
3 4 4 5 6  03551138 4 

/T 5 

A. w. King 



rhis report 'URB prepared 2s an wcount  of 
United StaresGcve:critierrt PJei+her i h s  1J nite 
thereof, nei  any of their employees, :tlakn 
assunes eriy legal liability or responsibili 
useiiilnass of aDy inforimtion. appaizizs, piodLlct. or process disc 
repisssnts that i ts use wou!d not iii;i I I - ~ ~ C  p:ivate!y C Y C S ~  i lgkts. Reltife:? 
to any specific coiiiiTloicial procluct, process, or snrvice by :rads !?ame. !i 
iiJantrfaciurei, or oihc, e, doer, not necccsarilv cnnstitute or imply i h  
endnisement, recommendation, or favoiing by the CJnited StatxGovernmant or 
any agency thereof. The viei.t's ai73 osinions of auihois expressed herein C;? not 
necessarily staio or reflac: :hose of ih? IJnited S!ateSGGV'C:;IlmPRt or any agency. 
thereof. 

n s c i d  by an agency of the 
G c r e i m i x :  norany asency 

y,  express or ilnplied, or 
iiiacy, C O ~ T ~ ~ : S ~ ~ P ~ S S ,  ~i 

____ ___ ....... ~ ..___ ~ ...... __ 



14RN L/TP1-99 3 5 

ENVIRONMENTAL SCIENCES DIVISION 

INFORMATION FOR SEASONAL MODELS OF 
CARBON F L U X E S  IN AGRBECOSYSIEMS 

A .  W .  King and D. L .  DeAngelis 

Environmental Sciences Division 
Publication No. 2649 

Date Issued - April 1987 

Prepared t o r  the 
Global Carbon Cycle Program 

Carbon D iox ide  Research D i v i s i o n  
O f f  ice of  Energy Research 

Prepared by t h e  
OAK RIDGE NAl IOMAL LABORAlOHY 

Oak Ridge, Tennessee 37831 
operated by 

MARllN M A R l t i l A  ENERGY SYSltMS, I N C .  
f o r  t h e  

U.S. DkPARlMtNS OF ENkRGY 
under Contract No. DE-AC05 -84OR2140O 

3 4 4 5 6  0155L38 4 





CONTENTS 

!?a!? 
A B S T R A C T .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  V 

I N l ’ R O D U C l I O N  . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

1. SEASONAL CARBON D I O X I D E  ASSIMILATION AND R E S P I R A T I O N  . . . .  3 

1.1 Crop Growth Models . . . . . . . . . . . . . . . . . . .  4 

1.1.1 
1.1.2 
1.1.3 
1.1 - 4  
1.1.5 
1.1.6 
1.1.7 
1.1 - 8  
1.1.9 
1.1.10 
1.1 .ll 

Wheat Models . . . . . . . . . . . . . . . . .  5 
R i c e M o d e l s  . . . . . . . . . . . . . . . . .  7 
CornMode ls  . . . . . . . . . . . . . . . . .  9 
B a r l e y  Models . . . . . . . . . . . . . . . .  1 5  
Soybean Models . . . . . . . . . . . . . . . .  a9 
Cot ton  Models . . . . . . . . . . . . . . . .  23 
Po ta to  Model . . . . . . . . . . . . . . . . .  26 
lobacco Model . . . . . . . . . . . . . . . .  28 

Sugar Beet  Models . . . . . . . . . . . . . .  32 
A Comment on t h e  D i v e r s i t y  o f  t h e  

Sorghum Models . . . . . . . . . . . . . . . .  30 

CropMade ls  35 . . . . . . . . . . . . . . . . .  
1.2 CANOPY: A General Crop Canopy-Photosynthesis Model . . 36 

2. SEASONAL RELEASE OF CARBON DIXOIDE V I A  DLCOMPOSIlfON . . . .  38 

3 .  EMPIRICAL DATA SOURCES FOR SEASONAL CARBON D I O X I D E  FLUX . . .  48 

3 .1  Wheat F i e l d  . . . . . . . . . . . . . . . . . . . . . .  42  

3.2 R ice  Paddy . . . . . . . . . . . . . . . . . . . . . . .  46 

3.3 Corn F i e l d  . . . . . . . . . . . . . . . . . . . . . . .  48 

3.4 B a r l e y  F i e l d  . . . . . . . . . . . . . . . . . . . . . .  52 

3.5 Soybean F i e l d  . . . . . . . . . . . . . . . . . . . . .  54 

3.6 Cot ton  F i e l d  . . . . . . . . . . . . . . . . . . . . . .  59 

3.7 Oat F i e l d  . . . . . . . . . . . . . . . . . . . . . . .  61 

3.8 Po ta to  F i e l d  . . . . . . . . . . . . . . . . . . . . . .  62 

3.9 Sugar Beet F i e l d  . . . . . . . . . . . . . . . . . . . .  hi3 

iii 



3.10 Sorghum Field . . . . . . . . . . . . . . . . . . . . .  
3.11 Alfalfa Field . . . . . . . . . . . . . . . . . . . . .  
3.12 Miscellaneous Fields . . . . . . . . . . . . . . . . . .  

4 . CONCLUDING REMARKS . . . . . . . . . . . . . . . . . . . . .  
REFLRENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Page 

65 

66 

67 

7 1  

74 

iv 









2 

D i f f e r e n c e s  between t h e  carbon dynamics o f  n a t u r a l  ecosystems and 
those  o f  agroecosystems, and t h e  impact o f  conve rs ion  f rom t h e  fo rmer  

t o  t h e  l a t t e r ,  have been recognized f o r  long- term carbon dynamics. 

l h e s e  d i f f e r e n c e s  have been t h e  focus o f  s t u d i e s  r e l a t i n g  land-use 

change t o  t h e  g l o b a l  carbon c y c l e  and increases i n  atmospher ic C02 
( B o l i n  1977; Houghton e t  a l .  1983; Lmanuel e t  a l .  1984a, b ;  and 

Goudriaan and Ke tne r  1984).  The i n f l u e n c e  o f  agroecosystems on t h e  

g l o b a l  carbon c y c l e  may, however, be more demonstrable a t  f i n e r  s p a t i a l  

and temporal  s c a l e s .  The pronounced seasonal c y c l e  i n  t h e  reco rds  o f  
atmospher ic C02 ( K e e l i n g  1983) i s  g e n e r a l l y  a t t r i b u t e d  t o  r e g i o n a l  
and month ly  v a r i a t i o n s  i n  n e t  COP exchange between t h e  atmosphere and 

t e r r e s t r i a l  v e g e t a t i o n .  A t  these scales,  t h e  carbon dynamics o f  

agroecosystems may d i r e c t l y  i n f l u e n c e  t h e  atmospher ic c o n c e n t r a t i o n  o f  

co2. 
Th is  r e p o r t  i s  a c o m p i l a t i o n  o f  i n f o r m a t i o n  u s e f u l  f o r  

c o n s t r u c t i n g  r e g i o n a l l y  d i f f e r e n t i a t e d  models o f  seasonal carbon 

f l u x e s  i n  t h e  t e r r e s t r i a l  b iosphere.  Such models can a i d  i n  

understanding t h e  g l o b a l  carbon c y c l e ,  and t h e y  may be a p p l i e d  towards 

t h e  m u l t i d i m e n s i o n a l  models o b j e c t i v e  o f  t h e  U . S .  Department o f  

Energy 's  (DOE'S) Carbon Cycle Research Plan (Dahlman 1984).  Two 
companion r e p o r t s  ( K i n g  and DeAngelis 1985; K ing  and DeAngelis 1986) 

d e s c r i b e  i n f o r m a t i o n  f o r  seasonal carbon f l u x  models o f  n a t u r a l ,  

r e l a t i v e l y  und is tu rbed  ecosystems. Here we c o n c e n t r a t e  on models f o r  

agroecosystems, s ince ,  f o r  t h e  reasons o u t l i n e d  above, successfu l  r .  

model ing o f  r e g i o n a l  carbon dynamics may r e q u i r e  c o n s i d e r a t i o n  o f  
carbon f l u x e s  i n  agroecosystems. 

Two c lasses  o f  i n f o r m a t i o n  a r e  presented.  F i r s t ,  e x t a n t  
agroecosystem models t h a t  s i m u l a t e  t h e  f l u x  o f  carbon i n  a s tand o r  

whole f i e l d  a r e  reviewed. Second, e m p i r i c a l  d a t a  on seasonal carbon 
f l u x e s  a r e  compi led.  These rev iews and c o m p i l a t i o n s  a r e  ex tens i ve ,  b u t  

n o t  exhaus t i ve .  They s imp ly  i n t r o d u c e  t h e  a v a i l a b l e  i n f o r m a t i o n .  They 

should be u s e f u l ,  however, i n  g u i d i n g  t h e  i n c o r p o r a t i o n  o f  

agroecosystems i n t o  r e g i o n a l  models o f  seasonal carbon f l u x ,  i n  
h i g h l i g h t i n g  d e f i c i e n c i e s  i n  t h e  a v a i l a b l e  models o f  agroecosystem 
carbon f l u x ,  and i n  documenting t h e  assumptions t h a t  w i l l  go i n t o  t h e  
development o f  seasonal models. 
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There i s  much p o t e n t i a l l y  r e l e v a n t  i n f o r m a t i o n  t h a t  i s  n o t  
presented here.  The enormoudj mass o f  l i t e r a t u r e  d e s c r i b i n g  s t u d i e s  

which r e l a t e  v a r i o u s  env i ronmenta l  f a c t o r s  Lo the  carbon f l u x  
p h y s i o l o g y  o f  a g r i c u l t u r a l  p l a n t  spec ies i s  n o t  reviewed. When inodels 

a r e  based upon these s t u d i e s ,  t h e  sources used by t h e  model developers 

a r e  re fe renced .  Crop y i e l d  models a r e  n o t  cons idered,  and annual 

models and d a t a  a r e  n o t  reviewed (see Loomis and Gerak is  1975) .  Me 
a r e  concerned he re  w i t h  seasonal i n f o r m a t i o n .  Models o f  a g r i c u l t u r a l  

p r o d u c t i o n  systems t h a t  i n v o l v e  energy subsidy and m a r k e t i n g  (see 
Van Dyne and Abramsky 1975)  a l s o  a r e  n o t  i nc luded .  Models and 
e m p i r i c a l  d a t a  f o r  g r a z i n g  systems and pas tu res  a r e  n o t  reviewed, 

n e i t h e r  a r e  o rcha rd  systems and managed t i m b e r  stands considered.  

These managed systems, which can r i g h t l y  be c a l l e d  ayroecosystems, were 

exc luded because o f  l i m i t a t i o n s  o f  space and e f f o r t .  Furthermore, t h e  

g r a z l n y  systems a r e  o f t e n  modeled i n  c o n j u n c t i o n  w i t h  grass lands,  and 

these  models a r e  d e a l t  w i t h  by K ing  and DeAngel is (1985) .  Managed 

orchards and t i m b e r  stands may be modeled u s i n g  a p p r o p r i a t e l y  m o d i f i e d  

f o r e s t  s tand models, a l s o  reviewed by K ing  and DeAngelis (19135). The 

c o m p i l a t i o n  r e p o r t e d  he re  d e a l s  w i t h  c rop land  systems, g e n e r a l l y  t i l l e d  

o r  c u l t i v a t e d ,  which, f o r  t h e  most p a r t ,  occupy ex tens i ve ,  n e a r l y  

cont iguous t r a c t s  o f  l and .  

d e f i n i t i v e  manner t h e  use fu lness  o f  a v a i l a b l e  seasonal models and 

data.  It i s ,  i n s t e a d ,  an i n t r o d u c t i o n  t o  i n f o r m a t i o n  t h a t  may be used 

a c c o r d i n g  t o  t h e  needs s p e c i f i c  t o  c o n s t r u c t i n g  models o f  seasonal 

carbon dynamics i n  agroecosystems. 

F i n a l l y ,  t h i s  document does n o t  a t tempt  t o  e v a l u a t e  i n  any 

1. SEASONAL CARBON DIOXIDE ASSLMILAllON AND RESPIRATlON 

Agroecosystems remove CO f r o m  t h e  atmosphere th rough  2 
pho tosyn thes i s .  Some o f  t h i s  a s s i m i l a t e  i s  r e t u r n e d  t o  the atmosphere 

by t h e  process o f  r e s p i r a t i o n  as t h e  p l a n t s  consume photosynthates i n  

maintenance and growth metabol ism. The remain ing pho tosyn tha te  

c o n t r i b u t e s  t o  n e t  p r imary  p r o d u c t i o n  o r  d r y  m a t t e r  p r o d u c t i o n .  Crop 
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produc t ion ,  p a r t i c u l a r l y  i n  t h e  temperate l a t - i t u d e s ,  i s  a seasonal 

phenomenon. However, t h e  e x t e n t  t o  which t h i s  s e a s o n a l i t y  i n f l u e n c e s  
t h e  seasonal c o n c e n t r a t i o n  o f  atmospher ic CO i s  unknown. Any 2 
a t tempt  t o  model t h e  seasonal exchange o f  C O  between c rop land  and 2 
t h e  atmosphere w i  11 r e q u i r e  some c o n s i d e r a t i o n  o f  seasonal d r y  m a t t e r  

p r o d u c t i o n  and w i l l  p robab ly  i n v o l v e  e x p l i c i t  c o n s i d e r a t i o n  o f  

pho tosyn thes i s  and r e s p i r a t i o n .  These f a c t o r s  a r e  d e a l t  w i t h  i n  

Sect .  1.1. 
seasonal C02 exchange between c rop land  and t h e  atmosphere; t h i s  

i n f l u e n c e  i s  addressed i n  Sect .  2.0. 

The r e l e a s e  o f  C02 d u r i n g  decomposi t ion a l s o  i n f l u e n c e s  

1.1 Crop Growth Models 

Models t h a t  s i m u l a t e  t h e  seasonal course o f  d r y  m a t t e r  p r o d u c t i o n  

i n  c rop lands  a r e  g e n e r a l l y  r e f e r r e d  t o  as c rop  growth models. 

models f r e q u e n t l y  i n v o l v e  submodels o f  pho tosyn thes i s ,  r e s p i r a t i o n ,  and 

t r a n s l o c a t i o n .  These processes, and sometimes growth i t s e l f ,  a r e  

d r i v e n  by env i ronmenta l  v a r i a b l e s  such as l i g h t ,  temperature,  and 

a v a i l a b l e  water ,  which may v a r y  seasona l l y .  Another c h a r a c t e r i s t i c  o f  

c rop  growth models i s  t h e i r  s i m u l a t i o n  o f  canopy m i c r o c l i m a t e .  Th is  

s i m u l a t i o n  may be a ve ry  complex m ic rometeo ro log i ca l  s i m u l a t i o n ,  o r  a 

r a t h e r  s imple one 1 m i t e d  t o  c o n s i d e r i n g  t h e  d i s t r i b u t i o n  o f  l i g h t  

w i t h i n  t h e  canopy. I n  e i t h e r  case, t h e  canopy m i c r o c l i m a t e  i n f l u e n c e s  

canopy photosynthes s ,  and canopy growth can feed back t o  a f f e c t  t h e  

m i c r o c l i m a t e .  Crop growth models, then, may rep resen t  a ma jo r  

c o n t r i b u t i o n  t o  t h e  model ing o f  cropland-atmosphere i n t e r a c t i o n s .  

I n  t h e  d e s c r i p t i o n s  o f  c rop  growth models t h a t  f o l l o w ,  we 
concen t ra te  on t h e  processes o f  pho tosyn thes i s  and r e s p i r a t i o n .  These 
a r e  t h e  l i v e  p l a n t  f l u x e s  most c r i t i c a l  i n  s i m u l a t i n g  seasonal C02 
exchange between t h e  atmosphere and t h e  t e r r e s t r i a l  b iosphere.  Canopy 

i n f l u e n c e s  a r e  r e f e r r e d  t o ,  and t h e  r o l e  o f  env i ronmenta l  d r i v i n g  

v a r i a b l e s  i n  t h e  procesres o f  pho tosyn thes i s  and r e s p i r a t i o n  a r e  
considered e x p l i c i t l y .  
model r e s u l t s  and empi r - i c a i  obse rva t i ons .  

These 

The d e s c r i p t i o n s  a l s o  i n c l u d e  cornpari5ons o f  
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1.1 .l Wheat Models 

Adapt ing e a r l i e r  models o f  community photosynthes is ,  Connor and 

Car t ledge s imu la ted  t h e  photosynthes is  o f  a wheat community under 
c o n d i t i o n s  o f  optimum n u t r i e n t  and water  supply  (Connor and Car t ledge 

1970, 1971). Three models were used. The f i r s t ,  SIMPLE, cons iders  the 

canopy as a cont inuous h o r i z o n t a l  f o l i a g e  p lane;  t h e  o t h e r  two a re  

geomet r i ca l  t r e a t m e n t s  which c o n s i d e r  a number of f o l i a g e  l a y e r s ,  each 

s p e c i f i e d  by i t s  f o l i a g e  area index and a c h a r a c t e r i s t i c  f o l i a g e  

angle.  I n  one model, 4M, t h i s  ang le  i s  a measured mean va lue;  i n  t h e  
o the r ,  6M, t h e r e  i s  a d i s t r i b u t i o n  o f  measured f o l i a g e  ang le  va lues.  

These l a t t e r  models r e l a t e  t h e  p h o t o s y n t h e t i c - l i g h t  response o f  

i n d i v i d u a l  leaves t o  t h e  d i s t r i b u t i o n  o f  r a d i a t i o n  i n  t h e  model 

canopies.  The d i s t r i b u t i o n  o f  i n c i d e n t  r a d i a t i o n  th rough t h e  l aye red  

canopies f o l l o w s  t h e  work o f  Warren Wi lson (1965, 19671, Anderson 

(19661, and de W i t  (1965).  

(1970; a l s o  see Angus and Wi lson 1976).  These curves i n c l u d e  t h e  

e f f e c t  o f  l e a f  age. Hence, n e t  photosynthes is  d u r i n g  t h e  d a y l i g h t  
hours i s  a f u n c t i o n  o f  i r r a d i a n c e  and l e a f  age, o r  

The wheat l e a f  p h o t o s y n t h e s i s - l i g h t  response curves a r e  f r o m  Angus 

-2 -1 where Pn i s  n e t  photosynthes is  (mg C02 dm 

r a d i a t i o n  (mW cm-2), and a i s  l e a f  aye. 

p a t t e r n s  o f  h o u r l y  community photosynthes is  (rng Cog dm 

a l l  t h r e e  models and t o t a l  d a i l y  photosynthes is  f o r  t h e  l aye red  canopy 
models (4H and 6111). The d i u r n a l  p a t t e r n  p r e d i c t e d  by SIMPL€ dev ia ted  

s e r i o u s l y  f rom observed p a t l e r n s .  The geometr ic models generated 

va lues i n  f a i r  agreement w i t h  observed values f o r  bo th  h o u r l y  r a t e s  and 

d a i l y  r a t e s .  No r e a l  d i f f e r e n c e s  i n  agreement cou ld  be reso lved 
between t h e  mean ang le  t r e a t m e n t  (4W) and t h e  ang le  d i s t r i b u t i o n  

h ) ,  I i s  i n c i d e n t  

Connor and C a r t l e d y e  ( 1 9 7 1 )  compared observed and s imu la ted  d i u r n a l  
-2 -1 h ) f o r  



t r e a t m e n t  ( 6 M ) .  The f a c t  t h a t  4M i s  s i m p l e r  and e q u a l l y  adequate 

recommends 4M o v e r  bM. I n t e r e s t i n g l y ,  w h i l e  SIMPLE f a i l e d  t o  s i m u l a t e  

d i u r n a l  p a t t e r n s  o f  pho tosyn thes i s  i n  a wheat community, i t  d i d  as w e l l  

a5 4M and 6F9 i n  s i m u l a t i o n s  o f  a Rhodes grass community (Connor and 

Car t l edge  1970), except  when l e a f  area was low. T h i s  leads t o  t h e  n o t  

unreasonable c o n c l u s i o n  t h a t  canopy a r c h i t e c t u r e  i s  i m p o r t d n t  t o  canopy 

pho tosyn thes i s  i n  some community t ypes  b u t  n o t  i n  o t h e r s .  
Lupton (1932) developed a model r e l a t i n g  pho tosyn thes i s  t o  l i g h t  

i n t e n s i t y  i n  success ive l a y e r s  o f  a wheat c r o p  canopy. The 
d i s t r i b u t i o n  o f  i n c i d e n t  l i g h t  i n  t h e  canopy i s  a f f e c t e d  by l e a f  ang le  

and l e a f  area o f  each canopy l a y e r .  T o t a l  c rop  pho tosyn thes i s  i s  t h e  

sun) o f  c o n t r i b u t i o n s  o f  each l a y e r .  Lhe l a y e r s  a r e  l a r g e l y  d e f i n e d  by 
wheat p l a n t  anatomy, f o r  exaniple, t h e  e a r  zone, t h e  f l a g  l e a f  laminae 

zone, e t c .  

l h e  r a t e  o f  pho tosyn thes i s  p e r  u n i t  ground area o f  t h e  uppermost 

zone i s  g i v e n  by 

-2 pho tosyn thes i s  (mg s t a r c h  dm 
l e a f  area index o f  t o p  l a y e r ,  
chance o f  l i g h t  encoun te r ing  a 

-- 1 ground area h ) ,  

l e a f  i n  t h e  t o p  l a y e r ,  
-2 -1 t o t a l  i n c i d e n t  r a d i a t i o n  ( c a l  cm h ) ,  

t o t a l  d i f f u s e  r a d i a t i o n  ( c a l  cm h ) ,  

cons tan ts  i n  t h e  genera l  r e l a t i o n s h i p  between 
pho tosyn thes i s  and l i g h t  ( a f t e r  M o n t e i t h  1965). 

-2 -1 

S i m i l a r  equat ions a r e  d e r i v e d  f o r  t h e  o t h e r  l a y e r s .  R e s p i r a t i o n  i s  n o t  

considered and env i ronmenta l  f a c t o r s  o t h e r  than  l i g h t  a r e  i m p l i c i t l y  
assumed t o  be n o n l i m i t i n g .  



The ' c o n s t a n t s '  ro and qo o f  Ey. ( 2 )  (and t h e i r  c o u n t e r p a r t s  
f o r  o t h e r  l a y e r s )  were found t o  va ry  w i t h  p l a n t  age (Lupton 19'82). 

Th i s  i n f o r m a t i o n ,  combined w i t h  obse rva t i ons  on t r a n s l o c a t i o n ,  allowed 
model p r e d i c t i o n s  o f  t h e  c o n t r i b u t i o n  o f  p a r t i c u l a r  l a y e r s  ( i . e . ,  p l a n t  
p a r t s )  t o  g r a i n  y i e l d  o v e r  t i m e  (up t o  35 d a f t e r  a n t h e s j s ) .  The 
p r e d i c t i o n s  g e n e r a l l y  d i d  n o t  compare w e l l  w i t h  o b s e r v a t i o n s  (Lup ton  

1969). Lupton (1972) d iscussed p o s s i b l e  causes o f  these  d i sc repanc ies ,  
such as e r r o r  i n  obse rva t i ons  due t o  d i s t u r b a n c e  o f  t h e  canopy, or 

f a i l u r e  t o  a l l o w  f o r  c u r v a t u r e  o f  leaves i n  t h e  model. 

Kickman, Ramig, and A l l a n a r a s  (1975) desc r ibed  a mode? o f  d a i  

c o n s i d e r  photosynthes 
d r y  m a t t e r  accumulat ion i n  w i n t e r  wheat. l h e  model i n v o l v e s  
env i ronmenta l  d r i v i n g  v a r i a b l e s  b u t  does not 
r e s p i r a t i o n .  Osman (1971) p r e d i c t e d  d r y  mat 
u s i n g  measured r a t e s  o f  gross pho tosyn thes i s  

he d i d  n o t  e x p l i c i t l y  model t hese  processes, 
do n o t ,  i n  themselves, r e p r e s e n t  t h e  dynamic 

7hey a 
e n t  i r e  

cond i t 

1.1.2 

Y 

s o r  

e r  p r o d u c t i o n  i n  wheat 
and da rk  r e s p i r a t i o n ,  b u t  

These l a t t e r  approaches 
mechan is t i c  growth 

s i m u l a t i o n  models c a l l e d  f o r  t o  p r e d i c t  seasonal carbon dynamics i n  

wheat f i e l d s .  The models o f  Connor and Car t l edge  (1971) and Lupton 

(1972),  o u t l i n e d  above, a r e  p o t e n t i a l l y  more a p p l i c a b l e ,  a l t hough  t h e y  

b o t h  l a c k  c o n s i d e r a t i o n s  o f  r e s p i r a t i o n  and d r y  m a t t e r  p r o d u c t i o n .  

so f a l l  s h o r t  of model ing t h e  seasonal carbon budget f o r  an 

wheat f i e l d  agroecosystem under a v a r i e t y  o f  env i ronmenta l  

ons. 

R ice  Models 

Perhaps t h e  o n l y  dynamic s i m u l a t i o n  model o f  r i c e  growth i s  one 

developed by I w a k i  (1975) d u r i n g  t h e  Japanese I n t e r n a t i o n a l  B i o l o g i c a l  

Program. I w a k i ' s  model was designed t o  s i m u l a t e  d r y  m a t t e r  growth o f  

r i c e  p l a n t s  d u r i n g  t h e  v e g e t a t i v e  p e r i o d  (abou t  120 d a f t e r  seed l i ngs  

a r e  t r a n s p l a n t e d ) .  The model i n v o l v e s  t h e  processes o f  pho tosyn thes i s ,  

r e s p i r a t i o n ,  and syn tha te  a l l o c a t i o n .  These processes o f  p l a n t  growth 
a r e  r e l a t e d  t o  d a i l y  i l l u m i n a t i o n ,  temperature,  and age of  p l a n t s .  The 

model d i v i d e s  t h e  r i c e  p l a n t  i n t o  f o u r  p a r t s :  l i v i n g  leaves;  dead 

leaves; ears,  culms, and l e a f  sheaths; and r o o t s .  The c r o p  canopy 
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a f f e c t s  t h e  d i s t r i b u t i o n  o f  l i g h t  i n  t h e  manners suggested by Saeki 

(1960) ,  b u t  o t h e r  aspects  o f  canopy m i c r o c l i m a t e  a r e  n o t  cons idered.  

