number of plants of series  4 and 5 had s t i l l  not 

completed th e i r  growth by the end of October and hence these 

ser ies  were transferred  to a greenhouse maintained at ib^C, on 

31st October. AH growth was completed by the end of November.

When shoot growth had ceased, determinations were made
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for each se ries  of the mean leaf-number, stem-length, length 

of internode etc. The data are sumniarisea in Table lu ana 

Figure 13. (These aata also incluae a series  oi p lants grown 

under a lu-hour photoperiod as part of incperiment 6. The 

p lan ts  were derived from the f i r s t  sowing mane on l7 th  April 

1949, but otherwise the culture conditions were identica l with 

those of the present experiment).

Each se ries  contained approximately 50 plants, but the 

data for leaf-number and stem length were determined for 30 

plants only in each case. The method adopted in choosing these 

p lan ts  was to se lec t 6-7 pots a t random from each series and 

then to count a l l  the plants in  each pot u n t i l  the required 

number had been obtained.

nesu l t s . The to ta l  height a tta ined  by tne plants ol a l l  

se ries  in 1949 was considerably le ss  than tha t a tta ined  unaer 

I the corresponding day lengths in  194b (compare, for example, the 

heights of p lants under 10 hr, 15 hr, ana 24 hr photoperiods 

shown in Tables 2, 8 ana 9 with those given in Tables 10). This 

: reduced height was partly  due to lower leaf-numbers ( i . e .  fewer 

nodes), but was mainly due to g rea tly  reduced internode lengths 

in 1949. The summer of 1949 was remarkable for i t s  high 

sunshine record and i t  is  possible tha t high lig h t  in tens ity  

was responsible for the reduced internoae length, since th is  

e f fec t is  well-known in other p lants (ah iriey , 1936). 

A lternatively , the abnormally high temperatures may have been
- 54 -



supra-optimal for the growth of the seedlings.

In Figure 13 the mean lea f  numbers are p lo tted  against 

the length of the daily period of darkness, i t  is  seen that 

the maximum le a f  number i s  a tta ined  with a daily dark period 

of 4 hours (20-hour photoperiod) and tha t with only 2 hours 

darkness or with continuous l ig h t  the maximum leaf-number fa l l s  

o ff  sharply. Similarly, with dark periods greater than 4 hours : 

the le a f  number f a l l s  l in ea r ly  with increasing length of dark 

period. The duration of the growing period also shows a 

maximum a t 4 hours darkness, but the g rea tes t internode length 

was a t  2 hours darkness, with only a s l ig h tly  diminished value 

a t 4 hours dark ana continuous l ig h t .  (Teble lu ).

One of the most notable features of bnese re su lts  is  

the s tr ik in g  difference between the plants unaer $ 22-hour ana 

20-hour photoperiods respectively . The former resembled very 

closely the plants grown under continuous l ig h t ,  which shovred 

the features already noted for the corresponding treatment in 

1948 viz. re la t iv e ly  short growing period, reduced leaf-number, 

high internoae length, small terminal buds and premature growth 

of ’dwarf-shoots* in the ax ils  of the juvenile leaves. The 

20-hour photoperiod p lan ts , however, showed a very long growing 

period, a markedly higher leaf-number, large terminal buds and 

very l i t t l e  tendency for the growth of dwarf shoots. A few 

p lants  under the 20-hour day resembled the 22-hour day plants
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(e .g . in  growth of dwarf shoots ana small terminal buds) ana 

vine versa, liviaentry tnere i s  a re la t iv e ly  siiarp tran s i tio n  

from one type of response to tne otner auring tne hrd ana 4tn 

hours of darkness.

80

5  70

<  60
50

40

30

2 0

DAILY DARK P E R IO D  ( h RS.)I

F ig .13. Variation in  leaf-number ( a) ana 8tern-length 

(B), with length of aark-perioa.

F ig .14. Representative samples from each of series  of 

p lan ts  of Experiment 4.

Although the g rea te s t  f ina l height ana leaf-number were 

a tta ined  with a 20-hour photoperiod, the g rea te s t  ra te  of
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growth in height was a tta ined  unaer continuous l ig h t .  ïn is  

IS shown by the data of Table i l ,  giving the heights of the 

p lan ts  for each series  on bth- August, on which date a l l  p lants 

were s t i l l  growing.

Table 11. Mean Heights of plants on 5th August.

Photoperiod 14 hr 16 hr 18 hr 20 hr 22 hr 24 hr

Mean Height 
( cms)

0.94 0.89 1.03 1.57 1.58 1.79

A further point of in te re s t  is  th a t the number of 

unextended internoaes forming the terminal 'r o s e t te '  of leaves 

was a minimum in  the 20-hour day p lan ts , and was g rea tes t with 

the shorter photoperiods. In the lu-hour and 12-hour aay 

se r ies  the extended internodes were so short tha t i t  was 

impossible to determine the precise l im its  of the terminal 

ro se tte .
The re su lts  of th is  experiment w ill be discussed below, 

and the chief point of in te re s t  to note here is  tha t a daily 
dark period of 4 hours re su lts  in the g rea tes t f ina l leaf-number

1.5 Experiment 5.

A further experiment was carried  out using the two 

remaining series  of pots from the same batch of seeaiings as 

those used for the preceding experiment. This experiment was 

designed to t e s t  the secona part of the hypothesis put forward 

above, viz. th a t a short aark perioa promotes a high leaf-
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number a.na tiiat i f  two or more sucb perioas are given in a 

single 24-hour cycle, tnen tne effects  are cumulative.

Following up the re su l ts  of experiment 3 in 1^43, the snort 

dark period used was of 4 nours' duration, but the present 

experiment d iffered  from Experiment 3 in tha t a l l  aark periods 

were of the same duration. One series  of plants received tv/o 

dark periods of 4 hours 'duration, separated by 2 l igh t  periods 

of 8 hours; the other ser ies  received 3 aark periods of 4 hours 

each day, separatee by 3 l ig h t  perioas of 4 hours. The growth 

of these two series  of plants was compared with the 20-hour day 

plants of Experiment 4, v/hich received only one such 4-hour 

dark period per day (These will  be referred  to as "deries- 0").

I t  was not known, of course, a t  tne outset of th is  experiment 

tha t  the 20-hour photoperiod would give the g rea tes t  leaf-number 

in Experiment 4, and the choice of 4 -hour dark periods in the 

present experiment proved to be more fortunate than could have 

been foreseen!

kethods. The two series  of plants were trea ted  as 
follows:-

Series  A. - Plants exposed to two l ig h t  periods each of 8 hours 

duration (1) from 3 a.m. to l l  a.m. (2) from 3 p.m. to 11 p.m, 

night periods separated by two dark periods, each of 4 hours' 

duration. Supplementary a r t i f i c i a l  illumination was given 

from 3 a.m. to sunrise ana from sunset to i i  p.m.
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Series B.- Plants exposed to three l ig h t  periods each of

4 hours duration: (1) from 3 a.m. to 7 a.m. (2) from 11 a.m.

to 3 p.m. (3) from 7 p.m. to 11 p.m. night periods

a l te rna ted  with 4-hour dark periods. A r t i f i c ia l  

i l lumination was given as for ser ies  A.

Series  C.- Plants receiving 20-hour photoperiod in Experiment 4.

The plants of ser ies  A and B were grown alongside the 

plants  of ser ies  0, ana the a r t i f i c i a l  illumination arrangements 

were common to a l l  three series  of p lants .

At tne ena of October a few of the aeries A plants  were

s t i l l  growing and they were t ransferred  to the greenhouse at 

the same time as the plants  of ser ies  0. At th is  aate over 

ha lf  the series  B plants were s t i l l  growing, and as i t  was not

F ig .15. Representative samples of plants of series  0 ana A 

of Experiment 0. (For aescription of treatments see tex t) .

pract icable  to continue the experimental treatment for th is  

ser ies  in the greenhouse, th is  part  of the experiment was
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a,banaoned ana the plants were aiiowea uu lomain ouw-oi-uoors 

under natural aay-length conaitions from the ena of uctober.

^0 h e su i t s . drowth in the plants  of ser ies  b  proceeaea

vigorously throughout the perioa of the experiment, ana the 

p lants  soon became noticeably t a l l e r  than those of series  0. 

The data for the mature plants are given in Table 12, and 

corresponding data for the series  G plants are repeated from 

Table 10 for comparison. These data are for 30 plants taken 

from, each ser ies .

Table l 2. Data for mat ure p la n ts .

se r ies .
Duration 
of growth

Total leaf-  height kean internoae 
number i cms) - length (nm)

133 days 93.7 t  4.4 10.12 t  0.42 1125

IcL HP 147 days 74.7 + 2.7 6 .32+0.23  0.906

Table 13. hrv weii^ht data for mature plants.

kean dry weigihts S/R
Series Shoot

( c t i s )
Roo t  Total plant Ratio
( OTiS ) ( OT!S )

A 0.217+0.010 0.05Ï/ + 0.Ü028 0.269 + 0.013 4.2

G 0.193± 0.010 0.126 + 0.010 0.319 + 0.013 1.5

I t  is  seen tha t  although the mean duration of growth 

was 13 days shorter for the series  A plants, these a t ta ined  a 

g rea te r  to t a l  le a f  number, ana showed a grea ter  internoae 

length than those of series  0. The difference in  mean to ta l
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height between the two series  is  very s tr ik ing , ana is  clearly  

indicated in Figure ID. Since the duration of growth of series  

A was ac tually  less  than that of series  (J, i t  i s  clear tha t the 

r a t es of leaf-production ana stem elongation were greatly  

accelerated by the introduction of two dark periods into the 

24 hour cycle.

The dry weights of the shoots and roots were determined 

for the plants  of both ser ies  when a l l  shoot growth had ceased. 

The data (Table 13) show tha t  the mean dry weight of the shoots

of ser ies  A was greater  than tha t  of series  Ü, but the 

difference is  not s ign if ican t  (with *t* te s t ,  P = U.2D). The 

mean dry weight of the roots of ser ies  A was s ign if ican tly  less 

than tha t  of ser ies  U (P<u.UD), however, those of the former 

being very poorly developed. The to ta l  dry weight for plants 

of se r ies  A was s ign if ican tly  less  than that of series  0 

(P<U.05), a fact  which must probably be ascribed to reduced 
period of daylight to which series A was exposed. Because of

the poor root development, the shoot/root ra t io  of series  A 

was much higher than in series  (j.

The plants  of ser ies  A also differed  from the majority 

of plants of ser ies  C in tha t  they showed poor development of 

the terminal bud, accompanied by premature growth of ' dwarf- 

shoots* in the ax i is  of leaves in the terminal region. This 

may be seen in Figure ID. In th is  respect they resembled the

plants under 22"and 24-hour photoperiods.
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These re su l t s  seem clearly  to indicate tha t whereas, 

with a single daily a l te rna t ion  oi l igh t  ana dark periods, the 

g rea te s t  growth is  obtained with 2u hours’ l igh t  ana 4 hours’ aark, 

i f  two dark periods of 4 hours auration are given in the 24 hour 

cycle, then growth (as indicated by leal-number ana height) i s  

even further  enhanced. Tne adoiuional aark perioa re su l ts  in a 

g rea t ly  increased value of the shoot/root ra t io ,  indicating that 

during the f i r s t  4 hours of darkness growth of the stem is  

g rea t ly  promoted as compared with tha t  of the root system.

The plants of ser ies  B showed obviously reduced grov/th 

throughout the period of the experiment, as compared with those 

of ser ies  A, and, to a le sse r  extent, as compared with the 

plants  of ser ies  C. The growth of these plants was par t icu lar ly  

slow during dept ember and Uctober (as indicated by the ra te  a,t 

which the plants became dormant), when the duration of natural 

daylight was diminishing rapidly. When i t  is  considered that 

the p lants  were covered each day for a to ta l  of eight hours 

during the period of natural daylight throughout the experiment, 

i t  seems very probable tha t  in su ff ic ien t  photosynthesis was 

l im it ing  the growth of these plants .  I t  is  also possible, 

however, tha t  the l im ita t ion  of the photoperiod to 4 hours' 

duration, par t  of which was a t  low l igh t  in tens i ty  (before 

sunrise and a f t e r  sunset), was important. This matter is  

discussed below.
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1.6 Experiment 6 •

koshkov (1932) reported the occurrence of a ’photo- 

periodic a f te r-e ffec t*  in  certa in  woody species. Thus, i f  

one-year cuttings of dalix  vimi na l is  were subjected to short 

photoperiods for ID, 2D or 36 days respectively ana then 

t rans fe r red  to long photoperiods the to ta l  height a t ta ined by 

such plants  was less  than tha t  of plants grown under long-days 

throughout. In the case of a similar experiment with d. alba 

exposure to short-days for periods of 15 and 25 days duration 

increased the to t a l  height-increment when the plants were 

subsequently t ransferred  to long-days. ’Photoperiodic a f te r 

e f f e c t s ’ shown by differences in leaf-shape have been reported 

in  Robinia  pseudacacia, and korus alba (dcepotjev l948a, 1948b).

In order to ascerta in  whether a *photoperioaic a f te r 

e f f e c t ’ occurs also in Pinus sy iv e s t r i s, ana go obtain more 

information regaraing tn is  phenomenon, the following experiment 

was carr ied  out.
kethods. Thirty five pots of seeaiings were grown under 

the same conditions as described in the previous experiments.

On emergence the seedlings were divided into two lo ts  
(containing (a) eighteen ana (b) seventeen pots) which were 

subjected to 10-hour and 15-hour photoperioas respectively from 

28th kay. After ID days (12th June) 9 pots were transferred  

from 15-hour to 10-hour photoperiods. After a further 15 days
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these l a t t e r  plants were transferred  back to i5-hour days,ana 

a t  the same time 6 pots which naa u n t i l  then remained 

continuously in short-aays were transferred  to long-aays. I'he 

day-length conditions were then maintained unchanged u n t i l  a l l  

p lants  iia,d become dormant. The mean heights ana lea f  numbers 

of a l l  p lants  were then determined. There were thus four series 

of p lants  exposed to day-length conditions as follows:- 

Beries A - 10-hour photoperiod throughout,

beri es B - lb-hour photoperiod throughout.

Series  0 - lb-hour photoperiod throughout except for lb short

photoperiods from 12th June to 27th June.

Series P .- Exposed to lU-hour photoperioas for f i r s t  3U aays 

from emergence, ana then transferred  to lo-hour 

photoperiod.

he s u i t s. The data for the four series  of plants are 

summarised in Table 14.

Table 14. Bata for mature pl an ts of Experiment 6 ,

Ho. of 
Series plants

jjength 
of stem 
(cms)

Leaf-numbers 
neaves on neaves in 
extended terminal 
portion rose t te  
of stem.

Total
leaves

1 ean 
duration 
of growth

A 30 0.76 — 36.70 77 days
to.Ob ±1.52

B bO 1.40 27.8 28.3 56.22 87
iu .  u6 +U.7 ±0.9 ±1.36

C 49 1.47 26.2 21.2 47.40 77
±0.07 t l . l ±1.1 ±1 . 6 0

D 49 1.39 24.0 19.4 43.86 77
-0.09 .. ±1.1 ±1.1 ±1.72- 54 -



üonsiaering f i r s t  the leaf-numbers of the various se r ies ,  

i t  i s  seen th a t  both se r ies  u ana u, which received perioas of 

exposure to short aa}s, formed fewer leaves, than aid those 

which received a i  u- hour pno to period thi'oughout. s t a t i s t i c a l  

analysis  snows tha t  these differences are highly s ig n if ican t  

( fo r  *t* t e s t  P < .0 0 1 ) .

Now both se r ies  G and D continued growth under a 15-hour

day for some s ix  weeks a f t e r  the short-day exposures for both

se r ie s  ceased on 27th June. The question now a r ises  as to

whether th is  e f fec t  of exposure to short days, which hastened

the onset of aormncy and reduced the to t a l  number of leaves,

was a t rue  photoperioaic a f t e r - e f f e c t ,  or whether in fac t  the

morphological d i f f e re n t ia t io n  ol uhe termiinal re s t in g  bud had

already commenced a t  the time they were t ran s fe r red  from short-

days. The occurrence of a prolonged perioa of fu r ther  growth

with continuous formation of new leaves a f te r  removal from

short days alone suggests tiiat we have a case of * photoperiodic
a f te r - e f f e c t* ,  out the p o s s ib i l i ty  i s  not excluded tha t  the new

leaves which appeared were ac tua lly  l a id  dov/n a t  the end of the

short-day exposure. The following considerations ind icate  th a t

the l a t t e r  a l te rn a t iv e  is  not the case, however. Gomparison

of the p lan ts  of se r ies  u with those grown under a lU-hour

photoperiod throughout shows th a t  there i s  a d ifference in to t a l

leaf-number (43.9 as against 36.7) between the two se r ies  which

is  highly s ig n i f ican t  (P< .Oui), now both these se r ies  received
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continuous short-days Ironi emergence u n t i l  2?tn June, when the 

plants  of ser ies  ii were transferred  to long-days, i f  

d i f fe re n t ia t io n  of tne terminai resting-buds naa already 

commenced at tha t  date tnere couia nave been no difference in 

f ina l  leaf-number between the two series .  The fact that the 

plants  of ser ies  D formed a g rea ter  number of leaves than those 

of ser ies  A indicates tha t  a furtner period of leaf  formation 

occurred in the plants of series  u a f te r  transfer  to long days. 

Nevertheless, the e ffec t  of the previous exposure to short-days 

was made evident by the hastened dormancy and fewer to ta l  leaves 

of ser ies  B as compared with plants grown unaer long days 

throughout ( se r ie s  h ) . i t  is  thus evident tha t  we have here a 

t rue  photoperiodic a f te r -e f fe c t .  The same argument holds 

equally for the plants  of series  (J, unless these had already 

formed a grea ter  number of leaves than the plants of series A, 

a t  the time of short-day exposure, an assumption for which 

there is  no evidence.
I f  we compare the number of leaves (1) on the extended 

portion of the stem, and (2) in the terminal rose tte ,  in the 

plants of ser ies  U and B with those grown under long days 

throughout, i t  i s  seen th a t  the differences in respect of the 

former are oniy s l ig h t ,  ana tha t  the differences in to ta l  leaf-  

number are mainly aue to differences in the number of leaves in 

the terminal rose t te .  Itoreover, there are only s l igh t  

differences with respect to the length of the extended portion
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of the stem in the three series  in question, i t 'appears ,  

therefore , tha t  under a given length of photoperiod the 

extension of a cer ta in  maximum number of internodes i s  possible, 

and tha t  i i  there are many additional leaves already present 

above the point of maximum extension, the internodes in the 

apical region must remain unextended to give a terminal tosette*.

Additional evidence in support of th is  in terpreta t ion  is  

afforded by the re su l ts  of the following further experiment.

1.7 Experiment 7 .

Lethoas. Twelve pots of seedlings were kept under a

10-hour photoperiod from emergence u n t i l  the f i r s t  signs of

dormancy became apparent (as indicated by the appearance"of

terminal buds) on 4th August, dix of the pots (se r ies  A) were

then t ransferred  to natural day-length conaitions (on th is  date

corresponding to about a lb-hour photoperiod), while the

remainder were continued under a 10-hour photoperiod. In 2 - 3

weeks a l l  plants showed terminal resting-buds and a l l  growth 
had ceased. The leaf-numbers ana stem lengths of both series

were determined and the data are given in Table 15.

Results . There was c learly  no s ignif icant difference 

in t o t a l  leaf-number between the two series ,  indicating tha t 

the formation of a terminal resting-bua was already pre

determined, (although buds were not v is ib le  in the great 

majority of plants) a t  the time of transfer of the series  B
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Table 15. Data for ka tu re Plants of Experiment 7.

Series
Number of length of 
p lants  stem

Leaf numbers 
On extended In terminal 
portion of ro se t te ,  
stem.

Total

A 30 1.13 21.8 17.3 39.1
±0.09 ±1.1 ±1.6 ±1.9

B 30 3.35 35.1 4.4 39.5
±0.26 ±1.7 ±0.5 ±1.7

Fig. 16. Representative samples of plants of Experiment 7,

"A” grown under 10-hour day throughout, "B" transferred  from 

10-hour day to natural day-length on 4th August.

plants from short-days to long-days. Nevertheless, the to ta l  

length of stem was very much greater  in the plants of series B 

and th i s  was due par t ly  to the grea ter  number of extended 

internodes (35.1 as against 21.6), ana part ly  to the greater  

internode length, in  the plants of ser ies  B. Whereas the number 

of unextended internodes in the plants  of series  A was 17.3,
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there were oniy 4 .4  such internoaes in those of series  B. 

Evidently the t rans fe r  of series  B plants to long-day conaitions 

permitted the extension of a greater  number of internoaes than 

under short aays, although the to ta l  number of leaves formea 

was alreauy pre-aeterminea a t  the time of t ransfer ,  ana hence 

the increasea number of extenaea internoaes was at tne expense 

of the number of leaves in  the terminal rose t te .

1.8 D iscussion .

The occurrence of photoperioaic effec ts  in seedlings of 

Pinus sy lves tr is  seems clearly  established by the resu l ts  of 

the experiments aescribea above. In general, with 'short-days ' 

(e .g .  10-hour photoperiod) the duration of the growing period 

is  reduced, fewer to ta l  leaves are formea, ana the mean 

internode length is  very much shorter as compared with 

corresponaing plants  grown unaer ' long-aays' (e.g. ib-hour 

photoperiod). As the xengtn of tne pnotoperioa i s  s t i l l  further 

increased a maximum for auration of growth ana to ta l  leaf- 

number i s  reached with a pnotoperioa of 2ü hours, ana with 

photoperiods longer than th is  the auration of growth and to ta l  

leaf-number f a l l  sharply. There is ,  however, no such clearly 

marked optimum photoperiod for internode length, there being 

an i l l -d e f in e d  'miaximum' with a photoperioa of about 22 hours. 

That these are true 'photoperioaic ' e ffec ts  ana not due to 

varia t ions  in amount of photosynthesis resu l t ing  from exposure
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to d i f fe ren t  periods of illumination is  c learly  shown by the

following evidence:

(1) Reduction of the in tens i ty  of natural daylight by shading 

does not produce the typical 'short-day* effec ts ,  but the 

plants  closely resemble those grown unaer f u n  l ign t  of

* normal * aay-length. (Experiment 2).

(2) A perioa of supplementary i l lum inai on of quite low l ig h t  

in ten s i ty  (20-20 foot-candies) , on the otner hana, das 

marked e ffec ts .  For example, there i s  a very great 

difference between plants grown under the fu l l  natural day- 
length supplemented by low in tens i ty  illumdnation to give 

18,- 20,- and 24-hour photoperiods respectively. The 

difference in the amount of l ig h t  received by the 18,- and 

20-hour day plants  amounted to only 2-hours a t 20-25 foot- 

candles, ana yet s ign if ican t  differences in respect of 

duration of growth, to ta l  leaf-number, etc. were observed. 

Even more marked differences occurred between the 20- ana 

24 hour day plants .

(3) I f  the aaily  l ig h t  perioa i s  aiviaea into 2 portions of 

7 -hours and 4 -hours* duration respectively (Experiment 3), 

then the re su l t ing  plants  do not resemble 11-hour day plants, 

but show enhanced * long-day* charac te r is t ic s .  Similar 

r e su l t s  were obtained in Experiment b.

Reference has already been made to the fact tha t  certain

photoperioaic e ffec ts  in wooay species are evoked by quite low
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l i g h t - in t e n s i t i e s .  Tne evidence adduced under (2) above shows 

tha t  th is  is  true equally for photoperiodic e f iec ts  in Rinus 

s y lv e s t r i s. This conclusion ju s t i f i e s  the experimental 

procedure of supplementing natural daylight by low-intensity 

a r t i f i c i a l  il lumination to obtain the required length of photo

period. In order to avoid the p o ss ib i l i ty  of effects  due to 

differences in amount of photo-synthesis the procedure is  often 

adopted of growing both ' short-day' and * long-day' plants under 

the same period of il lumination by natural daylight, and 

supplementing th is  with low-intensity il lumination to obtain 

the long photoperiods. This practive i s  adequaoe in experiments 

where both series  of plants are grown for approximately the 

same period, out in  the present series  of experiments the 

* long-day* plants  continued growing much longer than the 'short-  

day* plants  and the assimilation conditions ( including tempera

ture  and l ig h t - in ten s i ty )  inevitably became less favourable 

during the l a t t e r  part  of the growing period of the 'long-day* 

se r ie s .  In these circumstances no clear advantage would have 

ensued by subjecting a l l  series  to the same period of natural 

daylight, and the simpler procedure of supplementing a varying 

natural photoperiod with a r t i f i c i a l  illumination to give a 

constant to t a l  photoperioa was therefore adopted.

I t  is  of in te re s t  to compare the type oi photoperiodic

response found in seedlings of R. sylves t r i s  with tha t  found in

herbaceous species. Such a comparison appears most appropriate
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for herbaceous species in which the growth habit is  'determinate* 

( i . e .  in which vegetative a c t iv i ty  is  f ina l ly  terminated by the 

conversion of tne apical meristem into a flower primoraium) for 

seedlings of p. sy ives tr is  are also 'determinate* in naPit, but 

form a terminal resting-bud ins bead ol a flower-bua. i f  we 

then apply the usual c la ss i f ica t io n  into * long day* ana 'short  

day* types, i t  i s  seen tna t seedlings of Rinus syivest r i s .  in 

common with other woody species, must be regarded as * short day* 

plants in tha t  the period of active growth is  reduced by short 

days and prolongea by long aays (a t  le a s t  for photoperiods up 

to 20 hours). Seedlings of P. sy ives tr is  d if fe r  from many 

typ ical  * short day* herbs, however, in tha t  even under long 

days vegetative growth cannot be maintained indefin ite ly ,  but 

u lt im ately  a terminal res t ing  bud is  formed unaer a i l  photo

periods, In th is  respect p. sy ives tr is  resembles those 

v a r ie t ie s  of soybean (normally regarded as a typical * snort 

day* species) which ultimately form flower primordia even 

under long days or continuous l ig h t  (horthwick and Parker, 1939).

