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ABSTRACT 

Winter Inac t iva t ion  o f  Photosynthesis i n  

Abies amabiZis (DougZ. ) Forbes 

The var iab le fluorescence o f  chlorophyll  a i n  vivo has been used i n  

t h i s  study t o  examine the photosynthetic a c t i v i t y  o f  the subalpine 

coni fer  Abies amabiZis (BougZ. ) Forbes during winter. The normal f l  uore- 

scence response (Kautsky e f fec t )  was great ly  a1 tered by pro l  onged cold 

weather, presumably ind ica t ing  photosynthetic inact ivat ion.  Incubation 

o f  detached inac t ive  needles a t  20 '~  f o r  10 - 24 hours resul ted i n  a 

recovery o f  a response s imi la r  t o  tha t  o f  act ive needles. This recovery 

required the presence o f  water, but not l i g h t .  

Various environmental factors such as freezing, desiccation, 

rehydration, and pro l  onged darkness, were examined for t h e i r  possible 

ro les  i n  the winter inac t iva t ion  phenomenon. The photosynthetic apparatus 

was unaffected by most freezing treatments although p a r t l y  desiccated 

need1 es suffered some permanent damage. Desiccation a t  20 '~  produced a 

response c losely  resembl ing  the f i e l d  inac t ive  response, but recovery from 

t h i s  condit ion af ter  rehydration d i d  not  occur. Less severe desiccation 

a1 lowed f u l l  photosynthetic recovery fol lowing rehydration. Though the 

fluorescence response induced by 1 ong dark periods was markedly di f ferent 

from tha t  o f  untreated needles, i t  d i d  not  resemble the f i e l d  inact ive 

response. 

Further examination o f  the f i e l d  response showed t h a t  i n  some inact ive 

needles, an act ive type response could be induced by increasing the 

exc i ta t ion  1 i g h t  in tens i ty ,  suggesting t h a t  d i f f e r e n t  leve ls  o f  inact iva- 



t i o n  are possible. 

The exact sequence o f  events 

i n  A. amabiZis cannot be described 

t o  be a prime requirement, and the 

leading t o  inac t iva t ion  o f  photosynthesis 

f u l l y  a t  t h i s  time. Freezing i s  known 

water status o f  the needles a t  the time 

of freezing appears t o  be important. Daylength seems not t o  be d i r e c t l y  

re la ted t o  inact ivat ion,  although the a b i l i t y  t o  become inac t ive  under a 

given set o f  environmental condit ions could be influenced by photoperiod. 

Photosynthetic inac t iva t ion  i n  A. amabiZia cannot be considered a t rue  

dormancy i n  the classical  sense for  two reasons. F i r s t ,  the occurrence of 

inac t iva t ion  i s  h igh ly  dependent on the pos i t ion  o f  the needles on the t ree  

and, second, the only requirements f o r  f u l l  recovery o f  photosynthesis are 

the presence o f  water and the onset o f  warmer conditions. 

The inac t ive  response appears t o  be re lated t o  a decrease i n  the turn- 

over ra te  a t  the PS I1 react ion center. Some possible causes f o r  th f  s 

decrease, and i t s  adaptive signi f icance i n  r e l a t i o n  t o  winter photosyn- 

thesis, are discussed i n  the text .  Winter inac t iva t ion  seems t o  be a 

d i r e c t  e f fect  o f  environment on the photosynthetic apparatus and the 

mechanism o f  photosynthetic deact ivat ion (decreased C o p  uptake) reported 

f o r  other subalpine conifers during winter may be s imi la r  t o  tha t  described 

here. 
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CHAPTER Z 

INTRODUCTION 

Section I:  Winter Inac t iva t ion  o f  Photosynthesis 

There i s  a marked drop i n  the photosynthetic output o f  coni fers from 

continental and subalpine c l imat ic  zones coinciding w i th  the onset o f  

co ld weather. Photosynthesis i n  subalpine conifers drops t o  zero wi th  the 

occurrence o f  deep f rosts ,  and subsequently a negative Cop balance i s  

maintained for months 

f ros ts  are less severe 

trees o f  these loca l  i t  

periods. Tranquil 1 i n i  

(Bourdeau, 1959; P i  sek and Wink1 er, 1958). Where 

the period of negative C02 balance i s  shorter and 

i e s  are able t o  take advantage o f  midwinter warm 

(1 964) demonstrated inac t iva t ion  i n  Pinus cembra 

where photosynthesis was severely i nh ib i t ed  by need1 e temperatures be1 ow 

-4'~. Bamberg s t  a$. (1967), also w i th  Pinus cembm, showed tha t  the 

decrease i n  photosynthetic capacity normally accompanying co ld weather also 

occurs t o  some extent i n  trees maintained under constant 1 i gh t  and temper- 

ature, concluding tha t  e i ther  the trend towards decreased photosynthesis 

had set  i n  p r i o r  t o  the experiment o r  there was an endogenous fac tor  

regulat ing photosynthesis. They a1 so demonstrated tha t  inact ive p lant  

material brought i n t o  a warm greenhouse recovered much o f  i t s  s u m r  

photosynthetic ra te  a f t e r  several hours t o  a day o r  more. Schwarz (1971) 

found tha t  the speed w i th  wh5ch winter dormant plants regained pos i t i ve  

C02 uptake rates a f t e r  being warmed i n  the laboratory was dependent both 

on the species tested and on the extent o f  dormancy. Simi lar cases o f  low 

temperature inac t iva t ion  have been reported f o r  Doug1 as fir by Phari s (1 970) 

and f o r  br ist lecone pine by Schulze, e t  aZ, (1 967). On the other hand, 



Fry and Ph i l  1 i ps  (1977) demonstrate( j t ha t  the suppression o f  photosynthetic 

rates i n  coni fers was not found i n  the r e l a t i v e l y  mi ld  winter conditions 

of southwest England, and concluded that  cold inac t iva t ion  o f  conifer 

photosynthesis was more character is t ic  o f  continental and subalpine 

environments than i t  was o f  temperate climates. They d i d  repor t  changes 

i n  chloroplast organization and starch content, but were unable t o  

corre late these features t o  any drop i n  photosynthetic rates. A winter 

drop i n  photosynthetic capacity was reported by van den Driessche (personal 

communication) f o r  Douglas fir growing under the mi ld  c l imat ic  condit ions 

o f  Vancouver I s1  and. 

It appears tha t  some in te rac t ion  between day1 ength and freezing 

temperatures i s  involved w i th  the drop i n  photosynthetic rates found i n  

high l a t i t u d e  (Vowinkei, et aZ., 1975) and high elevat ion conifers during 

winter (Hiede, 1974). However, Bamberg, a t  aZ. (1 967) demonstrated the 

p o s s i b i l i t y  t h a t  an endogenous rhythm i s  involved. There i s  general 

agreement tha t  pro1 onged freezing i s  the u l t imate cause o f  the inac t iva t ion  

of photosynthesis i n  coni fers (Bamberg, e t  aZ,, 1967; Pharis, 1970; 

Schulze, 1967; Schwarz, 1971; and Tranqu i l l in i ,  1964) although the actual 

mechanisms i nvol ved remain unknown. 

It was found tha t  i n  A b k  umabiZis IDougZ.) Forbes*, a subalpine 

coni fer  o f  the Coast Ranges o f  B r i t i s h  Columbia, the var iable chlorophyl l  

fluorescence response typ ica l  o f  heal thy  ac t ive  p lan t  material i s  l o s t  

* Author i t ies f o r  species names are according t o  Hitchcock & Cronquist (1 973) 



under cer ta in  winter conditions, and i s  regained only a f t e r  10 - 2 4 hours 

incubation i n  the laboratory. Figure 1-1 compares an act ive response o f  

t h i s  species typ ica l  o f  warm periods, w i th  the inac t ive  response found 

under co ld conditions. The inac t ive  response indicates major changes i n  

the operation o f  the photosynthetic p a r t i a l  reactions a t  the level  of 

e i ther  pigments and/or electron transport, and the purpose of t h i s  study 

i s  t o  examine the changes tha t  take place, and how these r e l a t e  t o  the 

observed inac t iva t ion  o f  photosynthesis. 

The technique o f  fluorescence induct ion analysis* has been used t o  

invest igate the inf luence o f  environmental variables on several p lant  

species. Schreiber, e t  aZ. (1978) used i t  t o  examine e f fec ts  o f  ozone on 

photosynthesis i n  developing bean leaves. Simi lar ly,  desiccation e f fec ts  

on photosynthesis i n  marine algae were studied by Wiltens, e t  aZ. (1978). 

Temperature e f fec ts  on f l  uorescence induction i n  several p lant  species 

were analysed by Schreiber and Berry (l977), Schreiber, e t  aZ. (l976), and 

Armond, e t  aZ. (1978). These studies c lea r l y  show tha t  the fluorescence 

induct ion response i s  influenced by environmental variables, and tha t  

* Only a very super f i c ia l  in t roduct ion i n t o  the f i e l d  o f  fluorescence 
measurement i s  w i th in  the intended scope o f  t h i s  discussion. For a more 
complete understanding o f  t h i s  complex subject the works o f  Govindjee 
(Govi nd jee and Papageorgiou, 1 971 ; Munday and Govind jee, 1 969) and But1 e r  
(1 972) may be helpful .  I n  addi t ion the papers by Davis, e t  a1. (1976), 
Krause (1 974), Strasser and Sironval (1 974), Bonaventura and Meyers (1 969), 
and Murata and Sugahara (1 969), provide spec i f i c  information about the 
re1 at ionshi p between fluorescence and p a r t i a l  processes 1 i ke oxygen evol u- 
t ion, and energy d i s t r i b u t i o n  changes. Important work re1 a t ing  f l  uorescence 
t o  the s t a b i l i t y  o f  membranes i n  desert plants has been carr ied out for 
several years a t  the Carnegie I n s t i t u t e  i n  Palo A1 to, Ca l i fo rn ia  (Schreiber 
and Armond, 1978, Berry e t  a1 . , 1975). Samuel sson and Oquist (1 977) have 
described a method f o r  assessing the primary produc t iv i t y  of aquatic sys- 
tems u t i l  i z i n g  fluorescence. An excel l a n t  review o f  information re1 a t ing  
t o  fluorescence i s  t ha t  o f  Papageorgiou (1975). 



Figure 1-1 Active and inactive fluorescence responses  in^ 

A .  amabiZis needles collected in late October 

1975. 

3 -2 -1. I = 2.0 x 10 erg cm sec 

(I, in this format, represents the excitation 

light intensity of the fluorometer light 

emitting diode. Where i t  is not followed by 

a similar number-letter notation it refers to 

a feature o f  the variable fl usrescence response, ) 
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information about the extent t o  which photosynthetic capacity i s  af fected 
, 

by environmental factors can be obtained from analysis o f  the induction 

transients. 

Using t h i s  chlorophyl l  a (Chla) fluorescence induct ion analysis the 

phenomenon o f  winter inac t iva t ion  o f  photosynthesis i n  A. amabiZis was 

examined. The study has three major emphases : F i r s t  , the environmental 

condit ions which were thought t o  induce inac t iva t ion  were systematical l y  

investigated. Second, the mechanisms by which winter photosynthetic 

a c t i v i t y  i s  regulated were considered. F inal ly ,  the whole problem o f  

inac t iva t ion  and recovery was anal ysed i n terms o f  present understandi ng 

o f  the contr ibut ions o f  photosynthetic p a r t i a l  reactions t o  the overa l l  

process o f  photosynthesi s. 

Section 2: Chla Fluorescence Induction 

When a photon i s  absorbed by a molecule an electron i s  raised from a 

low energy leve l  t o  a higher 1 evel . These energy 1 evel s are the ground 

s ta te  and the f i r s t  (or higher) exci ted s ing le t  states respectively. The 

wavelengths o f  l i g h t  which can be absorbed by any pa r t i cu la r  molecule are 

determined by the avai lable energy states i n  the electron orb i ta ls .  As 

l i g h t  comes i n  d iscrete packets o r  quanta o f  energy, i t  can only be absorb- 

ed i n  quantum steps where stab1 e e lect ron configurations are avai 1 able. 

