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ABSTRACT 

F i r s t - yea r  seedl ings o f  red  a lde r  (Alnus rub ra  Bong.) and broad leaf  maple ( ~ m a c r o p h y l l u m  

Pursh) were grown i n  100, 56 and 22 percent o f  na tu ra l  l i g h t .  Growth ana lys is ,  apparent photosynthesis 

(APS) and dark r e s p i r a t i o n  r a t e  measurements, and ch lo rophy l l  content  ana l ys i s  were c a r r i e d  out  on the 

two species a t  f i v e  harvest per iods  spaced approximately 30 days apar t  throughout the  f i r s t  growing 

season. 

Biomass product ion o f  a l de r  was s i g n i f i c a n t l y  h igher  than t h a t  o f  maple. Th is  d i f f e rence  may 

be accounted f o r  by a lde r  APS r a t e s  approximately f o u r  t imes those o f  maple. Alder shows h igher  growth 

r a t e s  and cont inues t o  increase i n  biomass t o  the  end o f  t he  season, whereas the growth r a t e  o f  maple 

dec l ines  a f t e r  the  f i r s t  harvest i n  e a r l y  summer and the re  i s  l i t t l e  biomass increment from mid-summer 

t o  end o f  t he  growing season. For bo th  species, biomass increase and r e l a t i v e  growth r a t e s  (RGR) were 

not  s i g n i f i c a n t l y  d i f f e r e n t  w i t h i n  species among f u l l - l i g h t  (100 percent)  con t ro l  p l an t s  and those 

g iven shade treatments. These r e s u l t s  are due t o  h igh  r e s p i r a t i o n  r a t e s  and low APS r a t e s  a t  low l i g h t  

i n t e n s i t i e s  i n  the f u l l - l i g h t  a l de rs  i n  con t ras t  t o  the  low r e s p i r a t i o n  r a t e s  and h igher  APS r a t e s  a t  

low l i g h t  i n t e n s i t i e s  i n  the shade-grown alders.  The shaded maples d isp layed h igher  APS r a t e s  a t  a l l  

l i g h t  i n t e n s i t i e s  i n  a l l  bu t  t he  f i r s t  harvest per iod.  Both species showed s i g n i f i c a n t l y  h igher  chloro- 

p h y l l  contents i n  the shade-grown p lants .  D i f f e rences  o f  a l l  o ther  f a c t o r s  among treatments i n  both  

species were negl i g i  b le.  

The s i g n i f i c a n t l y  h ighe r  growth r a t e s  and APS r a t e s  g ive  t he  a lde r  a  compet i t i ve  advantage 

i n  occupying f o r e s t  h a b i t a t s  d is turbed by logg ing o r  f i r e  i n  the P a c i f i c  Coast Mesothermal Forest  area. 
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l NTRODUCT ION 

Broadleaf maple (& macrophyllum Pursh) and red  a l d e r  (Alnus rub ra  Bong.) are common 

associates i n  the  P a c i f i c  Coast Mesothermal Fores t  area. They are e a r l y  invaders f o l l o w i n g  logg ing 

o r  f i r e ,  and germinate we l l  on mineral  s o i l .  They need f u l l  l i g h t  t o  germinate and t o  e s t a b l i s h  seed- 

l i n g s  (Sabhasri and Fer re l ,  1960). Both species are acc l imat ized t o  the  superhumid c l imates  o f  the 

P a c i f i c  coast; they are l i m i t e d  p r i m a r i l y  i n  t h e i r  ranges by low moisture, p a r t i c u l a r l y  the  alder,  

which requ i res  a t  l e a s t  60 cm o f  r a i n  per year (Worthington, 1965). Northern l i m i t s  o f  bo th  species 

are determined by low temperatures; a l d e r  cannot w i ths tand temperatures below -lE•‹C, o r  extended per iods  

o f  1  ow temperatures. 

Maple i s  considered more shade to le ran t ,  a t  l e a s t  i n  comparison w i t h  c o n i f e r s  (Ruth and 

Muerle, 1965), bu t  a lde r  grows very  r a p i d l y  on mineral  s o i l  w i t h  adequate l i g h t .  Because o f  these 

h igh  i n i t i a l  growth rates,  e i t h e r  species can crowd ou t  con i fe rs ,  and thus become the i n i t i a l  successor 

species f o l l o w i n g  e l i m i n a t i o n  o f  c o n i f e r  cover by f i r e  o r  logging. A1 though considered a  'weed' t r e e  i n  

the coastal  B r i t i s h  Columbia area, the  a lder  does perform an impor tant  f u n c t i o n  i n  f i x i n g  n i t r ogen  

through r o o t  nodules and f a l l e n - l e a f  d u f f  conta in ing a  h igh  percentage o f  n i t r ogen  (Tar rant  e t  a l ,  

1969). These two sources are est imated t o  add about 43 k i lograms o f  n i t r ogen  per hectare per year 

(Crocker and Major, 1955). 

Maple i f  es tab l ished f i r s t  may shade out  a lder ,  bu t  the reverse i s  a l so  t rue. Thus they are 

no t  p rec i se l y  compet i t ive,  

establ ishment and growth. 

There have been 

seedl ings i n  r e l a t i o n  t o  1 

bu t  seem t o  have approximately the  same biogeocoenot ic requirements f o r  

a  number o f  s tud ies  on var ious  eastern  species o f  con i fe rous and broadleafed 

i g h t  requirements (Logan, 1965, 1966a, 19666; Logan and Krotkov, 1969; Newhouse 

and Madgwick, 1968; Loach, 1967, 1970). L i t t l e  experimental research has been done on broadleaf maple and 



r e d  a l d e r .  Most r e s e a r c h  r e p o r t e d  has t o  do w i t h  t h e i r  commercial uses o r  s i l v i c u l t u r e  ( s u r v e y  o f  

F o r e s t r y  A b s t r a c t s ) .  

Growth (biomass added) depends on how w e l l  t h e  p l a t  makes use o f  i t s  env i ronmenta l  i n p u t s :  

water, n u t r i e n t s ,  and l i g h t ,  p a r t i c u l a r l y  t h e  l a t t e r .  Measurement o f  apparen t  p h o t o s y n t h e s i s  (APS) 

r a t e s  and biomass accumula t ion  i n  r e l a t i o n  t o  t h e  l i g h t  regimens under which t h e  p l a n t s  were grown, 

s h o u l d  t h e r e f o r e  i n d i c a t e  how t h e  two spec ies  respond t o  l i g h t  a t  d i f f e r e n t  i n t e n s i t y  l e v e l s .  From 

these  da ta ,  we may g e t  some c l u e s  about  t h e i r  r e l a t i v e  e c o l o g i c a l  r o l e s  i n  success ion  and about  t h e i r  

d i s t r i b u t i o n  p a t t e r n s .  

S ince  g rowth  i s  most r a p i d  d u r i n g  t h e  f i r s t  seasons o f  a  p l a n t ' s  l i f e ,  and v a r i e s  a s  t h e  

g row ing  season progresses,  a  s t u d y  o f  g rowth  p a t t e r n s  f rom t h e  s e e d l i n g  s tage  t o  t h e  end o f  t h e  f i r s t  

g row ing  p e r i o d  shou ld  p r o v i d e  u s e f u l  i n f o r m a t i o n .  

As p o i n t e d  o u t  by Loach (19701, shade i n f l u e n c e s  p l a n t  morphology as w e l l  and one must 

c o n s i d e r  changes i n  t h e  s i z e  and arrangement o f  t h e  p h o t o s y n t h e t i c  system as t h e  APS r a t e  i s  measured. 

Blackman (1968) t o g e t h e r  w i t h  h i s  co-workers, showed t h a t  t h e  e f f e c t s  o f  shade on g ross  morphology may 

be a t  l e a s t  as i m p o r t a n t  i n  g rowth  response as changes i n  l e a f  phys io logy .  F o r  these  reasons, a l t h o u g h  

APS r a t e s  a re  cons idered  p r i m a r i l y  i n  t h i s  paper, g rowth  a n a l y s i s  and t h e  r e l a t i v e  g rowth  r a t e  (RGR), 

r o o t : s h o o t  r a t i o s ,  and l e a f  a rea  r a t i o s  (LAR) a r e  compared f o r  t h e  two s p e c i e s  and t h e  t h r e e  t r e a t -  

ments d e s c r i b e d  be1 ow. 

F o r m a l l y  s ta ted ,  t h e  n u l l  h y p o t h e s i s  f o r  t h e  exper imenta l  s e r i e s  was: P l a n t s  grown f o r  

t h e i r  f i r s t  season under d i f f e r i n g  degrees o f  shading w i l l  e x h i b i t  s i g n i f i c a n t  d i f f e r e n c e s  i n  growth, ---- 
development, and funct ion,  and these  d i f f e r e n c e s  w i l l  v a r y  a c c o r d i n q  t o  t h e  species.  



EXPER IMENTAL DESIGN AND PROCEDURE 

P lan t  Ma te r i a l  and Establ  ishment - 

Two species o f  l o c a l  i n t e r e s t  were chosen: red  a lde r  (Alnus rub ra  Bong.) and broadleaf 

maple (w macrophyllum Pursh.). I n  A p r i l  1969, one hundred e i g h t  f i r s t - y e a r  seedl ings o f  each 

species were c o l l e c t e d  a t  an approximate age o f  s i x  weeks. An at tempt was made t o  se lec t  uni form 

p l a n t s  o f  median size.  

The c o l l e c t i o n  s i t e  was a southwest-facing slope on Burnaby Mountain, a t  an a l t i t u d e  o f  

approximately 350 m. The slope was p a r t i a l l y  shaded by mature a lde rs  and western hemlock. Seedlings 

were taken from an area t h a t  rece ived a moderate amount o f  shade, bu t  was n e i t h e r  i n  f u l l  sun o r  i n  

almost cont inua l  shade. The s o i l  used i n  t r ansp lan t i ng  was taken from t h i s  general area, and was 

skimmed from the top  6 - 10 cm o f  the  surface a f t e r  i t  was c leared o f  d u f f .  E f f e c t i v e l y ,  t h i s  was 

the same type o f  mineral  s o i l  bed on which the a lde rs  had germinated. The maple seedl ings were 

c o l l e c t e d  on the same slope, a sho r t  d is tance t o  the east  along a roadside bank. 

Seedlings were rep lanted i n  400-1111 p l a s t i c  beakers t h a t  had been per fora ted on t h e i r  bottoms 

w i t h  e i g h t  I - m m  holes t o  prov ide f r e e  drainage. A f t e r  the  s o i l  had been screened through a 0.5-cm 

mesh screen t o  remove rocks and wood fragments, i t  was s i f t e d  through and over the  seedl ing r o o t s  and 

packed un i f o rm ly  t o  approach na tu ra l  dens i ty .  The p l a n t s  were watered t o  s a t u r a t i o n  and placed on 

greenhouse benches under a r t i f i c i a l  l i g h t .  The l i g h t s  cons is ted o f  two banks, each conta in ing s i x  

96-in. G. E. Cool-white f l uo rescen t  100-watt tubes and s i x  60-watt incandescent bulbs. A t  a d is tance 

o f  75 - 80 cm, the p lan ts  rece ived about 1000 f t - c  o f  i l l u m i n a t i o n ,  as measured w i t h  a Brockway 

Sekonic Stud io  Exposure Meter, Model S. A 12-hour photoper iod was used f o r  the  p l a n t s  i n  the green- 

house. 



Growing Condi t i o n s  and L i g h t  Treatments 

F o l l o w i n g  a  s t a b i l i z i n g  p e r i o d  o f  severa l  days, mor ibund p l a n t s  were r e p l a c e d  w i t h  h e a l t h y  

standby specimens. A f t e r  ano ther  1 0  days, t h e  p l a n t s  were d i v i d e d  randomly i n t o  t h r e e  l o t s  o f  t h i r t y -  

s i x  each o f  t h e  two spec ies  and numbered f o r  l a t e r  random sampl ing ( F i g .  1 ) .  One b l o c k  was l e f t  un- 

covered ( a s  c o n t r o l  1, and t h e  second and t h i r d  b l o c k s  were Shaded by one and t h r e e  l a y e r s  o f  f i b r e g l a s  

I-mm mesh sc reen  t o  g i v e  56 p e r c e n t  ( p a r t i a l  shade) and 22 p e r c e n t  ( f u l l  shade) o f  ambient  l i g h t  
-. 

r e s p e c t i v e l y .  The screens were suppor ted  on f rames t h a t  h e l d  t h e  s u r f a c e  20 cm above t h e  'canopy' o f  

F i g u r e  1. Arrangement o f  p l a n t s  i n  a l l  t r e a t m e n t s  p r i o r  t o  
random s h i f t i n g  t o  a v o i d  edge e f f e c t s .  

t h e  p l a n t s .  I n  a d d i t i o n ,  t h e  s i d e s  o f  t h e  sc reen  f rames were covered w i t h  6- in .  s t r i p s  o f  one- and 

t h r e e - l a y e r  s c r e e n i n g  t o  p r e v e n t  s i d e  edge e f f e c t s  and t o  p r o v i d e  u n i f o r m  i l l u m i n a t i o n .  The l i g h t  

i n t e n s i t i e s  were 1000, 540 and 260 f t - c  on t h e  c o n t r o l ,  I - l a y e r  shade, and 3 - l a y e r  shade b l o c k s  respec-  

t i v e l y .  There was no ambient  l i g h t  i n  t h e  greenhouse, as windows were covered w i t h  b l a c k  p l a s t i c  sheet-  

i ng .  A  h y g r o t h e r m o s t a t  system m a i n t a i n e d  h u m i d i t y  a t  60 - 70 percen t ,  and a i r  tempera tu re  a t  2I0C. 

P l a n t s  were watered each morning s u f f i c i e n t l y  t o  keep t h e  s u r f a c e  o f  t h e  s o i l  j u s t  mo is t .  Thus, 

t h e  envi ronment  was r e l a t i v e 1  y  w e l l  c o n t r o l l e d  w i t h  l i g h t  as t h e  ma jo r  exper imenta l  v a r i a b l e .  

By t h e  end o f  t h e  t h i r d  week, i t  was c l e a r  t h a t  l i g h t  i n t e n s i t y  was t o o  low. P l a n t s  were 

becoming e t i o l a t e d  and some showed symptoms o f  damping o f f .  Our ing  t h e  f o u r t h  week, about  1 6  percen t  

o f  t h e  a l d e r  s e e d l i n g s  were r e p l a c e d  f rom t h e  o r i g i n a l  source and a l l  p l a n t s  were moved t o  an exposed 



walkway beside the greenhouse. The groups were o r i en ted  i n  a north-south row w i t h  the con t ro l  t r e a t -  

ments (100 percent ambient l i g h t )  occupying the southern end and the h ighest  shade treatment (22 percent 

ambient l i g h t )  occupying the nor thern  end (Fig.  2). 

North 

Shade: 22 percent ambient l i g h t  

Mapl e 

A1 der 

Shade: 56 percent ambient l i g h t  

Mapl e 

A1 der 

No shade: 100 percent ambient l i g h t  
( con t ro l  

Mapl e 

A lder  

South 

F igure  2. Arrangement o f  t he  l i g h t  t reatments f o r  the  a lde r  and maple 
seedlings, a) uncovered, and b) screen covered f o r  shade. 
Fo l iage o f  maple seedl ings i s  e a s i l y  v i s i b l e .  



L i g h t  

Ambient l i g h t  i n t e n s i t i e s  va r i ed  w ide ly  f o r  the  p l a n t s  throughout the  season w i t h  the  min i -  

mum f o r  the  con t ro l  p l an t s  being 480 f t - c  on a  completely overcast day. L i g h t  i n t e n s i t y  measurements 

made a t  noon and averaged over a  number o f  cloudy and c l e a r  days throughout the season were as f o l l ows :  

Cont ro l  P a r t i  a1 shade -- F u l l  shade -- 
(100 percent  l i g h t )  (56 percent 1  i g h t )  (22 percent l i g h t )  

C lear  day 8000 f t - c  

Cloudy day 3000 f t - c  

Thus, the measurements cons is tent1  y  gave r a t i o s  o f  about 100:56:22 percent o f  the  ambient 1  i g h t  rece ived 

by the  con t ro l ,  p a r t i a l  shade, and f u l l  shade p lan ts  respec t i ve l y .  

Since the p lan ts  were grown i n  ambient l i g h t ,  they a l l  rece ived a  s i m i l a r  spect ra l  d i s t r i -  

b u t i o n  o f  energy. The e f f e c t  o f  the  neu t ra l  gray f i b r e l a s  screen was simply t o  reduce the r a d i a t i o n  

i n t e n s i t y  rece ived a t  the  leaves, the  so-cal led ' i r i s  e f f e c t 1 .  

Temperature 

As temperature con t ro l  was l o s t  by moving the p l a n t s  outs ide the greenhouse, pe r i od i c  a i r  

and s o i l  temperatures were measured a t  noon t o  determine d i f fe rences caused by d i f f e r e n t i a l  shading. 

Representat ive temperatures measured were: 

Cont ro l  P a r t i a l  shade -- F u l l  shade -- 
(100 percent 1 i g h t )  (56 percent 1  i g h t )  (22 percent l i g h t )  

Ambient a i r  a t  
canopy 1  eve 

S o i l  temperature, -1 cm 
Map1 e  24.5 

A1 der 29.0 

Highest ambient a i r  temperature occurred i n  the  part ia l -shade treatment.  The e x t r a  shade o f  

the  fu l l -shade treatment apparent ly o f f s e t s  the r e s t r i c t e d  a i r  f low, whereas the p a r t i a l  shade t r e a t -  

ment both  r e s t r i c t s  a i r  f low and l e t s  more r a d i a t i o n  through. 
' 



Di f fe rences i n  s o i l  temperature between species can be accounted f o r  by the g rea te r  l e a f  

area index o f  maple dur ing  e a r l y  summer which e f f e c t i v e l y  shaded much o f  the  s o i l  surface. Apparent ly 

t h i s  was a l so  s u f f i c i e n t  t o  b r i n g  both  p a r t i a l -  and ful l -shade maple s o i l  temperatures c lose together.  

I t  was no t  poss ib le  t o  separate the e f f e c t  o f  temperature d i f f e rences  from l i g h t  t reatment 

on growth o f  the a lde r  and maple seedlings. 

Humidi ty 

From the appearance o f  mildew on the fu l l -shade maple p l a n t s  du r i ng  mid-summer, i t  was de- 

duced t h a t  r e l a t i v e  humid i ty  may be h igher  than under o the r  treatments. Lower temperature under t h i s  

t reatment may a lso  account f o r  mildew growth. Thus, on humid days, s ide  screens were l i f t e d  away from 

the s ides t o  provide f r e e r  a i r  movement over the  p lants .  

Mildew was removed from most o f  the leaves by mopping a f f ec ted  spots w i t h  70 percent ethanol .  

Fo l lowing t h i s  treatment, no more mildew developed. Treated and unt reated maple seedl ings could not  be 

d i s t i ngu i shed  i n  t h e i r  photosynthet ic  response. 

Water 

A1 1 p lan ts  rece ived na tu ra l  p r e c i p i t a t i o n .  This was supplemented by pe r i od i c  water ing  t o  

minimize des i cca t i on  from warm winds which swept across the s i t e  and du r i ng  prolonged dry  periods. 