The type of response found in seedlings of P .sy lves t r i s , 
in which maximum height and leaf  number is  reached at a photo

period below tha t  of continuous l igh t  is  not well-known in 

herbaceous species. This may be due partly  to the comparative 

infrequency of experiments in which continuous l igh t  has been 

used, and par t ly  to the fact tha t  even where such experimients

- 72 -



have been carr ied  out tne responses nave been measured by 

reference to tne in i t i a t io n  of flowering, ra ther  than in terms 

of height and lea f  number, neuuced growth of several species 

under continuous l ig h t  has however been reported by various 

observers ( fo r  example nedington (1929), Arthur (1936)) and in 

the case of tomato, which is  normally regarded as a 'day-neutral '  

species with respect to flowering response, tne effects  of 

photoperiods above 18 hours are de f in i te ly  deleterious (Withrow 

and Withrow, 1949). I t  appears, therefore, tha t  the occurrence 

of maximum vegetative development a t some photoperiod below 

continuous illumination i s  not uncommon in herbaceous species.

Now from the fact tliat a greatly  increased leaf-numiber

i s  obtained in p. sy ivestr i s  when the dark period is  ,

in terrupted  by a short ' l igh t-b reak ' ,  i t  seems clear tha t the ' 
reduced leaf-number under 'short-days '  is  primarily due to the ;

long dark periods occurring under such conditions. Thus, we

may regard long dark periods (g rea te r  than 4 hours' duration)

as tending to in h io i t  continued growth of the shoot. The

precise  stage of development (as indicated by leal-number)

a t  which th is  inh ib i t ion  becomes effect ive  depends on the

duration of the dark period, krom figure i3 i t  is  seen tha.t

with dark periods longer than 4 hours, the mean leaf-number

decreases l in ea r ly  with increasing length of dark period. With

- 73 -



photoperiods of less  than 4 hours' auration there is  a sharp 

f a l l  in the mean leal-number, reaching a minimum with 

continuous illumination.

Now i t  i s  c lear  that with continuous i l lum inât on the 

formation of a terminal res t ing  bud cannot be controlled by 

any inh ib itory  e ffec t  of a dark period ana i t  seems indicated, 

therefore , tha t  with dark periods of less  than 4 hours a 

d if fe ren t  mechanism contro lis  the in i t i a t io n  of a terminal 

re s t in g  bud. This is  suggested by the shape of the curve for 

leaf-number shown in Figure 13, which appears to represent 

the in tegrated  responses of two d is t in c t  reactions, represented 

by curves "X" and "f" in Figure l7.

i
— X

dar k  p e r i o d

Figure 17.

Moreover, th i s  view i s  supported by the observation tha t  the 

terminal res t ing  buds of plants grown under continuous 

il lumination and 22-hour photoperioas are abnormally small, 

and by the premature growth of the ax i i ia ry  ' awarf shoots'
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( ind ica t ing  a loss of apical dominance) under such photoperiods.

A single daily dark period of 4 hours' duration 

r e su l t s  in an increase in  to ta l  leal-number by 24.1 (74.7 minus 

ÔÜ.6, Table lOj as compared witn exposure to continuous 

i l lumination. The re su l t s  of Experiment b indicate tha t  when 

two such short dark periods, separated by 8 -hour photoperiods 

are introduced into the 24-hour cycle, the effects  are cumula

t ive  and a further  increase in leaf-number by 24.0 (98.7 minus 

74.7, Table 12) i s  obtained.

These re su l t s  indicate tha t  i t  i s  the f i r s t  4 hours 

of dark immediately following a period of il lumination which 

re su l t  in  increased leal-number. This is  clearly  seen when 

the leaf-number (98.7, Table 12} of plants receiving tvm daily 

dark periods of 4 hours, separated by 8-hour photoperioas, i s  

compared with th a t  (61.6, Table 10) of plants  receiving 

8 hours of unbroken darkness ana a single photoperiod of 

16 hours per day.

We thus have to explain how i t  i s  tha t

(1) the f i r s t  4 hours of darkness have a growth-promoting 

e ffec t ,  while any further period of dark (which is  

continuous with the f i r s t )  has an inhibitory effec t ;

(2) a daily period of 4 hours' dark has a grea ter  growth 

promoting e ffec t  than continuous illumination;

(3) two daily 4 - hour dark periods re su l t  in grea te r  growth

than a single dark period.
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U I t  is  suggested tha t  tne explanation ol tne f i r s t

phenomenon i s  th a t  some substance, which we may cal l  "A”, i s  

formed during the l ig h t  period, and th i s  has a growth-promo ting  

e f fe c t .  During the f i r s t  4 hours of dark there i s  s t i l l  a 

supply of A available  as a carry-over from the l ig h t  period, 

but a f t e r  4 hours th i s  i s  exhausted or is  removed from some 

f i e l d  of action, thus permitting an inhibitor-system to come 

into e f fec t .

f To meet the second phenomenon we must postula te  that 

provided a supply of A is  s t i l l  available from the l ignt-period , 

then dark actually..-favours i t s  growth-promo ting  action.

The th i rd  phenomenon suggests tna t  tne production of A
( 3 reaches sa tu ra t ion  a f te r  a few hours of daylight, and that when 

th i s  has occurred dark i s  ac tua lly  more favourable to growth 

than a further  period of il lumination.

The present suggestion is  thus tha t  the type of photo- 

periodic response obtained under any given conditions depends 

upon the r e la t iv e  influence of two mutually antagonistic 

systems - ( l )  a system promoting continued growth of the shoot, 

which depends upon a photocatalyseo. reaction, and which has a 

'ca rry -over '  e f fec t  for only a l imited  period in the dark;

(2) a second, antagonistic ,  inh ib ito ry  system which becomes 

operative when the dark period exceeds the duration of the
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'carry-over* e ffec t  of tne f i r s t  system. Tne nature of these 

systems i s  discussed in more de ta i l  below.

We may ask, what is  the minimum in tens i ty  and duration 

of il lumination required prior  to a dark period to bring about 

the fu l l  increase in leaf-number? In experiment 3 the plants 

of ser ies  D received a short ' l ig h t  break' of 3U minutes' 

duration a t  approximately 20 foot-canales, so tha t  there were 

two dark periods of 4 hours' and 9 hours' duration respectively, 

but the to t a l  growth of such plants was less than tha t  of 

p lan ts  grown unaer a single daily cycle of id hours l ig h t  and 

9 hours dark. On the other hand, the growth of plants of 

se r ie s  C, which were similarly  exposed Lo dark periods of 

4 hours and 9 hours, but separated by a l ig h t  period of 4 hours 

(mainly daylight) actually  exceeded tha t  of plants grown under 

a 15-hour photoperiod and 9 hours dark. Evidently the in tensity  

and/or duration of illumination of the ' l ig h t  break' in the 

case of ser ies  D were too small to permit a su ff ic ien t  carry

over e ffec t  during the f i r s t  3-4 hours of the following dark 

period, to obtain the fu l l  increased leaf-number.

I t  was noted in Experiment 4 tha t  the number of 

unextended internodes forming the terminal ‘bosette" varied 

with the length of the photoperiod. From Table 10 i t  i s  seen 

th a t  the proportion of leaves contained in the terminal 

"rosette" decreases progressively as the length of the photo-
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period increases from 14 to 2u nours. 'i'nese aii'lerences ao 

not become a.pparent u n t il  the ena o i tne growing perioa, lor  

a l l  p lan ts , ir re sp ec tiv e  o f the üay length con aition s, show a 

w ell marked "rosette" auring the stages of a ctive  growth; but 

whereas under 'sh ort day' conditions le a f  formation and in ter-  

node extension  appear to cease at approximately the same time, 

under a 2 0 -hour photoperioa the upper internodes continue 

j . extending even a fte r  the presence of a terminal bud has become 

apparent and leaf-form ation  has obviously ceased.

I t  thus appears tna t  for any given aa i ly  pnotoperioa a 

ce r ta in  mean number of internoaes can unaergo extension, and 

th i s  number aoes not necessarily  coinciae with tne to t a r  number 

of leaves formed. Tne inaepenaence of the two processes is  

fu r ther  shown by the re su l t s  o f  Experiments 6 ana 7. In 

’ Experiment 6 i t  was found tha t  plants which were exposed to 

short days during the early stages of growth, and were then 

t rans fe r red  to long days, showed a s ign if ican t ly  smaller to ta l  

le a f  number than plants grown unaer 'long aays' throughout, 

but there was very l i t t l e  üifference in the number of extended, 

internodes between the various series  of plants .  Again, in 

Experiment 7 plants whicn were grown unaer short aays tnroughout 

showed a well-marked terminal ' r o s e t t e '  of leaves, but plants  

t ransfe rred  to ' long days' a t  a time when the terminal buds 

were developing continued to show extension of the internodes,
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aitüough the formation of new leaves haa ceasea. Thus the 

apical meristem ana tne region of internode extension appear 

to show d is t in c t  and independent responses to the length of 

the photoperiod.

The question ar ises  as to whether the number of extended 

internodes also shows a maximum response under a 2Ü-hour photo

period, as does leaf-number. The response of internoae 

extension to d if fe ren t  photoperioas can only be  studied provided 

the maximum possible number of extended internodes i s  not 

l imited by the to ta l  number of internodes la id  down i . e .  by 

the to ta l  number of leaves formed. Now th is  condition is  

f u l f i l l e d  for photoperiods of less  than 20 hours* duration, for 

under such conditions there is  s t i l l  a terminal ' r o s e t t e '  of 

leaves with unextended internodes. As the day-length is  

increased the number of leaves in the terminal rose t te  decreases, 

and i t  appears tha t  with a 20-hour day the to ta l  number of 

leaves formed corresponds closely with the maximum] possible 

number of extendable internodes. With photoperiods greater 

than 20 hours, the to ta l  leaf-number f a l l s ,  but although there 

are a number of short internodes a t  the extreme t ip  ol the stem, 

the leaves in th is  region do not form a close rose tte  as they 

do under shorter photoperiods. I t  seems possible, therefore, 

tha t  with photoperiods greater  than 20 hours, the number of 

leaves formed is  actually  limiting the number of extended 

internodes.
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NOW i t  IS in te res t ing  to compare these observations 

with the effec ts  observed in a species, such as hobinia 

pseudacacia, which does not form a true terminal res t ing  bud, 

but has a 'sympodiai* type of growth habit (Büsgen, 1929) i . e .  

when growth of the shoot ceases the apical,  unextended, portion 

of the shoot withers ana is  abscissed, the uppermost ax i l la ry  

bud functioning as a terminal bud. I t  has been pointed out 

above (p. 19) tha t  uhe duration of growth in K. pseudacacia 

increases with the length of the photoperioa, as in p. syi vestris, 

and when the day-length exceeds a certa in  ' c r i t i c a l '  vaiue, 

growth may be maintained for an apparently indef in i te  period.

At day-lengths below tne c r i t i c a l ,  extension of the internoaes 

proceeds up to a certa in  stage ana then ceases abruptly (ana 

i s  followed by abscission of the apical portion).  I t  thus 

appears tha t  under short days the response in b. nseudacacia 

corresponds closely to the 'internode response' in P .s y iv e s t r i s , 

and tha t  th is  is  the oniy type of response present in the 

former species. This conclusion affords added in te re s t  to the 

suggestion tha t  the ' in ternoae response' curve in r .  sy ives tr is  

does not show a 'maximum' at a bu-nour photo-period, but 

continues to r i s e  a t  photoperioas grea ter  than th is ,  as in

I t  may be asked whether the existence of a ' c r i t i c a l '  

photoperiod, above which growth may be maintained indef in i te ly .
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is  a feature peculiar  to wooay species with ohe * sympociiai ' 

habits .  The answer wouia appear to be in the negative, Tor 

niriodenaron t u i ip iTera, which i s  sta ted  (uarner ana Allard, 

1923) to remain in  continuous growth under long photoperioas 

or continuous illumination i s  a species with a true terminal 

res t ing  bud.

I f  the duration of growth in seedlings of P. sy iv e s t r is  

(and other wooay species) is  controlled by some inh ib ito r  

system which is  operative under long dark periods, i t  may be 

asked why the action  of th is  system aoes not become effective 

u n t i l  a ce r ta in  stage of development has been reached, ana 

what i s  the mechanism of th is  inn io i t ion .  dince defolia tion 

of cer ta in  wooay species in the eariy  summer, when extension 

growth has ceased, is  known (se e  hlebs, 1914) to re su l t  in 

premature breaking of dormancy of the buds, leading to a 

further  period of leaf-formation, some inhib itory  action of 

the leaves on the further development of the buds seems to be 

indicated  under normal conditions. I t  appears possible 

th erefore that a progressive increase in th i s  inhibitory action 

as the to t a l  number of leaves increased, might consti tu te  the 

fac to r  determining the ultimate cessa tion  of growth. In order 

to t e s t  th is  hypothesis experiments were carried out with a 

number of woody sp ec ies  (described  in Appendix 11), which 

involved continuous defo lia t ion  of the older leaves from below,
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so th a t  the to ta l  lea f-a rea  a t  any one time was maintained at 

a low level.  I t  was found in a i l  species, including seedlings 

of P. s y iv e s t r i s, tn a t  the duration of growth ana the to ta l  

number of leaves formed on tne annual shoot was not affected by 

such treatment. Tnus, i t  was clear, tha t  i t  i s  not the 

attainment of a certa in  lea f -a rea  wnich determines the 

cessation of growth.

A further  experiment was carr ied  out with Pyrus malus 

and Platanus a c e r i f o l i a to determine whether,if  a l l  further 

young leaves were removed when a certa in  number of mature leaves 

had been developed, the duration of growth is  affected.

Although the experiments were of a preliminary nature, ~ 

s ig n if ican t  increases in ohe duration of growth ana to ta l  number 

of leaves formed were obtained by such treatment. These resu lts  

seem to indicate  tha t  when a certa in  stage of development has 

been reached the expanding leaves have an inhibitory  action on 

the further  growth of the apical meristem. inasmuch as i t  i s  

the high auxin content of expanding leaves which appears to be 

one of the major factors  in the phenomenon o f 'co rre la t ive  

i n h i b i t i o n ' i t  appears l ike ly  tha t  an auxin mechanism, may also 

be involved in these e ffec ts  obtained by defoliation of young 

leaves.
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2. Effect of aav-length on snoot-^rQwtn a l t e r  tne f i r s t  year.

A further  ser ies  of experiments was conducted to 

determine tne e ffec t  of aay-length upon growth of the shoot in 

young plants  of P. syi v e s t r i s, a f te r  the f i r s t  year. As ha.s 

already been pointed out, a f t e r  the f i r s t  year of growth, 

extension of the annual shoot is  r e s t r i c t e d  to expansion of 

i n i t i a l s  already la id  down in the res t ing  bud, and i t  is  clear, 

therefore ,  th a t  tne day-length conditions prevailing during th is  

process cannot a f fec t  the number of nodes developed. In order 

however to f ina  whether the extension of the internoaes i s  s t i i i  

affected, as in f i r s t  year seedlings, tne fonowing experiment 

was carr ied  out.

2.1 Experiment 8 .

(a) Twelve pots, each containing 3-4 two-year old plants 

of P. syive s t r i s ,  were brought into the laboratory early in 

January, and were divided into two ser ies  of 6 pots each. Both 
se r ies  were allowed to stand a t  a window of southern aspect 

during a period of 8 hours each day. At night, one series  was 

subjected to 16 hours of darkness by enclosure in  a light-proof 

cover constructed of a wooden framework covered with black cloth. 

The second se r ies  was exposed to a further 6 hours additional 

il lumination from a lüü-watt lamp giving a l ig h t - in te n s i ty  of 

about 20 foot-candles a t  the level of the plants .  The room 

temperature remained a t  about 18^0 both night and day. One
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ser ies  was thus exposed to an 8-hour daily photoperiod, and 

the other to a 14-hour photoperiod.

Tne terminal buas ol both ser ies  showed signs of breaking 

dormancy one month a f te r  the commencement of the experiment, 

and there were no observable differences between the two series  

in  th i s  respect.  The length of the photoperiod thus haa no 

detectable  e f fec t  on the ra te  of breaking of dormancy unaer 

tne conditions of the experiment.

(b) kethoas. jboth ser ies  of plants  were then 

t rans fe r red  to a greenhouse, ana the day-length conditions 

remained as before, both ser ies  were exposed to natural day

l ig h t  from 9 a.m. to 5 p.m., ana each ser ies  was then transferred 

to one of two iden t ica l  l igh t-p roof  covers consisting of a 

wooden framework covered with black cloth, ba.ch cover comprised 

a lower section (about 2 fee t  cube) and an upper section which 

was separated from the lower by an asbestos sheet. A 78-watt 

lamp was housed in  tne upper section of each cover, above an 

aperture, 3 inches square, in the asbestos sheet. This 

aperture was covered witn a sheet of g lass ,  wnicn in the case 

of the cover housing the ' short-day' ser ies ,  was coated with 

an opaque layer of black unvarnished paint. A water-screen 

consisting of a large c ry s ta l l iz in g  dish containing a depth of 

5 cms. of water was interposed between the lamp and the aperture 

in both covers. Thus, the only difference between the two
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covers was th a t  in one case the g lass  over the aperture was 
opaque.

A water screen ol u cms. thickness in  conjunction with

a iüü-watt lamp removes el ' lectively a l l  in i r a - re a  rauia tion

below iü,ÜUü Î. (h rackett ,  1^86). nence, except lor  the 'near
0

in f r a - r e a '  from b,OOU - lO.uOU A, the oniy aaaitionai 

rad ia t ion  penetrating to a 'iong-üsy' plants was in the v is ib le  

spectrum, ana gave an in ten s i ty  of il lumination of 10-12 foot- 

candles a t  the level of the p lan ts .  Any other heating effec ts  

from the lamps were common to both covers, ana actual t e s t s  

showed th a t  there were, in  fact ,  no aetectable differences 

in  temperature.

The temperature of the greenhouse was maintainea a t  

lb°G as fa r  as possioie, out in orignt weatner temperature 

tended to r i s e  above th is .

The experimental p lants  showea a fa i r  amount of 

var ia t ion  within each ser ies ,  out the difference between the 

mean i n i t i a l  heights of the plants  of each series  (Table 16) 

i s  found not to be s ign if ican t  ( fo r  ' t '  t e s t ,  p <  0.20).
Results . Growth of the young shoots, following the 

'breaking' of the buds, was rapid and was completed in 6-8 

weeks. At f i r s t  there appeared to be no detectable aifference 

in the ra te  of extension between the 'long-as.y' ana 'short-aay ' 

se r ie s ,  but a f te r  several weeks i t  became ciear tha t  extension
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of the new snoots of the ' snort-aay' p lants  was appreciably 

reduced as compared witn tnose unaer ' long-aays ' . Wnen 

extension of the shoots had been completed (wnich was determined 

by measuring the lengths of the nev/ shoots at in tervals)  the 

mean length of the new growth of the ' le ad e rs '  was determined 

for each ser ies .  Differences were also observable between the 

two series  with respect to the length of the leaf ,  which was 

obviously much reduced under ' short-day' conaitions. The mean 

lea f- leng th  was determined for each ser ies ,  and for th is  

purpose the mean length of three leaves borne a t  the mia-point 

of the new shoot was determined for each plant separately.

(This method was chosen since tne length of any given lea f  

appears to depend pa r t ly  upon i t s  morphological position on 

the shoot). The data are summarised in Table 16. representative 

plants  of the two series  are shown in Figure 18.

Table 16. Data for 3rd year plants grown under (a) 8 -hour 

(b) 14-hour, photoperioas re spec t iv e ly .

Series photoperiod
No. of 
plants

I n i t i a l  
height 
( cms )

kean length kea.n length 
of new shoot of leaves 

(cms) (cms)

A 8 hours 20 10.61t0.43 8.86+0.43 2.20+0.09

B 14 hours 23 9.87±0.42 7.68+0.83 4.29*0.22
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Fig. 18. Third-year seedlings: A - 8 -hour day, 
B - l4-hour day.

I t  i s  seen that there is  a d il lerence of 1.8 cms. 

between the mean length of the new shoots of the two series ,  

and th is  difference is  fu l ly  s ign if ican t  ( fo r  *t' t e s t ,  P4u .U i) .
I

Now when i t  i s  consiaerea tha t  the additional period of 

i l lumination received by the 'long-day' plants  was a t  10-12 

foot-candles only, i t  i s  c lear  tha t  th is  is  a photoperiodic 
e f fec t ,  and. tha t  extension of the internoaes is  reduced under

' sh o r t - a a y s ' , ju s t  as in the f i r s t  year of growth, i t  is  

noteworthy, however, tha t  the re la t iv e  aifference in mean 

internoae length between ' long day' and ' snort day' plants  is  

much less  in older plants  uhan in f irsu-year  seedlings.

Tne difference in le a f  length between the two ser ies  i s  

also c lear ly  s ign if ican t ,  and i s  dealt  with below.
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2.2 Experiment 9 .

In order to obtain confirmation of the above re su l t s ,  

and to obtain further  information on certa in  matters ar is ing  

from them, the following experiment was carried  out.

ketnpd^. in  early April, two-year oia plants ,  contained 

in 4 t  inch pots, were transfe rred  from the pots to the root- 

observation boxes described on page 12. Approximately 15-20 

pla.nts ( t ran s fe r red  from 4 pots) were contained in each box, 

and there  were 4 such boxes used in the present experiment.

The plants  were divided into two ser ies ,  each of two boxes.

One ser ies  ( ' long-day') was exposed to natural day-length 

conditions ( ranging from approximately 18 to l7 hours) during 

the period of the experiment (April-kay) and the other series 

(' short-day' ) was exposed to a photoperioa of lu hours, by 

covering with a l igh t-p roof  cover from 8  p.m. to 7 a.m. noth 

se r ie s  were grown out-of-aoors. In order to determine whether 

day-length conditions affected the a c t iv i ty  of tne roots ,regular  

observations on the growth of the roots were carried out.

n e s u l t s . (a) Shoot  extension. The mean length of the 

extending shoots was determined for both series  a t  v/eekly 

in te rva ls  from the time of bud-break; the data are summarised 

in  Figure 19.

As in the previous experiment, under short days the 

extension of the new shoots was s ig n i i ic an t iy  reduced. Very
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l i t t l e  aifference betv/een the two ser ies  was eviaent auring 

the f i r s t  2  weeks but the rea f te r  the growth increment of the 

short aay plants  was approximately oniy half  tha t  of  the 

' long day' se r ies .

4 0
TIMECDAYS)

3 020

F i g . i y .  ynoot extension under long days ( B ) and 
short days ( A )  respectively .

( b) Apical hominance. In orüer to aetermine whether 

the length of the photoperioa affected the re la t iv e  growth of 

the ' leaders ' ana l a t e r a l  shoots, the mean length of the 

I s t e r a l  shoots a r is ing  a t  the base of  the new ' leader '  growth 

was aeterminea when extension growth haa Deen compietea. The 

mean length of the l a t e r a l s  on each plant was aeteminea ana 

from th is  the mean la te ra l - le n g th  for each series  was 

calcu la tea .  From the data so obtainea the ra t io :  mean length 

of leaders/mean length of l a t e r a l s ,  was aetermined for each
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se r ies .  The values for th is  ra t io  were 1.6û ana 1.60 for the 

’long-day* and ’ short-aay’ ser ies  respectively. The close 

agreeiTient between these two values ina icates  tha t  the la te r a l s  

of the ’ short-aay* ser ies  showea proportionately the same 

reduced extension as the leaaers,  ana tna t  apical dominance 

was not appreciably affec tea  by the length of the photoperiod.

Table 17. h f fec t  of photoperioa on shoot-extension 

ana leaf-growth.

juength of ho.of kean length kean lengtn kean leaner kean lea f  
photo- plants  of new of new growtn/mean length

period. ’ leaner’ l a t e r a l  l a t e r a l  (cms)
growth. growth. growth. 

___________________ Lcmsj______ ( cms)________ ( cms)____________

1 0  hrs. 30 7.23 ±0.35 4.52

Natural 40 
daylength

9 .90+0.33 5.97

1.60

1.65

3.0 t o . 15

7.0 + 0.25

(c) ueaf-girowth. By 3ra June, extension of the shoots 

had e f fec t ive ly  ceasea, but i t  was observed tha t  on tha t  date 

the leaves of both ser ies  were s t i l l  very short ( 1 - 2  cms. in 

length),  ana indeed the presence of a soft ,  succuient region 

a t  the base indicated tha t  growth by ac t iv i ty  of the basal 

meristem was s t i l l  continuing. Continuous observations were 

therefore  carr ied  out on the further growth of the leaves. By 

mid July the basal portions of the leaves of the ’ short-day* 

se r ies  had become fu l ly  d if fe ren t ia ted ,  so tha.t the soft  

meristematic region became tough ana r e s i s ta n t ,  l ike  the
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remainder of tne lea f ,  ana i t  was eviaent tna t  leaf-growcn in 

t h i s  se r ies  naa tnen ceasea.

Active leaf-growth continuée in the 'normal day' series  

u n t i l  early September, when the same changes occurring at the 

leaf-base  ina ica tea  th a t  leaf-growtn had ceased. Confirmatory 

eviaence tn a t  the presence of a succulent light-coloured region 

in the basal region of the le a f  ina ica tes  tliat leaf-growth is  

s t i i l  active was obtainea oy maxing a marx on the lea f  with 

Inaian inx a t  tne point wnere tne leaf-base emerges from tne 

' s h e a th ' . In th is  way any growtn of tne leaf  a t  the Base was 

eas i ly  observea, ana i t  was founa tna t  in tne 'norBiai aay' 

s e r ie s  there was s t i l l  ac tive  extension ol one leaves in  early 

August, Out by the ena of August growth was marxeaiy aiminisnea 

and simuJieneousIy with the v is ib le  changes occurring in the 

basal region, fu rther  growth ceased. Thus, the observation 

of Tolsxy (iy i3) tha t  leaf-growtn of r .  sy ives tr is  continues 

long a f te r  extension of the shoot has ceasea, was confirmea. 