The o r b i t a l s  o f  electrons from simple elements are few and we1 1 defined so 

tha t  t h e i r  absorption spectra are characterized by very narrow bands. I n  

more complex molecules 1 i ke chl  orophyll  , the in te rac t ion  between di f ferent 



parts of the molecule as well as between the molecule and i t s  imnediate 

environment produces a mu1 tip1 ication of energy states 1 eading to much 

wider absorption bands. Chla absorbs strongly i n  the blue and red regions 

of the visible spectrum and only weakly i n  the green because of fewer 

available energy states i n  the lat ter  region. 

Once 1 i g h t  energy has been absorbed by chlorophyll i t  can be d i  ssi- 

pated i n  several ways. Some are nonproductive forms of energy release like 

heat loss, fluorescence, and phosphorescence; others 1 ead towards the 

conservation of l i g h t  energy and i t s  conversion into chemical energy. In 

the same way that absorption of energy i s  regulated by available energy 

states, so energy dissipation i s  1 i kewise determined. After the absorption 

of a blue quantum the h i g h  energy state relaxes, releasing heat i n  a series 

of small steps, over the large number of available energy states. When the 

electron reaches a level i n  which fewer electron states exist, i t  must make 

larger quantum steps i n  order to regain the ground state. I t  i s  these 

large jumps which give rise to fluorescence. Thus blue 1 ight, i n  addition 

to giving off a quantity of heat, also may result i n  fluorescence in the 

red part of the spectrum. 

Fl uorescence i s  by no means an i nevi tab1 e consequence of 1 i g h t  absorp- 

tion. An excited chlorophyll molecule can return to the ground state by 

transferring i t s  energy to a second chlorophyll. In the closely packed 

array of pigments i n  thylakoid membranes, this resonance transfer of energy 

fromone molecule to the next i s  much more 1 ikely than the emission of fluor- 

escence. In a 1 i v i n g  green plant only about 3% of the absorbed 1 i g h t  energy 



i s  given o f f  as f 1 uorescence (Govind jee and Govind jee, 1975). Resonance 

t ransfer  i s  the means by which energy moves from the pigment molecule where 

i t  was i n i t i a l l y  absorbed t o  the react ion center where i t  i s  changed t o  

chemical energy. 

A1 though the exact nature o f  the react ion center i s  not precisely 

understood, i t s  operation i n  the conversion o f  l i g h t  t o  chemical energy 

has been studied extensively ( f o r  a recent review, see Sauer, 1975). 

Closely associated w i th  the react ion center pigment molecule (PsSO) i s  an 

electron donor (Z) and an electron acceptor (Q). The react ion center 

complex o f  ZP680Q i s  thought t o  respond t o  the absorption of a quantum of 

l i g h t  i n  the fo l lowing way: 

I n  t h i s  model, the excited chl orophyl 1 (PsBO*) loses i t s  electron t o  Q and 

then extracts a replacement from Z and i s ,  therefore, temporari ly i n  the 

oxidized s ta te  (Amesz and Duysens, 1977; Butler, 1972). 

Research i n  the 1950's and ear ly  1960's on photophosphorylation 

(Arnon, et aZ., 1954), chromatic t ransients i n  red algae (Blinks, 1957), 

the red drop phenomenon (Emerson and Rabinowi tch, 196O), the function of 

the chloroplast cytochromes (Hi 11 and Bendall , 1960) and the discovery of 

'700 (Kok, 1960) has led  t o  the formulation o f  a photosynthetic scheme 

requi r ing two sequential 1 i g h t  reactions coupled by an electron transport 

system. The ref ined model, known as the Z-scheme, remains as a working 



hypothesis f o r  the pathway o f  photasynthetic energy conversion. Figure 

1-2 out l ines a model o f  the scheme. 

Coupled t o  the sequential t ransfer  o f  electrons from water t o  NADP+ 

i s  the t ransfer  o f  protons from the stroma i n t o  the thylakoid i n te r i o r .  

The resu l t ing  pH d i f f e r e n t i a l  i s  thought t o  be the d r i v ing  force behind 

photophosphoryl a t i  on (Avron , 1 977). There i s a1 so recent evidence 

suggesting a second type o f  phosphoryl a t i on  which depends on the e l  e c t r i  - 
cal  f i e l d  resu l t i ng  from the charge separation across the thylakoid mem- 

brane a t  the Photosystem I 1  (PS 11) react ion center (Avron, 1977; Graber, 

e t  al., 1977). Cycl i c  phosphorylation occurs when electrons from Photo- 

system I (PS I), instead o f  reducing ferredoxin and eventually NADP+, are 

recycled i n t o  the electron transport  chain between PS I and PS 11, resu l t -  

ing  i n  the t ransfer  o f  protons, before return ing t o  the PS I react ion 

center ( f o r  a recent review o f  phosphorylation see Boyer, e t  a t . ,  1977). 

The products required f o r  dark Cop f i xa t ion ,  NADPH and ATP, are generated 

near the external surface o f  the thy lakoid membrane and then become ava i l -  

able t o  the Calvin cycle. 

A f te r  a period o f  darkness, a l l  p1 ants show character is t ic  changes i n  

Chla fluorescence y i e l d  when exposed t o  1 i g h t  (Kautsky e f fec t :  Kautsky 

and Hirsch, 1931 ). The complex in te rac t ion  between PS I and I1 invo lv ing 

electron transport, ion  fluxes, the d i r e c t  but var iable coupling between 

the respective pigment systems, i n  addi t ion t o  the re lat ionship between the 

l i g h t  reactions and the Calvin cycle, contributes towards t h i s  var iable 

f 1 uorescence response ( f o r  a recent review o f  f 1 uorescence i nduc t i on, see 



Figure 1-2 Photosynthetic electron transport adapted 

from Govindjee and Govindjee (1 975) 
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PSI : 

X 

FD : 
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waterspl i t t i n g  enzyme complex 
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plastoqui none 
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Water spl i t t ing takes place af ter  an 

accumulation a t  3-4 positive charges 

a t  Z. The water spl i t t ing reaction 

donates 4 electrons t o  Z to  replace those 

extracted by the l ight  reaction a t  PS 11. 

Exact stoichiometry of electron flow 

i t se l f  i s  not attempted in th is  figure. 





Papageorgiou, 1975). 

A t  room temperatures, most fluorescence originates from PS I1 (more 

particularly from a small percentage of the chlorophyll close to the 

reaction center, Chla 678, and i t s  intensity i s  thought to reflect  the 

momentary supply of singlet C h l a  excitation of PS I1 (Papageorgiou, 1975). 

The ab i l i ty  of PS I1 to  u t i l i ze  this excitation i s  controlled primarily 

by the availabil i ty of oxidized Q, the PS I1 primary electron acceptor. 

Since Q is a one electron carr ier  (Erixon and Butler, 1971) the reaction 
t center i s  closed when the condition Z P680Q- exists ,  and remains closed 

u n t i l  Q i s  able to give up i ts  electron t o  the secondary acceptor pools. 

This explains why the addition of DCMU, which blocks electron transport 

away from Q, results  i n  a h i g h  fluorescence yield since a1 1 the PS I1 

reaction centers become closed. 

As a f i r s t  approximation, fluorescence increases are a result of 

PS I1 act ivi ty while fluorescence quenching i s  caused by a number of 

factors including the following: 

the reoxidation of Q by PS I acting through the secondary 

electron acceptors, which faci 1 i ta tes  energy conversion 

a t  the PS I1 reaction center, 

spillover of energy from PS I I  pigments to  PS I pigments 

decreasing f 1 uorescence i ntens i ty by reducing the migration 

of excitation energy towards the PS I1 reaction center, 



(Murata and Sugahara, 1 9691, 

3) quenching by mol ecular oxygen (Schrei ber and Vidaver , 

1974). 

Since the purpose of t h i s  study i s  t o  r e l a t e  inac t iva t ion  o f  photo- 

synthesis i n  A. amabiZis t o  environmental influences associated w i th  

winter conditions, and the Chla fluorescence y i e l d  re f1  ects the photosyn- 

the t i c  potent ia l  o f  a plant, changes i n  fluorescence induction have been 

used i n  the laboratory t o  determine the ro les  o f  low temperature, l i g h t  

i n tens i t y  and desiccation i n  r e l a t i o n  t o  the problem o f  winter inact iva- 

t i o n  o f  photosynthesis. I n  t h i s  study inac t iva t ion  i s  taken t o  mean the 

loss o f  a c t i v i t y  o f  the 1 i g h t  reactions o f  photosynthesis as determined by 

Chla fluorescence analysis. Reactivation means the recovery o f  the l i g h t  

reactions t o  an ac t ive  state. 

Figure 1-3 i l l u s t r a t e s  a typ ica l  fluorescence induction time course 

and represents the response o f  a photosynt he t ica l  l y  ac t ive  A. mabiZis 

needle t o  a d a r k l l i g h t  t rans i t ion .  The features o f  the time course (0, I, 

D, P, S, M, and T)  are interpreted pr imar i l y  according t o  the review by 

Papageorgiou (1975). A s tate o f  quasi-equil ibrium (T) i s  at tained when a l l  

p a r t i a l  processes reach r e l a t i v e l y  constant leve ls  o f  a c t i v i t y .  It i s  a t  

t h i s  time tha t  photosynthesis reaches a steady production ra te  under any 

given set o f  condit ions (HZO, 1 ight ,  temperature, and Cop). and no further 

changes occur i n  f l  uorescence y i e l d  . 



Figure 1-3 Hypothetical coni fer fl uorescence response. 

Interpretation is based primarily on that of 

Papageorgiou (1 975). 

Expl anat ion 

0-1 rise Initial reduction of Q by PS 11; 

conversion of the water spl i tS I 

w 

system to the S3 state. 

I-D dip Oxidation of Q by PS I via inter- 

system electron transport. 

D-P rise PS I acceptors temporari 1 y exhausted, 

resulting in rapid reduction of Q. 

P-S decay Reoxidation of Q as PS I acceptors 

begin to clear. Quenching of fluore- 

scence by molecular oxygen in pseudo- 

cyclic phosphorylation (Schreiber and 

Vidaver, 1974). Initiation of Calvin 

cycle. 

Poorly understood part of the fluorescence S-M-T 

response. Related to photophosphoryl ation 

and membrane conformational processes. 





Any environmental change may a f f e c t  any one o r  a l l  of the components 

o f  the var iable fluorescence response. A change i n  T-level r e f l e c t s  a P 

change i n  the overa l l  r a te  of photosynthesis, whi le a change i n  any o f  the 

other components indicates speci f ic  e f fec ts  on photosynthetic p a r t i a l  

processes. It i s  these changes i n  time course components which are used 

i n  t h i s  study as ind icators o f  the inf luence o f  environmental variables on 

photosynthetic a c t i v i t y .  

Grigor'ev, e t  at., (1973) compared fluorescence induction i n  C g  and 

C4 p lants and found tha t  carbon pathway was a fac tor  i n  determining some 

aspects o f  the response. Since l e a f  metabolism has an inf luence on 

fluorescence induction, there i s  a1 so a possi b i  1 i t y  tha t  the fluorescence 

responses are 

t o  be able t o  

the i n f  1 uence 

Consequently, 

d i f f e r e n t  i n  the major p lan t  groups. It seemed important 

d is t inguish between genetical l y  determined va r iab i l  i t y  and 

o f  environmental factors on fluorescence induction responses. 

a p re l  i m i  nary study comparf ng plants from several taxonomic 

d iv is ions under d i f f e r e n t  environmental condit ions was carr ied out. 