Because o f  t h e i r  exposure, con t ro l  (100 percent l i g h t )  p l a n t s  were supplemented w i t h  water more of ten 

than e i t h e r  the  p a r t i a l -  o r  fu l l -shade plants.  S o i l  moisture gauges ( S o i l  Moisture Equipment Corp., 

Santa Barbara, C a l i f . )  were used t o  ensure t h a t  s o i l  mois ture  would be comparat ively uni form among 

the three l i g h t  treatments. Gauge cups i nse r ted  4 cm i n t o  a pot a t  the center  o f  each b lock  o f  p l a n t s  

showed when p l a n t s  needed water t o  main ta in  s o i l  moisture a t  20 cen t i ba rs  (about 80 percent sa tu ra t i on )  

among a l l  treatments. To prevent d i f f e r e n t i a l  d r y i ng  o r  edge e f f e c t s ,  po ts  were r o t a t e d  every two 

weeks. The i nne r  n ine pots were brought t o  the ou te r  corners  and rep laced by those from outer  rows. 

Seasonal temperature and p r e c i p i t a t i o n  p a t t e r n  

D a i l  y temperature and p r e c i p i t a t i o n  pa t te rns  du r i ng  . the course o f  the season were obtained 

from the nearby Burnaby Mountain weather s t a t i o n  (Fig.  3) .  





Harvest Schedules - 
The f i r s t  harvest and measurement o f  seedl ings was designed o r i g i n a l l y  t o  occur i n  e a r l y  

May. However, some seed l ing  m o r t a l i t y  and movement outs ide from the greenhouse delayed measurement. 

A f i n a l  t r ansp lan t i ng  o f  three o r  f o u r  a lders  i n  each treatment and several maples occurred s h o r t l y  

a f t e r  moving the seedl ings outdoors. These t ransp lan ts  were obtained from the o r i g i n a l  source area 

bu t  as they cou ld  no t  be precond i t ioned by the shade treatment f o r  the same time as o r i g i n a l  seedl ings,  

an at tempt was made t o  ob ta in  seed l ings  from corresponding l e v e l s  o f  shade along the f o r e s t  border. 

F i r s t  harvest, as a  r e s u l t ,  d i d  not  occur u n t i l  l a t e  May w i t h  subsequent harvests  w i t h i n  the major 

harvest sec t ions  a t  approximately monthly i n t e r v a l s  (Table 1).  

Table 1. Harvest schedule. 

1 Late  Spr ing (May - June) 

2 Ea r l y  Summer (June - Ju l ,  

3  Mid-summer ( Ju l y  - Aug.) 

27 May - 2 June 

4 Maple 
4 Alder 

y) 23 - 27 June 

3  Maple 
3  A lder  

21 - 26 Ju l y  

4 Maple 
3  A lder  

Harvest 

4 Late Summer (Aug.- Sept.) 18 - 23 August 

Season Sect ion  A I Sect ion B 

3  Maple 
3  A lder  

5 E a r l y  F a l l  (Sept.- Oct.) N i l  

Days from 
p l a n t i n g  Long Run* 

31 - 37 11 - 16  June 45 - 50 

6  Maple 
5 Alder  

57 - 61 7  - 11 Ju l y  71 - 75 

4 Maple 
5 Alder  

85 - 90 4  - 9 August 99 - 108 

5  Maple 
7 Alder  

113 - 118 1 - 8 September 126 - 133 

6  Maple 
6 A lder  

29 Sept.- 10  Oct. 166 - 177 

Days from 
p l  a n t i  ng*" Shor t  Run 

'Long and Shor t  Run r e f e r  t o  apparent photosynthesis measurements a t  several  l i g h t  i n t e n s i t i e s  o r  
a t  a  standard bu t  more l i m i t e d  se r i es  of l i g h t  i n t e n s i t y .  

""Days from p l a n t i n g  are ca l cu la ted  from a base date o f  26 - 29 A p r i l .  

Samplinq and Measurement Protocol  

P lants  were selected f o r  measurement and harvest us ing random number t ab les  (Moses and 

Oakford, 1963). For the C02 exchange measurements, p l an ts  were brought t o  the l abo ra to ry  24 hours 



p r i o r  t o  t h e  analyses.  D u r i n g  p r e p a r a t i o n  o f  t h e  equipment and c a l i b r a t i o n  o f  t h e  i n f r a - r e d  ana lyzer ,  

t h e  t e s t  p l a n t  was exposed t o  a  l i g h t  i n t e n s i t y  o f  approx imate ly  3000 f t - c .  The sampl ing and measure- 

ment sequence was as f o l l o w s :  

P l a n t  t o  l a b o r a t o r y  
L e 

PHOTOSY NTHES 1 S  AND RESP I R A T  l ON MEASUREMENTS 

LEAF AREA TRAC lNGS 
P l a n t  washed o u t  o f  
pot ;  p a r t s  separa ted  

FRESH WEIGHTS TAKEN 
L e a f  f r a c t i o n  P a r t s  oven-dr ied a t  

o b t a i n e d  t - 85% f o r  24 hours  

CHLOROPHYLL DRY WE 1 GHT TAKEN 
ANALY S l S 

t 
I 

I STORAGE I 
P h o t o s y n t h e s i s  and r e s p i r a t i o n  measurements 

A c l o s e d  system was used f o r  t h e  apparen t  p h o t o s y n t h e s i s  and r e s p i r a t i o n  measurements. The 

measur ing system c o n s i s t e d  o f  a  URAS I I (Hartmann h Braun AG) i n f r a - r e d  gas ana lyzer ,  f l o w  meter, 

mercury manometer, pump, d e s i c c a t o r  and i n t e r c h a n g e a b l e  p l a n t  chambers o f  v a r i o u s  s i z e s .  The components 

were i n t e r c o n n e c t e d  with Tygon t u b i n g  and s i g n a l  o u t p u t  f rom t h e  a n a l y z e r  was recorded  on a  Moseley 

71008 S t r i p  c h a r t  Recorder  ( H e w l e t t  Packard) (F ig .  4 ) .  Volume o f  t h e  measur ing system e x c l u d i n g  t h e  

p l a n t  chamber was approx imate ly  530 cc; i n c l u d i n g  t h e  p l a n t  chamber, t o t a l  volume o f  t h e  system ranged 

f rom approx imate ly  575 cc t o  4330 cc. Small chambers were used d u r i n g  t h e  i n i t i a l  h a r v e s t  and l a r g e r  

ones near  t h e  end o f  t h e  g row ing  season. 

The s m a l l e s t  chambers were square and c o n s t r u c t e d  f rom c l e a r  3  mm P l e x i g l a s ;  t h e  base was 

grooved t o  f a c i l i t a t e  s e a l i n g  t h e  chamber w i t h  Apiezon Q and a l s o  c o n t a i n e d  t h e  a i r  i n l e t  and o u t l e t  

connec t ions .  The l a r g e s t  chambers were b r a s s  c y l i n d e r s  p a i n t e d  l r h i t e  on t h e  i n s i d e  and f i t t e d  w i t h  a  



IF- =-/ 

F igure  4. Equipment used f o r  measuring apparent photosynthesis and dark 
r e s p i r a t i o n  rates;  a) insulated, cooled chamber under i 11 umin- 
at ion,  b )  and c)  l i g h t s ,  heat f i l t e r  (water) ,  URAS II in f ra - red  
gas analyzer and recorder.  



c l e a r  3mm P lex ig las  c losure  p l a t e  a t  one end. The c y l i n d e r  was f i t t e d  w i t h  an a i r  i n l e t  and o u t l e t .  

Base p l a t e s  were grooved t o  accept the c y l i n d e r  and f o r  sea l i ng  and the p l a t e  s l o t t e d  t o  rece ive  the 

p l a n t  stem. 

A f low r a t e  o f  1  l i t e r  per minute was used f o r  a l l  measurements. As a  t ime l a g  occurs be- 

tween the moment o f  C02 concent ra t ion  change a t  the p l a n t  chamber and i t s  i n d i c a t i o n  a t  the  analyzer, 

a  ' c i r c u l a t i o n  t ime'  f o r  the gas stream based on volume o f  the c i r c u i t  components can be approximated. 

The ' c i r c u l a t i o n  t ime' f o r  the  l a r g e s t  chamber used was approximately 1 112 minutes; f o r  the smal le r  

chambers i t  was p ropo r t i ona te l y  lower. Smoke t e s t s  i nd i ca ted  s u f f i c i e n t  turbulence o f  a i r  f low w i t h i n  

the  chamber w i thout  the  use o f  a  f an  o r  mix ing device. 

I l l u m i n a t i o n  f o r  the p l a n t  was provided by two 500-watt O i c r o l i t e  quartz- iodine lamps 

(33000K emi t ted  temperature) f i t t e d  w i t h  i n f ra - red  r e f l e c t i n g  'ho t  m i r r o r '  assemblies. L i g h t  i n t e n s i t y  

was c o n t r o l l e d  by r a i s i n g  o r  lower ing the p o s i t i o n  of the lamps above the p l a n t  chamber. For the  lowest 

l i g h t  i n t e n s i t i e s  used, the surface o f  the p l a n t  chamber was covered w i t h  neu t ra l  gray F ibreg las  screen- 

ing. L i g h t  i n t e n s i t y  rece ived by the  canopy surface of the  p l a n t  was measured w i t h  a  Brockway Sekonic 

Exposure Meter. The spect ra l  d i s t r i b u t i o n  o f  energy (400 - 750 nm) rece ived by the  p l a n t  under var ious  

experimental cond i t i ons  was measured w i t h  an ISCO Model SRR spectroradiometer and i s  given i n  F igure  5. 

A i r  temperature i n  the  p l a n t  chamber was measured w i t h  a  24-gauge copper-constantan thermo- 

couple which was located under the shade o f  a  mid-sect ion p l a n t  l e a f  b u t  no t  touching it. For comparable 

experiments w i t h  adequate a i r  f low, Sal i sbu ry  and Spooner (1964) have shown t h a t  a i r  temperature measured 

i n  t h i s  manner approximates p l a n t  l e a f  temperature. 

Temperature con t ro l  i n  the  p l a n t  chamber was e f f e c t e d  by var ious  means. The i n f ra - red  

r e f l e c t i n g  'ho t  m i r r o r '  assemblies reduced the heat component a t  the  i l l u m i n a t i o n  source i n  part .  

The i n f ra - red  component was f u r t h e r  reduced by p lac ing  a  f i l t e r  o f  c i r c u l a t i n g  water 5  cm deep between 

the p l a n t  chamber and the O i c r o l i t e  lamps (Fig.  4). The base o f  the water f i l t e r  was located i n  a  f i x e d  

p o s i t i o n  1 dm above the top  of t he  p l a n t  chamber. A t  h i gh  l i g h t  i n t e n s i t i e s ,  however, these means were 

i n s u f f i c i e n t  t o  main ta in  a  constant a i r  temperature w i t h i n  the  p l a n t  chamber. For  the small chambers 

used du r i ng  the f i r s t  two harvests, add i t i ona l  temperature con t ro l  was achieved w i t h  1  i m i  ted  success by 



Tota l  energy ( /uw c i 2 )  p r o v i d e d  by t h e  D i c r o l i t e  lamps a t  l i g h t  i n t e n s i t i e s  used f o r  APS measurements 

S p e c t r a l  r e g i o n  (nm) 

L i g h t  V B G Y 0 R FR 0 . 5 h  
( f t - c )  400-420 420-490 490-580 580-590 590-650 650-700 700-750 T o t a l  (nrn)* 

5000 184.6 1813.3 5508.3 948.4 5580.5 2840.3 1292.2 18167.7 606.9 

2500 74.8 754.4 2441.4 439.8 2466.2 1228.9 579.9 7985.4 606.9 

1000 28.2 318.5 946.1 172.4 975.9 477.6 205.4 3124.2 605.9 

500 20.7 222.4 620.7 106.0 611.2 290.4 132.0 2003.5 603.1 

Wavelength i n  nm a t  m i d p o i n t  o f  t h e  t o t a l  energy d i s t r i b u t i o n  

F i g u r e  5. S p c c t r a l  d i s t r i b u t i o n  o f  energy (400 - 750 nm) r e c e i v e d  by t h e  p l a n t  under +. 
exper imenta l  c o n d i t i o n s  f o r  APS measurements. Graph shows a b s o l u t e  range i n  
r e l a t i v e  i n t e n s i t y  between 5000 and 500 f t - c .  



u s i n g  a  c h e e s e c l o t h  j a c k e t  and i ce -wate r  spray o r  thermal  t u b i n g  w i t h  c i r c u l a t i n g  c o l d  water .  E x c e l l e n t  

tempera tu re  c o n t r o l  was ach ieved  f o r  t h e  l a s t  t h r e e  h a r v e s t  p e r i o d s  u s i n g  a  Lauda K-2R c o n t r o l l e d  temper- 

a t u r e  wa te r  b a t h  wh ich  c i r c u l a t e d  coo l  wa te r  t h r o u g h  copper c o i l s  f i x e d  on t h e  o u t s i d e  o f  t h e  b r a s s  p l a n t  

chambers. Chamber a i r  tempera tu res  w i t h  t h i s  c o n t r o l  c o u l d  be m a i n t a i n e d  a t  20 f 0.5 '~  a t  a l l  i l l u m i n a t i o n  

i n t e n s i t i e s  and lamp p o s i t i o n s .  

R e l a t i v e  h u m i d i t y  o f  t h e  a i r  s t ream a t  t h e  p l a n t  chamber o u t l e t  was measured p e r i o d i c a l l y  

w i t h  a  wet- and d ry -bu lb  psychrometer .  To reduce m o i s t u r e  added t o  t h e  a i r  s t ream by t h e  t r a n s p i r i n g  

p l a n t  b e f o r e  r e a c h i n g  t h e  water-vapour s e n s i t i v e  sensors o f  t h e  i n f r a - r e d  ana lyzer ,  a  d e s i c c a t o r  c o n s i s t -  

i n g  o f  a  200 cc f l a s k  c h i l l e d  w i t h  d r y  i c e  was i n s e r t e d  i n t o  t h e  a i r  c i r c u i t .  F o r  t h e  l a s t  t h r e e  h a r v e s t  

measurements, t h i s  was r e p l a c e d  w i t h  a  tube  o f  D r i e r i t e  (anhydrous CaS04). The d e s i c c a t o r  tube  c o n t e n t s  

were r e p l a c e d  when t h e  c o l o r  i n d i c a t o r  showed t h a t  t h e  D r i e r i t e  was becoming s a t u r a t e d .  R e l a t i v e  humid- 

i t y  o f  t h e  a i r  s t ream a t  t h e  p l a n t  chamber o u t l e t  was m a i n t a i n e d  a t  70 p e r c e n t  w i t h  t h e  d r y  i c e - c h i l l e d  

d e s i c c a t o r  and 60 p e r c e n t  w i t h  t h e  D r i e r i t e  d e s i c c a t o r .  

F o r  t h e  C02 exchange measurements, t h e  i n f r a - r e d  a n a l y z e r  was c a l i b r a t e d  a t  t h e  s t a r t  and end 

o f  each day 's  measurements. D r y  n i t r o g e n  was used as t h e  z e r o  s tandard  and c i r c u l a t e d  th rough  b o t h  

r e f e r e n c e  and sample c e l l s  o f  t h e  i n f r a - r e d  a n a l y z e r  a t  a  f l o w  r a t e  o f  1 1  i t e r  min-' . The upsca le  

s tandard  (350 ppm C02 v/v  i n  a i r ,  Matheson o f  Canada L td .  c a l i b r a t i o n  s tandard )  was c i r c u l a t e d  th rough  

1 t h e  sample c e l l  ( f l o w  r a t e  1 l i t e r  min- ) w h i l e  d r y  n i t r o g e n  was ' t r i c k l e d '  th rough  t h e  r e f e r e n c e  

a n a l y z e r  c e l l .  The zero  s t a n d a r d  ( n i t r o g e n  gas) was t r i c k l e d  th rough  t h e  r e f e r e n c e  c e l l  con t inuous1  y  

d u r i n g  t h e  C02 exchange measurements. 

A f t e r  t h e  shoo t  o f  t h e  t e s t  p l a n t  had been s e a l e d  i n  t h e  chamber, i n c o r p o r a t e d  i n t o  t h e  

c l o s e d  measur ing c i r c u i t  under t h e  i l l u m i n a t i o n  source and t h e  c i r c u i t  checked f o r  a i r  l eaks ,  t h e  

change i n  C02 c o n c e n t r a t i o n  f rom t h e  f i x e d  volume a i r  s t ream was mon i to red .  G iven  t h e  volume o f  t h e  

measur ing c i r c u i t ,  t h e  r a t e  o f  apparen t  p h o t o s y n t h e s i s  can be c a l c u l a t e d  p e r  u n i t  p l a n t  m a t e r i a l  f rom 

t h e  r a t e  o f  d e p l e t i o n  o f  carbon d i o x i d e  (ppa C02 v/v)  f rom t h e  f i x e d  volume. S i m i l a r l y ,  t h e  r a t e  of 

d a r k  r e s p i r a t i o n  can be c a l c u l a t e d  f rom t h e  r a t e  o f  i n c i e a s e  inJOZ c o n c e n t r a t i o n  f rom t h e  f i x e d  

volume when t h e  p l a n t  i s  p l a c e d  i n  complete darkness. 



Apparent photosynthesis measurements were made a t  l i g h t  i n t e n s i t i e s  rang ing from 5000 

t o  500 o r  250 f t - c  a t  var ious  increments f o r  each p l a n t  sampled (see Appendix I f o r  l i g h t  i n tens  

15 

f t -c  

i t i e s  

used a t  each harvest) .  I l l u m i n a t i o n  was set  t o  the  h ighest  i n t e n s i t y  a t  the  beginning o f  each se r i es  

o f  measurements. Each l i g h t  i n t e n s i t y  se r i es  cons is ted o f  a  number o f  I r uns '  between a i r  stream C02 

concent ra t ions  o f  approximately 375 and 250 ppm vfv. The C02 concent ra t ion  o f  the  a i r  stream was i n -  

creased t o  about 375 ppm by blowing c a r e f u l l y  over an opened ground g lass  j o i n t  i n  the  measuring c i r -  

c u i t .  Fo l lowing c losure  o f  t he  j o i n t ,  the  i l l u m i n a t e d  p l a n t  was allowed t o  deplete the  C02 concen- 

t r a t i o n  over a  per iod  o f  t ime u n t i l  C02 i n  t he  c losed a i r  stream reached about 250 ppm. Th is  process 

was repeated u n t i l  two o r  p re fe rab l y  th ree cons is tent  runs had been obtained a t  the  g iven t e s t  l i g h t  

i n t e n s i t y  l eve l .  A s i m i l a r  procedure was fo l lowed f o r  each stage o f  lower l i g h t  i n t e n s i t i e s .  A t  each 

l i g h t  i n t e n s i t y  l eve l ,  a  per iod  o f  5 t o  10  min. was provided the p l a n t  t o  ad jus t  t o  the i l l u m i n a t i o n .  

If an apparent photosynthesis ' run'  i nd i ca ted  t h a t  a  longer  per iod  o f  adjustment was necessary ( t h e  

slope o f  the curve t raced by the  recorder  being steeper than subsequent runs), the  run  was discarded. 

