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U n i v e r s i t y  o f  l lash ington 

Abs t rac t  

AN ECOLOGICAL ASSESSMENT CIF ElERGY AED CARBON PATHWAYS I N  SWARDS OF 

BROMUS TECTORUM L . O?I CONTRASTI?!(i SLOPE EXPOSURES -- -. 

by Warren Ted Hinds 

Chairman o f  Superv isory  Committee: Dr. Roger Del Moral 
Department o f  Botany 

The b i o t i c  and a b i o t i c  f a t e s  o f  i n c i d e n t  energy have r a r e l y  been 

cons idered t oge the r  i n  d e t a i l ,  so l i t t l e  i s  known about where o r  whether 

any energy o r  carbon r e l a t i o n s  remain cons tan t  i n  c o n t r a s t i n g  energy 

environments. An exper iment t o  determine t he  f a t e s  o f  energy and carbon 

was c a r r i e d  o u t  on s teep (40") no r t h -  and south-fac- ing slopes on a smal l  

e a r t h  mound, us ing  smal l  l y s i m e t e r s  t o  emulate swards o f  c1:eatgrass 

(Branus tectorum L. ) . Meteor01 o g i c a l  c o n d i t i o n s  and energy f l u x e s  t h a t  

were measured i nc l uded  a i r  and s o i  1 temperatures, r e l a t i v e  humidi t y  , 

wind speed, inconling shortwave r a d i a t i o n ,  n e t  a1 1 -wave r a d i a t i o n ,  heat  

f l u x  t o  t he  s o i l ,  and evapora t ion  and t r a n s p i r a t i o n  separa te ly .  The 

f a t e  o f  p h o t o s y n t h e t i c a l l y  f i x e d  carbon du r i ng  s p r i n g  growth (31 March 

t o  31 May) was de te rn ined  by a n a l y s i s  o f  t he  p l a n t  t i s s u e s  i n t o  m inera l  

n u t r i e n t s ,  crude p r o t e i n ,  crude f a t ,  c rude f i b e r ,  and n i t r o g e n - f r e e  

e x t r a c t  (NFE) ( t h e  prox imate a n a l y s i s  scheme r o u t i n e l y  used f o r  feed  

a n a l y s i s  ) f o r  r o o t s ,  shoots, and seeds sepa ra te l y  . 



Ordinary c l i m a t o l o g i c a l  measurements d i d  no t  reveal  no tab le  

d i f f e rences  between s l  opes. However, a1 1 terms i n  the  average r a d i a t i o n  

balance were s i g n i f i c a n t l y  l a r g e r .  on the south exposure (650 compared 

t o  470 ca l  cm" daye1) , and the  est imated average r a d i a t i v e  sur face 

temperature was h igher  on the  south exposure (about 40°C compared t o  

about 30°C on the  n o r t h  exposure), lead ing  t o  much greater  sens ib le  

heat f l u x  t o  the  atmosphere on the  south exposure than on the nor th .  

The energy-r ich south exposure was subjected t o  water s t resses much 

e a r l  i e r  than the  n o r t h  exposure. To ta l  t r ansp i red  water, the  f r a c t i o n  

o f  energy used t o  t r a n s p i r e  water, and s o i l  water content  a l l  showed 

an abrupt  decrease i n  t h e i r  slopes as a f u n c t i o n  o f  t ime, occu r r i ng  

simultaneously a t  about -14 bars average cm water p o t e n t i a l  i n  the  60 cm 

a c t i v e  s o i l  p r o f i l e  (%lo% by weight) ,  i n d i c a t i n g  a r a t h e r  sudden decrease 

i n  water a v a i l a b i l i t y  t o  the  p lan ts .  This change occurred near day 30 

on the  south exposure, and near day 45 on the  n o r t h  exposure, imp ly ing  

t h a t  water was r e a d i l y  a v a i l a b l e  t o  the  n o r t h  exposure f o r  a pe r iod  about 

50% longer than on the  south exposure. 

Root and seed product ion  were both about 30% greater  on the  n o r t h  

exposure than on the  south, bu t  shoot product ion was n o t  d i f f e r e n t .  

Heats o f  combustion ( " c a l o r i c  content " )  d i f f e r e d  between roo ts ,  shoots, 

and seeds b u t  n o t  between exposures. To ta l  p roduct ion  and t o t a l  energy 

f i x a t i o n  were n o t  apprec iab ly  d i f f e r e n t  on the  two exposures, because 

the g rea te r  magnitude and v a r i a b i  1 i t y  o f  the  shoots overwhelmed the  

s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e rences  i n  r o o t s  and seeds. I n c i d e n t  

x i i  
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shortwave r a d i a t i o n  was v e r y  much g r e a t e r  on t h e  south exposure than 

on t h e  n o r t h ,  so t h e  south exposure was much l e s s  e f f i c i e n t  (0.43%) than 

t h e  n o r t h  exposure (0.67%) i n  conve r t i ng  s u n l i g h t  energy i n t o  chemical  

energy s to red  i n  p l a n t  t i s s u e s .  

The c l e a r e s t  d i f f e r e n c e  i n  carbon pathways occur red  f o r  c rude 

p r o t e i n  p roduc t i on  i n  shoot  t i s s u e s  a t  t h e  end o f  t h e  growing season 

(23 gm nm2 on t h e  n o r t h  compared t o  30 gm m-2 on t h e  sou th ) .  Both 

exposures began t h e  growing season w i t h  33 gm m-', so shoot p r o t e i n  

was t r a n s l o c a t e d  t o  o t h e r  t i s s u e s  d u r i n g  t h e  season t o  a  g r e a t e r  e x t e n t  

on t he  n o r t h  exposure than on t h e  sou th  exposure. The crude f i b e r  and 

!lFE (gm .-') i n  seed t i s s u e s  were bo th  g r e a t e r  on t h e  n o r t h  exposure, 

r e f l e c t i n g  a  g r e a t e r  t o t a l  seed biomass, b u t  f o r  o t h e r  organs, t h e r e  

were no app rec i ab le  d i f f e r e n c e s  between exposures. 

The average i n d i v i d u a l  seed we igh t  was o n l y  about  10% heav ie r  on 

t h e  n o r t h  exposure, a l t hough  t he  n o r t h  produced more than a  t h i r d  more 

t o t a l  seed biomass. The compos i t i on  o f  an average seed i n d i c a t e d  t h a t  

t h e  d i f f e r e n c e  i n  seed weight  was caused p r i m a r i l y  by a  decrease i n  

s o l u b l e  components, p robab ly  s ta rches  i n  t h e  endosperm. Crude p r o t e i n  

con ten t  was a lmost  i d e n t i c a l - - p o s s i b l y  a  ve r y  impo r tan t  compensation f o r  

seed1 i n g  s i z e  and v i g o r .  

Homeostasis ( s e l f - r e g u l a t i o n )  was e v i d e n t  as a  g rada t i on  decreas ing 

i n  t he  o rder  seed v i a b i l i t y  ( v e r y  s t r o n g )  > seed compos i t i on  ( s t r o n g )  > 

shoot and r o o t  compos i t i on  (moderate ly  s t r ong )  > average seed we igh t  = 

shoot p roduc t i on  (moderate) > seed number (weak) > t o t a l  r o o t  and seed 

p roduc t i on  (none n o t i c e a b l e )  . 



I. IMTRODUCTION 

Fools and angels both rush about.. . . . 
the significant difference is where, not how fast. 

Energy has become somewhat a  touchstone f o r  e c o l o g i s t s  i n  t he  pas t  

couple o f  decades, and w i t h  good reason: i t s  g r a d i e n t s  and t r a n s f e r s  

move a1 1  manner o f  t h i n g s  about-- the muscle on an eco log i ca l  ske le ton.  

Energy need n o t  be b i o t i c a l l y  f i x e d  t o  be i n f l u e n t i a l ,  a l though most 

eco log i ca l  1  i t e r a t u r e  i s  devoted t o  t r a c i n g  b i ochemica l l y  f i x e d  energy 

through t r o p h i c  t r a n s f e r s .  Concerted and comprehensive measurements o f  

t he  " f a t e  and e f f e c t s "  o f  energy i n  an ecosystem a r e  r a r e ;  i n  f a c t ,  I 

found none t h a t  cons idered s imu l taneous ly  t h e  me teo ro log i ca l  d i s p o s i t i o n  

o f  energy income and p h y s i o l o g i c a l  d i s p o s i t i o n  o f  a s s i m i l a t e d  energy i n  

comparable d e t a i l .  Energy r e l a t i o n s  a r e  n o t  y e t  t y p i c a l  concerns o f  

au teco log i ca l  s t ud ies  (West, 1968), bu t  t h i s  o v e r s i g h t  w i l l  p robab ly  be 

co r rec ted  as e c o l o g i c a l  analyses pene t ra te  o rgan i  sm/environment 

r e l a t i o n s h i p s .  

Two f a c t o r s  come immediate ly  t o  mind when pondering how b e s t  t o  

s tudy t h e  importance o f  ecoenerget ics :  f i r s t ,  t h e  species t o  be s tud ied ,  

because t h e  r e s u l t s  a r e  a lmost  c e r t a i n  t o  be spec ies s p e c i f i c  i n  

impo r tan t  ways; and second, whether t h e  s tudy  ought t o  be observa t iona l  

o r  exper imenta l  . 
I fee l  t h a t  e c o l o g i c a l  work must emphasize f i e l d  work, f o r  most 

communities do n o t  f l o u r i s h  under roofs .  S t i l l ,  t h e  advantages o f  expe r i -  

m e n t a l l y  c o n t r o l l i n g  severa l  v a r i a b l e s  w h i l e  changing o the rs  i n  a  known 



f ash ion  has much t o  recommend i t .  U l t i m a t e l y ,  t he  courses o f  a c t i o n  from 

which t o  choose depend upon the species chosen, f o r  1 i ve rwor t s  and cypress 

d i f f e r  i n  more than s ta tu re .  An obvious choice was cheatgrass, Bromus 

tectorum L.*, a moderate-sized annual grass we1 1 adapted t o  the  c l ima te  o f  

south-eastern Washington, and an impor tan t  species t o  range management 

and waste management a l i k e ,  f o r  both a re  concerned w i t h  per turbed s t a b l e  

communities, a l l o w i n g  cheatgrass a p o t e n t i a l  f oo tho ld .  

Several methods have been used t o  a1 t e r  energy r e l a t i o n s ,  i n c l u d i n g  

shade c l o t h  (Campbell e t  a1 ., 1969); l a t i t u d e  (Sibbon e t  a l . ,  1970); 

e l e v a t i o n  (Grable e t  a1 . , 1966) and a r t i f i c i a l  l i g h t i n g  (Bjorkman and 

Holmgren, 1963); bu t  t h e  most meaningful  eco log ica l  a l t e r a t i o n  f o r  a 

sward o f  cheatgrass seemed t o  be a l t e r a t i o n  o f  s lope exposure. South- 

f a c i n g  slopes i n t e r c e p t  s o l a r  r a d i a t i o n  a t  steep angles somewhat 

analogous t o  southern l a t i t u d e s  , and conversely  f o r  no r th - fac ing  s l  opes. 

Because i n s o l a t i o n  i s  a po ten t  energy f l u x ,  t h i s  approach would guarantee 

con t ras t s  i f  the  slopes were steep enough. 

There in l a y  a p r i c k l e ;  t he  l i t e r a t u r e  on s l o ~ e  e f f e c t s  i s  almost 

e n t i r e l y  devoted t o  species presence and abundance. From Potzger (1939) 

on a r i d g e  i n  Ind iana,  conceal ing atmometers from t r a n s i e n t  hunters, t o  

Ayyad and D ix  (1964), on p r a i r i e  slopes i n  Saskatchewan, sco r i ng  and 

o r d i n a t i n g  many stands, t he  emphasis l a y  on taxonomy. A l l  agreed i t  was 

more o r  l e s s  warmer and d r i e r  on the  south slopes. F i n a l l y ,  I arranged 

t o  have small a r t i f i c i a l  slopes constructed as steep as poss ib le ,  and 

hoped f o r  the  best .  

* A1 1 formal  taxonomic nomenclature f o l  1 ows H i  tchcock and Cronquis t  (1973) 



It should be noted t h a t  the approach I have taken t o  s tudy  energy 

r e l a t i o n s  i s  d i a m e t r i c a l l y  opposed t o  t h a t  o f  Gates (1968).  I have 

begun w i t h  a  community, and l a t e r  deduced some elementary r e l a t i o n s  f o r  

i n d i v i d u a l  components o f  t he  p l a n t s  as average c o n t r i b u t o r s  t o  t he  

community, whereas Gates expresses the  idea  o f  de te rmin ing  r e l a t i o n s h i p s  

f o r  i n d i v i d u a l  leaves, then i n t e g r a t i n g  over a l l  leaves on a p l a n t ,  

then over  a l l  p l a n t s  i n  a  community, t o  a r r i v e  a t  community ene rge t i cs .  

C l e a r l y  h i s  approach i s  b e s t  adapted t o  mathematical  s imu la t i ons .  

The f o l l o w i n g  t e x t  aims t o  weld t oge the r  an amorphous mass o f  

1  i t e r a t u r e  and ideas i n t o  a  meaningful  d e s c r i p t i o n  o f  energy pathways i n  

a  cheatgrass corr~muni ty.  I n  bo th  t he  1 i t e r a t u r e  survey and exper imenta l  

r e s u l t s ,  energy i s  analyzed as a cascade, from r a d i a n t  energy f luxes  t o  

s torage i n  mature p l a n t  t i s s u e s ,  t ouch i vg  i n  t u r n  upon the  r e l a t i o n  between 

m i c r o c l i n a t e s  and energy balances, i n t e r p r e t a t i o n  o f  a b i o t i c  energy 

balances , pho tosyn the t i c  e f f i c i ency ,  carbon pathways i n  matur ing  cheat-  

grass, and environmental  i n f l uences  on p roduc t ion  and rep roduc t i on  i n  

Bromus tectorum - L. 



11. THE LITERATURE I N  PERSPECTIVE 

A s k i l f u l  canoeist leaves g l in t s  and sparkles, not a m k e .  

BRCIMUS TECTORllM L . 
Bromus tectorum L. i s  an annual grass in t roduced a c c i d e n t a l l y  i n t o  

t h e  Un i t ed  S ta tes  about  a cen tu ry  ago, on t h e  eas te rn  seaboard. It 

spread westward r a p i d l y  and was repo r ted  i n  Washington ( s t a t e )  i n  1901. 

It i s  now v e r y  abundant i n  t he  Great  Basin and Columbia Basin, and i s  

dominant on m i l  l i o n s  o f  hectares i n  those reg ions .  It has become an 

impo r tan t  fo rage  and has generated a s u b s t a n t i a l  l i t e r a t u r e  t h a t  i s  

we1 1 reviewed by Stewar t  and H u l l  (1949) and Klemmedson and Smith (1964). 

Much o f  t h e  e a r l y  l i t e r a t u r e  was concerned w i t h  reduc ing  stands o f  cheat-  

grass and encouraging regrowth  o f  t h e  n a t i v e  pe renn ia l  grasses (see 

Leopold, 1949). However, r e c e n t  years  have seen some o f  t he  cheatgrass 

communities invaded by an even more agress ive  and obnoxious species,  

medusahead r y e  (Elymus capu t  - medusae L. i n  Hi tchcock and Cronqu is t  

(1973); synonymously, Taeniatherum asperum (Sim.) Nevski)  (see 

West, 1968), and some r e c e n t  work now i s  aimed a t  ma in ta i n i ng  e x i s t i n g  

cheatgrass stands a g a i n s t  t h i s  invader  (Young, e t  a l . ,  1971). 

Cheatgrass i s  no rma l l y  a w i n t e r  annual, g e m i n a t i n g  a f t e r  adequate 

r a i n s  i n  t he  autumn, growing s low ly  du r i ng  t he  w i n t e r ,  and matur ing  as 

s o i l  water d isappears i n  t he  sp r i ng .  The l i f e  h i s t o r y  o f  the  grass i s  

f u l l y  discussed i n  t he  p r e v i o u s l y  named rev iews and a g r e a t  deal  o f  

taxonomic and au teco log i ca l  in fo rmat ion  was r e p o r t e d  by H u l b e r t  (1955). 

The ensuing paragraphs p o i n t  o u t  some impo r tan t  r e s u l t s  r e p o r t e d  s ince.  



Cheatgrass seeds germinate r a p i d l y  i n  l abo ra to ry  t e s t s ;  usua l ly ,  a l l  

v i a b l e  seeds have germinated w i t h i n  th ree o r  four days. However, i n  the  

f i e l d ,  germinat ion i s  continuous r a t h e r  than simultaneous, as the  spectrum 

o f  "safe s i t e s "  i s  p rogress ive ly  brought t o  germinat ion cond i t ions  (Young, 

e t  a1 . , 1969). Some cheatgrass populat ions show germinat ion polymorphism, 

i n  t h a t  some i n d i v i d u a l s  w i l l  cas t  seeds w i t h  g e m i n a t i o n  behavior very  

d i f f e r e n t  from the bu lk  o f  the  populat ion (Palmblad, 1969). I n  most 

cheatgrass swards, the seeds gemina te  a e r i a l l y ,  i n  the l i t t e r ,  r a t h e r  

than i n  s o i l .  Young, e t  a l . ,  (1971) showed t h a t  under these cond i t ions ,  

seed v i a b i l i t y  was very h igh  a t  10°C bu t  low a t  20°C, and seedl ing r o o t  

growth r a t e s  were h igher than compet i tors a t  15°C (Har r is  and Wilson, 

1970). These germinat ion and r o o t  growth c h a r a c t e r i s t i c s  have earned 

cheatgrass a repu ta t i on  fo r  being a very  compet i t ive cool season grass, 

bu t  i n  f a c t  i t  i s  on ly  compet i t ive I f  e x i s t i n g  cl imax vegeta t ion  i s  

disturbed--cheatgrass makes few inroads i n t o  perennial  grasslands 

otherwise (Leopold, 1949; Har r is ,  1967). 

The phenology and phenotypic expression of cheatgrass are both 

very p l a s t i c  (F inner ty  and Klingman, 1962; Rickard e t  al . ,  1971). I n  

poor cond i t ions ,  cheatgrass can f lower  and se t  a s i n g l e  v i a b l e  seed on 

p lan ts  no more than th ree cent imeters t a l l ;  i n  salubr ious cond i t ions ,  

each p l a n t  may have several t i 1  l e r s  up t o  40 cm t a l l  w i t h  hundreds o f  

seeds. Seed product ion i s  dens i t y  dependent (Young e t  a1 . , 1969) b u t  

t o t a l  aboveground product ion tends t o  be constant over a wide range o f  

d e n s i t i e s  (Hul be r t ,  1955). 



Cheatgrass i s  very  responsive t o  f e r t i l i z a t i o n ,  espec ia l l y  a t  

r e l a t i v e l y  low l e v e l s  and f o r  n i t r o g e n  and s u l f u r  amendments (Ecker t  

and Evans, 1963). However, y i e l d s  are  about s i x  t imes as s e n s i t i v e  

t o  water r e l a t i o n s  as n u t r i t i o n  (C l ine  and Rickard, 1973). F e r t i l i -  

z a t i o n  o f  mixed cheatgrass-bunchgrass stands u s u a l l y  r e s u l t s  i n  the 

death o f  the  bunchgrass (Wilson, 1966; Kay and Evans, 1965). 

Cheatgrass provides a good forage when immature (National 

Academy o f  Sciences, 1969) bu t  matures r a p i d l y  i n t o  a mass o f  straw 

w i t h  sharp seeds t h a t  "... make hay w i t h  some mature cheatgrass i n  

i t  miserable t o  handle" (Stewart and H u l l ,  1949). Green cheatgrass 

i s  va luab le  t o  w i l d l i f e  as we l l  as domestic animals; i t  i s  known t o  

form a major p a r t  o f  the  d i e t  o f  chukar pa r t r i dges  i n  the  f a l l ,  

(Weaver and Haskel l ,  1967) and i n  f a l l  and spr ing  bo th  f o r  s h a r p t a i l  

grouse (Jones, 1966). I t s  seeds are  consumed i n  q u a n t i t y  by several 

species o f  small animals, bu t  seeds alone are no t  des i rab le  f o r  chukars 

(Savage e t  a1 . , 1969). Cheatgrass swards are  d e f i n i t e l y  poor cover f o r  

ground-nesting b i rds ;  Jones and Hungerford (1972) found t h a t  80% o f  

simulated nests i n  cheatgrass were destroyed by magpies. 

Cheatgrass has become a na tu ra l  i zed  member (Daubenmire, 1970) 

o f  the ecosystems i n  western Uni ted States, even i f  i t s  success i n  

undisturbed communities i s  min iscule,  because undisturbed communities 

are a vanishing resource. I t  has put  i t s  r o o t s  down i n  ,American 

s o i l  f o r  keeps. 



ENERGY TRANSFERS I N  AND AROUND A PLANT COMMUNITY 

I n  the broadest sense, energy en ters  the  community as r a d i a t i o n  

(shortwave, from the  sun) and leaves the community (ear th )  as r a d i a t i o n  

(longwave, t o  space). Between these two r a d i a n t  f l u x e s  a re  many energy 

t ransformat ions i n e x t r i c a b l y  wound up i n  a web o f  b ioenerget ics.  However, 

the t ransformat ions t h a t  take p lace i n  the  environment surrounding a 

p l a n t  community o f t e n  can be conven ien t ly  separated from the  t r a n s f o r -  

mations tak ing  p lace w i t h i n  the  b i o t a  ( t he  community proper) .  F igure  1 

i s  a diagram o f  the  major b i o t i c  and a b i o t i c  pathways f o r  energy t r a n s f e r s  

and t ransformat ions,  and the  nex t  several paragraphs prov ide  an i n t e r p r e -  

t a t i o n  and perspect ive f o r  the f l u x e s  and storages noted there,  beginning 

w i t h  the a b i o t i c  f l uxes ,  then r e t u r n i n g  t o  the f a t e  o f  r a d i a n t  energy 

captured by the p l a n t s  v i a  photosynthesis.  