Figures 1-4 and 1-5 i l l u s t r a t e  fluorescence transients f o r  a number 

of plants representing major p lan t  groups. Each o f  the responses c lea r l y  

shows typ ica l  features o f  the Kautsky ef fect ,  as d i d  samples o f  Ginkgo, 

psito-, a& & ' p i s e m  (data not shown). Close examination of the time 

courses presented i n  Figure 1-4 and 5 reveal t ha t  a1 1 o f  the responses 

except f o r  the d i co t  (Figure 1-5 C) are fundamentally a l i k e  k ine t i ca l l y .  

This d i s t i n c t i o n  between the d ico t  sample and the representatives o f  a1 1 

the other green p lan t  d iv is ions has persisted i n  a l l  observations of 



Figure 1-4 Fluorescence response of a green alga, moss, and 

a fern. Samples were given a 2 second 1 i g h t  

treatment (dashed 1 ine), dark adapted for 5 

minutes, then given a 60 second 1 i g h t  treatment 

(dotted 1 ine). 

A1 1 samples were dark adapted for 30 minutes a t  

ZO'C prior to the init ial  2 second light treat- 

ment. A low excitation light intensity ( I  = 0.7 

3 -2 -1 x 10 erg cm sec ) was used to allow maximum 

separation of the transient features in time. 

A )  unidentified green alga (fresh water : not 

keyed out). 

B) unidentified moss species (not keyed out). 

C )  BZechrrwn spicant (1) Roth. - deer fern. 





Figure 1-5 Fluorescence response of a conifer, cycad, and 

a dicot angiosperm. Conditions as i n  Figure 

A) Tsuga heterophylta - Western hemlock 

0)  @cad species 

C) vacciniwn pmi fo t iwn Smith - red huckl e- 

berry 

- - - -  Fl uorescence response d u r i n g  2 second 1 i g h t  

treatment 

. . . , . . . Fluorescence response during 60 sxond 1 i g h t  

treatment 

NOTE: The slow P-S decay i n  red huckleberry i s  typical 

of a11 angiosperms tested t o  date, including 

both monocots and dieots. 





angiosperms (including monocots) made to date (see Schreiber, et aZ., 1977, 

for further examples). The components of the rise to P are generally 

slower and the decay to S i s  invariably slower i n  angiosperms than i n  a l l  

other green plants. Uhile the significance of these differences cannot now 

be explained i n  terms of chloroplast structure, i t s  persistence suggests 

that in the angiosperms, the way i n  which components of the photosynthetic 

apparatus interact with each other is not precisely the same as i n  the 

lower plants. In this respect the gymnosperms, of which A. amabiZis i s  a 

representative, resemble lower plants. Perhaps this feature i s  worth 

investigating as one o f  the properties contributing to the success of the 

angiosperms as a group. 

I t  was observed dur ing  the course of this  study that the fluorescence 

responses of the upper and lower needle surfaces i n  A. amabiZis are 

distinctly different. This difference i s  characteristic of a1 1 leaf 

surfaces examined to date (Schreiber, et aZ, 1977). I t  appears that a t  

least some of the observed difference can be attributed to the fact t h a t  

the development of the upper side of the leaf takes place a t  considerably 

higher light intensities than the lower side. The control response in 

Figure 1-6 exempl i f ies  the difference. Similar differences are observed 

when the upper surface of leaves growing under sun and shade conditions 

are compared (see Figure 3 of Schrei ber, e t  aZ. , 1977). To some extent, 

the lower leaf surfaces can be induced to respond 1 ike the upper surfaces, 

and vice versa, simply by inverting the leaves i n  the light for a period 

of time (Figure 1-6). 
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Figure 1-6 Effect of leaf inversion on fluorescence i n  . 

Hedera h e Z k  1. Outdoor leaves were inverted 

a t  mid day and samples taken every 30 minutes. 

Outside l i g h t  intensity was 1900 - 2100 uE m-' 
- 1 sec . Leaves were dark adapted for 60 minutes 

prior to fluorescence measurements. 

------ upper leaf surface response ( u ) 

. . . . . . lower 1 eaf surface response ( 1 ) 

3 -2 -1 I = ; . E x  10 erg cm sec 
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A mature needle of A. mcmbiZis lives several years and undergoes many 

cycles of winter inactivation and spring reactivation. In any leaf, 

during its lifetime, the fluorescence response is subject to a number of 

controlling influences. Among these are: 

1. 

2. 

3. 

4. 

In 

changes 

the genetically determined components of the photosynthetic 

apparatus, 

modifications o f  the photosynthetic apparatus related to 

conditions under which development occurs, 

1 eaf morphology , 

the response of the photosynthetic apparatus in mature 

leaves in adjusting to a change in environmental 

conditions. 

this study, the primary concern is with environmentally induced 

in mature leaves, and attempts were made to minimize the other 

determinants now that their significance was appreciated. This was done 

by restricting all determinations to the upper leaf surface of mature 

first year needles, and by attempting to account for the modifications 

re1 ated to variations in conditions under which development occurred. 



-- 

CHAPTER I I  

EXPERIMENTAL DETERMINATIONS OF FLUORESCENCE INDUCTION 

IN ABIES AMABILIS (DOUGL. FORBES 

Materials and Methods 

Abies amabiZis needles were collected from subalpine locations on the 

south-facing slope of M t .  Seymour (1300 meters), i n  the Coast Range Moun- 

tains of south-western British Columbia. 

The Plt. Seymour habitat of A. mabizis is characterized in winter by 

extensive cold periods below the freezing temperature of the needles (-4 '~ 

or lower). Snow cover can be 2 or more meters and l a s t  up to  eight months. 

Soil water content remains high du r ing  winter i n  most habitats and the soil 

i s  seldom frozen (Brooke, et aZ., 7970). The region i s  subject to tempera- 

ture fluctuations over an interval of a few hours between several degrees 

below O'C and +10 - 1 5 ' ~  even i n  l a t e  spring and early f a l l .  

Detached branches of A. amabiZis were stored i n  loosely packed snow 

i n  the dark for  the t r i p  back to  the laboratory. Unless otherwise stated, 

a1 1 experiments were done i n  the dark a t  20'~ (+zOc). 

Fluorescence measurements were made w i t h  the portable f l  uorometer 

developed by Schreiber, et aZ., (1975). Excitation l ight  was produced by 

a 1 i g h t  emitting diode (Monsanto MV 5020; Monsanto Commercial Products Co. ,  

Cupertino, Cal ifornia, U ,  S.A. ) , peak wavelength approximately 660 - 670 nm 

a t  a forward current of 50 mA. Fluorescence was separated from excitation 

l ight  with a 3 nnn thick cutoff f i l t e r  (Corning CS 7-69; Corning Glass Works, 



New York), in place over the photodetector, and therefore, only long wave- 

length fluorescence (> 71 0 nm) was measured. Fl uorescence emission was 

measured with a combination phototransi stor-operational amp1 if i er (Be1 1 

and Howel 1 529-2-5; Be1 1 and Howel 1, Conn. ) as the photodetector. 

The fluorometer output was displayed on either one of two dual beam 

storage osci 1 loscopes. For field measurements and the desiccation studies 

a portable Tektronix (Beaverton, Oregon) model 214 was used, and for the 

rest o f  the experiments a Tektronix (Beaverton, Oregon) model 5103N 

Osc i 1 1 oscope was used. 

Excitation light emitted by the LED was measured with a YSI-Kettering 

Radiometer (model 65; Yellow Springs Instrument Co., Yellow Springs, Ohio), 

3 -2 -1 and ranged from 0.3 - 2.4 x 10 erg cm sec . Outdoor 1 ight measurements 

were made with a Lambda Quantum/Radiometer/Photometer (model LI 185, Lambda 

Instrument Corp., Lincoln, Nebraska) and are presented as pE m-'sec-' (PAR). 

A number of factors combine to influence the shape of fluorescence 

responses of plants. Among these are: 

1 )  light intensity at the time of collection, 

2) time allowed for dark adaptation (in part determined 

by 1 1 9  

3) the physiological state of the plant, especially in 



relation ta dessication (see Chapter 31 section 2) 

and temperature. 

During the actual measurement, the following influences became 

important: 

1) light intensity of excitation, 

2) wavelength of excitation light, 

3) availability of oxygen to the sample, particularly 

where repetitive measurements are made, 

4) movement of the sample during measurement can result 

in misinterpretation of results. 

The techniques used in this study to prepare samples for fluorometric 

analysis were standardized in the following way: 

1) all plants were dark adapted for at least 30 minutes 

prior to measurement. Longer periods were not required 

to give reproducible responses and the responses were 

stable during dark periods up to several days (see 

Chapter I1 Section 2, Dark Storage), 

2) during dark adaptation, all plant material used was kept 



i n  black p lex ig las boxes which were per iod ica l l y  

opened t o  prevent anaerobiosi s, 

l e a f  material was kept over wet f i l t e r  paper, while 

branches and ind iv idual  needles were kept w i th  t h e i r  

stems o r  pe t i o le  ends i n  water, 

sample movement was reduced by placing a weight on 

the sample t o  hold i t  on the probe so tha t  v ibrat ions 

were a t  a minimum. 

3 -2 -1 The l i g h t  i n t e n s i t y  o f  exc i ta t ion  varied from 0.7 x 10 erg cm sec 

3 -2 -1 t o  2.4 x 10 erg cm sec . A low l i g h t  i n t e n s i t y  slows down the various 

features o f  the f l  uorescence response and reduces t h e i r  amp1 i tude . Thi s 

i s  compensated f o r  by: 

1) increasing the s e n s i t i v i t y  o f  the osci l loscope and, 

2) reducing the sweep r a t e  (number of d iv is ions  per second) 

o f  the osci  1 1 oscope. 

Increasing the exc i ta t ion  l i g h t  i n t e n s i t y  speeds up the ear ly  par ts  

of the fluorescence response and makes i t  d i f f i c u l t  t o  detect the I - D  

transient, but slows down the P-S decay since the processes quenching 

fluurescence do not increase t o  the same degree as processes g iv ing r i s e  

t o  fluorescence. 



The range of 1 i g h t  intensities used here provides good separation of 

3 -2 -1 features i n  active needles of A. amabitis. Below 0.7 x 10 erg cm sec , 

the fluorescence response i s  reduced to an 0-1 rise followed by a horizon- 

tal 1 ine (very similar to the winter inactive response i n  A. mabi2is). 

A t  this excitation light intensity, the rate of fluorescence quenching i s  

h i g h  enough to prevent an appreciable reduction of the pool of Q. 

The fluorescence yield under these conditions i s  very low and scope 

sensitivity must be increased. This contrasts w i t h  the winter inactive 
I 

response i n  that the fluorescence yield of the active and inactive response I 
I 
i 

(though different) are of the same order of magnitude. I 

L 

I 
1 

I 

Different 1 i g h t  intensities have been used i n  different experiments I 

throughout this study and are indicated i n  the figure legends. During 

any particular experiment, light intensity was kept constant, and any 

variations i n  samples due to  differences i n  chlorophyll density or 

differences i n  the geometry of needle, LED, and photodetector were 

eliminated by equalizing "0" levels through oscilloscope sensitivity. 

An exception to this rule of equal light intensity during an experi- 

ment i s  found i n  Chapter I1 section 2 (Levels of Reactivation). In this ' 

particular case of reactivating needles, increasing excitation light 

intensity resulted i n  the appearance of the Kautsky features i n  needles 

thought to be inactive. This does not occur in completely inactive 

needles w i t h i n  the range of intensities available in the apparatus. 



Again, i t  should be pointed out that a l l  determinations of fluoresc- 

ence were made on the upper needle surface of f i r s t  year needles. 

Section 1 : Field Investigations 

During extended periods of freezing temperatures i t  was found that 

the active fluorescence response of A. d i Z i s  needles i s  no longer 

present. 

1 
1 

Brief warming does not restore the active response. Recovery differed f 
L 
4 
3 

individual needles and i t  took from 10 to  as much as 24 hours a t  20'~ 
U 

L, 

ful ly restore the variable fluorescence response. L i g h t  was not 

necessary but  the samples had t o  be stood w i t h  their  petiole ends in water 

or recovery was much slower or  d i d  not occur a t  a l l .  The jnactive response 

(Figure 1-1) i s  characterized by a short 0-1 r i s e  followed by a f l a t  line. 