This conclusion was also coniirmea by observations carr iea  out 

on trees  of various ages growing unaer na tu ra l isée  conaitions 

a t  Oxsnott heath, tjurrey, in  1 ^ 4 8  ana 1949. u if fe ren t ia t ion  

of the basal meristem of tne le a f  again ai a not occur u n t i l  

early  September, and nence, i t  woula appear th is  behaviour i s  

' normal' for P. s y iv e s t r i s.

The marked difference in f ina l le a f- len g th  between the

' long day' and ' short day' p lan ts  (Table 17) in the present
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experiment is  tnus to be ascribed par t ly  to tne reduced growing 

period of the leaves unaer * snort day* conditions. This fact 

had escaped notice in tne previous experiment.

( d) np.ot growth, simultaneously witn tne observations 

on shoot-growth, regular inspection was carried  out on the 

growth of new roots in both ser ies  of plants .  As has already 

been described ( p .13), unaer natural day-length conditions root- 

growth remains very limited auring the period of extension of 

the shoot, but towards the end of th is  period root growth 

increases markedly and remains active u n t i l  the autumn. The 

same pa t te rn  of growth was observed in  the short-day series ,  

in which, however, the onset of increased a c t iv i ty  was delayed 

s l ig h t ly .  This ro o t -a c t iv i ty  in the snort-day plants continued 

a t  l e a s t  u n t i l  the ena of July, when the short-aay treatment 

was discontinued.

Thus no marked differences in the behaviour of the 

roots  could be detected between the *long-day* and ’ short-day’ 

p lants  over the period covered by the experiment.
2.3. Bxperiment__iy.

The re su l t s  of the foregoing experiment clearly  indicate 

th a t  day-length conditions a f ie c t  the duration of growth of the 

leaves of P. s y iv e s t r i s . i t  is  not clear from the facts  so far 

described, however, whether the shorter duration of growth of 

the leaves i s  a d irec t  e f fec t  of the day-length conditions on
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ieai'-growth, or whether one e f fec t  is  a seconaary one resu lt ing  

from the aifferenoes in  extension of one stem. The soiuoion 

of th i s  problem i s  of iraporoance in re la t io n  oo ohe possible 

control of the duration o.f leaf-growth with ohe inciaence of 

short days in the autumn, for i f  the effec ts  of short days 

observed above resu lted  ind irec t ly  from the reduced extension 

of the stem they coula not occur under natural day-length 

conditions, since shoot exoension normally occurs only under 

long days.

In order to obtain a i re c t  information on th is  point, a 

fu r ther  experiment was carr ied  out.

kethods. decona-year pianos in  pots were allowed oo 

grow under normal day concilions curing the spring, u n t i l  

elongation of ohe shooo naa ceasea. liarly in  June they were 

aividea into three se r ies  of six  pots each, and the plants of 

each se r ies  were removed from the pots and planted together in 
a box of so i l .  All se r ies  of plants  thus s ta r ted  with stems 

of equal length, irom early June, however, each series  

received a d if fe ren t  aay-length treatment a.s follows:- 

aeries  A - 12 hours, 

aeries  B - 14 hours, 

aeries  0 - Normal cay.

Observations were maae as to Ohe curaoion of growth, 

by removing single leaves and examining the basal meristem (as
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described in Experiment, y ; .  using th is  c r i te r io n ,  the date on 

which le a f  growtn ceased in each ser ies  was aetermined. After 

l e a f  growth had ceasea in  a i l  p lants ,  the mean length of the 

leaves of each ser ies  was aetermined by measuring the lengths 

of 3 leaves from each plant,  taken a t  random. The data are 

summarised in Table Id.

Table 1 8 . Effect of dav-length on leaf-growth.

Series photoperioa No. 0 1  p lants . kean leaf-length  
( cms )

A 12 53 0 . 1 Ü — V. 1  /

B 14 04 6.2u± U.ib

Ü ’Normal* o6 6.66 + U.1Ü

Eesu lts . neaf growtn ceased e a r l i e s t  (end of July) 

under a 1 2  hour day, unaer which the f ina l  leaf- leng th  (b . 2  cms) 

was also the shortes t ,  unaer a 14 hour photoperiod growth 

continued only s l ig h t ly  lorger (early  August), to give a mean 

lea f - leng th  of 6.2 cms. Unaer normal aay, however, growth 

continued u n t i l  the end of August (when the natural photoperiod 

i s  ra the r  less  than lb nours) ana the mean to ta l  growth a,ttained 

was 8.7 cms., which is  tnus considerably greater  tfian under 

e i th e r  of the reduced pnodoperioas. These a i fTerences in leaf-  

length are a l l  s t a t i s o ic a l ly  s ign if ican t  ( fo r  ' t '  t e s t ,  P < 0 .üül)i 

Direct photoperioaic control of the amount ana auration of leaf-

growth may thus be regarded as established.
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2.4 Exper i ment i l .

Since unaer normal aay-iengin conditions, lea f  growtn 

was observea to cease at about the ena of August in  trees of 

various ages ana unaer a varie ty  of cultural conaitions (both 

in pots ana in nature) the question na tura l ly  ar ises  as to 

whether cessation of leaf-growth under natural conditions is 

controlled by the fa l l in g  natural aay-length in August. In 

oraer to obtain information on th is  point two experiments were 

carr ied  out in successive years, un 8 th  August 1948 6  pots of 

second year seedlings were aiviaea into 2  ser ies  of 5  pots each 

(containing a to ta l  of abouL i 2  p lants  in eacn s e r ie s ; .  a i i  

pi a r t  8  had previously been grown unaer normal aay-iength 

conditions, out from dth August one series  was allowed to 

remain unaer normal days, wnereas the other received additional 

a r t i f i c i a l  illumination from dusk u n t i l  9 p.m., giving a to ta l  

photoperioa of between i7 ana 16 hours' duration. Both series 

of plants  ceased growth simultaneously a t  the end of August 

however. A similar experiment was carried  out in 1949. Twelve 

pots, each containing 4-5 second year plants were selected on 

15th August, when lea f  growth was s t i l l  active, ihey were 

divided into 2  equal ser ies  ana one was exposed to normal 

photoperiods, while the other was given supplementary illumina

tion  a t  about ID foot-canaies to extend the natural photoperioa 

to 16 hours. The natural photoperiod at the commencement of
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the experiment was about l o t  nours. ueal-growth continued in  

both ser ies  u n t i l  approximately tne f i r s t  week in September, 

when the natural photoperioa i s  about 14? hours, but by that 

date i t  had ceasea simultaneously in both series .

In both these l a t t e r  experiments, therefore, aaaitionai 

il lumination to extend the natural day-length to about 1 6  hours 

during the l a t t e r  par t  of August fa i led  to prolong the duration 

of leaf-growth as compared with ' normal' aays, ana there is ,  

therefore , no eviaence tha t  in the experimental plants cessation 

of leaf-growth was controixea by a reduction in the natural 

length of day.

The fa i lu re  to prolong the duration of leai-growth by 

additional i l lumination in  the present experiments might be 

due to e i ther  of the follovdng causes:-

(1) The additional period of illumination ( approximately 

I t  hours) was in su f f ic ien t  to e ffec t  any appreciable change in 

the duration of growth. In th is  connection i t  may be noted 

th a t  in Experiment lU there was only a s l ig h t  aifference in the 

time of cessation of leaf-growth between the 12-hour ana 14-hour 

s e r ie s .  I f  th i s  is  the case, the natural changes in aay-length 

occurring auring the month of August are unliKeiy to be 

su f f ic ie n t  to a f fec t  the auration of growth appreciably, and 

presumably cessation of leaf-growth would occur a t  approximately 

the same time even i f  day-length conditions were maintained 

constant from the beginning of August.
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( 2 ) possibly the dates of commencement of the aaaitionai 

il lumination ( 8 th  and 15th August respectively) were too la te  

to a f fec t  the duration of le a f  growth, the cessation of which 

was already ' pre-determined' on those dates.

2 .5 .Experiment 1 2 .

prom ttie previous experiment i t  i s  seen tha t  under 

constant day-length conaitions growth of the leaves continues 

u n t i l  a cer ta in  mean lea f  length has been attained. Cessation 

of leaf-growth must in  th i s  case be brought about by some 

' internal* method of control, as must also be the case vdth 

extension growth in f i r s t -y e a r  seedlings grown unaer a constant 

photoperiod. I t  seems possible tha t  the attainment of a certain 

lea f- leng th  or stem length might i t s e l f  be the controlling 

factor.  In th is  case i t  should be possible to prolong growth 

by experimentally removing some of the t i s su e  already 

d i f fe ren t ia ted ,  so th a t  the l im it ing  size is  never attained.

This cannot ord inar i ly  be aone for stems, since removal of 

pa r t  of the stem at tne base involves separation of the apical 

meristem. from tne roots ,  in the case of a lea f  with a basal 

meristem, however, removal of par t  of tne lea f  a t tne d is ta l  

end does not in te r fe re  with the meristem ana provides suitable  

material for te s t in g  the hypothesis put forward above. The 

following simple experiment was performed accordingly.

kethods. Twelve pots of second-year seedlings were
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selected on k4th July ana aiviaea into two equal series  each 

containing p lants .  An plants haa been grown unaer

natural day-iengtn concilions up to tha t  cate ana leaf-growth 

was s t i l l  proceeaing actively. The mean l e a l - 1  eng on lor  a l l  

plants  a t  tha t  date was 6.o4 cms. The lea l- leng th  in one 

ser ies  was reduced to 2-3 cms. by cutting o i l  the d is ta l  

portions of the leaves, while the leaves of the second series  

were allowed to remain in ta c t ,  ^rom 24th July both series  of 

plants  were subjected to a 12-hour photoperiod. Now, i t  was 

known from the re su l t s  of Azperiment 1 0  tha t  the maximum leaf- 

length possible under a i 2 -hour day in comparable plants is  

approximately b cms. Thus the leaf- leng th  in the plants v/ith 

reduced leaves was below the maximum possible unaer a 1 2  hour 

day, while th a t  of the untrea tea  plants exceeaed the maximum. 

I f  the attainment of a certa in  lea f- leng th  i s  i t s e l f  the 

determining factor,  growth shouia continue in the experimental 

p lan ts  and cease in the * control* plants under a 1 2  hour 

photoperiod.
Results . Close observations were kept upon the basal 

meristematic t i s su e  in both series  of plants, and the leaves 

were marked with Indian ink as described in Experiment 9.

Very l i t t l e  further  leaf-growth was mace by e i ther  ser ies  of 

p lants ,  however, ana within approximately 3 weeks the basal 

meristematic region had become fu ily  d if fe ren t ia ted  t issue  in
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both ser ies  oi plants .  These re su l ts  therefore afloruea no 

support for the hypothesis that the l im iting leaf- leng th  unaer 

a given photoperioa is  determined oy the amount of t issue 

already d if fe ren t ia ted .

2.6 Experiment l5.

I t  is  well-known tha t  the location of photoperiodic 

perception in herbaceous' species is  in the leaves (Gailachjan, 

1936), the most sensit ive  being the youngest mature leaves.

I t  i s  of some in te re s t ,  therefore, to know whether photoperiodic 

perception in older plants of h. sy ive s t r i s  occurs in the young 

extending shoot, or in the oiaer leaves of the previous year’s

shoot. Prima f acie considerations suggest the l a t t e r

a l te rna t ive ,  for in  the growth of the new annual shoot

extension occurs very rapidly ana has been completed by the

time the new leaves are l i t t l e  more than 1  cm. long. In order 

to obtain information on th is  question, the following 

experiment was carried  out, in which defoliation of the old 

leaves was effected before the plants were exposed to two 

d if fe ren t  day-length treatments. I t  v/as to be expected that 

such plants would make reduced growth, i f  only because of the 

absence of current assimilation, but since in many woody species 

extension of the shoot is  a t the expense of stored food reserves, 

ra the r  than of current assimilation, (Msgen, i929) i t  v/as 

hoped tha t  su f f ic ien t  growth would be made to permit detection
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of any e ffec t  aue to tne inliuence of tne d if fe ren t  day-length 

conditions.

Methods. The plants  used were two-year oia seedlings 

which previously had been grown in pots unaer natural day- 

lengths and had been allowed to remain in the open during the 

winter. Twenty-four pots, each containing 4-6 plants, were 

brought into the greenhouse in January, and equal numbers of 

p lants  were t ransferred  to each of two boxes of so i l .  The 

temperature of the greenhouse was maintained a t  i3-i5^C. In 

approximately one month the plants began to show signs of 

breaking dormancy, ana on 2 0 th  February, half the plants in 

each box were completely defoliated, normal 2 -year seedlings 

possess a number of l a t e r a l  buds at the apex of the snoot, in 

addition to the main terminal bua. in oraer to reduce the 

drain upon food reserves in the defolia ted  plants ,  the la te ra l  

buds of a l l  plants were removed, leaving only the single 

terminal bud.
prom 2oth February, both boxes of plants were exposed to 

6  hour^ daylight from 9 a.m. to o p.m. At 5 p.m. both boxes 

were transfe rred  to the dark covers described in Experiment 8 , 

and one ser ies  was kept in complete darkness u n t i l  9 a.m.. while 

the other ser ies  was exposed to supplementary illumination, a t  

1 0 - lb  foot-candles’ intensity,,  for 6  hours and then remained in 

darkness u n t i l  9 a.m. Thus, one box of plants  was exposed to a 

daily  photoperiod of 8  hours ana the other box to one of 14
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hours. Measurements of the lengths oi the new shoots were

taken a t  weekly in te rva ls  from the commencement of the

experiment, ana by 19tn April i t  was evident tha t extension

growth had e ffec t ive ly  ceased. The f ina l  l  eng ms of tne new

shoots for the respective ser ies  of plants  are shown in

Table 19.
Results .

Table 19. Final lenpcths of new shoots.

Treatment.
Number

of
plants

lieah length o Y  
new shoots.

jjong day ( i )  In tac t 27 12.18t  Ü.62

" " ( 2 ) defo lia ted 23 ü .U i tü .2 7

Short day ( i )  In tac t 28 id . 1 8  t  Ü.44

" " ( 2 ) defo i ia tea iy 4 .8 2 ± Ü.4D

The growth of the defo lia ted  plants  was very slow from 

the commencement of the experiment and continued for 

approximately the same period as in  the ' i n t a c t '  plants. 

Grrowth of the leaves on the new shoots occurred in both 

defo l ia ted  and ' i n t a c t '  plants  during the period of extension.

Reduced extension was apparent in a l l  the internodes 

of the new shoots of the defolia ted  plants.  The f ina l  length 

of the new shoots of the defolia ted  plants ,  under both 'sh o r t '  

and ' long' photoperiods, were very reduced as compared with 

those of the ' i n t a c t '  p lants  and there was no s ign if ican t
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difference between the two ser ies  of defolia ted  plants ,  

although there was a s ign if ican t  difference between the two 

' i n t a c t ' s e r i e s ,  as in previous experiments. The very poor 

grovfth made by the defolia ted  plants rendered i t  impossible 

to answer the original question, as to what i s  the s i t e  of 

photoperiodic perception, but the reason for the fa i lu re  of

F ig .19A. Third-year seedlings. A - defoliated, short day.
B - In tac t ,  short day. C - Defoliated, long day,
D - In tac t ,  long day.

normal growth is  i t s e l f  a point of some in te re s t .  Moreover,

in approximately l / 5 th  of the plants  of both series  the buds

had fa i led  to break dormancy even oy the end of the experiment,
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whereas th i s  phenomenon was absent from any of the 'in tact*  

p lan ts .  Evidently the presence of older leaves is  necessary 

for the normal breaking of the buds and normal extension of 

the shoots in  p. sy ives tr i s ,  which thus d if fe rs  in th is  respect 

from deciduous species.

2.7 Experiment i 4 .

dince tne previous experiment seemed to indicate  tha t  

the presence of the old leaves is  necessary for normal 

extension of the shoot, and since the extension is  grea ter  

under ' long days' than under 'sh o r t  days',  i t  would appear tha t  

normal extension i s  dependent upon some reaction occurring in 

the l ig h t  in  the old leaves, i t  i s  of in te re s t  to knoŵ  

therefore ,  what is  the e f fec t  of complete darkness on extension 

of the new shoots in plants  which s t i l l  re ta in  the old leaves.

Now in  many species, wnen the daily quantity of l ig h t  

received by the p lants  i s  reduced below a certa in  minimum, 

'e t i o l a t i o n '  e ffec ts  become apparent, so tha t  in continuous 

darkness there i s  ac tually  elongation of the internodes as 

compared with those of plants grown in the l ig h t .  These

e t io la t io n  e f fec ts  include cer ta in  disturbances in the morpho

genesis of the leaves when the plants  are kept in complete 

darkness, but the development of the leaves and internoaes can 

be rendered more nearly ' normal' by exposure to quite small 

qu an t i t ie s  of l ig h t  (P r ies t ley ,  l92b). In the following
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experiment therefore ,  p lants  were kept ( i )  in  complete 

darkness, and ( 2 ) under a daily a l te rna tion  of 1 2  hours' low 

in te n s i ty  il lumination a t  1 0 - 2 0  foot candles and 1 2  hours 

darkness. Now i t  nas been shown tha t  in herbaceous species 

a da i ly  l i g h t  period e n t i re ly  a t  low in ten s i ty  is  ine ffec t ive  

for photoperiodic induction of flowering, anu i t  was assumed 

therefore  th a t  in the present experiment the e ffec t  of such 

il lumination should be without 'photoperiodic ' e f fec ts  on 

extension of the snoot, but should reduce tne e t io la t io n  

e f fec ts  re su l t in g  from complete uarxness.

Methods. Twelve pots of 2-year oia  plants  from the same

stock as those used in  experiment 13 were brought into the

laboratory dark-room on 6 th  April, when signs of breaking of

dormancy were becoming apparent. Six of these pots of plants

were then kept in continuous darkness, and the remaining six 
were exposed to a daily  a l te rna t ion  of l 2  hours’ illumination

a t  lb - 2 u foot-canuies from a lUU watt lamp anu 1 2  hours

darkness. Watering of the plants  kept in  complete darkness

was carr ied  out every 2-3 days, anu during th is  operation the

p lants  were exposed for a few seconds to a pnotograpnic safe-

lamp, f i t t e d  with a "Wratten" No.2 f i l t e r  for observation.

h e s u l t s . Growth of the shoots was very rapid in both 

se r ies  of plants  and had e ffec t ive ly  ceased within 3 weeks.

At th i s  time, however, not a l l  the internodes in the apical
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region haa extendea, and i t  therefore seems l ik e ly  tha t  
fu r ther  extension was l im itea  owing to the exhaustion of some

essen t ia l  factor.  Ihe f ina i  lengths of tne new shoots in both 

se r ie s  are given in Table 2u.

Table 2u. Final lengths of new shoots.

Treatment.
Number

of
p lan ts .

Lean length of 
new shoots.

Continuous darkness 29 6.64+0.50
1 2  hours' i l lumination 

4  1 2  hours aark. 26 6.53 + O.bl

I t  is  seen th a t  there was no s ig n if ican t  difference in the 

lengths of the new growth of the two se r ies ,  ^eaf-growth 

occurred on the new shoots of both se r ie s ,  the leaves a t ta in ing  

a length of approximately 2 cms. Tne new snoots of the plants 

maintained in darkness were colourless, whereas in those grown 

with a daily  exposure to 1 2  hours l ig h t  the stems anu leaves 

were green. There were no other observable morphological 

d ifferences between the two ser ies ,  both of which were 

remarkably 'normal' in  appearance. Thus P. sy ives tr is  appears 

not to show any gross e t io la t io n  e ffec ts  when kept in complete 
darkness or low-intensity  illumination.

When the growth of the new shoots is  compared with tha t

of the defo lia ted  plants  of Experiment 13, cer ta in  well-marked

differences appear. F i r s t ly ,  tne to t a l  length of the new

shoots (approximately 6 . 0  cms.; in  the present experiment was
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considerably grea ter  than tha t  a t ta ined  by the defolia ted  

plants  of Experiment i5 (approximately ü cms. ) .  Moreover, the 

new shoots in the present experiment grew very rapidly from 

the commencement of the experiment, and ceased extension in 

3  weeks, whereas those of the defolia ted  plants grew slowly 

over a period of 8  weeks, _although a s t r i c t  comparison is  not

F ig .20. Third-year seedlings. A, B - Drown under low- 
in tens i ty  il lumination for 1 2  hours per day;
C, B, grown in complete darkness.

possible as temperature conditions were not identica l  in both 

experiments, fu r ther ,  whereas tne defolia ted plants  showed 

reduced internodes throughout the length of the new shoot, the 

plants  of the present experiment showed long internodes in the
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basai region ana unextenaea internoaes in the apical region. 

Thus the effec ts  of defolia tion are in marked contrast to the 

e ffec ts  of keeping the leaves in darkness, and since more rapid 

growth occurred under tne l a t t e r  conditions, i t  appears tha t  

tne presence of the leaves promotes extension of the shoot even

in complete darkness. I t  would appear tha t curing the i n i t i a l  

stages of shoot extension the leaves contain a reserve of some 

essen t ia l  growth factor,  which, however, ult imately becomes 

exhausted so tha t  fu i i  extension of the apicai internoaes can 

only occur in presence of a su f f ic ie n t  quantity oi i ig n t .

2 . 6  experiment i d.

The re su l t s  of Experiments b and 9 indicate  tha t  ' long 

days' produce g rea te r  extension of the shoot in p. sy ives tr is  

than 'sh o r t  days',  ana yet on the other hand i t  is  clear from 

Experiment 14 triat even in complete darkness considerable 

extension of the shoot may take place.

Now, evidence has already been produced from the 

responses of f i r s t -y e a r  seedlings, tha t  long dark periods have 

an active inh ib ito ry  e ffec t  on growth of the snoot, including 

internode extension. I t  i s  well-known (Mann, 194U) however, 

th a t  the dark period must nevertheless be immediately preceded 

by exposure of the plant to a cer ta in  minimum quantity of l ig h t  

in  order to be effec t ive .  I t  seems possible, therefore, tha t 

the rapid growth of plants kept in continuous darkness is  due
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to the absence oi the inhibitory effec t  which re su l ts  when 

there  is  a daily a l te rna t ion  of l ig h t  and dark. The following 

experiment was therefore carried  out to t e s t  th i s  hypothesis, 

on the as sump 0 1  on tha t  photoperiodic 'perception' occurs in 

the leaves of the previous year.

Methods. Eighteen pots of 2-year old plants were 

brought into the laboratory on 3rd April, when 'breaking' of 

the buds had commenced, ana were divided into three equal 

se r ies .  In one ser ies  (A) the stems of the plants were 

individually  wrapped in black cloth, so tha t  the old leaves 

were kept in continuous darkness, while the teiminal buds were 

l e f t  exposed a t  the t ip s  of the stems. The l a te r a l  buas at 

the apex were removed from the plants  of a l l  ser ies ,  leaving 

the single terminal bua. All ser ies  of p lants  were exposed to 

il lumination at 4ÜU-OUÜ foot-candles from a battery  of eight 

80-watt f luorescent lamps suspended 9-12" above them, for 

6  hours daily. The p lants  of ser ies  A, and also of a second 

se r ie s  (B), were kept under a dark cover in the laboratory 

between the periods of illumination, while the th i rd  series 

(G) received a further  period of illumination a t  25 foot-candfes 

from a 1 0 0 -watt filament lamp for a further 1 0  hours, giving 

a 16-hour photoperiod, and 8  hours darkness. In order to 

eliminate any heating effec t  during the period oi low in tens i ty  

i l lumination of ser ies  U, a water screen consisting of a large
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c ry s ta l l iz in g  aisn  containing 4-o cms. of water was placed 

between tne lamps ana the plants. There were thus no 

appreciable temperature difference between the plants under 

the dark cover and those receiving additional illumination.

The room temperature remained nearly constant at 15^0, except 

during the period of illumination by the fluorescent lamps, 

when i t  rose to approxirmteiy 2 0 *̂0 .

The three series  of plants were thus exposed to l igh t  

conditions as follows:-

deries A - Ola leaves in continuous darkness, new shoot unaer 

6 - hour photoperioa at high in tens i ty .

Series B - Old leaves ana new shoots under 6 - hour photoperiod 

a t  high in tens i ty .

Series 0 - Old leaves and new shoots under 16-hour photoperiod, 

consisting of 6  hours a t  high in tens i ty  and 1 0  hours 

a t  low in tens i ty .

The length of the new shoot was measured individually for each 

plant in a l l  ser ies  a t  the commencement of the experiment, and 

a t  in te rva ls  of 6 days the rea f te r .

Res u l t s . The arrangements of the experiment were thus 

such tha t  the e ffec ts  of continuous darkness ana 'sho r t  days’ 

on the old leaves could be compared, while the l ig h t  conditions 

for the new shoots remained the same. In th is  way any 

differences due to possible e t io la t io n  e ffec ts  when the new
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shoots are kept in continuous darkness were eliminated. The 

th i rd  ser ies  of plants  unaer 'long day' was introaucea in 

order to verify  tna t  the quantity of l ig h t  receivea unaer the 

fluorescent lamps was su f f ic ien t  to evoke pnotoperioaic 

e f fec ts .  The growth of tne plants  is  shown ny the grqpns of 

f igure  21,ana the f ina l  aata are given in Table 21.

Table 21. f in a l  lengths of new shoots.