Except f o r  the f i r s t  harvest.  uhen dark r e s p i r a t i o n  measurements were made f o l l o w i n g  each 

l i g h t  i n t e n s i t y  change, dark r e s p i r a t i o n  was measured on l y  f o l l o w i n g  complet ion o f  apparent photo- 

synthes is  runs a t  the  lowest l i g h t  i n t e n s i t y  used. For  each dark r e s p i r a t i o n  run, C02 concent ra t ion  

i n  t he  p l a n t  chamber was depleted by i n s e r t i n g  a  C02 absorber tube ( I nd i ca rb )  i n t o  the  c losed system. 

When the  a i r  stream C02 concent ra t ion  reached approximately 300 ppm, the  absorber was removed and the 

measuring system closed u n t i l  p l a n t  dark r e s p i r a t i o n  increased the  a i r  stream concent ra t ion  t o  about 

350 ppm C02. The procedure was repeated t o  ob ta in  several  dark r e s p i r a t i o n  runs. 

Leaf area and phys ica l  measurements 

Immediately f o l l ow ing  complet ion o f  the  C02 exchange measurements, the  t e s t  p l a n t  was 

removed from the p l a n t  chamber and the area o f  photosynthet ic  surfaces was determined. Leaves, 

a x i l l a r y  and ap ica l  bud, and termina l  green t runk  surfaces were o u t l i n e d  and t raced onto I - m m  

graph paper. A count o f  the  squares and p a r t i a l  squares gave area i n  square decimeters. Necro t ic  

l e a f  areas were deducted from the t o t a l  area f o r  c a l c u l a t i o n  o f  the C02 exchange rates.  



F o l l o w i n g  t r a c i n g  o f  t h e  p h o t o s y n t h e t i c  s u r f a c e s  and r e c o r d i n g  o f  number o f  leaves,  measure- 

ment o f  shoot  l e n g t h  and an approximate coun t  o f  a l d e r  r o o t  nodules,  t h e  p l a n t  was harvested.  Roo ts  

were washed c a r e f u l l y  t o  remove s o i l  p a r t i c l e s ,  and t h e  p l a n t  separa ted  i n t o  r o o t ,  t r u n k  and l e a f  

components. Excess m o i s t u r e  was removed f rom t h e  r o o t s  and f r e s h  w e i g h t  (mg) o f  each component 

determined.  

F o r  t h e  c h l o r o p h y l l  a n a l y s i s ,  t h e  second l a r g e s t  l e a f  was d i v i d e d  a long  t h e  m i d r i b  and t h e  

h a l v e s  were weighed s e p a r a t e l y  f o r  sma l l  p l a n t s .  F o r  t h e  l a r g e r  p l a n t s ,  f o u r  o r  e i g h t  1-cm d i s c s  

were punched o u t  f rom t h e  l e a v e s  and h a l f  t h e  t o t a l  weighed f o r  f r e s h  w e i g h t  p r i o r  t o  t h e  a n a l y s i s .  

The r e m a i n i n g  h a l f  l e a f  o r  d i s c s  n o t  used i n  t h e  c h l o r o p h y l l  a n a l y s i s  were oven-d r ied  and used t o  

a d j u s t  l e a f  d r y  we igh t  by accoun t ing  f o r  p a r t s  used i n  t h e  c h l o r o p h y l l  d e t e r m i n a t i o n .  

C h l o r o p h y l l  . con ten t  o f  t h e  l e a v e s  was de te rmined  f o l l o w i n g  t h e  method o f  Holden (1967). 

Leaf h a l v e s  o r  d i s c s  were macerated i n  5-ml o f  c h i l l e d  80 p e r c e n t  acetone, t h e n  c e n t r i f u g e d  u n t i l  

t h e  s u p e r n a t a n t  was c l e a r .  The s u p e r n a t a n t  was ana lyzed  i n  a  1-cm q u a r t z  c e l l  w i t h  an H i t a c h i  - 

P e r k i n  Elmer Model 139 Spectrophotometer  a t  645 and 663 mlu. Readings were conver ted  t o  mg c h l o r o -  

p h y l l  g-I f r e s h  we igh t  o f  l e a v e s  u s i n g  t h e  f o r m u l a  o f  Mac lach lan  and Z a l i k  (1963): 

12.3 D663 - 0.86 D645 V 
C h l o r o p h y l l  a  (mg g-') = 

19.3 D645 - 3.6 Dbb3 v 
C h l o r o p h y l l  b (mg g-' I  = 

where: V = volume (ml ) 
D  = d e n s i t y  r e a d i n g  on spec t ropho tomete r  
d  = l e n g t h  o f  l i g h t  p a t h  (cm), and 
W = f r e s h  we igh t  ( g )  o f  p l a n t  m a t e r i a l  

D r y  we igh t  o f  t h e  p l a n t  components was de te rmined  f o l l o w i n g  oven-d ry ing  a t  85 f 2 ' ~  f o r  a 

minimum o f  24 hours. P a r t s  were weighed s e p a r a t e l y  and added t o  g i v e  t o t a l  d r y  w e i g h t  o f  p l a n t  

m a t e r i a l .  L e a f  h a l v e s  o r  h a l f  t h e  l e a f  d i s c s  were weighed and t h e  we igh t  doubled and added t o  t h e  

remainder  o f  t h e  l e a f  d r y  we igh t  t o  account  f o r  m a t e r i a l  used i n  t h e  c h l o r o p h y l l  d e t e r m i n a t i o n .  



DATA REDUCT l ON AND STAT l ST ICAL TREATMENT 

For c a l c u l a t i o n  o f  apparent photosynthesis and dark r e s p i r a t i o n  r a t e s  from the curves of 

[ c o ~ ]  versus time, the  computer program o f  Bul l e y  (1969) was employed. Data i n p u t  f o r  the program 

cons is ted o f  [ C O ~ ] ~ ~ ~  read from the s lop ing  curve of each ' run '  a t  one minute i n t e r v a l s  spanning the  

a i r  stream [ c o ~ ]  o f  325 ppm v/v. From the values o f  [ ~ 0 ~ ] p p m  versus time, the  computer program ca l -  

cu la tes  a polynomial equat ion f o r  the curve based on the data  se t  us ing the l e a s t  squares method 

where a l l  da ta  po in t s  are g iven equal weight. D i f f e r e n t i a t i o n  o f  t h i s  equat ion y i e l d s  r a t e  values 

a t  spec i f i ed  ambient [ c o ~ ]  as computer output. The r a t e  value (ppm C02) taken a t  325 ppm ambient 

[ C O ~ ]  was then standardized f o r  pressure and temperature d i f fe rences,  and r a t e s  expressed as 

mg "2 di: surface 
h-1 (mg C02 per decimeter o f  l e a f  area (one surface) per hour). 

S t a t i s t i c a l  t e s t s  were performed on a l l  da ta  t o  determine whether s i g n i f i c a n t  d i f f e rences  

ex i s ted  between species, t reatments ( con t ro l ,  p a r t i a l  and f u l l  shade) o r  season (harvest) .  Ana lys is  

o f  var iance models (ANOVA) were se t  up f o r  the data f o l l o w i n g  Sokal and Rohl f  (1969) t o  p a r t i t i o n  

v a r i a t i o n  con t r i bu ted  by t reatment,  season and i n d i v i d u a l  p l a n t  components. The f i r s t  model was 

a th ree- leve l  h i e r a r c h i c a l  nested ANOVA t e s t i n g  f o r  s i g n i f i c a n c e  o f  d i f f e r e n t  apparent photosynthesis 

r a t e s  a t  se lec ted l i g h t  i n t e n s i t y  l e v e l s  between the two species, among treatments, and a t  d i f f e r e n t  

harvest  per iods  (Fig. 6). This model was a l so  used t o  t e s t  f o r  s i gn i f i cance  o f  t reatment e f f e c t s  on 

ch lo rophy l l  content and biomass measurements. As the f i r s t  between-species ANOVA f o r  APS r a t e s  

showed a h igh  l e v e l  o f  s i gn i f i cance ,  a second model was constructed which compared d i f f e rences  i n  

APS r a t e s  a t  d i f f e r e n t  l i g h t  i n t e n s i t i e s  w i t h i n  one species and among treatments (Fig.  7). The t h i r d  

model was a two- level  model, essen t i a l  1 y s i m i l a r  t o  the second model, bu t  incorpora ted on1 y t reatment 



Sp
ec

ie
s:

 
A=

2 

Tr
ea

tm
en

ts
: 

B=
3 

H
ar

ve
st

: 
C=

4 

R
ep

lic
at

es
: 

r=
3 

Fi
gu

re
 6

. 

AL
DE

R '7
 

MA
PL

E 'F
 

C
on

tr
ol

 
10

0%
 li

g
h

t 

I 

P
ar

ti
 a1

 s
ha

de
 

56
%

 l
ig

h
t 

I
l

l
1

 

2
3

4
5

 d
 

1 
+

 

P
ar

ti
al

 s
ha

de
 

56
%

 li
g

h
t 

1
1

 1
1

-
 

a
 

I 

F
ul

l 
sh

ad
e 

22
%

 l
ig

h
t 

1
1

1
1

 

AN
OV

A 
m

od
el

 f
o

r 
be

tw
ee

n 
sp

ec
ie

s 
co

m
pa

ris
on

 o
f 

ap
pa

re
nt

 p
ho

to
sy

nt
he

si
s 

ra
te

s 
w

it
h 

tr
ea

tm
en

t 
an

d 
se

as
on

. 
Th

e 
m

od
el

 w
as

 u
se

d 
fo

r 
fo

ur
 c

om
pa

ris
on

s 
at

 s
pe

ci
fi

c 
li

g
h

t 
in

te
ns

it
ie

s 
(5

00
0,

 
25

00
, 

10
00

 a
nd

 5
00

 f
t-

c)
. 

* 
Ea

ch
 r

ep
li

ca
te

 r
ep

re
se

nt
s 

th
e 

m
ea

n 
AP

S 
ra

te
 (

3 
ru

ns
) 

of
 a

n 
in

di
vi

du
al

 p
la

nt
 f

o
r 

a 
gi

ve
n 

li
g

h
t 

in
te

ns
it

y.
 



AP
S 

in
te

ns
it

y:
 

A=
4 

Tr
ea

tm
en

t: 
B=

3 

H
ar

ve
st

: 
C=

4 

"
"
 

Re
p1

 ic
at

es
: 

r=
3 

[L
ev

el
s 

B 
an

d 
C 

an
d 

th
e 

th
re

e 
re

pl
ic

at
es

 
re

pe
at

ed
 a

s 
fo

r 
th

e 
50

00
 f

t-
c 

m
od

el
] 

Fi
gu

re
 7

. 
AN

OV
A 

m
od

el
 

fo
r 

w
ith

in
-s

pe
ci

es
 

co
m

pa
ris

on
s 

o
f 

ap
pa

re
nt

 p
ho

to
sy

nt
he

si
s 

ra
te

s 
w

it
h 

tr
ea

tm
en

t 
an

d 
se

as
on

 a
t 

di
ff

er
en

t 
li

g
h

t 
in

te
ns

it
ie

s.
 

Le
ve

ls
 B

 a
nd

 C
 a

nd
 t

he
 r

ep
lic

at
es

 w
er

e 
us

ed
 f

o
r 

th
e 

tr
un

ca
te

d 
tw

o-
le

ve
l 

AN
OV

A. 
**

 E
ac

h 
re

pl
ic

at
e 

re
pr

es
en

ts
 t

he
 m

ea
n 

AP
S 

ra
te

 (
3 

ru
ns

) 
o

f 
an

 i
nd

iv
id

ua
l 

pl
an

t 
fo

r 
a 

gi
ve

n 
li

g
h

t 
in

te
ns

it
y.

 



and h a r v e s t  parameters w i t h i n  t h e  spec ies .  T h i s  model was used f o r  compar ison o f  r e s p i r a t i o n  and r e l a t i v e  

g rowth  r a t e s  (RGR) among t r e a t m e n t s  a t  d i f f e r e n t  h a r v e s t s .  

I n  t h e  l a t t e r  model t ype ,  t h e  r e p l i c a t e s  c o n s i s t  o f  i n d i v i d u a l  measurements o f  a  p l a n t  i n  

a  g i v e n  h a r v e s t  and t rea tment .  As t h e  m a j o r i t y  o f  h a r v e s t s  c o n s i s t e d  o f  t h r e e  p l a n t s  and t h r e e  ' r u n s '  

a t  each l i g h t  i n t e n s i t y  f o r  t h e  apparen t  p h o t o s y n t h e s i s  measurements, a l l  v a l u e s  were considered.  I f  

m i s s i n g  v a l u e s  o c c u r r e d  (such  as o n l y  two APS r u n s  r a t h e r  t h a n  t h r e e  o r  a m i s s i n g  p l a n t  i n  t h e  c h l o r o -  

p h y l l  measurements), t h e  computer program (SFU AVAR 23) accep ts  t h e  ' m i s s i n g  c e l l s '  and completes t h e  

computa t ion  a d j u s t i n g  f o r  degrees o f  freedom. Computed F - r a t i o s  a r e  t a b u l a t e d  i n  t h e  r e s u l t s  s e c t i o n  

as f o l l o w s :  

Degrees o f  
Source f reedom Mean square F - r a t i o  Probabi  1  i t y  

A )  APS l i g h t  i n t e n s i t y  3 184.17 232.22"" 0.0000 
(5000, 2500, 1000 and 500 f t - c )  

B) Treatment  2 
(100, 56 and 22 p e r c e n t  l i g h t )  

C) Season 
(Harves t  2, 3, 4 and 5 )  

I n t e r a c t i o n  

AB ( I n t e n s i  t y / ~ r e a t m e n t )  
AC ( I n t e n s i t y / H a r v e s t )  
BC ( T r e a t m e n t / ~ a r v e s t )  

ABC ( I n t e n s i  t y / T r e a t m e n t / ~ a r v e s t )  I 8  1.50 1.89 ns 0.0164 

E(ABC) W i t h i n ,  e r r o r  te rm 

T o t a l  

** P=<0.001 and P=<0.01, d i f f e r e n c e  s i g n i f i c a n t .  n s  = d i f f e r e n c e  n o t  s i g n i f i c a n t  

C r i t i c a l  v a l u e s  of t h e  F - d i s t r i b u t i o n  a t  i n d i c a t e d  p r o b a b i l i t y  l e v e l s  a re  t a k e n  f rom 

Table S  ( R o h l f  and Sokal ,  1969). 



RESULTS 

The r e s u l t s  repor ted here are presented i n  th ree sect ions.  F i r s t ,  the growth h a b i t  and appear- 

ince o f  the  p l a n t s  i s  described, and biomass changes and r e l a t i o n s h i p s  o f  major p l a n t  components are given. 

iecond, c h a r a c t e r i s t i c s  o f  the photosynthet ic  apparatus ( l e a f  area, s p e c i f i c  l e a f  area and chTorophyl1 

:ontents1 are presented, and t h i r d ,  apparent photosynthesis (APS) and dark r e s p i r a t i o n  r a t e s  are analyzed 

>y species, season and growth l i g h t  treatment. Summarized data  on which the f i g u r e s  and analyses are based 

is  given i n  Appendix I I. 

P lan t  Growth -- 

As the term i s  used here, growth h a b i t  comprises s u b j e c t i v e l y  d e s c r i p t i v e  terms such as shape, 

rinnr. s ~ l c c ~ ~ l e n r ~ .  surface tex tu re  and c o l o r  tone. These q u a l i t i e s  combine t o  form a Ges ta l t  t h a t  un i -  

lue ly  charac ter izes  p l a n t s  from the three l i g h t  t reatments (Fig.  8). 

F igure  8. Experimental p l an t s  i n  l a t e  sp r i ng  (June 4). 



Dif ferences i n  maple seedl ings among the three treatments were s u f f i c i e n t l y  great  t o  be not ice-  

ab le  & a distance, b u t  were m a r e n d i f f i c u l t  t o  distinguish among the a l d e r  seedlings, Cont ro l  (100 pe rcen i  

Ifght) a l d e r  p lan te  i n  late spr ing  ( 4  June) had a s l l g h t  bronzed eolos i n  tktr I e a v w  and the leaves had a 

coarse surface t e x t u r e  and ware more s t i f f l y  disposed from the stem than a lde r  p l a n t s  from the  s h a h  t r e a t -  

ments (Fig. 93. Alder  seedl ings from the  h i e  t reatments (56 and 22 percent  t i g h t )  had sof t ,  almost 

ve l ve t y  w r f a c e s  and a f r a g i l e  t h i n  apiearance. I n  cont ras t ,  maple ssed l lnps  from the three l i g h t  t r e a t -  

ments showed s t r i k i n g  d i f f e rences  i; c o l o r  (Fig. 10). Cont ro l  maples (100 percent l i g h t )  had a reddish- 

bronze c o l o r  which was maintained throughout t he  season, whereas the  f u l l  shade p l a n t s  (22 percent l i g h t )  

were c h a r a c t e r i s t i c a l l y  r i c h  green w i t h  a s l i g h t  b l u i s h  cast. P a r t i a l  shade (56 percent l i g h t )  maple 

seed1 i ngs  were in termedia te  i n  co lo r .  Ch lorophy l l  content  o f  leaves from the three treatments were d i f f e r -  

en t  w i t h i n  each species and are  discussed l a t e r .  

D i f f e rences  i n  l e a f  d i s p o s i t i o n  from the stem are  a lso  apparent between species and between 
-. 
treatments (Figs.  9 and 10). A lder  seed l ing  leaves are more i n c l i n e d  upward (becoming more f l a t l y  arranged 



Figure  10. Representat ive maple seed1 i ngs  from the three 1 i g h t  t reatments i n  
a) l a t e  sp r i ng  ( 4  June) and b) mid-summer (26 J u l y ) .  Cont ro l  (100 
percent l i g h t ) ,  l e f t ;  p a r t i a l  shade (56 percent l i g h t ) ,  middle; and 
ful l -shade (22 percent l i g h t ) ,  r i g h t .  +- 



Alder  and maple growth pa t te rns  are s t r i k i n g l y  d i f f e r e n t .  From the two- leaf stage i n  e a r l y  

spr ing,  a lde r  seedl ings i n  a l l  l i g h t  t reatments cont inue shoot ex tens ion w i t h  new leaves developing u n t i l  

l a t e  summer. Maple seedlings, on the o ther  hand, develop two o r  f o u r  leaves e a r l y  i n  the season w i t h  very 

1  i t t l e  shoot extension and a d d i t i o n  o f  new leaves from e a r l y  summer. As a  r e s u l t ,  maple seed1 ings  were 

l a r g e r  p lan ts  a t  the beginning o f  the harvest schedule bu t  d i d  not  main ta in  as h igh  r a t e  o f  biomass 

increase as the a lde r  seedl ings l a t e r  i n  the season (Fig.  11 and Table 2). For a l l  l i g h t  treatments, 

t o t a l  biomass o f  the maple seedl ings increased about 2.5 t o  3 t imes between harvests 1 and 5 ,  whereas 

t o t a l  biomass o f  the a lde r  seedl ings increased about 90 t o  110 times. Almost a l l  t o t a l  biomass incre-  

ment i s  a t t a i n e d  by maple seedl ings by l a t e  Ju l y  - e a r l y  August. The bu lk  o f  biomass increment occurs 

a f t e r  l a t e  J u l y  - e a r l y  August i n  the a lde r  seed1 ings. Tota l  biomass o f  the  seed l ings  by harvest pe r i od  

(season) and between species was s i g n i f i c a n t l y  d i f f e r e n t  (Table 3). 