Gross canopy pho tosyn thes i s  ( P G ,  g dw m-2 ground area d - l )  

i s  modeled u s i n g  an equa t ion  devkloped by Kuroiwa (1968): 

where 

I = d a i l y  maximum o f  s o l a r  i l l u m i n a t i o n  a t  noon ( K l u x  h),  
D = day leng th  (hou rs ) ,  

F = l e a f  area index,  

K = canopy l i g h t  e x t i n c t i o n  c o e f f i c i e n t ,  

t9 = l i g h t  t r a n s m i s s i b i l i t y  o f  a s i n g l e  l e a f ,  

A , B  = cons tan ts  c h a r a c t e r i z i n g  t h e  l i g h t  
0 

pho tosyn thes i s  cu rve  o f  s i n g l e  leaves.  

l h e  l e a f  area index ( F )  v a r i e s  w i t h  a t ime-dependent s p e c i f i c  leaf area 

(m2 g - ’  l e a f  w e i g h t )  and s imu la ted  l e a f  we igh t .  

o f  l e a f  r e s p i r a t i o n  and r e s p i r a t i o n  f rom nonpho tosyn the t i c  organs. The 

average r a t e  o f  l e a f  r e s p i r a t i o n  ( R F ,  mg C02 dm 
c a l c u l a t e d  u s i n g  

Whole p l a n t  r e s p i r a t i o n  (RSP,  g mW2 ground area d - ’ )  i s  t h e  sum 

-2 -1 h ) i s  

R F  = O . l P o ( l  - 0.0625LAI) , 

-2 -1 where Po (mg C02 dm 
s i n g l e  leaves, and L A 1  i s  l e a f  area i ndex .  

cons tan t  d u r i n g  t h e  growing p e r i o d ,  b u t  t h e  va lue  o f  Po, chosen f rom 

t h e  r e p o r t e d  range o f  va lues ( I w a k i  1975),  may va ry  w i t h  model run .  

I w a k i  (1975) made seve ra l  runs u s i n g  d i f f e r e n t  va lues o f  Po, t o  
e x p l o r e  t h e  e f f e c t  on growth processes. 

h ) i s  t h e  p h o t o s y n t h e t i c  a c t i v i t y  o f  
l h e  parameter Po i s  

( 4 )  
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D a i l y  r a t e s  of  r e s p i r a t i o n  of  nonpho tosyn the t i c  organs i n v o l v e  a 
t ime-dependent ( seasona l ) ,  ' s t a n d a r d i z e d '  [ s i c ]  r e s p i r a t o r y  sa te  

( H C ,  mg C02 g organ dw h - ' ) ,  c o r r e c t e d  f o r  orydn t ype .  
f o r m u l a t i o n  assumes a maintenance-type r e s p i r a t i o n  t h a t  i s  dependent on 

organ d r y  we igh t .  The ' s t d n d a r d i z e d '  [ s i c ]  r e s p i r a t o r y  r a t e s  (measured 
a t  30°C) a r e  c o r r e c t e d  f o r  average a i r  temperature,  assuming a Q,, 
r e l a t i o n s h i p  w i t h  a Q,o parameter o f  2.0. 

(P,) minus w h o l e - p l a n t  r e s p i r a t i o n  ( R S P ) .  

i s  p a r t i t i o n e d  t o  t h e  t h r e e  l i v e  p l a n t  organs acco rd ing  t o  e m p i r i c a l l y  

d e r i v e d ,  t ime-dependent d i s t r i b u t i o n  r a t i o s .  l eaves  r e c e i v e  t h e  

g r e a t e s t  p r o p o r t i o n  o f  t h e  syn tha te  [see I w a k i  ( 1 9 7 5 )  f o r  d e t a i l s ] .  

-1 This  

D a i l y  n e t  p r o d u c t i o n  (P,) i s  c a l c u l a t e d  as gross pho tosyn thes i s  

l h e  r e s u l t i n g  ass im i  l a t e  

S i m u l a t i o n  r e s u l t s  were compared w i t h  f i e l d  measurements o f  t o t a l  
-2 p l a n t  w e i y h t  ( g  m ) .  

30 my C02 dm-2 h - l  p r o v i d e d  t h e  b e s t  f i t  between o b s e r v a t i o n  and 
s i m u l a t i o n .  The model tended t o  ove res t ima te  growth i n  the e a r l y  

stages o f  v e g e t a t i v e  growth ( t h e  f i r s t  40 t o  60 d ) .  l w a k i  ( 1 9 7 5 )  

sugqested t h a t  t h i s  was a t t r i b u t a b l e  t o  t h e  l a c k  o f  a 

temperature-dependent growth r a t e  i n  t h e  model. Agreement between 
obse rva t i ons  and s i m u l a t i o n s ,  w h i l e  g e n e r a l l y  good, v a r i e d  w i t h  r i c e  

pdddy l o c a t i o n  and yea r .  I h e  accuracy o f  pho tosyn thes i s  and 

r e s p i r a t i o n  p r e d i c t i o n s  was n o t  d i scussed .  

& l e a f  p h o t o s y n t h e t i c  r a t e  ( P o )  o f  about 

Van Keulen (1976) has approached t h e  problem o f  c a l c u l a t  ng 

p o t e n t i a l  r i c e  p r o d u c t i o n  u s i n g  t h e  BACHOS model o f  de W i t  e t  a l .  

(1978) .  H i s  e f f o r t s  a r e  n o t  w i d e l y  re fe renced ,  and t h e  d e t d i  s a r e  n o t  

c l e a r .  We do n o t  b e l i e v e ,  however, t h a t  van Keulen goes much beyond 

t h e  approach f o l l o w e d  by I w a k i  (1975) .  A s  i s  t h e  case f o r  t h e  wheat 
models o f  Sect .  1 .1 .1 ,  t h e  a v a i l a b l e  r i c e  models do n o t  s i m u l a t e  t h e  

carbon dynamics o f  t h e  whole r i c e  paddy ove r  an e n t i r e  yea r .  

1 .1 - 3  Corn Models 

The preeminent model o f  C O  exchange i n  a c o r n f i e l d  i s  t h e  model 2 
SPAW developed by Stewart  (1970) and Stewart  and Lemon (1969) ,  and 
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m o d i f i e d  by S i n c l a i r ,  A l l e n ,  and Stewart  ( 1 9 7 1 ) .  The model i s  a l s o  

d iscussed by Lemon, Stewar t ,  and Shawcroft  (1971) and S i n c l a i r ,  Hurphy, 
and Knoerr  (1976) .  I n  SPAH, a m ic rometeo ro log i ca l  model, t h e  canopy 
v e g e t d t i o n  i s  d i v i d e d  i n t o  s e v e r a l  h o r i z o n t a l  l a y e r s  o f  equal  l e a f  

area. The model s imu la tes  t h e  m ic rometeo ro log i ca l  c o n d i t i o n s  o f  each 

l a y e r ,  determined p r i n c i p a l l y  by  t h e  i n t e r c e p t i o n  and p a r t i t i o n i n g  o f  

s o l a r  and thermal  r a d i a t i o n ,  and c o n s t r u c t s  a balanced energy budget 

f o r  a l l  f o l i a g e  l a y e r s .  De te rm ina t ion  o f  canopy m i c r o c l i m a t e  r e q u i r e s  
d e f i n i t i o n  o f  t o p  boundary c o n d i t i o n s  i n  t h e  canopy aerodynam c 

boundary l a y e r .  The r e q u i r e d  boundary c o n d i t i o n s  i n c l u d e  i n c  dent  

d i r e c t  and d i f f u s e  r a d i a t i o n  [bo th  p h o t o s y n t h e t i c a l l y  a c t i v e  . a d i a t i o n  

( P A R )  and t o t a l  s o l a r  r a d i a t i o n ] ,  wind speed, a i r  temperature,  wa te r  

vapor c o n t e n t  o f  t h e  a i r ,  and atmospher ic C02 c o n c e n t r a t i o n .  
bot tom boundary a t  t h e  s o i l  s u r f a c e  i s  a l s o  d e f i n e d  by f u r t h e r  boundary 

c o n d i t i o n s  r e l a t i n g  s o i l  c o n d i t i o n s  t o  s o l a r  r a d i a t i o n ,  heat ,  C02 and 

m o i s t u r e .  I n  a d d i t i o n  t o  these  p h y s i c a l  f a c t o r s ,  s e v e r a l  v e g e t a t i o n  

c h a r a c t e r i s t i c s  a r e  a l s o  r e q u i r e d .  Var ious aspects  o f  canopy 
a r c h i t e c t u r e ,  i n c l u d i n g  v e r t i c a l  d i s t r i b u t i o n  o f  l e a f  area and l e a f  

ang le  and t h e  i n t e r a c t i o n  between l e a f  s u r f a c e  and t h e  r e f l e c t a n c e  and 

t r a n s m i t t a n c e  o f  r a d i a t i o n ,  a r e  i n v o l v e d .  P h y s i o l o g i c a l  f a c t o r s  such 

as s tomata l  r e s i s t a n c e ,  mesophyl l  r e s i s t a n c e ,  and dark r e s p i r a t i o n  

r a t e s  a r e  a l s o  r e q u i r e d .  

Through a s e r i e s  o f  r a t h e r  i n v o l v e d  and d e t a i l e d  f u n c t i o n s ,  

A 

SPAM determines t h e  m i c r o c l i m a t e  o f  each l a y e r .  I n  t u r n ,  t h e  l a y e r  

m i c r o c l i m a t e  i s  used t o  c a l c u l a t e  t h e  s p e c i f i c  l e a f  and s o i l  s u r f a c e  
responses t o  v a r i a t i o n s  i n  r a d i a t i o n ,  temperature,  C02 c o n c e n t r a t i o n ,  

and wa te r  vapor c o n t e n t .  The p h o t o s y n t h e t i c  response t o  i n c i d e n t  l i g h t .  

o f  i n d i v i d u a l  leaves i s  modeled u s i n g  a m o d i f i c a t i o n  o f  C h a r t i e r ' s  

b i o c h e m i c a l l y  o r i e n t e d  l e a f  model (1970).  Accord ing t o  C h a r t i e r ,  
t h e  r e l a t i o n s h i p  between n e t  a s s i m i l a t i o n  p e r  u n i t  l e a f  area 

( F ,  mg C02 dm h ) and i n c i d e n t  r a d i a t i o n  ( E ,  W 400 t o  700 nm) -2 -1 



i s  d e s c r i b e d  by a non rec tangu la r  hyperbola.  The maximum r a t e  o f  n e t  
a s s i m i l a t i o n  (FMAX)  i s  g i v e n  by 

where C i s  atmospher ic CQ2 (ppm); R i s  t h e  r e s p i r a t i o n  f l u x  

(mg C02 dm-2 h-’);  n i s  t h e  f r a c t i o n  o f  R mixed i n  i n t e r c e l l u l a r  
spaces, and ra, r 
mesophyl l ,  and c a r b o x y l a t i o n  C Q  d i f f u s i o n  r e s i s t a n c e s  ( 5  m - I )  2 
r e s p e c t i v e l y .  The pho tosyn thes i s  submodel r e l a t e s  s tomata l  r e s i s t a n c e  

t o  C02 c o n c e n t r a t i o n ,  l i g h t ,  and w a t e r  d e f i c i t ;  boundary l a y e r  
r e s i s t a n c e  i s  r e l a t e d  t o  a i r  t u rbu lence .  R e s p i r a t i o n  (R, mg C02 

dm-’ h- ’ )  as a f u n c t i o n  o f  l e a f  temperature i s  modeled f o l l o w i n g  

r 
s a  m’ and rx a r e  boundary l a y e r ,  s tomata l ,  

Wagyoner (1969): 

K = Hxexp(90001n(Q)(1/293 -- l / T ) ]  

where R x  i s  r e s p i r a t i o n  a t  20°C; Q i s  t h e  Q l o  c o e f f i c i e n t  

( a p p r o x i m a t e l y  2),  and T i s  temperature ( “ C ) .  T o t a l  canopy gas 

exchange (e.y. ,  C02) i s  c a l c u l a t e d  by summing t h e  pho tosyn thes i s  and 
t r a n s p i r a t i o n  o f  each f o l i a g e  l a y e r .  These responses feed back t o  

a f f e c t 1 aye r m i  c roc  1 i mat e. 

l h e  s c a l e  o f  responses modeled by SPAM p e r m i t s  s i m u l a t i o n  of  
d i u r n a l  p a t t e r n s  i n  m i c r o c l i m a t e ,  pho tosyn thes i s ,  and t r a n s p i r a t i o n .  

Comparisons between s i m u l a t e d  and observed m i c r o c l i m a t e  were “good 

enough f o r  many a p p l i c a t i o n s ”  (Lemon, Stewar t ,  and Shawcrof t  1971, 
p. 378).  Comparisons between observed and s imu la ted  p a t t e r n s  o f  
t r a n s p i r a t i o n  and n e t  pho tosyn thes i s  o f  a maize c rop  were g e n e r a l l y  
v e r y  good ( S i n c l a i r ,  Murphy, and Knoerr  1976) .  These r e s u l t s  a r e  

impor tan t ,  b u t  as has been s t r e s s e d  by Lemon, S tewar t ,  and Shawcrof t  

(1971). SPAM i s  n o t  a model f o r  p l a n t  growth o r  c r o p  y i e l d .  Me a r e  

unaware o f  any comparisons between obse rva t i ons  and SPAM s i m u l a t i o n s  

o v e r  a growing season. 
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S i n c l a i r ,  Murphy, and Knoesr (1376) r e p o r t e d  on a s i m p l i f i e d  

SPAM. I n  t h i s  model v e r t i c a l  exchange c o e f f i c i e n t s  between l a y e r s  a r e  

assumed t o  be i n f i n i t e ;  consequent ly ,  t h e r e  a r e  710 v e r t i c a l  g r a d i e n t s  
i n  temperature,  wa te r  vapor, and C02 c o n c e n t r a t i o n  (upper  boundary 
va lues a r e  used i n  t h e  s i m u l a t i o n s ) .  Only r a d i a t i o n  v a r i e s  i n  i t s  

d i s t r i b u t i o n  through t h e  canopy. l h e  model assumes t h a t  canopy 

microenvi ronment  (excep t  f o r  r a d i a t i o n )  i s  un impor tant .  The n e t  

pho tosyn thes i s  submodel ( S i n c l a i r  1972) f o l l o w s  t h e  b iochemical  

approach o f  C h a r t i e r  (1970) and i s  ve ry  s i m i l a r  t o  t h e  submodel i n  t h e  
more complex SPAM. 

p a t t e r n  o f  n e t  pho tosyn thes i s  n e a r l y  i d e n t i c a l  t o  t h a t  o f  t h e  o r i g i n a l  
SPAM s i m u l a t i o n s .  However, p r e d i c t i o n s  o f  t r a n s p i r a t i o n  p a t t e r n s  

d i f f e r e d  (were l ower )  when t r a n s p i r a t i o n  r a t e s   ere h i g h  (e.g. ,  a i r  

temperature was h i g h ) .  

S i m p l i f i e d  SPAM produces a p r e d i c t e d  d i u r n a l  

S i n c l a i r ,  Murphy, and Knoerr  (1976) a l s o  d iscussed t h e  s o - c a l l e d  
" b i g  l e a f "  model, which t r e a t s  t h e  canopy as a condensed s i n g l e  p lane,  

a s i n g l e  l a r g e  l e a f .  l h i s  model assumes no d i f f e r e n c e s  i n  i n t racanopy  
microenvi ronment ,  b u t  t h e  l e a f  environment d i f f e r s  f rom ambient 

c o n d i t i o n s  above t h e  canopy. 
i n t o  s u n f l e c k  and shade leaves, and separate C02 a s s i m i l a t i o n  r a t e s  

a r e  c a l c u l a t e d  f o r  each c l a s s .  The l e a f  pho tosyn thes i s  submodel i s  t h e  

same as i n  t h e  s i m p l i f i e d  SPAM. Canopy pho tosyn thes i s  i n  t h e  submodel 

i s  t h e  sum o f  t h e  s u n f l e c k  and shade r a t e s .  Th is  model gave r e s u l t s  

s i m l l a r  t o  those  g i v e n  by t h e  s i m p l i f i e d  SPAM model. 

p h o t o s y n t h e t i c  r a t e s  were s i m i l a r  t o  those o f  t h e  complex SPAM, b u t  
t r a n s p i r a t i o n  r a t e s  d i f f e r e d .  The b i g  l e a f  model generated 

t r a n s p i r a t i o n  r a t e s  g r e a t e r  t han  those p r e d i c t e d  by SPAM. 

The s i n g l e - p l a n e  canopy i s  appor t i oned  

P r e d i c t e d  

7he r e s u l t s  f rom t h e  s i m p l i f i e d  models t h a t  do n o t  c o n s i d e r  

g r a d i e n t s  i n  canopy microenvi ronment  l ead  t o  t h e  i n t e r e s t i n g  c o n c l u s i o n  

t h a t ,  f o r  c o r n  f i e l d s  a t  l e a s t ,  n o t h i n g  much i s  gained i n  t h e  

p r e d i c t i o n  o f  canopy pho tosyn thes i s  by l a b o r i o u s l y  model ing i n t r a c a n o p y  
d i f f e r e n c e s  i n  microenvi ronment .  Th i s  may recommend these models ove r  

SPA# i n  c e r t a i n  a p p l i c a t i o n s .  

i n  a f o l i a g e  canopy. T h e i r  model assumes a canopy o f  many smal l  leaves 
Duncan e t  al. (1967) developed a genera l  model o f  pho tosyn thes i s  
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d i spe rsed  i n  space and arranged i n  h o r i z o n t a l  l a y e r s .  The model 
s imu la tes  t h e  f a t e  and d i s t r i b u t i o n  o f  i n c i d e n t  s o l a r  r a d i a t i o n  w i t h i n  

t h e  canopy. Canopy a r c h i t e c t u r e  (e.g., l e a f  area, l e a f  a n g l e )  and 

l i g h t  t r a n s m i s s i o n  and r e f l e c t i o n  p r o p e r t i e s  o f  t h e  leaves a f f e c t  t h i s  

d i s t r i b u t i o n .  Pho tosyn the t i c  r a t e s  ( P ,  mg C02 dm h ) va ry  
o n l y  i n  response t o  i l l u m i n a t i o n ,  f o l l o w i n g  t h e  l i g h t  response cu rve  

f o r  s i n g l e  leaves. T h i s  response cu rve  i s  desc r ibed  by a r e c t a n g u l a r  
h y p e r b o l i c  f u n c t i o n  

-2 -1 

R *  p =  - -  'ma x I 
I + k  

where P i s  t h e  asympto t i c  p h o t o s y n t h e t i c  r a t e ,  1 i s  l i g h t  

i n t e n s i t y ,  R i s  dark r e s p i r a t i o n  (mg C02 dm 
c o n s t d n t  equal  t o  I a t  P /2. Dark r e s p i r a t i o n  r a t e s  a r e  

i n c o r p o r a t e d  i n  ad justments o f  l i g h t  response cu rves .  Duncan e t  a l .  

(1967) a p p l i e d  t h i s  model t o  maize p o p u l a t i o n s  a t  s e v e r a l  p o p u l a t i o n  

d e n s i t i e s  and found close agreement between s i m u l a t i o n s  and obse rva t i ons  

ove r  a 4 5 - 6  p e r i o d  f rom 30 d a f t e r  p l a n t i n g  t o  m a t u r i t y .  

tended t o  o v e r e s t i m a t e  d r y  m a t t e r  p r o d u c t i o n  a t  m a t u r i t y ,  and agreement 

between s i m u l a t i o n  and o b s e r v a t i o n  tended t o  decrease w i t h  i n c r e a s i n g  

p l a n t  d e n s i t y .  Duncan e t  a l .  (1967)  p r o v i d e  p o s s i b l e  e x p l a n a t i o n s  f o r  

t hese  d i s c r e p a n c i e s .  The model d i d  n o t  deal  w i t h  o t h e r  aspects  o f  
carbon f l u x  i n  t h e  f i e l d ,  such as decomposi t ion o r  s o i l  r e s p i r a t i o n .  

De W i t ,  Brouwer, and Penning de V r i e s  (1970) a p p l i e d  t h e  c r o p  

s i m u l a t i o n  model ELCRUS (Brouwer and de W i t  1969) t o  a maize c rop .  

ELCROS concen t ra tes  on t h e  i n c r e a s e  o f  r o o t ,  stem, and l e a f  weights  
under t h e  i n f l u e n c e s  o f  t i s s u e  age, r e s e r v e  synthate,  water ,  and 

temperature.  Photosynthes is  i s  modeled as a f u n c t i o n  o f  l i g h t  i n c i d e n t  
on i n d i v i d u a l  leaves.  The d i s t r i b u t i o n  o f  l i g h t  w i t h i n  t h e  canopy i s  

-2 -1 ma x 
h ) ,  and k i s  a 

ma x 

The model 

determined by canopy l e a f  area and t h e  h e i g h t  
i n t e r v a l s  (de W i t  1965). Leaf pho tosyn thes i s  

ha h ) i s  g i v e n  by  -1 -1 

P = (LI/(0.356 + LI)]84 

o f  t h e  sun a t  h o u r l y  
a t  23°C ( P ,  ky  CH20 
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-1 where h l  i s  v i s i b l e  l i g h t  i n t e n s i t y  ( c a l  c ~ I - ~  m i n  

i s  assumed t o  a f f e c t  t h e  p h o t o s y n t h e t i c  r a t e  i n  f i x e d  p r o p o r t i o n s  o v e r  

t h e  range f rom 0" t o  45°C. Opt imal temperatures a r e  a t  30" and 35°C. 

Photosynthes is  decreases w i t h  temperdtures above o r  below these 

va lues,  
Canopy pho tosyn thes i s  i s  t h e  sum o f  i n d i v i d u a l  l e a f  r a t e s .  

) .  Temperature 

H o u r l y  a i r  temperatures a t  i3. s i n g l e  f i x e d  h e i g h t  a r e  used. 

R e s p i r a t i o n  i s  t h e  sum o f  growth r e s p i r a t i o n  and maintenance 
-1 -1 r e s p i r a t i o n .  Growth r e s p i r a t i o n  ( G R ,  kg CH20 ha d ) i s  a 

f i x e d  p r o p o r t i o n  o f  p l a n t  growth and i s  desc r ibed  by t h e  equa t ion  

GR = 0.33(GLW f GRW f GS1) , ( 9 )  

where GLW, GRW, and GS1 a r e  t h e  we igh t  growth r a t e s  (kg ha-.' d - l )  
o f  t h e  leaves, r o o t s ,  and stems r e s p e c t i v e l y .  Maintenance r e s p i r a t i o n  

(MR, kg CH20 ha -1 -1 d ) i s  a more compl icated f u n c t i o n :  

HR = 0.08URRC , (10)  

where URRC,  t h e  uncoupled r e s p i r a t i o n  r a t e  o f  t h e  whole c rop ,  i s  t h e  

a i r - -  and soil-temperature-weighted sum o f  l e a f  stem, and r o o t  

r e s p i r a t i o n  r a t e s .  These r a t e s  a r e  age dependent and va ry  w i t h  t i s s u e  
n i t r o g e n  c o n t e n t  [see de W i t ,  Brouwer, and Penning de V r i e s  (1970) 

f o r  d e t d i l s ] .  

When s imu la ted  r e s u l t s  were compared w i t h  a c t u a l  exper iments,  

growth t rends  ove r  100 d pastemergence were reasonably  comparable, b u t  
t h e  q u a n t i t a t i v e  ( k g  shoot/ha) s i m u l a t i o n  r e s u l t s  tended t o  
ove res t ima te  f i e l d  obse rva t i ons  f rom C a l i f o r n i a  and Iowa. P roduc t i on  
i n  a Nether lands f i e l d  was underest imated. D r i v i n g  v a r i a b l e s  were 

a l t e r e d  i n  these s i m u l a t i o n s ,  b u t  parameter va lues were unchanged. The 
au tho rs  r e l a t e d  t h e  d i f f e r e n c e s  between s i m u l a t i o n  and o b s e r v a t i o n  t o  

temperature e f f e c t s .  S imulated pho tosyn thes i s  and r e s p i r a t i o n  showed 

t h e  a p p r o p r i a t e  response t o  changes i n  l e a f  area, b u t  comparisons w i t h  

observed q u a n t i t a t i v e  va lues were n o t  d iscussed.  
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Baker and Horrocks (1976) have r e p o r t e d  on a n o t h e r  dynamic c o r n  
growth model. The model s imu la tes  an e n t i r e  c o r n  p r o d u c t i o n  system: 

p l a n t i n g ,  c r o p  growth,  and h a r v e s t i n g .  The canopy and p l a n t  growth 

components a r e  comparable t o  those  o f  SPAM, and t h e  pho tosyn thes i s  and 

r e s p i r a t i o n  submodels a r e  v e r y  s i m i l a r .  However, i n  c o n t r a s t  t o  SPAM, 
t h e  c r o p  g rowth  s i m u l a t i o n s  proceed on a d a i l y  b a s i s  and i n v o l v e  a 
c h r o n o l o g i c a l  c l o c k  o f  growing-degree days. Also, t h e  s tomata l  
r e s i s t a n c e  va lues a r e  cons tan ts  r a t h e r  than  v a r i a b l e s .  Baker and 

Horrocks (1976) d i d  n o t  d i scuss  seasonal carbon o r  growth dynamics, 

a l t h o u g h  t h e  s t r u c t u r e  o f  t h e i r  model, CORW&lOD, makes such s i rau lat ionS 

f e a s i b l e .  
O the r  s i m u l a t i o n s  o f  carbon f l u x  i n  c o r n  f i e l d s  i n c l u d e  an 

a p p l i c a t i o n  o f  de W i t ' s  (1959)  canopy model by W i l l i a m s ,  Loomis, and 
L e p l y  (1965) ( t h e  model tends t o  underes t ima te  exper imen ta l  va lues f o r  

pho tosyn thes i s )  and a p p l i c a t i o n s  o f  t h e  SPAN model by Shawcrof t  (1970, 

1971),  S tewar t  (1970),  Shawcrof t  and Lemon (1972), Lemon e t  a l .  (1973) ,  

A l l e n ,  Jensen, and Lemon (1971), S i n c l a i r  (19711, and A l l e n  (1973).  