Recovery is accompanied by a gradual reappearance of the active response 

(Figure 2-1 ). The 0-1 r i s e  of the inactive response represents only a small 

part of the in i t i a l  reduction of Q by PS I 1  and l i t t l e  else i n  the way of 

photosynthetic ac t  i v i  ty. The early recovery features indicate the beginn- 

ing of electron transport and water spl i t t ing act ivi ty ( I  .e. 1-0 d i p ,  D-P 

r ise ,  P-S decay). 

Many collections of needles from M t .  Seymour (1300 meters elevation) 

were made i n  the f a l l  (September - November), and winter (December - 
February) months of 1975 - 77. I t  was anticipated that observations of 

fluorescence act ivi ty of the needles dur ing  the period just prior to and 



Figure 2-1 Recovery from winter inac t iva t ion  i n  A. amabil& 

need1 es col  1 ected i n  November (1 976) during a co ld 

period. Needles were kept i n  darkness w i th  t h e i r  

pe t i o le  ends i n  water, and fluorescence was 

measured per iod ica l  l y .  Figure responses are 

averaged. The time required t o  go from the f i e l d  

inac t ive  response (bottom curve) t o  the act ive 

response ( top curve) was 10 - 24 hours depending 

on the need1 e. Some need1 es showed photochemical 

a c t i v i t y  (curve second from the bottom) i n  as l i t t l e  

as 2.5 hours. 



TIME - sec. 



jus t  af ter  the onset of winter conditions would lead t o  a description sf 

the environmental events resulting i n  the inactivation of the l ight  reac- 

tions, and a1 so to a description of those photochemical processes in i t i a l ly  

affected. Field observations made as l i t t l e  as three days apart, however, 

failed to show we1 1 defined transitional responses between the active and 

the inactive s ta te ,  and the sequence of environmental conditions preceed- 

i n g  inactivation was not determined precisely, The s ta te  of the photosyn- 

thet ic apparatus during inactivation was therefore dedu~ed from the 

characteri s t i c s  of the f l  uorescence response du r ing  recovery to the active 

state.  

The level of photochemical ac t iv i ty  in A. amabiZis needles appeared 

to be closely associated w i t h  climatic conditions prevailing a t  the time 

of collection. During the winter months of 1976 - 77, when snowfall was 

very l i g h t  in the coastal mountains and freezing temperatures seldom were 

encountered for  more than two or three days a t  a time, fie1 d determinations 

showed the needles to  be continual ly active right through u n t i  1 spring. 

In mid-spring (May, 1976), when sub-freezing conditions were s t i l l  a 

common occurrence, responses ref 1 ect i  ng varyi ng 1 eve1 s of act i  v i  t y  were 

observed i n  needles from different heights on the same t ree  (Figure 2-2). 

The type of response was dependent on the location of the needles in rela- 

tion t o  the snow cover. On warming to  2 0 ' ~ ~  samples buried under 20 - 40 

cm of snow and samples ful ly exposed had typically active responses; 

need1 es from around the snow 1 ine showed the f l a t  response common to 

needles measured i n  midwinter a f t e r  long freezing periods; i n  a l l  cases 



Figure 2-2 Effect of microclimate on fluorescence act ivi ty 

i n  A. amabiZis dur ing  spring recovery. Measure- 

ments were recorded i n  the f ie ld  a f te r  30 

minutes dark time a t  approximately 7.5'~. 

Several t rees were sampled (10 observations of 

each type). Figure responses are averaged. 

Snow1 ine samples were collected a t  a level 5 cm 

above and 5 cm below the snow surface. 

= fluorescence intensity 

t = time 

.,... snow surface 
3 -2 -1 I = 2.0 x 10 erg cm sec 
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observed during several periods o f  investigation, i t  was found tha t  buried 

needles retained an act ive response as long as the subsurface snow temper- 

ature remained above - 4 ' ~  ; below t h i s  temperature they were inact ive. 

Tranquil 1 i n i  (1 964) showed tha t  photosynthesis i n  Pinus cembra continued 

down t o  - 4 ' ~  a t  which time the needles froze. It was found i n  t h i s  study 

tha t  detached needles o f  A. mnabiZis f roze between - 5 ' ~  and -12'~. Temp- 

eratures t h i s  low were seldom encountered a t  snow depths exceeding 20 cm. 

Exposure t o  temperatures below - 4 ' ~  appears t o  be required t o  inact ivate 

needles from any pa r t  o f  the tree. Simi lar exposures t o  low temperatures 

also appeared t o  inac t iva te  the needles of other coni fers present i n  the 

same area (~suga  mertensicma (Bong. C m .  and Chamaecypds noot katensis 

(D. Don) Spach. 

During t rans i t iona l  periods w i th  the approach o f  warmer weather, i t  

was apparent t ha t  the sun side of trees regained a c t i v i t y  faster than the 

shaded side. I t  remains uncertain as t o  whether the sun1 i g h t  plays a 

d i r e c t  r o l e  i n  reac t iva t ion  i n  the f i e l d  o r  i f  t h i s  e f f e c t  i s  simply due 

t o  increased temperature, since l i g h t  was found not t o  be essential for 

recovery. 

While the r o l e  o f  l i g h t  i n  reac t iva t ion  fol lowing winter inac t iva t ion  

i s  uncertain, the amount o f  l i g h t  avai lab le t o  needles during the onset of 

summer condit ions c lea r l y  i n f l  uences the f 1 uorescence response. Figure 

2-3 i l l u s t r a t e s  responses o f  needles from d i f f e r e n t  exposures of a t ree  i n  

mid-June when daytime a i r  temperatures were qu i te  high ( I~~C) .  None of 

the needles showed the inac t ive  response, even those a t  the snow 1 ine. A l l  



Figure 2-3 Range of f 1 uorescence responses in needl es o f .  

A. amabiZis dur ing  early summer. Measurements 

were recorded i n  the field after 30 minutes 

dark time a t  13'~. Single tree sampled; four 

needles of each type. Figure shows single 

typical responses. A t  the time of co7lection 

the south high-light needles were fully exposed 

to direct sunlight, the south medium light 

needles were partly shaded, and the north low 

light needles were fully shaded. No direct 

light measurements were made. Subsurface snow 

temperature was uniformly a t  O'C. No inactive 

needles were found under these mild conditions. 

See Figure 2-5 for a response similar to the 

snow1 i ne response. 
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In sumnary, the following can be said about winter inactivation and 

recovery : 

1. Sufficiently low temperatures will inactivate all the 

needles on the tree. 

of them displayed responses that reflect their posi ti~n on the tree, 

especially in relation to the amount o f  1 ight they presumably had received. 

The center curve (north low-light) is what would be expected for a shade 

plant (Schrei ber, et aZ. , 1977). Proceeding upwards, the curves progress- 

ively resemble those expected for sun plants, in that the 0-1 and D-P 

rises are shortened, and the time to reach P is somewhat longer. The lower 

two curves are more complex since they reflectboth the effects of exposure 

to low light intensities and relatively recent low temperatures. In the 

snow line needles, the 0-1 rise is similar to the north low-light response 

but the D-P rise is shorter and the S-M rise is very pronounced so that M 

is now the fluorescence maximum. Buried needles have a D-P rise which is 

intermediate between the snowline and the north low-light samples but do 

not have a pronounced S-M rise. In the snow1 ine and buried samples P is 

not delayed as it is in the high light samples. 

2. Incubation at above freezing temperatures is all that is 

required to reactivate the needles. Proximity to the air - 
snow interface appears to delay reactivation under 

generally mild conditions. 



The types of responses observed with reactivation 

suggests that there are interactions between 1 ight 

and temperature, even though light is not necessary 

for the initiation of recovery. 

Mature needles of A. anaabiZis are clearly resistant to damage from the 

low temperature extremes encountered in their subalpine environment. This 

contrasts with most angiosperm leaves and with developing conifer needles 

which are killed or damaged by freezing (Levitt, 1972). Obviously, any 

subalpine or arctic plant which retains its leaves in winter must have 

mechanisms by which freezing or thawing damage in avoided. The nature of 

these mechanisms is poorly understood; however, the technique of Chla 

fl uorescence induction analysis is a1 so ideal for laboratory investigations 

into the mechanisms of winter inactivation. Consequently a series of  

experiments was carried out using this technique and are reported on below. 

Section 2: Laboratory Investigations 

Winter inactivation of conifer needles occurs under conditions where 

temperatures reach sub-freezing levels, available light is minimal both in 

intensity and duration of the photoperiod, and needle water content tends . 

to be low. Any and all of the factors have been associated with the onset 

of dormancy or other cessation of metabolic activity in plants (Levitt, 

1972). The role of any or perhaps a1 1 of these environmental variables 

could be important in the inactivation of A. amabiZis needles. The invest- 

igations reported on here examine the influence of these variables, indep- 



endently from each other i n  some cases, and also e f fec ts  o f  t h e i r  i n t e r -  

actions i n  others. As shown from the fol lowing experiments, inac t iva t ion  

i s  most probably a consequence o f  desiccation while the needles are 

exposed t o  sub-freezi ng temperatures. 

Responses t o  Freezing 

Many experiments involv ing freezing o f  A. amabilis needles were 

carr ied out. For the most pa r t  these used presumably f u l l y  hydrated 

samples attached t o  branches. L i t t l e  inf luence o f  s ing le freezing events 

on var iable fluorescence was observed when the need1 es were thawed. 

However, under the condit ions used i n  the fo l  1 owing experiments, several 

changes I n  the var iable f 1 uorescence transients were noted. These experi - 
ments suggest t ha t  winter inac t iva t ion  of needles i n  the f i e l d  i s  n ~ t  

simply a consequence o f  exposure t o  low temperature. 

Figures 2-4 and 2-5 summarize aspects of the freezing responses i n  

A. amabilis . Figure 2-4 shows the response o f  detached needles cooled i n  

darkness t o  -13 '~  a t  2 ' ~  per minute, and a f t e r  24 hours, rap id ly  thawed 

j u s t  p r i o r  t o  fluorescence measurement. Some o f  the needles were frozen 

dry (Figures 2-4, A-B) and the others frozen w i th  t h e i r  p e t i o l e  ends i n  

water (Figures 2-4, C-D). On thawing, the ends o f  both wet and dry frozen 

needles were kept i n  water. Upon thawing, the 10 dry frozen needles showed 

act ive responses, and 7 out o f  10 had s l i g h t l y  slower P-S decays than the 

others. Those needles frozen standing i n  water had markedly d i f f e r e n t  

responses. A few were l i k e  the dry frozen samples i n  having a P-S decay. 



Figure 2-4 Response of A. amabiZis to freezing. Twenty 

needles of a single tree were frozen a t  2 ' ~  

per minute, half of them w i t h  their petiole ends 

in a i r  (A - B ) ,  and the other half i n  water (C - D) .  

After 24 hours a t  - I ~ O C ,  the needles were quickly 

thawed by removing t h e .  to  20'~ a i r  temperature, 

and fluorescence was recorded. After 3 days w i  t h  

their ends i n  water the needles were again measured 

t o  detemi ne recovery (B-D) . 

i ) response typical of active needles; 3 of 10 needles 

i n  A, and 2 of 10 needles i n  C gave this response 

i i )  response indicating reduction i n  PS I activity; 7 of 

10 needles i n  A gave this response 
? 

i i i )  response indicating weak PS I photoreduction; 8 of 

10 needles i n  C gave this response. Persistence of i a 
an I-D d i p  du r ing  repeated light treatments (curve 1 

1 

marked *) indicates that the PS I reaction center 

and electron transport are s t i l l  active. 

i v )  this response indicates a lack of fluorescence 

quenching, and i s  usually associated w i t h  dead or 

dying needles; 3 of 10 needles i n  B showed this 

response, but  only 1 of 10 i n  D (wet frozen) showed 

i t ,  and this needle had previously shown a type i 

response immediately upon thawing. 