Al though t o t a l  p l a n t  biomass and biomass o f  the separated p l a n t  components appears d i f f e r e n t  

between treatments f o r  both  a lde r  and maple seedl ings (Fig.  11), considerable v a r i a t i o n  was present 

between i n d i v i d u a l  p l an ts  w i t h i n  each treatment a t  the  d i f f e r e n t  harvest  per iods  (see Appendix I I, Table 

I). Analys is  o f  t o t a l  biomass between treatments was not  s i g n i f i c a n t l y  d i f f e r e n t  f o r  e i t h e r  species when 

tes ted  together  (Table 3)  o r  separa te ly  (Table 4). 

To reduce v a r i a t i o n  caused by i n d i v i d u a l  p l a n t  s i ze  w i t h i n  treatments, percent d ry  weight 

d i s t r i b u t i o n  o f  the p l a n t  components was ca l cu la ted  f o r  both  a lde r  and maple seedlings. For both  species, 

stems accounted f o r  an approximately constant amount (16 - 20 percent)  o f  the  p l a n t  d r y  weight w i t h  a  

s l i g h t  increase near the end o f  the  season (Fig. 12). A t  the  end o f  the  harvest  schedule, mean dry  

weight o f  the  maple seedl ings r o o t s  was 54 - 64 percent o f  the t o t a l ,  whereas a l d e r  r o o t s  accounted f o r  

on l y  40 - 46 percent o f  the t o t a l  d r y  weight. For both  species, lowest percentages occurred i n  the f u l l  

shade (22 percent l i g h t )  t reatment a t  the  end o f  the season. Although both species have most o f  t h e i r  

d r y  mat ter  concentrated i n  the leaves a t  the  beginning o f  the  season w i t h  a  decreased amount a t  the end 

of the season, the  pat terns  d i f f e r  between species (Fig.  12). Maple seedl ings show a cons is tent  dec l i ne  

i n  the percent d ry  matter present i n  the leaves o f  a l l  t reatments from the i n i t i a l  harvest  t o  the  f i n a l  

harvest. Leaves o f  a l de r  seedlings, however, main ta in  a  h igh  percentage o f  the t o t a l  dry weight u n t i l  



Figure  11. Mean t o t a l  biomass o f  p l an t  componentS.for the  a lde r  and maple 
seedl ings by t reatment and harvest.  



Table 2. Mean t o t a l  biomass o f  t h e  a l d e r  and maple s e e d l i n g s  by t r e a t m e n t  and h a r v e s t  
( d r y  weight ,  mg). 

H a r v e s t  
Species Treatment 1 2 3 4 5 

A1 d e r  C o n t r o l  (100% 1 i g h t )  7 32 125 884 941 

P a r t i a l  shade (56% l i g h t )  11 36 150 603 1345 

F u l l  shade (22% l i g h t )  11 21 105 436 892 

Map1 e C o n t r o l  (100% 1 i g h t )  288" 733 876 948 979+ 

P a r t i a l  shade (56% l i g h t )  359 733 841 121 2 843' 

F u l l  shade (22% 1 i g h t )  399 532 81 8 807 81 8' 

Values a r e  averages o f  3 p l a n t s ;  e x c e p t  ", 4 p l a n t s  and +, 2 p l a n t s  

Tab le  3. ANOVA f o r  between s p e c i e s  compar ison o f  t o t a l  biomass produced by t r e a t m e n t  and 
h a r v e s t  

Source Degrees o f  Mean square F - r a t i o  Probabi  1 i t y  
f reedom 

A) Species 1 2951 906.00 46.51"" 0.0000 
B) Treatment  2 129355.38 2.04 ns 0.1379 
C) Season ( H a r v e s t )  4 1794064.00 28.27"" 0.0000 

AB (Species/Treatment)  2 390.62 0.01 ns 0.9964 
AC ( ~ p e c i e s / ~ a r v e s t )  4 521 91 7.50 8.22"" 0.0001 
BC ( ~ r e a t m e n t l ~ a r v e s t )  8 33971.88 0 .54ns  0.8257 
ABC ( S p e c i e s / T r e a t m e n t / ~ a r v e s t )  8 59885.25 0.94 ns 0.5104 

E(ABC) W i t h i n ,  e r r o r  t e r m  56 63471.21 

T o t a l  8 5 197418.31 

Tab le  4. Separate ANOVA's f o r  w i t h i n  s p e c i e s  compar ison o f  t o t a l  biomass produced by t r e a t -  
ment and harves t .  

Source Degrees o f  Mean square f - r a t i o  Probabi  l i t y  
f reedom 

ALDER SEEDL l NGS 

A) Treatment  2 76275.00 0 .97ns  0.6068 
B) Season ( H a r v e s t )  4 1 920532.00 24.39"" 0.0000 

AB (Trea tment /Harves t )  8 66233.62 0.84 ns 0.5752 
E(AB) Wi th in ,  e r r o r  te rm 30 78735.31 
T o t a l  4 4 243786.56 

MAPLE SEEDL l NGS 

A) Treatment  2 54812.66 1.20 ns 0.3190 
B) Season ( H a r v e s t )  4 485159.75 10.58"" 0.0001 

AB (Trea tment /Harves t )  8 29894.75 0.65 ns 0.7288 
E(AB) Wi th in ,  e r r o r  te rm 26 45858.80 
T o t a l  40 87043.75 
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the  l a s t  harvest.  For both species, f i n a l  mean percent l e a f  d r y  weight was h ighest  i n  the  22 percent 

1  i g h t  treatment. 

Species d i f f e rences  i n  p ropo r t i on  o f  d r y  mat ter  devoted t o  above ground (shoot )  and below ground 

components are es tab l ished c l e a r l y  by root/shoot r a t i o  data, a l though as Blackman (1968) found as we l l  

there  i s  considerable v a r i a t i o n  among species. I n  a l l  l i g h t  treatments, a l d e r  cons i s ten t l y  devoted more 

biomass t o  photosynthet ic organs and t h e i r  above ground support than t o  r o o t s  throughout the harvest 

per iod  (Table 5). Mean root/shoot r a t i o s  d i d  not  reach 1.00 i n  any l i g h t  t reatment and were lowest i n  the 

- 2 2  percent l i g h t  ( f u l l  shade) t reatment near the end o f  the season. For a lde r  treatments, the  marked 

increase i n  mean root-shoot r a t i o  from harvest  4  (August - e a r l y  September) t o  harvest 5  ( l a t e  September - 

e a r l y  October) co inc ides w i t h  the  mean biomass s h i f t  where r o o t  biomass equals o r  exceeds l e a f  biomass f o r  

the f i r s t  t ime throughout the season (see Fig. 11). I n  a t  l e a s t  the con t ro l  a l de r  treatment, the s h i f t  

may be accounted f o r  i n  p a r t  by l e a f  f a l l  i n  l a t e  season. 

I n  cont ras t ,  maple seed l ings  i n  a1 1  harvests  general 1  y  showed a  progressive increase i n  r o o t /  

shoot r a t i o s  and approached o r  exceeded a  mean r a t i o  o f  1.00 du r i ng  Ju l y  o r  e a r l y  August (harvest  2  t o  3). 

A t  harvest 3, however, maple seed l ings  were becoming root-bound i n  the  p l a n t  pots and they were repot ted 

before harvest  4. Root ' re lease '  may account f o r  the increased root/shoot r a t i o s  a t  the  l a s t  two harvests  

(Table 5). Nevertheless, maple seed l ings  cons i s ten t l y  devote more biomass t o  r o o t  components than t o  those 

above ground from e a r l y  season desp i te  the  apparent l a rge  l e a f  s ize  o f  t h i s  species. 

D i f fe rences i n  root /shoot  r a t i o s  between treatments by species do n o t  appear t o  be s i g n i f i c a n t  

due t o  v a r i a t i o n  between i n d i v i d u a l  p l a n t s  and was no t  tested. 

- 
Table 5. Mean root/shoot r a t i o s  o f  the  a lde r  and maple seedl ings by t reatment and harvest 

Harvest 
Species Treatment 1  2 3 4 5 

A lder  Cont ro l  (100% 1 i g h t )  0.27 0.47 0.50 0.58 , 0.85 
P a r t i a l  shade (56% l i g h t )  0.50 0.40 0.45 0.56 0.91 
F u l l  shade (22% l i g h t )  0.46 0.43 0.37 0.38 0.69 

Map1 e  Cont ro l  (100% 1 i g h t )  0.38 0.76 1.10 1.54 1.70 
P a r t i a l  shade (56% l i g h t )  0.43 0.76 1.26 1.49 1.88 
F u l l  shade (22% l i g h t )  0.41 0.64 0.90 1.39 1.16 



Fur the r  eva lua t i on  of poss ib le  d i f f e rences  among treatments and between species a t  each harvest 

inc luded c a l c u l a t i o n  o f  r e l a t i v e  growth r a t e s  (RGR) based on Blackman's formula (1968) as fo l lows:  

l n W 2  - l n W 1  
RGR = 

where: W 2  i s  t o t a l  p l a n t  biomass a t  t ime t2 ( a  subsequent harvest) ,  and W1 i s  t o t a l  p l a n t  

biomass a t  t ime tl ( t h e  base harvest o r  harvest  preceding $1. 

Thus, r e l a t i v e  growth r a t e s  may be ca l cu la ted  i n  two ways. The f i r s t  method used a  common 

base p l a n t  f o r  W1 and i n d i v i d u a l  p l a n t s  (WE) from subsequent harvests  i n  order t h a t  t ime d i f f e rences  

( t 2  - tl) between the base harvest date (1 June) and exact date o f  harvest  f o r  an i n d i v i d u a l  p l a n t  w i t h i n  

harvest per iod  could be accounted fo r .  The second method compared mean t o t a l  p l a n t  biomass between 

successive harvests  based on mean t ime i n t e r v a l s  between harvests. 

As base p lan ts  were not  harvested f o r  each species a t  to , mean base p l a n t s  were ca l cu la ted  

from harvest  1 f o l l o w i n g  t e s t s  f o r  s i g n i f i c a n t  d i f f e rences  between roo t ,  stem and l e a f  components and 

t o t a l  biomass between treatments f o r  t h a t  harvest. The analyses o f  var iance revealed no s i g n i f i c a n t  

d i f f e rences  between treatments f o r  e i t h e r  the  a lde r  o r  maple seedl ings a t  harvest 1. Mean base p lan ts  

used sere, there fore :  

Alder:  t o t a l  biomass 9.96 + 1.67 mg 

Maple: t o t a l  biomass 371.0 k 6 . 0  mg 

The resu l t s ,  as might be expected, emphasize the d i f f e r e n t  growth pa t te rns  between species 

and seasonal d i f f e rences  w i t h i n  species (Fig. 13). For  a1 1  1  i g h t  treatments, a l de r  seed1 i ngs  increase 

r a p i d l y  from i n i t i a l l y  h igh  values i n  e a r l y  season w i t h  l i t t l e  o r  no dec l i ne  a t  t he  f i n a l  harvest  when 

based on the base p l a n t  ana lys is .  Based on the successive harvest  analysis,  the  a lde r  seedl ings showed 

a  s l i g h t  t o  sharp dec l i ne  i n  r e l a t i v e  growth r a t e  i n  l a t e  season. Maple seed1 ings  have lower i n i t i a l  

RGR's and on the bas is  o f  the base p l a n t  ana l ys i s  show a gene ra l l y  cons i s ten t  dec l i ne  from e a r l y  season 

u n t i l  the end o f  the  harvest schedule. Re la t i ve  growth r a t e  ana l ys i s  based on successive harvests  had 

an e r r a t i c  pa t te rn  f o r  the  shade-treated maple seedlings. 

Separate analyses o f  var iance f o r  each species i nd i ca ted  t h a t  seasonal pa t te rns  of RGR were 
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s i g n i f i c a n t l y  d i f f e r e n t  and t h a t  l i g h t  t reatment had no s i g n i f i c a n t  e f f e c t  on r e l a t i v e  growth r a t e s  

(Table 6). These analyses were ca l cu la ted  us ing the base p l a n t  data. 

Table 6. ANOVA f o r  w i t h i n  species comparison o f  r e l a t i v e  growth r a t e s  (RGR) by t reatment 
and harvest per iod.  

Source Degrees o f  
freedom Mean square F - r a t i o  Probabi 1 i t y  

ALDER SEEDL l NGS 

A) Treatment 2 1.982 2.55 ns 0.0978 
B) Harvest 3 3.676 4.72 0.0100 

AB 6 0.606 0.78 ns 0.5960 

Within,  e r r o r  24 0.778 
Tota l  35 1.066 

MAPLE SEEDL l NGS 

A )  Treatment 2 0.389 1.65 ns 0.21 76 
B) Harvest 3 1.596 6.77 0.0030 

AB 6 0.170 0.72 ns 0.6380 

Within, e r r o r  19 0.236 
Tota l  30 0.369 

Leaf Cha rac te r i s t i cs  o f  the  Seed1 i ngs  - 
Dif fe rences  i n  number o f  leaves and l e a f  area between the a lde r  and maple s e e d l i n p  emphasize 

the d i f f e r e n t  growth pa t te rns  o f  the  species. A f t e r  Harvest 2 (June - Ju ly ) ,  there  i s  no increase i n  

mean number o f  leaves f o r  the maple seedlings, and w i t h  t he  except ion  o f  the con t ro l  (100 percent l i g h t )  

p lants,  the  mean number o f  leaves remains l a r g e l y  constant (Fig. 14). Mean number o f  leaves f o r  the 

a lde r  seedl ings increases u n t i l  Harvest 4 (August - September) and then decl ines.  

D i f f e rences  i n  l e a f  area increment are more pronounced between species. At Harvest 1 (May - 

June), mean t o t a l  l e a f  area o f  the  maple seedl ings was approximately 30 - 40 t imes t h a t  o f  the  a lde r  

seedl ings (Table 7). Maple seedl ings reached t h e i r  maximum l e a f  area i n  ea r l y -  t o  mid-summer, whereas 

a l d e r  seedl ings reached maxima i n  l a t e  summer o r  e a r l y  f a l l .  A t  t he  end o f  the  growing season f o l l o w i n g  

an almost cont inua l  increase i n  l e a f  area, mean t o t a l  l e a f  area o f  the a lde r  seedl ings exceeded t h a t  o f  

maple. Th is  p a t t e r n  i s  i l l u s t r a t e d  as we l l  by d i f f e rences  i n  mean area per l e a f  o f  the seedl ings by 

harvest  per iod  (Fig.  14). For  bo th  species, h ighest  mean t o t a l  l e a f  area and mean area per l e a f  





Table 7. Mean t o t a l  l e a f  area and mean n e c r o t i c  l e a f  area (dm{) o f  the  a lde r  and maple ' 
seedl ings by l i g h t  t reatment and harvest per iod.  

Species Treatment 

Mean t o t a l  l e a f  area 

A lder  Cont ro l  (100% l i g h t )  
P a r t i a l  shade (56% l i g h t )  
F u l l  shade (22% l i g h t )  

Maple Cont ro l  (100% l i g h t )  
P a r t i a l  shade (56% l i g h t )  
F u l l  shade (22% l i g h t )  

Harvest 
1  2 3 4 5 

Mean n e c r o t i c  l e a f  area 

A lder  Cont ro l  (100% l i g h t )  
P a r t i a l  shade (56% l i g h t )  
F u l l  shade (22% l i g h t )  

Maple Cont ro l  (100% l i g h t )  
P a r t i a l  shade (56% l i g h t )  
F u l l  shade (22% l i g h t )  

occurred i n  the f u l l  shade (22 percent l i g h t )  t reatment.  Necro t ic  l e a f  area was a lso  lower i n  t he  

a l d e r  seed l ings  (Table 7). Consequently, the e f f e c t i v e  l e a f  surface f o r  photosynthesis i s  substant- 

i a l l y  h igher  f o r  the a lde r  seedl ings than f o r  the maple seedl ings toward the end o f  the growing 

season. 

To measure l e a f  dens i ty ,  s p e c i f i c  l e a f  area was ca l cu la ted  f o r  each species by harvest 

per iod  and treatment.  S p e c i f i c  l e a f  area expresses a  s ing le-sur face area per u n i t  d ry  weight o f  

l e a f  t i ssue.  Thus, the h igher  the r a t i o ,  the t h i n n e r  and/or l e s s  dense the  l e a f .  Highest mean 

s p e c i f i c  l e a f  area occurred i n  the shade treatments f o r  both  species. For the a lde r  seedlings, 

cons is tent1  y  h igh  r a t i o s  occurred on1 y  i n  the fu l l -shade (22 percent 1  i g h t )  t reatment,  whereas 

c o n s i s t e n t l y  h igher  r a t i o s  occurred f o r  the  maple seedl ings i n  both  shade treatments (Fig.  15). 

As considerable v a r i a b i l i t y  occurs between i n d i v i d u a l  p l a n t s  f o r  bo th  l e a f  area and l e a f  d ry  weight 

(see Appendix I I ,  Table I ) ,  the  s p e c i f i c  l e a f  area data  was not  tes ted f o r  s i g n i f i c a n t  d i f fe rences.  

Chl orophyl 1  

Ch lorophy l l  content  (mgIg f. wt.) d i f f e r s  between species i n  magnitude and pa t te rn  (Fig.  15).  
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I n i t i a l  ch lo rophy l l  content  o f  the  maple seedl ings (Harvest 1) was gene ra l l y  h ighe r  than t h a t  o f  the 

a lde r  seed1 ings  (Fig.  15; Appendix I I, Table 2), and showed almost cont inua l  dec l i ne  over the growing 

season. A lder  seedlings, on the o the r  hand, increased i n  ch lo rophy l l  content  a t  mid-season (100 percent 

and 56 percent l i g h t  t reatments) and then remained comparat ively constant f o r  the remainder o f  the season 

o r  had a  progress ive  increase throughout the  season (22 percent l i g h t  t reatment) .  A between species 

ana l ys i s  o f  var iance o f  the  ch lo rophy l l  da ta  showed s i g n i f i c a n t  d i f f e rences  between species, between 

treatments, and between harvest  per iods  (Table 9). 

The marked d i f f e rence  i n  seasonal p a t t e r n  o f  ch lo rophy l l  content  i s  e s p e c i a l l y  ev ident  by ca l -  

c u l a t i n g  t o t a l  l e a f  ch lo rophy l l  content  o f  the  p l a n t s  by t reatment and harvest  (Table 8). Mean t o t a l  

l e a f  ch lo rophy l l  content  o f  the  maple seedl ings i s  approximately 30 t o  50 t imes t h a t  o f  a l de r  a t  Harvest 

1. A t  the  end o f  the  season (Harvest 5),  however, mean t o t a l  l e a f  ch lo rophy l l  content  o f  a l de r  seedl ings 

i s  about 8 t o  16 t imes t h a t  o f  maple seedl ings when compared by l i g h t  t reatment.  Thus, t o t a l  l e a f  ch loro-  

p h y l l  content  o f  the a lde r  seedl ings increases about 60 t o  100 t imes over the  season whereas maple seed- 

l i n g s  decrease about 4 t o  8 t imes i n  t o t a l  l e a f  ch lo rophy l l  (Table 8). 