ABIOTIC ENERGY TRANSFERS AND STORAGES 

The general energy balance equat ion r e l a t i n g  the  f l u x e s  i n  the 

environment can be w r i t t e n  i n  two ways, p rov id ing  d i f f e r e n t  i n s i g h t s :  

where S = i n s o l a t i o n  (0.2 t o  3.2 micron wavelengths) 

r = r e f l e c t i v i t y  

Id = atmospheric longwave r a d i a t i o n  (6 t o  25 micron wavelengths) 



I u = longwave r a d i a t i o n  from t e r r e s t r i a l  surfaces 

Sn = n e t  i n s o l a t i o n  

In = n e t  longwave r a d i a t i o n  

Rn = n e t  al l -wave r a d i a t i o n  

LE = l a t e n t  heat f l u x  due t o  evaporat ion 

LT = l a t e n t  heat f l u x  due t o  t ranspor ta t i on  

G = sens ib le  heat f l u x  t o  the s o i l  

H = sens ib le  heat f l u x  t o  the  atmosphere 

Pn = n e t  photosynthesis 

Equation 1 shows t h a t  n e t  (a l l -wave)  r a d i a t i o n  i s  the  energy t h a t  under- 

goes t ransformat ion t o  s tored forms o f  energy a t  o r  i n  the  community. 

Equation 2 shows t h a t  the  energy f l u x  i n c i d e n t  upon the  p l a n t  community 

i s  a f u n c t i o n  o f  l a r g e  scale processes -- cloudiness, a i r  temperature, 

season -- whereas the  f a t e  o f  the i n c i d e n t  energy i s  determined 

s t r i c t l y  by the  l o c a l  character  o f  the  environment and the  community -- 
r e f 1  e c t i v i  t y ,  sur face character ,  s o i l  type,  s o i l  water a v a i l a b i l  i t y ,  

and c h a r a c t e r i s t i c s  o f  the  p l a n t  species ex tan t .  

I n c i d e n t  shortwave r a d i a t i o n  i s  o f t e n  termed " inso la t ion , "  and 

u s u a l l y  inc ludes both d i r e c t  beam and d i f f u s e  components. The spec t ra l  

.I character  of these two components d i f f e r  somewhat (Kondratyev, 1969), 

, but  o n l y  d e t a i  1  ed work i n  photosynthesis requ i res  separate spectra 

(Anderson, 1964), because the  p r i n c i p a l  d i f f e r e n c e  between the two 

f l u x e s  i s  t h a t  d i f f u s e  rad 'a t i on  u s ~ ! a l l y  sho!.:s i maxir-u~; a t  shor te r  

wavelenqths than d i r e c t  r a d i a t i o n .  NG s i g n i f i c a n t  l o s s  o f  in fo rmat ion  
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Figure 1. Energy Flows in a plant community and its environment. 



w i l l  r e s u l t  here in from lumping bo th  f l u x e s  i n t o  the  general term, 

"shortwave r a d i a t i o n " ,  because the energy t r a n s f e r s  considered here 

i nvo l ve  gross energet ics  r a t h e r  than absorp t ion  spectra.  

Several f a c t o r s  a re  impor tan t  i n  determin ing the  amount o f  

shortwave r a d i a t i o n  a v a i l a b l e  f o r  the p l a n t  community: l a t i t u d e ,  

a1 ti tude, slope, exposure ( o r  aspect; both terms r e f e r  t o  o r i e n t a t i o n  

w i t h  respec t  t o  compass d i r e c t i o n ) ,  season, c l ima te ,  and so on. The 

e f f e c t  o f  each o f  these f a c t o r s  on shortwave r a d i a t i o n  i s  w e l l  

understood and discussed i n  standard re fe rence works ( L i s t ,  1957 ; 

Geiger, 1967; S e l l e r s ,  1965). 

The f i r s t  energy t r a n s f e r  i n  a p l a n t  community i s  the  r e f l e c t i o n  

o f  shortwave r a d i a t i o n  back t o  space. The p r o p o r t i o n  r e f l e c t e d  v a r i e s  

w i t h  the  sur face p r o p e r t i e s  o f  t he  community and the angle o f  inc idence 

o f  the  r a d i a n t  f l u x .  Monte i th  (1960) discussed r e f 1  e c t i o n  ex tens ive ly ,  

showing t h a t  some species r e f l e c t e d  much more i n c i d e n t  shortwave 

r a d i a t i o n  than others.  For example, E u r o t i a  l ana ta  (Pursh.) Moq., a 

dese r t  shrub w i t h  grey pubescent leaves, r e f l e c t e d  about 35% o f  the  

i n c i d e n t  r a d i a t i o n ,  whereas t y p i c a l  p l a n t s  w i t h  green 1 eaves r e f  1 ected 

about 25%. F igure  2 i n d i c a t e s  t h a t  Bromus tectorum i s  a t y p i c a l  

species, showing t h a t  r e f l e c t i o n  increases markedly a t  l a r g e  angles o f  

inc idence ( Idso ,  e t  a l .  1969; Monte i th  and Szeicz, 1961). Ref lec ted  

r a d i a t i o n ,  1 i ke i n s o l a t i o n ,  has bo th  d i r e c t  beam and d i f f u s e  components, 

both o f  which a re  lumped here i n t o  a s i n g l e  f l u x .  

Longwave r a d i a t i o n  d i r e c t e d  downward a r i s e s  p r i m a r i l y  f rom 

atmospheric water vapor and carbon d iox ide .  The emission spectra o f  





these two molecules a r e  so i n tense  i n  most wavelengths between 6  

and 25 microns t h a t  t h e  longwave r a d i a n t  f l u x  d e n s i t y  a t  the  e a r t h ' s  

sur face  o f t e n  a r i s e s  almost e x c l u s i v e l y  f rom water  and carbon d i o x i d e  

i n  t he  lower few hundred meters (Gates, 1962). Consequently, downward 

r a d i a t i o n  can be est imated i n  terms o f  o r d i n a r y  meteoro log ica l  

parameters. Recent analyses (Swinbank, 1963; Idso  and Jackson, 1969) 

a t t r i b u t e s  the  r a d i a t i o n  t o  a i r  temperature a lone i f  t h e  sky i s  c l e a r  

and the  atmosphere near n e u t r a l  - - t y p i c a l  l y  , dayt ime cond i t i ons .  Most 

t e r r e s t r i a l  sur faces a c t  v e r y  n e a r l y  as b lack  bodies w i t h  respec t  t o  

longwave r a d i a t i o n  (Buet tner  and Kern, 1965), so angle o f  inc idence and 

r e f l e c t i v i t y  a r e  o f  l i t t l e  consequence. 

Rad ia t i ve  f l u x e s  emi t ted  from the  e a r t h ' s  surfaces a r e  a l s o  ve ry  

n e a r l y  a  f u n c t i o n  o f  sur face  terr~perature a1 one, again because t e r r e s t r i a l  

surfaces appear n e a r l y  b l ack  a t  these wavelengths. Th is  component p lays  

the  major r o l e  i n  t he  energy balances o f  leaves: about two - th i r ds  o r  

more o f  t he  energy absorbed by leaves i s  r e r a d i a t e d  as longwave r a d i a t i o n  

( I d so  and Baker, 1967). 

Warming o f  the  s o i l  by sens ib le  heat  f l u x  du r i ng  t he  sp r i ng  and 

summer seasons s to res  s i g n i f i c a n t  amounts o f  energy. Annual cyc les  o f  

s o i l  temperatures reach deep - in to t he  s o i l ,  15 o r  20 meters, and d a i l y  

cyc les  o f  s o i l  temperature of ten reach depths approaching h a l f  a  meter 

( S e l l e r s ,  1965). However, t he  magnitude o f  t h e  s o i l  heat  f l u x  i s  small 

i n  r e l a t i o n  t o  i n s o l a t i o n ,  and s o i l  heat  f l u x  decreases r a p i d l y  i n  

importance r e l a t i v e  t o  o the r  f l u x e s  as t ime per iods  increase.  I t s  

importance t o  the  ecosystem l i e s  i n  i t s  d i r e c t i o n  (warming o r  c o o l i n g ) ,  



and i n  the  associated changes o f  s o i l  temperatures, which prov ide  

r e l a t i v e l y  favorable o r  unfavorable cond i t i ons  fo r  p l a n t  growth. 

Sensib le heat f l u x e s  t o  t he  atmosphere a r i s e  by convect ion 

from surfaces o f  the e a r t h  o r  p l a n t  communities warmed by absorp t ion  

of so la r  r a d i a t i o n .  The amount o f  energy s to red  i n  t he  atmosphere 

i n  t h i s  fash ion  i s  a  ve ry  s i g n i f i c a n t  p r o p o r t i o n  o f  the  i n c i d e n t  

energy, e s p e c i a l l y  i n  a r i d  reg ions  where the  compet i t i ve  process 

of evaporat ion may be small . O r d i n a r i l y ,  a i r  temperatures change 

s low ly  through a  l a r g e  depth, because the  heat capac i t y  o f  the  a i r  

i s  very  small and convect ion i s  an e f f i c i e n t  process t h a t  min imizes 

temperature g rad ien ts  i n  compari son w i t h  conduct ion. 

Energy s to red  i n  the  environment due t o  change o f  phase o f  

water i s  termed the  l a t e n t  heat f l u x ,  i . e . ,  w i t hou t  temperature 

change. Two common pathways e x i s t :  evaporat ion and t r a n s p i r a t i o n .  

A recen t  c r i t i q u e  o f  the  ex tens ive  1  i t e r a t u r e  on evaporat ion ( S t a n h i l l  , 

1973) found good reason t o  keep these two components o f  t he  l a t e n t  

heat f l u x  separate: t r a n s p i r a t i o n  i s  mediated by b i o t i c  mechanisms 

i n  a d d i t i o n  t o  a b i o t i c  c o n s t r a i n t s .  

Evaporat ion ( f rom non-1 i v i n g  subs t ra tes)  t y p i c a l l y  occurs from 

two d i f f e r e n t  sur faces:  bare minera l  s o i l ,  and dead p l a n t  m a t e r i a l  

(mulch o r  l i t t e r ) .  A few cent imeters  o f  mulch suppresses fvapora t ion  

and was shown by Jones e t  a l .  (1969) t o  conserve water i n  the p r o f i l e  

t o  depths o f  30 cent imeters,  compared t o  a  bare surface. However, 

s o i l  t e x t u r e  (e.g., sands compared t o  c l a y s )  had 1  i t t l e  e f f e c t  on the  

depth t o  which s o i l  water can be l o s t  ( A l i z a i  and Hu lber t ,  1970). 



Transp i ra t i on  i s  ve ry  s i g n i f i c a n t ,  because i t  a f f e c t s  water deep 

i n  the s o i l  t h a t  o therwise would remain unmoved; i n  s i t u a t i o n s  where 

p l a n t s  and so i  1  water are bo th  abundant, t r a n s p i r a t i o n  g r e a t l y  exceeds 

evaporat ion. I n  some circumstances, t he  separa t ion  of evaporat ion 

from t r a n s p i r a t i o n  i s  e i t h e r  unnecessary o r  i n o r d i n a t e l y  d i f f i c u l t ,  

and the  two a re  subsumed i n t o  a  s i n g l e  f l u x ,  evapot ransp i ra t ion .  

However, because o f  t h e i r  c o n t r a s t i n g  i n f l u e n c e  on s o i l  water,  the  

two f l u x e s  ought t o  be separated where poss ib le .  

BIOTIC ENERGY TRANSFERS AND STORAGES 

Energy en ters  t he  community v i a  photosynthesis,  which i s  

connected t o  a b i o t i c  energy t r a n s f e r s  by ne t  shortwave f l u x .  The 

f a t e  o f  p h o t o s y n t h e t i c a l l y  f i x e d  energy i s  o n l y  i n d i r e c t l y  r e l a t e d  

t o  the  environment, being d i r e c t l y  r e l a t e d  t o  t he  s t r u c t u r e  and 

f u n c t i o n  o f  the  p l a n t s  i n  t he  community. Several pathways e x i s t  

f o r  photosynthe t ic  energy f i x a t i o n ;  t he  commonest i nvo l ves  fo rmat ion  

o f  t r i o s e  phosphates (Rabinowi t c h  and Govindjee , 1959). This,  the  

Cg pathway, i s  the major process i n  most green p lan ts .  However, a  

few species, p a r t i c u l a r l y  grasses o f  t r o p i c a l  o r i g i n ,  have a  ve ry  

d i f f e r e n t  sequence f o r  most o f  t h e i r  carbon uptake, which invo lves  

fo rmat ion  o f  a  four-carbon a c i d  (Hatch and Slack, 1968). This,  

the  C4  pathway, i s  associated w i t h  h igh  e f f i c i enc ies ,  ne t  p r o d u c t i v i t y  

p ropo r t i ona l  t o  i n s o l a t i o n ,  and a  ve ry  low o r  nonex is ten t  r a t e  o f  

pho to resp i ra t i on  (Zel i t c h ,  1971 ) . However, dogmatic separa t ion  o f  

species i n t o  groups accord ing t o  carbon reduc t i on  pathways i s  
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inappropr ia te ,  because most p lan ts  e x h i b i t  a t  l e a s t  a  l i t t l e  a c t i v i t y  

i n  more than one c y c l e  (Black, 1973) and species can e x h i b i t  charac- 

t e r i s t i c s  t y p i c a l  o f  two o r  more carbon f i x a t i o n  cyc les  (Wi l l iams and 

Markley, 1973). Bromus tec to run  i s  known t o  possess the  h igh  C02 

cornpensation concent ra t ion  t y p i c a l  o f  a  C3 pathway species (Downton 

and Tregunna, 1968), so i t  c e r t a i n l y  l acks  the  h igh  e f f i c i e n c y  and 

p r o d u c t i v i t y  t y p i c a l  o f  the  C4  pathway species. 

Photosynthesis v i a  the  C3 pathway e x h i b i t s  a t y p i c a l  enzyme 

s a t u r a t i o n  response curve as r a d i a n t  f l u x  d e n s i t y  increases from 

zero (Bonner , 1962). Consequently, s i n g l e - l e a f  photosynthesis 

t y p i c a l l y  l e v e l s  o f f  a t  f l u x  d e n s i t i e s  o f  about one f i f t h  o f  f u l l  

sun1 i g h t .  Photosynthesis by a canopy o f  leaves, however, i s  ve ry  

d i f f e r e n t ,  because h igher  f l u x  d e n s i t i e s  a t  the top  o f  the  canopy 

imp ly  h igher  f l u x  d e n s i t i e s  lower down where leaves a r e  n o t  l i g h t  

saturated.  Consequently, p r o d u c t i v i t y  w i t h i n  a stand u s u a l l y  

increases w i t h  i nc reas ing  energy a v a i l a b i l  i t y  (Hesketh and Baker, 

1967). 

Energy f i x a t i o n  w i t h i n  a stand depends upon the  absorp t ion  o f  

r a d i a n t  energy throughout the  l e a f  p r o f i l e ,  so considerable e f f o r t  

has been devoted t o  ana lyz ing  the  absorp t ion  p r o f i l e  o f  r a d i a n t  

energy. The bas ic  phenomenon i s  a more o r  l e s s  exponent ia l  decrease 

of f l u x  d e n s i t y  from the  t o p  of t he  canopy downwards (a p u r e l y  

exponent ia l  decrease would imp ly  a Beer 's  law absorp t ion  process, 

r e q u i r i n g  a u n i f o r m l y  d ispersed homogeneous assernbl age o f  small 

leaves and monochromatic r a d i a t i o n ) .  For example, Impens and Lemeur 



(1968) showed t h a t  the  l o g  o f  the  f r a c t i o n  o f  ne t  r a d i a n t  f l u x  remaining 

a t  any he igh t  i n  a  corn canopy was a c t u a l l y  a  quadra t ic  polynomial 

r a t h e r  than a  l i n e a r  (Beer 's  law) f unc t i on ,  and t h a t  t he  e x t i n c t i o n  

c o e f f i c i e n t s  were n o t  cons tan t  throughout the day. 

Theore t ica l  l i g h t  absorp t ion  p r o f i l e s  i n  p l a n t  canopies abound, 

and useful  i n s i g h t s  can be gleaned from several  analyses. Anderson and 

Denmead (1969) examined the  d i f f e r e n c e s  between d i r e c t  beam and d i f f u s e  

r a d i a t i o n .  They showed t h a t  dramatic d i f f e rences  e x i s t  i n  r a d i a n t  f l u x  

d e n s i t i e s  i n c i d e n t  upon d i f f e r e n t  leaves w i t h i n  t he  canopy; the h ighes t  

f l u x  d e n s i t i e s  occur from d i r e c t  beam r a d i a t i o n  on n e a r l y  v e r t i c a l  

leaves a t  low s o l a r  e leva t ions .  Fo l iage  i n c l i n a t i o n  means l i t t l e  under 

d i f f u s e  r a d i a t i o n .  Monte i th  (1965) concluded t h a t  f o r  l e a f  areas per 

u n i t  o f  ground sur face ( l e a f  area index) l ess  than three,  photosynthesis 

would decrease as l e a f  angle increased from h o r i z o n t a l ,  whereas f o r  l e a f  

area i nd i ces  grea ter  than f i v e ,  photosynthesis would increase w i t h  

steeper l e a f  augle. Cowan (1968) separated h i s  analyses o f  r a d i a n t  

f l u x e s  i n t o  f i v e  wavebands w i t h  r a t h e r  d i f f e r e n t  p r o f i l e s  o f  

absorpt ion,  bu t  h i s  ana l ys i s  showed t h a t  the  absorp t ion  p r o f i l e s  f o r  

bo th  al l -wave and v i s i b l e  r a d i a t i o n  were ve ry  s i m i l a r ,  b a s i c a l l y  because 

absorp t ion  i n  the  f a r  i n f r a - r e d  o f  t he  s o l a r  spectrum (1.2 t o  5.5 

microns) was l a r g e l y  compensated by n e t  l o s s  o f  thermal (longwave) 

r a d i a t i o n .  

Verhagen e t  a1 . (1963) presented an ana l ys i s  of several  t h e o r e t i c a l  

types o f  f o l i a g e  d i s t r i b u t i o n s .  I n  an i dea l  f o l i a g e  (i .e., w i t h  

absorbed f l u x  d e n s i t y  on the  leaves constant  w i t h  depth i n  t he  



canopy), the e x t i n c t i o n  c o e f f i c i e n t  must be q u i t e  small a t  the  top 

o f  the  canopy and very l a rge  indeed a t  the  bottom, imply ing u p r i g h t  

f o l i age  a t  t he  top and p ros t ra te  f o l i a g e  near the  bottom. This i s  a  

r e a l i s t i c  desc r ip t i on  o f  the  growth hab i t s  o f  some p lants ,  b u t  n o t  

Bromus tectorum. Further ,  they showed t h a t  t he  l i g h t  emerging from 

the base o f  an i dea l  ( i  .e., maximally product ive)  f o l  iage exceeded 

the l i g h t  emerging from a f o l i a g e  w i t h  the  bottom leaves a t  compensation 

po in t .  That i s ,  maximum p r o d u c t i v i t y  i s  n o t  associated w i t h  maximuni 

absorpt ion measured on ho r i zon ta l  planes, because i t  i s  the  l i g h t  

absorbed by the  leaves t h a t  i s  c r i t i c a l .  Thus, the  a t t r a c t i v e  idea o f  

de f i n ing  photosynthet ic  e f f i c i e n c y  i n  terms o f  in tercepted l i g h t ,  as 

proposed by Botk in  and Malone (1968), and Hesketh and Baker (1967), 

must be foregone. Botk in  and Malone recognized the important d i f f e r e n c e  

between absorbed l i g h t  and t ransmi t ted  1  i g h t ;  bu t  even so, the proper 

base f o r  e f f i c i e n c y  c a l c u l a t i o n s  should be i n s o l a t i o n  i n c i d e n t  on the 

top o f  the f o l i a g e ,  thus removing any e f f e c t  o f  v a r i a b l e  i n c l i n a t i o n  

o f  the f o l i a g e .  

Ecological  aspects o f  these i n s o l a t i o n  absorpt ion phenomena are  

r e l a t e d  t o  t h e  experiment a t  hand as fo l l ows :  the  r a d i a n t  f l u x  dens i t y  

i n c i d e n t  upon the  top  o f  the  cheatgrass canopy w i  11 be much higher on 

the south than on the  nor th ,  due t o  the  angle o f  incidence on the  

slope, bu t  the t o t a l  lea f  area t raversed by the  p a r a l l e l  beam r a d i a t i o n  

w i l l  be much less  on the  south than on the  nor th .  Consequently, the  

f r a c t i o n  o f  the d i r e c t  beam r a d i a t i o n  absorbed dur ing  passage through 

the f o l i a g e  may be lower on the  south. D i f f u s e  r a d i a n t  f l u x  w i l l  be 



approximately the  same on the  two exposures. This  i s  i n  con t ras t  t o  

other  experiments (Campbell e t  a l . ,  1969, fo r  example) where shade 

c l o t h  was used t o  reduce r a d i a n t  f l u x  dens i ty ,  because c l o t h  shading 

tends t o  a t tenuate  d i r e c t  beam r a d i a t i o n  and increase d i f f u s e  r a d i a t i o n .  

Carbon Pathways 

P lan t  responses t o  con t ras t i ng  energy r e l a t i o n s  i n  the  canmuni t y  

may be r e f l e c t e d  i n  e i t h e r  (o r  both)  the p ropo r t i on  or t o t a l  o f  

pho tosyn the t i ca l l y  reduced carbon a l l o c a t e d  t o  each o f  thousands 

o f  biochemicals associated w i t h  l i f e .  A s u i t a b l e  base f o r  genera l i z ing  

carbon pathways i s  a  carbon balance diagram by Mooney (1972), which 

i s  presented i n  a  very  s i l i l p l i f i e d  for17 i n  F igure  3. Several 

endpoints appear i n  t h i s  diagram: saccharides f o r  storage and 

cons t ruc t ion ;  aromatic and phenol ic  compounds f o r  f unc t i on  and c o n t r o l  

purposes; p ro te ins ;  and f a t t y  ac ids.  The number o f  compounds 

associated w i t h  the  f u n c t i o n  and con t ro l  (sh ik imic  a c i d )  group i s  very  

la rge ,  bu t  the mass o f  ma te r i a l s  associated w i t h  each o f  them i s  o f t e n  

small because the  concentrat ions requ i red  are  small . The other  end 

p o i n t s  i n  the  diagram can be rough ly  thought of as conta in ing  r e l a t i v e l y  

small numbers o f  compounds i n  r e l a t i v e l y  h igh  concentrat ions.  

To presume t o  separate carbon pathways i n t o  on l y  these few 

categor ies i s  t o  ove rs imp l i f y  mat te rs  d r a s t i c a l l y ,  bu t  the processes 

invo lved i n  the  growth, development and maintenance o f  p lan ts  are so 

complex t h a t  anyth ing l e s s  than a  textbook must s i m p l i f y  matters. 

