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ABSTRACT 

The eco-physiology of 

growth, needle photosynthetic pigment and water contents , 
and photosynthetic pas t id l  processes i n  f ive  populations of 

Pseudatmga menziesii ( ~ i r b .  ) Franco . 

Leaf var iat ions were examined fa r  two years i n  f ive  populations of 

Douglas-fir, two of coastal and three of in t e r io r  variety,  growing under 

different  l i gh t  reghnes (reduced l igh t  in t ens i t i e s  and altered ultra-violet 

radiation leve ls ) ,  a t  two s i t e s  (one a t  the wet coastal region and the other 

i n  the dry i n t e r i o r  region of Bri t ish Columbia), Fluorescence induction 

( F ~ )  analyses were conducted simultaneously t o  re la te  any changes i n  leaf  

properties t o  changes i n  photosynthetic partial processes, Carbon dioxide 

exchange r a t e  determinations were dane a t  the end of the study. 

Populations of i n t e r i o r  var iety had the greatest  growth increases, 

pigment contents, chlorophyll - a ( ~ h l ) ,  Chl - b, carotenoids (Car), C N  d b  and - 
C h l / ~ a r  r a t io s ,  FV levels  and apparent r a t e s  of ph~toe~ynthesis,  a t  bath 

s i t e s .  Coastal. origin populations had the greatest  needle water contents. 

Xxcept f o r  growth increases, f o r  a l l  parameters examined, all populations 

grown a t  the  coastal  s i t e  had greater values than those gravn i n  the 

in te r ior .  Growth appeared t o  be negatively correlated with l lght  in tens i ty ,  

as vere C h l  - a and C U  - b, C h l  db ra t ios ,  and FV leve ls ,  vh i le  Car and Chl/ - 
Car r a t io s  increased with increased l igh t  intensity.  Tvra gear old needles 

had greater  piLment contents and r a t ios  than new nocdles, 

iii 



Needle water content declined t o  a minimvm h the  spring a f t e r  the 

l n i t i a l  f lush,  then increased rapidly when tha t  year's nev needles flushed. 

Water content vras greates t  i n  new neecllcs, Nets needles at both s i t e s  had 

seasonal C h l  - a and Chl - a/b - r a t i o  t rends wi th  simmer and rsint,er minima and 

f dl and spring maxima, while two year old needles had a spring rnminimmri and 

a f a l l  maximum, Chl - b had a spring m i n i m u m  and a fc3LI mr7ximum f o r  d l  

needle ages. Seasonal Car and Chl/Car r a t i c  trends had m e r - f d l  minima 

and winter maxima, ~ah i l e  F behaved i n  the  opposite manner, v 

The data indicate  tha t  the  ma.h function of the  Car i s  t o  protect  2 

from photo-destn~ction, &n though l i g h t  regime rankings change 

considerably, t he  re la t ionship of the populations t o  each other i s  very 

st able. 

A mechanim f o r  the winter inact ivat ion of the  photosynthetic apparatus 

i n  conifers  i s  proposed. 
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CHAPTER I 

INTROElCTTm AND LITERATURE REVIEN 

Section 1: Introduction 

Conifers are economically important i n  many areas of the world, yet 

compared t o  agricul tural  crop plants,  l i t t l e  inkerest has been s h m  i n  the 

sea-physiology of t h e i r  photosynthetic processes, In  North America f o r  

example, the available biochemical, ultrastnztctusal and orgmi.zat;ionaf. data 

describing the photosynthetic process i n  t r ees  i s  scattered and limited 

( ~ c h ~ e d l e ,  1975). An understanding of the ht t raspesif ic  val-iabilLty of a 

species, basic t o  i t s  evolutionary biology, i s  necessary before developkg 

programs f o r  t r e e  improvement (Rehf e ld t  , 1978). Any species examined 

should be of e e m m i c  fmportar,ce, occupy a diversity of habita"us, and have 

a wide geographic dis t r ibut ion so tha t  transplmtr;  and provenance t e s t  

t r i a l s  could be in i t i a t ed  t h a t  would provide meaningful data f o r  

ref  ore s ta t ion recommendations, 

Provenance studfes are  i n i t i a t e d  t o  detect the presence of interactions 

t w e n  the ssurce populationts genetic e f fec ts  and the ernvironmentd 

ef fee%s a t  the planting sfte (~esl .op-~arr ison,  1964 f o r  a review; Mergen et 

aX, 1974). For example, an interaction ex i s t s  i f  population A performs 

be t t e r  than population B i n  envjronment S but B outperfoms A i n  envisonrnent 

I1 ' @right ,  1973). Interactions can be viewed as adapt ations t o  geographic 

provinces ( locales)  which increases or enhances a population or  speciest 

a b i l i t y  t o  survive i n  a multitude of environments ( ~ e h f c l d t  , 1978). 



I?mglas-fir @seudotwa menziesii ( ~ i r b . )  Franco) i s  me of the most 

econanically important t r ees  fa! western Norbh America ( ~ c o r a ,  1981) and it 

i s  widely used i n  reforestation programs. It ranges frm the Pacific Ocean 

t~ the eastern slopes of the  Rocky Mountains (Idright e t  d. 19ql), and in 

Britfsh Columbfa It grows well both i n  the mud humid coastal valleys and 

i n  the dr ier  in te r io r  valleys (Tusko, 1963) Its natural north south 

distribution range extends fran narbh central British Columbia t o  Baja 

California, Medcro, a &stance of over 5000 kLlmeters ( ~ c o r a ,  1981)~ 

Survival fo r  this specfes os  any &her gymnosperm occupyj_lag such a wide 

range in growing cm&tions requires tha t  i t s  annual developmental cycle o r  

rhythm be attuned t o  loca l  climatic conditions ( ~ e n s e r  and Beck, 1 9 7 ) .  For 

the f i a c e a e  i n  general, the annual developmental cycle i s  in i t ia ted  with 

shoot el ongation i n  the spring f ollawed by leaf/needle maturation, and then 

stem wit hiti atfm that  w i l l  predetermine shod  grovth in the fsUmft.ng 

year (Rehfeldt and Wykoff , 1981). The l a s t  phase of t h e  cycle must be 

completed before the process of cold acelimatiara prepares the t r ee  f o r  

7 %  Any study should extunhe the t r ee ' s  responses t o  t h e i r  environment 

over one or  more developmental cycles. 

The l igh t  ent r i rment  dwring growth and development has been shown to 
\ 

have a greater influence on photosynthesis and plant growth than changes ;in 

t ernpera%ure , water avai labi l i ty  o r  okher environment a1 factors (Clough e t  

al .  1 ~ 9 ) ~  Changes i n  the l igh t  environment can result  i n  adjustments t o  

the leavesp in terna l  &ructure and pigment composition (~awk-Ens e t  al, 1981; 

kl Rio and Berg, 19'79). Therefore, when se t t i ng  up proven,ance studies, as  

many different l i g h t  regimes as  possible should be util ized. Tn t h i s  study 



d i  rferont levcXr; of photosynthetically ac t ive  1.adint.i.cn [ P A R  : dcYined as 

380 t o  710 run r ad ia t ion  i n  the  USSR and 4 0  t o  '100 nm l i g h t  elsewhere 

( s t a n h i l l  and Fuchs, 1977)l were u t i l i z e d  t o  simulate d i f fe ren t  coasta l  and 

i n t e r i o r  light# regi.rnes, and d i f  f erenC q u a l i t i e s  of u l t ra-viole t  (UV) 

radia t ion s b u l a t e d  increases i n  a l t i t ude  and/or decreases i n  l a t i t u d e  

(Caldwell, 1971 ; Johnson e t  a l .  1976). Douglas-f i r  responses were observed 

under a  wide range of l i g h t  environments a t  t h e  two experirrrcntal s i t e s .  

The responses of p a r t i a l  photosynthetic processes (see section 2 f o r  a  

comprehensive overview) should be examined over the  en t i r e  year because 

of ten var ia t ions  i n  photosynthetic capacity,  and eventually growth, have 

been shown t o  be due t o  short-term var ia t ion  i n  a  parti.c.ular p a r t i a l  

process (~ewandowska e t  a l ,  1977)* P a r t i a l  processes t h a t  w i l l  be observed 

are the  po ten t ia l  of photosystem I (PS I) and PS I1 t o  transport  e lect rons  

and CO f ixa t ion  and resp i ra t f  on. Additionally, va r ia t ions  i n  leaf  2 

proper t ies  such a s  photosynthetic pigment, contents and t h e i r  r a t i o s ,  needle 

o r  leaf  water contents,  and t r e e  o r  leader  growth w i l - 1  be discussed, 

This study was i n i t i a t e d  t o  determine t h e  response(s) of Douglas-fir 

t o  a  va r i e ty  of environments because of i t s  economic importance and i t s  

wide use i n  re fores ta t ion  in t h i s  region, Leaf var ia t ions  were 

examined f o r  two years  i n  f ive populations of Douglas-fir, two of 

coas ta l  and th ree  of i n t e r i o r  var ie ty ,  The p lan t s  were grown under a  

s e r i e s  of l i g h t  regimes, PAR reduced and a l t e red  ul t ra-viole t  radia t ion 

l e v e l s ,  a t  two s i t e s ,  one i n  the  wet coasta l  region and the  other 



in the d r i e r  i n t e r i o r  r e g h  of Brftish Columbia. FLuoxrsscence induct im 

( F ~ )  curve analyses were conducted simultaneously to t r y  and re la te  

observed changes in leaf properties t o  changes in the photosynthetic p a r t i a l  

processes, par t icular ly PS I and PS TI electron transport, Finally, near 

the  end of the  study, CO exchange determinations were conducted t o  check Z 

the r a t e s  of apparent photosynthesis ( A ~ / S )  i n  a l l  of the populations 

a t  both s i tes .  

Section 2 : Literature review 

Associated v i t h  the  annual developmental cycle in the Tinaceae are  

many other annual patterns,  trends and rhythms. Tha f i r s t  annual rhythm 

which was cl.early outlined in temperate region conifers was the 

photosynthetic rhythm, cmpris ing carbon f ixat ion and respiration. Carbon 

f ixat ion s t a e s  a% a l o w  l eve l  in t he  spring, gradually increases t o  a 

anaxbum i n  the  l a t e  m e r  o r  ear ly f a l l ,  than declines r.apid3.y the  

winter depression i s  reached. It rapidly increases in the followin$ spring 

t o  a t t a in  leve ls  it had the previous l a t e  m e r  (~arnberg e t  a l ,  1967; Fuchs 

e t  ax, 1977; I.areher, 1969; McGregor and Kramer, 1963; War- and Franklin, 

1979; among others). The seasonal respiration pattern closely para l le l s  the 

Cd2 f ixat ion annual rhythm (~rueger ,  1967). 

trial pattern of translasat3,tm '$0 t,hc so&s rapidly reashes h3.gh 



l eve l s  in the s p r h g ,  declLnes t o  low leve ls  during the  period of s h o d  

f lush and rapid growth i n  ear ly  summer, increases t o  a fall maximum and then 

declines rapidly t o  zero o r  negligible levels  i n  l a t e  f a l l  o r  early winter, 

In  the  spring f t  a g a h  increases rapidly (Drew and Ledig, 1981; Shiroya e t  

a l ,  1966) , Root respiration para l le l s  the annual pattern of 

translocation ( ~ h i r o y a  e t  al,f 966). 

Other seasonal trend studies followed these, and perhaps the most 

important was t o  o b s e m  the changes i n  chlorapPasts of various conifer 

species because here i s  where the photosynthetic reactions occur. During 

summer and ear ly  f a l l ,  the chloroplast i s  sgrnmetricd. and f u l l  of starch. 

Then i n  l a t e  f a l l ,  the amount of starch begins t o  decrease coinciding with 
. . 

a decrease in the  r a t e  of." C02 fixation ( ~ n r t i n  md O c p i s t  , 1979; Senscr and 

Beck, 1970; among others),  As the starch cmtcnt  ts depleted t h e  

chloroplasts e i the r  swell and aggregate in one par t  of the c e l l  (Chabot and 

Chabot, 19'75; Senser e t  61. 19751, do not swell and aggregate ( ~ r ~  and 

Phi l l ips ,  1977; Parker and Philpatt  , 1961 ) , o r  they breakdown compl.etely 

(Perry and Baldwin, 15%6), A l l  these different  phases were f w d  t o  occur 

during the  vrinter depression o r  cessation of C02 f ixat ion and respiration. 

During late winter, thylakoids can becane damaged and the chloroplast 

envelope may disappear (Martin and &pist, 1979). In spring, chloroplasts 

migrate t o  the c e l l  wall and the thyldcoid rnembrark system becomes 

time starch accumulation begins anew when the  C02 fixation ra te  i n c r e a a e ~  

rapidly  artin in and ~ ~ u i s t ,  1979; Sensar and R ~ c k ,  1778). 



Observed wintertime differences in chloroplasts could be due to:  

(1) improved technlgues in the l a t e  1970's suggesting tha t  de ta i l s  

were averlooked or  mis-interpreted in the 1960's ( ~ a r t i n  and k i s t ,  

lV9) ; 

(2) winter temperatures deternine the  degree of clj.sruption observed, 

the colder the  temperature and higher the level. of insolation, the 

greater  the degree of disturbance o r  destruction ( ~ r y  md Phi l l ipsy  

1977; Martin and b#sty 1979). 

Therefore, in areas with milder w b t e r  climates the Qnly al terat ion t h a t  

would probably occur t o  the chloroplast i s  the f a l l  depletion of the starch 

reserve and a wi.n%er depression of photosynthesis ('daring and Franklin, 

1979, Fig, 3). The winter depression of ph&osynthesis has been at t r ibuted 

t o  an annual rhythm o r  t o  the changing quciLity and quantity of l i gh t  i n  

wlnter  a am berg e t  aT. 1967). 

Martin e t  al. (1978 a,b) md 6quist e t  al. (1978 a) have studied 

seasonal chloroplast s t ruc tura l  changes in an attempt t o  correlate 

chloroplast changes with changes i n  photosynthetic electron transport and 

photosynthetic pigment moieties . Their ma'lyse s uf;Uf zed the Butler 

t r ipa rb i t e  model of the photochemical apparatus (Ehtler , 1978; Butler =and 

Strasser ,  IT?). This model consists of t 

(1) PS I made up of i t s  antenna C h l  .- a and the reaction center ~ h f  with 

its electron acceptor molecule ; 

(2) PS I1 made up of i t s  antmma Chl a and the reaction center C h l  - 
with i t s  electron acceptor molecule; 

(3) the  photochemically inactive l i g h t  harvesting C h l  d k  protein 



complex (IHCP), which contains a l l  of the Chl - b (~homber ,  1975) and 

about half  of the C h l  - a. 

This model assumes t h a t  excitation energy f l a m  freely back and for th  

betwen the LHCP snd PS I1 but tha t  enerm t ransfer  between PS 14: and PS I 

v i a  intersystem e lec tmn transpod, o r  from LHCP Lo PS I occurs cmly in a 

unidirectional manner, The 2 scheme of photon absorption and elect;san flow 

a s  discussed by CbvhPldjee and Jursinic  (19'79) complements and reinforces 

the  t r i p a r t i t e  model of the photochemical apparatus, 

Gymnosperm chloroplasts have t h e  same constituents, spect riil 

chn r ac te r i s t i c s  and function a s  aqu-i_val.ent complexes i so la ted  Yrom other 

classes of plants (Alberte e t  al. 1976). The primary difference between 

gymnosperm eKLomplasts and a@culLural crop plants  i s  thz t  t h e i r  

photosynthetic u n i t s  (Pa) are  1.6 t o  3.8 times larger ,  Consequently, they 

have fewer but l a rge r  chloroplasts ~ M c h  may account f a r  the lower 

photosynthetic r a t e s  f m d  in conifers compared t o  crop plants (Alberte eit 

etn, 1476)~ 

The studies of Martin e t  al. (1978 a,b) 2nd b;uist e t  al. (1978 a )  

indicate t h a t  the  follovdng accurs during, the winter, In  ,the f a l l  when 

cold hardiness induction i s  inLtfated and the r a t e s  of photosynthesis aand . 

~ e s p i r a t i m  decrease, there i s  a pa ra l l e l  decrease in t h e  capacity of 

intersystem electron transport ,  With the  anset of w h t d r  there i s  a 

destruction of ChL and it appears to be main ly  t h e  antennae CIal - a associated 

with the two photosystems and Lo sane extent in the WCP, Intersystem 

electron transport  i s  inhibited even though par t ia l  electron transport; 



x a c t i o n s  showed Low but f a i r l y  c m s t m t  rakes, h l a t e  ~ l r b t e r ,  i f  

temperatures are low and irracl%mce i s  high enough the destruction 04 the  

LHCP can become more pronounced than the destruction of the antennae Chl a. - 
Antennae C f l  .. a destruction can be greater than the destruction of LHCP in 

the s p r b g  i f  increased leve ls  of insolation are accompanied by freezing 

temperatures. These processes are reversed and intersystem electron flow is 

re-established in the  spring. It appears t h a t  these al terat ions are 

completely reversible because never or only rarely i s  the reaction center 

Chl destroyed, The duration and degree of inactivation and the time f o r  

system recovery i s  pmporticmd to the  duraticm of lota temperatures and the  

radiation load received during the h a c t i v e  period. 

The processes just discussed are often refered t o  as photosynthetic 

p a r t i a l  proce szes. 

Seasonal studtes have also been d m  on the  pkotosynthetic pigxmts ~f 

conifers (~hodasevich e t  a1 . 1978; hwandmska md Jarvis ,  1977; Linder, 

19'72, '1971; Bourdeau, 1.759; Zaefiarowa, 1.329; mcrng others), Only with the 

a i d  of u l t ras t ruc tura l  and biochemical studies have pigment content changes 

been related t o  actual thyltiksid rnembr,me functional chmge s , 

Of the three primary photosynthetic pigments (Chk 2,  6h.l & and the Car 

l i g h t  energy i s  only transfered t o  the reaction centers fmn the 

antkmae Chl - a (Butler, 1978). The Gar are the p3-imm-y accessory pigments 

of green planks (Burnett, 1976)~ the carotene subgroup i s  thought t o  

prevent photo-destruction of CM. - a (Krinsky, 1968') m d  i s  primarily h c a i e d  



around PS I ( ~ m b a c h ,  1979), while the xanthaphyjll mib-group i s  thought to 

t rans? e r  absorbed l i g h t  energy t o  Chl - a (Ehrnett, 1976). The ef f3ciency of 

energy t ~ a n s f e r  i s  about 100 % between C h l  b and C h l  a and ranges f ran 25 t o  - - 
50 % between xanthophylls and C k l  - a (Gasanov e5 ak, 1 ~ 9 ) .  

Carotenes are  thought t o  prevent Chl - a photo-destruction by quenching 

the  excess energy of s inglet  oxygen (Halliwell, 1978) which has become 

excited by receiving energy from an excited Chl - a t r i p l e t  ( ~ r i t t o n ,  1979). 

An excess of photons striM-ng the LHCP may r e su l t  i n  the  formation of t he  

Chl a t r i p l e t ,  The carotenes can a lso  quench the excited Chl 2 t r i p l e t  

d i rec t ly  and prevent the proctuctian of the htghly des tn~c t ive  s inglet  

oxygen (Britton, 1979). Hhen quenching s inglet  oxygen or  t r i p l e t  Chl - a the 

carotene molecule becomes a carotene t r i p l e t  which loses  its excess energy 

haxmlessly as heat (Britton, lYj"7). The carotenes are also capable of 

quenching Chl - a fluorescence (Mathias e t  al .  1979) 

With the advent of a portable f luormeter  (Schrdber e t  al. 1975), FV 

cnrld be eas i ly  u t i l i zed  as  an in t r ins i c  probe of the thy1akoj.d membrane 

because FV responds t o  changes in membrane structure and canposition 

( ~ c h r e i b e r  and Berry, 297'9). It .i.s now possible t o  detect seasonal 

membrane changes concomitantly ~ 5 t h  the determination of the annual 

photosyrrkhetic plgment trend. 

The Kautsky ef fec t  of C h l  - a FV primarily eminates from the  antenna C h l  

a of PS I1 (Butler, 1978). The r i s e  of fluorescence emission i n  several  - 
phases t o  a maximum and the subsequent decline t o  a law steady s t a t e  value, 



i s  a very complex phenomenon, and its normal course depends on undisturbed 

e lect ron flow through PS IT (see Papageorgiorl, 1975 f o r  n review, and Fig. 

V - 1 f o r  a t yp i ca l  conifer  FV curve with description of the  curve 

fea tures ) .  F curves are ind ica tors  f o r  PS IT acti-vity and i n  i n t a c t  leaves v 
i n  t he  presence of' CO they are inii icators f o r  complete photosynthesis 

2 ' 
(Lichtenthaler  and Crumbach, 1975). 