Ter jung,  Louie,  and O'Rourke (1976) s i m u l a t e d  t h e  d i u r n a l  p a t t e r n  o f  

n e t  pho tosyn thes i s  (my C02 dm 
genera l  l a y e r e d  l e a f  canopy, energy budget model o f  pho tosyn thes i s  (see 

Sec t .  1 .2) .  Photosynthes is  was modeled as a f u n c t i o n  o f  l e a f  
temperature and s o l a r  r a d i a t i o n .  The model BACKOS, a successor t o  

ELCROS, desc r ibed  e a r l i e r ,  was used t o  s i m u l a t e  t h e  seasonal growth o f  

a c o r n  c rop  (de W i t  e t  a l .  1978). W r i g h t  and Keener (1982) r e p o r t e d  a 

t e s t  o f  a c o r n  model (Stapper  and A r k i n  1980) i n  which pho tosyn tha te  

p r o d u c t i o n  i s  a f u n c t i o n  o f  average d a i l y  temperature and d a i l y  s o l a r  
r a d i a t i o n .  'lo o u r  knowledge, none o f  t hese  models s imu la tes  t h e  whole 
c o r n f i e l d ' s  carbon budget o v e r  an e n t i r e  yea r .  Crop models a r e  

c h a r a c t e r i s t i c a l l y  designed t o  s i m u l a t e  growing seasons, n o t  e n t i r e  
arinual c y c l e s .  

-2 -1 h ) f o r  maize u s i n g  t h e i r  

1.1.4 B a r l e y  Models 

K a l l i s  and Tooming (1974) desc r ibed  a model designed t o  e v a l u a t e  

t h e  impact  o f  pho tosyn thes i s ,  r e s p i r a t i o n ,  s p e c i f i c  l e a f  we igh t ,  and 

organ g rowth  Func t ions  on c r o p  y i e l d .  The model was a p p l i e d  t o  t h e  



growth o f  b a r l e y .  I n  t h e  model, t h e  b a r l e y  p l a n t s  a r e  d i v i d e d  l n t o  
f o u r  d i f f e r e n t  organs: leaves,  stems, r o o t s ,  and r e p r o d u c t i v e  organs. 

E m p i r i c a l l y  d e r i v e d  growth f u n c t i o n s  t h a t  d e s c r i b e  changes i n  r e l a t i v e  

organ we igh t  [ i n c r e a s e  i n  d r y  we igh t  o f  organ i ( A m i ) / i n c r e a s e  i n  d r y  

we igh t  o f  whole p l a n t  ( A M i ) ]  d u r i n g  v e g e t a t i v e  and r e p r o d u c t i v e  
growth p e r i o d s  a r e  combined w i t h  models o f  pho tosyn thes i s  and 

r e s p i r a t i o n .  The r e s u l t i n g  model a l l o w s  s i m u l a t i o n  o f  changes i n  organ 

and whole p l a n t  we igh t  o v e r  t ime.  

Gross pho tosyn thes i s  (Pg, mg C02 dm-2 l e a f  area h - ' )  i s  
modeled a f t e r  Tooming (1967):  

Pg = (KI) / [K(a  + I)] , 

where a i s  t h e  d e r i v a t i v e  o f  t h e  pho tosyn thes i s  l i g h t  cu rve  a t  low 

i r r a d i a n c e  ( P A R ) ,  I i s  absorbed i r r a d i a n c e  ( c a l  cm m in  ) ,  

and K i s  t h e  gross p h o t o s y n t h e t i c  r a t e  a t  l i g h t  s a t u r a t i o n .  T h i s  

l i g h t - s a t u r a t e d  gross p h o t o s y n t h e t i c  r a t e  i s  g i v e n  by 

-2 -1 

where c i s  a loss  f a c t o r  and I '  i s  t h e  i r r a d i a t i o n  d e n s i t y  o f  a d a p t a t i o n  

( looming 1967). The d i s t r i b u t i o n  o f  1 i n  t h e  c rop  canopy, assuming a 

random l e a f  arrangement, i s  a f u n c t i o n  o f  t i m e  and l e a f  area ( l ooming  

and Ross 1965). 

Leaf r e s p i r a t i o n  and t h e  r e s p i r a t i o n  o f  o t h e r ,  nonleaf  organs a r e  
-2 t r e a t e d  d i f f e r e n t l y .  Leaf r e s p i r a t i o n  ( R a ,  rng C02 dm l e a f  

area h - l )  i s  r e l a t e d  t o  t h e  gross p h a t o s y n t h e t i c  r a t e  (Toonling 1967) 
such t h a t  

where c and K a r e  as i n  Eqs. (11)  and (12)  The r e s p i r a t i o n  r a t e  a6 
4 

a l l  t h e  o t h e r  organs ( .  1 
1 =- z 

R i  , mg CQ2 d - l  ) i s  p r o p o r t i o n a l  t o  t h e  



d r y  we igh t  o f  t h e  organs, o r  

1 Ri = 0.075 
4 

i = l  

where m i s  t h e  we igh t  o f  t h e  I t h  organ. D a i l y  photosynthes is  and 

r e s p i r a t i o n  of t h e  whole c rop  i s  ob ta ined by i n t e g r a t i n g  E q .  (12)  minus 

E q .  ( 1 3 )  over  t ime  and l e a f  area,  and s u b t r a c t i n g  Ey.  (14 )  f rom the  

r e s u l t .  The model goes on t o  c o n s i d e r  the  e f f e c t s  o f  v a r i a t i o n s  i n  

s p e c i f i c  l e a f  we igh t  (SLW). 
Kallis and Tooming (1974) compared c rop  y i e l d  c h a r a c t e r i s t i c s  o f  

s imu la ted  b a r l e y  u s i n g  e x p e r i m e n t a l l y  de r i ved  parameters and mod-i f ied 

o r  h y p o t h e t i c a l  parameters.  The growth dynamics o f  t h e  h y p o t h e t i c a l  

b a r l e y  over  an 80 d p e r i o d  suggested t h a t  an inc reased p h o t o s y n t h e t i c  

a c t i v i t y  cou ld  r e s u l t  i n  inc reased ear  and t o t a l  p l a n t  y i e l d .  The 

au tho rs  d i d  n o t  r e p o r t  comparisons o f  observa t ions  and s i m u l a t i o n  

r e s u l t s .  

i 

Biscoe, S c o t t ,  and M o n t e i t h  (1975), i n  c o n j u n c t i o n  w i t h  the 

development o f  a m i c r o m e t e o r o l o g i c a l  model (B iscoe,  C la rk ,  e t  a l .  

1 9 7 5 ) ,  descr ibed a b a r l e y  s t a n d ' s  seasonal carbon budget.  k l h i l e  n o t  

a c t u a l l y  implemented as a s i m u l a t i o n  model, d e t e r m i n a t i o n  o f  t h e  carbon 

budget i n v o l v e d  models o f  C02 exchange i n  t h e  es t imates  o f  carbon 
f l u x .  Accord ing t o  Biscoe, S c o t t ,  and M o n t e i t h  (1975) ,  n e t  canopy 

-2 -1 photosynthes is  (P(n) ,  g C02 m d ] over  a 24-h p e r i o d  i s  

where 1 (Pa - Ra) i s  t h e  n e t  exchange o f  CO 

and t h e  atmosphere over  24 h, P-  i s  h o u r l y  n e t  canopy photosynthes is  

between the canopy 2 
a -2 -1 ( g  C02 m-2 he ' ) ,  Ra i s  h o u r l y  n i g h t  canopy r e s p i r a t i o n  (y C02 m h 1, 

and C R S  ( g  C02 m-L d - I )  i s  t h e  t o t a l  amount o f  C02 evolved 
by s o i l  microorganisms over  24 h. 

m d 1,  i s  g i v e n  by 

Gross photosynthes is  [P(g) ,  y C 0 2  
-2 -1 
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where ( P  I- R ) rep resen ts  t h e  summation ove r  d a y l i g h t  9 . a  s 
hours o f  n e t  canopy pho tosyn thes i s  ( P  ) and s o i l  microcorganism 
r e s p i r a t i o n  (RS). 
l o s s  i n  t h e  dark,  g C02 mP2 d - I )  desc r ibes  a dayt ime ' d a r k '  

r e s p i r a t i o n  r a t e  (1 e R a ,  g C02 m-2 d- ' ;  H a  = h o u r l y  dayt ime r e s p i r a t i o n )  
where 1 i s  t h e  mean dayt ime t i s s u e  temperature and T i s  t h e  mean 1 d 
n i g h t t i m e  t i s s u e  temperature.  Air temperature a t  t h e  h e i g h t  o f  maximum 

f o l i a g e  d e n s i t y  i s  used t o  e s t i m a t e  t i s s u e  lemperature.  This  

r e p r e s e n t a t i o n  o f  r e s p i r a t i o n  i s  based l o o s e l y  on work by McCree (1970) .  

B i scoe .  S c o t t ,  and M o n t e i t h  (1975) c a l c u l a t e d  t h e  f l u x  o f  C02 

above t h e  canopy u s i n g  t h e  m ic rometeo ro log i ca l  measurements o f  B iscoe,  

C l a r k ,  e t  a l .  (1975) .  The downward f l u x  o f  CO f rom a i r  t o  canopy 

d u r i n g  d a y l i g h t  hours i s  n e t  dayt ime pho tosyn thes i s  o r  a s s i m i l a t i o n  by 

p h o t o s y n t h e t i c  t i s s u e  i n  t h e  canopy ( P c ,  y C02 m 
s o i l  m i c r o b i a l  r e s p i r a t i o n  ( R  ) .  The measurements of B i s c o e ,  Cla rk ,  

e t  a l .  (1975) a l l owed  e s t i m a t i o n  o f  Pc, and a constant 0.11 g 

(1975) m o d i f i e d  t h e  c a l c u l a t i o n  o f  P [ t h e i r  P ( n ) ]  u s i n g  a canopy 

pho tosyn thes i s  model. Biscoe, Gal lagher ,  e t  a l .  (1975) a l s o  d e f i n e d  

p h o t o s y n t h e s i s - - l i g h t  r e l a t i o n s h i p s  f o r  t h e  v a r i o u s  p h o t o s y n t h e t i c a l l y  

a c t i v e  organs o f  b a r l e y  d u r i n g  t h e  g r a i n - f i l l i n g  p e r i o d .  Rather  than  
approximate these r e l a t i o n s h i p s  u s i n g  r e c t a n g u l a r  hyperbola,  as i s  

f r e q u e n t l y  done, Biscoe, Gal lagher ,  e t  a l .  (1975) f o l l o w e d  t h e  example 

of Peat (1970) and L i t t l e t o n  (1971) and desc r ibed  n e t  pho tosyn thes i s  

(P,, g C02 m organ area h ) by 

a 
The te rm i n  Eq.  (16 )  i n v o l v i n g  R ( n e t  r e s p i r a t i o n  d 

2 

-2 -1 
h ) p l u s  

s 

was used t o  approximate R S .  Biscoe, Gal lagher ,  e t  a l .  &2 h-l 

C 

-2 -1 

( 
S P = n - m l  , 

C 

-2 .  where S i s  p h o t o s y n t h e t i c a l l y  a c t i v e  r a d i a t i o n  ( P A R ,  W m and n, m, 
and 1 a r e  parameters.  The parameters n and m va ry  w i t h  t ime,  and t h e  

dependence on t i m e  nay v a r y  w i t h  t h e  organ be ing  considered (see 

Biscoe, Gal lagher ,  e t  a l .  1975). The i r r a d i a n c e  o f  a p a r t i c u l a r  organ 

i s  determined u s i n g  an a d a p t a t i o n  o f  H o n t e i t h ' s  (1965) model o f  l i g h t  
d i s t r i b u t i o n  i n  a m u l t i l a y e r e d  canopy: 

7 )  

r 

(18 )  
L S(L) = S ( O ) ( s  t ( 1  -- s ) t )  , 
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p l a n t  n i t r o g e n ,  and t h e  d i s t r i b u t i o n  o f  l i g h t  w i t h i n  t h e  soybean 

canopy. ‘The d i s t r i b u t i o n  o f  l i g h t  i n  a m u l t i l a y e r e d  canopy i s  modeled 

a f t e r  M o n t e i t h  (1965) and Cur ry  and Chen (1311) .  L i g h t  i n t e n s i t y  
( I ,  c a l  m h ) a f t e r  L l a y e r s  have been pene t ra ted  i s  g i v e n  by -2 -1 

I = I o ( l  

-2 -1 where Io  (ea1 m h ) i s  t h e  
canopy, 5 i s  t h e  f r a c t i o n  o f  

L - s ) [ s  t ( 1  - s ) a ]  , 

l i g h t  i n t e n s i t y  a t  t h e  t o p  o f  t h e  
i g h t  pass ing th rough  a l a y e r  w i t h o u t  

i n t e r c e p t i o n ,  a i s  t h e  l e a f  t r a n s m i s s i o n  c o e f f i c i e n t ,  and I.. i s  t h e  

number o f  l a y e r s  pene t ra ted .  
-2 -1 The p h o t o s y n t h e t i c  r a t e  ( g  m h ) o f  an i n d i v i d u a l  l e a f  ( o r  

l e a f  l a y e r )  i s  expressed by 

where 

A = a CO canopy r e s i s t a n c e  cons tan t  
2 2 

( f o r  soybean, A = 67.6 ppm CB2 m h g - ’ ) ,  

( f o r  soybean, B = 0.0715 c a l  g - ’ ) ,  

B = a p h o t o s y n t h e t i c  e f f i c i e n c y  cons tan t  

C = CO c o n c e n t r a t i o n  (pprn), 

Io  = i n c i d e n t  r a d i a t i o n  (400 t o  700 nm) above canopy ( c a l  m -2 -1 2 
h ) ,  

f ( T )  = a temperature f u n c t i o n .  

The t e r m  g(canopy) i s  a f u n c t i o n  o f  l i g h t  a t t e n u a t i o n  and p e n e t r a t i o n ,  
SOYMUD I s imu la tes  r e s p i r a t i o n  as t h e  sum o f  maintenance 

r e s p i r a t i o n ,  growth r e s p i r a t i o n ,  and l i g h t  r e s p i r a t i o n .  Maintenance 
r e s p i r a t i o n  ( g  g h ) i s  p r o p o r t i o n a l  t o  organ biomass ( leaves,  

stems, r o o t s ,  and r e p r o d u c t i v e  p a r t s ) .  The cons tan t  o f  p r o p o r t i o n d l i t y  

may va ry  w i t h  organ, and maintenance r e s p i r a t i o n  i s  assumed t o  respond 
t u  temperature acco rd ing  t o  a Q f u n c t i o n .  Growth r e s p i r a t i o n  10 

-1 -1 
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-1 -1 ( g  g h 1 i s  p r o p o r t i o n a l  t o  t h e  change i n  organ d r y  m a t t e r ,  and, 
aga in ,  t h e  c o e f f i c i e n t  o f  p r o p o r t i o n a l i t y  may v a r y  w i t h  organ. L i g h t  
r e s p i r a t i o n  i s  p r o p o r t i o n a l  t o  t h e  p h o t o s y n t h e t i c  r a t e  and v a r i e s  w i t h  
temperature.  Hence, t o t a l  p l a n t  r e s p i r a t i o n  i s  expressed as 

4 dMi 
!E = r f ( T I  + 1 ro , iMi f2(7)  + r __ d t  p d t  1 b , i  d t  ’ i=l 

where 
-1 r = p h o t o r e s p i r a t i o n  c o e f f i c i e n t  ( g  g ) ,  which i s  a 

P 
f u n c t i o n  o f  l i g h t ;  

dP/dt  = p h o t o s y n t h e t i c  r a t e  ( g  h- ’ ) ;  
-1 -1 =- maintenance r e s p i r a t i o n  c o e f f i c i e n t  ( g  g h ) f o r  ro, i 

t h e  j t h  organ; 

Mi = biomass o f  t h e  I t h  organ (9 ) ;  

= growth r e s p i r a t i o n  c o e f f i c i e n t  ( g  9 - l )  r b , i  
f o r  t h e  i t h  organ; 

dMi/dt = r a t e  o f  change o f  biomass i n  t h e  j t h  organ ( g  h-’).  

l h e  terms f ( T )  and f Z ( l )  r e p r e s e n t  temperature f u n c t i o n s  

(d imens ion less ) .  Photosynthate d i s t r i b u t i o n  i s  c o n t r o l l e d  by f i x e d  

organ w e i g h t  t o  t o t a l  w e i g h t  r a t i o s ,  temperature,  and a v a r i a b l e  d r y  

m a t t e r  t o  n i t r o g e n  r a t i o  which i s  organ s p e c i f i c  [see Curry ,  Baker, and 

S t r e e t e r  (1975) f o r  d e t a i l s ] .  

1 

2 A comparison o f  t o t a l  w e i g h t  (g/m ) va lues ove r  a 2800-h p e r i o d  
f o l l o w i n g  emergence showed v e r y  c l o s e  agreement between obse rva t i ons  

and model p r e d i c t i o n s .  Curry ,  Baker, and S t r e e t e r  (1975) d i d  n o t  

d i scuss  t h e  r e l i a b i l i t y  o f  pho tosyn thes i s  o r  r e s p i r a t i o n  p r e d i c t i o n s .  

The soybean c rop  s i m u l a t i o n  model, GLYCIN (Acock e t  a l .  19831, 

desc r ibes  t h e  g rowth  o f  an average soybean p l a n t  i n  a u n i f o r m  c rop .  

The p l a n t  i s  d i v i d e d  i n t o  a number of organs, i n c l u d i n g  leaves,  sterns, 
r o o t s ,  f l o w e r s ,  and seeds. The model s imu la tes  f l u x e s  o f  carbon, 
n i t r o g e n ,  and d r y  m a t t e r  f o r  t h e  p l a n t ;  p l a n t  wa te r  s t a t u s  i s  a l s o  
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modeled. GLYCIM models water ,  heat ,  n i t r a t e ,  and oxygen i n  t h e  s o i l  

below and between p l a n t  rows, b u t  i t  does n o t  model s o i l  carbon 

dynamics. The model i s  n o t  a m ic rometeo ro log i ca l  model p e r  se, b u t  
canopy s t r u c t u r e  i s  i n v o l v e d  i n  t h e  s i m u l a t i o n  o f  e v a p o t r a n s p i r a t i o n  and 

t h e  i n t e g r a t i o n  o f  l e a f  pho tosyn thes i s  parameters (Wcock e t  a l .  1978). 

The model s imu la tes  p l a n t  growth and development and, consequent ly,  

i n c l u d e s  a mechan is t i c  subinode1 o f  p l a n t  carbon dynamics ( a s s i m i l a t i o n ,  

r e s p i r a t i o n ,  and p a r t i t i o n i n g )  which i s  i n i t i a l i z e d  a t  t h e  co ty ledon  

( e a r l y  s e e d l i n g )  s tage.  

dm 
c o n c e n t r a t i o n  

Canopy gross pho tosyn thes i s  (P,, mg C02 
-2 -1 h ) i s  modeled as  a h y b e r b o l i c  f u n c t i o n  o f  l i g h t  and C02 

[(eI)(aC)539.66]/(273.15 f T )  
( e I )  0- [ (aC)539.66)/(273.15 + T ) ]  PG = 9 

where 

e = canopy l i g h t  u t i l i z a t i o n  e f f i c i e n c y ,  

I = l i g h t  ( P A R )  i n c i d e n t  on t h e  canopy, 

a = canopy conductance t o  CO t r a n s f e r ,  
C = atmospher ic CO c o n c e n t r a t i o n ,  
T = a i r  temperature a t  t i m e  t (t  i s  measured i n  t e n t h s  o f  a day 

2 

2 

f rom dawn), 

k = p r o p o r t i o n  o f  s o i l  covered by c rop .  

The PG r a t e  i s  reduced by temperature,  l e a f  n i t r o g e n ,  and l e a f  
senescence l i m i t a t i o n s  [see Acock e t  a l .  (1983) f o r  d e t a i l s ] .  

n i t r o g e n ,  CO c o n c e n t r a t i o n ,  and temperature,  o r  

L i g h t  r e s p i r a t i o n  ( R L )  i s  a f u n c t i o n  o f  PG, l e a f  age o r  l e a f  

2 

R L  = {[P,min(A,N)151890.0]/C}0.00012exp(0.0295T) , ( 2 3 )  

where min(A,N) rep resen ts  t h e  e f f e c t  o f  e i t h e r  t h e  age o f  t h e  youngest 
l e a f  ( A )  o r  l e a f  n i t r o g e n  (N), whichever i s  most l i m i t i n g ,  and t h e  

o t h e r  terms a r e  as i n  Eq. ( 2 2 ) .  Maintenance r e s p i r a t i o n  ( R M )  i s  
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c a l c u l a t e d  a f t e r  Penning de V r i e s  ( 1 9 7 5 ) ,  w i t h  the  assumption t h a t  
o n l y  l e a f  t i s s u e  exper iences s i g n i f i c a n t  maintendnce r e s p i r a t i o n .  

Maintenance r e s p i r a t i o n  i s  g i v e n  by 

[(11.733Lw) + (366.67L,M0.05)1/86400.Q 
Rpl = - ( S P l O O . O ) [ Q . 2 5 e x p ( O . o 6 9 3 T ) ]  P (24) 

where Lw i s  l e a f  we igh t  ( g / p l a n t ) ,  N i s  t h e  n i t r o g e n  supp1y:demand 
r a t i o  f o r  v e g e t a t i v e  p a r t s ,  S i s  row spacing ( i n  cen t ime te rs ) ,  P i s  
p l a n t  p o p u l a t i o n  p e r  meter  o f  row, and T i s  a i r  tempera ture  a t  t i m e  t. 

Notab ly ,  GLYCIM does n o t  a s s o c i a t e  r e s p i r a t i o n  w i t h  t h e  growth o f  t h e  

va r ious  p l a n t  p a r t s .  

and maintenance r e s p i r a t i o n .  Net  pho tosyn thes i s  i s  i n  t u r n  reduced by 

a s tomata l  c l o s u r e  f a c t o r  i f  t h e  p l a n t  i s  i n  wa te r  s t r e s s .  F i xed  
carbon i s  e i t h e r  s t o r e d  i n  t h e  shoot  carbon poo l  o r  a l l o c a t e d  t o  organ 

growth.  T r a n s l o c a t i o n  o u t  o f  t h e  l e a f  i s  c o n t r o l l e d  by a source-s to rage 

r e l a t i o n s h i p .  Net  pho tosyn thes i s  o f  t h e  l ower  leaves i s  c a l c u l a t e d  

u s i n g  t h e  same equat ions  used f o r  upper canopy leaves b u t  w i t h  t h e  

a d d i t i o n a l  c o n s i d e r a t i o n  o f  s e l f - s u p p o r t .  I f ,  over  a 24-41 p e r i o d ,  t h e  

lower  leaves a r e  n o t  s e l f - s u p p o r t i n g  ( i . e . ,  r e s p i r a t i o n  exceeds 

pho tosyn thes i s ) ,  t h e y  a r e  dropped f rom t h e  p l a n t .  

p r o v i d e  comparisons o f  s imu la ted  and observed pho tosyn thes i s  o r  

r e s p i r a t i o n .  Comparisons o f  observed and s imu la ted  p l a n t  h e i g h t ,  

l e a f  area,  and numbers of va r ious  organs f o r  120 d f o l l o w i n g  t h e  

co ty ledon  s tage were reasonable. P r e d i c t i o n s  o f  d r y  we igh t  were l e s s  

comparable, b u t  s imu la ted  growth  t r e n d s  resembled t h e  observed p a t t e r n s .  

Net  pho tosyn thes i s  i s  g ross  pho tosyn thes i s  minus l i g h t  r e s p i r a t i o n  

The r e p o r t  by kcock e t  a l .  (1983) d e s c r i b i n g  G L Y C I M  does n o t  

1 . 1 . 6  Cot ton  Models 

A sys tems-or ien ted  c o t t o n  c rop  model, COTCROP,  has been desc r ibed  
by Jones, Brown, and Hesketh (1980). COTCROP, which models c rop  growth  

f o r  p l a n t s  on one square meter  o f  ground area, was preceded and 
i n f l u e n c e d  by models o f  s i n g l e  p l a n t s  designed t o  p r e d i c t  t h e  numbers 



o f  f r u i t  produced (Duncan 1972; Hesketh, Baker, and Duncan, 1972; 

S t a p l e t o n  e t  a l .  1973; McKinion e t  a l .  1975; McKinion, Jones, and 

Hesketh 1974; Jones e t  a l .  1974) .  More r e c e n t  re f i nemen ts  have been 

implemented i n  t h e  model GQSSYbl (Baker, Lambert, and McKinion 1983). 