A cmnion lumping procedure usefu l  i n  b iochemist ry  i s  t o  d i f f e r e n t i a t e  
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Figure  3. Carbon pathways i n  t y p i c a l  green p l a n t s  ( a f t e r  Mooney, 1972). 



between carbohydrates, 1  i p i d s ,  and p ro te i ns ,  t h r e e  ca tego r i es  t h a t  

co inc ide  rough l y  w i t h  t h r e e  o f  t h e  f o u r  endpoints  i n  F igu re  3. A  

scheme of p l a n t  t i s s u e  a n a l y s i s  t h a t  approximates t h i s  s u b d i v i s i o n  

i s  t h e  Proximate Ana l ys i s  Technique developed by workers a t  t he  

Weende Experiment S t a t i o n  i n  Germany i n  1865 (Crampton and L loyd,  

1969). Proximate a n a l y s i s  d i f f e r e n t i a t e s  n i  t rogen-bear ing  compounds 

( c a l  l e d  crude p r o t e i n ) ,  e the r - so l  u b l  e  compounds ( c a l l e d  crude f a t ) ,  

substances i n s o l u b l e  i n  d i l u t e  a c i d  f o l l  owed by d i l u t e  base ( c a l l e d  

crude f i b e r ) ,  t he  remain ing s o l u b l e  compounds (ca l  l e d  n i t r o g e n - f r e e  

e x t r a c t )  and m ine ra l  c o n s t i t u e n t s  ( c a l l e d  ash) (F igu re  4 ) .  

N i t rogen-bear ing  substances i n  green p l a n t s  a r e  almost e n t i r e l y  

p r o t e i n s  o r  t h e i r  p recursors ,  amino ac ids .  Some n i t r o g e n  may occur  

as n i t r a t e ,  b u t  u s u a l l y  o n l y  i n  v e r y  h e a v i l y  ( o v e r l y )  f e r t i l i z e d  s o i l s  

(Duncan e t  a1 . 1970). Other n i t rogenous  substances occur,  b u t  

u s u a l l y  i n  smal l  concen t ra t i ons  (a1 k a l o i d s ,  f o r  example). The term 

crude p r o t e i n  thus r e f 1  e c t s  t he  predominance of p r o t e i  naceaous 

ma t te r  i n  t h e  n i t r o g e n  economy o f  t he  p l a n t ,  b u t  i t  does n o t  r e f l e c t  

t he  r e l a t i o n s  between t r u e  p r o t e i n s ,  amino ac ids ,  and o t h e r  

n i  t rogen-con ta in ing  compounds. 

Many substances s o l u b l e  i n  an o rgan ic  s o l v e n t  such as e t h e r  

a re  de r i ved  f rom f a t t y  ac i ds  -- o i l s ,  f a t s  and waxes a r e  p r i n c i p a l  

examples. However, o t h e r  compounds s o l u b l e  i n  e t h e r  a r e  n o t  f a t s ,  

such as hormones and v i tamins .  The tern1 1  i p i d ,  o f t e n  s u b s t i t u t e d  

f o r  f a t ,  a l s o  r e f e r s  t o  f a t t y - a c i d  compounds, n o t  t o  t h e  heterogeneous 

e the r - so lub le  substances lumped under t h e  term crude f a t .  
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F igu re  4. Flow sheet f o r  t h e  Weende prox imate a n a l y s i s  scheme 
( a f t e r  Crampton and L loyd ,  1959). 



The i n s o l u b l e  substances l e f t  a f t e r  d i g e s t i o n  o f  p l a n t  t i s s u e s  

i n  d i l u t e  a c i d  and base i s  termed crude f i b e r ,  c o n s i s t i n g  mos t l y  o f  

c e l l u l o s e  and l i g n i n .  

The s o l u b l e  sugars and s tarches,  o rgan ic  ac ids ,  coumarins, 

f l avono ids ,  a'l k a l o i d s ,  and wate r -so lub le  compounds o f  a1 1  types, 

i n d i c a t e d  i n  F i g u r e  3 as branching f rom t h e  s h i k i m i c  a c i d  path,  a re  

subsumed i n t o  a  heterogeneous group c a l l  ed n i  t r ogen - f r ee  e x t r a c t  (IVFE) . 
The bu l k  o f  t h i s  group i s  mono- and po ly-sacchar ides (sugars and 

s ta rches) ,  bu t  NFE r e f l e c t s  many more func t ions  than j u s t ,  t r a n s l o c a t i o n  

and s torage.  A  smal l  b u t  v a r i a b l e  p r o p o r t i o n  o f  c e l l u l o s e  and l i g n i n  

a l s o  ends up i n  t h i s  f r a c t i o n ,  one o f  t h e  most se r i ous  c r i t i c i s m s  

t o  be made aga ins t  prox imate a n a l y s i s  , because s t r u c t u r a l  m a t e r i a l s  

( c e l l  w a l l  s )  a re  n o t  comple te ly  separated f rom f u n c t i o n a l  m a t e r i a l s  

( c e l l  con ten ts )  (Van Soest , 1967). 

PLANT - ENVIRONMENT INTERACTIONS 

The f i e l d  o f  s tudy  t h a t  comprises i n t e r a c t i o n s  between p l a n t s  and 

t h e i r  environment i nc l udes  n e a r l y  a l l  o f  p l a n t  ecology, and even 

r e s t r i c t i n g  a t t e n t i o n  t o  t h e  a b i o t i c  aspects  o f  t h e  i n t e r a c t i o n  

requ i res  a  book f o r  adequate t rea tment  (Daubenmire, 1958). Consequently, 

t he  f o l l o w i n g  d iscourse  i s  aimed o n l y  t o  p rov ide  an underp inn ing  f o r  

exper imenta l  design, and an i n t e r p r e t a t i o n  o f  water r e l a t i o n s ,  p r o d u c t i v i t y ,  

and p l a n t  corr~pos i t ion i n  terms o f  t h i s  exper iment,  r a t h e r  than  a  

l i t e r a t u r e  rev iew i n  t h e  c l a s s i c a l  sense. 



Water Re la t ions  

Water r e l a t i o n s  a r e  probably  the most d i r e c t  i n t e r a c t i o n  between 

p l a n t s  and t h e i r  environment: l a t e n t  heat t r a n s f e r  i s  g e n e r a l l y  a 

l a r g e  f r a c t i o n  o f  the  energy budgets i n  a l i v i n g  green p l a n t  community, 

and p l a n t s  have evolved c o n t r o l  mechanisms f o r  water r e l a t i o n s .  

Water d e f i c i t s  a r e  much more probable and impor tan t  than water excesses, 

as a recen t  s e r i e s  o f  rev iews on the  r a m i f i c a t i o n s  o f  water d e f i c i t s  

makes c l e a r  (Kozlowski, 1968, 1972). A rev iew by Hsiao (1973) discussed 

p l a n t  responses t o  va ry ing  degrees o f  water d e f i c i t s ,  b u t  a recen t  

c r i t i q u e  o f  the l i t e r a t u r e  on evapot ransp i ra t ion  ( S t a n h i l l  , 1973) 

caut ioned t h a t  many water-use data papers l a c k  s i g n i f i c a n c e  f o r  e i t h e r  

the  physics, phys io logy,  o r  ecology o f  water r e l a t i o n s  by sever ing  

water use from environmental in f luences .  

Water re1  a t i o n s  o f  p l a n t s  can be c o r r e l a t e d  w i t h  eve ry th ing  i n  

the  environment. For  example, Prasad (1967) found c o r r e l a t i o n s  

exceeding 0.85 between lea f  water s ta tus  and (1)  n e t  r a d i a t i o n ,  

( 2 )  vapor pressure d e f i c i t ,  (3)  wind speed, and (4) a i r  and ( 5 )  s o i l  

temperatures. Th is  i s  p r i m a r i l y  because most o f  these environmental  

parameters, commonly measured i n  eco log i ca l  s tudies,  a r e  p h y s i c a l l y  

r e l a t e d ,  and p a r t l y  because the water r e l a t i o n s  of p l a n t s  a r e  i n  f a c t  

governed by more than one g rad ien t .  The t r a n s p i r a t i o n  f l u x  from a 

s i n g l e  l e a f  has been thorough ly  analyzed (Gates and Papian, 1971) w i t h  

i n c i d e n t  r a d i a n t  f l u x  and wind speed the  independent environmental  

var iab les ,  and stomata1 d i f f u s i o n  res i s tance  and l e a f  s i z e  the  p l a n t  f a c t o r s .  
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Water i s  absorbed by roo ts ,  b u t  t he  r a t e  o f  absorp t ion  i s  

dependent upon temperature and water a v a i l a b i l i t y ,  and new r o o t  

s t ruc tu res  absorb water f a s t e r  than o lde r  ones (Kramer, 1969), so 

the  maintenance o f  r o o t  growth i s  impor tan t  t o  cont inued e f f i c i e n t  

absorp t ion  o f  water from t h e  s o i l .  However, Lawlor (1973) repor ted  

t h a t  wheat r o o t s  grew p rog ress i ve l y  slower as water s t ress  increased, 

and r o o t  growth stopped e n t i r e l y  a t  a  water p o t e n t i a l  of -10 bars 

(see Kramer e t  a1 . , 1966, f o r  a  d iscuss ion  o f  s o i l  water r e l a t i o n s  

terminology) .  Lawlor a1 so repor ted  t h a t  p l a n t  water p o t e n t i a l  was 

no t  adversely  a f f e c t e d  i f  a  p o r t i o n  o f  the  p l a n t ' s  r o o t s  were i n  d r y  

s o i l  , so long as another subs tan t i a l  p o r t i o n  remained i n  r e l a t i v e l y  

mo is t  so i  1. 

T rans loca t ion  of photosynthates from source t o  s i n k  i s  slowed 

by water s t resses (Brown and Blaser ,  1970). However, Wardlaw (1967) 

found t h a t  t r a n s l o c a t i o n  t o  newly formed wheat seeds was n o t  a f fec ted  

even by water s t ress  t o  t h e  p o i n t  o f  l e a f  w i l t i n g .  The h igh  p r i o r i t y  

o f  seed fo rmat ion  has fa r - reach ing  consequences f o r  s t ressed p lan ts  

(Harper e t  a1 . , 1970). 

P r o d u c t i v i t y  

To ta l  p roduc t ion  of a  p l a n t  community i s  o f t e n  c l o s e l y  r e l a t e d  

t o  the t o t a l  amount of water a v a i l a b l e  f o r  i t s  use, perhaps a  log- log  

1  inear  r e l a t i o n  f o r  c l  imax communi t i e s  (Rosenzweig , 1968). The 

p r o d u c t i v i t y  o f  many grass species depends upon bo th  the  amount and 



t i m i n g  of p r e c i p i t a t i o n  durirrg the growing season (Smol i a k ,  1956). 

However, p roduc t ion  o f  biomass by a  community bears almost the  opposi te  

r e l a t i o n  t o  t he  environment i n  general  as does water r e l a t i o n s :  S c o t t  

and B i l l i n g s  (1964), f o r  example, found the  p r o d u c t i v i t y  o f  a  complex 

a l p i n e  community t o  be uncor re la ted  w i t h  environment except f o r  

" p o t e n t i a l  f o r  s o i l  movement", considered t o  be some measure o f  water 

s t a t u s  o f  the  s i t e .  I t  i s  f o r  t h i s  rea.son t h a t  most f i e l d  s tud ies  

of p roduc t ion  by communities proceed as an observa t iona l ,  r a t h e r  than 

an exper imenta l ,  study. 

L i g h t  r e l a t i o n s  rank w i t h  water r e l a t i o n s  as one o f  t he  

fundamental s  f o r  p l a n t  p roduc t ion  i n  communities. The 1  i t e r a t u r e  

devo lv ing  from cons idera t ions  o f  community l i g h t  r e l a t i o n s  i s  vas t ,  

and w e l l  reviewed by Anderson (1964). One o f  t he  gene ra l i za t i ons  used 

t o  compare communities i n  terms o f  p roduc t ion  i s  the  e f f i c i e n c y  

w i t h  which a  community captures i n s o l a t i o n  as reduced carbon compounds 

i n  t h e  p lan ts .  E f f i c i e n c y  i s  here de f i ned  as the  energy conten t  o f  

p l a n t  t i s s u e s  (ne t  photosynthesis)  per u n i t  incoming energy ( t o t a l  

i n s o l a t i o n ) .  Other d e f i n i t i o n s  a re  discussed by Botk in  and Malone (1968). 

T y p i c a l l y ,  p l a n t  communities a re  i n e f f i c i e n t ,  f o r  a  v a r i e t y  o f  reasons, 

w i t h  l e a f  d i sp lay ,  r a d i a t i o n  i n t e n s i t i e s ,  and a c t i o n  spectra f o r  photo- 

synthesis  being among the  most impor tan t  (Bonner, 1962). Bo tk in  and 

Malone (1  968) summarize many est imates o f  e f f i c i e n c y  fo r  severa l  

c o n t r a s t i n g  communities, mos t l y  approximating 1% o r  l ess .  

Experimental a l t e r a t i o n  o f  i n s o l a t i o n  i n  t he  f i e l d  has 

been e x p l o i t e d  r e c e n t l y .  Gibbon e t  a l .  (1970) grew corn, k a l e  and 
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sugarbeet i n  two con t ras t j ng  i n s o l a t i o n  c l imates  ( B k i t a i n  and I t a l y ) ,  

no t i ng  genera l l y  increased y i e l d s  and decreased e f f i c i e n c i e s  i n  the  

h igher  i n s o l a t i o n  i n t e n s i t i e s  o f  I t a l y .  Corn was an except ion; i t s  

e f f i c i e n c y  increased w i t h  i n s o l a t i o n ,  probably because it possesses 

the "C4 pathway" as i t s  p r i n c i p a l  photoreduct ion process. Campbell 

e t  a l .  (1969) shaded wheat i n  f i e l d  cond i t i ons  i n  Canada, no t i ng  t h a t  

the  biomass o f  g r a i n  and straw decreased w i t h  increased water s t ress ,  

and t h a t  shading tended t o  increase y i e l d  i n  r e l a t i v e l y  d r y  years, 

again w i t h  increased y i e l d s  and decreased e f f i c i e n c y  as i n s o l  a t i o n  

decreased. 

P lan t  Composition 

Proximate analyses o f  forage grasses are an important  p a r t  o f  

range management, and an extensive compi l a t i o n  o f  average, o r  t y p i c a l  , 

composit ion has been publ ished by the Nat ional  Academy o f  Sciences (1969). 

General reviews o f  p l a n t  composit ion as a  f u n c t i o n  of environment a re  

apparent ly  non-existent.  

O f  the several f a c t o r s  separated by proximate ana lys i s  (see the  

ea r l  i e r  sec t ion  on Carbon Pathways), most e f f o r t  has gone i n t o  s tud ies  o f  

crude pro te in ,  because p r o t e i n  i s  an impor tan t  aspect o f  forage value, 

and because n i t rogen  i s  t y p i c a l  l y  1  i m i  t i n g  i n  grasslands. Crude p r o t e i n  

content  apparent ly  was maximized i n  p lan ts  growing i n  warm, d r y  

cond i t i ons  under s i g n i f i c a n t  water s t ress  ( G i f f o r d  and Jensen, 1967; 

Campbell e t  a1 . 1969), bu t  Hsiao (1973) summarizes several r e p o r t s  

t h a t  water s t ress  reduces p r o t e i n  content.  Apparent ly  the  biochemical 



assays reviewed by Hsiao r e f e r  t o  t r u e  p r o t e i n ,  r a t h e r  than t o t a l  

n i t rogen.  

Crude p r o t e i n  con ten t  o f t e n  en ters  i n t o  complex i n t e r r e l a t i o n s  

w i t h  environmental cond i t i ons ,  p rec lud ing  ve ry  many s i m p l i s t i c  

general i z a t i o n s .  Chan and McKenzie (1972) repo r ted  t h a t  shading o f  

corn in t roduced an i n t e r a c t i o n  between y i e l d  and n i t r o g e n  uptake 

i n  both s t r u c t u r a l  ( l e a f  and stem) and rep roduc t i ve  (s tover  and 

ea r )  organs. Power (1971) repor ted  t h a t  s t r e s s  due t o  n i t r o g e n  

d e f i c i e n c y  was g r e a t e s t  where n i t r o g e n  a v a i l a b i l i t y  was lowest ,  

e s s e n t i a l l y  independent o f  water r e l a t i o n s .  Water s t resses were 

g e n e r a l l y  g r e a t e s t  a t  low n i t r o g e n  a v a i l a b i l i t y ,  emphasizing the  

importance o f  n i t r o g e n  a v a i l a b i l i t y  and uptake. 

Discussions concerning crude f a t  con ten t  o f  p l a n t s  a r e  r e l a t i v e l y  

few. Crude f a t  con ten t  apparent ly  con ta ins  bo th  phenotypic and 

eco typ i c  dimensions and may be c o r r e l a t e d  w i t h  r e l a t i v e l y  dess i ca t i ng  

environments. Newel 1 (1968) found t h a t  sandy s o i l s  supported p l a n t s  

w i t h  h igher  crude f a t  con ten t  than d i d  s i l t y  s o i l s ,  whether t he  species 

had evolved on t h a t  s o i l  t e x t u r e  o r  no t .  Furthermore, he found t h a t  

ecotypes adapted t o  sandy subs t ra tes  had a h igher  crude f a t  con ten t  

than those adapted t o  s i l t y  s o i l s .  

Crude f i b e r  con ten t  ( e s s e n t i a l l y  s t r u c t u r a l  carbohydrates and 

l i g n i n s )  may a l s o  be dependent on environment. Wilson and Ford (1971) 

found the  concent ra t ion  of s t r u c t u r a l  carbohydrates t o  increase 

as temperature increased, b u t  G i f f o r d  and Jensen (1967) repor ted  

crude f i b e r  was minimized i n  compacted s o i l  and d r y  cond i t i ons .  
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McIlroy (1967) reviewed many repor ts  on plant  carbohydrates, 

noting t ha t  ce l lu loses  increase regardless of environmental 

conditions a s  the plant  matures, typ ica l ly  from 20% i n  juveniles 

t o  30% i n  mature p lants .  

Soluble carbohydrates form the bul k of the nitrogen-free 

ex t rac t  portion of the proximate analys is .  McIlroy (1967) summarizes 

work indicating the concentration of soluble carbohydrates is highest 

a t  high l i g h t  i n t e n s i t i e s  and low temperatures, and lowest in low 

1 ight  i n t ens i t i e s  and high temperatures. Brown and Blaser (1970) 

found t ha t  water s t r e s s  increased the concentration of soluble 

carbohydrates in stem bases, apparently due t o  lack of trans1 ocation. 



111. METHODS AND MATERIALS 

Ecology resembles Graeco-Roman wrestling: the opponent 

i s  slippery, and handholds are just plain scarce. 

SITE DESCRIPTION 

The experimental s i t e  was the  Uni ted States Atomic Energy 

Cmmi ss ion '  s  A r i d  Lands Ecol ogy Reserve on the  Hanford Reservation 

i n  south-central  Washington. The s i t e  se lected was a t  360 m e leva t i on  

near t he  south-eastern end o f  t he  Ratt lesnake H i l l s ,  a t  119O32' W, 

46'26' N. The c l ima te  i n  t h i s  reg ion  i s  semi-ar id and the  na tura l  

vegeta t ion  probably i s  best  described as shrub-steppe (Daubenmire, 

1970). The lower e leva t ions  i n  t h i s  reg ion  are  dominated by b i g  

sagebrush (Ar temis ia t r i d e n t a t a  Nu t t .  ) , Sandberg bluegrass (Poa - 
sand berg i  i Vasey) and cheatgrass (Bromus tectorum L. ) ; the h igher  

e leva t ions ,  w i t h  somewhat more p r e c i p i t a t i o n ,  support bluebunch 

wheatgrass (Agropyron spicatum [Pursh.] Scribn. and Smith) as the dominant 

grass r a t h e r  than the smal ler - Poa and Bromus. P r e c i p i t a t i o n  i s  

scant, averaging about 16 cm annual ly,  about a t h i r d  o f  which 

occurs dur ing  the  summer, and a t h i r d  as snow between November and 

February. P r e c i p i t a t i o n  s to red as s o i l  water dur ing  the  w in te r  

supports a spr ing  f l u s h  o f  growth between March and May; b u t  t h e  

average p r e c i p i t a t i o n  dur ing  these th ree  months i s  l e s s  than 3 cm, 

so evapot ransp i ra t ion  r a p i d l y  removes the  s to red water. S o i l s  are 

e s s e n t i a l l y  a t  permanent w i l t i n g  throughout t he  p r o f i l e  a f t e r  l a t e  

May. Winter temperatures are cool , bu t  t h e  average maximum temperature 



i n  January i s  +2"C ; severe c o l d  s p e l l  s (-20°C minima) a re  expected 

o n l y  every o ther  year o r  so. Average maximum temperatures i n  the  

sp r i ng  growing season rauge from about 10°C i n  e a r l y  March t o  n e a r l y  

30°C i n  l a t e  May. 

The experiment was performed on a small e a r t h  mound cons t ruc ted  

from -- i n  s i t u  m a t e r i a l s  (F igure 5 ) .  The mound i s  about two meters 

h igh  and a hundred meters long,  w i t h  a f i v e  meter wide h o r i z o n t a l  

sur face on the  top. The slopes face n o r t h  and south and have an 

angle o f  40 + 1 degrees w i t h  h o r i z o n t a l .  The slopes were seeded 

w i t h  Bromus tectorum s h o r t l y  a f t e r  t he  mound was cons t ruc ted  i n  

autumn 1971 . 

ABIOTIC FLUXES 

Radiant Fluxes 

I n s o l  a t i o n  was measured w i t h  pyranographs ( B e l f o r t  Inst rument  

Co.), c a l i b r a t e d  aga ins t  an Eppley pyranometer a t  the  Hanford 

Meteoro log ica l  S ta t i on .  l le t  r a d i a t i o n  was measured w i t h  D i rmh i rn  

design thermop i le  radiometers (Kahl S c i e n t i f i c  Co. ) s i t u a t e d  50 cm 

above and para1 l e l  t o  the  s lop ing  surfaces o f  the  e a r t h  mound. 

D a i l y  t o t a l s  o f  i n c i d e n t  shortwave and n e t  r a d i a t i o n  were determined 

by p lan imeter ing  the  area under the  t race .  

Ref lec ted  shortwave r a d i a t i o n  was est imated by p e r i o d i c  

measurements o f  r e f l e c t e d  f l u x  a t  d i f f e r e n t  seasons and s o l a r  

e leva t ions ,  which were used w i t h  s o l a r  e leva t i ons  ( L i s t ,  1957) t o  

compute h o u r l y  values o f  r e f 1  ected shortwave f l u x .  