Leaf va r i a t i on  i s  a t e r n  which has been given by Lewandowska and J a r v i s  

(1977) t o  ind ica te  changes i n  photosynthetic pigment content and t h e i r  

r a t i o s  (see above), needle or  Leaf water contents ( ~ h a r i s ,  1967; Zavitkovski 

e t  a l e  1981; among o thers ) ,  and t r e e  leader  growth (Grif f in  and Chine, 

1977; Tusko, 1963; among others) .  A study which combines F analyses V 

concurrently with l e a f  var ia t ion  analyses n l l o ~ r s  inferences t o  be made as  t o  

t h e  s t a t u s  of t h e  en t i r e  photosynthetic apparatus. 

Since photosynthesis i s  the  only source of energy f o r  plant  growth, 

underst anding i t s  envisonment a1 control i s  basic t o  understanding t h e  

re la t ionsh ip  be tween the  productivity of vegetation and the  environment 

(Berry, 1975). Therefore, without a sound understanding of the  long tern 

physiological processes re la ted  t o  photosynthesis and t h e i r  differences 

between populations, t r e e  improvement p ro jec t s  cannot be i n i t i a t e d  with any 

degree of confidence , / 



Section 1: 

CHAR'F2 TT 

MATERIALS AND METI-IODS 

Bare root, 2-0 stock seedlings of five Bri t ish Colmbta populations of 

Doug3.n~-f ir  (~seudob - s u ~ a  menzie sf - i ( ~ i r b  , ) ~ r a m o )  ware obtaI.na;d j n late: 

March 1977 from the  BrZtish Columbia Forest Service, Two popula%fons were 

of coastal var ie ty  (var. menziesXi Franca) and the other three populations 

were of the  i n t e r i o r  var iety (var. glauca ( ~ e i  ssn.) ~ r a n c o ) ,  Population 

origins,  designations and codes are shown i n  table  11 - 1. 

Approximately 700 t r e e s  from these popula%icms w r e  potted mt i n  20 

by 15 cm black p l a s t i c  pots i n  early April 1977 and were coded by source as 

shorn i n  table  I1 - 1. A locally obtained clay lorn topsoil  mix ut,ilized 

by the Shon  Fraser University Greenhouse was used as  t h e  pott ing medium f o r  

a l l  t rees ,  

One month a f t e r  potting, one hundred seedXIngs f each papulakfan 

e - seleeted m .f he - ba of unifsnn height and growth a s  the experhent;zl 

material. The f i v e  populations were each divided in to  ten sub groups, 

Two experimental s i t e s  were selected and established in early May 19'?7, 

Simon Fraser University (sFU) was selected i n  the coa&al region of B. C, 

(49.17~ N, la t . ,  123,55* hl. long,, elev, 325 rn) and t h e  Summerland 





Agricultural Research Station (SRS) was chosen i n  the d r y  1nteri.or region 

of •’3. C, (49.34' N. l a t , ,  119,40' W, long., elev, 340 m), The SFU s i t e  had 

an open exposure, from the ENE t o  the WSW, of a t  l e a s t  50 m and fo r  a t  

i eas t  10 m from the  WSW on a r m d  t o  the mE, The clear exposure a t  the  

SRS s i t e  was a t  l e a s t  15 m from the W S W  t o  the NW and a t  l eas t  50 rn frm the 

Nkil on a m d  Lo the WSW, 

At SFU, nine t r e e s  of each coastal  population and ten t r e e s  of each 

Lnterior papcelatfon were placed under each of the follouring l igh t  regimes: 

(1) Open - control, full ambient l i g h t ;  

(2) UVT ( u l t r a  viol-et l t g h t  t o t a l )  - plexlglass c m t r o l ,  93 

transmission (angle of incidence 90* f o r  al-l plexiglass specifications) 

of ambient l i g h t  in u l t r a  v io le t ,  visible and near infrared spectral  

regions, shorter wavelength lhi-B, of 255 m (Roh and Haas Canada Xd., 

Toronto, Ont., Plexiglass (R)  II WT); 

( 3 )  WA - w, present, same spectral  character is t ics  as WT except 

shorter wavelength l imi t  of 335 ram ~ 5 t h  70 $ trmsrnission a t  350 nm 

(Rohm and Haas Canada Ltd,, TOXYEI~O, We, Pledg las s  (") 11 WA); 

(4) W O  - no W radiation present, same spectral  charactezristiqs as 

WT except shorter wavelen&h limit of 385 nm with  70 $ transmission a t  

LOO nrm (Roh and Waas Canada Ltd,,  Toronto, Ont,, El.cxiglass UF i I 
Zn Canada and UF - 4 in USA); 

, ( 5 )  60 $ - 62 $ transmission of ambient l i g h t ,  one layer of grey 

f iberglass  screening, a second Jayer of screenkg was added 09 March 

1978, hereafter called 30 $; 



( 6 )  30 f - 29 transmission of ambient l i g h t ,  two layers  of grey 

f iberg lass  screening. A t h i r d  layer  of screminq was added OS) March 

1918, reducing transmission t o  11 $, hereaf ter  cal led 10 5. 

The spectral  charac te r i s t ics  of t h e  l i g h t  f i l te rs  used are shmr~ in Ff gum 

TI - 1, Each I Q h t  regime was replicated mrl the  p l a n t s  f rm each 

population were established in each ( ~ i g u r e  I1 - 2 ) ,  

A t  SRS, 12 t m e s  of each coastal  population and s ix  t r e e s  of each 

-interior population were placed under the  fsl_lowing l i g h t  regimes: 

(1) Open - a s  a t  SRJ; 

(2) WT - a s  a t  SRJ; 

(3 )  WO - a s  a t  SFU; 

( 4 )  60 $ - a s  a t  SFU except a second layer  of grey f iberglass  screening 

was added 05 kcember 17'77, hereaf ter  c a l l e d  30 f, 

Again, each l i g h t  regime was replicated and the p o p l a t i o n  sub groups were 

divided between the  rep l ica tes  ( ~ i g u r e  T I  - 31, 

A 1 1  pat ted t r e e s  were buried in 15 an trenches and surrounded with the  

l o c a l  topso i l  t o  the  top of t he  pot a t  both SRS and SFU, 

Canopies supporting the various light, f l ' l t e r s  were placed over the , 

t r e e s  (Figure 11 - 4) .  The plexiglass screens and the grey f iberg lass  

screening were fixed over the  top and doam the smi th  s ides  of t h e  frames t o  

rdthin 40 cm of the  ground surface, These openings together with the  open 

norl;h side of t he  frame prwided f r ee  a i r  cirmi!.ati.on, Thus even during 

winter, d i rec t  so l a r  radiat ion had t o  pass through the  Zlight f i l t e r s  b c f ~ r e  



Figure I1 - 1 ( 

Spectral. l i g h t  chasact;efist ics of the various l ight  filters 

t t t i l ixed i n  t h e  study, Spectra A, E, F and G were obtabed 

on a. Perkin E h e r  model 450 spectrophukmeter, Spectra BT C 

and D were obtained fran R o h  and Haas Canada Ltd, , 
spsc-kf ications fo r  u l t ~ a  viole9, f i l t e r lng  and trmsmi%ting 

formulations of PlexigIass (R)  acrylic p l a s t i c .  A T  open no 

f i l t e r ;  B, WJT; C, WA; D, UVO; E, 60 5;  F, 30 $; and @, 10 $, 



a . . 
0 a 

300 500 700 
Wavelength, Nanometers 



The experhentdl. s i t e  a t  SFU incXuding location of the 

weather station ( A )  and t ree  layouts (B) in each replicate 

pair  of pl.&s. High (I) and l o w  (11) Stevenson screens are 

described in the text ,  Rain @ages were placed one meter 

above the  ground surface, Tree layout in  the replicate plot  

cm t h e  r ight  i s  the  mimar image of the plot i l lustrated,  

Tree lqyout i n  the lower group of plats i s  ident;ical t o  the 

laymt in  the six plots abave them. Tree abbreviations are 

given i n  Table TI - I* 
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+----I 
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The exper5ntcnta.l s i t e  (A)  a t  SRS and tree layouts (B) f o r  

each rsplfcate pai r  of plots. Tree l a y e  irm the repl icate  

plot; on the r ight  is the  mirror hage of the  plot 

i%lustrated, Tree layout i n  the lower group of plots i s  

identfcal t o  the layaut $n the four p l d s  above them, Tree 

abbreviations ape dven i n  Table 11 - 1, 



Walkway 

Open u v r  ti 

Walkway 



Figure IT - 4 

The canopy emstmction for two side by side plots  a t  SFU. 

'Views sham are A, plan; B, l a t e ra l ;  C, frontal ;  D, rear. 

Canopy constructi.an a t  SrZS was identical, except the long 

axes of t he  p l o t s  were reversed (compare figures I1 - 2 & 31, 
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reaching the t r e e  foliage, Trees a t  both experkmental s i t e s  were Qnly 

watered a f t e r  a t  l eas t  l4 days without rain during the dry summer months, 

For the remainder of the year, the plants received the precipikation and 

TUE off / gmmnd water n o m d l y  occurring a t  each experimental s i t e ,  Each 

t r e e  was f e r t i l i z e d  quarterly with 75 m l  of 1 normal modified for  Douglas- 

f i r  Noaglmds solution (Ross, 1977). 

Section 2 : hvironment al Measurements 

For the center pot of each p l d ,  a gypsum K S - 1  S o u  Moisture Tester 

(Delmhorst Z n s t m m t  Co, , Boonton, N. J, ) was placed in the root space and 

a shaded Model 8510-20 t h e m i s t e r  temperature probe (Cole-~anner Instrument 

Co,, Chicago, Ill.,) was placed a t  two-third seedling crmm height above the 

s o i l  t o  monitor these e n v i r m e n t e l  parameters .at re,dar h t e m a l s .  Solar 

radiation was measured periodically i n  each plot  using a Licor Model LI - 
185A radiation sensor (2ambda Instruments Corp,, Lincoln, Neb.), Spectral 

distri"bulion under the  various l i g h t  regimes was measured near the spring 

equinox using an 15CO Model SR speetroradimeter ( ~ n s t n m e n t  Spec id t i e s  

Cs., Lincoln, Neb.), 
/ 

DaUy temperature, precipitation and sun hmrs  were obtained fo r  SRS, 

f rm the Env i rmen t  Canada weather s tat ion on s i t e ,  Daily temperature and 

precipitation were obtained a t  SFW from the Env i rmen t  Canada reporbing 

statLon on campus and a s tat ion established on s i t e ,  The an. s j t e  st ation 

consisted of Stevenson screens located a t  122 cm and 20 cm above ground 

level ,  Each screen contained a hygrothennograph (Cnsella Instruments Ltd,, 



London, U, K, ) and a rnaxirmun-miniMurn thermometer (Sybron 5458, Tqy1.or 

Instnunent s Ltd, , Toronto, Ont , ) , Rain wages (~ru-Chek, Edwards 

Manufacturing Co, , Alberb Lea, M i n n ,  ) were locate6 on the north and south 

s ides  of t he  s i t e  (Figure I1 - 2). Daily sun hours were obtained from 

bvlhronment Canada f o r  several greater Vancouver s ta t ions and averaged t o  

give an approximation of the SFU sun hmrs  (Hawkins e t  al. 1981). 

Section 3: Morphological Measurements 

For each l i g h t  r e g h e ,  leader shoot elongation was measured on eight 

t r e e s  of each population a t  SFlli and six t r ees  of each population a t  SRS a t  

r e w a r  in te rva ls  during the course of the growing season. Leader length 

was defined or  measured as the  distance from the leader 's  apical bud t i p  t o  

the upper surface of @he f i r s t  l a t e r a l  ;i,;horT of branches. Xeeclle lengths 

of the leader and l a s t  whorl of l a t e r a l  branches were determined 

concurrently, Ten needles on each shoot were measured on dl t r e e s  f o r  

a l l  populations and l igh t  regimes a t  SRS and SFU, 

Differences between means f o r  populations and treatments were 

calculated using ANOVA  enden en hall , 1971 ) , 

Section 4: Ph@rtosynthetic Pigment; Determinations 

* 

Individual current year needles were collected from terminal ends of 

l a t e r a l  and leader branches in the  mid t o  upper c m m  region from f ive t r e e s  

h each population growing under each l i g h t  regime, and then pooled ( ~ e s t a k ,  



1971) 2nd divided in to  three groups. The t,Rree groups were u t i l t zed  f o r  

photosynthetic pigment, water content and FV determinations. Needle 

collections were made a t  three week intervals  during the growing season and 

a t  four t o  s h  week h t e n r a l s  during the winter, AD collections were made 

as  near as  possible t o  the  same time o f  day t o  minimize dai ly  pigment 

fluctuations (~awkfns e t  al. 1981). In  the following year, the new current 

year needles were collected a t  the same t i n e  intervals  but the now year old 

needles were collected about every eighth week. No t sees  from the  s m t h  raw 

of the  p lo ts  a t  SFU o r  the  south two rows a t  SRS were sampled (see figures 

11 - 2B & 3 ~ ) .  

The groups of needles fo r  pigment and water content doterminations were 

stored on dry-ice i n  the dark ( ~ e s t a k ,  1971) u n t i l  f ive samples f o r  pigment 

analysis and three samples f o r  water content detenninatZon were prepared 

from each collection. The needles f o r  FV measurements were placed between 

moist paper towels and stored in the dark. FV methodology w i l l  be discussed 

i n  the  next sectf on. 

Pigment analysis was do& on 30 t o  100 rng fresh weight of t i ssue  

extracted in 10 t o  25 r n l  of acetone a t  -70" C ( ~ e s t a k ,  1971), followin 

homogenization a t  m a x i m u m  speed u n t i l  the  residue was colorless, ab t 30 t o  Yt 
60 s in a Willems Polytron homogenizer  rinkma man Instruments, Montreal, 

P. Q.). The supernatant was f i l t e r e d  in to  a c h n e r  f lasks wrapped i n  

duminium f o i l  and containing a pe l l e t  of dry-ice t o  produce an ine r t  

atmosphere thus preventing photo-oxidation of the pigment solution ( ~ a i s b e r ~  

and Schiff , 1976). Aliquots of the pigment solution were then placed in 



vials on i ce  i n  1fgh-t t i g h t  conta7hers u n t i l  spec'tophotcmetry was done 

( ~ i n d e r ,  1974). A l l  of the  above procedures were carried out under green 

safe l i g h t  and/or low l eve l  indirect  l i gh t  t o  prevent pigment photo- 

o x i d ~ t i s n .  

Continuous absorption spectra were obtained fo r  each pigment solution 

aliquot between 350 and 750 nm on a double beam model 450 spectrophotometer 

estimated using Holm's (1954) equations ( resu l t s  in mg l i ter- ' ) :  

C h l  5 = 9.78 x - 0.99 x AbUi 

Chl b = 21.4 X A6& - 4.65 '662;  

Car = 4.69 x - 0,267 x ( C h l  .I. a -t Chl &). 

Calculations of means, standard deviations and absolute errors  were a f t e r  

Bdcatsch and Rudloph (1963). 

Determinations of '$ WC were made on 10 t o  50 mg fresh weight of t i s sue  

which was oven dried a t  90•‹ C + 2 ' ~  f o r  24 hours, a f t e r  which fur ther  water 

lo s s  was i a s ign i f i cmt  (~awkins e t  d. 1981). 

Section 5 : Fluorescence Det eminations - 

The needles collected fo r  FV were allowed t o  dark adapt f o r  a t  l e a s t  

30 min a t  20•‹ C - + 2* C before conducting FV determinations  ink, 1978). ";i 
meesurernents were done a t  2c0 C - + 2O C on the abaxial ( s t m a t a l )  surfaces of 

detached dark adapted needles with a version of t he  portable fluororneter 

developed by Schreiber et al. (1975), see Fink (1978) for  de ta i l s ,  During 



the  experlmental period, f luormeter  excitation was kept constant a t  four 
-2 -1 

uni ts  which was approxiroately 1.5 x id erg cm s as measured with a 

Model 65 PSI Radiometer (Yellow Springs Instnunent Co, , Yellow Springs, 

Ohio). Fluormeter output was displayed on a dual beam storage oscilloscope 

(model 214, Tektronix Inc., Beaverton, Ore,) and/or recorded on a Speed 

Servo (R) recorder (model S-601-S, Esterline Angus Instrument Co., 

Indianapolis, Ind. ) , Standardizati on of the technique was a f t e r  Fink (l978), 

Sample assay sequence fo r  Fv determinations were always the same a t  

both experimental s i tes ,  

Section 6 :  CO, Gas Exchange Measurements 

CO gas exchmge was determined on four t r ees  af each population 
2 

growing under a l l  l igh t  regimes a t  both experimental s i t e s  In July and 

August of 1978, One t r e e  of each population under a given l ight  regime was 

analyzed t o  complete a trial. The order and protocol of the trials f o r  

both SRS and SE'U were similar ( ~ ~ p e n d i x  I), 

A closed system was used containing a Model 4K pump (~eptune Dyna-pump, 

f i she r  Scient if ic  Co, , Pfttsburgh, Pa,) a Model 601, f lometer  (Matheson ?om, 

Whitby, Ont. ), a Model IR 215 infrared CQ2 gas analyzer (~eckman Instrument 

Co, , Fullerton, Ca, ), and a brass water cooled cuvette  lark and Lister ,  

1975). Lighting was provided by quartz-iodide bulbs with near infrared 

res t r i c t ing  front and rear  m.frrors (Dicrolite Co., Everett, Ma. ). Further 

near infrared f i l t e r i n g  was provided by a 10 cm pathlength water bath 



placed between the lamps and the plant mvette,  

Gases with concentrations of C02 of about 330 ul / l i t e r  and of O2 of 

around 2 and 22 5 ( W o n  Carbide Canada Ltd,, Va~lcauver, B, C, ) were iised 

f o r  IRGA (infrared gas analyzer) calibration and t o  check fo r  the presence 

o r  absence of photorespiration. Cwette temperature was regulated t o  21' C 

+ 3•‹ C by adjusting the flow ra te  of water through the cuvette* s water - 
Jacket and was mmftored u s h g  a eoppexr-canstantan thermocouple inside the 

cuvette and recorded on a Labograph (R) Model E478 Metrohn recorder 

(Brinkman Instruments Ltd,, Montreal, P, Q,). IRGA output was also read off 

a Labograph (*I recorder. 

The attached terminal two t o  three cm of a mid t o  upper cram branch 

was sealed in the  nnrette along d t h  the thermocouple and illuminated wfth 

three different b t e ~ ~ s i t f e s  of white l igh t ,  approximately 400 Lo 700 nm 

waveband, as maamred with a Licor Model LI-185A radiation sensor  able IT 

2 The three Ught intensAtfes were obtained by placing none, one and 

f ive layers of white cheese cloth batmen the water bath and the cuvette. 

A standard protocol for  GO2 gas exchange determinatims was followed 

fo r  each t r ee  examinedx 

(1) Trees were pre-conditfoned under a similar l ighting ammgement 

f o r  a t  l eas t  15 mbutes prior  t o  any measurement ; 

(2) C02 gas exchange rate  determinations were always done under high 

lSghk f i r s t , .  followed by medium, and f i n a l l y  under low intensi ty 

l igh t  ; 



Table 11 - 2, 
L%&t bdxms3.ties utuized for the phuboqynthetic gas exchange 

deteminat?lans at bath SRS and SFU (expressed in quantum, 

radimetr3.c and phatmetdu units), Figures in parentheses are 

the percentages of Ughb transmitted by the different layers of 

cheese cloth, 



(3)  Successive determinations a t  each l igh t  level  were made untU 

three consecutive determhat%ons gave approximately the same 

result .  This indicates a steady s ta te  following a period of 

l igh t  inductton (Clark uzd Lister ,  1375). 

Photorespiration +?as determined by comparing the rates  of C02 gas exchange 

a t  21, 2 and again a t  21 < O2 under only the high l ight  intensity. After 

gas analysis, the tes ted  needles were removed fran the twig, placed on dry- 

ice ,  and then analyzed f o r  photosynthetic pigments and 4 :?C determinations* 

Section 7: Duration of the Study 

The time period covered by t h i s  study i s  from late May 1977 t o  l a t e  

May 1979, which i s  two complete growing seasons. 

A one season extension t o  the study would have meant cux additional 

3,000 morphological measurements, 5,500 needle collections, 5,500 pigmen* 

extractions and detemhat ions ,  3,300 water content anLlyses, and 2,500 

FV measurements, The additional one years work would have added an extra 

two years t o  the collection, assay, and computation of the data t o  an 

znalyzable form. Therefore, the study was terminated af ter  the second 

Year* 



E;NVIRCFJMENTAL PARAMErIIERS , 
MEAN LEADER GROWTH AN3 NEEDLE 'XATER CCNTENT 

RESULTS AND DISCUSSION 

Section 1: brlronmental Parameters 

Soil moisture content did not vary significantly between the 12 p l d s  

a t  S N  during the period that  the so i l  moisture probes were in  place (data 

not shown). 1% i s  assumed tha t  the soi l  moisture content of the various 

SRS plots were similar t o  each other since the SFU plots  were and because 

the  supplementary watering regimes were similar a t  both experimental s i tes,  

Seasonal trend differences between l ight  regimes a t  S S  or SFU, l ikely 

cannot be attributed t o  so i l  moisture content differences between the plots  

a t  a s i t e  but there maybe between-sit6 so i l  moisture content differences 

tha t  affected tho observed results, A i r  temperature differences between the 

plots  a t  one expe*ental s i t e  would be expected t o  be similar t o  between 

pla t  differences a t  the sther s i t e  'because canstructian and orientalian of 

the p la t s  were similar between s i t e s  (Figures I1 - 2 & 3).  This does not 

In~ply t h a t  there caild not be seasand trend differences between SRS and. 

snr . 
Random temperature checks i n  the plots  showed that  plot  air temperature 

was up t o  two t o  three degrees C higher under the plexiglass screens and 

down t o  one degree C lower under the grey fiberglass screening than Jn the 



Open plot during the  summer months a t  SJ3J (data not shown), During the 

w b t e r  months a i r  temperatures were similar bekween the Open and f iberglass  

screened p lo ts  but were about one degree C higher f o r  the plexiglass 

screened p lo t s  (data not shown), These temper3ture "Uiffcrences could be 

ref lected in any experimental differences observed bet,ween light regimes. 