'C?.
*

Series Number of p lants ,  nength of new
shoot (cms)

nength of leaves 
a t end of 
experim ent.___

33

31

31

5.37+0.27 

6.33+ 0.34 

11.03 + 0.44

1.27 t  0.11 

2.15 + 0.07 

2.66 + 0.07

2 0 25 TIME(DAYS).

F ig .21. iiixtension growth of shoots. 
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Representative plants of each series are shown in Figure 22.

I t  i s  seen tha t  tnere was very l i t t l e  aifference between the 

growth of ser ies  A and B curing the f i r s t  l7 aays of the 

experiment, the s l igh t ly  reaucea growth in series A over th is  

period possibly being aue to tne absence of current assimilation 

in these plants .  Thus, during the f i r s t  i7 days of tne 

experiment, covering of the leaves of the previous year 's  snoot 

had no appreciable effec t  on the growth of the current year, 

as compared with tha t  in plants of which the old leaves 

received 6  hours' l ig h t  per day. The plants of both these 

series  showed the marked reduction of internode extension 

already found to be associated with short photoperiodsZ

A B
Fig .22. Representative plants of Experiment 15. (For

respective treatments, see tex t) .
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Un the other h ana, the shoots oi pianis exposed do a 

1 6 - hour day showed a very much greater  extension of the 

internodes, and an increased ra te  of extension was perceptible 

from the beginning of the experiment. Thus the previous 

re su l ts  obtained when a short period of illumination at high 

l ig h t  in tens i ty  was supplemented by a period of low in tensity  

illumination were confirmed, ana i t  was evident tha t the 

quantity of l ig h t  received from the fluorescent l igh ts  was 

su f f ic ie n t  to evoke a photoperiodic response.

I t  is  seen from Figure 21, tha t whereas tne ra te  of 

extension decreased s l ign t iy  in a i l  series  of plants between 

the i l t h  and 17th  days, th is  was followed by a second period 

of increased growth-rate in series  B ana U, but not in series A. 

A second increase in growth-rate was also observed in 

Experiment 9 - see Figure 19. Now during the period of reduced 

ra te  of extension between the l i t h  and l7 th  days there v/as a 

marked growth of the leaves in a l l  ser ies ,  but th is  was leas t  

in the case of ser ies  A, so tiiat marked differences in the 

length of the leaves became apparent between the plants of 

ser ies  A and B. I t  would appear, therefore, that the second 

period of increased growth-rate in series B and (j was 

associated with the development of the nev/ leaves in these 

two ser ies ,  and tha t  the fa i lu re  of series A to show a second 

r i s e  in growth-rate was connected with the poor growth of the
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new leaves. Thus, covering the old leaves of series  A 

ult imately  resu lted  in differences between series  A ana B, 

probably due to the absence of current assimilation in the 

former.

A matter of considerable in te re s t  was tne observation 

tha t  whereas during the i n i t i a l  stages of extension the young 

shoots were strongly geotropic, curing the period of reduced 

extension there was a marked tendency to curvature in the 

young shoots, so tha t  the apical portions pointed in a l l  

d irec tions .  During the second r i s e  in growth ra te ,  however, 

these shoots again assumed a v e r t ic a l ly  erect position. These 

observations suggest tha t  the period of reduced ra te  of 

extension was connected with an auxin deficiency, due to the 

exhaustion of a reserve of auxin (or auxin precursor) on which 

the i n i t i a l  period of extension depends, ana tna t  the second 

period of increased ra te  of extension is  aue to the current 

production of auxin by tne young growing leaves.

The close s im ila r i ty  between the responses of series A 

and B during the f i r s t  17 days could be aue to one of two 

causes viz. e i ther  ( 1 ) inh ib i t ion  of extension is  a maximum 

under a 6 -hour photoperiod, and further inhibition cannot be 

obtained even when the old leaves are kept in continuous 

darkness; or ( 2 ) the day-length conditions to which the older 

leaves are exposed do not a f fec t  the extension of the new shoot
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and pnotoperioaic perception is  located in tha t  shoot i t s e l f .  

This l a t t e r  p o s s ib i l i ty  appeared unlikely in view of the fact 

th a t  differences were detectable between series  A and B on the 

one hand, and series  U on the  otner from tne commencement ol 

the experiment, a t  wnicn time leaves were s t i l l  absent from 

the new shoots, being only 1 - 2  mm in lengtn ana retained 

within the basal sheath.

Unfortunately lack of a su ff ic ien t  number of plants of 

the same origin had prevented the inclusion of a fourth series 

of plants  (with old leaves covered and exposed to a 16-hour 

day) so tha t  the design of the experiment was 'orthogonal ' .

The following further experiment was therefore carried out 

to t e s t  the p o ss ib i l i ty  of a d irec t  e ffec t  of day-length upon 

the extension of the current snoot.

2.9 Experiment l 6 .

hetnods. Twelve pots of 2 - year oia seedlings were 

divided into two equal series ,  in both of which the leaves of 

the previous year were wrapped in black, cloth, as in series A 

of the previous experiment. The la te ra l  buds were removed, 

leaving a single terminal bud on each plant.

One series  of plants (A) was exposed to 6  hours' daily 

illumination under the fluorescent lamps (already described) 

and to 18 hours dark; the other series  (B) was exposed to 

6  hours high in tens i ty  ana 1 0 - hours low-intensity il lumination,
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unüer the same conaitions as tne J.6 -nour aay ser ies  of tne 

previous experiment. I'nus tne only aifference in treatment 

between the two series  was tne exposure of tne young shoots 

to 1 0  hours' il lumination at 2 o foot-canaies in the case of 

se r ies  B. This ahditionai illumination was given from above, 

in order to preserve tne same conaitions as in Experiment 15, 

although th is  methoa of illumination was clearly  not the most 

su itab le  for the erect expanaing buas.

The growth of the new shoots was measurea for each

plant a t in te rva ls  of 2-3 aays. The aata are given in 

Table 22 ana figure 23.

nesu l ts . I t  i s  seen from figure 23 tna t  tne ra te  of 

extension of the shoots of ser ies  a was greater  than tna t of 

Table 22. Bata for nxoeriment 1 6 .

Number ijen^th of new shoots.
Series of

iDlarts
On 9th day At end of experiment

A 19 5.ub±0.20 4.31 + 0.32

B 19* 4.02 ± 0.31 6.67 + 0.49

s  Three of these became accidentally broken auring the la te r  

par t  of the experiment and are not incluaea in the f ina l  

shoot-lengths.

ser ies  B from the commencement of tne experiment, ana on tne 

9 th  day there was already a higniy signifie ant aifference in
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shoot length between zne two series  ( fo r  ' t '  t e s t ,  < O.Ui). 

At th is  time the young leaves of the new snoots haa s t i l l  not 

emerged from the basal sheath in the majority of the plants, 

and in the remainder the t ip s  of the leaves projected for only

2520
T IM E  (DAYS)

Figure 23. extension of new shoots.

1 irm. beyond Lhe sheaths. Thus a greater  extension of the 

young shoots occurred unaer long-aay conditions even during 

the very eariy stages, a t  a tiiie wnen tne 'needles' were s t i l l  

in  a very rudimentary s ta te .  There seems no aoubt, therefore, 

tha t  the additional low-intensity illumination to which the 

p lants  of ser ies  B were exposed had a d irec t effec t  upon the 

extension of the internodes. This appears the more remerkeble 
when i t  i s  considered tha t  the illumination was directed from
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above, so tha t  the in tens i ty  of the incident l igh t  on the 

sides of the young shoots must have been very much less than 

foot-canaies. The difference in ra te  of shoot-extension 

between the two series  was maintained for a further 14 days, 

when growth in both series  had effectively ceased.

As in the plants  of the previous experiment in which 

the leaves were covered (se r ie s  A), there was no second increase 

in growth-rate in e i ther  ser ies  of the present experiment, and 

th i s  resu lted  in a lower f ina l  shoot-length in both long- and 

short-day plants than is  the case when the old leaves are not 

covered. Nevertheless, the f ina l  difference between the two 

ser ies  was comparable to tha t  obtained under lorg- ana short- 

days in previous experiments, ana th is  re su l t ,  together with 

those of Experiment i t ,  ( in  which i t  v/as shown tha t  covering 

of the old leaves made i i t t i e  difference during the early 

stages of extension), indicates tha t the effec t  of day-length 

upon shoot-extension i s  a d irec t  one, ana is  not brought about 

through the agency of the previous yea r 's  leaves.

2.10 Discussion.

I t  has been demonstrated in the experiments described 
above tha t ,  although a f te r  the f i r s t  year the duration of 

growth is  pre-determined by the number of node- in i t ia ls  la id  

down in the bud, nevertheless the extension of the internodes 

i s  affected by day-length conditions, short days producing
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reduced internode extension. In th is  respect the effects

observed in fA sy iv e s t r i s  agree with the general observation

th a t  short days produce shortened internoaes and a tendency 

to a ' r o s e t t e '  habit in both long-day and shori-day herbaceous 

species (G-arner, 1936). This effect  on internode extension 

appears to be a d irec t  one, and is  not a secondary one arising 

from a photoperiodic 'perception ' located in the leaves, as is  

generally held to be the case in herbaceous species. A direc t  

response of the stem to photoperiodic stimulus has been 

reported by Dostal ( 1944) for the rhizomes of Circaea i n t ermeaia, 

Similarly Harder and Westphal (1944) observed tha t  some 

inh ib i t ion  of flowering occurs when the defolia ted  stems of 

the 'sh o r t  day' species naianchoé hi ossfeiaiana are 

illuminated. In these l a s t  two cases, however, i t  was fully  

d i f fe re n t ia te d  stem t issue  which was the s i t e  of perception, 

whereas in P. sy ives tr is  the effec t  appears to be d irec tly  

upon meristematic t i ssue  which is  in the process of extension.
I f  the reduced internodes under 'sho r t  days' are due 

to the inhib itory  effec t  of the long dark periods as was 

suggested in connection with the effects  observed in f i r s t  

year seedlings, i t  might be expected that in the limiting case 

of exposure to continuous darkness, growth would be completely 

inhib ited . As we have seen, however, extension can occur 

rapidly in complete darkness ana in fact fu l l  extension of the
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lower internodes occurs, although growth ceases before the 

upper internodes have extended. The observation tha t  exposure 

to low-intensity illumination does not have any r/arxea effect 

on the development of tne new shoots in p. syive s t r i s  (apart 

from the development of ciUoropnyii; i s  in marxed contrast to 

the e ffec ts  re su lt ing  from exposure to small quantities  of 

l ig h t  in other species. P. sy ives tr is  thus does not show any 

obvious 'e t io l a t io n '  e f fec ts ,  beyond a possible s l igh t  

lengthening of the internodes and absence of chlorophyll.

From these considerations i t  would appear tha t  as the 

length of the daily photoperioa is  reduced, a t  a certain day- 

length extension of the internodes will  be a t  a minimum ana at 

s t i l l  shorter day-lengths th is  inhib itory  e f lec t  on internode 

extension will  be less  effect ive .  The observation tna t 

exposure to 12 hours' low-intensity illumination per aay haa 

no observable e f iec t  on internode extension, wnereas i f  such 

Ilow-intensity  illumination i s  usea to supplement a period of 

' exposure a t  a higher intensity^ i t  ha.s a marKed effect ( ' long- 

day' plants  of Experiments 6, 9 ana lb),  agrees with the 

observation tha.t in herbaceous species low-intensity 
^illumination alone is  not effective  for photoperiodic induction 

of flowering (Lann, 194Ü) although i t  has marked effects  when 

used to supplement a period of exposure to daylight. Thus, 

when the daily quantity of l ig h t  received by the plant f a l l s

below a certa in  minimum, tne photoperiodic effec ts  resu lt ing
- 119 -



from long aark perioas are also absent, inclualng, apparently/ 

the inh ib itory  effec t  on internoae extension.

I t  has been shown tna t although the day-length 

conditions to which the leaves of the previous years' shoot 

are exposed have l i t t l e  or no effec t  on the extension of the 

current yearb shoot, nevertheless the older leaves apparently 

contain some material in the absence of which the breaking of 

the buds and extension of the shoots occurs only with great 

d i f f ic u l ty .  In view of the importance of auxin in shoot 

extension (Thimann and bkoog, 1934) it, seems possible tha t  a 

reserve of auxin or auxin precursor is  normally present in the 

old leaves, and on which extension of the new snoots is  

dependent, but the p o s s ib i l i ty  tha t  other factors are also 

involved is  by no means excluaea. I t  seems clear tha t  the 

function of the leaves in th is  connection is  not simply tha t  

of current photosynthesis, since active extension of the shoot 

can occur even in  the dark, provided tha t  the old leaves are 

l e f t  in tac t .
The effec t  of day-length upon the duration of growth 

of the leaves appears to present the same problem as photo- 

periodic control of the duration of growth in f i r s t  year 

seedlings viz. how i t  is  tha t  unaer a constant aay-length growth 

may proceed for a cer ta in  period and is  then inhibited. The 

observation tha t  a r t i f i c i a l  shortening of the leaves aid not
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affec t  tne duration of growth indicates tha t tne attainment 

of a certain  area of lea f  i s  not i t s e l f  the determining factor, 

thus agreeing with the resu l ts  of the defolia tion experiments 

described in Appendix II .

Since the preliminary observations of Experiment 9

yielded no evidence of any effec t  of day-length upon the growth 

of the roots, and since quantita t ive data upon root-growth are 

not easily  obtained, th is  aspect of the work was not pursued 

further.

3. Effect of dav-lenQ:th on t he duration of cambial  a c t iv i ty .

3.1 Introduction.

Deference has been made above (p .16) to the observation 

by Wight (1923) tha t cambial ac t iv i ty^  of the shoot in 
P. sy ives tr is  continues u n t i l  well into October, a f te r  

extension growth and leaf-growth have ceased. The duration of 

cambial ac t iv i ty  in woody plants varies greatly  according to 

the species. Thus, in oak (hüsgen, 1929) tne formation of 

secondary wood continues u n t i l  September, whereas in sycamore 

( E l l io t t ,  193d) i t  ceases in July.

The factors determining the duration of cambial ac t iv i ty  

are not fu lly  understood, ana although several authors (e.g.

Jos t  1893, P r ies t ley ,  1936) have noted tha t  in many trees the

i
Ï  In th is  section the references to cambial ac t iv i ty  re la te  to ! 

the formation of new xylem? and ao not include phloem-formation
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period of cambial a c t iv i ty  appears to be correlated with that 

of extension growth of the branches, nevertheless in certain 

t rees ,  cambial ac t iv i ty  continues long a f te r  extension growth 

of the shoots has ceased, as, for example, in oak and 

P. s y iv e s t r i s , in these la toer  species, in which cambial 

a c t iv i ty  continues unuii trie occurrence of reaucea natural 

photoperiods in the autumn, the poss ib i l i ty  of d irect photo

periodic control i s  suggested.

aength of day is  well-known to affec t  the ac t iv i ty  of 

the cambium in herbaceous species, but the effects  so far 

observed in such cases appear to be associated primarily with 

the change from the vegetative to the reproductive s ta te  

(Hoberts and Btruckmeyer, 1948, Melikjan, 1946) which tends to 

obscure any d irec t  e ffec t  of day-length upon-the ac t iv i ty  of 

the cambium. The following series  of experiments were 

therefore carried out to determine whether aay-length conaitions 

a ffec t  the duration of cambial ac t iv i ty  in p. sy iv e s t r i s .

Concurrently with the experiments, observations were 

carried  out upon the duration of cambial ac t iv i ty  in the annual 

shoot in young trees  growing at Oxshott Heath, Surrey, and in 

2-year seedlings from the nurseries of the Forestry Commission. 

The method of determining the duration of cambial ac t iv i ty  used 

in these observations, and also in the following experiments, 

was tha t  described by Wight ( lo c .c i t ) ,  who pointed out tha t in
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transverse sections oi the stem a aormant cambium can be 

aistinguisJiea from an active one by tne tac t  tna t in the former 

the cambium ce l ls  abut a i rec t ly  upon lu i iy  l ig n i f ie a  tracneias 

of the wood, whereas in tne l a t t e r  there is  a trans i t iona l  zone 

occupieu oy p a r t i a l ly  l ig n i i i e d  elements, (f igures 24, 2b).

4i î

Fig. 24. Active Cambium. Fig. 2b. Dormant Cambium.

During the summer, when the cambium is  fu lly  active, 
the t ran s i t io n a l  zone at the base of the current year’s shoot 

is  some 5-4 ce l ls  in width, but as the cambium approaches 

dormancy the number of p a r t ia l ly  l ign if ied  cells  is  gradually 

reduced to zero.

The transverse sections used in these observations were 

cut by hand, stained in salranin ana l igh t  green, ana mounted 

in Canada balsam. In such preparations the incompletely
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d if fe ren t ia ted  tracneids in tne trans i t iona l  zone stain  green, 

ana can be c learly  distinguished from the fully  l ig n if ied  

elements stained with salranin.

Using th is  technique, i t  v/as found tha t  cambiad ac t iv i ty  

in the annual shoot of young trees under natural day-lengths 

(whether in pots or under naturalised conditions) in 1948 and 

1949 continued u n t i l  about the th i rd  week in October, thus 

confirming Wight’ s observations.

3.2 Experiment 17.

Lethods. Three a i f le re n t  series  oi second ana th ira-  

year plants were used. Two of these series  ( a ana h) were 

grown in pots, while the th i rd  had been grown in ’root- 

observation’ boxes (as described above) from the spring. All 

the plants had been grown under natural day-length conditions 

u n t i l  31st August, 1948. Commencement of the experiment was 

delayed u n t i l  th is  l a t t e r  date, in order tha t  leaf-growth 

should f i r s t  be completed. This precaution was taken since 

i t  was already known tha t  length of day may affec t  the duration 

of leaf-growth, and i t  was desired to eliminate any secondary 

effec ts  upon the cambium which might have resulted i f  d ifferent 

day-length conditions had been imposed prior  to the cessation 

of leaf-growth.

On 3 ls t  August each series was divided into two equal 

groups and exposed to day-length conditions as follows:-
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iSeries A, Croup ( i )  Natural day-lengths.

Croup (2) natura l day-lengths 4  a r t i f i c i a l

il lumination to give to ta l  photoperiod 

of ID hours, 

deries B & U, Croup l 1 ; lu hour photoperiod.

croup ( 2 ; natura l  day-lengths + a r t i f i c i a l

i l lumination to give a to ta l  photoperiod 

of ID hours.

All p lants  of ser ies  A were allowed to remain in the 

open. The plants  of se r ies  B and (j exposed to a 10-hour photo

period were enclosed in a l igh t-p roof  cover, constructed of 

patent ro o f in g - fe l t ,  from b p.m. to 7 a.m. As these l igh t-  
proof covers afforded a measure of protection against low 

night temperatures during deptember and October, a similar 

degree of protec tion  was given to the plants exposed to the 

ID-hour photoperiod by enclosing them in a cover constructed 

of a patent transparent material ,  Known as "Windolit e", for 

the same daily period as the ’ short-day' plants,were enclosed 

in  the l igh t-p roof  covers. Owing to over-shadowing by 

buildings the ’ long day’ plants  received no d irec t  sunlight 

during the period they were enclosed in the cover, and 

temperature conditions remained effec t ive ly  the same in both 

’ long day* and * short day* covers.

The additional period of a r t i f i c i a l  i l lumination to

extend the natural photoperiod was obtained by suspending a
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iüü-Y/att lamp outside the cover over the ’long aay* plants, 

and was iduna to give an in tensity  of approximately 20 foot 

candles a t  the upper leaves of the plants. The heating effect 

from the lamp in the ’ long day’ cover (the dimensions of which 

were approximately 6 ’ x 3’ x 2’ ) was very s l igh t and i t  was 

found tha t  the temperature difference between both covers aid 

not exceed 1°(J during the period of additional illumination.

itesults. dampies were taken from a l l  series of plants 

a t  approximately 2-weekly in tervals  for sectioning ana 

observation of the cambium. Tnese sections were taken from 

Dase of current year’s snoot, k i t t l e  difference could be 

detected between tne ’long aay’ ana ’ snort day* plants  of each 

series  for several weeks a f te r  the commencement of the 

experiment, the cambium remaining s t i l l  active in a l l  plants, 

as Shown by the presence of a zone of p a r t ia l ly  l ign if ied  

tracheids. By early October, however, noticeable differences 

began to a r ise  Detween the ’long day' and ’short day’ plants 

of each series ,  ana i t  was evident tha t  in the ’short day’ 

p lants  cambial ac t iv i ty  was reduced, since the trans i t iona l  

zone of p a r t i a l ly  i ig n i f ie a  elements was oniy one or two ce l ls  

in width or en t ire ly  absent, while in the * long day’ plants 

i t  remained 3-4 ce l ls  in width. By the th i rd  week in October 

the observations on sample plants showed tha t  cambial ac t iv i ty  

had ceased in most of the ’ short day’ plants, whereas in most
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of the 'long aay’ plants the cambium s t i l l  remained active. 

During the 3ra ana 4th weeks of October, samples of 12 plants 

from each of the six groups were sectioned for examination of 

the cambium. I t  was founa tha t  while the cambium in the 

majority of plants of the ’long aay’ groups was s t i l l  active, 

in a few plants i t  was aormant, ana conversely, while the 

cambium was aormant in the majority of ’short day’ plants, in a 

few there was s t i l l  s l ig h t  cambial ac t iv i ty .  Moreover, in 

some plants the cambium was quite active over one sector of 

the stem, but dormant over the remainder.
In order therefore to obtain a quantita t ive  measure of 

comparison between the ’ short aay’ and ’ long aay’ groups of 

each ser ies ,  the following method of ‘scoring’ was adopted. 

One ’u n i t ’ was awarded for each complete ring of undifferen

t i a t e d  tracheids between the cambium and fully l ign if ied  

elements, ana on^half of a ’u n i t '  was awarded where sucn a 

r ing was incomplete.

The to ta l  ’ score’ was then calculated for each group 

of 12 p lants ,  the data being summarised in Table 23.

From these data i t  is  clear tha t  the length of the 

photoperiod affec ts  the duration of cambial ac t iv i ty  in 

P. s v lv e s t r i s. That th is  is a true photoperiodic effec t ,  and

is  not the re su l t  of increased assimilation under ’ long day'

conditions is  c learly  shown by the fact tha t  the treatment of
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Table 25. A ctiv ity  of Cambium at eng of October.

Series. Phoaoperioa.
Dumber of plants 
Cambium Cambium 
active. aormant.

Total
score

A (i) ’normal ' 4 d 3.D

( i i ) 1 0  hours lo 2 31.0

B (i) iO hour 4 8 2.Ô
( i i ) lo hour 11 1 18.5

Ü (i) 10 hour Ü 12 0

( i i ) ID hour 6 6 18.5

the long day plants oi se r ies  A a i f fe re a  iroir tha t  oi tne 

'normal' üay plants sorely in tne iac t  tna t  the i'ormer receivea 

an additional perron oi irlumination oi onry ku ioot-canares 

in tens i ty ,  io r  a dairy period which ranged from about r nour 

a t  the beginning oi tne experiment to about hours in tne 

l a t e r  stages. In tne case of the long day plants of series 

B and C, the additional illumination (5 hours) received by the 

' long day' plants  included approximately 4 hours of daylight 

a t  the commencement ana i  hour a t  the termination of the 

experiment.

I t  was observed tha t  those plants of the various 'long 

day' ser ies  which showed a dormant cambium were mainly smaller 

specimens suggesting tha t  n u tr i t iona l  factors may also 

influence the duration of cambial ac t iv i ty .
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An important feature of these resu l ts  is  the long period 

of time (6-7 weeks) which elapseo. between the commencement of 

the short day treatment and the incidence of dormancy. This 

suggests tha t  t i #  effec t  of oay-length on the a c t iv i ty  of the 
cambium may be ind irec t .

A further point of in te re s t  is  that the * normal day' 

plants of ser ies  A became aormant a t  approximately the same 

time as the lu -hour aay plants of series B ana (j, although the 

day-length for the former rangea from approximately 1 4  to i u t  

hours during the experiment, whereas the l a t t e r  receivea a 

constant photoperioa of lu hours throughout,

3.3 Experiment l 6 .

In order to obtain confirmation of the resu l ts  obtained 

in Experiment 17, a further experiment was carried out in 1949. 

This experiment also incorporated observations on the effect of 

* de-budding' on the a c t iv i ty  of the cambium, for the fact tha t 

growth of the buds continues into September (p .iu) suggests 

tha t  possibly th is  might have some influence on the duration 

of cambial ac t iv i ty .

le thoas. The material used consisted of second-year 

p lants ,  growing in 7 - inch pots, each pot containing 4-D plants . 

All plants  had been grown under natural day-length conditions 

pr io r  to the commencement of the experiment. On 6th September, 

when leaf-growth ha,d ceased, the plants were divided into
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4 groups each containing 12 pots, ana subjected to day-length 
conditions as loiiows:-

Series A - ID-hour day.

Series B - 10-hour day.

Series 0 - Daturai aay-length.

Series D - ID- nour day, plants  ae-buadea.

The plants of series  d were covered with a light-proof 

cover from D p.m. to 7 a.m., ana the piants of series A and jj 

were covered in a transparent cover for the same perioa, as in 

the previous experiment. Supplementary a r t i f i c i a l  illumination 

for ser ies  A and D wa.s provided from two 150-watt lamps 

suspended outside the cover, ana arranged so as to give as 

uniform illumination as possible over the plants .  The plants 

of ser ies  0 were allowed to remain out-of-doors.