The s t r u c t u r e  o f  COTCROP i s  a s e t  o f  s imp le  f i r s t - - o r d e r - d i S f e r @ n s e  

equat ions w i t h  a t i m e  s t e p  a f  one day. The model s imu la tes  p l a n t  

growth, f l o w e r i n g ,  b o l l  development, pho tosyn thes i s ,  carbohydrate 

balance, n i t r o g e n  halance, and s o i l  wa te r  and n i t r o g e n  balance. Many 

o f  t hese  processes a r e  d r i v e n  by env i ronmenta l  v a r i a b l e s ,  which i n c l u d e  
s o l a r  r a d i a t i o n ,  r a i n f a l l ,  pan evapora t i on ,  and temperature.  Fo r  

example, pho tosyn thes i s  i s  a f u n c t i o n  o f  s o l a r  r a d i a t i o n  and s o i l  w a t e r  

p o t e n t i a l .  Phenology i s  a l s o  used i n  t h e  model t o  d r i v e  growth 

dynamics. 

branch leaves, n u i n  stems, f r u i t i n g  branches, f r u i t s ,  and r o o t s ) ,  a 
carbohydrate p o o l ,  and a n i t r o g e n  p o o l .  The pho tosyn thes i s  submodel 

( t a k e n  f rom STMCBT 11, McKinion e t  a l .  1975) c a l c u l a t e s  gross 
-2 -1 pho tosyn thes i s  ( P R ,  g C M 2 0  m d ) by 

l h e  model assumes a p l a n t  o f  s i x  p a r t s  (main stem leaves, f r u i t i n g  

2 
7.  0.23903 t 0.137379(RAO) - C(5.4136 x 10-5)RAD ] 0.68Rw , ( 2 5 )  pR 

-2 -1 d where RAD i s  r a d i a t i o n  (W m 
p o t e n t i a l  due t o  wa te r  d e f i c i t s ,  and 0.68 i s  t h e  convers ion  f a c t o r  f rom 

C02 t o  CH20. 

t h e  model u t i l i z e s  and d i s t r i b u t e s  t h i s  supply  acco rd ing  t o  r e s p i r a t i o n  

and growth-demand p r i o r i t i e s .  Maintenance r e s p i r a t i o n  i s  a f i x e d  
p r o p o r t i o n  o f  t o t a l  p l a n t  we igh t ;  growth r e s p i r a t i o n  i s  a f i x e d  
p r o p o r t i o n  o f  t h e  p o t e n t i a l  organ growth r a t e s  summed ove r  a l l  organs. 
The syn tha te  remain ing i n  t h e  carbohydrate poo l  a f t e r  r e s p i r a t i o n  

demands a r e  m e t  i s  a l l o c a t e d  t o  organ growth.  Syn iha te  d i s t r i b u t i o n  i s  

a l s o  a f f e c t e d  by n i t r o g e n ,  carbohydrate,  and wa te r  a v a i l a b i l i t y .  
COTCROP s imu la tes  c r o p  growth f rom c rop  emergence t o  h a r v e s t .  

management; hence, v a l i d a t i o n  s t u d i e s  were d i r e c t e d  toward p r e d i c t i o n s  

) ,  Rw i s  t h e  reduced p h o t o s y n t h e t i c  

Photosynthes is  p rov ides  carbohydrates f o r  t h e  pool  and 

C O T C R O P  was developed f o r  a p p l i c a t i o n  t o  problems o f  c o t t o n  c r o p  
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_- 1 such as numbers o f  f r u i t  p e r  square meter  and y l e l d  ( b a l e s  ac re  ) .  
S imula ted  r e s u l t s  f o r  such v a r i a b l e s  agreed ve ry  n i c e l y  w i t h  f i e l d  

obse rva t i ons .  However, Jones, Brown, and Hesketh (1980) d i d  n o t  

d i scuss  how w e l l  COTCROP s imu la ted  C02 exchange r a t e s  o r  t o t d ?  d r y  

we igh t .  

An e n t i r e l y  d i f f e r e n t  s o r t  o f  mode?, but one o f  p o t e n t i a l  

use fu lness  i n  p r e d i c t i n g  c o t t o n  c r o p  carbon f l u x  [and i n  f a c t  lased i n  
COTCROP by  Jones, Brown, and Hesketh 19801, was developed by Hesketh, 

Baker, and Duncan (1971) and Baker, Hesketh, and Duncan (1972) .  The 

r e s p i r a t o r y  r a t e s  (my GO2 g 
squares, b o l l s ,  and leaves  were measured under  g rowth  chamber 

c o n d i t i o n s .  From these da ta ,  r e g r e s s i o n  equat ions  r e l a t i n g  d r y  we igh t  

and r e s p i r a t i o n  r a t e s  were developed. Then, u t i l i z i n g  a t h e o r y  o f  

growth and maintenance r e s p i r a t i o n ,  Hesketh, Baker, and Duncan (1971) 

d e r i v e d  t h r e e  equat ions  t h a t  t o g e t h e r  c o u l d  be used as a model o f  p l a n t  

growth, g i v e n  a model o f  g ross  pho tosyn tha te  p e r  day p e r  p l a n t  t o  serve 

as a f o r c i n g  f u n c t i o n .  Baker, Hesketh, and Duncan (1972) developed a 

means o f  e s t i m a t i n g  gross pho tosyn thes i s  f rom measurements a f  apparent  

pho tosyn thes i s  and day and n i g h t  r e s p i r a t i o n .  l h i s  p h o t o s y n t h e t i c  

i n p u t  was used w i t h  t h e i r  model o f  r e s p i r a t i o n  t o  d e r i v e  a s imp le  model 

o f  change i n  c o t t o n  d r y  we igh t  p e r  u n i t  ground area  o v e r  t ime.  

au tho rs  d i d  n o t  i n d i c a t e  how w e l l  t h e i r  f o r m u l a t i o n  s imu la ted  observed 
c o t t o n  growth, a l t hough  a s imu la ted  d i u r n a l  p a t t e r n  o f  photosynthes is  

was presented.  

G u t i e r r e z  e t  a ? .  (1975,  1984) have developed a mechan is t i c  
s i m u l a t i o n  model o f  c o t t o n  c rop  growth  and development which i n t e g r a t e s  

t h e  phys io logy  o f  pho tosyn thes i s  (McKinion, Jones, and Hesketh 1974; 

McKin ion e t  a l .  1975; a l s o  see d i s c u s s i o n  o f  COTCROP above) and 

p o p u l a t i o n  b i o l o g y .  G u t i e r r e z  e t  a l .  (1984) r e p o r t e d  t h a t  comparisons 

o f  obse rva t i ons  and s i m u l a t i o n  r e s u l t s  were ve ry  f a v o r a b l e .  C e r t a i n l y ,  

s i m u l a t i o n s  o f  seasonal d r y  m a t t e r  s tand ing  c r o p  and f r u i t  number f i t  
comparable o b s e r v a t i o n  da ta  f r o m  B r a z i l  ve ry  w e l l .  The r e l i a b i l i t y  a f  
pho tosyn thes i s  and r e s p i r a t i o n  s i m u l a t i o n s  was n o t  d iscussed,  although 
t h e  au tho rs  suggested i m p l i c i t l y  t h a t  pho tosyn thes i s  and r e s p i r a t i o n  

r o u t i n e s  were acceptab le .  

-1 -1 h ) and d r y  we igh t  o f  c o t t o n  

The 
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1.1.7 P s t a t o  

Ng and Loomis (1984) have desc r ibed  a c rop  growth model f o r  

p o t a t o .  Developed as a t o o l  f o r  s t u d y i n g  i n t e g r a t i v e  phys io logy ,  

POTU10 s imu la tes  p l a n t  wa te r  balance, pho tosyn thes i s ,  r e s p i r a t i o n ,  

v e g e t a t i v e  growth,  and organ i n i t i a t i o n .  P O T A T O  d i v i d e s  t h e  p l a n t  i n t o  

a rese rve  a s s i m i l a t e  pool  and s i x  organs: mainstem in te rnodes ,  

mainstem leaves, branch stem in te rnodes ,  branch stem leaves, t ube rs ,  

and f i b r o u s  r o o t s .  Growth r a t e s  a r e  niode?ed f o r  each organ. P l a n t  

growth and development a r e  i n f l u e n c e d  by environrnental  d r i v i n g  v a r i b l e s  

which i n c l u d e  a i r  temperature,  dew p o i n t ,  wind, and s o l a r  r a d i a t i o n .  

S o i l  m o i s t u r e  and n u t r i e n t s  a r e  assumed t o  be above l i m i t i n g  l e v e l s .  
I n p u t  da ta  a r e  d a i l y  values, b u t  a s u b r o u t i n e  c a l c u l a t e s  h o u r l y  values 

f o r  t h e  env i ronmenta l  v a r i a b l e s .  P O T A T O  operates on h o u r l y  t i m e  steps 

and can s i m u l a t e  b o t h  d i u r n a l  and seasonal dynamics. 

Duncan e t  a l .  (1967; see Sect .  1 .1 .3 ) .  M o d i f i e d  n e t  pho tosyn thes i s  

l i g h t - r e s p o n s e  curves f rom Ku, Edwards, and Tanner (1977) a r e  used i n  

t h e  Duncan model. The Ouncan pho tosyn thes i s  program, which i n c l u d e s  a 

canopy e f f e c t  on l i g h t  d i s t r i b u t i o n ,  i s  used t o  c o n s t r u c t  p a i r s  o f  
t a b l e s  f o r  h o u r l y  p o t e n t i a l  gross pho tosyn thes i s :  one p a i r  f o r  c l e a r  

s k i e s  and one p a i r  f o r  o v e r c a s t  s k i e s .  Each p a i r  o f  t a b l e s  i n c l u d e s  a 

t d b l e  f o r  normal p o t e n t i a l  gross pho tosyn thes i s  and a t a b l e  f o r  

s i n k - a f f e c t e d  pho tosyn thes i s .  The p h o t o s y n t h e t i c  maxiinurn o f  t h e  

l i g h t - r e s p o n s e  curve f o r  s i n k - a f f e c t e d  pho tosyn thes i s  i s  t w i c e  t h a t  f o r  

normal pho tosyn thes i s .  P O l A T O  uses feedback f r o m  t u b e r  growth t o  

r e g u l a t e  t h e  c o n t r i b u t i o n s  o f  normal and s i n k - a f f e c t e d  r a t e s  (see Ng 

and Loomis 1 9 8 4 ) .  

-2 -1 Gross pho tosyn thes i s  ( g  CH20 m h ) i s  modeled a f t e r  

The p h o t o s y n t h e t i c  r a t e  w i t h  d a i l y  r a d i a t i o n  ( P  ) i s  a 
9 

combinat ion o f  t h e  ove rcas t  and c l e a r  sky p o t e n t i a l  r a t e s  i n  p r o p o r t i o n  
t o  t h e  f r a c t i o n s  o f  sky which a r e  c l e a r  and ove rcas t ,  o r ,  
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where f c  i s  t h e  f r a c t i o n  o f  c l e a r  sky, f0  i s  t h e  f r a c t i o n  o f  

o v e r c a s t  sky, Pc i s  t h e  p o t e n t i a l  r a t e  ( g  CH20 m-2 h-’) f o r  

c l e a r  sky, and Po i s  t h e  p o t e n t i a l  r a t e  ( g  CH20 m h ) f o r  
o v e r c a s t  sky.  
e f f e c t  o f  l e a f  age on photosynthes is .  The e f f e c t  o f  a i r  temperature on 
gross photosynthes is  i s  represented  by Et [d imension less (0, l ) ] .  
The temperature response f u n c t i o n  i s  an optimum temperature (near  25*‘c) 

curve.  
p h o t o s y n t h e s i s .  

q u i c k l y  becomes l i m i t i n g .  
i n d i c a t e s  t h a t  o n l y  t h e  most l i m i t i n g  e f f e c t  o f  e i t h e r  temperature o r  
p l a n t  water  c o n t e n t  i n f l u e n c e s  gross  photosynthes is .  

-2 -1 

The t e r m  Ea [d imension less (0, l } ]  represents  t h e  

The t e r m  Ew i s  t h e  e f f e c t  o f  p l a n t  w a t e r  c o n t e n t  on 
A d e c l i n e  i n  r e l a t i v e  p l a n t  water  c o n t e n t  below 0.9 

The min(Et,Ew) f o r m u l a t i o n  i n  Eq.  (26)  

-2 -1 R e s p i r a t i o n  ( g  CHZO rn h ) i s  t h e  sum o f  growth r e s p i r a t i o n  
-1 h-l) and maintenance r e s p i r a t i o n .  

i s  c a l c u l a t e d  as t h e  sum o f  t h e  produc ts  o f  t h e  growth r a t e s  

( g  CH20 p l a n t  
r e s p i r a t i o n  c o e f f i c i e n t .  

compl ica ted .  

organ. The e q u a t i o n  f o r  mainstem (and branch)  leaves,  f o r  example, i s  

Growth r e s p i r a t i o n  ( g  C H 2 0  p l a n t  

-1 -1 h ) o f  each organ and an o r g a n - s p e c i f i c  growth 
The maintenance r e s p i r a t i o n  r a t e  i s  more 

A maintenance r e s p i r a t i o n  r a t e  i s  c a l c u l a t e d  f o r  each 

where 
x 

Rm - 

-. 
ET - 
‘a - 
Em 

- 

c 

r a t e  o f  maintenance r e s p i r a t i o n ,  t o t a l e d  f o r  a l l  mainstem 

leaves ( g  CH20 p l a n t - ’  h- ’) ,  
t o t a l  d r y  we igh t  o f  mainstem leaves ( g  p lan t - ’ ) ,  
f r a c t i o n  o f  t o t a l  p l a n t  d r y  w e i g h t  which i s  reserve  

ass i tn i  l a t e ,  

base maintenance r e s p i r a t i o n  c o e f f i c i e n t  a t  25’C 

t h e  e f f e c t  o f  a i r  temperature [d imension less (0, 3 ) ] ,  

t h e  e f f e c t  o f  l e a f  age [d imens ion less ,  (0, 1 1 1 ,  
The e f f e c t  o f  p a s t  m e t a b o l i c  a c t i v i t y  

[d imension less (0, l ) ] ,  r e l a t e d  t o  photosynthes is .  

-1 -1 
( g  CH20 Y h 1, 
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Maintenance r e s p i r a t i o n  f o r  i n te rnodes  and f i b r o u s  r o o t s  i s  c a l c u l a t e d  
u s i n g  s i m i l a r  equa t ions ,  except: t h a t  age and me tabo l i c  a c t i v i t y  e f f e c t s  

a r e  n o t  i n v o l v e d .  

h-’) i s  p r o p o r t i o n a l  t o  t u b e r  we igh t .  
p r o p o r t i o n a l i t y  i s  a f f e c t e d  by s o i l  temperature acco rd ing  t o  t h e  
temperature r e l a t i o n s h i p  d e s c r i b i n g  E i n  Eq. ( 2 7 ) .  Tuber 
maintenance r e s p i r a t i o n  p e r  p l a n t  i s  t h e  suffnat ion o f  t h e  p e r  t u b e r  

r a t e  ove r  t h e  number o f  t u b e r s  p e r  p l a n t .  T o t a l  p l a n t  maintenance 

r e s p i r a t i o n  i s  t h e  sum o f  t h e  r a t e s  f o r  each organ, and maintenance 

r e s p i r a t i o n  p e r  square meter i s  ob td ined  u s i n g  an e s t i m a t e  o f  p l a n t  

d e n s i t y  . 
S i m u l a t i o n  o f  v e g e t a t i v e  growth and organ i n i t i a t i o n  a r e  ma jo r  

components o f  P O T A T O .  B r i e f l y ,  organ growth r a t e  i s  g i v e n  by a maximum 
r e l a t i v e  growth r a t e  t h a t  i s  reduced by temperature-dependent age and 

t h e  most l i m i t i n g  i n f l u e n c e  o f  a s s i m i l a t e  s t a t u s ,  temperature,  and 

p l a n t  wa te r  s t a t u s .  Organ i n i t i a t i o n  i s  d e a l t  w i t h  s i m i l a r l y .  D e t a i l s  

can be found i n  Ng and Loomis (1984).  

-1 Tuber maintenance r e s p i r a t i o n  ( g  CH20 t u b e r  
The c o e f f i c i e n t  o f  

P 

Ng and Loomis (1984) desc r ibed  i n  some d e t a i l  t h e  performance o f  

P O T A l U .  S imulated and observed d r y  we igh t  agreed s a t i s f a c t o r i l y .  
I o t a 1  d r y  we igh t  and t u b e r  d r y  we igh t  were c o n s i s t e n t l y ,  b u t  o n l y  

s l i g h t y ,  ove res t ima ted  th roughou t  a 9 0 4  p e r i o d  f o l l o w i n g  emergence. 
An observed decrease i n  l e a f  d r y  we igh t  a t  about  day 50 was s imu la ted ,  

b u t  t h e  model ove res t ima ted  t h e  magnitude o f  t h e  downturn. Ng and 

Loomis (1984) desc r ibed  t h e  seasonal course o f  s imu la ted  pho tosyn thes i s  

and r e s p i r a t i o n ,  b u t  f i e l d  obse rva t i ons  f o r  comparison were a p p a r e n t l y  
n o t  a v a i l a b l e .  

1.1.8 Tobacco Model 

Wann, Raper, and Lucas (1978) have desc r ibed  a model o f  d r y  i n a t t e r  

accumulat ion f o r  tobacco. The model s imu la tes  growth i n  response t o  

v a r i a t i o n s  i n  temperature and P A R .  1-he p l a n t  i s  concep tua l i zed  a s  a 

system o f  t h r e e  organ c lasses  ( l e a v e s ,  stems, and r o o t s ) ,  each 
compartmental ized i n t o  a s o l u b l e  carbohydrate poo l ,  young growing 

t i s s u e ,  mature t i s s u e ,  growth r e s p i r a t i o n ,  and nongrowth r e s p i r a t i o n .  
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Photosynthes is ,  a f u n c t i o n  o f  ' l i g h t  (PAR) and temperature,  f i x e s  
photosyntha te  (hea t  energy e q u i v a l e n t s )  i n  t h e  l e a f  carbohydrate pool .  

Gross photosynthes is  ( f  J cm d ) i s  descr ibed by a 
Michael is-Henten f u n c t i o n :  

-2 -1 
P' 

f = BOalL/(B + a I )  
P 

where B i s  t h e  maximum l i g h t - s a t u r a t e d  p h o t o s y n t h e t i c  r a t e  p e r  u n i t  

l e a f  area ( J  CNI-~ d- ' )  a t  a g i ven  C02 c o n c e n t r a t i o n  and 
temperature,  a1  i s  absorbed PAR ( 9  cm d 3 ,  k i s  t o t a l  leaf"  area 

(cm ) ,  and 8 i s  a c o n s t a n t  equal  t o  t h e  va lue  o f  a1 where 
f p  = BOL/2. 
accord ing  t o  t h e  r e l a t i o n s h i p  

0 

-2 -1 
2 

Temperature a f f e c t s  the maximum p h o t o s y n t h e t i c  r a t e  

Bo = Blexp(-B2/T) 

-2 -1 where ( 3  cm d ) and B2 (degrees K )  a r e  cons tan ts  and T i s  
t h e  a b s o l u t e  temperature (degrees K ) .  Water and m i n e r a l  n u t r i e n t s  a r e  

assumed t o  be above g r o w t h - l i m i t i n g  l e v e l s .  The model t hen  s imu la tes  

t h e  t r a n s l o c a t i o n  o f  heat  energy (bound i n  t h e  photosyntha te)  t o  s tem 

and r o o t  and t h e  d i s p e r s a l  o f  hea t  i n  r e s p i r a t i o n  f rom t h e  reserve  

poo ls  o f  leaves,  stems, and r o o t s .  The r a t e  o f  energy f l o w  ( i . e . ,  

r e s p i r a t i o n )  a s s o c i a t e d  w i t h  t h e  maintenance o f  a p a r t i c u l a r  organ 1 i s  
g i ven  by a p r o p o r t i o n ,  pi, o f  the energy s t o r e d  i n  the young and 

mature t i s s u e s  o f  t h a t  organ. Th is  p r o p o r t i o n ,  t h e  r e s p i r a t i o n  r a t e  

p e r  u n i t  o f  energy con ten t ,  i s  a f u n c t i o n  o f  temperature (P), o r  

pi = a [exp( -b /T) ]  , (30)  

where a ( d - l )  and b (degrees K )  a r e  cons tan ts .  
a f u n c t i o n  o f  energy conten t ,  carbohydrate pool  c o n c e n t r a t i o n ,  and 
temperature.  A f i x e d  p r o p o r t i o n  o f  t h e  energy u t i l i z e d  f o r  growth i s  
l o s t  i n  growth r e s p i r a t i o n :  

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

f ( i O , i 2 )  = (1  - c i ) f i  , (31 1 
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where f ( i O , i 2 )  r ep resen ts  t h e  r a t e  o f  energy f l o w  by growth r e s p i r a t i o n  

( J  d.-’) f o r  t h e  i t h  organ; ci i s  a c o n s t a n t  [ (0,  l ) ] ,  and fi ( J  d - ’ )  

i s  t h e  r a t e  o f  energy u t i l i z e d  i n  t h e  growth of  organ j.. . 
r a t e  i s  desc r ibed  by a Michael is-Menten r e l a t i o n s h i p :  

This growth 

f .  = 
1 , 

where X ( J )  i s  t h e  energy c o n t e n t  o f  young t i s s u e  i n  t h e  L t h  organ, 

Ci ( J  J ’ )  i s  t h e  carbohydrate p o o l  c o n c e n t r a t i o n  o f  t h a t  organ, 
and g i s  a Michael is-Menten cons tan t .  

p o s s i b l e  growth r a t e  p e r  u n i t  energy c o n t e n t  o f  p l a n t  i n a t e r i a l  and i s  

dependent upon temperature acco rd ing  t o  a complex optimum temperature 

f u n c t i o n  [see Wann, Raper, and Lucas (1978) f o r  d e t d i l s ] .  
T r a n s l o c a t i o n  i s  a f u n c t i o n  o f  source and s i n k  s t r e n g t h s  ( i . e . ,  

energy c o n t e n t  and c o n c e n t r a t i o n  i n  pool  and organ t i s s u e ) .  The model 

a l s o  desc r ibes  a g i n g  as t h e  energy c o n t e n t  and temperature-regulated 

f l o w  o f  energy f rom young t i s s u e  t o  mature t i s s u e ,  Conversion 

f rom energy u n i t s  t o  gram d r y  we igh t  (1 J = 6 x y dw) 

p e r m i t s  p r e d i c t i o n  o f  d r y  m a t t e r  growth on a p l a n t - w e i g h t  o r  
p l a n t - p a r t - w e i g h t  b a s i s .  

!I 

The t e r m  Pio i s  t h e  maximum i 

Simulated d r y  weights  were i n  good agreement w i t h  measured we igh ts  
f rom a greenhouse growth exper iment conducted o v e r  a 30-d p e r i o d  

f o l l o w i n g  t h e  t r a n s p l a n t i n g  o f  tobacco seed l i ngs  (Wasrn, Raper, and 
Lucas 1978) .  Parameters f o r  t h e  model were d e r i v e d  f rom p h y t o t r o n  

exper iments,  and t h e  model gave reasonable p r e d i c t i o n s  when d r i v e n  by 

greenhouse env i ronmenta l  c o n d i t i o n s .  However, t h e  au tho rs  noted t h a t  

t h e  model had n o t  been t e s t e d  a g a i n s t  f i e l d  c o n d i t i o n s .  Presumably 

such a t e s t  would i n c l u d e  s i m u l a t i o n  ove r  an e n t i r e  growing season. 

1 . I  . 9  Sorghum Models 

Mrk in ,  Vander l i p ,  and R i t c h i e  (1976) have desc r ibed  a model o f  

growth and development f o r  an average g r a i n  sorghum p l a n t  i n  a f i e l d  
stand. The mechan is t i c  s i m u l a t i o n  model i n c l u d e s  submodels o f  l i g h t  
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i n t e r c e p t i o n ,  pho tosyn thes i s ,  r e s p i r a t i o n ,  and w a t e r  use. P l a n t  d r y  
m a t t e r  (grams p e r  p l a n t )  and l e a f  area (square c e n t i m e t e r s )  a r e  

modeled, b u t  i n d i v i d u a l  p l a n t  organs a r e  n o t  cons idered.  

P o t e n t i a l  pho tosyn thes i s  ( P ,  mg C02 dm-* l a n d  area h- ’ )  i s  
c a l c u l a t e d  as a f u n c t i o n  o f  i n t e r c e p t e d  l i g h t :  

P = 31.351 ’’* - 13.32 , ( 3 3 )  

-2 -1 where I i s  t h e  l i g h t  ( P A R )  i n t e r c e p t e d  by  t h e  p l a n t  (mE m h ) .  

L i g h t  i n t e r c e p t i o n  i s  modeled h o u r l y  f o l l o w i n g  Beers ‘  law, i n  which 

i r r a d i a n c e  decreases e x p o n e n t i a l l y  w i t h  i n c r e a s i n g  t o t a l  l e a f  area (see 

Saeki 1960).  The p h o t o s y n t h e t i c  r a t e  c a l c u l a t e d  by Eq. (33)  i s  reduced 

by two e f f i c i e n c y  parameters (d imension less,  va lues between zero and 

one) :  one a f u n c t i o n  o f  mean ambient temperature,  t h e  o t h e r  a f u n c t i o n  

o f  a v a i l a b l e  s o i l  water .  The temperature parameter decreases t o  zero 

a5 temperatures f a l l  below 25OC o r  r i s e  above 40°C. An e x t r a c t a b l e  
s o i l  w a t e r  ( R i t c h i e  1972) c o n t e n t  o f  l e s s  than  20% i s  assumed t o  be 

1 i m i  t i n g  . 
Ne t  pho tosyn thes i s  i s  t h e  grass r a t e ,  dependent on l i g h t ,  

temperature,  and s o i l  water ,  minus n i g h t  r e s p i r a t i o n .  N i g h t  

r e s p i r a t i o n  i s  modeled a f t e r  McCree (1974) such t h a t  

N = O  140 + ( c p )  , (34) 

where N i s  t o t a l  n i g h t  r e s p i r a t  on ( y  C02 p l a n t - ’ ) ;  0 i s  dayt ime 
pho tosyn thes i s  ( g  CO p l a n t - ’ ) ;  bJ i s  t h e  C02 e q u i v a l e n t  o f  p l a n t  

d r y  w e i g h t  ( y  C02 p l a n t - ’ ) ,  and cT  i s  a temperature-dependent 
c o e f f i c i e n t  g i v e n  by a weighted second o r d e r  po l ynomia l  i n  7 .  Th is  

f o r m u l a t i o n  i n c l u d e s  growth r e s p i r a t i o n  ( t h e  dependence on dayt ime 

pho tosyn thes i s )  and maintenance r e s p i r a t i o n  ( t h e  dependence on p l a n t  

we igh t ) .  

obse rva t i ons  made o v e r  a 105-d postemergence p e r i o d .  Resu l t s  o f  
s i m u l a t i o n  exper iments i n v o l v i n g  a l t e r e d  env i ronmenta l  v a r i a b l e s  a l s o  

compared w e l l  w i t h  f i e l d  obse rva t i ons .  
and r e s p i r a t i o n  were n o t  d iscussed.  