A model f o r  longwave r a d i a t i o n  from c l e a r  sk ies  ( Idso  and 

Jackson, 1969) was used t o  c a l c u l a t e  downcoming r a d i a t i o n ,  

augmented f o r  c loud emission us ing  values suggested by Morgan 

e t  a l .  (1971). Outgoing longwave r a d i a t i o n  was ca l cu la ted  from 

the  r e l a t i o n  I u  = I n  - Id, (see equat ion 1  ) ,  bu t  the  e r r o r  invo lved 

must be l a rge  because no measured data were ava i l ab le .  Surface 

temperatures were est imated from the Stephan-Boltzman equation 

assuming an e m i s s i v i t y  o f  u n i t y  (Se l l e rs ,  1965). 

Sensib le heat f l u x  t o  the  s o i l  was ca l cu la ted  us ing  w e l l  known 

r e l a t i o n s  between temperature p r o f i l e s  and heat f l u x  i n  so l  i d s  

(Se l l  e r s  , 1965). 

Sensible heat f l u x  t o  the  atmosphere was est imated by d i f f e r e n c e  

i n  t he  energy equat ion:  H = Rn - G - LET. Calculated i n  t h i s  manner, 

a l l  e r r o r s  from the  o ther  measurements were lumped i n t o  t h i s  f l u x .  

Evapot ransp i ra t ion  was measured us ing  small l ys ime te rs  developed 

dur ing  the past  t h ree  years (Hinds, 1973) from a  Russian design 

(Konstant inov, 1963). The cons t ruc t i on  o f  t he  small l ys ime te rs  i s  

shown i n  F igure  6. The l ys ime te rs  were constructed from f i v e - i n c h  

(nominal ) diameter PVC (po l yv iny l  c h l o r i d e )  i r r i g a t i o n  p ipe,  w i t h  

a  p l e x i g l a s s  bottom r i v e t e d  and glued i n ,  and w i t h  a  w i re - i n -su rg i ca l -  

t ub ing  handle. The ou te r  casing (s leeve)  o f  the  l ys ime te r  i n s t a l l  a t i o n  

was s i x - i nch  (nominal) diameter p ipe,  which f i t  snugly i n  a  ho le  

d r i l l e d  by a  seven-inch diameter power e a r t h  auger. The tops o f  bo th  

the  l ys ime te rs  and the  sleeves were c u t  t o  para1 l e l  the  slope. An 

annular gasket o f  p l i a b l e  1.5 mni t h i c k  neoprene covered the  gap 





between t h e  l y s i m e t e r  and t he  sleeve, and f o u r  f e l t  gaskets about 

6  rnm (114 i n c h )  t h i c k  taped around t h e  l y s i m e t e r  p rov ided  b a f f l e s  

t o  p reven t  v e r t i c a l  a i r  mot ions a long t he  o u t e r  sur faces o f  the  

l y s i m e t e r .  Temperature p r o f i l e s  i n s i d e  the  l y s i n e t e r  were i n d i s t i n -  

gu ishab le  f rom those i n  t he  f i e l d .  

The p l a n t s  t o  be used i n  the  cxper iment  were t r ansp lan ted  i n t o  

t he  l y s i ~ n e t e r s .  Randomly se lec ted  s o i l  cores 20 cm deep from a 

un i f o rm  h i l l s i d e  sward o f  -- B. .--. tec torum w i t h  a  wes t - fac ing  exposure were 

i n s e r t e d  i n t o  17 p a r t i a l  l y  f i l l  ed l y s i m e t e r s  , thus p rese rv i ng  r o o t  

s t r u c t u r e ,  phenol og i c a l  advancement, and t he  syrrface n u l c h  o f  dead 

p l a n t s  developed over  t h e  pas t  years  i n  t he  h i l l s i d e  c o m ~ i ~ ~ n i t y .  

Evaporat ion f rom non - t r ansp i r i n?  sur faces  was est imated by p l u c k i n g  

t he  green p l a n t s  f rom the  sur face  o f  f o u r  l y s i ~ i i e t e r s .  T r a n s p i r a t i o n  

was est imated as t h e  d i f f e r e n c e  betwegn t he  evapo t ra r i sp i r a t i on  

l y s ime te rs ,  w i t h  green p l a n t s ,  and t he  evapora t ion  l y s i ~ e t e r s  , w i t h -  

o u t  green p l a n t s .  

b l i c roc l  i n a t o l  o g i c a l  : leasurenents 

A i r  temperatures and h u m i d i t i e s  were measured w i t h  Be1 f o r t  hygro- 

thermosra7hs w i t h  sensors 10 cm above t h e  s ~ r f a c e  on each s lope.  

S o i l  temperatures were measured w i t h  copper-constantan thernocouples 

p laced a t  10, 20, and 60 cm depth. ' l i nd  speeds were measured w i t h  

Weather-Measure anemometers ( s t a r t i n g  speed s 1.5 m sec- '  w i t h  t h e  

cups centered a t  35 cm above t he  s ~ ~ r f a c e ,  about 20 csi above t he  

maximum he igh t  o f  t he  grass.  A l l  cont inuous reco rd ings  were 



averaged over daytime and n igh t t ime  hours separate ly .  P r e c i p i t a t i o n  

was measured w i t h  6 s ~ n a l l  ( 5  an diameter) r a i n  gauges (3  each slope) 

bur ied  i n  the s o i l  w i t h  t h e i r  openings p a r a l l e l  t o  and a t  the  surface, 

i n  r e l a t i v e l y  open areas o f  the  mound. The gauges were sys tema t i ca l l y  

arranged t o  account f o r  poss ib le  changes i n  i n t e r c e p t i o n  w i t h  l o c a t i o n  

on the  mound. 

BIOTIC FLUXES 

Heat o f  Combustion 

The heats o f  combustion ( " c a l o r i e  con ten t " )  o f  t h e  p l a n t  

m a t e r i a l s  were determined us ing  a Parr ad iaba t i c  ca lo r imeter .  The 

d r i e d  p l a n t  m a t e r i a l s  were ground t o  pass a 40-mesh screen; about 

a t h i r d  o f  a gram was placed l o o s e l y  i n  a combustion cup and i g n i t e d  

i n  30 atm. o f  oxygen. Cor rec t ion  f o r  HC2 formation was performed, 

bu t  n o t  f o r  SO2. 

Biomass Product ion 

Standing crops o f  r o o t s  were est imated a t  t he  beginning 

o f  the  experiment from randomly chosen cores from the  community 

used f o r  t r a n s p l a n t  cores. Two s o i l  cores (0  t o  10 cm, and 10 t o  

20 cm) f o r  r o o t  sampling were removed f o r  each sample t o  est imate 

i n i t i a l  r o o t  d i s t r i b u t i o n  (Appendix Table A8). The s o i l  cores were 

washed w i t h  water spray, the  r o o t  ma te r i a l  f l o a t e d  and co l l ec ted ,  

then d r i e d  f o r  48 hours a t  60°C, weighed, ground t o  pass a 40-mesh 

screen, and separated i n t o  subsamples f o r  ashing , chemical ana lys is ,  



and heat o f  combustion determinat ion.  A t  the  end o f  the experiment, 

the s o i l  was washed out  o f  the l ys ime te rs  w i t h  a high-pressure water 

spray, through a 20-mesh s o i l  screen. The r o o t  ma te r i a l  was co l l ec ted ,  

washed, d r i e d ,  and ground as before. 

Shoot standing crops were est imated by c l i p p i n g  a l l  s tanding 

B. tectorum shoots a t  t he  s o i l  sur face (under tho  mulch o f  dead - 
mate r ia l  ) .  The green ma te r ia l  was d r i e d ,  weighed, ground; and 

ashed as was the  r o o t  m a t e r i a l .  

Seeds presented something o f  a problem. The f r u i t i n g  body o f  

cheatgrass i s  q u i t e  small , the caryopsis  ( g r a i n )  being about f i v e  

m i l l i m e t e r s  long and l ess  than a h a l f  m i l l i m e t e r  i n  diameter.  The 

concatenat ion o f  organs and t i ssues  t h a t  i s  dispersed when mature 

inc ludes the  caryopsis  and glumes; one glume ( the  lemma) possesses 

an awn about ten  m i l l i m e t e r s  long.  To est imate the  weight and 

c o n s t i t u t i o n  o f  the  "seed", t he  lemma and i t s  awn were removed from 

the seed, bu t  the  palea was l e f t  a t tached t o  prov ide a phys ica l  

support f o r  the  caryopsis  dur ing  handling. 

Seeds were separated from mature shoots before harves t ing  the 

shoots. The seeds were gathered separa te ly  from t a l l  o r  dominant 

culms (stems), represent ing  the dominant t i l l e r s  i n  t he  stand, and 

small o r  suppressed culms, represent ing  the  suppressed t i l l e r s  o r  

i n d i v i d u a l s  i n  the  stand. The d i f f e r e n c e  between dominant and 

suppressed culms was a r b i t r a r i l y  s e t  a t  those r i s i n g  8 cm above 

the  f l a g  leaf  (a n e a r l y  ho r i zon ta l  l e a f  attached about midheight 

on each culm) t o  the  top  o f  the pan ic le  (seed head) i n  normal 
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(nodding) p o s i t i o n .  The culms i nvo l ved  i n  each s i z e  category were 

counted and the seeds were weighed both as a  t o t a l  f o r  each category, 

and i n  l o t s  o f  200 f o r  seed weight  est imates.  

A l l  biomass measurements r e f e r  t o  ash- f ree weights.  

Proximate Ana lys is  

The procedures i nvo l ved  i n  proximate ana l ys i s  a r e  descr ibed 

i n  the  pub1 i c a t i o n s  o f  the  Assoc ia t ion  o f  O f f i c i a l  A g r i c u l t u r a l  

Chemists (1965), bu t  t he  ac tua l  analyses r e p o r t e d  here were performed 

by Uni ted States Tes t ing  Co., Richland, Washington. B r i e f l y ,  

de termina t ion  o f  crude p r o t e i n  invo lved  bo i  1 i n g  a  subsample o f  t he  

ground d r y  m a t e r i a l  i n  concentrated s u l f u r i c  a c i d  t o  re lease the 

n i t r ogen  as ammonia f o r  subsequent ana l ys i s .  Crude f a t  was 

determined by b o i l  i n g  another subsample i n  d r y  d i e t h y l  e ther .  

A t h i r d  subsample was b o i l e d  f i r s t  i n  1.25% s u l f u r i c  ac id ,  then 

b o i l e d  i n  1.25% sodium hydroxide, t he  res idue being crude f i b e r .  

Ash conten t  was determined by combustion o f  t he  crude f i b e r  a t  600°C. 

The n i t r ogen - f ree  e x t r a c t  was determined by d i f f e rence ,  t h a t  i s ,  

by sub t rac t i ng  the  percentage f o r  crude p r o t e i n ,  crude f a t ,  crude 

f i b e r ,  and ash from 100. 

Soi 1  s  

Two s o i l s  were used i n  t h i s  experiment: Esquatzel s l l t  loam 

f o r  the r o o t i n g  medium i n  t h e  bottom o f  t he  lys imeters;  and R i t z v i l l e  

s i l t  loam which was subs t ra te  f o r  the  stand o f  cheatgrass t ransp lan ted  



i n t o  the lys i rneters (Hajek, 1963). Physical and chemical analyses 

of t he  two s o i l s  are summarized i n  Table 1. The Esquatzel s o i l  

had a  r e l a t i v e l y  h igh  pH, 8.1, and a  r e l a t i v e l y  low n i t rogen  content ,  

11 p a r t s  per m i l l i o n ,  compared t o  the  R i t z v i l l e  s o i l  o f  t he  h i1  l s i d e  

community used fo r  t ransp lan ts  (pH o f  6.9 and 34 ppm n i t rogen) .  

Greenhouse Studies 

The e f f e c t s  on seedl ing growth o f  d i f f e r i n g  s o i l  f e r t i l i t y  and 

c h a r a c t e r i s t i c s  of the s o i l s  used i n  t he  l ys ime te rs  was i nves t i ga ted  

by a  f a c t o r i a l  design w i t h  s i x  r e p l i c a t i o n s .  The treatments 

i nves t i ga ted  were s o i l  type (Esquatzel and R i t z v i l  l e  s i l t  loams) , 

and f e r t i l i z a t i o n  ( con t ro l  = no f e r t i l i z a t i o n ,  120 ppm N y  80 ppm P, 

80 ppm K and the  NPK f e r t i l i z a t i o n s  together ) .  F e r t i l i z a t i o n  was 

w i t h  NaN03 f o r  n i t rogen,  NaH2P04 f o r  phosphorus, KC1 fo r  potassium, 

and NaCl i n  c o n t r o l s  t o  main ta in  a  comparable s a l t  balance. Seeds 

were p lan ted  s i x teen  per po t  (equ iva len t  t o  1600 m 2 ) ,  and th inned 

t o  e i g h t  per  po t  a f t e r  germinat ion. The pots  were watered r e g u l a r l y  

and harvested f o r  r o o t  and shoot biomass and minera l  assays a f t e r  

n ine  weeks o f  growth. 

MEASUREMENT DETAILS 

Imprecis ions and S t a t i s t i c s  

I n  most cases, est imates o f  imprec is ion  were based on standard 

e r r o r s  (Snedecor and Cochran, 1967), whether from p r imord ia l  measure- 

ments o r  from l i n e a r  combinations o f  pr imary measurements. S t a t i s t i c a l  



TABLE 1 

Soi 1 Physical  and Chemical C h a r a c t e r i s t i c s  
f o r  Esquatzel and R i t z v i l l e  S i l t  Loams 

Character U n i t  Esquatzel 

Sand % 2  7  

S i l t  % 71 

C l  ay % 2  

pH - - - 8.1 

Organic Mat te r  % 

NO3 - N i t rogen 

NH4 - Ni t rogen 

Phosphorus P  Pin 34 

Potassi  um PPm 9 00 

Cal c i  um w q  (100g ) -~  13 

Tota l  Bases meq ( 1 0 0 g ) - ~  18 

Cat ion exchaqge 
capac i ty  meq ( 1 0 0 g ) - ~  16 

R i t z v i l  l e  

3 1  

47 

22 

6  -9 

1.8 

14 

20 

5  8  

1250 

8  

14 



t e s t s  o f  d i f f e rences  were performed on a l l  measurements where such 

t e s t s  were appropr ia te .  Table 2 segregates most o f  t he  q u a n t i t i e s  

mentioned i n  t he  t e x t  i n t o  measured and i n f e r r e d  categor ies.  

Geometric combinat ions o f  measurements ( m u l t - i p l l c a t i o n  o r  d i v i s i o n )  

skew the  d i s t r i b u t i o n  of e r r o r s  t o  a non-nor~~ia l  form so t h a t  t e s t s  o f  

s i g n i f i c a n c e  based on standard e r r o r s  may be mis leading (R.  0. G i l b e r t ,  

personal co~nmunicat ion) . Rough est imates o f  p r e c i s i o n  I n  these cases 

were made by adding and sub t rac t i ng  the  standard e r r o r s  t o  t he  f a c t o r s  

involved,  g i v i n g  two est imates o f  t he  produc t  (o r  quo t i en t )  w i t h  

maximal d i f f e r e n c e ,  e.g., ( x  + e) ( y  + e) - (x  - e)  ( y  - e ) .  The 

d i f f e rence  between these two est imates was d i v i ded  by two t o  form an 

"est imated e r r o r "  which gauges p r e c i s i o n  i n  t he  r e s u l t s  b u t  which i s  

n o t  app rop r i a te  f o r  computing s t a t i s t i c a l  t e s t s  such as the  t t e s t .  

Most measurements i nvo l ved  r e p l i c a t e d  est imates of an average, 

such as l y s i m e t e r  weights,  biomass, o r  seed numbers, t o  which the  

above cons idera t ions  apply .  However, t he  measurements o f  r a d i a t i o n  

f l u x  d e n s i t i e s  were d i f f e r e n t .  Here, t he  t o t a l  v a r i a b i  1  i t y  between 

any two dates f o r  a  g iven  s lope was the  sum of t h ree  components: 

the o v e r a l l  average, day-to-day weather changes, and the  random 

e r r o r  o f  imprec ise measurement. The day-to-day d i f f e r e n c e s  between 

slopes formed the  essence of the experiment. Comparisons between n o r t h  

and south exposures requ i red  an es t imate  o f  e r r o r ,  bu t  a  s t r a i g h t -  

forward c a l c u l a t i o n  o f  an average and standard e r r o r  placed the  

day-to-day v a r i a b i l i t y  due t o  macroscale weather c o n d i t i o n s  i n  t he  

e r r o r  term r a t h e r  than i n  a category r e l a t e d  t o  weather, presumably 



TABLE 2 

Segregat ion o f  Major  Q u a n t i t i e s  i n  t h e  Experiment 
i n t o  Measured and I n f e r r e d  Categor ies 

E n t i t y  Measured I n f e r r e d  

A b i o t i c  
S o l a r  Rad ia t i on  
Ref 1 ec ted  Sol a r  Radi a t i  on 
Net S o l a r  Rad ia t ion  
Atmospheric Rad ia t ion  
T e r r e s t r i  a1 Rad ia t i on  
Net Rad ia t i on  
T o t a l  L a t e n t  Heat F lux 
Evaporat ive Heat F l  ux 
Transpi  r a t i o n a l  Heat F l  ux 
Sens ib le  Heat F lux  t o  Atmosphere 
Sensib le  Heat F lux t o  Soi 1  
Sur face Temperatures 
A i  r Temperatures 
Soi 1 Temperatures 
Vapor Pressure D e f i c i t s  
Wind Speeds 
Soi 1  Water Def i c i  t s  

B i o t i c  
I n i t i a l  Root Biomass 
I n i t i a l  Shoot Biomass 
F i n a l  Root Biomass 
F i n a l  Shoot Biomass 
Net  Root Produc t ion  
Net Shoot Produc t ion  
Seed Produc t i  on 
Crude P r o t e i n  
Crude Fa t  
Crude F i b e r  
N i  t rogen-Free E x t r a c t  
Heats o f  Combustion 
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a  f u n c t i o n  o f  t ime.  Consequently, a  two-way random e f f e c t s  a n a l y s i s  

o f  va r iance  ( w i t h o u t  rep1 i c a t  i on) was performed on t h e  r a d i a t i o n  data , 

us ing  s lope and da te  as t h e  two t reatments .  Th is  approach re l ega ted  

t o  t he  e r r o r  term o n l y  t h a t  v a r i a b i l i t y  n o t  a t t r i b u t a b l e  t o  t he  

l i n e a r  model f o r  t he  a n a l y s i s  o f  va r iance  between slopes and da tes  

(Guenther , 1967). 

P o t e n t i a l  E r r o r s  Due t o  Procedures 

A f t e r  t r a n s p l a n t i n g  t he  cores i n t o  t he  l y s i n e t e r s ,  t he  l y s i m e t e r s  

were weighed r o u t i n e l y  on an &day sequence, w i t h  two excep t ions :  from 

31 March 1972 t o  17 A p r i l  (18 days) ,  and from 12 May t o  15 May. The 

May p e r i o d  p rov ided  a  more d e t a i l e d  measurement d u r i n g  t he  h e i g h t  o f  

f l o w e r i n g  a c t i v i t y ;  t he  f i r s t  weeks i n  A p r i l  p robab ly  a l lowed t ime 

f o r  a c c l i m a t i o n  o f  t he  p l a n t s  t o  t h e i r  new environment (Mooney and 

West, 1964),  i f  indeed a c c l i m a t i o n  was requ i red .  Weighing i n t e r v a l s  

approaching f o u r  days probably  press t he  l i m i t s  o f  accuracy f o r  water 

budget techniques (Rouse and W i l  son, 1971/1972). 

Veasurement o f  evaporat ion,  as opposed t o  evapo t ransp i ra t i on ,  

r e q u i r e d  t h e  assumption t h a t  shading due t o  green shoots had no e f f e c t  

on evapora t ion ,  p o t e n t i a l l y  a l l o w i n g  two sources o f  e r r o r :  f i r s t ,  

shading by t he  shoots reduces f l u x  d e n s i t i e s  a t  t he  sur face  o f  t he  

mulch l a y e r ,  and second, evapo t ransp i ra t i on  tends t o  d r y  t he  s o i l  

p r o f i l e  t o  a  g r e a t e r  e x t e n t  than evapora t ion .  Consequently, t h i s  

method p laced an upper bound on evapora t ion ,  and a  lower  bound on 

t r a n s p i r a t i o n .  However, temperature p r o f  i 1 es i n  t h e  l y s i m e t e r s  were 
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i n d i s t i n g u i s h a b l e  from f i e l d  cond i t i ons  (Hinds, 1973), and heat f l uxes  

i n t o  the  s o i l  were very  s i m i l i r ,  so most o f  t he  i n c i d e n t  r a d i a t i o n  must 

have been absorbed by the  mulch l a y e r  on both exposures, thus reducing 

the p o t e n t i a l  e r r o r  i n  evaporat ion. 

Harvest techniques f o r  es t imat ion  o f  biomass have a few drawbacks , 

p r i m a r i l y  i n  reference t o  m u l t i - s p e c i f i c  communities (Malone, 1968), 

where sequential  harvests a re  requ i red  f o r  es t ima t ion  o f  peak standing 

crop o f  each species. Harvest ing i n  t he  d e t a i l  attempted here was 

a slow process, b u t  e r r o r s  i n  composit ion or  biomass due t o  con t ras t -  

i n g  t imes o f  day a t  harvest  were probably undetectable (Hol t and 

Hi1 s t ,  1969; Jameson and Thomas, 1956). 

U n i t s  o f  Measurement 

Cur ren t l y ,  the  s c i e n t i f i c  community i s  encounter ing a change 

i n  acceptable u n i t s  f o r  measurement, away from the  t r a d i t i o n a l  

centimeter/gram/second/Cel s i u  s  sys t e n  t o  m e t e r l k i  1  ogram/second/Cel s i  us 

system ( the  so-ca l led  S I ,  o r  Systeme In te rna t i ona l ,  u n i t s ) .  I n  the 

S I  scheme, the  u n i t  o f  energy i s  the Joule r a t h e r  than the c a l o r i e  

(4.18 J c a l - l )  and the  u n i t  o f  energy f l u x  i s  the Mat t  (= Joules per 

second) (1 W m-2 = 0.00143 c a l  min-' ) . This change i s  awkward 

f o r  t h i s  i n t e r d i s c i p l  i n a r y  study, because meteor01 og i ca l  f luxes are  

now r e l a t i v e l y  f a m i l i a r  i n  terms o f  wat ts  meter-', bu t  biomass 

energy equ iva len ts  i n  terms o f  Joules a re  f o r e i g n  t o  n e a r l y  a l l  

eco log is ts .  I have chosen t o  stand i n  both yards, by us ing  d u p l i c a t e  



u n i t s  f o r  the a b i o t i c  f l u x e s ,  b u t  r e s t r i c t i n g  the  b i o l o g i c a l  measure- 

ments t o  the t r a d i t i o n a l  u n i t s .  This  i s  undes i rab le  i n  t he  sense 

t h a t  i t  r e i n f o r c e s  res i s tance  t o  the  accepted S I  system, bu t  on the 

o ther  hand, the  p o i n t  of a  s c i e n t i f i c  paper i s  t o  communicate, and 

i f  e c o l o g i s t s  do no t  ( y e t )  have a  g u t - f e e l  i n g  f o r  Joules ( I  d o n ' t ) ,  

then communication i n  terms o f  Joules seems inapp rop r i a te .  A t  t h i s  

t ime. 