The difference between the re la t ive  l i g h t  spectral  dis t r ibut ion on 16 

March 1978 a t  SFV (~fgure  I11 - 1) and the spectral  character is t ics  of the 

various l fgh t  f i l t e r s  (F'igure II - 1) occurs because figure 11-1 data were 

obtained with the  l i g h t  source a t  an angle of 90' t o  the f i l t e r ,  while the 

figure 111-1 data were obtained with the l i g h t  sousce, the  sun, a t  a solar  

angle of 78.8O t o  the f i l t e r  (calculation from Hay, 1977). The maximum 

percentage of l i gh t  received by the t r e e s  under the f i l t e r s  never reaches 

the values ci ted in figure 11-1 and i s  often lower than the values l i s t e d  

I n  figure 111-1. This occurs because a t  s&ar noon on 21 June the solar  
0 

angle i s  63.8 and on 21 kcember the  so las  angle i s  only 17.8~ a t  this 

la t i tude ,  Therefore, the  Open l i g h t  regime had a consfderabPy higher l i gh t  

f lux than the plexiglass l i g h t  regimes as  transmission was greatly reduced 

i n  these plotn,  The seasoncdity o f  t h e  l i g h t  r lux untlrlr t,hc l i c h t  fi7t,r:rs 

could play an important; role i n  t h e  observed seasonal t r ends ,  

The annual mean da i ly  tempera%ure from May 1977 khrough May 1978 
0 

was 9.0' C a t  SRS and 9.4 C a t  SFU and these temperatures were respectively 

0.1 and 0.3' C below the long term annual mean dai ly  temperature f o r  these 

s i t e s  (~rran, 1977-1978). This could be considered a normal year temperature 

wise a t  both s i t e s   able I11 - 1)  because they both had about the same 



Figure 111 - 1 

Relative spectral  distribution under the  various light 

regimes at SFU on 16 March 1978 as recorded with an ISCO 

Model SR spectro radiometer, Abbreviations as kn t e x t ,  



Relative Transmittance, Percent  



Table XI1 - 1. 30 

Monthly mean maximum, rnfnirrrum and mean tcrnperatures, h degrees 

C ,  for  SRS and SFV during the entire study period. 

SRS 



number of months with above and below normal mean dai ly  temperatures (Anon, 

3977-1978). Pmcipi tat ion f a r  t h i s  period  a able 1x1 - 2) was 125 $2 and 

105 $ of average a t  SRS and SFU respectively (Anon. 1977-1978). Most of the 

excess precipi ta t ion a t  SRS f e l l  during the  winter end early spring  able 

1 1  - 2 This possibly could be an important factor  in t r e e  survival 

during the  f i r s t  winter, as only m e  t r e e ,  a CH, died, Monthly bright 

sunshine h w s  (Table I I L  - 3) f o r  SRS and SFU were almost ident ical  

f o r  the  year and both received 41,4 $ of the  possible annual tdal (Anon. 

1977-1978). Therefare, any differences observed i n  dhe experimental 

seasonal trends should noG be correlated t o  different annual amounts of 

bright sunshine between t h e  two experiment, al. sit,e s , 

For the second year of the  study, May 1978 twough May 1979, the  

annual dai ly  temperature was 8.2* C a t  SRS and 9 .0~  G at SFU and these 

were respectively 1.1 arnd 0.5 O C below the  long term mean annual mean dai ly  

temperature f o r  the  tvo  s i t e s  (Anon, 19'7&-1979). The year could be 

considered much colder than normal a t  both s i t e s    able I11 - I )  because 

both had a t  l eas t  twice as many months with below than above normal mean 

dai ly  temperatures (Anon. 1978-19'79). Precipitation  able 1x1 - 2 )  f o r  

t h i s  period was 82 % of normal a t  SRS and 8 % of normal a t  SFU (Anon. 1978- 

lq?9), Most of the precipitation decrease was observed during the  winter 

and spring months a t  both s i t e s   able 1x1 - 2). This possibly accounts f~ 

the increased t r e e  mortality at SRS, as two CM and two C;JL trees died, 

Dafly brigM, sunshine hours (Table 111 - 3 )  were almost ident ical  fo r  $he 

year between the  two s i t e s ,  SRS received 44.5 :% and SFU 44,4 5 of the 

possible annual t o t  a1 (Anon, 1978-1~9) , Annual bright sunshine hours are 



Table I11 - 2. 
Monthly pmecipitatiorl, in mm , 
for SRS and SFU during the 

entire study period. 

b e  Location 

ear Month 1 SRS SFU 



Table 111 - 3 .  

Monthly bright sunshfme hours 

for  SRS and .SFU during the  

en t i re  study period. 



similar between the  two s i t e s  because SRS i s  located i n  the bottom of a 

comparatively narrow north-south oriented valley and some of the summer 

smshine hours are  l o s t  as the  valley h i l l s  shade the f loor  from early 

morning arid labe evening sunshinei Any ~bserved seasonal trend differences 

should not be correlated exclusively t o  different m u d  amounts of bright 

sunshine between %S and SFU, Especially, i f  the Chabot e t  dl. (1979) 

hypothesis that t he  t&al l i g h t  energy received has a greater influence on 

the leaf  than does the peak l ight  energy, i s  correct. 

From the meteorlogical data ( ~ a b l e s  I11 - 1 t o  3 )  it can be seen t h a t  

the  coastal  climate a t  SFU i s  more moderate than the in t e r io r  climate a t  

SRS, The findings of Tusko (1963) confirm t h i s  observation. 

The dai ly  bright sunshine hours on collect,icm day-d f o r  the three 

days preceeding them a t  SRS and S N  are shown in Tables IIJ - 4 and 5 

respectively, The short term Sight conditions can have a very pronounced 

affect  upon needle pigment contents and r a t io s  (~awkins  e t  dl. 1981). This 

relationship 1d.11 be emmined i n  Chapter IV. 

Section 2 :: Mean Leader Growth (~lomgatian ) 

Upon p lmt ing  the coastal  origin populations on average had the 

greatest  mean t r e e  heights, sometimes s ignif icant ly ( ~ a b l e s  111 - 6 t o  8) 

and often IL was s ignif icant ly shorter than the other populations, 

especially a t  SFU ('Table I11 - 8) , These differences i n  mean t ree  height 

were probably due t o  inherent genetic differences. They also could be due 



Table 1-11 - 4. 

Daily bright sunshine haurs an the  collection days and fa r  t h e  

three days preceeding them at SXS. 

- 
:olle&ion Bright Sunshine Hsurs 

late Day Of DW Two Days Three Days 

l3ef ore Before Before 

?6 May 77 
16 JW 

35 Jul 

n AW 

22 Aug 

13 Sep 

13 Qct 

35 Dec 

I4 Feb 78 
11 Mar 

Lb May 

27 May 
15 Jun 

37 Jul 
30 JuL 

20 Aetg 

13 Sep 

08 Oct 

13 Nov 

13 k c  

13 Jan 79 
16 ~ e b  

20 Mar 

25 Apr 

28 May 



Table IXI - 5, 36 

Daily bright mnshifle hmrs  on the collection days and for  the 

three days preceedhg them at SFU. 

l ~ o l l e c t i o n  Bright Sunshine Haurs 

Date Day O f  Day Two Days Three Days 

Bef om Before Before 

01 Jun 77 
29 Jun 

21 Jul 

07 Aug 
16 Sep 

20 Nov 

10 Feb 78 

11 May 

01 Jun 

19 Jun 

13 Jul. 

01 Aug 

21 A u g  

07 Sep 

03 Oct 

30 Oct  

05 Dec 

11 Jan 79 
14 Feb 
14 Mar 

20 Apr 

24 May 



Table IT1 - 6 ,  

Initial reem t ree  heights ( in mm) for aL1 the populations under 

dl sf the l igh t  m&sa a t  SRS, Light regime and population 

abbreviations a s  5.n the text ,  No s ig f f i can t  difference 

between the means [ tes t  ANOVA (alpha = 0,05)] is indicated fo r  

the row numbers, followed by lower case l e t t e r s ,  and the column 

numbers, followed by upper case let ters .  



Table 111 - 7, 

In i t ia l  mean t ree  heights (in m) fo r  all the populations under 

a l l  of the l i g h t  regimes a t  SW, Light regime and population 

abbreviations als in text. No signff kcant dkfference 

between the means [test ANOVA (alpha = 0.05) J is indicated for 

the row numbers, followed by lower case l e t t e r s ,  and the column 

numbers, followed by upper case l e t t e r s ,  



Table 1x1 - 8, 

I n i t i a l  mean tree height s (in rmn) f o r  all the papulations under 

a l l  the  l i g h t  regimes a t  SRS and SFU, Light regime and 

popfiation nbbrevtations as in t e x t .  No signif icant  difference 

between the means [test ANOVA (alpha = 0.05)l i s  indicated for 

row mbers, follov!ed by lower case let ters,  and the column 

numbers, followed by upper case letters. 

Population 

%en 

60 $ 

m 
wo 

Open 

60 

30 $ 

m 
WA 

IWQ 



t o  environmental differences as  the seedllhgs were established a t  different  

fores t  service nurseries o r  a combination of the  two differences described 

above. The differences i n  mean t r e e  heights under the various l igh t  

segirncs (Tables TII - 6 t o  8 )  are due t o  the reasons c i ted  above, A s  

nei ther  s i t e  had a l l  t r e e s  being significantly t a l l e r  than those a t  the 

other s i t e ,  comparisons are made between ra tes  sf shoot elongation a t  SRS 

and SW as  well a s  within experimental s i t e  comparisons between the l igh t  

regimes. 

That i n t e r i o r  populations I M  and I H  should have the greatest  and the 

CL populations have the smallest 1977 mean leader increase a t  both s i t e s  

( ~ a b l e s  I11 - 9 to 11) i s  surprjsing because Griff in  and Ching (1977) and 

Tusko (1963) reported t h a t  coastal  va r i e t i e s  of Douglas-fir grow more and 

fo r  a longer seasonal period of time khan jn te r ior  var iet ies ,  Rehfefdt and 

FJykof f (1981 ) reported decreased leader growth with increased al t i tude of 

the  seed source or igin in two year old pine seedlings, which i f  applicable 

t o  Douglas-fir, would also indicate tha t  the  coastal  populations should 

have the greatest  growth. Mast of the growth occurring before mid June 

( ~ i g u r e s  111 - 2 & 3) i s  also in contradiction of Griffin and Chi..ngf s (1977) 

observation, These unexpected population differences could be a resu l t  

of the transplanting of bare rooted stock because Thompson (1980) suggested 

that t h i s  can mask seedling growth r a t e s  For one or  even two years, 

The increased heigMs under the  60 (30)  bJs l i gh t  regime a t  SRS and the 

WT light regime a t  SFU was anticipated, as  was the increased growth under 

W O  a t  SRS and the  decreased growth under UVO a t  SHT ( ~ c i b r e  111 - 11) 



Table III - 9 ,  

1977 mean leader growth (in mm) f o r  a l l  the populations under 

a l l  the l ight  mgZmes a t  SRS, Light regime and population 

abbrev%atims as in t e x t ,  No significant difference between 

the means [ test  ANOVA (alpha = 0,05)! i s  indicated for  the row 

numbers, followed by lower case l e t t e r s ,  and the column numbers 

followed by upper case le t ters .  

Population 



Table 111 - 10. 

1m mean leader growth (in mm) for all. the populations under 

a l l  the lighfi regimes at SFU. tfght regime and population 

abbreviations as *iln text. No significant difference between 

the means [test ANOVA (alpha = 0.05)3 is bdicated for the row 

numbers, followed by lower case letters, and the column numbers 

followed by upper case letters. 

Population 



Table I11 - 11. 
1V7 mean leader grotrth (in mm) f o r  a l l  t h e  populations under 

a U  the  light regimes a t  SRS and SEW. L i g h t  regime and 

popdatfon a b b ~ e i ~ x t i o n s  as in texk,. No sip1-lficmt difference 

between t h e  means [test ANOVA ((alpha = 0.05)1 i s  indicated fo r  

row numbers, followed by P m e r  case l e t t e r s ,  and t h e  column 

numbers, EoElcinred by upper case le t te rs .  

i i te  Light Population 

Regime IL 324 XI4 CH Ct 

;RS Open 101 a A 81 a C 87 a E 73 3 C; 57 11 

11 60 4, 93 A 88 b C 89 b I7 71 "n 73 h IT: 

WT 6 4 c  B 82 d C 90 d E 69  c (; 56 c H 

" W O  7 9 e  80 e C 78 e E 95 e (2 62 H 

;RJ Open $3 f B 112 g D 106 g F 75 f G 64 f H 



Figure XI1 - 2 

Mean leader growth in 1977 (mm) f o r  the  f ive populations 

growing under t h e  60 (30) $ l ight  regime at SRS, 

Abbreviations as  i n  tex?;, This patkern of growth i s  

representative of tha t  found under the  other three light 

regimes a t  SRS. 



1977 

Date 



Figure I11 - 3 

Mean leader gs&h in 1977 (m) for the five populations 

grmdng under  the 60 (30) $ Ifght regime at SFU, 

Abbreviations as in text. This pattern af growth f s 

representative of that found under the other f ive  light 

regimes at SF'U. 



1977 

Date 



because previous experiments have shown such responses (below). Kossuth 

and Biggs (1981) reported tha t  Douglas-fir growth was unaffected by 

increased W radiation, Chassagne e t  ale (1981), Fox md Caldwell (1978), 

Sisscm and CaldweU. (1977) and Vu e t  al, (19831) a l l  reported decreased 

growth with increased W i r radiat ion,  Logan and Krotkov (1969) observed t h a t  

increased PAR had no ef fec t  on sugar maple growth, and Janris (1.964) 

suggested tha t  oak growth increased with decreased levels  of PRR. The s m a l l  

increase in t r e e  growth a t  SFU over tha t  f m d  a t  SRS w d d  be expected f o r  

seedlings re-establishing themselves in a coastal. climate instead of in the  

l e s s  moderate in t e r io r  climate. However, Owston and Kozlowski (1981) 

reported greater growth i n  Douglas-f i r  seedlings grown wider a hot c l b a t  i c  

r e g h e  similar t o  tha t  of SRS than under -one similar t o  t h a t  found a t  SF'IJ. 

The 1978 mean leader growth rariking order a t  SRS was TL, CH, CL, Dl, 

and IH  able 111 - 12). These data agree with Farr and Harris (1979)~ 

Malcolm and m a r  (1975)~ Mergen (1963), Rehfeldt (IT%) and ZaviP;kovski e t  

a. (1981) observations and Zavitkovski e t  a l e  (1981) hypothesi-s tha t  shoot 

elongation i s  negatively related t o  the la t i tude  of seed source origin. The 

data also confirm the  obsematims of G r i f f i n  and Ching (1977) and 'Rrsko 

(1963) tha t  coastal  var ie t ies  have greater glrstrth ra tes  than in te r io r  

variet ies ,  Zavitkavski et al, (1981) hypothesis did not hold a t  SFU in 1978 

(Table I11 - 13) but G r i f f i n  and Chhg (1977) and Tuslco Os (1963) 

relatZonship did, Growth continued through t o  the  end of July fo r  dl 

populations a t  S S  ( ~ i g u r e  I11 - 4) but only unti l  mid June f o r  the  in ter ior  

populations and in to  August fo r  the  coastal  populations a t  SFU ( ~ i g u r e  TIP - 
5) .  The SRS data did not support G r f f  f i n  and Chhgv s (15377) observation 



Table IS1 - 12. 
1978 mean leader growth (in mm) fo r  a31 the populations under 

dl the  l igh t  reghes a t  SRS. Light regime axld population 

abbreviations as 5.n t ex t .  No significant difference between 

the  means [ t e s t  M A  (alpha = 0.05)] i s  indicated for the row 

numbers followed by lower case l e t t e r s ,  and the column 

numbers, followed by upper case let;ters, 



1978 mean leader  growth (in mm) fo-r all t h e  populations under 

all the l i g h t  regimes at SFU. Light re*e and population 

% m s  as in t ex t .  No signiffcaiit difference between 

the means [ t es t  M B V A  (alpha = 0.05)3 is indicated fo r  t h e  soti 

numbers iolhmed by lower case letters, and the column 

nmbera, followed by upper case letters. 



Figure 111 - .b 

Mean leader growth in  1878 (mm) fo r  the  f ive  populations 

growing under the 30 (60) $ l ight  r e g h e  at SRS, 

Abbreviations as in tex t ,  This pattern of growth i s  

representative of tha t  found under the other three l igh t  

regimes a t  SRS, 



Date 



Mean leader growth Jn 1978 (m) f a r  t he  five pogulatians 

growing under the 30 (60) $ light regime a t  SEU, 

Abbrevkatims as in text. T h i s  pattern of growth is  

representative of tha t  f sund under the other f ive  light 
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t h a t  coastal  populations grow more and for  a longer seasonal period of time 

but the SFU data did ( ~ i g u r e s  XI1 - 22~3) .  A possible reason f o r  t h i s  i s  

tha t  SRS grown t r e e s  encounter temperature st,resses and possibly water 

,stresses through July and Augmk w h i l e  SRJ ,yrnwn I-,Fw~; woixf d on3 y mccnlnter 

these s t  re sse s ear ly  i n  August, i f  a t  all.. 

Again, a s  f o r  the  1977 mean leader growth, the 19'78 growth did not; show 

any correlation f o r  growth and l igh t  redme between SRS and SFW (Table IXI - 
14), except tha t  usually more growth occurred a t  the Lowest l igh t  in tens i ty  

a t  both s i tes .  Also, growth a t  SRS was inversely related t o  l igh t  intensi ty  

(Table IIX - 12) and t h i s  agrees ~ d t h  J a d s t  (1964) observation f o r  oak. 

The sca t t e r  of the  l i g h t  regime growth data a t  SRS md SF'U  able 111 - 14) 

l i k e l y  val idates  the previously noted observations of Fox and CaZdweEl 

(197%), Jarclris (196l+), Kossuth and B i a s  (1981) and others tha t  growth 

responses t o  light qual i ty  can be highly variable. SRS grown populations 

had more 1978 mean leader growth than the SF'U populations f o r  t h i s  period 

which supports the  observations, based on temperature of Owston and 

Kozlowski (1981). A possible reason f o r  t h i s  i s  tha t  temperatures were 

warmer e a r l i e r  in the growing season a t  SRS ('Table 1x1 - 1) so t h a t  fo r  this 

period, SRS grown t r e e s  would have higher r a t e s  of net photosynthesis (p/s) 

than those a t  SFW, This would resu l t  i n  more ear ly season growth a t  SRS. 

Later i n  the season, increased temperatures, possfbly causing s t r e s s  LO the 

photosynthetic apparatus, w d d  re su l t  i n  Xess growth a t  SRS, SFV grown 

t r e e s  did not cwerccme thb headstart of the SRS grown m e s  ( ~ i ~ r e s  III - 
4 & 5 ) .  



Table I11 - 14. 
1978 mean leader grawth (in mm) for all. the  psprifations under 

d l  the light regimes a t  SRS and SW, Light regime and 

population abbreviations a s  in t ex t ,  No s%@d%x,nt cEf f esence 

between the  means [ tes t  ANOVA (alpha = 0.05)l is indicated f o r  

row numbers, followed by lower case l e t t e r s ,  and the column 

numbers, followed by upper case letters. 