2 

The model ’s  cumu la t i ve  d r y  m a t t e r  p r e d i c t i o n s  agreed w e l l  w i t h  

Comparisons f o r  pho tosyn thes i s  



32 

Shih, Gascho, and Rahi (1981) have desc r ibed  a made o f  sorghum 

aboveground biomass, b u t  t h e i r  model does n o t  i n c l u d e  an e x p l i c i t  

c o n s i d e r a t i o n  o f  pho tosyn thes i s  o r  r e s p i r a t i o n .  The ernp r i c a l  model 

p r e d i c t s  biomass f r o m  l e a f  area index and d r y  biomass accumulat ion ( D A R )  
p e r  u n i t  l e a f  area. The DAR i s  an e m p i r i c a l l y  d e r i v e d  f u n c t i o n  o f  t i m e .  

1.1.10 Sugar Beet Models 

P a t e f i e l d  and A u s t i n  (1971) presented a model o f  sugar bee t  growth 

i n  environments where n u t r i e n t s  and wa te r  a r e  n o t  l i m i t i n g .  The model 
s imu la tes  changes i n  d r y  we igh t  p e r  u n i t  area. P l a n t s  a r e  subd iv ided  

i n t o  two t i s s u e  types,  l e a f  laminae and o t h e r  t i s s u e ;  t hese  a r e  

r e f e r r e d  t o  as ' l e a v e s '  and ' r o o t s '  r e s p e c t i v e l y .  Pho tosyn the t i c  r a t e s  

a r e  modeled as f u n c t i o n s  o f  l i g h t  i n t e n s i t y  and temperature a t  t h e  

s c a l e  o f  a s i n g l e  l e a f .  P a t e f i e l d  and A u s t i n  (1971) f o l l o w e d  M o n t i e t h  

(1965) i n  d e f i n i n g  l i g h t  i n t e r c e p t i o n  i n  a canopy o f  seve ra l  d i s c r e t e  
l a y e r s  w i t h  leaves d i s t r i b u t e d  u n i f o r m l y  i n  a h o r i z o n t a l  p lane.  The 

leaves a r e  c l a s s i f i e d  as s u n l i t ,  once-shaded, twice-shaded, o r  f u l l y  
shaded, These d e s i g n a t i o n s  correspond t o  t h e  number o f  l e a f  l a y e r s  

l i g h t  passes th rough  b e f o r e  reach ing  a p a r t i c u l a r  l e a f  su r face .  S u n l i t  
leaves a r e  t h e  f i r s t  ( o u t e r )  l a y e r  and f u l l y  shaded leaves a r e  i n  t h e  

f o u r t h  and deepest l a y e r .  

m o d i f i e d  by P a t e f i e l d  and A u s t i n  t o  accaunt f o r  l e a f  r e s p i r a t i o n  and a 
cons tan t  photochemical  e f f i c i e n c y  a t  low l i g h t  i n t e n s i t y .  The m o d i f i e d  

equa t ion  i s  

The s i n g l e - l e a f  pho tosyn thes i s  equa t ion  used by l r lonte i th  (1965) was 

[ ( a  + ( b / ( I  - ( b r ) ) ] - - l  

( I / b )  - r f o r  I < I, , 

f o r  I 2 1, 
P(1)  = 

where p ( 1 )  i s  t h e  r a t e  o f  n e t  pho tosyn thes i s  ( g  m-* l e a f  area h- ' )  

a t  l i g h t  i n t e n s i t y  I ( c a l  cm -2 -a h ) ,  IC i s  t h e  l i g h t  compensation 
p o i n t ,  and r i s  t h e  r e s p i r a t i o n  r a t e  ( g  m -2 h -1 ) .  

2 I h e  c o e f f i c i e n t  a (m h 9- ')  i s  temperature dependent 

(35) 

l / a  =. l / a15  + (Tc)  
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where a15 i s  t h e  va lue  o f  a t  15°C; T i s  temperature ( " C ) ,  and c i s  a 
c o n s t a n t  (g m 
o f  temperature.  The r a t e  o f  r e s p i r a t i o n ,  r, i s  d iscussed below. Leaf 

p h o t o s y n t h e t i c  r a t e s  decrease w i t h  shading as i n t e r c e p t e d  r a d i a t i o n  

decreases f rom ( 1  - s ) I  a t  t h e  s u n l i t  l e v e l  t o  [ ( l  - s ) t ] X  f o r  

once-shaded leaves,  [ ( l  - s ) t  11 f o r  twice-shaded leaves, and 0.0 f o r  

f u l l y  shaded leaves [s and t a r e  M o n t e i t h ' s  (1965) l i g h t  t r a n s m i s s i o n  
c o e f f i c i e n t s ] .  Net pho tosyn thes i s  i s  n e g a t i v e  and equal  t o  t h e  
corresponding dayt ime r e s p i r a t i o n  r a t e  (see below) f o r  twice-shaded o r  

f u l l y  shaded leaves.  Canopy pho tosyn thes i s  i s  t h e  sum o f  t h e  p roduc ts  

o f  l e a f  area and p h o t o s y n t h e t i c  r a t e  f o r  each o f  t h e  l e a f  c a t e g o r i e s .  

D a i l y  pho tosyn thes i s  i s  t h e  i n t e g r a l  o f  t h i s  canopy r a t e  o v e r  d a y l i g h t  

hours.  

C - ' ) .  The c o e f f i c i e n t  b ( c a l  g - ' )  i s  independent -2 h-1 

2 

Leaf r e s p i r a t i o n  r a t e s  a r e  c a l c u l a t e d  u s i n g  one o f  two a l t e r n a t i v e  

methods. I n  t h e  f i r s t ,  a basa l ,  temperature-dependent r a t e  i s  
c a l c u l a t e d  as f o l l o w s :  

r(T) = rI5(1 + Tm) , (37) 

-2 -1 where r(T) i s  t h e  r e s p i r a t i o n  r a t e  ( g  m h ) o f  leaves o r  r o o t s  
a t  temperature T ("C), r15 i s  the a p p r o p r i a t e  r e s p i r a t i o n  r a t e  a t  
15"C, and m i s  a c o n s t a n t  f r a c t i o n a l  change w i t h  temperature.  The 

r e s p i r a t i o n  r a t e s  a t  1 5 ° C  ( r  = r and r f o r  leaves and r o o t s  
r e s p e c t i v e l y )  a r e  decreas ing l i n e a r  f u n c t i o n s  o f  c o r r e c t e d  organ 

biomass. T h i s  biomass dependence i s  i n c l u d e d  t o  account f o r  t h e  

i n f l u e n c e  o f  growth r e s p i r a t i o n  ( see  P a t e f i e l d  and A u s t i n  1971). 

The a l t e r n a t i v e  method c a l c u l a t e s  r e s p i r a t i o n  as a c o n s t a n t  p r o p o r t i o n  
o f  gross pho tosyn thes i s ,  y i e l d i n g  growth r e s p i r a t i o n ,  p l u s  a 

temperature-dependent r a t e  o f  maintenance r e s p i r a t i o n .  T h i s  

temperature-dependent r a t e  i s  c a l c u l a t e d  u s i n g  Eq. (37 ) .  

a l l o m e t r i c  r e l a t i o n s h i p  between l e a f  w e i g h t  and t o t a l  we igh t .  The 

p h o t o s y n t h e t i c  p r o d u c t i o n  o f  a g i v e n  day, a l l o w i n g  f o r  r e s p i r a t i o n  

losses,  i s  a l l o c a t e d  such t h a t  t h e  n e t  increments i n  l e a f  and roo t  

15 m r 

Photosynthate i s  a l l o c a t e d  t o  leaves and r o o t s  acco rd ing  t o  an 
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weight  a r e  c o n s i s t e n t  w i t h  t h a t  d a y ' s  a l l o m e t r i c  r a t i o ,  Th i s  r a t i o  i s  

a f u n c t i o n  of t o t a l  s imu la ted  we igh t  f o r  t h e  p rev ious  day ( P a t e f i e l d  

and A u s t i n  1971) .  The we igh t  o f  e i t h e r  leaves o r  r o o t s  ow a g i v e n  day 
i s  c a l c u l a t e d  as t h e  p rev ious  d a y ' s  we igh t  p l u s  t h e  growth increment  

( i . e . ,  a l l o c a t e d  pho tosyn tha te ) ,  t imes  one minus t h e  r e s p i r a t o r y  l osses .  
S imulated l e a f  and r o o t  weights  agreed reasonably  w e l l  w i t h  

observed we igh ts  ove r  a p e r i b d  o f  f rom 10 d t o  110 d a f t e r  sowing. 
S imu la t i ons  i n  which r e s p i r a t i o n  was c a l c u l a t e d  as a f i x e d  p r o p o r t i o n  

o f  pho tosyn thes i s  (25%) f i t  obse rva t i ons  s l i g h t l y  b e t t e r .  A l s o ,  l e a f  

we igh t  was more a c c u r a t e l y  p r e d i c t e d  than  r o o t  weight ,  p a r t i c u l a r y  f rom 

50 d a f t e r  sowing. Observed we igh ts  were d e r i v e d  From p o t t e d  seed l i ngs  

grown i n  t h e  open under c l o s e l y  managed c o n d i t i o n s .  It i s  n o t  c l e a r  
how we11 model p r e d i c t i o n s  would f i t  obse rva t i ons  f rom a c t u a l  f i e l d  

c o n d i t i o n s .  

A model o f  seasonal d r y  we igh t  growth f o r  sugar bee t  was developed 
by P i c k  (1971);  F i c k ,  W i l l i a m s ,  and Loomis (1973);  and F i ck ,  W i l l i a m s ,  

and Loomis (1975) .  The model, SUBGRO, i s  based on a hypo thes i s  o f  

h i e r a r c h i c a l  p r i o r i t i e s  f o r  pho tosyn tha te  p a r t i t i o n i n g .  Photosynthes is ,  

d s  a f u n c t i o n  o f  l i g h t ,  i s  modeled u s i n g  t h e  c rop  canopy model o f  

Duncan e t  a l .  (1967; a l s o  see Sect .  1 .1.3) .  R e s p i r a t i o n  i s  c a l c u l a t e d  

as 25% o f  apparent  pho tosyn thes i s  a t  25"C, a d j u s t i n g  f o r  temperature 

e f f e c t  (Thomas and H i l l  1949; Nevins and Loomis 1970) .  Because SUBGRO 

concen t ra tes  on d r y  m a t t e r  d i s t r i b u t i o n ,  pho tosyn thes i s  and r e s p i r a t i o n  
a r e  t r e a t e d  r a t h e r  s imp ly .  

I n  SUBGRO, va r ious  s i n k s  a r e  ass igned p r i o r i t i e s  f o r  t h e  use o f  
syn tha te  o r  reserves.  1he model t hen  e s t a b l i s h e s  t h e  use r a t e s  f o r  

these s i n k s .  S ink p r i o r i t i e s  a r e  based on p h y s i o l o g i c a l  demand and 

p r o x i m i t y  t o  t h e  source o f  supply ;  t h e  rank ings a r e  then  conver ted 

t o  a q u a n t i t a t i v e  s c a l e  o f  t h r e s h o l d  c o n c e n t r a t i o n s .  D e t d i l s  o f  t h i s  
process can be found i n  F i c k  (1971) and F i ck ,  W i l l i a m s ,  and Loomis 

(1973).  Rates o f  t r a n s f e r  o f  reserves a r e  c a l c u l a t e d  f rom 
s i n k - s p e c i f i c  maximum growth r a t e s  which a r e  a d j u s t e d  downwdrd t o  

account f o r  l i m i t i n g  f a c t o r s .  R e l a t i v e  wa te r  c o n t e n t  o f  t h e  leaves and 
syn tha te  rese rve  c o n c e n t r a t i o n  a r e  l i m i  t i n y  f a c t o r s .  The model assumes 
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t h a t  e x t e r n a l  w a t e r  supp ly  and n u t r i e n t s  a r e  n o t  l i m i t i n g .  Only t h e  

most l i m i t i n g  f a c t o r  i s  used t o  reduce t h e  maximum growth r a t e .  F i c k  

( 1 9 7 1 )  p r o v i d e s  d e t d i l s  and d e r i v a t i o n s  o f  t h e  p a r t i t i o n i n g  f u n c t i o n s .  

d r y  we igh ts  o f  v a r i o u s  s i n k s .  However, an adjustment  i n  t h e  
c a l c u l a t i o n  o f  l e a f  area f r o m  d r y  we igh t  o f  t ops  t o  account f o r  smal l  

I n i t i a l l y ,  s i m u l a t i o n s  underest imated f i e l d  obse rva t i ons  o f  t h e  

t o p  we igh ts  ( F i c k ,  W i l l i a m s ,  and Loomis 1973) r e s u l t e d  i n  " e x c e l l e n t  

agreement" ( F i c k ,  W i l l i a m s ,  and Loomis 1973, p .  415) w i t h  f i e l d  

r e s u l t s .  S i m u l a t i o n s  and obse rva t i ons  were compared o v e r  a 120-6 
p e r i o d  f rom 20 t o  140 days a f t e r  emergence. A l though t o t a l  s to rage  

r o o t  w e i g h t  was a c c u r a t e l y  p r e d i c t e d ,  sucrose c o n c e n t r a t i o n  was n o t .  
S i m u l a t i o n  exper iments p r e d i c t i n g  t h e  e f f e c t  o f  p r u n i n g  on t o p : f i b r o u s  

r o o t  r a t i o s  a l s o  r e s u l t e d  i n  p a t t e r n s  s i m i l a r  t o  obse rva t i ons .  

1.1.11 A Comment on t h e  D i v e r s i t y  o f  t h e  Crop Models 

l h e  c r o p  models desc r ibed  above span a wide v a r i e t y  o f  assumptions, 

s t r u c t u r e s ,  and mathematical  f o r m u l a t i o n s .  Some models a r e  q u i t e  
complex and i n v o l v e d  ( e . g . ,  t h e  SPAM c o r n f i e l d  model, Sect.  1.1.3);  

o t h e r s  a r e  much s i m p l e r  (e.g. ,  t h e  wheat model o f  Rickman, Ramig, and 

Al lmaras 1975, Sect .  1 .1 .1 ) ,  and s t i l l  o t h e r s  s t r i k e  some m i d d l e  ground 

(e.g. ,  t h e  SOYMOO I soybean model, Sect .  1 .1 .5 ) .  The v a r i o u s  models do 

e x h i b i t  some s i m i l a r i t i e s .  Fo r  example, t h e  m u l t i l a y e r e d  canopy and 

l i g h t  i n t e r c e p t i o n  approach of M o n t e i t h  (1965)  occurs i n  many models, 

w i t h  and w i t h o u t  m o d i f i c a t i o n s .  R e s p i r a t i o n  i s  f r e q u e n t l y  d i v i d e d  i n t o  

growth and maintenance r e s p i r a t i o n ,  w i t h  Qlo  temperature responses 
a l s o  i n v o l v e d .  Never the less ,  t h e  d i v e r s i t y  of approaches and 

f o r m u l a t i o n s  i s  as s t r i k i n g ,  i f  n o t  more so,  t han  t h e i r  shared, bas i c  
s i m i l a r i t i e s .  

Some o f  these d i f f e r e n c e s  m i g h t  be a s c r i b e d  t o  d i f f e r e n c e s  i n  t h e  
crops i n v o l v e d .  However, most o f  t h e  v a r i a t i o n  i s  more a p p r o p r i a t e l y  

a t t r i b u t e d  t o  d i f f e r e n c e s  i n  o b j e c t i v e s .  Desp i te  pass ing  through o u r  
f i l t e r  o f  models o f  c rop  growth i n v o l v i n g  pho tosyn thes i s  and 

r e s p i r a t i o n ,  t h e r e  s t i l l  e x i s t  n o t a b l e  d i f f e r e n c e s  i n  t h e  many aspects  
o f  c rop  growth which t h e  models address o r  a t t e m p t  t o  i n c o r p o r a t e .  

Some focus  on canopy a r c h i t e c t u r e  and m i c r o c l i m a t e  



[e.g., t h e  wheat and c o r n  models o f  Sects ,  1.1.1 and 

Biscoe, S c o t t ,  and M o n t e i t h  (1975) b a r l e y  model, Sect  

and looming (1974, Sect .  1.1.4).  among o t h e r s ,  wished 

.1.2,  and t h e  

1.1.41. K a l l  

t o  address t h e  
e f f e c t s  o f  pho tosyn thes i s  and r e s p i r a t i o n  on c rop  y i e l d .  Other  models 

serve as syntheses and e x p l o r a t i o n s  o f  who le -p lan t  p h y s i o l o g y  Less. ,  

t h e  G L Y C I W  model, Sect ,  1.1.5; C O T C R O P ,  Sect.  1.1.6; and t h e  Ng and 

Loomis (1985) p o t a t o  model, Sect .  1.1.71. A r e s u l t  o f  these 
d i f f e r e n c e s  i n  o b j e c t i v e s  i s  t h a t  f r e q u e n t l y  rnodels may l a c k  va r iou5  

components of more genera l  i n t e r e s t  (e.g., t h e  l a c k  o f  r e s p i r a t i o n  
terms i n  t h e  wheat models o f  Sect .  1.1.1).  o r  t h e y  may become ve ry  

i n v o l v e d ,  e i t h e r  i n  t h e i r  t rea tmen t  o f  m i c r o c l i m a t e  o r  t h e i r  t rea tmen t  

o f  p h y s i o l o g y ,  

'Ihese obse rva t i ons  a r e  n o t  in tended as c r i t i c i s m s  o f  t h e  models 
themselves; t h e r e  i s  much t o  be s a i d  f o r  models t h a t  address s p e c i f i c  

o b j e c t i v e s .  However, o u r  comments do i l l u s t r a t e  some o f  t h e  
c o m p l i c a t i o n s  i n v o l v e d  i n  i n c o r p o r a t i n g  e x i s t i n g  c rop  models i n t o  

models o f  seasonal CO f l u x  f o r  reg ions  dominated by agroecosystems. 
A new, o r  amalgamated, model may be necessary t o  meet t h e  goa ls  o f  t h e  

DOE Carbon D i o x i d e  Research D i v i s i o n ,  Such a model should be 
a p p l i c a b l e ,  w i t h  o n l y  parameter changes, t o  t h e  n r a j o r i t y  o f  t h e  

p r i n c i p a l  a g r i c u l t u r a l  crops.  Consequently, i t  should he designed t o  

have, as biomass compartments and f l u x e s ,  o n l y  those f u n c t i o n a l  

c h a r a c t e r i s t i c s  common t o  a l l  p l a n t s  and a p p r o p r i a t e  t o  t h e  needs o f  
model ing c r o p - l e v e l  C02 f l u x e s .  The madel desc r ibed  i n  t h e  n e x t  
s e c t i o n  i s  a s t e p  i n  t h e  d i r e c t i o n  o f  d e a l i n g  w i t h  some o f  these 

prob 1 ems. 

2 

1.2 CANOPY: k General Crop Canopy-Photosynthesis Model 

A v a r i e t y  o f  c rop  types m igh t  be i n v o l v e d  i n  a r e g i o n a l  
c o n s i d e r a t i o n  o f  agroecosystem carbon f l u x e r .  Rather  than  implement a 

separate c rop  growth model f o r  each c rop ,  t h e  needs o f  such a p r o j e c t  
m igh t  be more r e a d i l y  met by a genera l  c r o p  model. A s i n g l e  model 

capable o f  s i m u l a t i n g  carbon f l u x e s  f o r  a d i v e r s i t y  o f  c rop  systems 
cou ld  rep resen t  c o n s i d e r a b l e  sav ings ove r  implement ing o f  m u l t i p l e  
models. A m u l t i l a y e r e d  canopy l e a f  energy budget-photosynthes is  
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model, CANOPY, has been developed by i e r j u n g ,  Louie,  and O'Rourke 
(1976);  T e r j u n g  and O'Rourke (1980); and Band et. a l .  (1981), 

i l l u s t r a t e s  t h e  d i r e c t i o n  t h e  development o f  a genera l  c r o p  model m igh t  

take.  

CANOPY i s ,  as t h e  name suggests,  a model o f  canopy m i c r o c l i m a t e  
and pho tosyn thes i s .  The model assumes a canopy w i t h  a l e a f  area i ndex  

of  4.0 ( t y p i c a l  o f  many f i e l d  crops;  see 8and e t  a l .  1981) and e i g h t  

l a y e r s  o f  h o r i z o n t a l l y  ar ranged leaves .  The short-wave r a d i a t i o n  

components o f  M o n t e i t h  (1969) a r e  modeled: d i r e c t  r a d i a t i o n ,  d i f f u s e  

r e f l e c t e d  r a d i a t i o n ,  and d i f f u s e  sky r a d i a t i o n .  The t u r b u l e n t  exchdnge 

c o e f f i c i e n t s  ( v e r t i c a l  exchange c o e f f i c i e n t s  between canopy l a y e r s )  f o r  

a i r  temperature,  vapor pressure,  and wind v e l o c i t y  a r e  assumed t o  be 

i n f i n i t e l y  l a r g e  ( S i n c l a i r ,  Murphy, and Knoerr  1916; see Sect.  1 . 1 . 3 ) .  

Hence, o n l y  r a d i a t i o n  v a r i e s  i n  i t s  d i s t r i b u t i o n  th roughou t  t h e  

canopy. F u r t h e r ,  CANOPY assumes o p t i m a l  wa te r  and n u t r i e n t  s u p p l i e r ,  

t h e  r e s u l t  b e i n g  t h a t  pho tosyn thes i s  i s  d r i v e n  o n l y  by c l i m a t e  

( i r r a d i a n c e ,  r e l a t i v e  h u m i d i t y ,  wind speed, a i r  temperdtuse, and c l o u d  

cove r ) .  
The model emphasizes t h e  s i m u l a t i o n  o f  l e a f  temperatures.  A 

complex l e a f  energy budget i s  modeled u s i n g  t h e  methods o f  Gates and 

Papian (1971) .  (See a l s o  Te r juny  and O'Rourke 1980.) Leaf n e t  

pho tosyn thes i s  f o r  each l a y e r  i s  p r e d i c t e d  a f t e r  t h e  l e a f  energy budget 

o f  each l a y e r  i s  determined.  
i s  modeled as a f o r c i n g  o f  t h e  l e a f  energy budget acco rd ing  t o  a 

pho tosyn thes i s  response ' c u r v e . '  T h i s  response ' c u r v e '  i s  d e f i n e d  by  

t h e  response o f  n e t  pho tosyn thes i s  t o  absorbed s o l a r  r a d i a t i o n  ( l a n g l e y  

min ) and l e a f  temperature [ ( " C ) ;  Ter jung,  Louie,  and O'Rourke 1976; 

Band e t  a l .  19811. The response ' c u r v e '  i s  a c t u a l l y  a s e t  o f  

temperature-response curves,  each cu rve  o f  t h e  s e t  b e i n g  des ignated by 

an i r r a d i a n c e  l e v e l .  The g e n e r a l i t y  o f  CANOPY i s  i n c o r p o r a t e d  i n t o  

these  n e t  pho tosyn thes i s  response curves.  CANOPY i n c l u d e s  t h r e e  
pho tosyn thes i s  submodels, each w i t h  i t s  own response cu rve  s e t .  The 
Model I curves a r e  used t o  p r e d i c t  n e t  pho tosyn thes i s  f o r  C4 crops 

(e.g. ,  maize, sorghum, sugar cane),  and Model 2 i s  used for C3 crops 

( i . e . ,  t h e  m a j o r i t y  o f  a g r i c u l t u r a l  crops:  wheat, r i c e ,  soybeans, 
b a r l e y ,  oa ts ,  r y e ,  po ta toes ,  e t c . ) .  The t h i r d  model rep resen ts  

Net pho tosyn thes i s  (my C02 h-') 

-1 
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shade- to le ran t  C3 species ( e . g . ,  many woody species) ;  consequent ly,  t h e  

model can e a s i l y  be a p p l i e d  t o  a v a r i e t y  o f  a g r i c u l t u r a l  crops, 
p rov ided  t h a t  t h e  assumption o f  a genera l  C3 and C4 c h a r a c t e r i z a t i o n  o f  
p h o t o s y n t h e t i c  p h y s i o l o g y  i s  accep tab le .  