I V .  RESULTS AND DISCUSSION 

Pointi l l ism : a technique of certain French Impressionists, wherein a 

painting i s  developed by m t f u l l y  placing mzny t iny  

dots on a Zarge blank canvas. 

MICROCLIMATE AND ABIOTIC ENERGY BUDGETS 

Charac te r i s t i cs  o f  the  immediate environment i n  which p lan ts  

grow have t r a d i t i o n a l  l y  been termed the  mic roc l  imate, t h a t  i s ,  t he  

c l ima te  o f  the  (smal l  ) space surrounding the  p lan ts ,  as opposed t o  

the  reg iona l  c l ima te  i n  which the  community o r  ecosystem e x i s t s .  

Broadbent (1 951 ) proposed t o  d i f f e r e n t i a t e  between the  mic roc l  imate 

the  p lan ts  experience and the  "ecocl imate" t h a t  instruments measure. 

Th is  d i s t i n c t i o n  i s  unp ro f i t ab le ,  because a  bas ic  t ene t  o f  science 

i s  measurement: i f  one cannot measure someth-ing, i t  i s  t o  t h a t  ex ten t  

unknowable. 

Geiger (1965) used the  term "ecocl imatology" t o  descr ibe the  

c l ima te  near the  ground, where p lan ts  and animals l i v e ,  and pointed 

o u t  e a r l y  i n  h i s  c l a s s i c  monograph (page 1 )  t h a t  r a d i a t i o n  budgets 

were essen t i a l  considerat ions;  the  smal ler  t he  h a b i t a t  under i n v e s t i -  

ga t ion ,  the  more essent ia l  i s  t h i s  po in t ,  because the  atmosphere 

requ i res  f i n i t e  t ime and space i n t e r v a l s  t o  a d j u s t  t o  changes i n  

boundary cond i t ions .  The r e s u l t s  o f  t h i s  experinlent a n . 1 ~ 1 ~  substant ia te  

t h i s  expectat ion, i n  t h a t  con t ras ts  between the  nor th -  and sou th - fac ing  

exposures were n o t  obvious i n  terms o f  o rd ina ry  meteor01 og i ca l  

nieasurements. F igure 7 i 11 us t ra tes  averages of a i r  temperature, s o i  1  



Ill 
I I- 

B 
C 

I 1  ' % ) I  

K = COLD FRONT PASSAGE I 

1 1 1 1 1 1 1 1 1 1 1 1  

R 
I \  ' \ 

*-----% - 
0-- - 

- 
NIGHT - 

D 
I I L I I I I I I I I  I 

I I 1  

AVERAGE 
MAXIMUM - NORTH 

_,re 
- o--4 

- --- 
I I I I I I I I I I 

1 1 1 1 1 1 1 1 l 1 1 1  

- 0---0 SOUTH 
- 

- - NORTH p AVERAGE 10 CM - 
AVERAGE 10 CM 
AVERAGE 60 CM - 
AVERAGE 60 CM 

- - 
B - 

l l l l l l 1 1 1 1 1 1  

, 1 1 1 1 1 ,  

- NORTH 

AVERAGE 

A 
1 1 1 1 1 1 1 1 1 1 ~ ~  

DATE. 1972 

F i gu re  7. Average m i  c r o c l  i m a t i  c  condi t i o n s  between wei gh i  ngs 
of t he  smal l  l y s ime te rs .  



temperatures, vapor pressure d e f i c i t s ,  wind speeds, and sky cover, 

along w i t h  r a i n f a l l  and f r o n t a l  passages dur ing  the  pe r i od  between 

31 March and 31 May 1972. Continuous record ings  (averaged over the  

i n d i c a t e d  t ime per iods between weighings o f  t he  l ys ime te rs )  show 

t h a t  average a i r  temperatures a t  10 cm he igh t  r a r e l y  were so much as 

one degree Ce ls ius  apar t ,  day o r  n i g h t ,  b u t  s o i l  temperatures on 

the  south exposure were c o n s i s t e n t l y  two t o  f o u r  degrees Cels ius 

warmer throughout t he  p r o f i l e .  Vapor pressure d e f i c i t s ,  1  i ke a i r  

temperatures, were very  s i m i l a r  on t h e  two exposures. However, wind 

speeds were c o n s i s t e n t l y  h igher  on t h e  south (windward) slope, 

p a r t i c u l a r l y  du r i ng  the  l a t t e r  p a r t  o f  May when v igorous f r o n t a l  

passages brought  h igh  wind speeds. N igh t - t ime wind speeds showed a  

p e r s i s t e n t  tendency t o  decrease as the  season progressed, probably due 

t o  t h e  damping o f  turbulence as r a d i a t i o n  c o o l i n g  a t  n i g h t  created 

st ronger  temperature i nve rs ions  i n  c l e a r e r  sk ies.  Daytime sky cover 

decreased somewhat, from 0.7 i n  e a r l y  A p r i l  t o  0.5 i n  e a r l y  May, b u t  

increased t h e r e a f t e r  as vigorous f r o n t a l  passages brought l o n g - l i v e d  - 
clouds. The south- fac ing slope, being windward, i n te rcep ted  about 10% 

more r a i n f a l l  than the  no r th - fac ing  slope. The f i n a l  week o f  t he  

experiment was charac ter ized  by warm temperatures, near 30°C, c l e a r  

sk ies  ( l ess  than 0.4 sky cover) ,  l a r g e  vapor pressure d e f i c i t s  

(exceeding 30 mb) and moderate winds (about 2 meters sec-' ) , prov id ing  

st rong con t ras t s  w i t h  t h e  r a t h e r  wet and cool  cond i t i ons  t h a t  p reva i l ed  

dur ing  the  preceeding weeks bu t  s t i  11 w i thou t  provoking con t ras t s  

between the  s lope exposures. Average cond i t i ons  throughout t he  
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experimental per iod  are l i s t e d  i n  Table 3, where the s i m i l a r i t i e s  

between the two exposures are evident .  

The small s i ze  o f  the experimental e a r t h  mound precluded 

formation o f  s i g n i f i c a n t  c l i m a t i c  modi f ica t ions  such as reported 

f o r  r idges (Jackson, 1966) o r  mountains (Cantlon, 1955). However, 

the s lop ing surfaces made r a d i c a l l y  d i f f e r i n g  angles w i t h  i n c i d e n t  

so la r  rad ia t i on ,  c rea t ing  d i f fe rences i n  energy absorpt ion t h a t  

caused a whole cascade o f  energet ic  cont ras ts  on the two slopes. This 

i s  i l l u s t r a t e d  i n  Figure 8, which shows the d a i l y  average angle o f  

so la r  e levat ion  w i t h  respect  t o  the two slopes. A1 though the average 

e leva t ion  angle decl ined on the south exposure a f t e r  about middle 

A p r i l ,  the  average angle was about 35", whereas on the n o r t h  exposure 

the average angle was c e r t a i n l y  l e s s  than 10". This con t ras t  was 

accentuated i n  the  e a r l y  p a r t  o f  A p r i l  , because the sun could no t  

shine on the n o r t h  exposure u n t i l  a f t e r  1100 hours. 

F igure 9 shows the observed sequence o f  i n s o l a t i o n  on the 

two exposures (see Appendix Table A l ) ,  along w i t h  r e f l e c t i o n  and net  

r a d i a t i o n .  I n  e a r l y  A p r i l  , i n s o l a t i o n  averaged near l y  600 c a l  cmm2 

day-' on the south exposure, compared t o  about 350 ca l  cms2 day'' on 

the  n o r t h  exposure, j u s t  over h a l f  t h a t  on the south. Net r a d i a t i o v  

(Appendix Table A? )  s i m i l a r l y  was groater  on the south, 269 ca l  ~ r n - ~  

.- 1 day'' compared t o  about 150 ca l  c1-11~' day on the  nor th .  The d i f f e r e n c e  

between slopes had decr~asecl strbstan-:;ial l y  by ~;liil-May. The re f l :>c ted 

p o r t i o n  o f  incomiqg so la r  r a d i a t i o i i  was not  g r e a t l y  d i f f e r e n t  on the  

two exposures, because the r e f l e c t i o n  c o e f f i c i e n t  increased w i t h  



TABLE 3 

Average C l i m a t o l o g i c a l  C o n d i t i o n s  and F1 ux D e n s i t i e s  
on C o n t r a s t i n g  N o r t h  and South Exposures 

Daytime Temperature 

N o r t h  South 

21 "C 22°C 

N i  ght ime Temperature 9" C 10°C 

So i  1  Temperature (60cm) 11°C 15°C 

C a l c u l a t e d  R a d i a t i v e  S u r f a c e  Temp. 31 "C 40°C 

Dayt ime Vapor P ressu re  D e f i c i t  1 8  mb 20 mb 

N i g h t i m e  Vapor P ressu re  D e f i c i t  5  mb 7  rnb 

T o t a l  Rai n f a l l  3.3 cm 3.6 cm 

S o l a r  R a d i a t i o n  F l u x  D e n s i t y  470 c a l  cmi2 650 c a l  cm-2 
day - day- l  

Ne t  R a d i a t i o n  F l u x  D e n s i t y  190 2 80 

T ransp i  r a t i o n  F l u x  D e n s i t y  

E v a p o r a t i o n  F l u x  D e n s i t y  

S e n s i b l e  F l u x  D e n s i t y  t o  Atmosphere 90 160 

S e n s i b l e  F lux  D e n s i t y  t o  So i  1  

P h o t o s y n t h e t i c  F l u x  D e n s i t y  
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d e c l i n i n g  s o l a r  e leva t ion  (Figure 2). 

To provide a basel ine f o r  comparing the  r a d i a n t  f l uxes ,  Table 4 

l i s t s  the t o t a l  incoming so lar  r a d i a t i o n  on the  two exposures f o r  A p r i l  

and May and t h e i r  corresponding dev ia t ions  from recept ion  measured on 

a ho r i zon ta l  surface. A p r i l  was the  month of s t rongest  slope e f f e c t ,  

causing about + 20% o r  25% dev ia t i on  due t o  slope; May saw about + 10% 

o r  12% dev ia t ions .  As a whole, the  slope e f f e c t  produced about equal 

enhancement on the  south acd diminishment on the  north. Th is  f a c t  

would n o t  have been perceived by c a l c u l a t i n g  d i r e c t  beam recept ion  on 

the  slopes (as recommended by Garnier and Ohmora, 1968, fo r  exampl e) , 

because the very  s i g n i f i c a n t  e f f e c t  o f  d i f f u s e  r a d i a t i o n  would n o t  then 

be considered. The s ign i f i cance  o f  d i f f u s e  r a d i a t i o n  was imp1 i c i t  i n  

F igure 7 ,  where i t  was shown t h a t  t h e  daytlme sky cover averaged over 

60% throughout the  spring, since overcast sk ies  o f t e n  have no d i r e c t  

beam component o f  i nso la t i on .  Appendix Table A3 presents a d e t a i l e d  

r a d i a n t  energy budget. 

Sensible heat f l u x e s  are i l l u s t r a t e d  i n  F igure 10, showing 

t h a t  t h e  h igh s o l a r  r a d i a t i o n  i n t e n s i t i e s  i n c i d e n t  on the  south 

exposure were associated w i t h  ve ry  much higher sens'i b l  e  heat  f l u x e s  

t o  the  atmosphere, bu t  no t  t o  the  s o i l . .  . .a good i n d i c a t i o n  

t h a t  almost a l l  t he  i n s o l a t i o n  was in te rcep ted  by the cheatgrass 

comnunity. La ten t  heat f luxes, g iven i n  d e t a i l  i n  Appendix Tables 

A4 and A5 and summarized i n  Table A6, are i l l u s t r a t e d  i n  F igure  11, 

which shows t h a t  t he  r a t e  o f  t r a n s p i r a t i o n  continued t o  increase on 

the  no r th  exposure long a f t e r  i t  had dec l ined on the south exposure. 
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TABLE 4 

Growing Season I n s o l a t i o n  on Experimental Surfaces 
i n  Re la t i on  t o  a  Hor izonta l  Surface 

North 

Inso la t i on ,  kcal  cm-2 

Apr i  1  12.4 

May 16.6 

Tota l  29 .O 

Dev ia t ion  from Hor i zon ta l  

Apr i  1  

May 

Tota l  

South 
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The t o t a l  l a t e n t  heat f l u x  (evapot ransp i ra t ion)  remained much more 

n e a r l y  cons tan t  throughout t he  experiment on the south exposure 

than on the  nor th.  

De ta i l ed  comparisons o f  t he  var ious  f l u x e s  on the  two exposures 

can be made from the  energy budget data summarized i n  Table 5, which 

1 i s t s  t he  seveeral f l u x e s  and t h e i r  corresponding standard e r r o r s  o f  

es t imat ion .  Most o f  the  f l u x  d e n s i t i e s  a re  very  s i g n i f i c a n t l y  

d i f f e r e n t ,  as migh t  be expected. However, t r a n s p i r a t i o n  t o t a l l e d  

over the  season was 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 ,  i n  s p i t e  o f  the 

preponderance o f  s i g n i f i c a n t  d i f f e r e n c e s  occur r ing  throughout t he  

season, because the  d i r e c t i o n  o f  the  d i f f e r e n c e s  va r i ed  from t i n e  

t o  t ime (see F igure  11 ) .  

So, a1 though standard c l  ima to log i ca l  ~i leasurenznts f a i l e d  t o  

i n d i c a t e  s t rong d i f f e r e n c e s  between the  exposures, the  r a d i a t i o n  and 

sens ib le  heat budgets were very  d i f f e r e n t .  A n  i n s i g h t  i n t o  the  

r e l a t i o n  between sens ib le  and r a d i a n t  f l u x e s  can be obtained a f t e r  

c a l c u l a t i n g  the  long-wave r a d i a t i o n  balance from equat ion 1 (Appendix 

Table A7). Given n e t  short-wave r a d i a t i o n  and n e t  a l l -wave r a d i a t i o n ,  

n e t  long  wave r a d i a t i o n  i s  by d e f i n i t i o n  t h e  d i f f e rence .  The long-wave 

r a d i a t i o n  f l u x e s  est imated t h u s l y  a r e  i l l u s t r a t e d  i n  F igure  12, a long 

w i t h  the corresponding est imated sur face temperatures. The sur face  

temperatures on the  south exposure apparent ly  average:! about 40°C, 

compared t o  about 30°C on the  n o r t h  exposure. The d i f f e r e n c e  between 

t h i s  r a d i a t i v e  temperature and t h e  measured a i r  temperature i s  termed 

the "temperature excess"; i t  i s  due t o  atmospheric res i s tance  t o  heat  
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t r a n s f e r  near surfaces. The excesses est imated here a re  about 18°C 

on the  south exposure, and about 8°C on t h e  nor th ,  which are  comparable 

t o  excesses repor ted  from more r e 1  i a b l  e data. Robinson (1957) repor ted  

excesses approaching 20°C, and Monte i th  and Szeicz (1961) note t h a t  

excesses o f  10°C o r  more can be expected even over swards w i t h  no 

water s t resses.  Grass communities faced w i t h  a water d e f i c i t  can be 

expected t o  have a h igher  r a d i a t i v e  temperature because o f  t he  l a c k  

o f  t r a n s p i r a t i o n a l  cool  i n g  (Gates, 1966 ; Glover,  1972). Therefore, i t  

appears t h a t  t he  mic rosca le  c l i m a t i c  pe r tu rba t i ons  on these small 

mounds were concentrated i n t o  t h e  r a d i a t i o n  budgets, inducing much 

h igher  s ~ ~ r f a c e  temperatures on the  south exposure. The h igh  sur face 

temperatures i n  t u r n  enhanced heat  t r ans fe r  t o  t he  atmosphere, lead ing  

t o  t he  h igh  sens ib le  heat  f l u x e s  noted i n  F igure  10. 

WATER RELATIOIVS 

It may be no acc ident  t h a t  t h e  o n l y  s i g n i f i c a n t  f l u x  i n  t h e  

energy budget (Table 5) t h a t  d i d  n o t  d i f f e r  between exposures was 

the one under some d i r e c t  i n f l u e n c e  o f  b i o t i c  a c t i v i t y - " t r a n s p i r a t i o n .  

There was a general consis tency i n  water usage on the  two exposures, 

exemp.l i f ied i n  F igure  13, which shows the  cumulat ive t o t a l  o f  t r ansp i red  

water as a f u n c t i o n  o f  s o i l  water d e f i c i t .  The s t r a i g h t  l i n e  i n d i c a t e s  

the  r e l a t i o n s h i p  be fore  the  r a i n s  i n  May (F igure 7E), showing t h a t  both 

exposures behaved almost i d e n t i c a l l y  i n  removal o f  s o i l  water. The ' 

slope o f  the  s t r a i g h t  l i n e  i n  F igure  13 i s  e s s e n t i a l l y  u n i t y ,  i n d i c a t i n g  
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t h a t  a l l  s o i l  water removed f rom the  p r o f i l e  went t o  t r a n s p i r a t i o n .  Th i s  

observa t ion  r a i s e s  a  swarm o f  quest ions f o r  a  p h y s i o l o g i s t ,  e s p e c i a l l y  

i n  terms o f  t he  d i s t r i b u t i o n  o f  r o o t s  w i t h  t ime and depth, and t he  

r e l a t i v e  water con ten ts  o f  t he  r o o t - i n h a b i t e d  s o i l  l a ye rs .  However, 

t o  an e c o l o g i s t ,  t h e  s t r a i g h t  l i n e  i s  t h e  answer, n o t  t he  ques t ion :  

water i n  t h e  p r o f i l e  was t r ansp i red ,  r a t h e r  than evaporated, on bo th  

exposures. A f t e r  t h e  r a i n f a l l  i n  May, t he  two exposures behaved 

d i f f e r e n t l y ,  due t o  a  wet su r face  t h a t  a l lowed evapora t i ve  f l u x  t o  

compete w i t h  t r a n s p i r a t i o n .  The p o s t - r a i n f a l l  observa t ions  l i e  

approx imate ly  on a  l i n e  w i t h  s lope  o f  u n i t y ,  even so. 

A d i r e c t  comparison o f  evapora t ion  and t r a n s p i r a t i o n  i s  shown 

i n  F igu re  14. The south exposure s t a r t e d  w i t h  t he  same evapora t i ve  

f l u x  as t he  no r th ,  b u t  as t h e  season progressed, t he  evapora t ion  

f rom the  south exposure i n c r e a s i n g l y  exceeded t h a t  f rom the  n o r t h  

exposure. T r a n s p i r a t i o n  was q u i t e  t h e  oppos i te :  t he  south 

exposure s t a r t e d  o u t  a t  a  h i ghe r  r a t e ,  b u t  l a t e r  i n  t h e  season, t he  

t r a n s p i r a t i o n  r a t e  from t h e  south exposure dwindled so t h a t  t he  

f i n a l  t a l l y  was i d e n t i c a l  on bo th  exposures. 

The reason f o r  t he  r a t h e r  abrup t  change i n  t r a n s p i r a t i o n  r a t e  

on the  south exposure was n o t  d i f f i c u l t  t o  determine. F i gu re  15 i s  

a  composite o f  t h r e e  data p l o t s  showing t he  temporal co inc idence  on 

bo th  exposures o f  ( 1 )  change o f  r a t e  o f  t r a n s p i r a t i o n  w i t h  ( 2 )  change 

f r a c t i o n  o f  a v a i l a b l e  energy used i n  t r a n s p i r a t i o n  and w i t h  ( 3 )  d e p l e t i o n  

3  o f  s o i l  water  con ten t  t o  1 7.5 cm cmm2. Th i s  s o i l  water  con ten t  

corresponds t o  an average water  p o t e n t i a l  th roughout  t h e  p r o f i l e  
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Figure  15. Cumulat ive t r a n s p i  r a t i o n  ( 1  og s c a l e ) ,  f r a c t i o n  of ava i  1  ab le  enerqv used i n  
t r a n s p i r a t i o n ,  and s o i l  wa te r  con ten t  i n  t he  p r o f i l e  (60 cm deep), as a  
f u n c t i o n  o f  t ime. 



approaching -14 bars; a s o i l  water con ten t  o f  about 9 cm corresponds 

t o  an average s o i l  water p o t e n t i a l  of about -10 bars, j u s t  about t he  

p o i n t  t h a t  Lawlor (1973) found wheat r o o t s  t o  cease growth e n t i r e l y .  

S o i l  water a v a i l a b l e  f o r  t r a n s p i r a t i o n  was i n i t i a l l y  removed a t  r a t e s  

corresponding t o  t he  energy ava i l ab le ,  and res i s tance  t o  water Iiiove- 

ment was p r i m a r i l y  i n  the  p l a n t s  and atmosphere. However, a f t e r  the  

average water p o t e n t i a l  o f  t he  p r o f i l e  decreased below about -1 4 bars, 

an a d d i t i o n a l  res i s tance  was i n j e c t e d  i n t o  the  water pathway, namely 

a s o i  1 hydraul i c  res is tance,  t h a t  reduced t r a n s p i r a t i o n  immediately. 

R i t c h i e  e t  a l .  (1972) descr ibed s i m i l a r  r e s u l t s  f o r  corn and co t ton ,  

b u t  w i t h  LET/Rn h. 1.0. It w i l l  be shown i n  the  nex t  sec t i on  t h a t  r o o t  

biomass was much l e s s  on the  south exposure than on t h e  no r th ,  perhaps 

due t o  t h i s  shor tening o f  the  growing season f o r  t he  r o o t s .  