The f i n d  mean t r e e  heights a t  SRS (Table 1x1 - 15  ) conform t o  l a t i t ude  

and variety differences predicted by Zavitkavski e t  all. (1981) and Griffin 

and Ching (1997) md "l!usko (1963) respectively because the large 1978 

increases emtributed most; t o  f f n d  t r e e  height, The observation sf 

Gr i f f in  m d  Ching (IVY) and 'Pusko (1963) tha t  coast;al popt~la t ims  grow more 

rapidly i s  confirmed a t  SF'U f o r  final t r e e  height (~ab3.e 1x1 - 16) but t h e  

hypothesis of Zavitksvski e t  a l e  (1@1) t h a t  g rmth  i s  negatively correlated 

t o  the  l a t i t ude  of seed somce origin i s  n& because the large 19'78 

h c r e a s e s  followed the  same pat terns  md  were most responsible f o r  final 

mean t r e e  height. Tree height was inversely xel.ated t,o Tight in tens i ty  at 

SRS  able 111 - 1 5 )  as  it had been f o r  1978 growth. However, there was no 

correlation f o r  l i g h t  regime and f ina l  t r e e  height between SFU and SRS and 

,F& SFU, supporting the observation tha t  growth responses t o  l i gh t  quality 

can be highly  variab7 e (Fox and Caltlwell , 3 97G '1; Jarvi  s ,  l9hl1;  Koswth and 

Biggs, 1981; among others), There was l i t t l e  difference between the Thai 

mean t r e e  heights a t  t he  two s i t e s  be able I11 - 17) because growth was 

greatest  a t  SFEJ in lW7 and a t  SRS in 1V8. If the stuqy had been carried 

on, t r e e  heights would r e f l ec t  1fl8 growth increases because the t r e e s  had 

become established i n  t h e i r  new environments, 

The gmwbh a t  SRS appeared t o  follow both Zavitkovski e t  al. (1981) , 

and Griffin and Ching (1m) md Tuskof s (1963) hypotheses but a t  SFTI it 

appeared t o  f o l l m  only the l a t e r  hypothesis, Tree growth appeared t o  be 

inversely related to l i g h t  in tens i ty  a t  SRS but there d id  not appear. t o  be 

any correlation between l i g h t  in tens i ty  m d  growth a t  SPU, The observed 

differences between populations, l i g h t  regimes and s i t e s  could be due to: 



Table 111 - 15* 
F i n d  mean t ree  heights (in m )  for all. the populatims under 

a l l  the l i g h t  regimes a% SRS. Light regime and popu.1.a;tian 

abbreviations a s  in text. No sie~liflcant difference between 

the means [ t e s t  ANOVA (alpha = 0.05)] is indicated for  t he  saw 

numbers, followed by lower ease letters, and t h e  c o l m  

numbers, followed by upper case l e t t e r s ,  



Table IT1 - 16, 

F b a l  mean t r e e  heights ( i n  nun) f o r  all the populations under 

a11 the  l igh t  regimes a t  SFU, Light regime and population 

abbreviations as i n  t e x t .  No signif icmt difference between 

the means [ tes t  AFJOVA (alpha 3 0,05)1 i s  indicated for  row 

numbers, followed by l a se r  case l e t t e r s ,  and the c o h m  

numbers, followed by upper case l e t t e r s .  
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Table I31 - I?* 
Final mean t r e e  heights (in m) f o r  all t h e  populations wrdes 

all the l igh t  regimes a t  SRS and SFV, Light regime md 

population abbreviations as stxl t e x t .  No sie;nificant difference 

between the means [ test  ANOVA (alpha = r?.05)] is L?acated fo r  

row numbers, followed by lower case l e t t e r s ,  and the column 

numbers, fol lajed by upper ease lethers. 
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(1) The higher summer daily mean temperatures at8 the  interior  s i t e  

 able I E I  - 1) c d d  result in longer periods of nnd higher sates 

of y/s a t  SRS; 

(2) The h ta rac t ion  between the t ree  and the e n e . m e n t  could alter 

the growth between the two experimental. s i tes ,  eg, II; at SW md 

SPU ( ~ a b l e s  I11 - 11 & 14); 

(3)  There i s  a p a t  variability among plants in the i r  response t o  WA 

radiation (CddweU, 1971) and this could accomk for the grcPwth 

d2fPerences seen under the pPexigPass l ight  regrfmes; 

(4) The temperatme differences between the plcxiglass plots and the 

other l ight  regimes could also be. responsibIe for  the  growth 

differences ; and 

(5) The mppknermlary water regime a t  SRS c d d  have hcreased growth 

rates because native fnterfor Douglas-fir grow slowly and in much 

more shade Lhm was available a t  SRS, except under Cke 30 (60) $I 

l igh t  reghe  (~usko,  1963). 

The growth duferences cannot be attributed t o  d%fforenPI soil. types as dl 

t r ees  were planted in the same s o u  or  t o  spacing diffesences, which e m  

Leader needae and l a t e r a l  whorl brmch needle lerngbhs were found &Q 

vary greatly within populatims i n  "the same growing season and between the  

aarn'e pnpulatlons 3n different g r w b g  seasons (data rnot shown). Therefore, 

detailed s ta t i s t ; i cd  mdysis i s  not warranted at this time, 



Section 3: Needle Water Cmtent 

The decline in $ W t o  ck Mare11J3ay mk;raSrrmm in IT8 at SRS and SFTJ 

(~igures TI1 - 6 & 7) and a Mareh-Apfll 3. 9 m 3 n h  tpf; SRS and ,m April 

1V9 m h i m u m  a t  SEW has been previously reported in t h e  mid-western USA f o r  

jack pine (~avitkovski e t  al, 1983.) and j d p e ~ .  ( ~ r e t t  and Singer, 1973) and 

i n  the western USA for  several conifer species ( ~ h a r i s ,  1.967)~ The Increased 

MC fallowing the spring rnbhum a% both sites has also been reported fo r  

jarzzpr @m%t and Singer, 1 ~ 3 )  a d  two year o ld  spmce needles ( ~ a s y ~ ,  

1971). T h i s  corresponds t o  the period immediately aftear the new year 

needles had flashed 231 their studies, as it did here, The December 1m 
hczeasa eat SRS ( ~ i g u r e  1x1  - 6) cou3.d be due to m increase In the frost, 

tolerance of the needles because eadern white y h e  %olerates freeze 

dessication by increasing the interfacial   ate^. b indbg  capacity of the  

lamella (Be Yae and Brawn, 1979). T h i s  hcrease is usually pmceeded by a 

pepS-od of moderate water stress (153& & al, 1975); Parsons and Lf , 1979) 





Needle Water  Content, P ~ r c c n t  





Needle Water C o n t e n t ,  Percent 



md tMs may have occurred i n  November, Similar rc3ml.t~ have been reported 

f o r  needles (chloroplasts) o f  Scots pine in Sweden ( G i s t  e t  al. 1978a,b). 

Thwe was no increase i n  WC fo r  SRS - 60 (30) $ grown seedlings md f o r  

d1 sf the SFV gram mes. T h i s  data ~ ~ c a ~ e s  several. things could have 

occurred: 

(1) Light i s  an important canpoaent i n  i n h c i n g  f ros t  hardiness as 

Chrhtersson (1978) suggested f rm hf s experiments and Martin and 

'dcguis% (1979) reported t h a t  high light and l o w  temperature induce 

greater hardiness than 1 0 ~  l igh t  and low temperature; 

(2) Tho environmental cues a t  SFCl were not severe enough t o  bring rpn 

the iradica%ora of f ros t  hardiness inctuetion; and 

d have been December 19'77 peaks under many sf the fight 

roghes  but, there was no hcember @olle~%fon at SFEfthat year, 

The mount of membreaaa bamd water (unfreezable) I n  plants does not qpear  

relntionsMp t o  the degree of frost, hardiness that; i s  attained 

rke e t  d, 19'76)~ The d y  t r ees  a t  e i ther  s i t e  t o  have a December 1978 

peak in bE were the SRS Open grown onesc This peak probably occurred 

bocause tM.s is the y regime with sufficiently high l igM in tens i t ies  and 

low temperatures t o  bring on sane of the indicators of frost  hardiness 

h&e%ion or two year old ti S S U ~  does not require or i s  unable t o  undergo 

%he degree of irnduction that new t i s m e  does. 

Coastal varieties had the greatest and in te r io r  populations the lowest 

111 - 18; the remaining tables  are ranked by the m e r 3  cal  index ra&ing 

method). This may have occurred because coastal populations are genetically 
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programed t o  high % WC, whereas in t e r io r  varLcties arc not, The % WC 

decreased with bc rcas ing  l igh t  in tens i ty  a t  both s t t e s  ('Table 111 - 1.8). 

This  resu l t  i s  consist@nt with the observations of Rourdeazr and T,averick 

(1958) and Lewandowska and J a d s  (1976) who r e p o r t A  increesed w3,ter 

contents with decreased l i g h t  intensi ty ,  Thic momn1.y observed wider t he  WO 

I l g h t  r e g b e   able IJJ - 18) i s  consistent i d th  Cddtlrell' s (1972) r epod  

t h a t  there i s  a high degree of var iab i l i ty  i n  plant responses t o  WA 

radiation, SFU gram pspulations had higher % I;JC than SITS grown t r ees  

which correlates  with the higher levels of precipf t a W m  and more moderate 

temperature 3 a t  S W   able s 1x1 - 1 2% 2 ) ,  

The $ IE  in 1918 t o  1979 needles ranged from 47.k t o  80,0 $ md was 

greatest in newly fknslmed needles, It then declined until. November 1W8, 

increased 2n $a%e May (Figuse IIT - 8 ) .  The exception Lo L M s  trend was the 

SFU, '$ MC was greatest in newly flushed 2 8 to 199 needles and r 

May (Figwe f%l - 9). Esceeptfms t o  this trend were % h a o p e n  pm 

declining t o  the April 1979 n h  and 10 (30) g m  papulationrs declined 

January 1 9$ increased fn Febma~sy and dec lbed  thr April. 

9) f a r  1978 new needles correspmds Lo %he spring mfnlma observed in the 
f 
1 



A represenCative cxmple of the seasonal. trend for kiC  XI 

1978 t o  1979 needles at SRS, The ligM reghe used f a  TFirr 

and all f ive  populations are presented, Abbreviations as in 

t e x t ,  



Needle Water Content, Percent 





Needle Water Content, Percent 



a t  SRS (Figure Iff - 8) i s  the first sign that  frost  hardiness b d u c t i m  i s  

ocm&g 3x1 the 197% new needles, The SIZS 3Q (60) $ gmm populations had 

the same response in Iw$ as they had for I977 new needlea, O f  the SF3 

grown pqmlat ima,  only the Open gram mes had a hcernbr 1978 m irn 

$ MC. This lends: support; t o  MartZn and 6gullsth (1979) observation that  the 

response f a  gre&cr if $n the fall. bcreased l igh t  h t e n s i t y  accompanies 

decreased Lemporatmea (cf SRS P 7 t o  1'979 neeaes ,  bcmber  1c)"fB peak), 

Again, a period of apparent moderate water stress, Oc$sberdovember 2978, 

m a y  have pmceeded this frdC herease,  The non winter peaks 3x1 the other 

SFU grown populations supports %he hypothesis tha t  decreased l ight .  htenaLty 

alang with decreased tempera%uu'ciss results in decreased IfC cmpared t o  Mgh 

Light and l o w  temperatures, 

Coastal. variet ies had the greatest and h t e r i o r  popzita*k.fms the lases t  

rankhgs fo r  1978 new needles $ WC a t  SRS and SFU ( T R ~ J ~  111 - 19), and 

were the same as they had beon for  1m Lo 1 9 needles a t  b&h s i t e s   able 

111 - 18). T h i s  occurmd for the reasons pnwimaly nobed, 5 b*fC decreased 

w2,t.h increasing l ight  b t ens i ty  a t  'berth s i t e s  for  19'18 new needles when the  

PAR mrl hlV plex%glass plots  were exmined separakely, These results conform 

t o  +Bmrdeau and Lamrick (1958) and Lewandowska and J a w s '  (1976) 

observation, especially when Caldwlulell* s (191 ) WA paradox, tha t  grovhh 

responses t o  UV are hlghPy inconsistent, and not wdersbood, A A g h ,  
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Table TEE - 19, 
R W g  of Xght regimes and pop~a'r;icms f o r  WC in 1978 to 

2979 noedles, PopuTa%;ions and Ifght  reglmes are l i s t e d  i n  

descendbg order of r- unless indtcated as being equal by 

an = stgn, P m & i a n s  m e  ranked vefi-9 cally aqd I%gM reghes 

hor8zantdly. Abbmviatims as in text,  

A. SRS 

WA 5 (.?pen 

WA w Open r; 30 



1948 new n ~eedle $ WC was Zdentfcal between SRS and S W  when th  

e I11 - 19),  The a-bave data 

suggests that  $ W@ was largely under genetic control as papxilaticmaX % WC 

rankings were pelatively unaltered by the diffesernt env-irments, even 

there weye f luctuatIms in $ HC between the vc.arisus l ight  re  

both s i t e s  (Table IIT - 18 86 191, S W  g m  p a%im'J s 1w8 new needles 

had higher ";70~ than SRS gram mes,  This  i s  consistent with the moderate 

coastal cUmat-e a t  SFU ( ~ a b l e s  113: 1 t o  s ) ,  

needles at SRS and SFU (~ablea fII - 29 & 201, reas only the 1we& light 

intensity l igh t  regime mahtafned i t s  r-8 e m  the two years a t  bath 

s i tes ,  The ranMslg s ~ ~ a r i t i e s  were due t o  the apparent r%gi.dity sf $ WC. 

"I'e Ught regime f luctt~ations m a y  he attributed t o  a canbination of the 

interaction of the populations with the envir ent and wfth different and 

variable responses t o  WA radiation (Caldwell , 1971). The 1m and 197% new 

needles had very similar trends a t  SRS ( ~ i g u r e s  1x1 - 6 & 8) wkile the 1We3 

new needles' trend at; SRl was quA."r;e different frm the 19'7'7 new needle trend 

( ~ i g u r e  JIZ - 7 & 9) kt it xas quite s h i l a r  t o  the 1977 two year old 

needle trend (]t;"i@lm 1x1 - 7). The observed differences md shXlar i t ies  

between the  vafious seasonal $ IK t ~ e n d s  showad t h a t  while $ WC war; largely 

in a different phenotypic expression in the new environment bat with the 

same relaticbu~ship *mtwem the f iwe popdaticms . Water content has a l s o  

been observed t o  fluctuate thraugh the year even under conditions of high 

soil moisture contents and between species with no apparenk trend except for  
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the three major features ( ~ h a r i s ,  I%'?), winker peak, spring rnirhmn, m d  

post flush increase, previously noted, 

If water   tress had acrnsred a t  SW sme cf the growth increases 

observed there in the previous section (III,~) could be accounted for 

because water  s t ress  can result %n reductions in growth and p/s canparable 

t o  WB st ress  (~ indoo  st al. 1979). This was not the case because ( WC and 

s o u  moisture! content was greatest a t  SFU, therefore, the observed growth 

~eductions a t  SFU am &ill due t o  $he reasons postulated in the previous 

section (111.2 ) , 



CHAPTER I'V 

PHBTBSYrv%HETIC PI S AND PI- RATIO 

REmTS AMD DXSCUSSION 

Section 1 s ChlorophyPL content 

C U  - a content ranged from 0.34 t o  1.87 p o l  ( OD$)*' f o r  1977 t o  1979 

needles a t  SRS and f r m  0.31 t o  2.51 p o l  (gm ODW)~' a t  SN. The seasonal 

Chl .  - a tmnds  show t h a t  a t  SRS and SFU, C U  - a decreased from the spring flush 

the  early summer (July 19771, increased in to  the fjhl (~ept.-Oct, 

1 ~ 7 ) ~  decreased to a spring r n ~ ~  (~eb,-pllar, lfl$), increased i n t o  the 

fa22 (~ept , ,  and Deer, 1978)~ decreased Into the spring ( ~ p r i l  1979) and 

increased tn Pate May (Figure %V - 1). The I n i t i a l  decrease h t o  July 

pard.le8ed the drop h YC (Figures 111 - 6 Pc 7 ) $  both were probably due t o  

increawhg dry matter as the new needles matured, resulting i n  apparent 

pigment decreases with $ WC deereases and dry matter increases, The Longer 

term increase ,nf C (I a in to  the fall of 19'78 a% SFU probably ocmrred 

because a t  SRS temperatures were Lower, precipitation was mch lower and 

daily m hours were higher 3~ September and October ('Tables XI1 - 1 t o  3 ) .  

This resul t s  in a reduction k t  ChJl - a i n  emjunction w i t &  f ros t  h ~ ~ e s s  , 

5ndud;ion. S h U a r  seasonal trends t o  those observed here have been 

reporLsd f o r  dff ferent conifer species (Brett and Singer, 1973; Khodasevick 

e t  al, 1v8; Iawaazdaaska and J a m i s ,  1w7; Linder, 1971, 1972; Martin e t  d. 

1978a; McGmgor md Parker, 1963; OUykainen, 1967, 1%9a,b; Senser e t  ax, 

1975, 198; Zacharowa, 1929). However, exceptions t o  t h i s  trend have been 



A representative example of the seasonal Lrend fo r  CkZ  2 

content in 1 9 7  to 1979 needles at; SM, The l igh t  regime 

used 5.s Open and d l  five, popaIat%ons are praaented, 

Abbmviatians as  in tad, 



Chl a Content, umol (Gm GDLV)-' 



noted by T3erne.s (1949) who fmnd that  there was no noticeable seasonal 

change in Chi 2 and Ckxhev e t  a l e  ( 3 9 6 5 )  and Lmrs (1935) bath reported 

tha t  CM - a hceased sather than decreased during the winter. The exception 

e t  S S  60 (30) $ t o  tbds trend c@dd hme occurred because the lower light 

intensity prevented the ph&o-de&mclion of C h l  I a during October md 

November, It was not until December that  Pm tanperamres hduced the 

decrease of Chl I a, 

C b l  .I a ean%an% at  bath s i t e s  was gmater b two year d d  needles than. in 

new needles as has prevjbausly been observed in conifers (Lhder, 19723 

Qllykaben, 12967) Interior  popnilations had the greatest Ckll - a conkerits a t  

b&h d t e s   able IB" - 1) for 1977 t o  lfl9 needles, 6l-J- a content was 
.ur 

r~dgh8y propom%iapzal t o  a3tAtude and inversely propostf anal to latitude of 

h sites, Garrett (1969) reporbed a shil as dtitudo-pigment 

relatfonshfp, whereas Bddwin (1955) and Linder (2872) repor4;ed an inverse 

dti%ude-pi@e& relationship, IJo mports of an dtitude-latitude-pigent 

relat imstdp have bsm f d in the l i tera ture* Ckl - a decmasod s ~ ~ a n ' l y  

with bcreas%ng light htensbLy a t  both sites when light,  regimes not camcan 

were excluded (Table Ig - 1). 

(1964), Lewandowska e t  &I, (1977) and I,ogare, and KroLkov (1969) a l l  reporbed 

%he same respmse by Ckdl \... a t o  l ight  intensity, while Sissm and CaXdwell , 

ecl const& ChJ. - a Bevels with increased TJV and Vu e t  ax. (1W1) 

reported decreased Gh7, - a with increased UV radiation, The WA l ight  re  

being cnat of sequence at; SFV (Table W - IB) c d d  have ocmrect because of 

the variab@ity of plant responses t o  WA radiation (Caldwell, 1971). 

Popd.aZ;fons g r m  at SPU had the greate& Chl - a con%enti a d  this ?ha 
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Table ZV - 1, 
RanM?lzg of l i g h t  regimes and populations f o r  C&I 2 content in 

to 1 9 9  needles. Populations and l.ight regimes are l i s t ed  

in descend- order s f  ranking unless indicated  as being equal 

by m = r,ign, Populatf ons are ranked  verticd3.y and l ight  

regimes knsrizotztdlly, Abbreviations as in Lex&, 

A, SRS 

Light; Regimes 



consistent with SFW having a milder clirrra%e (Tables III - 3. to 3) .  

a p a r  or even two for seedlings to re-t;&ablish themselves when 



Figure IBT - 2 
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Figure IV - 2 

A representative example of the seasonal t rend for C k l  a - 
ccmlent, b 1978 new needles sit SFU. The light reme used Ls 

LO (30)  5 m d  a l l  five populations are p~sented. 

Ahbrevititions as i.n text,. 
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Table IV - 2. 

19'78 new needles, Populations md 3.1m regimes are li.sted 3n 

Open = W T  

@en = W0 

10 5 Open WQ UV A 
-- 



of the previous year was reversed a t  SRS  able IV - 2 ~ )  so that the low 

dtLtude popd,a$ions had the greatest Chl .I a levels, Similar results have 

been ~ p o & e d  for e d f e r s  (Ba~dwin, 1955; Lindcr, 1m), The correlation 

between altftude-latitude-pipent content at, S?Xl (~ab1e TV - ;PB) was with 

one exee-pWm in agreement with the previms y e w   able - 1B). 
decreased with increased l ight  intensity a t  both s i t e s  for  3.9'78 m w  

needles when the PAR and W plex%@ass plots  were examined separately 

se able I?? - 2). The wilela between WO and WT at, 323 c d d  aga.b be due t o  

Klchrelli s (1971) WA paradox. Increased C b l  - a with decreased l igh t  

intensity i s  cmsistent  with what was observed for  the 1977 $0 19Pf9 neec22es 

 able N - 1). Yopulations g r m  a t  SFU had the greatest, C h l  2 levels and 

t h i s  is l ikely  due t o  the milder climate a t  SFV. 