3 -2 -1 I t 2 . 4 x 1 0  ergcm sec 





Eight  of 10 showed the typ ica l  0-P transients, but appeared t o  have no P-S 

decay. Actual ly  there was a much delayed decay from P which took over 5 

minutes o r  more t o  reach a leve l  approximately 50% o f  the maximum. These 

samples w i th  a slow P-S decay fo l lowing the i n i t i a l  1.5 second i l lumin-  

a t i on  displayed a recurr ing I-D d i p  (marked w i th  an asterisk, Figure 3-4, 

C) reminiscent o f  a p a r t l y  l i g h t  adapted response i n  a f u l l y  photosynthe- 

t i c a l l y  ac t ive  sample (Schreiber and Vidaver, l976), but the very slow P-S 

decay suggests tha t  these samples have only weak photoreduction by PS I. 

Af ter  three days incubation a t  20 '~  i n  the dark, the s i tua t ion  had 

changed considerably. Some o f  the dry frozen samples had deteriorated t o  

a f l a t  response and were e i ther  dead o r  dying. However, a1 1 of the wet 

frozen samples which had shown the slow P-S decay appeared t o  have f u l l y  

recovered. 

These resu l t s  suggest that: 

1 This s ing le freezing treatment alone does not give r i s e  t o  

the inac t ive  response observed i n  the f i e ld ,  though other 

combinations o f  f reezing and thawing events may do so, 

2. The capacity f o r  act ive photosynthesis a t  the time of 

thawing does not necessari ly ind icate the subsequent 

v i a b i l i t y  of the needles; some o f  the dry frozen needles 

which appeared ac t ive  immediately on thawing were dead 

o r  dying a few days l a t e r  (Figure 2-4, B), whereas the 



wet frozen samples, which appeared t o  have weak photo- 

reductive capacity upon thawing, remained v iab le and 

recovered f u l l  a c t i v i t y  a f t e r  the same 3 day period, 

3. The delayed P-S decay can be interpreted as a weak PS I 

photo-reduction because: a) PS I I and waterspl i t t i n g  

are funct ional  as indicated by the 0-1 and D-P r ises,  

b) PS I react ion centers and electron transport  are 

funct ioning as shown by the recurr ing I - D  dip, and, 

c) reduced PS I electron acceptors are not being 

reoxidixed, as indicated by the high fluorescence y ie ld .  

The T leve l  i s  now higher than i n  the controls. 

More rapid cool ing (5'~/minute t o  -13'~) o f  f u l l y  hydrated needles 

produced the fo l lowing resu l ts  shown i n  Figure 2-5. A1 1 determinations 

were made as soon as possible a f t e r  thawing. The resu l ts  o f  t h i s  experi- 

ment are best v isual ized by lengthening the period o f  the response from a 

few seconds t o  a minute o r  more so t h a t  the l a t e r  t ransients (S-M-T) are 

apparent. It should be noted tha t  30 seconds i n t o  the response, the f luor-  

escence y i e l d  i n  the unfrozen needles (control  ) i s  lower than the 0-level 

and i t  continues t o  decrease for  the remainder o f  the response. I n  the 

frozen samples, the 0-1 r i s e  i s  unchanged, the D-P r i s e  i s  great ly  reduced 

i n  height and occurs somewhat e a r l i e r  than i n  the controls, the S-M-T par t  

o f  the response i s  broadened, and i n  par t icu lar ,  M-T i s  not as steep. The 

fluorescence maximum i s  now M as i n  the snowline response o f  Figure 2-3. 



Figure 2-5 Response t o  rapid freezing in A. m b i l i s .  10. 

need1 es were frozen in darkness a t  5 ' ~  per minute, 

t o  - I ~ ~ C ,  for  1 hour, then rapidly thawed by 

moving them inmediately t o  20 '~  a i r .  

A)  control 

B )  7.5 minutes dark adaptation a f t e r  thawing 

C) 180 minutes dark adaptation a f t e r  thawing 

----- response during 2.4 second 1 ight treatment 

..... response during SO second l igh t  treatment 

Note part icular ly the decreases in the height of 

P i n  the quickly frozen needles r e l a t ive  t o  the 

control. 

I t  should be noted tha t  the horizontal axis  does 

not represent zero f 1 uorescence yield. 

* Temperature of a s ingle needle was monitored 

during cooling by d i rec t  attachment of a thermo- 

couple. Rates of thawing were not measurable 

using this technique. 
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After three hours in darkness a t  20'~ (Figure 2-5, C )  P has recovered 

significantly. The S-M-T phase of the response has not recovered during 

this  period and the T level i s  even higher than immediately after thawing. 

In this experiment there seem to be a t  least t m  apparently independent 

effects on the photosynthetic system, one on waterspl i t t i n g  (resulting i n  

the drop in P)  which tends to recover during the three hour period, and 

the other affecting processes after PS I ,  which do not recover dur ing  this 

time. 

The two experiments presented here demonstrate that freezing treatment 

alone d i d  not reproduce the winter inactive response. They also indicate 

t h a t  the hydration state of the needles, i n  conjunction w i t h  freezing, does 

modify the functioning of the photosynthetic apparatus, as seen in the 

changes i n  the fluorescence response, and probably plays some role i n  

inactivation. 

Response to Desiccation and Rehydration 

The water status of the needles dur ing  freezing appears to be related 

t o  winter inactivation. Water must be supplied for the full  recovery of 

inactive needles brought from the field to the laboratory. The influence 

of needle water content on the fluorescence response was therefore examined. 

Active needles coll ected i n  November (1 975) were f i r s t  fully hydrated 

by standing them i n  vials w i t h  their petiole ends i n  water. After 24 hours 

the need1 es were weighed , their f l  uorescence responses recorded, and then 



they were placed dry i n  open vials i n  the dark. After a period s f  

desiccation the needles were reweighed and then rehydrated by adding 

water to the bottom of the vials. 

In this study, water content (WC) represents the amount of water 

remaining i n  the needles relative to the init ial  amount following 24 hours 

w i t h  their petiole ends i n  water. T h i s  i s  expressed as a percentage so 

that 50% WC means the needle contained half of the water i t  had a t  satura- 

tion. 

Needle water content ranged from 35 - 65% with 24 hours desiccation 

and 3 - 45% after 48 - 72 hours. Figure 2-6 illustrates changes in fluor- 

escence response w i t h  decreasing water contents. The responses are 

arbitrarily divided into 8 classes based on their overall characteristics 

and proceed from a typical active fluorescence response to a f l a t  1 ine 

response w i t h  no variable fluorescence. After 24 hours, most needles 

showed class 3 or 4 response types, while after 48 - 72 hours most were in 

response class 5 - 8. 

The characteristics of the response classes are as follows: 

1. 100 - 75% water content 

This init ial  stage of desiccation produced l i t t l e  or no 

effect on the early transients from 0 through S. 



\ 

Figure 2-6 1. Ef fect  of desiccation i n  A. amabiZis. 

Th i r t y  ac t ive  needles from several trees, 

col lected i n  November (1 975) from M t .  

Seymour (1300 meters) were water saturated 

during 24 hours dark storage w i th  t h e i r  

pe t i o le  ends i n  water, then weighed and 

placed i n  dry, open v i a l s  f o r  periods up 

t o  72 hours. Needles were weighed a t  24 

hour i n te rva l  s and t h e i r  fluorescence 

responses recorded. Because needles were 

dr ied a t  d i f f e r e n t  rates, the responses 

shown r e f l e c t  the desiccation s ta te  o f  the 

needles, not the time a f t e r  desiccation 

started, There are t rans i t ions  between each 

of the response classes shown. 

Note : The 0- level  remains rouqhly the same 

up t o  Class 6 where i t  begins t o  r i se .  

This trend continues i n  Class 7 but i s  

reversed i n  Class 8. 

2. %WC = percent by weight o f  water remaining i n  

the needles r e l a t i v e  t o  t h e i r  saturated 

water content. 

3, 3 -2 -1 I = 2.0 x 10 erg em sec 





2. 75 - 65% water content 

Fluorescence y i e l d  remained high i n  t h i s  stage o f  drying. 

However, P i s  delayed and the P-S decay i s  not as rapid 

as i n  the i n i t i a l  class. 

3. 65 - 55% water content 

A number o f  overlapping effects occur i n  t h i s  stage o f  

desiccation. The D-P r i s e  cannot be dist inguished from 

the I - D  dip. The fluorescence maximum has dropped 

considerably, and i s  fu r ther  delayed, as i s  the pos i t ion  

of S. The 0-1 r i s e  appears unchanged ind icat ing t h a t  PS 

I 1  i s  s t i l l  able t o  reduce Q. 

4. 55 - 45% water content 

The 0-1 r i s e  i s  less steep and no shoulder i s  evident i n  

t h i s  phase o f  dessication i n  comparison w i th  the previous 

response class. The l a t t e r  may r e s u l t  from weakened PS I 

a c t i v i t y .  I f  so, t h i s  could also explain the anomolously 

higher fluorescence y i e l d  compared t o  the previous 

response class. Within the 1.5 second 1 i g h t  exposure S 

i s  no longer reached. 



5. - 45 - 35% water content 

This response class i s  notable for a t  leas t  two things. 

The overa l l  fluorescence y i e l d  i s  much lower than i n  

any o f  the previous response classes. Although some- 

what slower, the 0-1 r i s e  shows 1 i t t l e  a1 te ra t i on  whereas 

the other t ransients appear t o  be almost eliminated, 

suggesting t h a t  PS I a c t i v i t y  and electron transport  are 

no longer working. 

6. 35 - 20% water content 

In t h i  s stage o f  desiccation the fluorescence y i e l d  

remains about the same as i n  the previous class. However, 

the 0-level i s  s l i g h t l y  higher and the 0-1 r i s e  corres- 

pondingly reduced i n  height, which i s  the f i r s t  ind ica t ion  

tha t  PS I1 react ion centers are being affected. Later 

t ransients are e n t i r e l y  missing a t  t h i s  stage. The needles 

i n  t h i s  class show a response very s imi la r  t o  tha t  of w i n t e r  

inact ivated needles (Figure 2-1 ) , however, needles o f  t h i s  

class and also classes 7 & 8 do not recover the ac t ive  

response w i th  rehydration, even a f t e r  4 - 5 days. 



7. 20 - 10% water content 

The overall fluorescence yield i n  th i s  class varies b u t  

i t  is often markedly higher than i n  classes 5 and 6. A t  

this stage of desiccation a l l  the induction features 

associated w i t h  variable fluorescence are absent. 

A1 1 photosynthetic ac t iv i ty  appears to have ceased. 

Differences i n  overall f 1 uorescence yield suggest variations 

i n  the extent to which desiccation has a1 tered the physical 

s ta te  of the antennae pigment molecules (Wittens, 1975). 

8. 10 - 3% water content 

The overall fluorescence yield is barely detectable i n  th is  

response class. Desiccation has proceeded to  the extent 

that  the chlorophyll has los t  contact w i t h  an aqueous 

environment and no 1 onger f 1 uoresces (Wi 1 tens, 1975). 

The f i r s t  detectable effect  of desiccation on A. d i Z i s  needles 

appears t o  be on partial reactions which influence the P-S decay a1 though 

in i t i a l l y  electron transport appears relatively unaffected. The inter- 

mediate stages of desiccation (Response classes 3, 4 and 5) appear to be 

associated w i t h  decreases i n  both waterspl i t t S n g  act ivi ty and electron 

transport. In the l a te r  stages of desiccation (Response classes 6 - 8) 

the PS 11 reaction centers progressively lose their  abi l i ty  to reduce the 



primary acceptor Q. 

Thus desiccation proceeds w i th  a gradual inac t iva t ion  o f  photosyn- 

t h e t i c  p a r t i a l  processes u n t i l  i n  response classes 7 and 8, no fu r ther  

a c t i v i t y  can be detected. While 0-1 eve1 fluorescence y i e l d  may change, 

var iable f l  uorescence has been e l  i m i  nated. 