For  bo th  species, h i ghes t  ch lo rophy l l  content (mg/ g  l e a f  f. wt.) occurred i n  t $ e  f u l l  shade 

(22 percent l i g h t )  t reatment (F ig .  15); shade treatments f o r  both  species had h igher  ch lo rophy l l  contents 

i n  the  leaves than f o r  the  con t ro l  (100 percent l i g h t )  t reatment.  Separate analyses o f  var iance by species 

revealed s i g n i f i c a n t  d i f f e rences  by t reatment and harvest  f o r  the  a l d e r  seed1 ings, and s i g n i f i c a n t  d i f f e r -  

ence i n  ch lo rophy l l  content by harvest  f o r  the  maple seedl ings (Table 10). The r a t h e r  l a rge  v a r i a b i l i t y  

i n  ch lo rophy l l  content o f  the maple seedl ings i n  the  56 percent l i g h t  t reatment a t  Harvest 1  (Fig. 15) 

may account f o r  1  ack o f  s i g n i f i c a n t  d i f f e rences  between 1  i g h t  t reatments.  

Separate analyses o f  var iance were performed on var ious  t reatment combinations by species t o  

f u r t h e r  evaluate t reatment e f f e c t s .  These analyses were based on l y  on data from Harvests 2 t o  5 i nc lus -  

ive .  For the  a lde r  seedl ings,  ch lo rophy l l  content  o f  the  56 percent l i g h t  ( ~ a r t i a l  shade) p l a n t s  was 

no t  s i g n i f i c a n t l y  h igher  than f o r  the  c o n t r o l  (100 percent l i g h t )  p lan ts ,  b u t  ch lo rophy l l  content o f  t he  

f u l l  shade grown (22 percent l i g h t )  a l de r  seedl ings was s i g n i f i c a n t l y  h igher  than t h a t  f o r  e i t h e r  the  

c o n t r o l  o r  p a r t i a l  shade grown p l a n t s  (Table 11). For the  maple seedlings, f u l l  shade grown p lan ts  had 



Tab le  8. Mean t o t a l  c h l o r o p h y l l  c o n t e n t  o f  t h e  l e a v e s  o f  a l d e r  and maple s e e d l i n g s  by 
t r e a t m e n t  and h a r v e s t  p e r i o d  (mg / p l a n t ) .  

H a r v e s t  
Species Treatment  1 2 3 4 5 

A l d e r  C o n t r o l  (100% 1 i g h t )  0.16 0.8T 6.08 27.7 16.7 

P a r t i a l  shade (56% l i g h t )  0.46 0.79 5.37 24.1 28.7 

F u l l  shade (22% 1 i g h t )  0.33 0.82 5.58 21.8 34.8 

Map1 e  C o n t r o l  (100% l i g h t )  10.3 10.1 8.31 4.94 1.46" 

P a r t i a l  shade (56% l i g h t )  14.2 14.1 7.93 9.54 1.80" 

F u l l  shade (22% l i g h t )  16.1 13.8 13.9 13.0 4.10" 

Values a r e  averages o f  3 p l a n t s ;  e x c e p t  *, 2 p l a n t s .  

Tab le  9. ANOVA f o r  between spec ies  compar ison o f  c h l o r o p h y l l  c o n t e n t  by t r e a t m e n t  and 
harves t .  [ANOVA based on c h l o r o p h y l l  d a t a  expressed as mg / g l e a f  f r e s h  wt.] 

Source Degrees o f  Mean square F - r a t i o  Probabi  1  i t y  
freedom 

A) Species 1 5.811 40.91"" 0.0000 
B) Treatment  2 2.554 11.98"" 0.0000 
C) H a r v e s t  (season) 4 0.856 6.02"" 0.0006 

AB (Species/Treatment)  2 0.126 0.89 ns 0.581 1 
AC (Species/Harvest)  4 3.779 26.61 "* 0.0000 
BC ( ~ r e a t m e n t / H a r v e s t )  8 0.273 1.92 ns 0.0735 
ABC ( ~ ~ e c i e s / ~ r e a t m e n t / ~ a r v e s t )  8 0.223 1.57 ns 0.1533 

E(ABC) W i t h i n ,  e r r o r  t e r m  57 0.142 

T o t a l  86 0.486 

Tab le  10. Separate ANOVAts f o r  w i t h i n  spec ies  compar ison o f  c h l o r o p h y l l  c o n t e n t  by t r e a t -  
ment and harves t .  [Based on c h l o r o p h y l l  d a t a  expressed as mg / g  l e a f  f r e s h  w t . ]  

Source Degrees o f  Mean square F - r a t i o  Probabi  1  i t y  
freedom 

ALDER SEEDL l NGS 

A) Treatment  
0 )  H a r v e s t  (season) 

AB (T rea tment /Harves t )  
E(AB) W i t h i n ,  e r r o r  te rm 
T o t a l  

MAPLE SEEDLl NGS 

A) Treatment  2 0.781 5.24 ns 0.0118 
B) H a r v e s t  (season) 4 3.408 22.87"" 0.0000 

AB ( ~ r e a t m e n t / H a r v e s t )  
E(AB) W i t h i n ,  e r r o r  t e r m  
T o t a l  41 0.541 



Table 11. Separate ANOVA's o f  t reatment combinations f o r  w i t h i n  species comparison o f  
ch lo rophy l l  content. [Based on ch lo rophy l l  da ta  expressed as mg / g l e a f  
f r e s h  weight, Harvests 2 t o  5 inc lus ive ] .  

Degrees o f  
Source freedom 

ALDER SEEOLl NGS 

100% vs. 56% l i g h t  t reatment 

A) Treatment 
0) Harvest 

AB (Treatment lHarvest)  
E(AB) Within,  e r r o r  term 
Tota l  

100% vs. 22% l i g h t  t reatment 

A) Treatment 
B) Harvest 

AB ( ~ r e a t m e n t / ~ a r v e s t )  
E(AB) Within,  e r r o r  term 
To ta l  

56% vs. 22% l i g h t  t reatment 

A) Treatment 
B) Harvest 

AB ( ~ r e a t m e d ~ a r v e s t )  
E(AB) Within,  e r r o r  term 
Tota l  

MAPLE SEEDL l NGS 

100% vs. 56% l i g h t  t reatment 

A) Treatment 
B) Harvest 

AB ( ~ r e a t m e n t / ~ a r v e s t )  
E(AB) Within, e r r o r  term 
Tota l  

100% vs. 22% l i g h t  t reatment 

A) Treatment 
B) Harvest 

AB ( ~ r e a t m e d ~ a r v e s t )  
E(AB) Within,  e r r o r  term 
Tota l  

56% vs. 22% l i g h t  t reatment 

A) Treatment 
8) Harvest 

AB ( T r e a t m e d ~ a r v e s t )  
E(AB) Within, e r r o r  term 
Tota l  

Mean square F - ra t i o  Probab i l  i t y  



s i g n i f i c a n t l y  h igher  ch lo rophy l l  content  o f  leaves than the p a r t i a l  shade and con t ro l  p lants,  and the 

p a r t i a l  shade p lan ts  had s i g n i f i c a n t l y  h igher  l e a f  ch lo rophy l l  content  than the con t ro l  p lan ts .  

The data  suggest, there fore ,  t h a t  the  shade treatments had a  s t ronger  and more cons is tent  

e f f e c t  on l e a f  ch lo rophy l l  content o f  maple seedl ings than on the a lde r  seedlings. Th is  e f f e c t  together  

w i t h  the marked d i f f e rence  between species i n  seasonal l e a f  ch lo rophy l l  pa t t e rn  i s  evaluated f u r t h e r  i n  

r e l a t i o n  t o  apparent photosynthesis and growth pa t te rn  d i f f e rences  o f  t he  seedl ings l a t e r  i n  t h i s  t h e s i i .  

Apparent Photosynthesis and Dark Resp i ra t i on  Rates 

Measurements o f  apparent photosynthesis and dark r e s p i r a t i o n  were made on i n d i v i d u a l  a l de r  and 

maple seedl ings from each l i g h t  t reatment a t  each harvest per iod.  For each seed l ing  , the measurements 

consisted o f  a  number o f  runs  ( r e p l i c a t e s )  a t  each l i g h t  i n t e n s i t y  used f o r  the  C02 exchange study. 

As might be expected, i n d i v i d u a l  seedl ings w i t h i n  a  l i g h t  t reatment and p a r t i c u l a r  harvest per iod  

d i f fe red i n  absolute apparent photosynthesis and dark r e s p i r a t i o n  r a t e s  (q C02 d i :  h"). Th is  v a r i -  

a t i o n  i s  apparent i n  the  mean apparent photosynthesis and dark r e s p i r a t i o n  r a t e s  g iven by seed l ing  i n  

Appendix I I, Table 2. Measurements made a t  Harvest 1 were no t  used i n  s t a t i s t i c a l  analyses o f  the  data; 

t he  l i g h t  i n t e n s i t i e s  employed were gene ra l l y  d i f f e r e n t  from subsequent harvests,  and temperature con t ro l  

w i t h i n  the  p l a n t  chamber was n e i t h e r  as r e l i a b l e  o r  cons is tent  as the  con t ro l  achieved f o r  the  remaining 

harvest  periods. 

Apparent photosynthesis r a t e s  (APS) 

A lder  seedl ings have c l e a r l y  h igher  r a t e s  o f  apparent photosynthesis than maple seedl ings a t  

a l l  harvest  periods, l i g h t  treatments, and corresponding l i g h t  i n t e n s i t i e s  used i n  the  C02 exchange 

measurements (Figs. 16 and 17). I n  no harvest  d i d  the  values over lap;  values f o r  a lde r  seedl ings were 

cons i s ten t l y  about 3 t o  10 t imes greater  than f o r  the  maple seedlings. 

Despi te these d i f fe rences,  however, there  are s i m i l a r i t i e s  i n  response o f  bo th  species t o  

growth l i g h t  treatment. By e l i m i n a t i n g  d i f f e rences  i n  absolute r a t e s  (mg COZ dm': h-') when the r a t e  

f o r  each species by t reatment and harvest  i s  expressed as a  percent o f  the maximum r a t e  (usua l l y  a t  

5000 f t - c ) ,  the shape o f  the  APS curve vs. l i g h t  i n t e n s i t y  i s  s i m i l a r  by l i g h t  t reatment (Fig. 18). 
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Thus f o r  both  species, the  curves f o r  the  f u l l  shade (22 percent l i g h t )  p l an ts  are more sharply i n f l e c t e d  

around 1000 f t - c  than the curves f o r  the con t ro l  (100 percent l i g h t )  p l a n t s  (F ig .  18). The p a r t i a l  shade 

grown p l a n t s  (56 percent l i g h t )  appear in termedia te  i n  response. 

Photosynthesis o f  the a lde r  seedl ings grown i n  f u l l  l i g h t  (100 percent )  i s  not  l i g h t  sa tura ted 

a t  5000 f t - c  throughout the season (Fig. 16). P a r t i a l  shade grown (56 percent l i g h t )  a l de r  seedlings, 

however, approach l i g h t  sa tu ra t i on  around 2500 f t - c  du r i ng  p a r t  o f  the  growing season (karvests  2 and 3), 

and f u l l  shade (22 percent l i g h t )  p l a n t s  approach l i g h t  s a t u r a t i o n  between 1000 and 2500 f t - c  a t  Harvests 

2 and 3 and a t  s l i g h t l y  h igher  l i g h t  i n t e n s i t i e s  (around 2500 f t - c )  l a t e r  i n  the season. Maple seedl ings 

grown under the d i f f e r e n t  l i g h t  t reatments appear t o  respond s i m i l a r l y  b u t  the data  suggest t h a t  f o r  com- 

parable treatments, l i g h t  sa tu ra t i on  i s  approached a t  s l i g h t l y  lower l i g h t  i n t e n s i t i e s  f o r  the maple seed- 

l i n g s  than f o r  t he  a lde r  seedlings. A t  l e a s t  i n  t he  con t ro l  ( f u l l  l i g h t )  maple seedl ings du r i ng  the f i r s t  

th ree harvest  periods, however, photosynthesis was no t  1 i g h t  sa tura ted a t  5000 f t - c  (Fig.  16). 

For  each species, s t a t i s t i c a l  analyses revealed s i g n i f i c a n t  d i f f e rences  between mean apparent 

photosynthesis r a t e s  a t  C02 exchange measurement l i g h t  i n t e n s i t i e s ,  l i g h t  treatment, and harvest per iod  

(Table 12 and 13). 

Table 12. ANOVA f o r  comparison o f  mean apparent photosynthesis r a t e s  o f  a l de r  seed1 i ngs  
by measurement l i g h t  i n t e n s i t y ,  l i g h t  t reatment and harvest pe r i od  (based on 

2 1 model g iven i n  Fig. 7, p. 19). Data i npu t :  mg C03 dm-, h- . 

Source 

A) Measurement l i g h t  i n t e n s i t y  
(5000, 2500, 1000, 500 f t - c )  

8) L i g h t  t reatment 
(100, 56, 22 percent 1 i g h t )  

C) Harvest per iod  

AB) (APS 1 i g h t / ~ r e a t m e n t )  
AC) (APS l i g h t / ~ a r v e s t )  
BC) (T rea tmen t /~a rves t )  

ABC) (APS 1 i g h t / l r e a t m e n t / ~ a r v e s t )  

Within,  e r r o r  term 

Degrees o f  
freedom 

3 

2 

3 

6 
9 
6 

18 

83 

Mean square F - ra t i o  Probabi 1 i t y  

129.54"" 0.0000 

10.13"" 0.0003 

28.22"" 0.0000 

4.89" 0.0004 
0.91 ns 0.5172 

10.17"" 0.0000 

0.43 ns 0.9782 

Tota l  130 38.502 



Table 13. ANOVA f o r  comparison o f  mean apparent photosynthesis r a t e s  (mg CO dm-:h") 
o f  maple seedl ings by measurement 1  i g h t  i n t e n s i t y ,  1  i g h t  treatmen and 
harvest oeriod. 

I 

Source Degrees o f  Mean square F - r a t i o  Probabi 1  i t y  
freedom 

A) Measurement 1 i g h t  i n t e n s i t y  3  67.978 72.00" 0.0000 
8) L i g h t  t reatment 2  20.992 22.23"" 0.0000 
C) Harvest per iod  3 16.224 17.18"" 0.0000 

AB) (APS 1 ight /Treatment)  
AC) (APS 1 ight /Treatment)  
BC) (T rea tmen t /~a rves t )  

ABC) (APS 1 i g h t / ~ r e a t m e n t / ~ a r v e s t )  18 0.730 0.77 ns 0.7247 

Within, e r r o r  term 74 0.944 

Tota l  121 3.488 

Seasonal p a t t e r n  o f  apparent photosynthesis i s  d i f f e r e n t  f o r  t he  two species (Fig. 17). For  

the  a lde r  seedlings, con t ro l  p l a n t s  had h ighest  APS r a t e s  e a r l y  i n  the  season, the r a t e s  dropped sharp ly  

i n  July-August (Harvest 3) and then remained comparat ively uni form o r  increased s l i g h t l y  toward the end 

o f  the  growing season. Cont ro l  maple seedlings, on the o the r  hand, d i d  not  increase i n  APS r a t e  a t  

Harvest 5  and had lower r a t e s  a t  Harvests 3  and 5  than a t  Harvests 2  and 4 (Fig.  17). A t  5000 and 

2500 f t - c ,  p a r t i a l  shade grown maple p lan ts  had h igher  APS r a t e s  du r i ng  Harvest 2  and 3 ( e a r l y  t o  mid- 

summer) than l a t e r  i n  the season. A t  lower l i g h t  i n t e n s i t i e s ,  the seasonal p a t t e r n  d i d  not  show a 

marked change f o r  the naple seedlings. A lder  seedl ings grown i n  p a r t i a l  shade had h ighest  APS r a t e s  

l a t e  i n  the season a t  5000, 2500 and 1000 f t - c  and w i t h  the except ion o f  Harvest 2  measurements, had 

h igher  APS r a t e s  throughout the season than the con t ro l  ( f u l l  l i g h t )  p lan ts .  For the  f u l l  shade grown 

p l a n t s  (22 percent l i g h t ) ,  APS r a t e s  o f  a l de r  and maple seedl ings a t  500 f t - c  was h igher  than t h a t  f o r  

the  con t ro l  o r  p a r t i a l  shade grown seedl ings a t  Harvests 3, 4  and 5. The seasonal pa t te rn  f o r  t he  

f u l l  shade grown maple seedl ings was e s s e n t i a l l y  the  same as f o r  the  c c n t r o l  maple p l a n t s  w i t h  the  

except ion o f  measurements made a t  5000 f t - c  which remained l a r g e l y  constant throughout the season. 

A lder  seedl ings grown i n  f u l l  shade (22 percent l i g h t )  showed a  decrease i n  APS r a t e  from Harvest 2  t o  

4  a t  5000, 2500 and 1000 f t - c ,  and then an increase a t  Harvest 5  (Fig. 17). 

Treatment and seasonal d i f f e rences  i n  apparent photosynthesis r a t e s  were analyzed s t a t i s t i c a l l y  
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by comparing w i t h i n  species r a t e s  a t  each C02 exchange measurement l i g h t  i n t e n s i t y  f o r  a l l  t reatment 

combinations. A summary of the ANOVA'S by species i s  g iven i n  Table 14, and the d e t a i l e d  r e s u l t s  o f  

t reatment combinations i s  g iven i n  Appendix II, Table 3. 