Popula%ional differences observed between t he  two years new needles a t  

both s i t e s  (Tables IV - 2 9G 3) resembled those noted previmsly ( ~ a b l e s  IV' - 
1 8c 2)and pxwdably have the same c a s e s  as ou-blrisled there, The observed 

differences in l i g h t  regime rankings between 1977 and IT8 new needles a t  

SRS and SfPU (Tables - 2 & 3) were sfmilar t o  those between the 1977 $0 

I979 needles and the 1V8 new needles at both s i t e s  ( ~ a b l e s  33' - 2 2% 2 ) .  

These dif  ferenees probably are du.e to the same causes noted above, Mowever, 

the generality of increased Chl, - a with decreased Pight in%crasity still. 

holds, 

Two p a r  old lq7q needles fran the in ter ior  pcpulatj.ons had the 

greatest C'hl I a content a t  both s5tes  able 3 3  - I )  as b 1977 t o  1979 
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Table TV - 3 ,  

R,dcing sf l i g h t  regimes and popd.atims f o r  CU. - a content in 

1977 mew needles, Populatims and light regimes are listed i n  

descendbg order of r a g  ~uiLess jndica'ted as being equal by 

an ;. sign, Populations are ranked ve r t i cd ly  and light remes 

horizmtally,  Abbreviations as  fn text, 

A* SilS 

Me an I 
6 0 $  Wa WT = Open 

R* S 

Mean 'WO = WA WT Open 



UVA = VVO WT = Open 

Open = UVA 

Open 



needles fram bdeh s i t e s  @able IV - 1) and a t  SFV f o r  198 new needles 

(Table FV - B), Chl - a in 1977 two year o ld  needles generally decreased 

with increased l i g h t  i n t ens i ty  a t  both s i t e s  (l'able XV - 4 )  and was similar 

t o  the  rank5-ngs obsemed fo r  the l97t3 new needles ( ~ a b l c  IV - 2 ) .  These 

re ml ts  are consistent with those cliscussed previously, The s imi l a r i t i e s  i n  

r d c i n g  of l i g h t  regimes and populations between the  1977 new and two year 

old needles indicate t h a t  the  degree of needle p l a s t i c i t y  decreased while 

the  genetic control of physiological. phenomena becomes increasingly mctmge 

important and oboervable with age. The decreased number of features 

observable on the seasonal Chl - a t rend of t h e  1977 two  year old needles 

cornpal-ed t o  t h a t  of the 1977 and 9978 new neerilesp trend, one maxrbn~m and 

minimum versus two maxima and minima, a lso supports the  hypothesis t h a t  

needle p l a s t i c i t y  decreases with increased needle age. 

There does appear t o  be an bvesse relationship bebeen l i g h t  intensi ty 

and C U  - a content. There may d s o  be a relattonship between a popula"cms 

ori.l;rind al t i tude and eM, - a content, but it fs not clear  whether it is  

proportional as reported by Gam&t (1969) o r  inversely prspePtimdl. t o  

al t i tude as reported by Baldw (1955) and Linder (1 Additional 

studies are requtrcd t o  clarify thjs. If a rel.&icmsh.fp e x i s t s  between 

C U  - a and original po@ationdL lat i tude much more data are required t o  
, 

es tab l i sh  it, 



a t  SRS and frm 0.19 t o  1.97 p o l  (gin ODW)-~ a t  SRI, The seasonal trend fo r  

C U  - b decreased f r m  the ~~ flush t h r  the early summer, increased 

with mall oscUlations t o  a f dl m a x h m  ( ~ e e ,  197)  , decreased t o  a s p ~ g  

:niS,-Im.am ( ~ a y  fv8), increased t o  a m e r  i~laxkium (duly 1978), gradually 

decreased t o  a spring m i n i m u m  ( A P ~  1979) and then increased a t  SRcJ ( ~ i m r @  

F? - k ) ,  while a t  SFU, C h P  increased from the spring flush t o  a f a J Z  

maximum (sept, 13~7) , decreased to a spring minirraaun mi me 1978) and then 

increased m%U t h e  nex% q x h g  (bky 1979) , Even though the short te rn  

%sends rrere often anti-parallel. between the  two sites, o v e r d l  Chl.2 trends 

sinmi2.ar t o  those observed for bath years a t  SRS and the first year a t  SFU 

have been observed i n  conifers (Brett .and Singer, 1973; Khodasevich e t  d, 

1978; Lewandowska a d  Jat%ris, 1977; Linder, 1972; Martin ek ale  1978a; 

Ollykahen 1967, l$tjga,b; Sensen. and Beck, 19'18; Zacharowa, 1929)~ The 

bcreases obsemod in C h l  - b through the w h t e r  i n  the  ~,ccon6 year needles rtL 

SW and i n  the S S  60 (30) $ pornat fans  has been reported by Godnev e t  ale 

(1965) and L a r s  (k935), They bath attributed this hcrease  t o  a mild 

vr%nter, bu% the tdnter  in quesrtim 2s colder t h m  the preceedbg me,  so 

t h i s  is not the  reason f o r  the increase, SRS UlrO was an exception in the 

first year t o  the seasonal trend probably because of Cal&ell@ s (1971) WA 

paradox tha t  plant responses are M g U y  variable t o  WA radiation. 

C U  b conter~b a% both sites was greater in two yeal: asEd needLes than in 
L 

new neerUes as has been observed f.n con$fcss by Lbder  (1972) and Ollyknben 

(1967). Interrkor or ig in  popu2aP;ions had the  greatest Chi - b levels  while the 

hwesL was found 3,n the CL pqulat5.m  able W - 5). Generally, Chl 2 was 

greatest ian. the hiah al t i tude o r i g b  populations as Garrett (1969) reported 



A ~ p r c s e n t ~ a t i v e  exrmple of the seasanal trend fo r  C N  b - 
content, in 1977 Lo 19'79 needles a t  SRS, The l igh t  regime 

used i s  60 (30) 5 and d l  five popwlatitxts are presented, 

Abbreviations as Pn t e x t ,  





$5 

Table IV - 5. 
of l i g h t  regimes and poprdations fo r  C U  - b content in 

1977 t o  1979 needles, Populations and light regimes are listed 

bn descending? order of ranMng unless indicated a3 being equal by 

Light Regimes 



but the- was not a good comelaticin between latitude and pfpenk emtent, 

as occurred with GUS. ChP - b decreased t r l th  hereased l i g h t  intensity a t  

SRS and SF'U for 1m t o  l($79 needles (?!able IV - 5) and was identical. 

between the s i t e s  when l igh t  reghes nab cormmar, t o  bath were exckudsd, 

This result has been reported for Chl.  2 in various t r ee  species (~ourdeau 

and Laverick, 1958; Jamis, 1964; Lewandmska e t  &, 1977; Logan and 

Xrotkcnr, 1969). P ~ p i l a t i m s  grm a t  SFU had the greatest CM I b content 

for IW t o  lw9 needles and th i s  i s  consi&ernt. with 33 havbg a milder 

climate ( ~ a b l e s  III - 1 Lo 4), 

Chl - b i n  1978 new needles ranged from 0.32 to 1.61 p o l  (gm  OM^)-' a t  

SIiS and front 0,23 t o  1.60 01 (gm OWI)-' at  SN. C Ibrrcmased in to  the 

f a l l  (Sept. & Oct, 1v8) frmi the spring flush, decreased to November a t  SRS 

gradualb2.y through the  w h t e r  t o  February 1979 a t  SRS, decreased t o  April 

a t  S S ,  aszd then increased t o  l a t e  May a% both. s i t e sa  The trend observed 

a t  9% was t he  same a s  descr&ed f o r  197 new needles at; b&.h s i t e s  arrd 

1977 two year old needles at SRS. The averall trend at 3RS for  the  19'78 new 

needles was the same as  a t  SFU because the February peak i s  meh lower than 

the October (~igsre ITb - 5), theref ore, the trend frm fal l  t o  sp*g 

was da~mward even though $here was an increase dur3.ng the winker, 

kcept ions  t o  %he trend at, SRT, UVO and 30 (40) %, appeamd t o  be 

o s c i u a t b g  a m d  the general trend, as  did the SIiS exception, 30 (60) %r 

The CH population had the highest CM - b cfsmtent at, both expersisnenkd. 

s i t e s  ~r!hile XX had the lowest level. a t  SRS and SM a t  SFW f o r  1978 new 



A representative example of the seasonal %send for 6hl - b 
content in 1978 new nee es at SRS. The light regime used 

is IFIT and a l l  five p~pula t ions  are presented, 

Abbreviations as 3.n t e x t .  







Chl b Content, 

pmol (Gm O D W F ~  
0 -4% 



the UTA and could be due %o Caldwells s (3 971) 

W paradox or La t h e  plats b h g  next t o  each other and there being a cross A 

over o f  light, re es every day as the sun moved across the sky (Fignre 11 - 
2 ) .  Again, SAW grown pcspqdatP~ns bad the greatest ChX - b con%sn% and this is 

a milder clkma-be. 



horizcmt a l ly .  Abbreviations as in t e x t .  

A *  SRS 

Light Regimes 

Open = UVO 

Open I. UVT =: UVO 

We an I 30 $( U b T O = = W g  Open 

3. SFU 

10 P 30 (I. Open .I UVA 

13: ro $ 30 $ = 'IJVO UVA 

10 % 30 (;z? WA = wo 

10 $ 30 $ WA WO -- Open 

334 10 $2 30 $1 WT ;. UVA 
-- -. - 
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Table XV - 7, 
Barkkng of light regimes md populaitions for Ch3 2 content Jn 

new needles. Populations and light regimes are l i s t e d  %n 

Light Regimes 

Open = UVT 

WQ UVA - Open 

WO = UTl! U V A  Open 



P 

Light Regimes 

Light Regimes 



ationship bet ,ween the 19'7'7 two year old needles and the 1978 new needles 

( ~ a b l e s  TV - 6 & 8) was similar t o  that  of the 1977 t o  1979 and 1978 t o  1979 

needle groups a t  both s i t e s  ( ~ a b l e s  N - 5 & 6 ) .  Light regime rankings of 

C h l  - b for  1977 two year old needles was s i t i l a r  t o  a l l  the &her nee& age 

groups ( ~ a b l e s  IV - 5 t o  8 ) .  C h l  - b increased with decreased l ight  

intensity. The number of observed primary features did not change for  CN. 

seasonal trends between new and two year old needles (Figures IV - 4 t o  6 ) .  

Bath had one maximum and min imum averlain by a high degree of oscillation, 

There also was a great deal, of similarity in the  ranking of the l ight  

regimes between needle age groups (Tables IV - 5 t o  8 ) .  These data probably 

indicate that; the degree of p las t ic i ty  of the C h l  .I b response does not change 

with the age of the needle, as the Chl 5 response appeared to,  

The relationship between light. intensity and Chl - b was the same as 

observed f o r  Chl - a, It increased with decreased l igh t  intensity, There 

was no indication of a latieude-pigment relationship but there was some 

indication of an altitude-Chl .I b correlation. Whether the relationship was 

proportional o r  Snversely proportional t o  altltude was net clear because 

the data are not consistent and more data would be required t o  establish it. 

Section 3: Camtenoid Content 

Car content i n  1977 t o  1979 needles ranged from O,4O t o  1.44 p o l  

hcreased t o  June from the newly flushed needles, decreased through August, 

increased t o  a December 1977 maxfmum, decreased t o  a Nay-June 1978 minimum, 



increased t o  a December lq7E3-January l R 9  msi fmun,  decreased t o  April and 

increased i n  l a t e  May a t  SRS (Figure IV - 7). A t  SFW, the general. trend 

increased t o  July frm the spring Plush, decreased in August, hcreased t o  

s DE3eembcr 3.97 m z u i m ,  decreased tca J ~ J  3.978, hereased to a Dccember 

maxlmPnm and decreased until l a t e  May lW9, Seasonal Car trends were almost 

iderrtical between SRS Ennd SFU f o r  1977 t o  lV9 needles, The: m e r  rniplimuuri 

and winter m a x h w n  trend for  Car has been reported by Gerald (1949)~ 

Hellergren (2981)~ K d o u d h  and RaPmdin (1967)~ Eanglet (1942)~ Lewmdawska 

and Jarvis  (1977) and BUykainen (196'7) while a s m e r  mshm and a wiP~Cer 

m h b  has been reporbed by Khadasevich e t  al. (1978)~ L b d e r  (1972) m d  

Ollykaken (1969a,b). The apparent degree of confsxsim s u m s u n h g  the Car 

seasonal trend may occur because there are a large slumber of pl.ilgnennts in 

Ltro different sub-grmps tha t  are being looked at; as m e  group, This is 

because spectropholmetric separatron of the various carotenoids f ram a 

mixed solution of p2gpents i s  not possible ( ~ i n d e r ,  1972), Therefore, 

several different camtenoid pigment seasonail trends should be exmined 

Car content. was greater in two year old needles than bn new needles tit 

SFW as has prev5msly been reported in conifers ( ~ b d e r ,  1972; O~1!yk&eri, 

1967). A% SRSS C a r  content was about the sane between new m d  two year old 

needles while Kdgn1dPw and Kafmdjn (1967) observed the highest C a r  Levels 

i n  new needles, Car content; was greatest i n  the inte%.ior popd.atiorss a t  

both s i t e s  ('Table JV - 91, This can he genera3Azed as h c ~ e a s e d  Car with 

increased al t i tude of population origin, These r e s i l t s  are consistent with 

those of Wakharln (1961) m d  Garrett (1969) hat fail to cornfirm the data 



Figure N - 7 

A representative example of the  seasonal trend f o r  Car 

content in 19'77 t o  1979 needles a t  SRS. The l igh t  regime 

used is 60 (30) 5 and a l l  f ive populations are presented. 



Car C o n t e n t ,  

m o l  (Gm O D W ~ ~  
0 d 



descending order of ranking unless -3ndicated as being equal, by 

an1 = sign, PBpsllations are ranked vertical2y and l ight  regimes 

hox5zon%dly, Abbreriations as in text. 

A. SRS 

Open = hTVT 



presented by Baldwin (1955) md Linder (1972) who repoeed increased Car 

with decreased alti tude. There &id not appear t o  be any relationship 

between la t i tude  and Car content, There was not a strong correlation 

between l igh t  h tens5 ty  and Car level  a t  e i the r  site ef able IV - 9) but 

there may be a trend f o r  hcreased Car with increased Eight intensity,  

especially in the PAR l igh t  regimes, Lewmdot.rska and Jamis (1977) reported 

decreased Car with increased light jntensity. As w i t h  Chl. - a and &, 

papdations grown a t  SFV had the greatest Car content and %his i s  cms%sten;S. 

with SFU having a rnXLder climate (Tables f I1 1 to 31, 

In 1978 new needles Car ranged fmn 0.26 t o  1.99 p o l  (gm ODY)-' a t  SRS 

and fran 0.26 t o  1.65 p o l  (gm ODW)-' at SEU. Car increased with 

oscfl lat ions i n t o  the winter (Jan, 1979) at, SRS (Fi. e iW - 8) and in to  the  

f a l L w h t e r  (~sverrnber 1978) PIL SFU ( ~ i ~ r e  XV - 9). 1% Lkw~ decreased ~ 5 t h  

oscillatbans unti.3. the spring of 1 9 a t  both si tes .  This trend was simiEm 

t o  the summer m b i m m  winter rntwclmm discussed fo r  1977 t o  1879 needles a t  

b&k sites, 

The IH pqmlatiow had the hlgkest Oar level. a t  bath s-SLes w h i l e  334 had 

the lowe s t  a t  SRS and CL the lowed a t  SFU f o r  29'78 new needles (~8bI.e XV - 
la), The population tha t  originated a t  the hi&est nlti tude had the 

greatest Oar content a t  both s%tes but the altitude-Car relationship 

outlined for 1977 to lW9 needles was not elear, There did not appear t o  be 

Iatttude-pigment relationship a t  ef ther  site f o r  1978 new needles  able 

TV - lo), Car generally decreased with decreased l igh t  intensi ty at  SRS 

(~;dble IV - ~ o A ) ,  as was repol4te6 for 3-97 t,a 1979 needles ('!?able PV - 9). 



A scpresentative example of t he  seasonal. t rend f o r  Car 

ccmtent in 1178 new needles a t  SRS. The l i g h t  regime used 

i s  WO and a l l  five populations are presented, 

Abb~v5,ations as in text , ,  



Car Content, 
i \-I pmol (Gm ODU, 



A representative example of the seasonal trend far  Car 

content in 1978 new needles at SFU, The l ight regime used 

i s  10 (30) $ and all. five populations are presented, 

Abbreviations as in text ,  
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Table IV - 16, 

Ranking of the light regimes and populations for Car content i n  

1978 new needles. Populations and l ight  regimes are l i s ted i n  

descending order of ranking unless indicated as  being equal by 

an = sign, Populatfms are ranked vert icel ly and light regimes 

hor?lzonlally. Abbreviations as in text, 

A, SRS 

Light Regime 

Open = W O  W T  WA 1 
Mean 

10 $ 30 % W O  WT UVA %en 

10 P 30 P Open = WT WA W O  

10 $1; 30 $ WA W T  = WO = Open 

30 $ 10 6 open W O  UVA WT 

10 $ = 30 $ Open = WO WA WT 



At; SFU, Car  decreased with increased l i g h t  jntensiky ('Table IV - 113B) when 

the  PAR and UV plexiglass p lo ts  were examined separately, This confirms 

the findings of Lewandmska and J a m i s  (1477). SFU grown populations had 

.the greatest  Car eontent and this 5s consistent with SRS having a more 

severe climate, 

Populational differences between 1978 and 1977 new needles were the 

same a t  SRS and sjmfiar st SFU (Tables IV - 10 & 11) t o  those observed 

between the  1978 new and 1977 t o  1979 needles ( ~ a b l e s  IT - 9 & 10$, 

Generally, the greater the al t i tude sf origin,  the greater the Car content, 

LIE;M; regime rankings f o r  Car 5x1 1977 new needles a t  SRS decreased w i t h .  

tncreased l igh t  h t e n s i t y  when t h e  PAR and W l igh t  r e g b e s  are viewed 

separately (Table N - l P A ) ,  T h i s  had not been observed previously a t  SRS 

Etue had been a+, SFU For 1W8 new needles  able TV - 10B), Light reg-ime 

rankrEngs s f  1977 new needles a t  SW (Table IV - 31B) were the  opposite of 

those observed f o r  new needles a t  SRS (Table ;TT 1 1 ~ )  but. the  same as noted 

f o r  1977 t o  1979 needles a t  SFU (Table IV - YB), 

Two year old 1977 needles a t  SRS and SFU have populational differences 

s b i l a r  t o  those observed for 1 9 ~  t o  1979 needles a t  both s i t e s  (Tables 

337 - 9 7 12), The relationsMp between 1977 two year old needles arrd 1978 

new needles (Tables IV - 10 & 12) was similar t o  tha t  described fo r  1977 -to 

1979 and 1W8 new needles a t  both s i t e s   able TV - 9 & 10). Car were 

usuAJaly greater i n  populations fran the highest alt i tudes,  Light redme 

rankings of Car f o r  lW7 two year old needles ( ~ s b ~ e  TV - 12) were the same 

as f o r  1977 t o  1979 and 1978 new needles a t  SITS (Tables IV - 9A & 10~) and 



new needles, PopukatEons and Tight regimes are listed in 

descending order of rmkdng un less  indicated as being equd by 

m sign. Po@ations arc ranked vertically md light; regimes 

horizo11iL;;illy. Abbreviations as 5.n t ex t ,  

A, SRS 

Light  Regimes 

W O  = Open 

Open = WT 

Open = UVT 

Mean 
I 

60 $ = W O  Open = WT 



two year old needles, Populations and 7.ight regimes ape l i s t e d  

i n  descending order QP r e g  mless indicated as being @qua& 

by an st@, Popfiakbrm &re ranked ver t ica i ly  and l ight  

regimes horf zcmt ally, Abbreviatf ens as irn text;. 



forr 1978 new needles a t  SFV (Table N - IOB), A t  SRS, Car decreased with 

decreased l igh t  intensi ty while a t  SFU they decreased with increased l i g h t  

intensi ty,  The number of observed pzsfmaaay featuses did not change f o r  the 

seasonal. trend b.h;tieers new and two year old needles 5uk there wore greater 

oscillat5.ons i n  the new needles (~igums IT - 7 t o  9) .  There also  was 

considerable swLtching 3.n the  rankings of the  l i g h t  regimes between needle 

age groups md xl,tes, These data probably bdi@at;e tha t  the degree of 

plaskicity of Cas content decreased with age, much like ChJ. - a content. 