Needles p a r t i a l  l y  inact ivated by desiccation can recover t h e i r  photo- 

synthet ic a c t i v i t y  on rehydration. The rehydration responses o f  previous- 

l y  desiccated needles were examined. Recovery was found t o  be dependent 

on the extent t o  which desiccation affected the photosynthetic p a r t i a l  

processes. The samples were rehydrated by submerging t h e i r  pe t i o le  ends 

i n  water for 24 - 48 hours i n  darkness before fluorescence induction was 

recorded. Recovery occurred only i n  those needles not more severely 

desiccated than those o f  response class 5 (Figure 2-6). Following rehy- 

dration, about 50% o f  the class 5 needles regain a typ ica l  act ive response. 

I n  Figure 2-7, curves A through E represent the various stages o f  

recovery. After 24 hours rehydration, the need1 es which w i  11 eventual l y  

recover f u l l  a c t i v i t y  show induct ion responses s imi la r  t o  those i n  Figure 

2-7, D-E. A t  t h i s  time water content determinations ind icate tha t  the 

needles are f u l l y  hydrated. With more time, these needles pass through 

a c t i v i t y  stages represented by C-A. The time for any given needle t o  

reach any pa r t i cu la r  stage i s  somewhat var iab le but by 72 hours a l l  the 

needles w i l l  have reached the a c t i v i t y  stage o f  A, presumably r e f l e c t i n g  

complete recovery o f  the photosynthetic apparatus from the e f fec ts  of 



Figure 2-7 Recovery of activity with rehydration in A .  mabit is .  . 

Thirty needles ranging from 3-45% water contents ( Fig. 

2-6, classes 5 - 8) were rehydrated with their petiole 

ends standing in water. After 24 hours in darkness, 

the f l  uorescence responses of the need1 es were measured. 

Those needles previously desiccated be1 ow 35% water 

content do not recover and exhibit rehydration responses 

F or G .  Half of the needles desiccated t o  between 35 - 
45% water contents also did not  recover and show 

response F after 24 hours (8 of 15 needles). The remain- 

der o f  these needles show response E after 24 hours and 

by 72 hours have progressed through stages D - A.  

Different needles advance a t  different rates. 

3 -2 -1 I = 2.0 x 10 erg cm sec 
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desiccation. Those needles from response Class 5 (Figure 2-6) which do 

not recover, and a l l  those from Classes 6 - 8, responded s im i l a r l y  t o  F - 
G (Figure 2-I), even a f t e r  72 hours. The Class F response i s  characteri- 

zed by some residual PS I 1  react ion center a c t i v i t y ,  while i n  G t h i s  i s  

no longer detected. 

From these resu l ts  i t  appears tha t  recovery from desiccation i s  

possible only i f  inac t iva t ion  does not proceed t o  the stage where PS I 

a c t i v i t y  can no longer be detected i n  the fluorescence response (Class 6, 

Figure 2-6). The PS I 1  react ion centers remain functional a t  desiccation 

stages from which recovery does not take place a f t e r  rehydration. 

Recovery o f  a c t i v i t y  i n  desiccated needles does not appear t o  be 

simply the obverse o f  inact ivat ion.  This suggests tha t  the order i n  which 

photosynthetic p a r t i a l  processes become inact ivated i s  di f ferent from tha t  

i n  which they are reactivated. Effects on electron transport appear w i th  

r e l a t i v e l y  l i t t l e  desiccation as evidenced by the disappearance o f  the I - 
D d i p  (Figure 2-6, response Classes 3 - 4) and PS I 1  react ion center a c t i -  

v i t y  pers is ts  t o  very low water contents (response Class 6). On recovery, 

the i n i t i a l  l y  predominant a c t i v i t y  i s  quenching by the electron transport 

system (Figure 2-7, B - E). Waterspl i t t ing appears t o  be the l a s t  process 

t o  f u l l y  recover. Perhaps the i nact ivat ion-react i  vat ion progression should 

be expected t o  d i f f e r  since i n  these experiments inac t iva t ion  i s  a d i r e c t  

consequence o f  decreased need1 e water content whi 1 e react ivat ion takes 

place i n  needles which have already been f u l l y  rehydrated. Recovery clear- 

l y  requires the reordering o f  the photosynthetic apparatus fol lowing rehy- 



drat ion. 

Dark Storage 

Many aspects o f  winter dormancy i n  plants are regulated by photo- 

period, including l e a f  senescence i n  deciduous trees. There i s  a possi- 

b i l i t y  t ha t  winter inac t iva t ion  i n  A. amabiZis needles is ,  t o  a greater 

o r  1 esser extent, under photocontrol. A. amabiZis branches were kept 

f u l l y  hydrated i n  a 8/16 l ight -dark cycle a t  + lo/ -3 '~ f o r  up t o  5 weeks. 

Need1 es examined throughout t h i s  period never showed an inact ive response. 

Since t h i s  treatment d id  not induce inact ivat ion,  the e f fec ts  of extended 

periods o f  t o t a l  darkness, both a t  2o0c and -4 '~  were examined. 

The resu l ts  o f  the extended dark storage treatment a t  20 '~  (Figure 

2-8, a, b) show several e f fec ts  o f  darkness on fluorescence induction, 

but tend t o  show tha t  extended darkness alone does not induce inact ivat ion.  

Compared t o  the control  (a), sixteen days of darkness (b) resul ted i n  a 

high 0-1 r i s e  and P appears diminished. M has increased markedly but the 

M - T decay seems l i t t l e  affected. These resu l t s  suggest t ha t  waterspli- 

t t i n g  a c t i v i t y  i s  l o s t  t o  some extent but the increase i n  0-1 i s  d i f f i c u l t  

o f  in terpret .  PS I a c t i v i t y  seems t o  remain reasonably e f fec t i ve  i n  

quenching f l uorescence. It was found tha t  f 1 uorescence returned t o  an 

approximation of the control  response a f t e r  a number o f  5/19 hour l i g h t -  

dark cycles (Figure 2-8, c - e). Under these condit ions the D-P t rans ient  

gradually regenerates, but by now there seems t o  be some loss o f  ab i l  i t y  
E 

o f  PS I t o  quench fluorescence i n  the l a t e r  parts o f  the response, perhaps 



Figure 2-8 Ef fec t  o f  dark storage i n  A. amabiZis need1 es 

col  1 ected from M t .  Seymour (1 300 meters elevation) 

during mi ld  weather i n  mid January (1976). Several 

branches were kept w i th  t h e i r  stems i n  water, i n  

black boxes f o r  16 days ( 2-8 b). Recovery a f t e r  

exposure t o  5/19 hour l igh t /dark  cycles i s  indicated 

by responses 2 through 2. 

The control  response a was recorded 4 hours a f t e r  the 

needles were collected. The I - leve l  o f a i s  a t  

approximately 1 .5 uni ts.  The 1-1 eve1 s o f  responses 

- 2 are a1 1 apparent i n  the f igures. 

* The aster isk i n ~ s i g n i f i e s  a persistent though 

barely detectable peak occurring before 3 seconds. 

Later stages o f  recovery suggest t ha t  t h i s  ear ly  

peak i s  probably P which i s  p a r t l y  reduced i n  ampli- 

tude during dark storage, and p a r t l y  masked by other 

parts o f  the dark storage response. See also Figure 

2-9. 

3 -2 -1 I = 2 . 4 x 1 0  ergcm sec 





due to a decrease i n  C02 fixation rather than t o  a loss o f  PS I reaction 

center act ivi ty (note the I-D dip and strong P-S decay of response & 

Figure 2-8). 

Thus the 1 i g h t  reactions seem to recover from dark storage, b u t  by 

th is  time (31 days from the beginning of the experiment) the needles may 

be low on substrates or perhaps mineral nutrients. 

Similar effects of dark storage were found i n  four other conifers 

(Figure 2-9), suggesting that the effects found in A .  amabiZis may be 

typical for  conifers i n  general. 

Moist needles from branches stored for  10 weeks a t  -4 '~  in the dark, 

showed responses quite different from those stored a t  20'~ (Figure 2-10). 

The in i t i a l  response to l ight  ( A )  demonstrates a completely active photo- 

synthetic system. After a 7.5 minute dark interval ( B ) ,  during which time 

a healthy, untreated needle would have become almost completely dark 

adapted, the dark-stored needle appears to  have los t  most of i t s  PS I1 

activity. Recovery of PS I1 activi ty has hardly begun even af ter  a fur- 

ther 30 minutes dark interval ( C ) .  A1 though the significance of these 

results i s  not understood a t  th i s  time, the in i t i a l  response ( A )  does 

indicate that  low temperature can preserve an almost normal active photo- 

synthetic response during extended periods of darkness. 

In the f ie ld ,  A .  amabiZis f i r  branches may spend up to 5 months under 

conditions of low l i g h t  intensity, buried i n  snow. On the other hand, a l l  



Figure 2-9 Effect of dark storage on four conifer genera, ,Abies, 

Pinus, ~edrus, and Tsuga. Branches of four conifers 

col lected from gardens on Burnaby Mountain during 

February (1976) were kept i n  darkness on wet f i l t e r  

paper f o r  9 days a t  20'~. Corresponding control 

responses fo r  the dark storage treatments a re  shown 

by genera on the l e f t  s ide  of the figure.  

----- f a s t  responses ( 0 - 1.8 seconds ) 

. . . . . slow responses ( 0 - 45 seconds ) 

3 -2 -1 I = 2.4 x 10 erg cm sec 
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Figure 2-10 Temperature dark storage interaction in A. mabitis.  

Branches were kept in darkness at -4'~ for 10 weeks, 

then incubated in darkness for 20 hours at 20'~ prior 

to fluorescence measurement. Figure shows single 

typical response. 

A )  needle's first exposure to light 

B) same needle after 7.5 minutes dark time 

C) same needle after 30 minutes additional 

dark time 

3 -2 -1 I - 2 . 4 ~ 1 0  ergcm sec 

NOTE: C response 0-level is intermediate between 

A  and B. 
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Time-  sec  



the needles on a t ree  sometime o r  other experience winter inact ivat ion, 

suggesting tha t  continuous near-darkness i s  not a requirement f o r  i nact i -  

vation. 

Level s o f  Reactivation 

Reactivation appears not t o  be a simple switching on o f  photosynthe- 

sis. Whether o r  not photochemical a c t i v i t y  i s  detectable i n  needles 

presumed t o  be inac t ive  may depend on the exc i ta t ion  l i g h t  i n tens i t y  

presumably r e f l e c t i n g  d i f f e ren t  levels  o f  a c t i v i t y  i n  indiv idual needles 

(Figure 2-1 1 ). 

The needles tested were from branches col lected from the f i e l d  under 

cold condit ions (November, 1977); i n  having only an 0-1 r ise,  a l l  i n i t d a l l y  

appeared inac t ive  w i th  moderate l i g h t  i n tens i t y  ( I  = 4, Figure 2-11 A).  

When l i g h t  i n t e n s i t y  was increased t o  I = 5 (see f i gu re  legend, Figure 

2-11 ), 40 - 50% o f  the needles showed what might be termed an inc ip ien t  

c l e a r l y  discernable even though they were o f  very low magnitude. I n  about 

30% o f  the needles, increasing t o  I = 5 d id  not r e s u l t  i n  the appearance 

o f  any addit ional  fluorescence transients, but on a fu r ther  increase t o  

I = 6, these needles now showed the i nc ip ien t  response (Figure 2-11 0) .  

The remainder o f  the needles d id  not show the i nc ip ien t  response a t  I = 6. 

Recovery i n  a l l  o f  these needles was s imi la r  t o  tha t  shown i n  Figure 2-1. 

I n  addit ion, i t  should be noted tha t  needles col lected a f t e r  extensive 1 I 

periods o f  cold weather also do not show the i nc ip ien t  response a t  I = 6. 



Figure 2-1 1 Levels of reactivation i n  A .  amabiZis. Water 

saturated needles collected i n  November 1977, 

were dark adapted for 2 hours, and their  

fluorescence responses measured a t  different 

l ight  intensities.  