The computer model t h a t  desc r ibes  CANOPY r e q u i r e s  d a i l y  va lues f o r  
t he  env i ronmenta l  d r i v i n g  v a r i a b l e s  as  i n p u t .  These i n p u t  da ta  a r e  

conver ted t o  h o u r l y  and q u a r t e r - h o u r l y  data,  and t h e  model computes t h e  

l e a f  energy budgets a t  1 5  min i n t e r v a l s .  The model performs t h e  p roper  

i n t e g r a t i o n s  and generates d a i l y  n e t  canopy p h o t o s y n t h e t i c  r a t e s  

(my C02 
can p r e d i c t  n e t  pho tosyn thes i s  ove r  an e n t i r e  growing season. The 

model does n o t  p r e d i c t  r e s p i r a t i o n  or c rop  growth.  

d i v e r s e  a g r i c u l t u r a l  reg ions  i n  C a l i f o r n i a .  Net pho tosyn thes i s  was 
modeled o v e r  a 4-month growing season. The au tho rs  concluded t h a t  
CANOPY was u s e f u l  i n  d e f i n i n g  areas o f  h i g h -  and l o w - p o t e n t i a l  
p h o t o s y n t h e t i c  a c t i v i t y ,  and t h e  model p r e d i c t e d  unique responses by 

each o f  t h e  p h o t o s y n t h e t i c  systems (Models 1, 2, and 3 )  t o  t h e  seasonal 

f o r c i n g  o f  C a l i f o r n i a ' s  d i v e r s e  c l i m a t e .  l h e r e  were no comparisons o f  
f i e l d  obse rva t i ons  and s i m u l a t i o n  r e s u l t s .  

d- ' )  . Given t h e  a p p r o p r i a t e  seasonal i n p u t  data,  CANOPY 

Band e t  a l .  (1981) have a p p l i e d  CANOPY o v e r  a range o f  c l i m a t i c a l l y  

C A N O P Y ' S  g e n e r a l i t y  i s  an i m p o r t a n t  c h a r a c t e r i s t i c ,  b u t  t h e  model 

i s  n o t  adequate t o  serve as t h e  genera l  c rop  growth model f o r  r e l a t i n g  

g l o b a l  a g r i c u l t u r e  t o  atmospher ic C02. 
problem o f  c rop land  atmosphere C02 exchange i s  h inde red  by t h e  

absence f rom t h e  model o f  any c o n s i d e r a t i o n  o f  r e s p i r a t i o n  o r  c r o p  

growth.  A d d i t i o n a l l y ,  t h e  complex l e a f  energy budget submodel may be 

more d e t a i l e d  than  i s  necessary f o r  many a p p l i c a t i o n s .  CANOPY i s  n ~ t  

t h e  genera l  c rop  model needed. However, t h e  i n t r o d u c t i o n  o f  C A N O P Y ' S  

p h o t o s y n t h e t i c  response curve s t r a t e g y  t o  a t r u e  c rop  growth model of 
t h e  t y p e  reviewed i n  Sect.  1.1 m i g h t  prove u s e f u l .  Development o f  such 

a model should be a p r i o r i t y  i n  biosphere-atmosphere C02 research.  

A p p l i c a t i o n  o f  CANOPY t o  t h e  

2.  SEASONAL R E L E A S E  OF CARBON DIOXIDE V I A  D E C Q M P O S I l I O N  

The decomposi t ion o f  s tand ing  dead, l i t t e r ,  and s o i l  o rgan ic  
m a t t e r  i n  agroecosysterns re leases  CO t o  t h e  atmosphere. T h i s  2 



39 

release can be an important component of the seasonal exchange between 
cropland and atmosphere, particulary during the nongrowing season. 
However, we know of no models that. were developed to deal explicitly 

with seasonal decomposition in agricultural systems. Parton et al. 
(1983) and Parton, Persson, and Anderson (1983) have developed a model 
(SOM) to simulate the long-term effects of cultivation on soil organic 

matter levels and crop yield. However', the temporal resolution o f  SQM 
is too coarse (one-year time steps) to deal with seasonal C02 
evolution. 

decomposition processes. The crop growth models of Sect. 1 .1  are 
limited to live plant carbon dynamics during the growing season. The 

barley carbon budget of Biscoe, Scott, and Monteith C(1975); see also 
Sect. 1.1.41 includes a soil microorganism respiration term; however, 

this flux is assumed to be constant and i s  estimated based on the mean 
difference between observed soil C02 evolution and calculated 
(modeled) root respiration. This general deficiency might be partly 

alleviated by using decomposition models developed either for general 
purposes or for use in natural ecosystem models. The dynamics of 
decomposition in agroecosystems may differ from those in natural 
ecosystems, but the processes are probably sufficiently similar SO that 
decomposition models developed for other purposes could be adapted 
(Coleman, Cole, and Elliott 1984). We will not review these 
decomposition models here. King and DeAngelis (1985) provide a brief 
review o f  compartment modeling of organic matter decomposition and 
review the treatment o f  decomposition in seasonal ecosystem-oriented 
models. General decomposition models can be found in Bunnell et al. 
( 1 9 7 7 ) ,  Smith (1979, 1982). and McGill et al. (1981). The PHOENIX 
model of McGill et al. (1981) has apparently been used t o  explore some 
of the effects of management perturbations in grassland systems 
(Coleman, Cole, and Elliott 1984). The explicit modeling of seasonal 

decomposition in an agricultural crop system would be a welcome 
contribution to understanding the ecology o f  agroecosystems, and it i s  

essential for estimating C02 fluxes. The release o f  CO via 
decomposition must be simulated in any general crop land model 
developed for use in investigations of the exchange of CO between 
t h e  atmosphere and regions dominated by agroecosystems. 

We are also unaware of any crop models which include 

2 

2 
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S E A S O N A L  CARBON DIOXIQE FLUX 

We have surveyed some o f  he r e l e v a n t  l i t e r a t u r e  o compi le  

e m p i r i c a l  da ta  on seasonal C02 f l u x e s  f rom a v a r i e t y  o f  
agroecosystems. l h e s e  f l u x e s  i n c l u d e  those i n v o l v i n g  l i v e  p l a n t s  and 

those  f rom decomposing s o i l  organ ic  m a t t e r .  The survey i s  n o t  

exhaust ive,  b u t  i t  rep resen ts  t h e  t y p e  and r e s o l u t i o n  o f  da ta  a v a i l a b l e  
and p rov ides  an i n t r o d u c t i o n  t o  t h e  l i t e r a t u r e .  The c i t e d  l i t e r a t u r e  

w i l l  o f t e n  r e f e r  t o  a d d i t i o n a l  sources o f  da ta .  Me have n o t  i n c l u d e d  
d i scuss ions  o f  r e p o r t s  o f  da ta  f rom l a b o r a t o r i e s  (e.g., Crapo and 

Bowmer 1973; S i l v i u s ,  Johnson, and Petus 1977), growth chambers ( e . g . ,  

Snyder and Car l son  1978), o r  greenhouses (e.g., Mauney, F ry ,  and Guinn 

1978).  These types o f  d a t a  s e t s  may prove u s e f u l  i n  t h e  developnient o f  
seasonal C02 f l u x  models f o r  a g r i c u l t u r a l  reg ions ,  b u t  we decided t o  
r e s t r i c t  t h i s  i n i t i a l  survey t o  f i e l d  r i t u a t i o n s .  We a l s o  have n o t  

i n c l u d e d  f i e l d  d a t a  f o r  i s o l a t e d  p l a n t  p a r t s ,  such as i n f l o r e s c e n c e s  

(e.g., l i e s z e n  and Imbramba 1978) o r  f r u i t i n g  bodies.  

I n  t h e  synopses which f o l l o w  we g i v e  t h e  geographic s i t e  o f  t h e  
d a t a  source ( g e n e r a l l y  t h e  neares t  c i t y ) ;  t h e  l i t e r a t u r e  c i t a t i o n ;  and, 

b r i e f l y ,  t h e  t y p e  o f  d a t a  (e.gl., pho tosyn thes i s ,  growth r a t e ,  o r  C02 

c o n c e n t r a t i o n ) .  The a c t u a l  da ta  a r e  n o t  presented here,  a l t h o u g h  t h e  

approximate h ighs  and lows o f  t h e  seasonal f l u x e s  a r e  u s u a l l y  noted.  

Other  data,  such as seasonal temperature and s o l a r  r a d i a t i o n ,  a r e  

mentioned i f  a v a i l a b l e .  Unless o the rw ise  i n d i c a t e d ,  t h e  u n i t - a r e a  

terms appear ing i n  t h e  f l u x  d a t a  r e f e r  t o  ground area.  Leaf area i s  
i n d i c a t e d  by " L A . "  We have r e t a i n e d  t h e  o r i g i n a l  u n i t s  used by t h e  

v a r i o u s  da ta  sources, i n  p a r t  t o  i l l u s t r a t e  t h e  v a r i e t y  o f  p e r s p e c t i v e s  

and spa t io - tempora l  r e s o l u t i o n s  i n v o l v e d .  To f a c i l i t a t e  comparisons o f  
t h e  data,  Table 3.1 p rov ides  a l i s t  o f  convers ion  f a c t o r s  needed t o  
c o n v e r t  many o f  t h e  da ta  i n  t h e  synopses t o  a common b a s i s .  However, 

convers ions f rom f l u x  p e r  u n i t  l e a f  area t o  f l u x  pes u n i t  ground area 
a r e  n o t  p o s s i b l e  w i t h o u t  i n f o r m a t i o n  on l e a f  area ( e . g ,  l e a f  area 
i ndex )  , 
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Tab le  3 . 1 .  Factors  f o r  c o n v e r t i n g  the u n i t s  inc luded  i n  the 
synopses o f  Sect .  3 .0  t o  a common b a s i s  

Ph y toma s 5 

1 g d r y  m a t t e r  me2 = 10 kg dry m a t t e r  ha-’ 
1 g d r y  m a t t e r  
I g organic  d r y  m a t t e r  = 0 . 4 5  g C = 1 .5  g C02 
1 g C02 = 0.65 g organ ic  d r y  m a t t e r  = 0.30 g C 

= 0.01 t d r y  m a t t e r  ha-’ 

Gas exchange 
-2 -1 -2 -1 1 pmol C02 m s = 0.044 mg C02 m s 

1 mg C02 s-l = 22 .7  pmol C02 m s 

1 mg C02 dm-2 h-’ = 0.028 mg C02 m 
1 mg C02 dm-2 hA1 = 0.63 sun01 CO m 
1 g C02 m 

-2 -1 

-2 s-l 
-2 -1 s 

-2 h-l - 21 - 0.278 mg m-* s 

C02 concent ra t ion  

I VL C O ~  L-’ = I ppm 
1 mg C02 L-l = 508.8 VL L-’ 
1 %  C02 by volume = 10,000 ILL L-’ 
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3.1 Wheat F i e l d  

Authors : 

S i t e :  

Type o f  da ta :  

Seasonal h igh :  

Seasonal low: 

Other  da ta  : 

Authors. 

S i  t e  : 

l y p e  o f  

Seasona 

da ta  : 

h igh :  

Seasonal low: 
Other  da ta  : 

Authors: 

S i t e :  

Type o f  da ta :  

Seasonal h igh :  

Connor and Car t ledge (1971) 
A r c h e r f i e l d ,  Queensland, A u s t r a l i a  

Pe r iod i c  ~ ~ a s u r e ~ e ~ t ~  o f  d a i l y  photosynthes is  

f o r  two v a r i e t i e s  o f  wheat (July-November 1969) 
-2 -1 Olympic 24 October - 341.5 mg C02 dm d 

C h i l e  18 - -  21 October - 374.7 my C02 dm-2 d-' 
Olympic 

C h i l e  I S  --- 4 August - 6 5 , 4  mg C02 drn 

Seasonal l e a f  area index  and s o l a r  r a d i a t i o n  

-2 d-l -- 12 September - 39.2 my CQ2 dm 
-2 d- l  

F ischer  e t  al. (1981) 

Ciudad Obregon, M e x i c o  
Weekly measurements o f  l e a f  photosynthes is  f rom 

20 January t o  30 A p r i l  1975 

l a t e  February - - 21 mg C02 din 

l a t e  A p r i l  -- 7 rng C02 dm-2 LA h - l  
Seasonal l e a f  conductance, l e a f  p e r m e a b i l i t y ,  

green area index,  and t o t a l  d r y  we igh t  

-2 LA h"' 

Gent and Kiyomoto (1985) 

M t .  Carmel, Connect icu t  

Seasonal v a r i a t i o n  o f  canopy n e t  carbon d i o x i d e  

exchange ( N C E ) ,  d a i l y  i n t e g r a t e d  NCE (ONCE), 

dark  r e s p i r a t i o n  (Rd), and d r y  we igh t  o f  shoots 

and heads f rom 20 March t o  30 June 1983 f o r  two 
wheat v a r i e t i e s  (Honor and Houser) 

1982 
- 2  -1 NCE - -  inid-June - 1.97 mg C02 m LA s 

Rd 
1983 

-1 
- - mid--June - 0.617 mg C02 kg -' s 

-2 -1 LA s NC€ - -  l a t e  Way - 1 . 8  rng C02 m 
ONCE - -  mid-Way - 51 g C02 m 
Rd - -  mid-June - -0.28 nng C02 rn-2 s 

-2 d-l 
1 
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Note: 

Seasonal low: 1982 

NCE -- mid-August - 0.90 mg C O ~  m-2 LA s-’ 
8d --- mid-August - 0.114 mg C02 kg s 

WE -- late June - Q mg C O ~  m-2 LA s-’ 
ONCE -- late June - 0 mg C02 m-2 d-’ 

Rd 

-1 -1 

1983 

-- late June - 0 rng C02 m -2 s -1 

Values above are for the Honor variety; there was 

little difference between varieties in seasonal 
highs and lows. Dark respiration values were 
reported on a per unit weight basis  for 1982 
and a per unit area basis for 7983. 

Authors : Havelka, Wittenbach, and Boyle (1984) 

S i t e  : Newark, Delaware 
Type o f  data:  Weekly measurements of flay leaf apparent 

photosynthesis under control CQ2 concentration 
(340 vL/L) and at high CQ2 levels (1200 vL/L) for 
a 8 week period surrounding anthesis ( 1 7  May) 

Seasonal high: Control CO, 

Seasonal low: 

Other data: 

Authors : 
Site: 
Type o f  data: 

L 

1 week before anthesis - 19 pmol C02 m-* LA s-’ 

1 week after anthesis - 27 vmol GO2 m-* LA s-’ 

5 weeks after anthesis - 0 mol C02 m-* LA s-’ 

-1 5 weeks after anthesis -- 1 umol C02 m-2 LA s 

High C02 

Control C02 

High C02 

Changes in specific leaf weight, chlorophyll, 

Johnson, Witters, and Ciha (1981)  
Li nd , Was t i  i ngton 
Periodic measurements of apparent photosynthesis 
for approximately 30 d before and after 
anthesis (approx. 30 May 1977) 
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Seasonal h igh :  

Seasonal low: 

Other  da ta :  

Authors : 

S i t e :  

Type o f  da ta :  

Seasona 1 h i g h  : 

Note : 

Authors:  
S i t e  : 

Type o f  da ta :  

Morn 

19 d 
A f  t e  

ng s 
be fo re  an thes i s  - 5 g GO2 m-* h - l  

noons 
-2 -1 h 5 d a f t e r  an thes i s  - 4 g C02 rn 

Mornings 

22 d a f t e r  an thes i s  -- 0.5 
Af ternoons 

21 d a f t e r  an thes i s  - 0.0 
Time course o f  l e a f - a r e a  

and e v a p o t r a n s p i r a t i o n  

McCraig and C lark  (1982) 

-2 -1 g co2 m h 

-2 -1 g C02 m h 

ndex ( L A I ) ,  t i l l e r  dens 

S w i f t  Current ,  Saskatchewan, Canada 

Weekly measurements o f  s tand ing  c rop  o f  p l a n t  

t i s s u e s  f o r  a 65 d p e r i o d  beg inn ing  25 d 
a f t e r  p l a n t i n g  on 5 May 1978 and 14 May 1979 

197% 

S t e m  

73-80 d a f t e r  seeding - 4200 t o  4600 kg ha 
Green l e a f  

59 days a f t e r  seeding - 1500 t o  2000 kg ha 

1919 

Stem 

73-80 d a f t e r  seeding - 2600 t o  3500 kg ha 

Green l e a f  

51 d a f t e r  seeding - 1100 t o  1950 kg ha 

Seasonal va lues v a r i e d  w i t h  v a r i e t y  o f  wheat 

-1  

-1 

-1 

-1 

Morgan and W i l l i s  (1983) 

F o r t  C o l l i n s ,  Colorado 

D iu rna l  p a t t e r n s  o f  apparent  canopy 
photosynthes is  over  growing season by i r r i g a t i o n  

t rea tine n t 
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Seasonal h igh:  Weekly i r r i g a t i o n  
-2 h-l 18 June - 8 g C02 m 

.18 June - 5.5 g C02 m 

6 J u l y  - 2.0 g COP m 

Biweekly i r r i g a t i o n  
-2 -1 h 

Seasonal low: Weekly i r r i g a t i o n  
-2 h-l 

Biweekly i r r i g a t i o n  
-2 h-l 9 J u l y  - 0.5 g C02 m 

Note: Values g i ven  a r e  maximum values recorded on 

Other da ta :  Seasonal d i u r n a l  p a t t e r n s  f o r  s o l a r  r a d i a t i o n ,  

i n d i c a t e d  dates 

canopy temperature,  evapo t ransp i ra t i on ,  f l a g  

l e a f  water  p o t e n t i a l ,  and s tomata l  r e s i s t a n c e  

Author:  Osman (1971) 

S i t e :  Su t ton  Bonington, Loughborough, England 

Type o f  data:  Weekly measurements o f  gross photosynthes is  (Pg) 
and dark r e s p i r a t i o n  (Rd) over  two growing 

seasons (1966, p l a n t e d  10 March 1966; and 1967: 
p l a n t e d  31 October 1966) 

Seasonal h i g h :  1966 

Pg -I- 9-10th week - 224 g CH20 m-* week-’ 

Rd -- 12-15th week - 88 g CH20 m-* week-’ 

Pg -- 18-19th week - 2 7 7  g CH,O m-2 week-’ 

1967 

Rd - -  17-18th week - 183 g CH;O m-2 week-’ 

Pg -- 17-18th week - 32 g CH20 m-2 week-’ 

Rd -- 17-18th week - 16 g CH20 m-* week-l 

Pg -- 21 -22nd week - 156 g C H 2 0  mV2 week-’ 
Rd -- 21-22nd week - 83 g CH20 m-2 week-’ 

Seasonal low: 1966 

1967 

Other data:  Measurements o f  photosynthes is  and r e s p i r a t i o n  
-2 LA h - l  basis; l e a f  r e s i s t a n c e  on a mm C02 cm 

pa ramet e r i z a t  i on 



Authors : Pearman and G a r r a t t  (1973) 

S i t e :  Rutherg len,  V i c t o r i a ,  A u s t r a l i a  

Type o f  data:  D iu rna l  p a t t e r n s  o f  C02 g r a d i e n t  ( C Q 2  a t  

2 m - C02 a t  1 m) f o r  J u l y ,  September, 
and November 1971 

Seasonal h igh :  Noon -- September - t2 ppm C02 

Seasonal low: Noon -- June - +0.5 ppm C0 
M idn igh t  -- J u l y  - ( -4 )  pprn C02 

2 
M idn igh t  -- September - ( -13) ppm CO 2 

3.2 R ice  Paddy 

Authors : Kamiyama and H a r i e  (1975) 

S i t e s  : Sendai and Konosu, Japan 

Type o f  data:  Weekly measurements o f  n e t  a s s i m i l a t i o n  r a t e  

(NAR)  and r e l a t i v e  growth r a t e  ( R G R )  ove r  growing 

season (June-November) f o r  1967-1970 

Seasonal h igh :  Sendai 
NAR -- e a r l y  June 1967 

RGR - -  l a t e  J u l y  1967 - 25% d-’ 

NAR -- l a t e  August 1961 

0.26 g dw dm-2 LA d-’ 

Konosu 

0.2 g dw dm-2 LA d-’ 

RGR e a r l y  August 1970 - 25% d-’ 

Seasonal low: Sendai 

NAR - - November 1968 

0.02 y dw dm-2 LA d - l  

Note : 

RGR - -  November 1968 - 1% d-’ 
Konosu 

NAR - -  l a t e  September 1970 

b.05 g dw dm-2 LA d-’  

- e a r l y  October 1967 - 5% d - l  
Values presented here  a r e  abso lu te  h ighs  and 
lows; seasondl va lues v a r i e d  f rom year  t o  year  

RGR 
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Other  da ta  : Seasonal temperature over growing season; 
seasonal t r e n d s  o f  NAR (60-d moving average 

a t  seve ra l  s i t e s ;  c o r r e l a t i o n s  between 
NAR and s o l a r  r a d i a t i o n  

Author :  Kanda (1975) 

S i t e :  A k i t a ,  Japan 
l y p e  of  da ta :  l i m e  course of  n e t  a s s i m i l a t i o n  r a t e  (NAR),  

c rop  growth r a t e  ( C G R ) ,  and l e a f  area index 
over  13 week growth p e r i o d  (average f a r  5 years)  

Seasonal h i g h :  NAR -- 6 weeks b e f o r e  heading 

9 g dw dm-2 LA d - l  

-2 -7 1 5 g m  d 

2.5 g dw dm-2 LA d-’ 
CGR - -  7 weeks b e f o r e  heading 

4 g m  d 

CGR - -  1 .5  weeks b e f o r e  heading 

Seasonal low: NAR - -  4.5 weeks a f t e r  heading 

-2 -1 

Authors : L a f i t t e  and T r a v i s  (1984) 

S i t e :  Davis,  C a l i f o r n i a  

Type o f  da ta :  ‘Weekly’ measurements o f  photosynthes is  f o r  s i x  
r i c e  genotypes f o r  a p e r i o d  f rom 9 t o  21 weeks 

a f t e r  p l a n t i n g  on 5 May 1981 

21 weeks - 0.1-0.14 mg C02 rne2 LA s’-l 

Time course o f  sugar and s t a r c h ;  CQz uptake pe r  
u n i t  l e a f  we igh t  and u n i t  l e a f  p r o t e i n  a t  two  

weeks be fo re  and a f t e r  heading 

-1 Seasonal h i g h :  13 weeks - 0.54-0.75 mg COP m-2 LA s 
Seasonal low: 
N o t e :  Seasonal va lues v a r i e d  w i t h  v a r i e t y  o f  r i c e  

Other  da ta  : 
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Author:  

S i t e s  : A k i t a ,  Konosu, and Chikuyo, Japan 
Type o f  da ta :  Seasonal course o f  s tand ing  c r o p  ( S C ) ,  c r o p  

growth r a t e  ( C G R ) ,  and l e a f  area index o v e r  
growing season (May-October) 

-2 -1 
Seasonal h igh :  A k i t a  

CGR - J u l y  - 25 g m d 
SC 

Konosu 
- September - 1250 g rn-2 

-2 -1 

- 2  
CGR - -  August - 19 g m d 

SC -- October - 1400 g m 
Chi kugo 

"2 -1 CGR -- Ju ly-August  - 22 g m d 
S C  -- September-October - 1600 g m -2 

Other  da ta :  Seasonal temperature and s o l a r  r a d i a t i o n  

3.3 Corn F i e l d  

Author  : A l l e n  (1971) 

S i t e :  I t h a c a ,  New York 

l y p e  o f  data:  Seasonal course o f  dayt ime average, n i g h t t i m e  

minimum, and n i g h t t i m e  maximum CO c o n c e n t r a t i o n  
(July-December 1952 and January-June 1964) 

Daytime average - -  l a t e  w i n t e r  - 339 ppm C02 

2 
Noc tu rna l  C02 c o n c e n t r a t i o n  as a f u n c t i o n  o f  a 
tempera t u  r e  - w i  nd speed pa ramet et- 

2 

Seasonal h i g h :  
Seasonal low: Uaytime average . -  l a t e  summer - 291 ppm CO 
Other  da ta  : 

Author:  Duncan e t  a l .  (1967) 

S i t e :  Davi s, Cal i f o r n i a  
Type o f  da ta :  B iweekly  measurements o f  d r y  m a t t e r  p r o d u c t i o n  

f rom 30 d a f t e r  p l a n t i n g  t o  m a t u r i t y ,  a t  t h r e e  
d e n s i t i e s  
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-2 d-l Seasonal h igh :  7,000 p l a n t s i a c r e  -- 10 August -- 31 g m 

Seasonal low: 

Authors : 

S i t e :  

Type o f  da ta :  

20,000 p l a n t s / a c r e  -- 31 J u l y  - 32 y m -2 d -1 

56,000 p l a n t s / a c r e  - -  18 J u l y  - 39 g m -2 d -1 

-2 d-l 7,000 p l a n t s / a c r e  5 J u l y  - 5 g m 

20,000 p l a n t s / a c r e  -- 5 J u l y  - 14 g m d 

56,000 p l a n t s / a c s e  

-2 -1 

25 August - 20 g mu* d - l  

Kamiyama and H o r i e  (1975) 

Morioka, Japan 

Weekly measurements o f  n e t  a s s i m i l a t i o n  r a t e  

(NAR) and r e l a t i v e  growth r a t e  ( R G R )  o v e r  growing 
seasons f o r  1967 t o  1970 

Seasonal h igh :  NAR mid-Ju ly  1967 - 0.23 g dw LA d-’ 

Seasonal low: 

Note: 

Other  da ta  : 

Author:  

S i t e :  

l y p e  o f  da ta :  

RGR - -  l a t e  August 1970 - 28% d - ‘  

NAR -- e a r l y  October 1968 - 0.03 g dw dmT2 LA d - l  
RGR -- e a r l y  October 1968 - 4% d-’ 
Values repo r ted  here  a r e  a b s o l u t e  h ighs  and lows; 

seasonal va lues v a r i e d  f rom year  t o  year  

Seasonal temperature over  growing season 

Kanada ( 1  975) 

Sapporo, Japan 
T i m e  course o f  n e t  a s s i m i l a t i o n  r a t e  (NAR), 

c rop  growth r a t e  ( C G R ) ,  and l e a f  area index over  

12-week growth p e r i o d  (average f o r  5 years)  

Seasonal h i g h :  NAR - -  4.5 weeks be fo re  s i l k i n g  

9 g dw dm-‘ LA d - l  

-2 -1 
CGR -- 1.5 weeks b e f o r e  s i l k i n g  

2 0 q m  d 

4 g dw dmd2 LA d-’ 

5 g m  d 

Seasonal low: NAR -- 4.5 weeks a f t e r  silking 

CGR - -  4.5 weeks a f t e r  s i l k i n g  
-2 -1 
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Aut h o r  : 

S i t e :  East  Lansing, Mich igan 
Type of  data:  