The relatkmship between l igh t  intensfty and pigment was reversed 

between the two si tes .  It decreased with decreased l ight  intensity a t  SRS 

and with fncreased Lkght. h tensLty  3t SW, There was no Sndicatfon of a 

latitude-6a.r relaticmsh5p but there was same indication of an altit;ude-.(=ar 

eorrela-bion, The relationship appeared t o  be proportional (Mcharln, 1961 ; 

Garrett, 1969) not; inversely p r ~ p o ~ l i o n a l  t o  al t i tude as suggested by 

Baldwin (1955) and Lbder  ( 1 9 ~ ) ~  Much more data are required t o  e,st;abIish 

t h i s  re la t imship ,  

Section 4: Photosynthetic Rigmen% Overview 

The seasonal trends tha t  have been described f o r  Ch9 - a (summer and 

winter minima with f a l l  and spring maxima in new needles, and spring nsf~imuun 

vsi.th fall r n ~ ? u c b u m  .in two year old needles) and C h l  1) (spring m k i m w m P  with 

fdl.mmi.mum f o r  new and two year old needleso a gradual increase from the  

spring m i n i m u m  was observed in two year old needles a t  SFU) were not due t o  

the  needles responding t o  the l i g h t  conditions of the preeecding f e w  days, 



W ~ , V ? & S  e t  a l ,  (1@1) reported 63.mos.t; immediate Ckfi .- a and - b hcreascla 3x1 

response t o  decreased bdght sunshine hours, However, here, when maxima 

and mlnha were being approached, the  pigment response t o  the l igh t  

cmlclitions was the opposite of what wtm.Xd have been predcted  (canpar&! 

sample day bright sunshfne hours  i able 1x1 - 4. & 5 )  with the pigment trends 

( ~ i g a r e s  Fl - 1 Lcr 9) ) , Theref ore, the seasonal trends were a c t u d l y  

accuMng, Two maxima and rn%n&na in the m u a L  CKL -q a and Chi. - b trend 

h d i c a t e s  that; a dlsSn.t;egratbn sf the LhylakoAd system ts  occurring during 

the  cold season (Senser e t  d, 1 ~ 7 5 ) ~  I f  f ros t  hardening was adequate, od-y 

me ma- and rn- wszsPd be observed, Two year a2d needles appear to 

h a w  became less susceptible t o  %emperaturo changes t h a n  new needles 

because the winter '  of 1978-1.9'79 was much colder than the pr.e'v3.m~ same 

(Table III - I), It i s  &iffid% t o  correlate Car changer; ta bright, 

stmshbe hmra because two d.iffesent sxbgrgups of pigments, which have 

opposite reqxmses t o  If.&% (Bu.mett, 19"[6), we.= b e k g  observed as me,  

E i h l y ,  the Car trend is not t he  ts the  ph&mqynt;hetf c apparatus respondkg 

t o  the  11gI-k c m d t i m s  (sf the  preceedhg day o r  two, but 9s  i n  fac t  an 

actual. seasonal t ~ e n d ,  

The decrease fm the fall m a x i m ~ x n  in C h l  - a and C h l  - b cculd be due to 

decreased tc;mperat?sz.es @able 1'91 - 11, decreased day length (~ab1.e 1x1 -33, 

:Lncwleased water skress (frozen g m d  or decreased preeipitaton as my 

eombhatfcm of them, Chi - a md Chll  - b leveLs are h o r n  t o  decrease with: 

' (1) h c m a s s d  watsr s t r e s s  (AUmAe and Thomber, 1977; b a d l c  and 

Jamds, ZY{87; %n&soar e t  &I, 197%); 

( 2 )  decreased day Isn&k (~k?a'o2d, 19598 Hellergen, 1981; Lj-ndcr, 



1972); and 

(3)  decreased temperatwe (Alberda, 1.969; kdnev  and Hodasevic , 1965 ; 

HeZZergren, 1981 ; Lindes, 19'72 ) , 

The Car trend 1 % ~  bektnrri the CM trends and Robertson e t  al, (1966) 

suggested Ckil. concentrations laill not; h c r e a s e  above tha t  leve l  which c,m 

be protected by the  Car, The shape of the Car trend curve would be similar 

t o  the  Chl trend curve but would l a g  behhd it in order t o  protect the  GM. 

Car also decrease i n  response t o  deoreased day lengths ( ~ e l l e r g r e n ,  l%l), 

temperatures ( ~ c l l e r ~ r e n ,  19g~) and possfbly even t o  water stress.  The 

decrease in C U  a from the  spring m a x i m u m  in those needle age groups which 
*II 

had two maxima and minima, occurred in response t o  increased temperatures 

m d  solar  radiation ( ~ r e t t  and Singer, 1973). 

The increase i n  Chl a from both the  summer mtJ winter minima, i f  - 
applicable, and i n  Chl - b from the spring m i n i m u m  1i.kely occurred fo r  similar 

reasons. The days begin t o  shorbem i n  June, the e m u l a t i v e  radiation f l u  

i s  decreased, and pigment content increases i n  response t o  shortened day 

length ( ~ r e t t  and Singer, 1973; Senser e t  %1, 1975). Even though increased 

temperatures should decrease the  C h l  (I a and b levels  the shortened day lengbh 
-e 

apparently overrides t h i s ,  As the fall maximwn was approached, both day 

length and temperature were decreasing 'but not t o  sub-op thd  levels ,  and , 

the maximum value occurred, The spring increase hd icz ted  tha t  the 

thylakoids were being functionally re-established, possibly i n  response t o  

increased posit ive temperature and optimal levels  of radiation (senses e t  

al .  1975), If C a r  pigments are present t o  protect ChZ from photo- 

destsuc.b,dom ( ~ r i n s k y ,  1968) and the  l eve l  of C h l  cannot r i 9 e  above tha t  



which the  Car can protect then the  seasonal Car trend shal ld  be the same as 

the  CPd trends but l a g  behind them, Unfortunately, the  responses of Car 

pigments t o  specif ic  environmental parameters arc s t i l l  not; c lear ly defined, 

For a l l  three pigments, two year old needles had a greater pigment 

content than new needles, c o n f i m h g  the  observations of Linder (1972) and 

Ollykainen (1967) but contradicting KaXaudin and Kaloudiravs (1967) 

observation f o r  Car, Two year old needles probably have the greatest  

pigment content because they are l e s s  susceptible t o  extremes i n  

environmental parameters, This allows a higher pigment leve l  t o  be 

maintained year round t o  optimize photosynthetic capacity, 

Populations grown a t  SFU had greater pigment contents khan those grown 

a t  SRS, This i s  because of the moderating coastal c l h & e  a t  SXJ, probably 

t h e  de ere ased temperature range and increased precipitation are mainly 

responsible f o r  this, 

The phenamenon of increased pigments with increased al t i tude of the 

seed source was in agreement with the observation of Garrett (1969) but was 

opposed t o  Bddw%n (1955) and Linclert s (19752) reports, However, CM. - a and 

b did increase with decreased al t i tude of the  seed source i n  1978 new 
L 

needles a t  SRS, The high degree of va r i ab i l i t y  i n  this response as  

reported i n  the l i t e r a t u r e  and here, indicates tha t  t h i s  i s  a very complex 

relationsh5.p with many interact ing factors,  Increased pigment with 

increased a l t i tude  of the seed source 5ndicates tha t  these populations have 

a high capaci,ty f o r  pigment syntheoi s, As photo-destruction of pigments 



increase s with a l t i tude  (Caldvrell , 1971 ) , higher jlt,iliude populations may 

require increased levels of pigment production t o  overcome the increased 

potent ial  of pigment photo-destnrction. 

There appeared t o  be a negative correlation between C h l  I a and the 

l a t i t u d e  of the seed source, This i s  probable because i n  t r e e  species with 

a long north-south range l a t i t ud ina l  ecotypes occur ( ~ d c o h  and m a r ,  

1975). Rowever, the  interact ion bebeen la t i tude  and al t i tude e m  obscure 

any l a l i t u d i n d  different iat ion t h a t  occurs  ergen en e t  al. 1974) and t h i s  

could be happening in this study, 

Chl - a and - b decreased with increased l igh t  in tens i ty  and t h i s  caxffrms 

t h e  observations of Brett and Singer (1973) , hurdeau and Laverick (1958), 

Jarvis ( 1 9 6 ~ ) ~  Lewandowska e t  al, (1~7'1) and Logan and Krotkov (1969)~ This  

m a y  ha;e happened because increased light Intensi ty  car1 cause photo- 

destsuction of the pigmernts while decreased l i g h t  intensi ty  can r e d %  -kn 

hereased  Chl .  content, which .increases the light; gathering capacity in 

plants  (~oardman, 1977) . Therefore, increased I.i.ghb in tens i ty  probably 

r e su l t s  i n  lower C h l  concentratians, 

Car decreased with decreased l igh t  in tens i ty  a t  SRS and Sf"lT f o r  1977 t o  

1979 needles and a t  SRS f o r  197% now needles, while they increased with 

deweased l i g h t  in tens i ty  a t  SFU for 3978 new needles, The l a t t e r  r e su l t  

has been reported previously by Lewandowska and Jarvis ( 1 ~ 7 ) ~  Decreased 

Car with decreased l i g h t  intensi ty ,  s u a e s t s  t,he Car are prjmarly serving 

i n  a protective role  rather  than in an accessory role t o  the Chl pigments. 



I f  they had been serving in an accessory role  they would hare increased with 

decreased l igh t  in tens i ty  or  increased with decreased al t i tude of the seed 

source, Car values fo r  S W  1978 new needles indicate that, they are s e h g  

.in an accessory. role,  These o b s e m ~ t i o n s  do not, invalidate the Ra3ertson e t  

;il. (1966) hypothesh tha t  Chl levels  cannot; r i s e  2bove that  leve l  which can 

he protected by Car because two dffferent Car sub-groups wi th  opposing 

responses t o  l i g h t  are being viewed as one group. The different responses of 

C a y  i n  197e new needles t o  l i gh t  in tens i ty  i s  not contradictory, as it f i r s t  

appears t o  be. Because of extreme temperatures, reduced precipitation, and 

summer i r sadimce  encountered a t  SBS, the photosynthetic apparatus i s  under 

a great deal of s t r e s s  and it requi.ses photo-protection, while a t  S W  the 

environment i s  l e s s  s t ress fu l  and Car primarily serve i n  an accessory role. 

After the t r e e s  have become established a t  SW, they are over t h e i r  s t r e s s  

period and the  photosynthetic apparatus increases i t s  l i g h t  gathering 

capacity, 

Even though t h e  environment plays a large role in al ter ing the v a r b u s  

physiological responses of conifers @ergen e t  ale 1974)~ the pigment 

responses were not as p l a s t i c  as  was i n i t i a l l y  thought because of the high 

degree of s imi lar i ty  between the seasonal trends at. both s i t e s ,  The 

photosynthetic apparatus responses appeared t o  be contained w i t h i n  cerbaixa, 

Limits and t he  smge of these responses decreased with increased needle age. 

Car appear t o  'be more i n  tune t o  environmental cues Lhm the Chl. This i s  

not so, because we are observing the  responses of th.e protective and 

accessory Car groups Lo different  environmental cues, and not one group 

giving two different  responses t o  a similar se t  of environmental cues. 



Section T z  Piganent Ratios 

Qnly CN d b  - and t o t a l  C h l / ~ o r  r a t ios  are considered because H a w k s  

e t  tzl (1981) have demonstrated them t o  be the  importmt ra t ios  when 

examining change over time. 

Section 6: Chlorophyll .I a / ChXoraphyU & Ratio - 

Chi di r a t ios  ranged frm 1.01 t o  3.80 a t  SRS and f r m  1,01 t o  3.82 

a t  SFW f o r  1977 t o  1979 needles. A t  SRS, it, decreased in to  July Erm the 

newly flushed needles, increased 5.n August, decreased t o  October 1977, 

gradually increased t o  a May 1978 maximtun, gradually decreased mtjl April  

1979 and increased in l a t e  May ( ~ i g p r e  IV - 1 0 ~ ) .  It decreased in to  JuPy 

1977 from the  newly flushed needles, increased in Augrst, gradually 

declined u n t i l  February 197$, increased %o a maximum i n  July and decreased 

u n t i l  l a t e  May 1979 a t  SFU ( ~ i g a r e  7.71 - 10B). 

C N  di ra t ios  were very  similar betxeon SHS and SFU, new needles had 

two maxima and minima m d  twa year old needles had one maximum and minimun~ 

(~ igure  I'd - lo ) ,  The two maxima and m h b a  seasonal response has been 

reporbed by Senser e t  al, (1975) f o r  new, two md three year old needles, 

while the  m&um+* trend. has been reported by Hellergren (2981), 

Zewmdowska and Jam5.s (2977) mpoPted a r i s e  .in t he  ra t io  dtulring t he  winter 

whilk Roch (1976) observed tha t  the  ra t io  did not change with the age of the  

needle, 



Figure IV - 10 

A representative exmple of the seasonal trend for C h l  - 
ra t ios  in 1977 t o  2979 needles. The mean of t he  Ttve 

popLLatkons under a light reghe  i s  p~sern%led, 

Abbreviations as in t e x t ,  

A, SRS, Open l i g h t  reghe,, 

B, SFU, WB l i g h t  regime, 
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Relat ive Pigment Ratio 
0 A C3 a d N 



Chl.  d& r a t ios  were about the same between 1977 new and two year old 

needles a t  SRS, while a t  SF'U, the  two year old needles had the  highest 

ra t io .  This is consistent with the two year old needles having the  .peaked 

conj;ent, prov3.d-ing the  relat ive tias greater jn. Cia - a khan G U  k, 

The r a t i o  generally decreased with decreasing al t i tude of the seed source 

(Table IV - 13). TMs was consistent with the  individual pigment r e su l t s  

providing Ch3. - a decreased a t  a fa&er relat ive r a t e  with al t i tude than 

b. C h l  dk ra t ios  decreased with decreased l igh t  intensi ty a t  both sites - 
when the PAR and W plexiglass p lo ts  were examined separately  able TV - 
13). The musual ranking of the SI;ZI 60 (30) l igh t  regime cannot be 

explained. Decreased Chl a& ra t ios  in gymnosperms indicate t h e  addition 

of ILHCF t o  tho PS I% xlnd I reaction centers ruld an hereased s ize in the  

PW ( ~ l b e r t e  and Thomber , 1977) , Decreased ra t ios  with decreased l igh t  

in tens i ty  confirms the observations of Alberi;~: eG -jl, (1976)~ Zevznrlm~ka 

md Jarvis (1377~ 19714) and WLd (1979). Vu e t  ale (1981) reported 

decreased C h l  d b  - ra t ios  with increased W radiation and Tyszkieuuicz st al. 

(1979) reported decreased ra t ios  with increased levels  of blue l igh t ,  

This could have somg role in the  dhplacemerrt of the WT light regime a t  

SFU. SW populations had larger  rat ios ,  as they had for  individual pigment 

content, indicating a greater relat ive increase of C h l  - a t o  Ch3. - b a t  SFU. 

C h l d k  ra t ios  ranged from 1.08 t o  2.91 a t  SSR and fran 1.11 t o  3.43 a t  

SFU far  198 new raeedS_ea, X t  decreased f'rm the spring flush through a 

FSune-Jay 1m m h h m ,  increased jn Au,gu::t, decreased through November, 

5.ncreascd u n t i l  January 1 9 9 ,  decreased in to  April and increased in l a t e  

Ilay a t  SRs ( ~ i g u r e  IT - IIA), A t  SW, it decreased with some oscilPa%ion 



RankPng of light regimes and populations f o r  ChX a.-/b - ralios ian 

l igh t  regimes rare l f&ed in descending order of ranking unless 

Light Regimes 

Open = tKTA 60 $ 

m = m  

60 % = Open = WA 



A representative example of the seasond trend for Cfd d b  - 
r a t i o s  i n  1978 new needles, The mean of t h e  five 

pe ip~~ l l~ t i ons  under a l igh t  regime 13 preser~ted, 

Abbreviations as in t e x t ,  

A, SRS, Open light reghe, 

B* sm, WA l i g h t  ?xf?;bmo* 



M J J A S O N D J F M A M J  
197 8 1979 

Date 



i n to  August 1978 fran the newly flushed needles, increased i n  September, 

decreased in to  December, increased i n  January 19'79, and gradually declined 

wtill l a t e  May (~igure IV - l lB),  

The overall  Chl db - r a t i o  trend f o r  19'78 new needles was quite similar 

a t  both s i t e s  and t o  tha t  described f o r  the 1977 t o  1979 needles ( ~ i g u r e  

10 & 11). 

The C h l  dh r a t i o  was highest i n  the I H  population a t  both s i t e s  and 

lowest in  the CH population a t  SRS and the  CL, population a t  SFU f o r  1978 new 

needles (Table IV - 14). Again, there was a trend of decreased r a t i o  with 

decreased a l t i tude  of the seed source, C N  d k  r a t ios  decreased with 

decreased l i g h t  in tens i ty  a t  both s i t e s ,  as they had fo r  the 1977 t o  1979 

ncecilcs (Tables TV - 13 & 14). There was a displacement of UVT and WA 

ranking but these could be due t o  decreased ra t ios  associated with increased 

shorter wavelength radiation (Vu e t  al, 1981; Tyszkievicz e t  al. 1979). 

Again, C h l  d b  - r a t ios  were greatest  in the SW populations. 

Population rankings of 1977 new needles were almost ident ical  t o  those 

of the 1978 new needles ( ~ a b l e s  XV - 14 & 15), A s  occurred i n  the  1977 t o  

1979 and 1978 new needles a t  both s i t e s ,  C h l  d b  I ra t ios  decreased with 

decreased a l t i tude  of the seed source and l igh t  in tens i ty  in 1977 new 

needles (Tables IV - 13 t o  15). There also was a displacement of the  WT' 

populations a t  SFU  able IV - 1TB), Again, the  unusual. ranking of SF[J 60 

(30) % cannot be explained. 
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Table I V  - 14 

Ranking of light regimes and populat ims for  Chi a~% - r a t io s  i n  

1978 new needles, PopuLatians and light regimes are l i s t e d  i n  

descending order of r,mking unless indicated as being equal by 

an = sign, Populatbms arc ranked vert ical ly and l i g h t  regimes 

horizontally, Abbreviations a s  in text ,  

A. SRS 

Population Light Regimes 

WT = W O  30 5 = Open 

WO WT 30 5 Open 

O w n  WT UTE 30 " 
WT = WJO Open 30 f 

CL Open = W O  30 WT W A 
* 
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Table TV - 15 

Ranking of l igh t  reglmes and populations for C h l  d g  ratios h 

19'77 new needles, Populations and l i g h t  regimes are Listed in 

doscentnjng order of ranking unless indicated as being equal by 

an = sign, Populations are ranked v e f i i c ~ l y  and l ight  re,bi.nes 

horizontally, Abbreviations as i n  text ,  

A, SRS 

IL UVT = 6 0 %  WO open 

I H  WT 60 $? WO 3 Open 

Open = tJV0 UVT = 60$ 

Open = U760 

B, SFU 

Eight Regimes 



Two year old 1977 needles a t  both s i t e s  had similar populational and 

l igh t  regime rankings and relationships t o  dL1 the other needle age groups 

previously examined for  C h l  d b  - ra t ios  ( ~ a b l e s  IV - 13 t o  16). There was 

no WT population displacement a t  SFU but there was the unexplainable high 

ranking of the SIT 30 (60) % l ight  regime populations. 

The reduction i n  the m b e r  of maxima and minima i n  the C h l  a-/b - ra t io  

between new and two year old needles ( ~ i g u r e s  IV - 10 & 11) probably 

indicates that  the degree of p las t ic i ty  of t h i s  response decreased with 

increased needle age. Generally, C h l  dk ra t ios  decreased with decreased 

altitude of the seed source and Sight intensity. These observations are: 

(1) consistent with the individual pigment data; 

(2) indirectly confirms Garrett* s (1969) observation of increased 

pigment content with hcreased al t i tude and the observation of 

hcreased pigment content with decreased l ight  intensity 

(Lenand~wska e t  al. 1977) ; and 

(3) directly confirms the previously reporbed responses of conifer 

Chl di rat ios t o  l igh t  intensi ty ( ~ l b e r t e  and Thornber, 1977; 

Wild, 1979)~ 

Section 7: T o t a l  Chlorophyll / Carotenoid Ratio 

~hl/~ar rat ios ranged from 0.95 t o  4.72 a t  SRS and from 0.85 t o  10.04 

a t  SE;"U fo r  1979 needles. A t  SRS, it decreased from the spring flush un t i l  

March 1978, increased t o  a September m a x i m u m ,  decreased t o  December, 

increased gradually t o  April l9"7 and increased markedly i n  l a t e  May 
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Table ITT - 16, 
Ranking of l igh t  regimes and populations for C U  d b  - ratios 
1977 two year old needles, Populations and l ight  regimes are 

l i s t ed  i n  descending order of ranking unless indicated as being 

equal by an = sign, Populations are ranked vertically and l ight  

regimes horizontally, Abbreviations as i n  text. 

A, SRS 

Open = 30 $ 

Open = WT rPm> 5= 3 0 5  

Open = WT = WO 30 k 

3 0 5  WT = W O  

Open = WT WO 30 r'. 

- - 

30 l J ' V o = U f l T = w ~  Open 10 $ 

3 0 %  = WT WA 10 % = Open W O  

UUT 30 % WA Open WO 10 $ 

305 WA Open = UVO WT 10 $ 

Open vaT = 3 0 $  WA 10$ WO 

.r 

Pogulat ian LighL Regimes 



u - 2 )  1.t decreased rrom the netrly flushed needles mtil  

August 1977, increased i n  September, decreased t o  Febmary 1978, increased 

t o  September, decreased t o  December, increased gradually u n t i l  April 1979 

m c l  increased markedly i n  Late 1437 2k SFU ( ~ i g u r e  I V  - 7 - 2 ~ ) .  