For the  a lde r  seedlings, APS r a t e s  o f  the  f u l l  l i g h t  ( c o n t r o l )  p l a n t s  was s i g n i f i c a n t l y  

h igher  than r a t e s  f o r  the  f u l l  shade (22 percent l i g h t )  p l a n t s  a t  a l l  t imes du r i ng  the season when 

Table 14. ANOVA summary f o r  w i t h i n  species comparison o f  mean apparent photosynthesis 
r a t e s  f o r  a l l  t reatment combinations. w 

APS 1 i ght Treat-  
i n t e n s i t y  ment 

ALDER SEEDL l NGS 

5000 ft-c 100% 
56% 
22% 

2500 ft-c 100% 
5 6% 
22% 

1000 f t - c  100% 
56% 
22% 

500 f t - c  1009 
56% 
22% 

MAPLE SEEDL I NGS 

1000 f t - c  100% 
5 6% 
22% 

Mean APS ra ten  by harvest  
2 3 4 5 ---- 

Treatment t e s t  Treat-  
combination 

100 vs. 22% 
100 vs. 56% 

56 vs. 22% 

100 vs. 22% 
100 vs. 56% 

56 vs. 22% 

100 vs. 22% 
100 vs. 56% 

56 vs. 22% 

100 vs. 22% 
100 vs. 56% 

56 vs. 22% 

100 vs. 22% 
100 vs. 56% 
56 vs. 22% 

100 vs. 22% 
100 vs. 56% 

56 vs. 22% 

100 vs. 22% 
100 vs. 56% 
56 vs. 22% 

100 vs. 22% 
100 vs. 56% 

56 vs. 22% 

ment (A) 

** 

n s 
* 

ns 
ns 
n s 

n s 
ns 
ns 

ns 
ns 
ns 

n s 
ns 
ns 

n s 
n s 
n s 

** 

ns 
** 

*+ 

ns 
** 

Harv- 
e s t  (B) (AB) -- 

"Rates are given as mg C02 dm-: h-'. ANOVA'S are based on the  mean IPS r a t e  o f  
i n d i v i d u a l  p l a n t s  a t  each harvest pe r i od  and f o r  each treatment. 
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measured a t  5000 and 2500 f t - c  (Table 14). A t  these l i g h t  i n t e n s i t i e s ,  APS r a t e s  were a lso  s i g n i f i -  

c a n t l y  lower i n  f u l l  shade (22 percent l i g h t )  p l an t s  when compared w i t h  those grown under p a r t i a l  

shade. Only a t  1000 f t - c  l i g h t  i n t e n s i t i e s  were d i f f e rences  s i g n i f i c a n t  between the con t ro l  ( f u l l  

l i g h t )  p l a n t s  and p a r t i a l  shade (56 percent l i g h t )  p lan ts .  D i f f e rences  i n  APS r a t e s  o f  the  a lde r  

seed l ings  between harvest  per iods  were s i g n i f i c a n t  f o r  a l l  t reatment combinations w i t h  the except ion 

o f  t he  p a r t i a l  vs. f u l l  shade grown p l a n t s  measured a t  5000 f t -c ;  

D i f f e rences  in apparent photosynthesis r a t e s  f o r  the  maple seedl ings fo l lowed a somewhat 

d i f f e r e n t  pat te rn .  Cont ro l  (100 percent l i g h t )  maple seedl ings had s i g n i f i c a n t l y  lower APS r a t e s  

than f u l l  shade (22 percent l i g h t )  grown maple seedl ings throughout the season when measured a t  

2500, 1000 and 500 f t -c .  With the  except ion o f  Harvest 2 measurements, APS r a t e s  measured a t  5000 

f t - c ,  f o r  f u l l  l i g h t  vs. f u l l  shade grown maples were a l so  lower i n  t he  con t ro l  t reatment b u t  no t  

s i g n i f i c a n t l y  so. S i m i l a r l y ,  APS r a t e s  o f  f u l l  shade grown maple seedl ings were s i g n i f i c a n t l y  

h igher  throughout the  season when compared w i t h  the  p a r t i a l  shade grown p lants .  D i f fe rences i n  t h i s  

combinat ion were s i g n i f i c a n t  a t  a1 1 1 i g h t  i n t e n s i t i e s  used i n  the  C02 exchange measurements. Cont ro l  

(100 percent l i g h t )  maples were no t  s i g n i f i c a n t l y  d i f f e r e n t  from the p a r t i a l  shade grown p lan ts  i n  

APS r a t e s  except a t  the  5000 f t - c  l i g h t  i n t e n s i t y .  A t  t h i s  i n t e n s i t y ,  APS r a t e s  were s i g n i f i c a n t l y  

lower i n  general f o r  the  p a r t i a l  shade vs. con t ro l  p l a n t s  (Table 14). 

Thus, h ighest  APS r a t e s  f o r  the  maple seedl ings occur i n  seedl ings precondi t ioned i n  consider- 

ab le  shade; t he  APS r a t e  o f  maple seed l ings  i s  depressed i n  seedl ings precond i t ioned i n  increased 

l e v e l s  o f  l i g h t .  A lder  seedl ings show an almost opposi te p a t t e r n  except a t  the  low l i g h t  i n t e n s i t y  

measurements. Highest APS r a t e s  o f  a l d e r  seed l ings  occur when precond i t ioned i n  increas ing l e v e l  s 

o f  l i g h t  a t  5000 and 2500 f t -c ,  b u t  are h igher  when precond i t ioned i n  increas ing shade a t  ,500 and t o  

a 3esser ex ten t  a t  1000 f t -c .  

Dark r e s p i r a t i o n  r a t e s  

Dark r e s p i r a t i o n  r a t e s  (mg C02 dm-! h-9 of the  a l d e r  seedl ings were h igher  than those o f  the  

maple seedl ings f o r  a l l  l i g h t  t reatments and harvest per iods  w i t h  the  except ion  o f  f u l l  shade grown 
C .  

p l a n t s  a t  Harvest 4 (Fig. 19). Highest dark r e s p i r a t i o n  r a t e s  were measured f o r  the a lde r  seedl ings i n  





June-July (Harvest 2), the r e s p i r a t i o n  r a t e s  then decreased i n  a l l  l i g h t  t reatments t o  August-September 

(Harvest 4) and then increased s l i g h t l y  a t  the  end o f  the  season. For  t he  a lde r  seedlings, h ighest  

r e s p i r a t i o n  r a t e s  occurred i n  the con t ro l  (100 percent l i g h t )  p lan ts .  Dark r e s p i r a t i o n  r a t e s  o f  the 

maple seed l ings  i n  a l l  l i g h t  t reatments genera l ly  showed a p a t t e r n  charac ter ized by l e s s  change i n  r a t e  

throughout the  season (Fig. 19). Highest r e s p i r a t i o n  rates,  however, occurred near the end o f  the  

growing season i n  the  f u l l  l i g h t  ( c o n t r o l )  and f u l l  shade grown maple seedlings. P a r t i a l  shade grown 

maple seedl ings had lowest dark r e s p i r a t i o n  r a t e s  a t  t he  end o f  the  growing season. 

S t a t i s t i c a l  analyses of the  dark r e s p i r a t i o n  r a t e s  i nd i ca ted  t h a t  the  a lde r  seedl ings had 

s i g n i f i c a n t l y  h igher  r a t e s  than the maple seedl ings (Table 15). W i th in  species t reatment and seasonal 

d i f f e rences  i n  r e s p i r a t i o n  r a t e  o f  a l de r  seed1 i ngs  were s i g n i f i c a n t ,  bu t  none o f  t he  d i f f e rences  were 

s i g n i f i c a n t  f o r  t he  maple seedl ings (Table 15). Fu r the r  analyses were performed f o r  a l l  t reatment 

Table 15. ANOVA'S f o r  between and w i t h i n  species comparison o f  mean dark r e s p i r a t i o n  
r a t e s  o f  the  a l d e r  and maple seedl ings (Harvests 2 t o  5 i nc lus i ve ) .  

Source Degrees o f  Mean square F - r a t i o  Probabi 1 i t y  
freedom 

A) Species 
B) Treatment 
C) Harvest 

AB) ( ~ ~ e c i e s / ~ r e a t m e n t )  
AC) (Spec ies /~a rves t )  
BC) ( ~ r e a t m e n t / ~ a r v e s t )  
ABC) ( ~ ~ e c i e s / ~ r e a t m e n t / ~ a r v e s t )  
Within,  e r r o r  term 
Tota l  

ALDER SEEDL I NGS ONLY 

A) Treatment 
B) Harvest 
AB) (Treatment/Harvest) 
Within,  e r r o r  term 
Tota l  

MAPLE SEEDL l NGS ONLY 

A) Treatment 
0 )  Harvest 
AB) ( ~ r e a t m e n t / ~ a r v e s t )  
Within, e r r o r  term 
Total  



combinations (Table 16). F u l l  l i g h t  ( c o n t r o l )  a l de r  seedl ings have s i g n i f i c a n t l y  h igher  dark resp i ra -  

t i o n  r a t e s  than both the p a r t i a l  and f u l l  shade grown a lde r  seedl ings throughout the  season. Conversely, 

the p a r t i a l  shade grown a l d e r  seedl ings have no t  s i g n i f i c a n t l y  d i f f e r e n t  dark r e s p i r a t i o n  r a t e s  from those 

grown i n  f u l l  shade desp i te  the  s l i g h t l y  h igher  r e s p i r a t i o n  r a t e  o f  the  f u l l  shade vs. p a r t i a l  shade 

grown a lde rs  a t  Harvest 2 (Fig. 19). For  a l l  l i g h t  treatments, dark r e s p i r a t i o n  r a t e s  o f  the  maple 

seedl ings do no t  d i f f e r  s i g n i f i c a n t l y  throughout the  season; t h i s  conf i rms the  ana lys is  o f  the  w i th in -  

species var iance o f  the  maple seedl ings (see Table 15). 

Table 16. ANOVA f o r  w i t h i n  species comparison o f  mean dark r e s p i r a t i o n  r a t e s  by a l l  
t reatment combinations f o r  the a lde r  and maple seed1 inqs. 

Source Degrees o f  Mean square 

ALDER SEEDL l NGS 

100 vs. 22% A )  Treatment 
B) Harvest 
AB) (Treatment/Harvest) 
Within,  e r r o r  term 
Tota l  

100 vs. 56% A) Treatment 
B) Harvest 
AB) (Treatment/Harvest) 
Within,  e r r o r  term 
Tota l  

56 vs. 22% A) Treatment 
El) Harvest 
AB) (Treatment/Harvest) 
Within,  e r r o r  term 
Tota l  

MAPLE SEEOL l NGS 

100 vs. 22% A )  Treatment 
El) Harvest 
AB) (Treatment/Harvest) 
Within,  e r r o r  term 
Tota l  

100 vs. 56% A) Treatment 
B) Harvest 
AB) (T rea tmen t /~a rves t )  
Within,  e r r o r  term 
Tota l  

56 vs. 22% A) Treatment 
B) Harvest 
AB) (Treatment/Harvest) 
Within,  e r r o r  term 

Probabi 1 i t y  

Tota l  20 0.168 



DISCUSS ION 

From t h e  r e s u l t s  o f  t h i s  s tudy,  i t  i s  p o s s i b l e  t o  propose c e r t a i n  d e f i n i t e  f i n d i n g s  about  

t h e  b e h a v i o r  o f  a l d e r  and maple s e e d l i n g s  v i s - a - v i s  each o t h e r  and a l s o  c o n c e r n i n g  i n d i v i d u a l  s p e c i e s  

responses t o  d i f f e r e n t  l i g h t  t r e a t m e n t s  d u r i n g  f i r s t - y e a r  o f  growth: 

1) F i r s t - y e a r  a l d e r  s e e d l i n g s  add s i g n i f i c a n t l y  more biomass t h a n  f i r s t - y e a r  maple seed l ings ,  

2) A l d e r  s e e d l i n g s  s t a r t  as v e r y  smal l  seed l ings ,  grow a t  a  r a t e  wh ich  a l l o w s  them t o  sur-  

pass t h e  maple s e e d l i n g s  i n  a  few months, and c o n t i n u e  t o  grow l a t e  i n  t h e  season, and 

3)  B o t h  spec ies  respond t o  d i f f e r e n t  l i g h t  t r e a t m e n t s  d u r i n g  g rowth  i n  ways t h a t  a l l o w  them 

t o  achieve s i m i l a r  f i n a l  biomasses t h a t  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  between t h e  shade 

t r e a t m e n t s  and t h e  c o n t r o l s .  

Thus, i f  one c o n s i d e r s  t h a t  t h e  p r o d u c t i v i t y  o f  a  t r e e  i s  measured by t h e  i n c r e a s e  i n  biomass 

o v e r  a  g i v e n  t ime,  t h e n  t h e  a l d e r  s e e d l i n g s  a r e  c l e a r l y  and s i g n i f i c a n t l y  s u p e r i o r  t o  maple s e e d l i n g s  i n  

t h e  f i r s t  g row ing  season. A1 though t h e  maple s e e d l i n g s  b e g i n  w i t h  a  h i g h e r  biomass (pos t -co ty ledon  

s t a g e )  and c o n t i n u e  t o  add a  s u b s t a n t i a l  i nc rement  up t o  t h e  l a s t  ha rves t ,  t h e  a l d e r  s e e d l i n g s  add 

i n c r e a s i n g l y  l a r g e r  inc rements  u n t i l  near  t h e  end o f  t h e  g row ing  season. The r e s u l t  i s  s i g n i f i c a n t l y  

l a r g e  d i f f e r e n c e s  i n  biomass between species,  b u t  n o t  among t r e a t m e n t s  w i t h i n  species. 

The s i g n i f i c a n t l y  h i g h e r  r e l a t i v e  g rowth  r a t e  (RGR) o f  a l d e r  s e e d l i n g s  i n  comparison t o  t h e  

maple r e f l e c t  t h e  biomass d i f f e r e n c e s .  I n i t i a l  RGR's o f  t h e  maple s e e d l i n g s  were 0.20 and 0.14 f o r  

t h e  c o n t r o l  ( f u l l  l i g h t )  and f u l l  shade p l a n t s  r e s p e c t i v e l y ;  i n i t i a l  RGR's o f  t h e  a l d e r s  were 0.34 

and 0.21 f o r  t h e  same t r e a t m e n t s  (see F i g .  13, Tab les  3 and 4). The r e l a t i v e  g rowth  r a t e  o f  maple 

d e c l i n e s  a lmos t  s t e a d i l y  t h r o u g h o u t  t h e  season i n  a l l  t rea tments ,  b u t  t h e  r a t e s  f o r  a l d e r  i n c r e a s e  

u n t i l  September-October (Hal-vest 5 )  when a  s l i g h t  d e c l i n e  appears f o r  a1 1  t rea tments .  Species d i f f e r -  

ences o f  t h i s  n a t u r e  a re  n o t  uncommon; P o l l a r d  and i a r e i n g  (1968) r e p o r t  r a t e s  o f  0.12 and 0.075 f o r  

b i r c h  and sycamore, r e s p e c t i v e l y  ( b o t h  r a t e s  a r e  h i g h e r  than  those  o f  s e v e r a l  c o n i f e r s ) .  A  p a t t e r n  
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o f  seasonal change s i m i l a r  t o  t h a t  of the  r e d  a lde r  seedl ings was repor ted by Loach (1970) f o r &  

rubrum, Quercus rubra, b j r a n d i f o l i a ,  and L i r iodendron t u l i p i f e r a  i n  h i s  study o f  shade to lerance 

i n  eastern  deciduous species. H i s  values range from about 0.05 a t  the  beginning o f  the  season t o  a  

maximum r a t e  o f  0.21 except f o r  Acer rubrum which had RGR values comparable t o  those f o r  red  a lder .  

J a r v i s  ( i964)  repor ted RGR's f o r  9-week o l d  Puercus petraea o f  0.09, 0.12, and 0.04 f o r  p l a n t s  grown i n  

100, 56 and 10  percent l i g h t  r espec t i ve l y ,  however i n  none o f  the  l i t e r a t u r e  reviewed has a  seasonal 

p a t t e r n  l i k e  t h a t  o f  the broad leaf  maple seedl ings appeared. R u t t e r  (1957) descr ibed a  d e c l i n i n g  

seasonal RGR f o r  Pinus s y l v e s t r i s ,  bu t  the p l a n t s  were four-year olds.  

I n  con t ras t  t o  t he  i n s i g n i f i c a n t  d i f f e rences  between l i g h t  t reatments repor ted here f o r  the  

a lde r  and maple seed1 ings, Blackman and Black (1959) and Blackman (1968) have repor ted s i g n i f i c a n t  

increase i n  RGR o f  p l a n t s  grown a t  h igh  l i g h t  l e v e l s  o r  100 percent l i g h t  i n t e n s i t i e s .  The i r  p lan ts ,  

however, were herbaceous w i t h  comparative1 y  very  h igh  growth r a t e s  anyway. 

Caut ion  on the i nd i sc r im ina te  acceptance o f  RGR's a t  face value has been g iven by Radford 

(1967) who po in ted ou t  t h a t  use o f  a  mean RGR r a t e  i s  j u s t i f i e d  i f  the assumption 

growth form i s  cont inuous throughout the  per iod  between harvests. Data repor ted 

t o  f i t  these assumptions. 

As the RGR's o f  the maple and a lde r  seed1 ings  are so d i f f e r e n t  i n  magnit 

quest ion  remains: what are the  's t ra teg ies '  o f  the  seed l ings  t h a t  lead t o  these. r 

can be made t h a t  the  

i n  t h i s  study appear 

ude and pat tern ,  the  

esul  t s?  

Apparent photosynthesis and dark r e s p i r a t i o n  pa t te rns  are c l e a r l y  d i f f e r e n t  between the two 

species. As shown i n  F igures  16 and 17, t he  APS r a t e s  o f  a l d e r  s e e d l i n ~ s  ( l e a f  area bas is )  from a l l  

t reatments are s i g n i f i c a n t l y  h igher  than those o f  t he  maple seed l ings  from comparable treatments. Not 

on l y  do the a lde rs  s t a r t  a t  a  r a t e  5 t o  10- fo ld  greater,  b u t  they gene ra l l y  main ta in  h igher  r a t e s  than 

the maples a t  subsequent harvests. Indeed, a t  the  l a s t  harvest,  the  a lde rs  from a l l  l i g h t  t reatments 

show an increase i n  APS r a t e  a t  a l l  bu t  the  lowest l i g h t  i n t e n s i t y ;  maple seedl ings drop t o  the  lowest 

r a t e s  o f  the  season, regard less  o f  treatment. On the o ther  hand, dark r e s p i r a t i o n  pates o f  maple 

seed l ings  are c o n s i s t e n t l y  lower than those o f  a l de r  (Fig.  19) .  The d i f f e rences  may be i n  accord w i t h  



Loach's (1970) r e p o r t  o f  v a r i a b i l i t y  between shade-tolerant and i n t o l e r a n t  species. 

Apparent photosynthesis r a t e s  o f  the a lde r  seedl ings are approximately tw ice  those repor ted 

by Logan (1970) f o r  shade- and sun-grown yel low b i rch .  They a lso  exceed those g iven by Bb'hning and 

Burnside (1956) f o r  fast-growing herbaceous f u l l  l i g h t  grown species such as tobacco, soybean and 

tomato. Broadleaf maple seedlings, on the o ther  hand, have APS r a t e s  comparable t o  those repor ted 

by Bb'hning and Burnside f o r  Philodendron, Oxa l is  and Sa in tpau l ia .  Apparent photosynthesis values f o r  

bo th  shade- and sun-grown Quercus petraea repor ted by J a r v i s  (1964), are in termedia te  between those 

o f  the  broad leaf  maple and r e d  a lde r  seed1 ings. 

According t o  Worthington (1965) and Ruth and Muerle (19651, a lde r  i s  considered l e s s  shade 

t o l e r a n t  than broad leaf  maple. Th is  suggests t h a t  t he  a lde r  should have lower APS r a t e s  regard less  o f  

l i g h t  t reatment than the maple when measured a t  low l i g h t  i n t e n s i t i e s .  However, t h a t  i s  no t  the  case 

--- a t  500 f t - c ,  a l d e r  seed1 ings  have h igher  APS r a t e s  than broad leaf  maple seed1 ings. The answer 

may l i e  i n  the  observat ion o f  Krueger and Ruth (1969) t h a t  a l d e r  seedl ings grown i n  both l i g h t  and 

heavy shade had s i g n i f i c a n t l y  h igher  APS r a t e s  a t  both h igh  and low l i g h t  i n t e n s i t i e s  than o ther  species 

1 
i n  t h e i r  study . Furthermore, they  found t h a t  a lde r ' s  r e s p i r a t i o n  r a t e  i s  comparat ively low when 

measured r e l a t i v e  t o  organic n i t rogen,  which represents  the  p ropo r t i on  o f  a c t i v e  c e l l u l a r  mater ia l  

present. Therefore, they s ta te ,  a l de r  would 'appear t o  have e i t h e r  a  h igher  p ropo r t i on  o f  f unc t i ona l  

t i s s u e  o r  a  h igher  concent ra t ion  o f  a c t i v e  cons i tuents  i n  the same weight o f  f unc t i ona l  c e l l s .  