Samples from each series were taken at regular in tervals  

for observation of the camoium. Experience gained in tne 

previous experiment made i t  possible to recognize an active 

cambium without the necessity for staining, ana the sections 

were simply mounted in glycerine between a s i iae  ana coversiip, 

for inspection.

h esu l ts. As in the previous experiment, no difference 

could be detected between the various experimental series  of 
plants for several weeks a f te r  the commencement of the 

experiment. By the second week in October, however, a l l  series,
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except those under a lu -nour pnotoperioa, snoweo. signs oi 

reduced cambial ac t iv i ty  ana by the 4th week samples from 

these plants  showed tha t  the cambium was aormant. un 2o/26 

October, therefore, sections were cut from 20 plants of each 

series  (except in the case of the 'normal day' series, of 

which only 10 plants were examined). I t  is  seen from the data 

of Table 24 tha t  the resu l ts  of Experiment i7 are fully 

confirmed, and indeed the resu l ts  obtained previously are even 

more c learly  marked in the present experiment. As the 

differences between series  A and tne others were clearly 

s ign if ican t ,  the method of 'scoring ' was not adopted. The 

e ffec t  of day-1ength on cambial a c t iv i ty  in p. sv iv e s t r i s may 

Table 24. Activity of cambium, at end of uctober.

Dumber of plants with 
denies photoperiod Active Dormant

c am b i urn. c amb i urn.

A 15 hour 17 3

B 10 hour 2 18

C ' Dormal' 2 8

L' 1 0 - hour 4 16
( ae-budded)

then be regarded as fuiiy established, moreover, the fact 

tha t  cambial a c t iv i ty  may be prolonged beyond the normal date 

of cessation by a r t i f i c i a l l y  prolonging the natural photoperiod
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indicates tha t  natural changes in day-length in the autumn 

control the duration of cambial ac t iv i ty  in P. svlvest r i s  (a t  

le a s t  under the conditions oi the experiment).

The comparatively long interval between the commencement 

of 'sho r t  aay' treatment ana the f inal cessation of cambial 

ac t iv i ty ,  observed in Experiment 17, was again observed in the 

present experiment. Also, cambial ac t iv i ty  again ceasea at the 

same time in both ' normal day' ana diu-hour day' series.

The cessation of cambial ac t iv i ty  in ae-buadea plants, 

even though kept under long photoperioa, i s  a matter of some 

in te re s t  which is  discussed la te r .
Although the majority of plants under a 15-hour" day 

s t i l l  showed an active cambium on 25th Uctober, the width of 

the ' t r a n s i t io n a l  zone' in many plants was noticeably narrower 

than was observed e a r l ie r  in Uctober, su ^ es t in g  that even the 

'long day' plants were beginning to show reduced cambial 

ac t iv i ty .  In order to t e s t  how long cambial ac t iv i ty  could be 

prolonged in these ' long day' plants unaer favourable 

temperature conditions, on 26th uctober the remaining plants 

were transferred  to the greenhouse, which was maintained at 

12-1d^U, the photoperiod being continued at id hours. A further 

sample of 10 plants from th is  series was examined early in 

November, and i t  was found that the cambium was s t i l l  active 

in the majority of these plants. A further sample taken on
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25th November, however, showed that a i l  tne plants were then 
dormant.

Thus i t  was not possible to maintain cambial ac t iv ity  

in d e f in i te ly  unaer the conditions of the experiment, but th is  

may have been due to the fact that conditions for photo

synthesis during November were very unfavourable. Apart from 

a high proportion of cloudy days the plants were able to 

receive d irec t  sunshine for only a re la t iv e ly  short period 

each day owing to overshadowing by t a l l  buildings as the 

a l t i tu d e  of the sun decreased. I t  thus remains an open 

question whether cambial ac t iv i ty  could be maintained 

inde fin i te ly  with long pnotoperioas and under favourable 

conditions for assimilation.

3.4 Experiment 19.

The observation that short days in the autumn bring 

about hastened dormancy of the cambium raises  the question as 

to the effec t  of short days in the spring, when there is 

normally a renewal of cambial ac t iv i ty .  Examination of the 

cambium in the ' short aay* and ' normal day* plants of 

Experiment 9, in which two d ifferen t day-1ength treatments 

were applied during the period of extension of the shoot, 

showed tha t a new annual-ring had been formed in both series 

of plants,  although the amount of secondary growth appeared 

to be less in  tne 'sho r t  day* man in the ' normal aay* plants
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The cambium of the 'shor t  aay' plants s t i l l  showed some 

a c t iv i ty  at the end of July, when leaf-growth ha.d ceased.

Thus, the application of 'short  days' in the spring did not 

prevent the normal renewal of cambial ac t iv i ty  at tha t  time.

I t  i s  well-known, however, tha t  the renewal of cambial ac t iv ity  

in the spring appears in many cases to be correlated with 

extension of the young shoots (e.g. P ries t ley ,  i93u), ana since 

shoot extension occurred in both ' short day' ana ' long day' 

plants in the experiment in question, the loiiowing further 

experiment was carried out to t e s t  the effeci of day-length 

on the renewal of cambial ac t iv i ty  in plants which had been 

de-budded, so tha t  shoot extension was suppressed. Experiments 

of th is  type have been carried, out by various authors in the 

past, for example, Jos t  (l893) found tha.t i f  P. naricio was 

de-budded in Parch (leaving the leaves on) the shoots so 

trea ted  underwent some secondary growth, but the wood was of 

an abnormal type, mainly parenchyma, with occasional deformed 

tracheids.
kethods. Eleven pots oi 2-year oia plants which had 

remained out-of-doors throughout the winter were divided into 

two series  of 6 and b pots respectively. They were de-budded 

on Parch 6th, on which date sections of sample plants showed 

tha t  the cambium was s t i l l  dormant. One series of plants was 
allowed to remain under natural aay-length concilions, while
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the other was exposed to a,n 6 -hour day. Both groups were kept 
out-of-doors. During April, when normal plants showed breaking 

of the buds, growth of the apical region of the dwarf-shoots 

was observed to be occurring in both groups of plants ,  ana 

such new growth was cut out with the point of a Knife, so that 

a l l  extension-growth was suppressed.

Bes u i t s . Un 1st lay ,  sections of sample plants  from ootn series  

were cut, and tnese snowed tha t  no new secondary wood had then 

been formed, although normal p lants  (with buasj were found to 

have formed quite a wide band of new wood by tha t  date. Thus 

under the conditions of the experiment, no cambial a c t iv i ty  

was obtained in ae-budded plants , whether under natural or 

short-day conditions.

ubservations were also carried  out on plants which had 

been allowed to remain in the greenhouse throughout the winter. 

By 1st lay  the cambium of these plants was s t i l l  dormant, 

although s tarch  was exceptionally abundant in the ce i ls  of 

the cortex.

I t  was found tiiat the majority of bhe defoliated 

p lants  of Experiment 15 na.d formed no new secondary.wood below 

the current y ea r 's  growth, while in a very few s l igh t  cambial 

a c t iv i ty  had occurred over a small sector of the stem. Thus, 

here we find a corre la tion  between feeble extension growth and 

the presence of cambial a c t iv i ty .  Un the other hand, the plants
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of Experiment 14 which were Kept in the dark but allowed to 

re ta in  th e i r  leaves snov/ea rapid extension growth ana active 

formation of new wood. Ail tnese observations agree with the 

conclusion th a t  there i s  a ciose connection between the renewal 

of cambial a c t iv i ty  and extension growth in p. s v lv e s t r i s .

5.5 Discussion.

From the re su l t s  of Experiments 17 and 18 i t  is  clear 

th a t  the length of the photoperiod a ffec ts  the duration of 

cambial a c t iv i ty  in p. s v iv e s t r i s . This appears to be the 

f i r s t  instance so far  reported, of photoperiodic control of 

the duration of cambial a c t iv i ty  in a wooay species. Loshkov 

(1935) has described a difference in the amount of secondary 

wood in pobinia pseudacacia unaer ' long' ana ' snort '  days 

respectively ,  in th is  instance, however, there were def in i te  

d ifferences in the amount and duration of extension growth of 

the shoot, under ' long' and ' short '  days, and these differences 

in shoot growth must in turn have had sn  e ffec t  on the amount 

of secondary growth^, so tha t  i t  becomes impossible to determine 

any d irec t  e f fec t  of the length of the photoperiod on cambial 

a c t iv i ty ,  s im ilar ly ,  as has been pointed above ( p .109), 

differences in cambial a c t iv i ty  under ' long' and 'sho r t '  days . 

in herbaceous species are complicated by the change from

s  The influence of extension growth on cambial a c t iv i ty  is  

discussed below.
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vegetative to reproductive growth, ana here again a d irec t  

e f fec t  of day-length upon cambial a c t iv i ty  cannot be studied.

in p. s v iv e s t r i s , however, both extension growth ana 

le a f  growth, which might be expected go  affec t  the ac t iv i ty  of 

the cambium, cease considerably sooner than cambial ac t iv i ty ,  

and hence the effec ts  of d if fe ren t  photoperiods upon cambial 

a c t iv i ty  cannot be secondary effec ts  a r is ing  from differences 

in duration of these other growth processes. The problem of 

what determines the duration of cambial a c t iv i ty  in woooy 

species has been the subject of much stuay in the past (see 

Büsgen, 1929), but many aspects s t i i i  remain unsolved, in his 

masterly analysis , Jo s t  ( io9 i ,  ib93) came to the conclusion 

th a t  cambial a c t iv i ty  is  in some way connected with the presence 

of developing leaves in many species, in l i n e  with th is ,  a 

co rre la t ion  between extension growth and cambial ac t iv i ty  has 

been observed in many wooay species (P r ies t ley ,  1930). Thus, 

in species with ' d iffuse porous* wood, cambial a c t iv i ty  does 

not commence u n t i l  the buds break, and then a * wave* of renewed 

cambial a c t iv i ty  t rave ls  basipeta liy  from the buds down the 

branches and trunk (Coster, 1927, P r ies t ley ,  193o). I f  the 

buds are removed before the breaking of dormancy in such species 

there i s  no cambial a c t iv i ty  (Coster i92/j  as was founa to oe 

the case also lor  P. s v iv e s t r i s . dimiiariy, a general 

co rre la t ion  between the duration oi extension growth ana tha t
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of cambial a c t iv i ty  has been observed for cer ta in  'd if fuse  

porous' t rees  (see P r ies t iey ,  I95u). Thus, for 'd i f fu se  porous' 

t rees  a close connection between cambial a c t iv i ty  and extension 

growth is  indicated. Tnis conclusion becomes in t e l l ig ib le  in 

the l ig h t  of l a t e r  work on the role of auxin as a ' cambial 

s t im u lu s ' . Thus, onow (193d) showed tha t  auxin stimulates 

cambial a c t iv i ty  in he l ian thus , and heinders-GrOuwentak (1949) 
has shown th a t  the application of auxin in the spring to de

budded. twings of several species including the diffuse porous 

types oa lix  ana Popuius, produces typ ical  cambial ac t iv i ty  

(see below), in  view oi the weii-Known fact tha t  young leaves 

contain a nigh auxin-content (Thimann ana bkoog, 1934)- ana the 

demonstration tha t  a growth-noimone is  produced in tne apical 

region of shoots of Pvrus malus ana Aesculus spp. (Avery et a l . ,  

1937), i t  seems highly probable tha t  the observed correlation 

between cambial a c t iv i ty  and extension growth in ' diffuse 
porous’ t rees  is  due to the fact tha t  in such species the 

maintenance of cambial a c t iv i ty  is  dependent upon a continued 

supply of auxin from the apical region, and tha t  when extension 

growth ceases, the resu l t ing  drop in auxin production (Avery 

e t  a l . ,  1937) r e su l t s  in the cessation of cambial ac t iv i ty .

A similar close connection between rad ia l  growth ana 

extension growth in P. sv ives tr i s  i s  indicated, a t le a s t  for 

the renewal of cambial a c t iv i ty  in the spring, by the
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observation tha t  cambium of ae-buaaea plants remains dormant 

( Experiment 19). un the otner hanci, caxibiai a c t iv i ty  in 

P. sv lves tr i s  i s  maintained long a f te r  extension growth has 

ceased, ana tn i s  has been observed aiso in certa in  ' ring

porous* Dicotyledons e .g . Quercus, i r a ximus, (Ddsgen, 1929).

Uoster (1927) and nodewick (1929) observed also that in such 

' ring porous* t rees  renewal of cambial a c t iv i ty  is  not closely 

corre la ted  with the breaking of the buds, but may actually 

precede i t .  In such species, although the production of

* spring wood* appears to be correlated  with expansion of the

new shoots, (P r ie s t le y , 1936) the production of summer wood 

i s  not dependent upon the continuance of extension  growth. 

Following the argument that "a l l  rad ia l growth owes i t s  

inception to the ac t iv i ty  associated witn leaf-proauction on 

the extending shoot" P r ie s t ley  was able to trace a d irec t  

connection between the v e sse ls  of tne sumner wood and those 

of the d i f fe re n t ia t in g  members of the buds (which undergo a. 

l im ited  growth during the summer, but do not expand, of course, 

u n t i l  the follow ing sp rin g ). Thus, he postulated tha t  even 

in such *ring porous* sp ec ies , maintenance of cambial ac t iv i ty ,  

i f  not dependent upon extension growth, is  s t i l l  associated 

with meristematic a c t iv i ty  a t the apices. Dow the work of 

Peinders-Douwentak (1949) has shown that in  the * ring porous* 

species Fraximus ornus the production of spring wood can be
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inüuceü in ae-buüaea twigs oy a,ppiying auxin at tne t ip ,  ana

there is  thus a presumption tha t  the proauction ol spring wooa

i s  normally depenaent upon a supply of auxin from the expanaing

shoots, I f  tne production of summer wooa is  similarly

dependent upon an exogenous supply of auxin,then th is  may

possibly come from the developing (but not expending) buds,
' f r e e '

since the proauction of/auxin appears usually  to be associated 

with meristematic a c t iv i ty  (Went ana Thimann, 1957). In th is  

case, the evidence of P r ie s t ley  of a connection between the 

development of the buas ana summer wooa proauction is  rendered 

i n t e l l i g ib l e .  I t  i s  thus of in te re s t  to consider whether 

the maintenance of cambial a c t iv i ty  in  n. sv iv es tr i s  i s  possibly 

dependent upon conoinuea growth of the buas.

The re su l t s  of Experiment id, in which i t  was found 

th a t  cambial a c t iv i ty  ceasea in ae-budded plants  even under 

* long day* conditions, certa in ly  indicate tha t  the presence 

of terminal buas is  necessary for continued cambial a c t iv i ty  

even when day length conditions remain favourable. The 

question then ar ises  as to whether or not the buds must be 

ac t ive ly  growing in order to stimulate cambial ac t iv i ty ,  or 

whether they re ta in  th is  property even in the dormant s ta te .

The observations on the growth of the ouas unaer natural 

conditions ( p . 10) seem to indicate  tha t  elongation has 

e f fec t ive ly  ceasea by mid-deptember whereas cambial a c t iv i ty
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caxi be observed for a fur ther  4-u weeks,but the procedure of 

taking r e la t iv e ly  smaii samples for measurement at in te rva ls  

i s  not su f f ic ie n t ly  accurate to detect s l igh t  growth-changes 

in the buds. The e ffec t  of de-buaaing on cambial a c t iv i ty  

however i s  not immediate, for a zone of p a r t i a l ly  l ig n if ied  

tracheids was observable for a further  0-6 weeks a f te r  the 

operation of de-buauing, so tha t  the cambium of de-buaoed 

' long aay' plants  became aorrrant a t  ap^^roximateiy the same 

date as in ta c t  p iants  rnaintaineu unaer 'sn o r t  aay' conaitions. 

This long time-lag between the e l i e c t  of removal of the buas 

and dormancy of the cambium wouia account for the observation 

th a t  under natural conditions cambial a c t iv i ty  can be observed 

for several weeks a f te r  bud-growth has apparently ceased.

I f ,  in la c t ,  maintenance of cambial a c t iv i ty  is  dependent 

upon continued bua-growth, i s  the effec t  ol long photoperiods 

on caiTjbial a c t iv i ty  primarily an e ffec t  upon bua-growth? In 

order to t e s t  th i s  p o ss ib i l i ty ,  an attempt was made to detect 

any differences as between the growth of tne buas of piants 

unaer ' long days' ana ' snort aays' respectively, by paining 

the outside of the ouas with 'n a i l  varnish' curing beptember, 

and observing any subsequent cracking of the coat cue to 

swelling of the buds. Although growth of the buas could be 

detected by th is  method in both ser ies  of plants  during early 

September, growth in both ser ies  a f te r  22nd September was so
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s l ig h t  as to render the observations inconclusive. Ih rther  

observation is  tnus needed on tn i s  point. Assuming however r. 

th a t  bua-growth had ceasea in  both series  by la te  beptember, 

two a l te rna t ives  wouia seem to ex is t  with respect to the e f lec t  

of * long days* in prolonging cambial ac t iv i ty  viz. ( i )  unaer 

both * long* ana * short '  day conditions catibial a c t iv i ty  cannot 

be maintained in d e f in i te ly  once bud-growtn has ceasea, and tne 

e f fec t  of long days is  merely to prolong the in terval  between 

the cessation of bua-growth ana the incidence of dormancy in 

the cambium. This hypothesis is  in accordance with the 

observation tha t  cambial a c t iv i ty  coula not be prolonged 

in d e f in i te ly  even unaer long day conditions, but had ceased 

by end of November. (2) Maintenance of cambial a c t iv i ty  is  

ac tua lly  independent of growth of the buas under long day 

conaitions, ana can be maintained in d e f in i te ly  under favourable 

conditions, in th is  case tne fa i lu re  to prolong cambial 

a c t iv i ty  in d e f in i te ly  during tne winter was aue probably to 

poor l ig h t  conditions. Further experiments are required to 

determine vmich of these a l te rna t ives  is  correct.

4. Effect  of day-length and temperature on the breaking of 
dormancy.

I t  is  well-known tha t  many woody species, on becoming 

dormant in the autumn, require a period of exposure to low 

temperatures (5-8^0) during the winter before normal breaking
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of dormancy can occur in the following spring, and tha t  i f  they 

are protected from exposure to ch i l l in g  by being kept in a 

greenhouse throughout the vanter, normal breaking of the buds 

i s  delayed or is  i r regu la r  (nowara, 1910; (Jolvilie, 1920). The 

requirement for a period of low-temperature exposure does not 

appear to nave been previously demonstrated for p. sv iv e s t r i s, 

but the following simple experiment snows tha t  such treatment 

i s ,  indeed, necessary for normal development of th is  species.

4.1 Experiment  20.

At the end of October approximately 20 two-year plants 

growing in 4 pots were brought into the greenhouse (which was 

maintained a t  approximately i3 °0 ) , while 12 other pots"  

containing 50-60 similar plants  were allowed to remain out-of- 

doors. both series  of plants remained aormant throughout the 

winter. In mid-February, the plants l e f t  in the open were 

brought into tne greenhouse ana a l l  these plants broke donnancy 

regula rly  early in March. At tn is  time a l l  the piants wnich 

had remained in tne greennouse throughout tne winter were quite 

dormant. During eariy April, however, the majority of these 

l a t t e r  p lants  began to show signs of breaking dormancy aiso.

At th is  time there was a spell of fine sunny weather and the 

temperature of the greenhouse rose to 20-25°C on some days. I t  

seems probable tha t  the increased temperature and/or l ig h t  

in ten s i ty  stimulated the breaking of dormancy in these plants .
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Nevertheless, i t  i s  evident tha t  a period of exposure to low 

temperatures hastens and f a c i l i t a t e s  the breaking of dormancy 

in P. svlves t r i s .

4 .2  Experiment 21.

reference v/as made above ( p .23) to the observations 

of Eustafson (1938) wno founa tha t  plants of p. resinosa 

which were protected from exposure to low temperature auring 

the winter fa i led  to break dormancy uniess exposed to a aay- 

1ength of i6 hours, s imilarly , ph i l ip s  (i9dl)  founa that 

premature breaking of dormancy could be inaucea in P. taeaa 

in December, oy extending the natural photoperioa to 18 hours 

by low-intensity  supplementary illumination. The following 

experiments were carr ied  out to t e s t  the e ffec t  of continuous 

l ig h t  on the breaking of dormancy in P. s v iv e s t r i s ;-

( a) Twelve pots of 2-year seedlings were divided into two equal 

se r ies  on 27 June and from th is  date one series  was kept 

under 'normal* photoperiods, while the other series  

received additional i l lumination a t  approximately io-2u 

foot-candles from sunset to sunrise. V/iGhin 2-3 weeks the 

p lants  receiving continuous illumination showed signs of 

'breaking* of the buas and tn is  was followed by a period 

of extension of the shoot. The plants were maintained 

under continuous il lumination u n t i l  early October, when 

the terminal buds on the newly formed shoots of some plants 

had again broken dormancy and showed the i n i t i a l  stages of
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a th i rd  'annual shoot*. The plants  under natural photo

periods remained dormant throughout the experiment.

(b) Six pots containing 2-year ola plants were transferred

from a large batch growing unaer * normal days* to continuous 

illumination a t  lo-2u foot-candles on September 4th. Within 

approximately 3 weeks a l l  plants  (approximately 25) unaer 

continuous i l lumination broke dormancy ana formed a new 

annual shoot, while comparable plants  unaer natura.1 aay- 

lengths remained dormant.

From the r e su l t s  of these experiments i t  i s  evident 

th a t  dormancy can be broken prematurely in P. s v lv e s t r i s . 

without prior  exposure to low temperature, simply by exposure 

to low-intensity  continuous illumination.

5. The Mechanism of photoperiodism in  P. s v lv e s t r i s .

I t  has been' shown tha t  the photoperiodic responses of 

f i r s t - y e a r  seedlings of p. sv iv es tr i s  suggest tha t  the duration 

of growth is  controlled by an in te rac t ion  b e tw e e n  a growth- 

promoting system whose action is  dependent upon l ig h t  ana an 

inhibitor-system which becomes effec t ive  wnen the dark period 

exceeds 4 hours. I t  has been shown, aiso, tha t  in both f i r s t -  

year and older seedlings the length of the photoperiod affec ts  

the extension of the internodes. Also, in older plants the 

duration of cambial a c t iv i ty  is  affected  by length of day.

Now extension of internodes ana canbial a c t iv i ty  are processes
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known to be a ffec tea  by auxin supply (Thimann and bkoog, iy34; 

Snow, 1935), auxin deficiency having the same effec t  as short 

photoperiods. Moreover, in  certa in  deciduous wooay species, 

abscission of the leaves occurs under short photoperiods (p. 21), 

and th i s  a process also known to be affected by auxin supply.

On these grounds the suggestion was put forward by the writer 

(Wareing 1949b) tha t  these photoperiodic effects  in woody 

species " re su l t  from the action of l ig h t  on the production or 

a v a i la b i l i ty  of auxin within the plant,  and tha t  quite low 

l ig h t  in te n s i t i e s  are e f fec t ive" . how a t ten t ion  has been 

drawn by various authors to evidence tha t  l ig h t  appears to be 

necessary for the production of auxin ( /an  Uverbeek, 1933; 

Thimann and Skoog, 1934, Avery, 1935, Zimmerman and Hitchcock, 

1936, Oortwijn, 1936). On the other hand, bkoog (1944) found 

th a t  tobacco callus t issues  may be grown in darkness, and tha t  

such cultures produce auxin extractable with ether (though not 

free auxin), auxin synthesis being independent of the l igh t .

As bkoog points out, however, these re su l ts  do not exclude the 
p o s s ib i l i ty  tha t  l ig h t  may cause an increase in free d iffus ib le

auxin.
The suggestion tha t  the effec t  of l ig h t  on auxin- 

production or avaiJa b i l i t y  may be important in photoperiodic 

phenomena does not appear to have been put forward previously. 

Gailachjan and Zdanova. (1938) showed tha t  the amount of
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d if fu s ib le  auxin in the stems of several species was greater  

in * long days* than in  short, but concluded tha t  auxin i s  not 

important in the in i t i a t io n  of flowering. Leopold (1949) 

showed th a t  the leaves of Coleus produced 78yo more auxin when 

grown under a 16-hour day than under a 10-hour day. he found 

th a t  auxin applied to the leaves of barley reduced t i l l e r in g ,  

thus having the same effec t  as long days. On the other hand, 

triodo-benzoic acid ana coumarin, which are knov/n to be auxin 

antagonists, increased the amount of t i l l e r i n g  ana thus haa 

the same effec t  as short days, he suggested tha t the 

differences in t i l l e r i n g  under long and short days resu l t  from 

differences in the amount of auxin produced.

I t  i s  c lear,  however, tha t  even i f  auxin is  the 

substance produced in  the l ig h t  phase, differences in photo

periodic response under * long* and * short* days cannot re su l t  

simply from differences in amount of auxin produced as a re su l t  

of long and short periods of il lumination respectively, since 

the length of the unbroken dark period also plays an active 

ro le  in determining the type of response. This l a t t e r  

phenomenon suggests tha t  the effec ts  of dark are not due simply 

to the absence of auxin production but tha t  there i s  an active 

in h ib i t io n of the effec ts  of auxin durir^ long dark periods. 

Evidence tha t  an active growth-inhibitor, which is  antagonistic 

to the e ffec ts  of auxin, is  involved in the phenomena of

- 147 -



co rre la tive  inh ib ition  , was proûucea by Snow (1939, 1940). 

Stewart (1940) was able to iso la te  such a substance from the 

cotyledons and leaves of raaish , and further instances of the 

occurrence of growth inh ib ito rs  are mentioned below, how many 

of the problems of co rre la tive  inh ib ition , such as the early 

cessation of grov/th of la te r a l  shoots, are clearly  re la ted  to 

the problem of v/hat determines the cessation of growth in  

seedlings of P. sv lv e s t r i s .

The following extension of the hypothesis put forward 

to account for the re su lts  in  seedlings of P. svlvestr i s (p.76) is  

therefore  suggested:
(1) During the l ig h t  period there is  a production of auxin or 

an auxin-precursor, which is  the basis of the growth- 

promoting e ffec t of the light-phase, postulated above. 