A )  needles i n  

showed an 

B)  needles i n  

this 

incip 

class ( 40 - 50% of the total  ) 

ient active response a t  I = 5 

th i s  class ( approximately 30% of the 

total ) showed an incipient response a t  I = 6 

The remaining needles did not  exhibit active fluore- 

scence responses a t  either I = 5 or I = 6. Needles 

collected during previous winter cold periods did 

not exhibit the incipient response with increased 

l ight  intensity. 

-2 -1 I = 4 ........... 1.6 erg cm sec 

II 0 I t  I = 5 ........... 2.0 
II I t  I t  I = 6 ........,.. 2.4 
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Active needles are l ike the photosynthetic organs of other vascular plants 

i n  that  they produce a strong Kautsky transient a t  I = 2*(see Figures 1-4 
* 

and 1-5), bu t  not a t  I = 1, and i t  was assumed that  this i s  a characteris- . 

t i c  of green plant chloroplasts and represents what might be considered a 

1 i g h t  compensation l eve1 with respect to variable f 1 uorescence. This 

experiment shows that  the l ight  intensity required to generate a variable 

fluorescence response is not constant, and further that i t  may reflect  

different act ivi ty levels i n  the samples. 

* 3  -2 -1 I = 1 = 0.3 x  10 e r g  cm sec 
I = 2  = o , 7 X  11 I 1  II II 



CHAPTER I X I  

DISCUSSION AND CONCLUSIONS 

Section 1 : Review of Experimental Results 

A var ie ty  o f  strategies are used by plants o f  temperate and more 

rigorous c l ima t i c  regions t o  endure winter w i th  i t s  unfavourable tempera- 

tures, photoperiods, and extremes o f  humidity. Many plants become dormant 

o r  otherwise inac t ive  y e t  rap id l y  resume metabolic a c t i v i t y  w i th  the onset 

o f  spring. I n  the cases o f  annual and deciduous plants these strategies 

are a t  l eas t  super f i c i a l l y  obvious. On the other hand, i n  many conifers 

and other p lants  which maintain t h e i r  leaf canopies throughout the winter, 

the means by which s t ruc tura l  and funct ional  i n t e g r i t y  o f  leaves i s  main- 

tained over winter are poorly understood. 

It has been shown f o r  some coni fer  species tha t  needle metabolic 

a c t i v i t y  i s  reduced i n  winter t o  very low leve ls  o r  ceases a1 together. 

I n  A. amabilis, photosynthetic a c t i v i t y  i s  absent and l i t t l e  if any carbon 

exchange presumably takes place. Whether o r  not t h i s  metabolic shut down 

contributes t o  overwinter survival  o f  the needles has not been shown, and 

the way the phenomenon i s  regulated has not  been demonstrated previously. 

Winter inac t iva t ion  i n  A. amabil is i s  nevertheless probably an ddapt- 

i v e  response serving t o  protect  the needles from damage a r i s ing  from the 

c l imat ic  extremes encountered during winter. Inact ivat ion o f  the photo- 

synthetic apparatus appears t o  be a common phenomenon and presumably 
! 
1 accounts f o r  the winter drop i n  conifer photosynthesis observed by other 
i 



workers. Recovery of photosynthetic activity with the onset of warmer 

conditions has been extensively studied but the mechanisms are not known. 

The present investigation may provide some insight into these mechanisms. 

The interpretation of field and laboratory measurements made during 

the course of this study relating to inactivation and reactivation of 

photosynthesis in A. mabiZis are summarized as follows: 

1. During the coldest period of winter in which measurements 

were made a1 1 needles observed were inactive, as indicated 

by the absence of variable fluorescence. 

2. Unless subsurface snow temperatures dropped be1 ow about 

-4'~ buried needles remained active. 

3. With the onset of warmer conditions there is a differential 

reactivation of needles on a tree dependent on their 

proximity to the snow line. This may come about because 

temperatures at the snow1 ine are often considerably lower 

than either subsurface or ambient air temperatures. 

4. After 10 - 24 hours at 20•‹c in the laboratory, inactive 
needles from the field were reactivated. This recovery 

took place in the dark when the p e t i o l e  ends of the 

needles were submerged in water; no recovery was observed 

in needles kept in water-saturated air. 



5. The inactive response was not induced i n  needles frozen 

in the laboratory a t  2 ' ~  per minute to -13'~ and thawed 

after 24 hours. Water-stressed need1 es under this treat- 

ment d i d  suffer more injury than those kept fully hydrated. 

6. Freezing a t  5 ' ~  per minute t o  - 1 3 ' ~  with 

immediate thawing decreased the fluorescence yield of 

detached needles to some extent, b u t  recovery was 

substantially complete after 3 hours a t  20'~. 

7. Desiccation results i n  a progressive inactivation of the 

photosynthetic partial processes unti 1 no further activity 

can be detected. 

8. Recovery from the desiccated state i s  characterized by a 

gradual return of the active response and takes place only 

i n  needles not desiccated to the extent that PS I1 activity 

begins to disappear. 

9. Desiccation of needles to  20 - 35% water content produces a 

response closely resembl i ng the winter inactive response, 

b u t  a t  20 '~  these needles do not recover after rehydration. 

10. Neither a short photoperiod coupled w i t h  low, non-freezing 

temperatures, nor extended periods of darkness induced the 

inactive response. 



11. Needles which show the inactive response may not all be 

in the same physiological state, since in individual 

needles an incipient active response appears over a 

range of excitation light intensities. 

12. None of the laboratory treatments resulted in an inactive 

response which exactly matched the winter inactive 

response. However, desiccation and freezing did produce 

responses which para1 leled field observations. 

Section 2: Interpretat ion of Inactivation Phenomena by Fl uorescence 
Induction Analysis 

Certain features of the fluorescence induction time course can be 

related to the participation of discrete photosynthetic partial reactions. 

Therefore, some of the influence of environmental factors, or experimental 

conditions on the time course can, with some degree of certainty, be 

attributed to effects on one or more of these partial reactions. This 

approach has been used previously in consideration of freezing effects on 

detached needles (see Chapter I1 section 2) and other aspects of this 

study. The same approach may identify those parts of the photosynthetic- 

apparatus most affected during winter inactivation. 

Needles in midwinter show a flat fluorescence response, consisting 

of an 0-1 rise followed by a horizontal 1 ine (Figure 1-1 ). After incuba- 

tion under warm conditions in the dark, fluorescence returns to normal. 

The time needed is dependent on temperature and the availability of water. 



Increasing the excitation 1 i g h t  intensity resulted i n  a variable 

response in some needles which show f l a t  responses a t  lower intensities. 

In addition, i t  was found that needles which gave a weak variable 

response (one i n  which the features were delayed and reduced i n  amplitude) 

a t  relatively h i g h  intensity ( I  = 5, see Chapter 11, section 2 )  showed a 

f l a t  response when the intensity was reduced slightly. The fact that 

more 1 i g h t  i s  required suggests the possi bi  1 i ty t h a t  the contribution of 

PS I1 i n  inactive needles i s  much lower than i n  active needles, which 

could account for the loss of variable fluorescence found i n  material 

collected from the field i n  midwinter. A11 other plant material tested, 

including active need1 es, gave strong variable f1 uorescence responses a t  

light intensities which produced f l a t  responses i n  inactive or only 

partially active needles. 

There are a number of ways by which a reduction i n  PS 11 activity 

could occur. 

Some PS I1 reaction centers could be inactivated, b u t  

direct evidence for this i s  unavailable. 

The amount of energy reaching the PS I1 reaction centers 

could be decreased. 

Watersplitting may be inhibited so that fewer electrons 

are available to PS 11. This has been shown to account 

for changes i n  the variable fluorescence i n  other 



systems. (Papageorgiou, 1975). 

A progressive deact ivat ion o f  waterspl i t t i n g  could account f o r  both 

the decrease i n  photosynthetic ra tes and also for the complete cessation 

o f  photosynthesis i n  conifer needles. 

Another way i n  which the energy reaching the PS I 1  ,reaction centers 

could be reduced i s  from an overa l l  decrease i n  the transfer e f f i c iency  

o f  one chlorophyl l  molecule t o  the next, w i th in  the l i g h t  gathering 

apparatus. It could a1 so be accompl i shed i f  the 1 ight-harvesting complex 

(LHC) became detached from the PS I 1  core p a r t i c l e  (Armond , et aZ. , 1977). 

Schreiber and Armond (1978) were able t o  demonstrate tha t  one o f  the 

p r i nc ip le  e f fec ts  of heat damage i n  iso lated chloroplasts was a reduction 

i n  the t ransfer  ef f ic iency o f  Chlb t o  a which they a t t r ibu ted  t o  an 

uncoupling o f  the LHC from the react ion center complex o f  PS 11. Their 

method was t o  determine the fluorescence in tens i t y  o f  DCMU and N H p  

poisoned chloroplasts under l i g h t  exc i t i ng  pr imar i l y  Chla (430 nm) and 

1 i g h t  exc i t i ng  Chlb (480 nm). It was found tha t  under 480 nm 1 ight ,  

fluorescence in tens i t y  dropped o f f  fas te r  as the temperature was raised 

than i t  d i d  under 430 nm l i g h t ,  ind ica t ing  tha t  Chlb was los ing i t s  

a b i l i t y  t o  t ransfer  energy t o  Chla. 

If the same drop i n  Chlb-excited Chla were found i n  inact ive 

needles r e l a t i v e  t o  act ive needles, i t  would be strong argument i n  favour 

o f  a decoupl i ng  process occuring during inact ivat ion.  



Figure 3-1 out l ines how t h i s  hypothesis might apply during a freeze - 
thaw cycle. When freezing occurs, i c e  formation i n  the in te rce l  l u l a r  

spaces causes removal of water from the  ce l l s .  An equi l ibr ium i s  reached 

between the amount of water which goes t o  form i c e  and tha t  which remains 

i n  the cytosol. It i s  known tha t  the l i g h t  harvesting complex i s  p a r t i -  

c u l a r l y  sensi t ive t o  water stress (Alberte and Thornber, 1977) and the 

dehydration induced by i c e  formation i n  t h i s  hypothesis i s  thought t o  

cause a decoupl i ng  between the LHC and the react ion center complex, so 

tha t  energy t ransfer  i s  great ly  reduced. A t  warmer temperatures the ice 

me1 ts and water returns t o  the cell s . Reattachment o f  the LHC t o  the PS 

I1  core p a r t i c l e  i s  thought t o  occur during t h i s  phase, and the degree of 

reattachment would coincide w i th  the increase i n  apparent PS I 1  strength 

i n  the fluorescence response ( i t  i s  also possible tha t  the LHC's, t o  a 

greater o r  lesser extent, are resynthesized rather  than reattached). 

Metabolic a c t i v i t y  may be required f o r  t h i s  recovery since the process 

takes considerable time (up t o  24 hours o r  more) and i s  temperature 

dependent. 

This invest igat ion has not l e d  t o  a d e f i n i t i v e  descr ipt ion of the 

i nact ivat ion phenomenon i n A. m b i Z i s  need1 es. Laboratory studi  es do 

suggest however, t ha t  inac t iva t ion  and subsequent react ivat ion progress 

as follows: 

1. During freezing, events occur a f fec t i ng  PS I1  so that,  

a f t e r  thawing, i t s  turnover r a t e  i s  decreased. 



Figure 3-1 Thylako idorgan iza t iondur ing  ice formation: + 

an hypothesis of winter inactivation. Hypothesis 

i s  based on the assumption that an uncoupling 

effect  takes place between the 1 ight-harvesting 

complex, and the PS I1 reaction center particle. 

Model of thylakoid membrane adapted from Armond, 

e t  aZ. (1977). 