E i t h e r  p o s s i b i l i t y  would predispose a lde r  f o r  h igh  metabol ic a c t i v i t y :  Ruth (1968) a lso  found 

t h a t  a lde r  seedl ings es tab l ished under a  f o r e s t  canopy outgrew S i t k a  spruce and western hemlock i n  

the  f i r s t  season a t  l oca t i ons  where m d i a t i o n  was about 10  percent o f  t h a t  i n  t he  open. E f f e c t i v e l y ,  

the  a l d e r  seedl ings are shade-tolerant, and t h i s  to le rance extended i n t o  the  second season w i t h  

seed1 ings  s u r v i v i n g  and growing a t  i n c i d e n t  r a d i a t i o n  l e v e l s  averaging l e s s  than 20 oercent. 

This r e l a t i o n s h i p  i s  borne ou t  by the  APS data  o f  a l d e r  p l a n t s  i n  t h i s  study. As F igure  16  

Absolute values o f  APS r a t e s  o f  the 
co inc ide w i t h  those o f  Krueger and Ruth 

p a r t i a l  and fu l l -shade p lan ts  i n  t h i s  study almost exac t l y  
(1969) f o r  t h e i r  p l a n t s  grown i n  79 and 31 percent l i g h t .  



shows, t h e  a l d e r  s e e d l i n g s  had c o n s i s t e n t  s i g n i f i c a n t 1  y  h i g h e r  APS r a t e s  a t  low 1  i g h t  i n t e n s i t i e s  

(500 f t - c )  t h a n  t h e  maple seed l ings .  The r a t e  d i d  n o t  f a l l  below 2.5 mg ~ ~ ~ d m - f h - ~ ,  whereas f o r  t h e  

maple seed1 i n g s  t h e  r a t e  was below 1.0 mq . 
To compare t h e  e f f e c t  o f  l i g h t  t r e a t m e n t  on t h e  p h o t o s y n t h e t i c  per formance o f  each species,  

one approach i s  t o  examine t h e  APS r a t e  o f  t h e  p l a n t  a t  t h e  t e s t  l i g h t  i n t e n s i t y  p r o p o r t i o n a l l y  

n e a r e s t  t h e  g rowth  regimen (Krueger  and Ruth, 1969).  A t  H a r v e s t  2  (F ig .  16) ,  f u l l  l i g h t  grown a l d e r  

and maple s e e d l i n g s  have h i g h e r  APS r a t e s  a t  5000 and 2500 f t - c  t h a n  t h e  p a r t i a l  shade grown p l a n t s .  

A s i m i l a r  p a t t e r n  i s  m a i n t a i n e d  f o r  t h e  a l d e r  s e e d l i n g s  a t  1000 and 500 f t - c .  A t  l a t e r  harves ts ,  

t h e  c o n t r o l  and p a r t i a l  shade groan a l d e r  p l a n t s  have h i g h e r  apparen t  p h o t o s y n t h e s i s  r a t e s  than  t h e  

f u l l  shade grown p l a n t s  a t  5000 and 2500 f t - c ,  b u t  t h e  shade t r e a t e d  a l d e r s  have h i g h e r  APS r a t e s  

t h a n  t h e  c o n t r o l  p l a n t s  a t  1000 and 500 f t - c .  F o r  t h e  maple seed l ings ,  t h e  f u l l  shade grown p l a n t s  

have s i g n i f i c a n t l y  h i g h e r  APS r a t e s  a t  500, 1000 and 2500 f t - c  t h a n  e i t h e r  t h e  p a r t i a l  shade o r  f u l l  

l i g h t  p l a n t s .  

T h i s  p a t t e r n  resembles t h a t  e x h i b i t e d  by t h e  shade- and sun-grown S o l i d a g o  p l a n t s  o f  

Bjorkman and Holmgren (1963), when t h e  APS vs. l i g h t  i n t e n s i t y  cu rves  a r e  compared f o r  t h e  f u l l  

l i g h t  ( c o n t r o l )  p l a n t s  and t h e  f u l l  shade grown p l a n t s  (F igs.  1 6  and 18) .  The c o n t r o l  p l a n t s  o f  

a l d e r  and maple show t h e  c h a r a c t e r i s t i c  l e s s  s t e e p l y  i n c l i n e d  r a t e - i n t e n s i t y  cu rve  a t  low l i g h t  

i n t e n s i t i e s  of t h e  S o l i d a g o  sun-grown p l a n t s ,  and t h e  c u r v e  c o n t i n u e s  t o  r i s e  w i t h o u t  r e a c h i n g  

l i g h t  s a t u r a t i o n  a t  5000 f t - c  a t  a l l  h a r v e s t  p e r i o d s  f o r  t h e  a l d e r  s e e d l i n g s  and f o r  a l l  b u t  t h e  

l a s t  h a r v e s t  p e r i o d  f o r  t h e  maple seed l ings .  F u l l  shade grown p l a n t s ,  on t h e  o t h e r  hand, have 

t h e  t y p i c a l  s t e e p l y  i n c l i n e d  r a t e - i n t e n s i t y  cu rve  a t  low 1  i g h t  i n t e n s i t i e s  f o l l o w e d  by a  pronounced 

i n f l e c t i o n  and f l a t t e n i n g  o f  t h e  c u r v e  when l i g h t  s a t u r a t i o n  i s  reached between 1000 and 2500 f t - c  

f o r  a lmos t  a1 1  h a r v e s t  per iods .  

D i f f e r e n c e s  between APS r a t e  o f  t h e  a l d e r  s e e d l i n g s  b y  l i g h t  t r e a t m e n t ,  however, do n o t  

f o l l o w  a  c o m p l e t e l y  c l e a r  p a t t e r n .  A t  H a r v e s t  2  (Tab le  1 4 )  f o r  example, h i g h e s t  r a t e s  o f  APS 

o c c u r r e d  c o n s i s t e n t l y  i n  t h e  f u l l  l i g h t  grown p l a n t s ,  b u t  a t  H a r v e s t s  3, 4 and 5 h i g h e r  r a t e s  o f  

apparen t  p h o t o s y n t h e s i s  occur red  i n  t h e  p a r t i a l  shade grown p l a n t s  e x c e p t  a t  500 f t - c  where t h e  



r a t e  was h ighest  i n  the f u l l  shade grown p lants .  Ruth (1967) repor ted t h a t  a lde r  i n  f o r e s t  stands 

showed b e t t e r  growth a t  60 t o  80 percent i nc iden t  r a d i a t i o n  l e v e l s  than a t  h igher  l eve l s .  He found 

t h a t  d i f f e r e n t  amounts o f  l i g h t  p recond i t i on ing  d i d  no t  s i g n i f i c a n t l y  a f f e c t  biomass measurements, 

i n d i c a t i n g ,  as found here, t h a t  there  are p lan ts  grown i n  shade and f u l l  l i g h t  which reach the same 

biomass endpoint  regardless o f  treatment. Ruth found, however, t h a t  growth pa t te rns  were d i f f e r e n t  

m i  t h  shoot he igh ts  remaining simi 1  a r  bu t  r o o t  lengths  increased w i t h  increas ing i n c i d e n t  rad ia t i on .  

He found t h a t  p a r t i a l  shade f o r  f i r s t  season growth was b e n e f i c i a l  f o r  a l de r  seedlings. 

I n  con t ras t  t o  alder,  the  f u l l  shade maple seed l ings  have h igher  apparent photosynthesis r a t e s  

than p a r t i a l  shade grown p lan ts  a t  a l l  l i g h t  i n t e n s i t i e s .  This r e s u l t  conforms t o  Worthington's (1965) 

statement t h a t  maple i s  h i g h l y  shade t o l e r a n t  compared w i t h  o the r  species. Further,  except a t  5000 f t - c ,  

f u l l  shade grown maple seed l ings  have s i g n i f i c a n t l y  h igher  APS r a t e s  than the  con t ro l  ( f u l l  l i g h t )  

seedl ings --- a more cons i s ten t  p a t t e r n  than t h a t  f o r  r ed  a lder .  

Despi te these d i f fe rences,  biomass added (d ry  mat ter  product ion)  i s  no t  s i g n i f i c a n t l y  a f f ec ted  

by l i g h t  t reatment f o r  e i t h e r  species, a l though between harvest 2 t o  5, the a lde r  adds about 30 t imes 

more biomass than the maple seedlings. Ce r ta in  f a c t o r s  o r  patterns,  however, are common t o  both 

species i n c l u d i n g  s i m i l a r i t i e s  i n  the APS r a t e  vs. i n t e n s i t y  curves already discussed. Perhaps 

some o f  these enable the shade grown p l a n t s  t o  reach the same endpoint  as the  f u l l  l i g h t  c o n t r o l s  

through enhancement o f  t h e i r  APS r a t e s  p a r t i c u l a r l y  a t  low l i g h t  i n t e n s i t i e s .  Ch lorophy l l  content 

(a  + b )  may be a  major f ac to r .  

A lder  seed1 ings  f o r  a l l  l i g h t  t reatments have s i g n i f i c a n t 1  y  h igher  ch lo rophy l l  content 

(mg / g l e a f  f r e s h  weight)  than the maple seedlings. Th is  may account i n  p a r t  f o r  the  lower photo- 

synthes is  and biomass product ion  r a t e s  o f  the  maple. Seasonal p a t t e r n  o f  ch lo rophy l l  content f o r  a l l  

l i g h t  t reatments (mg / p l a n t  basis) ,  however, f o l l o w s  completely d i f f e r e n t  pa t te rns  between species 

(Table 8). On t h i s  basis,  ch lo rophy l l  content progress ive ly  decreases throughout the season f o r  

the  maple seedl ings and has the reverse pa t te rn  (progress ive  increase) f o r  the  a lde r  seedlings. 

Between l i g h t  treatments, there  are s i m i l a r i t i e s  f o r  both  species (Fig.  15 and Table 11). Highest 

ch lo rophy l l  contents are found f o r  both  species i n  the  f u l l  shade grown p lants .  For harvest per iods 
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2  t o  5 ,  the ch lo rophy l l  content (mg / g l e a f  f r esh  weight)  o f  f u l l  shade grown a l d e r  and maple seedl ings 

i s  s i g n i f i c a n t l y  g rea te r  than t h a t  f o r  p a r t i a l  shade grown seed l ings  which i n  t u r n  i s  s i g n i f i c a n t l y  

greater  than f o r  the con t ro l  ( f u l l  l i g h t )  p l an t s  (see Table 11) f o r  the maple seedl ings bu t  no t  f o r  

the  a lde r .  Thus maple seedl ings and a lde r  seedl ings i n  p a r t  meet the  chal lenge o f  lower l i g h t  l e v e l s  

by increas ing the amount o f  ch lo rophy l l  ava i l ab le  i n  the p a r t i a l  and fu l l -shade leaves. For bo th  species, 

the  ch lo rophy l l  content data  o f  the  f u l l  shade vs. con t ro l  ( f u l l  l i g h t )  p l a n t s  agrees w i t h  the  general 

f i n d i n g  o f  Bjb'rkman and Holmgren (1963) t h a t  the  ch lo rophy l l  content  o f  p l a n t s  grown i n  h igh  l i g h t  i s  

lower than t h a t  o f  p l a n t s  g r a m  i n  low l i g h t .  S i m i l a r  r e s u l t s  were repor ted by J a r v i s  (1964) f o r  

Quercus p e t r a e a  i n  which seed l ings  grown i n  20 percent l i g h t  had almost tw ice  as much ch lo rophy l l  as 

those grown i n  f u l l  l i g h t .  He a t t r i b u t e d  the d i f f e r e n c e  t o  l i g h t -  o r  temperature-induced breakdown 

o f  ch lo rophy l l .  

Another f a c t o r  may be i n h i b i t i o n  o f  photosynthesis i n  the  con t ro l  ( f u l l  l i g h t )  seed l ings  a t  

very  h igh  l i g h t  i n t e n s i t i e s  (8000 t o  10000 f t - c  o r  h igher  are no t  uncommon i n  Ju l y  and August) and 

h igh  i n t e n s i t i e s  as descr ibed by J a r v i s  and J a r v i s  (1964). Several workers have pointed out  the 

advantage o f  be ing ab le  t o  screen ou t  the  d e s t r u c t i v e  e f f e c t  o f  cont inued h igh  l i g h t  i n t e n s i t i e s  on 

ch lo rophy l l  content  (see Loach, 1967; Jarv is ,  1964; and Wassink, Richardson and P ie ters ,  1956). A 

poss ib le  r e l a t i o n s h i p  t o  performance may l i e  then i n  the  bronzing appearance o f  the  c o n t r o l  p l a n t s  

r e s u l t i n g  from the presence o f  carotenoids.  Although t h i s  r e l a t i o n s h i p  was e s p e c i a l l y  pronounced 

f o r  the  maple seedl ings (F igs  9  and 10) i n  the  l i g h t  t reatments and not  as c l e a r l y  es tab l ished f o r  

the  a l d e r  seedlings, the  reason f o r  the r e l a t i o n s h i p  i s  no t  c l e a r  al though i t  may ac t  t o  preserve the  

i n t e g r i t y  o f  the  photosynthet ic  process aga ins t  the  h igh  i n t e n s i t i e s  o f  f u l l  sun1 i g h t  on Burnaby 

Mountain. Gaf f ron (1960) noted t h a t  the fo rmat ion  o f  -carotenoids can prevent photo-oxidat ion o f  

impor tant  enzymes and the b leach ing o f  ch lo rophy l l .  Thomas (1955) repor ted t h a t  the presence o f  

caro teno ids  favored the fo rmat ion  o f  p ro te ins  over t h a t  o f  carbohydrates, an e f f e c t  t h a t  could r e s u l t  

i n  the coarser, s t i f f e r  t ex tu re  o f  the  leaves o f  the f u l l  l i g h t  grown p lants .  

The screening e f f e c t  o f  r ed  carotenes may a l so  a c t  on the photosynthet ic metabolism o f  the 

l e a f .  Voskresenskaya and Nechaeva (1967) showed t h a t  rep lac ing  red  and green l i g h t  components by 



b lue  increases the p r o t e i n  and RNA content  up t o  the  l e v e l  c h a r a c t e r i s t i c  f o r  b l ue  l i g h t  f o r  t h a t  

species. Red- re f lec t ing  caro teno ids  would have t h a t  e f f e c t .  The r a t e  o f  photosynthesis a t  l i g h t  

s a t u r a t i o n  i s  a lso  h igher  under b lue than under red-blue l i g h t  i n  shade-adapted p l a n t s  (Gol'd, 1969). 

Coupled w i t h  the h igh  ch lo rophy l l  content  o f  leaves i n  the f u l l  shade treatment, the  l e a f  area 

o f  the  a l d e r  seedl ings provides i t  w i t h  a  seasonal advantage over the  maple seedlings. The a lde r  s t a r t s  

w i t h  very  small leqves, bu t  the  t o t a l  l e a f  area per p l a n t  increases s t e a d i l y  and ends w i t h  the  f u l l  

shade grown p l a n t s  having both the  l a r g e s t  and most numerous leaves. F u l l  l i g h t  grown alders,  on the  

o the r  hand, reach a  maximum i n  mean t o t a l  l e a f  a r e a n t e f o r e  the shade grown p l a n t s  (Table 7). Maple 

seedl ings have an increase i n  mean t o t a l  l e a f  area and number o f  leaves e a r l y  i n  the  season f o r  a l l  

l i g h t  t reatments and do n o t  show the regu la r  l e a f  area increase w i t h  increased shading as J a r v i s  (1964) 

repor ted f o r  oak. Leaf areas o f  t he  shade grown a lde r  seedl ings were comparable t o  those repor ted by 

Krueger and Ruth (1969). The i r  a l d e r  seedl ings grown under 79 and 31 percent l i g h t  had l e a f  areas o f  

2 0.8 and 1.2 dm respec t i ve l y  compared t o  areas o f  0.71 dm2 f o r  the 56 percent l i g h t  grown p l a n t s  and 

0.9 dm2 f o r  the 22 percent l i g h t  grown p lan ts  i n  t h i s  study (means of Harvests 4  and 5). 

S p e c i f i c  l e a f  area (dm2 9- l  d r y  weight)  a lso  g ives  a  measure o f  l e a f  geometry t h a t  a f f e c t s  

the photosynthet ic  response o f  the seedlings. The h igher  the  index, the  t h i n n e r  the  l ea f ,  and one can 

suggest t h a t  t h i s  promotes increased l i g h t  penet ra t ion  and hence more e f f i c i e n t  use o f  ava i l ab le  

ch lo rophy l l .  A lder  seedl ings grown i n  f u l l  shade had h igher  s p e c i f i c  l e a f  areas than seedl ings 

grown i n  p a r t i a l  shade o r  f u l l  l i g h t ;  Krueger and Ruth (1969) repor ted t h a t  a l d e r  seedl ings grown 

under heavy shade had a  s p e c i f i c  l e a f  area 57 percent h igher  than those grown under l e s s  shade. 

Th is  p a t t e r n  together  w i t h  the h igher  ch lo rophy l l  concent ra t ion  may account f o r  the  steeper i n i t i a l  

photosynthesis r a t e  vs i n t e n s i t y  curve i n  the  f u l l  shade grown p lan ts  and thereby o f f s e t  the  e f f e c t  

o f  lower growth l i g h t  i n t e n s i t i e s  throughout the season. For the maple seedlings, s p e c i f i c  l e a f  

areas were h igher  i n  both shade treatments than the c o n t r o l  ( f u l l  l i g h t )  p l a n t s  (Fig. 15).  C lear  

d i f f e rences  f o r  both species occur i n  mean area per l e a f  between l i g h t  t reatments (Fig.  14). Shade 

grown a l d e r  and maple seedl ings have h ighest  mean area per l e a f  a t  t he  end o f  the season f o r  a lde r  

and a t  most t imes throughout the  season f o r  maple. 



The d i s p o s i t i o n  o f  leaves from the stem f o r  bo th  species i s  so arranged t h a t  p l a n t s  grown 

i n  f u l l  l i g h t  reduce the angle of incidence t o  the leaves a t  h i gh  so la r  a l t i t u d e s :  the  a lde r  leaves 

tend t o  be s t i f f l y  i n c l i n e d  upward whereas those o f  maple droop i n  an almost v e r t i c a l  pos i t i on .  

Both p o s i t i o n s  suggest d i s p o s i t i o n  f o r  best  o r i e n t a t i o n  t o  i n c i d e n t  l i g h t  i n  the e a r l y  morning and 

again l a t e r  i n  the day w i t h  l e s s  favorab le  d i s p o s i t i o n  a t  h i gh  so la r  a l t i t u d e s  when the a i r  temperatures 

would be h ighes t  dur ing  the day and the p l a n t  leaves most sub jec t  t o  temperature stress.  For both  

species, leaves o f  the  f u l l  shade grown p lan ts  are more h o r i z o n t a l l y  disposed (see Figs.  9 and 10) 

which exposes the  l a r g e s t  surface t o  rece ive  1  i g h t  a t  h ighest  angles o f  incidence du r i ng  mid-day. 

P a r t i a l  shade grown leaves o f  bo th  species were in termedia te  i n  d i s p o s i t i o n  from the stem. 