Snyder ( 1974) 

Net a s s i m i l a t i o n  r a t e  (NAR) and r e l a t i v e  growth 
r a t e  ( R G R )  f o r  113 d a f t e r  emergence ( p l a n t e d  

on 18 May) 
Seasonal h i g h :  NAB - -  0-15 d - 5.25 mg dw 

Seasonal low: NAR - -  71-92 d - 0.78 mg dw 

Other  da ta  : Seasonal r a d i a t i o n ,  d a y l i g h t  hours,  and 

LA d - l  
RGR -- 0-15 d - 19.5% 

LA d-’ 
RGR -- 71-92 d - 1.4% 

temperature;  seasonal l e a f  area, t o t a l  and r o o t  

biomass on a l e a f  area and p e r  p l a n t  b a s i s  

Author  : Uch i j ima  (1970) 

S i t e :  Tokyo, Japan 
Type o f  data:  Ten-day i n t e r v a l  measurements o f  n e t  C02 f i x a t i o n  

(Pn),  downward f l u x  (Ph), and s o i l  f l u x  ( P s )  
d u r i n g  t h e  growing season o f  1966 

-2 -1 Seasonal h igh :  Pn -- 20 August - -8.90 mg CO, cm d 
L -2 d-l  Ph -- 20 August - -7.07 ITKJ CO, ~m 

- L  Ps -- 20 August - 1.83 mg C02 cm -2 d-l 

Seasonal low: Pn -- 26 J u l y  - - 4 . 9 8  mg CO, cm -2 d-1 
P h  -- 26 J u l y  - -4.13 mg CO: d - l  

I Ps -- 9 August - 0.82 mg C02 cm -2 d-l 

Note : 

Other  data:  
U a i l y  va lues a r e  f o r  d a y l i g h t  hours o n l y  

D i u r n a l  p a t t e r n  o f  C02 c o n c e n t r a t i o n  above and 

w i t h i n  co rn  canopy f o r  1966 growing season 

( d i u r n a l  extremes o f  245 ppm C02 a t  midday and 

350 ppm C02 a t  1900 h on 8 August) ;  
‘ seasona l ’  short-wave r a d i a t i o n  above c r o p  
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Author:  U c h i j i m a  (1975) 
S i t e s  : Sapporo, Mor ioka,  and Tanashi, Japan 

Type o f  da ta :  Seasonal course a f  c rop  growth r a t e  ( C G R ) ,  
s tand ing  c rop  (SC), and l e a f  area index over  

growing season (June-September) 

CGR -- August - 21 g m 
SC 

Morioka 

Seasonal h igh :  Sapporo 
-2 d-l 

-- October - 1700 g m-2 

CGR August - 31 g m d 

SC 
Tanashi 

-2 -1 

-- September - 7200 g me2 

-2 -1 CGR ..- Ju ly-August  - 35 g in d 
SC --- August - 1400 g m-* 

Authors : V i e t o r ,  Ariyanayagam, and Musgrave (1974) 

S i t e  : E l l i s  Hollow, New York 

Type o f  da ta :  Apparent p h o t o s y n t h e t i c  r a t e s  measured a t  
va r ious  developmental  stages a f t e r  

emergence ( i n  May) f o r  a v a r i e t y  o f  l e a f  

p o s i t i o n s  and s t r a i n s  

117 d a f t e r  emergence - 33.7 mg C02 dm-* LA h-’ 
Seasonal h i g h :  7 7  d a f t e r  emergence - 65.5 mg C02 dm-* LA h-’ 

Seasonal low: 
Note : Values repo r ted  here  a r e  p l a n t  means 

Other  da ta  : Canopy p h o t o s y n t h e t i c  r a t e  as a f u n c t i o n  o f  

i r r a d i a n c e ,  p l a n t  age, and s t r a i n  

Authors : De W i t ,  Brouwer, and Penning de V r i e s  (1910), 

and de W i t  e t  a l .  (1978) 

S i t e s  : Ames, Iowa; Davis ,  C a l i f o r n i a ;  F levo land and 

Wageningen, The Nether lands 
?ype o f  da ta :  Standing c rop  o f  co rn  shoots  o v e r  growing 

season (May-October) 
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Seasonal h igh :  Dav is  
-1 20 October - 12,752-20,619 kg shoot  ha 

13 September - 13,258-22,813 kg shoot  ha-’ 

11-13 September - 12,012-17,095 kg shoot ha 

21 September - 20,910-21,630 kg shoot ha-’ 

Ame s 

F 1 evo l  and 
-1 

Wageningen 

Note : Standing c rop  v a r i e d  w i t h  p l a n t i n g  d e n s i t y  a t  

Hmes and Davis,  w i t h  year  a t  F levoland,  and w i t h  

v a r i e t y  a t  Wageningen 

env i ronmenta l  e f f e c t s  on gas exchange 

Other  da ta :  Seasonal l e a f  area index (de W i t  e t  a l .  1918);  

3.4 B a r l e y  F i e l d  

Authors : Biscoe, S c o t t ,  and M o n t e i t h  (1975) 

S i t e :  Nott ingham, England 
Type of da ta :  Weekly measurements o f  C02 uptake, 

n e t  CO f i x a t i o n ,  gross pho tosyn thes i s ,  dark 
r e s p i r a t i o n ,  and l i g h t  r e s p i r a t i o n  ( 1 0  May t o  

26 J u l y  1972); weekly measurements o f  t o t a l  c r o p  

r e s p i r a t i o n ,  f i x e d  carbon, and s tand ing  c rop  

(10 May t o  26 J u l y  1972); weekly measurements o f  
s tdnd ing  c r o p  by t i s s u e  t y p e  ( 2 4  A p r i l  t o  
26 J u l y ) ;  weekly measurements o f  r o o t  we igh t  and 

r o o t  r e s p i r a t i o n ;  weekly measurements o f  CO 

r e l e a s e  f r o m  t h e  s o i l  (17 May t o  19 J u l y  1972), and 
s o i l  microorganism r e s p i r a t i o n  ( 1 0  May t o  
26 J u l y  1972) 

Seasonal h i g h :  Standing c r o p  

2 

2 

-2 J u l y  - 1605 g C m 

31 Hay t o  7 June - 202 g C02 m.-2 week-’ 

12-19 J u l y  - 200 g C02 rn-2 week-’ 

Met pho tosyn thes i s  

T o t a l  r e s p i r a t i o n  
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Seasonal low: Stand ing  c rop  
10-17 May .- 341 g C m-2 

19-26 J u l y  - 26 y C02 m-2 week-’ 

24-31 May - 100 y C02 m-’ week-’ 

Net pho tosyn thes i s  

T o t a l  R e s p i r a t i o n  

Weekly s o l a r  r a d i a t i o n  and tempera ture  

h o u r l y  r a t e s  o f  n e t  C02 f i x a t i o n  

(14-21 June 1972); CO f i x a t i o n  as a f u n c t i o n  o f  

s o l a r  rad  i a t  i on 

Other  da ta  : 

2 

Authors : Biscoe, Ga l lagher ,  e t  a l .  (1975b) 

S i t e :  Nott ingham, England 
Type o f  da ta :  Two-day i n t e r v a l  measurements o f  green area 

index (20 June t o  
20 J u l y ) ,  d r y  we igh t  (21 June 

t o  2 August), and d i u r n a l  v a r i a t i o n  i n  photosynthes is ,  

by p l a n t  p a r t  (30 June and 14 J u l y ) .  

Authors : Fuka i ,  Koh, and Kumura (1976) 

S i t e :  Tokyo, Japan 

Sype o f  da ta :  Seasonal n e t  pho tosyn thes i s  (Pn), da rk  
r e s p i r a t i o n  (Rd) d u r i n g  the n i g h t ,  s tand ing  c rop  

(SC), and c r o p  growth r a t e  (December-Way 1968-69, 
1969 -70) 

-2 -1 
Seasonal h i g h :  Pn - -  4 May 1970 - 35 .5  g dw m d 

-2 -1 Rd --  23 A p r i l  1970 .- 5.97 g dw m d 

SC 10 June 1970 - 1100 g m -2 
-2 -1 Seasonal low: Pn -- 5 December 1969 - 0.75 g dw m d 

Rd -- 9 February 1969 - 0.18 y dw m -2 d -1 

-2 SC - -  November - 0.0 g m 
Other  da ta  : Seasonal l e a f  area index .  organ we igh t  as a percentage 

o f  t o t a l  d r y  we igh t ,  s o l a r  r a d i a t i o n ,  
temperature;  seasonal changes i n  t h e  r e l a t i o n s h i p  

between n e t  pho tosyn thes i s  and s o l a r  energy 
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Authors : Monte i th ,  Szeic ,  and Yabuki (1964) 

S i t e :  Harpenden, H e r t f o r d s h i r e ,  England 
Type o f  data:  Meekly measurements o f  d r y  we lgh t  a s s i m i l a t i o n  

(June-July  1963); 15-d i n t e r v a l  measurements o f  

average C02 f l u x  f rom cropped and f a l l o w  s o i l  

(June -August 1963) 
Seasonal h igh :  A s s i m i l a t i o n  

-2 -1 d mid-June - 34 g C02 m 

Cropped -- e a r l y  J u l y  - 10.5 g C02 m 
Fa l l ow  

S o i l  f l u x  
-2 -1 d 

-- l a t e  J u l y  - 9.5 g C02 m-2 d - l  
Seasonal low: A s s i m j l a t i o n  

-2 -1 d E a r l y  June - 7 g C02 m 
S o i l  f l u x  

Other  data:  

--2 
Cropped l a t e  August - 4.5 g C02 m d 

Fa l l ow  
S o i l  C02 f l u x  r e l a t e d  t o  s o i l  temperature and 

s o i l  mo is tu re  

.- l a t e  August - 5.5 g C02 ~I-I-~ d-’ 

3.5 Soybean F i e l d  

Authors : Boon-Long, E g l i ,  and Legget t  (1983) 

S i t e :  Lex ington,  Kentucky 

Type o f  da ta :  Pe r iod i c  measurements o f  photosynthes is  o f  l a s t  
f u l l y  expanded leaves over  a 55 d r e p r o d u c t i v e  

p e r i o d  a f t e r  p l a n t i n g  on 31 May 1978 and 30 May 
1979 

Seasonal h igh :  1978 

7 5  d a f t e r  p l a n t i n g  - 25 mg C Q 2  dmP2 LA h-’ 

88 d a f t e r  p l a n t i n g  - 48-50 mg C02 dm-* LA h-’ 
1979 
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Seasonal low: 1978 

111 d after planting - 0-7 mg C02 dm-* LA h-l 
1979 

103-109 d after planting - 0 mg C02 

between C02 uptake and soluble protein 

LA h-l 
Other data: Seasonal leaf nitrogen and protein; re?ationship 

Authors : Curry, Baker, and Streeter (1975)  

Site: Wooster, Ohio 
lype of  data: Periodic measurements of standing crop over a 

117 d period following emergence in June 1972 
Seasonal high: 100-117 d - 900 g m-2 

Authors : Ford, Shibles, and Green (1983)  
Site: Ames, Iowa 
Type of  data: Biweekly measurements of  standing crop from 

31 July to 9 September for 1979 and 1980 
Seasonal high:  1979 - 0.89-0.91 kg m-* 

1980 . -  1.09-1 .19  kg m-2 
Note: Values varied w i t h  varieties differing i n  the 

rate o f  photosynthesis 

Authors : Havelka et al. (1984) and Ackerson, Havelka, and 

Site: Newark, Delaware 
Type o f  data: Periodic measurements o f  photosynthesis a t  

Boyle (1984) 

control (321 u L  C02 L-’) and enriched 
(1232 uL C02 L - I )  C02 levels over an 804 period, 
beginning 40 d after planting in mid -June 1982 

Seasonal high: Control C02 
-1 60 d after planting - 1 mg C02 m-2 LA s 

62 d after planting - 1.4 mg C02 md2 LA s 

High C02 
-1 



Seasonal low: C o n t r o l  CO, 
L 

115 d a f t e r  p l a n t i n g  - 0.2 mg C02 m-2 LA s-’ 
H igh @a, 

L 

115 d a f t e r  p l a n t i n g  -- 0.25 mg C02 mm2 LA s-’ 
Other  data:  Seasonal t r e n d s  i n  l e a f  conductance, c h l o r o p h y l l ,  

p r o t e i n ,  protease,  a b s c i s i c  a c i d ,  carbohydra les,  

and d r y  we igh t  

Authors:  Ingram e t  a l .  (1981) 

S i t e :  Quincy,  F l o r i d a  
Type of d a t a :  Weekly measurements o f  n e t  pho tosyn thes i s  ( P n ) ,  

dark r e s p i r a t i o n  (Rd), and s o i l  C02 e f f l u x  (SCER)  f a r  
kugus t -0c t o b e r  1979. 

Seasonal h i g h :  Pn -- e a r l y  September .- 60 rng C02 din -2 h -1 

e a r l y  September - 11 rng CO, dm -2 h-l Rd 

Other  data:  

SCER -- l a t e  August .- 8 mg C02 dm -2 h- l  

- -  l a t e  October - 5 mg C02 dm -2 h -1 

mid-October - 2 rng C02 dm -2 h- l  

Seasonal low: Pn 

Rd .- l a t e  October - 2 my C02 h - I  

SCER 
E f f e c t s  o f  p r o t e c t i o n  f rom d e f o l i a t i n g  i n s e c t s ;  

seasonal l e a f  area index, l e a f  weight ,  s p e c i f i c  

l e a f  we igh t ,  and midday l i g h t  i n t e r c e p t i o n ;  

canopy pho tosyn thes i s  l i g h t  response curves o v e r  

t i m e  

Authors : 

S i t e :  Kumamoto, Japan 
Type o f  data:  

Kaniiyama and H o r i e  (1975) 

Meekly es t ima tes  o f  n e t  a s s i m i l a t i o n  r a t e  ( N A R )  

and r e l a t i v e  growth r a t e  (RGR) over growing 
seasons (May-October) o f  1967 t o  1970 

Seasonal h i g h :  NAR -- l a t e  May and e a r l y  August 1967 

0.18 g dw drn--’ LA d - ’  

RGR --  mid--August 1969 - 22% d - ’  
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Seasonal low: MAR --- l a t e  June 1990 - 0.04 g dw drn”2 LA d-’ 
RGR -- l a t e  October 1967 - 8% d- l  

Note : Values repo r ted  here  a r e  a b s o l u t e  h ighs  and lows; 
seasonal va lues v a r i e d  f rom y e a r  t o  y e a r  

Other  da ta :  Seasonal temperature over  growing season 

Author :  Kanada (1975) 

S i t e :  Tanashi, Japan 
Type o f  da ta :  Time course o f  n e t  a s s i m i l a t i o n  r a t e  (NAR),  

c rop  growth r a t e  ( C G R ) ,  and l e a f  area index over  

12 week growth p e r i o d  (average f o r  5 years)  
Seasonal h igh :  NAR 

1.5 weeks b e f o r e  top-most l e a f  expansion 

6 y dw dm-2 LA 
CGR 

1.5 weeks a f t e r  top-most l e a f  expansion 
-2 -1 

1 0 g m  d 

Seasonal low: NAR 
4.5 weeks a f t e r  top-most l e a f  expansion 

1 g dw drn-2 LA d-’ 

C GR 
4.5  weeks be fo re  top-most l e a f  expansion 

-2 -1 
2 g m  d 

Authors : Secor, Sh ib les ,  and Stewar t  (1983) 

S i t e :  Ames, Iowa 

Type o f  da ta :  P e r i o d i c  measurements o f  apparent  
photosynthes is  (AP)  and dark r e s p i r a t i o n  

(Hd) f o r  l e a f l e t s  a t  nodes 12 and 1 5  

o v e r  a 50 d p e r i o d  a f t e r  p l a n t i n g  on 

25 May 1979 



Seasonal h i g h :  Node 12 

AP -- 87 d a f t e r  p l a n t i n g  
-2 -1 LA s 1.9 Vmol C02 cm 

Rd - -  85 d a f t e r  p l a n t i n g  
-1 0.26 ymol C02 cmF2 LA s 

Node 15 

AP - -  84 d a f t e r  p l a n t i n g  
-2 -1 LA s 2.6 pmol C02 con 

0.36 ymol C02 cm-2 LA s 
Rd 84 d a f t e r  p l a n t i n g  

-1 

Seasonal low: Node 12 

A P  -- 109 d a f t e r  p l a n t i n g  

0.2 umol C02 cm 
Rd - -  107 d a f t e r  p l a n t i n g  

0.1 pmol C02 cm 

A P  - -  107 d a f t e r  p l a n t i n g  

Rd -- 106 d a f t e r  planting 

Other  da ta :  Seasonal changes i n  l e a f l e t  area, s p e c i f i c  l e a f  

' -2 -1 LA s 

-2 -- 1 LA s 
Node 15 

0.4 vmol C02 cm-2 LA s-' 

0.18 pmol cop cm-* LA s -1 

weight ,  pod d r y  weight ,  d i f f u s i v e  r e s i s t a n c e ,  

c h l o r o p h y l l ,  p r o t e i n ,  and RuBPCase 

Authors:  Seddigh and J o l l i f f  (1984) 

S i t e :  C o r v a l l i s ,  Oregon 

Type o f  data:  D i u r n a l  p a t t e r n s  of C O  exchange on t h r e e  sampl ing 2 
dates d u r i n g  t h e  summers o f  1981 and 1982 and 

t h e  e f f e c t  o f  n i g h t  temperature on those  p a t t e r n s  
( c o n t r o l s  a r e  r e p o r t e d  he re )  

-1 

1982 -- 29 J u l y  - 21.7 pmol C02 LA 5 - l  

1981 --- 27  August - 11.9 Vrnol C02 m-2 LA s 
1982 -- 27 August - 9.4 ymol C02 m-2 LA s 

Seasonal h i g h :  1981 -- 30 July - 1 7 . 7  pmol C02 rn-2 LA s 

Seasonal low: -1 
-1 



Note : 

Other d 

Author : 
S i t e s  : 

t a :  

Type o f  da ta :  

Seasonal h i g h :  

Other da ta  : 

Authors : 
S i t e :  

Type o f  da ta :  

Seasona 1 h 1 g t i  : 
Seasonal low: 
Other data:  

Values a r e  means f o r  h o u r l y  values and 
rep1 i c a t i o n s  

Stomatal  conductance and t r a n s p i r a t i o n  f 
same sampling da tes  

r t he  

Uch i j ima  ('1975) 

Tokachi, Tanashi, and Kumamoto, Japan 
Seasonal course o f  s tand ing  c rop  (SC), c rop  
growth r a t e  (CGR), and l e a f  area index over  the 
growing season (May-October) 

Tokachi 
-2 -1 CGR - -  August - 1 5  g KI d 

SC 

Tanash i 
-- October - 750 g m-' 

CGR -- August - 1 7  y m d 
SC -- September - 750 g m 

CGR -- June-July - 12 g m d 
SC -- August - 800 g ma2 

-2 -7 

-2 

K umamot o 
-2 -1 

Seasonal temperature and s o l a r  r a d i a t i o n  

3 . 6  Cot ton  F i e l d  

Wittenbach e t  a l .  (1980) 

Newark, Delaware 

Weekly measurements o f  l e a f  photosynthes is  f o r  

10 weeks a f t e r  f l o w e r i n g  d u r i n g  t h e  1 s t  week i n  
August 1978 

Week 1 
Week 10 - 0 mg COP dm-2 LA h - l  
Seasonal s p e c i f i c  l e a f  we igh t ,  l e a f  s ta rch ,  l e a f  

c h l o r o p h y l l ,  l e a f  p r o t e i n ,  and l e a f  r e s i s t a n c e  

- 35 mg C02 dm-2 LA h - l  

Authors : G u t i e r r e z  e t  a l .  (1984) 

S i t e :  Londr i  na, Parana, B r a z i  1 



Type o f  data:  Measurements o f  d r y  m a t t e r  s t a n d i n g  c r o p  

f o r  c o t t o n  f o l i a g e ,  stem and r o o t ,  and f r u i t  f r o m  

November 1982 t o  March 1983 
Seasonal h igh :  F o l i a g e  

January - 7 5  g / (4  p l a n t s )  

January-February - 180 g/ (4 p l a n t s )  

March - 200 g / ( 4 p l a n t s )  
Other  da ta  : Seasondl s o l a r  r a d i a t i o n ,  temperature,  and 

Stem and r o o t  

F r u i t  

degree-days ove r  growing season 

Authors : Hesketh, Baker, and Duncan (1971) 

S i t e :  M i s s i s s i p p i  S ta te ,  M i s s i s s i p p i  
l y p e  o f  da ta :  D a i l y  measurements o f  c o t t o n  square, b o l l ,  

Seasonal h i g h :  Square -- 8 d - 13.5 my CO, g h 
and l e a f  r e s p i r a t i o n  ove r  a 50-d p e r i o d  

-1 -1 

Boll -- 5 d - 9.0 mg CO: g-’ h-’ 
L -  

Leaf -- 10 d - 1 2 - 0  my C02 g-’ h - l  

Square -- 20 d - 7 .5  mg C02 g-l  h- ’  

B o l l  - -  40 d - 1.5 my C02 g-’ h - l  
Leaf 

Seasonal low: 

-1 h-l 30 d - 2 .5  rng C02 g 
Other  data:  Leaf,  square, and b o l l  we igh t  o v e r  s tudy  p e r i o d  

Authors : I b r a h i m  and Buxton (1981) 

S i t e :  Tucson, A r i  zona 

l y p e  of  da ta :  P e r i o d i c  measurements o f  p l a n t  w e i g h t  f r o m  

42-60 d a f t e r  p l a n t i n g  on 3 May 1975 and 

14-55 d a f t e r  p l a n t i n g  on 2 May 1976 
Seasonal h i g h :  1975 -- 60 d a f t e r  p l a n t i n g  - 32 g p l a n t - ’  

1976 -- 56 d a f t e r  p l a n t i n g  - 32 y p l a n t - ’  

we igh t  
Other data:  Time course o f  l e a f  area, stem weight ,  and l e a f  
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Authors : McKinion, Hesketh, and Baket- (3934) 
S i t e :  M i s s i s s i p p i  S ta te ,  H i s s i s s i p p i  

Type o f  data:  P l a n t  we igh t  ove r  a 140 d p e r i o d  f o l l o w i n g  

eme r g  enc e 

Seasonal h igh:  140 d a f t e r  emergence - 90 g CH20 p l a n t - ’  

Authors : Pegelow e t  a l .  (1977) 

S i t e :  Tuscon, Ar izona 

l y p e  of data:  Seasonal (July-August)  measurements o f  

Seasonal h igh :  

aboveground biomass 

26 J u l y  - 1683 g rn-2 

3.7 Oat F i e l d  

Author:  Lundegardh (1927) 

S i t e :  Stockholm, Sweden 

Type o f  da ta :  Measurements o f  s o i l  r e s p i r a t i o n  and CO 

c o n c e n t r a t i o n  4 m above and 15 cm below 

t h e  s o i l  su r face  ove r  t h e  p e r i o d  19 June t o  

13 September 1923 

2 

Seasonal h igh :  S o i l  r e s p i r a t i o n  
13 September - 0.540 g C02 m -2 h -1 

CO c o n c e n t r a t i o n  2 
Aboveground 
Belowground 13 September - 1.26 v o l  % 

4 September - 0.625 mg C02 L-’ 

Seasonal low: S o i l  r e s D i r a t i o n  
-2 h-l 24 July - 0.370 g C02 m 

C02 c o n c e n t r a t i o n  

Aboveground -- 24 J u l y  - 0.522 mg C02 L-’ 
Belowground -- 29 June - 0.39  v o l  X 

Other  data:  Time course o f  temperature and r a i n f a l l  f o r  the 
sampl i ny p e r i o d  
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Authors : McCraig and C la rke  (1982) 

S i t e :  S w i f t  Current ,  Saskatchewan, Canada 

Seasonal h igh :  Weekly measurements o f  p l a n t  t i s s u e  d r y  weights  

f o r  a 60 d p e r i o d  beg inn ing  25 d a f t e r  
seeding on 5 May 1978 and 14 May 1979 

Green l e a f  -- 65 d a f t e r  seeding 

Seasonal h i g h :  Stern -- 65 d a f t e r  seeding 

Seasonal h i g h :  1978 

2000-2100 kg ha-’ 

4500-5000 k g  ha-’ 

1979 

Green l e a f  -- 52 d a f t e r  seeding 
-1 1600 kg ha 

2400 -3000 kg ha--’ 

Stem -- 65 d a f t e r  seeding 

Note : Values v a r i e d  w i t h  v a r i e t y  o f  oa ts  

3.8 Po ta to  F i e l d  

Authors : Moorby and M i l t h s r p e  (1975) 
S i t e :  Midlands, England and M. I .  A.  , A u s t r a l i a  

Type o f  data:  Seasonal course o f  t u b e r  s tand ing  c r o p  

Seasonal h i g h :  A u s t r a l i a  --  December - 55 t ha -1 

May - 42 t ha-’ 

-- September .- 60 t ha -1 England 

Other  da ta  : Seasonal l e a f  area index, d a i l y  s o l a r  

r a d i a t i o n ,  and temperature 

Authors : Ny and Loonis (1984) 

S i t e s  : Aberdeen and Kimberly,  Idaho 

Type o f  d a t a :  10-d i n t e r v a l  measurements o f  l e a f ,  stern, 

t u b e r ,  and t o t a l  d r y  we igh t  over a 

100-d p e r i o d  f o l l o w i n g  emergence on 9 June a t  
Aberdeen and 24-28 May a t  K imber l y  



63 

Seasonal h igh :  Aberdeen 
T a t a l  we igh t  day 85 - 65 g p l a n t - ’  

Tuber we igh t  --- day 85 - 50 g p l a n t - ’  

Leaf we igh t  -- day 60 - 12.5 g p lan t - ’  

T o t a l  we igh t  - -  day 95 - 60 g p l a n t - ’  