During the f i r s t  hours of darkness the auxin level within 

the p lan t is  s t i l l  high as a re su l t  of production during 

preceding photoperiod, but a f te r  some hours of dark the 

auxin level becomes reduced.

(2) There i s  an active auxin-inhib itor system within the 

p lan t which becomes effec tive  a f te r  several hours of dark, 

when the auxin level ha.s fa llen .

The reduction in the auxin level during darkness might 

be due to i t s  transport from some f ie ld  of action, such as the 

leaves or the apical meristem. Thus, a diurnal rhythm in auxin
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content has been found in  the leaves of Carica  papa,va (Yin, 1941), 

The p o s s ib i l i ty  is  not excluded, however, th a t during darkness 

the auxin i t s e l f  becomes converted into an inh ib ito r , for 

evidence of such a conversion has been produced (iunke and 

Sôaing, 1948). Also, ütewart ( lo c .c i t )  found tna t the 

in h ib ito r  present in  the leaves of raa ish  seedlings was easily  

converted by hydrolysis into an active growth promoting 

substance. Again, Veldstra (1944) on theo re tica l grounds, 

ha,s suggested th a t p lant growth-inhibitors may be s tru c tu ra lly  

re la te d  to growth-substances.

The type of mechanism postulated is  also indicated by 

a consideration of the conditions for the breaking of dormancy 

in  P. s v lv e s t r i s . I t  has been shown by Hemberg (1949a, 1949b) 

th a t  in  dormant potatoes ana res tin g  buds of i raxinus excelsior 

an aux in-inh ib ito r is  present and th a t during the winter there 

is  a gradual disappearance of the in h ib ito r . The a b i l i ty  to 

break dormancy is  correla ted  with the disappearance of the 

in h ib ito r ,  and i t  would appear th a t the e ffec t of low-temperature 

exposure required by both these p lants is  in some way to remove 

the in h ib ito r .  I f  the same mechanism forms the basis of the 

requirement for a period of low-temperature exposure in 

P. s v lv e s t r i s , then i t  is  of g reat in te re s t  to note tha t in th is  

species dormancy may equally well be broken by exposure to 

continuous illum ination, suggesting tha t the in h ib ito r  is  also
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removed in  the presence of l ig h t .  Moreover, i t  has been shown 

by Klebs (1914) for beech ana D ulisashvili (1946) for certain  

other species, tha t dormaxicy can be broken prematurely even in 

the le a f le s s  winter conditions by exposure to continuous 

illum ination  and without exposure to low temperatures.

I f  l ig h t  i s  necessary for auxin production, as has 

been suggested above, i t  is  a t f i r s t  s ight d i f f ic u l t  to 

understand how i t  is  th a t growth of the new shoots in 

P. sv lv e s t r is  can proceed for some time even in complete 

darkness. I t  is  possible, however, th a t a f te r  low-temperature 

exposure during the winter with consequent disappearance of 

an in h ib ito r ,  a reserve of anxin or an auxin-precursor is  made 

availab le . This must certa in ly  be the case with deciduous 

woody species, in  the expanding buds of which abundant auxin 

is  present although no leaves have yet been expanded

(Gzaja, 1934).
I t  is  of in te re s t  to consider the implications of th is

postu la ted  mechanism of photoperiodism in  P. sv lv es tr is for 

the problem of photoperiodic induction of flowering in 

herbaceous species, for there  are good grounds for the view 

th a t  the underlying mechanism is  the same in both woody and 

herbaceous species. The evidence for th is  view may be 

summarised as follows:-
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(1) In both woody and herbaceous species, photoperiodic 

e ffec ts  are evoked a t quite low l ig h t- in te n s i t ie s .

(2) In herbaceous species i t  appears tha t normally i t  is  the 

/  length of unbroken darkness which determines the type of

response, and th is  appears to be true also of P. sv lv e s tr is .i 

A short *ligh t-b reak ’ during the dark period completely 

modifies the response in both herbaceous species and 

P. s v lv e s t r i s .

(3) In both types of p lan t there is  usually a reduction of 

the internodes, tending towards a ’ rosette* growth habit, 

under short days.

(4) There is  a photoperiodic ’afte r-e ffec t*  in both 

herbaceous and woody species when they are transferred  

from 'sh o r t  day* to ’ long day’ conditions.

(5) Ju s t  as in certa in  herbaceous species there is  an in te r 
action between vernalisa tion  and day-length effects  (for

example, in unvernalised winter rye reproduction may be 

hastened by short days), so in P. sv lv es tr is  dormancy may 

be broken both by low temperature and very long days. 

S im ilarly, certa in  v a r ie t ie s  of peach which have been 

germinated without p r io r  s t r a t i f ic a t io n ,  become dormant 

prematurely and have abnormally short internodes, but 

these e ffec ts  may be removed by exposure to continuous 

l ig h t ,  (nammerts, 1943).
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The paralle lism  between photoperioaic phenomena in 

herbaceous ana woody species is  thus su ff ic ie n tly  close to 

warrant the assumption tha t the underlying mechanism is  the 

same in both cases. This being the ca.se, i t  would appear 

un likely  th a t the i n i t i a l  stages in  pnotoperioaic induction of 

flowering in herbaceous species involve the production of a

spec if ic  * flower-forming* hormone, since in seedlings of woody
!

species photoperiodic responses may be observed which affec t :

purely vegetative processes and which appear not to be connected | 

with any e ffec ts  on the reproductive s ta te .  Thus any substances 

formed d irec tly  by the ligh t-and  dark-reactions are like ly  to 

be much more generalised in th e ir  e ffec ts , which include not 

only the ir i t ia tio n  of flovmr buas, but extension of internoaes, 

apical dominance, l e a f - f a n ,  cambial a c t iv ity  etc.

A number of theories have been put forward to account 

for the phenomena associated with photoperiodic induction of 

flowering in herbaceous species, the best-known probably being 

those of damner (i94t2) ana dr ego r  y (l94b). According to the 

theory of ilregory a substance "A" is  produced in the leaves in 

the l ig h t phase, and in short day plants is  converted to "B" 

in the dark. The substance "B" is  transported from the leaves 

to the apical meristem and is  there converted to "G”, the 

F flower hormone*. “B" is  l ig h t-se n s it iv e  whilst in the leaf, 

and in the presence of a *light-break* during the dark period,
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i s  reconverted to "A” . Thus a dark period is  necessary for 

the formation of "d", ana the e ffec t of a ' l i g h t  break* in

preventing the in i t ia t io n  of flowering is  due to the

reconversion of B to A.

Gregory suggests tha t in * long aay* plants the substance

"A" is  formed in  the leaves in tne l ig n t ,  ana is  transported to

the meristem wnere i t  is  converted to “u". Thus ”jb“ is  neia 

not to be found in long-aay p lan ts . I t  is  suggested that 

during the dark, substance "A" is  corv erted to "X", which plays 

no p a r t  in flower in i t ia t io n .

We may, however, equally well in te rp re t  the effec ts  in 

herbaceous species according to the hypothesis put forward for 

P. sv lv e s tr is ,  i f  we postulate th a t in 'sh o r t  day* plants day- 

length conditions favouring high auxin leveis are inimical to 

flower in i t ia t io n  ana tha t conditions tending to reduce tne 

auxin level promote flower in i t ia t io n .  Piower in i t ia t io n  in 

* short day* plants i s  then aue prim arily to tne inh ib ition  of 

auxin which occurs in long aaxK periods. Evidence in support of 

th i s  hypothesis is  provided by the experiments of Dais ton (194?), 

Bonner (1949) ana Bonner and Thurlow (1949). G-alston showed tha t 

treatment of soybeans with tri-iodobenzoic acid, which is  a known 

auxin antagonist, induced the formation of flower buds in plants 

maintained unaer a day-length unfavourable for flowering.

- 153 -



Bonner found th a t application  of the auxin antagonists 2,4 - 

Dichloranisole and tri-ioaobenzoic acia to vegetative lantnium 

p lants  re su lted  in in i t i a t io n  of 'flower-like* buas. Donner 

and Thurlow showed th a t  tne photoperioaic induction of flowering 

by short days in  Xanthium is  inh ib ited  by spraying the leaves 

with auxin, or by placing cuttings in  solution of auxin. On 

the other hand when 2,4 - Dichloranisole, i s  supplied to 

cu ttings f lo ra l  development is  hastened. In the pineapple 

also i t  has been shown tha t flower in i t ia t io n  may be induced 

by treatment with auxin (Van Overbeek, 1946).

There is  thus good evidence in  support of the view tha t 

in herbaceous species the auxin level within the plant is  an 

important fac to r in tne in i t i a t io n  of reproduction and tna t 

in  short day plan ts  a low auxin level i s  f avourable  to flower 

i n i t i a t i o n .

I t  is  suggested tha.t * long day* plants are those in 

which flower in i t i a t io n  is  favoured by conditions leading to a 

high auxin level, and tha t fa i lu re  to flower in short days is  

due to the predominance of the inh ib ito ry  system under such 

conditions.

A highly speculative scheme, which has certa in  points 

in  common with the present hypothesis has been put forward by 

Hezende (1949), who postu la tes tn a t flowering is  determined by 

the attainment of a ce rta in  difference in level between auxin
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and anti-auxin  (= bouna auxin) within the plant, ho suggestion 

is  made, however, as to now th is  scneme is  to be re ia te a  to 

the phenomena of photoperioaism.

According to the hypothesis put forward here, in both 

long day and short day plants the substance "A" postulated by 

Gregory and Hamner as found in  the l ig h t  is  auxin or an auxin 

precursor. In long dark perioas an auxin-inhibitor "B" is  

formed, possibly from the auxin formed in the l ig h t pha,se.

The question then a r ise s  as to the e ffec t of a ' l ig h t break' 

during the dark period. According to Gregory the substance B 

formed in the dark i s  reconverted to a ,  and th is  suggestion 

would agree with the apparent inbe rconvertib ility  of auxin and 

an in h ib ito r ,  to which reference has already been made. The 

destruction  of an in h ib ito r  by l ig h t  i s  suggested by the effec t 

of continuous illum ination in breaking dormancy of the buds 

in  P. s v lv e s t r i s . Thus Gregory's scheme is  quite  compatible 

with the scheme put forward iiere i f  we postu la te  th a t although 
A is  a necessary precursor for B, nevertheless A and B have 

mutually antagonistic  e ffec ts ,  A being inimical and B favourable 

to flowering. A lternatively  we may suggest th a t the e ffec t of 

a l ig h t  break is  to produce more "a" from a substrate  

which is  produced by a non-photochemical reaction , and which 

accumulates during the dark period preceding a ' l ig h t  break' 

(Withrow and Withrow, 1944). On th is  view, the e ffec t of a
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* l ig h t  break* is  to produce more auxin, wnich is  inimical to 

flowering in short-aay p lants a t certa in  levels of concentration.

While such a scheme as th is  leaves many d if f ic u l t ie s  

unsolved, i t  has the support of much evidence and has the 

merit of embracing a much wider range of photoperiodic 

phenomena than e a r l ie r  schemes, including those in both woody 

and herbaceous species.
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PAHT IV. FACTüDB CÜWTPÛ uI&U- TïÆ AimUAi, CL UuD UP GrhüFIh liM 
P. DYuVDSTpIb.

We are now in a position  to summarise ana discuss what 

has been demonstrated as to the factors , both 'in te rn a l '  and 

'ex ternal* , contro lling  the normal pattern  of the annual cycle 

of growth in  P. svlv e s t r i s .  (This discussion w ill be confined 

to p lants  in the second or la te r  years of growth).

Commencing with a consideration of plants which have 

become completely dormant in  the autumn, i t  tias been shown 

th a t  fu rther development is  dependent upon a period of low- 

temperature exposure, for p lants  wriich are transferred  to a 

greenhouse in  October remain dormant a t  le a s t  u n t i l  tne 

following April, even thougn temperature conditions apparently 

remain favourable for growth tiiroughout the winter, whereas 

p lan ts  allowed to remain out-of-doors during November and 

December, break dormncy read ily  when transfe rred  to the 

greenhouse in Jahuary. Evidently the requirement for a period 

of low temperature exposure has normally been s a t is f ie d  by 

January, and fu rther development is  then dependent upon an 

increase in temperature, so th a t conditions become favourable 

for growth. Under natural conditions breaking of dormancy does 

not occur u n t i l  April and tnere seems l i t t l e  doubt tn a t the 

natura l r i s e  in temperature in  the spring is  the major factor 

determining the time of bud-break in p. sv lv e s tr is ,  since the
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process can be inaucea to take place sooner simply by 

tran s fe rr in g  the p lants  to a warm greenhouse. Tnere i s  no 

evidence th a t  the breaking of dormancy in P. sv lv es tr is  under 

normal conditions i s  affected  by natural changes in day-length 

conditions in the spring.

The re su l ts  of Experiment l3 indicate th a t the presence 

of leaves is  necessary not only for normal extension of the 

shoot, but also for the breaking of dormancy, for when plants 

were defo lia ted  a t the f i r s t  signs of bud-break, a high 

percentage of p lants  fa i le d  to break a t  a l l ,  whereas nearly 

lOOyb of p lants  with leaves u ltim ate ly  broxe dormancy. In th is  

respect P. s v lv e s t r i s stands in  marked con trast with deciduous 

species. The ro le  of the leaves in  th is  connection needs 

fu rther investiga tion .

The breaking of the buds is  immediately followed by a 

period of extension of the annual shoots, which proceeds 

rap id ly  and is  completed in about 2 months. This process 

involves only the expansion of i n i t i a l s  la id  down in the bud, 

so th a t  the period of extension growth is  ' in te rn a l ly '  

determined. This extension growth occurs during a period when 

natura l day-lengths are re la t iv e ly  'long ' ( l3 - l6  hours) so tha t 

the photoperiodic e ffec ts  observed under experimentally 

shortened photoperiods w ill not normally be important under 

n a tu ra l conditions.
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Drowth of the leaves continues much longer than tha t 

of the stem, by the ac t iv i ty  ol basal meristem, ana i s  not 

normally completed u n t i l  tne end of August or early September. 

In so far as the duration of leaf-growth has been shown to be 

reduced by short days, and since during August the natural 

day-length i s  fa l l in g  rapidly , the p o ss ib i l i ty  of photoperiodic 

control of leaf-growth is  indicated. Experimental lengthening 

of the natural day-length during August, however, fa iled  to 

prolong the duration of leaf-growth, but the duration of 

additional illum ination may have been in su ff ic ie n t  (p .96).

I t  is  possible, therefore , th a t  the maximum leaf-leng th  

corresponding to the prevailing natura l photoperiods is  being 

approached by early August, ana tha t leaf-growth would cease 

sho rtly  afterwards even i f  day-length conditions remained 

constant, ju s t  as in  Experiment ID leaf-growth ceased in early 

August under a constant photoperiod of 14 hours.

Cambial a c t iv i ty ,  as indicated by swelling of the 

cambial c e l ls ,  can be detected both in  the buds and in the 

main trunk before breaking of the buds has occurred. The 

formation of new wood, however, commences a t the apex of the 

trunk and a t  the t ip s  of the branches and trave ls  bas ipe ta lly  

(Wight, 1933). The evidence summarised above (Experiment 19) 

supports the view tha.t in  p. svlves t r i s , renewal of cambial 

a c t iv i ty  is  dependent upon expansion of the buds.
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Continuous cambial a c t iv i ty  is  maintained tliroughout 

the summer u n t i l  October, a t which time shoot extension, leaf-  

growth and bua-growth nave ceased, bince the duration of 

cambial a c t iv i ty  can be prolongea by extending the natural 

photoperiod with low in ten s ity  a r t i f i c i a l  illum ination, i t  i s  

evident th a t the fa l l in g  natural day-length in  the autumn plays 

an important part in  bringing about the cessation of cambial 

a c t iv i ty .  For some reason, which is  not a t present clear, the 

maintenance of cambial a c t iv i ty  under a r t i f i c i a l l y  lengthened 

days is  dependent upon the presence of terminal buds, which 

thus probably play an important ro le in the maintenance of 

cambial a c t iv i ty  under natural conditions.

The buas themselves show slow but continuous growth 

from early  June (when extension of the shoot has ceased), u n ti l  

approximately mid-beptember, ana the question a rises  as to what 

determines the cessation of bua-growth a t th is  l a t t e r  date. 

Possibly the development of the buds i s  'in ternally*  determined 

and not contro lled  e ith e r  by external environmental factors or 
by in te rac tio n  with other processes in the tree . Certain

considerations, however, suggest th a t possibly the cessation 

of bud-growth is  connected with the cessation of leaf-growth. 

F ir s t ly ,  reference has already been made ( p .11) to the 

observation th a t the rudiments of female cones may f i r s t  be 

detected in  the buds in early beptember, shortly  a f te r  the
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cessation of leaf-growth. I t  is  well-known th a t these female

cones are formed a t the t ip  of the annual shoot, so tha t in

such buds the formation of further noues must have ceasea a t

about the time of cessation oi leaf-growth. beconuiy, an

unusual feature  was observed in  the buds of certa in  plants of

Experiment 10, in  which i t  was shown tha t the duration of leaf-

growth may be affected  by the length of photoperiou to which

they are exposed. Now, certa in  portions of the rudiments a t

the t i p  of the bud give r is e  to the terminal bud of the

following season ( p .10), which w ill also be surrounded by a

variable number of subsidiary buds, forming the la te ra l  shoots.

Normally the portions of the bud-tip which w ill next season

form respectively  terminal and la te r a l  buas cannot be

distinguished, but in lO/o of the plants of Experiment lu

exposed to 12 and 14-hour pnotoperiods, ana in  which leaf-

growth ceased a t the ena of July and in  early August

respectively , the t ip  region of the buas was divided into a

number of separate apices, obviously corresponding to the

terminal and la te ra l  buds of the next season, which had

developed fu rther than normal. Out of some 50 plants grown 
normal

under y day, however, not one showed th is  feature . I t  is  

s u ^ e s te d  th a t the explanation of th is  phenomenon is  tha t in 

such plants the development of the buds and determination of 

the apical region into portions which would form next season's
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terminai and la te ra l  buas occurred unusually early, correspond

ing to the early cessation of le af growth, but temperature and 

l ig h t  conditions s t i l l  remaining favourable for growth, these 

rudiments underwent fu rther development than is  normal, during 

the l a te r  part of the growing season.

I f  the formation of new nodes within the bua ceases 

a t  the time of cessation of leaf-growth a t the ena of August, 

the fu rther elongation of the buds observed during the f i r s t  

2-3 weeks of September must be aue merely to enlargement of 

the ex isting  i n i t i a l s  a t the t i p  of the bud.
Thus the p o s s ib i l i ty  ex is ts  of d irec t or ind irec t 

photoperiodic control of the duration of growth of the buds.

This conclusion is  of considerable importance in re la tio n  to 

the possible experimental photoperiodic control of reproduction 

in  P. s v lv e s t r i s , for the male cones are formed a t the lower 

nodes of the bua, which are developing during the early part 

of the summer (when day-length i s  a t  a maximum), while, as 

already pointed out, the female cones are formed a t the t ip  

of the bud, during la te  August or early September, a t a time 

when the natural day-length has shortened considerably. These 

fac ts  c lea rly  merit a closer examination of the e ffec ts  of 

day-length conditions on the development of the bud, but since 

reproductive organs do not normally appear in seedlings of 

P. s v lv e s t r i s u n t i l  they are 5-7 years old, a d irec t experimental
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approach is  a matter of some d if f ic u l ty .  I t  is  of in te re s t  

to note, however, th a t  s tra in s  of P. svl v es tr is  from Northern 

Sweden when grown in more southern la t i tu d es , f i r s t  show female 

cones 8.t the age of 3 years instead  of the normal 5-7 years, 

and nanglet (1942-3) has s u ^ e s te d  tha t this is  a photoperiodic 

e f fe c t  re su lt in g  from tne shorter natural day-lengths a t more 

southern la t i tu d e s .

The la te r  stages in the reproductive cycle also show a 

well-marked rhythm which appears to be re la ted  to seasonal 

c lim atic  changes. For example, a f te r  po llina tion  the further 

growth of the pollen tubes is  soon inh ib ited , and the female 

cones increase in size , but f e r t i l i s a t io n  remains inh ib ited  

u n t i l  the following spring. Again, the female cones remain 

green throughout the second summer, and ao not ripen u n t i l  

the following spring. The elucidation of the physiological 

basis of th is  rhythm presents problems of g reat interest., but 

v/hich remain unsolved a t present.

The observations on the growth of the roots were not 

su f f ic ie n t ly  de ta iled  to permit any conclusions to be drawn. 

Evidence for some period ic ity  in  the growth of the roots has 

been described, and suggests th a t root-growth is  g rea tly  

stim ulated when the extension of the new shoots has occurred 

in the spring. I t  would be of in te re s t  to know whether root- 

growth is  a ffected  by the onset of dormancy in the shoot; the
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observation th a t root growth remains very lim ited in plants 

kept in the greenhouse throughout the winter suggests tha t th is  

may be the case. The annual period ic ity  in growth of the roots 

i s  a subject which requires further de ta iled  investigation .
I t  i s  of some in te re s t  to consider the possible

b io log ica l s ignificance of photoperioaic phenomena in a woody 

species, sich  as Pinus svlv e s t r i s .  Deference has already been 

made ( p .24) to the work of bchotte (19uo) ana Engler ( i9 i3 ) , 

who found th a t  a iso inc t geographical races ex ist within the 

species P. sv lv e s tr is  ana tha t f i r s t -y e a r  seedlings from parent 

t re e s  growing a t northern la t i tu d e s  in Sweden show reduced 

growth and have short internodes when grown in G-ermany.

Sylven (1940) suggested th a t  th is  réponse is  a photoperiodic 

e f fe c t ,  re su lt in g  from differences in natural length of day 

under d iffe ren t la t i tu d e s .  This view is  supported by the 

observations of the w riter th a t experimentally reduced photo

periods do indeed re su l t  in  the same sort of e ffec ts  as were 

observed in f i r s t  year seedlings when grown in  more southern 

la t i tu d e s .  Moreover, in  o laer seedlings (a f te r  the f irs t-y ea r)  

banglet (1942-3) observed a reduction in the length of the 

annual shoot and of the needles when races from northern Sweden 

were grown in the south. The suggestion tha t these also are 

photoperiodic e ffec ts  is  again confiimed by the re su lts  obtained 

in  the present work. There is  thus strong evidence tha t
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geographical races, which ciiffer with respect to photoperioaic 

response, ex is t  within the species P. sylvest r i s , ju s t  as has 

been shown for Populus t r e mula (Sylven l o c . c i t . ), and th is  

implies th a t under natural conditions the individuals growing 

in  any one lo c a l i ty  show a delica te  adjustment to the day 

length conditions prevailing there . This conclusion implies 

in  turn th a t the photoperioaic response in  P. sv lves tr is  has 

an important b io log ical significance.

Now the capacity for pnotoperioaic response can only

have significance in re la t io n  to the natura l  seasonal changes

in day-length which occur in any one lo c a l i ty  - i f  the natural

day-length remained constant throughout the year the capacity

for photoperiodic response could have no b io logical advantage.

The e ffec ts  produced experimentally on tran sfe rr in g  members of

a given geographical race from one la t i tu d e  to another are the

r e s u l t  of a change in the mean day-length throughout the

growing season, and w ill not have any d irec t significance for

the normal annual cycle of growth of an individual in response

to seasonal charges in aay-ierg th  conditions a t  a given

lo c a l i ty .  Inasmuch as no evidence iias so far appeared to

ind ica te  tha.t day-length changes in  the spring exert any

important e ffec t in P. svlv e s t r is  i t  would appear tha t we must

look prim arily  to the significance of the effec ts  of decreasing

natu ra l day-lengths in the autumn. So fa r , the chief processes

found to be contro lled  by reduced photoperiods a t the end of
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the growing season are the cessation of cambial a c t iv i ty  and 

possibly cessation of leaf-growth and bud growth. Although 

a t te n tio n  has been drawn to the fact tn a t the i n i t i a l s  of the 

male and female cones respectively  occur a t  d iffe ren t times 

of the year and therefore unaer d iffe ren t aay-length conditions, 

the male cone i n i t i a l s ,  which are formed during the early 

growth of the bud in  midsummer, c learly  do not a rise  in 

response to any change in  natural day-length conditions. The 

female cones are formed under reduced day-length conditions 

in la te  August, but here again there is  no evidence of d irec t 

photoperiodic control ana the formation of female cone 

i n i t i a l s  appears ra the r to be a response to the cessation of 

fu rther growth of the bua (which may, however, be an ind irec t 

e f fe c t  of the photoperioaic control of leaf-growth, as 

suggested above - p .162). Moreover, photoperiodic control of 

the in i t i a t io n  of female cones a t  the end of August would 

appear to confer no d irec t b io logical advantage, since further 

development i s  a rres ted  u n t i l  the following spring, i t  i s  

suggested, therefore , tha t photoperiodism in P. sv lv es tr is  

i s  connected prim arily  with the onset of dormancy, ra ther than 

control of the reproductive phase.

This conclusion is  suggested also by a consideration 

of photoperiodic e ffec ts  in other woody species, in which 

the times of cessation of extension growth and of l e a f - f a l l
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may be contro lled  by the onset of short-days. I t  has been 

shown tha.t in certa in  shrubs e.g. Hibiscus, Buginvi l l e a ,

(A llard, 1935), Besamum (Hhind, 1935) the onset of flowering 

i s  contro lled  by natura l changes in day-length, but in many 

woody species of temperate regions the rudiments of the 

flower-buds are la id  aown in the sur#er of the preceding year 

and the time of formation of tnese i n i t i a l s  does not appear 

to be re la ted  to any natura l day-length changes, but frequently 

occurs a f te r  the cessation of extension growth in the summer. 

(Busgen, 1929).