~ h l / ~ a r  t rends f o r  1977 t o  1979 needles \rere similar a t  both s i t e s ,  

summer minimum, f a l l  m a x i m ,  spring m i n i m u m ,  f n3.1 mxcimum, c n r l y  spring 

minimwn ( ~ i g u r e  IV - 12). Similar cK.I/c~L- trends have been reported by 

Heilergren (1981 ) , Lakhanov (197G) and Linder (1972). 

~ h l / ~ a r  r a t i o s  vere greater  i n  1977 t..~o year old than in 1977 new 

needles a t  both si tes,This i s  consistent xrith the  two year old needles 

having greater  pigment contents provided the  re la t ive  increase of Chl was 

greater  than t h a t  of Car, The r a t i o  decreased ~ d t h  decreased altituc?e cf 

the  seed source a t  both s i t e s   able TV - 17). Again, t h i s  i s  consistent 

with the  individual pigment data. The ~ h l / ~ a r  r a t i o  decreased with 

increased l i g h t  i n t ens i ty  f o r  1977 t o  1979 needles a t  SRS and SRJ ?&en the 

PAR and W plexiglass  p lo t s  were examined separately  able IV - 17). The 

changes i n  the r a t i o  probably indicate  t h a t  the  Car are serving a 

protective function because Chl content decreased rrilth increased l i gh t  

In tens i ty ,  while the  Car l eve l  increased, If the Car role  had been as  an, 

accessory pigment the  ~ h l / ~ a r  r a t i o  would have increased 16 th  increased 

l i g h t  intensi ty .  A s  wi.th the individual pigments, SI?J y~opulations had 

1 a r : ~ e r  r a t i o s  than SRS ones, indicat ing there  was a greater  re la t ive  

increase of Chl t o  Car a t  SFU and t h a t  the  protective role of the  Car was 

not as importmt a t  SFU, 



A representative example of the  seasonal trend f o r  Chl/Car 

r a t ios  in 1977 t o  1979 needles, The mean of the f ive  

populations under a l igh t  regime i s  presented. 

Abbreviations as  i n  telrt, 

A. SRS, Open l igh t  regime. 

B. SFU, UVT light regime. 



Reiative Pigment Ratio 

A h) W N A 
W 



Ranking of light regimes and papulat,ions f a r  ~ h l / ~ a r  ra t ios  i n  

1977 t o  lq?9 needles, Populations and l ight  regimes are listed 

i n  descending order o r  ranking unless idicated as being equal by 

an = sign, Populations are ranked vert ical ly and l i g h t  regimes 

harizont ally. Abbreviations as in text.  

A. SRS 



Chl/Car r a t ios  ranged from l,47 t o  5.67 a t  SiZS and from 1,53 t o  7,02 a t  

SFU f o r  1978 new needles. A t  SRS, it increased from the spring f lush t o  an 

ear ly  July 1978 maximum, decreased in ear ly  August, increased in September, 

decreased rapidly t o  November, s tabi l ized u n t i l  January 1979, irrcreasec! in 

February, decreased t o  April. and increased in l a t e  May ( ~ i g u r e  N - 1 3 ~ ) ~  

A t  SF'U, it increased t o  June 1978 from the newly flushed needles, decreased 

isl July, increased Jn. la te  August, gradually decreased with some osc i l la t ion  

to Jsnuary 1979 and increased gradually with osci l la t ions t o  l a t e  May 

(F'igure - 13B). 

~ h l / C a r  seasonal trends were similar between the two s i t e s  for  1978 new 

needles (Figure N - 13) and were similar t o  the trends discussed fo r  the  

1977 t o  1979 needles ( ~ i ~ u r e s  N - 12 & 13). The trend was for  decreased 

ra t ios  with increased al t i tude of the  seed source, the opposite resul t  t o  

t h a t  reported f o r  1977 t o  1979 needles, ~ h l / ~ a r  r a t ios  decreased with 

increased l igh t  in tens i ty  a t  SRS and Tor the  PAR plots  a t  SF'U but they 

fncreased for  the  UV plex5glas plot  populations a t  SFW  able IV - 18). The 

decreased r a t i o  with decreased l i g h t  in tens i ty  f o r  the W plot populations 

coulcl have occurred because shorter wavelength radiation a l t e r s  the C h l  2 

and ... b contents which resul t s  in changed ra t ios  (~yszkiewicz e t  al. 1979; 

Vu e t  al. 1981). Again, Chl/Car r a t ios  were greatest in the SFV 

populations, 

. Population ranMngs for  1977 new needles a t  bath s i t e s   able IV - 19) 
ware iden t i  c d  t o  the  1977 t o  lW9 needle rmldngs and essent ial ly  the 

opposite of the  1978 new needle ranMngs ( ~ a b l e s  TV - 17 & 18), C N / C ~ ~  



Figure IV - 13 

A representative example of the seasonal trend fo r  ~ h l / ~ a r  

r a t i ~ s  i n  1978 new needles, The mean of the five 

populations under a light regime i s  presented, 

Abbreviations as  i n  t ex t ,  

A, SRS, W T  l igh t  regime, 

Be SFU, UVO l igh t  regime, 
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Table ITT - 18, 
Ranking of light regimes and populations f o r  ~ h l / ~ a r  rat ios in 

1978 new needles, Populations and light reghes  are l i s ted  In 

descending order of ranking unless indicated as being equal by 

an = sign. FopuLztions are ranked v c r t i c d l g  and light regimes 

horizontally. Abbredati ons as  i n  text,  

A, SRS 

Light Regimes 

10 UVl' 30 $ WA = UVO Open 

10 5 30 $ UVT = WA WO Open 

10 k 30 % WO WT WA (?Pen 

10 $ UVA 30 P WT uvo Open 

10 % UVT = WA WO = 30 Open 



Table TV - 19, 

Ranking of l igh t  regimes and populations for  ~ h l / ~ a r  ra t ios  in 

1977 new needles, Populations and l ight  regimes are l i s t ed  in 

descending order of ranking unless indicated as being equal by 

an = sign. Poplat ions are ranked vert ical ly and l igh t  regimes 

horizontally. Abbreviations as i n  text.  

A. SRS 

WT = Open 

UVT = Open 

Population Light Regime s 



r a t i o s  decreased with increased l i g h t  in"censity a t  both s i t e s  f o r  1977 new 

needles as  they had f o r  1977 t o  1979 and 1978 new needles ( ~ a b l e s  N - 17 t o  

19). T h i s  indicates  the probable role of the Car was as a protective 

pigmnt. 

%ro year old 1977 needles had similar populational rankings a t  both 

d t o  a l l  other needle age groups except f o r  the 1978 new needles 

( ~ a b l e s  IV - 17 t o  20). chl/Car r a t io s  decreased with increased l i g h t  

in tens i ty  f o r  1977 two year old needles a t  both s i t e s  as they had f o r  a l l  

the  other needle age groups (Tables TV - 17 t o  20). This indicates tha t  the 

prlimary role  of the  Car i s  t o  protect the  photosynthetic pigments rather  

than t o  a s s i s t  in increasing the l igh t  gathering capacity. 

The degree of s imilar i ty  was high between neu and t ~ o  year old ncedlcs 

f o r  Chl/car r a t i o s  but the degree of osc i l la t ion  was greatest  i n  the new 

needles. This indicates tha t  the ~ h l / ~ a r  r a t i o  response decreases with 

increased needle age. Once the seedlings have become re-established the  

ro le  of the  Car appears t o  be protective a t  SRS and accessorj a t  SFU. Car 

l eve l s  appear t o  increase a t  a f a s t e r  r a t e  than the CkZ levels  i n  response 

Lo seed source elevation, while Car leve ls  increased and C h l  l eve ls  

decreased v i t h  increased l i g h t  in tens i t ies .  These data: 

(1) d i rec t ly  and indi rec t ly  confirm Garret t ' s  (1969) observation of 

the  pigment content being proportional t o  the al t i tude of the 

seed or igin;  

(2) do not confirm Leruandowska and Jarv is f  (1977) observation of 

decreased Car with increased l i g h t  in tens i ty ;  and 
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Table IV - 20, 

Ranking of l igh t  regimes and populations for  C M / C ~ ~  ra t ios  i n  

1977 two year old needles. Populations and l igh t  regimes are 

l i s t e d  i n  descending order of ranking unless indicated as being 

equal by an = sign. PopLLatZons are ranked vert ical ly and l igh t  

regimes horizontally. Abbreviations as i n  tex t ,  

A ,  SRS 

Me an 

B* sm 

Light. Regimes 

W O  = WT men 

I 
30 d/0 wo WT open 

Light Regimes 

CL = 30 $ = WO l o $  = WA WT open 

IL 10 k UlTO 3 0 $  = WT WA Open 

CH 10 $ 30 $ WA = WT = WO Open 

Me an 10 $ 30 'i?; = WO WT WA Open 



( 3 )  confirni the  previously discussed C h l  response of increased pigment 

l eve l s  with decreased l igh t  h t e n s i t y .  

Section 8: Photosynthetic Pigment Ratio Q v e m i c ~  

The C h l  d& and ~hl /car  r a t ios  (Figures IV - 10 t o  13) showed more 

osc i l la t ion  than any of the  individual pigment trends (IV - 1 t o  9) because 

h o  and three parameters are b e b g  examined simultaneously. A s  the  r a t io s  

are composed of individual pigment responses, t h e i r  periods of up, down, 

and s tab i l iza t ion  occur f o r  the same reasons as outlined fo r  the individual 

pigments (Section TV: 4), From previous experiments, the r a t i o  trends can 

be correlated t o  changes in the  s tmc tu re  and/or function of the 

photosynthetic membrane t o  provide an id i r ec t  view of the internal  system. 

For instance in gymnosperms, increased C h l  d b  r a t i o s  indicate a Loss of t h e  - .  

LHCP and a decreased PSU size ( ~ l b e r t e  and Thornber, 1977) and t h i s  r e su l t s  

i n  reduced l i g h t  absorption o r  gathering capacity. This i s  because the 

photosynthetic apparatus i s  now high i n  PS 1 character is t ics  and low i n  PS 

I1 properties, A decreased r a t i o  would indicate the opposite. 

Unfortunately, such information i s  not extant fo r  ~ h l / ~ a r  rat ios ,  When 

examining these r a t io s ,  i f  Car are being reported as a group rather  than , 

individually,  it i s  d i f f i c u l t  t o  correlate  r a t i o  ch,mges t o  the occur- A ence 

of specif ic  phenomena, However, i f  Chl/Car r a t i o s  decrease and the  Chl d& 
r a t i o  increases, l i k e l y  these i s  an increase i n  the pratective carotene 

pigments and. a decrease in the  photosynthetic accessory xanthophyll 

pigments. If the ~ h l / ~ a r  r a t i o  decreased along with the C h l  d b  ra t io ,  - 



likaly there  i s  an fncrease i n  the accessory and a decrease i n  the 

protective Car because energy Lrmsfer  from the xanthophylls i s  faci l i ta tec? 

by C h l  - b ( ~ h o r n e  and ~oardman, 1971). The data obtained for  C h l  d b  and - 
~ h l / ~ a r  r a t io s  ( ~ a b l e s  IV - 13 t o  20) appear t o  support these hypotheses, 

Theref ore, an indi rec t  inference can be made as t o  which Car pigmen% sub- 

group i s  changing i n  response t o  a cer tain environmental parameter o r  

parameters. 

The high degree of s imilar i ty  f o r  both r a t i o s  over the various needle 

age groups occurred because of the high degree of similarity between the  

various seasonal pigment trends. 



F'LUORESCEXCE IMLWCTION AND 

RESULTS AND DISCUSSION 

Section 1 : Fluorescence Induction 

Only t he  FV results from SRS are presented because t h i s  data clear ly 

i l l u s t r a t e s  the  seasonal trends,  whereas, the SF'U data i l l u s t r a t e s  the same 

trends but not t o  such a degree. Problems i n  i n i t i a t i n g  t h i s  new 

methodology were found and the f i r s t  FV curves done with any degree of 

confidence was in December 3-97'? at SRS, A sample F curve with nomenclature v 
and interpretat ion are shown i n  Figuse V - 1, 

Trends f o r  the  winter-spring period were very s i m a a r  between 1977 and 

1978 new needles f o r  the  heights o f ,  times t o ,  and duration of the  various 

FV curve features  ( ~ i g u r e s  V - 2 t o  7). When features t h a t  did not occur i n  

the second winter were accounted for ,  t he  trends for  the two winter-springs 

are v i r tua l ly  Pden.t;icdl, 

The rapid fall-winter decline of P along with a slower decline of I D  

( ~ i g u r e  V -5, Sept. - Dec, ) indicate t h a t  an al terat ion i s  occurring on the 

electron donor side of PS 1'1: o r  a t  its reaction center  l loss on and Krause, 

l981b; Schreiber e t  a l e  1978). A s  P continued t o  decline and I D  remained 

re la t ive ly  constant, I D  was r is ing i n  relat ion t o  P, an inhibition of or  



Figure V - 1 

Representative FV curve f o r  conifer needles ( a f t e r  Hawkins e t  

a l  , 19F31) , Curve nmenclature and interpretat ion a f t e r  

Papageorgiuu (1975 ) : 

0 = i n i t i a l  fluorescence level ,  indicator of the  m m t  of 

C h l  present ; 

0 t o  I = Q oxidized; 

I t o  D 5 reduction of Q; 

I? t o  P = oxidation of electron t rmsport  intermediates; 

P t o  S - reduction of the intermediates by PS I and beyond; 

S t o  M t o  T = membrane conformational changes. 

One second on the figure i s  zero seconds i n  time. 



RELATIVE FLUORESCENCE 



Figure V - 2 

Mean corrected heights (corrected height 1: feature height - 
0 level height) of selected FV features i n  1977 new needles 

a t  SRS. Mean i s  of a l l  f ive populations under each l igh t  

re g h e  . 
A ,  Open; B, 60 (30) 5;  C, WT; and D, WO l igh t  regimes. 
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Figure V - 3 

Mean time t o  P and time t o  and duration of I D  i n  1977 new 

needles a t  5x3. Mean i s  of a31 five populations under each 

l ight  regime. 

A, Open; B, 60 (30) 5 ;  C, WT; and D, W O  l igh t  regimes. 
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Figure V - 4 

Mean times t o  S and M i n  1377 new needles a t  SRS, Mean i s  of 

a l l  five populations under each light r e g h e .  

A ,  Open; B, 60 (30) $; C, WT; and D, WO l i g h t  regimes. 



8 

4 
X-X 

8 

4 

8 

4 

8 

4 

0 

m j  j a s o n d j  f m a r n j  

Date 



Figure V - 5 

Mean corrected heights (see Figure V - 2) of selected FV 

features i n  1978 new neeriles a t  SRS. Mean i s  of a l l  f ive  

popul.at,ions under each l igh t  regime. 

A ,  Open; B, 30 (60)  ; C , UVT ; and D, W O  l i gh t  regimes. 
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Figure V - 6 

Mean time t o  P and t h e  t o  and duration of I D  i n  1978 new 

needles a t  SRS. Mean i s  of all five populations under each 

l ight  regime. 

A ,  Open; B, 30 (60) C, WT; and D, WO l ight  regimes. 
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Figure V - 7 

Mean time t o  S and M i n  1978 new needles a t  SRS, Mean i s  of 

all five populations under each l i g M  regime, 

A,  Open; B, 30 (60) $; C, UVT; and D, W O  light regimes, 
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damage t o  intersystem eEoctromz transpork was being witnessed (Schreiber e t  

61, 1978). T h i s  period a lsa  corresponds t o  a drop in $ FIC ( ~ i g u r e s  111 - 
6 & 8) and t o  the f r o s t  hardening induction process which i s  knmm t o  

involve some dehydratim  lake e t  al, 1979; Parsons and L i ,  1979). The 

electron donors t o  PS 11 and intersystem electron transport have been shown 

t o  be sensit ive t o  dehydrdion (Govindjee e t  dl. I981 ; Wiltens e t  d. 1978). 

Finally, the photosynthetic apparatus was completely inactivated, indicated 

by P levels near zero (~ igures  V - 2 & 5)  and a P/O r a t i o  (data not shown) 

near unfty, showin@; there was no variable fluorescence s losso on and Krause, 

1981a). This i s  a lso  the time of year when winter inactivation has been 

observed In temperate boreal conifers (Barnberg e t  jl, 1767; Senser and 

Beck, 1978). An increase i n  C h l  $/b - r a t io s  ( ~ i y r e s  N - 10 & 11) 

corresponds t o  the  apparent period of photosynthetic inactivation f o r  both 

years needles, This could indicate tha t  the LHCP i s  being removed instead 

of the antennae Chl - e (&pist e t  al. 1~7Ra).  A decrease i n  Chl d b  - r a t io s  

paral le l ing a decrease i n  P levels  could indicate tha t  the antennae Chl - a 

was being destroyed because a l l  of the Chl - b i s  found i n  the LHCP (~holnber ,  

1975 ) , 

After a period of winter inactivation, P gradually starts t o  r i s e  and 

ID returns t o  values observed in  the preceeding growing season ( ~ i g u r e  V - ,  

5). I D  was constant while P increased, indicating that; intersystem electron 

transport  was restored before the PS I1 electron donors. By May, the 

photosynthetic apparatus appeared t o  be W l y  functional again ( ~ i g u r e s  V - 
2 5). 



There also was a decline of P, P/O ra t io ,  and I D  in some cases, i . ~  

July-August 1978 (Figure V - 5). T h i s  corresponded t o  a hot dry period a t  

SRS (Tables I11 - 1 t o  3) where water, temperature, and irradiance s tresses 

may have been a problem, In  those cases where P and I D  declined together, 

damage was occurring t o  t o  the donor side of PS I1 (Klosson and Krause, 

1981b). IJhere P declined and I D  did not, dama.ge was occurring t o  the donor 

side 04 PS I1 and t o  intersystem electron transport (Schreiber e t  d. 1978)~ 

A corresponding increase in the CiLZ d b  - ra t io  ( ~ i ~ u r e  N - 11) could indi-  

cate tha t  the LMCP i s  being destroyed instead of the antennae Chl. 2, which 

would resul t  i n  a r a t io  decrease (0quist e t  ale 1978a). This  supports the 

hypothesis of Uber te  e t  al, (1976) tha t  the LHCP could be an imporbant 

source of amino nitrogen durjng times of s tress ,  The system recovered once 

there had been a period of adequate moisture, A similar response fo r  water 

s t r e s s  has been reported by Govindjee e t  al, (1981)~ while l ike  responses 

have been observed in plants undergoing heat s t ress  (~chre ibe r  and Amond, 

l978), by plants  r e c e i h g  high ozone concentrations (Schreiber e t  ,?I. 19'78) 

and in  plants undergoing high pressure oxygen quenching of gluorescence 

(Vidaver e t  al. l9$l), These data possibly indicate tha t  most i f  not all 

deleteriaus af fec ts  t o  the photosynthetic apparatus may be in i t i a t ed  5.n -the 

same manner and a t  the same location i n  the system, 

The decline of 0 level  durbg  the  winter (data n d  shmm) and i t s  

return t o  *normalt values a f t e r  the s t ress  period indicate tha t  large 

chkges are occurring t~ the pigment systems and the PS 11 reaction 

center, If 0 i s  constant only marginal e f fec ts  are happening t o  the 

pigment systems and PS 11 reaction centers when P declines (Schreiber e t  al, 



1978)~ S and M heights followed the same winLer trends as P and I D  heights, 

EI disappeared under the Open and 60 (30) % l i g h t  regimes in 1977 needles 

and mder  a l l  l igh t  r e g b e s  for  198 new needles ( ~ i g u r e s  V - 2 & 5), T h i s  

was at tf ibuted t o  the orinter of 198-1?79 bekg  more severe ( ~ a b l e s  TIT - 1 
t o  3 )  and causing a higher degree of perturbation t o  the photosynthetic 

membrane system. 

The increased time ( ~ i g u r e s  V - 3 & 6)  t o  and durati-on of I D  with the 

onset of cold weather indicated t h a t  the reduction of Q was taking longer, 

Increased time t o  P could indicate tha t  it takes longer t o  reduce t h e  elec- 

t ron transport carr iers ,  Both of these phenomena would occur together if: 

(1) the water sp l i t t ing  reaction was being impaired and the number of 

electrons reaching the  PS I1 reaction center was much reduced, as 

KLosson and Krause (1%1b) suggested; and 

(2) the excitation energy being received by the LHCP was not delivered 

t o  the PS IX reaction center, e i ther  by uncoupling or destruction 

of the LHCP from the reaction center i n  response t o  sub-zero 

temperature or  by the excitation being passed directly t o  PS I. 

T h i s  i s  called indirect quenching (~chre ibe r  and Vidaver, 1976)~ 

The decrease in times t o  P and I D  a f t e r  the winter was probably the 

occurrance of the  reverse process t o  inactivation. 