Tuber we igh t  --- day 95 - 50 g p l a n t - ’  
Leaf we igh t  -- day 60 - 9 g p l a n t - ’  

K imber ly  

Other da ta  : Seasonal l e a f  area index 

3.9 Sugar Beet F i e l d  

Authors : Brown and Rosenberg (1971) 

S i t e :  S c o t t s b l u f f ,  Nebraska 
Type o f  data:  

Seasonal h i g h :  14 August - 400 x g CD2 cm 
Seasonal low: 1 September - 768 x y C02 

D a i l y  measurements o f  C02 f l u x  o v e r  a sugar 
beet  f i e l d  f rom 11 August t o  10 September 1966 

-2 

Authors : F ick ,  W i l l i a m s ,  and Loornis (1973) 

S i t e :  D a v i  s , Ca 1 i f o r n  i a  

‘Type o f  data:  P e r i o d i c  measurements of s tand ing  crop o f  
tops  and s to rage roots for  a 140-d p e r i o d  

f o l l o w i n g  emergence on 5 June 1967 

Seasonal h igh :  Storage r o o t s  
’140 d a f t e r  emergence - 650 g m-* 

140 d a f t e r  emergence - 1800 g m-2 
rops 

Other da ta :  T o p : f i b r o u s  r o o t  d r y  we igh t  r a t i o  f o r  44 d 

f o l l o w i n g  emergence 

Author:  Kanada (1975) 
S i t e :  Sapporo, Japan 

Type o f  da ta :  Time course o f  n e t  a s s i m i l a t i o n  r a t e  ( M A R ) ,  crop 

growth r a t e  (CGR), and l e a f  area index over  a 
15-week growth p e r i o d  (average f o r  5 years)  
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Seasonal h i g h :  

Seasonal low: 

Author: 

Site: 

Type o f  d t a  

Seasonal h igh :  

Seasonal low: 

Other  data:  

Author: 

S i t e :  

Type o f  data:  

Seasonal h igh :  

NAR -- 6 weeks a f t e r  sowing 

6 g dw dm-2 LA d-’ 
CGR -- 9 weeks a f t e r  sawing 

-2 -1 
2 0 g m  d 

NAR -- 18-21 weeks a f t e r  sawing 

1.5 g dw dm-2 LA d-’ 
CGR -.- 21 weeks a f t e r  sowing 

-2 -1 5 g m  d 

Lundegardh (1927) 
Stockholm, Sweden 

Measurements o f  s o i l  r e s p i  a t i o n  and C02 

concen t ra t i on  4 .5  rn and 0.25 rn above s a i l  sur face  

f o r  t h e  p e r i o d  23 June t o  1 October 1925 

S o i l  r e s p i r a t i o n  
-2 -1 h 13-15 J u l y  - 0.256 g C02 m 

2 
4 .5  m -- 11-13 August - 0.776 mg C02 L - l  

0.25 m -- 11-13 August - 0.7640 mg C02 L - l  

26-27 August - 0.148 g C02 mm2 h-’ 

2 
4 .5  m -- 26-27 August - 0.559 mg C02 L- ’  

. 25  m -- 11-13 August - 0.5764 mg C02 L-’ 

CO concen t ra t i on  

S o l  1 r e s p i r a t i o n  

CO concen t ra t i on  

Seasonal r a i n f a l l  and a i r  temperature 

Marshal 1 (1974) 

E. Lothiam, Scot land 

Weekly es t imates  o f  t o t a l  d r y  we igh t  (SC), Teaf 
area index,  r e l a t i v e  growth r a t e ,  n e t  

a s s i m i l a t i o n  r a t e  ( N A R ) ,  and c rop  growth r a t e  over  
growing season 

NAR -- l a t e  June - 80 g m-* week-’ 
SC --- September - 1000 g m-L 
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Seasonal low: MAR September - 10 y me* week-’ 

Other  da ta :  S i m i l a r  seasonal da ta  f o r  t u r n i p :  b iweek ly  
SC - -  June - 0.03 y 

r a i n f a l l ,  p o t e n t i a l  e v a p o t r a n s p i r a t i o n ,  

temperature,  vapor p ressu re  d e f i c i t ,  s o i l  wa te r ,  
and windspeed 

Authors:  P a t e f i e l d  and A u s t i n  (1971) 

S i t e :  Wellesbourne, U.K. 

l y p e  o f  da ta :  10-d i n t e r v a l  es t ima tes  o f  l e a f  and r o o t  
s tand ing  c rop  for 110 d a f t e r  sowing on 
11 June 1969 

Leaf -- 100-110 d -- 300 y m-2 
Root -- 

Seasonal h igh :  
90-100 d - 1000 g m-2 

Author :  Snyder (1974) 

S i t e :  East  Lansing, Mich igan 
Type o f  da ta :  Net a s s i m i l a t i o n  r a t e  (NAR) and r e l a t i v e  g rowth  

r a t e  (KGR)  f o r  113 d f o l l o w i n g  emergence 

( p l a n t e d  on 18 May) 

NAR -- 30-50 d - 1.55 mg dw an-* LA d-’ Seasonal h i g h :  
RGR -- 30-50 d - 27.4% 

Seasonal low: NAR -- 92-113 d - 0.54 mg dw cm-* LA d-’ 

RGR 71-113 d - 1.4% 

Other  da ta :  Seasonal r a d i a t i o n ,  d a y l i g h t  hours,  temperature,  
l e a f  area,  t o t a l  and r o o t  biomass on a p e r  p l a n t  

and p e r  l e a f  a rea  basis  

3.10 Sorghum F i e l d  

Authors : Ark in ,  Vander l i p ,  and R i t c h i e  (1976) 

S i t e :  Manhattan, Kansas 
l y p e  o f  da ta :  3-6 i n t e r v a l  es t ima tes  o f  s t a n d i n g  c rop  ove r  a 

120-d perqod f o l l o w i n g  emergence i n  1965 and 
1966 
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Seasonal h i g h :  

Other  da ta  : Seasona 1 temperature 

1965 -- 100-105 d - 150 g p l a n t - ’  
1966 -- 100 d - 130 g p l a n t - ’  

Authors : G a r r i t y ,  S u l l i v a n ,  and Natts (1984) 

S i t e :  Tryon, Nebraska 
Type o f  da ta :  P e r i o d i c  measurements of apparent  canopy 

pho tosyn thes i s  o v e r  t h e  p e r i o d  J u l y  t o  September 

1978 f o r  unst ressed and water-s t ressed 

c o n d i t i o n s  

Seasonal h i g h :  Unstressed 
-2 -1 s La te  J u l y  - 1.025 nag C02 m 

La te  J u l y  - 0.95 mg C02 m 

L a t e  August - 0.55 my C02 m 

l a t e  August - 0.30 mg C02 m 

Water s t ressed  
-2 -1 s 

Seasonal low:  Unstressed 
-2 -1 s 

-2 -1 s 
Water s t  r e s  sed 

Other  da ta  : Seasonal s o i l  water ,  l e a f  wa te r  p o t e n t i a l ,  

s tomata l  r e s i s t a n c e ,  l e a f  area index,  and 

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

3.11 A l f a l f a  F i e l d  

Authors : Baldocchi ,  Verma, and Rosenberg (1981) 

S i t e :  Mead, Nebraska 
Type o f  data:  

Seasonal h igh :  CO c o n c e n t r a t i o n  

Seasonal canopy C02 f l u x  and c o n c e n t r a t i o n  f o r  
June t o  September 1978 

2 
Mid-June - 320 ppm 

co2 f l u x  

Mid-June - 3.6 x kg m-* s - l  
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Seasonal low: CQ2 c o n c e n t r a t i o n  
La te  J u l y  - 290 ppm 

co2 f l u x  

E a r l y  August - 0.7 x kg m -2 s -1 
Other  da ta :  Leaf a rea  index and d r y  m a t t e r  changes a f t e r  

c u t t i n g ;  d i u r n a l  p a t t e r n s  of C02 f l u x ,  s e n s i b l e  
and l a t e n t  heat  f l u x e s ,  and n e t  r a d i a t i o n  on 

s e l e c t e d  da tes  d u r i n g  t h e  growing season 

Authors : Delaney, Dobrenz, and Poole (1974) 
S i t e :  Tuscon, Ar izona 
Type o f  da ta :  Month ly  measurements o f  apparent  photosynthes is  

( A P )  measured a t  low and h i g h  l i g h t  i n t e n s i t y ,  

and dark r e s p i r a t i o n  (Rd) (June-October) 

-2 
Seasonal h i g h :  UP 

Low l i g h t  

High l i g h t  - June - 2 8 . 5  mg C02 dm-2 LA h - l  
- -  June - 13.25 mg CQ2 dm LA h-’ 

Hd 
Seasonal low: AP 

October -- 5 my C02 dm-2 LA h - l  

Low l i g h t  -- l a t e  J u l y  - 9.0 mg CO, dm -2 L A  h- ’  

High l i g h t  -- e a r l y  J u l y  - 18 mg CO; dm-* LA h - l  

Kd -I.- August - 2.1 my C02 I-& h”’ 

Other  da ta  : Seasonal temperature,  s p e c i f i c  l e a f  we igh t ,  and 
l e a f  area index 

3.12 Misce l laneous F i e l d s  

Authors:  B u l l  and Glasz ion  (1975)  
S i t e s  : Sugar cane f i e l d s  i n  A u s t r a l i a ,  Guyana, Hawai i ,  

Type o f  da ta :  Seasonal course o f  t o t a l  d r y  m a t t e r  ( T O M )  and 

and South A f r i c a  

c rop  growth r a t e  ( C G R )  f o r  24 months f o l l o w i n g  
p l a n t  i ng 



68 

Seasonal h igh :  A u s t r a l i a  

TOM -- 12 months a f t e r  p l a n t i n g  - 50 t ha-’ 

CGR -- 4 months a f t e r  p 

TDM -- 20 rnanths a f t e r  p 

CGR -- 9 months a f t e r  p 

Guyana 

Hawa i i 

.- 1 2 
a n t i n g  - 24 g rn d 

-1 a n t i n g  - 40 t ha 

a n t i n g  - 26 g m d -2 -1 

TDM - -  21 months a f t e r  p l a n t i n g  - 9 5  t ha.-’ 
CGR - -  7 months a f t e r  p l a n t i n g  - 27 g tn d 

CGR -- 5 months a f t e r  p l a n t i n g  - 18 g m d 

-2 -1 

South A f r i c a  
-2  -1 

Authors : Jones e t  a l .  (1982) 
S i t e :  Peanut f i e l d  i n  G a i n e s v i l l e ,  F l o r i d a  

l y p e  o f  data:  Weekly measurements o f  COP exchange r a t e  f o r  10 
weeks a f t e r  p l a n t i n g ,  22-23 May 1979 

11 weeks a f t e r  p l a n t i n g  - 46 mg CO, drn -2 -1 h Seasonal h igh:  

Seasonal low: 
Other  da ta  : 

Authors : 
S i t e :  

Type o f  da ta :  

Seasonal h i g h  

19 weeks a f t e r  p l a n t i n g  - 18 mg CO; dm-? h--’ 
Seasonal changes i n  l e a f  area index,  s p e c i f i c  

l e a f  weight ,  f r a c t i o n  o f  l i g h t  i n t e r c e p t i o n ,  and 

pho tosyn the t i c  e f f i c i e n c y  

Monte i th ,  Szeic, and Yabuki (1964) 
Ka le  f i e l d  i n  Harpenden, H e r t f o r d s h i r e ,  England 

Weekly measurements o f  d r y  we igh t  a s s i m i l a t i o n  
(August-September 1963); 15-d i n t e r v a l  average 

C02 f l u x  f rom cropped (May-September 1951 and 
June-September 1963) and f a l l o w  (June-September 

1963) s o i l  
A s s i m i l a t i o n  

-2 -1 d Mid-August - 30 g C02 m 

Cropped - -  l a t e  June 1961 - 11 y C02 m 
Soi l  f l u x  

-2 -1 d 
l a t e  September 1963 - 9 g C02 m --2 d-1 



Seasonal h igh :  
Seasonal low: A s s i m i l a t i o n  

F a l l o w  -- l a t e  September 1961 - 9 g C02 m-2 d-’ 

-2 -1 d Mid-September - 2 g C02 m 

Cropped .- May 1961 - 5 g C02 ~ Y I  d 
F a l l o w  -- August 1963 - 6 y C02 N I - ~  d-’ 

Soil f l u x  
-2 -1 

Authors : Monte i th ,  Szeic ,  and Yabuki (1964) 

S i t e  : Bean f i e l d  i n  Harpenden, H e r t f o r d s h i r e ,  England 

Type o f  data:  Weekly measurements o f  d r y  we igh t  a s s i m i l a t i o n  
(June-July  1961); 15-d i n t e r v a l  average C02 

f l u x  f rom soil between rows o f  beans 

(May-September 1961) 

Seasonal h igh :  A s s i m i l a t i o n  

Seasonal low: 

Authors : 
S i t e :  

Type o f  da ta :  

Seasonal h i g h  

-2 -7 d Mid-June - 29 g C02 m 
S o i l  f l u x  

E a r l y  August .- 8 y C02 m -2 d -1 

May and l a t e  August - 6.5 g C02 m -2 d -1 

A s s i m i l a t i o n  
-2 -1 

d Late  J u l y  - 10 g C02 m 
S o i l  f l u x  

Honte i th ,  S z e i c ,  and Yabuki (1964) 

Grass f i e l d  i n  Harpenden, H e r t f o r d s h i r e ,  England 

Weekly measurements o f  d r y  we igh t  a s s i m i l a t i o n  

b e f o r e  and a f t e r  c u t t i n g  on 31 May 1961 

( A p r i  1 -August 1961 ) ; 15-d i n t e r v a l  average 

C02 f l u x  from cropped and f a l l o w  s o i l  

( A p r i l - A u y u s t  1961) 

A s s i m i l a t i o n  
M i d - A p r i l  - 50 g C02 m -2 d -1 

Cropped -- l a t e  August - 12 y C02 m -2 d -1 

F a l l o w  l a t e  June - 6.5 g C02 in -2 d-l 

S o i l  f l u x  
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Seasonal low: 

Authors : 

S i t e :  

Type o f  data:  

Seasonal h i  yh 
Seasonal low: 
Other  data:  

Author:  

S i t e :  
Type o f  da ta :  

A s s i m i l a t i o n  
-2 -1 

cl Mid--August - 11 g CQ2 in 
S o i l  f l u x  

Cropped -- e a r l y  J u l y  - 7 .5  g CO, rn -2 d-l 

F a l l o w  -- e a r l y  J u l y  - 5.5 g CO; m-2 cl-l 

H o n t e i t h ,  Szeic ,  and Yabuki (1954)  

Bare s o i l  i n  Harpenden, H e r t f a r d s h i r e ,  England 

15 -d  i n t e r v a l  average CO f l u x  f rom bare s o i l  
(October  1960 t o  September 1961)  

June - 6.9 g C02 m 
November - 1 . 5  g C02 m-2 d-l  

C O  f l u x  f rom bare s o i l  as a f u n c t i o n  o f  mean 

s o i  1 temperature 

2 

-2 -1 d 

2 

Smart (1  974)  

Grapevine canopies i n  G r i f f i t h ,  N.S.W., A u s t r a l i a  
Hour ly ,  d a i l y ,  and month ly  measurements o f  
pho tosyn thes i s  a t  i r r e g u l a r  i n t e r v a l s  

-2 -1 Seasonal h igh :  7 February 1969 - 1.812 x kg C02 m s 
Seasonal low: 17 December 1968 - 0.892 x 
Other  da ta :  Leaf area index and l i g h t  parameters 

kg C02 rn -2 s -1 

3.13 General A g r i c u l t u r a l  Region 

Author :  Enoch (1977)  

S i t e :  Coastal  P l a i n ,  v i c i n i t y  o f  Te l -Av iv ,  I s r a e l  

Type o f  da ta :  Month ly  measurements o f  d i u r n a l  mean C02 
c o n c e n t r a t i o n  (October  1973 t o  September 1974)  

Seasonal h i g h :  October - 365 vpm 
Seasonal low: J u l y  - 335 vpm 
Other  data:  D i u r n a l  p a t t e r n s  o f  C Q  c o n c e n t r a t i o n  2 
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Authors : Verma and Rosenberg (1976) 
S i t e  : V i c i n i t y  o f  Mead, Nebraska 
l y p e  o f  da ta :  Measurements o f  CQ2 c o n c e n t r a t i o n  (24-h 

average) and C02 f l u x  ( n e t  d a i l y )  d u r i n g  t h e  

p e r i o d s  September 1972 t o  January 1973 and June 

t o  December 1973 

F l u x  .-- J u l y  - 19 g m-* d.-' 

F l u x  - -  October- - 3 g m d 

Seasonal h i g h :  Concen t ra t i on  -- October - 340 ppm 

Seasonal low: Concen t ra t i on  - -  August - 328 ppm 

Note : Seasonal va lues a r e  based on r e g r e s s i o n  curves 
O the r  data:  Seasonal s o l a r  r a d i a t i o n ,  wind speed, a i r  

-2 -1 

temperature;  d i u r n a l  p a t t e r n s  o f  C02 f l u x  and 

c o n c e n t r a t  i o n  

4 .  CONCLUDING REMARKS 

The t e n  crops f o r  which a v a i l a b l e  models a r e  desc r ibed  a r e  f a r  

f rom an e x h a u s t i v e  coverage o f  t h e  w o r l d ' s  i m p o r t a n t  c rops .  Impor tan t  

crops t h a t  a r e  n o t  covered he re  i n c l u d e  oa ts ,  sugar cane, manioc, 
tomatoes, and sunf lower .  However, t h e  crops i n c l u d e d  c o n s t i t u t e  t h e  

b u l k  of t e r r e s t r i a l  human food sources. Wheat a lone  accounts f o r  20% 

o f  t h e  wor lds  c a l o r i e  consumption; po ta toes  account f o r  ove r  h a l f  o f  

t h e  annual  tonnage o f  a l l  s t a r c h y  r o o t s  and tube rs ,  and soybeans a r e  by 

f a r  t h e  m a j o r  p u l s e  c rop .  

l a r g e s t  crops ( w i t h  r e s p e c t  t o  area p l a n t e d  i n  1982-1983); o n l y  oa ts  

(7), peanuts ( 8 ) ,  and r y e  ( 9 )  a r e  excluded (U.S. Department of 
A g r i c u l t u r e  1983).  F u r t h e r ,  t h e  models rep resen t  c rop lands  t h a t  

i n v o l v e  a t  l e a s t  63% o f  t h e  w o r l d ' s  s u r f a c e  area covered by i n t e n s i v e l y  

farmed a r a b l e  land, r i c e  paddies,  and o t h e r  i r r i g a t e d  l and  ( a t  l e a s t  

74% i f  t h e  l a s t  ca tegory  i s  excluded, see Hummel and Reck 1979) .  I f  
o n l y  those  lands covered by l a r g e  cont iguous f i e l d s  a r e  considered, t h e  

p r o p o r t i o n  o f  t h e  w o r l d ' s  a g r i c u l t u r a l  l a n d  area rep resen ted  by crops 

The models reviewed he re  a l s o  r e p r e s e n t  seven o f  t h e  w o r l d ' s  t e n  
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f o r  which models a r e  reviewed he re  i s  p robab ly  even g r e a t e r .  

Therefore,  t h e  systems i n c l u d e d  should account f o r  t h e  b u l k  o f  t h e  

a g r i c u l t u r a l  e f f e c t s  on t h e  seasonal p a t t e r n  o f  t e r r e s t r i a l  CO 
f l u x e s .  

2 

The o b j e c t i v e s  o f  a g r i c u l t u r a l  model ing p r o j e c t s  d i f f e r  f o r  t h e  

most p a r t  f rom those o f  p r o j e c t s  d e a l i n g  w i t h  n a t u r a l ,  unmanaged 

ecosystems. Processes which t h e  conven t iona l  ecosystem modeler m i g h t  

c o n s i d e r  c r i t i c a l  t o  a complete r e p r e s e n t a t i o n  o f  a n a t u r a l  system may 
appear un impor tan t  o r  i m m a t e r i a l  t o  t h e  c rop  modeler; t h e  converse i s  
a l s o  t r u e ,  A n o t a b l e  example o f  t h e  former case i s  t h e  v i r t u a l  absence 

o f  any c o n s i d e r a t i o n  o f  l i t t e r  and s o i l  o rgan ic  m a t t e r  decomposi t ion i n  
t h e  a g r i c u l t u r a l  models. N a t u r a l  ecosystem models f r e q u e n t l y  i n v o l v e  

some r e p r e s e n t a t i o n  o f  decomposi t ion (see King and DeAngelis 1985); o u r  

rev iew  here i n d i c a t e s  t h a t  agroecosystem models r a r e l y  do. C e r t a i n l y  

n o t  a l l  ecosystem models dea l  w i t h  decomposi t ion;  i n  t h i s  respec t ,  

agroecosystem c rop  models resemble t h e  p r o d u c t i o n  models o f  n a t u r a l  

systems. However, t h e  absence o f  decomposi t ion processes may l i m i t  t h e  

a p p l i c a t i o n  o f  e x i s t i n g  agroecosystem models t o  t h e  problem o f  model ing 

seasonal C02 dynamics on a r e g i o n a l  sca le .  
ope ra te  ove r  t h e  growing season, sometimes f o r  o n l y  a p o r t i o n  o f  t h a t ,  

w h i l e  CO f l u x e s  f rom t h e  t e r r e s t r i a l  b iosphere t o  t h e  atmosphere 

d u r i n g  t h e  nongrowing season, as a r e s u l t  o f  decomposi t ion,  a r e  

presumably an i m p o r t a n t  p a r t  o f  t h e  seasonal behav io r  o f  t h e  g l o b a l  

carbon c y c l e .  Even d u r i n g  t h e  growing season, e v o l u t i o n  o f  C02 

d u r i n g  decomposi t ion a f f e c t s  t h e  n e t  biosphere-atmosphere f l u x e s .  

Consequently, e x i s t i n g  c r o p  models a r e  n o t  d i r e c t l y  a p p l i c a b l e  t o  t h e  

o b j e c t i v e  o f  a r e g i o n a l l y  aggregated g l o b a l  carbon model. 

There i s  n o t h i n g  t h a t  i n h e r e n t l y  p rec ludes  c o n s i d e r a t i o n  o f  

decomposi t ion i n  a g r i c u l t u r a l  models- I n  f a c t ,  i t  i s  somewhat 
s u r p r i s i n g  t h a t  modelers o f  s o i l  o rgan ic  m a t t e r  have n o t  made more 
i n t e n s i v e  use o f  a g r i c u l t u r a l  systems. An e x p l o r d t i o n  o f  seasonal 
decomposi t ion i n  agroecosystems i s  c a l l e d  f o r .  Wi th  t h i s  i n f o r m a t i o n  a 
more complete model o f  agroecosystems, a t  l e a s t  w i t h  r e s p e c t  t o  
seasonal CO dynamics, w i l l  be p o s s i b l e .  I n  t h e  absence o f  t h i s  

The c rop  models o n l y  

2 

2 
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development, i t  should be r e l a t i v e l y  easy t o  adapt t h e  decomposi t ion 
r o u t i n e s  f r o m  conven t iona l  ecosystem models f o r  use i n  c o n j u n c t i o n  w i t h  
e x i s t i n g  c rop  models. The adapted models w i l l  have t o  i n c o r p o r a t e  t h e  
e f f e c t s  o f  such t h i n g s  as t i l l a g e ,  f e r t i l i z a t i o n ,  and i r r i g a t i o n .  Many 

o f  t h e  c rop  models dea l  admi rab ly  w i t h  t h e  processes o f  seasonal C02 
a s s i m i l a t i o n ,  l i v e  p l a n t  r e s p i r a t i o n ,  and carbon s to rage.  An 

i n t e g r a t e d  c o u p l i n g  o f  c rop  model and decomposi t ion model; would go a 

long  way toward f o s t e r i n g  t h e  a p p l i c a t i o n  o f  agroecosystem models t o  

t h e  s tudy  of t h e  g l o b a l  carbon c y c l e .  

agroecosystems on t h e  g l o b a l  carbon c y c l e  i s  probab ly  s i g n i f i c a n t .  On 
a r e g i o n a l  and seasonal sca le ,  these systems a r e  l i k e l y  t o  be even more 

i n f l u e n t i a l .  Consequently, a thorough understanding o f  t h e  g l o b a l  
carbon c y c l e  w i l l  r e q u i r e  c o n s i d e r a t i o n  o f  agroecosystem i n f l u e n c e s .  

Furthermore, i n t e r e s t s  i n  t h e  r o l e  land-use changes p l a y  i n  t h e  

i nc rease  i n  atmospher ic C02 and t h e  r e s u l t i n g  impact  on a g r i c u l t u r a l  
p r o d u c t i v i t y  argues f o r  c o n s i d e r i n g  t h e  i n f l u e n c e  agroecosystems have 

on t h e  g l o b a l  carbon c y c l e .  Th is  c o n s i d e r a t i o n  w i l l  p e r f o r c e  i n v o l v e  

model ing.  The development o f  r e g i o n a l l y  aggregated m u l t i d i m e n s i o n a l  

g l o b a l  carbon models i s  r e l a t i v e l y  recent .  Too g r e a t  a p reoccupat ion  

w i t h  agroecosystems a t  t h i s  s tage may h i n d e r  r a t h e r  than  promote 

progress.  However, an expanded e x p l o r a t i o n  and model ing o f  seasonal 

carbon dynamics i n  agroecosystems w i l l  b e n e f i t  bo th  t h e  growing 

a p p r e c i a t i o n  f o r  agroecosystems as e c o l o g i c a l  systems i n  themselves 

(see Lowrance, S t i n n e r ,  and House 1984) and w i l l  b e n e f i t  ou r  
understanding o f  t h e i r  r o l e  i n  g l o b a l  b iogeochemical  cyc les .  

On a g l o b a l ,  annual ,  o r  long- te rm sca le ,  t h e  impact  o f  
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