The suggestion is  therefore put forward tha t in many 

woody species, as in P. sv lve s t r i s , the significance of photo

periodism l ie s  in the control of the onset of dormancy in the 

autumn. The b io log ical advantage of th is  control is  tha t i t  

provides a mechanism whereby dormancy is  brought about prio r 

to the onset of unfavourable conditions. In those species in 

v/hich extension growtn continues u n i i i  the autumn, severe fro s t 

damiage may re s u l t  i f  the day-1engin i s  a r t i f i c i a l l y  Jenginened, 

so th a t  growth is  prolongea beyond the normal date (Moshkov, i932, 

Kramer, 1937). In P. sv lv e s tr is  th is  danger does not ex ist 

with respect to extension growth, but i t  is  well known (Büsgen, 

1929) th a t an active cambium may suffer severe damage when 

exposed to f ro s t ,  so tha.t the e ffec t of short days in hastening 

the dormancy of the cambium reduces the p robab ility  of such 

damage.
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appendix 1 .
Woody Species shown to exhibit Photoperioaic Responses.

In a l l  wooay species which have been tested  so far, i t  

i s  found that the duration of extension growth is  affected  by 

the day-length conditions, in  many cases the e ffec t of ' short 

days' as against natural aayiengths has been compared, wnile 

in the other cases the e ffe c t of extending the natural photo

period by a r t if ic ia l  illum ination ban been tested . In a ll  

cases (except Quercus alba) in which shortening of the natural 

day-length has been carried out, i t  has been found to reduce 

the duration of extension growth, and in  a l l  cases (except

Praxinus americana. F. pennsvivannica and Quercus borealis) in

which natural day-length nas been extended, the onset of 

dormancy lias been delayed.

Table 1 . Species in  which the aura.tion of extension-growth 
is  reduced by 'short days':-

Species. Authority.

Acer negundo Garner and Alisrd.

Acer sp. Bogdanov.

Aesculus sp. "

Ailanthus sp. "

Alnus sp. "

Garagana sp. "

Fagus grandi fo lia  Kramer.
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Species 

Fraxinus americana 

Fraxinus sp.

Jugians sp.

Larix s ib ir ic a  

Larix sp.

ijiquiaambar styracifiua  

jjirioaendron w iip i ie r a  

Pheiloclenaron amurense 

Pinus caribaea 

P. sy iv estr is  

P. taeda 

Pinus sp.

Popuius trerrula 

Prunus sp.

Pyrus sp.

Pyrus ussuriensis  

Quercus borealis 

Q. ste tta ta  

Hhus sp.

pobinia pseuaacacia

Salix  babyionica 

Syringa vulgaris 

Ulinus sp.

Authority.

Kramer.

Bogda.no V.

Loshkov.

Bogaanov.

Kramer.
If

Loshkov.

Jester and Kramer.

Wareing

Kramer

Bogda.no V.

Sylven.

Bogda.no V.
II

kosbkov.

Kramer.
II

Bogdanov.

koshkov)
Kramer )

koshkov

Chouard.

Bogdanov.
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Table 2. Species i n v\rhich the aura t ion  of ex tension growth  
i s  prolonged by ext engine the na tura l  aav-length .

Au th o r i ty.

Kramer.

Species .

Abelia granai f lo ra  

Acer campestre 

Acacia meianoxyion 

Betula verrucosa 

Garpinus betulus 

Catalpa s p e d  osa 

Fagus sy lva t ica  

iiiquidambar s ty ra c i f iu a  

Liriodendron t u l i p i f e r a

Phelloaendron amurense 

Pinus banksiana 

P. caribaea 

P. resinosa.

Quercus alba 

Q. macranthera  

Q. s t e t t a t a  

Q. suber

fiobinia pseudacacia. 

Taxus baccata.

d u l i s a s n v i l i .

Klebs.

Kramer.

G-arner and Allard) 
Kramer )

G ulisashv il i .

J e s t e r  ana Kramer.

Kramer. 

G ulisashv il i .  

Kramer. 

G u l isa sh v i l i . 

Kramer. 

G u l isa sh v i l i .

I t  ha,s also been shown th a t  the time of lea f -absc iss ion

may be delayed in  ce r ta in  species by extending tne natura l
- 3 -



day-length in  the autumn.

Table 5. Boecies in  which xeaf-abscission i s  uelavea bv
' iong Clays'

.specie s . Authority.

Platanus a c e r i f o l i a  katzke.

p. occ iden ta i is  "

Popuius canadensis "

Hhus copall ina  Garner and Allard

H. glabra, " "

ba l ix  f r a g i l i s  Itatzke.

I t  appears tliat the e a r l i e r  cessation  of extension 

growth under short aays i s  usuaixy accompaniea by e a r l i e r  lea f-  

abscission, but the  authors quotea in  Table I are not e x p l ic i t  

on th i s  point.
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appendix I I .

I t  was pointed out in Section 3A above th a t  in  cer ta in  

woody species (e .g .  Acer pseudopiatanus. Betula spp., (Jarpinus 

b e tu lu s , e tc . )  growth of the annual shoot ceases during the 

height of summer, and th a t  in  such species the duration of 

growth is  determined nei ther  by a na tura l  Change in  day-length 

nor by l im i ta t io n  to expansion of i n i t i a l s  already la id  dovm 

in the bud (as in  pinus s y iv e s t r i s ). The question thus a r ises  

as to why growth should proceed ac t ive ly  for a ce r ta in  period 

and then cease abruptly, a t  a time when external conditions 

would appear to be s t i l l  favourable for growth. Since the 

cessation of growth does not appear to be contro l led  by any 

regu la r  seasonal cha,nge in external conditions, i t  would 

appear th a t  such control must be ' i n t e r n a l ' .

In species which have a ' sympodial' growth habit,  where 

the apical region withers and i s  abscisseu when a cer ta in  

stage of development has been reached, an active  inh ib i t ion  

of fu r ther  growth i s  strongly s u ^ e s te d .  Now i t  i s  known tha t  

with ce r ta in  species which cease growth early in the suinter, 

i f  a r t i f i c i a l  defo l ia t ion  of the shoots i s  carr ied  out short ly  

a f t e r  expansion has been completed, the newly-formed res t ing -  

buds may be induced to break dormancy prematurely, leading to 

a f resh  expansion of leaves. This observation suggests tha t  

the expanded leaves exert an inh ib i to ry  e f fe c t  on the fu r ther
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development of the young buas. Thus i t  seems possible tha t  the 

cessation of growth of the annual shoot might also be brought 

about by an inh ib i to ry  action of the l eaves, ana tha t  as the 

number of expanaed leaves increases cessation of growth is  

ultima.tely ae termine a when the  to t a l  inh ib i to ry  action becomes 

over-r ia ing . This hypothesis implies tha t  i t  i s  the attainment 

of a ce r ta in  to t a l  le a f -a re a  by the annual snoot which 

u l t im a te ly  aetermines i t s  ouration of growth. In oraer to 

t e s t  th i s  hypothesis tne following experiment was carr ied  out, 

to determine the e f fec t  of continuous defo lia t ion  of the annual 

shoot on the duration of growth.

Exper i ment 1.

In a preliminary experiment, f i r s t  year seedlings of 

P. sy iv e s t r i s  were used, b i x  pots ol seealings growing under 

’normal* day-length conditions were used for defo l ia t ion .  On 

25th July  194b, the lowermost lu reaves ol the plants  were cut 

o ff  with sc isso rs ,  leaving approximately 5 fu i iy  formed younger 

leaves remaining, together with the terminal ' rose tte*  of 

immature leaves. On 9 th  and 17th  August respectively ,  fu r ther  

de fo l ia t ions  of f ive leaves were carr ied  out on a l l  p lan ts ,  so 

th a t  a to t a l  of 20 leaves was removed from the lower region of 

each p lan t.  The subsequent growth was compared with ’ intact* 

p lan ts  growing under s im ilar  conditions. The date on ŵ hich 

each p lan t  f i r s t  showed a terminal re s t in g  bud was determined
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for both t re a te d  and control p lan ts .  I t  was found th a t  the 

date on which 50/o of the p lants  of each se r ies  showed terminal 

re s t in g  buds, was 18th September for the trea ted ,  and 13th 

September for the control p ian ts ,  respectively .  Thus defo l ia t ion  

made l i t t l e  d ifference to the to t a l  duration of growth.

Since the removal of a large proportion of the mature 

leaves of a seeming must ser iously  reduce the capacity of the 

p lan t for ass im ila t ion ,  fu r ther  experiments were canriea out 

with other species, using the annual shoots of older t ree s ,  on 

the assumption th a t  the reduction in photosynthesis in the 

de fo l ia ted  shoots would be p a r t ly  compensated by t rans loca tion  

from other pa r ts  of the t r e e .  Evidence in support of th is  

assumption is  provided by the observation th a t  even colourless 

shoots of chimaerai p lan ts  are able to make considerable growth.

kethods. Annual snoots ol three species ( Forsythia spp. 

haburnum vul.^are, P h i la a e ionus sp.) with the ’determinate* 

gro^wth habit ,  and two species ( T i l i a  europaea, Ulmus campes t r i s ) 

with a * sympodial’ growth habit,  were used, oince the to ta l  

number of leaves formed on the annual shoots varies considerably 

and i s  a f fec ted  both by i t s  morphological pos it ion  on the 

branch and by the age of the branch on which i t  i s  borne, the 

following procedure was adopted in se lec t ing  the shoots for 

de fo l ia t ion  and the ’co n tro l’ shoots for comparison. Shoots 

of corresponding size and morphological pos i t ion  were se lec ted
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in  pa irs  usually  from the same parent branch ana both were 

labe l led .  One of these shoots was defo lia ted  (as described 

below) and the other allowed to remain in ta c t .  Thus the 

'c o n t ro l '  shoots were se lec ted  a t  the same time as the t rea ted  

shoots, so th a t  any subsequent differences in the two shoots which 

were not due to the treatment were random for both the 

defo l ia ted  ana control s e r ie s .  With each species, the leaves 

were removed from the lower portions of the 'experimental* 

shoots, leaving only 2-3 mature leaves in  one upper par t .  As 

add it ional  leaves matured, fu r ther  de fo l ia t ions  were ca rr ied  

out a t  in te rv a ls .  Observations were made as to the date of 

cessation of growth in both defo lia ted  and in ta c t  shoots. 

Experimental d e ta i l s  for the individual species are as follows 
( i)  Forsy th ia  so. dhoots of a s ingle  large shrab were used.

The shoots used were the l a t e r a l s  on long shoots, and the two 

members of the pairs  se lec ted  were in a l l  cases on the same 

parent shoot, d e fo lia t io n  commenced lOth kay, mean date of 

cessation of growth in  Doth se r ie s  l6 th  June.

( 2) ija;^num vulgare. The snoots used were on a single bush,

which had been ra th e r  severely pruned back during the previous

winter. Defolia tion commenced 5th kay, growth ceased in  both

experimental ana control shoots on 20th kay.

(3) Philadelphus sp. Experiments ca rr ied  out on a single  shrub, 

the shoots used were l a t e r a l s  and the members of each pair  were
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on the same parent shoot, d e fo l ia t ion  cormiencea 7th  Lay, growth 

ceased in both experimental ana control se r ies  approximately 

I6 th  June.

(4) Ulmus camoest r i s . Experiments carr ied  out with two young 

tree s  ( estimated age 12-15 years) growing in close proximity.

The shoots used were the uppermost l a t e r a l s .  The shoots used 

were in a l l  cases from the second a x i l la ry  bua of the previous 

y e a r 's  snoot and were chosen in pa irs  from the same parent 

branches, de fo l ia t io n  commenced 6 tn  Lay, growth ceasea in both 

de fo l ia ted  and control shoots on approximately 7th  Juiy.

(5) T i l i a europaea. Experiments ca r r ied  out with shoots which 

had arisen  from the main trunxs of two t ree s  from which the 

branches had been cut off  one year previously. All shoots were 

thus of closely  corresponding morphological pos it ion  and they 

were se lec ted  in  pairs  of s im ilar  s ize .  Defoliation commenced 

2nd Lay, growth ceased approximately 22nd June in both 

de fo l ia ted  ana in ta c t  shoots.

When growth had ceasea, the t o t a l  number of leaves 

removed, ana those remaining, were determined for each 

experimental shoot, and s im ila r ly  the to t a l  number of leaves 

on each ' contro l '  shoot was counted. The data for each species 

are given in Table 1.

Resu l ts .  I t  has already been ipdicated  th a t  with a l l

species the date of cessation of growth was the same in both

d efo l ia ted  and control shoots. From the data of Table 1 i t  i s
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Table i .  Lia.ta fo r  Experiment 1 .

Defoiiatea shoots. » nControl* shoots
Species Number Number Number Total No. Number Total No.

ol  of of of of of
shoots leaves leaves leaves, shoots leaves,

removed, remain
ing.

Forsythia sp. 2U 1U.6 9.95 20.55
+0.69

20 20.15
+0.76

Laburnum
vuigare

11 6.0 7.0 i3 .0
±o.i9

11 12.7
±0.27

philadelphus
sp.

9 8.9 11.6 20.5
±1.2

9 22.3
±1.1

Ulmus
campestris

20 8.1 5.85 13.95
±0.38

20 13.50 
+ 0.3O

T il ia
europaea.

20 7.45 4.95 12.4
±0.33

20 12.8
+0.34

evident th a t  in no case did defo l ia t ion  bring about any 

s ig n if ic a n t  d ifference in the t o t a l  number of leaves formed, 

as compared with th a t  of the control shoots. Indeed, i t  is  

remarkable tha t  the removal of a nigh proportion of the leaves 

had so l i t t l e  e f fe c t  on the to t a l  duration of growth ana to t a l  

number of leaves formed. Thus#, no evidence was obtained in 

support of the hypothesis tha t  i t  i s  the attainment of a ce r ta in  

to t a l  le a f -a re a  on the shoot which determines the duration 

of growth.

In these circumstances i t  was of in t e r e s t  to t e s t  

whether possibly  i t  i s  only the uppermost leaves, immediately
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below the apical region, which are e ffec t ive  in in h ib i t in g  

fu r the r  growth when a ce r ta in  stage of development has been 

reached. In the foregoing experiment a small number of mature 

leaves immediately below the apical region had been allowed to 

remain, ana hence the p o s s ib i l i ty  th a t  they ha,a exerted an 

inh ib i to ry  e f fec t  was no g excluaea. Tne following fu rther  

experiment was therefore  ca r r ied  out, using a cu l t iva ted  apple- 

t r e e ,  and t ree s  of P latanus ac e r i f o i i a , v/hich were by tha t  date 

the only su i tab le  species availab le  in vmicn growtn was s t i l l  

ac t ive .

Experiment  2. ( a) Pyrus malus.

l e t h o ^ .  The t ree  used for th i s  experiment had been 

severely pruned during the previous winter, and th i s  had 

re su l ted  in an abundant growth of strong vegetative shoots a t  

the top of the branches. These were se lec ted  in pairs  of 

s im ila r  s ize  as in the previous experiment. A label was 

a ttached to the uppermost mature le a f  of each shoot. From one 

member of each pa ir  were removed the young leaves which had 

a t ta in e d  the stage a t  which G he lamina had begun to uniold.

All subsequently developed leaves were removed a t  the same 

stage. Defolia tion commenced on 7 th  July, and active growth 

continued in the control se r ies  u n t i l  approximately 15th August 

by which date 50% of these shoots formed a terminal bud. The 

defo l ia ted  shoots, on the other hand continued growing u n t i l  the
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end of August ana early September. Wnen a l l  shoots naa ceasea 

growth the i n i t i a l  number of leaves, ana the number of leaves 

formed since the commencement of the experiment were determined 

for each shoot of both the 'experimental* and the ' control '  

s e r ie s .  The i n i t i a l  length of the shoots and the increment 

during the period of the experiment were also determined for 

each shoot. The data are summarised in  Table 2. I t  is  seen 

Table 2 . Effect of de fo l ia t ion  in pyrus malus

i n i t i a i  
No. of 
miature 
leaves 

( I)

New
leaves
formed
(2)

Total
leaves

(3)

I n i t i a l  
length 
of shoot 
iinches) 

.. 1 4 )

jjürther 
extehsioh 
of shoot 
(inches) 

(5)

lean & 
internoae 
lehgoh 
( ihches)

Treated. 23.1
±0.55

19.1
±1.3

42.2
±1.3

27.3 12.2 0164

Control 22.7
±0.44

12.2
±1.4

34.9
±1.7

27.7 13.3 1.09

s  This i s  the mean internode length for the portion of the 
stem formed auring the experimental period.

th a t  there  was no s ig n i f ic a n t  d ifference between the mean 

i n i t i a l  leaf-numbers ana stem lengths of the two se r ies .  On the 

other hand, the mean number of leaves formed by the defo lia ted  

shoots during the period of the experiment i s  noticeably g rea te r  

than the corresponding number for the ' contro l '  se r ie s ,  dince 

the shoots were o r ig in a l ly  se lec ted  in  pa irs  of comparable size 

and morphological posit ion ,  an analysis  of variance was carr ied  

out, and from th is  a value for ' t '  was obtained for the
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difference in to t a l  ieaf-numoers between the two s e r ie s ; -

Item. Sum of Degrees kean ' t ‘ p robab il i ty
squares of squa,re

freedom
Experimental

treatment 455 1 455.1 4.69 <0.001

Pairs 97 Ü 17 57.07

Error 324 17 19.05

I t  i s  seen th a t  trie a i f ie rence  aue to the experimehtai 

treatment ( ae fo i ia t ion )  i s  nigruy s ig n if ic a n t .  Thus removed 

of the young leaves r e s u i t e a  in  a s ig n i f ic a n t ly  g rea te r  to ta l  

leaf-number than in the control shoots.

The mean length of the defo l ia ted  portion of  the stem, 

was ac tua l ly  less  than the corresponaing portion of stem in 

the control s e r ie s ,  for although there wa.s a g rea te r  number of 

internoaes in tne aefoiia.tea portion the length of the in te r -  

nodes was much reduced by defo l ia t ion  (Tabie 2).

(b) Platanus a c e r i l o l i a .

This species was cnosen as an example oi a species with 

the 'sympodial' growth habit .  Tne snoots used were those on 

the lower branches of large t ree s ,  bince i t  was not possible 

to se lec t  pa irs  of comparable shoots located in close proximity, 

as in the previous experiments, no attempt was made to obtain 

q u an t i ta t ive  data, but approximately s im ilar  ' contro l '  shoots 

viere labe lled  a t  the commencement of the experiment for fu r ther

- 9 -



observation. Defolia tion of the young leaves in one se r ies  of • 

shoots was cormiencea on ib th  June, the operation being carr ied  

out a t  the stage when the lamina emerged from the nodal sheath, 

( a t  vrhich stage the lamina was approximately 1.5 - 2.0 cms. in 

diameter). The successive emergence of new leaves continued in 

both se r ie s  of shoots u n t i l  the ena of July, when the apical 

region of the ' contro l '  shoots withered and was absciseed in 

the normal manner, but the fu r th e r  emergence of new leaves 

continued slowly in the 'experimental '  snoots for a fu r the r  

2-3 weeks. Further extension of the experimental shoots then 

ceased, but there  was no immediate absciss ion  of apical portion 

as occurs normally, but in s tead  the apical region remained 

fresh  for a period of some 14 days, a f t e r  which the whole of the 
d e fo l ia ted  portion  slowly died back, but there  was s t i l l  no 

absc iss ion .  Thus removal of the young leaves prolonged the 

normal period of growth a,nd prevented normal abscission of the 

apex of the shoot. Although these observations must be regarded 

as merely of a preliminary nature, nevertheless  they agree with 

the  r e s u l t s  already observed in  pyrus maius.

DISCUSSION.

The r e s u l t s  of the foregoing experiments c lea r ly  ind ica te  

th a t  whereas removal of mature leaves in the basal region of a 

growing shoot has no appreciable e f fe c t  upon the duration of 

growth and the to t a l  number of leaves formed, nevertheless ,
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removal of the young reaves (before expansion of  tne lamina

has occurred) does have a noticeable  e f fe c t .  These r e s u l t s

apparently  imply th a t  young expanding leaves ngve an inh ib i to ry

e f f e c t  upon the growth of the apical meristem, but tbiat th i s

in h ib i to ry  e f fe c t  aoes not become over-r id ing  u n t i l  a ce r ta in

stage of development has been rea.ched. I t  i s  of in t e r e s t  to

note th a t  in those species in which the terminal bud of the

shoot normally dies e .g . ayringca vulra:aris, i f  d e fo l ia t io n  of

the uppermost reaves of the shoot i s  ca r r ied  out, the r i f e  of

the terminal bud is  prolonged (nerunord, r9U4). several otner

instances  are known in  vrnicn a growing member i s  found to nave

in h ib i to ry  e f fe c t  upon a neignnouring young one, for example,

in Bolidaico sempervirens (Gooawin, 1937), in  wnich a rapid ly-

expanding l e a f  re ta rd s  the development of the younger leaves.
*

This re ta rd ing  e f fe c t  was demonstrated by removing the rapidiy- 
growing le a f ,  thereby hastening the elongation of the next

succeeding leaves, ana was reproaucea by applying auxin to the

p e t io l a r  stub of such an amputaGea le a f .  I t  thus appears th a t

the inh ib i to ry  e f fe c t  of an expanding le a f  i s  due to i t s  high

auxin content. Tnis conclusion agrees witn the observation of

Snow (1938) tn a t  a region oi high auxin-concentration applied

below the apical region has an in h ib i to ry  e f fe c t  on the la b te r .

Such a mechanism does not, however, explain why i t  i s  th a t  such

in h ib i t io n  only becomes e f fec t iv e  when a ce r ta in  stage of
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development na.s been reacnea.
The fac t  th a t  removal of the young leaves brings about

prolongation of the period of extension-growth in the t re a te d

shoot, when other ' in tac t*  shoots upon the same t ree  have

already become dormant, seems to in d ica te  th at each annual shoot

of the t ree  i s ,  to some extent a t  l e a s t ,  autonomous and is  not

con tro l led  by some condition which is  general tliroughout the

whole t r e e .

Berthold ( 194u). P h y sio lo g ie  der pflanzlichen Organisation - 
B d.II ,  L eip zig .

Goodwin, R.H. (1937). The ro le  of auxin in l e a f  development in 
Bolida^o species.  Am.J.Bot. 24. 43-50.

Snow, R. (1938). On the upward in h ib it in g  e f fe c t  of auxin in 
shoots. New Phyt. 37. i74-185.
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{Reprinted from Nature, Vol. 163, p. 110, May 14, 1949)

Photoperiodic Control of Leaf Growth and 
Cambial Activity in Pinus sy ives tr is

It has long been known^ that geographical races 
of P inus syivestris from northern latitudes show  
reduced growth of the shoot when planted in more . 
southern localities. Sylven^ and Langlet® suggested 
that this is probably a photoperiodic effect, arising 
from differences in the natural length of day between 
different localities. My experiments have shown that 
P inus syivestris is indeed photoperiodic. As in many 
other species^, short photoperiods (10 hr.) induce 
earlier cessation of growth of the shoot in first-year 
seedlings of P . syivestris as compared with long 
photoperiods (15 hr.), so that fewer leaves are formed 
before the formation of a terminal resting-bud. There 
is also a reduction in the length of the ‘intem odes’, 
leading to a rosette type of growth, under short days.

After the first year, however, growth of the annual 
shoot consists solely of expansion of the initials 
already laid down in the terminal bud®, and hence 
in older plants day-length can have no direct effect 
on the duration of growth of the shoot or on the 
number of leaves formed. There is, however, as in 
first-year seedlings, a reduction in the extension of 
the stem  under short days, leading to a shorter 
distance between successive dwarf slioots.

The leaves o f P inus syivestris are organs of ‘in
determinate’ growth, and activity of the meristem  
at the base of the needles results in their continuous 
growth in length untü late August under natural 
day-length conditions; under a 10-hr. photoperiod, 
however, they cease growth six to eight weeks sooner, 
so that their final length is much reduced. I t  seems 
probable that cessation of needle-growth in the 
autumn is controlled by the reduced day-length 
conditions then prevailing.

Day-length is also found to affect the duration of 
cambial activity. Two series of two-year-old seedlings 
of P . syivestris were kept under (a) natural and (6) 15- 
hr. photoperiods respectively from the end of August 
(when leaf-growth had ceased), the longer photo- 
period being, obtained by giving supplementary low- 
intensity (20-25 foot-candles) illumination to extend  
the natural photoperiod. Wight® has pointed out 
that in P . syivestris a dormant cambium can be 
distinguished from an active one by the fact that in 
the former there is a sharp boundary between the



cambial cells and fully Ugnified xylem  elements, 
whereas in the presence of an active cambium there 
is a zone of partially lignified tracheides between the 
cambium and the fully differentiated elements. Using 
this criterion, an examination of the two series of 
plants at the end of October showed tliat under 
the natural day-length conditions the cambium was 
dormant or showed only slight activity, whereas in

• the majority of the plants under the 15-hr. day the 
cambium was still very active. Confirmation of these 
results was obtained in other experiments in whicli 
constant photoperiods of 10 hr. and 15 hr. respectively 
were used.

In poor specimens the cambium was dormant 
irrespective of the day-length treatment, and hence 
it would appear that nutritional conditions also 
affect the duration of cambial activity. Provided  
these other conditions are not lim iting, however, 
cessation of cambial activ ity  in P . syivestris is 
evidently controlled by the reduced natural day- 
length in the autumn, and is probably only one 
indication of the incidence of a general state of dor
mancy, which in deciduous species includes photo
periodic induction of leaf abscission®. The inhibition  
of cambial activity by short days is effective only at 
the end of the growing season, for two-year plants 
grown under a 10-hr. photoperiod in the spring 
showed definite (though reduced) secondary growth, 
at least until the cessation of leaf growth.