PRODUCTION AND ENERGY FIXATION 

O r d i n a r i l y ,  a s i g n i f i c a n t  aspect o f  s lope e f f e c t s  i s  the  

a l t e r a t i o n  o f  phenologica l  progress ions on c o n t r a s t i n g  exposures 

(Jackson, 1966; Cantlon, 1953). Cheatgrass i s  e s p e c i a l l y  p l a s t i c  

i n  t h i s  respect ,  and observat ions on o the r  e a r t h  mounds have 

i n d i c a t e d  as much as a month d i f f e r e n c e  i n  phenologica l  mi lestones 

o f  cheatgrass on n o r t h  and south slopes (Rickard e t  a l . ,  1971). 

D i r e c t  comparisons between n o r t h  and south slopes i n  t h i s  experiment 

r e q u i r e  the  p l a n t s  t o  be a t  t he  same phenological  stage, and t h i s  

was the  case, as shown i n  Table 6. Al though p l a n t s  on t h e  south 



a TABLE 6 

Phenological Pro ress ion  o f  Bromus tectorum Grown i n  Small Lysimeters Z on North- and outh-Fac ingJ lopes,  bpr ing  1972 (sample Size = 13) 

M i  1  es tone North South 

Date--- -------- --- 

Exposed (a1 1  vegetat ive)  31 March 31 March 

10% i n  Flower 12 May 11 May 

50% i n  Flower 15 May 13 May 

90% i n  Flower 18 May 15 May 

End Experiment 31 May 31 May 

--Phenological Stage on May 31-- 

Green Culms, % 

Red Culms, % 

Dead Culms , % 
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s lope  began f l  cwer ing a  day o r  two sooner (1 1  May, compared t o  12 May 

on the  n o r t h )  and a t  a  s l i g h t l y  f a s t e r  r a t e  ( f o u r  days, compared t o  

s i x  days on t he  n o r t h  t o  complete f l o w e r i n g ) ,  s t i l l  by t h e  end o f  the  

exper iment the  d i s t r i b u t i o n  o f  m a t u r i t y  o f  t he  culms was 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 .  The s lope  e f f e c t  on phenology was minimized by two 

f a c t o r s :  t he  p l a n t s  were exposed t o  t h e  exper imenta l  c o n d i t i o n s  f o r  

o n l y  a  r e l a t i v e l y  s h o r t  t ime  (60 days) ,  and they  began t he  exper iment i n  

i d e n t i c a l  c o n d i t i o n  on bo th  s lopes.  Th is  m igh t  i n d i c a t e  t h a t  seed1 i n g  

environment i s  c r i t i c a l  f o r  de te rmin ing  phenolog ica l  p rogress ion  

l a t e r  i n  t he  season, as pos tu l a ted  by R ickard  e t  a1 . (1971 ) . 
The biomass o f  the  cheatgrass a t  t he  beginn ing o f  t he  exper iment 

(31 March) and a t  t h e  end o f  t h e  exper iment (31 May) i s  t abu la ted  i n  

Table 7, and i n  d e t a i l  i n  Appendix Tables A8 th rough A13. The f i n a l  

s tand ing  c rop  (above- and below-ground) was 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  

on t he  two exposures, 608 gm m" on t he  n o r t h  and 564 gm m-2 on t h e  

south. Ne i t he r  was t h e  sp r i ng t ime  p roduc t i on  o f  stem and leaves :  

21 4  grn me2 on t he  n o r t h  and 228 gm m-2 on t he  south.  However, the  

sp r i ng t ime  p roduc t i on  o f  r o o t s  and seeds were s i g n i f i c a n t l y  h i ghe r  

on the  n o r t h  exposure, 121 compared t o  94 gm m-2 f o r  r o o t s  and 119 

compared t o  88 gn m-2 f o r  seeds. S t i l l ,  t o t a l  sp r i ng t ime  p roduc t i on  

was o n l y  m a r g i n a l l y  d i f f e r e n t ,  454 compared t o  410 gm m-2, perhaps 

p a r t l y  because t h e  standard e r r o r s  o f  t h i s  es t ima t i on  were i n f l a t e d  

by repeated a d d i t i o n s  ( o f  p l a n t  p a r t s )  and sub t rac t i ons  ( i n i t i a l  f rom 

f i n a l  biomasses). 

The s tand ing  c rop  of l e a f y  t i s s u e s  p rov ides  t h e  pho tosyn the t i c  

a c t i v i t y  suppor t ing  t he  growth o f  t h e  r e s t  o f  t h e  p l a n t .  An i n d i c a t i o n  



TABLE 7 

Biomass Product ion (gm m-' ashfree) of Bromus tectorum Grown i n  Small Lysirneters 
on North- and South-Facing Slopes Between 31 March and 31 May, 1972* 

(n i s  sample s i z e )  

P l a n t  P a r t  Exposure 31 March - n 31 May - n Net Product ion 

Root Nor th 18 + 2 16 139 + 11 13 121 + 13 

South 18 + 2 16 112 + 8 13 94 t 10 

Shoot 

Seeds 

T o t a l  

P .009 % .04 

Nor th 136 + 9 15 350 + 19 13 214 + 34 

South 136 + 9 15 364 k 16 13 228 + 31 

P .4 % .50 

Nor th - - - - - 119 + 7 13 119 + 7 

South --- - - 8 8 +  7 13 8 8 +  7 

P 1 o - ~  
Nor th 154 + 11 - - 608 + 37 13 454 t 54 

South 154 + 11 -- 564 + 31 13 410 + 48 

P .2 .1 

* Numbers f o l l o w i n g  + are standard e r r o r s ,  p i s  p r o b a b i l i t y  o f  t he  d i f f e r e n c e  occu r r i ng  
by chance. 



o f  t h e  r e l a t i v e  e f f i c a c y  o f  l e a f  a c t i v i t y  on t he  two exposures 

may be t he  amount o f  nonphotosynthet ic  t i s s u e s  added and supported 

d u r i n g  t h e  season. Table 8 shows t h e  r a t i o s  o f  r o o t s  t o  shoots,  and 

o f  seeds t o  shoots, measured on t h e  n o r t h  and south exposures. The 

r a t i o s  i n  terms o f  s tand ing  crops a t  t h e  end o f  t h e  exper iment were 

v a r i a b l e ,  w i t h  t h e  n o r t h  exposure be ing somewhat g rea te r .  However, 

i n  terms o f  sp r i ng t ime  growth o f  l e a f y  t i s s u e s  (shoo ts ) ,  r o o t s  and 

seeds, a cons tan t  r a t i o  r e s u l t e d :  .56 on t he  nor th ,  and .40 on t h e  

south, f o r  bo th  r o o t / s h o o t  and seed/shoot r a t i o s .  Th is  i n d i c a t e s  t h a t  

each gram o f  spr ing-grown shoot t i s s u e  from the  n o r t h  supported t h e  

growth o f  1.12 gm o f  nonproduct ive t i s sues ,  as opposed t o  0.8 gm by 

t h e  south shoots, a v e r y  impo r tan t  40% inc rease  ( [ I  .12-.8]/.E = 40%) 

more on t he  no r th .  

The energy f i x e d  i n  p l a n t  t i s s u e s  and measured as heat  o f  

combustion was v e r y  s i m i l a r  on t h e  two exposures, as shown i n  Table 9 

(and d e t a i l e d  i n  Appendix Tables A10 through A13), b u t  i t  d i f f e r e d  

s i g n i f i c a n t l y  between p l a n t  pa r t s ,  and, f o r  bo th  r o o t s  and shoots,  

decreased w i t h  m a t u r i t y .  The heats  o f  corr~bustion i n  Tcb le  9 ;+re 

sonew+at low12r thdn expe::ted f r o r : ~  l i t e r a t u r e  v a l ~ e t ;  f o r  I r a s s e s  i n  

genera l ;  Hunt (1966) suggested 4.9 kca l  gm-' ash f ree  as an a p p r o p r i a t e  

average f o r  grasses, s u b s t a n t i a l l y  h i ghe r  than t he  4.36 kca l  gm'l 

noted f o r  mature shoots i n  Table 9. Poss ib ly ,  Hunt was r e f e r r i n g  t o  

r e l a t i v e l y  young, green t i s sues ,  b u t  h i s  suggest ion i s  s t i l l  h i ghe r  

than t he  4.66 kca l  gm-l I found f o r  immature cheatgrass shoots.  

Other workers have r e p o r t e d  h i ghe r  va lues  f o r  cheatgrass than  I 
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TABLE 9 

Heats o f  Combustion (kca l  gm-l ashfree)  o f  Bromus tectorum 
Grown i n  Small Lysimeters on North- and South-Facing Slopes* 

P lan t  Sample Heat o f  
Date Pa r t  Exposure Size Comb us ti on 

31 March Root - - 4 4.32 + .02 

Shoot - - 6 4.66 + .07 

31 May Root North 13 4.09 + -08 

South 13 4.08 + .07 

Shoot North 13 4.36 + .03 

South 13 4.38 + .09 

Seed North 13 4.22 + .02 

South 13 4.23 + .06 

* Numbers f o l  low ing + are standard e r r o r s .  



BNWL- 1822 

found here, p a r t i c u l a r l y  f o r  seeds. R. K. Schreiber (personal communi- 

c a t i o n )  determined heats o f  combustion o f  cheatgrass seeds from a  

d i f f e r e n t  s i t e  on the  Hanford Reservat ion t o  be about 4.7 kca l  g m - ' .  

The photosynthe t ic  e f f i c i e n c y  determined f o r  the  two exposures 

i s  sun~marized i n  Table 10. The o v e r a l l  e f f i c i e n c y  was ca l cu la ted  

on the  bas is  o f  t o t a l  incoming s o l a r  r a d i a t i o n ,  and ashfree biomass 

product ion,  r e s u l t i n g  i n  an e f f i c i e n c y  o f  0.67% on the n o r t h  and 

0.43% on the south. I t  should be kept  i n  mind t h a t  t h i s  e f f i c i e n c y  

i s  based on (1 ) approx imate ly  equal biomass produc t ion  on the  two 

exposures (Table 7 )  ; (2 )  equal heats of combustion (Tab1 e  9 )  and 

(3 )  unequal so la r  f l u x e s  (Table 5 ) .  The e f f i c i e n c y  c a l c u l a t e d  here 

i s  t he re fo re  n o t  the  same t h i n g  as the  " e f f i c a c y "  o f  l e a f y  biomass 

i n  suppor t ing other  t i ssues  discussed e a r l i e r ,  because the  term 

" e f f i c a c y "  was der ived  from cons idera t ion  o f  p a r t i t i o n i n g ,  o r  a l l o c a t i o n ,  

o f  biomass, whereas the  e f f i c i e n c y  ca l cu la ted  i n  Table 9  was der ived  

from product ion and energy a v a i l a b i l i t y .  

The e f f i c i e n c i e s  determined i n  Table 10 a re  somewhat lower 

than corresponding e f f i c i e n c i e s  repo r ted  i n  o ther  c l ima tes  or  f o r  

o ther  species. Botk in  and Ma1 one (1 968) summarize r e s u l t s  from d i v e r s  

c l ima tes  and communities, mos t l y  r e p o r t i n g  e f f i c i e n c i e s  under one 

percent  f o r  aboveground produc t ion  alone. However, gross e f f i c i e n c i e s  

from (nonagr icu l  t u r a l  ) monospecif i c  communities a r e  usual 1  y lower than 

f o r  m u l t i - s p e c i f i c  communities; f o r  example, the  e f f i c i e n c y  repo r ted  

here i s  comparable t o  t he  0.3% t o  0.4% repor ted  by Go1 l e y  (1965) f o r  an 

o l d  f i e l d  dominated by broomsedge. 
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CARBON PATHWAYS 

The d i s t r i b u t i o n  o f  p h o t o s y n t h e t i c a l l y  f i x e d  carbon i n  cheatgrass 

p l a n t s  between var ious  endpoints i n  r o o t s  and shoots a t  the  beginning 

o f  the  experiment i s  l i s t e d  i n  Table 11 (and tab led  i n  d e t a i l  i n  

Appendix Tables A8 and A9). The ana l ys i s  shown i n  Table 11 i s  q u i t e  

comparable t o  t h a t  o f  many o ther  immature grasses: h igh  i n  crude 

. -p ro te in ,  low i n  crude f i b e r  (blat ional Academy o f  Sciences, 1968; 

McI l roy ,  1967). The ana l ys i s  o f  r o o t ,  shoot and seed biomass a t  t he  

end o f  the  experiment i s  shown i n  Table 12 ( i n  d e t a i l  i n  Appendix 

Tables A10 through A15). S i g n i f i c a n t  d i f f e r e n c e s  between exposures 

were found o n l y  i n  crude p r o t e i n  content.  Aboveground, t h e  south 

exposure had the  h igher  crude p r o t e i n  content,  8.3% compared t o  6.6% 

i n  shoots, and 13.1% compared t o  11.7% i n  seeds. For r o o t  ma te r i a l ,  

t he  n o r t h  had the  h igher  content ,  11.3% compared t o  10.47; on the  

south. A l l  o the r  ca tegor ies  were 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 

slopes. 

Compared t o  t h e  ana l ys i s  o f  immature cheatgrass (Table 11 ) , the  

mature grass (Table 12) had much l ess  crude p r o t e i n  content ,  and much 

more crude f i b e r  content .  Rapid n i t r o g e n  uptake by j u v e n i l e  p l a n t s  i s  

such a fundamental aspect o f  p l a n t  phys io logy t h a t  i t  occurs even when 

n i t r ogen  i s  severe ly  d e f i c i e n t  (Langer, 1966) o r  when water i s  

d e f i c i e n t  (Johnson and Nichols ,  1969). The crude f i b e r  content ,  on 

the o ther  hand, c o n t i n u a l l y  increases as s t r u c t u r a l  t i s sues  a re  

p rog ress i ve l y  matured and 1 i g n i f i e d  (McI lroy, 1967), u l t i m a t e l y  



TABLE 11 

Proximate Analys is  (% ashfree)  of I m a t u r e  
Bromus tectorum Plants,  31 March 1972 

P lan t  Sampl e  Crude Crude Crude Nitrogen-Free 
Par t  Size P ro te in  Fat  F ibe r  E x t r a c t  

Root 4  12 + 0.4 1 . 3 k 0 . 1 4  2 2 k 0 . 9  65 + 1.1 

Shoot 6 24 s_ 1.3 2.9 + 0.2 18 + 0.5 56 + 2.7 



TABLE 12 

Proximate Analys is  (% ashfree) of Mature Bromus tectorum Grown i n  
Small Lysimeters on North-  and South-Facing Slopes, Spr ing  1972* 

P l a n t  Sample Crude Crude Crude N i  t rogen-Free 
P a r t  Exposure S i  ze P ro te in  Fa t  F ibe r  E x t r a c t  

Root Nor th 5 11.3 t 0.3 0.75 + 0.10 29 + 1.3 59 + 2.0 

South 3 10.4 + 0.3 0.77 + 0.15 26 + 1.9 63 t 1.9 

P .05 .23 .1 .84 

Shoot Nor th 13 6.6 + 0.4 3.3 + 0.4 32 + 0.6 57 + 0.5 

South 13 8.3 + 0.15 3.0 + 0.15 32 + 1.1 56 _+ 1.3 

P 1 o - ~  .33 1 .O .28 

Seed North 5 11.7 + 0.3 1.3 & 0.2 17 + 0.6 70 _+ 0.9 

South 3 13.1 k 0.2 1.0 + 0.9 16 + 0.4 70 + 0.7 

P .005 .08 .09 1 .O 

* Numbers f o l l o w i n g  + are standard e r ro rs ;  p i s  t he  p r o b a b i l i t y  o f  the d i f f e r e n c e  
o c c u r r i n g  by chance. 



prov id ing  the  s t reng th  requ i red  t o  support  heavy seed pan i c les  on 

ve ry  s lender  columns . 
A r e l a t i o n s h i p  between heat o f  combustion and crude f a t  con ten t  

f o r  mature cheatgrass i s  shown i n  F igure  16. This  r e l a t i o n  i s  

r a t h e r  more marked than noted i n  o ther  s tud ies  (c . f .  Johnson and Robe1 , 

1968), p o s s i b l y  because F igure  16 r e f e r s  t o  d i f f e r e n t  t i s sues  w i t h i n  

a  s i n g l e  species, r a t h e r  than s i m i l a r  t i s sues  i n  d i f f e r i n g  species. 

The slope o f  t he  regress ion  l i n e  i n  F igure  16, 0.087 kcal  gm-' (% crude 

f a t ) - ' ,  i m p l i e s  a  heat o f  combustion o f  the  f a t s  o f  about 8.7 kcal  gm-l, 

q u i t e  comparable t o  t y p i c a l  values (Q 9 kcal  gm-'  ) f o r  f a t t y  

substances (Morowi t z  , 1968) . However, even f o r  c  heatgrass, the 

r e l a t i o n s h i p  i n  F igure  16 i s  n o t  u n i v e r s a l ,  because the  immature 

shoots had a  heat of combustion o f  4.66 kcal  gm-' and a  crude f a t  

con ten t  o f  2.9%, w e l l  above the  regress ion  l i n e  (immature r o o t s  f e l l  

r i g h t  on the  l i n e ) .  Th is  i s  due t o  t he  h igh  p r o t e i n  con ten t  o f  the  

immature shoots compared t o  t h e  mature t i ssues ;  t he  mature t i ssues  

a l l  had about t he  same crude p r o t e i n  con ten t  (ahout l o % ) ,  so t h e  

major c o n t r i b u t o r  o f  va ry ing  heat o f  combustion was crude f a t .  

A d e t a i l e d  ana l ys i s  o f  t he  r e l a t i v e  importance of t he  var ious  

carbon pathways f o r  spr ing t ime aboveground growth o f  cheatgrass i s  

prov ided i n  Table 13. The pathway types are  i d e n t i f i e d  accord ing t o  

proximate ana l ys i s ,  so there  i s  p o t e n t i a l l y  a  s i g n i f i c a n t  over lap  

i n  some o f  t he  biochemicals invo lved .  This  i s  p a r t i c u l a r l y  t r u e  f o r  

the  d i v i s i o n  o f  carbohydrates i n t o  "ce l  l u l  oses" (crude f i b e r )  and 

"s tarches"  ( n i  t rogen- f ree  e x t r a c t )  , because o f  f a i  1  i ngs o f  the 
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TABLE 13 

A1 l o c a t i o n  o f  A s s i m i l a t i o n  Amon Four Carbon Pathways i n  Spr ing t ime P roduc t i on  9 of  Bromus tectorum Grown i n  Sma 1 Lys imeters  on Nor th -  and South-Facing Slopes* 

Root Shoot Seed T o t a l  

- 2 % gm m - 2 % -2 Exposure gm m - - gm m - % gm m - 2 % - 

Crude P r o t e i n  No r th  14 + 2.3 12 -10 + 6  -5 14 + 1.2 12 18 2 10 4 

South 1 0 t 1 . 5  10 - 3 k  5 -1 12 + 1.1 13 19 + 8 

Crude Fa t  No r th  .8 + .2 1  8 +  2 4 1.6+ .3 1  10 + 2 2  

South .7 + .2 1  8 +  2 4 .9k - 2  1  10 + 2 2 

Crude F i b e r  Nor th  36 + 6  30 8 8 + 1 0  42 2 0 k 1 . 9  17 1 4 0 + 1 8  31 

South 26 i 5 2 7 92 + 12 44 14 k 1.5 16 130 + 18 32 

N i  t rogen-Free No r th  70 + 11 58 125 + 21 59 84 + 6 70 280 + 38 62 
E x t r a c t  

South 58 + 8 61 1 2 9 + 2 2  57 6 2 k 6  70 250 k 36 61 

* Numbers f o l l o w i n g  k a re  es t imated  e r r o r s  (see " Imp rec i s i on  and S t a t i s t i c s "  i n  Methods S e c t i o n ) .  



proximate ana l ys i s  technique (Van Soest, 1967). Nonetheless, use fu l  

eco log ica l  i n s i g h t s  devolve from Table 13. 

The negat ive  product ion o f  crude p r o t e i n  i n  shoot m a t e r i a l  can 

o n l y  mean a ne t  expor t  from the  j u v e n i l e  p l a n t  t o  new growth du r i ng  

the spr ing;  t h i s  seems more l i k e l y  t o  be a r e a l  t r a n s l o c a t i o n  i n  grass 

from the  n o r t h  exposure than from the  south, bu t  s t a t i s t i c a l  t e s t i n g  

o f  the  numbers was precluded because t r u e  standard e r r o r s  do no t  e x i s t  

f o r  these c a l c u l a t i o n s .  Product ion o f  crude f a t s ,  crude f i b e r s ,  and 

FIFE was ve ry  s i m i l a r  on the  two exposures i n  shoot m a t e r i a l  bu t  d i f f e r e d  

i n  r o o t  m a t e r i a l  because o f  g rea te r  r o o t  biomass produc t ion  on the 

n o r t h  exposure. D i f f e rences  appeared i n  seed m a t e r i a l  i n  a1 1 categor ies.  

Seed ma te r i a l  from the  n o r t h  exposure t o t a l e d  t o  a h igher  biomass, bu t  

w i t h  s i m i l a r  percent  composit ion, r e f l e c t i n g  the  h igher  t o t a l  biomass 

noted e a r l  i e r .  

Comparison o f  mature w i t h  immature cheatgrass shows t h a t  phenol og i ca l  

a1 t e r a t i o n  o f  carbon pathways was ve ry  s i m i l a r  on the  two exposures. 

The crude p r o t e i n  pathways were n o t  s t r o n g l y  represented du r i ng  spr ing  

growth, being about an order o f  magnitude l e s s  impor tan t  dur ing  the 

spr ing  than i n  j u v e n i l e  p l a n t s  (1% t o  3% i n  the  sp r i ng  compared t o  24% 

i n  the  j u v e n i l e  p l a n t s ) .  The crude f a t  pathway was e s s e n t i a l l y  unchanged 

between j u v e n i l e s  and spr ing t ime growth: n e a r l y  3% i n  bo th  cases. 

Likewise, the NFE pathways were s i m i l a r  between exposures and between 
* 

ages : about 60% i n  a l l  cases. However, the  crude f i b e r  pathways made 

a s t rong con t ras t  between ages: 18% f o r  the  young p lan ts ,  and 38% f o r  

t he  spr ing t ime growth, r a t h e r  more marked than noted by M c I l r o y  (1967) 



f o r  grasses i n  genera l .  Table 13 thus  shows t h a t  f o r  cheatgrass,  a t  

l e a s t ,  phenol o g i c a l  l y  induced changes i n  carbon pathways were l a r g e l y  

decoupl ed from most environmental  r i g o r s  o r  abundances , and t he  pheno- 

l o g i c a l  p l a s t i c i t y  f o r  which cheatgrass i s  noted must have been 

accompanied by a v e r y  s t u r d y  homeostat ic phys io logy  of growth and 

development. 