The sharp increase in S and M times before inactivation (~ igures  V - 
4 de 7) lras probably associated with the winter inactivation of C02 fixation 

(Barnberg e t  d. 1967; Senser and Beck, 197'7). Even cel lular  respiration 

ceases a t  temperatures below -lgO C in conifers grown a t  69.45 ' north 



lat2tude (~ngerson and Scherdin, 1968) and probably a t  s l ight ly  warmer 

temperatures a t  this lat i tude,  The decreasing times t o  S and M in the  

spring was probably the reverse of the winter inactivation process, the 

spring activaticm process . 

~~Q of population P heights was generally the same for  both years. 

P decreased with decreased elevation of the  seed source ( ~ a b l e s  V - 1 & 2 ) t  

as pigment contents had. Light regime ranlcings indicate t h a t  P heights 

decreased with increased l igh t  in tens i ty  ('Tables V - 1. & 2). This i s  

consistent t d t h  Schreiber e t  al, (1977) observation tha t  shade planLs had 

higher P levels  than sun plants when t e s t ed  a t  the same l igh t  intensi ty,  

The time t o  P was shortest i n  shade g r a m  populations ( ~ i g u r e s  V - 3B & 

6B) ,  This probably occurred because there was a la rger  LHCP, r e d t i %  in 

n l a q e r  PSU, and indicated by a smaller Chl d b  - ra t io ,  alloi.?Llg more 

photons t o  be collected and passed on t o  PS I1 reaction centers, 

The first indication of any s t r e s s  an the system i s  indicated by a 

drop in P level  i n  relat ion t o  I D ,  T h i s  demonstrates tha t  electrons are not 

reaching the  PS 11 reaction center, rather  than an increase i n  PS I1 

fluorescence quenching by PS I (Klasson and Krause 198la). The generally 

accepted theory which these data support i s  t h a t  water sp l i t t ing  i s  

damaged or  inhibited, therefore, fewer electrons arrive a t  reaction center 

11 (~ovindjee  e t  al, 1981; Klosson and Krause, 198la,b). However, it has 

also been suggested (Cquist e t  &L, 1978a,b) tha t  i n  conifers l e s s  excitation 

energy is delivered t o  the reaction center of PS I1 because the antennae 

Chi 2 are destroyed, the LHCP and PS I1 separate, the LHCP i s  destroyed or 



Table V - 1. 

Ranking of l i g h t  regimes and populations fo r  the seasonally 

corrected height of P (P corrected = P - 0)  on fluorescence 

induction t rans ien ts  i n  1977 new needles a t  SRS. Populations 

and l i g h t  regimes are l i s t e d  i n  descending order of ranking 

u n l e s s  indicated as being equal by an = sign. Populations are  

ranked ver t ica l ly  and l i g h t  regimes horizontally. Abbreviations 

a s  i n  tex t .  

Open = WT 

W O  = Open 



Table V - 2. 

Ranking of l igh t  regimes and populations fo r  the seasonally 

corrected height of P  corrected = P - 0 )  on fluorescence 

induction transients in 1978 new needles a t  SRS. Populations and 

l i g h t  regimes are l i s t e d  i n  descending order of ranking unless 

indicated as  being equal by an = sign, Populations are ranked 

ve r t i ca l ly  and l igh t  regimes horizontally, AbbrevLations as i n  

t ex t ,  

Population Light Regimes 

Open WT 



the  PS 11 reaction center Chl i s  destroyed  ink, 1978). The data support. 

these hypotheses too. Apparently, a f t e r  the water sp l i t t ing  system has been 

inhibited o r  damaged, the intersystem electron transport system i s  also 

inhibited (Klosson and Krause , 198la, b) . 

Possibly i n  conifers where the leaves are long lived, winter 

photosynthetic inactivation occurrs i n  a systematic stepwise fashion: 

i f  temperatures are not too severe fo r  too long a period of time, 

then water sp l i t t i ng  i s  inhibited and P levels  decrease, T h i s  

probably occurs when the P leve l  drops i n  summer; 

if temperatures are colder and of longer duration than in (I) ,  

electron transport would be slowed, indicated by a r i se  i n  I D  

re lat ive t o  P, and f ina l ly  stopped; 

i f  temperatures are much colder and of even longer duration than 

I n  (2), destruction o r  separation of the LHCP from PS I1 could 

occur; 

i f  temperatures are colder and of even longer duration than i n  

( 3 ) ,  C h l  molecules would be destroyed by photo-destruction because 

the normal means of excess energy dissipation would not be 

operating  i id ley , 1977) ; 

as  increased irradiance appears t o  speed up the inactivation 

process (b'quist e t  al. 1978a,b), low temperatures in  conjunction 

with bright sunshine would increase the dcmage done t o  the 

photosystem, LHCP, electran transport,  o r  the  photosynthetic 

membrane in general. T h i s  could speed up the  stepwise 

inactivation process leading t o  a more rapid attainment of a 



higher l eve l  of inactivation. 

Jt i s  important t o  keep in  mind tha t  a l l  of the thylakoid membrane 

constituents, pigments, l i p ids ,  proteins and enzymes, are involved i n  the 

imc t iva t ion  process, i n  the prevention of Chi destruction, and i n  the  

normal function of the photosynthetic process (Krause et al. 1978). 

The greater degree of inactivation i n  the winter of 1978-1979 prpbabl y 

occurred because temperatures were 10mr f o r  a longer period of time, and 

there was an increase in bright sunshine hours (Tables I11 - 1 & 3) .  These 

observations lend some support t o  the stepwise inactivation process 

hypothesis (SIP) as do se asondl morphological and ul t rastructural  studies 

by Martin e t  al. (1978a,b), bquist e t  al, (1978alb) and Senser and co- 

workers (1975, 1977, 1978). 

Section 2: COp Gas Exchange 

Rates of CO uptake ranged from 0.85 t o  2.63 f o r  high l ight  with 21 $ 
2 

O2' 
4 .19  t o  1.16 f o r  high l i g h t  with 2$ 02, 0.89 t o  2.63 fo r  moderate l i gh t  

and 0.61 t o  1.72 [me C02 ( p o l  pigment)-1 (gm ODD tissue)-l h i 1 ]  fo r  low 

l igh t  tes ted  plants a t  SRS. All plants displayed decreasing r a t e s  of C02 

uptake with decreasing l ight  intensi5y ( ~ i g u r e  V - 8). 

CO gas exchange measurements were conducted i n i t i a l l y  i n  early August 2 

1978 &t SE"U but these yielded large percentage decreases i n  CO uptake under 
2 

2 $7 O?, similar t o  the SRS results.  Following a complete system check, gas 

mixture analysis, and relocatLon t o  a different laboratory a complete ser ies  
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Figure V - 8 

Mean ra t e s  of C02 uptake a t  21 8 O2 by 1978 new needles from 

d l  f ive  populations under each light regime a t  SRS, 

Isolated symbols are the r a t e s  of C02 uptake a t  2 $ O2 by all 

f ive  populations under each l igh t  reflime. 

A,  Open and 30 (60) l i gh t  regimes. 

B, W O  and WT l ight  regimes, 
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of CQ2 measurements were conducted a t  SN. Rates of C02 uptake [ng GO2 

(p-101 pigment)-1 (gn ODW tissue)-' h i 1 ]  were found t o  range from 0.72 t o  

3.67 fo r  high l i g h t  with 21% 02, 0.85 t o  5.66 f o r  high l igh t  with 2$ Q2, 

~ , 6 9  t o  3.27 f o r  moderate and 0.51; t o  2,19 fo r  Low light, tes ted plots. 

All plants t e s t ed  had decreasing ra tes  of GO2 uptake with decreasing l igh t  

in tens i ty  ( ~ i g u r e  V - 9). 

Generally, i n t e r io r  origin populations had the  greatest ra tes  of ~ ~ / s  

under a l l  experimental conditions a t  both s i t e s  (data not shown). T h i s  

resul t  i s  contrary t o  t h a t  reported by Krueger and Ferrel l  (1965) and 

Sorensen and Ferre l l  (1973) f o r  the two Douglas-fir varieties.  Low l igkt  

grown plants having higher ra tes  of A ~ / S  a t  lower l ight  in tens i t ies  than 

high l igh t  grown ones, has been reported previously (Lewandouaska e t  a l e  

1976, 1977, 1778)~ Tselqnikerts  (1979) report of l o w r  hp/s ra tes  f a r  

plants grown a t  lower habitat irradiances but tested a t  high l ight  

in t ens i t i e s  i s  supported by this data, except fo r  the SW 30 (60) $Y l i gh t  

regime populations ( ~ i ~ u r e s  V - 8 &, 9 ) ,  This deviation cannot be explained 

at t h i s  time, The higher r a t e s  of A ~ / S  observed a t  the coastal s i t e  

compared t o  the in te r io r  s i t e  supports the  findings of Sorensen and Ferre l l  

(1973). Increased ra tes  of ~ p / s  could be due t o  the higher pigment levels  

found i n  SET populations, 

The mormt of p/r observed a t  SFU ( ~ i g u r e  V - 9, 2 '$ 02) was in the  

region of previous and l a t e r  determinations done on Douglas-fir (data not 

sham),  However, tho ~ / r  data obtained a t  SRS was completely baffling 

( ~ i g u r e  V - 8, 2 02). Instead of A ~ / S  increasing when 2 $ Q2 was 
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Figure V - 9 

Mean ra t e s  of C02 uptake a t  21 $ O2 by 1978 new needles from 

a l l  f ive  populations under each l igh t  r e e e  a t  SFU. 

Isolated symbols are the r a t e s  of Cop uptake a t  2 '$ O2 by a l l  

f ive  populations under each light regime. 

A, Open, 30 (60) $ , and 10 (30) $ Light regimes. 

B, WO, WA and WT l igh t  regimes. 
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introduced, it decreased, which indicates tha t  decreased O2 levels  prmote 

p/r but the  opposite d e w  i s  held ( b r l y n ,  1978). Increased ra t e s  of p/r 

with the increased temperatures experienced during these t e s t s  were 

considered but even i f  p/r  increased with increased temperature, the r a t e  of 

Ap/s with 2 $ O2 should increase not decrease. 

The clue came when the  meaning of the  negative ra te  of fixation with 

2 $ O2 a t  high l i g h t  intensi ty was comprehended. The t r e e  was giving off 

Cop i n  the presence of low O2 leve ls  and high l igh t  intensities.  There 

was an obvious procedural. difference between determhing the  ra tes  of A P / ~  

a t  2 and 21 4 02: 

(a) f o r  the 21 5 O2 determinations ambient air was used t o  f lush and 

saturate the system, it had an O2 concentration of about 21 $ and 

a CO, concentration form 380 tr: 410 ul / l i t c r  ; 
Lr 

(b) f o r  the 2 $ O2 determinations a prepared gas mixture was used t o  

f lush and saturate the system, it had an O2 concentration of near 

2 '$ and a GO2 concentration of 330 ul / l i te r .  

The question then arose of whether f could be raised considerably from i t s  

usual leve l ,  about 75 u l / l i t e r  (Clark and Lister ,  1975), t o  a value greater 

than 330 u l / l i t e r ,  a t  l eas t  on one occassion when the negative A ~ / S  

occurred. It would mean tha t  the Ap/s determinations with 2 $ O2 were being 

done on the shallowest part  of the ra te  determination GO2 compensation point 

curve, while the  A ~ / S  determinations a t  21 5 were being done on a much 

steeper, higher ra te ,  part  of the curve. I n  the lower regions of t h e  curve, 

a small decrease in  the ambient GO leve l  can bring about a large decrease 2 

i n  the ra te  of A ~ / S .  Because, here, the r a t e  i s  rapidly changing from be- 



extremely positive, to b e h g  zero at. d, t o  being negative when the  l i g h t s  

are turned off,  

Brix (1968) reported .f! values f o r  Douglas-fir seedlings of 380 ul/ 

l i t e r  a t  28 C but at very low l igh t  in tens i t ies ,  while other workers ( ~ a u e r  

1978, Bauer md Senser, 2979) have reported increased 1 with prolonged 

increased temperatures of growth, Smith e t  al, (1976) reported tha t  .f 

increased with temperature but was not; affected by l igh t  intensi ty and 

Beadle e t  al .  (1981) observed increases in it with low xylem vrater 

potent ials ,  Caild the  apparent; increase i n  2 be due t o  increased p/r 

e aused by increased temperatures, probably not,  because : 

i f  the  increased d had been due t o  increased ra tes  of p/r, when 

tested with 2 $ 02, the ra te  of ~ p / s  would have increased not 

decreased; 

Bauer (1978) found tha t  the increase in .I? with temperature was nat 

due t o  a stirnuration of p/r but tha t  the  photosynthetic process 

i t s e l f  was impaired; 

Bauer and Senser (1979) found tha t  when J? was elevated the H i l l  

reaction and membrane ul t rastructure were revers5bly heat 

sensi t ive,  while the enzyme RuBP carboxylase was extremely heat 

st able ; 

it was observed in l a t e  July and early August of 1978 u t i l i z ing  

FV analysis tha t  there was a reduction i n  water sp l i t t ing  capacity 

and a reduction 5x1 o r  a destruction of the I3ICP. T h i s  lends 

support t o  Bauer and Senserts (1979) observations. 

The increased Pwas probably not due t o  increased ra tes  of p/r but may be 



due t o  decreased O2 

decrease the amount 

concentrations and membrane 

of reducing power beyond PS 

f ixat ion because the enzyme responsible f o r  GO2 

structural changes which 

I. This impairs C02 

fixation i s  very heat 

stable. These factors  then combine t o  raise the rate  of apparent ce l lu lar  

respiration resulting 3x1 high J? values, 

C02 gas exchange measurements showed tha t  in ter ior  variety populations 

had htgher ra tes  of A ~ / S  a t  both s i t e s ,  contrary t o  the l i t e ra tu re  ( ~ r u e ~ e r  

and Ferrel l ,  1965; Sorensen and Fer re l l ,  1973) and Lo the 1978 mean leader 

shoot elongation. However, the decreased ra tes  of A ~ / S  a t  SRS with 2 % O2 

did  i l l u s t r a t e  how the ent i re  photosynthetic process, photochemical 

re actions, biochemical re actions, and membrane ult rastructure i s  inter- 

related, One should attempt t o  view the photosynthetic reactions as the 

m of all t h e i r  parts ,  not as indivfedual parts,  f o r  these reasons, 



SUMMARY 

DISCUSSION 

The seasand trends fo r  individual pigments and ra t ios  (F'igures IV - 
1 t o  13) were influenced by the WC of the  needles (Figure 111 - 6 t o  9) 

because 611 pigment values were ca lcula td  /gm ODW. However, the seasonal 

trends were due t o  natural internal  rhythms of the leaves and not t o  the 

annual decline 5n $ FIC, because seldom did a pigment, or r a t i o  m a x h  or 

minimum correspond t o  a % IE ma.ximum or mi.nimum. O f  ten the pigment minimum 

corresponded t o  a rnm5m.m o r  vice versa. If anything, the effecL of 

$ bJC on the seasonal trends was t o  moderate them. 

Generally, two year old needles had higher pigment contents and ra t ios  

than new needles. T h i s  was due t o  there actually being more pigment i n  the 

two year old needles because $ IJC was about the same between new and two 

year old needles, 

For a l l  of the parameters tha t  were examined which involved comparisons 

between SRS and SFU, SFU gro\%m populations always had the larger  value, 

except f o r  1978 mean leader elongation, The bet ter  performance by the SFU 

populations has been attributed t o  the coast dl climate being more moderate 

than the fn ter ior ,  

Of the 32 broad needle age groups of data responses examined fo r  



growth, $ kc, piments,  ra t ios ,  FV curves, and rates  of p/s, populations of 

in te r io r  origin had the largest  values 23 tknes, Because in ter ior  variety 

populations originate a t  much higher al t i tudes,  the above can be generalized 

t o ;  72 of the time the response being examined increases with increased 

al t i tude of the seed source, This i s  complementary t o  the observations of 

Garrett (1969) f o r  C h l  and Car pigments, and contrary t o  the reports ~f 

Baldwin (1955) and Linder (1972) f o r  Chl and Car pigments, Griffin and Ching 

(1977) f o r  leader growth, and Sorensen and Ferrel l  (1973) f o r  ra tes  of p/s, 

Only growth, in both years new needles, and CN - a content, in 1977 new 

needles, showed a la t i tudinal  relationship, The response decreased with 

decreased la t i tude  of the seed source, T h i s  has been reported f o r  growth 

rates ,  biomass increases, and some pigment contents (~avitkovski  e t  al.. 

2981), Because the populations being examined only covered 2,q0 of 

la t i tude ,  t h i s  may be too small a range t o  observe a general la t i tudinal  

e f fec t ;  the a l t i tudinal  variations m a y  have been more pronounced than bhe 

l a t i tud ina l  ones; o r  both phenomena may have been occurring simultruleously, 

It i s  generally accepted t h a t  species with long north-south distributions 

have l a t i tud ina l  eeotypes. Therefore, it cannot be stated categoricdly 

from t h i s  data t h a t  there was no relationship between response and la t i tude  

of origin, even i f  81 of the responses were negative, 

Chl d b  - ra t ios ,  Car content, and P/S ra tes  a l l  increased with increased 

l i g h t  intensity,  The other responses all decreased with increased l igh t  

intensi ty,  A generalized statement cannot be made concerning plant 

responses t o  ambient l i g h t  intensi ty because sane increase, others decrease, 



and some do both with increased l igh t  intensity,  However, plants do respond 

t o  changes in l ight  intensi ty i n  a very characteristic way f o r  each 

response, and the response ranking appears t o  be maintained between the Bive 

populations groprirag under each l igh t  regime. 

Changes in FV curves with season can be correlated t o  the seasonal 

changes of the  photosynthetic pigments, From these data inferences about 

the  s tatus of the photosynthetic system can be made. Therefore, FV curve 

analyses i n  con$.mction with photosynthetic pigment determinations can be 

a very powerful too l  when examining the ef fec ts  of just about any condition 

o r  s i tuat ion on the photosynthetic process. T h i s  i s  because photosynthesis 

i s  direct ly related t o  the plants well being. 

It appears t o  have taken a t  l eas t  one year f o r  the seedlings t o  re- 

establ ish themselves because : 

( a )  1978 growth was much greater than 1977 growth; 

(b) most of the responses examined had more variabi l i ty  in the 1978- 

1979 needle yeas, indicating t h a t  the plants had overcome the  

i n i t i a l  s t resses and become re-established. 

Once the plants are re-established t h e i r  response t o  various environmental 

parameters appears t o  be maintained within c e r t a i n  limits. Even thaugh , 

l igh t  regime rankings can change markedly f o r  a given response, the ranking 

of the  populations i n  relat ion t o  each other often d id  not change a t  611. 

From the population rankings, the  IM population appeared t o  be intermediate 

i n  response characteristics between coastal, CL and CH, and in ter ior ,  I L  and 

I H ,  populations, Possibly because the  annual precipitation at the  I 3  seed 



source was much greater than a t  the  other in t e r io r  s i t c s  (Anon. 1377 t o  

1979). This locale i s  character is t ic  of the coastal region, except fo r  

tem~era ture  extremes, IM would possess many coastal  l l k e  adaptations t o  

a~comcdaf;e the  increased precipitation. Van fi~a0.f f (1973) u t i l i z i . n ~  leaf 

fm'Pene o i l s  as  the  method of classifying D q l a s - f i r  populations, f Omd 

t h a t  populations f r m  the  IM area were in te r io r  intermediate t o  ~ o a s t d  

variety,  and tha t  the  other two i n t e r i o r  areas were txue in te r io r  ~ 3 r i e t i e s e  

The good growth by tho coastal  var ie t ies  a t  t he  i n t e r i o r  s i t e  may 

warrant more investigations over an extended period of timee If wmstdl. 

var iety populations could be found tha t  grew well in the  in te r io r ,  then 

productivity of the  in te r io r  fores ts  could be increased. Conversely, 

i n t e r i o r  variety populations could be established in the  more xer ic  

c ~ a s t d .  regions t o  increase productivity there. Hoirever, more intensive 

studies of t h i s  sor t  would have t o  be cmducted over many years t o  y ie ld  

t h i s  potent ial ly  valuable inf omation. 

The data indicates t h a t  a t  l e a s t  f o r  these populations: 

(1) t h e i r  response t o  a given environmental parameter i s  re l a t ive ly  

smdl, not very p las t ic ;  and 

( 2 )  t h e i r  genotype is  most i n  d e t e n b i n e  t h e  charac ter i s t ic  

responses under. these experimental conditions, 

This i l l u s t r a t e s  why studies of populationdl ecological adaptations are 

basic t o  successful practical programs of t r e e  improvement and 

ref ore st ation, 



The order and protocol of the  CO, gas exchange measurements a t  SRS and 
L 

S!V, read across then d m .  

Y G B O R  

R O B G Y  

Y G B O R  

R O B G Y  

Y G B O R  

R O B G Y  

Y G B O R  

R O R G Y  

Y G R O R  

R O B G Y  

Y G B O R  

R O B G Y  

Y G B Q R  

R O B G Y  

Y G B O R  

R O B G Y  

Y G B O R  

R O B G Y  

30 Y G R O R  

Open R O B G Y  

Each of these protocols was repeated once t o  give t h e  total of four 

experimental t r e e s  for  each population under each light regime. 
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