Cambial activity, leaf abscission and extension of 
the stem  are processes well known to be controiled 
also by auxin supply, auxin deficiency having the 
same effect as short photoperiods. I t  seems possible, 
therefore, that these photoperiodic effects in woody 
species result from the action of light on the pro
duction or availability of auxin within th e  plant, 
and that quite low light intensities are effective.

P. P. W a r e i n g

Bedford College,
R egent’s Park,

London, N .W .l.
Nov. 12.
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PHOTOPERIODISM IN WOODY SPECIES 

B y  p. F. WAREING

IN T R O D U C T O R Y .

IT  is well known that length of day exerts a decisive effect on the onset of the 
reproductive phase in many herbaceous plants, and the physiological basis of this 

‘photoperiodic’ response has been the subject of much investigation in recent 
years (for a review of the subject see R. O. Whyte (24)). It is not so generally 
realized, however, that the capacity for photoperiodic response appears to be at 
least as widespread among woody species as among herbs, such processes as the 
onset of dormancy and leaf-fall being controlled in many trees by natural changes 
in day-length. Although our knowledge of photoperiodism in trees is not yet so 
complete as it is for herbaceous plants, it is already clear that variation in day- 
length is an important factor in the annual cycle of growth in woody species, and 
that many species show a delicate adjustment to the day-length conditions of their 
natural habitat.

It is thus clear that photoperiodism has an important bearing on various prob
lems associated with forestry, and it is hoped therefore that the following review 
will serve to make the subject better known.

E F F E C T  O F  D A Y -L E N G T H  O N  T H E  D U R A T IO N  O F  G R O W T H .

As long ago as 1914, Klebs (10) reported that under conditions of continuous 
artificial illumination, beech {Fagus sylvatica L.) could be induced to break 
dormancy in September and under such conditions could be kept growing con
tinuously throughout the winter. Similarly, Garner and Allard (5) found that 
plants o i Liriodendron tulipifera L. transferred to a greenhouse in September and 
exposed to normal daylight supplemented by electric light until midnight 
promptly renewed active growth and remained growing continuously for 18 
months, whereas plants under similar conditions, but without additional illumina
tion to prolong the natural day-length, remained dormant throughout the winter. 
These workers also found that under a lo-hour photoperiod^ growth of seedlings 
of Acer negundo L. in the summer was very small as compared with that under 
normal summer day-lengths. On the other hand, grafts of apple {Malus pumilla 
Mill.) exposed to short days (12-hour) made more rapid growth than similar 
grafts exposed to normal day-length.

Experiments on the effect of day-length on seedlings of a wide variety of woody 
species were carried out independently by Bogdanov (2, 6) and Moshkov (17, 18) 
in the region of Leningrad. Several species of the following genera were used : 
Acer y Aesculus, Ailanthus, Alnus, Caragana, Corylus, Fraxinus, Jugians, Larix, 
Phellodendron, Pinus, Prunus, Pyrus, Rhus, Rohinia, Salix, and Ulmus. The plants 
were grown either under the full summer day-length or under various shorter 

* T h e  te rm  ‘photoperiod’ is applied to  the  daily period of exposure to light.
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photoperiods down to 9 hours, obtained by covering the plants with light-proof 
covers for appropriate periods. It was found that w ith the majority o f species 
short days hastened the onset o f dormancy as indicated by earlier cessation of 
extension growth and earlier leaf-fall. For example, Moshkov found that under 
the natural Leningrad day, Robinia pseudacacia L. had not completed its growth 
after 5 months, so that the young growing-tips were destroyed by the autumn 
frosts; but w ith photoperiods of 14 and 10 hours the growing period was reduced 
to months and i month, respectively. W ith the earlier onset o f dormancy the 
annual growth made by the plants was correspondingly less, and the frost-resis- 
tance o f such plants was considerably greater than that o f plants o f the same species 
grown under the natural Leningrad day-length. In the case o f Salix babyionica 
L. and Pyrus ussuriensis Maxim, it was found that the duration of the growing 
period and the height attained by the plants was greater under a 14-hour day 
than under the longer photoperiods o f the natural day. W ith these species, 
therefore, it appears that there is an optimum photoperiod for maximum growth 
of the shoot, whereas w ith the other species the greatest growth was obtained with 
the longest days.

Results in agreement with those described above have been obtained by Kramer 
(i i)  w ith seedlings o f various North American species, including Fraxinus spp., 
Fagus grandifolia Ehrh., Robinia pseudacacia L ., Liriodendron tulipifera L., 
Liquidambar styracifiua L ., Quercus spp., and Pinus taeda L. It was found that 
dormancy was hastened by short days in all species except Quercus alba L ., and 
that long days delayed dormancy in the majority of species, as compared with 
normal day-lengths. Robinia pseudacacia L ., Liriodendron tulipifera L ., and Pinus 
taeda L. could be maintained in growth throughout the winter under long days 
or continuous illumination. T he growing periods o f the two species o f Fraxinus 
and Quercus borealis var. maxima Sarg., however, were not affected by long 
days. Similar results were obtained by Jester and Kramer (9).

From the above experiments, which cover a considerable number o f species 
belonging to a wide variety o f genera, it may be taken as well established that 
dormancy is hastened by short days in seedlings o f the majority o f woody species 
and delayed by long days. Indeed, with some species, when the day-length exceeds 
a certain ‘critical’ value growth may be maintained continuously throughout the 
winter. At day-lengths below this ‘critical’ daily photoperiod the duration of the 
growing period increases as the length of the daily photoperiod increases (17,18). 
That is to say, for any given constant daily photoperiod the annual shoot is able to 
attain a certain stage o f development and then growth ceases with the formation 
of a terminal resting-bud. T he (unpublished) results of experiments carried out by 
the writer with first-year seedlings o f Scots pine (Pinus syivestris L.) indicate that 
under any given cultural conditions there is for each value o f photoperiod a cer
tain mean number of leaves developed before the terminal bud is formed. It is 
not clear whether the attainment of a certain specific number o f leaves is itself 
the factor controlling the cessation o f growth, or whether leaf number is merely 
correlated with certain ‘internal’ factors controlling development. T he observa
tion that artificial defoliation may prolong the duration of growth ( i ,  16, 22) is,
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however, apparently evidence in support of the former alternative. From the 
data already considered it is evident that there is a ‘specific leaf number’ cor
responding to each day-length below the ‘critical’ photoperiod. This idea of 
‘specific leaf number’ corresponds with the concept of ‘minimum leaf number’ 
used by Gregory and Purvis (7) as an index o f‘ripeness-to-flower’ in annual plants.

Woody species do not readily fit into the classification of ‘short-day’ and ‘long- 
day’ species generally accepted for the photoperiodic induction of flowering in 
herbs, for most woody species (whether adapted to regions of relatively short 
natural day-length or of long day-length) resemble most closely the short-day 
type of annual plant in that the duration of the vegetative growing period in both 
groups is reduced by short days and prolonged by long days, and may even be 
continuous under very long photoperiods.

It is characteristic of photoperiodism in herbaceous plants that the responses 
are fully evoked by quite low light-intensities, which can have no appreciable 
effect on assimilation. This is also true of photoperiodic effects in woody species, 
intensities as low as i foot-candle apparently being effective for some species 
(12, IS).

P H O T O P E R IO D IS M  A N D  T H E  A N N U A L  G R O W T H  CY CLE.

The facts described above suggest that length of day may play a part in de
termining the duration of the growthperiod of woody species in nature. Because, 
in general, short days promote early incidence of dormancy, it is clear that the 
falling day-length in the autumn will ultimately bring about cessation of growth 
in any shoots still active at that time.

Not all woody species normally remain in active growth until there has been 
any appreciable fall in the natural length of day, however, many species from 
northern latitudes completing their annual extension growth by May, June, or 
July (4, 13). Klebs (10) made observations on the length of the growing season 
in 165 woody species growing at Heidelberg, and found that they formed a con
tinuous range from those which ceased growth in May to those which continued 
active growth until ‘well into the autumn’ (October). He found, however, that 
the duration of growth depends upon the age of the tree, the position of the shoot, 
and the cultural conditions. Young trees and young shoots arising directly from 
the base or main trunk frequently cease growth much later than the tips of the 
main branches of#n older tree.^ Hence the natural day-length conditions during 
the period of extension growth will be different according as to whether we are 
considering younger or older trees.

I f  we classify woody species according to the duration of the growing 
period in relation to the natural day-length, we may recognize three main 
groups :

I .  Species in which growth remains continuously active until September or 
October, when the natural day-length is very much shorter than during the 
summer months. This group includes many shrubs and woody climbers, together

 ̂ Burger (3), on the o ther hand, found th a t the period o f extension in  some trees increases 
w ith  age.
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with the young stages of many larger trees, e.g. ^Viburnum opulus L., Cornus 
sanguinea L., Forsythia viridissima Lindl., Ligustrum vulgare L., Rhus spp., 
Prunus laurocerasus L., Vitis vinifera L., Clematis vitalha L., Lonicera 'pericly- 
menum L., Hedera helix L., Salix spp.; also the young stages of Sambucus nigra 
L., Robinia pseudacacia L., Alnus glutinosa Gaertn., Chaemacyparis lawsoniana 
Pari., and other species of which the older stages are appropriate to the second 
group.

With these species there is every indication that reduced day-length in the 
autumn ultimate] y determines the cessation of growth, for if, for example, young 
plants of Robinia pseudacacia L. growing out of doors are given supplemented 
illumination to extend the natural day in the autumn, the growing period is pro
longed (12) and ultimately growth ceases owing to the unfavourable temperature 
conditions. It seems probable that the natural day-lengths during the summer 
exceed the ‘critical’ value for these species, which continue growth indefinitely 
under photoperiods equal to those of midsummer.

2. Species in which growth ceases in July or August, when day-length condi
tions have not changed appreciably from those prevailing during the early stages 
of growth in April and May. This group includes Alnus glutinosa Gaertn., 
Carpinus betulus L., Betula spp., Picea abies Karst., Larix decidua Mill., Pseudo- 
tsuga taxifolia Brit., Platanus orientalis L., Robinia pseudacacia L., Liriodendron 
tulipifera L., Ailanthus altissima Swingle, and the young stages of Acer pseudo- 
platanus L.

As we have already seen, studies of the duration of growth at constant day- 
length show that for every species there is a certain maximum amount of growth 
(as indicated by the leaf number) possible at any given photoperiod. It would 
appear, therefore, that species of this second group cease growth in July and 
August because by then they have attained the specific leaf number corresponding 
to the day-length then prevailing. That is to say, in contrast to the species of the 
first group, with these species even the maximum summer day-lengths do not 
exceed their ‘critical photoperiods’. I f this interpretation is correct, the problems 
involved in the determination of dormancy are not fundamentally different in 
the two groups.

3. Species in which growth ceases in May or June. In many, and probably all, 
these species the annual growth of the shoot is limited to expansion of the initials 
already laid down in the bud, and no new leaves are formed which were not 
already present in the bud (4). This group includes many of the trees endemic 
to northern Europe, e.g. mature trees of Fagus syhatica L., Quercus petraea 
Liebl., Aesculus hippocastanum L., Juglans regia L., Fraxinus excelsior L., Rham- 
nus cathartica L., Pyrus communis L., Sorbus aucuparia L., Acer pseudo-platanus 
L., Pinus sylvestris L., Pinus nigra Arnold, and Abies spp.

 ̂ T h e  m ajority  o f these examples are taken from  the observations o f Klebs (10) a t Heidelberg 
(G erm any) and of Burger (3) a t certain  localities in  Switzerland. Corresponding data for species 
growing in  G reat B ritain  do no t appear to  be readily available, and although th e  w riter has con
firm ed th a t m any of these continental observations are applicable also for southern  England, the 
assignm ent o f th e  various species to  particu lar groups m ust be regarded as subject to  confirmation.
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In some of these species, e.g. Pinus sylvestris L. (4, 25), the leaf initials are laid 
down two years before the unfolding, so that within the obvious resting-bud the 
minute resting-bud of the following year is already formed. In all those species 
in which the total number of nodes or leaves of the annual shoots is predetermined 
in the bud it is clear that the duration of growth is affected, not by the external 
conditions during the expansion of the bud, but by those prevailing in the pre
vious year, when the shoot primordia are being laid down (4).

In these species in which the amount of the annual growth is predetermined 
in the bud, it must be supposed that the actual number of leaf initials laid down 
corresponds approximately with the ‘specific leaf number’ for the prevailing 
summer day-length conditions. There is, however, as Klebs pointed out, a ten
dency in these species to the production of a second crop of ‘Lammas’-shoots 
under certain conditions. This is particularly true of young trees, where instead 
of the prolonged continuous growing-period found in young trees of the first 
two groups, additional growth is effected by the production o f ‘Lammas’-shoots; 
in older trees of this type the majority of shoots have only one period of extension 
each year. If the day-length conditions are abnormally long, the tendency to the 
production of ‘Lammas’-shoots is still further enhanced. Thus Bogdanov (2) 
found that species of Pinus from south Russia produced ‘Lammas’-shoots when 
grown under the longer days of Leningrad, whereas normally there is only one 
annual period of extension growth. Gustafson (8) obtained similar results in 
Pinus resinosa Ait., with a 16-hour day as compared with only one period of 
growth under the shorter natural day-length, while Phillips (20) was able to induce 
premature breaking of dormancy in December in plants of Pinus taeda L. exposed 
to an 18-hour day. Similarly, Klebs (10) obtained three successive periods of shoot 
elongation in beech exposed to continuous illumination in winter. These obser
vations afford a partial explanation as to why ‘Lammas’-shoots are most liable 
to occur during the height of summer, when the natural day-length is greatest.

Although the above classification of woody species is a convenient one in con
sidering the duration of the growth period, it will be realized that each category 
probably intergrades into the next, and indeed in certain species the young stages 
may pass from the ‘Group i ’ to the ‘Group 2’, or from the ‘Group 2’ to the 
‘Group 3’ type of growth, as they attain maturity. Moreover, other environ
mental conditions, particularly soil moisture and nutrient supply, have an 
important effect, the growing period being longer under favourable conditions 
than under unfavourable (10).

The biological advantage of the photoperiodic reaction in those species whose 
growth continues well into the autumn is easily understood, for it appears to 
provide a means whereby the dormant condition is attained before the severe 
conditions of winter set in. Young growing shoots are well known to be much 
more susceptible to frost damage than dormant shoots. Hence a species of the 
‘Group i ’ type grown in a latitude where the natural day is longer than that of 
the normal region of growth will be liable to frost damage in the autumn. Thus 
Moshkov (17) found that under the natural day-lengths of Leningrad, Robinia 
pseudacacia L. continued growing until it was damaged by autumn frosts, whereas
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under short days in the same region it became dormant sooner and was then frost- 
resistant. Kramer (12) kept two series of plants of Ahelia grandijiora Rehd. out 
of doors in the autumn, and exposed one series to normal day, while the other 
received additional illumination to give a photoperiod of 14J hours. Very little 
further growth was made by the plants under normal day, and they proved frost- 
resistant, whereas the plants under long days produced succulent new growth 
which was destroyed by frost. Thus the effect of day-length on the duration of 
the growth period has an important bearing on the problem of frost-damage in 
those species which continue growth, late into the autumn (19).

The same significance, however, does not appear to be applicable to the species 
of the second and third groups, in which extension growth of the shoot ceases 
long before the advent of the autumn frosts. It must be remembered, however, 
that dormancy in the full sense involves not only cessation of extension growth 
but also leaf-fall (in deciduous species), dormancy of the cambium, and certain 
physiological changes in the tissues as yet little understood.

Now it is known that the time of leaf-fall is indeed controlled by day-length 
in many species. Thus Garner and Allard (5) brought plants of Rhus glahra L., 
R. copallina L., and Liriodendron tulipifera L. into the greenhouse in September 
and provided half the plants with additional artificial illumination until midnight, 
while the remainder received no additional illumination. The plants of Rhus 
glahra L. and Liriodendron tulipifera L. receiving additional illumination retained 
their leaves all winter, whereas the control plants lost their leaves just as soon 
as those growing out of doors. In the case of Rhus copallina L. the long-day 
conditions delayed leaf-fall for several weeks, but not indefinitely. Experiments 
by other workers have given similar results, and it has been shown (15) that 
illumination of intensity as low as i foot-candle from street lights may delay leaf- 
fall in the autumn. Inasmuch as leaf-fall is associated with dormancy of the cam
bium and generally increased resistance to unfavourable conditions, it is clear that 
the time of its incidence in relation to the onset of winter conditions must play 
an important part in the adaptation of a species to any given region.

This possibility, however, is not applicable to those species of the second and 
third groups which are evergreen. The best examples of this category are seen 
in the evergreen conifers, e.g. Rinus spp. Geographical races have long been known 
in Rinus sylvestris L., and in a number of experiments in which races from northern 
latitudes have been grown in more southern regions it was found that such races 
showed reduced growth in height and reduction of needle-length as compared 
with the growth attained in more northern regions (see Sylven (23) for references). 
Sylven suggested that this might be a photoperiodic effect, resulting from the 
reduced day-length at lower latitudes. The experiments of the writer (un
published) have established that P. sylvestris L. is indeed photoperiodic, and that 
first-year seedlings respond to short days by hastened dormancy and also by a 
reduction in internode length and leaf-length. After the first year of growth, 
however, the duration of extension growth is unaffected by day-length since in 
P. sylvestris L. the number of ‘dwarf shoots’ is predetermined in the bud, and 
elongation of the shoot ceases in June, when full expansion of the stem initials
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laid down in the buds has occurred. The leaf, however, continues growing for 
a much longer period by means of a meristem at its base, and it is found that the 
duration of growth of the needles is affected by day-length so that under reduced 
photoperiods they cease growth much sooner than normally. It is difficult to see 
what biological advantage accrues to the tree from photoperiodic control of the 
duration of needle-growth, and it seems possible that this is only a secondary 
effect arising from photoperiodic control of a more fundamental process which 
has so far escaped observation.

We have thus evidence of at least three processes affected by day-length in 
different woody species, viz. (i) duration of extension growth, (2) time of leaf- 
abscission in deciduous species, and (3) duration of leaf-growth in certain ever
green conifers. It seems probable that as our knowledge of photoperiodism in 
woody species is extended, yet other processes will prove to be affected by day- 
length. Indeed Langlet (14) has reported that northern strains of P. sylvestris 
L. grown under the shorter days of more southern latitudes first show female 
reproductive organs at an earlier age than is the case in their normal region of 
growth. Hence there is indirect evidence that day-length may affect the initiation 
of the reproductive phase in woody species, as in herbaceous plants. In this 
connexion the suggestion of Garner and Allard (5) that the reduced vegetative 
growth of apple during long summer days may favour the formation of fruit 
buds is of interest.

E F F E C T  O F  D A Y -L E N G T H  O N  B R E A K IN G  O F  D O R M A N C Y .

The experiments of Klebs (10) on the effect of continuous illumination of 
beech (Fagus syhatica L.) seedlings in the winter showed that whereas all efforts 
to break dormancy by methods which are successful with many other species (e.g. 
hot-water treatment, ethylene, &c.) are ineffective with beech, a period of ex
posure to continuous artificial illumination at 1,000 foot-candles rapidly brings 
about unfolding of the buds, even when the plants are in the leafless winter 
condition. Provided the shoots receive the necessary preliminary period of 
illumination, their subsequent unfolding can take place equally well in the light or 
dark. Klebs examined the effect of the length of the daily period of illumination 
on the breaking of dormancy and obtained no difference whether he used a 12- 
hour or an 18-hour day, and he came to the conclusion that the quantity of light 
received (intensity X time) was the determining factor. As the phenomenon of 
photoperiodism had not been discovered at the time of Klebs’s experiments, 
however, it is possible that he too easily dismissed any possible effect of length 
of day. However, Garner and Allard (5) found that a number of small trees and 
shrubs, including Acer negundo L., Acer rubrum L., Cornus jlorida L., and Rhus 
glahra L., which were exposed to an 8-hour day beginning early in January, suc
cessfully unfolded their leaves at about the same time as did the ‘controls’ exposed 
to normal day. Kramer (i i), on the other hand, found that breaking of dormancy 
of leafless seedlings of various species brought indoors in January was hastened 
under long days, but nevertheless ultimately occurred also under short days, 
Kramer found, however, that seedlings of woody species kept out of doors in the
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spring ultimately broke dormancy at the same time in April, whether under long 
or normal days, and concluded that, normally, by the date when temperature has 
risen sufficiently to permit growth, the length of the natural day is no longer a 
limiting factor.

It would appear, therefore, that while some species, such as beech, require a 
minimum period of illumination before breaking of dormancy can occur, there is 
no evidence that in any species the length of day normally controls the time of 
unfolding of the buds in the spring, and probably in the majority of species the 
seasonal rise in temperature is the determining factor. The premature breaking 
of buds in the production of ‘Lammas’-shoots in the summer by abnormally long 
days seems to be a distinct phenomenon and to have no relevance to the question 
at present under discussion. It is well known, on the other hand, that the breaking 
of dormancy in the spring is in many species dependent upon a previous exposure 
to low temperatures during the winter. An interesting case is reported by Gustaf
son (8), who found that plants of Pinus resinosa Ait. which had been allowed to 
remain out of doors during the winter broke dormancy in the normal way under 
natural day-length conditions in the spring, but plants which had been protected 
from low temperatures during the winter showed no new shoot growth under 
natural spring day-lengths, but did so if the photoperiod was increased to 16 hours. 
It was thus possible to achieve the breaking of dormancy by exposure either to 
low temperatures or to long days.

P R A C T IC A L  IM P L IC A T IO N S  O F  P H O T O P E R IO D IS M .

While it does not seem feasible as yet to apply artificially shortened or leng
thened photoperiods in manipulation of the growth of woody species for eco
nomic purposes (as is the practice with certain horticultural crops), the possibility 
that this may one day be practicable is by no means excluded, particularly in 
nursery work. Nevertheless, knowledge of the phenomena of photoperiodism is not 
without present value to the forester, as, of course, is the case with all advances 
which increase his understanding of the growth-processes in woody species. It is 
now evident that the adaptation of a species to the climatic conditions of any 
given geographical region will usually include adjustment to the natural day- 
lengths of that region, as well as to other factors such as temperature, rainfall, 
&c., which have long been recognized as important. This fact must be borne in 
mind when considering the introduction of new species into any region. It was 
pointed out above that some species from southern latitudes grown in more 
northerly regions tend, because of the longer natural photoperiods, to continue 
growing longer than in their region of origin, and thereby become liable to 
damage by frost. On the other hand, species indigenous to northern latitudes 
must be expected to show reduced growth in more southern regions.

Moreover, not only do differences exist between species with respect to their 
photoperiodic responses, but within certain species having a wide geographical 
range we find the existence of distinct races differing from each other with respect 
to their day-length requirements. Reference has already been made to evidence 
for the view that geographical races within Pinus sylvestris L. differ in respect
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of their photoperiodic responses. Similarly Sylven (23) has shown that within 
the species Populus tremula L. the races from northern Sweden differ in their 
photoperiodic responses from those of southern Sweden, and that when northern 
strains are growing in the south they show reduced growth and stunting, while 
southern strains grown in the north show delayed dormancy and are damaged 
by autumn frosts. Local races differing with respect to the length of the growing 
period are known for a considerable number of other species (3, 4), and there 
seems little doubt that further study will reveal genetic differences between such 
races with respect to photoperiodic response. It is thus evident that photo
periodism is of great importance in relation to problems of provenance.

The question naturally arises as to the order of latitude-difference at which 
differences in natural day-length become important. For example, it may be 
asked whether the difference in natural day-length between southern England 
and Scotland is sufficiently great to cause a differentiation of geographical races 
with respect to photoperiodic response. Obviously no satisfactory answer can be 
given to this question in the present state of our knowledge, and it may be antici
pated that each species wiU behave differently in this respect. It is of interest to 
note, however, that strains of Populus tremula L. from various localities in Sweden 
differing in latitude by 2-3° showed genetic differences with respect to photo
periodic response.

Differences in the effective day-length may arise not only directly from differ
ences in latitude, however, but also indirectly from differences in spring tempera
ture, which affect the time of unfolding of the buds. Where the buds unfold early 
in the season the natural day-length will be appreciably shorter than for those 
buds which unfold later. Thus a delay of 4 weeks in the breaking of dormancy 
from 1st April to ist May in the latitudes of southern England will mean a differ
ence in day-length of nearly 2 hours. This may have an important effect on those 
species in which the annual extension growth is completed in 6-8 weeks, which is 
the case with a number of trees. The chief causes of differences in spring tempera
ture win be altitude and latitude. Thus RomeU (21) observed differences in 
the time of commencement of growth in Pinus sylvestris L. due to differences in 
altitude and latitude. Hence local races from different altitudes may be expected 
to show differences in respect of photoperiodic response, even though the latitude 
may be constant. Similarly the fall in mean temperature generally associated 
with increased latitude will result in the growth of the annual shoots commencing 
later, and hence under longer day-length conditions, and this effect will augment 
the direct effect of increased day-length at higher latitudes.

Finally, reference may be made to the implications of photoperiodism for any 
breeding programme. In breeding for improved types, a knowledge of the effect 
of day-length on the duration of the growth period is obviously of great im
portance, for new types must show the same delicate adjustment to day-length as 
is found in nature.
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.The capacity for photoperiodic response has been shown to be present in a 
wide variety of woody species. In seedlings grown under experimental conditions 
the length of day affects the period of growth of the shoot, the time of leaf-fall 
in many deciduous species, and the period of growth of the leaves in certain ever
green conifers.

The effect of natural seasonal changes in day-length on the annual cycle of 
growth is discussed. Many species show a delicate adjustment to the natural day- 
lengths of their normal region of growth.

Photoperiodism has important implications for certain matters associated with 
forestry, such as frost resistance, problems of provenance, and the breeding of 
new types.
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