Generally, roo t /shoot  r a t i o s  tend t o  dec l i ne  as l e v e l  of shading increases a1 though the degree 

o f  dec l i ne  v a r i e s  w ide ly  among species (Sh i r ley ,  1929; Loach, 1970). According t o  Logan (19661, shade 

t o l e r a n t  species tend t o  have a  h igher  root /shoot  ratio, a l though he repor ted t h a t  the root/shoot r a t i o  

decreased on l y  s l i g h t l y  i n  the shade t o l e r a n t  sugar maple (Logan, 1965). But the  r e l a t i v e l y  h igh  

r a t i o  o f  the  maples i n  t h i s  study, compared w i t h  alder,  may have impor tant  i m p l i c a t i o n  f o r  seed l ing  

su rv i va l .  There are no r e p o r t s  on the second-year su rv i va l  r a t e s  o f  t he  maple, b u t  Ruth (1968) repo r t s  

t h a t  a lde r  has a  very  h igh  seed l ing  m o r t a l i t y  r a t e  i n  the  f i r s t  year ( s u r v i v a l  r a t e  o f  1:31 germina- 

t i ons ) .  Thus the lower growth r a t e  and germinat ion r a t e  o f  t he  maple may be o f f s e t  by the  germinat ion 

o f  seed l ings  t h a t  grow s lowly  bu t  develop sturdy,  complex r o o t  systems. Thus the su rv i va l  mechan- 

ism i s  durabi  1  i ty ,  r a t h e r  than pro1 i f e r a t e  germination. 

Fu r the r  d i f f e rences  i n  the  p l a n t s  t h a t  lead t o  s i m i l a r  r e l a t i v e  growth r a t e s  can be detected 

i n  the  a l l o c a t i o n  o f  p l a n t  ma te r i a l  t o  d i f f e r e n t  components. The c o n s i s t e n t l y  h igher  l e a f  dry weight 

percentage permi ts  the  a lde r  t o  put more t i s s u e  i n t o  photosynthet ic  a c t i v i t y .  It has the disadvantage 

t h a t  t h i s  t i s s u e  i s  almost a l l  deciduous. The maple has a  h igh  r o o t  dry  weight percentage bu t  a  

concomitant ly low l e a f  weight percentage: 15, 12 and 22 f o r  the c o n t r o l  and two treatments, respect-  

i v e l y .  The comparable a l d e r  percentages are 31, 30 and 37. 

Th is  i s  c a r r i e d  through t o  the  root/shoot r a t i o s ,  which are c o n s i s t e n t l y  h igher  a t  a l l  

harvests  f o r  t he  maples. 



CONCLUSIONS 

It i s  p o s s i b l e  t o  draw some genera l  c o n c l u s i o n s  f rom t h i s  s e r i e s  o f  exper iments.  F i r s t ,  

r e g a r d l e s s  o f  t h e  t r e a t m e n t  g iven,  t h e  p l a n t s  o f  modera te ly  t o l e r a n t  spec ies  such as r e d  a l d e r  and 

b r o a d l e a f  maple w i l l  adapt  t h e i r  p h y s i o l o g i c a l  mechanisms t o  r e a c h  a p p r o x i m a t e l y  t h e  same p o i n t  i n  

g rowth  as t h e  o t h e r  members o f  t h e  s p e c i e s  a t  t h e  end o f  t h e  g row ing  season. As Donald Kennedy sa id ,  

"Organisms have a  way o f  coming up w i t h  an embarrassing number o f  s o l u t i o n s  t o  a  problem i n  e v o l u t i o n -  

a r y  eng ineer ing . "  ' 
The most n o t i c e a b l e  s o l u t i o n  i s  t h e  m o d i f i c a t i o n  o f  t h e  p h o t o s y n t h e t i c  mechanism t o  adapt  t o  

t h e  a v a i l a b l e  l i g h t :  t h e  shade-grown p l a n t s  can respond e f f i c i e n t l y  t o  low l e v e l s  o f  i l l u m i n a t i o n .  

Conversely ,  t h e  f u l l - l i g h t  grown p l a n t s  e r e c t  a  p r o t e c t i v e  mechanism t o  p r e v e n t  damage t o  t h e  c h l o r o -  

p h y l l  s t r u c t u r e  a t  h i g h  l i g h t  i n t e n s i t i e s .  

The r e s p i r a t i o n  r a t e s  a1 so v a r y  s i g n i f i c a n t 1  y  between c o n t r o l  and t r e a t m e n t  p l a n t s  (as  we1 1  

a s  between t r e a t m e n t s  i n  t h e  a l d e r s ) .  The f u l l - l i g h t  c o n t r o l s  show a  steady  dar dark r e s p i r a t i o n  r a t i o  

t h r o u g h o u t  t h e  season (5:l d u r i n g  e a r l y  season h a r v e s t s  and 6:1 l a t e r  i n  t h e  g row ing  season). B u t  t h e  

shade grown p l a n t s  show t h e  marked i n c r e a s e  f rom 4:1 e a r l y  i n  t h e  season t o  10:1 a t  t h e  end o f  t h e  

season. Thus t h e  ba lance  between p r o d u c t i o n  and consumpt ion i s  m a i n t a i n e d  r e g a r d l e s s  o f  t h e  g rowth  

l i g h t .  

The mechanisms u n d e r l y i n g  t h e  APS a d a p t a t i o n  appear t o  l i e  i n  t h e  r e l a t i v e  c h l o r o p h y l l  c o n t e n t :  

t h e  shade-grown p l a n t s  o f  b o t h  s p e c i e s  was s i g n i f i c a n t l y  h i g h e r  ( l e s s  so f o r  maple) than  t h a t  o f  t h e  f u l l  - 

l i g h t  grown p l a n t s .  It a l s o  v a r i e d  s i g n i f i c a n t l y  w i t h  h a r v e s t .  I n  a d d i t i o n ,  t h e  g rowth  p a t t e r n ,  t h e  

p r e s e n t a t i o n  o f  t h e  l e a v e s  i n  b o t h  spec ies ,  p e r m i t s  t h e  f u l l -  and p a r t i a l - s h a d e  grown p l a n t s  t o  use t h e  

maximum incoming  r a d i a t i o n .  Conversely ,  t h e  f u l l - 1  i g h t  grown p l a n t s  t u r n  t h e i r  l e a v e s  away f rom t h e  

h o r i z o n t a l  t o  m in im ize  d i r e c t  impact  o f  energy on t h e  p h o t o s y n t h e t i c  apparatus.  

The second c o n c l u s i o n  i s  t h a t  i n  i n d i r e c t  c o m p e t i t i o n  ( i  .e. p r e f e r e n t i a l  e s t a b l i s h m e n t  sensu 

Personal  communication, 1963. 



B i l l i n g s ,  19571, the a lde r  w i l l  win out  over maple, when f i l l i n g  space made ava i l ab le  by logging, f i r e ,  

o r  o the r  disturbance. Th is  i s  p r i m a r i l y  due t o  the r e l a t i v e l y  h igher  APS ra tes ,  the extended growing 

season, and the many-fold increase i n  biomass e x h i b i t e d  by a l d e r  under any 1  i g h t  treatment. In add i t i on ,  

the a l d e r  has a  l a r g e r  p ropo r t i on  o f  i t s  biomass i n  l e a f  product ion,  and hence u t i l i z e s  ava i l ab le  l i g h t  

t o  grow and e s t a b l i s h  i t s e l f  r ap id l y .  Although the establ ishment r a t e  f o r  a lde r  i s  low compared w i t h  

t h a t  o f  maple (Ruth, 1968), i t s  h i g h  seed product ion  and germinat ion (McVean, 1955) combined w i t h  h igh  

growth r a t e  ensures t h a t  more a lde rs  w i l l  f i n d  a  home on d i s tu rbed  s o i l  than maples. 

I n  f u r t h e r  studies,  i t  would probably be f r u i t f u l  t o  t r y  add i t i ona l  exper imentat ion t o  e l u c i -  

date the  p l a n t  / l i g h t  r e l a t i o n s h i p s  a t  very low t e s t  l i g h t  i n t e n s i t i e s .  I t  would a lso  be h e l p f u l  t o  

have more condensed sampling per iods  (assuming the l o g i s t i c s  could be worked out ) ,  and more r e p l i c a t e s  

t o  reduce measures o f  p lan t - to -p lant  v a r i a b i l i t y .  These refinements would serve t o  r e i n f o r c e  the f i n d i n g s  

repor ted here. 

But how app l icab le  are the r e s u l t s  o f  such a  cont ro l led-growth  l abo ra to ry  experiment t o  the  

behavior o f  t he  p l a n t s  i n  the  f i e l d ?  Admi t ted ly  one i s  i s o l a t i n g  c e r t a i n  k i nds  o f  behavior, performing 

func t i ona l  t e s t s  under unnatural  cond i t ions .  But al though i t  may not  be j u s t i f i a b l e  t o  draw f i n e  

conclusions from t h i s  k i nd  o f  experimental study, the major r e s u l t s  g iven above may be v e r i f i e d  empi r i -  

c a l l y  be tak ing  a  s t r o l l  on the  south s ide  o f  Burnaby Mountain, B r i t i s h  Columbia. 
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APPENDIX I 

T a b l e  1. 

L i g h t  i n t e n s i t i e s  ( f t - c )  used f o r  t h e  a p p a r e n t  p h o t o s y n t h e s i s  r u n s  a t  t h e  d i f f e r e n t  
h a r v e s t  p e r i o d s .  

H a r v e s t  

3 and 4 

Long r u n  

2500 
2000 
1500 
1000 

750 
500 

5000 
2500 
2000 
1500 
1000 

750 
500 

5000 
3000 
2500 
2000 
1500 
1000 
750 
500 

No l o n g  r u n s  

S h o r t  r u n  



APPEND lX I I 

Table I. Physical  measurements o f  the  a lde r  and maple seedl ings by t reatment and harvest  per iod.  

P lan t  Harvest Tota l  l e a f  
pe r i od  area(dm:) 

ALDER (Control ,  100% 1 i g h t )  

A-1 2 1 0.0081 
18 0.0108 
24 0.0078 

A- 5 2 0.0110 
15 0.0464 
22 0.0274 

A-1 6 3 0.1243 
20 0.3724 
27 0.0776 

MAPLE (Cont ro l ,  1009 l i g h t )  

Leaf 
Dry weight (mg) 

Stem Root 
Speci i c  l e a f  area 

Tota l  1 (dml g-l du t )  

(cont inued ... ) 
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Table I (cont inued) 

Tota l  l e j f  
P lan t  Harvest area (dml) 

ALDER ( P a r t i a l  shade, 56% l i g h t )  

A-1 2 1 0.0037 
18 0.0311 
24 0.0083 

A- 5 2 0.0164 
15 0.0684 
22 0.0886 - 

A-I 6 3 0.061 3 
20 0.2602 
27 0.2849 

A-29 4 0.8273 
10 0.3101 
21 0.8700 

A-1 9 5 0.5840 
9 0.561 9 
3 1.0757 

MAPLE ( P a r t i a l  shade, 56% l i g h t )  

M-12 1 0.3637 
18 0.3580 
24 0.8985 

M- 5 2 1 .0611 
f 5 0.6470 
22 0.4630 

M-16 3 0.6750 
11 0.5824 
20 0.2630 

M-25 4 0.3751 
1 0.9427 

21 0.5136 

M- 3 5 0.3649 
13 0.2060 

Dry weight (mg) 
Leaf Stem Root --- 

Specif 'c  l e a f  area 
Tota l  h (dm1 / g dwt) 

(cont inued ...I 
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Table I (cont inued)  

Tota l  l e a f  
P lan t  Harvest area (dm:) Leaf 

ALDER ( F u l l  shade, 22% l i ~ h t )  

MAPLE ( F u l l  shade, 22% l i g h t )  

Dry weight (mg) 
Stem 

2.5 
1.8 
1.7 

2.3 
5.5 
2.5 

6.4 
30.0 
22.7 

77.4 
108.6 
106.9 

212.8 
133.6 
291.7 

37.1 
67.7 

108.3 

51.4 
119.8 
151 .O 

113.1 
212.7 
158.6 

I 8 1  .O 
161.6 

284.3 
123.8 

Root 

2.7 
4.1 
3.4 

8.6 
5.5 
3.0 

7.7 
39.0 
40.9 

75.0 
120.0 
168.8 

289.0 
336.4 
412.5 

65.5 
126.2 
153.4 

85.1 
229.6 
334.7 

229.1 
510.9 
437.4 

307.8 
630.6 

547.2 
320.4 

Spec i f i c  l e a f  area 
Total  (dm: / 9 dwt) 



APPENDIX II 

Table 2. Ch lorophy l l  content (mg/g l e  f f. wt.) and mean apparent photosynthesis (APS) and dark h r e s p i r a t i o n  r a t e s  (ng ~ 0 ~ / d m ~  h- I )  of a l de r  and maple seed1 ings  by t reatment and harvest.  

Harvest Chl oro- 
P lan t  pe r i od  p h y l l  

ALDER (Control ,  100% 1 i g h t )  

A-1 2 1 1.86 
18 1.26 
24 1.91 

A- 5 2 1.88 
15 1.41 
22 
SP. 1 .28 

A-1 6 3 2.71 
20 1.88 
27 2.49 

A-1 9 4 2.27 
10  1.98 
31 1.95 

A- 2 5 2.14 
25A 1.59 
258 2.26 

MAPLE (Control ,  100% l i g h t )  

Apparent photosynthesis a t  l i g h t  i n t e n s i t y  ( f t  -c) 
Dark No. 

1000 750 650 500 resp. runs ---- 

" Number o f  runs  was one l e s s  than i nd i ca ted  i n  Table. 
" Number o f  runs was two l e s s  than i nd i ca ted  i n  Table. 
" Measurement no t  used i n  aha1 yses o f  ch lo rophy l l .  
* Number o f  measurements was 6. 

(cont inued .... ) 
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Table 2 (cont inued) 
- -- -- 

Apparent photosynthesis a t  1 i g h t  i n t e n s i t y  ( f t - c )  
Harvest Chl oro- Dark No. 

P lan t  pe r i od  p h y l l  5000 3000 2500 2000 1650 1500 1000 750 650 500 resp. runs 

ALDER ( P a r t i a l  shade, 56% l i g h t )  

A-1 2 1 1.84 . . a  

18 1.87 . 19.0 . . . 13.3 3.4 2 
24 2.60 . 20.9 . . . 8.2 4.5 2 

MAPLE ( P a r t i a l  shade, 56% l i g h t )  

" Number o f  runs  was one l e s s  than i n d i c a t e d  i n  Table. 
"* Number o f  runs  was two l e s s  than i nd i ca ted  i n  Table. 

(cont inued . . .. 
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Table 2 (cont inued)  

Apparent photosynthesis a t  l i g h t  i n t e n s i t y  ( f t - c )  
Harvest Chloro- Oark No. 

P lan t  pe r i od  p h y l l  5000 3000 2500 2000 1650 1500 1000 750 650 500 resp. runs - - - - - -  - 
ALDER ( F u l l  shade, 22% 1 i g h t )  

A-1 2 1 1.96 . 8.6 8.4 . 7.1" 7.2 6.0" . 3.1 3.6 2 
18 2.40 . 9.0 . . . 4.0 2.5 2 
24 1.98 . . . 

MAPLE ( F u l l  shade, 22% 1 i g h t )  

Number o f  runs  was one l e s s  than i nd i ca ted  i n  Table. 
"" Number o f  runs was two l e s s  than i nd i ca ted  i n  Table. 
+ Number o f  runs  was 4. 
" Number o f  runs  was 5. 
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Table 3. ANOVA'S fo r  comparison o f  apparent photosynthesis r a t e s  f o r  a l l  t reatment combinations 

L i g h t  Source 
i n t e n s i t y  

ALDER SEEDLINGS (100 vs. 22 percent l i g h t )  

5000 ft-c 

2500 ft-c 

1000 f t - c  

500 ft-c 

A) Treatment 
0) Harvest 
A0 
Within,  e r r o r  
Tota l  

A) Treatment 
0) Harvest 
A0 
Within,  e r r o r  
Tota l  

A) Treatment 
B) Harvest 
A0 1 
Within,  e r r o r  
Tota l  

A) Treatment 
0) Harvest 
A6 
Within,  e r r o r  
Tota l  

MAPLE SEEDLINGS (100 vs. 22 percent l i g h t )  

5000 ft-c 

2500 ft-c 

1000 f t - c  

500 ft-c 

A) Treatment 
B) Harvest 
AB 
Within, e r r o r  
Tota l  

A )  Treatment 
0)  Harvest 
AB 
Within, e r r o r  
Tota l  

A) Treatment 
B) Harvest 
AB) 
Within,  e r r o r  
Tota l  

A )  Treatment 
0) Harvest 
AB) 
Within,  e r r o r  
Tota l  

Degrees o f  
freedom 

Mean square F - r a t i o  Probabi 1 i t y  

(cont inued . . .) 
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Table 3 (cont inued) 

L i g h t  Source 
i n t e n s i t y  

ALDER SEEDLINGS (100 vs. 56 percent l i g h t )  
-- - 

5000 f t - c  A) Treatment 
0) Harvest 
AB 1 
Within,  e r r o r  
Tota l  

2500 f t - c  A) Treatment 
0) Harvest 
AB) 
Within,  e r r o r  
Tota l  

1000 f t - c  A) Treatment 
B) Harvest 
AB) 
Within,  e r r o r  
Tota l  

500 f t - c  A) Treatment 
8) Harvest 
A0 
Within,  e r r o r  
Tota l  

- - - - -- 

MAPLE SEEDLINGS (100 vs. 56 percent l i a h t )  

5000 ft-c 

2500 ft-c 

1000 f t - c  

500 ft-c 

A) Treatment 
B) Harvest 
AB) 
Within,  e r r o r  
Tota l  

A) Treatment 
B) Harvest 
AB) 
Within,  e r r o r  
Tota l  

A) Treatment 
0)  Harvest 
AB 1 
Within,  e r r o r  
Tota l  

A) Treatment 
0)  Harvest 
AB ) 
Within,  e r r o r  
Tota l  

Degrees o f  
freedom 

Mean square F - r a t i o  Probabi 1 i t y  

(cont inued . . . .) 
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Table 3 (cont inued) 

L i g h t  Source 
i n t e n s i t y  

ALDER SEEDLINGS (56 vs. 22 percent 1 i g h t )  

5000 f t - c  A) Treatment 
B) Harvest 
AB 1 
Within, e r r o r  
Tota l  

2500 f t - c  A) Treatment 
B) Harvest 
AB) 
Within,  e r r o r  
Tota l  

1000 f t - c  A) Treatment 
8) Harvest 
AB) 
Within,  e r r o r  
Tota l  

500 f t - c  A) Treatment 
B) Harvest 
AB 
Within,  e r r o r  
Tota l  

MAPLE SEEDLINGS (56 vs. 22 percent 1 i g h t )  

5000 f t - c  A) Treatment 
B) Harvest 
AB) 
Within, e r r o r  
Tota l  

2500 f t - c  A) Treatment 
B) Harvest 
AB) 
Within,  e r r o r  
Tota l  

1000 f t - c  A) Treatment 
B) Harvest 
AB) 
Within,  e r r o r  
Tota l  

500 f t - c  A )  Treatment 
0) Harvest 
AB 
Within,  e r r o r  
Tota l  

Degrees o f  
freedom 

1 
3 
3 

13 
20 

1 
3 
3 

14 
21 

1 
3 
3 

14 
21 

1 
3 
3 

14 
21 

1 
3 
3 

12 
19 

1 
3 
3 

13 
20 

1 
3 
3 

13 
20 

1 
3 
3 

13 
20 

Mean square Probabi 1 i t y  