I1 = PS I1 core particle 

I = PS I core particle 

LHC = L i g h t  harvesting complex 
(chl orophyll a/b protein) 
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2. Electron transport and PS I appear less  af fected dur i  nq 

inac t iva t ion  because: a) the fluorescence y i e l d  o f  

inac t ive  and p a r t i a l l y  ac t ive  needles i s  very low compared 

t o  tha t  o f  act ive needles, and, b) inac t iva t ion  o f  e i ther  

electron transport  o r  PS I would be expected t o  cause 

f 1  uorescence t o  r i s e  rather  than decrease, since any 

ac ti v i  ty o f  PS I I would not now be quenched. 

3. During react ivat ion, the increase i n  fluorescence y i e l d  

i s  a  gradual process which seems t o  r e f l e c t  p r imar i l y  

a  re tu rn  o f  observed PS 11 a c t i v i t y .  The presence o f  both 

an I - D  d i p  and a P-S decay i n  the i n c i  p ien t  act ive response 

tends t o  confirm the hypothesis tha t  the major inf luence o f  

inac t iva t ion  i s  on those p a r t i a l  reactions d i r e c t l y  l inked 

t o  PS 11. 

4. Any e f f e c t  o f  inac t iva t ion  on Calvin cycle, photophosphory- 

la t ion,  o r  MADP+ reduction cannot be in fe r red  from the 

i nact i  ve f 1 uorescence response; however, 1  aboratory 

experiments suggest tha t  one o r  more of these may be 

affected also (Figures 2-4, 2-5). That several e f fec ts  

may combine t o  produce winter inac t iva t ion  seems possible. 

I t  i s  ce r ta in l y  t rue  i n  heat-damaged chloroplasts where 

damage occured close t o  PS I1 j u s t  p r i o r  t o  an uncoupling 

e f f e c t  of the l i g h t  harvesting pigments from the PS I1  

react ion center p a r t i  c l  e  (Schrei ber and Armond , 1 978). 



The leve l  o f  photochemical a c t i v i t y  during inac t iva t ion  and recovery 

has been described i n  some de ta i l .  I n  the inac t ive  s ta te  the PS I 1  

react ion centers are operating a t  a slower r a t e  than i n  the act ive state, 

so tha t  the ra te  o f  t ransport  o f  electrons away from Q i s  greater than 

the supply. This keeps the fluorescence y i e l d  low and prevents the 

occurence o f  the normal Kautsky transients. A major question tha t  remains 

unanswered i s  what happens during the inac t ive  s tate t o  the energy tha t  

formerly was converted a t  the PS I1  react ion center when the needle was 

f u l l y  active? A t  present no d e f i n i t i v e  answer can be provided because 

the precise reason f o r  the slowdown i n  the PS I 1  turnover r a t e  i s  not 

known. There are several a l te rna t ive  methods o f  quenching exc i ta t ion:  

The excess could be converted t o  heat, 

i t  could be quenched by oxygen v ia  a mechanism 

involv ing the carotenoids (Papageorgiou, 1975), 

excess energy could be d iver ted t o  PS I by an 

increase i n  energy sp i l l ove r  (Murata and Sugabara, 

l969), 

the r a t e  o f  the trade react ion from Q t o  PS 11 could 

be increased (Butler, l972), 

pigments might be photo-oxidized by excess energy. 



i t s  conversion i n t o  heat. A t  the low temperatures encountered during 

winter t h i s  i s  not 1 i kely t o  prove dangerous. Some pigment degradation 

might resul  t d u r i  ng inac t iva t ion  but the recovery process indicates no 

l a s t i n g  e f f e c t  o f  inac t iva t ion  on the photosynthetic apparatus takes place. 

Increased sp i l l ove r  t o  PS I i s  a1 so 1 i kely since, as i n  the case o f  

conversion i n t o  heat, the mechanism o f  energy sp i l l ove r  i s  f i rm ly  estab- 

l i shed and, i n  addit ion, i t  has been shown i n  t h i s  study tha t  PS I i s  

la rge ly  unaffected during inac t iva t ion  and i s ,  therefore, avai lable f o r  

energy dissapation (perhaps by c y c l i c  phosphorylation o r  some other 

process). 

It should a lso be remembered tha t  some energy conversion may s t i l l  

take place a t  PS I 1  i n  the inac t ive  state. A l l  t ha t  can be stated i s  

t ha t  the r a t e  o f  turnover i s  much lower. 

The Chla fluorescence induct ion analysis has proved t o  be invaluable 

i n  t h i s  invest igat ion o f  the phenomenon o f  winter inact ivat ion,  and i s  a 

sensi t ive ind ica tor  o f  the e f f e c t  o f  environmental inf luence on the 

photosynthetic apparatus. The data are easy t o  obtain and in te rpre t  i n  

f i e l d  and 1 aboratory si tuat ions. Provided the samples are dark-adapted 

the leve l  o f  photosynthetic a c t i v i t y  can be determined i n  a few seconds. 

The instrumentation i s  inexpensive and h igh ly  portable, and since the 

method i s  non-destructive, ind iv idual  samples can be assayed many times 

whi le undergoing experimental treatments. Compared w i th  the techniques 



o f  Cop exchange and exchange, the resu l t s  obtained from fluorescence 

measurements are r e l a t i v e l y  unambiguous. The technique should have wide 

appl icat ions i n  studies of t h i s  nature, since i t  can i d e n t i f y  speci f ic  

s i t es  o f  inf luence o f  environmental variables tha t  can only be alluded 

t o  by other methods. 

Section 3: Inac t iva t ion  and Overwintering 

Inac t iva t ion  i s  c lea r l y  associated w i th  the coni fer  hab i t  o f  main- 

ta in ing  a needle canopy throughout the winter. This loss o f  photochem- 

i c a l  a c t i v i t y  may be re lated t o  the surv iva l  o f  the needles during the 

stress conditons o f  winter. 

One obvious funct ion o f  inac t iva t ion  could be t o  protect  the react ion 

centers from damage resu l t ing  from an excess o f  1 i g h t  energy during times 

when the normal channels o f  energy d iss ipa t ion  are inoperative. Any o f  

the previously proposed mechanisms for regulat ing the turnover ra te  a t  

PS I1 could accomplish t h i s  end (see Chapter 111 section 2). Such damage 

i s  known t o  occur i n  other photosynthetic systems where the normal 

channels are blocked (Ridley, 1977; van Hassel t and Strikwerda, 1976). , 

It has been shown here t h a t  water i s  essential f o r  react ivat ion even 

. in f u l l y  hydrated need1 es. A1 so, ac t ive  needles when frozen under water 

stress appear t o  suffer more damage than fu7 7y hydrated needles. It may 

be tha t  inac t iva t ion  serves t o  prevent photosynthetic a c t i v i t y  during 

times when the needles are i n  danger o f  being exposed t o  low temperatures 



l 

and water stress. Neither low temperature nor moderate water stress by 

theme1 ves, appeared t o  i n j u r e  the need1 es. Desiccation o f  need1 es has 

been re la ted  t o  the upper t ree  1 i ne  i n  several conifer species (Baig and 

Tranquil 1 i n i  , 1976; Wardle, 1968). Perhaps the 1 i m i t  of high l a t i t u d e  

forests  i s  determined by s imi la r  constraints. It i s  possible tha t  the 

d i s t r i b u t i o n  o f  coni fers i s  1 i m i  ted t o  regions where need1 e inac t iva t ion  

takes place p r i o r  t o  exposure t o  the desiccation associated w i th  sub- 

f reezing temperatures. If t h i s  i s  indeed the case, then winter i nac t i -  

vat ion o f  photosynthesis i n  A. amabiZis i s  c l e a r l y  an adaptive response. 

A mechanism such as winter inac t iva t ion  may be adaptive, but not 

necessari ly i n  r e l a t i o n  t o  the hab i ta t  where ind iv iduals  o f  a species 

are found. For example, resistence t o  desiccation i n j u r y  may be found 

i n  l o c a l i t i e s  where the chances o f  desiccation are very s l igh t .  Needles 

o f  A. mabiz i s  were always found t o  be close t o  t h e i r  water saturat ion 

levels  regardless o f  the condit ions under which they were collected, y e t  

they proved remarkably res is tan t  t o  short  term e f fec ts  o f  desiccation 

down t o  45% water content. 

I f  winter inac t iva t ion  i s  re la ted t o  water a v a i l a b i l i t y ,  and i n  

other habitats t h i s  becomes more important where frozen soi  1 may prevent 

the uptake o f  water by roots and where water i s  removed from the needles 

by d i r e c t  sublimation, then i t s  adaptive signi f icance may be i n  prevent- 

i ng  photosynthesis from s ta r t i ng  up when l i q u i d  water i s  not f ree l y  

available. A number o f  factors may combine t o  1 i m i  t the ava i l  abi 1 i t y  of 

water during periods when photosynthesis i s  otherwise feas ib le r 



frozen s o i l  may prevent uptake, 

frozen trunks o r  branches could block water uptake, 

sha l l  ow soi  1 s i n  exposed areas could conceivably 

d ry  out. 

Several questions may be asked r e l a t i n g  t o  the problem o f  photosyn- 

t h e t i c  inact ivat ion:  

What i s  the cost t o  the p lan t  o f  react ivat ion? 

If energy i s  required t o  react ivate,  i s  the number 

o f  times a needle can react ivate l im i ted? 

Does react ivat ion depend on the occurrence o f  a 

favourable set o f  environmental condit ions or i s  

i t  regulated, i n  pa r t  by some endogenous control  

mechanism such as phytochrome o r  hormones? 

Are short  warming trends i n  otherwise extremely 

cold periods ignored by the p lant? 

A p o s s i b i l i t y  t ha t  cannot be ignored i s  tha t  the delay i n  react iva- 

t i o n  i s  caused by the necessity t o  reorganize par t  o f  the photosynthetic 

system which i s  in ju red  i n  the sequence o f  water removal during i c e  form- 



ation. Inactivation would then be thought of as an inevitable price for  

existing i n  a habitat where repeated freezing i s  routine, and reactiva- 

tion would represent the successful restoration of a functional photo- 

synthetic apparatus. In th is  situation, photosynthesis would normally 

take place dur ing  short warm periods except for  the need to re-order a 

damaged photosynthetic apparatus. If  th i s  were the case then i nactiva- 

tion could be thought of as  a consequence of environmental conditions 

(rather than an adaptive mechanism) while reacf ivation would be an adap- 

t ive response necessary to restore photosynthetic act ivi ty to the needles. 

A t  the present time distinction between these possibi l i t ies  i s  not 

feasible. 

Throughout this study the term dormancy has been del i berately 

avoided i n  reference to  winter inactivation of conifer needles. This 

was done for the following reasons. In the classical sense, a dormant 

plant i s  one i n  which metabolic act ivi ty resulting in growth and develop- 

ment i s  proceeding a t  very low levels or may be d i f f i cu l t  to detect. 

Activity is usual ly resumed i n  response to  particular stimul i operating 

through endogenous regulatory systems. Provi sion of condi t i  ons of temp- 

erature, 1 i g h t ,  and humidity normal 1 y conducive to growth and develop- 

ment are  not sufficient to restore act iv i ty  unless some dormancy breaking 

event perceived by the endogenous regulatory system takes place. For 

many plants the dormancy breaking ' t r igger '  i s  lengthening o f  days to  

more than a certain number of hours. The success of dormancy as an over- 

wintering strategy depends on suppressing physiological reactivation 

u n t i l  such time as winter injury i s  unlikely. 



In constrast, the reactivation of conifer needles does not appear 

to  be 'triggered' by any special &vent. All that i s  required i s  that 

they be exposed to  sufficient moisture and h i g h  enough temperatures. 

Light i s  not required, the time of year i s  not important, and no endo- 

genous regulation appears to be involved. 

The location of the needle on a t ree  i s  much more important in 

determining probability for reactivation than daylength. In true 

dormancy the whole plant would be expected t o  become and remain dormant 

u n t i l  such time as the triggering event took place. While such dormancy 

may be involved i n  needle flushing by conifer trees, i t  does not appear 

to  be operative i n  individual mature needles dur ing  winter. 
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