M inera l  Uptake From the  Lys imeter  S o i l s  

F i gu re  17 shows v i s u a l  d i f f e r e n c e s  between cheatgrass growth 

observed i n  t he  greenhouse s tud ies .  V i sua l  evidence o f  some n i t r o g e n  

de f i c i ency  was c l e a r  i n  c o n t r o l  specimens i n  bo th  s o i l  types,  as w e l l  

as w i t h  f e r t i l i z a t i o n  w i t h  P o r  K a lone.  The Esquatzel  s o i l  i s  

n o t i c e a b l y  poorer  i n  n i t r a t e  ( 2  ppm) and t o t a l  n i t r o g e n  (11 ppm) 

than t he  R i t z v i l l e ,  (14 ppm and 34 ppm, r e s p e c t i v e l y )  b u t  t h e  r e a c t i o n  

t o  n i t r o g e n  was v i s u a l l y  more pronounced i n  t h e  R i t z v i l  l e  s o i l .  The 

f u l l  INPK f e r t i l i z a t i o n  c rea ted  t he  v i s u a l  impress ion o f  c l o s e  s i m i l a r i t y  

between bo th  s o i l s  (see a1 so Table 1 ) , perhaps i n d i c a t i n g  ample supp ly  

o f  o the r  n u t r i e n t s ,  i n  s p i t e  o f  a  no tab le  d i f f e r e n c e  between pH o f  t he  

s o i l s  (Esquatze l ,  8.1; R i t z v i l l e ,  6 .9 ) .  Table 14 p rov ides  some numer ica l  

v e r i f i c a t i o n  o f  t he  v i s u a l  evidence: n i t r o g e n  con ten t  was a lmost  

i d e n t i c a l  between t he  s o i l s ,  and n i t r o g e n  con ten t  was a lmost  t h e  sane 

i n  c o n t r o l ,  P o n l y  and K o n l y  t reatments .  Phosphorus and potassium 

con ten ts  tended t o  be g r e a t e r  i n  t h e  R i t z v i l l e  s o i l  when n i t r o g e n  o r  

potassium were added, b u t  o the r  comparisons between n u t r i e n t s  and 

f e r t i l i z a t i o n s  were of no consequence. Roots were s u b s t a n t i a l l y  l e s s  

responsive t o  f e r t i l i z a t i o n  i n  a l l  t rea tments .  
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TABLE 14 

Average N u t r i e n t  Content ( %  ash f r e e )  o f  Bromus tec to rum 
Grown i n  F e r t i l i z e d  Esquatzel  (E) and ~ i t z v i m )  S i l t  Loams, 

Greenhouse T r i a l s  (Sample S ize  = 6)  

N u t r i e n t  Added 
P l  an t  Soi 1 

P a r t  N u t r i e n t  Type - N -- P K -- NPK None 

Root N E 1.8 1.4 1.4 1.9 1.4 
R 1 .8  1.2 1.4 1.6 1.4 

Shoot N E 4.4 1.7 1.9 4.0 2.2 
R 4.3 1 .8 1.8 3.0 2 .O 



Biomass product ion i s  sumar ized i n  Table 15, showing t h a t  r o o t  

biomass responded s i g n i f i c a n t l y  t o  f e r t i l i z a t i o n  on ly  i n  the R i t z v i l l e  

s o i l ,  and on ly  t o  P and K add i t ions .  However, shoot biomass 

increased s i g n i f i c a n t l y  i n  the R i  t z v i l  l e  s o i l  f o r  a1 1 treatments, 

whereas the Esquatzel s o i l  y ie lded  a s i g n i f i c a n t  reac t i on  on ly  t o  

the t o t a l  (NPK) treatment. 'The Esquatzel s o i l  d i d  n o t  respond t o  

n i t rogen  alone, as noted i n  the v isua l  impressions, i n  s p i t e  o f  the 

r e l a t i v e l y  low n i t rogen  content o f  the s o i l .  

The n u t r i e n t  content  o f  the shoots o f  the  mature f ie ld-grown 

p lan ts  a t  the end o f  t h e  exper i rqe~ t  i s  s !~miar ized i n  Table 16. The 

n i t rogen  content  w3s subst?cti311;1 less ir: the :-3-?ure p lan ts  than 

i n  the greenhouse p lan ts ,  which r e f l e c t e d  the r a p i d  n i t rogen  uptake 

known f o r  j u v e n i l e  p lan ts  (Langer , 1957). Phosphorus content  was 

suppressed by about 20% i n  the  mature p lants,  and potassium content 

was s t rong ly  reduced t o  about o n e - f i f t h  i n  the  mature p lan ts ,  compared 

t o  the  con t ro l  t reatment i n  the greenhouse. Calcium contents kere h igher 

i n  the f i e l d  grown p lants .  However, the d i f f e rences  between greenhouse 

( j u v e n i l e )  and mature p l a n t s  are b i o l o g i c a l l y  l ess  s i g n i f i c a n t  than the 

d i f f e r e n t i a t i o n  between the  mature p l a n t s  on the nor th-  ar,d south- 

fac ing  exposures: a1 1 n u t r i e n t  contents were ( s t a t i s t i c a l l y )  very  

s i g n i f i c a n t l y  h igher on the  south (warm, d r y )  exposure. 

The greenhouse t r i a l s  i nd i ca ted  a s l i g h t  but no t iceab le  

d i f ference between s o i l s  insofar  as reac t i on  t o  f e r t i l i z a t i o n  was 

concerned, w i t h  the Esquatzel s o i l  (used i n  the bottom 40 cm of 

the lys imeters)  somewhat l ess  responsive ( l ess  f e r t i l e ? )  than the 
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TABLE 15 

Average Root and Shoot Biomass (gm m-2 ash f ree)  o f  Bromus tec to rum 
Grown i n  F e r t i  1 i zed Esquatzel  and R i  t z v i  1  l e  S i  1  t Loams , 

Greenhouse T r i a l s  ( n  = 6) 

N u t r i e n t  Added 

P l a n t  P a r t  ------ S O ~  1 N P - - - K NPK None - 

Esquatze l  1 3  28 2 2  2 1  20 
Root 

(DaO5 = 17) *  
R i  t z v i  1 l e  2  3  57 60 3 3  3  1  

Esquatze l  46 4 3 30 87 38 
Shoot 

(DeO5  = 12)*  
R i t z v i l l e  8 5  5  7  50 8 3 40 

* 0,05 = S tuden t i zed  l e a s t  s i g n i f i c a n t  d i f f e r e n c e  a t  p r .35 
(Snedecor and Cochran, 1967, p. 2 7 2 f f ) .  



Table. 16 

N u t r i e n t  Content ( %  ashfree) .  o f  Bromus tectorum Shoots Grown 
i n  Small Lysimeters on North- and South-Facing Slopes* 

(sample Size = 13) 

Exposure N P K Ca 

North 1.06 + .06 .16 2 .01 1.09 + .10 .78 + .01 

South 1.33 + .02 .20 + .01 1.34 + .09 .92 + .05 

P 1 o - ~  .008 .02 

* Numbers f o l l o w i n g  + are standard e r ro rs ,  p i s  the  probabi 1 i t y  
o f  t he  d i f f e r e n c e  occu r r i ng  by chance. 



R i t z v i l l e  s o i l  i n  which t h e  t ransp lan ted  grass was roo ted .  The 

greenhouse t r i a l s  i n d i c a t e d  no d i f f e r e n c e  between s o i l s  i n  c o n t r o l  

t reatments.  Therefore, t he  un i f o rm  d i f f e r e n t i a t i o n  between slopes 

i n  n u t r i e n t  con ten t  noted i n  t he  mature p l a n t s  was a  response t o  

environmental  cond i t i ons ,  r a t h e r  than s o i l  c o n d i t i o n s  o r  r o o t  d i s t r i -  

b u t i o n  i n  t he  two s o i l  l aye rs .  

REPRODUCTION 

Cheatgrass i s  a  good example o f  a  c o l o n i z e r  species: i t  i s  

an annual t h a t  a1 l o c a t e s  a  l a r g e  amount o f  each y e a r ' s  growth t o  seed 

produc t ion ,  and i t produces a  l a r g e  number o f  small seeds, maximizing 

t he  chances t h a t  "sa fe  s i t e s "  f o r  germina t ion  w i l l  be occupied by 

v i a b l e  seeds. The response o f  cheatgrass t o  env i ror~menta l  c o n d i t i o n s  

i n s o f a r  as p roduc t ion  o f  r ep roduc t i ve  organs was concerned forms an 

impor tan t  p a r t  o f  t h e  n a t u r a l  h i s t o r y  o f  t h i s  grass.  Table 17 summarizes 

Appendix Tables A16 through A21, some p e r t i n e n t  data regard ing  seed 

produc t ion  and numbers from t h e  n o r t h  and south exposures. 

The seeds from dominant t i 1  l e r s ,  t h a t  i s ,  l a r g e  and v igorous  

culms w i t h  thorough ly  f i l l e d  seed pan i c l es  s tanding we l l  above the  

general  mass of leaves, were gathered sepa ra te l y  f rom seeds from 

the  re1  a t i v e l y  suppressed culms. The d i v i d i n g  1  i n e  between dominant 

and suppressed culms was r a t h e r  a r b i t r a r i l y  s e t  a t  pan i c l es  exceeding 

8 cm f rom f l a g  l e a f  t o  t o p  o f  t he  (nodding) pan i c l e .  The number o f  

culms f i t t i n g  t h i s  category was much h igher  on t h e  nor th ,  640 m-* 

compared t o  480 m" on t h e  south, b u t  t h e  much more numerous sugpressed 
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culms were about as numerous on both exposures (2600 m-' on the 

no r th  and 2900 m-2 on the south) .  The preponderance o f  the  suppressed 

culms l e d  t o  no s i g n i f i c a n t  d i f f e r e n c e  i n  t o t a l  dens i t y  o f  culms on 

both exposures, about 3300 m-2 on both. This dens i t y  was toward the 

h igh  s ide  o f  the  d e n s i t i e s  s tudied by Hu lbe r t  (1955). 

The number o f  seeds per dominant culm was about the same on both 

exposures (45 on the  nor th ,  43 on the  south) b u t  the  number o f  

seeds per suppressed culm was s i g n i f i c a n t l y  h igher  on the  no r th ,  

10, compared t o  7 on the  south. Seed weights were u n i f o r m l y  l a r g e r  

from the n o r t h  exposure, .and l a r g e r  from the dominant culms, 

decreasing i n  the  order  2.48 mg (dominant, n o r t h ) ,  2.32 mg (dominant, 

south) ,  1.93 mg (suppressed, n o r t h ) ,  and 1.89 mg (suppressed, south) .  

(An ana lys i s  o f  var iance i nd i ca ted  a l l  weights were s i g n i f i c a n t l y  

d i f f e r e n t  a t  p < 0.01 .) The t o t a l  number o f  seeds was s i g n i f i c a n t l y  

g rea ter  on the nor th ,  bo th  from dominant and suppressed culms, and 

as a t o t a l  , 54000 mm2 on the nor th ,  compared t o  43000 m-* on the  

south. The t o t a l  seed biomass from dominant culms was s i g n i f i c a n t l y  

higher from the  n o r t h  exposure (70 gm m-2 compared t o  50 gm m'2 from 

the south),  bu t  the d i f f e r e n c e  i n  biomass, o f  seeds from the  suppressed 

culms, l i k e  the  number o f  suppressed culms, d i d  no t  a t t a i n  s ign i f i cance .  

Tota l  seed biomass was h i g h l y  s i g n i f i c a n t l y  d i f f e r e n t ,  119 gm m-2 f rom 

the n o r t h  compared t o  88 gm mm2 from the south. 

The p i c t u r e  descr ibed here was one o f  very  successful  reproduct ion  

on the n o r t h  exposure compared t o  a no t i ceab ly  l ess  robust  e f f o r t  on the 

south. However, there  i s  more t o  reproduct ive  success than mere 



numbers. Table 18 l i s t s  the composit ion o f  an average seed from 

no r th  and south exposure p lan ts .  Although the seed weight  was greater  

from the no r th  exposure, the  weight o f  crude p r o t e i n  i n  an average 

seed was i d e n t i c a l .  This  probably was an important  compensation. 

Lowe and Ries (1973) found t h a t  seed1 i n g  su rv i va l  i n  wheat was 

d i r e c t l y  co r re la ted  w i t h  the amount, n o t  the concentrat ion,  o f  n i t rogen  

i n  wheat seeds; the same may we1 1 be t r u e  fo r  cheatgrass, which 

resembles wheat both taxonomical l y  and phenol og ica l  l y .  

Crude f a t ,  crude f i b e r ,  and n i t rogen- f ree  e x t r a c t  i n  the average 

seeds were a l l  reduced i n  seeds from the  south exposure, w i t h  unknown 

importance f o r  germinat ion and seedl ing s u r v i v a l .  The c l e a r e s t  

i n t e r p r e t a t i o n  1 i e s  i n  the  reduct ion  i n  n i t rogen- f ree  e x t r a c t ,  which 

probably represents the starches i n  the endosperm; i t  appears the 

no r th  exposure seeds have about 8% more i nven to ry  t o  supply the 

seedl ing dur ing  the e a r l y  stages o f  germinat ion and growth. The 

r e l a t i v e  importance o f  t h i s  excess (compared w i t h  seeds from the  

south exposure) i n  comparison w i t h  i d e n t i c a l  crude p r o t e i n  content  

(noted above) i s  unknown a t  t h i s  t ime. 

Germination success i n  s o i l  o f  the seeds from the var ious  culms, 

from t e s t s  w i t h  15 r e p l i c a t i o n s  o f  16 seeds each, showed the seeds t o  

be h i g h l y  v iab le ,  - 90%, as repor ted  by o thers  (Hulber t ,  1955; Rickard 

e t  a1 . , 1971 ) , w i t h  no di f ferences between seed sources. 

The homeostatic natures of seed weight and composit ion are  we l l  

known (Harper e t  a1 . , 1972) and were amply demonstrated i n  t h i s  



TABLE 18 

Average Composition o f  Seeds From Bromus tectorum grown i n  
Sniall Lysimeters on North- arid South-Facing Slopes* 

Crude Crude Crude Nitrogen-Free Average 
Exposure P ro te in  Fat  F-i b e r  E x t r a c t  .-.- Seed Wei gh t  

nlg mg m g mg mg 

North .26 + .01 . 0 3 t  .005 . 3 8 t  .02 1.55 + .05 2.22 t .05 

South .27 t .O1 .02 t .002 .33 + .02 1.45 + .04 2.07 t .05 
- 

* Numbers f o l l o w i n g  t are  est imated e r r o r s  (see " Imprec is ion  and S t a t i s t i c s "  
i n  Methods Sec t i on ) .  



experiment. Homeostatic relations between seeds from the two slopes 

apparently decreased i n  the fol lowing order: viabi 1 i ty  (very strong) > 

composition (strong) > weight (moderate) > numbers (none noticeable). 



V .  CONCLUSIONS 

A successfuZ cookie jar i s  not f Z l Z Z  o f  crumbs. 

Temperatures and humidities on the contrasting north- and south- 

facing exposures were much more similar than the rates and disposition 

of energy fluxes on the two slopes. Average daytime temperatures and 

vapor pressure deficits were quite similar, as was total rainfall and 

wind speeds, perhaps leading t o  a conclusion t h a t  l i t t l e  difference 

redounded from slope exposure. However, this would be untrue, for 

the energy-rich south exposure had specific modes of energy transfer 

exaggerated in comparison with the north exposure (Figure l a ) ,  the 

most important of which was sensible heat transfer t o  the atmosphere 

from the warmed leaves. Plants growing on the south exposure had 

about a third again as much energy impinge upon them as net radiation; 

of this excess, about 8 0 %  went into heating the atmosphere, and abou t  

2 0 %  into evaporation from soil surfaces. The surface temperatures 

of the south exposure plants were strongly elevated compared to the 

north exposure, providing the gradient for such a substantial increase 

in sensible heat transfer. 

Water apparently played a passive role in the energy budgets of 

the cheatgrass; so long as the water remained readily available (more 

than 11% by weight), transpiration continued a t  a rate determined by 

energy availability. However, after the soil had dried out to an  average 

water content of less than 10% or 11%, the rate of transpiration 

decreased t o  about a third of the freely transpiring rate observed 





e a r l i e r ,  probably  due t o  an increase i n  rh izosphere res i s tance  r a t h e r  

than atmospheric o r  sur face res is tance.  The t r a n s i t i o n  from a f r e e l y  

t r a n s p i r i n g  regime t o  t he  parsimonious era  occurred a f t e r  30 days on 

the  south exposure, and a f t e r  45 days on the  n o r t h  exposure, g i v i n g  

the  n o r t h  a 50% longer  growing season w i t h  l i t t l e  s t ress .  The decrease 

i n  r a t e  o f  water use occurred about 10 days be fore  f l ower ing  on the  

south exposure, b u t  a f t e r  i n i t i a t i o n  o f  f lower ing on the no r th ,  apparent ly  

a t i m i n g  t h a t  was p e c u l i a r l y  d i f f i c u l t  f o r  t he  south exposure p lan ts .  

Biomass produc t ion  o f  shoot m a t e r i a l  ( leaves and stems) was 

n o t  ve ry  d i f f e r e n t  on the  two exposures, i n  s p i t e  o f  t he  apparent 

d i f f e r e n c e s  i n  growing season, b u t  bo th  r o o t  and seed produc t ion  were 

g rea te r  on the n o r t h  exposure (F igure  19). I f, as Lawlor (1973) repor ted  

f o r  wheat, cheatgrass r o o t s  slowed o r  ceased t h e i r  growth i n  s o i l s  d r i e d  

t o  about 11% (% -10 bars) ,  then the  longer  growing season on the n o r t h  

would indeed a1 low g rea te r  r o o t  product ion.  S i m i l a r l y ,  the  r e l a t i v e l y  

favorab le  water cond i t i ons  a t  f l ower ing  f o r  t he  n o r t h  exposure p l a n t s  

could have al lowed fo rmat ion  o f  a  g rea te r  number o f  f e r t i l e  f l o r e t s  

dur ing  f l ower ing .  The r a t e  o f  water use was more r e s t r i c t i v e  than the  

t o t a l  amount, because the re  was no d i f f e r e n c e  between t o t a l  t r ansp i red  

water on the  two exposures. The upshot o f  these two water - re la ted  

phenomena was a s u b s t a n t i a l l y  g rea te r  p roduc t ion  o f  both r o o t s  and seeds 

on the  n o r t h  w i t h  e s s e n t i a l l y  equal shoot product ion.  Consequently, 

each gram o f  shoot t i s s u e  on the  n o r t h  supported 1.12 grams o f  non- 

p roduc t ive  t i ssues  ( r o o t s  and seeds), b u t  o n l y  6.8 gtr on the  south 
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exposure, a d i f f e r e n c e  o f  40%. However, t he  gross e f f i c i e n c y  (def ined 

as energy captured as biomass per  u n i t  i n s o l a t i o n  energy) was 0.43% on 

the south, and 0.67% on the  nor th ,  n e a r l y  60% g rea te r ,  because o f  two 

f a c t o r s ,  more produc t ion  and l e s s  i n s o l a t i o n ,  on the  nor th.  

The j u v e n i l e  p l a n t s  a t  the  beginning o f  t he  experiment were h igh  

i n  crude p r o t e i n  (20%) and low i n  crude f i b e r  (18%). However, dur ing  

the  sp r i ng  pe r i od  o f  growth, t he  mass o f  crude p r o t e i n  i n  the  shoots 

a c t u a l l y  decl ined,  i n d i c a t i n g  t r a n s l o c a t i o n  t o  o the r  t i ssues ,  more 

so on the  no r th  (% 113) than on t h e  south (% 1/10). The f r a c t i o n  o f  mass 

a l l oca ted  t o  crude f i b e r  increased from about 18% i n  j u v e n i l e  p l a n t s  

t o  about 40% on both exposures. U l t i m a t e l y ,  the  mature shoots on both 

exposures were c l o s e l y  s i m i l a r  i n  crude f a t ,  crude f i b e r ,  and n i t rogen-  

f r e e  e x t r a c t ,  d i f f e r i n g  o n l y  i n  crude p r o t e i n .  

Root p roduc t ion  (gm m-') on the  two exposures was s i g n i f i c a n t l y  

d i f f e r e n t ,  g rea te r  on the  no r th ,  bu t  t he  f r a c t i o n a t i o n  (%) between 

crude p r o t e i n ,  f a t ,  f i b e r  and NFE d i f f e r e d  o n l y  f o r  p r o t e i n .  However, 

seed produc t ion  was ve ry  d i f f e r e n t  on the  two exposures, beiqg g rea te r  

on the n o r t h  f o r  biomass, numbers, product ion o f  crude p r o t e i n ,  f a t ,  

f i b e r ,  and NFE, and percent  crude f a t ,  f i b e r ,  and NFE. However, the  

p r o t e i n  con ten t  o f  t he  average seed from the  two exposures was the  same, 

p o t e n t i a l l y  a s i g n i f i c a n t  compensation f o r  v i a b i l i t y   o owe and Ries, 1973), 

a l though the  average weight  of the  seeds from the  south exposure were 

s i g n i f i c a n t l y  smal ler  ($ 10%). 

Minera l  uptake was a1 so s i g n i f i c a n t l y  d i f f e r e n t  between exposures : 

the conten t  (%) o f  N, P, K, and Ca were a l l  smal le r  f rom shoots on the  



n o r t h  exposure. Greenhouse s tud ies  showed t h i s  d i f f e r e n c e  was 

probab ly  n o t  due t o  d i f f e r e n t  pa t t e rns  o f  uptake f rom t h e  two s o i l  

l a y e r s  used i n  t he  smal l  l y s ime te rs ,  b u t  r a t h e r ,  due t o  environmental  

cond i t i ons  and p l a n t  responses. The s p e c i f i c  environmental  v a r i a b l e ( s )  

r espons ib le  were u n i d e n t i f i a b l e  i n  t h i s  experiment.  Ni t rogen,  phosphorus, 

potassium, and ca lc ium were a l l  about 20% g r e a t e r  (as percen t  o f  shoot 

biomass) on t h e  south exposure. 

HOW, then, t o  sum up the  experiment? Two general  conc lus ions  

seem app rop r i a te .  F i r s t ,  e c o l o g i s t s  must be aware o f  t h e  ve ry  impor tan t  

d i f f e r e n c e s  between c l  imates considered w i  t h y  and considered w i thou t ,  

energy f l u x e s .  On a mic rosca le ,  temperatures and humid i t i es  can 

(and w i l l )  be s i m i l a r ,  b u t  t h e  d i s p o s i t i o n  o f  energy can (and w i l l )  

d i f f e r .  A l t e r a t i o n s  i n  energy r e l a t i o n s  imp l y  cons iderab le  e c o l o g i c a l  

importance, exempl i f i e d  here by r a d i c a l  s h i f t s  i n  sens ib le  and r a d i a n t  

heat  f l u x e s .  Second, water r e l a t i o n s  on a t ime sca le  o f  days a r e  n o t  

t h e  same as those on scales of seconds, a t  l e a s t  t o  t he  e x t e n t  t h a t  

f l e e t i n g  and r e v e r s i b l e  changes i n  r e s i s t a n c e  t o  water movement through 

leaves e v e n t u a l l y  mean l i t t l e  when averaged over  a canopy and over 

day-to-day weather cond i t i ons .  

Now, more i n t i m a t e  notes r e l a t i n g  o n l y  t o  cheatgrass. The t ime  

a v a i l a b l e  f o r  growth, be ing determined by t h e  c o n d i t i o n s  f o r  growth, 

poses t he  quest ion,  what would i t  p r o f i t  a sward i f  i t  grew r a p i d l y ,  

b u t  b r i e f l y ?  I n  t h i s  experiment, no th ing .  The imputed r q p i d  growth 

r a t e  f o r  grass on t h e  south exposure (deduced from r a p i d  t r a n s p i r a t i o n )  

u l t i m a t e l y  l e d  t o  fewer, sma l le r  seeds, a s o r r y  t r a d e - o f f  f o r  an 



annual w i t h  co lon i ze r  t r a i t s .  

Second, the  d i s t r i b u t i o n  o f  ass im i l a tes  between a1 te rna te  carbon 

pathways i n  cheatgrass was apparent ly  decoupled from environmental 

r i c h e s  and r i g o r s ,  a t  l e a s t  t o  a f i r s t  order  approximation. The 

a l l o c a t i o n  o f  photo-reduced carbon t o  p ro te ins  was the  most s t r o n g l y  

a f fec ted  process; f o r  f a t t y ,  s t r u c t u r a l ,  and storage biochemicals, any 

d i f f e rences  were too s u b t l e  f o r  the  crude ana lys is  employed here. 

Development was decoupled from the  environment f a r  more than was 

product ion f o r  these j u v e n i l e  p lan ts  w i t h  i d e n t i c a l  seedl ing h i s t o r i e s ;  

i n  t h i s  experiment, the  decoupl i n g  was almost t o t a l ,  i n  t h a t  the  

progression t o  m a t u r i t y  proceeded apace on both exposures t o  nea r l y  

i d e n t i c a l  carbon d i s t r i b u t i o n s  60 days a f t e r  beginning, water and 

temperature st resses t o  the  cont rary .  

Homeostasis was v a r i a b l y  ev ident  i n  several aspects o f  the  

cheatgrass stand (F igure 20): g rea tes t  f o r  seed v i a b i l  i t y  and compo- 

s i t i o n ,  and f o r  l e a f y  product ion; l e s s  f o r  r o u t i n g  o f  the  var ious  

biochemicals measured here; and l e a s t  f o r  seed numbers and minera l  

uptake. 

F i n a l l y ,  more than h a l f  o f  the  community's t o t a l  reproduct ive  

resources ended up i n  t he  reproduct ive  p o t e n t i a l  o f  on l y  15% o f  the  

stems i n  both environments. However, t h i s  acc re t i on  o f  resources 

produced no obvious advantage f o r  seedl ing s u r v i v a l ,  compared w i t h  

seedl ings from the masses o f  the  suppressed stems. This i s  indeed 

an adapt ive t r a i t  f o r  a co lon i z ing  annual. 
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F igu re  20. Degrees o f  home&tasis observed i n  Bromus tectorum growing on no r th -  and 
south-facing slopes, i n  terms of d e v i a t i o n  from averages o f  t h e  two exposures. - 



Th is  exper iment presented an unusua l l y  d e t a i l e d  account ing o f  

t he  d i s s i m i l a r  f a t e s  o f  energy and carbon i n  a  s imp le  community. I n  

a  general  sense, t h e  s tudy  a1 so 'il l u s t r a t e d  t he  range o f  eco log i ca l  

i n s i g h t s  made a v a i l a b l e  by i n c l u d i n g  even r e l a t i v e l y  crude energy 

r e l a t i o n s  (o the r  than photoper iodism) i n  au teco log i ca l  o r  general  

eco log i ca l  i n v e s t i g a t i o n s .  Perhaps t h e  most va luab le  aspect o f  t he  

exper iment l i e s  i n  s p e c i f y i n g  t he  range o f  i nva r i ance  t o  be found 

i n  severa l  e c o l o g i c a l l y  p e r t i n e n t  a t t r i b u t e s  o f  t h i s  grass.  Stud ies 

o f  communities dominated by t h i s  grass may now r e a l i s t i c a l l y  t ake  

account o f  two impo r tan t  cons ide ra t i ons  f o r  t r o p h i c  dynamics i n  

c o n t r a s t i n g  c o n d i t i o n s :  d i f f e r e n c e s  i n  biomass p roduc t ion  on the  

one hand, and s i m i l a r i t i e s  i n  corrrposition on t he  o the r .  
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TABLE A1 

Day 

3/31 
41 1 
41 2 
41 3 
414 
41 5 
416 
41 7 
4/8 
419 
411 0 
411 1 
411 2 
411 3 
411 4 
411 5 
5/16 

Dai l y  T o t a l  s o f  I n c i d e n t  Shortwave Rad ia t i on  (ca l  cm-') 
on Nor th-  and South-Facing Slopes, Sp r i ng  1972 

No r th  

276 
328 
31 1 
380 
276 
137 
363 
346 
31 1 
39 8 
3 80 
363 
293 
433 
3 80 
31 1 
50 2 
433 - 
346 

South 

700 
537 
61 1 
759 
56 6 
226 
685 
714 
655 
55 2 
552 
359 
46 3 
714 
552 
478 
744 
59 6 
581 

Day Nor th  -- South 



TABLE A2 

D a i l y  T o t a l s  o f  Net ( A l l  -Wave) Rad ia t i on  (ca l  
on Nor th -  and South-Facing Slopes, Sp r i ng  1972 

Day 

3/31 
41  1 
41 2 
41 3 
414 
41 5 
416 
417 
418 
419 
411 0 
411 1 
411 2 
411 3 
411 4 
411 5 

No r th  

109 
102 
6 9 

104 
9 3 
7 2 

104 
116 

79 
127 
112 
130 
103 
141 
154 
101 
182 
152 
114 

South 

254 
24 3 
272 
29 3 
290 
130 
35 2 
274 
29 7 
309 
264 
235 
224 
341 
186 
152 
358 

Day Nor th  South 



TABLE A3 

Summary o f  Average Rad ia t i on  F l  uxes ( c a l  cm-2 day-1 ) Over 
North- and South-Facing Slopes, Sp r i ng  1972* 

Dates 

3-31 4-18 4-26 5-4 5-12 5-16 5-24 Season 
F l  ux Exposure 4-17 - - - - - -  4-25 5-3 5-11 5-15 5-23 5-31 Average 

I n s o l  a t i  on Nor th  3 46 443 531 467 589 435 656 46 8 
+ 19 t 1 5  + I 0  +22 +24 +27 +25 +I 0 

South 581 703 746 663 704 535 757 653 
+ I 9  +15 + l o  +22 +24 +27 +25 +I 0 

R e f l e c t i o n  Nor th  108 142 170 152 183 135 203 147 
+ I 9  +15 + I 0  t 2 2  +24 +27 +25 t 1  0 

South 148 190 202 185 197 149 214 177 
+ I 9  +15 + I 0  +22 t 2 4  +27 +25 +I 0 

Net Shortwave Nor th  238 30 1 36 1 335 406 300 453 322 
+27 t 2 1  214 +31 +34 +38 t 3 5  k14 

South 43 3 513 544 478 507 386 543 477 
+27 +21 +14 +31 +34 +38 +35 +I 4 

Net Rad ia t i on  No r th  114 163 227 179 241 218 324 192 
+ 10 t l l  +15 513 212 + I 2  + I 2  + 7 

South 260 30 1 302 275 286 212 326 277 
t 10 + I 1  +15 +13 + I 2  + I 2  + I 2  + 7 

T o t a l  

* Numbers f o l l o w i n g  are + a re  s tandard e r ro r s .  



TABLE A4 

Evaporat ion and Evapotranspi r a t i o n  Measurements (mm day- ' ) , From Lysimeters 
With and Without Bronius tectorum Plants,  on a North-Facing Slope, Spr ing  1972 

DATES 
3-31 4-18 4-27 5-4 5-12 5-16 5-24 

Lysimeter - - - - - - - -  4-17 4-26 5-3 5-11 5-15 5-23 5-31 Tota l  

B romu s 
N -  1 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

Average 1.39 1.36 1.47 1.99 3.63 1.22 2.14 103.4 
k Std. E r r o r  k.081 k.064 +.I2 k.091 k.17 2.083 k.092 k 2.5 

Mulch Only 
NM - 1 0.65 0.18 0.11 0.33 1.09 0.18 1.16 31.1 

2 0.39 0.04 0.18 0.18 2.68 0.04 1.30 31.3 
3 0.97 0.04 0.33 0.36 1.30 0.98 1.01 43.4 

Average 0.67 0.087 0.21 0.29 1.69 0.40 1.16 35.3 
+ Std. E r r o r  + . I7  k.47 k.065 k.056 k.50 k.29 k.084 k 4 . 1  



TABLE A5 

Evaporat ion and ~ v a ~ o t r a n s ~ i r a t i b n  Measurements (mm day-'), From Lysimeters 
Wi th  and Wi thou t  Bromus tectorum P lan ts ,  on a South-Facing Slope, Spr ing  1972 

Dates 

3-31 4-18 4-27 5-4 5-12 5-16 5-24 To ta l  
Lys imeter  4-17 4-26 5-3 5-11 5-15 5-23 5-31 mn - - - - - - - -  
Bromus 

S - 1  
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

Average 1.92 2.27 1.72 1.96 2.26 1.03 1.90 115.8 
k Std. E r r o r  k.12 k.11 2.099 k.16 k.21 k.082 k.099 k 4 . 0  

Mulch Only 
SM - 1 0.73 0.72 0.22 1.05 0.58 0.36 2.19 51.0 

2 0.68 0.29 0.29 0.98 0.51 1.38 -0.17 35.8 
3 0.49 0.25 0.11 1.12 0.43 0.94 1.08 38.0 
4 0.85 0.58 0.04 1.27 1.23 1.05 0.50 47.0 

Average 0.69 0.46 0.16 1.10 0.69 0.93 0.90 43.0 
t Std. E r r o r  k.075 t .11  t .056 k.062 t . 18  t .21  t . 50  t 3.6 
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TABLE A7 

Summary o f  Ca lcu la ted  Average Longwave Radia t ion  Fluxes ( c a l  c d 2  day-' ) and 
S u r f a c e  Temperatures ( O C )  on North- and South-Facing S l o p e s ,  S p r i n g  1972* 

Dates 

Flux 

Net Longwave 

Longwave 
Downward 

Longwave 
Outward 

S u r f a c e  
Temperature  

Exposure 

North 

South 

North 

South 

North 

South 

North 

South 

Seas on 
Averaqe 

129 
+16 

200 
_+I 6 

39 0 
+ 40 

39 0 
+40 

51 9 
k43 

590 
+43 

3 1 
_+ 6 

40 
+ 6 

Tota l  

7900 
+ 950 

12200 
+ 950 

23800 
+2400 

23800 
+2400 

31 600 
+ 3400 

36000 
+ 3400 

- - 

-- 

* Numbers f o l l o w i n g  t a r e  e s t i m a t e d  e r r o r s  ( s e e  " Imprec i s ion  
and S t a t i s t i c s "  i n  Methods S e c t i o n ) .  



TABLE A8 

Standing Crop, D i s t r i b u t i o n  w i t h  Depth, Heat of Combustion and Proximate 
Ana lys is  o f  Imnature Roots from a Bromus tectorum Community Used f o r  

Core Transplants t o  Small Lysimeters , 31 March 1972 (Ashfree)  

Standing Crop Heat o f  Crude Crude Crude Ni  t rogen-Free 
c o m b u s t i ~ n  P r o t e i  n Fat F i b e r  E x t r a c t  - 

Average 
18 89 11 

Std. E r r o r  
+ 2.0 + 2 + 2 



TABLE A9 

Standing Crop, Heat of 'Combus t i o n ,  and Proximate Analysis 
of Imnature Shoots from a Bromus tectorum Community Used 

f o r  Core Transpl an t s  t o  Small ~ y s i m e t w ~ a r c h  1972 (Ash f r e e )  

Standing Heat of Crude Crude Crude Nitrogen -Free 

gnCrOe Combus t i  on Prote in  Fat F iber  Ext rac t  
m- kCal grn-l % % % % 

Average 
1 36 4.66 24 .O 2.93 18.4 56.3 

Std. Error  
k9.3 k.071 



TABLE A10 

Standing Crop, Heat o f  Combustion, and Proximate Ana lys is  of t h e  Mature Brorys  
-. Roots From Small Lys imeters  on a North-Facing Slope, 31 May 1972 

Standing Heat o f  Crude Crude Crude N i  t rogen-Free 
Lys imeter  Crop Combustion P r o t e i n  - Fat - F i b e r  E x t r a c t  

gm m-' k k a l  gm-' % % % % 

12 131 4 .OO 12.8 .9 30.7 55.6 

13 143 - 4.33 - - 

Average 1 39 4.09 11.3 .75 28.6 58.9 

t Std. E r r o r  + I 1  k.083 k.49 1 +I .3 k2 - 0  

* Rejected a t  P < .001 by an o u t l i e r  r u l e  (Snedecor and Cochran, 1967, p. 322). 



TABLE Al,l 

Standing Crop, Heat o f  Combustion, and Proximate Ana lys is  o f  t h e  Mature Bromus 
tectorum Roots From Small Lys imeters  on a South-Facing Slope, 31 May 1 9 7 2  

Standing 'Heat of Crude Crude Crude N i  t rogen-Free 
Lys i meter Crop Combustion P r o t e i n  - Fat - F i b e r  E x t r a c t  

gm m-2 kCal gm-I % % % % 

S o u t h -  1 117 3.65 

11 126 4.23 10.4 0.8 29.8 58.9 

12 66 4.17 

13 - 9 9 4.30 - -.. ----. 

Average 112 4.08 10.4 0.77 26.3 62.6 

k Std.  E r r o r  t 7.5 k.072 -+ .32 1 t 1.88 k1.9 



TABLE A1 2 

S tand ing  Crop, Heat o f  Combustion, and Proximate Ana l ys i s  o f  Mature Bromus 
tec to rum Shoots From Small Lys imeters  on a Nor th-Fac ing Slope, 31 May 1972 

S tand ing  Heat o f  Crude Crude Crude Ni  t rogen-Free 
Lys imete r  Crop Combusti on P r o t e i n  - Fat  - F i b e r  E x t r a c t  

Nor th  - 1 275 4.53 10.65 5.42 29.1 54.8 

13  337 4.26 6.48 1.37 15.2" - - 77. o* 
- - -- - - -- . - 

Average 350 4.36 6.59 3.26 32.1 57.3 

2 Std.  E r r o r  + I 9  2.026 2.39 2.44 k.61 k.49 

* Rejected a t  p < .001 by an o u t l i e r  r u l e  ( ~ n e d e c o r  & Cochran, 1967, p. 322). 



TABLE A13 

Standing Crop, Heat o f  Combustion, and Proximate Analys is  o f  Mature Bromus 
tec to rum Shoots From Small Lysimeters on a South-Faci ng Slope, 31 M a m  

Standing Heat o f  Crude Crude Crude N i  t rogen -Free 
Lys i me t e r  Crop Combus t i o n  P r o t e i n  -- Fat - F i b e r  E x t r a c t  

gm m-' kCal gm-l % % % % 

13 286 - - 4.35 8.04 2.66 30.2 - - 59.1 

Average 364 4.38 8.31 2.98 32.0 56.2 

+ Std. E r r o r  +16 +.010 5.15 +. I5  +I .1 +I .3 

* Rejected a t  p < -001 by o u t l i e r  r u l e  (Snedecor & Cochran, 1967, p. 322). 



TABLE A1 4 

Staddi  ng Crop, Heat o f  Combus t i o n ,  and Proximate Analys is  o f  Bromus tectorum 
Seeds From Small Lysimeters on a North-Facing Slope, 31 May 1972 

Standing Heat o f  Crude Crude Crude N i  t rogen-Free 
Lys i meter Crop Combustion P r o t e i n  Fa t  F i b e r  E x t r a c t  

Nor th  - 2 5 7 4.10 

2 138 4.15 12.4 1.3 16.9 69.3 

12 122 4.24 

13 104 4.17 10.9 1 .O 72.1 - - - 16.1 - -- 

AJerage 119 4.22 11.7 1.3 16.8 70.2 

+ Std. E r r o r  k6.6 2 -023 k.26 + . I 8  k.65 k.87 



TABLE A15 

b 
Standing Crop, Heat o f  Combustion, and Proximate Analys is  o f  Bromus tectorum 

Seeds From Small Lysimeters on a South-Facing Slope, 31 May 1 9 f 2  

Standing Heat o f  Crude Crude Crude N i  trogen-Free 
Lysimeter Crop Combustion P ro te in  - Fat - Fiber  E x t r a c t  

gm m-2 kCal gm-l % % % % 

13 59 4.09 
-- 

Average 88 4.23 13.1 1 .O 15.7 70.2 

+ Std. E r r o r  t 6.9 2.056 t .19 t .088 + .41 + .66 



TABLE A1 6 

Seed Numbers and Weights From Dominant Culms* o f  
Bromus tec to rum i n  Small Lys imeters  on a North-Facing Slope 

Dominant Cul ms 

No. 
W t a l  Seeds T o t  a1 

No. Culms Seed7 Seed' 1000 ' s Seed y t .  
Lys imeter  m-2 Culm- A m-2 gm m- 

Nor th  - 1 35 2 32 2.69 11.2 30 .O 

- 13 56 3 2.71 18.0 - 32 - - 48.8 

Average 6 39 45 2.48 29.2 70.3 

Std. E r r o r  559 k2.4 + .067 k3.2 26.9 

* Dominant culms were de f i ned  t o  be those s tand ing  a t  l e a s t  8 cm above 
t h e i r  f l a g  l e a f .  
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TABLE A17 

Seed Numbers and Weights from Suppressed Culms* 
Bromus tectorum i n  S~ l ia l l  Lysimeters on a North-Facing Slope 

No. 
W t .  , Seeds Tota l  

No. C 1ms iJ Seeds Seed' ' 10O$'s Seed y t .  
Lysimeter 111- ~ u l  m-1 -!EL.- m - gm m- 

North - 1 1550 7 .O 2.47 10.8 26.7 

- 2 2260 14.8 1.89 33.2 62.8 

- 3 3330 9.2 2.03 30.7 62.4 

- 10 1140 10.4 1.72 11.8 20.6 

- 11 41 20 8.3 1.81 34.2 61 .9 

- 12 2060 8.2 1.88 17.0 31 .9 

- 13 3780 7.6 1.94 28.6 55.5 

Average 2620 9.7 1.98 24.9 48.7 

Std. E r r o r  k250 k.68 k.060 k2.4 k4.3 

* Suppressed c~l lms were defined t o  be those standing l ess  than 8 cm 
above t h e i r  f l a g  l e a f .  
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TABLE A18 

Seed Numbers and Weights From a l l  Culms o f  Bromus 
tec to rum i n  Small Lys imeters  on a N o r t h - F a c i n g e  

Lys ime te r  

No r th  - 1 

- 2 

- 3 

- 4 

- 5 

- 6 

- 7 

- 8 

- 9 

-1 0 

-1 1 

-1 2 

-1 3 

Average 

Std. E r r o r  

No. Culms 
m-2 

W L l  
Seed 
mg 

2.58 

1.91 

2.17 

2.48 

2.08 

2.16 

2.15 

2.23 

2.32 

2.16 

2.19 

2.16 

2.23 

2.22 

+. 047 

No. Seeds 
1000's 
mg -2 

22.0 

72.1 

53.8 

54.5 

47.6 

47.6 

65.0 

58.8 

62.1 

62.9 

54.0 

56.4 

46.6 

54.1 

k3.4 

T o t a l  
Seed W t .  

g~ i i  m-2 

56.7 

138.0 

117.0 

135.0 

99.0 

103.0 

140.0 

131.0 

144.0 

136.0 

118.0 

122.0 

104.0 

119.0 

k6.6 
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TABLE A19 

Seed Numbers and Weights From Dominant Culms* o f  
Bromus tectorum i n  Small Lysimeters on a South-Facing Slope 

No. 
W t a l  Seeds To ta l  

No. C 1ms 9 Seed? Seed- 1 OOOjls Seed W t  . 
Lys imeter  m - Cul m- A m ' gm m-2 

- 13 192 60 2.10 11.5 24.2 

Average 479 43 2.32 22.2 50.2 
. 

Std. E r r o r  ~ 5 3  24.6 2.11 k3.5 26.7 

b * Suppressed culms were de f i ned  t o  be those s tand ing  l e s s  than 8 cm 
above t h e i r  f l a g  l e a f .  



TABLE A20 

Seed Numbers and weights From Suppressed Culms* o f  
Bromus tectorum i n  Small Lysimeters on a South-Facing Slope 

No. 
W t .  I Seeds To ta l  

No. Culms Seeds Seed- 1000 's  Seed W t .  
L ys i  meter m-2 ~1.11 m-1 L mg92 gm m-2 

South - 1 2540 - - - - - - - - 

- 13 3800 - 4.8 1.89 18.4 34.7 

Average 2880 6.9 1.89 20.2 39 .O 

Std. E r r o r  k1 20 k.79 2.096 k2.6 k7  .O 

* Suppressed culms were de f ined  t o  be those s tand ing  l ess  than 8 cm 
above t h e i r  f l a g  l e a f .  



TABLE A21 

Seed Numbers and Weights From a l l  Culms o f  Bromus 
tec to rum i n  Small Lys imete rs  on a South-Facing Slope 

W t .  
No. Culms seed- l  

Lys imete r  m- 2 L 

IVo. Seeds 
1000 's  

mg -2 

T o t a l  
Seed W t .  

gm m-2 

-1 3 3990 1.97 29.9 58.9 

Average 3330 2.07 42.6 87.8 

Std. E r r o r  i 1  20 +. 052 i 3 . 1  i 6 . 9  
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